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ABSTRACT
Interleukin-33 (IL-33) belongs to the IL-1 family of cytokines.
Whereas IL-1 is processed and released by live immune cells in
response to infection or other triggers, IL-33 is mostly released
as a danger signal (“alarmin”) from damaged cells. IL-33 may
also be processed and released from activated mast cells (MCs)
with subsequent autocrine and paracrine actions. IL-33 aug-
ments the stimulatory effects of IgE and substance P on MCs
but can also trigger release of cytokines from MCs on its own.
Blood IL-33 levels are increased in asthma, atopic dermatitis,

multiple sclerosis, rheumatoid arthritis, and Sjögren’s syndrome.
However, prolonged elevation of IL-33 downregulates Fc«RI and
may be protective in atherosclerosis, suggesting different roles
in immune-regulated diseases. Even though neutralizing IL-33,
knocking-down its receptor, or using its soluble “decoy”
receptor has resulted in anti-inflammatory effects, there appear
to be different outcomes in different tissues. Hence, selective
regulation of IL-33 synthesis, release, and signaling may be
required to provide effective treatment options.

Introduction

In t e r le u k in -33 St r u ct u r e a n d F u n ct ion . There are 11
known members of the in ter leukin (IL)-1 family. IL-33 is
a new member of the IL-1 family that regula tes innate and
adaptive immune systems to promote inflammatory responses
(Dinarello, 2009). IL-33 is mainly expressed by kerat inocytes,
epithelia l and endothelia l cells (Moussion et a l., 2008), as well
as by human monocytes (Nile et a l., 2010) and mouse ast ro-
cytes (Kempura j et a l., 2013). IL-33 acts as an alarmin against
injury-induced stress, pathogens, or cell dea th by act iva ting
local immune cells (Lukens et al., 2012; Lunderius-Andersson
et a l., 2012).

IL-1a and IL-1b are both synthesized in proforms and
require proteolyt ic cleavage for their act iva t ion and release
through what has been termed the NOD-like receptor family,
pyr in domain–containing 3 (NLRP3) “inflammasome”
(Schroder et a l., 2010; Franchi and Nunez, 2012). The cysteine
protease caspase 1 must be cleaved and act iva ted from its

proform and it is then organized into the NLRP3 inflamma-
some (Schroder et a l., 2010). Pro–IL-1a (31 kDa) must be
cleaved by caspase 1 to genera te the act ive form (17 kDa)
(Arend et al., 2008), which is normally conserved within the
cell, mainly bound to the plasma membrane, or loca lized in
the nucleus (Dinarello et a l., 2012).

IL-33 is synthesized in its proform (30 kDa), but its
processing does not appear to involve the NLRP3 inflamma-
some (Schroder et a l., 2010). In cont rast , caspase-1 cleaves
pro–IL-33 into an inactive form (Cayrol and Girard, 2009).
Moreover , unlike pro–IL-1a, the proform of IL-33 is bi-
ologica lly act ive and also conta ins nuclear loca lizat ion
sequences (like pro–IL-1a) a llowing it to act both as an
int racellu la r nuclear factor and as an extracellular cytokine
(Zhao and Hu, 2010). Proteases such as ca lpain , cathepsin G,
and elastase can cleave pro–IL-33 into more potent mature
forms (Lefrançais et a l., 2012; Gar landa et a l., 2013) (Fig. 1). It
was recent ly reported that chymase and t ryptase secreted
from mast cells (MCs) can genera te IL-33 forms tha t are 30-
fold more potent than full-length IL-33 (Lefranca is, et a l.,
2014).

IL-33 pr imar ily induces the product ion of Th2-associa ted
cytokines (Dinarello, 2002) but can also act iva te CD81 cells
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(Villar rea l and Weiner , 2014). IL-33 induces lymphoid
cell–media ted a irway inflammation by also act ivat ing the
mammalian target of rapamycin (Salmond et a l., 2012).

