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Highlights

e Several circulating proteins were associated with
biliary tract cancer.

¢ Diagnostic multiprotein signatures were generated
and tested.

e The signatures discriminated between individuals
with biliary tract cancer and controls.

e Combining several proteins improved diagnostic
ability compared to single markers.
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Impact and implications

We attempted to find blood sample-based protein
profiles that could differentiate patients with biliary
tract cancer from those without cancer. Several pro-
files were found and tested in different groups of pa-
tients. The profiles were successful at identifying most
patients with biliary tract cancer, pointing towards the
utility of multiprotein signatures in this context.
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Background & Aims: Biliary tract cancer (BTC) is associated with a dismal prognosis, partly because it is typically diagnosed
late, highlighting the need for diagnostic biomarkers. The purpose of this project was to identify and validate multiprotein
signatures that could differentiate patients with BTC from non-cancer controls.

Methods: In this study, we included treatment-naive patients with BTC, healthy controls, and patients with benign conditions
including benign biliary tract disease. Participants were divided into three non-overlapping cohorts: a case-control-based
discovery cohort (BTC = 186, controls = 249); a case-control-based validation cohort (validation cohort 1: BTC = 113, con-
trols = 241); and a cohort study-based validation cohort including participants (BTC = 8, controls = 132) referred for diagnostic
work-up for suspected cancer (validation cohort 2). Immuno-Oncology (I-O)-related proteins were measured in serum and
plasma using a proximity extension assay (Olink Proteomics). Lasso and Ridge regressions were used to generate protein
signatures of I-O-related proteins and carbohydrate antigen 19-9 (CA19-9) in the discovery cohort.

Results: Sixteen protein signatures, including 2 to 82 proteins, were generated. All signatures included CA19-9 and chemokine
C-C motif ligand 20. Signatures discriminated between patients with BTC vs. controls, with AUCs ranging from 0.95 to 0.99 in
the discovery cohort and 0.94 to 0.97 in validation cohort 1. In validation cohort 2, AUCs ranged from 0.84 to 0.94. Nine
signatures achieved a specificity of 82% to 84% while keeping a sensitivity of 100% in validation cohort 2. All signatures
performed better than CA19-9, and signatures including >15 proteins showed the best performance.

Conclusion: The study demonstrated that it is possible to generate protein signatures that can successfully differentiate
patients with BTC from non-cancer controls.

Impact and implications: We attempted to find blood sample-based protein profiles that could differentiate patients with
biliary tract cancer from those without cancer. Several profiles were found and tested in different groups of patients. The
profiles were successful at identifying most patients with biliary tract cancer, pointing towards the utility of multiprotein
signatures in this context.

© 2022 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction
Biliary tract cancer (BTC) is the fifth most common gastrointes-
tinal cancer, with an estimated age-adjusted incidence of about
2-6 per 100,000. It includes both gallbladder cancer (GBC) and
cholangiocarcinoma (CCA), which can be further subdivided into
distal (dCCA), perihilar (pCCA), and intrahepatic (iCCA).!~°

The overall survival for patients with BTC is less than a year
when all stages are included.”~'° The poor prognosis is due to the
cancer’s aggressive malignant nature, patient comorbidities, and
late diagnosis. Patients often experience few, unspecific, or no

Keywords: biliary tract cancer; cholangiocarcinoma; gall bladder cancer; blood pro-
tein assay; multi-biomarker signature; diagnosis.
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symptoms at all in the early stages of the disease and are there-
fore not diagnosed before the disease is advanced. In some pa-
tients, the final diagnosis and initiation of treatment can be
delayed due to difficulties obtaining usable biopsies. The only
potentially curative treatment is surgery, but only a minority of
patients are eligible for this treatment due to locally advanced or
metastatic disease at the time of diagnosis.'°~'> Biomarkers that
can identify BTC at an early stage are therefore very much needed.

Carbohydrate antigen (CA19-9) is the most widely used
biomarker for BTC, but its use as a diagnostic biomarker is
limited by low sensitivity and specificity, particularly in patients
with early stages of BTC.!*!> Several studies have tried to identify
new diagnostic biomarkers; however, none have yet been vali-
dated and taken into routine practice.'”

Chronic inflammation plays a key role in BTC.!™'® This is
exemplified by the association between diseases with a high de-
gree of local inflammation, such as primary sclerosing cholangitis
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Fig. 1. Cohorts used for generation and validation of protein signatures. (A) Consort diagram. (B) Diagram showing all steps in the generation and validation of
the protein signatures. BBTD, benign biliary tract disease; BTC, biliary tract cancer; Herlev, Herlev Hospital; MICA, patients referred for diagnostic work-up due to

cancer-related symptoms and included in the MICA study; QC, quality control; RH, Rigshospitalet; Vejle, Vejle Hospital.
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and hepatitis, and BTC development.'! Activation of inflammatory
pathways also affects the tumor microenvironment (TME) and
leads to the differentiation of fibroblasts into cancer-associated
fibroblasts and the recruitment of macrophages.'®!° Multitudes
of cytokines including chemokine (C-C motif) ligand (CCL20),
epidermal growth factor, hepatocyte growth factor, interleukin
(IL)-6, IL-8, and IL-10, and matrix metalloproteases (MMPs), are
produced by cancer cells and other cells in the TME, like immune
cells and cancer-associated fibroblasts.'?° The secreted molecules
further induce local and systemic inflammation. The complex
interplay between cancer cells and stromal cells leads to changing
levels of several circulating proteins due to both leakages from the
TME and cancer-related inflammation.!” Both inflammation-
related cytokines, such as IL-6°'2® and extracellular matrix
modulation-related MMP-7,>* have been suggested as diagnostic
biomarkers in patients with BTC.

