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ABSTRACT KEYWORDS

Interleukin (IL)-33, a member of IL-1 cytokine family, is produced by IL-33; autoimmune disorders;
various immune cells and acts as an alarm to alert the immune system ST2; pathogenic; protective
after epithelial or endothelial cell damage during cell necrosis, infection,

stress, and trauma. The biological functions of IL-33 largely depend on

its ligation to the corresponding receptor, suppression of tumorigenicity

2 (ST2). The pathogenic roles of this cytokine have been implicated in

several disorders, including allergic disease, cardiovascular disease,

autoimmune disease, infectious disease, and cancers. However, alerted

levels of IL-33 may result in either disease amelioration or progression.

Genetic variations of /L33 gene may confer protective or susceptibility

risk in the onset of autoimmune diseases. The purpose of this review is

to discuss the involvement of IL-33 and ST2 in the pathogenesis of

a variety of autoimmune disorders, such as autoimmune rheumatic,

neurodegenerative, and endocrine diseases.

Introduction

Interleukin (IL)-33 (also called IL-1F11) is one of the members of IL-1 cytokine family that
play a wide range of roles in the immune system. In response to various pathologic stimuli,
different cells, such as endothelial cells, epithelial cells, myofibroblasts, adipocytes, macro-
phages, stromal fibroblasts, and dendritic cells (DCs) produce IL-33, primarily as
a proinflammatory cytokine (Sims et al. 2001; Zhou et al. 2020). IL-33 acts as an alarm to
alert the immune system after epithelial or endothelial cell damage during cellular necrosis,
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viral infection, stress, trauma (Cayrol and Girard 2009; Haraldsen et al. 2009). Other than
arole as an extracellular cytokine through binding to suppression of tumorigenicity 2 (ST2),
IL-33 has also an intracellular function and acts as a chromatin-binding transcriptional
regulator. The IL-33/ST2 signaling has major role in maintenance of entire epithelial barrier
and inflammation (Michaudel et al. 2018). IL-33 is highly expressed in the nucleus of
endothelial cells present in the high endothelial venule (HEV), hence IL-33 is also called
nuclear factor of HEV (HEV-NF) (Baekkevold et al. 2003). HEV has been implicated in the
mobilization and activation of lymphocytic traffic, suggesting that IL-33 might activate
chronic inflammatory responses (Miyasaka and Tanaka 2004). Proteases and caspases
cleave IL-33, leading to generation of mature and inactivated form of this cytokine (Ali
et al. 2010; Cayrol and Girard 2009; Lefrangais et al. 2012; Liithi et al. 2009).

The IL-33/ST2 pathway primarily intensifies the T helper (Th) 17-mediated inflamma-
tory responses (Cho et al. 2012). This pathway has been reported to be involved in various
diseases (Table 1), such as neurodegenerative disorders, including Alzheimer’s disease
(AD), Amyotrophic lateral sclerosis (ALS), Multiple sclerosis (MS), Autism spectrum
disorder (ASD) (De la Fuente et al. 2015; Gao et al. 2015), autoimmune rheumatic diseases,
including Ankylosing spondylitis (AS), Systemic lupus erythematosus (SLE), Systemic
sclerosis (SSc), Rheumatoid arthritis (RA), psoriasis, as well as other autoimmune disorders,
like Myasthenia gravis (MG), autoimmune thyroid diseases, Inflammatory bowel disease
(IBD), and uveitis (Jeppesen and Benros 2019; Parks et al. 2014). In this review, we
attempted to clarify the current understandings regarding the roles of IL-33/ST2 pathway
in multiple autoimmune diseases. In addition, disease-associated IL-33/ST2 genetic poly-
morphisms in association with altered risk of susceptibility to autoimmune diseases were
discussed.

IL-33/ST2 expression pattern, signaling, and function

The discovery of IL-33 in 2005 as a ST2 ligand provided novel perspectives into ST2 signaling.
The ST2 gene is located in the human IL-1 gene cluster and is harbored in human chromo-
some 2q12. ST2, which is also known as Interleukin 1 receptor-like 1 (IL-1 RL1), T1, FIT-1, or
IL-33 receptor, is a member of the Toll-like/IL-1-receptor superfamily with a common
intracellular domain named Toll/Interleukin-1 receptor (TIR) domain (Xu et al. 1998). ST2
has two more known isoforms; ST2 ligand (ST2L, also known as ILIRL1-b) and soluble ST2
(sST2, also known as IL1IRL1-a) (Yanagisawa et al. 1993). ST2L is the membrane form and is
involved in signaling transduction and sST2 acts as a decoy. ST2 is highly expressed on helper
T (Th) 2 cells, CD8" T cells, basophils, eosinophils, macrophages, DCs, group 2 innate
lymphoid cells (ILC2), and natural killer T (NKT) cells (Hosseini et al. 2020; Mohammadi
et al. 2018c). IL-33/ST2 signaling induces inflammation by modulating the expression of Th2
cytokines, particularly IL-5 and IL-13 (Smith 2010).

