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Abstract Interleukin-33 (IL-33), IL-36, and IL-38 are
members of the IL-1 cytokine family. The expression of
each cytokine has been reported to be increased in the
inflamed mucosa of patients with inflammatory bowel
disease (IBD). IL-33 and IL-36 have been studied for pro-
and anti-inflammatory functions, and IL-38 has been
characterized as an anti-inflammatory cytokine by antag-
onizing the IL-36 receptor (IL-36R). IL-33 is a nuclear
cytokine constitutively expressed by certain cell types such
as epithelial, endothelial, and fibroblast-like cells and
released on necrotic cell death. IL-33 mainly induces type
2 immune response through its receptor suppression
tumorigenicity 2 (ST2) from Th2 cells and type 2 innate
lymphoid cells (ILC2s), but also by stimulating Th1 cells,
regulatory T cells, and CD8" T cells. IL-36 cytokines
consist of three agonists: IL-36a, IL-3683, and IL-367, and
two receptor antagonists: IL-36R antagonist (IL-36Ra) and
IL-38. All IL-36 cytokines bind to the IL-36R complex and
exert various functions through NF-xB and mitogen-acti-
vated protein kinase (MAPK) pathways in inflammatory
settings. IL-33 and IL-36 also play a crucial role in
intestinal fibrosis characteristic manifestation of CD. In this
review, we focused on the current understanding of the pro-
and anti-inflammatory roles of IL-33, IL-36, and IL38 in
experimental colitis and IBD patients.
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Introduction

Inflammatory bowel diseases (IBDs), including ulcerative
colitis (UC) and Crohn’s disease (CD), are chronic
inflammatory disorders characterized by uncontrolled
innate and adaptive immune responses against dietary
antigens and gut microbiota leading to sustained mucosal
inflammation [1]. Cytokines mediate the crosstalk between
innate and adaptive immune responses, and disruption of
this interaction leads to the initiation and perpetuation of
mucosal inflammation.

The interleukin (IL)-1 family cytokines consist of seven
agonists (IL-1a, IL-1p, IL-18, 1L-33, IL-360, IL-368, and
IL-36Y), three receptor antagonists (IL-1Ra, IL-36Ra, and
IL-38), and IL-37 as an anti-inflammatory molecule [2].
There are four receptor complexes for these molecules: the
IL-1 receptor (R) [IL-1R1 and IL-1 receptor accessory
protein (IL-1RAcP)], the IL-33 receptor [suppression of
tumorigenicity 2 (ST2) and IL-1RAcP], the IL-18 receptor
(IL-18Ra and IL-18Rb), and the IL-36 receptor (IL-36R
and IL-1RACcP) [2]. These cytokines mediate inflammation
and tissue repair through activation of innate immunity at
the forefront of local defense and are deeply involved in the
pathogenesis of IBD [3]. They play situation-associated
functions in intestinal homeostasis and inflammation [3]. In
this review, we focus on the latest information on IL-33,
IL-36, and IL-38, and provide an overview of their com-
plex roles in IBD.
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Interleukin-33
IL-33 and ST2 signaling

IL-33 (IL-1F11) is a ligand for the IL-1R family member
ST2 [4]. IL-33 is a 30 kDa protein, composed of an
N-terminal nuclear domain containing a chromatin-binding
motif and an 18 kDa C-terminal IL-1-like cytokine domain
rich in B sheets, separated by a divergent central part [5]
(Fig. 1). The IL-33 injection to mice induces multiple
proinflammatory effects, such as eosinophilia, splenome-
galy, goblet cell hyperplasia, and mucous production, and
serum IL-5 and IgE elevation [4]. IL-33 also stimulates
type 2 innate lymphoid cells (ILC2s) and induces extre-
mely high amounts of the Th2 cytokines IL-5 and IL-13
[6, 7]. Based on these findings, IL-33 has been regarded as
an inducer of type 2 immune responses. However, it
became clear that IL-33 plays a crucial role in both innate
and adaptive immunity, since various immune cells such as
ILC2s, mast cells, regulatory T cells (Tregs), Th2 cells,
Thl cells, and CD8" T cells express IL-33 receptor ST2
[5, 8, 9]. IL-33 is a key immune modulator with pleiotropic
activities in type 2, type 1, and regulatory immune
responses and involved in the pathophysiology of allergic,
fibrotic, and infectious diseases [5, 10].

