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Abstract 
The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor expressed in hematopoietic and non-hematopoietic cells. Activation 
of the AhR by xenobiotics, microbial metabolites, and natural substances induces immunoregulatory responses. Autoimmune pancreatitis 
(AIP) is a chronic fibroinflammatory disorder of the pancreas driven by autoimmunity. Although AhR activation generally suppresses pathogenic 
autoimmune responses, the roles played by the AhR in AIP have been poorly defined. In this study, we examined how AhR activation affected 
the development of experimental AIP caused by the activation of plasmacytoid dendritic cells producing IFN-α and IL-33. Experimental AIP was 
induced in MRL/MpJ mice by repeated injections of polyinosinic-polycytidylic acid. Activation of the AhR by indole-3-pyruvic acid and indigo 
naturalis, which were supplemented in the diet, inhibited the development of experimental AIP, and these effects were independent of the 
activation of plasmacytoid dendritic cells producing IFN-α and IL-33. Interaction of indole-3-pyruvic acid and indigo naturalis with AhRs robustly 
augmented the production of IL-22 by pancreatic islet α cells. The blockade of IL-22 signaling pathways completely canceled the beneficial effects 
of AhR ligands on experimental AIP. Serum IL-22 concentrations were elevated in patients with type 1 AIP after the induction of remission with 
prednisolone. These data suggest that AhR activation suppresses chronic fibroinflammatory reactions that characterize AIP via IL-22 produced 
by pancreatic islet α cells.
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Introduction
The aryl hydrocarbon receptor (AhR) is a transcription factor 
activated by a broad range of ligands, including xenobiotics, 
microbial metabolites, and natural substances [1–6]. The 
first identified AhR ligand was 2,3,7,8-tetrachlorodibenzo-
para-dioxin (TCDD), a toxic environmental contaminant [7]. 
Dietary tryptophan (Trp) is degraded by the intestinal micro-
biota into AhR ligands, such as indole-3-pyruvic acid (IPA) 
[4, 6]. Natural plant compounds, including indigo naturalis 
(IN), have also been identified as AhR ligands [1–6]. Ligand-
dependent activation of the AhR has a wide variety of effects 
on the human body in terms of metabolism, immunity, and 
carcinogenesis because AhRs are widely expressed in hemato-
poietic and non-hematopoietic cells [1–6]. The beneficial roles 
played by AhR ligands in the immune processes have been 
demonstrated by recent studies showing that AhR signaling 
negatively controls autoimmune responses through the in-
duction of regulatory T cells (Tregs) expressing forkhead box 
P3 (FOXP3) and production of immunoregulatory cytokines 
such as IL-10 [1–4]. In addition, AhR activation has been 
shown to induce IL-22 production by innate lymphoid cells 
(ILCs) and thereby contribute to the maintenance of epithe-
lial cell barrier function [1–6]. Thus, AhR signaling activated 
by environmental factors suppresses harmful immune reac-
tions, including autoimmunity. This notion is fully supported 
by clinical trials, in which patients with refractory ulcerative 
colitis (UC) are successfully treated with IN [8].

Clinicopathological analyses of cases that presented with 
the enlargement of the pancreas and salivary glands have 
led physicians to establish a new disease entity called IgG4-
related disease (IgG4-RD) [9–11]. IgG4-RD is characterized 

by elevated serum levels of IgG4, accumulation of IgG4-
expressing plasma cells in the affected organs, and multiple 
organ involvement [9–11]. Autoimmune pancreatitis (AIP) 
is a pancreatic manifestation of systemic IgG4-RD [12]. 
Raised awareness and recognition of AIP and IgG4-RD 
have enabled the establishment of diagnostic criteria for 
these autoimmune disorders [13, 14]; thus, the number of 
patients diagnosed with AIP and IgG4-RD is increasing. It 
should be noted, however, that the immunopathogenesis of 
AIP and IgG4-RD remains largely unknown. Although an 
elevated concentration of the IgG4 antibody (Ab) is one of 
the most prominent features of AIP and IgG4-RD, recent 
studies have highlighted the pathogenicity of IgG1 rather 
than IgG4 Ab in these conditions [15–17]. In addition, the 
IgG4 Ab does not activate complement and Fcγ receptors 
necessary for the activation of the immune system, sug-
gesting that this IgG subtype plays anti-inflammatory rather 
than proinflammatory roles [18]. Therefore, elevated IgG4 
Ab responses seen in AIP and IgG4-RD may be an epiphe-
nomenon reflecting persistent inflammation. Efficient pro-
duction of IgG1 and IgG4 Abs requires both adaptive and 
innate immune responses [11]. Recently, we found that the 
development of experimental AIP depends on the activation 
of plasmacytoid dendritic cells (pDCs) producing IFN-α and 
IL-33 [19–21]. Intestinal dysbiosis potently activates patho-
genic pDCs associated with experimental AIP and human 
IgG4-RD [22–24].

The microbial metabolism of dietary Trp produces AhR lig-
ands [4, 6]. The association between intestinal dysbiosis and 
the development of AIP led us to hypothesize that intestinal 
dysbiosis modulates the production of AhR ligands, which 
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could attenuate AIP manifestations. In this study, we pro-
vide evidence that AhR activation by various environmental 
factors, including IN, suppressed the development of experi-
mental AIP.

Materials and Methods
Experimental AIP and activation of AhR
Female, 6-week-old MRL/MpJ mice were purchased from 
Japan SLC (Hamamatsu, Japan). These mice were treated 
with repeated intraperitoneal (IP) injections of polyinosinic-
polycytidylic acid (poly(I:C), 100 μg, InvivoGen, San Diego, 
CA) twice a week for a total of 16 times to induce experi-
mental AIP [19, 20, 22]. To activate the AhR, three different 
AhR ligands were used: IN (Uchidawakanyaku, Ltd, Tokyo, 
Japan), IPA (Sigma-Aldrich, St. Louis, MO), and TCDD 
(Sigma-Aldrich). The animal experiments were approved 
by the Review Board of the Kindai University Faculty of 
Medicine and adhered to the ARRIVE guidelines.

