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Autoimmune diseases (ADs), which are common immune-mediated inflammatory syndromes, are characterized
by an imbalance between T effector (Th)1/Th17 cells and T regulatory cells. Interleukin (IL)-33, a member of the
IL-1 family, induces inflammatory disease development by mediating type 2 immune responses. Recently, IL-33/
ST2 axis was reported to induce autoimmunity involving Thl and Th17 cells. In this review, we focus on the
expression, regulation and function of IL-33/ST2 pathway in the context of autoimmune disorders. We discuss
the clinical potential of this signaling pathway in predicting disease activity and severity and offer possible
future therapeutic alternatives.

1. Introduction

Interleukin (IL)-33 is encoded by the IL-33 gene and belongs to the
IL-1 cytokine family. IL-33 is also called IL-1F11, following IL-1 family
nomenclature [1]. In 2003, IL-33 was named nuclear factor from high
endothelial venules (HEV-NF), as it is highly expressed in the high
endothelial venule (HEV) endothelial cell (EC) nucleus [2]. It is well
recognized that HEVs are involved in the activation and mobilization of
lesional lymphocytes infiltration [3,4], indicating that HEV-NF might
induce chronic inflammation. In 2005, Schmitz et al. rediscovered IL-33
through computational sequence scanning research, and identified IL-
33 as a member of the IL-1 family [5]. IL-33 is primarily secreted by
ECs, fibroblasts, epithelial cells, and various immune cells, such as
dendritic cells (DCs) and macrophages [5-9]. Its cytokine function

involves combining with its receptor, suppression of tumorigenicity 2
(ST2, which is also named as growth STimulation expressed gene 2),
which is commonly expressed on CD4 ™ T cells, CD8 * T cells, mast
cells (MCs), macrophages, DCs, basophils, eosinophils, natural killer T
cells, and group 2 innate lymphoid cells (ILC2s) [10-12]. The IL-33/
ST2 axis has been implicated in various diseases, such as asthma, food
allergies, central nervous system (CNS) inflammation, inflammatory
bowel diseases (IBDs), atopic dermatitis, cancer, and various fibrotic
diseases [13-15].

Autoimmune diseases (ADs) are self-reactive, pathologic immune
disorders that act against autologous tissues. Rheumatoid arthritis (RA),
IBDs, multiple sclerosis (MS), systemic lupus erythematosus (SLE),
systemic sclerosis (SSc), psoriasis, type 1 diabetes (T1D), uveitis and
autoimmune thyroid diseases are the most common ADs [16,17]. As a
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public health problem, these diseases are chronic and incurable, leading
to both significant individual suffering and societal costs. Immune ab-
normalities are characterized by imbalanced immune tolerance and are
driven by self-reactive T effector (Th) 1/Th17 cells and B cells [18].
Previous evidence has suggested that IL-33/ST2 signaling contributes to
allergic disorders by inducing Th2 cell activation, Th2 cytokine pro-
duction and predominantly type 2 immune responses [15]. IL-33/ST2
axis also exacerbates Th17 cell-mediated airway inflammation [19].
Increasing evidence suggests that IL-33 is a key component of auto-
immunity. In this review, we summarize the current knowledge con-
cerning the roles of IL-33/ST2 signaling in several ADs. We conclude
that IL-33 has both proautoimmune effects and antiautoimmune func-
tions; thus, the therapeutic effects of targeting IL-33 and ST2 seem
promising.

2. The location and function of intracellular IL-33

Intracellular IL-33 is expressed in the nucleus of epithelial cells in-
volved in mechanical barriers, which consist of keratinocytes, epithelial
cells, fibrocytes, fibroblasts, and smooth muscle cells. Moreover, IL-33
is highly expressed in the nucleus of human HEV ECs and called HEV-
NF, indicating the role of IL-33 in EC homeostasis. An IL-33-LacZ gene-
trap reporter mouse exhibits nuclear IL-33 expression in the embryonic
tissues during embryonic development, and in the secondary lymphoid
tissues and brain of adults mice [6]. In contrast, constitutive IL-33 ex-
pression in the nucleus is not detected in mouse blood vessels, but the
induction of IL-33 expression under inflammatory conditions can be
measured [6], suggesting different expression of nuclear and induced
IL-33 in mice and humans [8,9].

In previous studies, nuclear IL-33 was regarded as a hetero-
chromatin-related nuclear factor possessing transcriptional regulatory
properties. Human intracellular full-length IL-33 (IFIL-33) and mouse
IFIL-33 consist of 270 and 266 amino acids, respectively [10]. There is a
specific structure in the N terminus and the typical IL-1 fold in the C
terminus of human IFIL-33. The domain mentioned above is necessary
for nuclear localization, heterochromatin interactions and transcrip-
tional suppression [2,20]. The IL-33 peptide docks in the acidic pocket
formed by the H2A-H2B dimer in heterochromatin, promotes nucleo-
some-nucleosome interactions and regulates gene expression [21].
Moreover, the interaction between IL-33 and the transcription factor
(TF) nuclear factor kappa B (NF-kB) regulates the release of NF-kB-as-
sociated proinflammatory signals. Through recognition involving the N-
terminal domain, IFIL-33 can bind to the NF-kB p65 subunit, reducing
the association of TFs with DNA-response elements. These changes
decrease the transactivation of target genes, including IkBa, tumor
necrosis factor (TNF)-a and C-REL [22]. Choi YS et al. [23] have found
that IL-33 combines with the p65 promoter region and upregulates
nuclear p65 expression. IL-33 then induces EC activation by mediating
the expression of vascular cell adhesion molecule (VCAM)-1 and in-
tercellular adhesion molecule (ICAM)-1. In addition, IL-33-deficient
human ECs show altered NF-kB-dependent IL-6 expression, down-
regulated expression of the chemokines RANTES and Fractalkine, and
increased release of the soluble form of ST2 (sST2) [24]. Further studies
have indicated that IL-33 binds to the transcriptional repressor histone
methyltransferase SUV39H1 and to multiple putative homeodomain
protein binding motifs in the proximal and distal promoters of the ST2
gene. Bessa J et al. [25] reported that the expression of an IL-33 mutant
protein lacking the N-terminal domain led to high circulating IL-33
levels, and heterozygous mice carrying this mutant protein had high
mortality attributes to eosinophilic infiltration into multiple organs.
Taken together, these findings show that the IFIL-33 located in the
nucleus exerts regulatory effects on immune homeostasis.

3. The release and processing of extracellular IL-33

Although IL-33 constitutively localizes to the nucleus in several
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local barrier cells and immune cells, cellular necrosis leading to the
extracellular release of IFIL-33 [26] raises questions concerning how
effectively active IL-33 is processed and released. In the absence of
cellular necrosis, mechanical strain induces IL-33 secretion in murine
fibroblasts in vitro and in vivo [27]. Additionally, the increased myo-
cardial pressure in hypertension affects cardiac ECs, causing them to
release IL-33. Thus, myocardial pressure overload can become systemic
inflammation [28]. Fluorescent pulse-chase fate tracking experiments
have indicated that the dynamic IL-33 flux between the nucleus and
cytoplasm is mediated by nuclear pore complex functions [27]. No-
tably, the upregulation of IL-33 protein levels in extracellular fluids was
shown to be related to reduced staining for IL-33 in the cell nucleus of
nasal ECs, indicating the release of prepared IL-33 from the nucleus to
the extracellular space [29]. Because of its ability to sense damage, IL-
33 functions as an “alarmin” or a damage-associated molecular pattern
molecule. IL-33, which is primarily expressed by structural and barrier
cells, is released from injured and stressed cells to send out warning
signals to the innate and adaptive immune systems following cellular
necrosis or tissue injury [26,30,31].

Initially, full-length IL-33, a 30-kDa form, is biologically active
[32,33]. Like the other IL-1 family members IL-1f and IL-18, IL-33 is
produced and subsequently cleaved by caspase-1 into a mature 18-kDa
form (hIL-33112.270) [5]. In contrast, Cayrol C et al. have found that
caspase-1 processing leads to IL-33 inactivation [26]. In consistent with
this finding, increased IL-33 mRNA and bioactive protein levels are
detected in caspase-1 knockout mice [34]. Moreover, caspase-1, which
is activated by the NLRP3/ASC inflammasome complex, downregulates
IL-33 expression and dampens IL-33-mediated allergic lung inflamma-
tion [34]. These findings collectively indicate that the roles of caspase-1
in the process of IL-33 production and the molecular mechanism of IL-
33 remain to be elucidated. Interestingly, caspase-1 fails to affect IL-33
cleavage in the absence of other proteases [35], suggesting that cas-
pase-1 can activate other proteases, and caspase-1 may affect the acti-
vation of IL-33 [36]. In addition, during apoptosis, IL-33 can be cleaved
by caspase-3 and caspase-7 at a cleavage site located within the IL-1-
like domain, causing the release of biologically inactive 20-22-kDa
forms (hIL-33;.178 and hIL-33179.270) [9,26,35,37]. The cleavage and
inactivation of IL-33 by caspases might be important to sustain bioac-
tive IL-33-induced tissue damage during programmed cell death.

