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Abstract
Background & Aims—Corticosteroids are now widely accepted as a treatment for autoimmune
pancreatitis (AIP). However, the molecular mechanism by which steroid treatment improves AIP
remains largely unknown. The aim of this study was to elucidate cellular mechanisms by which
corticosteroids improve both pancreatic exocrine function and histopathology in AIP.

Methods—Pancreatic exocrine function was evaluated by the secretin-stimulated function test
and pancreatic biopsy specimens were processed for histologic analysis at the time of diagnosis
and 3 months after initiation of steroid treatment. Expression and localization of proteins was
assayed by immunohistochemistry. Analysis of immunoglobulin (Ig)G4-positive plasma cells was
used to verify inflammation in AIP.

Results—The number of IgG4-positive plasma cells in pancreatic sections was decreased by
steroid treatment, indicating reduced inflammation. Fluid, bicarbonate (HCO3

−), and digestive
enzyme secretions all were impaired in most patients with AIP. Corticosteroids improved both
HCO3

− and digestive enzyme secretion. A large fraction of the cystic fibrosis transmembrane
conductance regulator (CFTR), which plays a central role in pancreatic duct HCO3

− secretion, was
mislocalized to the cytoplasm of duct cells before treatment. Corticosteroids corrected the
localization of CFTR to the apical membrane, accounting for the improved HCO3

− secretion.
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Steroid treatment resulted in regeneration of acinar cells, accounting for restored digestive enzyme
secretion.

Conclusions—Corticosteroids reduce inflammation and restore both digestive enzyme and
HCO3

− secretion in patients with AIP by regenerating acinar cells and correcting CFTR
localization in pancreatic duct cells. Mislocalization of CFTR may explain aberrant HCO3

−

secretion in other forms of pancreatitis.
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Autoimmune pancreatitis (AIP) is a relatively new entity in chronic pancreatitis and is
characterized by diffuse swelling of the pancreas and a high serum immunoglobulin (Ig)G4
concentration.1 Histologic examination reveals a replacement of acinar cells by
inflammatory cells and fibrotic tissue and an intense inflammatory cell infiltration in
periductal lesions, suggesting that duct cells are the principal target of the immunologic
responses in these patients.2 Oral corticosteroids recently have become established as a
treatment of AIP, not only for the swelling of the gland but also for improved histology.3
However, despite recent advances in establishing the clinical characteristics of the disease
and treatment of AIP, it remains largely unsolved how steroids affect the inflamed pancreas,
decrease tissue damage, and improve pancreatic exocrine function.

The exocrine pancreas is composed of 2 main cell types: acinar and duct cells. Acinar cells
secrete digestive enzymes and duct cells secrete bicarbonate (HCO3

−)-rich fluid. Ductal
fluid and HCO3

− secretion are a critical function of the pancreas for inactivation of digestive
enzymes and alkalinization of the pancreatic juice. Pancreatic ductal function can be
evaluated only by the secretin-stimulated pancreatic function test—a direct analysis of
pancreatic juice collected in the duodenum. Ductal fluid and HCO3

− secretion is governed
by the cystic fibrosis transmembrane conductance regulator (CFTR),4 a cyclic adenosine
monophosphate–regulated chloride channel expressed exclusively in the apical plasma
membrane of pancreatic duct cells. CFTR regulates ductal HCO3

− secretion by either
regulating chloride (Cl−)/HCO3

− exchangers, the SLC26 transporters family,5 or directly
permeating HCO3

− flux across the epithelia when luminal Cl− becomes low.6,7 Indeed,
cystic fibrosis (CF)-associated mutations in CFTR that impair either channel function8 or
targeting of CFTR to the plasma membrane cause aberrant HCO3

− secretion by the
pancreatic duct.9

By using n-benzoyl-l-tyrosyl-p-aminobenzoic acid excretion tests, it has been documented
that steroid therapy restores pancreatic exocrine function by partially regenerating acinar
cells that are replaced by fibrotic tissue.10,11 However, the time course of regeneration of
acinar cells by treatment with corticosteroids and its cellular mechanism remain unknown.