MRL/MpJ mice were divided into four groups to evaluate 
the effect of AhR activation on the development of experi-
mental AIP: untreated mice, mice treated with poly(I:C) 
alone, mice treated with AhR ligands alone, and mice 
co-treated with poly(I:C) and AhR ligands. Mice that re-
ceived AhR ligands were treated with 4.0% IN or 0.1% IPA 
in their diet during the experimental period [25, 26]. The 
mice received an IP injection of TCDD (0.5 μg) prior to the 
injection of poly(I:C) [27]. TCDD (50 μg/mL in toluene) was 
diluted with dimethyl sulfoxide (DMSO) and 10% toluene 
in DMSO was used as the solvent. In some experiments, 
mice received an IP injection of an anti-IL-22 Ab (100 μg, 
eBioscience, San Diego, CA, USA) or control rat IgG (100 μg, 
Sigma-Aldrich) in combination with IN or IPA in the diet. 
Injections of the anti-IL-22 or control Abs were performed 
prior to each poly(I:C) injection.

Pathological analysis
Formalin-fixed pancreatic tissues were deparaffinized and 
subjected to hematoxylin and eosin (H&E) staining, after 
which a pathological assessment was performed as previously 
described [19, 20, 22]. Pancreatic inflammation was scored as 
follows: 0, pancreas without mononuclear cell infiltration; 1, 
mononuclear cell aggregation and/or infiltration within the 
interstitium without parenchymal destruction; 2, focal par-
enchymal destruction with mononuclear cell infiltration; 3, 
diffuse parenchymal destruction with preservation of some 
intact parenchymal areas; and 4, destruction of almost the 
entire pancreatic tissue except the pancreatic islets, and its re-
placement with fibrotic or adipose tissue. Pancreatic fibrosis 
was semi-quantitatively measured using Sirius Red staining as 
previously described [20, 22].

Flow cytometry analysis
Pancreatic mononuclear cells (PMNCs) were isolated from 
the pancreas of MRL/MpJ mice as previously described [19, 
20, 22]. PMNCs were analyzed through flow cytometry after 
staining with FITC- or PE-conjugated Abs against B220, 
pDC antigen-1 (PDCA-1), CD3, CD11b, and CD11c as pre-
viously described [19, 20, 22]. All Abs were purchased from 
eBioscience. Flow cytometry analysis was performed using an 
Accuri C6 flow cytometer (BD Biosciences, San Jose, CA) and 
CFlow Plus software (BD Biosciences).

Intracellular cytokine staining
PMNCs were incubated in the presence of 25 ng/mL phorbol 
12-myristate 13-acetate (Merck, Tokyo, Japan), 1 μg/mL 
ionomycin (Merck), and 10 μg/mL Brefeldin A (Merck) for 
5 h. Cells were first blocked with Abs against FcRγIII/II and 
then stained with CD90.2, CD127, and lineage cocktails, 
which included Abs against CD3, CD4, CD8a, CD19, B220, 
CD11b, CD11c, CD49b, FcRI, Ly6C, CD5, and TER-119. 
Cells were subsequently stained with Abs against GATA3, 
RORγt, and IL-22 using the FoxP3/Transcription Factor 
Staining Buffer set (eBioscience). All Abs were purchased 
from BioLegend Japan (Tokyo, Japan), BD Biosciences, and 
Invitrogen (Carlsbad, CA). Samples were run on LSRFortessa 
flow cytometers (BD Biosciences), and the data were analyzed 
using FlowJo (BD Biosciences).

Cytokine assay and quantitative PCR
Pancreatic concentrations of IFN-α in mice and IL-22 in hu-
mans were measured using enzyme-linked immunosorbent 
assay (ELISA) kits from R&D Systems (Minneapolis, MN, 
USA), as previously described [20, 21]. Pancreatic concen-
trations of IL-10, IL-13, IL-17, IL-22, and IL-33 in mouse 
samples were measured using ELISA kits from eBioscience, as 
previously described [28, 29]. Briefly, pancreatic tissues were 
sliced into small pieces and then homogenized. Protein extrac-
tion was performed using a Nuclear Extract kit (Active Motif, 
San Diego, CA), according to the manufacturer’s instructions. 
After the protein concentrations were determined, isolated 
protein extracts were subjected to ELISA.

In some experiments, mRNAs were isolated from the 
pancreas and subjected to quantitative PCR (qPCR) ana-
lysis to determine the expression of regenerating islet-
derived protein (REG) 3β, REG3γ, and cytochrome p450 
family 1A1 (CYP1A1) [30, 31]. Briefly, the mRNA was iso-
lated using a RNeasy Mini Kit (Qiagen, Hilden, Germany) 
according to the manufacturer’s instructions, and then 
transcribed into cDNA using a Transcriptor First Strand 
cDNA Synthesis Kit (Roche, Tokyo, Japan) according to 
the manufacturer’s instructions. qPCR analyses were per-
formed using FastStart Universal SYBR Green Master 
Rox (Roche). The primer sequences used were as follows: 
REG3γ, forward: AGAGAACAGGAAACAGCTACCAATA, 
reverse: CCCAGTTAAAGTAATTCATCACGTC; REG3β, 
forward: GTGGTAACAGTGGCCAATATGTATG, reverse: 
ATTCGTCTCCCAGTTGATGTAATTC; Cyp1a1, forward:

CATCACAGACAGCCTCATTGAGC
, reverse: CTCCACGAGATAGCAGTTGTGAC.The 

mRNA expression of GAPDH was used as a reference.

