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Abstract

Acute pancreatitis (AP) is a disorder characterized
by parenchymal injury of the pancreas controlled by
immune cell-mediated inflammation. AP remains a
significant challenge in the clinic due to a lack of specific
and effective treatment. Knowledge of the complex
mechanisms that regulate the inflammatory response in
AP is needed for the development of new approaches
to treatment, since immune cell-derived inflammatory
cytokines have been recognized to play critical roles in
the pathogenesis of the disease. Recent studies have
shown that interleukin (IL)-22, a cytokine secreted by
leukocytes, when applied in the severe animal models
of AP, protects against the inflammation-mediated
acinar injury. In contrast, in a mild AP model, endogen-
ous IL-22 has been found to be a predominantly anti-
inflammatory mediator that inhibits inflammatory cell
infiltration via the induction of Reg3 proteins in acinar
cells, but does not protect against acinar injury in the
early stage of AP. However, constitutively over-expressed
IL-22 can prevent the initial acinar injury caused by
excessive autophagy through the induction of the anti-
autophagic proteins Bcl-2 and Bcl-X.. Thus IL-22 plays
different roles in AP depending on the severity of the AP
model. This review focuses on these recently reported
findings for the purpose of better understanding IL-22's
regulatory roles in AP which could help to develop a
novel therapeutic strategy.

Key words: Interleukin-22; Acute pancreatitis; Cytokine;
Inflammatory response; Acinar cell
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Core tip: Interleukin (IL)-22 has been recognized as a
potential therapeutic agent for acute pancreatitis (AP)
treatment due to its discovered beneficial effects in
inflammatory diseases. However, according to recent
publications and our results, IL-22 appears to have
differential effects in AP depending on the severity of
the disorder. In this review we discuss the different
regulatory mechanisms of IL-22 in mild and severe AP
models in order to promote development of an effective
and efficient therapeutic approach.
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INTRODUCTION

Despite recent improvements in the management of
acute pancreatitis (AP), it remains a persistent challenge
in clinical medicine™. In the United States, AP is the
leading cause of hospitalizations among gastrointestinal
diseases with a mortality rate which ranges from 3%
to 17%. This is largely because of the unpredictable
outcome early in AP, and the lack of a specific and
effective treatment to block the inflammatory injury in
AP®*, Knowledge of the complex inflammatory regul-
ation in AP is required to provide a basis for developing
new strategies in the management of AP.

The inflammation in AP is initiated by local acinar cell
injury caused by ductal obstruction, bile salts, ethanol
or hyperlipidemia. The injured acinar cells release
inflammatory mediators which activate immune cells in
the pancreas and induce inflammatory cell infiltration to
promote the tissue repair™. However, if the local injury
cannot be resolved, escalated cytokine production by
activated immune cells may bring about more severe
inflammatory damage in the pancreas'. When the pro-
inflammatory response is not sufficiently countered
by an anti-inflammatory mechanism, a cascade of
inflammatory reactions can lead to a systemic response
and result in multiple organ dysfunction syndrome
(MODS)™®”). Thus cytokines control the evolution of AP
by mediating the progression of the pathogenesis in AP.
It is known that tumor necrosis factor (TNF), interleukin
(IL)-1, IL-6, IL-8, platelet activating factor and
chemokines are major pro-inflammatory cytokines in
AP, whereas IL-10 is an anti-inflammatory mediator'*®.
Recently, IL-22, a member of the IL-10 family, has
been described as a key protector in rodent AP models,
suggesting a potential therapeutic approach for AP
patients by targeting IL-221,