Although a single protein might be used as a diagnostic
biomarker,?>~?> combining several blood proteins in a biomarker
signature might yield stronger results.?°~2® Except for one small
study in patients with GBC,?! no studies have yet examined the
diagnostic use of multiprotein signatures in patients with BTC.

In this study, our aim was to identify and validate circulating
multiprotein signatures that could discriminate patients with
BTC from non-cancer controls.

Material and methods

The study was performed and reported in accordance with
TRIPOD?® guidelines. TRIPOD and CTAT tables are available as
supplementary data.

Patients

The study included 313 treatment-naive patients with BTC
who had been enrolled in two prospective open cohort
studies (BIOPAC, CHOCA) and four clinical trials (GI1003,
GI1333, GOC-BP, GOX-P) between 2008 and 2020 at
three Danish hospitals (Herlev Hospital, Rigshospitalet,
and Vejle Hospital). Patients were eligible for the study if
they had blood samples collected prior to initiation of treat-
ment and a confirmed diagnosis of BTC, including histological
confirmation of malignant disease. Patients with prior treat-
ment for BTC (surgery, radiation, or chemotherapy) were
excluded. Likewise, patients with other cancers (except non-
melanoma skin cancer and radically treated cancers with no
sign of relapse) diagnosed before or within 2 years after diag-
nosis of BTC were excluded.

A control group consisted of healthy blood donors (n = 180)
and patients with benign biliary tract disease (BBTD) (chol-
edocholithiasis, elevated liver enzymes/jaundice, or acute
cholangitis) who had an endoscopic retrograde chol-
angiopancreatography performed (n = 49).

Lastly, a cohort of patients with BTC (n = 8) and controls (n =
394) from a prospective biomarker study (the MICA study) were
included. All participants had been referred for a diagnostic
work-up due to symptoms, raising suspicion of possible cancer
(e.g., abdominal pain, fatigue, weight loss). Participants without a
cancer diagnosis after a minimum of 2 years’ follow-up were
eligible as controls.

None of the control groups included patients with primary
sclerosing cholangitis. Thorough descriptions of each study are
included in the supplementary materials and methods.

JHEP|Reports

Ethics

Written informed consent was obtained from all participants.
The present biomarker study and original clinical studies all
complied with the tenets of the Helsinki Declaration (as revised
in 2013) and were approved by the institutional review board of
the Regional Danish Ethics Committee: H-3-2014-055 (CHOCA),
H-3-2010-053 (GI1003), H-2-2014-026 (GI1333), KA-20060113
(BIOPAC), S-20100051 (GOC-BP), S-20080081 (GOX-P), H-7-
2014-011 (MICA), H-15017822 (BBTD cohort).

Cohorts

Patients with BTC and controls were divided into a discovery
cohort and two validation cohorts according to a prespecified
plan (Fig. 1): The discovery cohort included eligible patients from
Herlev Hospital (n = 158) and patients from Rigshospitalet with
blood samples collected before January 1, 2016 (n = 33). As
controls, half of the patients with BBTD (n = 25) and half of the
healthy blood donors (n = 90) were used. Furthermore, all non-
cancer controls from the MICA study included prior to March
15, 2017 (n = 135) were included in the discovery cohort. To
generate protein signatures, the discovery cohort was divided
randomly into a detection set (two-thirds of participants) and a
replication set (one-third of participants).

Validation cohort 1 consisted of patients with BTC included at
Vejle Hospital (n = 99) and patients from Rigshospitalet included
after January 1, 2016 (n = 15). The controls in the cohort were the
remaining half of patients with BBTD (n = 24), healthy blood
donors (n = 90) and the non-cancer patients included in the
MICA study between March 15, 2017 and July 1, 2018 (n = 127).

Validation cohort 2 only included BTC (N = 8) and non-cancer
controls included after July 1, 2018 in the prospective MICA study
(N = 132). All patients had cancer-related symptoms at referral
and at time of blood sample collection, and BTC was diagnosed
between 1 and 1,178 days (median 12 days) after the sample was
collected. The cohort was designed to simulate a real-world
clinical setting in which a biomarker could be used to differen-
tiate patients with BTC from those without cancer.

Sample characteristics

All samples were collected prior to initiation of therapy. Serum
samples were used in most participants; however, serum sam-
ples were not available from patients included at Vejle Hospital;
in these patients ethylenediaminetetraacetic acid (EDTA) plasma
was used.

The serum samples were prepared by centrifuging blood
samples within 3 h after blood was drawn at 2,300 G at 4 °C for
10 min, and serum was then aliquoted in Greiner tubes (Cryo.s™
Freezing Tubes, 2 ml, GR-121280, Greiner Bio-One GmbH, Frick-
enhausen, Germany). The EDTA plasma samples from Vejle
Hospital were collected in 9 ml EDTA tubes and centrifuged
within 4 h after blood was drawn at 1,486 G at 21 °C for 10 min
and transferred to 15 ml cryo tubes. The samples were subse-
quently stored at —80 °C.

CA19-9 analyses

Samples from most patients with BTC and all MICA participants
were analyzed for CA19-9 prospectively as part of the routine
work-up at the same time point as the biobank samples were
collected. Samples collected at Rigshospitalet (BIOPAC study) and
Herlev Hospital (GI1003, GI1333, CHOCA and MICA studies) were
analyzed at the Department of Biochemistry, Herlev Hospital
during the same period using the same laboratory equipment

JHEP Reports 2023 vol. 5 | 100648 3



Table 1. Baseline patient characteristics.

