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We aimed to study the clinical relevance of histological heterogeneity of CCA
and putative tissue biomarkers by creating a multicentric digitalized
European CCA Histology Registry.

Approach and Results: Nine referral centers, participating in the Interna-
tional Cholangiocarcinoma Clinical Registry, shared samples and data from
293 patients. Histological and immunohistochemistry stains (n=10) were
performed. Computed tomography (CT) scans (n=112 cases) were ana-
lyzed by morphological and radiomics techniques. A selection of cases
(n=18) was processed for spatial transcriptomics analysis. No significant
differences in 5-year overall survival (OS) were found in perihilar CCA versus
intrahepatic (i) CCA, and in small bile duct (SBD) versus large bile duct
(LBD) iCCA. When cases were classified by Periodic acid of Schiff (PAS)
positivity (mucin content), PASH!®H L BD iCCA showed a significantly worse
5-year OS compared to PAS-CW iCCA. Multivariate Cox regression identified
PASHICH | BD iCCA phenotype as an independent predictor of worse OS.
PASHIGH | BD iCCA subtype showed specific molecular characteristics at
spatial transcriptomics and immunohistochemistry; CT scans and serology
could distinguish PASH!SH LBD iCCA phenotype with excellent accuracy.

Abbreviations: CCA, cholangiocarcinoma; cHCC-CCA, combined hepatocellular carcinoma—cholangiocarcinoma; dCCA, distal cholangiocarcinoma; DSP, digital
spatial profiler; ENSCCA, European Network for the Study of Cholangiocarcinoma; EpCAM, Epithelial Cell Adhesion Moelcule; FFPE, formalin-fixed paraffin-
embedded; H&E, hematoxylin and eosin; iCCA, intrahepatic cholangiocarcinoma; INT-CCA, International Cholangiocarcinoma; LBD, large bile duct; MVD,
microvascular density; OS, overall survival; PAS, Periodic acid of Schiff, pCCA, perhilar cholangiocarcinoma; PCNA, Proliferating Cell Nuclear Antigen; PNI,
perineural invasion; SBD, small bile duct; vVWF, von Willebrand Factor; WSI, whole slide imaging.
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INTRODUCTION

Cholangiocarcinoma (CCA) is a malignant tumor arising
in the biliary tree.l'2 The incidence of CCA currently
accounts for ~15% of primary hepatobiliary cancers,
and its mortality represents ~2% of all cancer-related
deaths worldwide.[!

CCA is classified into 3 anatomical subtypes: intra-
hepatic (iCCA), perihilar (pCCA), and distal (dCCA);“!
each anatomical subtype should be considered as an
independent entity from a biological and clinical point of
view.’l CCA also displays remarkable histological
heterogeneity, with the small and large bile duct (SBD
and LBD, respectively) types being the most common
morphologies in iCCA.! The histological appearance
has been ascribed to the duct of origin and is
associated with type-specific molecular signatures.!

Histologic tumor characterization is well-established
in other malignancies as the basis for risk stratification
and targeted therapy; for example, lung cancers are
managed differently based on the cell morphology at
histologic evaluation,” and immunohistochemistry
defines therapeutic options and clinical management
in those affected by breast cancer.[®l Recent clinical
practice guidelines have suggested classifying iCCA
according to the morphological type based on histo-
logical assessmentl although the strength of evi-
dence for the value of histological classification is
limited by conflicting published data,!®'2 the lack of
multicenter studies, and small sample sizes.®! There-
fore, aside from confirming the diagnosis, histological
classification does not yet contribute to the manage-
ment of people affected by CCA.[25! However, the
morphology of tumors could reflect their genetic
background and behavior,['3."4 and critically evaluat-
ing the histological characteristics of CCA may reveal
key information for risk stratification and therapy
choice. Personalized therapy may, therefore, require
careful integration of individual morphological features
and biomarkers, representing a “next-generation
pathology” approach.['5]

To address this challenge, we created a European
multicentric web-based platform for digital histological
images using whole-slide imaging technology. This registry

Conclusions: Our data underline the importance of identifying morphologi-
cal subclasses with a significant prevalence in CCA as a tool for risk strati-
fication and prognosis. The European CCA Histology Registry represents a
valuable platform for integrating digital pathology with clinical, radiological,
and molecular information as a framework for digital twin advancement.

Keywords: biliary tract cancer, cell of origin, digital pathology, primary liver
cancer, spatial transcriptomics

was built upon a patient cohort with comprehensive clinical
records!'® and access to various biological samples (eg,
paraffin-embedded and/or frozen tissues, serum, bile),
along with radiological images including CT scans. The
present study analyses a cohort of patients with CCA from
this registry employing a multilayer approach, placing
particular emphasis on specific histological features and
their clinical relevance. Furthermore, we explored the
potential of the European CCA Histology Registry as a
multimodal platform for integrating digital pathology with
clinical, radiological, and molecular information.

METHODS
Study design and data collection

The European CCA Histology Registry, endorsed by the
European Network for the Study of Cholangiocarcinoma
(ENSCCA), represents a digitalized repository of
stained slides obtained from individuals who underwent
liver resection with curative intent for CCA. Recruitment
to the registry was facilitated through the collaboration
of 9 referral healthcare centers across 6 European
countries (ltaly, the Netherlands, Spain, the United
Kingdom, France, and Germany). Individuals diagnosed
with CCA within a 12-year period (January 1st, 2010, to
December 31st, 2021) were considered for inclusion in
the registry study. Eligibility criteria included: (i) availa-
bility of a formalin-fixed paraffin-embedded (FFPE)
block containing tumor from the resection specimen;
(ii) accessibility of snap frozen samples; (iii) compre-
hensive clinical information documented in the Interna-
tional Cholangiocarcinoma (INT-CCA) Registry; and (iv)
availability of stored serum sample. Accordingly, indi-
viduals meeting all inclusion criteria were identified, and
FFPE 3 pm-thick sections of resected CCA samples
(N =15) were collected from the Pathology Department
of each participating institution. These samples were
sent to Sapienza University of Rome for inclusion in the
registry. Whenever possible, non-tumoral surrounding
liver was present in the provided sections.