In the present study, we evaluated both ductal and acinar cell function at the same time in
patients with autoimmune pancreatitis using the classic secretin test. Exocrine function was
severely impaired in AIP and a 3-month steroid treatment (short-term) improved HCO3

− and
digestive enzyme secretion, indicating that steroids improve both ductal and acinar cell
function. Moreover, 12-month steroid therapy (long-term) further improved digestive
enzyme secretion compared with the short-term treatment. Histologic examination of
endoscopic ultrasound–guided trucut biopsies revealed that a large fraction of CFTR is
mislocalized to the cytoplasm of pancreatic duct cells in AIP. Most notably, steroids restored
mislocalized CFTR to the luminal membrane. Importantly, sequencing the entire open
reading frame and flanking intronic regions in CFTR of AIP patients revealed no major
mutations. Hence, aberrant HCO3

− secretion in AIP patients is not caused by mutations in
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CFTR, but rather by mislocalization of CFTR that was corrected with corticosteroids. An
increase in the number of acinar cells in pancreatic tissues observed after steroid treatment
indicate that recovery of digestive enzyme secretion was owing mostly to regeneration of
acinar cells. These novel findings suggest that steroids affect both duct and acinar cells in
AIP, repair cellular damage, and improve pancreatic exocrine function. It will be of
particular interest to examine the effect of steroids on similar parameters in other forms of
acute and chronic pancreatitis.

Material and Methods
Patients

We studied 21 patients with definite AIP who came to Aichi Cancer Center Hospital or
Nagoya University Hospital during the period from 1992 to 2008. Patients met the 2006
revised Japanese clinical diagnostic criteria for AIP12 as follows: diffuse swelling of the
pancreas, irregular narrowing of the main pancreatic duct, and a positive test for
autoantibodies or a high IgG (≥1800 mg/dL)/IgG4 concentration (≥135 mg/dL).12 Patients
who did not fulfill clinical diagnostic criteria were diagnosed by pancreatic biopsy with a
full spectrum of lymphoplasmacytic sclerosing pancreatitis, such as a dense
lymphoplasmacytic infiltrate, storiform fibrosis, acinar atrophy, and obliterative phlebitis.
13,14 All pancreatic tissues obtained had no granulocytic epithelial lesion.2 Patients were
examined functionally by the secretin test and histologically before and after initiation of
corticosteroids when patients agreed to examinations and tests.

A standard protocol for oral corticosteroids was used accordingly: prednisolone at 30 mg/
day for a week as an initial dose, 20 mg/day for a second week, 10 mg/day for 4 additional
weeks, and 5 mg/day as a maintenance dose throughout the observation period.

Chronic Pancreatitis With Other Etiologies
Surgical sections of 6 patients with alcoholic pancreatitis (>60 g of daily ethanol
consumption for more than 10 years) and 2 patients with obstructive pancreatitis distal to a
pancreatic carcinoma were used for histologic examination. Three TCB samples without
either full spectrum of pathologic features as lymphoplasmacytic sclerosing pancreatitis or
as granulocytic epithelial lesions were used as idiopathic chronic pancreatitis. Four
surgically resected pancreatic tissues from patients with other than pancreatic diseases were
used as control.

Evaluation of Pancreatic Exocrine Function
Pancreatic exocrine function was evaluated by the secretin test as before.15 Detailed
procedures are described in the Supplementary Materials and Methods section.

Pancreatic Biopsy
Written informed consent was obtained from each patient before the procedure. To exclude
malignancy, all pancreatic biopsies were performed at Aichi Cancer Center Hospital and the
procedure was approved by the ethics committee of the hospital. Under visual guidance of
endoscopic ultrasonography (GF-UCT240; Olympus, Tokyo, Japan),14 pancreatic tissues
were obtained from the body of the pancreas using a 19-gauge trucut biopsy (TCB) needle
(Quick-core, Cook Medical Inc, Bloomington, IN). In some cases, when enough tissue
material could not be obtained by a TCB needle, fine-needle aspiration biopsies using a 22-
gauge needle were performed. Pancreatic biopsies were repeated at 3 months after the first
biopsy to further exclude malignancy.
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Immunohistochemistry and Histologic Scoring
Biopsy samples or surgically resected tissues were fixed in 10% formalin and embedded in
paraffin. Sections were deparaffinized, permeabilized, and used for immunohistochemistry.
16 Detailed procedures for immunohistochemistry and histologic scoring are described in the
Supplementary Materials and Methods section.