Research article

Discovery cohort

Validation cohort 1 Validation cohort 2

Biliary tract cancer

Number of patients 186 113 8
Female 104 (55.9) 72 (63.7) 3 (375)
Male 82 (44.1) 41 (36.3) 5 (62.5)
Age (median [IQR]) 67 [58, 71] 66 [57, 73] 77 [74, 83]
iCCA 92 (49.5) 38 (33.6) 5 (62.5)
pCCA 21 (11.3) 18 (15.9) 1(12.5)
dCCA 40 (21.5) 30 (26.5) 0 (0.0)
GBC 33 (17.7) 18 (15.9) 2 (25.0)
Unknown location 0 (0.0) 9(8.0) 0(0.0)
Resectable 27 (14.5) 13 (11.5) 1(12.5)
Locally advanced 76 (40.9) 21 (18.6) 1(12.5)
Metastatic disease 83 (44.6) 79 (69.9) 6 (75.0)
PS 0 92 (49.5) 43 (38.1) 5 (62.5)
PS 1 78 (41.9) 47 (41.6) 1(12.5)
PS 2 5(2.7) 20 (17.7) 1(12.5)
PS 3 0 (0.0) 0(0.0) 1(12.5)
Unknown PS 1(5.9) 3(2.7) 0(0.0)
CA19-9 (median [range]) 188 [1, 297,000] 145 [2, 101,263] 29.50 [1, 3,280]
Healthy blood donors

Number of controls 90 90 0
Female 45 (50.0) 40 (44.4) —
Male 45 (50.0) 50 (55.6) -
Age (median [IQR]) 62 [57, 65] 63 [56, 65] -
CA19-9 (median [range]) 3.00 [1, 159] 2.00 [1, 35]

Benign biliary tract disease

Number of patients 24 24 0
Female 17 (70.8) 18 (75.0) —
Male 7 (29.2) 6 (25.0) -
Age (median [IQR]) 47 [36, 60] 46 (38, 62] —
PS O 19 (79.2) 20 (83.3) -
PS 1 3(12.5) 2 (8.3) —
PS 2 2 (8.3) 2(83) —
PS 3 0 (0.0) 0 (0.0) —
CA19-9 (median [range]) 6.00 [1,34] 6.50 [1,36]

MICA study: non-cancer controls”

Number of patients 135 127 132
Female 78 (57.8) 72 (56.7) 80 (60.6)
Male 57 (42.2) 55 (43.3) 52 (39.4)
Age (median [IQR]) 60 [50, 70] 65 [54, 72] 68 [57, 73]
PS O 124 (91.9) 109 (85.8) 100 (75.8)
PS 1 8 (5.9) 18 (14.2) 25 (18.9)
PS 2 2 (1.5) 0 (0.0) 7 (5.3)
PS 3 1(0.7) 0 (0.0) 0 (0.0)
CA19-9 (median [range]) 9 [1, 4440] 9 [1, 315] 1[1, 723]

CA19-9, carbohydrate antigen 19-9; dCCA, distal cholangiocarcinoma; iCCA, intrahepatic cholangiocarcinoma; pCCA, perihilar cholangiocarcinoma; GBC, gallbladder cancer;

PS, performance status.

* Participants referred due to symptoms raising suspicion of possible cancer, but no cancer detected after a minimum of 2 years.

and standard operating procedures. Samples from patients with
BTC who did not have available results for CA19-9 (n = 14), all
patients with BBTD (n = 49), and healthy participants (n = 180)
were analyzed in January 2021 and August 2021. Samples were
analyzed at the Department of Clinical Biochemistry, Herlev
Hospital using Attelica IM CA19-9 (Siemens Healthcare Di-
agnostics, Duisburg, Germany), a two-step sandwich type
chemiluminescent immunometric assay. The intra-laboratory
coefficient of variation using internal controls ranged between
5.7 and 6.2%. Elevated CA19-9 was defined as >37 kU/L.

Protein analyses

A total of 92 proteins were analyzed using the proximity
extension assay Immuno-Oncology (I-O) panel from Olink Pro-
teomics, Uppsala, Sweden (www.olink.com). Concentration was

measured using an arbitrary unit (normalized protein expression
[NPX]) on a Log2 scale. A high NPX value corresponds to a high
protein concentration.° The proximity extension assay platform
has been widely used for biomarker studies, the method has high
accuracy and results obtained using this method correlate well
with results obtained using other platforms such as multiple
reaction monitoring-mass spectrometry and enzyme-linked
immunosorbent assays.>°? This panel was chosen because
BTC is characterized by a high degree of inflammation and an
immunosuppressive environment,®>'”'®?? and the Olink I-O
panel has previously been used to generate potential diagnostic
protein signatures in pancreatic ductal adenocarcinoma.’® The
analyses were performed blinded at BioXpedia, Aarhus, Denmark
according to the manufacturer’s instructions. The samples from
the healthy blood donors were analyzed using the older version

JHEP Reports 2023 vol. 5 | 100648 4
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of the I-O panel (Proseek® Multiplex Immuno-Oncology, v.
953101; the protein list is available as Table S1). The remaining
samples were analyzed using the newer version of the
panel (Olink Target 96 Immuno-Oncology, v. 953111/v.953112,
Table S2) in three subsequent runs.