Individual patient data that had been obtained from
medical records by the participating hospitals and
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FIGURE 1 Geographical distribution and anatomical subtypes of cholangiocarcinoma (CCA) cases in the European CCA Histology Registry.

(A) Geographical distribution of contributing centers and number of ca
waffle chart represents the percentage of each anatomical subtype ol

ses included in the European CCA Histology Registry. (B) Main cohort: the
bserved in the main cohort. (C) Validation cohort: the Venn diagram

summarizes the number of cases extracted from the validation cohort and used for each validation analysis. Abbreviations: dCCA, distal CCA;

iCCA, intrahepatic CCA; pCCA, perihilar CCA.

included in the INT-CCA registry were retrieved, as
described elsewhere.l'®! Anatomical classification (iCCA,
pCCA, or dCCA,) followed the ICD-11 criteria.[5>'71 TNM
stage was extracted from investigator-reported notes in
the INT-CCA registry and was derived by either histology
or imaging techniques, according to the AJCC/UICC
staging system, 8th edition.

All research was conducted in accordance with both
the Declarations of Helsinki and Istanbul. The ENSCCA
Registry Study protocol was approved by the Ethics
Committee of Sapienza University of Rome, Rome, ltaly
(Code: 4492), serving as the coordinating center. Addi-
tionally, each participating center secured local ethical
approval (or equivalent) and finalized a Material Transfer
Agreement with the Sapienza University of Rome. Written
informed consent was given by all subjects. Samples and
clinical data were pseudonymized.

Histology and immunohistochemistry

FFPE sections were processed for routine histological
stains, including hematoxylin and eosin (H&E), Periodic
acid of Schiff (PAS), and Sirius Red/Fast Green.
Moreover, a custom immunohistochemical panel was
designed covering epithelial and stromal markers. The
list of targets and primary antibodies is provided in
Supplemental Table S1, http://links.lww.com/HEP/J843.
Immunohistochemistry was performed by using

standard procedures (see Supplemental Digital Content
for further details, http:/links.lww.com/HEP/J844).

All stained slides were scanned by a digital scanner
(Aperio Scanscope CS System, Aperio Digital Pathol-
ogy, Leica Biosystems) and processed by ImageScope.
The digital registry was populated by creating a
pseudonymized folder for each patient using the
eSlideManager software (Aperio Scanscope CS Sys-
tem, Aperio Digital Pathology, Leica Biosystems).

LBD type was defined from H&E-stained sections as
a tumor composed of columnar cells forming large
infiltrating glandular structures; similarly, SBD type was
defined as tumors composed of cuboidal cells arranged
as small to intermediate-sized tubules or anastomosing
glands. Cholangiolo-cellular subtype was considered to
be a subtype of SBD. Rare variants and combined
hepatocellular carcinoma—cholangiocarcinoma (cHCC-
CCA) were diagnosed based on criteria described in the
World Health Organization “blue book.”8!

Mucin content was quantified on PAS-stained sec-
tions. Mucin was assessed in tumoral glands based on
the presence of intraluminal PAS positivity and/or
intracellular PAS-positive vacuoles in the apical
cytoplasm.['®! The percentage of glandular structures
positive for PAS was counted, and then a semi-
quantitative scoring system was applied (0: <1%; 1:
1%-10%; 2: 11%-30%; 3: 31%-50%; 4: >50%).
Tumors were defined as PASH'SH (PAS positivity
score >1) or PAS'OW. For Epithelial Cell Adhesion
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Molecule (EpCAM) and Proliferating Cell Nuclear
Antigen (PCNA) stains, the percentage of positive cells
was counted, and then a semi-quantitative scoring
system was applied (0: <1%; 1: 1%-10%; 2: 11%—
30%; 3: 31%-50%; 4: >50%). Microvascular density
(MVD) was assessed on von Willebrand Factor (vVWF)
stain as the number of microvessels within each 40x
magnification high-powered field.l"® All morphological
and immunohistochemical features were independently
assessed by 2 researchers in a blinded manner. In case
of disagreement, a joint review of the slides was
performed and a consensus reached.

N=162 patients coming from 6 centers who
received treatment between 2016 and 2023 were
processed for all stains and represent the main
exploratory cohort for this study. N=131 cases with
histology were included during 2024 and 2025; these
cases were used as a validation cohort (Survival,
Serology, Radiology) based on the availability of
survival data (n=112), serology (n=74), and CT scan
(n=62), respectively (Figure 1).

Spatial molecular profiling

FFPE sections of 18 iCCA were selected for 2 separate
analyses (#1: 6 SBD and 6 PASH!GH | BD types; #2: 3
PAS'®W |BD and 3 PASH'®H |BD types) on the
NanoString GeoMx Digital Spatial Profiler (DSP). Slides
were prepared according to the manufacturer’s proto-
col. The slides were processed by using the GeoMx
Solid Tumor TME Morphology Kit (code #121300310,
including fluorescent antibodies against Pan-Cytoker-
atin, CD45, and the nuclear stain SYTO13) and the
GeoMx Immune Pathways Panel (code #121300201,
RNA assay including 84 targets plus controls for
human).

The whole slides were imaged using the GeoMx DSP
and the integrated software suite used to select regions
of interest within the tumor mass. Pan-Cytokeratin and
CD45 were used for the segmentation of epithelial and
immune cell fractions, from which DNA oligo probes
were photocleaved and cell-type-specific transcriptomic
profiles obtained. The readout of collected probes was
performed according to the manufacturer’s protocol by
using the nCounter Sprint. Reporter Code Count (RCC)
files were uploaded into the GeoMx DSP for mapping
data to the spatial origin; data were processed by
GeoMX DSP Analysis Suite (v 3.0.0113) for quality
control, normalization and background correction, and
expression analysis.

Radiology and radiomics

CT datasets were acquired on different multidetector
scanners ranging from 16 to 128 rows. A 120 kV tube

voltage was used for all acquisitions. Only portal venous
phases were analyzed. The portal venous phase was
acquired after 75 seconds from the injection of iodinated
contrast (0.625 mL/kg of total body weight at a rate of
1.6 gl/s).