Statistical Analysis
Statistical analysis was performed with the Student's paired t test. Differences with a P value
of less than .05 were considered statistically significant. All values are expressed as mean ±
standard error of the mean.

Results
Corticosteroids Reverse Impaired HCO3− Secretion

Table 1 summarizes the serologic characteristics of 21 patients with AIP. Nineteen (90.5%)
patients showed positive IgG4 values of more than 135 mg/dL.1 Figure 1A shows the
exocrine function evaluated by the secretin test. The secreted volume and maximum HCO3

−

concentration in response to secretin injection report ductal function, whereas total amylase
output reports acinar cell function. In 17 patients examined, the degree of exocrine
dysfunction differed significantly among patients with AIP. Fourteen (82%) patients showed
reduced pancreatic exocrine function in at least 2 parameters before treatment, including
maximum HCO3

− concentration, which is consistent with definite chronic pancreatitis.17

To examine whether corticosteroids affect pancreatic exocrine function in AIP, secretin tests
were repeated before and 3 months after initiation of treatment. Unlike a previous report,18

steroids did not restore secreted volume (Figure 1B; n = 8; NS). However, a 3-month
administration of steroids to patients with AIP significantly increased the maximum HCO3

−

concentration (n = 7; P < .05) and total amylase output in the secreted fluid (n = 8; P < .01),
suggesting that treatment improves both ductal and acinar cell function.

Pancreatic exocrine function in 3 patients with AIP was evaluated 3 times: before, 3 months
(short-term) after initiation of treatment, and 12 months (long-term) after initiation of
treatment (Figure 1C), to test whether long-term corticosteroids further improve pancreatic
exocrine function. Long-term corticosteroids had no additional effect on both secreted
volume (NS) and maximum HCO3

− concentration (NS), but further improved amylase
secretion when compared with short-term treatment (P < .05).

These results indicate that short-term corticosteroids are sufficient for recovery of HCO3
−

secretion by pancreatic ducts. However, functional recovery for digestive enzyme secretion
by acinar cells requires steroid administration for a longer period of time.

Regeneration of Acini and Disappearance of Fibrosis by Corticosteroids
To define cellular mechanisms of the restored HCO3

− secretion by duct cells and recovery
of amylase secretion by acinar cells, we first examined pancreatic tissues by H&E and
Masson's trichrome staining. In AIP, extensive disappearance of acini and their replacement
by fibrotic tissue were evident (Figure 2B, D, and E) when compared with normal subjects
(Figure 2A and C). A 3-month steroid treatment repaired the tissue damage and resulted in
partial regeneration of acinar cells and disappearance of fibrosis (Figure 2F). Regeneration
of exocrine cells can account for increased amylase output owing to steroid administration.
Most of the nuclei lining the basal membrane of duct cells appeared to be deformed before
treatment (insets in Figure 2B and E), and the shape of duct cells and their nuclei was
improved by treatment (inset in Figure 2F). However, these histologic findings could not
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explain aberrant fluid and HCO3
− secretion by pancreatic ducts before treatment and

improvement of HCO3
− secretion in pancreatic juice by corticosteroids.

Up-regulation But no Effect of Corticosteroids on Aquaporin 1 Expression and
Localization in Pancreatic Ducts

CFTR regulates overall pancreatic ductal fluid and HCO3
− secretion5–7 and fluid secretion

requires aquaporin 1 (AQP1),19 which is the dominant water channel in the human
pancreatic duct.20 Therefore, to elucidate the underlying mechanism of aberrant fluid
secretion in AIP, we first examined the subcellular localization of AQP1 water channel in
pancreatic ducts.

In normal subjects, AQP1 immunolabeling was found mainly in the apical and lateral
plasma membranes, but to some extent also in basal membranes from centroacinar cells to
large interlobular ducts (Figure 3A). AQP1 also was detected in capillaries and other small
vessels. In contrast to what is expected from the impaired fluid secretion (Figure 1A),
expression of AQP1 was increased markedly in AIP (Figure 3B and C). AQP1
immunoreactivity appeared not only to be up-regulated on the plasma membrane but also in
the cytoplasm of pancreatic duct cells. Short-term treatment (Figure 3D) reversed neither
reduced fluid secretion (Figure 1B) nor increased AQP1 expression in pancreatic ducts
(Figure 3C). The increased expression of AQP1 likely is compensatory in response to
reduced fluid secretion.