Eighty-one proteins were included in the present study. Six
proteins were excluded due to changes in assays between I-O
panel versions, and five proteins were excluded because more
than 90% of values were missing in at least one run. Seven
samples were removed due to high internal control deviation or
missing data (six samples from the discovery cohort, and one
sample from validation study 1). The remaining samples were
included in the study (Fig. 1). Detailed description of the protein
analysis and quality control is available in the supplementary
materials and methods.

Statistical analysis

No studies have previously described the development of mul-
tiprotein predictors in patients with BTC, and exact sample size
estimation was not possible. Samples were normalized for any
plate effects according to the manufacturer’s recommendations.
To compare serum and plasma samples, plasma results were
adjusted using a previously identified serum/plasma ratio.>

Protein levels were compared with a t test or Wilcoxon rank
sum test where appropriate. p values were adjusted with the
Benjamini-Hochberg method. The log2 fold-change was calcu-
lated on a linear scale using the geometric mean of each group.

To generate protein signatures, protein levels, including CA19-
9 levels, were scaled to unit variance and centered to have a
mean equal to zero. Samples with less than 10% missing values
were imputed using the function impute.knn from the R-package
impute.>* The primary set of protein signatures was identified
using the 81 proteins + CA19-9. The second set of signatures was
generated using CA19-9 + 42 proteins previously identified to
have a consistent serum to plasma variation®>, The signatures
were generated using a multi-step strategy based on a similar
approach previously employed by our group in a cohort of pa-
tients with pancreatic ductal adenocarcinoma.?® First, using only
the detection set of the discovery cohort, a 500-fold boot-
strapped Lasso regression (the R-package glmnet®®) was per-
formed. For each protein, a proportion score was calculated as
the number of times each of the 500 logistic Lasso regression
models included that protein as a predictor. The proportion
scores were used to generate 21 sets of proteins (signatures).
Secondly, signatures were fitted on the detection set using Ridge
regression (the R-package glmnet®°). For each signature, a pri-
mary model was fitted to discriminate all patients with BTC from
all controls, and secondary models fitted to discriminate be-
tween subgroups of patients with BTC and controls. The perfor-
mance was evaluated using the area under the receiver-
operating characteristic curves (AUC). Best point (BP) sensi-
tivity, specificity, positive predictive value and negative predic-
tive value were calculated using the Youden’s Index*® and were
used as optimal cut-off values. Cut-off values with a sensitivity or
specificity above 0.95 were also identified. All signatures were
tested with and without age and CA19-9 added as a covariate,
and the DeLong test’” was used to compare the AUCs in the
generated models.

For validation cohort 2, the dataset was sent blinded to the
statistician, with no information regarding diagnostic group be-
ing given. The statistician employed the signatures using the BP
(for all BTC vs. all controls) identified in the replication cohort as

JHEP|Reports

the threshold for case identification. Afterwards, data were un-
blinded and performance evaluated. A thorough description of
signature generation and evaluation is available in the supple-
mentary materials and methods.

Statistical analyses were performed by a trained bio-
informatician (EM) following an analysis plan created prior to
initiation of analysis using R (R Core Team (2019. R: A language
and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria). A two-sided p value of
0.05 was considered significant.

Results

Patient characteristics

Patient characteristics of the three cohorts are shown in Table 1.
Patients with BTC in the discovery cohort more often had iCCA
(49.5% vs. 33.6%), resectable or locally advanced disease (55.4%
vs. 30.1%), and performance status 0 or 1 (91.4% vs. 79.7%) than
those in validation cohort 1. Of the 41 patients with resectable
disease, 39 had dCCA, one had GBC (validation cohort 1), and one
had iCCA (validation cohort 2). Across all cohorts, patients with
BTC had a median age of 67 years vs. 63 years for controls, and
more often had performance status 1-2 than controls (52.2% vs.
15.8%).

Differences in protein level between patients and controls
For the individual proteins, the serum levels were significantly
different for CA19-9 and most of the Olink proteins (64 of 81,
79.0%) for BTC vs. controls in the discovery cohort. Eight proteins
had a log2 fold increase of more than 1: CA19-9, CCL 20, IL-6, IL-
8, carbonic anhydrase IX (CAIX), MMP-12, ADGRG1 (adhesion G-
protein coupled receptor G1) and IL-10 (Fig. 2). A similar pattern
was observed when comparing BTC with subgroups of controls
(Fig. 3). Most of the differences between proteins in subgroups of
patient with BTC were small; however, IL-8 and CAIX were more
than twice as high (log2 fold-change >1) in iCCA than in dCCA,
pCCA, or GBC (Fig. 3). Table S3 shows all comparisons made
between groups in the discovery cohort. A similar pattern was
observed in validation study 1. Notably, CA19-9, CCL20, IL-6, IL-8,
CAIX, MMP-12, ADGRG]1, and IL-10 were all among the proteins
with the highest difference between patients and controls, and
again IL-8 and CAIX were notably higher in patients with iCCA
than in patients with extrahepatic BTC (Table S4).

Identification of protein signatures in the discovery cohort
We generated 16 signatures (four signatures were duplicates and
were not included in further analysis). The signatures included 2
to 82 proteins. All signatures included CA19-9 and CCL20. The list
of proteins, proportion scores, and regression coefficients for all
signatures are available in Table S5.

Signatures’ ability to discriminate BTC from controls in the
discovery cohort and validation cohort 1
All signatures performed well in the detection and replication set
of the discovery cohort (Fig. 4). In the replication cohort, AUCs
ranged from 0.97 to 0.99, BP sensitivity from 0.95 to 0.98, and BP
specificity from 0.90 to 0.96. All signatures performed better
than CA19-9 (AUC = 0.92, BP sensitivity = 0.85, BP specificity =
0.87), and signatures including >4 proteins showed equal per-
formance (Table 2 and Table S6).