All CT datasets were anonymized and collected on a
free and open-source code software program (Horospro-
ject.org, Nimble Co LLC d/b/a Purview). Images acquired
from the diaphragmatic dome to the lower margin of the
liver were selected for further analysis, and the selected
volume was transferred to a dedicated platform for tumor
segmentation and radiomic feature extraction (3D Slicer,
http://www.slicer.org). Tumor segmentation was per-
formed by an expert radiologist. All axial images of the
tumor were contoured, resulting in a 3D region of interest.

For each tumor, 13 morphologic features were
evaluated by 2 independent radiologists. For each 3D
region of interest, corresponding to the entire volume of
the selected liver lesion, 74 features were extracted
using Radiomics, an extension for 3D Slicer that
encapsulates the pyradiomics library. Morphologic and
radiomic features are reported in Supplemental Digital
Content, http://links.lww.com/HEP/J844.

CT features were analyzed using the WEKA (Wai-
kato Environment for Knowledge Analysis, Version
3.8.5, University of Waikato) machine learning suite
for data mining classification.

Radiological features were assessed alongside
histological classifications of morphological tumor fea-
tures. Two classifications were performed: SBD versus
LBD, and PASH'CH LBD versus other histotypes. For
each classification, 3 models were built: (i) Morphology
model; (ii) Radiomic model; (iii) Combined model.

The main radiological cohort was first divided into 2
groups using the WEKA Explorer Filter tool; two-thirds
of the patients were randomized to the training group
and one-third to the validation group. The training group
was analyzed using Auto-WEKA. The optimized models
were applied to the corresponding validation groups.
For each classification model, sensitivity, specificity,
accuracy, and AUC were evaluated.

Statistical analysis

Baseline demographics and risk factors were summa-
rized using descriptive statistics. Continuous data were
described as median (IQR), while categorical variables
were summarized as n (%). The Student t test or the
Mann—Whitney U test was used to determine differences
between groups for normally or non-normally distributed
data, respectively. The Fisher exact test was used to
compare categorical variables between the subgroups.
OS was assessed as the time from diagnosis to death or
last medical visit. Relapse-free survival was calculated
as the time from tumor resection to the event of relapse or
death. Patients with no information on survival, lost to
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TABLE 1 Baseline cholangiocarcinoma (CCA) patient characteristics and tumor presentation at diagnosis
All CCA iCCA pCCA dCCA p-value
(n=162) (n=96) (n=52) (n=14) iCCA vs. pCCA
Gender, n (%)

Female 63 (39) 44 (46) 15 (29) 4 (29) ns
Age, median [IQR] 69 [61-74] 69 [62-74] 65 [54—75] 77 [71-79] ns
BMI, median [IQR] 25 [23-28] 24 [23-28] 25 [22-27] 25 [24-27] ns
Stage, n

| 39 35 & 1

Il 56 27 17 12

1] 50 27 23 0

\Y 17 7 9
Stage, n (%)

[l 95 (59) 62 (65) 20 (38) 13 (93)

-V 67 (41) 34 (35) 32 (62) 1(7) p= 0.0031
T,n

1 43 39 & 1

2 65 36 25 4

8 48 20 19 9

4 6 1 5 0
T, n (%)

1-2 108 (67) 85 (89) 28 (54) 5 (36)

34 54 (33) 21 (11) 24 (46) 9 (54) p= 0.0012
N+, n (%) 40 (25) 15 (16) 21 (40) 4 (29) p= 0.0012
M1, n (%) 12 (8) 7(7) 5 (10) 1(7) ns
Tobacco, n (%) 39 (24) 29 (30) 5 (10) 5 (36) p= 0.0021
Alcohol 20 (12) 9(9) 6 (11) 5 (36) ns
Viral hepatitis 6 (4) 6 (6) 0 (0) 0 (0) ns
PSC 6 (4) 1(1) 5 (10) 0 (0) p= 0.0265
Cirrhosis 8 (5) 5 (5) 3 (6) 0 (0) ns

Abbreviations: dCCA, distal CCA; iCCA, intrahepatic CCA; ns, not significant; pCCA, perihilar CCA; PSC, primary sclerosing cholangitis.

follow-up, or alive at the last medical visit were censored
at the date of the latest record. Survival analysis was
performed with the Kaplan—Meier method and Cox
regression. The Log-rank test was used for comparisons
of Kaplan—Meier curves. HR, 95% CI, and p values for
prognostic factors were calculated.

For radiomics, the one-way ANOVA with the Fisher
LSD test was used to find significant differences in
radiomic features. The reproducibility of the morpho-
logic feature evaluation was calculated with the
weighted Cohen kappa analysis. Agreement was
interpreted according to the following criteria: >0.81:
excellent agreement; 0.61-0.80: good agreement;
0.41-0.60: moderate agreement; 0.21-0.40: fair agree-
ment; <0.20: poor agreement.

Predictive accuracy of serological markers was
evaluated using receiver operating curves. To combine
serological biomarkers, a logistic regression model was
estimated with ALP, GGT, and carbohydrate antigen
19-9 (CA19-9) as the explanatory variables, and then a
receiver operating curve was obtained by using the

predicted probability as the test variable. The optimal
cutoff value was chosen to maximize the Youden index.

Statistical analyses were performed with IBM SPSS
Statistics Version 25.0 (IBM Corp.) and Graphpad Prism
version 9.0 (Graphpad Software). All p values were
obtained in 2-tailed tests, and p < 0.05 was considered
statistically significant.

