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Abstract

Inflammatory bowel disease (IBD) is a chronic
inflammatory disease thought to be mediated by the
microbiota of the intestinal lumen and inappropriate
immune responses. Aberrant immune responses can
cause secretion of harmful cytokines that destroy the
epithelium of the gastrointestinal tract, leading to
further inflammation. Interleukin (IL)-22 is a member
of the IL-10 family of cytokines that was recently
discovered to be mainly produced by both adaptive
and innate immune cells. Several cytokines and many
of the transcriptional factors and T regulatory cells are
known to regulate IL-22 expression through activation
of signal transducer and activator of transcription 3
signaling cascades. This cytokine induces antimicrobial
molecules and proliferative and antiapoptotic
pathways, which help prevent tissue damage and aid
in its repair. All of these processes play a beneficial
role in IBD by enhancing intestinal barrier integrity
and epithelial innate immunity. In this review, we
discuss recent progress in the involvement of IL-22
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in the pathogenesis of IBD, as well as its therapeutic
potential.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: Interleukin (IL)-22 is expressed by adaptive
immune system cells and innate lymphocytes.
Several cytokines and many transcriptional factors
and T regulatory cells can regulate IL-22 expression.
Through activation of signal transducer and activator
of transcription 3 signaling cascades, IL-22 induces
antimicrobial, proliferative and antiapoptotic pathways,
which can help fix damaged tissue and promote tissue
repair mechanisms. IL-22 is also associated with
inflammatory bowel disease (IBD) susceptibility genes
that regulate inflammatory responses in tissues. All of
these processes play crucial roles in IBD pathogenesis
and collectively provide an important rationale for the
development of novel therapeutic measures for this
disease.
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INTRODUCTION

Inflammatory bowel disease (IBD) is a group of
inflammatory conditions of the small intestine and colon,
and includes Crohn’s disease (CD) and ulcerative colitis
(UC). Despite extensive research efforts, however, the
etiology of IBD remains unclear. The current opinion
about IBD pathogenesis is that the disease results from
interactions between environmental factors, mainly
microbes of the intestinal lumen and their products,
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and dysregulation of immune responses in genetically
susceptible individuals". Certain harsh environments
that may affect barrier integrity (to increase barrier
permeability to luminal macromolecular substances,
such as protein antigens and microbial products) and
over-absorption of luminal microbial products (which
has been ascribed to a number of mucosal pathologies)
can lead to an over-activation of immune system, thus
resulting in mucosal inflammation'.

Interleukin (IL)-22, a member of the IL-10 cytokine
family which is composed of IL-10, IL-19, 1L-20, IL.-24
and 126", is expressed by both the cells of the innate
immune system [such as dendritic cells (DCs), lymphoid
tissue inducer (LTi)-like cells and natural killer (NK)
cells) as well as on the surface of adaptive lymphocytes
(including CD4" T cell subsets, CD8" T cells and so on)".
Several cytokines [such as IL-23, IL-6, tumor necrosis
factor (INF) a, IL-1B, transforming growth factor (TGF)
B and IL-17), many of the transcriptional factors (signal
transducer and activator of transcription (STAT) 3, RAR-
related orphan receptor (ROR) yt and aryl hydrocarbon
receptor (AhR)]™ and T regulatory cells (Tregs) are
known for their regulation of IL-22 expression .
Through activation of the Jak-STAT signal transduction
pathway, 1L.-22 induces proliferative and anti-apoptotic
pathways, as well as the production of antimicrobial
peptides, which help prevent tissue destruction and assist
in its repair and restoration'”. T1.-22 is also associated with
IBD susceptibility genes that are crucial for regulating
tissue responses during inflammation™. All of these
processes play critical roles in the pathogenesis of IBD.
In recent years, it was demonstrated that treatment with
recombinant cytokine or gene therapy involving 11.-22
can suppress the inflammatory response and alleviate
tissue injury[g’gl. Thus, these findings suggest that further
research focused on IL-22 may elucidate the underlying
mechanisms of IBD and facilitate the development of
novel effective, targeted therapeutic approaches for IBD.

This review focuses on I1.-22 and its functional role in
IBD.