Despite IL-33 sharing the IL-1 receptor accessory protein
with other members of the IL-1 family tha t are known to
upregula te an inducible ant imicrobia l pept ide human
b-defensin 2 (hBD2), IL-33 downregulates serum-induced
hBD2 in human primary kera t inocytes; th is finding may
explain the increased coloniza t ion ra te of Staphylococcus
aureus seen in a topic dermat it is (AD) pat ients (Alase et a l.,
2012). Interest ingly, hBD2 has been reported to act iva te
human MCs (Subramanian et a l., 2013).

R e gu la t ion of IL-33 E xp r e ss ion . IL-33 expression is
induced by pathogen-associa ted molecular pa t terns and
environmenta l t r iggers (Lloyd, 2010). Interest ingly, extracel-
lula r ATP was reported to act as a sensor for airborne
allergens (Kouzaki et a l., 2011). IL-33 can also be induced by
t r iggers of Toll-like receptors (Zhang et al., 2011b) that are
a lso present on MCs and can be act iva ted by bacter ia l and
vira l DNA sequences, leading to release of different cytokines
(Abraham and St . J ohn, 2010).

IL-33 and it s surface receptor ST2 were upregulated by
interferon-g (IFNg) in kerat inocytes der ived from pat ients
with AD (Seltmann et al., 2013). Tumor necrosis factor (TNF),
but not IL-17, st imula tes secret ion of IL-33, which induces
expression of IL-6, monocyte chemoat t ractant protein-1, and

vascular endothelia l growth factor (VEGF) (Balato et a l.,
2012). However , it appears that the type of cytokines/
chemokines produced by IL-33 may depend on the part icular
t issue since the extent and type of such media tors var ies
between sensit ized skin and asthmat ic airways (Savinko
et a l., 2013).

IL-33/ST2 Sign a lin g . IL-33 was discovered as a main
ligand to ST2 (IL-1R4) receptor , which is most ly expressed on
the surfaces of epithelia l cells, fibroblasts, and MCs (Liew
et al., 2010). The ST2 receptor is found in either the
t ransmembrane ST2L form, which is the more abundant
form, or in the cytoplasm as the soluble sST2 form, which may
be act ing as a decoy by binding and neut ra lizing IL-33 (Liew
et al., 2010). The receptor complex comprises the ST2 and IL-1
receptor accessory proteins (Chacker ian et a l., 2007). IL-33
binding recruits the IL-1R AcP coreceptor , the adaptor protein
MyD88, along with the associa ted protein IL-1R kinase.

ST2 act iva t ion leads to st imulat ion of mitogen-act ivated
protein kinase via TNF receptor–associa ted factor 6, which
can signal act ivator protein-1 via c-J un N-terminal kinases
(J NKs). TNF receptor–associa ted factor 6 can also act iva te
nuclear factor-kB (NF-kB), result ing in it s nuclear t rans-
loca t ion and proinflammatory gene t ranscr ipt ion (Kakkar and
Lee, 2008). ST2 act iva t ion of the chronic myelogenous
leukemia cell line, KU812, resulted in release of mult iple
cytokines through st imulat ion of NF-kB, J NKs, and p38

F ig . 1. Diagrammat ic representa t ion of the proposed steps for the act ivat ion and release of IL-33. (A) Damage-associa ted molecular pat terns (DAMPs),
IFN-g, and other t r iggers act ivat e immune cells, including mast cells, to release both act ive pro–IL-33 and act ive IL-33 extracellular ly, where they act as
a larmins for other cells. (B) Pathogen-associa ted molecular pat terns (PAMPs), ATP, and other environmenta l or innate t r iggers act iva te either NF-kB
direct ly or the inflammasome (NLPR3) to generate IL-1. In addit ion, NF-kB induces the synthesis of pro–IL-33, which is then acted upon by calpa in and
elastase to genera te act ive IL-33. The ver t ica l black line is meant to dist inguish (A) from (B). IL-33 is mainly expressed by kera t inocytes, epithelia l and
endothelia l cells, as well as by monocytes, mast cells, and ast rocytes (the cell types are listed on the basis of the st rength of the evidence). IL-33 is
involved in the pathogenesis of a number of diseases that are listed in boxes with the colors of the ra inbow meant to indica te the st rength of the evidence.
IBD, inflammatory bowel disease; RA, rheumatoid ar thr it is.
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mitogen-act iva ted protein kinase, but not extracellular
signal-regula ted kinase 1/2; however , IL-13 product ion in
these cells apparent ly did not require J NKs or extracellula r
signal-regula ted kinase 1/2 signaling (Tare et a l., 2010). IL-33
can also act as a DNA binding factor (Kakkar and Lee, 2008).