ST2 is a full-length, membrane-spanning molecule and a
soluble ST2 decoy variant antagonizes the function of IL-
33 [11]. Many (but not all) mast cells, ILC2s, and Tregs
express high levels of ST2 [5]. IL-33 binds to ST2, and this
complex activates IL-1RAcP, a key molecule of IL-33
signaling shared with other IL-1 family members (IL-1a,
IL-1B, IL-36) [12]. The complex of IL-33/ST2/IL1IRAcP
stimulates the signal through MyD88 adaptor, IRAK1 and
IRAK4 kinases, and TRAF6, leading to the activation of
MAP kinases and NF-kB [4, 9]. The IL-33-induced intra-
cellular signal pathways resembles to those activated by
IL-1 and IL-18. We have previously demonstrated that IL-4
and IFN-g are strong inducers of ST2 in human myofi-
broblasts [13], and pretreatment with these factors induced
a marked enhancement of IL.-33-asscoiated responses [13].

IL-33 expression and intracellular localization

IL-33 has been demonstrated to have a dual character, an
extracellular ligand, and an intracellular signaling molecule
[14, 15]. IL-33 is constitutively and/or inducively expres-
sed in certain cell types such as endothelial, epithelial, and
fibroblast-like cells. Newly synthesized full-length IL-33
translocates into the nucleus using their nuclear localiza-
tion sequence and bind to heterochromatin [16, 17] and is
accumulated in the nucleus [8, 9]. IL-33 is released mainly
upon necrotic cell death as a full-length bioactive form
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Fig. 1 Release and proteolytic activation of IL-33. IL-33 is
constitutively expressed in endothelial cells, epithelial cells, and
fibroblasts, and is accumulated in the nucleus. Full-length IL-33 is a
30 kDa protein, composed of an N-terminal nuclear domain contain-
ing a chromatin-binding motif and an 18 kDa the C-terminal IL-1-like
cytokine domain rich in b sheets, separated by a divergent central part
[5]. Full-length IL-33 is released as a bioactive molecule mainly upon
necrotic cell death. Unlike IL-1B and IL-18, IL-33 exerts biological
activity as a full-length molecule. Inflammatory proteases such as
calpain, the neutrophil cathepsin G and elastase, and the mast cell
chymase and tryptase cleave IL-33 within its central domain and
generate more potent mature forms (18-21 kDa) [5]. In contrast, IL-
33 is inactivated by caspase-mediated cleavage at the IL-1-like
domain during apoptosis [5]. IL-33 stimulates ST2-expressing cells
such as ILC2s, mast cells, Tregs, Th2 cells, Thl cells, and CDS8T T
cells. IL-33 binds to ST2, and this complex activates IL-1RAcP, a key
molecule of IL-33 signaling shared with other IL-1 family members
(IL-1a, IL-1B, IL-36) [12]. The complex of IL-33/ST2/IL1RAcP
stimulates the signal through MyD88 adaptor, IRAK1 and IRAK4
kinases, and TRAF®6, leading to the activation of MAP kinases and
NF-kB [4, 9]

(Fig. 1). Unlike IL-1pB and IL-18, and similar to IL-1a, IL-
33 has biological activity as a full-length molecule [5].
Shorter mature forms encompassing the IL-1-like cytokine
domain are produced during inflammation. Inflammatory
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proteases such as calpain, the neutrophil cathepsin G and
elastase, and the mast cell chymase and tryptase cleave a
central part of IL-33 and generate more potent mature
forms (18-21 kDa) [2, 9, 18, 19] (Fig. 1). In contrast,
caspases (caspase 3 and 7) cleave and inactivate IL-33
during apoptosis [5]. This process is important to prevent
the excessive immune response after physiological pro-
grammed cell death (apoptosis), as opposed to pathological
cell death (necrosis) [20].