In contrast, released proteases during inflammatory conditions seem
to increase the biological activity of IL-33. Serine proteases produced by
activated MCs (chymase and tryptase) [38] and neutrophils (cathepsin
G and elastase) [39] process full-length IL-33 into functional forms
containing the IL-1-like cytokine domain (IL-3395.570, IL-3399.27¢ and
IL-33109.270) With 30-fold higher biological activity than the full-length
protein. Notably, the cleavage site of these proteases is situated outside
of the IL-1-like domain in the C terminus. In summary, in the presence
of inflammatory stimuli or under inflammatory conditions, the bioac-
tivity of IL-33 can be enhanced by limited N-terminal domain proteo-
lysis in the inflamed tissue. The mature form is released extracellularly
and regulates inflammatory processes via ST2 signaling. The nuclear IL-
33 expressed in ECs, fibroblasts and epithelial cells can maintain barrier
functions and initiate immune responses following stimuli or damage in
multiple diseases such as asthma [40,41] and cardiovascular disease
[42,43].

4. Stimulated IL-33 expression

Notably, IL-33 can be expressed in various cell types (mainly ECs)
and localizes to the nucleus under healthy conditions [24]. Compared
to healthy controls (HCs), bronchial asthma patients [44] and COPD
patients [45] exhibit increased IL-33 expression in the nucleus of
airway epithelial cells. In mouse vascular ECs, endogenous IL-33 is not
expressed constitutively. Interestingly, IL-33 can be stimulated by the
lipopolysaccharide (LPS)-induced systemic inflammatory response [6].
Following nematode infection or the intranasal administration of chitin,
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the nuclear level of IL-33 in alveolar epithelial type II cells is increased,
and lung eosinophilic inflammation is induced in mice [46]. In addi-
tion, the inducible extracellular release of IL-33 is also observed in a set
of diseases associated with infection and inflammation [42,47-49].
More importantly, IL-33 acts as a disease-associated biomarker for the
high level of IL-33 that is generally associated with the activity and
severity of diseases, especially asthma, atopic allergy, cancer, etc.
[12,13].

IL-33 is confirmed to have a role as an alarmin by the discovery that
IL-33 expression is positively mediated by pattern-recognition re-
ceptors, especially toll-like receptors (TLRs). In human corneal epithe-
lium studied ex vivo and in vitro, the mRNA and protein levels of IL-33
are increased and mainly induced by the TLR3 ligand poly(I:C) and the
TLR5 ligand flagellin, and these increases can be blocked by an anti-
TLR3 antibody and an anti-TLR5 antibody, respectively [50]. IL-33
mRNA expression has been observed to increase in the lungs, spleen,
liver and stomach in a mouse model 4h after the systemic adminis-
tration of the TLR4 agonist LPS (2 mg/kg) [51]. Moreover, the TLR3
agonist poly(I:C), TLR4 agonist LPS, TLR7/8 agonist R848 and TLR9
ligand CpG oligodeoxynucleotides have been indicated to induce IL-33
expression in immune cells activating DCs and macrophages
[49,51-53]. Interestingly, poly(I:C)-stimulated IL-33 induction is
boosted by the addition of transforming growth factor (TGF)-B [54],
which indicates that the interaction among poly(I:C), TGF-f and IL-33
promotes myofibroblast differentiation and mucosal homeostasis. In
addition, in mouse embryonic fibroblasts, following Newcastle disease
virus infection, IL-33 mRNA is induced depending RIG-I, a non-TLR
ligand [52]. These findings support the conclusion that IL-33, a proal-
lergic cytokine derived from the epithelium, is regulated by microbial
ligands through the TLR- and non-TLR-mediated signaling pathways of
innate immunity.

Notably, under inflammatory conditions, the effects of proin-
flammatory cytokines on IL-33 induction cannot be discarded. In
human epidermal keratinocytes, interferon (IFN)-y and TNF-a treat-
ment stimulated the release of a mature form of IL-33 (20-kDa) [55]. In
cultured nasal and synovial fibroblasts, adipocytes, preadipocytes, bone
marrow stromal cells, and osteoclasts, IL-33 expression was strongly
mediated by TNF-a and IL-1f [5,48,56-58]. In addition, constitutive IL-
33 expression is increased in CNS glial cells by IL-1p treatment [59]. In
cardiac tissue and the vasculature, TNF-a, IL-13 and IFN-y obviously
elevated both IL-33 protein and mRNA levels in cardiac fibroblasts and
myocytes as well as smooth muscle cells in the human coronary artery
[42,60]. Additionally, IL-33 production by immune cells through an
autoregulatory mechanism is essential for the activation of immune
cells, including DCs, macrophages and MCs. It has been reported that
IL-33 stimulates its own production and release via a positive feed-
forward loop in DCs, skin macrophages and mouse bone marrow-de-
rived macrophages [61,62]. Moreover, the expression and release of IL-
33 then elevates the production of DC maturation markers, such as
CD40 and CD80, and induces macrophages to release microbicidal NO,
increasing immune cell activity. Taken together, these studies have
shown that inflammatory environment or inflammatory factors can
induce the expression or secretion of IL-33, a process that can maintain
immune homeostasis but also promote the persistence of inflammation
via ST2 signalling, which is consistent with IL-33 inducing skin chronic
inflammation via a regulatory loop with IFN-y [63]. However, nu-
merous studies have detected only IL-33, and little is certain about the
forms of full-length IL-33 or how IL-33 is processed. Further studies are
needed to determine the mechanisms about IL-33 induction and release,
and the consequences under inflammatory environment.

5. ST2
The receptor ST2 (also known as IL-1R4, DER4, Fit-1, or T1 [5,8]) is

a type-1 transmembrane protein encoded by the IL-IRL1 gene. In
human tissues, it has been identified in three isoforms created by

62

Cytokine and Growth Factor Reviews 50 (2019) 60-74

alternative splicing [64-66] — a transmembrane receptor (ST2L or
ST2), a released soluble form (sST2, acts as a decoy receptor) and a
variant of ST2 (ST2V). Xu D et al. [67] reported that ST2 was expressed
stably and constitutively on the Th2 cell surface but not on the surface
of Th1 cells, suggesting ST2 functions as a significant effector molecule
in Th2 responses. Notably, T-bet and STAT4 induce increased produc-
tion of ST2 in Th1 cells, promoting antiviral Th1 responses [68]. ST2 is
primarily expressed on the surface of fibroblasts, MCs, and Th2 cells. In
addition, GATA3 and STAT5, which are important transcription factors
involved in Th2 cell and ILC2 differentiation [69,70], can regulate ST2
expression in several immune cells [71,72]. Although ST2 belongs to
the toll-like receptor/IL-1R (TIR) superfamily, it was considered an
“orphan” receptor for a long time because conventional biochemical
methods failed to determine a specific ligand [73,74]. In 2005, a
computational database search of the IL-1R family demonstrated the
association between IL-33 and ST2 [5]. In MCs, ST2 and the receptor
tyrosine kinase c-Kit interact constitutively, resulting in cross-activa-
tion. The activation of c-Kit by its ligand stem cell factor strongly sy-
nergizes with the IL-33-stimulated production of proinflammatory cy-
tokines, including IL-6 [75]. It has been reported that the
transmembrane protein TMED1 promotes IL-33/ST2-stimulated IL-8
and IL-6 production by coprecipitating with ST2, and this promotion is
dependent on an interaction with the TIR domain [76]. In addition,
Sugita S et al. have reported that Hesl and its cofactor calcium/cal-
modulin-dependent protein kinase-28, both of which are important
targets of Notch signaling, regulate ST2 expression in cultured chon-
drocytes [77]. The roles of ST2 and IL-33/ST2 signaling in in-
flammatory diseases are further researched in subsequent studies.

6. IL-33/ST2 signaling

IL-33 is extracellularly secreted and induces various inflammatory
responses. IL-33 interacts with ST2 and IL-1 Receptor Accessory Protein
(IL-1RACcP) [78] (Fig. 1). The complex created by IL-33 binding to the
ST2 receptor functions as a docking site for the adapter protein Myeloid
Differentiation Factor 88 (MyD88), which recruits IL-1R-associated ki-
nase 1 (IRAK1) and 4 (IRAK4) as well as TNF receptor-associated factor
6 (TRAF6) [79]. These signaling molecules activate different types of
transcription factors, such as NF-kB, activator protein-1 (AP-1), extra-
cellular signal-regulated kinase (ERK)1/2, p38 mitogen-associated
protein kinase (p38MAPK) and c-Jun N-terminal kinase (JNK), through
TRAF6-dependent and TRAF6-independent pathways [13,15], thereby
triggering inflammatory cytokine production (Fig. 1). Despite the ex-
tracellular region of ST2 containing immunoglobulin domains, the
signaling function of ST2 is mediated by its intracellular TIR domain
[80]. Furthermore, IL-33/ST2 signaling is regulated by several me-
chanisms (Fig. 1). Rapid oxidation leads to the inhibition of IL-33 and
ST2 binding through the formation of two disulfide bridges, which is
confirmed to limit the range and duration of IL-33 actions [81]. The ST2
receptor has a transmembrane form (ST2 or ST2L) and a soluble se-
creted form (sST2, which lacks the transmembrane domain). During
inflammatory processes, ST2 mediates the effects of IL-33, whereas
sST2 acts as a decoy receptor that inhibits IL-33-induced immune re-
sponses by competitively binding to IL-33 [79]. In addition, a soluble
form of IL-1RAcP modulates the biological activity of IL-33 by de-
creasing IL-33-stimulated IL-6 secretion in MCs [78]. Moreover, single
Ig IL-1R-related molecule (SIGIRR), a member of the IL-1R family that
participates in the regulation of IL-18 and IL-1 [82], interacts with ST2,
MyD88, IRAK or TRAF®6, interfering with downstream signaling [13].

