7894 Y. Oe et al. / Biomaterials 35 (2014) 7887—7895

exchange with polysulfates (Fig. 3C). It is also worth mentioning
that the elimination of Chol-siRNA micelles from the bloodstream
followed a single exponential decay (or a one-compartment model
in pharmacokinetics) (Fig. S8B), suggesting that the Chol-siRNA
micelles were eliminated mainly from the kidney without being
distributed into peripheral tissues. This is supported by the result
that the Chol-siRNA micelles (or the siRNA payloads) were mainly
accumulated in the kidney after systemic administration (Fig. S9).
Note that the blood retention time of naked Chol-siRNA was
modestly longer than those of naked Chol-free siRNA. This may be
due to interaction of Chol-siRNA with lipoproteins in the blood-
stream leading to compromised renal filtration [39].

Next, the tumor-targeting ability of cRGD-installed micelles was
investigated by measuring their accumulation in subcutaneous
HeLa-Luc tumors. Fluorescently-labeled micelles were adminis-
tered by tail vein injection and tumors were excised after 4 h fol-
lowed by measurement of the fluorescence intensity of each tumor
mass with an IVIS instrument. While there was almost no differ-
ence in fluorescence intensity between Chol-free micelles with and
without cRGD, significantly higher fluorescence intensity was
observed for Chol-siRNA micelles equipped with cRGD, compared
to those without cRGD (Fig. 5B). These results indicate that the
cRGD ligand enabled more efficient tumor accumulation of the
highly stabilized Chol-siRNA micelles following systemic adminis-
tration, presumably due to the enhanced avidity of cRGD ligands to
ovPB3/oyPs integrin receptors on cancerous cells and also tumor-
associated endothelial cells [13,33,34]. Intratumoral distribution
of RGD(+)/Chol(+) micelles was further examined by continuous
CLSM observation of the subcutaneous tumor tissue after systemic
administration. The CLSM image captured at 80 min after injection
displays massive distribution of the micelles in the tumor tissue
through the blood vessels (Fig. S10). Importantly, there were no
significant differences in healthy organ/tissue accumulation be-
tween non-targeted and actively-targeted micelles (p > 0.05)
(Fig. S9), demonstrating tumor-selective targeting of RGD(+)/
Chol(+) micelles.

Finally, the in vivo gene silencing activity of siRNA micelles was
investigated through luciferase gene silencing (luminescence
measurement) in subcutaneous HeLa-Luc tumors, similar to the
luminescence-based assay used for in vitro experiments. At 48 h
after the initial injection of samples (total 3 intravenous injections),
luciferin solution was intraperitoneally injected into mice, followed
by measurement of the luminescence intensity in the tumor tissues
with an IVIS instrument (Fig. 5C and Fig. S11). Non-targeted
RGD(-)/Chol(—) micelles did not decrease tumor luminescence
intensity, whereas the actively-targeted, RGD(+)/Chol(—) and
RGD(+)/Chol(+) micelles did reduce tumor luminescence in-
tensities compared to buffer-treated controls. In particular, the
actively-targeted/stabilized, RGD(+)/Chol(+) micelles achieved
significant decrease in the luminescence intensity (p < 0.05 for
buffer-treated controls). It should be noted that the RGD(+)/
Chol(+) micelles carrying siScr as a control sequence caused no
decrease in the luminescence intensity, demonstrating sequence-
specific gene silencing (i.e. RNAI) activity of the actively-targeted/
stabilized micelles. In addition, it was also confirmed that all the
tested micelles did not induce significant changes in the body
weight of tumor-bearing mice (Table S1). In total, actively-targeted
and stabilized micelles were more effective in delivering intact
(thus active) siRNA to the cytoplasm of tumor cells following sys-
temic administration. The present study particularly focused on the
separate functionalization of the macromolecular components, i.e.,
PEG-PLL and siRNA, for construction of the multifunctional
formulation, i.e., actively-targeted/stabilized micelles. This
approach permitted the facile functionalization based on a simple
chemistry, which is in contrast to the previously developed block

copolymer modified with 2-iminothiolane, where two functional
groups, open chain and closed ring structures, are equilibrated in
the side chain of PLL [13].