There are 2 types of IL-33, intracellular form and extracellular one. The intracellular
IL-33 functions as chromatin-binding transcriptional regulator (Kakkar et al. 2012).
Moreover, IL-33 can be released from different cells after mechanical injury or cell
damage (Lingel et al. 2009; Moussion et al. 2008), then bind to ST2L, that subsequently
leads to recruitment of IL-1 receptor accessory protein (IL-1RAcP) and development of
a trimeric complex (Liu et al. 2013).
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IL-33 is generated as a full length 32 kDa protein, which is the active form of IL-33.Various
biological processes may restrict full-length IL-33 activity following its release and can
interfere with detection of IL-33 in the serum or plasma samples. ST2 and IL-1RAcP function
as decoy receptors to neutralize IL-33 in serum or plasma. Additionally, IL-33 is quickly
inactivated in the extracellular biological fluids by oxidation of cysteine residues by inflam-
matory proteases. IL-33 may be cleaved by caspases-1, caspases-3, and caspases-7 at D178,
leading to inactive IL-33 form (Cohen et al. 2015; Liew et al. 2016; Sanada et al. 2007).
Detection of the actual levels of IL-33 is difficult by the currently available commercial ELISA
kits in human serum samples, as such assays lack sensitivity and specificity. IL-1RL1-a
(soluble ST2) also interferes with accurate quantification of IL-33 (Ketelaar et al. 2016).
These issues might explain in part the contradictory results observed during different studies.

IL-33/ST2 signaling transduction activates intracellular signaling pathways through
MyD88, IL-1R-associated kinase 4 (IRAK4), and Tumor necrosis factor receptor (TNFR)-
associated factor 6 (TRAF6) (Funakoshi-Tago et al. 2008; Schmitz et al. 2005), ultimately
resulting in activation of mitogen-activated protein kinases (MAPKs) such as P38, ERK,
JNK, and Nuclear factor (NF)-kB (Mohammadi et al. 2018b).

IL-33/ST2 axis and autoimmune diseases

A bulk of studies have testified the clinical value of IL-33/ST2 axis in the development or
exacerbation of autoimmune disorders. Although IL-33/ST2 axis has been implicated with
a double-edge sword function in autoimmunity, a wide range of evidence attribute the
modulated IL-33/ST2 signaling to an exacerbated manifestation of such disorders. Reports
suggest that IL-33/ST2 signaling may modulate the balance between inflammatory Th1/Th17
cells and regulatory T (Treg) cells, therefore promote the development of autoimmunity. In
addition, type 2 immune responses are also under the regulatory mechanisms of IL-33/ST2
signaling, suggesting an anti-inflammatory implication during autoimmune disorders. In the
rest of this article, involvement of dysregulated IL-33/ST2 axis, with respect to cellular as well
as molecular levels, in the context of a variety of autoimmune diseases is discussed.

Ankylosing spondylitis

Ankylosing spondylitis (AS) is an autoimmune disease that is characterized by back pain
and spinal complications (Mohammadi et al. 2018b).This disease involves joints, particu-
larly spinal and sacroiliac ones (Babaie et al. 2020). Serum levels of IL-33 is increased in AS
patients and is correlated with the disease severity (Mohammadi et al. 2018a). IL-33 can
participate in AS pathogenesis by contributing to the higher production of IL-17, TNF-a,
and IL-6 and also migration of neutrophils (Babaie et al. 2018; Hemmatzadeh et al. 2019). In
addition, Li et al. indicated that IL-33 induced the production of Th2 cytokines, including
IL-13, and IL-4, that was associated with active form of AS (Li et al. 2013). AS pathogenesis
has been attributed to increased number of osteoclasts and a promoted activity of the
osteoblasts, resulting in excessive bone apposition (Baum and Gravallese 2016). It was
observed that IL-33 promoted multi-nuclear osteoclast formation from monocytes and
stimulated increased expression of osteoclasts differentiating factors (Mun et al. 2010).
Paradoxically, other studies reported that IL-33 had no direct role in multinucleated
osteoclasts formation (Saidi et al. 2011; Saleh et al. 2011; Schulze et al. 2011).As a result,



6 (&) F.RAMEZANIET AL.

IL-33/ST2 signaling might be involved in the AS pathogenesis through the dysregulation of
osteoclasts and osteoblasts.

A number of polymorphisms of IL33 gene, such as rs1891385, rs10118795, rs2210463,
rs1929992, rs10975519, and rs1048274 has been associated with AS pathogenesis. Fan et al.
reported that theses SNPs and the TTCG (rs10118795, rs1929992, rs10975519, and
rs1048274) haplotype of the IL-33 gene were associated with an increased risk of AS
susceptibility in a Chinese Han population (Fan et al. 2014). A summary of disease-
associated IL33/ST2 polymorphisms is listed in Table 2.