Cytoplasmic Mislocalization of CFTR and Relocation to the Apical Plasma Membrane by
Corticosteroids

CFTR governs overall ion transport across most epithelia and plays a central role in
pancreatic ductal HCO3

− secretion. Therefore, we next examined the subcellular localization
of CFTR with the anti-CFTR antibody, M3A7. Remarkably, a large fraction of CFTR was
found in the cytoplasm of pancreatic ducts of AIP patients, probably owing to partial
mistargeting of protein to the plasma membrane domain. In normal subjects, CFTR
immunolabeling is confined exclusively to the apical membrane of intercalated, intralobular,
and small interlobular ducts (Figure 4A). By contrast, in patients with AIP a large fraction of
the CFTR immunolabeling was found in the cytoplasm of pancreatic ducts and apical
labeling appeared less intense compared with the labeling in normal pancreatic ducts (Figure
4B and C). Strikingly, this mislocalization largely was corrected by corticosteroid treatment.
Most of the protein again was confined to the apical plasma membrane after 3 months of
treatment (Figure 4D). To quantify these changes, slides were scored by a person who was
blinded to the source of tissue (see Materials and Methods section). Figure 4E shows that the
histologic score was improved markedly by corticosteroids. These findings indicate that
restoration of CFTR localization by the anti-inflammatory treatment most likely accounts for
improved pancreatic HCO3

− secretion (Figure 1).

CFTR Mislocalization in Other Forms of Chronic Pancreatitis
Impaired HCO3

− secretion is a hallmark of pancreatic exocrine dysfunction in all forms of
chronic pancreatitis.17 To investigate whether partial mislocalization of CFTR to the
cytoplasm also can be found in other forms of chronic pancreatitis, we examined the
expression and subcellular localization of CFTR in 6 patients with alcoholic pancreatitis
(Figure 4F), 2 patients with obstructive pancreatitis (Figure 4G), and 3 patients with
idiopathic chronic pancreatitis (Figure 4H). Intriguingly, mislocalization of CFTR was
found in all forms of chronic pancreatitis examined, similar to the findings in AIP.
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Numbers of IgG4-Positive Plasma Cells Are Decreased by Corticosteroids
In previous studies, increased numbers of IgG4-positive plasma cells in the pancreas have
been established as a marker for the diagnosis of AIP. Because serum IgG4 levels in patients
with AIP were decreased markedly by corticosteroids, IgG4 immunostains using biopsy
specimens obtained before and after corticosteroids were performed. IgG4-positive cells
were abundant in the tissues before treatment (Figure 5A). In contrast, the number of IgG4-
positive cells was reduced remarkably in response to corticosteroid treatment (Figure 5B).
The decrease in the numbers of IgG4-positive cells was in good agreement with the
improved CFTR localization (Figures 5C and 4E). These findings suggest a relation between
reduced inflammation and restored localization of CFTR to the luminal membrane.

CD133 Expression in the Human Pancreas
CD133, a hematopoietic stem/progenitor cell marker known as prominine-1, is reported to
be a good candidate gene for the identification of pancreatic stem/progenitor cells.21,22

CD133 is expressed in the ducts of fetal and adult pancreas and in pancreatic cancers.23

CD133-positive pancreatic duct cells isolated from fetal pancreas can be differentiated into
insulin-containing endocrine or amylase-containing exocrine cells, suggesting that CD133-
positive duct cells could be the source of progenitor cells in the development of the fetal
organ. The finding in the present study of regeneration of acinar cells by steroids in AIP
raised the question of whether acinar cell regeneration is associated with CD133-positive
ductal cells. To address this question, we used anti–prominine-1 antibody and examined
CD133 expression and localization in normal pancreas and AIP. Figure 6 shows the CD133
expression in adult human pancreas. In normal subjects, CD133 expression was confined to
the apical membrane domain of all cells from intercalated to small interlobular ducts (Figure
6A). CD133 also was detected in the apical membrane of small interlobular ducts in tissues
with AIP where most of the acini had disappeared and were replaced by fibrotic tissue
(Figure 6B). By contrast, with the localization of CFTR, CD133 immunolabeling was
detected exclusively in the apical plasma membrane of residual ductal trees and no
cytoplasmic staining was found (Figure 6B). Short-term treatment caused clustered
regeneration of acinar cells and CD133 immunolabeling again was detected in the apical
membrane in most of the ductal structures surrounded by regenerated acinar cells (Figure
6C). Significantly, no CD133 labeling was detected in the residual fibrotic area even after
treatment, where no acinar cell regeneration was found (Figure 6D). These findings are in
line with the hypothesis that CD133 is a good marker for pancreatic cell differentiation and
regeneration.