4. Conclusions

Actively-targeted and stabilized PIC micelles were constructed
with Chol-siRNA and PEG-PLL comprising the cRGD ligand at the
PEG terminus and thiol (and amidine) functionality in PLL side
chains, for systemic siRNA delivery to solid tumors. The Chol
modification of siRNA allowed the production of PIC micelles at
wider mixing ratios above the charge-stoichiometric point and
dramatically stabilized the micelle structure, resulting in the
enhanced blood circulation property of siRNA micelles. Further, the
active targeting ability of the cRGD ligand was proven by enhanced
cellular uptake in vitro and also enhanced tumor accumulation
in vivo following systemic administration. Ultimately, the syner-
gistic effect of active targetability and improved stability enabled
significant sequence-specific gene silencing in the subcutaneous
tumor tissue following systemic administration of siRNA micelles.
The results obtained in this study highlight the importance of
additional stabilizing mechanisms in PIC micelle systems, and that
stabilization can be achieved from both the polymer component
and the siRNA component used. Here, Chol-conjugation to siRNA
reinforced the limited effect of disulfide cross-linking, thus
improving the active targetability of nanoparticulate formulations
for systemic transport of siRNA into tumor tissues.
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Abstract Biliary tract cancers have an extremely poor out-
come, and specific diagnostic markers and effective treat-
ments are needed urgently. In this study, we assessed the
capacity of panel of immunohistochemical markers including
claudin-18, maspin, and p53 to distinguish biliary tract carci-
noma and biliary intraepithelial neoplasia (BilIN) from non-
neoplastic epithelium. We performed a retrospective study of
66 biliary tract cancer specimens and 63 specimens with non-
neoplastic lesions. Of the surgical specimens, 96.7 % with
adenocarcinoma/BilIN were detected as neoplastic, and all 63
specimens histologically diagnosed as non-neoplastic lesion
were detected as non-neoplastic with high sensitivity (91.1 %)
and specificity (100 %). Of presurgical endobiliary forceps
biopsy specimens, all with adenocarcinoma/BilIN and only 1
of the 19 with a non-neoplastic lesion were distinguished as
neoplastic with high sensitivity (100 %) and specificity (94.7 %).
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Moreover, this panel provided good separation of neoplasm
from malignancy-undetermined atypical epithelium (18/21,
85.7 %). This panel achieves a more reliable distinction of
biliary tract cancers and BillNs from non-neoplastic epithelia
in both surgical and biopsy specimens than immunohisto-
chemical analysis with single antibodies and is useful in
supporting a diagnosis of adenocarcinoma and BilIN.

Keywords Claudin-18 - Maspin - p53 - Human bile duct
cancer - Early diagnosis

Introduction

The incidence of biliary tract cancers, comprising gallbladder,
bile duct, and ampullary cancer, has been increasing world-
wide over the past several decades and in the USA over the
last decade [1, 2]. In Japan, the morbidity associated with
these cancers has also increased, and more than 18,000 people
died of this cancer in 2012 [3].

Generally, the overall prognosis for biliary tract cancer is
poor. Although currently only surgical resection may be cura-
tive, the curative resection rate has remained low at approxi-
mately 40 % [4]. Therefore, early detection and preoperative
confirmation of the malignant diagnosis is vitally important in
improving prognosis [5]. The gold standard method of diag-
nosis requires endobiliary forceps biopsy and percutaneous
liver biopsy. However, histopathological examination of bi-
opsy tissues in clinical practice can be challenging because of
a limited amount of material, crush artifacts, and the presence
of confounding acute and chronic inflammatory epithelial
changes [6, 7].

The need for accurate diagnostic methods has led to the
exploration of immunohistochemical markers to distinguish
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between benign atypia and malignancy [8—13]. In the present
study, we examined the potential of three molecules, claudin-
18 (cldn18), maspin, and p53, to serve as immunohistological
diagnostic markers for bile duct cancers, biliary intraepithelial
neoplasia (BilIN), and ampullary cancer, which can be diffi-
cult to diagnose by histology alone. BilIN is a flat-type pre-
malignant or in situ neoplastic lesion of the biliary tract that
was first documented in 2005 and has been recently included
in the WHO classification of 2010 as intraductal papillary
neoplasm of the bile duct (IPNB) [14-16]. BilIN occurs in
intrahepatic and extrahepatic bile ducts and sometimes result
from disorders of the biliary tract, such as hepatolithiasis,
choledochal cysts, and primary sclerosing cholangitis. Biliary
tract cancers progress through multistep carcinogenesis, with
multiple molecular events such as KRAS and GNAS mutation
and p53 overexpression, and BilIN and IPN are precursor
lesions [15, 17]. BilIN is subdivided into BilIN-1, BilIN-2,
and BilIN-3 according to the degree of cellular atypia and
architectural disturbance. BilIN-1 and BilIN-2 correspond to
low and intermediate grades, respectively. BilIN-3 is high
grade and equivalent to carcinoma in situ.