7. The cellular targets of the IL-33/ST2 axis in various
inflammatory diseases

IL-33 affects the activation and functions of various cell types
through membrane-bound ST2 signaling. IL-33/ST2 signaling plays an
important role in several inflammatory diseases by inducing



X. Liu, et al.

sST2

Extracellular

(&

_|I-1RACPG S

Pe

i/
72 Oxidation:
disulphide
bridges formation

\ Nucleus — ~
\\Qii::jﬁjfy/

proinflammatory cytokine and chemokine expression. The expression of
IL-33 and ST2 in the epithelium, ECs and fibroblasts suggests that this
pathway might be involved in the local cellular response. IL-33/ST2
promotes fibroblast proliferation and increases the expression of col-
lagen III by asthmatic fibroblasts, inducing airway deposition of ex-
tracellular matrix (ECM) components [83,84]. IL-33 stimulates dermal
fibroblasts to release chemokines, such as CXCL8, through processes
dependent on the activation of the ERK, JNK, and p38 MAPK pathways,
inducing eosinophil infiltration [85]. Following stimulation with IL-33,
bronchial epithelial cells exhibit surface expression of ST2 and release
IL-17 F. Further studies have indicated that this process is mediated by
ERK1/2 and mitogen- and stress-activated protein kinasel activation
[86].

IL-33/ST2 exerts bioeffects on several types of immune cells, in-
cluding MCs, eosinophils, basophils, DCs, macrophages and B cells, and
primarily mediates type 2 immune responses. IL-33 promotes the sur-
vival and maturation of MCs [87]. It induces the IgE-mediated de-
granulation of MCs [88] and leads to the synthesis, storage and release
of serotonin [89]. In addition, IL-33 activates MCs to produce various
cytokines and chemokines, such as IL-8, IL-9, IL-13, CCL2 and CCL3
[12,87,90,91]. IL-33/ST2 signaling promotes the migration of basophils
and facilitates the production of IL-4, IL-5, IL-13 and chemokines by
basophils [29,92]. Notably, IL-33/ST2-induced eosinophilia plays an
important role in airway or skin allergic disorders [93]. IL-33 has the
ability to induce the migration and activation of eosinophils by pro-
moting chemokine production in eosinophils [85], MCs or other im-
mune cells [29]. Furthermore, the IL-33/ST2 axis induces the expres-
sion of IL-4, IL-5, IL-6, and IL-8 in eosinophils [29,94,95]. IL-33 has
been found to stimulate its own production and secretion via a positive
feed-forward loop in macrophages and DCs [61,62]. Alveolar macro-
phages respond to IL-33, express ST2, and produce high levels of CCL24
and CCL17. IL-33-treated macrophages polarize toward the alter-
natively activated (M2) macrophage phenotype in an IL-13-dependent
manner [96]. DCs are another type of myeloid lineage cell. In vivo and
in vitro, IL-33/ST2 induces DC recruitment and activates DCs to pro-
duce IL-6, IL-1P, and CCL17. Importantly, IL-33-activated DCs prime
naive lymphocytes to produce the Th2 cytokines IL-5 and IL-13 [97],
suggesting an additional indirect role for IL-33 in the induction of
adaptive immune responses. In addition, it has been reported that the
IL-33/ST2 pathway induces neutrophil polarization and activates neu-
trophils to produce IL-4, IL-5, IL-9 and IL-13 via JNK or NF-kB signaling
[98]. For B cells, IL-33 promotes B cell proliferation and CD40L ex-
pression on T cells, leading to B cell activation and the synthesis and
release of IgE and antigen-specific IgG1 antibodies [95,99].

Given the early discovery of the selective expression of ST2 by Th2
cells but not Th1 cells, further studies have been carried out to explore
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Fig. 1. IL-33/ST2 signaling pathways. After IL-
33 activation, the heterodimeric receptor
complex consisting of ST2 and IL-1RAcP re-
cruits MyD88 through the intracellular TIR
domain. The downstream events include: (A)
The activation of TRAF6 and IRAK4 promotes
inhibitor of NF-xB kinase (IKK) degradation,
resulting in NF-kB liberation and activation.
(B) The downstream activators of IRAK1 are
MAPKSs, which stimulate AP-1. NF-kB and AP-1
then bind to DNA and stimulate the production
of proinflammatory cytokines, antibodies and
chemokines. The sST2 variant binds to IL-33
through the extracellular domain and nega-
tively  regulates  IL-33/ST2  signaling.
Additionally, SIGIRR interferes with the TIR
domain and represses the IL-33/ST2 signaling
pathway.

cytokines,
antibodies, and
chemokines.

ERK P38

and expand the role of IL-33/ST2 signaling in T cells. The IL-33/ST2
axis induces IL-4, IL-5 and IL-13 production in Th2 cells [5]. Further
studies have indicated that IL-33 is a selective chemoattractant for Th2
cells [100] and that IL-33 polarizes naive T cells to produce cytokines
such as IL-5 and IL-13 [101]. Moreover, IL-33/ST2/p38 signaling has
been proven to drive pathogenic memory Th2 cells to produce IL-5 in
the context of airway inflammation [102]. ILC2s are lineage-negative,
CD127* cells, and ILC2s are recognized as novel stimulators of type 2
innate immune responses. IL-33 is also an inducer of ILC2 expansion
and IL-5 and IL-13 production by ILC2s [103,104]. The IL-33/ST2 axis
suppresses regulatory T cell (Treg) differentiation and makes Tregs lose
their ability to suppress effector T cells [105,106]. Although IL-33
primarily targets Th2 cells, it has also been shown to be associated with
Th1 and Th17 cells. Dermal CD4 * T cells respond to IL-33 and produce
high levels of IFN-y, suggesting a potential role for IL-33 in Th1 cell
activation and chronic dermatitis [63]. Baumann C et al. reported that
IL-33/ST2 might act as a critical and direct cofactor to drive antiviral
Th1 effector cell activation [68]. In addition, IL-33/ST2 induces IL-17A
production and provokes a Th17 immune response [107]. Notably, Cho
KA et al. have found that IL-33-induced MCs trigger Th17 polarization
accompanied by IL-17 production [19]. Because of its ability to activate
cells of both the innate and adaptive immune system, IL-33 may be an
important cytokine in the initiation and perpetuation of inflammation
development through ST2 signalling.

8. The role of IL-33/ST2 in ADs
8.1. The role of IL-33/ST2 in RA

RA is a chronic autoimmune disease that includes the typical
symptoms joint malfunction, cartilage destruction, and debilitating
pain. The balance of lymphocyte differentiation in RA is skewed toward
the Th1 subtype, with decreases in the numbers of cells with the Th2 or
Treg phenotype [108]. IL-33 expression is increased in the serum and
synovial fluid (SF) of RA patients [48,109]. Notably, the SF levels of IL-
33 are higher than the serum IL-33 levels [110]. Further study de-
monstrated IL-33 expression in synovial fibroblasts [111]. Moreover,
the IL-33 level is related to the phenotype, severity and activity of RA.
The serum IL-33 levels are associated with the levels of IgM, rheuma-
toid factor, anticitrullinated protein antibodies [112], IL-1f3, IL-6 [109],
MMP-3 [113], and C-reactive protein (CRP) as well as the WBC count
[114], erythrocyte sedimentation rate (ESR) and the glucose phosphate
isomerase level [115]. Moreover, the IL-33 and sST2 levels are con-
nected to plaque development and disruption as well as the onset and
severity of cardiovascular disease in RA patients [116,117]. Similarly,
increased serum IL-33 levels are associated with RA complications, such
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as interstitial lung disease and bone erosion [113]. Overall, the re-
lationship between high-level IL-33 expression and RA severity in-
dicates a potential role for IL-33 in RA pathology. In addition, IL-33
gene polymorphisms influence RA susceptibility. RA patients carrying
the CC genotype of IL-33 rs7044343 have lower serum levels of IL-33.
Moreover, this genotype has been shown to be resistant to RA [118].
Similarly, the IL-33 rs3939286 allele T was demonstrated to be a po-
tential protective factor that reduced the risk of subclinical athero-
sclerosis in RA patients [119].

Because IL-33 and ST2 expression is upregulated in RA, studies
aiming to explore the possible association between the levels of IL-33
and ST2 and drug responsiveness have been conducted. In 10 treat-
ment-naive RA patients, conventional drug treatment suppressed IL-33
and sST2 expression and inflammation [109]. In addition, the serum IL-
33 level might predict clinical responsiveness to rituximab, a chimeric
monoclonal antibody against the CD20 protein [120]. In cultured sy-
novial fibroblasts, TNF-a stimulates IL-33 mRNA transcription and
protein translation [48,121]. Furthermore, the levels of IL-33 in patient
serum decrease after anti-TNF-o treatment [112,114]. Although TNF
inhibitors have improved patient outcomes, 30-40% of patients exhibit
negative effects after TNF inhibitor therapy. In nonresponders, the IL-
33 levels are consistently elevated in the serum and SF. Continuous IL-
33 expression in the serum and SF may be responsible for the decreased
responsiveness to TNF inhibitors [122]. In a mouse model, an anti-
arthritic herb [123] and budlein A [124] inhibited IL-33 production,
ameliorating arthritis-induced inflammation.