IL-33 a n d Ma st Ce lls . The effect of IL-33 on MCs was
reviewed recent ly (Sabat ino et a l., 2012). ST2 is expressed on
MCs, for which it acts as a chemoat t ractant and augments the
effect of other t r iggers (Fux et a l., 2014). MCs respond to cell
injury through IL-33 (Lunderius-Andersson et a l., 2012) and
have therefore been considered “sensors of cell in jury”
(E n oksson et a l., 2011). A m u r in e MC lin e (MC/9) wa s
reported to produce significant amounts of IL-33 after
st imulat ion with IgE and ant igen (Hsu et a l., 2010). More
recent ly, bone marrow–derived cultured mast cells st imu-
la ted by ovalbumin and specific IgE induced the expression
and release of IL-33, which has autocr ine act ion on IL-6 and
IL-13 expression (Tung et a l., 2014).

MCs are hemopoiet ically derived cells loca ted close to blood
vessels and nerves, where they prolifera te pr imarily in
response to stem cell factor (SCF) (Galli et a l., 1995) but also
nerve growth factor (Matsuda et a l., 1991). MCs are impor tant
for a llergic react ions but a lso for mastocytosis, mast cell act i-
vation disorders, and other inflammatory diseases (Theoharides
et a l., 2015). IL-33 has a lso been reported to drive matura t ion
of human MCs (Allakhverdi et a l., 2007) and promote MC
surviva l (Iikura et a l., 2007). IL-33 promoted prolifera t ion of
mouse mast cell independent of c-Kit (Salu ja et a l., 2014).
Never theless, IL-33 was reported to cross-act iva te the SCF
c-Kit receptor on MCs (Drube et a l., 2010). Evident ly, IL-
1RAcP interacts with c-Kit const itut ively and IL-33R binds
upon st imula t ion with SCF leading to cytokine release (Drube
et a l., 2010). Apparent ly, inhibit ion of c-Kit signa ling also
blocked human MC release of IL-1b (Drube et a l., 2012),
which had been shown to occur select ively without degranu-
la t ion (Kandere-Grzybowska et a l., 2003).

IL-33 augmented the act ivat ing effect of IgE and SCF on
MC and basophils (Silver et a l., 2010). IL-33 induced release
of proinflammatory cytokines, especia lly IL-6, without de-
granulation from bone marrow–derived MCs (Moulin et a l.,
2007), and enhanced IL-8 product ion from human cord
blood–der ived cultured mast cells st imulated by IgE/ant i-
IgE, but without histamine release (Iikura et a l., 2007). IL-33
augmented human MC release of VEGF in response to
substance P, but not on its own (Theoharides et a l., 2010).
Moreover , IL-33 product ion of IL-13 independent ly of Fc«RI
st imula t ion (Ho et a l., 2007) st imula ted prostaglandin D2, but
not t ryptase, release from act iva ted human MCs (Nicolet t i
et a l., 2012). IL-33 was also able to prime murine MCs for
enhanced act iva t ion by IgG immune complexes (Drube et a l.,
2010; Kaieda et a l., 2012), and st imula ted MC-dependent
neutrophil influx (Hueber et a l., 2011; Enoksson et al., 2013).
In addit ion to act iva t ion through cross-linking of the high-
affinity IgE receptor (Fc«RI) (Blank and Rivera , 2004), MCs
are also st imulated by a var iety of other t r iggers (Theoharides
et a l., 2007), such as the neuropept ide neurotensin (Donelan
et a l., 2006) and substance P (Zhang et a l., 2011a).

