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Aryl Hydrocarbon Receptor Ligands in Cigarette Smoke Induce
Production of Interleukin-22 to Promote Pancreatic Fibrosis in
Models of Chronic Pancreatitis

Jing Xuel3* Qinglan Zhao3", Vishal Sharma3, Linh P. Nguyen?3, Yvonne N. Lee3, Kim L.
Pham3, Mouad Edderkaoui?, Stephen J. Pandol?, Walter Park3, and Aida Habtezion3
1State Key Laboratory of Oncogenes and Related Genes, Stem Cell Research Center, Ren Ji
Hospital, School of Medicine, Shanghai Jiao Tong University, Shanghai, China

2Cedars-Sinai Medical Center and Department of Veterans Affairs, Los Angeles, California

3Division of Gastroenterology and Hepatology, Stanford University School of Medicine, Stanford,
California

Abstract

BACKGROUND & AIMS—Cigarette smoke has been identified as an independent risk factor for
chronic pancreatitis (CP). Little is known about the mechanisms by which smoking promotes
development of CP. We assessed the effects of aryl hydrocarbon receptor (AhR) ligands found in
cigarette smoke on immune cell activation in humans and pancreatic fibrosis in animal models of
CP.

METHODS—We obtained serum samples from patients with CP treated at Stanford University
hospital and healthy individuals (controls) and isolated CD4* T cells. Levels of interleukin-22
(IL22) were measured by enzyme-linked immunosorbent assay and smoking histories were
collected. T cells from healthy nonsmokers and smokers were stimulated and incubated with AhR
agonists (2,3,7,8-tetrachlorodibenzo-p-dioxin or benzo[a]pyrene) or antagonists and analyzed by
flow cytometry. Mice were given intraperitoneal injections of caerulein or saline, with or without
lipopolysaccharide, to induce CP. Some mice were given intraperitoneal injections of AhR
agonists at the start of caerulein injection, with or without an antibody against IL22 (anti-1L22)
starting 2 weeks after the first caerulein injection, or recombinant mouse IL22 or vehicle (control)
intraperitoneally 4 weeks after the first caerulein injection. Mice were exposed to normal air or
cigarette smoke for 6 h/d for 7 weeks and expression of AhR gene targets was measured.
Pancreata were collected from all mice and analyzed by histology and quantitative reverse
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transcription polymerase chain reaction. Pancreatic stellate cells and T cells were isolated and
studied using immunoblot, immunofluorescence, flow cytometry, and enzyme-linked
immunosorbent analyses.

RESULTS—Miice given AhR agonists developed more severe pancreatic fibrosis (based on
decreased pancreas size, histology, and increased expression of fibrosis-associated genes) than
mice not given agonists after caerulein injection. In mice given saline instead of caerulein, AhR
ligands did not induce fibrosis. Pancreatic T cells from mice given AhR agonists and caerulein
were activated and expressed 1L22, but not IL17 or interferon gamma. Human T cells exposed to
AR agonists up-regulated expression of IL22. In mice given anti-1L22, pancreatic fibrosis did not
progress, whereas mice given recombinant IL22 had a smaller pancreas and increased fibrosis.
Pancreatic stellate cells isolated from mouse and human pancreata expressed the IL22 receptor
IL22RAL. Incubation of the pancreatic stellate cells with 1L22 induced their expression of the
extracellular matrix genes fibronectin 1 and collagen type | al chain, but not a2 smooth muscle
actin or transforming growth factor—g. Serum samples from smokers had significantly higher
levels of 1L22 than those from nonsmokers.

CONCLUSIONS—ANhR ligands found in cigarette smoke increase the severity of pancreatic
fibrosis in mouse models of pancreatitis via up-regulation of 1L22. This pathway might be targeted
for treatment of CP and serve as a biomarker of disease.

Keywords

TCDD; BaP; Immune Regulation; PSC; CP

Chronic pancreatitis (CP) is a progressive inflammatory disease of the pancreas with gradual
fibrotic replacement of the gland.1-2 Heavy and prolonged alcohol use is a common cause of
CP, and most patients experience recurrent episodes of acute pancreatitis for several years
before developing CP.34 Interestingly, only 3% of alcoholics develop CP, implying the
presence of co-factors that amplify the effect of alcohol. Indeed, several studies have found
smoking to be an independent risk factor for CP and its negative effects are additive with
alcohol, accelerating CP progression,>—2 but the mechanisms remain elusive.