IL-22
IL-22 signaling

The IL-22 receptor is a heterodimer composed of
1L-22 receptor 1 (IL-22R1) and IL-10 receptor 2 (IL-
10R2)". TL-10R2 is ubiquitously expressed by most
cell types, while the expression of IL-22R1 is limited
to nonhematopoietic cells (such as hepatic cells,
pancreatic cells, kidney cells, epithelial cells, and skin
keratinocytes)""'", Therefore, the expression profile of
IL-22R1 determines how I1.-22 specifically targets innate
cell populations, and not adaptive immune cells"?.
STAT3, STAT1 (in a relatively small number of
cells) and STAT5 (in certain cells) were shown to be
activated after 11.-22 stimulation'"”. Further analysis
has also demonstrated that IL-22 signaling propagates
downstream phosphorylation signals, including several
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of the mitogen-activated protein kinase (MAPK)
pathways (extracellular signal-regulated kinase (ERK)1/2,
MEK1/2, C-Jun N-terminal kinase (JNK), and p38
kinase), and STAT1, STAT3 and STATS5 by utilizing
Janus kinase (JAK)1 and tyrosine protein kinase (T'Y. K2
(Figure 1). The capacity of IL-22 to activate JNK,
ERK1/2 and p38 MAPK pathways has been implicated
in liver diseases"". Moreover, the strong activation
of ILL.-22 to stimulate STAT3 has been confirmed in
human colon cancer cell lines, human colonic biopsy, as
well as the primary mouse colonic epithelial cells"™",
In fact, a recent study has shown that, compared with
IL-6, I1.-22 has a stronger ability to activate STAT3"".
Pickert ez /'™ have demonstrated that in dextran sulfate
sodium (DSS)-induced colitis, the activation of epithelial
STAT3 is more dependent on 11.-22 than on I1L.-6, a
well known activator of STAT3. This is due to 11.-22R1
utilizing its constituent C-terminal tail to interact with
the coiled-coil domain of STAT3, which has been to
conformed in a recent discovery as a novel mechanism
to activate STAT3". Similar to other IL.-10 family
cytokines, IL.-22 primarily relies on STAT3 to mediate its
functions. Binding of cytokines to this receptor results
in the activation of STAT3 signaling pathways, which in
turn leads to the induction and production of various
tissue-specific genes, including serum amyloid A (SAA),
antimicrobial proteins (-defensin, Reg3c and lipocalin-2)
and mucins. Meanwhile, I1.-22 also induces proliferative
and antiapoptotic pathways in some responsive cells of

.. 10,20
certain tlssues[ ‘.

Cellular sources of IL-22

Basu ¢ al”" have suggested that both innate lymphoid
cells (ILCs) and T cells produce IL-22. They showed that
IL-22 produced by ILCs was strictly IL-23-dependent,
and that the development of I1.-22 induced by CD4"
T cells was via an 1L-6-dependent mechanism that
was augmented by IL-23 and was dependent on both
transcription factors T-bet and AhR. At the same time,
Wolk ez al” confirmed that activation of murine T cells,
especially T helper (Th) 1 cells, mainly express 1L-22.
A novel Th subset - the Th17 cells - was identified
in 2005%** I1.-17 (or 1L-17A), a hallmark cytokine
preferentially expressed by Th17 cells, distinguishes
these cells from other Th subsets, such as Tregs, Thl
and Th2 cells™. Th17 cells play an essential role in host
defense, especially against extracellular bacteria and other
infectious bacteria, and are involved in the pathogenesis

. . . [26,27]
of various autoimmune diseases .