The signatures’ performances remained high in validation
cohort 1 (AUC 20.94) (Fig. 4). BP sensitivity ranged from 0.89 to
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Fig. 4. Signatures’ performances for differentiating patients with biliary tract cancer from controls in the discovery cohort and validation cohort 1.
Receiver-operating characteristic curve for all signatures and CA19-9. AUC, area under the receiver-operating characteristic curve; CA19-9, carbohydrate antigen
19-9; Det, detection set; Rep, replication set; Sig, signature; and Val, validation cohort 1.
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Table 2. Performance of signatures in the discovery cohort and validation cohort 1.

Discovery cohort - replication set Validation cohort 1

Discovery cohort - detection set

Sig

BPt
0.42
045
0.58

BPsp

0.87 (0.84-0.92)
0.88 (0.85-0.94)
0.92 (0.85-0.96)

BPse

0.94 (0.89-0.98)
0.94 (0.88-0.98)
0.92 (0.87-0.98)
0.91 (0.88-0.99)
0.92 (0.87-0.99)
0.95 (0.89-0.99)
0.93 (0.85-0.98)
0.92 (0.84-0.97)
0.89 (0.84-0.97)

AUC

0.96 (0.94-0.98)

BPt
0.58
0.55

BPsp

0.96 (0.9-1.00)
0.95 (0.89-1.00)
0.95 (0.89-1.00)
0.95 (0.89-1.00)
0.95 (0.89-1.00)
0.95 (0.89-1.00)
0.95 (0.89-1.00)
0.95 (0.89-0.98)
0.93 (0.89-1.00)
0.93 (0.89-0.98)
0.93 (0.89-0.98)
0.93 (0.86-0.98)
0.92 (0.87-1.00)
0.93 (0.89-0.98)
0.92 (0.87-1.00)

BPse

0.96 (0.91-1.00)
0.96 (0.91-1.00)
0.96 (0.91-1.00)
0.96 (0.91-1.00)
0.96 (0.91-1.00)
0.96 (0.91-1.00)
0.96 (0.91-1.00)
0.96 (0.91-1.00)

AUC

0.99 (0.98-1.00)
0.99 (0.98-1.00)
0.99 (0.98-1.00)
0.99 (0.98-1.00)
0.99 (0.98-1.00)
0.99 (0.98-1.00)
0.98 (0.97-0.99)
0.98 (0.97-0.99)
0.98 (0.97-0.99)
0.98 (0.97-0.99)
0.98 (0.97-0.99)
0.98 (0.97-0.99)

BPt
0.42
0.34
0.35

BPsp

0.94 (0.88-0.98)
0.92 (0.88-0.98)

BPse

0.96 (0.91-1.00)
0.98 (0.91-1.00)
0.98 (0.91-1.00)
0.98 (0.93-1.00)
0.98 (0.93-1.00)
0.96 (0.93-1.00)
0.98 (0.93-1.00)
0.98 (0.93-1.00)
0.96 (0.93-1.00)

AUC

0.97 (0.94-1.00)
0.98 (0.97-0.99)
0.98 (0.97-1.00)
0.98 (0.95-1.00)
0.98 (0.96-1.00)
0.99 (0.98-1.00)
0.98 (0.95-1.00)
0.99 (0.97-1.00)
0.98 (0.97-1.00)
0.98 (0.97-1.00)
0.98 (0.94-1.00)
0.99 (0.99-1.00)
0.99 (0.98-1.00)
0.99 (0.98-1.00)
0.99 (0.98-1.00)
0.96 (0.92-0.99)

82
61

43

0.97 (0.95-0.98)
0.97 (0.95-0.98)

0.5

0.94 (0.9-1.00)
0.96 (0.92-1.00)
0.97 (0.94-1.00)
0.97 (0.92-1.00)
0.96 (0.91-1.00)
0.95 (0.91-1.00)
0.96 (0.91-1.00)

0.61
0.59
0.47
0.48
0.58

0.93 (0.85-0.96)

0.97 (0.96-0.98)
0.97 (0.96-0.99)
0.97 (0.95-0.98)
0.96 (0.95-0.98)

0.5
049
0.55
0.58

04
0.38
0.46
0.42
0.36
0.47
0.36
0.56

37

0.93 (0.86-0.97)
0.88 (0.85-0.95)

32
27
23

0.88 (0.83-0.95)

0.91 (0.85-0.97)
0.93 (0.86-0.97)
0.92 (0.87-0.97)
0.89 (0.83-0.96)

0.96 (0.95-0.98)

0.6
0.56
0.46
0.47
0.54
033

19
18
15
12

0.63
0.59
0.48
047

0.

