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Summary

Interleukin (IL)-33 is a key cytokine involved in type 2 immunity and allergic airway diseases. 

Abundantly expressed in lung epithelial cells, IL-33 plays critical roles in both innate and adaptive 

immune responses in mucosal organs. In innate immunity, IL-33 and group 2 innate lymphoid 

cells (ILC2s) provide an essential axis for rapid immune responses and tissue homeostasis. In 

adaptive immunity, IL-33 interacts with dendritic cells, Th2 cells, follicular T cells, and regulatory 

T cells, where IL-33 influences the development of chronic airway inflammation and tissue 

remodeling. The clinical findings that both the IL-33 and ILC2 levels are elevated in patients with 

allergic airway diseases suggest that IL-33 plays an important role in the pathogenesis of these 

diseases. IL-33 and ILC2 may also serve as biomarkers for disease classification and to monitor 

the progression of diseases. In this article, we reviewed the current knowledge of the biology of 

IL-33 and discussed the roles of the IL-33 in regulating airway immune responses and allergic 

airway diseases.
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Introduction

Allergic airway diseases are thought to be caused by aberrant immune responses against 

inhaled airborne allergens (1). Exposed to the outside environment, the lung epithelium not 

only serves as a barrier against pathogens and environmental insults, but also plays an 

important role in airway immune responses. Indeed, upon exposure to inhaled airborne 

allergens, lung epithelial cells secrete inflammatory cytokines that activate immune cells 

involved in type 2 immunity (2). Among various products of epithelial cells, three 

epithelium-derived cytokines, interleukin (IL)-33, IL-25, and thymic stromal lymphopoietin 
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(TSLP), have been identified as having critical functions in the pathophysiology of allergic 

airway diseases (3, 4).

IL-33 was first identified in 1999 as the protein DVS27 expressed in canine arteries (5), and 

later in 2003 as “nuclear factor from high endothelial venules” (NF-HEV) expressed in 

human endothelial cells (6). IL-33 was rediscovered in 2005 by a computational sequence 

search, which identified it as an IL-1 family member. At the time, IL-33 was given the 

official name “IL-33” (7). Conversely, IL-33 receptor, designated IL-1-receptor-like 1 

(IL1RL1) and commonly known as suppression of tumorigenicity 2 (ST2), was first reported 

in 1989 as a serum-responsive protein in murine fibroblasts that shared sequence homology 

with the IL-1 receptor (8). In 2005, Schmitz et al. identified IL-33 as a ligand for the orphan 

receptor ST2 (7). IL-33 and ST2 have different cellular distributions. IL-33 is predominantly 

expressed by tissue cell types, including epithelial cells, fibroblasts, and endothelial cells (9–

11). IL-33 expression can be induced in immune cells, such as mast cells and dendritic cells 

(DCs), in inflammatory conditions (12–14). ST2 is predominantly expressed by immune 

cells including CD4+ T cells (15), CD8+ T cells (16), mast cells (17), group 2 innate 

lymphoid cells (ILC2s) (18–20), macrophages (21), eosinophils (22), DCs (23), basophils, 

natural killer (NK) T cells, and NK cells (24, 25). Through binding to the ST2, IL-33 

activates target cells to produce and secrete cytokines and growth factors that promote and/or 

regulate local and systemic immunity.

Since the discovery of IL-33, tremendous progress has been made in understanding its 

biological functions. Studies have shown that IL-33 is a multifunctional cytokine that plays 

critical roles in a variety of biological responses, such as the development and regulation of 

immune responses, maintenance of tissue homeostasis, repair, and remodeling. Evidence 

suggests that IL-33 is likely involved in pathogenesis of various human diseases. 

Outstanding reviews have been published recently to describe the biology of IL-33 and its 

roles in diseases in general (26–28), and readers are asked to refer to them for 

comprehensive information. The potential importance of IL-33 in allergic airway diseases in 

humans has been supported by multiple genome-wide association studies (GWAS), which 

have shown that IL-33 and its receptor ST2 are associated with asthma susceptibility (29–

33). Animal models have shown that the IL-33/ST2 pathway plays a critical role in allergen-

induced innate and adaptive immune responses and inflammation in the airway (34–38). In 

this article, we have focused on the roles of IL-33 in airway mucosa and have cited the 

evidence for the involvement of IL-33 in allergic airway diseases.

Molecular features of IL-33

The human and mouse IL-33 genes are located on chromosome 9p24.1 and chromosome 

19qC1, respectively. The human IL-33 gene contains eight exons, with exon one being non-

coding and exons 2–8 coding for the IL-33 protein (7, 39, 40). In the mouse, two different 

promoters have been found to initiate Il33 gene transcription. The resulting IL-33 

transcripts, Il33a and Il33b, differ in their 5′-untranslated regions but encode the same 

protein. The expression of Il33a and Il33b transcripts was cell type- and stimulus-dependent 

(40, 41). Besides the full-length IL33 mRNA, several IL33 splice variants have been 
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identified in human cells (39–42), which are derived from alternative splicing of some or all 

IL33 exons 3, 4, or 5.