In a mouse model, the IL-33 mRNA level was increased during the
early phase of collagen-induced arthritis (CIA) [48]. Similarly, com-
pared with wild-type(WT) or untreated mice, mice lacking ST2 ex-
pression [111] or administered an anti-ST2 antibody during disease
onset [48], respectively, developed milder CIA and exhibited decreased
collagen-specific antibody induction and reduced production of proin-
flammatory cytokines, including TNF-a, IL-17, and IFN-y. In contrast,
IL-33 treatment exacerbates CIA [111] and autoantibody-induced ar-
thritis (AIA) [125], increasing the production of both proinflammatory
mediators and antibodies. A histological analysis indicated that IL-33
treatment notably increases mononuclear and polymorphonuclear cell
infiltration into the joints, with obvious synovial hyperplasia, adjacent
cartilage damage, and eventual bone erosion. However, this change is
not found in MC-deficient mice [125], suggesting that MCs might be
involved in IL-33-induced experimental arthritis. ST2™/~ mice en-
grafted with MCs from WT but not those engrafted with MCs from
ST2™/~ mice show exacerbated CIA and AIA after IL-33 treatment.
Further in vitro study found that MCs express high ST2 levels and re-
spond to IL-33 by producing various proinflammatory cytokines, such
as GM-CSF, IL-1B, IL-6 and IL-13, as well as chemokines, including
MCP-1 and MIP-1a [111]. IL-33/ST2 also synergistically increases im-
mune complex-induced IL-8 and TNF-a production in human syno-
vium-derived MCs [126]. In inflamed synovial tissue in vivo, Xu D et al.
found that IL-33 promoted MC degranulation, but IL-33 did not pro-
mote MC degranulation in naive mice without an autoantibody injec-
tion [125]. In addition, IL-33 administration also induces higher con-
centrations of serum IgG1 and IgG2a. These results indicate that the IL-
33/ST2 axis exacerbates experimental autoimmune arthritis by indu-
cing IgG-mediated MC activation and degranulation. In mice challenged
with methylated bovine serum albumin, Verri WA et al. [127] found
that IL-33 induced AIA inflammation and cartilage destruction by
mediating neutrophil migration, and these negative outcomes were
absent in IL-33R”" mice or mice whose IL-33 signaling was inhibited by
sST2. Further studies in vivo and vitro have indicated that IL-33 induces
neutrophil recruitment directly and notably by stimulating macro-
phages and synoviocytes to release chemokines and cytokines, in-
cluding CXCL1, CCL3, TNFa and IL-1p [127]. Thus, targeting IL-33 may
represent a potential new strategy against a range of inflammatory
diseases involving persistent neutrophil accumulation. Moreover, in RA
synovial fibroblasts, IL-33 acts on hypoxia-inducible factor-1a (HIF-1a)
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to form a HIF-1a/IL-33 regulatory circuit that perpetuates the in-
flammatory state in RA [128]. In addition, IL-33 stimulates RA fibro-
blast-like synoviocytes to form multinucleated osteoclasts with in-
creased NF-xB ligand and IP-10 mRNA expression, a process that is
blocked by anti-ST2 treatment [129]. Therefore, elevated plasma IL-33
levels in RA patients seem to increase the likelihood of bone erosion.
Because IL-33 is derived predominantly from synovial fibroblasts, this
research proposes a new mechanism whereby the host tissue-derived IL-
33 produced by fibroblasts can improve the activation of innate im-
mune cells and then play a regulatory role as an effector in the adaptive
immune response in inflammatory arthritis. These studies suggest that
IL-33 plays its pathogenic role in RA development primarily via an ST2-
dependent pathway.

Despite these findings, the effects of IL-33/ST2 axis remain con-
troversial. In a mouse model, the repetitive administration of IL-33
during both the early and late stages of CIA attenuated clinical and
histological signs of arthritis [130]. Notably, the protective mechanism
was related to an enhanced type 2 immune response involving ILC2s,
Th2 cells, and eosinophils in the response to IL-33 treatment. Serum IgE
and Th2 cytokine (IL-4, IL-5, IL-10, IL-13) levels are increased in IL-33-
treated mice. A further in vitro study revealed that IL-33/ST2 favors
Treg expansion and improves the immunosuppressive effects of Tregs
on effector T cells, decreasing IFN-y production [130].

The current evidence clearly shows that the expression of IL-33 and
ST2 is a potential indicator of RA severity. Although most studies have
demonstrated that the IL-33/ST2 axis has a disease-causing effect, the
true contribution of this axis remains controversial, and more experi-
mental data are needed to explore the specific effects and molecular
mechanisms of the axis in RA.

8.2. The role of IL-33/ST2 in IBDs

IBDs, a series of refractory or relapsing diseases, impart significant
morbidity in Western society. IBDs are characterized by recurrent
dysfunction in the epithelial barrier restricted to the colon and/or
rectum in ulcerative colitis (UC) or any possible part of the gastro-
intestinal tract in Crohn’s disease (CD) [131]. IL-33 and ST2 are dys-
regulated in patients with UC or CD. Moreover, intestinal epithelial
cells and ulceration-associated myofibroblasts are the main sources of
mucosal IL-33 production [54,132]. Notably, increased expression of
the IFIL-33 protein is found in the epithelium, and IBD serum contains
high levels of the cleaved 20-22 kDa forms rather than IFIL-33 [132].
Moreover, the IL-33 level is related to IBD severity and activity. The
serum IL-33 level correlates with both the circulating high-sensitivity
CRP levels and disease activity [133]. In patients with pediatric Crohn's
ileitis, Masterson et al. have found that increased intestinal epithelial
IL-33 expression is related to increased disease activity, eosinophilia in
the ileum, and complex fibrostenotic disease [134]. In addition, the A
allele of IL-33 rs3939286 is strongly related to disease severity. UC
patients carrying risk genotypes (AG + AA) have an increased in-
cidence of extensive colitis [135].

The serum ST2 level is increased in UC and CD patients. Moreover,
it correlates with disease activity and severity [136]. In addition, the
sST2 level is elevated in the serum [132] and colonic mucosa of UC
patients compared with those of HCs [137]. The serum sST2 level is
associated with the Mayo clinic endoscopic subscore and the mucosal
ST2 and fecal calprotectin levels and may represent a potential bio-
marker for evaluating clinical severity in UC patients [138]. Notably, in
studies of mouse models, following the administration of quercetin-
loaded microcapsules [139], baicalin [140] or the anti-TNF agent in-
fliximab [132], which are all antioxidant and anti-inflammatory drugs,
IL-33 expression was inhibited, and the severity of experimental colitis
in the mice was suppressed (measured by morphological and histolo-
gical tests). Moreover, the IL-33 level in the colonic crypts is decreased,
and disease severity is controlled after anti-TNF therapy in patients
[141]. Given these findings, IL-33 and its receptor may represent
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potential biomarkers for predicting disease activity and remission.

To clarify the role and underlying mechanisms of IL-33/ST2 in IBDs,
several studies investigated the function of IL-33/ST2 in disease de-
velopment using IBD mouse models. In relapsing IBD patients and an
experimental model, immunohistochemical analysis showed con-
spicuous subepithelial infiltration by ST2-positive cells [142]. After
exposure to trinitrobenzene sulfonic acid or dextran sodium sulfate
(DSS), two well-established methods of inducing acute colitis in mice,
ST2-deficient or IL-33-deficient mice showed decreased morbidity,
signs of inflammation and epithelial ulceration. In addition, an anti-ST2
antibody protected mice from DSS-induced colitis. DSS-treated ST2 ™/~
mice showed persistent expression of connexin 43, which is important
for enterocyte migration and wound healing, indicating that the IL-33/
ST2 axis might alter epithelial barrier permeability [142]. Moreover,
the absence of ST2 improved coalescence after acute mechanical injury
of the colon, suggesting that the IL-33/ST2 axis might negatively affect
the process of re-epithelialization and wound healing [142]. Notably,
IL-33/ST2-mediatated regulation of wound healing involves suppressed
Notch-mediated signalling pathway [143]. Pushparaj PN et al. reported
that ST27/~ BALB/c mice exhibit alleviated diarrhea and impaired
acute colonic inflammation, including reduced expression of CXCL9,
CXCL10, IL-4, IL-6 and IL-13 [144]. Further study found that re-
combinant IL-33 exacerbates the acute colitis induced by DSS in WT
mice, and this exacerbation was not seen in IL-4 ~/~ and IL-4R ™/~ mice
[144]. IL-33/ST2 may contribute to UC development through an IL-4
signaling-dependent mechanism. Furthermore, in colonic lamina pro-
pria lymphocytes, IL-33-induced colitis exacerbation is associated with
decreased levels of IL-17A and IFN-y and elevated levels of Th2 cyto-
kines, such as IL-5 and IL-13 [145]. In summary, IL-33 promotes the
development of acute colitis by inducing the Th2 cell response and
suppressing Th17 and Th1 cell responses (Fig. 2). Independent of co-
lonic inflammation, IL-33 also induces epithelial barrier dysfunction.