RESULTS

Digital case series creation and subject
characteristics

Histological samples from n=162 subjects with
resected CCA were collected and processed. A specific
digital folder containing all slides is available for each
subject in the slide manager system. Subjects were
divided according to the tumor anatomical location
(Figure 1) into iCCA (n=96), pCCA (n=52), and dCCA
(n=14).
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LBD type

(A) sBD type

Rare types

SBD type | LBD type | Rare types | cHCC-CCA
iCCA | 40.6% (39) | 45.0% (43) | 7.3% (7) 7.3% (7)
pCCA | 3.8% (2) | 96.2% (50) 0% (0) 0% (0)
dCCA 0% (0) 100% (14) 0% (0) 0% (0)
(p) <0.001 <0.001 <0.001 <0.001
FIGURE 2

Probability of
Survival

—

Probability of
Survival

C

5-years OS
Deaths  Median OS
iCCA 66% 886d
pCCA 68% 692d

HR 1.35[0.87-2.11]; p=0.157

— iCCA
Time (years) —= PCCA
C)
100 5-years OS
\\H iCCA Deaths Median OS
50 .'1_.1_‘1 Is.zg 57% 987d
s 56% 986d

HR 1.00 [0.56-1.78]; p=0.904

T
01 3 5 7
Time (years)

' — LBDiICCA
SBD iCCA

Histological subtyping of cholangiocarcinoma (CCA). (A) H&E stain (upper panels) and immunohistochemistry for CK7 (lower

panels) on SBD CCA, LBD CCA, and rare CCA variants (rare types). The donut charts and the table report the distribution of histological subtypes
within each anatomical type expressed as a percentage (number) of cases. Statistical significance in A was assessed by the Fisher exact test. (B,
C) Kaplan—Meier curves, HR, and 95% CI for 5-year overall survival (OS) of patients based on (B) anatomical tumor subtypes (iCCA vs. pCCA)
and (C) histological subtypes (SBD iCCA vs. LBD iCCA). Abbreviations: cHCC-CCA, combined hepatocellular carcinoma—CCA; CK7, cytokeratin
7; dCCA, distal CCA; H&E, hematoxylin and eosin; iCCA, intrahepatic CCA; LBD, large bile duct type; pCCA, perihilar CCA; SBD, small bile

duct type.

The baseline patient characteristics and tumor
presentation at diagnosis are reported in Table 1 and
Supplemental Figure S1, http:/links.lww.com/HEP/
J845. No significant differences in gender and age at
presentation were found between the different anatom-
ical subtypes. Given the relatively low number of dCCA,
statistical comparisons were not performed for this
tumor subtype.

In this cohort, pCCA presented with a higher T and N
compared to iCCA, thus resulting in a lower percentage
of subjects with earlier disease stages (stages | and II).
No difference was reported in M status (distant
metastasis). Radical resection (ie, R0O) was more
frequently obtained in iCCA compared with pCCA
(Supplemental Figure S1, http:/links.lww.com/HEP/
J845).

Histologic subtyping of CCA

The histologic classification was based on assessment
of H&E-stained sections. Intrahepatic CCAs were
classified into SBD type, LBD type, or rare variants
(Figure 2A). SBD type and LBD type accounted for
40.6% and 45.0%, respectively. Remaining iCCA were
classified as rare variants (7.3%) or cHCC-CCA (7.3%).
Since cHCC-CCA should be considered as a separate

entity,?9 these cases (n=7) were excluded from
subsequent analyses. Similarly, rare types were
excluded given the low number of cases and their
heterogenous phenotype (list of found rare variants is
reported in Supplemental Table S2, http:/links.lww.
com/HEP/J843). No differences were present in terms
of age, gender, stage, TNM, and residual tumor (R)
between SBD and LBD types of iCCA (Supplemental
Figure S1, http://links.lww.com/HEP/J845 and Supple-
mental Table S3, http://links.lww.com/HEP/J843).

Despite more advanced stages at diagnosis, no
significant difference in 5-year OS was found in pCCA
compared with iCCA (Figure 2B), nor comparing
extrahepatic CCA (pCCA plus dCCA) with iCCA
(Supplemental Figure S2, http://links.lww.com/HEP/
J845); SBD-type and LBD-type iCCA did not differ in
5-year OS (Figure 2C). To exclude the presence of
potential biases due to staging systems, we confirmed
these results also after excluding stage IV and/or M1
cases from the examined cohorts (Supplemental Figure
S3, http://links.lww.com/HEP/J845) and stage Il iCCA
with multiple nodules (Supplemental Figure S4, http:/
links.lww.com/HEP/J845).

The histology of p/dCCA was uniform; most cases
showed histological features corresponding to conven-
tional adenocarcinoma with large glandular elements
growing within the duct wall in a periductal infiltrating
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pattern. Unexpectedly, 2/52 pCCA showed a histology
phenotype comparable to SBD iCCA subtype, as part of
a mass-forming component (Supplemental Figure S5,
http://links.lww.com/HEP/J845).

Histologic analysis of the surrounding non-
tumoral liver

In cases where non-tumoral liver was available for
assessment, a histopathological evaluation of the tissue
was performed (Supplemental Figure S6, http://links.
Iww.com/HEP/J845). In all, 70 of 110 subjects i/pCCA
cases with assessable non-tumoral liver (64%) showed
evidence of chronic injury in non-lesional liver paren-
chyma or bile duct wall. We focused on the presence of
specific patterns of hepatic (ie, fibrosis, steatosis, and
lobular inflammation) and biliary (inflammation of large
intrahepatic bile ducts and primary sclerosing cholangi-
tis) injury. Hepatocyte steatosis was more frequent in
non-tumoral livers from cases of iCCA (38%) compared
to pCCA (6%, p<0.001), while cholangitis of large
intrahepatic bile ducts was more frequently present in
pCCA (52%) compared to iCCA (11%, p<0.001). On
the other hand, no differences in the non-lesional liver
were found comparing the SBD-type versus LBD-type
iCCA cases. Interestingly, although the majority (45/74:
61%) of iICCA-affected subjects had significant histo-
logical liver injury, only 26% of subjects were reported to
have an underlying liver disease in the available clinical
records. Similarly, nearly half of the subjects with pCCA
showed histologic signs of large bile duct inflammation
or, when confirmed by clinical records, definite primary
sclerosing cholangitis.