MCs secrete numerous inflammatory media tors including
histamine; leukotr ienes; prostaglandins and tryptase; cyto-
kines such as IL-6, IL-9, IL-13, TNF; chemokines like CCL2
and IL-8 (CXCL8); as well as VEGF (Theoharides et a l.,
2012a). MCs are the only cell type in which preformed TNF is

stored in secretory granules (Olszewski et a l., 2007) and
released bound to heparin part icles that can reach draining
lymph nodes and contr ibute to inflammat ion (Kunder et a l.,
2009). TNF can also act ivate T cells (Nakae et a l., 2005;
Kempuraj et a l., 2008). MC-derived IL-6 and transforming
growth factor-b are cr it ica l for the development of Th-17 cells
(Nakae et a l., 2007; Suurmond et a l., 2011), and MCs secrete
IL-17 themselves (Kenna and Brown, 2013).

IL-33 also augments the act ion of thymic st romal lympho-
poiet in (Nakae et a l., 2007), which may be act ing as another
ear ly immune alarmin through MCs (Kaur et a l., 2012).

Functional and Pathologic Features of IL-33 in
Allergic Diseases

IL-33 is thought to cont r ibute to disease pathology (Liew
et al., 2010), especia lly inflammatory (Dinarello, 2002;
Lukens et a l., 2012; Milovanovic et a l., 2012), a llergic (Saluja
et a l., 2015), and autoimmune (Pei et a l., 2014) diseases,
through act iva t ion of MCs (Castellani et a l., 2009).

Alle r g ic In fla m m a t ion . There is substant ia l evidence
tha t IL-33 is involved in a irway inflammat ion (Oboki et a l.,
2011) and it appears to facilita te a llergic airway responses to
subthreshold exposure to dust mites (Llop-Guevara et a l.,
2014) and to ovalbumin in mice (Sjoberg et a l., 2015). IL-33
induced Th-17–mediated airway inflammation via MCs (Hsu
et al., 2010). In fact , there is evidence that IL-33 modulates
cross-ta lk between MCs and smooth muscle cells in human
airways (Kaur et a l., 2015). Genet ic polymorphism of ST2
and ST2L provides suscept ibilit y for asthma development
(Moffa t t et a l., 2010). ST2L expr ession wa s sign ifica n t ly
increased in pat ients with severe asthma, and mult iple single
nucleot ide polymorphisms in IL1RL1 were found in these
pat ients (Traister et a l., 2015).

IL-33 serum levels were significant ly increased compared
with the cont rol nonasthmat ic individuals (Pushparaj et a l.,
2009; Raeiszadeh et a l., 2014). IL-33 was secreted from
human bronchia l epithelia l cells after st imula t ion with an
ext ract of Alternar ia, a common fungus causing allergic
respira tory diseases (Lefrança is and Cayrol, 2012). IL-33 also
mediated maximum responses in a llergen-induced airway
inflammat ion (Kamijo et a l., 2013). IL-33 is also involved in
a llergic rhin it is (Haenuki et a l., 2012) and allergic conjunc-
t ivit is (Lin et a l., 2013).

Addit iona l studies from rodent models suppor t the role of
IL-33 in lung diseases (Eiwegger and Akdis, 2011; Kamijo
et a l., 2013). In t ranasal administ ra t ion of IL-33 tr iggered an
immediate allergic inflammatory response in the a irways,
which was absent in IL-33–deficient mice (Louten et a l.,
2011). In another study, IL-33–deficient mice did not develop
sneezing (ear ly) or accumula te eosinophils and basophils
(la te) when challenged with ragweed pollen (Haenuki et a l.,
2012). In a model using ST2-deficient mice, ST2 receptor
signaling was the main inducer of Th2 cytokines in the
asthmat ic a irways, but receptor presence was dispensable for
Th2-dependent inflammat ion in the sensit ized skin (Savinko
et a l., 2013).