Despite these findings, the role of IL-33/ST2 in chronic intestinal
inflammation during the IBD process is still controversial. Ileal re-
modeling and fibrosis are considered sequelae in chronic IBDs.
Increasing studies support the role of eosinophil activation in these
changes. In vitro, IL-33 induces eosinophils to secrete peroxidase and
produce IL-13. Moreover, coculturing fibroblasts with IL-33-treated
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eosinophils primed the fibroblasts to promote IL-6, TNF-a, IL-1f,
CCL24 and CCL26 production [134]. Therefore, IL-33-induced eosino-
phil activation may play an important pathogenic role in perpetuating
chronic inflammation in IBDs. This conclusion was further supported by
a study of chronic experimental Crohn's-like ileitis using SAMP1/YitFc
mice, a well-characterized, spontaneous model of IBDs [146]. In this
study, De Salvo C et al. have found that exogenous IL-33 treatment
increases disease severity and promotes eosinophil infiltration into the
gut mucosa and the production of elevated levels of eotaxins and Th2
cytokines, and these effects were reversed by blocking IL-33 signaling
or depleting eosinophils. Collectively, these findings suggest that IL-33
contributes to chronic intestinal inflammation by inducing eosinophilia.
In contrast, other studies have indicated that IL-33 plays a protective
role in chronic IBDs. In a study of DSS-induced chronic colitis in C57BL/
6 mice, IL-33 treatment resulted in significant alleviations of colonic
tissue injury and clinical symptoms via the inhibition of the Th17 re-
sponse and the shift from a Thl response to a Th2 response, which
resulted in lower levels of IFN-y and IL-17A [147,148]; in contrast, IL-
33 treatment of acute colitis resulted in aggravated inflammation
[147]. In addition, the level of IL-33, a cytokine constitutively ex-
pressed in the intestinal epithelium, is increased after tissue damage or
inflammatory responses to stimuli. IL-33 functions as an alarmin that
regulates Tregs, a role that has also attracted wide attention. In Tregs
obtained from the colonic tissue of mice with chronic colitis, Schiering
et al. [72] found ST2 expression. Moreover, IL-33/ST2 signaling in T
cells promotes Treg accumulation and functions by enhancing TGF-31-
mediated Treg generation, differentiation and maintenance [72]. In the
presence of TGF-B1, the IL-33/ST2 axis induces GATA3 and RNA
polymerase II recruitment to the Foxp3 promoter to regulate Foxp3
expression. In addition, IL-33 also promotes ST2 mRNA expression in
Tregs by favoring the expression of GATA3, which is known to regulate
ST2 expression in Th2 cells. In summary, after tissue injury, IL-33 is
able to amplify regulatory functions by providing an amplification loop
for further enhnacing Treg differentiation, demonstrating a more gen-
eral mechanism whereby alarmins limit autoimmune damage in barrier
tissues.

Most data indicate that the IL-33/ST2 axis plays detrimental roles in
IBDs, especially during the acute phases of these diseases (Fig. 2).
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Fig. 2. The detrimental roles of IL-33-mediated immune responses in ADs. After tissue damage caused by several stimuli, IL-33 is released by epithelial cells,
fibroblasts, ECs, DCs and macrophages. Then, IL-33 promotes the differentiation of Th1 and Th17 cells to increase the expression of TNF-a, IFN-y, IL-17A and IL-1p.
IL-33 contributes to Treg differentiation and dysfunction. Under autoimmune conditions, IL-33 might promote autoantibody production by BCs. Additionally, IL-33
exerts its bioeffects on Th2 cells, eosinophils and MCs to drive the production of Th2 cytokines (IL-4, IL-5, IL-6, IL-13). Consequently, IL-33 induces the occurrence or
progression of several ADs by benefiting Th1/Th17 cells, the type 2 immune response and Treg dysfunction.
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Significant improvements in the symptoms of experimental IBDs
mediated by the administration of a specific anti-ST2 agent [142]
provide strong evidence for targeted therapy. The modulation of IL-33/
ST2 signaling may be a novel biological therapeutic target for IBDs.
However, both positive and negative roles for IL-33 have been de-
monstrated in mouse models of chronic colitis. We postulate that there
is a more complex immune network involved in chronic processes and
that there are differences in pathogenesis between different mouse
models. The role of IL-33 in IBDs, especially in the chronic phases of
these diseases, merits further study.

8.3. The role of IL-33/ST2 in MS

MS is a common autoimmune and demyelinating disease that occurs
in the CNS. IL-33 and ST2 expression is increased in the CNS and crucial
to the pathogenesis of CNS diseases. However, the role of IL-33 in MS
remains unclear. Increased levels of IL-33 have been found in the
serum, cerebrospinal fluid (CSF) and brain tissue of MS patients com-
pared with those from HCs [149,150]. Furthermore, im-
munohistochemical analysis of MS patient brain tissue revealed that IL-
33 is expressed by neurons, microglia, astrocytes and oligodendrocytes,
whereas ST2 is expressed in brain lesions by oligodendrocytes [151].
This suggests that the IL-33/ST2 pathway is involved in MS. The serum
levels of IL-33 are associated with disease severity measured by the
expanded disability status scale [152]. In addition, an anti-MS drug was
shown to affect plasma IL-33 levels. In comparison to control subjects,
IFN-B-treated MS patients were shown to exhibit decreased IL-33 levels
[149,153]. Furthermore, IL-33 induction is necessary for the disease
protection mediated by anti-inflammatory IgG Fc antibody fragments
[154] and antiautoimmune Fasciola hepatica excretory-secretory pro-
ducts [155] in MS mouse models. In summary, the IL-33 level is a po-
tential indicator of MS severity and clinical therapeutic responses.

In vitro studies have been conducted to investigate the effect of IL-
33/ST2 on various cells. Upon inflammatory stimulation, astrocytes
actively secrete IL-33 in vitro [156]. In rat myelinating coculture stu-
dies, ST2 was expressed by oligodendrocytes, and IL-33 treatment sig-
nificantly elevated oligodendrocyte numbers and reduced the propor-
tion of myelinated axons in the culture, suggesting that the IL-33/ST2
axis inhibited CNS myelination [151]. In contrast, in cultured oligo-
dendrocyte precursor cells (OPCs), IL-33 treatment benefits myelin re-
pair by promoting p38MAPK-related myelin gene transcription and
inducing OPC diff ;erentiation to form myelin-producing cells, de-
monstrating the neuroprotective function of IL-33 in MS [157]. In ad-
dition, Tregs play a crucial role in the development of MS. In the MS
patient brain, ST2-expressing Tregs exhibit highly potent regulatory
functions and produce IL-10, illustrating the stable suppressive func-
tions of Tregs in the inflamed brain [158].

Experimental autoimmune encephalomyelitis (EAE) is a commonly
used animal model of MS [159]. IL-33 and ST2 levels are markedly
increased in the spinal cord of EAE mice. Notably, polyclonal anti-IL-33
antibody treatment during the induction phase dramatically suppresses
the onset and severity of EAE; reduces IFN-y, IL-17, T-bet and RORyt
production; and increases the levels of IL-10 and TGF-f in the spinal
cord. In contrast, recombinant IL-33 treatment accelerates EAE disease
development and is associated with elevated IFN-y and IL-17 expression
[160]. IL-33/ST2 might play harmful roles in the pathogenesis of EAE
via Th1/Th17 immune activation. However, recent studies have in-
dicated that the IL-33/ST2 axis exerts protective effects in the context of
EAE autoimmunity that are associated with the suppression of Thl/
Th17 immune phenotypes. During the onset and peak stages of EAE,
extracellular IL-33 expression is elevated in the spinal cord [156]. Ac-
tivated astrocytes and damaged neurons release IL-33 during EAE.
Further studies have indicated that the release of IL-33 regulates the
immune response and suppresses EAE development. Using both in vitro
and in vivo methods, Milovanovic et al. [161] have illustrated that
knocking out ST2 expression reduces the inherent resistance of mice to
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EAE induction. The deletion of ST2 may result in enhanced numbers of
proinflammatory antigen presenting cells and continuous en-
cephalitogenic T cell differentiation in the draining lymph nodes, along
with elevated expression of IFN-y, IL-17, TNF-a, GM-CSF and T-bet.
Additionally, Jiang et al. [162] isolated macrophages from the lymph
nodes and spleen of mice after IL-33 treatment. They found that mac-
rophages polarized into the M2 phenotype. Moreover, subsequent
adoptive transfer of these macrophages attenuated EAE development.
In contrast, compared to WT mice, ST2~/~ mice exhibited enhanced
EAE development. In addition, IL-33-treated mice exhibited decreased
expression of IL-17 and IFN-y and elevated levels of IL-5 and IL-13
[162]. Finlay CM et al. found that IL-33 promoted eosinophil expansion
and exerted protective effects against EAE autoimmunity that were
dependent on IL-5 [155]. These studies indicate that the IL-33/ST2 axis
converts Th17/Thl responses to Th2 responses and proinflammatory
M1 macrophages to anti-inflammatory M2 macrophages.

IL-33/ST2 exerts protective effects against MS and EAE that are
dependent on the Th2 response and M2 macrophage phenotype polar-
ization. Targeting IL-33 or ST2 may be a potential solution in future
treatments for MS. Further studies are needed to test this hypothesis
and to explore additional mechanisms involving IL-33/ST2 in the im-
mune complex of MS.

8.4. The role of IL-33/ST2 in SLE

SLE is a severe systematic autoimmune disorder and the major cause
of death from chronic inflammatory diseases in young women. The
immune complex deposits in the kidneys and high-level serum anti-
dsDNA antibody indicate disease activity. IL-33 levels are reported to be
significantly increased in the serum of SLE patients compared to that of
HCs [163]. Moreover, serum IL-33 levels are closely correlated with the
ESR, CRP level, IgA level, and anti-SSB antibody level as well as
thrombocytopenia and erythrocytopenia [163]. In addition, serum sST2
levels have been shown to be much higher in active SLE patients than in
HCs and related to anti-dsDNA antibody levels, the SLE Disease Activity
Index, and the prednisolone dosage, while these levels are reported to
be negatively correlated with C3 [164]. Periodontitis, which is caused
by abnormal interactions between a subgingival bacterial community
and host immune response [165], occurs more frequently in SLE pa-
tients than HCs. Corréa found that increased IL-33 levels in the saliva
were positively associated with the presence of pathogenic bacteria in
SLE patients with periodontitis [166]. The positive correlation between
the serum IL-33 and sST2 levels and disease activity indicates that these
levels may act as markers of disease activity. In addition, IL-33 gene
polymorphisms can be used to predict SLE susceptibility. Allele G for IL-
33 rs1929992 correlates with susceptibility to SLE [167]. In contrast,
the IL-33 rs7044343 polymorphism is not associated with SLE sus-
ceptibility. In addition, the IL-33 rs1891385 polymorphism may alter
the expression of IL-33. Compared to the rs1891385 A allele, the C
allele is related to a significantly increased SLE disease risk [168].