Pancreatic stellate cells (PSCs) are responsible for producing fibrous tissue in CP and could
be activated by alcohol and cytokines released by injured acinar cells or local recruited
leukocytes. Just recently, an in vitro study determined that PSCs could be activated by
clinically relevant concentrations of cigarette smoke component, nicotine-derived
nitrosamine ketone, and that PSCs express the nicotinic acetylcholine receptors, indicating a
potential mechanism for smoking-induced CP progression.8

Besides nicotine, cigarette smoke also contains aryl hydrocarbon receptor (AhR) agonists,
such as dioxin and benzo(a)pyrene (BaP).10:11 In addition, cigarette smoke was found to
have an unexpectedly high dioxin-like potential that triggers AhR activation.12 In the past
several years, AhR has been established as a critical ligand-dependent transcription factor
involved in the regulation of the immune system, such as T-cell differentiation and dendritic
cell function. Therefore, we sought to investigate the role of AhR ligands in cigarette smoke
on immune activation and the pathogenesis of CP.
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In this study, we investigated the effects of 2 well-described AhR ligands present in cigarette
smoke on immune signaling and pancreatic fibrosis. The ligands led to leukocyte AhR
activation and induced interleukin (IL) 22 generation, which promoted fibrosis in
experimental CP. AhR deficiency had a protective role and IL22 neutralization suppressed
pancreatic fibrosis. Importantly, PSCs had a functional I1L22 receptor and up-regulated
extracellular matrix (ECM) gene expression in response to exogenous 1L.22, both in vitro
and in vivo. Interestingly, CP patients have higher circulating 1L22 levels compared with
healthy subjects. Among the CP patients, smokers had significantly higher circulating 1L22
levels relative to non- or ex-smokers, further strengthening the link between smoking and
IL22, as well as providing a potential immune target and biomarker for CP.

Material and Methods

Mice and Treatments

All animal protocols were approved by Institutional Animal Care and Use Committees of
Stanford University. All mice including Balb/c, C57BL/6J, and AhRY were purchased from
Jackson Laboratory (Bar Harbor, ME) and were housed under pathogen-free conditions.
Experimental mice were age- and sex-matched. Bone marrow (BM) chimeric mice were
generated by lethally irradiating mice with 9.5 Gy y-radiation in 2 doses approximately 3
hours apart, followed by intravenous injection of 5 x 106 BM cells from wild-type (WT) or
AhRY mice. Chimeric mice were left to engraft for at least 8 weeks before further
experimental manipulation. CP was induced by repetitive caerulein injections! with or
without lipopolysaccharide (LPS).14 In brief, mice were given 6 hourly intraperitoneal
injections of 50 1g/kg body weight caerulein (Sigma-Aldrich, St Louis, MO) 3 days per
week, for a total of 4 or 6 weeks. Where indicated, control mice were injected with saline
(instead of caerulein). In the caerulein + LPS model, LPS (3 mg/kg) was given once a week
as an intraperitoneal injection 1 hour after the last dose of caerulein. Mice were then
sacrificed and analyzed 3 days after the last caerulein injection.

Mice were given 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) (1 or 10 pg/kg, weekly;
AccuStandard Inc, New Haven, CT) intraperitoneally with or without BaP (5 or 25 mg/kg,
daily; Sigma-Aldrich) orally at the start of caerulein injection for 4 weeks. For a neutralizing
experiment, mice were treated with 2 weeks of isotype control or anti-IL22 (alL22, 150 g/
mouse, 3 times/week; Genentech, South San Francisco, CA) together with TCDD (given
weekly) starting at 2 weeks after first caerulein injection (ie, anti-IL22 treatment started at 2
weeks and after establishment of CP). Murine recombinant IL22 (r1L22) (100 ng/mouse, 5
times per week; Miltenyi Biotec, Bergisch Gladbach, Germany) or vehicle control was
administrated intraperitoneally to mice at 4 weeks after first caerulein injection and mice
were euthanized at 6 weeks. Pancreas from normal mice exposed to normal air or cigarette
smoke for 6 h/ d for 7 weeks as described previously® were used for Western blot or
qualitative reverse transcription polymerase chain reaction.

Human Samples

Serum from healthy subjects and CP patients were obtained from Stanford Hospital with
Institutional Review Board approval and patient consent.
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Mice were euthanized by CO, inhalation, and then pancreata were removed rapidly.
Pancreas pieces were immediately fixed in 10% formalin, and then fixed tissues were
sectioned and used for H&E and Trichrome or Sirius Red staining (performed by Histo-Tec
Laboratory, Hayward, CA). Fibrotic area was quantified based on Sirus Red staining and
Image J software analysis.