Rheumatoid arthritis

Rheumatoid arthritis (RA) is a chronic autoinflammatory disease that is characterized
by joint inflammation and destruction (Wasserman 2011). Presence of inflammatory
cells in the joints lined by a synovial membrane results in swelling and pain (Azizi et al.
2017). High levels of IL-33 have been reported in the serum as well as synovial fluid of
RA patients (Tang et al. 2013). Furthermore, Wang and co-workers reported elevated
levels of sST2 in serum of these patients (Wang et al. 2018). It has been reported that
several cytokines (such as TNF-a and IL-6) can affect IL-33 levels in RA (Choi et al.
2018). For instance, TNF-a-stimulated synovial fibroblasts produce IL-33 (Kunisch
et al. 2012). Wu et al. recently reported that IL-33 suppressed apoptosis via increased
Bcl-2 protein expression and boosted proliferation of fibroblast-like synoviocytes
through elevated expression levels of inflammatory cytokines and activation of NF-xf8
pathway (Wu et al. 2020). IL-33 is involved in the pathogenesis of RA through
recruiting neutrophils to inflamed joints that directly express ST2L on their surface
(Verri et al. 2010). Furthermore, IL-33 can unbalance IL-10 and IL-17, thus contributes
to pathogenesis of RA (Wang et al. 2018). Notably, IL-33 was correlated with rheuma-
toid factor (RF) titer as well as levels of anti-cyclic citrullinated protein (anti-CCP)
antibodies in RA patients (Mu et al. 2010). In vitro experiments demonstrated that IL-
33 upregulated TNF-a induced production of matrix metalloproteinase (MMP)-3, IL-8,
and IL-6 from RA synovial fibroblasts (RASFs) (Kunisch et al. 2012). On the other
hand, evidence shows the anti-inflammatory roles of IL-33 in RA through shifting
immune responses toward Th2 responses (Chan et al. 2019; Miller 2011). Although
the pro-inflammatory activities of IL-33 are more highlighted, it might also confer
immunomodulatory properties, depending on the disease phase and severity, as well as
probable contribution of genetics.

Mejias et al. reported a role of the IL33 gene rs3939286 SNP in increased risk of
subclinical atherosclerosis in RA patients (Lopez-Mejias et al. 2015). In addition, Li
et al. reported that rs7044343 polymorphism of the IL33 gene was associated with RA
risk through downregulating the IL-33 expression (Li et al. 2014). Little data are available
with respect to involvement of genetic polymorphisms of the IL33 gene in the RA
etiopathogenesis.

Systemic lupus erythematosus

Systemic lupus erythematosus (SLE) is a chronic, systemic, autoimmune disorder that is
characterized by widespread production of antinuclear antibodies, leading to formation of
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immune complexes and deposition in various organs of the body (Kenny et al. 2019). In
patients with SLE, enhanced levels of sST2 but decreased serum levels of IL-33 have been
reported (Italiani et al. 2018a). In contrast, studies showed elevated serum levels of IL-33 in
SLE patients (Guo et al. 2019). Paradoxically, Mok et al. observed no different IL-33 serum
levels between SLE patients and healthy subjects (Mok et al. 2010). IL-33 might dysregulate
ILCs and contribute to SLE progression. IL-33 was attributed to enhanced frequency of
ILC1 that caused activation of type 1 immune responses in the SLE patients (Guo et al.
2019). Although there is little evidence about the role of IL-33 in SLE, it seems that clinical
presentations exacerbate due to the abnormal levels of this cytokine.

Two polymorphisms (rs1929992-G and rs1891385A/C) of IL33 gene were seen to affect
the risk of SLE susceptibility. IL33 gene rs1929992 polymorphism might be a potential risk
biomarker for SLE predisposition (Guo et al. 2016; Xu et al. 2016; Zhu et al. 2019). In
addition, rs1929992 polymorphism was detected to impress the effect of current smoking
status in the SLE risk (Zhu et al. 2019). Hence, genetic polymorphisms of IL33 gene might
interact with environmental risk factors to influence on the development of SLE.

Systemic sclerosis

Systemic sclerosis (SSc) is characterized by fibrotic changes, primarily in the skin (Burbelo
et al. 2019). SSc has two subtypes, including limited cutaneous SSc (1cSSc) and diffuse
cutaneous SSc (dcSSc) (Chan et al. 2019). The complex biology of IL-33 in the context of
dermatological conditions has been discussed (Balato et al. 2016).

One study reported elevated serum levels of IL-33 in SSc patients (Wagner et al. 2015).
Furthermore, patients with early SSc had decreased levels of IL-33 in their skin, while
enhanced levels of IL-33 were detected in the skin of patients with late SSc (Zhang et al.
2018b). As a result, IL-33 might behave differently during the early or late phases of SSc.
A study indicated that IL-33 was dependent on its receptors (ST2 and IL-1RAcP) to induce
skin fibrosis through type 2 immunity (Rankin et al. 2010). In fact, IL-33 can participate in
SSc pathogenesis by stimulating IL-13 and transforming growth factor (TGF)-p1 produc-
tion by M2 macrophages through polarization of these cells (Manetti et al. 2010). Moreover,
IL-33 enhances IL-13 levels by inducing ILC2 proliferation (Kurowska-Stolarska et al.
2009). Notably, IL-13 and TGF-p1 are two cytokines that participate in pathological fibrosis
(Manetti et al. 2010). Hence, IL-33 contributes to skin fibrosis in SSc through upregulating
the cytokines (like IL-13 and TGF-f1) involved in this process.