IL-22 is produced by T helper 17 cells, y5 T cells, NKT
cells and innate lymphoid cells (ILCs). Unlike other cyto-
kines that act on both immune and non-immune cells,
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IL-22 has no effect on immune cells but primarily targets
cells of epithelial origin due to the restrictive expression
of its receptor™™**?, The IL-22 receptor is a heterodimer
composed of IL-22R1 and IL-10R2. While IL-10R2 is
ubiquitously expressed, IL-22R1 is predominantly limited
to epithelial cells, with its highest expression found
in pancreatic acinar cells’®'***!, The main function of
IL-22 is to regulate the host defense at barrier surfaces.
However, in diseases of different organs and tissues, it
can be either protective or pathogenid****'¢”), 11-22 has
been reported to be tissue protective in pancreas®™,
liver'®2® intestine™2* and lung®*"*", However, in
psoriasisi* ™! and arthritis!***’!, dysregulated expression
of IL-22 is pro-inflammatory and involved in the patho-
genesis of the diseases. In addition, IL-22 has been
found to have tumorigenic potential due to its ability to
activate STAT3 signaling™***** In AP, IL-22 appears
to be involved in the pathogenesis in different animal
models, but has disparate effects depending on the
severity of the inflammation. As studies of the potential
role of IL22 in AP prognosis are still currently lacking, in
this review we focus on the different regulatory mech-
anisms of IL-22 in mild and severe AP models in order
to help develop an effective and efficient therapeutic
approach.

EXPRESSION OF IL-22 AND THE IL-22

RECEPTOR IN AP

It has been shown that IL-22 is produced by the resident
CD4" T cells in normal pancreas. However, in the late
stages of AP, the production of IL-22 was found to be
reduced when the numbers of IL-22 producing CD4"
T cells were significantly decreased in the pancreas.
On the contrary, ILCs, another type of IL-22 producing
cell, were highly increased in inflamed pancreas and
partially restored the IL-22 production®®. ILCs normally
reside in the gut-associated lymphoid tissue to mediate
mucosal immunity in the intestine™*. Increased num-
bers of ILCs in inflamed pancreas suggest a possible
migration of ILCs from the intestine after the onset
of AP®l. In support of the activation of intestinal ILCs
in AP, we found that shortly after the AP induction
by cerulein overstimulation in the mouse, increased
IL-22 transcription was detected in intestinal tissues
but not in the pancreas or spleen (Figure 1). Cerulein-
induced secreted bile in the intestine is likely associated
with IL-22 expression in ILCs, as administration of
biliverdin, a major pigment in bile in the intestine®,
significantly increased pancreatic IL-22 levels and ILCs
via activation of the aryl hydrocarbon receptor, a ligand-
dependent transcription factor for IL-22 expression in
leukocytes™>*. Thus intestinal ILCs could provide an
important source of pancreatic IL-22 in AP. Interestingly,
IL-22 produced by intestinal ILCs has also been found
to regulate the selective containment of lymphoid-
resident bacteria to prevent systemic inflammation®?.,
However, it is unknown whether the failed containment
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Figure 1 Increased interleukin-22 mRNA expression in small intestine in the early stage of acute pancreatitis. IL-22 mRNA levels in the tissues of pancreas,
small intestine and spleen at 2 h after the induction of cerulein-AP were analyzed by real-time RT-PCR. In contrast to the pancreas and spleen, only the small intestine
has increased IL-22 mRNA expression in the AP mice compared to the control mice. *t-test, P < 0.05. IL: Interleukin; AP: Acute pancreatitis; RT-PCR: Reverse

transcription polymerase chain reaction.

of such lymphoid-resident bacteria is associated with
the development of pancreatitis.

In contrast to IL-22, the expression of IL-22R1
on acinar cells is significantly increased in the acute
phase of AP®®), While the mechanism that regulates IL-
22R1 expression in acinar cells is unknown, it has been
shown that intra-peritoneal administration of LPS in
mice increased IL-22R1 mRNA levels in liver, kidney and
lung®®. Thus it is possible that IL-22R1 behaves like
an acute-phase protein whose expression is induced
in response to the stress or injury in acinar cells, and
then decreased in the late stage of AP®!. Another study,
however, showed that the IL-22R1 level was down-
regulated by IL-22 in keratinocytes. This was because
miR-197, a transcriptional inhibitor of IL-22R1, is actually
up-regulated by IL-22%"), Given the opposite changes
in expression of IL-22 and IL-22R1 in the inflamed
pancreas®!, the altered expression of IL-22R1 by IL-22
cannot be excluded.