0.97 (0.95-0.98)

0.96 (0.9-1.00)
0.96 (0.91-1.00)
0.96 (0.91-1.00)
0.95 (0.88-1.00)
0.98 (0.93-1.00)
0.98 (0.93-1.00)
0.98 (0.91-1.00)
0.96 (0.91-1.00)
0.85 (0.72-0.95)

0.9 (0.84-0.96)
0.9 (0.84-0.97)
0.89 (0.83-0.96)

0.96 (0.95-0.98)

0.95 (0.9-0.98)
0.98 (0.92-1.00)
0.95 (0.91-1.00)
0.92 (0.88-1.00)
0.95 (0.88-0.98)

1 (0.98-1.00)
0.95 (0.91-1.00)

0.96 (0.94-0.98)
0.96 (0.94-0.97)
0.95 (0.93-0.97)
0.94 (0.92-0.96)
0.94 (0.91-0.96)
0.94 (0.91-0.96)

1

0.9 (0.82-0.95)

04
0.36
0.44
049

1 (0.95-1.00)

9
6
5
4
2

12

49

0.88 (0.8-0.94)
0.83 (0.79-0.94)
0.84 (0.81-0.93)

0.9 (0.84-0.98)
0.92 (0.82-0.97)
0.92 (0.81-0.95)

0.98 (0.97-1.00)
0.98 (0.96-1.00)
0.98 (0.97-1.00)
0.97 (0.95-0.99)
0.92 (0.87-0.96)

1 (0.93-1.00)
0.96 (0.95-1.00)
0.95 (0.91-1.00)
0.98 (0.86-1.00)
0.78 (0.73-0.96)

0.4
042

0.42
0.41

18
19
20

0.97 (0.91-1.00)
0.86 (0.82-0.97)

0.4
0.57

0.85 (0.81-0.95)
0.93 (0.66-0.97)

0.91 (0.8-0.95)
0.73 (0.66-0.97)

0.4
041 09 (0.87-0.94)

(0.83-0.97)
0.87 (0.79-0.98)

0.9

0.29
0.48

0.97 (0.82-1.00)

0.94 (0.9-0.98)

<
(o]

19-9
All values are presented with bootstrapped 95% Cls in parentheses.

AUC, area under receiver-operating characteristic curve; BPse, best point sensitivity; BPsp, best point specificity; BPt, best point threshold; CA19-9, carbohydrate antigen 19-9; Sig, signature.

# Number of proteins.
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0.94, and BP specificity from 0.83 to 0.93. All signatures achieved
a higher AUC than CA19-9 alone (AUC = 0.90), and signatures
including 29 proteins all had AUC 20.96 (Table 2 and Table S6). A
secondary set of 17 signatures including CA19-9 and 1 to 42
proteins with stable serum/plasma variation showed equal
performance, with AUCs above 0.94 to 0.97 (Table S7).

Excluding CA19-9 from the signatures decreased their per-
formances, especially in validation cohort 1, where all signatures
had a significantly lower AUC after excluding CA19-9 (DeLong
test, p 20.001). After removing CA19-9, the signatures’ AUC
remained above 0.95 for signatures 1-10 (including 81-14 pro-
teins), and the lowest AUC was 0.85 for signature 20 (CCL20
alone) in validation cohort 1 (Table S8). Adding age as a variable
to the signatures did not significantly improve the AUC of the
models (DeLongs test, p >0.05) (Data not shown).

Signature’s ability to discriminate between subgroups

The signatures were also tested for their ability to identify
subgroups of patients with BTC divided according to location
(iCCA, dCCA, pCCA, GBC) and stage (resectable, locally advanced,
and metastatic disease). For most comparisons of controls vs.
subgroups of BTC, signatures performed better than CA19-9
alone, and signatures that included >4 proteins showed similar
performance in both the discovery cohort and validation cohort
1 (Table S9). Notably, signatures discriminated well between
early stage BTC and controls in both the replication cohort (AUC
0.96-0.98) and validation cohort 1 (AUC 0.92-0.98), and all
achieved a higher AUC than CA19-9 alone.

Likewise, the ability of the signatures to identify patients
with BTC from subgroups of controls was tested. Signatures had
a high AUC in all cohorts when comparing BTC vs. healthy (AUC
>0.96), BTC vs. BBTD (AUC >0.94), and BTC vs. non-cancer con-
trols from the MICA study (AUC >0.93). For comparisons be-
tween BTC and non-cancer controls, signatures including >12
proteins performed best (AUC >0.97) (Table S9).

Blinded prediction in validation cohort 2

Lastly, signatures’ performances were evaluated in a real-world
setting in validation cohort 2. All participants in this cohort
had been referred to the hospital due to cancer-related symp-
toms (list of symptoms available in Table S10). Using thresholds
defined in the replication cohort, 15 of 16 signatures were able to
identify all patients with BTC, giving a sensitivity of 100%.
Interestingly, one patient with iCCA and one patient with GBC
were diagnosed more than a year after the blood sample was
collected (17 months and 38 months, respectively). The speci-
ficity for the signatures was 71.2% for the best performing
signature (signature 1), and in general the performance
decreased the fewer proteins were included. CA19-9 had a
sensitivity of 87.5% and specificity of 43.5%. The sensitivity,
specificity, negative predictive value and positive predictive
value are reported in Table 3.

Unblinded test in validation cohort 2

After unblinding, the overall ability of the signatures was
assessed using receiver-operating characteristic curves, and the
optimal threshold for validation cohort 2 was identified (Fig. 5).
The AUC was 0.94 for the best performing signature (signature
6: 27 proteins), with a sensitivity of 100% and specificity of 84%.
However, eight of the other signatures were able to achieve a
specificity of 82-84% while keeping a sensitivity of 100%. All
eight signatures included >15 proteins. For comparison, CA19-9
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Table 3. Performance of the signatures in validation cohort 2.