There is paucity of data regarding the involvement of polymorphisms of IL33 gene in SSc
risk. Koca et al. reported that rs7044343 polymorphism of IL33 gene was associated with the
risk of SSc susceptibility in Turkish population (Koca et al. 2016). A meta-analysis indicated
that IL33 gene rs7044343 allele frequency was associated with dyspnea in the SSc patients
(Huang et al. 2016).

Bechet’s disease

Bechet’s disease (BD) is an autoimmune disorder that is characterized by complications in
vessels, particularly veins (Seyahi 2016), skin, genital and aphthous lesions, and uveitis (Cer¢i
et al. 2017). Controversial data have been reported about IL-33 levels in BD. One study
indicated that serum levels of IL-33 in active BD patients was almost lower compared to
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healthy individuals and inactive patients (Koca et al. 2015). In contrast, Hamzaoui et al.
reported that inactive BD patients have decreased level of IL-33 compared to active ones
(Hamzaoui et al. 2013). Furthermore, another study reported higher serum levels of IL-33 and
sST2 in BD patients compared to healthy controls (Kim et al. 2013). Moreover, enhanced
expressions of IL-33 and sST2 in skin lesion of BD patients were reported (Kim et al. 2013).
Hence, more experiments are required to clear the status of IL-33 levels and roles in BD.
However, according to IL-33 roles, it seems that elevated levels of IL-33 may lead to BD
exacerbation during inflammation, while result in tissue repair in recovery phase (Hamzaoui
et al. 2015). Notably, unlike sST2, elevated levels of IL-33 are not considered as a marker of
disease activity (Cergi et al. 2017; Kim et al. 2013). Increased expression of IL-33 and thymic
stromal lymphopoietin (TSLP) in lesions of BD patients led to upregulation of Th2 responses,
and ultimately resulted in skin inflammation (Kacem et al. 2018). Furthermore, elevated
secretion of IL-18 and IL-1 cytokines, induction of Th1 responses, and regulation of IL-17 and
IL-6 levels were also related to IL-33 in BD (Hamzaoui et al. 2013).

With respect to the genetic variations, some polymorphisms of IL33 gene are related to
BD pathogenesis, including rs1342326, rs7044343, and rs11792633 (Koca et al. 2015; Talei
et al. 2019). For example, Talei et al. (Talei et al. 2019) reported that rs1342326 polymorph-
ism may increase the risk of susceptibility to BD in part via immunoregulation of the IL-33
expression. On the contrary, Koca et al. reported that IL33 gene rs7044343 and rs11792633
polymorphisms were associated with a decreased risk of BD susceptibility (Koca et al. 2015).

Psoriasis

Psoriasis is an autoimmune disease that consists of three types, namely pustular psoriasis
(PP), psoriasis vulgaris (PV), and psoriatic arthritis (PsA) (Balato et al. 2016; Mitsui et al.
2016). Expression of IL-33 is elevated in serum and lesions of patients with PV (Duan et al.
2019). In contrast, one study reported similar serum levels of IL-33 in psoriatic patients and
healthy individuals (Tamagawa-Mineoka et al. 2014). IL-33 can participate in psoriasis
pathogenesis through activation of mast cells, neutrophils, and keratinocytes and also
stimulation of the IL-6 and IL-8 secretion by keratinocytes (Balato et al. 2014, 2012;
Mitsui et al. 2016). Moreover, some studies have shown that IL-33 may develop psoriasis
through maturation and degranulation of mast cells and also secretion of Vascular endothe-
lial growth factor (VEGF), IL-1, IL-6, IL-13, TNF-a, CCL2 and CCL3 from these cells
(Allakhverdi et al. 2007; Iikura et al. 2007; Theoharides et al. 2010). In another study,
Raimondo et al. reported that IL-33 induced the secretion of a wide range of pro-
osteoclastogenic triggers (such as receptor activator of nuclear factor kappa-B ligand
[RANKL]) from the skin that induced monocyte differentiation in osteoclasts and promotes
to bone damage (Raimondo et al. 2017). Subsequently, increased levels of IL-6 and IL-1
result in Th17 cell differentiation and secretion of IL-22 and IL-17 cytokines from these cells
(Acosta-Rodriguez et al. 2007; Ortega et al. 2009), resulting in Th17-mediated inflammation
in the psoriasis patients (Figure 2).

Vitiligo
Vitiligo causes melanocyte destruction and is manifested by white macules that becomes
larger over the years (Hayakawa et al. 2016; Hertz et al. 1977). Compared to healthy
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individuals, Patients with vitiligo had higher serum levels of IL-33, which correlated with
the disease activity (Hayakawa et al. 2016; Vaccaro et al. 2016). IL-33 contributes to vitiligo
progression through activation of neutrophils, mast cells, and keratinocytes (Hayakawa
et al. 2016). Moreover, Li ef al. demonstrated that IL-33 may cause upregulation of IL-6 and
TNF-a and also downregulation of stem cell factor (SCF) and basic fibroblast growth factor
(bFGF) in keratinocytes, which are important stimulators of proliferation and migration of
melanocytes (Li et al. 2015). Although little is known about the role of IL-33 in vitiligo, it
appears that this cytokine might modulate the melanocytes in a pathogenic way.