Although nucleus IL-33 has been considered to behave
as a transcriptional repressor [21], Bessa et al. found a
significant role of nuclear localization of IL-33 in main-
taining systemic immune homeostasis. They generated
mice harboring the mutation of the N-terminus of IL-33
(IL33"™Y* mice) [22]. These mice lack nuclear localization
of IL-33 and consequent chromatin association, and IL-33
is released from producing cells and influences systemic
organs. IL33™"" mice exhibited lethal inflammation
characterized by eosinophil-dominated immune cell infil-
tration of multiple organs. The profound inflammatory
responses were absent in ST2-deficient mice. These indi-
cated that nuclear localization of IL-33 is an important
cellular mechanism for preventing systemic inflammations
induced by IL-33 release. In contrast, it is likely that dis-
ruption of proper localization of IL-33 in the nucleus may
lead to chronic, non-resolving inflammation like IBD [22].

IL-33 does not possess a signal sequence which medi-
ates cytokine secretion through the ER-Golgi secretory
pathway [5]. However, several studies have demonstrated
that IL-33 is released from cells after exposure to extra-
cellular stimuli such as ATP, uric acid or intracellular
calcium inducer [23-25]. We observed that IL-1f and
tumor necrosis factor (TNF)-o induced a time- and dose-
dependent release and intracellular accumulation of IL-33
in human colonic myofibroblasts without an increase of
cell death [26]. In this study, IL-1B- and TNF-a-induced
IL-33 release was completely eliminated by treatment with
caspase-1 siRNA. These observations suggest that exces-
sively produced IL-33 may be intracellularly processed by
caspases and processed (inactive) IL-33 may be released
from the cells. This may be one of the mechanisms pre-
venting systemic and excessive immune responses.

IL-33 and IBD

The immunological backgrounds of ulcerative colitis (UC)
and Crohn’s disease (CD) have been reported to differ
somewhat [27], although some overlaps exist in immuno-
logical responses in these diseases. CD is characterized by
cytokines indicative of Th1 and Th17 polarization, whereas
UC has a cytokine profile more characteristic for Th2
polarization [27, 28]. Regarding IL-33, there are several
reports demonstrating that expression of IL-33 protein and

transcripts is upregulated preferentially in the inflamed
mucosa of UC patients [26, 29-32], suggesting an active
involvement of IL-33 in a prominent Th2 response of UC
patients. On the other hand, mucosal IL-33 expression of
CD patients has been reported to be comparable to that
observed in controls [26, 29, 31]. Thus, IL-33 may more
significantly contribute to UC than CD, but this should be
further investigated.

Although expression of IL-33 is increased in the active
mucosa of UC patients, it remains unclear whether IL-33
plays a causative role or not. Clinical observations suggest
that IL-33 plays a primarily role in the mucosal inflam-
mation of IBD as an alarmin which evokes a proinflam-
matory response. In this regard, previous studies of
experimental colitis have shown pathogenic and protective
roles of IL-33.

Sadhom et al. demonstrated that inhibition of IL-33
signaling by anti-ST2 antibodies ameliorated dextran
sodium sulfate (DSS)-induced colitis, and IL-33 injection
led to increase in epithelial permeability [33]. In other
studies, experimental colitis was exacerbated by IL-33
signaling and subsequent IL-33-induced Th2 responses
[34-36]. IL-33 injection exacerbated DSS-colitis via Th2
immune responses and inhibition of Th1 polarization [34].
The IL-33-induced aggravation of DSS-colitis was not
observed in IL-4-deficient mice, indicating an important
role of Th2 immune response in proinflammatory effect of
IL-33 [34]. IL-33 is a promoter of the differentiation of
Th9 cells, and IL-9 derived from Th9 cells may drive the
pathogenic Th2 immune responses associated with UC
[37].