Quantitative Reverse Transcription Polymerase Chain Reaction

Total pancreas or isolated cells were lysed with Trizol reagent (Invitrogen, Carlsbad, CA) for
total RNA preparation according to manufacturer’s instructions. Briefly, complementary
DNA was generated using GoScript reverse transcription system (Promega, Madison, WI).
Quantitative polymerase chain reaction was performed with an ABI Step One Platform
(Applied Biosystems, Carlsbad, CA) using designed specific TagMan probes and primers, as
described previously.13 Transcripts levels were normalized to housekeeping gene Gapah and
displayed as fold induction over untreated controls unless otherwise stated.

Cell Preparation

Pancreatic leukocytes were isolated using collagenase digestion method as described
previously for flow cytometry analysis.13:16 PSCs from CP mice or human surgical
specimens were isolated by outgrowth method as described.13 Murine PSCs were cultured in
Dulbecco’s modified Eagle medium/F12 (1:1) containing 10% fetal bovine serum and were
ready for use after the second passage.

In Vitro T-Cell Differentiation

Human peripheral blood mononuclear cells were isolated from buffy coat (blood bank) or
blood from volunteer healthy smokers or nonsmokers by Ficoll-Hypaque density gradient
centrifugation, and then naive CD4* (from buffy coat) or total CD4* (from smoker or
nonsmoker healthy volunteer blood) T cells were purified with magnetic beads (Miltenyi
Biotec) and cultured at 10° cells per well in 96-well round bottom plates. Enriched T cells
were then stimulated for 5 days using plate-bound antibody to CD3 (1 tg/mL) plus soluble
antibody to CD28 (2 rg/mL), together with indicated concentration of AhR agonists or
antagonists.

Flow Cytometry

For surface staining, cells were stained with antibody to the following markers: CD45.2,
CD4, CD19, NK1.1 CD11b, F4/80, CD44, and CD45RB (BioLegend, San Diego, CA). For
intracellular cytokine staining, immediately after isolation, cells were cultured in RPMI
complete medium and stimulated with phorbol myristate acetate (50 ng/mL) and ionomycin
(1 pg/mL) in the presence of brefeldin A (10 pg/mL; eBioscience, San Diego, CA) for 4
hours. Cells were washed and subjected to surface staining. Cells were then fixed and
permeabilized using eBioscience kit following manufacturer’s guidelines. Mouse
phycoerythrin-1L22 (eBioscience), allophycocyanin-IL17a (BioLegend), AF700-interferon
gamma (BD, San Jose, CA), and matched isotype controls were used for intracellular
staining. For human T-cell intracellular staining, phycoerythrin-1L22, allophycocyanin-
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IL17a, and AF700-interferon gamma antibodies were all from BioLegend. Dead cells were
excluded from analysis using violet viability stain (Invitrogen). Flow cytometry data
collection was performed on Fortessa LSRII (BD) and analyzed using FlowJo software (Tree
Star, Inc, Ashland, OR).

Western Blotting, Immunofluorescence, and Enzyme-Linked Immunosorbent Assay

Primary PSCs were treated with murine rIL22 and homogenized in RIPA buffer containing
protein inhibitors and analyzed by Western blot, as described previously.18 Antibodies to
IL22RA1, a—smooth muscle actin (aSMA; Abcam, Cambridge, MA), signal transducers
and activators of transcription (STAT) 3, and phosphorylated STAT3 (Cell Signaling
Technologies, Danvers, MA) were used. Antibodies to CYP1al (Novus Biologicals,
Littleton, CO), B-tubulin (Cell Signaling Technologies), and actin (Sigma) were used in
blots of pancreas homogenate from air- or cigarette smoke—exposed mice.
Immunofluorescence staining for IL22RA1 and aSMA was performed according to
manufacturer’s guideline and analyzed using confocal microscope. Serum samples from
healthy subjects and CP patients were analyzed using enzyme-linked immunosorbent assay
kit for human IL22 detection (eBioscience).

Statistical Analysis

Results

One-way analysis of variance with Tukey’s post-hoc test was used to determine statistical
significance between multiple groups unless otherwise indicated. Unpaired Student #test
was used to determine statistical significance between 2 groups and P value <.05 was
considered significant. Values are expressed as mean = SEM or mean + SD (Prism 5,
GraphPad Software, San Diego, CA). Unless indicated, results are from at least 2-3
independent experiments with >4 mice per group.