Research article

Sig # Blinded prediction Unblinded prediction

Sensitivity Specificity Threshold AUC BPse BPsp BPt
1 82 1.00 0.71 0.58 0.92 (0.86-0.97) 1.00 (1.00-1.00) 0.82 (0.76-0.94) 0.90
2 61 1.00 0.68 0.55 0.93 (0.88-0.98) 1.00 (1.00-1.00) 0.85 (0.79-0.95) 0.92
3 43 1.00 0.64 0.5 0.93 (0.88-0.98) 1.00 (0.87-1.00) 0.82 (0.76-0.96) 0.88
4 37 1.00 0.61 0.5 0.93 (0.87-0.98) 1.00 (0.87-1.00) 0.80 (0.75-0.95) 0.85
5 32 1.00 0.62 0.49 0.92 (0.87-0.98) 1.00 (0.87-1.00) 0.79 (0.74-0.94) 0.82
6 27 1.00 0.65 0.55 0.94 (0.89-0.98) 1.00 (1.00-1.00) 0.84 (0.79-0.96) 0.88
7 23 1.00 0.69 0.58 0.93 (0.88-0.98) 1.00 (1.00-1.00) 0.83 (0.78-0.94) 0.89
8 19 1.00 0.69 0.6 0.91 (0.86-0.97) 1.00 (1.00-1.00) 0.83 (0.77-0.91) 0.89
9 18 1.00 0.68 0.56 0.91 (0.85-0.96) 1.00 (1.00-1.00) 0.84 (0.78-0.91) 0.89
10 15 1.00 0.64 0.46 0.91 (0.85-0.96) 1.00 (1.00-1.00) 0.84 (0.78-0.91) 0.87
1 12 1.00 0.65 0.47 0.87 (0.80-0.95) 1.00 (0.87-1.00) 0.70 (0.65-0.89) 0.68
12 9 1.00 0.67 0.54 0.87 (0.78-0.95) 1.00 (1.00-1.00) 0.74 (0.67-0.90) 0.69
15 6 1.00 048 033 0.84 (0.75-0.94) 1.00 (0.87-1.00) 0.64 (0.58-0.89) 0.51
18 5 1.00 0.58 0.42 0.85 (0.76-0.94) 1.00 (0.87-1.00) 0.67 (0.61-0.85) 0.52
19 4 0.88 0.53 0.41 0.85 (0.74-0.96) 0.87 (0.75-1.00) 0.82 (0.50-0.90) 0.74
20 2 1.00 0.52 0.4 0.84 (0.72-0.95) 1.00 (0.75-1.00) 0.61 (0.54-0.94) 0.49
CA19-9 0.88 0.44 0.41 0.73 (0.50-0.95) 0.75 (0.37-1.00) 0.68 (0.45-1.00) 0.59

All values are presented with bootstrapped 95% Cls in parentheses.
AUC, area under receiver-operating characteristic curve; BPse, best point sensitivity; BPsp, best point specificity; BPt, best point threshold; CA19-9, carbohydrate antigen 19-9;

Sig., signature.
# Number of proteins.

had an AUC of 0.73, sensitivity of 75%, and specificity of 68%
(Table 3).

Discussion

Our study demonstrated that it is possible to generate multi-
protein blood signatures that can differentiate patients with BTC
from non-cancer controls with high sensitivity and reasonable
specificity. In general, combining several proteins improved
performance compared to single or dual markers, but adding
more than 15 proteins to the signatures did not improve the
performance significantly in any of our cohorts. Importantly, the
results were reproducible in two validation cohorts, including a

cohort representing a real-world setting of patients suspected of
having cancer.

An approach like ours, where diagnostic blood-based signa-
tures were created using protein panels covering multiple
inflammation-related proteins (>10), has only been tested in
patients with GBC. Koshiol et al. measured the levels of several
inflammation-related protein markers in 150 patients with GBC
and compared them to levels in patients with gallstones. They
created a protein signature based on four proteins (IL-6, IL-16,
CCL20, and soluble tumor necrosis factor receptor-1). The score
achieved a specificity of 66.6% at a sensitivity of 90% for detecting
early GBC 2!'; however, no validation study was performed.
Notably, two of the same proteins (CCL20 and IL-6) were

Sensitivity

1.00

0.75

0.50

0.00

Signature

Sig1
Sig2
Sig3
—o— Sig4
—e— Sig5
Sigé
Sig7
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0.50
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1-specificity

Fig. 5. Signatures’ performances for differentiating patients with biliary tract cancer from controls in validation cohort 2. Receiver-operating characteristic
curve for all signatures and CA19-9. CA19-9, carbohydrate antigen 19-9; Sig, signature.
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included in all our signatures.?! Other studies investigating the
use of multiprotein signatures as novel biomarkers are limited by
a small number of patients with BTC (n <70) and a lack of vali-
dation in independent cohorts.>3~%2

Other blood-based multiplex biomarkers have shown prom-
ising performance in detecting patients with BTC. Hu et al. per-
formed a study using 359 patients with iCCA and 642 controls.
They identified a three-marker model that included miR-21, miR-
122, and CA19-9 that achieved an AUC of 0.866 in their validation
cohort.*> Tumor-associated microparticles and serum metabo-
lites have been used for multi-marker signatures with potential
diagnostic potential.***> Although the studies are not directly
compatible with ours, the protein signatures we identified
showed equal or better performance than previous multiplex
biomarkers.