Claudins are tight junction resident transmembrane pro-
teins that are present in epithelial and endothelial cells and in
derived neoplastic cells [18]. Aberrant expression of a number
of claudins has been reported in various carcinomas [19, 20].
Cldnl18 is detected in gastrointestinal and lung tissues
[21-23]. In pancreatic ductal adenocarcinoma, cldnl8 is
overexpressed and has been identified as a potential diagnostic
marker [24]. In the biliary tract, multivariable analysis dem-
onstrated that positive cldnl8 expression is an independent
risk factor for lymph node metastasis [25]. Recently, we
reported that cldnl18 is primarily regulated at the transcription-
al level via specific protein kinase C signaling pathways and
that its expression is modified by DNA methylation [26].

Mammary serine protease inhibitor, otherwise known as
maspin, is a member of the serine protease inhibitor super-
family and was identified as a tumor suppressor in mammary
tissue in 1994 [27]. However, subsequent studies have re-
vealed its tumor-suppressive properties to be complex and
dependent on factors such as genetic background, type of
cancer, and the expression of maspin (or lack thereof) in the
corresponding normal tissue. Interestingly, both methylation
and demethylation of the maspin promoter have been reported
to influence its expression [28]. Some studies demonstrated an
association between hypermethylation of the maspin promoter
and loss of maspin expression in colonic and ovarian cancers
[29, 30]. Others reported that demethylation was associated
with maspin overexpression in gastric cancer [31]. In biliary
tract cancer, demethylation of the maspin promoter and aber-
rant maspin expression has been reported [32]. In pancreatic
ductal adenocarcinoma, overexpression of maspin is associat-
ed with lower postoperative survival [33]. In the gallbladder,
use of an immunohistochemical panel including maspin has
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been reported to distinguish adenocarcinoma from benign/
reactive epithelium [34].

Mutation of the p53 gene is a key event in the carcinogen-
esis of many different types of tumors. The presence of this
genetic abnormality in biliary tract cancer has been suggested
in various investigations that used immunohistochemical and
molecular epidemiological methods [35, 36].

Currently, accurate cancer detection including localization
is needed to improve the prognosis of patients with bile duct
cancers. In this study, we used immunohistochemical methods
to document the expression of cldnl18, maspin, and p53 in bile
duct carcinomas, BillNs, and ampullary carcinoma in surgical
specimens and analyzed the diagnostic utility of this immuno-
histochemical panel in presurgical bile duct biopsy specimens.

Materials and methods
Surgical specimens

A total of 66 biliary tract cancer specimens obtained by
surgical excision from 1999 to 2011 were retrieved from the
pathology file of Sapporo Medical University Hospital,
Sapporo, Japan. Their clinicopathological characteristics are
summarized in Table 1. Gallbladder cancer was excluded from
the present study because presurgical biopsies had not been
performed. The histological type of all cancers was adenocar-
cinoma. The cancer staging system was based on both the
UICC classification (7th edition) and the Japanese Society of
Biliary Surgery classification (fifth edition). Among the 66
adenocarcinomas, 25 (9 intrahepatic, 5 hilar extrahepatic bile
duct, 7 distal extrahepatic bile duct, and 4 ampulla of Vater)
had flat intraepithelial neoplastic lesions around invasive car-
cinomas. These intraepithelial lesions consisted of precursor
lesions, that is, true BilIN, and superficial spreading lesions
that were difficult to differentiate. Thus, in the present study,
all intraepithelial components were classified as BilIN-1,
BilIN-2, and BilIN-3 according to the degree of cell atypia.
In addition, 63 specimens with non-neoplastic epithelia
from cases of adenocarcinoma (25 intrahepatic, 10 hilar
extrahepatic bile duct, 21 distal extrahepatic bile duct, and
7 ampulla of Vater) were selected as a control group. All
slides were independently evaluated by three pathologists
(KY, TA, and MM). Discordant cases were discussed, and
a consensus was reached.