Human and mouse full-length IL-33 proteins are 270 and 266 amino acids long, respectively, 

and the two proteins are 55% homologous (7). The IL-33 protein can be divided into three 

functional domains; nuclear domain, central domain, and IL-1-like cytokine domain (43) 

(Figure 1A). The nuclear domain (amino acids 1–65 in humans) is encoded by exons 2–3 

and contains a chromatin-binding motif (amino acids 40–58) (44). Under basal conditions, 

the chromatin-binding motif localizes IL-33 protein to the nucleus and tethers IL-33 to 

chromatin by interacting with the histone H2A-H2B dimer (44). The central domain (amino 

acids 66–111 in humans) of IL-33 is encoded by exon 4 and contains protease cleavage sites, 

which are sensitive to neutrophil- and mast cell-derived proteases (45, 46). The IL-1-like 

cytokine domain (amino acids 112–270 in humans) of IL-33 is encoded by exons 5–8, binds 

to ST2 on target cells, and mediates the cytokine activities (7, 47).

While full-length ~31 kDa IL-33 has cytokine activities (48), processing of IL-33 by 

cleavage at the central domain and removal of the N-terminal peptides increased its activity 

by ~30-fold (45, 46). Exogenous proteases that are derived from inflammatory cells, such as 

neutrophil cathepsin G, neutrophil elastase, and mast cell serine proteases, are capable of 

processing IL-33 (45, 46) (Figure 1), while it is still unknown whether and which 

endogenous protease(s) have a similar capacity. In addition, caspases that are active during 

cellular apoptosis, such as caspase 3, caspase 7, and likely caspase 1, regulate IL-33 activity. 

Indeed, the IL-33 protein contains a consensus caspase cleavage site in its cytokine domain 

(Figure 1). In contrast to the neutrophil- and mast cell-derived proteases, caspases inactivate 

IL-33 by cleaving it into biologically-inactive fragments (43, 48).

Expression of IL-33

Under basal conditions, IL33 mRNA and protein are constitutively and abundantly 

expressed in many tissues in mice and humans (6, 7, 9). Therefore, IL-33 has been 

considered as an “alarmin” cytokine that is stored and released quickly in response to 

cellular damage or tissue injury (9). Specifically in the airway, bronchial epithelial cells and 

endothelial cells of high endothelial venules are the major source of IL-33 in humans (9, 49). 

In contrast, in mice, IL-33 is not constitutively expressed by endothelial cells while its 

expression can be induced in endothelial cells under chronic inflammation conditions (10, 

50). Furthermore, mouse IL-33 is mainly expressed by lung alveolar type II pneumocytes, 

whereas human IL-33 is expressed by bronchial epithelial cells (38, 51). These species 

differences may need to be taken into consideration to translate the results of mouse models 

to humans. IL-33 is also constitutively expressed by mouse and human platelets (52).

The abundant basal IL-33 expression in tissue cells is further upregulated by inflammation 

or tissue stress. For example, during intestinal nematode infections, lung influenza 

infections, and airway exposure to cigarette smoke, cysteine proteases, uric acid, and 

allergens all increase IL-33 expression in the mouse lung (36, 38, 51, 53, 54). In humans, 

increased IL-33 expression has been observed in nasal or lung epithelium of patients with 

allergic asthma, allergic rhinitis, and chronic obstructive pulmonary disease (COPD) (49, 
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55–57). Furthermore, inflammation can also induce IL-33 expression in bone marrow-

derived cells, such as macrophages, DCs, B cells, and mast cells (12, 13, 38, 53, 58, 59). 

However, the functional importance of immune cell-derived IL-33 in allergic immune 

responses is not fully understood. Indeed, a recent study showed that IL-33 produced by 

tissue cells, but not that produced by immune cells, was essential for allergen-driven airway 

inflammation (60).

Processing and release of IL-33

The cytokine activity of IL-33 is regulated by its cellular location and biochemical 

modification. Under basal conditions, IL-33 protein is stored in the cell nucleus as a ~31 

kDa full-length protein (61). This nuclear localization of IL-33 appears to be critical to 

prevent detrimental effects of this cytokine on the host. For example, when the chromatin-

binding domain of IL-33 (Figure 1A) was selectively eliminated in an IL-33 knock-in 

murine model, IL-33 was constitutively released extracellularly, resulting in ST2-dependent 

lethal eosinophilic and neutrophilic inflammation of multiple organs in the animal (62).

IL-33 lacks a classical signal sequence to direct the cytokine to the endoplasmic reticulum-

Golgi secretory pathway. While the molecular mechanisms that make nuclear IL-33 

available to the extracellular milieu are not fully understood, the current knowledge suggests 

two mechanisms; passive release and active secretion (Figure 1B). Upon infection with 

microbes or tissue damage, full-length IL-33 was passively released from the nucleus of 

necrotic cells into the extracellular space (43, 48). Thus, IL-33 has been considered a 

danger- or damage-associated molecular patterns (DAMPs) component that initiates immune 

responses in response to cellular injury (63, 64). IL-33 can also be secreted from living cells 

when cells encounter the factors that cause cellular stress or minor (and repairable) injury. 