On the other hand, several studies have demonstrated a
protective role of IL-33 in experimental colitis. Duan et al.
demonstrated that IL-33 injection substantially ameliorated
trinitrobenzene sulfonic acid (TNBS)-induced colitis. In
this study, the protective effect of IL-33 was partly asso-
ciated with prominent upregulation of Tregs, and depletion
of Tregs significantly abrogated the impact of the protec-
tive effects [38], indicating that the protective role of IL-33
is mediated by Treg induction. In other studies, IL-33 was
protective in colitis by inducing M2 macrophages which
generate high amounts of anti-inflammatory cytokines IL-
10 and TGF-B [39, 40]. In these mice, goblet cell differ-
entiation was also induced and this may be one of factors
associating with amelioration of colitis [40]. IL-33 stimu-
lates ILC2s and induces production of amphiregulin, a
growth factor of the EGF family, which intensifies
epithelial barrier and promotes tissue repair [41]. Thus,
these observations suggest that [L.-33 may play a protective
role in experimental colitis via activation of type 2 immune
responses and may lead to resolution of mucosal
inflammation.
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Collectively, experimental studies in IBD models have
demonstrated both pathogenic and protective roles of IL-
33. Furthermore, it is unclear whether abnormal IL-33
signaling primarily drives IBD pathophysiology or is a
consequent phenomenon to the mucosal inflammation. As
such, several matters concerning the basic and clinical
roles of IL-33 in the pathophysiology of IBD are yet to be
clarified.

IL-33 and intestinal fibrosis

Intestinal fibrosis is a long-term complication of IBD,
particularly of CD, frequently leading to narrowing of the
lumen that needs endoscopic dilatation or surgery [42]. IL-
33 activates key players in tissue fibrosis, such as Th2 cells
and ILC2 cells [9]. Type 2 cytokines derived from Th2
cells, such as IL-4, IL-5, and IL-13, induce various
pathological conditions of eosinophil infiltration, elevation
of mucous secretion, and tissue fibrosis [43]. ILC2 cells
also produce type 2 cytokines in an antigen independent
manner and participate in tissue fibrosis [6, 7]. IL-33-in-
duced IL-13 promotes collagen accumulation in IBD via
inhibition of matrix metalloproteinase synthesis in myofi-
broblasts [44]. In addition, we have previously observed
that IL-33 directly stimulates proliferation of human
myofibroblasts [13]. Consequently, IL-33 is involved in
intestinal fibrosis through induction of type 2 cytokines and
direct stimulation of myofibroblast growth.

Interleukin-36
IL-36 cytokine subfamily

IL-36 was initially discovered 20 years ago as a member of
the IL-1 cytokine superfamily [45—47]. It was identified
through the use of DNA database searches for homologs to
IL-1 [48, 49]. The IL-36 subfamily consists of four mem-
bers: IL-36a (IL-1F6), IL-36p (IL-1F8), IL-36y (IL-1F9),
and IL-36R antagonist (IL-36Ra, IL-1F5) [45-47]. IL-36q,
IL-36f, and IL-367y are agonistic cytokines and IL-36Ra is
a specific receptor antagonist [50]. Similar to other IL-1
family members such as IL-1b and IL-33, IL-36 cytokines
(IL-360, IL-36, and IL-367) are secreted as a biologically
inactive pro-IL-36 that changes to an active form by pro-
teolytic processing by neutrophil-derived proteases and
exerts its proinflammatory activity [50] (Fig. 2). IL-36a is
activated by elastase and cathepsin G, whereas IL-36f is
preferentially activated by cathepsin G and IL-36y by
either elastase or proteinase-3 [51]. Cleavage of their
N-termini by neutrophil-derived proteases results in a
greater than 1000-fold increase in their activity [52, 53].