The IL-33/ST2 pathway appears to be involved in AD
(Cevikbas and Steinhoff, 2012; Savinko et a l., 2012). Serum
levels of IL-33 were increased in pat ients with AD compared
with healthy cont rols and were significant ly reduced after
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clinica l improvement of skin lesions (Tamagawa-Mineoka
et a l., 2014). IL-33 was repor ted to st imula te innate lymphoid
cells in AD (Salimi et a l., 2013). IL-33 was a lso elevated in the
skin, but not in the serum, of pa t ients with psoriasis, a chronic
inflammatory condit ion the pathogenesis of which is also
associa ted with MC act iva t ion (Theoharides et a l., 2010).

IL-33 in Au t oim m u n it y a n d In fla m m a t ion . The IL-33/
ST2 axis has been increasingly implica ted in immunopathol-
ogy and inflammat ion (Milovanovic et a l., 2012). Blood levels
of IL-33 are increased in a number of autoimmune and
inflammatory (Milovanovic et a l., 2012) diseases, such as
rheumatoid ar thr it is (Kr itas et a l., 2013), systemic lupus
erythematosus (Yu et a l., 2013), Sjögren ’s syndrome (Awada
et al., 2014), Grave’s disease (Celik et a l., 2013), and
inflammatory bowel disease (Belt ran et a l., 2010). Genet ic
polymorphism studies have ident ified IL-33R1 as a suscept i-
bility gene in inflammatory bowel disease (J ost ins et a l.,
2012), Crohn ’s disease (Franke et a l., 2010), and AD (Hirota
et a l., 2012). In addit ion to IgE-mediated allergic react ions,
MCs also part icipa te in innate and acquired immunity (Galli
et a l., 2005; Sismanopoulos et a l., 2012), autoimmunity
(Rot tem and Mekori, 2005), and inflammat ion (Theoharides
et a l., 2007). In par t icular , MCs play a crucia l role in the
pathogenesis of AD (Vasiadi et al., 2013), psoriasis (Theoharides
et a l., 2010), rheumatoid ar thr it is (Askenase, 2003; Kritas
et a l., 2013), mult iple sclerosis (MS) (Karagkouni et a l., 2013),
and autism (Theoharides, 2013), possibly through the “selective”
release of mediators (Theohar ides et a l., 2007).

A recent study repor ted st rong expression of IL-33 and ST2
around amyloid plaques in diseased pat ients with Alzheimer ’s
disease compared with control brains (Xiong et a l., 2014).
Release of IL-33 from ast rocytes was induced by glia l
maturat ion factor , implicat ing them in neurodegenera t ive
diseases (Kempura j et a l., 2013). Moreover , incubat ion of
mouse ast rocytes with amyloid-b1-42 increased IL-33 expres-
sion (Xiong et a l., 2014). In fact , increasing evidence
implicates bra in inflammat ion and cytokines in the patho-
genesis of Alzheimer ’s disease (Griffin and Barger , 2010;
Rubio-Perez and Morillas-Ruiz, 2012; Griffin , 2013). Brain
inflammat ion may be evident in the ear lier st ages of the
disease and may const itu te a more reasonable target for drug
development (Kozauer and Katz, 2013). Interest ingly, IL-33
was also upregula ted in ast rocytes and periphera l leukocytes
of MS pat ients (Chr istophi et a l., 2012). Moreover , expression
of IL-33 and IL-33 genes was increased in pa t ients with
remit t ing-relapsing MS (Zhang et a l., 2014). Mast cells have
been implica ted in bra in inflammat ion (Theohar ides and
Zhang, 2011).