The level of IL-22 produced by Th17 cells is much
higher than that of the production from undifferentiated
ThO cells or Thl cells. However, the expression and
regulation of IL-22 and IL-17 produced in T cells are
unparalleled. Researchers have discovered that IL-6 and
TGEP are both required for inducing I.-17 expression
in naive T cells, yet IL-6 alone can sufficiently promote
the expression of 1L-22 1n fact, TGFp has been
shown to suppresses IL-22 production in a dose-
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Figure 1 Interleukin-22 signaling pathway. IL-22 binds to a heterodimeric receptor composed of IL-10R2 and IL-22R1, activating JAK1 and TYK2, which self-
phosphorylate, resulting in binding and phosphorylation of STAT3. Then, STAT3 translocates to the nucleus and induces target genes. IL: Interleukin; JAK: Janus
kinase; TYK: Tyrosine protein kinase; STAT: Signal transducer and activator of transcription.

dependent manner™. Through activation by anti-CD3

or concanavalin A (ConA), human T cells can produce
IL-22"Y. Based on studies using the lineage marker
chemokine CC receptor (CCR) 6 and CCR4, human
Th17 cells produced in vitro or purified ex vivo from
blood were shown to preferentially express L2271,
Moreover, I11.-17- and I1L-22-expressing cells in human
peripheral blood mononuclear cells (PBMCs) are
defined by another surface maker, CD161"". The above-
mentioned Th17 cells can produce 1L.-22 and 1L.-17; in
addition, CD161" human CD8" T cells can also generate
these two cytokines”,

Recent studies have also demonstrated a unique cell
subset, designated as the IL-22-producing CD4+ Th
subset, in human peripheral blood, which expresses
neither IL-17 nor interferon (IFN)—y[36'38]. In skin, these
cells mainly express CCR10. Moreover, the human IL-
22-producing T cells can also be generated from naive
CD4" T cells in the presence of IL-6, rather than TGE,
which is consistent with what has been reported in the
mouse systernm. Human Langerhans cells are able to
differentiate T cells into the only IL-22-producing Th
cells in vitro™.

The human innate immune cell types, such as NK
and LTi cells, can also produce IL-22"* In addition to
CD4" T cells, the Th17 cells, CD8" T cells and NK T
cells also express high levels of IL-22 upon activation,
especially when activation occurs along with IL-23
intervention”*. Recently, LTi cells and developmentally-
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related NK-like cells (NK22), which express the NK
marker NKp46, were demonstrated to be the main innate
sources of IL-22 expression, especially in the intestinal
tract!™. Treatment of NK cells with IL-2 and I1.-12
was shown to lead to expression of IL-22" Human
immature NK cells, defined as CD161°CD117"°CD34
CD94 cells, express both IL-22 and AhR™. The
equivalent NKp46+ NK-like cells in mice have been
found to be developmentally linked to LT1 cells™*™*,
Finally, subsets of myeloid cells express the IL-23
receptor (IL-23R) and combine with IL-23 to release
lower levels of IL—ZZMQ’SO]; those cells that produce high
levels of IL.-22 may be the major cells of IL-22 origin in
mucosal immunity. In contrast to the IL-22 produced by
leukocytes, such I1.-22 targets mainly tissue epithelial cells
rather than immune cells”". Although expression of IL-
10R2 is widespread, IL-22R1 expression has only been
detected on epithelial cells. Upon binding to its receptors
on the surface of these epithelial cells, IL.-22 produces an
accelerating effect on the proliferation and differentiation
of these cells, and induces these cells to express genes
involved in host defense and wound-healing responses[szl.
These cellular functions of I1.-22 underlie its crucial
role in epithelial barrier defense, especially against
invading extracellular bacteria. In fact, in a preclinical
model of mucosal immune responses to Gram-negative
bacteria, such as Klebsiella pneumoniae and Citrobacter
rodentinm, 11.-22. played an indispensable role™. Moreover,
I1.-22 is associated with the development of various
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human autoimmune diseases”. The expression of IL-22
is unregulated in autoimmune diseases, such as IBD,
rheumatoid arthritis and psotiasis. 11.-23 appears to be
a principal inducer of IL-22 in Th17, NK or NK-like
cells, suggesting that I1.-22 acts a pivotal mediator in IL-
23-dependent immune reactions in skin and mucosal
epithelia by stimulating innate antimicrobial responses as

well as promoting tissue repair™.