@ Springer

Cleavage by Cathepsin,
Elastase, Proteinase

Prol3s
(inactive) . .
Pro- Cytokine domain
domain
Active IL-36

Cytokine domain

[ J [
.°. o0
o !o.. IL-36
[

IL-36Ra
® IL-38
Active IL-36 . .
1 % o 1 ) %
& = 9 ) =
0 - | -
4 4 = 4
=1 i ? =] 1 f =]
MyD88 No signal
NF-«<B MAPK
nmnn - » P i
#or— e~ ®
@ r o
Epithelial cells Fibroblasts DCs CD4* T cells

1. Chemokines 1
2. Pro-inflammatory
cytokines 1

1. Proliferation 1

2. Chemokines

3. Pro-inflammatory
cytokines 1

1. Chemokines t
2. Pro-inflammatory
cytokines t

Differentiation

Fig. 2 Activation and IL-36R signaling. The IL-36 family comprises
three agonistic ligands (IL-36a, IL-36f, and IL-367y) and one specific
receptor antagonist (IL-36Ra). IL-36 cytokines (IL-36a, IL-368, and
IL-367) are secreted as a biologically inactive pro-IL-36 that is
activated by proteolytic processing by neutrophil-derived proteases.
IL-36a is activated by elastase and cathepsin G, whereas IL-36f is
preferentially activated by cathepsin G and IL-36 y by either elastase
or proteinase-3 [51]. Cleavage of their N-termini results in a greater
than 1000-fold increase in their activity. IL-36Ra is also processed by
elastase and facilitates its anti-inflammatory activities. The complex
of IL-36/IL-36R/IL1RACcP induces the activation MyD88 adaptor,
leading to the activation of MAP kinases and NF-xB [4, 9]. IL-38
shares 43% homology with IL-36Ra, and also exerts anti-inflamma-
tory effects by antagonizing IL-36R

IL-36Ra is also processed by elastase and facilitates its
anti-inflammatory activities [54].

However, like other IL-1 cytokine families, IL-36 lacks
a signal sequence that can direct the newly synthesized
cytokines to the endoplasmic reticulum [55], and the
molecular mechanism underlying IL-36 secretion has not
fully been identified. Recent studies have reported that IL-
36 cytokines use a non-conventional secretion pathway
involving P2X7 receptor (R) and Gasdermin D pores
[55, 56]. Prolonged activation of P2X7R by ATP opens a
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non-selective pore in the plasma membrane, allowing the
passage of cytokines [56].

Each member of the IL-36 family binds to the IL-36R.
This engages IL-1RACcP as a co-receptor, and the IL-36R/
IL-1RACP complex facilitates downstream signaling via
NF-kB and mitogen-activated protein kinase (MAPK)
pathways [45, 48, 50, 57] (Fig. 2). Inhibitory molecules of
IL-36 signaling such as IL-36Ra and IL-38 also binds to
IL-36R and block IL-1RACcP recruitment, thereby inhibit-
ing activation of IL-36-mediated signaling cascades
[49, 58].

Biology of IL-36 cytokines

Under homeostasis, IL-36 cytokines are constitutively
expressed at a low level in various organs, including the
skin, intestine, lungs, and brain [50, 59, 60]. Under
inflammatory condition, IL-36 cytokines are mainly
secreted by a variety of cells including keratinocytes, T and
B cells, monocytes/macrophages, epithelial and fibroblastic
cells [50, 61-64]. We have previously reported that human
colonic myofibroblasts are cellular source of IL-36y in the
intestine [64]. In these cells, IL-36y was strongly induced
by the combination of IL-1p and TNF-a via activation of
MAPKSs and transcription factors, NF-kB and AP-1 [64]. In
macrophages/monocytes, IL-36 cytokines were induced in
response to toll-like receptor ligands, including
lipopolysaccharide (LPS), flagellin, CpG and poly I:C or
pro-inflammatory cytokines including IL-1a, IL-1p, inter-
feron (IFN)-y or IL-18 [50, 59, 65, 66]. Furthermore, epi-
dermal growth factors (EGFs) and fibroblast growth factors
(FGFs) have been shown as inducers of IL-36 cytokines
from epithelial and T cells [59, 67].