Discussion
The present study shows that pancreatic fluid and HCO3

− secretion by the duct and digestive
enzyme secretion by acinar cells are severely compromised in patients with AIP. Treatment
of these patients with corticosteroids repaired the pancreatic parenchymal damage, improved
ductal HCO3

− secretion, and improved digestive enzyme secretion by acinar cells. The most
remarkable finding of the present study was that the aberrant pancreatic ductal function in
AIP and its reversal by corticosteroids could be traced to partial mislocalization of CFTR to
the cytoplasm and correction of its targeting to the duct cells apical membranes.

CFTR is an epithelial Cl− channel expressed in the apical plasma membrane of intercalated
and small interlobular pancreatic ducts. The role of CFTR in HCO3

− secretion is evident
from the lack of pancreatic HCO3

− secretion in CF.9 In fact, CFTR governs the overall
ductal HCO3

− secretory process either by virtue of its regulation of major HCO3
−

transporters in the apical membrane of the pancreatic duct and other epithelia5 or by directly
conducting HCO3

− when luminal Cl− is low.6,7
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Recent work showed that knockdown of CFTR by RNA interference markedly reduced fluid
secretion by the mouse pancreatic duct.24 Therefore, we postulated that reduction in CFTR
function may underlie the reduced HCO3

− secretion observed in patients with chronic
pancreatitis. Indeed, we discovered that CFTR is mislocalized significantly in pancreatic
duct cells in all forms of chronic pancreatitis examined. Hence, reduction of the amount of
CFTR protein expressed in the apical membrane can explain the aberrant HCO3

− secretion
by the pancreatic duct in these patients. Importantly, reversal of CFTR mislocalization and
restoration of HCO3

− secretion by steroid therapy in AIP establish a strong connection
between the membrane localization of CFTR, aberrant HCO3

− secretion in vivo, and the
severity of exocrine dysfunction.

A somewhat unexpected finding was that the increased ductal HCO3
− secretion by steroid

treatment was not accompanied by increased volume (Figure 1), in particular in view of the
improved acinar function that should supply the duct with more NaCl-rich fluid. There are
several potential explanations for these findings. Paracellular Na+ flux is vital for ductal
fluid secretion. It is possible that, as in other forms of pancreatitis,25 tight junction function
is compromised in AIP and was not corrected by steroid treatment to restore fluid secretion.
Another possibility is that the inflamed pancreas in AIP may secrete more fluid than
expected from the damage caused by the pancreatitis, and correction of the disease restored
a more normal fluid secretion, but the sum of the effects resulted in no apparent change in
total volume.

The present findings indicate that CFTR plays a more prominent role in pancreatic ductal
function in patients with chronic pancreatitis than previously appreciated. In previous
studies, a link between CFTR mutations and pancreatitis has been established by showing a
higher frequency of CFTR mutations in idiopathic pancreatitis than in normal subjects in the
Caucasian population.26,27 Furthermore, the risk for pancreatitis is higher in CF carriers than
in subjects without apparent mutations in CFTR.28 However, the previous studies could not
establish a link between CFTR mistargeting and pancreatic ductal dysfunction because to
the extent examined the mutations have a minor, if any, effect on CFTR Cl− channel
activity. Thus, the present study examined the role of CFTR in pancreatic HCO3

− secretion
irrespective of mutations in CFTR, and implicated a role of CFTR in a disease (pancreatitis)
that is not the result of mutations in CFTR, but rather is mediated by deranged handling of
CFTR by epithelial cells. The mislocalization of CFTR in all forms of chronic pancreatitis
examined likely was caused by inflammation of the pancreas. These findings should
promote further studies to establish roles of the mistargeting of membrane proteins such as
SLC26 transporters5,29 in secretory or absorbing defects in other inflammatory diseases in
epithelia.