Aryl Hydrocarbon Receptor Activation Worsens Fibrosis in Chronic Pancreatitis

Cigarette smoking is an independent risk factor for accelerating CP,52 however, the
mechanism remains elusive. Cigarette smoke contains AhR agonists, such as dioxin and
BaP10.11: in addition, cigarette smoke was found to have an unexpectedly high dioxin-like
potential that triggers AhR activation.12 Therefore, we sought to investigate the role of
cigarette smoke AhR ligands on immune activation and on the pathogenesis of CP.

The well-characterized potent AhR agonist TCDD was administrated to mice undergoing
caerulein-induced CP. Compared with the vehicle group, TCDD treatment worsened fibrosis
in CP, as shown by decreased pancreas size, histology, and increased fibrosis-associated
gene expression, such as aSMA (aSMA), Fn1 (fibronectin 1), Co/la 1 (Collagen 1A1), and
Tgfb (transforming growth factor-g [TGFA]) (Figure 1LA-C). However, AhR mutant or
nonresponsive (AhRY) micel® had little response to TCDD treatment (Figure 1.4-C),
indicating that pro-fibrotic effects of TCDD are mediated via AhR activation. Consistent
with these findings, another AhR agonist (BaP) found in cigarette smoke also promoted
fibrosis in CP (Figure 1D0-F). BaP had less of a pronounced effect compared with TCDD.
This is likely due to the fact that TCDD is one of the most potent AhR ligands, with an
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estimated ECgq (dose at which ligand leads to 50% of maximal target gene, such as
cytochrome P450, CYP1A1, induction) of 10712, whereas BaP’s ECsx is around 107° to
107617 Because both AhR ligands coexist in cigarette smoke, we tested the effect of
combined lower and higher doses of the AhR ligands in Balb/c mice because C57BL/6 mice
develop severe fibrosis and may be difficult to detect smaller changes. Low-dose TCDD (1
La/kg) did not increase the fibrotic effect of chronic caerulein administration, but in
combination with low-dose BaP (5 mg/kg), fibrosis increased significantly, although a
statistically significant change in gross pancreas weight was not observed (Supplementary
Figure 1). As expected, a combination of the higher dose of TCDD and BaP led to a
significant decrease in pancreas weight and increase in fibrosis. These results suggest that
AR ligands present in cigarette smoke have additive effects. In control mice chronically
treated with saline instead of caerulein, AhR ligands did not induce fibrosis (Supplementary
Figure 2), suggesting that AhR activation (cigarette smoke) alone is not sufficient, and
additional pancreatic insults are required to induce CP.

Fibrosis-promoting effects of AhR ligand TCDD are also seen in another CP model induced
via chronic administration of caerulein and LPS (Supplementary Figure 3). Due to
ubiquitous AhR expression pattern, we set up BM chimera studies to determine the
contribution of hematopoietic cell AhR activation in the observed fibrosis progression. WT
recipients were engrafted with WT or AhRY BM cells to generate WT—WT or WT—AhRY
mice, respectively. After 8 weeks of engraftment, mice under-went caerulein-induced CP
and were treated as mentioned previously, with either vehicle or TCDD. TCDD treatment
promoted WT—WT mice pancreatic fibrosis similar to results seen in non-engrafted WT
mice. WT mice engrafted with AhRY BM (WT—AhRY) had TCDD-mediated worsening of
fibrosis similar to WT and not AhRY mice, indicating that TCDD pro-fibrotic effect is
mainly mediated via hematopoietic or leukocyte AhR activation (Supplementary Figure 4).

Aryl Hydrocarbon Receptor Activation Induces Interleukin 22* T Cells in the Pancreas and
Neutralization of Interleukin 22 in Established Chronic Pancreatitis Suppresses Aryl
Hydrocarbon Receptor—Mediated Pancreatic Fibrosis Promotion