IL-36 cytokines have been reported to be involved in
both innate and adaptive immune responses. Previous
studies have shown that IL-36 cytokines stimulate dendritic
cells (DCs), macrophages, T cells, keratinocytes, epithelial
cells, and myofibroblasts [50, 57, 68, 69]. Murine and
human DCs express IL-36R and respond to IL-36 cytokines
(IL-36a, IL-36p, and IL-36y) and produce a wide range of
proinflammatory cytokines including IL-2, IL-23, IL-6, IL-
12, granulocyte/macrophage-colony stimulating factor
(GM-CSF) and TNF-a [70]. IL-36 cytokines also enhance
the expression of CD80, CD86, and MHC class II of DCs
[71]. Furthermore, IL-36 cytokines stimulate CD4 ™ T cells
and induce the production of IFN-vy, IL-4, and IL-17 [70].
IL-36a and IL-36y have been shown to promote the dif-
ferentiation of naive CD4™ T cells into Th1, Th17, and Th9
cells while simultaneously suppressing the development of
Tregs. [69, 72, 73].

In colonic epithelial cells, IL-36a and IL-36y, but not
IL-36f, induced expression of CXC chemokines (CXCL1,
CXCL2, CXCL3, CXCL6, and CXCLS8 etc.), other

inflammatory cytokines and mediators (IL-1f, IL-32, and
complement C3) [74]. These responses were mediated by
MyD88 adaptor proteins (MyD88, TRAF6, IRAKI, and
TAKI1), transcription factors (NF-xB and AP-1), and
MAPKSs [74]. In human colonic myofibroblasts, IL-36a and
IL-36y stimulated the secretion of IL-6 and CXC
chemokines (CXCL1, CXCL2, and CXCLS8) [75]. In
addition, the combination of IL-36 cytokines plus IL-17A
or of IL-36 cytokines plus TNF-o showed a synergistic
effect on the induction of IL-6 and CXC chemokines [75].

IL-36 and IBD

In the last 10 years, there has been an increasing number of
reports demonstrating the crucial role of IL-36 cytokines in
the context of IBD. These studies suggest that IL-36
cytokines are involved in the pathophysiology of IBD as
not only a pathogenic factor but also a protective factor
according to the phase of disease.

We observed upregulation of IL-36a and IL-36v, but not
IL-36f, in biopsy samples from the inflamed colonic
mucosa of patients with IBD, in particular UC [74].
Immunohistochemical analysis showed that T cells,
monocytes, and plasma cells were the cellular source of IL-
360 and IL-36v in colonic mucosa [74]. Similar observa-
tions have been made by other groups [72, 76], while
another group demonstrated an elevation of all IL-36
cytokines in the inflamed colonic mucosa of UC patients
[77]. Scheibe et al. reported that IL-36a was mainly pro-
duced by macrophages in active IBD mucosa, while the
intestinal epithelial cells expressed predominantly IL-36y
[78]. In the samples obtained from fibrotic tissue of IBD
patients, a strong elevation of IL-360 expression was
observed in correlation with the degree of inflammation
[79]. Taken together, these results indicated that expression
of IL-36, in particular IL360 and IL-36v, is increased in the
inflamed mucosa of patients with IBD.

Multiple studies of experimental colitis models have
provided evidence of a crucial role of IL-36 in IBD. DSS-
colitis was weakened in both IL-36R ™"~ mice and anti-IL-
36R neutralizing antibody-treated mice and led to an
increased survival rate, indicating a proinflammatory role
of IL-36R signaling [78]. Russell et al. reported that DSS-
colitis was improved in IL-36R™~ mice and this was
accompanied by reduced Thl response and enhanced Th17
response [72]. Similarly, a recent study reported that
intraperitoneal injection of IL-36f exacerbated DSS-colitis
via inhibition of Treg induction and increase of Th2
response [80].

In contrast, recovery of DSS-colitis was defective in IL-
36R™"~ mice with a marked reduction of IL-22 expression
[81]. Defective recovery in this model was overcome by
IL-22 restoration with an aryl hydrocarbon receptor agonist
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[81]. Since IL-22 mediates epithelial proliferation, resti-
tution, and mucosal protection by mucin secretion [82], IL-
36R signaling may be critical in the resolution of mucosal
damage via induction of IL-22 response. Consistently, IL-
36R- and IL-36y-deficient mice exhibited dramatically
reduced IL-23, IL-22, and antimicrobial peptide (AMP)
levels, and consequently failed to recover from acute
intestinal damage [83]. Impaired recovery of these mice
could be overcome by treatment with exogenous IL-23
with a restoration of IL-22 and AMP expression in the
colon [83], indicating a protective cytokine network
involving IL-36vy, IL-23, and IL-22 in the gut. Thus, IL-36
signaling has provided conflicting results with protective as
well as proinflammatory effects in acute DSS-colitis
models.