A recent study using an ovalbumin mouse model repor ted
that inhala t ion of hyphochlonite [CID (2 )] induced non-
a llergic lung hypersensit ivity, an effect absent in ankyrin
1–null mice or W/Wv MC-deficient mice (Hox et a l., 2013).
These results are in terest ing in view of the fact tha t ankyrin 2
was strongly associa ted with aut ism (De Rubeis et a l., 2014;
Iossifov et a l., 2014). Many children with aut ism are
character ized by allergic symptoms (Angelidou et a l., 2011;
Theoharides, 2013) and the r isk of aut ism is much more
common in children with mastocytosis (Theoharides, 2009). In
fact , aut ism involves brain inflammation (Ashwood and Van
de Water , 2004; Zhang et a l., 2010) and microglia l act iva t ion
(Suzuki et a l., 2013; Gupta et a l., 2014). Moreover , there is
evidence of cross-ta lk between microglia and MCs (Skaper

et a l., 2014). It is interest ing that the diseases discussed above
worsen with st ress (Theohar ides and Cochrane, 2004; Vasiadi
et a l., 2012; Theohar ides et a l., 2012b; Karagkouni et a l.,
2013), and MCs are act ivated by cort icotropin-releasing
hormone secreted under st ress (Theoharides et a l., 2004;
Cao et a l., 2005).

Treatment Possibilities

Target ing IL-33 has been considered as a therapeut ic target
for atopic (Nabe, 2014), rheumatic (Duan et a l., 2013), and
autoimmune diseases (Wang et a l., 2012). Administ ra t ion of
sST2 to murine splenocytes inhibited product ion of Th2
cytokines (e.g., IL-4 and IL-5) but not of Th1 (e.g., IFN-g)
(Lohning et al., 1998). Addit iona lly, when murine thymoma
cells were stably t ransfected with ST2L and then t rea ted with
sST2, IL-33 binding to the ST2L was inhibited and so was the
induct ion of NF-kB (Hayakawa et al., 2007).

In t r a n a sa l a n t i–IL-33 a n t ibody sign ifica n t ly in h ibit ed
cigaret te smoke–induced lung inflammat ion in mice, as
evidenced by reduced levels of IL-33 and ST2, as well as
decreased number of neut rophil and macrophage infilt ra t ion
a long with decreased expression of inflammatory cytokines
(IL-1b, TNF, IL-17) (Qiu et a l., 2013). Mice challenged with
ovalbumin and then t rea ted with ant i–IL-33 ant ibody or sST2
showed negat ive regula t ion of ovalbumin-induced allergic
a irway inflammation (Lee et a l., 2014); both trea tments
decreased Th2 cytokine levels in bronchoalveolar lavage flu id
and decreased the count of eosinophils (Lee et a l., 2014). One
company has announced the product ion of a humanized
ant i–IL-33 ant ibody for clin ical use (www.anaptysbio.com/
ant i-il33). One study on human cornea l epithelia l cells
reported that ST2 ant ibody or soluble ant i-ST2 protein
blocked IL-33–st imula ted thymic st romal lymphopoiet in and
chemokine (CCL2, CCL20, CCL22) product ion from these
cells a t both mRNA and protein levels, (Lin et a l., 2013).

On the basis of the evidence discussed above, the IL-33/ST2
signaling pathway could serve as novel biomarker or target
for the development of new trea tments (Kakkar and Lee,
2008; McLean et al., 2014). One recent paper reported the
inhibitory effect of fingolimod and newly synthesized analogs
on IL-33/ST2 signaling in dendr it ic cells; they repor ted
var iable effects on inhibit ion of IL-13 and IFN-g product ion
possibly through regula t ion of intracellula r ca lcium levels and
protein phosphatase 2A act ivity (Ruger et al., 2014). However ,
the role of ST2/IL-33 appears to differ according to the t issue
target (s). Surpr isingly, IL-33 was reported to reduce the
development of a therosclerosis in ApoE knockout mice, in
spite of the fact tha t it elevated serum IgE levels, and
t reatment with sST2 led to development of larger a theroscle-
rot ic plaques (Oboki et a l., 2010). This finding appears
contrary to the well known role of MCs in the development
of atherosclerosis (Sun et al., 2007; Theohar ides et a l., 2011).