Immunohistochemical staining of surgical specimens

The hematoxylin and eosin (H&E)-stained slides from all
cases were reviewed to select representative sections. New
sections from paraffin blocks were examined by the labeled
polymer method. Sections were deparaffinized, rehydrated,
moistened with phosphate-buffered saline (PBS; pH 7.4),
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Table1 Clinicopathological features of biliary tract cancers

Total (N=66) Intrahepatic bile duct carcinoma (N=27) Extraﬁepatic‘ bile duct carcinoma (N=32) Ampullary carcinoma (N=7)

Age (range, median) 39-84, 68.5 T grade (UICC) T grade (UICC) T grade (UICC)

Sex TUT2 i 22 Tis/T1/T2 18 Tis/T1/T2 4
Male 47 T3/T4 5 T3/T4 14 T3/T4 3
Female 19 T gradeb T grade® T grade®

Location ' TUT2 14 TUT2 11 TI/T2 2
Intrahepatic 27 T3/T4 ) 13 T3/T4 21 T3/T4 5
Extrahepatic 32 Lymph node metastasis Lymph node metastasis Lymph node metastasis ’

Hilar 11 Negative 24 Negative 20 Negative
Distal 21 - Positive 3 Positive 12 Positive 3
Ampulla of Vater 7 Stage group (UICC) Stage group (UICC) Stage group (UICC)

Tumor size i 20 OMA/BAT 15 O/IA/IB/T
<3 cm 29 v 7 ITA/IB/IIA/IIB 17 IIA/TIB/IILA\/IIIB 5
>3 cm 25 Stage groupb Stage groupb Stage groupb

Unknown 12 i 13 VIV 17 JUIGHE 3

Histological type /IVA/IVB 14 IVAIVB 15 IVA/IVB
Well 33 Lymphatic invasion Lymphatic invasion Lymphatic invasion
Moderately 16 Negative - Negative 13 Negative 2
Poorly 17 Positive - Positive 19 Positive 5

BilIN® Venous invasion Venous invasion Venous invasion
BilIN-1 8 Negative 18 Negative 16 Negaﬁire ’ k 3

~ BilIN-2 ‘ 11 Positive 9 Positive 23 Positive
BIilIN-3 6 ' Interstitial connective tissue Intefsﬁﬁal connective tissue

. Medullary 4 Medullary
Intermediate 20 Intermediate 6
Scilrhous , ‘ ' 8 Scirrthous

aFlat mtraeplthchal neoplastic lesion around i mvasxve carcinoma classified as BilIN-1, BilIN-2, and BilIN-3 accordmg to the degree of cell atypia

b, General rules for surgical and pathologlcal studxes on cancer of the blhary tract (ﬁﬁh edmon) by the Japanesc Somety of Bxhary Surgery

and then pretreated in an autoclave at 121 °C for 5 min in
10 mM citrate buffer (pH 6.0), followed by 30 min incubation
with antibodies to the following antigens in an automated
immunostaining system (Dako Autostainer; Dako,
‘Carpinteria, CA, USA): cldn18 (Inv1trogen Carlsbad, CA;
polyclonal, x100), maspin (BD, Franklin Lakes, NJ; G167-
70, x50), and p53 (Dako, DO-7, x50). Maspin immunoreac-
tivity was independently evaluated in the cytoplasm (C) or
nucleus (N). The intensity of staining was assessed as
strong (3), moderate (2), weak (1), or negative (0). The
proportion of neoplastic cells stained was recorded as 0
(no staining), 1 (1-10 %), 2 (11-20 %), 3 (21-30 %), 4
(3140 %), 5 (41-50 %), 6 (51-60 %), 7 (61-70 %), 8
(71-80 %), 9 (81-90 %), or 10 (91-100 %). Because
neoplasm heterogeneity caused variable immunoreactivity in
each case, we established a multiplication score for improve-
ment of accuracy: The minimum score was intensity 0xpro-
portion 0 (multiplication score 0), and the maximum was
intensity 3 xproportion 10 (multiplication score 30) Several
representative fields were examined. -