To clarify the role of IL-33/ST2 in SLE development, Li P et al. [169]
reported that anti-IL-33 antibody administration reduced the mortality
of lupus-prone MRL/lpr mice. Moreover, proteinuria, serum anti-
dsDNA antibody levels and immune complex deposits were obviously
reduced in anti-IL-33-treated mice compared with control-treated mice
[169]. Further study illustrated that the anti-IL-33 antibody sig-
nificantly increased the numbers of Tregs and myeloid-derived sup-
pressor cells (MDSCs), while decreasing the Th17 cell numbers and
downregulating the IL-1f, IL-17, and IL-6 levels [169]. Targeting IL-33
may attenuate SLE via the expansion of MDSCs and Tregs and the
suppression of Th17 cells and proinflammatory responses. The phar-
macological inhibition of IL-33/ST2 signaling may be an alternative
strategy for SLE therapy.

IL-33 and its receptor are strong surrogate markers for SLE activity.
Although a limited number of studies have shown that IL-33/ST2 might
play a detrimental role in SLE (Fig. 2), more studies are needed to
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confirm this hypothesis and to explore the underlying molecular me-
chanisms.

8.5. The role of IL-33/ST2 in T1D

T1D, a chronic autoimmune disease, exhibits vascular complications
during its late stages. Interestingly, the serum IL-33 levels are decreased
in diabetic patients with or without nephropathy and are negatively
correlated with the severity of microalbuminuria and insulin resistance
[170]. The authors explained that T1D is characterized by enhanced
Th1 responses and suppressed Th2 responses. In contrast, IL-33 and ST2
levels are higher in the serum of T1D patients than that of HCs
[171,172]. Accumulating studies indicate that the IL-33 and ST2 levels
are novel markers for T1D clinical features and drug responsiveness.
Serum sST2 levels are increased and strongly associated with markers of
diabetes, such as triglycerides, glucose, soluble ICAM-1 and liver
function, in patients with diabetes, especially those without vascular
disease [173]. In diabetic rats following the induction of contrast-in-
duced nephropathy, Onk D et al. found that the IL-33 levels were ele-
vated in the kidney tissue but suppressed after melatonin treatment
[174]. In addition, the release of IL-33 may be responsible for the
beneficial effects of oral treatment with some probiotics in T1D mice
[175]. The dysregulated expression of IL-33 and ST2 in T1D supports
their potential roles in diabetes.

To illuminate the role of IL-33/ST2 in T1D, several studies have
been conducted both in vitro and in mouse models. In a murine T1D
model, ST2 gene deficiency enhanced diabetes susceptibility and was
associated with increased glycemic levels, glycosuria levels, numbers of
infiltrating cells, P cell loss and mRNA expression of IL-17, TNF-a and
IFN-y in the pancreatic lymph nodes [176]. ST2-mediated signaling
may modulate Th1/Th17-mediated pathological autoimmune processes
in a diabetes-resistant strain of mice. In a diabetic mouse model, the IL-
33 levels in the myocardial tissue were decreased and correlated with
enhanced protein kinase C BII (PKCPII) activation [177]. The down-
regulation of IL-33 might be contributed to the activation of miR-375
and miR-380-5p, which are directly targeting the 3’-UTR of the IL-33
[177]. Moreover, IL-33 administration attenuated high glucose-induced
ischemia/reperfusion (I/R) injuries (measured as myocardial infarction
size and rate of apoptosis). An additional in vitro study found that IL-33
prevents PKCPII activation and increases diacylglycerol kinase zeta
(DKZ) expression in cardiomyocytes [177]. It has been reported that in
diabetes mellitus chronic PKC activation leads to higher vascular per-
meability and myocardial dysfunction through c-Jun NH,-terminal
MAPK activation [178]. Thus, IL-33 promotes DKZ expression and
downregulates PKCPII activation, decreasing myocardial injury induced
by hyperglycemia. In a hypoxia-induced I/R model in vitro and in vivo,
the IL-33/ST2 axis induces the expression of the antiapoptotic factors
survivin, XIAP, and cIAP1 and suppresses caspase-3 activity, reducing
cardiomyocyte injury and fibrosis [179]. Moreover, IL-33/ST2-medi-
ated myocardial-protective effects (measured as reduced cardiac hy-
pertrophy and fibrosis) in the context of I/R injury are ascribed to the
attenuated angiotensin II-induced activation of JNK, p38 MAPKs and
NF-kB in cardiomyocytes [42]. In addition, recent studies have sug-
gested that the IL-33/ST2 axis also exerts regulatory functions on other
immune cells, including Tregs and macrophages. As T1D is an auto-
immune disease with Treg defects, studies on the effect of IL-33 on
Tregs were conducted. In a study comparing peripheral blood mono-
nuclear cells (PBMCs) from T1D patients with those from HCs, IL-33
treatment induced significant upregulation of CD4*CD25"¢"FOXP3*
Treg frequencies as well as increased surface expression of ST2 in the
PBMCs from T1D patients [172]. Further research with an in vitro co-
culture system has indicated that IL-33 treatment enhances the ability
of Tregs to affect effector T lymphocytes by suppressing IFN-y pro-
duction [180]. Recently, a study in streptozotocin-induced diabetic
mice found that IL-33 delivery promoted diabetic wound healing with
elevated re-epithelialization through the promotion of angiogenesis and
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ECM deposition [181]. IL-33 enhances the development of M2 macro-
phages in wound sites in vivo. Furthermore, in vitro, these changes are
ascribed to the IL-33-stimulated polarization of macrophages (derived
from bone marrow) into M2 macrophages, which augments fibroblast
proliferation and ECM deposition [181]. Collectively, the IL-33/ST2
pathway exerts a protective effect on T1D.

In summary, IL-33 and ST2 expression is dysregulated in T1D, and
IL-33 can regulate the imbalanced immune activation in T1D by bal-
ancing Th1/Th17 and Th2 immune responses. In vitro studies have
deepened our knowledge of the role of IL-33 in the regulation of T1D
involving Treg functions, and relevant animal experiments are needed
to confirm this hypothesis. Further studies are also needed to confirm
and improve our understanding of the specific effects and molecular
mechanisms of IL-33/ST2 in T1D.

8.6. The role of IL-33/ST2 in SSc

SSc is an autoimmune connective tissue disease with manifestations
such as fibrosis of the skin and/or viscera. Even in skin biopsies from
healthy subjects, nuclear IL-33 protein is constitutively expressed in
keratinocytes and dermal ECs, while ST2 exhibits only slight expression
in fibroblasts and ECs [182]. In the early stage of SSc, the ST2 receptor
is overexpressed on the surface of ECs, perivascular-infiltrating MCs,
macrophages, T cells, B cells and myofibroblasts in all affected organs.
In addition, the draining of endothelial IL-33 protein involves all af-
fected organs, while IL-33 expression is upregulated in skin biopsies
from patients with late-stage SSc [182]. In contrast, the serum IL-33
levels were markedly higher in early-stage SSc patients than in both
HCs and patients with progressive SSc [183]. These studies suggest that
in patients with early-stage SSc, IL-33 is released into the serum fol-
lowing EC activation and exerts profibrotic effects through ST2 on
immune cells and myofibroblasts. The increased circulating IL-33 level
suggests that IL-33 potentially plays a role in SSc development. Notably,
the levels of IL-33 and its receptor differ in different types of SSc.
Compared to patients with limited cutaneous SSc (lcSSc), those with
diffuse cutaneous SSc exhibit higher IL-33 levels [184]. Increased serum
sST2 levels are found in patients suffering from 1cSSc for 9 years or
more compared with HCs or SSc patients with early-stage pathological
skin changes or a disease duration less than 9 years. Additionally, the
levels of sST2 can be controlled with iloprost treatment [185]. More-
over, elevated serum IL-33 levels in SSc patients are positively corre-
lated with the degree of skin lesion sclerosis and pulmonary fibrosis and
negatively related to the percent predicted forced vital capacity [184].
In addition, IL-33 elevation is correlated with the capillaroscopic ac-
tivities characterized by frequent expanded capillaries and capillary
hemorrhages [186]. In SSc, IL-33 might further affect the active ab-
normalities in the microcirculation. Terras et al. found that in a large
cohort of SSc patients, the circulating levels of IL-33 correlate with the
presence of digital ulcers [187]. Furthermore, the IL-33 rs7044343
polymorphism interacts with SSc susceptibility in the Turkish popula-
tion [188] and influences dyspnea severity in the Chinese population
[189].