Immunohistochemical and immunofluorescence 
analyses
Deparaffinized pancreatic sections were incubated with 
mouse or rabbit anti-amylase Ab (Sigma-Aldrich), mouse 
anti-pan cytokeratin (CK) Ab (Sigma-Aldrich), rabbit anti-
SRY-box9 (SOX9) Ab (CST, Danvers, MA), rabbit Ab against 
phosphorylated signal transducer and activator of transcrip-
tion 3 (p-STAT3, CST), rabbit anti-insulin Ab (CST), rabbit 
anti-glucagon Ab (CST), rabbit anti-CD3 Ab (Abcam), and 
rat anti-IL-22 Ab (eBioscience). Alexa Fluor 488- or 546-con-
jugated anti-rat, anti-mouse, and anti-rabbit IgG were 
used as secondary Abs (Invitrogen). The cell nuclei were 
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counterstained with 4ʹ,6-diamidino-2-phenylindole (DAPI). 
Immunofluorescence images were captured using an immuno-
fluorescence microscope (Keyence Biozero 8100, Keyence, 
Osaka, Japan).

In some experiments, deparaffinized pancreatic sections 
were incubated with rabbit anti-AhR Ab (Novus Biologicals, 
Centennial, CO). The protein expression of the AhR was 
visualized using a DAKO-Envison+ Kit (DAKO JAPAN, 
Tokyo, Japan) according to the manufacturer’s instructions 
[29].

Human samples
Twelve patients with chronic alcoholic pancreatitis, 
twenty-one patients with AIP/IgG4-RD, and eight healthy 
control individuals were enrolled in this study, as previously 
described [32]. These patients met the diagnostic criteria for 
definite type 1 AIP and/or IgG4-RD, or chronic pancreatitis 
(CP) [13, 14, 33]. Serum samples were obtained at the time 
of diagnosis of AIP, IgG4-RD, or CP. The study protocol con-
formed to the ethical guidelines for human clinical research 
established by the Japanese Ministry of Health, Labor, and 
Welfare. This human study was approved by the Ethics 
Committee of the Kindai University Faculty of Medicine. 
Written informed consent was obtained from all patients and 
healthy controls at enrollment. Oral prednisolone (PSL) was 
administered to induce remission in 12 patients with AIP/
IgG4-RD, as previously described [32]. Successful induction 
of remission was verified using positron emission tomog-
raphy/computed tomography.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 
(GraphPad Software, San Diego, CA), as previously reported 
[32]. The Mann–Whitney U test, a nonparametric version of 
the unpaired t test, was used to evaluate the differences be-
tween two groups. The Kruskal–Wallis test, a nonparametric 
alternative of one-way analysis of variance (ANOVA), was 
used to evaluate the differences between multiple compari-
sons. For post hoc analysis, the Bonferroni-corrected Mann–
Whitney U test was performed for comparisons between two 
groups. The Pearson’s correlation coefficient was calculated 
in the correlation analyses. Effects were considered statistic-
ally significant at P < 0.05.

Results
Activation of AhR by IN inhibits the development of 
experimental AIP
The possible role of AhR signaling in the development of 
AIP and IgG4-RD has not been previously investigated. In 
our initial experiments, we sought to determine whether IN, 
an herbal component utilized in Chinese traditional medi-
cine known to activate AhR and recently shown to treat UC 
[8, 34], suppressed the fibroinflammatory manifestations of 
pancreatitis in an experimental murine model of AIP. For this 
purpose, we assessed the effect of oral administration of IN 
on the development of pancreatitis in MRL/MpJ mice after 
repeated IP injections of poly(I:C). Consistent with previous 
reports [11, 19, 20], repeated IP injections of poly(I:C) into 
MRL/MpJ mice triggered severe AIP characterized by the de-
struction of the pancreatic acinar architecture, infiltration of 

immune cells, and fibrosis (Fig. 1A). However, as reflected 
in the histopathologic scoring, the development of AIP was 
markedly suppressed (but not completely prevented) in 
mice co-treated with poly(I:C) and dietary IN (4.0%) (Fig. 
1A, B). A comparable ameliorative effect of IN feeding on 
poly(I:C)-induced fibrosis was revealed by Sirius Red histo-
logical staining: in this case, the extent of fibrosis prevention 
in IN-treated mice was even slightly higher than the decrease 
in the pathology score (Fig. 1A, B).

To ascertain whether dietary IN activates AhR, the expres-
sion of AhR-target genes was assessed through qPCR. The 
expression of Cyp1a1, one of the representative AhR target 
genes [1–6], was significantly higher in the pancreas of mice 
treated with dietary IN irrespective of poly(I:C) injection 
(Supplementary Fig. 1A). Next, we determined the localiza-
tion of AhR in the pancreas. AhR expression was predomin-
antly observed in islet cells rather than in acinar cells in both 
inflamed and uninflamed pancreatic tissue in mice treated with 
or without dietary IN (Supplementary Fig. 1B). In addition, 
pancreatic immune cells were positive for AhR staining in the 
inflamed pancreas of poly(I:C)-treated mice (Supplementary 
Fig. 1B). These data suggest that dietary IN inhibits the devel-
opment of AIP through the activation of AhR.

IN-mediated inhibition of experimental AIP is 
independent of pDC activation
In previous studies, we showed that the development of pan-
creatitis in MRL/MpJ mice after poly(I:C) injection is crit-
ically dependent on the activation of pDCs [11, 19, 20]. 
Therefore, we determined the number of pDCs in the pan-
creatic tissue of MRL/MpJ mice with induced pancreatitis 
with and without dietary administration of IN. We used flow 
cytometry assessment of the percentage of PDCA-1+B220low 
cells and calculated total mononuclear cell counts within 
the pancreatic tissue. We observed that the percentage and 
number of pancreatic pDCs increased dramatically in mice 
treated with poly(I:C) compared to those in mice that were 
not injected with poly(I:C), regardless of the IN-treatment 
status. Furthermore, the numbers of pDCs in mice treated 
with poly(I:C) alone were not statistically different from 
those in mice co-treated with poly(I:C) and IN (Fig. 2). This 
lack of effect of IN on the activation of pDCs was supported 
by the observation that pancreatic concentrations of the 
proinflammatory and profibrotic cytokines IFN-α and IL-33, 
shown previously to be produced by pDCs responsible for 
pancreatic inflammation in the MRL/MpJ model [11, 19, 20], 
were increased to the same extent in poly(I:C)-injected mice 
treated with or without dietary IN (Fig. 1C). Thus, the acti-
vation of AhR by IN suppressed the development of experi-
mental AIP in a pDC-independent manner.

