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Highlights

e Circulating EV-proteins allow for CCA risk prediction, early
and differential (vs. HCC) diagnosis, and prognostication.

e Serum CRP/FIBRINOGEN/FRIL levels discriminated pa-
tients with early-stage PSC-CCA from those with PSC.

e Most pan-CCA biomarkers are mainly expressed in malig-
nant cholangiocytes within human CCA tumours.

e Serum CRP/FIBRINOGEN/FRIL/PIGR levels predict CCA
development in patients with PSC before radiological
tumour evidence.

e The abundance of EV-proteins COMP/GNAI2/CFAI and
ACTN1/MYCT1/PF4V independently predict patients’ over-
all survival.

https://doi.org/10.1016/j.jhep.2023.02.027

Impact and implications

The accuracy of current imaging tests and circulating tumour
biomarkers for cholangiocarcinoma (CCA) diagnosis is far from
satisfactory. Most CCAs are considered sporadic, although up
to 20% of patients with primary sclerosing cholangitis (PSC)
develop CCA during their lifetime, constituting a major cause of
PSC-related death. This international study has proposed
protein-based and aetiology-related logistic models with pre-
dictive, diagnostic, or prognostic capacities by combining two
to four circulating protein biomarkers, moving a step forward
into personalised medicine. These novel liquid biopsy tools
may allow the (i) easy and non-invasive diagnosis of sporadic
CCAs, (ii) identification of patients with PSC with higher risk for
CCA development, (iii) establishment of cost-effective surveil-
lance programmes for the early detection of CCA in high-risk
populations (e.g. PSC), and (iv) prognostic stratification of pa-
tients with CCA, which, altogether, may increase the number of
cases eligible for potentially curative options or to receive more
successful treatments, decreasing CCA-related mortality.

© 2023 The Authors. Published by Elsevier B.V. on behalf of European Association for the Study of the Liver. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/). J. Hepatol. 2023, 79, 93-108


mailto:jesus.banales@biodonostia.org
mailto:pedro.rodrigues@biodonostia.org
https://doi.org/10.1016/j.jhep.2023.02.027
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhep.2023.02.027&domain=pdf

Research Article
Hepatic and Biliary Cancer

JOURNAL
OF HEPATOLOGY

Liquid biopsy-based protein biomarkers for risk prediction,
early diagnosis, and prognostication of cholangiocarcinoma

Ainhoa Lapitz', Mikel Azkargorta®®, Piotr Milkiewicz*°, Paula Olaizola'®, Ekaterina Zhuravleva®, Marit M. Grimsrud’:,
Christoph Schramm®'%'" Ander Arbelaiz', Colm J. O’Rourke®, Adelaida La Casta', Malgorzata Milkiewicz'?, Tania Pastor’,
Mette Vesterhus”'®, Raul Jimenez-Agliero’, Michael T. Dil'*'®, Angela Lamarca'®, Juan W. Valle'®, Rocio I.R. Macias®'”’,
Laura Izquierdo-Sanchez'+®, Ylenia Pérez Castafio’ '8, Francisco Javier Caballero-Camino’, loana Riafio’'®, Marcin Krawczyk?°,
Cesar Ibarra®!, Javier Bustamante®', Luiz M. Nova-Camacho®?, Juan M. Falcon-Perez®?®?*  Felix Elortza®>®, Maria
J. Perugorria®®°, Jesper B. Andersen®, Luis Bujanda'**°, Tom H. Karlsen’, Trine Folseraas’*®', Pedro M. Rodrigues'->**T,

Jesus M. Banales 324271

Journal of Hepatology 2023. vol. 79 | 93-108 ‘ W) Check for updateS‘

Background & Aims: Cholangiocarcinoma (CCA), heterogeneous biliary tumours with dismal prognosis, lacks accurate early
diagnostic methods especially important for individuals at high-risk (i.e. those with primary sclerosing cholangitis [PSC]). Here, we
searched for protein biomarkers in serum extracellular vesicles (EVs).