Mucin content and perineural invasion
indicate a worse prognosis in subjects with
CCA

For better identification of morphologic features with
clinical relevance associated with CCA subtypes, mucin
content was analyzed by a routine histologic stain
(Figure 3A). Tumors were dichotomized as PASH!CH or
PASLOW using a positivity cutoff of 10% (score > 1).
The vast majority of p/dCCA (85% and 86%) were
categorized as PASH!'CH while 23/96 (24%) iCCA were
PASHICH (p<0.001 vs. p/dCCA). High PAS positivity
was more frequent in LBD type (17/43: 40%) compared
to SBD-type iCCA (6/39: 15%; p=0.023). The second
review of these PASH!'CH SBD-type tumors showed that
3 of them were composed of relatively narrow tubular
structures lined by cuboidal cells (3/6). The other 3
tumors, in addition to a predominant typical SBD-type
appearance, also showed limited LBD-type areas in
places.

In terms of outcomes, PASHGH | BD-type iCCA
showed a significantly worse 5-year OS compared to
PAS'®W |BD or compared to all other histologic
subtypes (Figure 3B-C). Interestingly, the PASHGH
LBD-type iICCA showed similar OS to pCCA
(Figure 3B and Supplemental Figure S3, http:/links.
Iww.com/HEP/J845) and extrahepatic CCA (Supple-
mental Figure S2B, http://links.lww.com/HEP/J845).
The results on the association between histo-typing
and OS were confirmed in the validation cohort
(n=112, Supplemental Table S4, http://links.lww.com/
HEP/J843) reported in Figure 3E.

Next, the frequency of perineural invasion (PNI) was
evaluated (Figure 3D and Supplemental Figure S7, http://
links.lww.com/HEP/J845). PNI was significantly more
prevalent in pCCA and dCCA (70% and 54%, respec-
tively) compared with iCCA (16%). Within iCCA, the LBD
type exhibited 10-fold higher PNI frequency than other
iCCA histotypes. Interestingly, PNI was more frequent in
PASHICH | BD-type iCCA compared to PAS-W iCCA
(Figure 3D). Furthermore, the presence of PNI significantly
correlated with worse 5-year OS (Supplemental Figure
S7, http://links.lww.com/HEP/J845) and the combination
of PASH!®H L BD phenotype together with PNI individuated
tumors with a dismal prognosis compared to others
(Supplemental Figure S7, http://links.lww.com/HEP/J845).

Spatial molecular analysis identifies iCCA
subtype-specific molecular traits

Spatial molecular analysis represents a unique tool for
dissecting the tumor epithelial cell from the stromal/
immune cell fraction, allowing a separate analysis of
each fraction (Figure 4 and Supplemental Figure S8A,
http://links.lww.com/HEP/J845). The European CCA
Histology Registry was used for representative case
selection and subsequently to confirm the obtained
preliminary results in the entire cohort. Spatial molec-
ular analysis was performed by comparing epithelial
tumor cells from the two most different histologic
phenotypes, namely PASH'CH | BD (n=6) versus
PAS-®W SBD iCCA (n=6). (Figure 4 and Supplemental
Figure S8B, http://links.lww.com/HEP/J845).

Among examined genes, EPCAM and HIF1A were
the most upregulated and downregulated in PASH'GH
LBD compared to PAS-°W SBD-type iCCA, respec-
tively (Figure 4B and Supplemental Figure S8B, http://
links.lww.com/HEP/J845). Regarding markers of prolif-
eration, PAS-°W SBD-type iCCA showed upregulation
in CCND1 (cyclin D1); however, no differences were
present in Ki67 expression (MKI67). No differences
were found in genes related to cell apoptosis. A slight
but significant difference in expression was observed in
some cytokines (eg, IL12B, IL6, IFNG, CCL5) (Supple-
mental Figure S8B, http://links.lww.com/HEP/J845).


http://links.lww.com/HEP/J845
http://links.lww.com/HEP/J845
http://links.lww.com/HEP/J845
http://links.lww.com/HEP/J845
http://links.lww.com/HEP/J845
http://links.lww.com/HEP/J845
http://links.lww.com/HEP/J843
http://links.lww.com/HEP/J843
http://links.lww.com/HEP/J845
http://links.lww.com/HEP/J845
http://links.lww.com/HEP/J845
http://links.lww.com/HEP/J845
http://links.lww.com/HEP/J845
http://links.lww.com/HEP/J845
http://links.lww.com/HEP/J845
http://links.lww.com/HEP/J845
http://links.lww.com/HEP/J845

762 |

HEPATOLOGY

(A)
PAS IHC

Nuclei PanCK CD45

(B)

[] Epithelial [l Immune

log2 Change from Mean

=l
[m]
&l |
I |
-
B
-
o0
|
|
|
:
]
]
-
]
=
m
|
]

ROI 001

Il PASHIGH  BD

Histology 3
Cell_Type 2
STAT2
CD274

0
O
1%}
145
{0}

i

5
z
(0}

ITGAM

=
{0
(oo
NI

Nuclei Pan

CK CD45

"

Segments (AOI)

Cell Type| O Epithelial @ Immune

(C)
EPCAM
250 o~ p=0.026
200 A
E 150 -
3 100 1
50

CCND1
150 1 p=10.009

100 - é
=
50 -

GOI/HK

BCL2
80 -
60 -
X
E 40-
o
o
20 -
0o b——-

HIF1A
150 4 p=0.009

v 100 -

=S

6

O 504 ‘

MKI67
150 -
100 -
X
E
o
T}
0 -
50—+
FAS
80 -
60 -
X
< 40 -
o}
G}
20 |

0——

[l PASHICH L BD

FIGURE 4 Spatial transcriptomic analysis of intrahepatic cholangiocarcinoma (iCCA) histological subtypes. (A) N=6 SBD iCCA and N=6
PASHICH | BD iCCA samples from the European CCA Histology Registry were selected for spatial transcriptomic analysis. Based on immuno-
fluorescence for PanCK and CD45, ROIs were segmented in areas of illumination (AQIs) for separate profiling of epithelial and immune cell
compartments. (B) Heat map and hierarchical clustering of gene expression in iCCA show separation between epithelial and immune cells and
histological subtypes. (C) Violin plots of selected genes in SBD iCCA versus PASH'CH | BD iCCA. Gene of interest (GOI) expression was
normalized by housekeeping (HK) genes. Statistical significance was assessed by the Student ¢ test. Abbreviations: iCCA, intrahepatic CCA; IF,
immunofluorescence; IHC, immunohistochemistry; LBD, large bile duct type; PanCK, pan-cytokeratin; PAS, Periodic acid of Schiff; SBD, small bile

duct type.