For decades, AhR has been implicated in mediating environmental toxicity mainly via
nonhematopoietic cells.1® Recently, active research efforts have found a role for AhR in the
immune system, particularly in T-cell differentiation and dendritic cell function.19-21 Several
groups have established AhR as a critical ligand-dependent transcription factor for IL22
production in immune cells.16:22.23 Therefore, we investigated whether AhR activation by
the agents found in cigarette smoke increases pancreatic IL22 in CP. As hypothesized, I1L22
expression in the pancreas was dramatically increased in TCDD-treated CP mice relative to
vehicle treatment by quantitative polymerase chain reaction analysis (Figure 1C). To confirm
protein up-regulation, we isolated pancreatic leukocytes from vehicle- or TCDD-treated CP
mice and analyzed 1L.22 expression by flow cytometry. It is well established that CP is
associated with a marked increase in T cells.?* Therefore, we analyzed IL22 expression in
pancreatic T cells and found that only pancreatic 1L22, and not IL17 or interferon gamma,
was up-regulated by CD4* T effector/memory (Tgp) cells in TCDD-treated mice during CP
(Figure 2A-C). Similar results were found in splenocytes (Figure 2—F). Consistent with
TCDD treatment, BaP also led to an increase in 1L22* CD4* Tgy cells in both pancreas and
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spleen (Supplementary Figure 5A-C). All in all, AhR activation promoted pancreatic
fibrosis and was associated with a significant increase in 1L22* CD4* Tgp cells.

To investigate whether IL22 mediates TCDD’s fibrosis-promoting effects in CP, we used
IL22-neutralizing antibody while we continued the TCDD treatment. Mice treated with anti-
IL22 had attenuated pancreatic shrinkage (Figure 34) and fibrosis (Figure 38-D). These
data suggest that TCDD and AhR activation-induced fibrogenesis was attributed, at least in
part, to 1L22 induction during CP progression.

Interleukin 22 Promotes Pancreatic Fibrosis Via Up-Regulation of Pancreatic Stellate Cell
Extracellular Matrix Gene Expression

To evaluate the direct involvement of 1L22 on fibrogenesis, mice undergoing CP induction
were treated with either rIL22 or vehicle control. Mice treated with rlL22 during CP had
smaller pancreas and increased fibrosis as compared with the vehicle-treated controls
(Figure 4A and B). It is important to note that riL22 up-regulated ECM genes, such as Fn1
and Colla, but not PSC activation-associated genes (aSMA and TGFp) (Figure 4C). To
assess the mechanism through which IL22 promotes fibrosis, we tested the effect of IL22 on
PSCs isolated from CP mice. It is not known whether PSCs express IL22 receptor. Here we
show that both mouse and human primary PSCs not only express IL22RA1 (Supplementary
Figure 6), but also respond to 1L22 by up-regulating phosphorylated STAT3 in a time-
dependent manner (Figure 4D). Consistent with the in vivo findings (Figure 40), 1L22
induced PSCs ECM genes Fnland Colla1but not aSMA or Tgfbexpression (Figure 4E).

Circulating Interleukin 22 Is Elevated in Chronic Pancreatitis and Associated With
Cigarette Smoking Among Chronic Pancreatitis Patients

To further determine the significance of our findings, we evaluated and compared circulating
IL22 level between healthy subjects and CP patients with or without a smoking history
(Supplementary Table 1). Interestingly, CP patients, regardless of their smoking history, had
higher serum 1L22 compared with healthy subjects (Figure 54). Among CP patients,
however, current smokers had significantly higher circulating IL22 levels compared with
those who either never smoked (nonsmokers) or had quit smoking for more than 1 year (ex-
smokers) (Figure 5A4). To further confirm that AhR ligands present in cigarette smoke could
induce 1L22 in human T cells, naive CD4" T cells were isolated from peripheral blood
mononuclear cells of healthy volunteers and then treated with different AhR agonists in the
presence or absence of AhR antagonist. TCDD and BaP induced generation of IL22* CD4"*
T cells in an AhR-dependent manner because the observed effect was blocked by the AhR
antagonist CH223191 (Figure 58 and C). Although CD4* T cells isolated from healthy
smokers had slightly higher IL22 at baseline, they had similar induction responses to TCDD
relative to respective vehicle control (Supplementary Figure 7).