Regulation of IL-22 expression

I1.-23 is a member of the IL-12 cytokine family, and
its stimulation of activated T cells induces IL.-22
expression[54]. Research has found that /234" and 22"
mice are both highly susceptible to infection with
extracellular Gram-negative bacteria, suggesting that a
critical function of I1.-23 in infection is to induce 11.-22
expression[55’56]. Additionally, I1.-23 has been found to be
important in the terminal differentiation of Th17 cells,
assisting in their proliferation and effector functions™.
Therefore, the ability of 11.-23 to enhance Th17 cell
proliferation appears to be linked to IL-22 expression.

In addition to IL-23, other cytokines have been
found to regulate the expression of IL-22. In cultures
of purified naive murine CD4" T cells, IL-6 and T cell
receptor (TCR) stimulation, or IL-6, TNFq, IL-1
and TCR stimulation, was sufficient to induce I1.-22
expression[sn. Increasing concentrations of TGFf
dose-dependently inhibited IL-22 expression while
maintaining stable IL-17A expression. It has recently
been demonstrated that IL-17A can partially inhibit the
expression of IL-22 from Th17 cells i# vitro and in vivo,
indicating that Th17 cell-associated IL-17A can also
negatively regulate 11.-22 expression. IL-22 expression in
yOT cells can also be induced independently of 11.-23 and
TCR stimulation by IL-1f, as well as Toll-like receptor
(TLR) 1, TLR2, and dectin-1 ligands[54’58].

Similar to cytokine-mediated regulation of IL-22,
many of the transcriptional factors are known for
regulation of IL-22 expression. STAT3 is critically
involved in the induction of IL-22 expression in
T cells®”. Similarly, RORyt, a lineage-specifying
transcription factor for the differentiation of Th17 cells,
is also required for optimal expression of IL.-22. STAT3
and RORyt both control expression of IL-23R, and this
regulation may account for their ability to promote 11.-22
production in Th17 cells. Therefore, many of the same
transcription factors involved in Th17 cell differentiation
are also required for IL-22 expression in CD4" T cells™.
In addition, AhR is a ligand-dependent transcription
factor that is best known for its role in mediating toxicity
to the organic compound dioxin. AhR also partially
contributes to the differentiation of Th17 cells and is
required for expression of 1L.-22, thus linking I1.-22 and
Th17 cells to toxicity following exposure to different
environmental compounds®’. A number of IL.-22-
producing innate cell populations have also been found to
express STAT3, RORyt and AhR, yet the involvement of
these transcription factors in regulating I1.-22 expression
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in innate cell populations has yet to be examined™ (Figure
2).

Recent studies have demonstrated a close relationship
between CD4+Foxp3+ Tregs and proinflammatory IL-
17-producing Th17 cells expressing the lineage-specific
transcription factor RORyt. It has been shown that
IL-17-secreting PoxpfS+ T cells that express RORyt
share features of conventional ROR}(t+ Th17 cells.
However, RORyt Foxp3™ Tregs mostly fail to secrete
IL-22 after photrbol 12-myristate 13-acetate/ionomycin
stimulation!”. Foxp3 transcription factor binding sites
(TFBSs) in the I1.-22 promoter restrain RORyt Foxp3”
T cells to produce IL.-22 at the transcriptional level™.
Despite the decreased expression of 1L-22 in Foxp3+
Tregs, it has been found that Tregs can promote naive
T cell differentiation. In a mouse model of infection
with oral Candida albicans, Foxp3+ Tregs were shown to
powerfully promote the transition of naive CD4" T cells
to responding CD4" cells (Tresps)®”. Tresps markedly
produce IL-22. Therefore, there is the possibility that
Tregs can regulate the expression of IL-22.