For example, in normal human bronchial airway epithelial (NHBE) cells, exposure to 

allergen extracts from fungus Alternaria or cockroach or uric acid induced the translocation 

of IL-33 from the nucleus to the cytoplasm and subsequent extracellular release of the 

protein without apparent signs of cell death (54, 65). IL-33 secretion by airway epithelial 

cells induced by extracts of natural allergens has been observed by several investigators in 

both in vitro and in vivo models (35, 66, 67). Stimulation of human tracheobronchial 

epithelial cells with exogenous ATP also induced non-cytotoxic release of IL-33 (55); ATP 

has been considered a classical DAMP that is released by stressed cells (4). Finally, the 

application of biomechanical strain to human fibroblasts induced IL-33 secretion in the 

absence of cellular necrosis (68).

The signaling pathway that mediates active IL-33 secretion is currently unknown, although 

several key factors have been identified. IL-33 release from NHBE cells that are exposed to 

fungal allergens involved acute extracellular accumulation of ATP, autocrine and paracrine 

activation of P2 purinergic receptors, and subsequent increase in intracellular Ca2+ 

concentrations (65). The administration of Ca2+ chelators, cellular treatment with P2 

purinergic receptor antagonists, or genetic knockdown of these receptors inhibited 

Alternaria-induced IL-33 release. Likewise, the inhibition of P2 purinergic receptors reduced 

Alternaria-induced IL-33 release as reported in other studies (35, 67). In addition, in airway 

epithelial cells exposed to Alternaria or house dust mite (HDM) extracts, NADPH oxidase 
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dual oxidase 1 (DUOX1) has been shown to be activated as a result of the engagement of P2 

purinergic receptors and mediated IL-33 secretion (67). Nucleotide-binding domain leucine-

rich repeat-containing protein (NLRP)3-inflammasome may also played a role, because 

knockdown of NLRP3 attenuated IL-33 secretion induced by the adjuvant aluminum 

hydroxide (alum) by macrophages (69); however, it still remains to be determined whether 

this observation can be applied to more physiological stimuli, such as allergens. Collectively, 

these findings suggested that intracellular calcium and P2 purinergic receptors were likely to 

be key players in the signaling cascade involved in IL-33 secretion from airway epithelial 

cells.

It remains unknown whether IL-33 is released as a ~31 kDa full-length form or a ~20 kDa 

processed form (Figure 1A). Several forms of IL-33 are detected in the mucosal tissues at 

resting conditions and during inflammation. In naïve mice, two forms of IL-33 were 

detected in lung homogenates; a full-length form and a processed form that migrated around 

the 35 kDa and 20 kDa range on SDS-PAGE gels, respectively (70). The expression of both 

forms of IL-33 was upregulated by intranasal administration of chitin, a component of 

common airborne allergens (70). Similarly, the expression of both the full-length and 

processed forms of IL-33 was upregulated in the mouse lung during chronic airway 

inflammation (71). Upon Alternaria exposure in mice, IL-33 was released into the 

bronchoalveolar lavage (BAL) as a 19-kDa protein (72). Further studies will be necessary to 

elucidate whether this processed IL-33 is generated by the actions of endogenous proteases 

expressed by epithelial cells themselves or by exogenous proteases secreted from 

inflammatory cells (e.g., neutrophils) in the surrounding tissues. A question also remains 

whether the biological activities of IL-33 are enhanced or decreased by processing in vivo. It 

should also be noted that the activity of IL-33 can be regulated by biochemical 

modifications. When oxidized, IL-33 undergoes a rapid conformational change involving 

formation of two disulfide bonds that switches IL-33 from an active form to an inactive form 

(72). Thus, proteolytic cleavage and oxidation likely play key roles to regulate IL-33 activity.

Biological functions of IL-33

In principle, IL-33 can work intracellularly as a transcription regulator or extracellularly as a 

cytokine. Although IL-33 is expressed constitutively and the protein is localized in the 

nucleus, its nuclear function is not well understood. IL-33 has been shown to regulate 

chromatin compaction (44) and NF-κB transcriptional activity in transfected cells (73). 

However, when nuclear IL-33 was knocked down in primary human endothelial cells, these 

cells displayed unaltered proteomes and NF-kB expression as compared to that of the wild-

type cells, suggesting that endogenous nuclear IL-33 does not play a significant role in gene 

transcription (74). Furthermore, the mice lacking IL-33 gene were fertile and did not appear 

to show gross abnormalities at the resting condition.

The functions of extracellular IL-33 as a cytokine have been extensively studied (Figure 2). 

While tissue cells, such as epithelial cells, are a major source of IL-33, these cells also 

express IL-33 receptor ST2 and respond to IL-33. For example, IL-33 has been shown to 

stimulate CXCL8/IL-8 production by goblet cells (75). In bronchial epithelial cells and 

endothelial cells, IL-33 has been shown to induce IL-8 and IL-17F expression and to be 
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involved in rhinovirus-induced CXCL10 production (76–78). Thus, IL-33 might act in a 

self-amplification loop in these tissue-resident cells.