DIFFERENT BENEFICIAL ROLES OF IL-22

IN AP

The beneficial effects of IL-22 appear to be dependent
on the severity of AP as well as on the timing of IL-22’s
activity in AP. In a model of mild AP induced by cerulein,
administration of IL-22 or constitutively over-expressing
IL-22 before AP onset prevented the AP induction.
However, in the same study, IL-22 deficiency did not
worsen the acinar damage!™l. Similarly, using the
same AP model, we observed that IL-22 knockout mice
had less acinar cell injury but significantly increased
inflammatory cell infiltration in the pancreas compared
to the control mice (Figure 2). In contrast to mild AP,
in models of severe AP, IL-22 administration following
AP onset significantly ameliorated the injury in the
pancreas®'”’. Consistently, blocking endogenous IL-22
with an anti-IL-22 antibody worsened pancreatic injury
in the severe AP model®. These seemingly conflicting
effects of IL-22 in mild and severe AP actually suggest
the existence of different regulatory mechanisms by
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IL-22 in AP of different levels of severity.

INCREASED IL-22 INHIBITS EXCESSIVE
AUTOPHAGY IN ACINAR CELLS AND
RESULTS IN RESISTANCE TO AP
INDUCTION

Recent evidence has suggested that excessive autop-
hagy leads to premature trypsinogen activation which
initiates the acinar damage in AP®®*\, Interestingly, it
has been shown that genetically over-expressed IL-22
inhibited autophagosome formation in acinar cells and
makes mice resistant to cerulein-induced AP™", This is
associated with the increased levels of the anti-autop-
hagic proteins Bcl-2 and Bcl-Xt detected in the pancreas
of IL-22 transgenic mice!'!l. Expressions of Bcl-2 and
Bcl-X. are likely regulated by IL-22 in these mice since
the transcription of Bcl-2 and Bcl-X. is regulated by
STAT3"™, a signaling molecule known to be activated
by IL-22%%73>42%0 " Gimilar resistance to AP induction
has also been observed in mice to which IL-22 was
administrated before AP onset™. Thus it appears that
when the level of IL-22 is higher than normal it blocks
cerulein-induced excessive autophagy in acinar cells,
and thereby prevents the initiation of acinar injury in
AP. However, this protective mechanism of IL-22 may
not affect acinar survival after the initial acute phase in
severe AP, when the acinar injury is mainly associated
with cytokine-mediated inflammation rather than exces-
sive autophagy™".

PHSYOLOGICAL IL-22 BLOCKS
INFLAMMATORY INFILTRATION V/A THE

INDUCTION OF REG3S IN AP

The Reg3 family includes Reg3a, Reg3p and Reg3y.
These are also known as pancreatitis associated
proteins (PAP2, PAP1 and PAP3 respectively). Reg3s
are evolutionarily conserved C-type lectin-like proteins
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Figure 2 Interleukin-22 deficiency results in reduced acinar injury and increased inflammatory infiltration that are reversed by the administration of Reg3
proteins. In the upper panel of Figure 2A, H and E staining of pancreatic tissues shows that in mild AP, IL-22" mice have reduced tissue damage but increased
inflammatory cell infiltration compared to IL-22" mice. These changes in IL-22" mice can be reversed by intravenous administration of Rege. and RegB. The lower
panel in Figure 2A represents comparative severity of edema, acinar injury and inflammatory cell infiltration among the pancreata in the IL-22"", IL-22" and Reg3s
treated IL-22" mice. Consistent with the histology study, Figure 2B shows that IL-22" mice have reduced serum amylase and lipase levels in AP that could be restored
by the administration of Reg3s. “t-test, P < 0.05. IL: Interleukin; AP: Acute pancreatitis.

that are most abundantly produced by pancreatic acinar
cells in AP, but are almost undetectable in the normal
pancreast®*®*, In addition to pancreatic acinar cells,
Reg3 proteins are also found in a-cells of Langerhans
islets®®, intestine®*%%% brain”®’*!, hepatocellular
carcinomas'®®”? and pancreatic cancers”>”*. Our labor-
atory has reported that Reg3 proteins protect against
pancreatic acinar cell injury, since inhibition of their
expression by either antisense DNA oligos or RNAI
exacerbated experimental necrotizing AP induced by
sodium taurocholate’®>7’?!,