IL-22 IN PATHOGENESIS OF IBD

IL-22 regulates intestinal barrier immunity

The IL-22 signaling pathway is activated through a
heterogeneous receptor complex composed of two
subunits, I1.-22R1 and IL-10R2"". Although T1.-10R2
is widely expressed on almost all of the cell types, the
expression of IL-22R1 is restricted to the surfaces
of nonhematopoietic cells such as epithelial cells,
hepatocytes and keratinocytes'*”. This limited expression
of IL-22R1 on nonhematopoietic cells allows 11.-22 to
specifically target innate cell populations within such
tissues as the skin, kidney, digestive tract and respiratory
systems!™. A wide variety of innate and adaptive immune
cells, including CD4" T cells, and most notably Th17
and Th22 cells, CD8" T cells, LTi cells, NK cells and
DCs, can produce IL-22, Upon binding to the IL-
22R1 and IL-10R2 receptor complex, these cells produce
IL-22 to activate receptor-associated JAK1 and TYK2,
resulting in tyrosine phosphorylation of STAT3™.
This in turn allows I1.-22 to induce different kinds of
tissue-specific genes, including those encoding proteins
involved in antimicrobial defense, cellular differentiation,
and expression of mucins; a large, heavily glycosylated
family of proteins in the gastrointestinal tract forms a
protective layer, which serves to separate commensal

bacteria from pathogenic bacteria in the epithelium layer,
thereby minimizing the immune response' . Through the
production of antimicrobial peptides, enhancement of
epithelial regeneration, and regulation of wound healing,
IL-22 plays a particularly vital role in regulating intestinal
inflammatory responsesmj. Furthermore, a direct
effect of IL-22 on colonic epithelium is proliferation
of epithelial cells, which maintains the integrity of the
intestinal epithelium.

Recent studies have focused on possible protective
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Figure 2 Protective function of interleukin-22 in inflammatory bowel disease. In the intestine, innate and adaptive immune cells, cytokines and many of the
transcriptional factors can induce and regulate expression of IL-22. Through activation of STAT3 signaling cascades, IL-22 induces antimicrobial molecules and
proliferative and antiapoptotic pathways, and helps regenerate goblet cells and produce mucin proteins, which could prevent tissue damage and aid in its repair. IL:

Interleukin; STAT: Signal transducer and activator of transcription.

effects of IL.-22 in IBD, and have used several DSS-
induced as well as Th1- and Th2-mediated colitis
mouse models”™. In the DSS-induced colitis model,
feeding mice DSS causes disruption of the intestinal
epithelial barrier, leading to colitis within 1 wk. In IL-22
knockout mice ot wild-type (WT) mice, administration of
neutralizing anti-IL-22 antibodies leads to more extensive
epithelial destruction and inflammation in the colon,
more severe weight loss, and more impaired recovery
compared to the DSS-induced acute colitis model. In
addition, T cells from IL-227 mice or IL.-22-deficient
mice cause a mote severe colitis in the T cell transfer
model of IBD'™. In a Th1-cytokine-mediated model of
colitis, expression of 1L.-22 by CD4" T cells is crucial for
relief of disease severity. Sugimoto e a/™ showed that
receipt of supplemental I1L-22 leads to rapid amelioration
of local intestinal inflammation in the colons of Th2-
mediated chronic colitis. I1.-22 knockout mice showed
delayed recovery from DSS-induced acute colonic injury.
Treatment with neutralizing anti-IL.-22 antibodies also
impaired the recovery of WT mice. Finally, in 11.-22-
deficient and RAG1-deficient double knockout mice,
lacking both T and B cells, no recovery was observed' .
I1.-22 gene delivery mediates STAT3 activation
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specifically within colonic epithelial cells and enhances
reconstitution of goblet cells and production of mucus,
thereby reinforcing the mucus barrier function within the
gastroenterology tract . In DSS-induced acute colonic
injury, recovery is significantly impaired and delayed in
IL-23R-deficient and RAG2-deficient double knockout
mice lacking of 11.-22 expression, and treatment with
recombinant T1.-22 rescues the recovery in these mice”.
Pancreatic cells produce TGFf and I1.-10 upon IL-22
stimulation, which can inhibit IFN-y production,
facilitating relief of intestinal injury. These mouse models
of colitis suggest that IL.-22 plays a protective role in
IBD through its ability to improve the integrity of the
mucosal barrier and enhance the inherent epithelial
defense function.