Taken together, our results demonstrate the fibrosis-promoting effect of AhR activation
during CP, offering new insight into the mechanism of how cigarette smoking worsens and
promotes CP progression. In addition, the identification of functional IL22RA1 expression
on PSCs underlies a novel crosstalk between immune cells and PSCs during CP progression,
which might be developed as a biomarker and therapeutic target.
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Discussion

CP is a complex chronic inflammation disorder with links to genetic, metabolic, and
environmental factors. Alcohol is the most established environmental risk factor for CP,
while the independent effects and risks associated with smoking have not been elucidated
until recently. In most populations, smoking is strongly associated with drinking alcohol,2°
therefore, the independent effect of smoking can be difficult to assess. However, data from
case-control?6 and population-based studies®27 show that there is an independent and dose-
dependent association between smoking and CP. However, the mechanism by which
smoking contributes to CP is still unknown. A clear understanding of the pathogenesis of CP
may provide insights into the most effective targets to slow or reverse key aspects of CP.
Thus, in this study, we sought to understand the mechanism by which cigarette smoking
promotes fibrosis and progression of CP.

The presence of AhR ligands in cigarette smoking is well defined,!! and we used TCDD and
BaP to investigate their effect in CP. With respect to tobacco smoke, BaP has been detected
in concentrations ranging from 20 to 40 ng and 40 to 79 ng per cigarette in mainstream and
sidestream cigarette smoking, respectively.28 One study reported a daily dioxin intake of 4.3
pg/kg body weight by smoking 20 cigarettes per day.1® However, as pointed out in a more
recent study, older study calculations underestimated the toxic and dioxin effect because
they depended on gas chromatography-mass spectrometric physicochemical assessment
instead of bioassays that measure AhR activation, or xenobiotic-responsive element
activating potential by measuring target CYP1A1 gene and enzyme activation.1? Several
studies have linked AhR activation and toxicity to CYP1A1 induction.2930 Dioxin in
cigarette smoke has been reported in TCDD equivalent (0.4-2.4 pg TEQ/cigarette) based on
physiochemical assessment, but a more recent study using xenobiotic-responsive element
activating potential measurement, termed as BioTEQ/cigarette, found that cigarette smoking
has a very high dioxin-like potential (18.5-51.2 ng BioTEQ/cigarette) that triggers AhR
activation.12

These findings and a similar trend of pancreas CYP1ALl induction in TCDD-treated and
cigarette smoke-exposed mice (Supplementary Figure 8A and B) support our model and
relevance of the TCDD dosing used in this project. Once AhR ligands bind AhR, AhR
translocates to the nucleus to bind the xenobiotic-responsive element after forming
heterodimer with Arnt, and triggers induction of not only activating genes (eg, cyplal), but
also regulating genes, such as AhR repressor (AARR).31 Both TCDD treatment and cigarette
smoke exposure also induced pancreas AARR expression (Supplementary Figure 8Cand D)
with slightly higher effect in the latter group, likely due to the multiple AhR ligands present
in cigarette smoke. There are also additional considerations that need to be made when
comparing rodent with human studies on the basis of the notable difference in how AhR
ligands, such as TCDD, are metabolized. Rodents metabolize TCDD much faster (half life
of 12-31 days) compared with the much slower rate in humans, accounting for the very long
TCDD half-life of approximately 5.8—14.1 years.32 Because chronic exposure over years in
rodent studies is not feasible and until other models can be developed, doses used here and
also used commonly in most experimental studies over relatively short period of times are
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helpful to study the pathophysiologic mechanisms associated with AhR activation as it
pertains to cigarette smoking.

A number of recent studies have examined the functions of AhR in the immune system. The
functions of AhR in T cells depend on a specific ligand. TCDD has also been reported to
promote development of Foxp3™ regulatory T cells in an experimental model of multiple
sclerosis (experimental autoimmune encephalomyelitis).19 In our CP study, in addition to
inducing IL22* T cells, TCDD also induced Foxp3* regulatory T cells (data not shown).
TGFp, a well-defined pro-fibrotic cytokine, is also secreted by Foxp3* regulatory T cells
and may contribute, in part, to the TCDD-promoting effects of fibrosis in CP.33:34 This is
consistent with the finding that I1L22 treatment in CP, despite its fibrosis-promoting effects,
did not alter pancreatic TGFS. However, I1L22 neutralization alone markedly suppressed
fibrosis and abolished TCDD-mediated up-regulation of Co/Za 1 (collagen 1A1). It is also
important to note that IL22-neutralizing antibody was administered at 2 weeks and after CP
was established (where significant fibrosis and aSMA expression are present, as shown in
our recent study3). Taken together, these findings support the potential therapeutic effect of
blocking IL22 in CP. Intestinal epithelial cells express IL22 receptor and respond to 1L22 by
activating downstream STAT3 signaling in regulating intestinal inflammation.3® It was not
known whether PSCs express IL22 receptor. In the present study, we found that functional
IL22 receptor is expressed by PSCs, where 1L.22 activates STAT3 and induces ECM-related
genes Fnland Collal. These findings add a new potential crosstalk mechanism between
immune cells and PSCs in the promotion of fibrosis because immune cells are known to
produce IL22 but lack 1L22 receptor expression.