The demonstrated positive relationship between the IL-33 levels and
the clinical manifestation of SSc suggests that IL-33 may play important
roles in SSc progression. Further studies support the role of the IL-33/
ST2 axis in the pathogenic mechanisms of SSc, such as inflammation,
fibrosis, immune abnormalities and abnormal angiogenesis. Choi YS
et al. [190] have reported that IL-33 positively affects the expansion,
infiltration, and morphologic differentiation of human ECs and subse-
quently enhances angiogenesis in vivo. IL-33 also promotes endothelial
permeability in vitro and induces vascular leakage in C57BL/6 mouse
skin. These changes are ascribed to the IL-33-induced endothelial NO
production mediated by the IL-33/ST2/phosphatidylinositide 3-kinases
(PI3K)/protein kinase B (PKB, also known as AKT)/endothelial nitric
oxide synthase (eNOS) axis. In addition, mice treated with IL-33 show
an ST2-dependent accumulation of eosinophils and extensive cutaneous



X. Liu, et al.

fibrosis with high levels of tissue inhibitors of metalloproteases-1, col-
lagen VI, collagen III, and IL-13 [191]. In vitro, bone marrow-derived
eosinophils produce IL-13 in response to IL-33 treatment [191].

In summary, the IL-33/ST2/eosinophil/IL-13 axis induces local
tissue fibrosis during SSc pathogenesis (Fig. 2). In addition, MacDonald
KG et al. [192] have reported that Tregs from SSc lesions produce
considerable amounts of IL-4 and IL-13. In vitro, IL-33 induces Tregs to
differentiate into Th2-like cells, promoting IL-4 and IL-13 expression in
Tregs [192]. IL-33 seems to be a significant mediator of local Treg
dysfunction (Fig. 2); however, additional mouse model studies are
needed to confirm this hypothesis.

Collectively, these findings suggest that the IL-33/ST2 axis may play
detrimental roles in SSc pathological changes by modulating the acti-
vation and functions of several cell types, including ECs, eosinophils,
and Tregs. Further studies are urgently needed to clarify the functions
of the IL-33/ST2 pathway in other SSc effector cells and the potential
therapeutic effects of targeting this pathway.

8.7. The role of IL-33/ST2 in psoriasis

Psoriasis is a prevalent autoimmune disorder of the skin featuring
epidermal keratinocyte hyperplasia and high-level proinflammatory
cytokine expression. The IL-33 and ST2 levels are elevated in the af-
fected skin lesions and serum of psoriasis patients compared with those
of HCs [193-195]. Interestingly, IL-33 expression is also increased in
the unaffected psoriatic skin of patients [196]. Furthermore, epidermal
IL-33 expression is correlated with a positive Kobner response in
psoriasis [197] and psoriasis-relevant pain [198]. In addition, TNF-a
inhibitor treatment, which effectively treats psoriatic plaques, sig-
nificantly downregulates both the IL-33 mRNA levels and psoriasis area
severity index scores in patients with psoriatic plaques [199]. Recently,
Meephansan J et al. reported that methotrexate reduces the IL-33
mRNA concentrations in psoriatic plaques and the IL-33 protein levels
in the serum of psoriasis patients [200]. The observed relationships
between IL-33 production and disease activity or pharmacological re-
action indicate that the IL-33/ST2 axis may be involved in psoriatic
development.

An additional study illustrated that keratinocytes and MCs are the
main sources of IL-33 and that IL-33 expression is enhanced by TNF-a
[193], explaining why TNF-a inhibition reduces the IL-33 concentra-
tion in psoriatic patients. Further studies have found that IL-33 stimu-
lates IL-6, IL-8 [194], MCP-1 and VEGF [193] secretion in psoriatic
keratinocytes and HaCaT cells. Additionally, IL-33 augments peptide
substance P-mediated gene expression and VEGF secretion in human
LAD2 MCs and umbilical cord blood-derived cultured MCs, inducing
angiogenesis during psoriasis pathogenesis [196]. The underlying me-
chanism includes the activation of ERK and JNK MAPKs and the in-
crease in cytosolic calcium. To investigate the interaction between IL-
33 and MCs, Suttle MM et al. activated the Kobner reaction in the un-
affected skin of psoriatic patients and found that IL-33 seems to pro-
mote IL-6 and CD126 expression by MCs in skin biopsies from Kébner-
positive patients [201]. In a mouse model induced by phorbol ester,
compared with WT mice, ST2™/~ mice exhibited decreased skin in-
flammatory responses. In contrast, the injection of IL-33 into the ear
induced psoriatic skin lesions with high levels of IL-5, IL-13, CXCL1 and
MCP-1 [202]. Compared with WT mice, MC-deficient mice showed a
significant delay in the initial phase of the response to the injection of
IL-33 into the ear and decreased clinical scores. Furthermore, in the
early stage, IL-33 treatment mediated neutrophil migration into the ear
lesions via the upregulation of CXCL1 expression. IL-33/ST2-mediated
psoriatic skin inflammation is dependent on the neutrophil recruitment
mediated by CXCL1 and MC activation [202]. These results imply a
potential role for the interactions among IL-33, keratinocytes, and MCs
in the inflammatory milieu of psoriasis.

These studies demonstrate that the IL-33/ST2 axis may play harmful
roles in this hyperproliferative autoimmune skin disorder (Fig. 2). More
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physiologically relevant cellular and animal studies are needed to study
the activation and molecular mechanism of IL-33/ST2 in psoriasis.

8.8. The role of IL-33/ST2 in uveitis

Uveitis is a blinding intraocular inflammatory disease primarily
mediated by autoantigen-specific CD4™ T cells, and the activation of
these T cells occurs along with the migration of tissue-damaging neu-
trophils and macrophages into the retina and choroid. Uveitis can occur
independently or in conjunction with other systemic immune diseases,
including Vogt-Koyanagi-Harada disease and Behcet’s disease (BD). IL-
33 expression is reported to be upregulated in the serum and aqueous
humor of patients with idiopathic anterior uveitis or HLA-B27-asso-
ciated anterior uveitis [203]. The levels of IL-33 and sST2 are higher in
the skin tissue and serum of BD patients compared to those of HCs.
Moreover, the sST2 levels correlate with the ESR and CRP concentra-
tions in the serum of patients with BD and are significantly related to
the BD current activity form and Iranian BD dynamic activity measure
[204]. Hamzaoui K et al. have found that high IL-33 serum levels are
possibly associated with the active presence of retinal vasculitis [205].
In addition, the IL-33 CSF levels are positively correlated with the in-
flammatory chemokines monocyte chemotactic protein-1 and IP-10
[206]. The local IL-33 levels are higher than the serum levels in BD
patients. For single nucleotide polymorphisms, IL-33 rs7044343 and
rs11792633 are correlated with a reduced risk of BD [207]. The rare TT
variants might be protective against BD susceptibility. In conclusion,
the serum IL-33 levels are increased in active uveitis patients and cor-
relate with disease incidence and activity.

Despite these findings, the role of IL-33/ST2 in uveitis remains
unknown. IL-33 and ST2 are expressed in murine retinal pigment epi-
thelial (RPE) cells [208], and possibly Muller glial cells collected from
inner nuclear layer of retina [6]. To investigate this finding further,
Barbour M et al. established a mouse model of experimental auto-
immune uveitis (EAU) [208]. Compared with WT mice, ST2-deficient
mice exhibited exacerbated EAU, and the injection of IL-33 into WT
mice attenuated EAU severity. The attenuated EAU in the IL-33-treated
mice was associated with decreased numbers of IFN-y* /IL-17* T cells
and decreased production of IFN-y and IL-17, while the amount of IL-
5%/IL-4* T cells and the production of IL-5 were increased in the
spleen and draining lymph nodes. In addition, compared to untreated
WT mice, the IL-33-injected mice showed remarkably higher macro-
phage polarization toward the M2 macrophage phenotype. These re-
sults indicate that IL-33 represents a latent protective agent in uveitis.
Notably, the expression of IL-33 is increased under inflammatory con-
ditions in vitro; following culture with respective stimulant, the IL-33
level is enhanced in PBMCs and macrophages from active BD patients
compared to those from HCs [205]. Under uveitis conditions, RPE-de-
rived IL-33 release might function as an alarmin to regulate the immune
system and control tissue damage. Hence, further studies are required
to understand the mechanism of the IL-33/ST2 signaling pathway in
uveitis pathogenesis and progression.

8.9. The role of IL-33/ST2 in other ADs

Since the dual nature of IL-33/ST2 in mainstream ADs has been well
demonstrated, IL-33 and its receptor have been suggested as potential
biomarkers for the development of other ADs. In patients with Graves'
disease, the serum IL-33 concentrations are significantly elevated and
positively associated with the free triiodothyronine and thyroxine levels
and negatively correlated with the thyroid-stimulating hormone level
[209]. IL-33 and sST2 expression is increased in the salivary glands and
serum from Sjogren's syndrome patients and is associated with throm-
bocytopenia and disease duration [210].