IL-22 responses to intestinal pathogens

In addition to maintaining the mucosal barrier function
in the gastrointestinal tract, IL.-22 induces genes to
encode anti-microbial proteins involved in bacterial
defense and protection of intestinal mucosa, suggesting
a role for IL-22 against extracellular bacteria in the
innate immune system. CD and UC are thought to be
driven by an abnormal immune response to the intestinal
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flora™. However, since intestinal dysbacteriosis is also
a characteristic of IBD pathogenesis, it is difficult to
determine whether there is an inflaimmatory response
to abnormal flora or if an abnormal inflammatory
response is altering the microbial communities'®'.
Intestinal flora, as an environmental factor, may be
associated with genetic susceptibility that alters the
interactions between ourselves and our microbiome.
The first major susceptibility gene discovered for CD is
NOD?2 (or CARD15), which is known as a receptor for
bacterial peptidoglycan (PGN)™; another susceptibility
gene, ATG16L1, has been shown to be critical for
autophagy'™'. The intestinal flora may also lead to
disorders of intestinal lymphoid cell subsets, such as
Th17 cells and innate lymphocytes, which are important
for regulating mucosal immunitym]. Although there have
been numerous studies investigating stool samples of
and mucosa-associated bacteria in IBD patients, there
has been a lack of consensus between the associations
obsetrved in these studies™.

Although extensive changes have been reported,
such as expansion of the Profeobacteria phylum in IBD
patientsM, only few specific associations have been
reproducibly identified. Although the causes of changes
in microbiota species that can trigger IBD remain
unclear, and studies on this subject are continuing, the
general theme observed so far is that the diversity of
microbial communities is significantly decreased in
IBD™. There have also been repeated observations
of the microbiota composition being disrupted during
inflammation, resulting in dysbiosis that may induce or
perpetuate the inflammatory condition. However, both
host genotype and the environment have major impacts
on the shape of such dysbiosis, as well as upon which
members of the microbiota can stimulate pathogenic
immune responseslg(’].

By promoting the maintenance of intestinal
epithelial barrier function, IL-22 can prevent the
spread of pathogenic microorganisms in the gut, such
as enteropathogens, including Citrobacter rodentium
and Salmonella typhimurium (enteric ecotype) in the
gastrointestinal tract, thereby limiting bacterial growth.
Tregs promote IL-22-dependent clearance of fungi
during acute Candida albicans infection®”™. In addition,
IL-22 can help to eliminate pathogenic microorganisms
by inducing various anti-microbial proteins (Figure 2).
1L-22 has already been confirmed as a regulator of
the expression of antimicrobial proteins such as the
S100 family proteins (S100A7, SI00A8 and S100A9),
B-defensin family proteins (B-defensins BD2 and BD3),
Reg family proteins (Regllla, Reglllb and Regllic) and
lipocalin-2**""". These proteins may be important in the
control of gut pathogens. IL-22 plays a protective role in
the host inflammatory response to microbial infections
or in promoting the release of inflammatory mediators,
depending on the type of pathogenic microorganisms
causing the infection.

Song et al” showed that 1L-22 plays an crucial role
in host defense immunity against infection with the
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Gram-negative enteric bacteria Citrobacter rodentinm, as
an inducer of the expression of antibacterial peptides in
colonic epithelial cells. The protective effect of IL-22 in
systemic infections caused by Salmonella enterica has been
demonstrated. IL.-23-dependent I1.-22 was required for
both liver cells’ survival and pathogen defense against
systemic Sa/monella infection in mice, especially when
accompanied by decreased production of 1L.-12",

IL-22 is not only able to protect our intestine
against bacterial pathogens, but also plays a protective
role in intestinal fungal infections with Candida albicans.
Compared with infected WT mice, I1L-22 knockout mice
infected with Candida albicans hyphae intragastrically had
a higher fungal burden and showed signs of more severe
mucosal inflammatory hyperplasia in the stomach and
colon” . These results indicate that I1.-22 serves as a
protective guardian in regulating inflammatory responses
and maintaining mucosal barrier integrity in a variety
of intestinal infections. However, I1.-22 has also been
shown to promote intestinal inflammation in parasite
infection"”. Toxoplasma gondii-infected 11.-22 knockout
mice and mice whose 1L.-22 was neutralized with an
anti-IL-22 monoclonal antibody developed significantly
less intestinal pathology and had less weight loss and
mortality, despite having similar parasite burdens to
infected WT mice. Perhaps the strongly skewed Th1
immune response caused by the Toxoplasma gondii
infection may explain this difference.