HISTOLOGY AND BIOMARKERS IN CCA

763

*) SBD iCCA LBD iCCA 4 e [S Syears 05
i __dyears©5
iy e T =seo g 100 -, iCCA Deaths OS (M)
3
g3 WPAS D 5 . * EpCAM" 66%  986d
@ mrastiGHieD 0 \ L H .
= e, 5 EpCAM" 50%  882d
o = > 50
s < £ .,
Q1 3 HR: 0.96 [0.56-1.65]
w —
Qo p=0.779
0 ° 0 +—T—TT T T T T T
o 01 3 5 7 9
Time (years)
4 =580 E 5-years OS
— 2 100 . —_— ———
v, mmPASLOW 1 8D S iCCA Deaths OS (M)
8 =IPASHIGH | gp ‘3 ——Low PI 56%  1131d
f, 5 ——HighPl  70%  835d
< S, 50
=z =
o1 =
o g HR: 1.51 [0.29-2.56]
0 g p=0.158
S 0+—TTTT T
o 01 3 5 7 9
Time (years)
'ﬁ_" 25 p<0.01 == sED Ig 100 5-years OS
I 2 mPAStOWisD £ i iCCA Deaths OS (M)
‘ 2 5 DIPASHSH LBD 3 " - MVD" 69%  835d
. @ 5 5 . ——mvD"  58%  987d
3 “>’ 10 >
+ = —h
";" 5 3 R HR: 0.78 [0.46-1.31]
2 =0.350
0 = 72 S 0 =] P
° 0O+—T—T—7T T T T 7T
o 01 3 5 7 9
Time (years)
(B)
aHR 95% CI p-value
Gender (Female) —| "—0— 2.090 1.084 to 4.071 0.0281
Age >65 | |—— 2.492 1.224 t0 5.311 0.0141
Stage Il (vs I) | —o— 3.269 1.319 to 8.426 0.0113
Stage Ill (vs 1) — \ -— 8.205 3.216 t0 22.26 <0.0001
Stage IV (vs I) ‘ *—— 11.16 1.919 to 53.25 0.0036
PAS"'®" LBD iCCA* T —o— 2.719 1.071to 6.534 0.0286
Grade 3 (vs 1/2) ;—o— 2.376 1.172 to 4.792 0.0154
PNI (Y) — -o— 0.8849 0.2685 to 1.884 0.5710
MVD (High) | —e— 0.9202 0.8374 to 1.003 0.0698
Cirrhosis (Y) | — 1.940 0.5220 to 5.903 0.2716
PI (High) —— 0.8849 0.4328 to 1.864 0.7408
1
T T T 1
aHR  0.01 0.1 1 10 100
FIGURE 5 Immunohistochemical characterization of intrahepatic cholangiocarcinoma histological subtypes. (A) Immunohistochemistry for

Epithelial Cell Adhesion Molecule (EpCAM), Proliferating Cell Nuclear Antigen (PCNA), and von Willebrand Factor (vWF) on SBD and LBD iCCA.
Violin plots report median and interquartile range for positivity scores (EpCAM and PCNA) and for the number of vVWF+ vessels per high-powered
field (HPF) on SBD iCCA and PAS-°W/PASHIGH | BD iCCA. Kaplan-Meier curve, HR, and 95% CI for 5-year overall survival (OS) of patients
based on high versus low EpCAM positivity, proliferation index (PI), and microvascular density (MVD). (B) Forest plot illustrating independent
predictors of patient survival as analyzed by multiple linear regression. *PASH!®H LBD iCCA versus other histological iCCA subtypes. Abbrevi-
ations: aHR, adjusted hazard ratio; iCCA, intrahepatic CCA; LBD, large bile duct type; SBD, small bile duct type.

In a separate experiment (Supplemental Figure S9,
http://links.lww.com/HEP/J845), we performed spatial
molecular analysis comparing PASH!'GH versus PAS-OW
LBD iCCAs; no significant differences were observed in
the expressions of genes identified in the PASH'GH | BD
versus PAS-OW LBD comparison, suggesting a close
relationship among LBD subtypes.

To support these observations, we analyzed the
digital slides included in the European CCA Histology
Registry (ie, immunohistochemistry for EpCAM,
PCNA, and vWF) in order to corroborate or validate

the molecular analyses and to explore correlations
with patient prognosis in the entire iCCA cohort
(Figure 5A).

For EpCAM, PASH!GH | BD-type iCCA showed higher
positivity compared to the SBD type. Moreover, in
accordance with HIF1A gene expression, there was a
lower MVD in SBD compared to PASH!'GH LBD iCCA, as
assessed on VWF stains. Finally, no significant differences
in proliferation between iCCA subtypes were present by
evaluating the immunohistochemical positivity of PCNA, a
pan-cycle marker of cell proliferation. The analysis of OS
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showed that EpCAM positivity, MVD, and proliferation
index were not associated with the prognosis at 5 years.

Multivariate analyses of tissue biomarkers

To test the prognostic role of histological subtyping and other
assessed histologic features (PNI, MVD, Proliferation Index),
multivariate Cox regression analyses were performed by also
including covariates with a potential influence on prognosis:
age (> 65 years), gender, stage, tumor grade, and histologic
evidence of cirrhosis. Interestingly, the PASH'SH LBD-type
iCCA phenotype (Figure 5B) or high PAS positivity alone
(Supplemental Table S5, http:/links.lww.com/HEP/J843)
were independently associated with worse OS at 5 years.

Histologic subtypes can be identified by
radiomics

CT scans were available for 50 subjects (Figures 6A,
B); 21 (42%) were categorized as SBD type and 29
(58%) as LBD type. No differences in age and gender
were observed in this subcohort compared to the entire
cohort (Supplemental Table S6, http://links.lww.com/
HEP/J843).