Many immune cells that are involved in innate immunity express ST2, including mast cells 

(17), group 2 innate lymphoid cells (ILC2s) (18, 20), macrophages (21), DCs (23), 

eosinophils (22), basophils, NK cells (24, 25), and NK T cells (24, 25). In addition, the cells 

involved in adaptive immunity express ST2, including both CD4+ T cells (15) and CD8+ T 

cells (16). The best characterized function of IL-33 is the initiation and development of 

innate and adaptive type 2 immune responses that are mediated by ILC2s and CD4+ T cells, 

while the role of IL-33 in CD8+ T cell-mediated immune responses has also been reported 

(16). Furthermore, certain subsets of regulatory T (Treg) cells expressed ST2 (79–81), and 

IL-33 may modulate the functions of this cell type. The following two sections describe how 

IL-33 works with these cell types to regulate innate and adaptive immunity in the airway 

(Figure 2).

IL-33 in innate immunity

The predominant IL-33 expression in the epithelial barrier positions IL-33 as an important 

cytokine for the initiation of immune responses against invading pathogens or other 

environmental insults. In the airway, IL-33 responds quickly to allergen exposure. For 

example, when mice were exposed to the fungal allergen Alternaria or cysteine proteases 

(papain and bromelain), IL-33 was rapidly released into the airway lumen within 1 hour, and 

IL-33 mRNA transcription in the lungs was upregulated within 6 hours, (34, 54, 66). The 

critical role of IL-33 in innate allergic airway responses has been demonstrated by various 

studies that utilized ST2- or IL-33-deficient mice. Exposure to papain, Alternaria, influenza 

virus, and hookworm induced acute airway inflammation that was significantly dependent 

on IL-33 or ST2 (34, 53, 82, 83). The rapid IL-33-driven immune responses occurred even 

in the absence of adaptive immunity. For example, airway administration of IL-33 induced 

type 2 cytokine production, airway eosinophilia and airway hyper-responsiveness in Rag−/− 

mice that were deficient in T and B cells (34, 84). Importantly, the primary target of IL-33 in 

the airway was found to be lung ILC2s (34, 85) that were enriched in mucosal tissues and 

barrier surfaces (86). Although ILC2 numbers are low in the airway of naïve mice, lung 

ILC2s proliferate and produce a large quantity of type 2 cytokines, such as IL-5 and IL-13, 

in response to IL-33 (34, 85). Likewise, the importance of the IL-33/ILC2 axis in innate-

type allergic airway inflammation has been shown in a number of experimental models (11, 

34, 85, 87).

In addition to ILC2s, IL-33 can also regulate other innate immune cells involved in allergic 

airway responses, including macrophages, eosinophils, mast cells, and basophils. IL-33 

stimulation in vitro leads to the activation and production of inflammatory mediators, 

cytokines, and chemokines by these cell types (22, 25, 88–90). For example, IL-33 induced 

superoxide production and degranulation more potently than IL-5 in human eosinophils 

(22). IL-33 administration into mouse airways led to IL-13-dependent polarization of 

alternatively-activated macrophages (AAMs) that contributed to airway inflammation (57). 

IL-33-stimulated mast cells showed increased histamine release that may play an important 

role in the early phase of allergic rhinitis (91). Furthermore, IL-33-stimulated mast cells also 
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induced Th17 differentiation in eosinophil-deficient mice that led to neutrophil-dominant 

airway inflammation (92). Thus, IL-33 that is released quickly by airway epithelium upon 

exposure to allergens and other respiratory insults likely initiates type 2 innate immunity in 

the airways through interacting with ILC2s as well as other innate immune cells.

IL-33 in adaptive immunity

The roles of the IL-33/ST2 pathway in allergen-induced type 2 adaptive immune responses 

have been demonstrated by using several experimental models (36, 54, 83, 91). Generally, 

IL-33 regulates adaptive immunity by two pathways; by activating innate immune cells, such 

as DCs and ILCs, and by directly activating ST2-expressing adaptive immune cells. For 

example, DCs play important roles in T cell activation and differentiation. Although ST2 

surface expression is relatively low in DCs, stimulation with IL-33 induces the production of 

a number of cytokines and chemokines, such as IL-6, TNF, IL-1β, and CCL17, by bone 

marrow-derived DCs and upregulates the expression of class II MHC and co-stimulatory 

molecules (23, 93). Furthermore, when exposed to IL-33, these DCs facilitate the 

proliferation and differentiation of naïve CD4+ T cells to preferentially produce IL-5 and 

IL-13 (23). Conversely, allergen-induced maturation and migration of DCs was attenuated in 

ST2-deficient mice (93).