Alzheimer’s disease

Alzheimer’s disease (AD) is a neurodegenerative disease that occurs due to neurofibrillary
tangles (NFTs) formation inside neurons and extracellular deposition of B amyloid (fA)
plaques (Italiani et al. 2018b; Nishizaki 2018). IL-33 can inhibit formation of NFTs and paired
helical filaments (PHFs) through inactivating the glycogen synthase kinase-3b (GSK-3b)
(Hernandez et al. 2013; Nishizaki 2018). Xiong et al. indicated that expressions of ST2 and
IL-33 in entorhinal cortex lesions are elevated in AD patients (Xiong et al. 2014). They also
stated that IL-33 resulted in AD progression through stimulating astrocytes and microglia to
produce proinflammatory cytokines (Xiong et al. 2014). In contrast, Chapuis et al. reported
downregulated expression of IL-33 in brain of AD patients (Chapuis et al. 2009). They also
demonstrated that upregulation of IL-33 expression in vitro can downregulate PA peptide
secretion (Fu et al. 2016). Other protective roles of IL-33 in AD patients are reported as well.
For instance, administration of IL-33 in the APP/PS1 mouse model decreases the deposition
of amyloid plaques and also soluble BA levels through activation of p38 signaling and
increased phagocytosis of PA by microglia cells (Fu et al. 2016). Moreover, they reported
that IL-33 could downregulate the expression of pro-inflammatory cytokines and also polarize
the macrophages and microglia cells to an anti-inflammatory phenotype, resulting in mod-
ulation of the innate immunity responses (Fu et al. 2016). Furthermore, one study indicated
that administration of IL-33 may increase production of chemokines (like CCL2, CCL3,
CCL5, CXCL10), anti-inflammatory cytokine (like IL-10), pro-inflammatory cytokines (like
TNF-a, IL-1p), and nitric oxide (NO) through induction of microglia proliferation (Yasuoka
et al. 2011). In addition, IL-33 can affect microglia cells to increase their phagocytosis of NO
and chemokines (Yasuoka et al. 2011). Interestingly, Italiani et al. reported that IL-33 caused
significant upregulation of nearly all anti-inflammatory effectors and slight increase of
inflammatory cytokines (IL-1a and IL-1P) in AD patients (Italiani et al. 2018b).

The minor alleles of three polymorphisms in the IL33 gene, including rs1157505,
rs11792633, and rs7044343 have been shown to be protective in AD risk (Chapuis et al.
2009). Additionally, Yu et al. reported that the minor alleles of rs11792633 SNP was
significantly associated with a reduced risk of late onset AD.

Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease that affects alpha motor
neurons (Briones et al. 2018; Lalancette-Hebert et al. 2016). Serum levels of sST2 are increased in
ALS patients. However, due to caspases and high levels of sST2, IL-33 serum levels are lower in
ALS patients compared to healthy individuals (Lin et al. 2012). It seems that inflammation in
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ALS disease is induced by high serum levels of sST2 (Lin et al. 2012). Some studies suggest that
in neurological disease, IL-33 can result in brain protection, and generally it is an important
factor in functions of brain (Jiang et al. 2012; Korhonen et al. 2015; Milovanovic et al. 2012;
Pomeshchik et al. 2015). In vitro studies demonstrated that IL-33 indirectly affected neurons and
astrocytes through altering the responses of peripheral T cells, which ultimately resulted in ALS
improvement by decreasing harmful activation of astrocytes (Korhonen et al. 2019).

Autism spectrum disorder

Autism spectrum disorder (ASD) is a neurodegenerative disorder that involves impaired devel-
opment of the neurons and is characterized by difficulties with social communication (Leung
et al. 2016). Various factors, such as genetics and environment can affect neurons and lead to
complications in brain connectivity in children (Babinska et al. 2014). Although a number of
studies has shown same levels of IL-33 in ASD patients and healthy individuals (Supekar et al.
2013; Tsilioni et al. 2015), Saresella et al. reported lower levels of IL-33 in ASD and demonstrated
that IL-33 caused increased levels of Absent in melanoma 2 (AIM2) and Nod-like receptor
(NLR) family pyrin domain containing 3 (NLRP3) inflammasomes and also enhanced produc-
tion of IL-1 and IL-18, which ultimately promoted inflammation (Saresella et al. 2016). When
stimulated by IL-33 and TSLP, ILC2s produce IL-4, IL-5, IL-9, and IL-13 (Mjo6sberg et al. 2012).
Interestingly, high serum levels of IL-4 and IL-5 in pregnant women have been associated with
the birth of autistic children (Goines et al. 2011). Thus, IL-33 might be involved in giving autistic
child birth through stimulating production of these cytokines from ILC2s.