IL-22 signaling is required for up-regulating Reg3
expression in cerulein-induced AP as we have deter-
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mined that pancreatic Reg3 levels were significantly
reduced in IL-22 deficient mice (Figure 3). In line with
this, according to our unpublished observation, the
expressions of Reg3 proteins were induced coincidentally
with the peak expression of IL-22R1 in cerulein AP®,
IL-22 likely regulates Reg3 expression via STAT3 in
acinar cells. This is because that STAT3 is known to
be activated by IL-22 in acinar cells®**!, and that
STAT3 has been found to be required for the induction
of Reg3p in APY®, Interestingly the study of Reg3p
knockout mice showed reduced acinar injury but more
severe inflammatory infiltration in cerulein-induced
mild APY”), This phenotype is almost identical to that
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Figure 3 Reduced levels of Reg3 proteins in the pancreas of interleukin-22
deficient mice in acute pancreatitis. Western blot analysis of pancreatic tissues
shows reduced levels of Reg3a, Reg3p and Reg3y in IL-22" mice compared
to IL-22" mice in cerulein-induced acute pancreatitis. IL: Interleukin; GAPDH:
Glyceraldehyde-3-phosphate dehydrogenase.

observed in IL-22 deficient mice. Importantly, we found
that the reduced acinar injury in IL-22 knockout mice
could be made worse by intravenous administration of
recombinant Reg3a and Reg3p (Figure 2). Additionally,
similar to IL-22™®!, endogenous Reg3 proteins have
been found to be required to inhibit inflammatory cell
infiltration in severe AP as well®>”, Thus we conclude
that IL-22 inhibits inflammation in AP via induction
of Reg3 proteins. It is noteworthy that in addition to
pancreatic acinar cells, Reg3s serve as downstream
effectors of IL-22 in intestinal epithelial cells. It has been
shown that in the intestine, IL-22-induced expression of
Reg3p and Reg3y contributes to IL-22’s role in the innate
immunity against C. rodentium®®,

The anti-inflammatory activities of IL-22 and Reg3
in severe AP are consistent with their roles in tissue
protection. On the other hand, despite their inhibition
of inflammatory cell infiltration, IL.-22 and Reg3 appear
to make tissue injury worse in mild APY”! (Figure 2).
One possible explanation of these adverse effects in
mild AP could be that their restriction of inflammatory
cell infiltration leads to a reduction in the number of
protective inflammatory cells such as M2 and hemin-
activated macrophages in the pancreas’®’, If this is
so, it suggests that the inflammatory infiltrates in mild
AP are composed of some cells with distinctly different
functions than those in severe AP, in agreement with the
finding of different types of peritoneal inflammatory cells
in AP of different degrees of severity®™. An alternative
explanation is that the detrimental effects of IL-22 and
Reg3 in mild AP may be related to their anti-apoptotic
activity which leads to a “destructive” necrosis rather
than a “clean” apoptosis of injured acinar cells in mild
AP,

ADMINISTRATION OF IL-22 PROTECTS
AGAINST INFLAMMATORY INJURY IN
SEVERE AP

In models of severe AP, IL-22 administration has been
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found to be tissue protective™'”. This is at least partially
contributed by its anti-inflammatory activity, since
reduced IL-22 serum levels were found to be associated
with lung injury in a necrotizing AP model induced by
sodium taurocholate'. In addition, IL-22 administration
not only alleviated the tissue damage in the pancreas
but also rescued lung injury mediated by the systemic
inflammatory response in the CDE (choline-deficient
diet supplemented with DL-ethionine) AP model®™. This
is also in keeping with the lack of protection against
acinar injury by endogenous IL-22 in mild AP where the
acinar injury is largely the result of pathogenic factors
other than inflammationt®>*%4,