Double-staining immunohistochemistry -

For double immunostaining, paraffin-embedded tissue sec-
tions were deparaffinized in xylene (10 min, two times) and
rehydrated through a graded ethanol series. Antigen retrieval
was performed by immersing sections in 10 mM Tris-1 mM
EDTA buffer (pH 9.0) and boiling in a microwave oven
(95 °C, 30 min). After washing of the sections with PBS
(5 min, threé times), they were allowed to cool at room
temperature. They were then incubated in 3 % hydrogen
peroxide for 10 min to inactivate endogenous peroxidase.
After washing in PBS (5 min, three times), they were incu-
bated with anti-maspin antibody (BD, G167-70; X50) over-
night at 4 °C. The following day, the sections were washed in
PBS (5 min, three times), and immunostaining was performed
by a standard immunoperoxidase technique (Histofine SAB-
PO Kit, Nichirei Co., Tokyo, Japan) with a BCIP/NBT sub-
strate system (Dako Laboratories) as chromogen, according to
the manufacturer’s instructions. After the sections were
washed in distilled water (5 min, three times), antigen retrieval
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was performed by immersing the sections in 10 mM Tris-
1 mM EDTA buffer (pH 9.0) and boiling in a microwave
(95 °C, 10 min). The sections were washed with PBS (5 min,

three times) and allowed to cool to room temperature.

Subsequently, the sections were incubated with anti-cldn18
antibody (Inv1trogen polyclonal, x100) overnight at 4 °C.
The following day, after the sections were washed in PBS
(5 min, three times), immunostaining was performed with
the Dako REAL™ EnVision™ Detection System . (Dako
ChemMate, Glostrup, Denmark) with diaminobenzidine
(Dako Laboratories) as the chromogen, according to the
manufacturer’s instructions. Sections were then counter-
stained with hematoxylin, dehydrated, and mounted.

Irrnnunohistochemical émalysis of presurgical bibpsy
specimens

As an additional study, 1mmunohlstochemlcal analys1s
was performed on 58 samples s adenocarcmomas
21 malignancy-undetermined atypxcal epltheha and 19
non-neoplastic lesions) taken from presurgical extrahe-
patic bile duct forceps biopsies and 7 samples (4 ade-
nocarcinomas and 3 non-neoplastic lesions) taken from
presurgical percutaneous biopsies. All specimens of
malignancy-undetermined atypical epithelium showed
nuclear atypia and turned out to be adenocarcinoma by
histological examination of the subsequent surgical spec-
imens. The 19 specimens with non-neoplastic lesions from
endobiliary forceps biopsies comprised 5 specimens of IgG4-
related sclerosing. cholangitis, 5 of primary sclerosing
cholangitis, and 9 of nonspecific fibrosis/inflammation. All
three specimens of non-neoplastic lesions from percutaneous

liver biopsies concerned nonspecific ﬁbrosis/inﬂamma,tion;'

None of the patients had & stent when the biopsy was
performed. The immunohistochemical protocol was the
same as that described above. Because of the small
amount of epithelium in blopsy specimens, any immu-
noreactivity in epithelial cells was regarded as positive
regardless of the mulmphcatlon score. A case with one
or more positive atypical epithelia was given a binary
value of 1, while absence of positive atypical epithelia was
given a binary value of 0.

Statistics

A three-step analysis was used for the surgical specimens. In
the first step, cutoff values were calculated for the multiplica-
tion scores of cldn18, maspin (N), and p53 that would distin-
guish the following: (i) adenocarcinoma from non-neoplastic
epithelium, (ii) BilIN from non-neoplastic epithelium, and (iii)
neoplasm (adenocarcinoma/BilIN) from non-neoplastic epi-
thelium. In the second step, other cutoff values were calculat-
ed for the combined multiplication scores from cldnl8,
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maspin (N), and p53 that would distinguish neoplastic (ade-
nocarcinoma/BilIN) from non-neoplastic epithelium. Third,
for every antibody, the multiplication score was converted to
its respective binary value using cutoff values obtained in the
first step as the threshold. The score with the highest sensitiv-
ity and spe01ﬁc1ty was used to deﬁne the receiver operator
characteristic (ROC) curve, and the area under the receiver
operator characteristic curve (AUC) was calculated. We used
95 % confidence intervals (CIs) to test the hypothesis that
AUC is 0.5. For presurgical biopsy specimens, ROC curve
analysis was performed to calculate the best binary value in
the combination of cldn18, maspin ™), and p53. All statistical
analyses were performed with SPSS statistics ver. 20.

'Results

Patient characteristics

The study population of 66 patients with biliary tract cancers
consisted of 47 men and 19 women, ranging at the time of
diagnosis between 39 and 84 years of age (Table 1). The
median age of the patients was 68.5 years. The number of
patients according to UICC stage was as follows: intrahepatic
bile duct cancer /Il n=20 and II/IV n=7, and extrahepatic
bile duct and ampullary carcinoma 0/IA/IB/IT n=17 and IIA/
TIB/I/IV n=22. Cases of BilIN were classified as 8 of BilIN-
1, 11 of BilIN-2, and 6 of BilIN-3 as described in the
“Materials and methods.” None of the patients had papillary
lesions identified as IPNB.