Inhibition of experimental AIP by IN is associated 
with enhanced production of IL-22
Given that dietary IN suppressed AIP in the MRL/MpJ 
mouse model of IgG4-RD, we next determined whether 
such suppression was mediated by changes in various cel-
lular and cytokine components that usually accompany 
pancreatitis. By using flow cytometry and pancreatic cell 
counting analysis in mouse samples from all treatment 
groups (as described above), we found that unlike in the 
case of pDCs, percentages and/or numbers of other pancre-
atic inflammation-associated cellular components, such as 
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CD11b+ myeloid cells and CD3+ T cells, were markedly re-
duced in the pancreas of mice co-treated with poly(I:C) and 
IN compared with those in mice treated with poly(I:C) alone 
(Fig. 2). In addition, treatment with IN decreased the pro-
duction of IL-13, a prototypical profibrogenic cytokine, in 
mice that received poly(I:C). In contrast, the concentrations 
of IL-17 and IL-22, cytokines known to be induced by AhR 
activation [35, 36], were increased in mice co-treated with 
poly(I:C) and IN compared with those in mice treated with 
poly(I:C) alone. Furthermore, the secretion of these cyto-
kines was increased in mice treated with IN in the absence 
of poly(I:C) treatment although not statistically significant 
(Fig. 1C). Finally, although AhR activation was also shown 
to enhance IL-10 production [4, 5], the pancreatic expression 
of IL-10 was comparable between IN-treated and untreated 
mice. Taken together, these data suggested that dietary IN 
inhibited AIP manifestations such as cellular infiltration and 
profibrotic cytokine production in the MRL/MpJ model of 
IgG4-RD. However, our observations also showed that at 
the same time, treatment with IN induced the production of 
cytokines such as IL-22, which can have an anti-inflamma-
tory effect.

STAT3 is a crucial transcription factor in the IL-22-mediated 
signaling pathway [37]. Consistent with the enhanced pro-
duction of IL-22 in mice co-treated with poly(I:C) and IN, 
marked nuclear translocation of STAT3 was observed in the 
pancreas of these mice (Supplementary Fig. 2). The number of 

acinar cells expressing amylase and characterized by the nu-
clear translocation of STAT3 was markedly increased in the 
pancreas of mice co-treated with poly(I:C) and IN compared 
with that in mice treated with poly(I:C) alone. Thus, activa-
tion of the AhR by IN inhibited the development of experi-
mental AIP, which was accompanied by the augmentation of 
IL-22-mediated signaling pathway activity.

Activation of the AhR by IPA inhibits the 
development of experimental AIP
Having found that IN suppressed the development of experi-
mental AIP, we next examined whether another AhR ligand 
would have a similar effect. IPA, a microbial metabolite de-
rived from dietary Trp, has been shown to activate the AhR 
[38]. MRL/MpJ mice received a diet containing 0.1% IPA. 
As shown in Fig. 3A, co-administration of poly(I:C) and IPA 
inhibited the development of experimental AIP, as evaluated 
by pathological scoring. In addition, Sirius Red staining re-
vealed markedly decreased areas of pancreatic fibrosis in mice 
co-treated with poly(I:C) and IPA, as compared with those 
in mice that received poly(I:C) alone (Fig. 3A). Consistent 
with the results in the IN-treated mice, administration of IPA 
did not significantly affect the number of pancreatic pDCs 
in mice treated with poly(I:C) (Fig. 3B). Pancreatic cytokine 
analysis showed that co-administration of poly(I:C) and IPA 
upregulated and downregulated IL-22 and IL-13 concen-
trations, respectively, whereas IL-33 production by pDCs 

Figure 1. Activation of the aryl hydrocarbon receptor by indigo naturalis inhibits the development of experimental autoimmune pancreatitis. Four 
groups of MRL/MpJ mice were used: untreated mice (n = 5), mice treated with 4% indigo naturalis (IN) in the diet (n = 5), mice treated with repeated 
intraperitoneal injections of polyinosinic-polycytidylic acid (poly(I:C), n = 5), and mice co-treated with poly(I:C), and IN (n = 5). Injections of poly(I:C) 
(100 μg) were performed twice a week for a total of 16 times, and the mice were sacrificed 3 h after the final injection. (A) Representative images of 
pancreatic sections stained with hematoxylin and eosin (H&E) or Sirius Red are shown (magnification ×400). (B) Pathological scores for autoimmune 
pancreatitis and areas occupied by pancreatic fibrosis derived from the analyses of H&E and Sirius Red staining, respectively, are illustrated. The areas 
positive for Sirius Red staining were semi-quantitatively measured. (C) Concentrations of IFN-α, IL-10, IL-13, IL-17, IL-22, and IL-33 in pancreatic lysates 
determined by enzyme-linked immunosorbent assays. Results are shown as the mean + standard error. **P < 0.01, as compared with values in mice 
treated with poly(I:C) alone. NS, not significant, as compared with values in untreated mice

http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxad040#supplementary-data
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was comparable in these groups of mice (Fig. 3C, data not 
shown). Taken together, these data suggested that AhR acti-
vation by IPA suppressed the development of experimental 
AIP.