In the chronic colitis models induced by DSS and 2,4,6-
trinitrobenzene sulfonic acid (TNBS), mucosal inflamma-
tion was improved in IL-36R ™~ mice or by neutralizing
anti-IL-36R antibodies [79]. Oxazolone-induced colitis,
which is a Th2 colitis model mediated mainly by Th9
response, was improved in IL-36R™"~ and/or IL-36y '~
mice with reduction of mucosal IL-9-producing cells and
with an increased number of Tregs [73]. The observation of
chronic colitis models suggests a proinflammatory role of
IL-36 cytokines.

IL-36 and intestinal fibrosis

Recent studies have suggested that IL-36 cytokines
actively participate in intestinal fibrosis by regulating
immune cell recruitment and activation [50, 57, 79].
Scheibe et al. have extensively investigated the association
of IL-36 signaling with intestinal fibrosis [79], and have
shown an increased expression of type I and VI collagens
in the inflamed mucosa of IBD patients [79]. Fibrotic
changes were associated with higher expression of IL-36a
and a greater number of myofibroblasts. RNA sequencing
revealed the ability of IL-36 signaling to induce expression
of genes involved in the regulation of fibrosis and tissue
remodeling [79]. They also demonstrated that fibrotic
changes as well as colitis activity was less severe in IL-
36R™~ mice or in mice treated with anti-IL-36R anti-
bodies [79]. These findings collectively indicate a close
relationship between IL-36R signaling and chronic
inflammation and fibrosis in the gut.

The cellular source of IL-36 has been reported to be
intestinal fibroblasts, myofibroblasts, epithelial cells, and
macrophages [74, 78, 79]. Among them, macrophages are
considered to be its major source [79]. However, we have
previously shown that human colonic myofibroblasts pro-
duce high amounts of IL-36v in response to the stimuli of
IL-1PB or IL-1B plus TNF-a [64], suggesting an active role
of intestinal myofibroblasts in fibrosis via IL-36 secretion.
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Recent studies have suggested that IL-36R signaling
attenuates acute inflammation but may drive fibrosis in
chronic inflammation. Inflammation in chronic colitis may
be carried by activated fibroblasts exhibiting the myofi-
broblast phenotype, which produce profibrotic/inflamma-
tory cytokines, chemokines, and large amounts of
extracellular matrix [84].

Therapeutic approaches targeting IL.-36 signaling

The success of anti-TNF-o antibodies in the treatment of
IBD triggered a subsequent search and development of new
biologics targeting cytokines or cytokine signaling. How-
ever, some clinical trials of biologics targeting a single
cytokine, such as anti-IFN-vy, anti-IL-17A, and anti-IL-13
antibodies, have unfortunately failed in IBD [85-87]. This
suggests that inhibition of a single cytokine may be
insufficient to induce resolution of all cases of IBD,
whereas strategies targeting multiple inflammatory medi-
ators may be more effective and clinically beneficial to
IBD.

In this regard, IL-36 may be an attractive candidate as a
therapeutic target of IBD. As previously mentioned, IL-36
actively participate in the pathogenesis of IBD, with
increased expression in the inflamed mucosa of both CD
and UC patient. A blockade of IL-36R signaling effectively
suppressed severity of inflammation and fibrosis in exper-
imental colitis in mice. Furthermore, favorable therapeutic
effects of spesolimab (BI655130), a monoclonal antibody
against the IL-36R, have been demonstrated in patients
with generalized pustular psoriasis [88]. Based on these
backgrounds, several clinical studies of spesolimab in IBD
are ongoing. In the first study, the efficacy of spesolimab
on anal fistulas was investigated in CD patients
(NCT03752970) [89]. The efficacy of spesolimab is being
evaluated in UC patients who experienced primarily or
secondary failure to TNF antagonists or vedolizumab
(NCTO03482635) [90]. In addition, the efficacy of a com-
bination of spesolimab and TNFo antagonists on achieve-
ment of mucosal healing is under investigation in UC
patients (NCT03123120) °'. Furthermore, an open-labeled
phase 2 trial evaluating long-term safety and efficacy of
spesolimab is ongoing in UC patients (NCT03648541) °2,