As mentioned above, IL-22 produced by Th17 cells
can be regulated by the gut microbiota. Different from
the neutrophil induction response of 1L-17, IL-22 serves
an important role in tissue repair during mucosal immune
system response[%l. Regardless, the relationship between
the intestinal microbiota and IL-22-producing cells is
extremely close. Most notably, it was recently shown that
IL-22-producing innate lymphocytes play a crucial role in
preventing systemic inflammation by inhibiting systemic
dissemination of commensal bacteria™”. Sonnenberg
et al’" administrated Ragl’/’ mice a neutralizing anti-
IL-22 monoclonal antibody, and found that the signs
of systemic inflammation increased as did levels of
lipopolysaccharide (ILPS); in addition, bacteria could be
cultured from the spleens and livers of these mice. The
disseminated commensal bacteria were subsequently
identified as Alaligenes sp.

Therefore, together with the protective role against
IBD, IL.-22 also serves as a mucosal protector and plays a
critical role in separating our intestinal tract from our gut
flora. Under gut homeostatic conditions, viable bacterial
pathogens are sampled by DCs that carry them to the
mesenteric lymph nodes and these microbes do not
disseminate systemically to secondary lymphoid tissues,
indicating that a mesenteric guardian may act in concert

with a mucosal firewall to distinguish intestinal bacteria™,

IL-22 in tissue protection, regeneration and wound
healing

In addition to its antibacterial activity, IL.-22 can enhance
the survival and proliferation of epithelial cells for
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tissue differentiation and healing[gg]. 11.-22 induces the
expression of antiapoptotic proteins, including Bcl-xL,
Bel-2 and Mcl-1, as well as proteins directly involved in
cell cycle and proliferation, such as c-Myc, cyclin D1, Rb2
and CDK4, and anti-inflammatory or protective proteins,
such as IL-11 and follistatin"""*. Moreover, I1.-22
has been shown to be capable of stimulating a colonic
cancer cell line to express a molecule termed deleted in
malignant brain tumor 1 (DMBT1), which may play a
vital role in the differentiation of epithelial cells"™, 11.-22
has also been shown to induce Regla, which serves
as a trophic and antiapoptotic factor in the inflamed
colon of UC patients. Recent research has determined
that, through the activation of STAT3, IL-22 can
induce the proliferation and reconstruction of mucosal
epithelial cells in the intestinal tract!". This increased
healing response can further prevent the penetration of
microorganisms into the intestinal epithelial layers.

IL-22 is associated with IBD susceptible genes

An attractive biological feature of 11.-22 is its functional
association with some major IBD susceptibility genes.
Interaction of IL-23 with IL-23R has been implicated
in the development of IL-22-producing innate cells,
including ILCs, LTi cells and NK cells* and in
the maintenance of IL-22-producing Th17 cells"">"",
Functional polymorphisms of the IL-23R gene have
been negatively correlated with development of both CD
and UC""™"" 11.-22 is located within 2 UC-tisk locus on
chromosome 12q15[m7]. 11.-22 can be combined with its
receptors that are composed of IL-10R2 and IL-22R1.
Polymorphisms of #170r2 are positively associated with
both CD and UC"",

Binding of I1.-22 with its cognate receptor induces
rapid activation of STAT3 through JAK1 and TYK2.
Stat3, jakl and tyk2 are all well-defined susceptibility
genes of CD and, to a lesser extent, of uCc”™™, STAT3
activation stimulates epithelial cells to produce Mucl. A
recent genome-wide association study proposed muzucl
as a potential candidate gene associated with cp",
In addition, genome-wide association analysis of IBD
patients has identified gene mutations involved in
encoding II.-22 and the IL-10R2 subunit of the IL-22R

[110,111]
complex .

IL-22 AS A POTENTIAL THERAPUTIC
FOR IBD

Due to its crucial roles in regulating barrier immunity and
antimicrobiota, IL.-22 may have therapeutic potential for
IBD. Understanding the various mechanisms of IL-22
in regulating immunity, together with development of
immunosuppressive drugs, may open up a new path for
the future treatment of IBD.