Methods: EVs from patients with isolated PSC (n = 45), concomitant PSC-CCA (n = 44), PSC who developed CCA during follow-
up (PSC to CCA; n = 25), CCAs from non-PSC aetiology (n = 56), and hepatocellular carcinoma (n = 34) and healthy individuals (n =
56) were characterised by mass spectrometry. Diagnostic biomarkers for PSC-CCA, non-PSC CCA, or CCAs regardless of
aetiology (Pan-CCAs) were defined and validated by ELISA. Their expression was evaluated in CCA tumours at a single-cell level.
Prognostic EV biomarkers for CCA were investigated.

Results: High-throughput proteomics of EVs identified diagnostic biomarkers for PSC-CCA, non-PSC CCA, or Pan-CCA, and for
the differential diagnosis of intrahepatic CCA and hepatocellular carcinoma, which were cross-validated by ELISA using total
serum. Machine learning-based algorithms disclosed CRP/FIBRINOGEN/FRIL for the diagnosis of PSC-CCA (local disease [LD])
vs. isolated PSC (AUC = 0.947; odds ratio [OR] =36.9) and, combined with carbohydrate antigen 19-9, overpowers carbohydrate
antigen 19-9 alone. CRP/PIGR/VWF allowed the diagnosis of LD non-PSC CCAs vs. healthy individuals (AUC = 0.992; OR =
387.5). It is noteworthy that CRP/FRIL accurately diagnosed LD Pan-CCA (AUC = 0.941; OR = 89.4). Levels of CRP/FIBRINOGEN/
FRIL/PIGR showed predictive capacity for CCA development in PSC before clinical evidence of malignancy. Multi-organ tran-
scriptomic analysis revealed that serum EV biomarkers were mostly expressed in hepatobiliary tissues, and single-cell RNA
sequencing and immunofluorescence analysis of CCA tumours showed their presence mainly in malignant cholangiocytes.
Multivariable analysis unveiled EV prognostic biomarkers, with COMP/GNAI2/CFAI and ACTN1/MYCT1/PF4V associated nega-
tively and positively with patients’ survival, respectively.

Conclusions: Serum EVs contain protein biomarkers for the prediction, early diagnosis, and prognostication of CCA that are
detectable using total serum, representing a tumour cell-derived liquid biopsy tool for personalised medicine.

© 2023 The Authors. Published by Elsevier B.V. on behalf of European Association for the Study of the Liver. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Cholangiocarcinoma (CCA) includes a heterogeneous group of
malignant tumours that can emerge at any location of the biliary
system. According to the anatomical origin, they are classified
as intrahepatic (iICCA), perihilar (pCCA), or distal (dCCA)."?
Although CCA is still considered a rare type of cancer, its
global incidence and related mortality rates have been alarm-
ingly increasing in the last decades." Moreover, the silent

Keywords: Cholangiocarcinoma; Primary sclerosing cholangitis; Protein biomarkers; Extracellular vesicles; Liquid biopsy; Mass spectrometry; Single-cell

RNA-sequencing.

Received 19 November 2021; received in revised form 9 February 2023; accepted 15 February 2023; available online 1 March 2023

* Corresponding authors. Address: Department of Liver and Gastrointestinal Diseases, Biodonostia Health Research Institute — Donostia University
Hospital, Paseo del Dr. Begiristain s/n, E-20014, San Sebastian, Spain. Tel.: +34-943006067.

E-mail addresses: jesus.banales@biodonostia.org (J.M. Banales), pedro.rodrigues@biodonostia.org (P.M. Rodrigues).

T These authors share co-seniorship.
https://doi.org/10.1016/j.jhep.2023.02.027

g;

ELSEVIER

Journal of Hepatology, July 2023. vol. 79 | 93-108

growth of these tumours strongly compromises their early
detection, limiting patients’ accessibility to potentially curative
options (i.e. tumour resection).’-*

CCA diagnosis requires imaging methods and further cyto-
logical/histological confirmation.®* The cancer biomarker car-
bohydrate antigen 19-9 (CA19-9) is the only liquid-biopsy tool
currently used in clinics to help in CCA diagnosis, but its diag-
nostic power is low, specially at early CCA stages. The subop-
timal accuracy of current non-invasive diagnostic approaches
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reflects the need for cytological/histological confirmation.
Nevertheless, tumour biopsy or brushing is sometimes discour-
aged owing to patients’ fragility and advanced disease stages,
risk of bleeding and peritoneal seeding, and/or the low amount of
tissue collected that may not be sufficient for cytological/histo-
logical confirmation, especially in pCCA and dCCA cases.’