Administration of TCDD, a prototypical dioxin 
chemical, suppresses the development of 
experimental AIP
Finally, we tested the effect of AhR activation by TCDD, a 
prototypical dioxin compound, on the development of ex-
perimental AIP [4, 27]. Mice were treated with an IP injection 
of TCDD or poly(I:C) alone or co-treated with poly(I:C) and 
TCDD. As shown in Supplementary Fig. 3A, IP injections of 
TCDD suppressed the development of experimental AIP, as 
evaluated by pathology scores. Pancreatic fibrosis was mark-
edly reduced in mice co-treated with poly(I:C) and TCDD 
as compared with that in mice treated with poly(I:C) alone 
(Supplementary Fig. 3A). Consistent with the results obtained 
in mice treated with IN or IPA, TCDD administration did not 
change the pancreatic accumulation of pDCs in mice treated 
with poly(I:C) (Supplementary Fig. 3B).

To exclude the possibility that the solvent used in the prep-
aration of TCDD might have had some influence on the sen-
sitivity of the mice to experimental AIP, mice were co-injected 
with the solvent (10% toluene/90% DMSO) and poly(I:C). 
As shown in Supplementary Fig. 4, injection with the solvent 
did not inhibit the development of AIP induced by poly(I:C).

The profiles of pancreatic cytokines revealed enhanced pro-
duction of IL-22 and IL-17 in mice co-treated with poly(I:C) 
and TCDD, whereas the concentrations of IFN-α or IL-33 
were not affected by TCDD administration (Supplementary 

Fig. 5). These findings were consistent with the lack of sig-
nificant alterations in the pancreatic accumulation of pDCs. 
Furthermore, TCDD administration decreased IL-13 produc-
tion in mice treated with poly(I:C).

The increase in IL-17 was higher in mice treated with TCDD 
than in those treated with IN, whereas the increase in IL-22 
was lower in mice treated with TCDD than in those treated 
with IN or IPA. These findings suggest that the activation of 
the AhR and/or signaling pathways downstream of the AhR 
might lead to different cytokine profiles depending on the lig-
ands used. Nevertheless, the results of these experiments with 
TCDD as an AhR ligand were in line with the results obtained 
with IN and IPA: the suppression of experimental AIP by the 
activation of the AhR with structurally different ligands was 
associated with enhanced production of IL-22.

Suppression of experimental AIP by AhR activation 
is IL-22 dependent
IL-22 is a critical regulator of immune homeostasis and is in-
volved in the tissue regeneration process [39]. Therefore, we 
hypothesized that IL-22 mediates the protective effect of AhR 
activation on experimental AIP. To test this hypothesis, mice 
were treated with repeated IP injections of poly(I:C) and pro-
vided with IN or IPA in the diet, as described in Figs. 1 and 
3. The mice were also treated with a neutralizing Ab against 
IL-22 or a control Ab. As shown in Fig. 4A, activation of the 
AhR by IN or IPA inhibited the development of experimental 
AIP, but these preventive effects were almost completely lost 
in mice treated with anti-IL-22 Ab. The areas with pancre-
atic fibrosis, as assessed through Sirius Red staining, were 
significantly greater in mice treated with anti-IL-22 Ab than 

Figure 2. Accumulation of immune cells in the pancreas of mice treated with indigo naturalis. Four groups of MRL/MpJ mice were used, as described 
in Figure 1. The numbers of pancreatic immune cells were determined by flow cytometry. Plasmacytoid dendritic cells (pDCs) were defined as PDCA-
1+B220low cells. Results are shown as the mean + standard error. *P < 0.05, **P < 0.01, as compared with values in mice treated with poly(I:C) alone
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in those treated with control Ab (Fig. 4A). Flow cytometry 
analysis also showed that treatment with anti-IL-22 Ab in-
creased the accumulation of CD3+ T cells, CD11b+ myeloid 
cells, and CD11c+ DCs in the pancreas (Fig. 4B). In contrast 
to the effects of the anti-IL-22 Ab, the administration of the 
anti-IL-17 Ab did not alter the severity of experimental AIP 
in mice co-treated with poly(I:C) and IN (data not shown). 
These data suggest that AhR activation by IN or IPA sup-
pressed experimental AIP through IL-22-mediated signaling 
pathways.

IL-22 has been shown to inhibit the development of ex-
perimental acute pancreatitis through the induction of anti-
microbial REG3 peptide expression [40]. In addition, REG3 
expression induced by IL-22 has been shown to contribute 
to the maintenance of intestinal epithelial integrity [41]. No 
significant differences were observed in the pancreatic mRNA 
expression levels of REG3β and REG3γ in mice treated with 
both IN and poly(I:C) and mice treated with poly(I:C) alone 
(Supplementary Fig. 6).

AhR activation by IN or IPA maintains homeostasis 
of pancreatic acinar cells via IL-22
Non-hematopoietic epithelial cells are a primary target of 
IL-22 [42]. AIP progression is characterized by the loss of 
acinar tissue and its replacement by the acinar-to-ductal meta-
plasia (ADM) [43, 44]. Given that IL-22 is a critical cytokine 
for tissue regeneration, it may contribute to the maintenance 

of pancreatic acinar architecture. Next, we examined whether 
induced IL-22 following AhR activation with IN or IPA would 
inhibit ADM [43, 44]. ADM is defined as the appearance of 
amylase−SOX9+ cells or amylase−CK+ cells. As shown in Fig. 
5, the number of cells with characteristic ADM features was 
much higher in the pancreas of mice treated with anti-IL-22 
Ab, poly(I:C), and IN than in those treated with control Ab, 
poly(I:C), and IN. Consistent with the results obtained in mice 
treated with IN, AhR activation by IPA also inhibited the de-
velopment of ADM. The number of cells exhibiting ADM was 
much higher in the pancreas of mice treated with anti-IL-22 
Ab, poly(I:C), and IPA than in those treated with control Ab, 
poly(I:C), and IPA (Fig. 5). Thus, AhR activation by IN or 
IPA inhibited the development of ADM and maintained the 
normal pancreatic acinar architecture.