Moreover , long term exposure (. 72 hour) of human and
mouse MCs to IL-33 resulted in significant reduction of MC
act ivat ion by ant igen, suggest ing tha t IL-33 may have the
ability to induce “a hyporesponsive phenotype” in MCs (J ung
et al., 2013). Blocking IL-33 also may not be as cr it ica l as
blocking ST2, as was previously reported for the TNF-a
and it s receptor in experimenta l a llergic encephalomyelit is
(Kassiot is and Kollias, 2001).
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There is a lso some controversy about the role of IL-33 in
cancer . Some authors have reported that IL-33 promotes
metastasis of gast r ic (Yu et al., 2015) and colorecta l (Liu et a l.,
2014) cancers. However , other papers have repor ted tha t IL-
33 may act as an adjuvant to enhance ant igen-specific tumor
immunity (Villar rea l et a l., 2014).

The natura l flavonoid quercet in can block the ability of IL-1
to st imula te select ive release of IL-6 from human MCs
(Kandere-Grzybowska et a l., 2006), and its st ructura l ana log
luteolin can block the st imulatory effect of IL-33 on MC TNF
release (data not shown). Quercet in and luteolin have potent
ant ioxidant and ant i-inflammatory act ions (Middleton et a l.,
2000). They both inhibit the release of histamine, leuko-
t r ienes, and prostaglandin D2 from human cultu red MCs in
response to cross-linkage of Fc«RI (Kimata et a l., 2000).
Quercet in a lso inhibit s h istamine, IL-6, IL-8, TNF-a, and
t ryptase release from human MCs (Kempura j et a l., 2005;
Park et a l., 2008), as well as asthma in a guinea pig model
(Moon et a l., 2008) and contact dermat it is in humans (Weng
et a l., 2012). Luteolin has also been reported to inhibit
st imulat ion of act iva ted T cells (Kempuraj et a l., 2008),
kerat inocytes (Weng et a l., 2014a), and microglia (J ang et a l.,
2008).

IL-33 has been implica ted in MS (Chr istophi et a l., 2012;
Zhang et a l., 2014). Luteolin has synergist ic effect with IFN-b
in inhibit ing act ivat ion of per ipheral blood mononuclear cells
from MS pat ients (Sternberg et a l., 2008, 2009). A novel
luteolin analog, tet ramethoxyluteolin , is more potent that
luteolin (Weng et al., 2014b), making it an a t t ract ive molecule
for drug development especia lly since it is a lso less metabo-
lized (Walle, 2007). Black ginger is r ich in methoxyluteolin
(Wei et a l., 2014) and it is in terest ing tha t a ginger ext ract was
recent ly reported to reduce the clinica l symptoms of experi-
menta l immune encephalomyelit is and IL-33 expression in
the spinal cord of the mice (J afarzadeh et a l., 2014). Recent
reviews have discussed the possible use of flavonoids in the
t rea tment of neurodegenerat ive diseases (J äger and Saaby,
2011; J ones et a l., 2012; Solanki et a l., 2015). Strangely, IL-33
has been reported to improve funct ional recovery after
contusion spinal cord injury in a mouse model (Pomeshchik
et a l., 2015) and to a t tenuate experimenta l autoimmune
u veit is (Ba r bou r et a l., 2014). Th ese a ppa r en t ly opposit e
r esu lt s m a y be a t t r ibu t a ble t o species differ en ces or t h e
in volvem en t of differ en t IL-33 isofor m s (Villa r r ea l a n d
Weiner , 2015).

Conclusion

IL-33 has emerged as a major “a larm signal” tha t can be
released either from damaged cells or from live MCs sensing
danger . IL-33 augments the effect of other t r iggers but can
also st imulate cytokine release direct ly. IL-33 levels and ST2
expression are high in allergic inflammation and cer ta in
autoimmune diseases. Regulat ion of the release and act ion of
IL-33 on specific ta rget t issues may prove to be a useful
therapeut ic approach (Kakkar and Lee, 2008). However , the
apparent divergent funct ions of IL-33 in different t issues,
organs, and diseases need to be fur ther invest igated. For
instance, it was recent ly shown that two IL-33 isoforms
facilita te the product ion of protect ive Th1 and CD8 T cells
(Villa rrea l and Weiner , 2015). Hence, some isoforms may be
pathologic, whereas others may be protect ive.
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