Most CCAs are considered sporadic and lack clear aetiology,
although some well-established conditions significantly increase
the odds of CCA development, including the presence of chol-
edochal cysts, biliary stones, cirrhosis, certain viruses, or biliary
diseases (e.g. primary sclerosing cholangitis [PSC])." In partic-
ular, PSC is a chronic, cholestatic, and immune-mediated liver
disease of unknown aetiology, characterised by liver cell death,
fibrosis, and hepatic failure. PSC confers a substantial risk for
CCA development (up to 20% lifetime risk), resulting in premature
death."?7 Early diagnosis of CCA in patients with PSC using non-
invasive methods is challenging, as there are overlapping radio-
logical features between benign and malignant biliary strictures.
All these pieces of evidence highlight the need of accurate non-
invasive biomarkers for CCAs as a way to establish surveillance
programmes for their early detection in high-risk populations and
also to provide a faster diagnosis of sporadic CCAs, ultimately
decreasing cancer-related mortality.

Extracellular vesicles (EVs), which are nanometre lipid-
bilayered spheres, have arisen as a promising source of bio-
markers for human diseases.? These vesicles, released from
cells and found in biofluids, contain distinct types of bio-
molecules (e.g. proteins, nucleic acids, lipids, and metabolites)
and participate in cell-to-cell communication, being useful tools
for biomarker discovery.9 In this study, we aimed to charac-
terise the proteomic profile of serum EVs from individuals with
PSC-associated CCA (PSC-CCA), CCAs from non-PSC aeti-
ology, PSC who developed CCA during follow-up (PSC to
CCA), isolated PSC, and hepatocellular carcinoma (HCC) and
healthy individuals as a way to identify accurate biomarkers to
predict CCA development, to early diagnose CCA, and to es-
timate prognosis of patients with CCA.

Materials and methods

Study population

Serum from individuals with (i) isolated PSC (n = 45), (i)
concomitant PSC and CCA (PSC-CCA; n = 44), (ii) PSC who
developed CCA during follow-up (PSC to CCA; n = 25), (iv)
CCAs from non-PSC aetiology (n = 56), and (v) HCC (n = 34)
and (vi) healthy individuals (n = 56) were obtained from Donostia
University Hospital (San Sebastian, Spain), Oslo University
Hospital Rikshospitalet (Oslo, Norway), Medical University
Hospital of Warsaw (Warsaw, Poland), University Medical
Center Hamburg-Eppendorf (Hamburg, Germany), Heidelberg
University Hospital (Heidelberg, Germany), The Christie NHS
Foundation Trust (Manchester, UK), and Salamanca University
Hospital (Salamanca, Spain). A detailed description of the study
population is provided in the Supplementary information.

Isolation and characterisation of EVs

Serum EV isolation and characterisation are described in the
Supplementary information.

High-throughput proteomics

Proteomic analysis of serum EVs was performed on a nano-
ACQUITY UPLC System connected to an LTQ Orbitrap XL for
the ‘Orbitrap cohort’ and on a timsTOF Pro with PASEF for the
‘timsTOF cohort’. Peptide quantity normalisation and batch
effect correction were accomplished with the proBatch R
package. Details are outlined in the Supplementary information.

Diagnostic biomarker selection

A schematic flowchart of the strategy followed for diagnostic
biomarker identification is displayed in Fig. S1. Serum EV protein
biomarkers were classified into whether they are specific for
PSC-CCA, non-PSC CCA, or Pan-CCA, according to the criteria
detailed in Fig. S2 and in Supplementary information.

Expression analysis of protein biomarkers in human tissues

To evaluate the potential origin of serum EV protein biomarkers,
their expression was analysed in human tissues bulk RNA
datasets, in a healthy liver single-cell RNA-sequencing (scRNA-
seq) dataset, in scRNA-seq data from patients with CCA, and in
formalin-fixed, paraffin-embedded (FFPE) human tumour sam-
ples as described in the Supplementary information.

Statistical analysis

Statistical analyses were performed as indicated in the Sup-
plementary information.