Because of the central role of CFTR in pancreatic HCO3
− secretion and regulation of

HCO3
− transporters by CFTR, mistargeting of CFTR is expected to have multiple effects on

ductal HCO3
− secretory process. Hence, mistargeting of CFTR will result in the loss of

apical membrane Cl− conductance and Cl− recirculation across the apical membrane,30 loss
of CFTR-mediated HCO3

− conductance at low luminal Cl−,6,7 loss of Cl−/HCO3
− exchange

by the apical SLC26 transporters that are activated by CFTR,5,29 and potentially loss of
regulation of other apical membrane transporters regulated by CFTR and participating in
HCO3

− secretion.31 Hence, it is likely that the activity and perhaps localization of other
apical membrane transporters are affected by mistargeting of CFTR. Nevertheless,
mistargeting of CFTR in chronic pancreatitis reported here is the principal event leading to
aberrant HCO3

− secretion in the disease, whereas potential changes in the activity of other
transporters are likely to be secondary to the change in mistargeting of CFTR.
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In AIP, not only pancreatic ductal function was impaired, but also the ability to secrete
digestive enzymes was compromised severely. This digestive enzyme malsecretion can be
explained by the absence of acinar cells and their replacement by fibrotic tissue in the
pancreas of AIP. Here, we have found that even short-term (3-month) steroid treatment
results in partial regeneration of acinar cells and thereby recovery of digestive enzyme
secretion. Moreover, although the number of patients examined was small (n = 3), when
prednisolone at 5 mg was given for 12 months, further improvement in digestive enzyme
secretion was found. This probably reflects the time required for acinar cell regeneration,
which appears to occur at a slower rate than correction of CFTR localization. Whether a
treatment longer than 1 year will result in further improvement of digestive enzyme
secretion is being examined.

Chronic pancreatitis with any etiology is a progressive disease that damages pancreatic
parenchyma, resulting in tissue damage that is thought to be irreversible by any known
treatment.32 All treatments available for chronic pancreatitis are aimed at alleviating
symptoms of the disease and none is aimed at either halting the progressive inflammation, or
correcting tissue damage. The effectiveness of short-term steroid treatment in correcting
mislocalized CFTR and in promoting regeneration of acinar cells in AIP raise the prospect
of careful administration of steroids as a new treatment to reverse dysfunction and tissue
damage to other forms of chronic pancreatitis.

Another potential implication of our findings is that mislocalization of CFTR can be a
contributing factor to the severity of secretory or absorbing defects seen in other
inflammatory diseases of epithelia. In Sjögren syndrome, an inflammation of salivary and
lacrimal glands leads to reduced fluid secretion and altered electrolyte composition of the
secreted fluid,33 suggesting abnormal ductal function. In inflammatory bowel diseases, such
as Crohn's disease and ulcerative colitis, diarrhea and malnutrition are the primary
symptoms, suggesting abnormal secretory and absorbing functions of the small and large
intestinal epithelium.34 In CF much heterogeneity exists between genotype and phenotype,
in particular in CF lung disease. Inflammation caused by bacterial or viral infection
determines disease severity in the CF lung.35 Consequently, anti-inflammatory drugs such as
corticosteroids or non-steroidal anti-inflammatory drugs increasingly are prescribed to
patients with CF, although it has not been established whether anti-inflammatory drugs
reduce the disease severity.36 If inflammation causes partial mislocalization of CFTR in the
lung epithelium, similar to that found in pancreatic ducts in chronic pancreatitis, a treatment
with anti-inflammatory drugs may affect the membrane localization of CFTR, in particular
CFTR mutations that reduce channel activity but reside in the plasma membrane. Hence, our
findings suggest that an anti-inflammatory regimen may be beneficial in delaying the onset
of diseases associated with aberrant HCO3