Multiple sclerosis

Multiple sclerosis (MS) is an autoimmune neurodegenerative disorder that occurs due to
degeneration of myelin sheath of neurons (Afshar et al. 2019; Esmaeil Amini et al. 2020;
Ghaderian et al. 2020). IL-33 levels are elevated in cerebrospinal fluid (CSF) (Jafarzadeh
et al. 2016), plasma, and white matter of nervous system in MS patients (Christophi et al.
2012). Researchers have reported that DCs and macrophages may contribute to degenera-
tion of myelin in response to enhanced IL-33 levels (Christophi et al. 2012). Moreover, IL-
33 results in MS progression through promoting Th17 and Th1 cells responses (Jafarzadeh
et al. 2016). Paradoxically, various protective roles of IL-33 have also been reported in MS
patients. For instance, it was observed that IL-33 stimulated Forkhead box P3 (Foxp3)"
regulatory T (Treg) cells to produce IL-10, which ultimately led to suppressive effects of
Treg cells in brain (Zandee et al. 2017). Furthermore, Natarajan et al. revealed that
administration of IL-33 might induce transcription of genes involved in myelin production
and maturation of cells that generate myelin (Natarajan et al. 2016). Additionally, it was
reported that IL-33 might ameliorate MS through promoting Th2 responses, repressing Th1
and Th17 cells activity, and triggering the polarization of anti-inflammatory M2 macro-
phages in lymph nodes and spleen (Jiang et al. 2012). Ahmadi et al. reported that MS
patients had a higher serum level of IL-33 in compared to the control group and also
rs10204137 polymorphism was associated with the increased risk of MS in Iranian popula-
tion (Ahmadi et al. 2019). Hence, IL-33 might act paradoxically in the MS disease both
through promoting adverse responses as well as ameliorative reactions in the immune cells.
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Neuromyelitis optica spectrum disorder

Neuromyelitis optica spectrum disorder (NMOSD) involves central nervous system (CNS)
and is manifested by optic neuritis and transverse myelitis (Lennon et al. 2004; Wingerchuk
et al. 2006). Serum level of IL-33 was reported to be enhanced in NMOSD. Additionally,
NMOSD patients with brain lesions had elevated levels of IL-33 compared to those lacking
brain lesions (Zhang et al. 2018a). Zhang et al. found that IL-33 might participate in the
disease pathogenesis through regulation of Th2 responses in NMOSD (Zhang et al. 2018a).
More studies are still required to clarify the IL-33 roles in NMOSD patients.

Autoimmune hepatitis

Autoimmune hepatitis (ATH) is a chronic autoimmune and inflammatory disorder of the liver
that is classified into 3 types (AIH-1, AIH-2, and AITH-3) based on the profile of autoanti-
bodies. The ATH-1 is more common that is characterized by increased levels of antinuclear
antibody (ANA) and anti-smooth muscle antibody (SMA) in the serum of patients (Liang
et al. 2018). AIH is associated with failure of liver and cirrhosis (Manns et al. 2010). Abe et al.
demonstrated increased serum level of IL-33 and sST2 in AIH-1 patients in comparison to
healthy group (Abe et al. 2019). They also stated that patients who were in acute phase had
higher levels of IL-33 and sST2 compared to those who were in a chronic phase (Abe et al.
2019). In addition, sST2 levels correlated with disease severity in the ATH-1 patients (Abe et al.
2019). IL-33 can participate in ATH pathogenesis through regulating Th2 and Th17 responses
or stimulating ILC2s to produce type 2 cytokines (Neumann et al. 2017). Furthermore,
elevated serum levels of IL-33 in acute-onset AIH patients resulted in increased levels of pro-
inflammatory cytokines (like IL-17A and IL-4), and also higher levels of liver injury markers
(like gamma-glutamyl transferase [y-GT] and alkaline phosphatase [ALP]) and gamma
globulins (such as IgA, IgM, and IgG) in blood (Liang et al. 2018). Even though IL-33 can
stimulate the production of Th2 and ILC2 cytokines, its harmful effects have been more
highlighted in the AIH subjects.

Autoimmune pancreatitis

Autoimmune pancreatitis (AIP) is characterized by fibrosis of pancreas, lymphoplasmacytic
lymphoma, and also obstructive jaundice (Shimosegawa et al. 2011). Type 1 AIP is an IgG4-
related disease, while type 2 is less severe (Umehara et al. 2012). Serum level of IL-33 is elevated
in pancreas of AIP patients (Watanabe et al. 2017b). It is reported that type I interferon (IFN)-
induced IL-33 secretion from pancreatic acinar cells causes IL-13 and TGF-p1 secretion, and
subsequently leads to fibrosis of pancreas (Watanabe et al. 2017a). Thus, IL-33 signaling path-
way blockage can lead to improvement of AIP (Watanabe et al. 2017b).

Autoimmune thyroid disease

Autoimmune thyroid disease (AITD) is a chronic autoimmune disorder that causes either
hyperthyroidism or hypothyroidism. Hashimoto’s thyroiditis (HT) and Graves’ disease (GD)
is two types of AITD (Wang et al. 2016). Reports show that serum level of IL-33 is elevated in
GD (Celik et al. 2013). In addition, patients with HT demonstrated increased mRNA
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expression of IL-33 and sST2/ST2L in plasma and thyroid tissue compared to controls (Wang
et al. 2019a). T cells expressing ST2 were observed to be expanded in HT patients compared
to healthy individuals (Wang et al. 2019a). Studies show that HT and GD are related to Thl
and Th2 cytokine responses, respectively (Savenije et al. 2011; Wang et al. 2016). IL-33 plays
a crucial role in HT pathogenesis through stimulating the production of inflammatory
cytokines (Celik et al. 2013). Therefore, the pathogenic role of IL-33 has been more high-
lighted in the pathogenesis of AITD.