IL-33-activated ILC2s may also be involved in proliferation and differentiation of CD4+ T 

cells, as depletion of ILC2s in mice severely impaired the adaptive type 2 immune responses 

induced by exposure to papain (94). In this model, ILC2s secreted IL-13 that in turn induced 

the migration of lung DCs into the draining lymph nodes to prime naïve T cells (94). IL-33-

activated lung ILC2s can promote CD4+ T cell functions by presenting antigen to T cells 

and by stimulating CD4+ T cell proliferation and Th2 cytokine production in a contact-

dependent manner (94–96). The adoptive transfer of both ILC2s and CD4+ T cells, but not 

each cell population alone, into IL-7R-deficient mice that lacked both ILC2s and CD4+ T 

cells, induced a robust airway inflammation and antigen-specific type 2 immune responses 

(95). Furthermore, IL-33-activated ILC2s enhanced B cell proliferation and promoted 

antibody production, including IgM, IgG1, IgA, and IgE, in vitro (97). Consistent with this 

data, the papain-induced IgE response was attenuated in ILC2-deficient mice (94).

ST2 was originally found to be expressed by highly-differentiated Th2-type CD4+ T cells 

(15). Naïve CD4+ T cells expressed limited numbers of ST2 on their surfaces. Upon 

activation, however, ST2 expression on CD4+ T cells was upregulated, thus rendering these 

cells highly responsive to IL-33. When naïve CD4+ T cells were cultured with IL-33 plus T 

cell receptor (TCR) agonists or agonists that activated the STAT5 pathway (e.g., TSLP), 

IL-33 polarized CD4+ T cells to produce IL-5 and IL-13 (98). Furthermore, in highly-

differentiated ST2+ Th2 cells, IL-33 alone was sufficient to induce IL-5 and IL-13, but not 

IL-4 production, even in the absence of in vitro TCR stimulation (99). The results from 

mouse models also supported the roles for IL-33 in mediating the differentiation and 

activation of Th2-type CD4+ T cells. Airway exposure to innocuous antigens, such as OVA 

and keyhole limpet hemocyanin, generally induced immunological tolerance to the antigens 

(100). When mice were exposed to the same antigens together with IL-33, they developed 

robust and long-lasting Th2-type immune responses and asthma-like lung pathology, 
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including airway eosinophilia, mucus hyperplasia, and airway hyper-reactivity (101). 

Although many of the in vitro studies failed to detect IL-4 production by CD4+ T cells that 

were cultured with IL-33 (98, 99), airway exposure to IL-33 with antigen in vivo rapidly 

induced the expression of IL-4 in CD4+ T cells in the draining lymph nodes. This 

endogenous IL-4 appeared to be critical in the Th2-type differentiation of the antigen-

specific CD4+ T cells because depletion of IL-4 led to the development of Th17-type CD4+ 

T cells (101).

A hallmark of allergic airway diseases is the presence of an antigen-specific IgE antibody. 

Conventionally, Th2-type CD4+ T cells have been considered to play critical roles in allergic 

immune responses, including type 2 cytokine production, airway eosinophilia, mucus 

hyperplasia, and IgE antibody production (102, 103). Follicular helper T (Tfh) cells are 

distinguished from other CD4+ T cells by their selective role in orchestrating germinal 

center responses and in promoting the development of memory B cells and long-lived 

plasma cells (104, 105). Recent findings suggested that IL-33 was also involved in the 

development of Tfh cells (106). Indeed, airway administration of IL-33 together with OVA 

antigen induced IL-4 expression in two distinct CD4+ T cell subsets, CD4+ST2+CXCR5− 

Th2 cells and CD4+ST2−CXCR5+ Tfh cells, in lung draining lymph nodes (106). Adoptive 

transfer experiments showed that Th2 cells mediated eosinophilic airway inflammation and 

transient production of antigen-specific IgE antibody, whereas the Tfh cells mediated 

sustained production of IgE. Interestingly, the induction of Tfh cells required lower doses of 

IL-33 as compared to those needed for the induction of Th2 cells. Collectively, these 

findings indicated that IL-33 induced different types of effector CD4+ T cells and influenced 

various aspects of allergic immune responses.

IL-33 may also be involved in the regulation and homeostasis of immune responses. Treg 

cells are critically involved in immune homeostasis and tolerance to innocuous antigens 

(107–109). Under basal conditions, constitutive ST2 expression was observed in subsets of 

CD4+Foxp3+ Treg cells in various tissues, including those in the lung and gastrointestinal 

tract (79–81, 110). Interestingly, these ST2+ Treg cells also expressed the canonical Th2 

transcription factor GATA3. When exposed to IL-33, ST2+ Treg cells proliferated and 

upregulated GATA3 and ST2 expression (80, 81, 110). IL-33-stimulated GATA3+ Treg cells, 

but not GATA3− Treg cells, expressed Il5 and Il13 mRNA, and were capable of producing 

IL-5 and IL-13 proteins (110). Furthermore, using an in vitro co-culture assay, IL-33 was 

shown to impair the ability of Foxp3+ Treg cells to suppress the proliferation of effector 

CD4+ T cells. In contrast, in certain settings, IL-33 stabilized Foxp3 expression in ST2+ 

Treg cells and promoted their suppressive functions (79–81). IL-33 also indirectly regulated 