Pancreatic α produce IL-22 in response to AhR 
activation by IN or IPA
IL-22 is produced by a variety of immune cells, including 
T helper type 2 (TH2) cells, TH17 cells, as well as innate 
lymphoid type 2 (ILC2) and type 3 cells (ILC3) [42]. Next, 
we determined the type of immune cells that produced IL-22 
in our AIP model. For this purpose, intracellular cytokine 
staining was performed. Pancreatic immune cells were iso-
lated from mice treated with poly(I:C) alone or co-treated 
with poly(I:C) and IPA. As shown in Supplementary Fig. 7, 
the fractions of cells positive for IL-22 were comparable in 

Figure 3. Activation of the aryl hydrocarbon receptor by indole-3-pyruvic acid inhibits the development of experimental autoimmune pancreatitis. Four 
groups of MRL/MpJ mice were used: untreated mice (n = 5), mice treated with 0.1% indole-3-pyruvic acid (IPA) in the diet (n = 5), mice treated with 
repeated intraperitoneal injections of polyinosinic-polycytidylic acid (poly(I:C), n = 5), and mice co-treated with poly(I:C) and IPA (n = 5). Injections of 
poly(I:C) (100 μg) were performed twice a week for a total of 16 times, and the mice were sacrificed 3 h after the final injection. (A) Representative 
images of pancreatic sections stained with hematoxylin and eosin (H&E) or Sirius Red are shown in the left panel (magnification ×400). Pathological 
scores for autoimmune pancreatitis and areas occupied by pancreatic fibrosis derived from the analyses of H&E and Sirius Red staining, respectively, 
are illustrated in the right panel. The areas positive for Sirius Red staining were semi-quantitatively measured. (B) Flow cytometry analyses of the 
percentages and numbers of pancreatic plasmacytoid dendritic cells (pDCs), defined as PDCA-1+B220low cells. (C) Concentrations of IL-13 and IL-22 in 
pancreatic lysates determined by enzyme-linked immunosorbent assays. Results are shown as the mean + standard error. **P < 0.01, as compared 
with values in mice treated with poly(I:C) alone
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TH2, TH17, ILC2, and ILC3 cells in the two groups of mice. 
Thus, immune cells were not the major sources of increased 
IL-22 in mice treated with IPA. Consistent with the flow-
cytometric data, CD3+ T cells were negative for IL-22 staining 
in the pancreas of mice treated with both IN and poly(I:C) 
(Supplementary Fig. 8A).

We then determined the types of cells producing IL-22 
using immunofluorescence analysis. IL-22 expression was not 
detected in acinar cells expressing amylase (Supplementary 
Fig. 8B) or β cells expressing insulin (Fig. 6A). Interestingly, 
IL-22 expression was observed in α cells expressing glucagon 
in the pancreas of mice treated with poly(I:C) in combination 
with IN or IPA (Fig. 6A). The number of α cells positive for 
IL-22 staining was greater in mice treated with poly(I:C) and 
IN or IPA than in those treated with poly(I:C) alone (Fig. 6A). 
Thus, these data suggested that AhR activation by IN or IPA 
suppressed the development of experimental AIP through 
augmenting IL-22 production by α cells.

Serum concentration of IL-22 is upregulated in 
patients with AIP after induction of remission by 
prednisolone
Finally, we addressed the clinical relevance of IL-22 in patients 
with AIP. We used serum samples from patients with AIP, 
those with CP, and healthy controls, as previously described 
[32]. Serum concentrations of IL-22 were higher in patients 
with AIP or CP than those in healthy controls. Importantly, 

the serum concentration of IL-22 was lower in patients with 
AIP than in those with CP (Fig. 6B). The serum concentration 
of IL-22 did not correlate with that of IgG or IgG4 in patients 
with AIP (data not shown). Although serum concentrations of 
IFN-α and IL-33 were identified as biomarkers for AIP diag-
nosis and disease activity monitoring [32], the serum concen-
tration of IL-22 did not correlate with that of IFN-α or IL-33 
(data not shown). Notably, the serum concentration of IL-22 
was markedly increased in patients with AIP after successful 
induction of remission (Fig. 6B). Thus, IL-22 induced by AhR 
activation might also play a protective role in human AIP.

Discussion
The AhR is a ligand-activated transcription factor that plays 
critical roles in immunity and tissue homeostasis [3–5]. A var-
iety of diverse compounds from the environment, diet, and 
microbiome activate the AhR [3–5]. Although AhR activation 
can both positively and negatively regulate immune responses, 
recent studies have highlighted the immunosuppressive func-
tion of AhR ligands [3–5]. In fact, recent clinical trials ad-
dressing the effectiveness of IN in patients with UC revealed 
that the rates of clinical response and remission in patients 
treated with IN were higher than those in placebo-treated pa-
tients [8, 34]. Thus, AhR activation by IN has been shown to 
regulate autoimmune responses. However, the effects of AhR 
activation on AIP have not been examined in detail. Here, 