The WEKA Explorer Filter tool randomly subdivided the
population into 2 groups: the first group, including 33
patients (66%), was used for model training, and the second
group, made of 17 patients (34%), for model testing.

Two classifications were performed: SBD type versus
LBD-type and PASHICH | BD-type iCCA versus all other
histotypes. Interestingly, radiomic features performed
better than radiological morphological ones in discriminat-
ing SBD type from LBD-type and PASH!'GH | BD-type iCCA
from other histotypes (Supplemental Figure S10, http://
links.lww.com/HEP/J845). The combination of radiomic
and morphology features resulted in excellent accuracy in
classifying cases as PASH!CH LBD-type iCCA and a very
good accuracy in discriminating SBD type from LBD type,
with AUCs of 0.942 and 0.847, respectively (Figure 6C).
These observations were confirmed in a prospective
validation cohort (Figure 6D and Supplemental Figure
S$10, http://links.lww.com/HEP/J845).

PASHIGH | BD-type iCCA is characterized by
a cholestatic serological fingerprint

We explored differences in serum parameters of liver
and biliary function among histological subtypes
(Figure 7). There were no significant differences in
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ALT, AST, and CEA between LBD-type and SBD-type
iCCAs (Supplemental Table S7, http://links.lww.com/
HEP/J843); however, LBD showed higher values of
ALP, GGT, and CA19-9 compared to SBD. Interest-
ingly, PASH!ICH | BD iCCA showed higher values of
ALP, GGT, and CA19-9 but not ALT, AST, and CEA
compared to other iCCA histotypes (Figure 7A). There-
fore, we explored the potential role of ALP, GGT, and
CA19-9 in discriminating PASH!GH LBD iCCA from other
iCCA subtypes. The 3 tested biomarkers had a good
accuracy in predicting the PASH!GH | BD iCCA type
(Supplemental Figure S11, http://links.lww.com/HEP/
J845), with an excellent accuracy (AUC =0.950) when
all 3 biomarkers were combined (Figure 7B).

These observations were confirmed in a prospective
validation cohort (Figure 7D). Finally, based on the worst
prognosis of PASH!GH | BD iCCA and the accuracy of a
serum signature to identify this subtype, we retrieved a
larger cohort (n=215) of patients from the INT-CCA
clinical registry to confirm the prognostic role of the serum
fingerprint. Subjects affected by iCCA were divided based

on the best cutoff value for specificity and sensitivity
(Figure 7E); remarkably, subjects above the cutoff
(putatively predictive for PASHICH LBD histotype) showed
aworse OS compared to those below the cutoff (Figure 7),
after adjustment for age, gender, disease stage, and the
presence of biliary disease or liver cirrhosis (Supplemental
Table S8, http://links.lww.com/HEP/J843).

DISCUSSION

The main results obtained in the present study were: (i)
the creation of a digitalized European CCA Histology
Registry of tumors with associated clinical and radio-
logical data, based on a multicenter and international
European cohort; (ii) the definition of histological CCA
subtypes with clinical and prognostic relevance; (iii) the
use of radiomics and serum signatures for the classi-
fication of specific CCA histological subtypes.
International and multidisciplinary cooperation repre-
sents a key strategy for addressing rare cancers. To
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facilitate this, ENSCCA has created interconnected
registries (clinical, histological, radiological, molecular)
as a strategic effort empowering CCA research. This
approach is a prerequisite for the implementation of
healthcare and research applications based on the
digital twin paradigm.2'! Data obtained from the
ENSCCA (INT-CCA) clinical registry (up to 2234
patients) provided the real-world landscape of CCA in
Europe and provided diagnostic, prognostic, and
therapeutic insights.["®

Here, we report the creation of the European CCA
Histology Registry. To date, it contains 293 CCA (main
and validation cohorts) and nearly 1800 digital slides.
Performed stains ensured an extensive characterization
of tumor morphology, epithelial cell phenotype, and
tissue microenvironment. The European CCA Histology
Registry is an online platform potentially open for
collegial revision of cases and teaching activities.
Further, the availability of unstained sections ensures
their usefulness for any future scientific collaborations
and projects.

Histologically, CCAs are conventional adenocarcino-
mas. However, iCCA is highly variable, and different
histological subtypes are well recognized. In the most
recent World Health Organization classification, the 2
main histologic iCCA subtypes, the LBD type and SBD
type, are documented based on the duct of origin and
the tumor cell appearance.l'®! The use of this classifi-
cation was recently recommended in an EASL Clinical
Practice Guideline as it offers insights into both the
mutational landscape and prognosis.[%! Unfortunately,
the adoption of variable criteria for the histological
classification and the monocentric nature of literature
studies limit the level of evidence and the strength of the
recommendation.[-12

In general, the histologic subtyping of CCA can be
challenging when only morphological criteria are used,
especially in needle biopsies. For example, the SBD
type could invade larger ducts distally, or the LBD type
can form nodular mass lesions as deeper stromal
invasion occurs. In the present study, World Health
Organization criteria were applied,['8! and tumors were
histologically classified based on their morphology from
H&E-stained sections. In our case series, equal
numbers of iCCA were categorized as SBD or LBD
type. Most pCCAs and all dCCAs were categorized as
LBD, as expected based on the duct of origin (ie,
hepatic ducts at hilum). Unexpectedly, a small number
of pCCA cases (n=2) were categorized as SBD type.
This could be due to anatomical tumor misclassification,
which can be challenging in some cases, especially in
the locally advanced stage and in the presence of a
mass-forming growth pattern.