A number of the IL33 and ST2 genes polymorphism has been associated with AITD
predisposition (Wang et al. 2016). The rs1929992, rs10975519, and rs6543116 polymorphisms
were associated with increased risk of susceptibility to HT and GD in Han Chinese population
(Wang et al. 2016).

Primary Sjogren syndrome

Primary Sjogren syndrome (pSS) is characterized by headache and mood disorders like
depression [127], as well as dryness of eyes and mouth due to lymphocyte infiltration to
the lacrimal and salivary glands and related autoimmune injuries [128]. Serum levels of IL-33
and sST2 are elevated in pSS, whereas expression of ST2L is decreased in salivary gland [129].
In contrast, one study reported that serum level of IL-33 was not different between pSS
patients and healthy controls [127]. IL-33 plays roles in pSS pathogenesis through acting as
a synergist of IL-12 and IL-23 to induce IFN-y secretion by NK and NKT cells [129]. As
a consequence, IL-33 is primarily involved in the exacerbation of inflammatory autoimmune
responses in the pSS disease.

Chronic pulmonary obstructive disease

Chronic pulmonary obstructive disease (COPD) is an autoimmune inflammatory disease of
lung and airways. COPD is characterized by emphysema with obstruction of airflow and/or
chronic bronchitis (Zou et al. 2018). Upregulated serum levels of IL-33 and ST2 were reported
in this disease (Xia et al. 2015). IL-33 can result in COPD progression through different
pathways, such as IL-1RacP/ST2 and MAPKSs, so that it induces expression of IL-8 and IL-6 in
peripheral blood mononuclear cells (PBMCs) and bronchial epithelial cells (Shang et al.
2015). Furthermore, Celli et al. indicated that IL-33 induced proliferation and differentiation
of ILC2s and promoted secretion of IL-4, IL-5, and IL-6 from PBMCs of COPD patients
(Celli and MacNee 2004). In addition, IL-33 induced the apoptosis of epithelial cells in the
COPD patients due to downregulation of cortactin (Zhao et al. 2012), leading to upregulation
of autoantibody levels against airway epithelial cells (Li et al. 2019), increased permeability of
vascular endothelium (Choi et al. 2009), progression of eosinophilic inflammation in the
airways (Tworek et al. 2018), and decreased respiration capacity (Byers et al. 2013).
Interestingly, it was reported that IL-33 signaling could be more continuous in damaged
lung (Lee et al. 2019). Increased IL-33 in the COPD patients may increase the inflammation
in the airways, leading to exacerbation of the complications (Figure 1).

IL33 gene rs1891385 polymorphism was associated with the onset of COPD and geno-
type AA was linked to a higher level of IL-33 (Sun et al. 2019). Hence, different genotypes of
the rs1891385 SNP might affect the plasma levels of IL-33, which in turn influence on the
inflammatory state in the COPD patients.
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Figure 1. Roles of IL-33 in COPD. IL-33, IL-25 and TSLP are released from airway epithelium upon infection
or cell damage and stimulate Th2 cells and ILC2s to produce IL-4, IL-5, IL-9 and IL-13. On the other hand,
IL-13 and IL-4 increase the endothelium permeability through inducing the production of NO in bronchial
epithelial cells. Additionally, IL-4 stimulates B cells to secret autoantibodies against bronchial epithelium.
Moreover, IL-9 stimulates mast cells to produce cytokines, including IL-4, IL-5 and IL-13. IL-5 is involved in
the development of eosinophilic inflammation in the airways. Furthermore, IL-33 induces the apoptosis
of bronchial cells through decreasing the level of cortactin protein in these cells. It can also induce IL-6
and IL-8 expressions in these cells. CCL5; CC-chemokine ligand 5, COPD; Chronic obstructive pulmonary
disease, IgE; Immunoglobulin E; IL; Interleukin, ILC2s; Type 2 innate lymphoid cells, NO; nitric oxide, Th2;
T helper-2, TSLP; Thymic stromal lymphopoietin.