In addition to its anti-inflammatory activity, the
potential protective role of the interplay of IL-22 with
other cytokines that are highly induced in severe but not
mild AP may also help to explain IL-22’s beneficial effects
in severe AP. TNF-o. is a pro-inflammatory cytokine that
was found to be involved in AP pathogenesis and highly
induced in severe AP patients®®®!. Recent evidence,
however, showed that the TNF-a. expression profiles
between the severe AP patients with and without MODS
are different®, Another study claims that less TNF-o
induction predicts the development of MODS and a
fatal outcome in severe AP patients’®, suggesting an
essential protective role of TNF-o in severe AP but with
an undetermined mechanism. Interestingly, it has been
shown that IL-22 and TNF-a synergistically conserve
the integrity of the epidermal barrier in a skin infection
model®, It is thus possible that the interplay between
IL-22 and TNF-a could have a significant protective
role in severe AP as well. In addition, IL-17, a pro-
inflammatory cytokine involved in the development
of necrotizing AP in rats as well as in severe AP in
patients™ ¥ may also coordinate IL-22 function in
AP, since it has been shown that the pathological vs
protective functions of IL-22 in airway inflammation
were regulated by IL-17A®™. Furthermore, IL-22 and
IL-17 cooperatively enhance antimicrobial activity in
keratinocytes®, Thus the protective function of IL-22
could be linked to other cytokines which are highly
expressed in severe AP.

IL-22 IS A POTENTIAL THERAPEUTIC
TARGET FOR AP TREATMENT

Immune modulation presents promising possibilities for
AP treatment, since the balance between pro- and anti-
inflammatory responses determines the progression
and outcome of AP?”, Many immune modulating stra-
tegies have been developed by either inhibiting pro-
inflammatory cytokines or strengthening the effects of
anti-inflammatory mediators. Although many of these
strategies have been proven to be beneficial in AP
animal models, their therapeutic effects in AP patients
have been far from satisfactory. This could be due to the
difficulties in clinical translation of animal experimental
data, poor understanding of the regulation of inflam-
mation, or the need for multimodal approachest. Thus
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in order to achieve convincing therapeutic effects in
patients, a more thorough and practical strategy that
targets multiple inflammatory mediators is needed to
be able to control the network of inflammation in AP.

The restrictive expression of IL-22R1 on cells of
epithelial origin limits the effects of IL-22 in the body.
This makes IL-22 an ideal target for drug development.
Given that IL-22 has either pathogenic or beneficial
effects depending on the inflammatory diseases,
both anti-IL-22 antibody and recombinant IL-22 have
been developed for inhibiting or strengthening IL-22
signaling respectively™”***3, For example, ILV-094, an
anti-IL-22 antibody that blocks IL-22 activity, is being
tested in a phase II clinical trial for the treatment
of atopic dermatitis; while, IL-22 IgG2-Fc, a human
recombinant IL-22 developed for grade II-IV lower GI
acute graft-vs-host disease, is also in a phase 1I clinical
trial®®. Recombinant IL-22 is a potential therapeutic
agent for severe AP patients, since animal studies
have proven that IL-22 administration after the onset
of AP protects against inflammatory injury in different
severe AP models®®'?. Interestingly, even in a mouse
model of chronic pancreatitis, IL-22 derived from an
adenovirus vector ameliorates the pancreatic tissue
injury™"!, It is noteworthy, however, that long-term
application of IL-22 that maintains a higher than normal
IL-22 level in the body is limited by its potential role in
tumorigenesis! >4,

CONCLUSION

Treatment of severe AP by temporally strengthening
IL-22 signaling in acinar cells is an attractive concept
supported by several independent studies of animal
AP. The highest expression level of the IL-22 receptor
on acinar cells strengthens IL-22 signaling in AP. This
enables the acinar cells to abundantly produce Reg3s
to combat inflammatory cell infiltration, and other pro-
survival mediators to protect against tissue injury.
However, in order to prepare IL-22 as a therapeutic
agent for AP treatment, more thorough research is
needed to comprehend the detailed mechanisms of IL-
22-mediated anti-inflammatory and tissue protective
mechanisms in severe AP, particularly the interplay
of IL-22 with other pro-inflammatory cytokines. This
will enable the development of a complex immune-
modulating strategy to effectively control the cytokine-
orchestrated inflammation network in severe AP.
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