Results

Differential abundance of EV proteins in patients with PSC-
CCA, patients with PSC, and healthy individuals revealed
candidate biomarkers to diagnose CCA

Serum EVs isolated from patients with PSC-CCA, patients with
isolated PSC, or healthy individuals were characterised by
transmission electron microscopy (TEM), nanoparticle tracking
analysis (NTA), and immunoblotting. TEM images confirmed the
prevalence of classic cup-shaped, rounded morphology vesi-
cles with an average size smaller than 200 nm (Fig. 1A). Parti-
cles analysed by NTA showed similar size and concentration in
all groups, being particularly enriched in 170 nm in diameter
(mode size), revealing exosomes and/or small and medium-size
microvesicles as the principal components of the isolated EV
fraction (Fig. 1B). By immunoblotting, EV protein markers tet-
raspanins CD63 and CD81 were highly enriched in the isolated
EV fraction when compared with total serum, EV-depleted
serum (serum without EVs), and whole-cell extract (WCE)
from normal human cholangiocytes, whereas the endoplasmic
reticulum marker GRP78 was absent in isolated EVs, sub-
stantiating the proper isolation and high purity of the obtained
EV fraction (Fig. 1C).

The proteomic profile of EVs was then characterised by mass
spectrometry (MS) (‘Orbitrap MS cohort’). Univariable analysis
revealed distinct EV protein profiles when comparing individuals
with PSC-CCA, individuals with isolated PSC, or healthy in-
dividuals. Compared with PSC, the abundance of 68 proteins was
altered in PSC-CCA (37 up, 31 down). When comparing patients
with PSC-CCA with a group composed of both healthy individuals
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Fig. 1. Isolated serum EV fractions are enriched in exosomes and microvesicles, and contain proteins with diagnostic capacity for PSC-CCA. Characterisation of
serum EVs by (A) TEM, (B) NTA, and (C) immunoblotting. (D) Volcano plot of identified proteins in PSC-CCA vs. PSC and in PSC-CCA vs a ‘non-malignant control group’
including healthy individuals and patients with PSC. Significantly enriched proteins are coloured in red and proteins with lower abundance in blue (parametric Student’s
t test). (E) Venn diagram with the number of proteins with significant AUC values in both comparatives. Heatmap and diagnostic values of EV proteins altered in patients
with concomitant PSC-CCA compared with PSC and to ‘the non-malignant control group’. Enriched proteins are coloured in red, and proteins with lower abundance in
blue. n.s. (Kruskal-Wallis test). CCA, cholangiocarcinoma; ER, endoplasmic reticulum; EV, extracellular vesicle; NTA, nanoparticle tracking analysis; PSC-CCA,
concomitant PSC and CCA; PSC, primary sclerosing cholangitis; SEN, sensitivity; SPE, specificity; TEM, transmission electron microscopy; WCE, whole cell extract.
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and patients with PSC (‘non-malignant control group’), the
abundance of 67 proteins was found increased and 45 decreased
in PSC-CCA (Fig. 1D). Next, the diagnostic capacity of single
candidate biomarkers was investigated. Forty-seven EV proteins
showed significant AUC values for CCA diagnosis, with FRIL
providing the highest score when compared with that in in-
dividuals with isolated PSC (AUC = 0.909) or with that in the non-
malignant control group (AUC = 0.931) (Fig. 1E).

Serum EVs contain protein biomarkers for the early,
accurate, and aetiology-based diagnosis of CCAs