Treatment with recombinant cytokine or gene
therapy delivery of IL-22 may alleviate tissue damage
during inflammatory responses. Suppressing the immune
system zia anti-inflammatory treatments, such as TNFo
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inhibition, can lead to unwanted dampening of the
immune response, impairing the ability of its response
to infection. However, 1L.-22 is an ideal therapeutic
candidate because it specifically affects tissue responses
and does not have direct effects on the immune
response. 1L-22 has produced the expected results in an
experimental animal model of IBD. Administration of a
more specific targeting agent of 1L-22 »ia microinjection
of an IL-22 DNA vaccine into alteady inflamed colonic
tissues of mice with IBD has been shown to lead to
reduce infiltration of inflammatory cells as well as to
increase number of goblet cells"™. This enhances the
production of mucin, thereby buffering the colonic
epithelium from commensal bacteria that may otherwise
Initiate an immune response. Andoh ez 4" did not find
IL-22 expression in the gut mucosa of patients with
infectious colitis. It seems that I1.-22 plays a protective
systemic role in CD""™ and a protective local role in
Uuc!"™>" 1t should be mentioned at this point that
recently, Leppkes ez al"" demonstrated that the adoptive
transfer of I1.-22-deficient T cells into RAG1-deficient
mice caused severe colitis that was indistinguishable from
that caused by transferred WT cells.

Genome-wide linkage analysis of IBD patients has
identified gene mutations involved in encoding I1L.-22
and the subunit complex of IL-10R2 and IL-22R1"Y,
The IL-22R complex is highly expressed within the
gastrointestinal tract and in the inflamed colon; 1L-22 is
expressed by CD4" T cells, likely Th17 cells, and innate
lymphocytes, such as NK cells and LTi-like cells. Using
different experimental models of IBD - DSS-induced
colitis, which is thought to be mainly driven by innate
immune response cells, and CD4 CD45RB™" T cell-
mediated colitis, in which naive T' cells devoid of Tregs
are transferred into T cell-deficient mice where they
proliferate unimpeded leading to colitis - 1L-22 has been
shown to be protective[“s’m]. Furthermore, Strengell
et al'™ showed that 11.-22 can be therapeutic in IBD;
gene therapy transfer of the I1.-22 gene into the colons
of already inflamed mice resulted in amelioration of
inflammation. In addition, the authors reported that
in vive gene delivery of IL-22 attenuates Th2-mediated
colitis and regulates the expression of genes related to
mucus layer formation"”.

Some existing biologic therapies are also able to
mediate effects on 1L.-22 expression in patients. Anti-
TNFo antibodies (such as infliximab) and the anti-1L-6
antibody toclizumab have been used to treat IBD. Th22
cells depend on TNFq for differentiation; therefore, both
Th17 and Th22 cells depend on IL-6 for differentiation,
and they can indirectly decrease 1L-22 expression in
patients to treat IBD"*', Lastly, ustekinumab is able to
target both IL-12 and IL.-23 and therefore prevent the
differentiation of Thl, Th17 and Th22 cells, eliminating
several sources of IL-22; this drug is currently being
studied in Phase IM clinical trials of CD"*. The
treatments mentioned above suppress inflammation by
indirect inhibition of 11.-22.
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CONCLUSION

1L.-22 plays a critical role in the regeneration of damaged

epithelial monolayers and stimulates antimicrobial peptide

generation. Importantly, the ability of I1.-22 to promote
intestinal wound healing and proliferation of intestinal
epithelial cells in mice and humans has been reproducibly
demonstrated by independent groups using different
experimental methods, and recent advances in genome-
wide association studies have led to results suggesting
that the 1L-22 pathway is closely related to some major

IBD susceptibility genes. These collective findings

cleatly highlight IL.-22 as a promising target for IBD

therapy. Therefore, further extensive research on I1L-22 is
necessary to bring about novel and practical interventions
for improving the quality of life of patients with IBD in

a safe and effective way. Further understanding of the

regulation and function of IL-22 would certainly play a

favorable role in the future treatment of IBD.
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