The correlation between the IL-33 levels and disease severity is also
relevant in ADs affecting the blood. Plasma IL-33 levels are decreased,
and the sST2 levels are increased in patients with active immune
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Table 1
IL-33 and its receptors expression and function in ADs.
ADs 1L-33 and its receptors levels Function
RA Increased IL-33 and sST2 in sera and SF [48,109,110]. IL-33 administration exacerbates CIA and AIA [111,125]
Serum IL-33 expression has a tight relationship with RA activity and severity ST2 neutralizing attenuates CIA and AIA [48,111,125]
[112,113,114,115,116,117]. IL-33 activates MCs to produce inflammatory cytokines and
IL-33 level is decreased after treatment [109,120,121,122,123,124]. chemokines [111,126]
IL-33 promotes the function of neutrophil, macrophage and
fibroblast-like synoviocytes [127,129].
IL-33 administration suppresses CIA [130]
IBD Increased IL-33, sST2 and ST2 in intestinal epithelium and serum [54,132,133,136,137] IL-33 administration exacerbates DSS-induced colitis [142,144]
1L-33, sST2 and ST2 correlate with disease activity and severity [133,134,136,138] ST2 neutralizing attenuates DSS-induced colitis [144]
IL-33 concentration is decreased after treatment [139,140,141]. Harmful role dependent on eosinophilia and Th2 immune activation
[134,144,145,146]
Protective role dependent on Th2 immune activation [147,148]
IL-33/ST2 induces Treg accumulation and function [72]
MS Increased IL-33 in serum, cerebrospinal fluid and brain tissues of MS patients [149,150,151].  neuroprotective role via inducing oligodendrocytes myelin repair
Serum IL-33 correlates disease severity [152] function and regulating Treg [156,157,158]
1L-33 concentration is decreased after treatment with IFN-f3 [149,153] IL-33 administration exacerbates EAE [160]
IL-33 or ST2 neutralizing exacerbates EAE [161,162]
IL-33 protects mice from EAE via inducing Th2 activity and M2
macrophages polarization [155,162].
SLE IL-33 and sST2 are increased in serum and correlate with disease activity [163,164,166] IL-33 neutralizing attenuates disease severity and results in the
expansion of Tregs and MDSCs, and the reduction of Th17 cells
[169].
T1D Increased IL-33, ST2, sST2 in serum or kidney tissue [171,172,173,174] ST2 neutralizing exacerbates T1D [176]
IL-33 concentration is decreased after treatment with melatonin [174] IL-33/ST2 mediates myocardial-protective effects [177,179]
IL-33 favors Treg cells function and stimulates M2 macrophage
polarization [172,180,181]
SSc Increased IL-33 and ST2 in serum and skin tissue [182,183] IL-33/ST2-IL-13 axis induces angiogenesis and cutaneous fibrosis
Serum IL-33 or sST2 level relates to disease activity and severity [184,185,186,187] [190,191]
IL-33 induces Treg cells differentiation and promotes IL-4 and IL-13
expression in Treg cells [192]
Psoriasis Increased IL-33 and ST2 in skin lesions and serum [193,194,195,196] IL-33 stimulates IL-6, IL-8, MCP-1 and VEGF secretion in
Epidermal IL-33 correlates with disease severity [197,198] keratinocytes [193,194]
IL-33 level is decreased after treatment [199,200] IL-33 induces VEGF and IL-6 expression in MCs [196,201]
IL-33/ST2 axis promotes skin inflammation in mice [202]
Uveitis IL-33 level is increased in aqueous humor, serum and skin tissue [203,204]. Exacerbated EAU in ST2-deficient mice and reduced EAU severity in
Increased IL-33 and sST2 levels correlate with disease activity [204,205,206] IL-33-treated mice [208]
Other ADs 1L-33 and ST2 levels are positively associated the activity and severity of several ADs, such as AIHA incidence and disease activity were ameliorated by IL-33

Graves' disease, Sjogren's syndrome, active immune thrombocytopenia, AIHA, PBC

[209,210,211,212].

blockade and promoted by recombinant IL-33 protein [212].
IL-33 enhances the infiltration and function of neutrophils and ILC2s
in immune-mediated hepatitis [213,215]

thrombocytopenia [211]. In patients with autoimmune hemolytic an-
emia (AIHA) caused by autoantibodies targeting red blood cells (RBCs),
the serum IL-33 level is positively correlated with disease severity
[212]. Moreover, IL-33 induces the release of Th2 cytokines (IL-4, IL-6
and IL-13) and IgG and anti-RBC autoantibody production in PBMCs
isolated from active AIHA patients (Fig. 2). Further studies involving
the immunization of B6 mice with rat RBCs demonstrate that AITHA
frequency and disease severity are ameliorated by IL-33 blockade and
promoted by treatment with a recombinant IL-33 protein [212]. In
summary, IL-33 might play a critical role in AIHA development by in-
ducing autoantibody production.

Increasing studies indicate that IL-33 is a novel biomarker for the
progression of autoimmune liver diseases. In primary biliary cirrhosis
(PBC) patients, serum IL-33 production is elevated and positively cor-
related with the alkaline phosphatase levels and Child-Pugh scores. In
vitro chemotaxis assays show that IL-33 promotes neutrophil migration
[213]. These data collectively demonstrate that IL-33 might affect PBC
development via the recruitment of neutrophils into the liver. After
immunosuppressive therapy, the serum levels of both IL-33 and sST2
are markedly reduced in autoimmune hepatitis patients. In addition,
serum IL-33 production is positively associated with the levels of IgA,
IgG, IgM, and the cytokines IL-4 and IL-17A [214]. Utilizing the im-
mune-mediated murine model of hepatitis induced by Con A, Neumann
et al. [215] found that hepatic IL-33 expression correlated with ILC2
expansion in the liver. The expansive number of ILC2s was correlated
with severe hepatitis, which was characterized by strongly elevated
plasma ALT activity, IFN-y expression and hepatocyte death by
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necrosis, which subsequently caused the formation of necrotic lesions.
IL-33-treated mice exhibited highly increased numbers of hepatic ILC2s.
Further in vitro study found that IL-33 induces hepatic ILC2s to produce
GATAS3, IL-5 and IL-13 [215]. Moreover, the adoptive transfer of he-
patic ILC2s led to the aggravation of the immune-mediated hepatitis
and higher expression of IFN-y. Collectively, the results show that the
subsequent hepatic IL-33 production causes the liver ILC2 activation
that produces IL-5 and IL-13 during the development of immune-
mediated hepatitis. Notably, in a recent study, an anti-IL-33 antibody
treatment resulted in significantly decreased serum ALT/AST levels
associated with reduced IL-4 and IL-17 production in mice [214]. The
above findings demonstrate a potential protective role for IL-33/ST2 in
the development of several ADs. However, the limited data concerning
this field necessitate establishing better animal models to explore the
actual functions and underlying immune mechanisms of IL-33 and its
receptor in this context.

9. Conclusions

This review summarizes the current studies on the emerging role of
IL-33/ST2 in various ADs (Table 1). The IL-33/ST2 levels are associated
with disease severity and treatment, suggesting that IL-33 and/or ST2
might represent potential targets for predicting AD development and
the subsequent clinical efficacy of therapeutics. Data from several stu-
dies reveal that IL-33 plays pivotal roles in ADs dependent on ST2-
mediated pathways. Although IL-33/ST2 has dichotomous effects on
ADs, we can still identify patterns and form conclusions (Table 1). In
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summary, the IL-33/ST2 pathway exerts more detrimental effects on
RA, SSc, SLE and psoriasis, while in MS, T1D and uveitis, studies have
primarily shown protective effects. For IBDs, we present the novel hy-
pothesis that the IL-33/ST2 axis exerts detrimental effects on IBDs,
especially during the acute phase. In contrast, both protective and
detrimental effects of this pathway on chronic colitis have been de-
monstrated. Thus, IL-33/ST2 has a clear dual role in various types of
diseases, and the effect of IL-33/ST2 depends on the underlying im-
mune mechanism of pathogenesis in each disease condition.

The IL-33/ST2 axis has been shown in multiple reported studies to
influence many of the immune cell types involved in autoimmunity.
The IL-33/ST2 axis exerts bioeffects on Th2 cells to drive the production
of Th2 cytokines (IL-4, IL-5, and IL-13). In this review, we summarize
that in the autoimmune environment, the IL-33/ST2 pathway promotes
the activation and functions of Thl and Th17 cells as well as the up-
regulation of the expression of TNF-a, IFN-y, IL-17A and IL-1(. Tregs
are another important regulator of autoimmunity. IL-33 contributes to
Treg differentiation and dysfunction. Although IL-33 is reportedly as-
sociated with autoantibody production, its direct effects on B cells need
to be investigated under autoimmune conditions. In addition, IL-33
drives M2 macrophage phenotype polarization and neutrophil activa-
tion. IL-33 induces IL-13 and IL-4 expression by MCs and ILC2s by
binding to membrane-associated ST2. Furthermore, IL-33/ST2 induces
eosinophilia and the release of peroxidase, IL-6 and chemokines, such
as CXCL8 and CCL20, by eosinophils. Additionally, IL-33 affects the
functions of local tissue cells, including oligodendrocytes, cardiomyo-
cytes, and ECs, and the underlying mechanism involves the stimulation
of endothelial NO production by IL-33 through the IL-33/ST2/PI3K/
AKT/eNOS signaling pathway. IL-33 can act on other proinflammatory
molecules, such as HIF-la, to perpetuate inflammatory states.
Collectively, the data indicate that the IL-33/ST2 pathway plays key
roles in perpetuating autoimmunity by acting on a variety of cells.

Most studies conclude that IL-33/ST2 exerts detrimental effects in
several autoimmune disorders, including RA, SSc, SLE, psoriasis and
acute IBDs. Potential mechanisms include the IL-33/ST2-mediated
dysfunction of Tregs, benefiting Th1/Th17 cells. In addition, IL-33-in-
duced type 2 immune responses are responsible for the exacerbation of
acute colitis. These results demonstrate that the effects of IL-33 is elu-
sive in ADs. In summary, IL-33 and its receptor ST2 are molecules of
focus in AD studies. We conclude that the IL-33/ST2 axis primarily
plays a detrimental role in the initiation and progression of ADs.
Nevertheless, it remains unclear whether IL-33 and its receptor may
serve as biomarkers to predict disease severity and activity. The role of
IL-33 differs across diverse diseases and/or disease phases. Given the
limited current data, these problems should be prioritized in future AD
studies. We propose additional studies to demonstrate the precise
function and detailed mechanisms of IL-33/ST2 in ADs.
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