Besides CP, smoking has been described as a strong environmental risk factor for developing
pancreatic cancer. Smoking accelerates the onset of pancreas cancer, especially in high-risk
groups (eg, hereditary pancreatitis patients). 36:37 Activated PSCs are found not only around
pancreatic ductal adenocarcinoma cells, but also around the pre-cancerous pancreatic
intraepithelial neoplastic lesions, and are proposed to play a role in the different stages of
pancreas cancer development.38 Our finding of PSC and immune cell interaction via 1L22
signaling and STAT3 activation might also account for smoking-related acceleration of
pancreatic carcinogenesis, an area for future investigation. Unlike in acute pancreatitis, 163
IL22 has a fibrosis-promoting effect in CP, highlighting immune response differences
between acute and chronic pancreatitis. This is also consistent with the opposing role of
alternatively activated macrophages in acute vs chronic pancreatitis,13:40.41

The translational significance of our study is underscored by the findings of elevated
circulating levels of IL22 in CP patients compared with healthy subjects and, in addition, the
remarkable IL22 increases seen in association with CP patients who continue to smoke. CP
patients who continued to smoke tended to be younger than those who either quit or never
smoked and are, interestingly, more likely to have endocrine insufficiency. This finding is
consistent with previous reports in which the diagnosis of pancreatitis was made about 5
years earlier in current smokers than in nonsmokers or ex-smokers.8 Future prospective
studies with large cohorts of patients will be necessary to address the significance of these
observations.
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Early diagnosis of CP remains a major challenge in the field and chronic pancreatic
inflammation and fibrosis develop in the apparent absence of symptoms or detectable
clinical measures.*2 Current imaging diagnostics, such as computed tomography scans and
endoscopic ultrasounds, detect relatively late stages of the disease. Novel tests need to be
considered for patients who are either at high risk for or suspected of having CP. Our finding
here may provide a potential serum biomarker for CP and subclinical CP, and also offer a
potential target to slow CP development and/or progression.
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Figure 1.
AhR activation worsens fibrosis in chronic pancreatitis. (A) Vehicle (VE) or AhR ligand

(TCDD, 10 zg/kg, once per week) was administrated to C57BL/6J WT or AhRY mice right
after starting CP induction with caerulein, and mice were euthanized and tissues harvested
after 4 weeks of caerulein injection. Relative pancreas weights from indicated groups are
shown (n = 9, pooled from 3 independent experiments, mean + SEM, one-way analysis of
variance [ANOVA], Tukey’s post-hoc test; ns, no significance). (B) Representative of
pancreas H&E and Sirus Red staining. Scale bar = 200 4m. Quantitated fibrotic areas are
shown in bar graph (mean £ SEM, one-way ANOVA, Tukey’s post-hoc test). (C)
Quantitative reverse transcription polymerase chain reaction (RT-PCR) analysis of a SMA
(a-SMA), Colla 1 (collagenl1Al), Fni (fibronectin), 7gfb (TGFg), and //22 (1L22) gene
expression in the pancreas from VE- or TCDD-treated WT mice (mean £ SEM, unpaired 2-
tailed Student #test). (D) VE or BaP (25 mg/kg, daily) was orally administrated to Balb/c
WT mice undergoing CP induction, and mice were euthanized and tissues harvested after 4
weeks of caerulein injection. Relative pancreas weights from indicated groups are shown (n
=10, pooled from 2 independent experiments, mean + SEM, unpaired 2-tailed Student ¢
test). (£) Representative of pancreas H&E and Sirus Red staining. Scale bar = 200 tm.
Quantitated fibrotic areas are shown in bar graph (mean £ SEM). (F) Quantitative RT-PCR
analysis of aSMA, Collal, Fni, Tgfb, and //22expression in the pancreas from VE- or
BaP-treated mice. Bar graphs show mean = SEM (n = 9 per group, unpaired 2-tailed Student
rtest).
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TCDD induces IL22* T cells in the pancreas and spleen. Pancreatic leukocytes were isolated
and fluorescence-activated cell sorting analysis performed in VE- and TCDD-treated mice.
(A-C) Frequency of IL22%, IL17a*, and interferon (IFN) gamma* Tgy (effector/memory,
CD4*CD44NCD45RB!W) cells in VE- or TCDD-treated WT or AhRY mice, at 4 weeks of
CP induction. (D-F) Frequency of 1L22*, IL17a™, and IFN gamma* Tgy in splenocytes in