− secretion, such as chronic pancreatitis, Sjögren
syndrome, and CF.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Pancreatic exocrine function in AIP was examined by the secretin test. Tests were
performed at the time of diagnosis (0 months), 3 months, and 12 months after initiation of
corticosteroids. Lower limits of normal are marked by dashed lines. Black lines indicate
change of exocrine function in patients whose function was evaluated at 0 and 3 months
after initiation of corticosteroids. Gray lines indicate changes of exocrine function in
patients whose exocrine function was evaluated at 0, 3, and 12 months. (a) Total secreted
volume for an hour (normal, ≥183 mL/h). (b) Maximum HCO3

− concentration (MBC)
(normal, ≥80 mEq/L). (c) Total amylase output for an hour (normal, ≥99,000 U/h). (B)
Change in pancreatic exocrine functions caused by short-term treatment. (a) Secreted
volume was not altered by steroids (n = 8, mean ± standard error of the mean; at 0 months,
123.5 ± 12.9 mL/h; at 3 months, 122.1 ± 12.7 mL/h). (b) MBC (n = 7; at 0 months, 53.3 ±
5.8 mEq/L; at 3 months, 72.5 ± 7.2 mEq/L), and (c) total amylase output (n = 8; at 0 months,
6138 ± 2107 U/h; at 3 months, 17,143 ± 2710 U/h) were improved significantly by
treatment. (C) Change of pancreatic exocrine functions at 0, 3, and 12 months after initiation
of corticosteroids (n = 3). (a) Secretory volume and (b) MBC were not altered by prolonging
treatment up to 12 months. (c) Amylase output is improved by short-term treatment (at 0
months, 6683 ± 444 U/h; at 3 months, 17,200 ± 1968 U/h) and further by long-term
treatment (at 12 months, 28,962 ± 4894 U/h).
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Figure 2.
Pancreatic sections were stained with H&E. (A) Normal subject. (B) AIP, surgically resected
tissue. Masson's trichrome staining of (C) normal pancreas and (D) AIP. H&E staining of
specimen (E) before and (F) 3 months after initiation of steroid treatment. (E and F)
Sections were obtained from the same patient. Bars, 100 μm. Insets show images at a higher
magnification.
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Figure 3.
Immunolocalization of AQP1 in the pancreas. (A) Control subject. (B) AIP, surgically
resected. Biopsy specimen (C) before treatment and (D) after treatment. (C and D) Sections
were obtained from the same patient. The pathologic changes were seen in all sections
examined. Bars, 20 μm. Insets show images at a higher magnification.
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Figure 4.
Immunolocalization of CFTR in the pancreas. (A) Normal subject. (B) AIP, surgically
resected. Biopsy specimen (C) before and (D) after treatment. (C and D) Sections are from
the same patient. (E) Pancreatic sections obtained from normal subjects (n = 4), from AIP
patients at 0 (n = 7) or 3 months (n = 7) treatment were scored at 0 (none), 1 (slight), 2
(moderate), and 3 (severe) for the degree of cytoplasmic staining of CFTR in pancreatic
ducts. CFTR localization also was examined in the pancreas from the patients with (F)
alcoholic, (G) obstructive, and (H) idiopathic chronic pancreatitis. Each panel represents 6
alcoholic, 2 obstructive, and 3 idiopathic cases of pancreatitis, respectively. Bars, 20 μm.
Insets show images at a higher magnification.
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Figure 5.
Immunohistochemical staining for IgG4. (A) Marked IgG4-positive plasma cell infiltrates
are present in tissue before treatment. (B) The number of IgG4-positive plasma cells was
decreased significantly after treatment. (C) Pancreatic sections obtained from normal
subjects (n = 4), and AIP patients at 0 (n = 7) or 3 months (n = 7) treatment were scored at 0
(none), 1 (slight), 2 (moderate), and 3 (severe) for extent of IgG4-positive plasma cell
infiltration.
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Figure 6.
Immunoperoxidase labeling of CD133 (prominine-1) in the pancreas. (A) Normal subject.
(B) Absence of acinar cells and massive fibrosis are evident before treatment. CD133 was
detected in the apical membrane of residual pancreatic ducts. (C) CD133 and fibrosis after
short-term steroid treatment. (D) CD133-positive cells are absent and acinar cell
regeneration did not occur. Bars, 20 μm. Insets show images at a higher magnification.
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