We previously found a potential diagnostic signature for pa-
tients with pancreatic ductal adenocarcinoma using the Olink I-O
panel. The signature included several of the proteins included in
our study, including CA19-9, CCL20, caspase-8, and Fas ligand.
However, other proteins such as TWEAK (tumor necrosis factor
ligand superfamily member 12), NCR1 (natural cytotoxicity
triggering receptor) and IL-6, which were widely used in our
signatures, were not included in the pancreatic ductal adeno-
carcinoma signature.*®

The Olink I-O panel targets proteins related to cancer and the
immune system and several of the proteins we studied have
previously been found elevated in BTC.?"?* This is in line with
our findings, as most of the proteins were elevated in patients
with BTC compared with controls. Besides CA19-9, the most
prominent was the chemokine CCL20, whose levels in plasma
were more than fourfold higher in patients with BTC than in
controls in both the discovery and validation cohorts. Both tumor
and stromal cells produce CCL20, which, together with its re-
ceptor CCR6 (C-C chemokine receptor 6), is involved in leucocyte
migration and inflammation. It is associated with treatment
resistance and survival, suggesting that the CCL20-CCR6 axis
may be a potential treatment target.’® Interestingly, CCL20 is
expressed more commonly in CCA cells than in normal adjacent
tissue.*” Two studies found elevated CCL20 in patients with GBC
compared to patients with gallstones,"*> but our study is the
first to show and validate an increased plasma level and potential
diagnostic use of CCL20 in patients with CCA. We also found that
IL-6 and IL-8 were markedly elevated in patients with BTC
compared to controls. Both interleukins have previously been
associated with BTC outcome, and IL-6 has been suggested as a
treatment target.”*>%%4% Several other proteins found to be
significantly elevated in patients with BTC have also been found
to be elevated in patients with GBC (CCL4, CCL19, CXCL9, CXCL10,
CXCL11, CXCL13, IL-10).2!

The different subtypes of BTC (iCCA, pCCA, dCCA, and GBC)
are often characterized as distinct diseases with different mo-
lecular alterations, but they also share several similarities,
including a high degree of local and systemic inflamma-
tion.>!718:21-23 Notably, the protein signatures performed well in
identifying patients with BTC regardless of location, and only
minor differences in plasma level were observed between pa-
tients with BTC with regard to the individual proteins. The most
notable difference was a higher level of CAIX and IL-8 in patients
with iCCA than in extrahepatic subtypes. The signatures were
also able to identify patients with early stage resectable disease
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from controls in both the discovery cohort and validation cohort
1. Most patients with resectable disease had dCCA, limiting our
ability to evaluate the performance at identifying early stage
iCCA, pCCA, or GBC. However, results from validation cohort 2
indicate that our signatures would be able to identify these pa-
tients. Here, the signature was able to identify one patient with
stage I iCCA and two patients diagnosed with advanced iCCA and
GBC more than a year after samples were collected.

The optimal threshold of the signatures for identification of
patients with BTC from controls was similar in the discovery
cohort and validation cohort 1. Using the threshold identified in
validation cohort 2, most signatures achieved a sensitivity of
100%, but the optimal threshold after unblinding was identified
as being higher. The explanation could be that validation cohort
2 was imbalanced compared to the other studies, included very
few patients with BTC, and had only controls from the MICA
study. The optimal threshold was therefore not fully established
in this study and should probably be identified for each popu-
lation of interest.

This study has some limitations. First, the analyzed blood
samples from all controls in validation cohort 1 were serum
samples, whereas EDTA plasma samples were used from 99 of
the 114 patients with BTC, introducing a potential bias. However,
the effect of this on the conclusion was probably minor. Similar
results were obtained in validation cohort 1 when only proteins
with a stable serum/plasma ratio were analyzed. Likewise, sig-
natures performed well in validation cohort 1 when performance
was tested in the 15 early stage patients using only serum
samples. Second, the control cohort of patients with BBTD had
low CA19-9 levels, and the expression of most proteins was more
similar to that observed in the two other control groups than
that observed in patients with BTC. The reason might be that
patients were included doing follow-up at a time when their
biliary disease could be in remission. Third, we did not include
controls with known risk factors, such as primary sclerosing
cholangitis. Therefore, we do not know whether our signatures
can distinguish acute BBTD from BTC or identify patients with
BTC among high-risk patients with, for example, primary scle-
rosing cholangitis. Future studies should explore this. Fourth,
CA19-9 was not measured using the same laboratory equipment
for all patients and controls, introducing a potential bias. How-
ever, we do not believe this affected the overall conclusions
substantially since most samples were analyzed in the same
laboratory (Herlev Hospital), and the signatures achieved a high
AUC even after removing CA19-9. Lastly, protein levels of the I-O
proteins were only measured using the Olink panel. The repro-
ducibility of our results using other protein detection methods is
not known. Furthermore, the Olink panel measures protein level
as relative abundance and consequently, thresholds and protein
levels observed in this study are not directly transferable to other
studies.

The protein signatures were able to identify patients with BTC
in individuals referred for a diagnostic work-up due to suspicion
of cancer in all three cohorts. In both validation cohorts 1 and 2,
signatures including >15 proteins showed the best performance.
Given the high sensitivity of the models in this setting, protein
biomarkers like these could be used to rule out cancer in such a
setting or select patients for intensified surveillance programs.
The protein signatures might also have a use in patients with a
radiologically proven liver tumor, but where a usable biopsy is
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not possible due to the location of the tumor. Here, such a
biomarker could support a diagnosis of BTC and decisions on a
treatment strategy that would lead to earlier treatment initiation
and a better outcome.

In conclusion, our study identified new potential
diagnostic blood-based protein signatures that may help identify
patients with BTC from patients without cancer. Although the

Research article

protein signatures we used need further independent validation,
they showed promising performance. The study also validated
the use of multiprotein diagnostic cancer biomarkers based on
proximity extension assay technology. The next step in the
development of a clinically useful biomarker is to investigate
how well the signatures can distinguish patients with BTC from
patients with other cancers.
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