CldnlSeXpression in surgical specimens

First, we examined the immunochemistry. of the surgical
specimens for cldn18, maspin, and p53 independently. In the
biliary tract tissues, immunostaining of cldn18 was observed
in the basolateral membrane of the neoplastlc cells (Fig. 1). In
contrast, stammg for cldn18 was almost absent in non-
neoplastxc epithelial cells. To maximize reproducibility and
accuracy of the immunohistochemical evaluation, we defined
a parameter, designated as the multiplication score, which was
calculated by multiplying intensity (4 grades) and proportion
(11 grades) of i 1mmunoreact1v1ty The mu1t1p11cat10n scores for
cldnl8 in adenocarcmoma BilIN-3, BilIN-2, BilIN-1, and
non-neoplastic ep1the11um were (mean+SD/median) 22+6.8/
24, 26+2.8/27, 25+6.1/27, 23+9.1/27, and 0.97+2.3/0, re-
spectively (Table 2)..

In adenocarcinomas, the multlphcatlon score was
Iower, because differentiation of the neoplasm was.poor.
Multiplication scores in.well, moderately, and poorly
differentiated adenocarcinoma were (mean£SD/median)
23+5.8/24, 21+8.2/24, and 17+7.5/18, respectively (Table 3
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Fig. 1 H&E staining and immunohistochemical staining in surgical
specimens of well, moderately (mod), and poorly (por) differentiated
bile duct adenocarcinoma and BilIN-1, BilIN-2, and BilIN-3. Cldn18
was expressed on basolateral membranes of the epithelial cells in
adenocarcinoma and BilIN-1, BilIN-2, and BilIN-3. Maspin was also

and Supplementary Fig. S1). Cldn18 was distributed along the
entire cell membrane of most cells in well-differentiated ade-
nocarcinomas and expressed at least in part on the cell sur-
faces of poorly differentiated adenocarcinoma cells (Fig. 1).
There were no significant changes in the cldnl8 expression
patterns in BilIN-1, BilIN-2, and BilIN-3.

expressed in both the cytoplasm and nucleus of the epithelial cells in
adenocarcinoma and BilIN-1, BilIN-2, and BilIN-3. p53 was expressed in
the nucleus of the epithelial cells in some specimens of adenocarcinoma
and BilIN-2 and BilIN-3. In the non-neoplastic epithelial cells adjacent to
BilIN, none of the three antibodies caused staining

Maspin expression in surgical specimens
Immunostaining of maspin was observed in both the
cytoplasm and nucleus of the neoplastic cells (Fig. 1).

Apart from bile duct epithelium, some non-neoplastic
hepatic cells and duodenal epithelial cells were positive
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Table2  Results of the immunohistochemical evaluation of cldn18, maspin, and p53 in surgical specimens

Intensity Proportion Multiplication score
Antibody Histolbgical type Number Mean+SD Median Mean+SD Median Mean+SD Median
cldnl8 Adenocarcinoma 66 2.8+0.5 3 7.7+1.9 8 22+46.8 24
‘ BilIN-3 6 320 3 8.7£1.0 9 26+2.8 27
BillN-2 1 30 3 83£2.0 9 25+6.1 27
BillN-1 8 2.6+0.70 3 8.142.1 9 2349.1 27
" Non-ne 63 048£0.73 0 0.731.6 0 09723 0
Maspin (C) Adenocarcinoma 66 2312 3 5.0+3.2 55 14297 15
BilIN-3 6 2.740.5 3 62429 6 17495 15
BillN-2 11 23+1.1 3 5.043.7 5 15£11 15
BIlIN-1 8 16+13 2 26238 2 73+8.6 ‘
Non-ne 63 0.35£0.91 0 0.3320.85 0 0.79+2.1 0
Maspin (N) Adenocarcinoma 66 25£10 3 5.1£30 6 15.£94 18
BilIN-3 ' 6 3,00 3 5.7+1.6 6.5 17+4.8 19.5
BillN-2 1 20+13 3 45436 5 13+11 15
BilIN-1 8 19413 25 3.843.0 3 1049.6 6
Non-ne 63 0.57+1.1 0 0.57+1.1 0 15+3.0 0
pS3 . Adenbcarcinoma 66 1.7+£1.3 2 2.7+3.1 1 74£9.5 3
BilN-3 6 12+1.1 1 22424 1 43263 15
BillN-2 11 0.64+1.1 0 0.73£1.7 0 245.1 0
BilIN-1 8 0.63%1.1 0 1£23 0 2.946.9 0
Non-ne 63 0 0 0 0 0o 0