VE- or TCDD-treated WT or AhRY mice, at 4 weeks of CP induction. Bar graphs show

mean £ SEM (n = 9 per group pooled from 3 independent experiments, unpaired 2-tailed

Student ¢test; ns, no significance).
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Figure 3.
IL22 neutralization in established CP suppresses AhR fibrosis-promoting effects. (A) TCDD

(10 tg/kg, once per week) and isotype control (iso) or anti-IL22 antibody (alL22, 150 g/
mouse, 3 times per week) were administrated to Balb/c mice 2 weeks after starting CP
induction. Relative pancreas weight from indicated groups is shown (n = 8 pooled from 2
independent experiments, mean + SEM, one-way analysis of variance [ANOVA], Tukey’s
post-hoc test). (B) Representative of pancreas H&E and Sirius Red staining. Scale bar = 200
4m. Quantitated fibrotic areas are shown in bar graph (mean = SEM, one-way ANOVA,
Tukey’s post-hoc test). (C, D) Quantitative reverse transcription polymerase chain reaction
analysis of aSMA (a-SMA) and Col/1a1 (collagen1A1l) expression in the pancreas from
indicated groups (n = 8 per group, mean + SEM, unpaired 2-tailed Student #test).
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Figure 4.
IL22 promotes pancreatic fibrosis via up-regulation of PSC ECM gene expression. Vehicle

(VE) or rIL22 (100 ng/mouse, 5 times per week) was administrated to Balb/c mice starting
at 4 weeks of CP induction and mice were euthanized after 6 weeks of caerulein injection.
(A) Relative pancreas weight from VE- and IL22-treated mice is shown (n = 6 per group
pooled from 2 independent experiments, mean + SEM, unpaired 2-tailed Student #test). (B)
Representative of pancreas H&E and Sirus Red staining. Scale bar = 200 ym. Quantitated
fibrotic areas are shown in bar graph (mean £ SEM). (C) Quantitative reverse transcription
polymerase chain reaction (RT-PCR) analysis of Co/la1 (collagen 1A1), FnI (fibronectin),
aSMA (a-SMA), and 7gfb (TGFp) expression in the pancreas from indicated mice. Bar
graphs show mean £ SEM (n = 6, unpaired 2-tailed Student ¢test). (D) Primary murine PSCs
(mPSCs) were treated with rIL22 (100 ng/mL) for indicated times and then lysed for
immunoblotting with phosphorylated STAT3 (p-STAT), total STAT3, IL22RAL1, and a-
SMA. Data are representative of 3 independent experiments. Relative phosphorylated STAT3
levels (p-STAT3/p-actin) are shown as bar graph (mean = SEM, one-way analysis of
variance). (£) mPSCs were treated with VE or rIL22 (100 ng/mL) for 24 hours, expression
of aSMA (a-SMA), Colla1 (collagen 1AL), Fni (fibronectin), and Tgfb (TGFp) were
detected with quantitative RT-PCR. Results are shown as fold-change relative to VE group.
Bar graph represents mean = SEM (n = 3 independent experiments).
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Figure5.
Circulating 1L22 is elevated in CP and associated with cigarette smoking among CP patients.

(A) Serum from health control subjects (HC, n = 11) and CP patients (CP) who were non-
smokers (Non, n = 18), current-smokers (Current, n = 10), or ex-smokers (Ex, n = 11) were
collected and IL22 analyzed using an enzyme-linked immunosorbent assay (mean + SEM,
one-way analysis of variance, Tukey’s post-hoc test). (B8) Naive CD4* T cells were enriched
using magnetic beads from peripheral blood mononuclear cells (PBMCs) of healthy blood
donors (buffy coat), and then activated with antibodies to CD3 and CD28 in the presence of
AhR agonist (TCDD or BaP) with or without the AhR antagonist (CH223191) for 5 days.
Flow cytometry plots show frequency of 1L17a and 1L22 expression in activated CD4* T
cells. Data are representative of 4 independent experiments. (C) Bar graphs show frequency
of 1L22* - activated T cells, presented as mean + SD (n = 4, unpaired 2-tailed Student ¢test).
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