High mucin content was frequently observed in p/
dCCA and can be ascribed to the duct/cell of origin.[
Mucin-containing and secreting cells are present in
extrahepatic and large intrahepatic bile ducts, mainly in

associated peribiliary glands.?2l According to the
putative duct of origin, high mucin content was more
frequently found in LBD-type iCCA compared to SBD-
type iCCA. In LBD-type iCCA, PAS positivity could
indicate a specific cell of origin with PASH'®H tumors
resembling the phenotype of peribiliary glands and
mucin-positive cells within the surface epithelium of
larger intrahepatic bile ducts. This is in accordance with
previous evidence indicating that peribiliary glands can
show dysplastic features and undergo neoplastic
transformation in human chronic biliary diseases!'?
and in experimental models.[2324] PASHIGH | BD iCCAs
were associated with a high frequency of PNI in our
cohort. This feature, also commonly observed in p/
dCCA, could be ascribed to the growth pattern within
the duct of origin; nerve branches within extrahepatic
and large intrahepatic bile ducts could be rapidly
infiltrated by the tumor cells growing with a periductal
infiltrating pattern. Few SBD-type iCCA cases (n=6)
showed a PASH'GH phenotype and could be considered
as an indeterminate/mixed pattern subtype (ie, mixtures
of typical SBD with LBD-type areas or cuboidal tumor
cells with abundant mucin production) as proposed
recently.2526] This proposed approach is of value
because, to date, there are no individual immuno-
histochemical markers that can discriminate with
certainty between the SBD and LDB types. This point
is particularly important in the diagnostic setting, when
molecular studies should be prioritized when dealing
with limited biopsy samples, as recommended by a
recent consensus document.?”l Our approach, based
on the combination of H&E-based morphological
assessment and PAS stain, would potentially help in
simplifying the histological subtyping, correlating clini-
cal, radiological, and pathological features, and max-
imizing tissue usage for molecular-based patient
management.

To further characterize the molecular features of
tumor cells in the PASHGH | BD-type iCCA, we
performed spatial transcriptomic analysis and subse-
quently confirmed the most relevant differences in the
entire cohort by immunohistochemistry. Interestingly,
PASHIGH | BD showed higher EpCAM gene expression
and immunohistochemical positivity compared to SBD
iCCA. This is in line with the higher EpCAM expression
found in healthy large bile ducts and associated
peribiliary glands compared to interlobular bile
ducts.?2 Contrastingly, SBD iCCAs were character-
ized by an upregulation in HIF1A and cyclin D1. In a
previous study, impaired neoangiogenesis favoring
lymphatic vessel formation was found in iCCA but not
in pCCA.128l |n the whole cohort, we demonstrated a
poorly vascularized stromal component in SBD-type
iCCA by immunohistochemistry, which could explain
the increased HIF1A expression. Although cyclin D1
was upregulated in SBD-type iCCA, no differences
were found in MKI67 gene expression and in PCNA
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protein expression by immunohistochemistry com-
pared to PASH!GH | BD-type iCCA. Cyclin D1 expres-
sion can be induced by HIF1A;129:30 therefore, we can
speculate that this pathway is activated in the SBD
type to support proliferation in a hypoxic environment.

From a methodological point of view, we demon-
strated the usefulness of setting up a whole-slide
imaging histological registry before moving to spatial-
omics approaches. The European CCA Histology
Registry allowed the selection of the most representa-
tive cases for molecular analysis based on a precise
knowledge of the tissue architecture and patients’
characteristics and served as the platform for confirming
molecular results on a broader, well-characterized case
series with complete clinical records.

From a clinical point of view, while no differences
in 5-year OS were found between SBD-type and
LBD-type iCCA, PASHIGH | BD iCCA represented the
histologic subtype with the worst prognosis; high
mucin content was associated with poor survival
independently of SBD/LBD dichotomy, further
strengthening the role of PAS positivity as a
prognostic factor. Interestingly, PASH'GH LBD iCCA
showed a serum fingerprint characterized by high
values in ALP, GGT, and CA19-9, in contrast to other
iCCA subtypes. The higher values in cholestatic
indices could be due to an obstructive growth
involving large intrahepatic bile ducts and/or con-
comitant cholangitis. Moreover, CA19-9 is a cell
surface glycoprotein complex and is clinically asso-
ciated with mucinous tumors.3"32 Remarkably,
these 3 serum biomarkers, alone or in combination,
led to the accurate identification of PASH!SH L BD
iCCA and were associated with a worse prognosis
when tested on a larger case series.

The capability of radiomics and radiological morpho-
logical features in predicting iCCA histologic subtypes
was also tested. Interestingly, a radiomic-based model
was able to accurately identify PASH!GH [ BD iCCA,
suggesting the presence of specific radiologic textures
detectable by imaging.[33!

Uniquely, an assessment of the surrounding liver
and biliary tissues was performed in the present
study. In Europe, iCCA is often considered to be a
“sporadic” tumor and not associated with underlying
liver disease except for primary sclerosing
cholangitis.['l However, nearly 2/3 of subjects affected
by iCCA in our case series showed a significant
histological liver parenchymal and/or biliary injury
without differences between LBD versus SBD iCCA
subtypes. Therefore, our observations seem to sug-
gest that a pre-existing and clinically silent chronic
liver/biliary condition (eg, steatotic liver disease,
subclinical cholangitis) could be present in subjects
who will develop iCCA. Further studies are essential
to identify specific populations at risk and to develop
appropriate screening protocols.

Limitations

The retrospective nature could be considered a
limitation of the study; however, this allowed the
collection of a cohort with a 5-year follow-up, and the
inclusion of patients is still ongoing prospectively. Only
subjects who underwent tumor resection were included,
and we acknowledge that this subgroup of subjects may
not fully represent CCA's natural history. However,
resected tumor samples allowed a more accurate and
in-depth histological analysis compared to needle
biopsies and could give initial information to be
evaluated in unresectable patients. The validation of
our findings on independent cohorts would be needed
to further translate them into clinics. Finally, the
recruitment of subjects from additional European
countries would enhance the geographic diversity of
our cohort, thereby strengthening the conclusiveness of
our results.

Perspectives and conclusions

Histological subtyping represents a cornerstone of
prognosis and treatment in several cancers, including
those of the breast and lung.”-8! Our data indicate the
importance of developing homogeneous morphological
subclasses with a significant prevalence in CCA and
allowing the potential role of histology as a cheap and
easy means for risk stratification and prognosis. Future
studies are important to address consensus on classi-
fication criteria and correlation with the complete
molecular landscape of histological CCA subtypes. In
conclusion, the European CCA Histology Registry
represents a valuable resource and a platform for
adopting an integrative approach to the study of CCA.
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