Treg cells through activating ILC2s, DCs, or mast cells; these cells produced IL-2 that 

subsequently promoted Treg cell expansion and function (79, 111, 112). Thus, IL-33 may 

promote or regulate CD4+ T cell-mediated immune responses depending on their conditions 

and/or tissue environment. Future studies will be necessary to elucidate the mechanisms of 

how IL-33 dictates the direction of these immune responses.
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IL-33 and chronic airway inflammation

Human asthma is generally characterized by chronic airway inflammation, airway hyper-

reactivity, and tissue remodeling (113). While IL-33 is likely involved in the initiation of 

innate and adaptive type 2 immunity, emerging data also suggest that IL-33 plays an 

important role in chronic and persistent airway inflammation. Allergic patients with asthma 

are often sensitized to multiple allergens (114). To mimic this, mouse models have been 

developed in which mice are exposed to the extracts of several airborne allergens, such as 

Alternaria, HDM, ragweed, and Aspergillus, for a prolonged period of up to 12 weeks (36, 

71). In these models, IL-33 expression in the lung was dramatically increased during the 

chronic phase of allergen exposure, and was accompanied by increased numbers of CD4+ T 

cells and ILC2s in the lung. ST2-deficient mice or the administration of anti-IL-33 antibody 

caused attenuated allergen-induced immune responses in these “chronic” models (36, 71), 

suggesting that increased IL-33 expression in the lung may play a key role in maintaining 

the chronic airway response. Furthermore, in these models, ILC2-derived IL-13 appeared to 

play roles in the upregulation of IL-33 in airway epithelium (71). Importantly, a separate 

study showed that IL-33-activated and primed ILC2s persisted in the draining lymph nodes 

for several weeks even in the absence of subsequent exposure to IL-33 (115), further 

suggesting that IL-33 signaling may have a long-term effect on innate and perhaps adaptive 

immune responses.

After chronic exposure to IL-33, the phenotype of Th2-type CD4+ T cells was further 

modified beyond conventional Th2 cells. After several rounds of exposure to IL-33, both 

mouse and human CD4+ T cells developed into a “memory” CD4+ Th2 cell type that was 

highly pathological and preferentially produce IL-5 over other Th2-type cytokines through 

the p38 MAP kinase pathway (116). Conversely, Il33−/− mice showed impaired development 

of IL-5-producing CD4+ memory Th2 cells and attenuated eosinophilic airway inflammation 

(116). In humans, IL-5-producing memory Th2 cells appeared to play critical roles in 

driving the pathology of allergic airway inflammation that was typically observed in patients 

with eosinophilic chronic rhinosinusitis (CRS) (116, 117). In addition, besides targeting 

ILC2s and Th2 cells, IL-33 may promote persistent type 2 inflammation by activating 

basophils and mast cells, as shown by the presence of increased basophils and mast cells in 

the induced sputum and airway biopsy specimens from patients with asthma (42, 118).

IL-33 and airway remodeling

Chronic airway inflammation is often accompanied by airway remodeling that is 

characterized by increased airway wall thickness and smooth muscle mass, abnormal 

composition of the extracellular matrix, and increased vascularity (119, 120). While many 

cell types and inflammatory mediators likely contribute to this pathological process (119), 

recent studies suggested that IL-33 may play a significant role. For example, the 

administration of anti-ST2 antibody or genetic manipulation of ST2 in mouse models of 

fungus- or HDM-induced airway inflammation attenuated airway remodeling (121, 122). 

Furthermore, ST2 deficiency or anti-IL-33 antibody treatment diminished bleomycin-

induced lung fibrosis (123). IL-33 may regulate airway remodeling by stimulating airway 

fibroblasts directly to secret collagen, or by engaging with AAMs and ILC2s (122, 123). In a 
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COPD model, IL-33 was required for the expression of Il13 and mucin in lung epithelial 

cells, two genes implicated in tissue remodeling (55). IL-33 may also engage Treg cells to 

mediate airway remodeling. Recent studies in animal models showed that Treg cells were 

essential to repair physical damage of certain tissues (124, 125). Furthermore, IL-33 induced 

the production of amphiregulin by Treg cells and ILC2s that was essential for lung tissue 

repair after influenza virus infection (124, 126). Thus, airway remodeling can be considered 

to occur as a result of extensive inflammation and as a part of tissue repair, which are not 

mutually exclusive.

IL-33 in human airway diseases

As described above, the use of animal models and in vitro studies have suggested that IL-33 

may play a key role in immunity, inflammation, and homeostasis of mucosal tissues. IL-33 

may be important for allergic airway diseases in humans. Indeed, the IL33 and ST2/IL1RL1 
genes were found to be associated with asthma and allergic rhinitis in several GWAS studies 

that included thousands of human subjects from diverse ethnic groups (29–33, 127). Below, 

we have discussed the studies that investigated the potential roles for IL-33 and ILC2s in 

human airway diseases, including asthma, allergic rhinitis, and CRS.