Inflammatory bowel disease

Inflammatory bowel disease (IBD) consists of two major subtypes, including Crohn’s disease
(CD) and ulcerative colitis (UC), which are manifested by diverse signs and symptoms related
to gastrointestinal system (Imhann et al. 2018). Colon and intestine can be involved in UC
and CD patients, respectively (de Vries et al. 2019). Pastorelli et al. reported higher levels of
IL-33 and sST2 in serum and mucosa of IBD patients (Pastorelli et al. 2010). The high level of
IL-33 led to inhibition of NF-kB signals, which resulted in inflammation suppression.
Subsequently, in response to this inhibition, stronger activation of NF-kB signaling pathway
led to inflammation (Buckley et al. 2019). Furthermore, IL-33 participates in IBD progression
through regulating the function of immune cells, including neutrophils, eosinophils, macro-
phages, DCs, ILC2s, Th2 cells, and Treg cells (De Salvo et al. 2016; Pastorelli et al. 2010;
Seidelin et al. 2015). Interestingly, Grop et al. observed that administration of IL-33 led to
inflammatory and protective effects in acute and recovery phases of IBD, respectively (Grop
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Figure 2. Roles of IL-33 in psoriasis. IL-33 released from epithelial cells causes activation of neutrophils,
keratinocytes, and mast cells. Activated keratinocytes secret IL-6 and IL-8. Additionally, IL-33 promotes
the maturation and degranulation of mast cells and also stimulates these cells to produce IL-1, IL-6, IL-13,
TNF-?, VEGF, CCL3, and CCL2. In turn, IL-6 and IL-1 together induce the Th17 cells differentiation and
secretion of IL-17 and IL-22 from these cells. Furthermore, VEGF stimulates the angiogenesis. Ultimately,
IL-22, IL-17, and angiogenesis result in skin remodeling in the psoriasis disease. CCL; CC-chemokine
ligand, IL; interleukin, Th17; T helper-17, TNF-2; Tumor necrosis factor ?, VEGF; vascular endothelial
growth factor.
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et al. 2012). In fact, IL-33 causes protective effects during the recovery phase because of Th2
cytokine induction (Grop et al. 2012). IL-33 can also play protective roles in IBD through
promoting the Treg cell proliferation, Th2 cell differentiation (Duan et al. 2012; Matta et al.
2014), and M2 macrophages polarization (Duan et al. 2012; Seo et al. 2017; Tu et al. 2017),
leading to production of IL-13 and IL-22 by a mast cell-dependent pathway (He et al. 2018).
IL-33 also contributed to gut epithelial cells repair by induction of epithelial-derived
microRNA-320 (Lopetuso et al. 2018), which was detected to be reversed in the early stages
of disease (Lopetuso et al. 2018). Notably, IL-33 can be used as a marker to monitor
UC improvement, when it is expressed in crypts of colons (Gundersen et al. 2016).
Generally, IL-33 leads to protection and repair of intestine in both the endogenous and
exogenous forms (Lopetuso et al. 2018). Nonetheless the role of this cytokine is mostly
dependent on the disease phase.

In genetic association studies, Latiano et al. indicated that IL33 gene rs3939286 poly-
morphism was associated with the increased risk of IBD in Italian population (Latiano et al.
2013).
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Myasthenia gravis

Myasthenia gravis (MG) occurs due to destruction of nicotinic acetylcholine receptor
(AChR) in muscles by autoantibodies and is characterized by fatigue and weakness of
muscles (Okumura et al. 1994; Patrick and Lindstrom 1973). Notably, MG is more common
in women than men (Rozmilowska and Adamczyk-Sowa 2018). Serum levels of IL-33 and
ST2 were shown to be elevated in the MG patients (Wang, Wang et al. 2019b). It has been
reported that Th17 cells play crucial roles in MG progression (Wang et al. 2012). Wang and
co-workers reported that generation of Th17 cells might be inhibited by TSLP in the MG
patients (Wang, Wang et al. 2019b). Accordingly, IL-33 appears to participate in MG
pathogenesis by downregulation of TSLP, which in turn leads to development of Th17
cells and subsequent inflammatory responses (Wang, Wang et al. 2019b).

Conclusion

Dysregulated IL-33 levels have been observed in various types of neurodegenerative and
autoimmune disease. In this article, we discussed altered levels of IL-33/ST2 and related
implications in autoimmune diseases. In fact, protective roles of this cytokine in some auto-
immune diseases (e.g., ALS and ASD) as well as pathogenic roles in some other ones, including
AS, ATH, AIP, AITD, COPD, MG, NMOSD, pSS, RA, SLE, SSc, psoriasis, and vitiligo have been
indicated. IL-33/ST2 axis might exhibit the potential molecular targets as biomarker for
predicting disease severity and activity as well as the probable efficacy of the future clinical
therapeutic. Serum sST2 levels in nonsurviving severe cases of coronavirus disease 2019
(COVID-19), as a current crisis world wide, are persistently high during disease progression,
which might be contributing factor in identification of inflammatory status and illness severity
in COVID-19 patients (Zeng et al. 2020). Additionally, a bulk of contradictory data has been
reported about the roles of IL-33 in autoimmune disorders, in which some studies consider
pathogenic roles and some others highlight the protective functions. Thus, the IL-33/ST2
pathway acts as a double-edged sword in various types of autoimmune disorders, and the
impact of IL-33/ST2 axis depends on the underlying mechanisms of pathogenesis in each
disease state. Additionally, a number of genetic polymorphisms my affect on the levels of either
IL-33 or ST2 in the patients, and hence ameliorate or exacerbate the disease manifestations.
Therefore, further studies are still required to clarify the exact roles of IL-33/ST2 axis in the
autoimmune and neurodegenerative diseases.
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