Figure 4. Suppression of experimental autoimmune pancreatitis by indigo naturalis or indole-3-pyruvic acid depends on IL-22. Four groups of mice that 
received intraperitoneal injections of polyinosinic-polycytidylic acid (poly(I:C)) were used (n = 5 per group). Two groups were also treated with 4% indigo 
naturalis (IN), and two other groups received 0.1% indole-3-pyruvic acid (IPA) in the diet. Finally, one group on the same diet received an intraperitoneal 
injection of an anti-IL-22 Ab (n = 5), whereas the other group on the same diet was treated with a control Ab (n = 5). Injections of poly(I:C) (100 μg) 
were performed twice a week for a total of 16 times, and the mice were sacrificed 3 h after the final injection. (A) Representative images of pancreatic 
sections stained with hematoxylin and eosin (H&E) or Sirius Red are shown in the left panel (magnification ×400). Pathological scores for autoimmune 
pancreatitis and areas occupied by pancreatic fibrosis derived from the analyses of H&E and Sirius Red staining, respectively, are illustrated in the right 
panel. (B) Flow cytometry analyses of the percentages and numbers of pancreatic CD3+ T, CD11b+, and CD11c+ cells. Data on CD11b+ and CD11c+ cells 
were from mice treated with poly(I:C) and/or IN. Results are shown as the mean + standard error. *P < 0.05, **P < 0.01, as compared with values in 
mice treated with a control Ab
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Figure 5. Activation of the aryl hydrocarbon receptor inhibits the development of acinar-to-ductal metaplasia. Six groups of mice that received 
intraperitoneal injections of polyinosinic-polycytidylic acid (poly(I:C)) were used (n = 5 per group). Two groups were also treated with 4% indigo naturalis 
(IN), and another two groups received 0.1% indole-3-pyruvic acid (IPA) in the diet. These four groups of mice were also treated with intraperitoneal 
injections of an anti-IL-22 Ab (n = 5) or a control Ab (n = 5) in combination with IN/poly(I:C) or IPA/poly(I:C). Two groups did not receive any treatment 
other than poly(I:C) and were used as positive controls for the experiments with IN and IPA. Injections of poly(I:C) (100 μg) were performed twice a 
week for a total of 16 times, and the mice were sacrificed 3 h after the final injection. Acinar-to-ductal metaplasia (ADM) was visualized by the presence 
of (A) amylase−SRY-box9 (SOX9)+ (AMY−SOX9+) cells or (B) amylase-cytokeratin+ (AMY−CK+) cells by immunofluorescence analyses (magnification 
×1,200). AMY+SOX9−, AMY−SOX9+, AMY+CK−, and AMY−CK+ cells were semi-quantitatively counted. Cell nuclei were counterstained with DAPI. 
Results are shown as the mean + standard error. **P < 0.01, as compared with values in mice treated with a control Ab

Figure 6. IL-22 is produced by pancreatic α cells in response to aryl hydrocarbon receptor activation by indigo naturalis or indole-3-pyruvic acid. Mice 
were co-treated with repeated intraperitoneal injections of polyinosinic-polycytidylic acid (poly(I:C)) twice a week for 8 weeks and received indigo 
naturalis (IN) or indole-3-pyruvic acid (IPA) in the diet. (A) Co-localization of IL-22+ and glucagon+ α cells or insulin+ β cells in the pancreas of mice 
co-treated with poly(I:C) and IN or IPA. Cell nuclei were counterstained with DAPI. Green fluorescence, glucagon or insulin; red fluorescence, IL-22 
(magnification, left panel; ×1,200, right panel ×800). (B) Left panel: serum IL-22 concentrations in patients with autoimmune pancreatitis (AIP, n = 21), 
chronic pancreatitis (CP, n = 12), and in healthy controls (HC, n = 8) were enrolled. Right panel: serum IL-22 concentrations in patients with AIP before 
and after induction of remission by prednisolone (PSL). **P < 0.01
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we provide evidence that AhR activation inhibits the devel-
opment of experimental AIP by using three different types of 
AhR ligands, IN, IPA, and TCDD. Although the development 
of experimental AIP requires the activation of pDCs produ-
cing IFN-α and IL-33, as was shown in our previous report 
[19, 20], AhR activation inhibited the development of AIP 
independent of pDC activation. Instead, AhR activation by 
IN or IPA suppressed chronic fibroinflammatory responses 
through signaling pathways mediated by IL-22 derived from 
pancreatic α cells. Thus, we clearly showed that AhR acti-
vation inhibited the development of AIP by upregulating 
IL-22 production. Furthermore, attenuation of experimental 
AIP development by AhR activation with IN and IPA was 
not observed in mice treated with anti-IL-22 Ab. The AhR 
was predominantly expressed in islet cells in both inflamed 
and uninflamed pancreatic tissue and the mRNA expression 
of Cyp1a1, one of the representative AhR-target genes, was 
markedly elevated in the pancreas of mice treated with dietary 
IN (Supplementary Fig. 1). In addition, islet α cells were posi-
tive for IL-22 staining, whereas CD3+ T cells or acinar cells 
were negative for IL-22 staining (Fig. 6 and Supplementary 
Fig. 8). These data strongly suggest that dietary IN directly 
activates the AhR expressed in islet α cells to induce the pro-
duction of IL-22, which can suppress AIP. Given that flow-
cytometric analysis revealed no significant differences in the 
production of IL-22 by various types of immune cells, it is 
likely that IL-22 derived from islet α cells plays critical roles 
in the suppression of AIP. However, the contribution of IL-22 
derived from immune cells cannot be completely excluded 
since the quantitative measurement of α cell-derived IL-22 is 
technically challenging.

Regarding the molecular mechanisms by which IL-22 
could inhibit chronic fibroinflammatory responses in AIP, we 
found that this cytokine, which is induced by AhR activa-
tion, reduced the degree of ADM, in which amylase+ acinar 
cells are replaced by amylase−SOX9+ cells or amylase−CK+ 
cells [43, 44]. This idea is supported by the finding that the 
blockade of IL-22 signaling pathways by the anti-IL-22 Ab 
markedly increased the number of cells displaying ADM in 
mice co-treated with poly(I:C) and IN or IPA, as compared to 
that in mice treated with the control Ab. These experiments 
strongly suggested that IL-22, induced by the AhR ligands IN 
or IPA, contributed to the maintenance of pancreatic acinar 
architecture. AhR activation is involved in the differentiation 
of Tregs expressing FOXP3 [3, 4]. However, it is less likely 
that these cells mediated the suppression of experimental AIP 
because AhR activation by IN, IPA, or TCDD did not increase 
the number of FOXP3+ Tregs in mice treated with poly(I:C) 
(data not shown). Therefore, AhR activation by IN or IPA 
inhibited the development of experimental AIP through the 
upregulation of IL-22 production, but not via the induction 
of FOXP3+ Treg proliferation.