Asthma

Examinations of airway specimens from patients with asthma showed increased IL-33 

mRNA expression in cells from induced sputum (128) and in airway epithelial cells from 

bronchial biopsy specimens (49). Interestingly, the expression of an IL33 spliced variant 

lacking exons 3 and 4 was strongly associated with airway type 2 inflammation in patients 

with asthma (42). As discussed above, exon 3 and exon 4 encode the nuclear localization 

domain and central domain, respectively, suggesting that processing of IL-33 is implicated 

in disease pathogenesis in these patients. Likewise, elevated levels of IL-33 protein have 

been found in several specimens from patients with asthma, including serum/plasma (71, 

128), induced sputum (128), brochoalveolar lavage (BAL) fluids (49, 71), airway epithelial 

cells (49, 57), and submucosal inflammatory cells (122); the levels of IL-33 generally 

correlated with disease severity in these studies. In addition, fungal sensitization in children 

with severe asthma was associated with increased IL-33 levels in BAL fluids and airway 

submucosal tissues as compared to those children who did not show evidence of fungal 

sensitization (129). Similarly to IL-33, serum and plasma levels of soluble ST2 were 

increased in patients with asthma (128, 130).

Since the discovery of ILC2s in mice, ILC2s have been identified in peripheral blood and 

mucosal tissues of humans (131). The numbers of IL-33-responsive ILC2s were increased in 

peripheral blood and BAL fluids in subjects with allergic asthma as compared to those of 

healthy control subjects or those with allergic rhinitis (71, 132, 133). Moreover, the ILC2s 

from patients with asthma appeared to be more sensitive to IL-33 when compared to those 

from control subjects (132). The number of ILC2s in blood was associated with the 

magnitudes of tissue eosinophilia (134) and clinically unstable asthma (133). Furthermore, 

IL-33 and type 2 cytokines were induced during a rhinovirus-induced asthma exacerbation 

(135), suggesting that virus-induced IL-33 and IL-33-responsive T cells and ILC2s provide 
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key mechanistic links between viral infection and exacerbation of asthma. Altogether, these 

findings suggested that IL-33 may be involved in the pathophysiology of human asthma, and 

justifies the need for pharmacological and biological agents that can control the levels of 

IL-33 as a potential therapeutic approach for patients with asthma.

Allergic rhinitis

ST2 mRNA, ST2 protein, and IL-33 mRNA expression are consistently increased in the 

nasal epithelium of patients with allergic rhinitis as compared to that of healthy control 

subjects (56, 91). However, there are conflicting reports regarding the levels of IL-33 

protein. One study showed reduced levels of IL-33 (91) while another showed increased 

IL-33 in nasal epithelial cells (56). While the reason(s) for this discrepancy is not clear, the 

differences in the assay systems used to detect IL-33 protein and the potentially different 

forms (e.g., full-length vs. processed) of IL-33 in biological specimens may offer some 

explanation. Indeed, using immunohistochemistry, IL-33 was shown to be present only in 

the nuclei of nasal epithelial cells from healthy subject, while IL-33 staining was observed in 

both the nuclei and cytoplasm of the samples from patients with allergic rhinitis (56). IL-33 

levels in serum/plasma have consistently been found to be increased in patients with allergic 

rhinitis (56, 127, 136).

While peripheral blood ILC2 numbers in allergic rhinitis were not different from those of 

control subjects under stable conditions (e.g., out of allergy season) (132), airway allergen 

exposure in patients with allergic rhinitis increased the numbers of blood ILC2s (137). 

Blood ILC2 numbers also were significantly increased in patients with seasonal allergic 

rhinitis during grass pollen season (138). Interestingly, ILC2s were increased in allergic 

rhinitis patients who were sensitive to HDM, but not to those sensitive to mug wort (139), 

suggesting that the biochemical nature of the allergens may have affected the levels of ILC2s 

and perhaps of IL-33. Thus, within the patients who showed clinical symptoms of allergic 

rhinitis, some heterogeneity existed in the immunopathogenesis of the disease.

Chronic rhinosinusitis

CRS is one of the most common chronic diseases in adults in the United States, and it 

produces significant morbidity and cost to the health care system (140). CRS represents >12 

weeks of chronic inflammation in paranasal sinuses, and can be divided into two subtypes, 

CRS without nasal polyps (CRSsNP) and CRS with nasal polyps (CRSwNP) (141). 

CRSsNP and CRSwNP show distinct inflammatory endotypes with CRSwNP being 

associated with increased levels of tissue IL-5, tissue eosinophilia, and concomitant asthma 

(142). IL-33 was upregulated in nasal polyp tissues from patients with CRSwNP as 

compared with those of CRSsNP or healthy control subjects (143–146). Furthermore, IL-33 

mRNA expression in nasal biopsy specimens was higher in CRSwNP patients, in particular 

those who were resistant to treatment (147). Similarly, ILC2 numbers in sinus mucosal 

biopsies were increased in patients with CRSwNP and were associated with tissue and blood 

eosinophilia (131, 148–150). The levels of ILC2s correlated with the severity of nasal 

symptoms (148) and were reduced following systemic corticosteroid treatment (150). 