Non-ne non-ne'oplasﬁc epithelium

for maspin in the nucleus. Multiplication scores for maspin (C)
in adenocarcinoma, BilIN-3, BilIN-2, BilIN-1, and non-
neoplastic epithelium were (mean+SD/median) 14£9.7/15,
17£9.5/15, 15£11/15, 7.3£8.6/4, and 0.79+2.1/0, respectively
(Table 2). Multiplication scores for maspin (N) in adenocarci-
noma, BilIN-3, BilIN-2, BilIN-1, and non-neoplastic epithelium

were (mean+SD/median) 15+9.4/18, 17£4.8/19.5, 13+£11/15,
10:£9.6/6, and 1.5+3.0/6, respectively (Table 2). Multiplication
scores for maspin (N) in well, moderately, and poorly differen-
tiated adenocarcinoma were (mean+SD/median) 17+8.2/21,
12+10/10.5, and 14+9.9/12, respectively (Table 3 and
Supplementary Fig. S1). There were no significant differences

Table3 Results of the immunohistochemical evaluation of well, moderately, and poorly differentiated adenocarcinoma in surgical specimens

Inte,n”sity Propdrtion Mliltiplication score '
Antibody Differentiation Number Mean+SD Median Mean+SD Median Mean+SD Median
cldnl8 Well 33 2.9+04 3 8.0x1.5 8 23+5.8 .24
Moderately 16 2.7+0.7 3 7.8+2.2 8 21482 24
Poorly 17 22407 2 7.242:1 8 17£7.5 18
Maspin (C) Well 33 2.5+1.0 3 - 5.9+3.0 7 17+£9.5 21
Moderately 16 1.9+1.2 25 4.1£3.1 4 10£9.2 8.5
Poorly 17 2+1.3 3 4431 4 11£9.2 12
Maspin (N) Well 33 2.6+0.8 3 5.8+2.6 7 17£8.2 21
Moderately 16 2.1£13 3 41434 35 12+10 10.5
Poorly 17 24£10 3 48432 5 1499 12
p53 Well 33 1.8%1.3 2 29432 1 7.8+£9.6 3
Moderately 16 1.6+1.2 2 2.9+3.2 1 7.549.3 25
Poorly 17 1.6+1.3 2 2.1+2.8 1 5.8+8.7 2
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in the scores among adenocarcinomas (all histological types;
data not shown).

P53 expression in surgical specimens

p53 was expressed in the nucleus in some adenocarcinomas
and a few specimens with BilIN-2 and BilIN-3 (Fig. 1).
Multiplication scores in specimens with adenocarcinoma,
BilIN-3, BilIN-2, BilIN-1, and non-neoplastic epithelium
were (mean+SD/median) 7.4+9.5/3, 4.3+6.3/1.5, 2.04£5.1/
0, 2.946.9/0, and 0/0, respectively (Table 2). For each neo-
plasm, the multiplication scores for p53 were lower than those
for cldn18 and maspin, but p53 was the most specific of the
three markers (Table 2). Multiplication scores in well,
moderately, and poorly differentiated adenocarcinoma were
(mean+SD/median) 7.8+9.6/3, 7.5+9.3/2.5, and 5.8+8.7/2,
respectively (Table 3 and Supplementary Fig. S1).