Simultaneous blocking of multiple IL-1 family cytoki-
nes may be more appropriate for preventing compensatory
responses induced by single cytokine blocking. Recently, it
has been reported that a monoclonal antibody against
human IL-1RAcP (IL-1R3) can block the signaling of six
IL-1 family members including IL-1B and IL-36 [93].
Blocking IL-1R3 inhibited IL-36-driven Th1 responses and
revealed a wide-range anti-inflammatory effect. Since
several IL-1 family members are involved in the
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IL-38

Fig. 3 Immunofluorescence pictures for IL-38 protein expression in
the active mucosa of UC patients. IL-38 was green and CD19 (B
cells) was red. Double positive cells were detected as yellow in the

pathogenesis of IBD, IL-1R3 blockade may be a potential
option for therapeutic intervention [93].

Broad-range blocking of IL-36R signaling may possess
pros and cons. Inhibition of their proinflammatory activity
is beneficial, but there are potentially detrimental effects,
such as disruption of mucosal barrier, impairment of tissue
repair and host protection. Therefore, the biologics that
targeting a single IL-36 ligand may be ideal, since the roles
of IL-36 cytokines are different in early and late stages of
IBD.

Interleukin-38

IL-38 (IL-1F10) shares 37% of DNA sequence with IL-1R
antagonist (IL-1Ra) and 43% with IL-36R antagonist (IL-
36Ra) [94, 95]. Anti-inflammatory effects of IL-38 are
associated with its antagonizing activity to IL-36R and IL-
1R [96] (Fig. 2). IL-38 has been reported to be involved in
the pathophysiology of various inflammatory disorders
[97-103]. IL-38 precursor is a molecular weight of 16.9 kD
[96], and its biological activity is dependent on N-terminal
processing [104]. IL-36-induced CXCLS8 secretion is
inhibited by IL-38 in mononuclear cells and keratinocytes
[98, 105].

We have recently demonstrated that the IL-38 expres-
sion is increased in the active mucosa of UC patients [106]
and a similar observation has been made by Xie et al. [77].
The major cellular source of IL-38 was B cells in the active
mucosa of UC patients [77, 106] (Fig. 3). IL-38 suppressed
the IL-36y-induced mRNA expression of chemokines
(CXCLI1, CXCL2, and CXCLS) in colonic epithelial cell
lines with blockade of activation of NF-kxB and MAPKs
[106]. Furthermore, DSS-colitis was deteriorated in IL-
387" mice [106, 107], and this was supported by Xie et al.
where IL-38 injection leads to a suppression of DSS-colitis
with reduced mucosal expression of IL-1 and TNF-a [77].
IL-38 is an anti-inflammatory cytokine and may be a pro-
tective factor in the pathogenesis of IBD.

merged panel. Original magnification is x 400. This picture is a
modified version of our previous report [106] and used under the
permission by the society for free radical research Japan

Conclusion

Recent progress in biomedical research has introduced several
biological tools targeting cytokines and cytokine signaling in
the actual clinical setting of IBD. However, cytokine networks
involved in the pathogenesis of IBD may be extremely com-
plicated and even new biologics exert favorable clinical
effects only in certain groups of IBD patients. The IL-1 family
cytokines described in this review are involved in the patho-
genesis of IBD as potent modulators of mucosal immunity.
These cytokines are characterized by the dichotomous roles as
exacerbators and inhibitors of inflammation, and may be
factors contributing to a complexity of the cytokine networks
in IBD. For the realization of novel biologics targeting these
cytokines, further studies are required to define the molecular
mechanisms determining their behavior in mucosal inflam-
mation across different stages of disease.
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