Furthermore, IL-33-responsive and highly pathological memory CD4+ T cells were enriched 

in nasal polyp tissues from patients with eosinophilic CRS (115).
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Conclusions and perspectives

As summarized in Figure 2, there is accumulating evidence to suggest that IL-33 plays 

important roles in innate and adaptive immunity in mucosal organs as well as in the 

homeostasis and repair of the airway. In innate immunity, IL-33 activates ILC2s, basophils, 

eosinophils, and mast cells to drive the early immune response against allergens and other 

environmental insults. In adaptive immunity, IL-33 regulates the functions of DCs and drives 

and influences the development of Th2, Tfh, and Treg cells. While robust type 2 immunity 

and airway inflammation are distinct features of the immunological effects of IL-33, IL-33 

may also be involved in tissue homeostasis at the resting condition, and could help to repair 

mucosal tissues after injury. Furthermore, correlative evidence has been increasing to 

suggest the roles for IL-33 and their targets, such as ILC2 and memory Th2 cells, in chronic 

airway diseases in humans.

However, a number of questions still remain. For example, many aspects of the biology of 

IL-33 are not well understood, including its stability, metabolism, and the biological activity 

of any processed products that might be generated from intracellular or extracellular 

proteolytic enzymes. Furthermore, the fates of different forms of IL-33 are unknown, 

although post-translational modification and redox state might affect its activity. Regarding 

the cellular source of IL-33, in addition to tissue-resident cells, IL-33 can be induced in bone 

marrow-derived cells, such as DCs and mast cells, and our knowledge is limited regarding 

whether and how these sources of IL-33 contribute to the immune responses and disease 

processes.

One of the distinct characteristics of IL-33 is its involvement in chronic and persistent 

airway inflammation; however, the mechanisms appears to be complex and involve several 

cell types. Because IL-33 may also be involved in the regulation of Treg cells and tissue 

homeostasis and repair, it will be critical to identify the pathological and potentially 

beneficial roles of IL-33. Accumulating clinical evidence suggests that IL-33 and ILC2s may 

serve as biomarkers to define the subtypes of allergic airway diseases. However, more 

studies are needed to validate the usefulness of these biomarkers in large populations with 

different ethnic backgrounds, and to analyze how age, sex, and other variables affect these 

biomarkers. Finally, the human studies reported thus far are correlative, and it is therefore 

critically important to know the cause-effect relationships that IL-33 may play in various 

airway diseases. The biological and pharmacological agents that block the activities of IL-33 

will likely be helpful in this regard. As the field of IL-33 is advancing and expanding 

quickly, one can expect that new knowledge will be gained in the coming years to answer 

many of these questions.
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Figure 1. 
The structure of IL-33 and mechanisms of its extracellular release. Panel A. Human IL-33 

protein is composed of two evolutionary conserved domains (the nuclear domain and the 

cytokine domain) that are separated by the highly divergent central domain. Chromatin-

binding motif and cleavage sites for inflammatory and apoptotic proteases are indicated. 

CathG; cathepsin G, NE; neutrophil elastase. Panel B. Proposed mechanisms for 

extracellular IL-33 release. IL-33 that are constitutively produced and stored in the nucleus 

is passively released during necrosis when cells lose integrity of plasma and nuclear 

membrane. Upon apoptosis, IL-33 is retained within the cells and inactivated by apoptotic 

proteases, such as caspase 3 and caspase 7. Alternatively, cellular stress that is caused by 
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exposure to enviromental factors, such as proteases and ATP, induces cellular activation and 

post-translational modification of nuclear IL-33 to remove the nuclear domain and central 

domain. The processed IL-33 is most likely actively secreted extracellularly by structural 

cells.
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Figure 2. 
The roles of epithelial IL-33 in mucosal immune responses. Exposure to allergens, microbes 

and perhaps environmetal stress induces IL-33 release from airway epithelial cells. IL-33 

activates the innate immune cells, including ILC2s, basophils, eosinophils, and mast cells to 

drive type 2 inflammation. IL-33 also activates DCs and CD4+ T cells and drives 

proliferation and differentiation of Th2, Tfh and Treg cells and production of antibody by B 

cells. Note that a bidirectional cross-talk exists betewen the cells involved in the innate 

immunity and adaptive immunity. Chronic activation of these immune responses results in 

changes in structural cells, such as epithelial cells, fibroblasts and endotherial cells, and 

promotes tissue repiar and remodeling. Fibro; fibroblasts, Endo; endothelial cells, Eos; 

eosinophils, and Baso; basophils.

Drake and Kita Page 23

Immunol Rev. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Summary
	Introduction
	Molecular features of IL-33
	Expression of IL-33
	Processing and release of IL-33
	Biological functions of IL-33
	IL-33 in innate immunity
	IL-33 in adaptive immunity
	IL-33 and chronic airway inflammation
	IL-33 and airway remodeling
	IL-33 in human airway diseases
	Asthma
	Allergic rhinitis
	Chronic rhinosinusitis

	Conclusions and perspectives
	References
	Figure 1
	Figure 2