Diagnostic value of cldn18, maspin, and p53 in surgical
specimens

To distinguish neoplasms from non-neoplastic epithelium in
the surgical specimens from patients with biliary tract cancers,
we calculated the AUC for cldnl8, maspin, and p53, as
described in the “Materials and methods” (Fig. 2a). The
AUC for cldn18 was 0.992 [95 % CI, 98.3 to 100] (Fig. 2b).
A cutoff value of 6 produced the highest accuracy (minimal
number of false-negative and false-positive results); sensitiv-
ity and specificity were 95.6 and 96.8 %, respectively. There
was no significant difference in the scores between BilIN-1-3,
so BilIN-1-3 were referred to collectively as “BilIN”
(Fig. 2c). As shown in the upper panel of Fig. 2¢, 87 of 91
(95.1 %) specimens with adenocarcinoma/BilIN (63 of 66
with adenocarcinoma and 24 of 25-with BilIN) were detected
as neoplastic. Among specimens with non-neoplastic epithe-
lium, 61 of 63 (96.8 %) were detected as non-neoplastic. The
AUC for maspin (N) was 0.879 [95 % CI, 82.5 to 93.3]
(Fig. 2b). A cutoff value of 1 gave the highest accuracy;
sensitivity and specificity were 85.6 and 77.8 %, respectively.
As shown in the third panel of Fig. 2c, 78 of 91 (85.7 %)
specimens with adenocarcinoma/BilIN (58 of 66 with adeno-
carcinoma and 20 of 25 with BilIN) were detected as neoplas-
tic. Among the specimens with non-neoplastic epithelium, 49
of 63 (77.8 %) were detected as non-neoplastic. The AUC for
p53 was 0.806 [95 % CI, 73.7 to 87.4] (Fig. 2b). A cutoff
value of 1 produced the highest accuracy; sensitivity and
specificity were 61.1 and 100 %, respectively. As shown in
the bottom panel of Fig. 2¢, 56 of 91 (61.5 %) specimens with
adenocarcinoma/BilIN (47 of 66 with adenocarcinoma and 9
of 25 with BilIN) were detected as neoplastic. Among speci-
mens with non-neoplastic epithelium, all 63 were detected as
non-neoplastic. For distinguishing adenocarcinoma from non-
neoplastic epithelium or BilIN from non-neoplastic epithelium,

ROC curves showed that all the three markers were highly
accurate (Supplementary Figs. S2A and S2B).

Next, we obtained additional scores by combining the
multiplication scores for cldn18, maspin (N), and p53 and
analyzed the new scores to distinguish neoplastic from non-
neoplastic tissues. The AUC for the combined multiplication
score was 0.996 [95 % CI, 98.8 to 100] (Supplementary
Fig. S3A). A cutoff value of 15 had the highest specificity;
sensitivity and specificity were 96.6 and 100 %, respectively.
A cutoff value of 12 had the highest sensitivity; sensitivity
and specificity were 100 and 96.8 %, respectively
(Supplementary Fig. S3A). When all specimens were differ-
entiated by a cutoff value of 15, 88 of 91 (96.7 %) speci-
mens with adenocarcinoma/BilIN were detected as neoplas-
tic, and all 63 specimens with histologically diagnosed non-
neoplastic epithelium were detected as non-neoplastic
(Supplementary Fig. S3B). These results indicate that the
strategy of combining the three multiplication scores suc-
cessfully distinguished neoplasms from non-neoplastic epi-
thelia in the surgical specimens of biliary tract carcinoma.

For convenience, we employed an additional step. Before
combining the three parameters for cldnl8, maspin (N), and
p53, we converted each of the multiplication scores to binary
values (0 for immuno-negative and 1 for immuno-positive) on
the basis of the best cutoff values calculated above. With the
binary values for cldn18, maspin (N), and p53, we calculated
the AUC and analyzed the new scores to distinguish neo-
plasms from non-neoplastic tissues (Fig. 3). After these pro-
cesses, the AUC was 0.989 [95 % CI, 97.8 to 99.9] (Fig. 3a).
As shown in Fig. 3b, the best cutoff score was 2, 81 of 91
(89.0 %) specimens with adenocarcinoma/BilIN and none
with non-neoplastic epithelium were distinguished as neoplas-
tic, and sensitivity and specificity were 91.1 and 100 %,
respectively. At a cutoff value of 1, all 91 specimens with
adenocarcinoma/BilIN and 15 of 63 (23.8 %) with non-
neoplastic epithelium were distinguished as neoplastic; sensi-
tivity and specificity were 100 and 74.6 %, respectively. Ata
cutoff value of 3, 41 of 91 (45.1 %) specimens with
adenocarcinoma/BilIN and none with non-neoplastic epithe-
lium were distinguished as neoplastic; sensitivity and speci-
ficity were 51.1 and 100 %, respectively.

Diagnostic value of cldn18, maspin, and p53 in presurgical
endobiliary forceps biopsy specimens

Next, we examined whether this analysis is applicable to
presurgical endobiliary forceps biopsy specimens because
they are the most important source for both clinical diagnosis
and rapid intraoperative diagnosis. The immunostaining pat-
terns of the presurgical endobiliary forceps biopsy specimens
were similar to those of the surgical specimens (Fig. 4a). In
biopsy specimens, we observed that some epithelia without
apparent dysplasia, including intestinal epithelium, were
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