Consistent with our results in a mouse model of experi-
mental AIP, AhR activation protected mice from experi-
mental acute pancreatitis by inducing IL-22 production [35]. 
Xue et al. reported that CD4+ T cells are the major producers 
of IL-22 in the pancreas and that IL-22 interacts with the 
IL-22 receptor expressed in pancreatic acinar cells to main-
tain pancreatic acinar architecture [35]. In line with these 
data, IL-22-overexpressing mice were resistant to the induc-
tion of acute and chronic types of pancreatitis by repeated 
injection of cerulein [45]. Thus, these studies support the idea 
that AhR activation inhibits the development of both AIP and 

CP through the induction of IL-22 production. In contrast, 
another report provided evidence that IL-22 plays a patho-
genic role in the development of experimental CP [46]. AhR 
activation by TCDD exacerbated chronic fibroinflammatory 
responses characterizing CP, despite the increased expression 
of IL-22 in pancreatic CD4+ T cells. Neutralization of IL-22 
attenuated both inflammation and fibrosis in mice treated 
with TCDD and cerulein, suggesting that the exacerbation of 
CP by TCDD was mediated by IL-22 [46]. These conflicting 
reports indicate that the effect of AhR activation on the de-
velopment of CP is complex. In contrast to the case of ex-
perimental CP, pancreatic α cells are a major cellular source 
of IL-22 in experimental AIP. Extensive intracellular cytokine 
staining revealed no significant differences in the percentage 
of IL-22 production in ILC2, ILC3, or TH17 cells. Therefore, 
it is possible that differences in cellular sources of IL-22 deter-
mine the effect of this cytokine on the development of chronic 
inflammation.

As shown in our previous studies [11, 19, 20], experi-
mental AIP induced by poly(I:C) requires activation of pDCs 
followed by robust production of IFN-α. This idea is sup-
ported by the finding that the depletion of pDCs or neutral-
ization of IFN-α-mediated signaling pathways inhibited the 
development of experimental AIP [11, 19, 20]. In contrast to 
these previous findings, AhR activation by IN, IPA, or TCDD 
suppressed the chronic fibroinflammatory responses in a 
pDC- and IFN-α-independent manner because no significant 
alterations in pancreatic pDC numbers or IFN-α concentra-
tions were observed in mice treated with poly(I:C) and those 
co-treated with poly(I:C) and AhR ligands. As for the mo-
lecular mechanisms underlying the suppression of the devel-
opment of experimental AIP by AhR activation, we identified 
the protective roles played by IL-22 derived from pancreatic 
islet α cells. The appearance of ADM features was mark-
edly suppressed by oral administration of AhR ligands inde-
pendent of pDC activation. Therefore, it is likely that IL-22 
plays a crucial role in the maintenance of pancreatic acinar 
architecture, although it remains unknown why IL-22 does 
not downregulate pDC activation. Consistent with this idea, 
IL-22 has been shown to protect acinar cells against injury 
and inflammation in experimental models of cerulein-induced 
pancreatitis [40, 45, 47].

In patients with AIP, PSL-mediated induction of remission 
was accompanied by increased concentrations of serum IL-22. 
The molecular mechanisms accounting for the increased 
IL-22 responses in patients with remittent AIP are currently 
unknown. Direct activation of the AhR by PSL is unlikely 
since PSL has not been regarded as an AhR ligand [1–6]. Thus, 
PSL might increase IL-22 responses in patients with remittent 
AIP through the resolution of inflammation and reduction of 
proinflammatory cytokine responses. This idea is supported 
by our preliminary data showing that pancreatic concentra-
tions of IL-22 were greater in mice co-treated with poly(I:C) 
and dietary IN than in those treated with dexamethasone and 
poly(I:C) (60.3 ± 7.0 pg/mg versus 29.5 ± 5.7 pg/mg).

We previously reported that alterations in the intestinal 
microbiota composition are associated with the development 
of experimental AIP and human IgG4-RD [22–24]. Thus, the 
development of AIP is partially dependent on the immune re-
sponses against intestinal microflora. It is well established that 
AhR ligands are produced by intestinal bacteria from dietary 
Trp [3, 48–50]. For example, Lactobacillus species such as 
Lactobacillus reuteri and Lactobacillus bulgaricus convert 
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Trp into AhR ligands. Importantly, colonization of the gastro-
intestinal tract by the bacteria producing AhR ligands leads 
to increased production of IL-22, which helps to maintain 
intestinal homeostasis [3, 48–50]. Stimulation of IL-22 pro-
duction by the bacteria that produce AhR ligands attenuates 
inflammation of the gastrointestinal and other organs [3, 
48–50]. Therefore, colonization by bacteria producing AhR 
ligands might suppress the development of AIP and IgG4-RD. 
However, we failed to identify changes in the proportions of 
intestinal bacteria producing AhR ligands in the feces of mice 
or patients with AIP [22, 23].

Naganuma et al. performed a multicenter randomized con-
trolled trial addressing the efficacy and safety of IN in pa-
tients with UC [8, 34]. They reported that the proportion of 
patients in clinical remission was significantly higher in the 
IN-treated group than in the placebo group. Moreover, the 
proportion of patients displaying mucosal healing was much 
higher in the IN-treated group than in the placebo group, 
owing to increased IL-22 production [8, 34]. In this study, we 
found that the inhibition of experimental AIP by IN depended 
on IL-22 production. Thus, UC and AIP share IL-22 as an 
immunoregulatory cytokine, strongly suggesting that patients 
with AIP can be treated with IN similar to those with UC, 
although the effectiveness of IN in AIP awaits future clinical 
trials. In addition, we have to be cautious regarding the clin-
ical application of IN in patients with AIP because the clinical 
trial for patients with UC was terminated due to the occur-
rence of pulmonary arterial hypertension [51].

In conclusion, AhR activation by IPA or IN suppressed the 
development of experimental AIP. The suppressive effect of 
AhR activation was likely mediated by IL-22 derived from 
pancreatic islet α cells. Serum IL-22 concentrations were ele-
vated after the induction of remission by PSL in patients with 
AIP. These data suggest that similar to patients with UC, pa-
tients with AIP might be treated with AhR ligands.
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Immunology online.
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