To test whether these candidate CCA biomarkers are specific
for patients with PSC or have a common diagnostic ability also
for CCAs of non-PSC aetiology, previous samples and new
additional ones from individuals with PSC, PSC-CCA, or non-
PSC CCA or healthy individuals were analysed in a newer
and more powerful mass spectrometer (‘timsTOF cohort’). All
EV proteins commonly identified in timsTOF analysis, in Orbi-
trap MS, and/or in a non-PSC CCA dataset previously pub-
lished by our group'® were selected for subsequent analysis
and identification of aetiology-related CCA protein biomarkers
(Fig. S2). In particular, five proteins specifically allowed the
differential diagnosis of patients with PSC-CCA vs. patients
with isolated PSC, harbouring LG3BP, IGLL5, and IGKC the
highest diagnostic capacity (AUC = 0.710, 0.687, and 0.654,
respectively) (Fig. 2A). By contrast, the abundance of seven
proteins allowed the specific diagnosis of non-PSC CCAs,
providing AUC values up to 0.854 (for TSN9) when compared
with that in healthy controls (Fig. 2B). Considering patients with
CCA regardless of aetiology (Pan-CCA), the abundance of
63 EV proteins was altered compared with that in the non-
malignant control group, observing that most biomarkers
were general for all CCAs (Fig. 2C). Among them, FIBG, HEMO,
and PON1 stood out as the best individual diagnostic bio-
markers, displaying AUC values of 0.823, 0.795, and 0.777,
respectively. Importantly, most candidate biomarkers retained
their diagnostic accuracy when considering only patients with
local disease (LD) (Fig. 2A-C). Notably, a subanalysis including
only samples not previously analysed by Orbitrap MS revealed
similar sensitivity and specificity values (Fig. S3).

Pan-CCA EV biomarkers are detected in total serum by
immunoblotting and ELISA, aiding diagnosis

We next evaluated whether the Pan-CCA EV biomarkers are
merely detected within serum EVs or whether they are
amenable to be measured using total serum. By immunoblot-
ting, a selection of Pan-CCA biomarkers (e.g. VWF, PIGR,
FIBG, FIBB, FGL1, CRP, FRIL, and OIT3) was analysed in iso-
lated EVs, EV-depleted serum (serum without EVs), and total
serum from patients with CCA and healthy individuals. Almost
all analysed proteins were enriched in isolated EVs, but,
importantly, they were detectable using whole serum (Fig. 3A
and B). To ascertain the potential translation of these bio-
markers into clinics, total serum from previous patients and
additional ones was used to measure the levels of these pro-
teins by ELISA, which is a technique already implemented in
daily clinical practice. Of note, the levels of most candidate
biomarkers measured in total serum by ELISA correlated with
the ones measured in serum EVs by MS (Fig. S4), reinforcing
the usefulness of this technique as a translational approach.

Although no differences were observed between patients with
PSC and healthy individuals, total serum levels of FRIL, CRP,
FGL1, VWF, FIBRINOGEN, and OIT3 were increased in patients
with PSC-CCA and non-PSC CCA when compared with the
non-malignant control group, displaying great accuracy for
Pan-CCA diagnosis (AUC values up to 0.886; Fig. 3C). PIGR
serum levels were found augmented in patients with isolated
PSC, when compared with healthy individuals, but it also
allowed the diagnosis of PSC-CCA and non-PSC CCA when
compared with their clinically relevant controls (patients with
PSC and healthy individuals, respectively). Notably, increased
CRP and FRIL levels were linked to the greatest risk of CCA
occurrence in patients with PSC, with odds ratio (OR) values of
18.1 (95% CI 4.9-67.5) and 17.3 (95% CIl 4.7-64.2), respec-
tively. Similarly, increased PIGR and CRP levels provided the
highest CCA diagnostic accuracies when the absence of PSC
is clinically confirmed, with AUC values of 0.953 and 0.934,
respectively (Fig. 3C). A subanalysis considering only samples
that were not previously analysed by MS confirmed the diag-
nostic powerfulness of these biomarkers, validating the results
(Fig. S5). The high diagnostic capacity of these proteins was
also observed when considering only patients with LD, thus
confirming their value for early CCA diagnosis (Fig. S6).

We next explored potential associations of these candidate
biomarkers with CCA subtypes, disease status, and serum
CA19-9 levels. The levels of most individual candidate bio-
markers were independent of CCA subtype and disease status.
Still, PIGR serum levels were higher in patients with pCCA or
dCCA than in those with iCCA, although patients with iCCA had
increased levels in comparison with their respective controls
(Fig. S7). Considering disease status, patients with metastatic
disease (MD) displayed increased FGL1, when compared with
patients with LD or locally advanced disease (LAD), although
elevated FGL1 serum levels were still observed in patients with
LD and LAD compared with both healthy individuals or patients
with PSC (Fig. S8). Serum levels of VWF, FIBRINOGEN, and
OIT3 positively correlated with serum CA19-9 levels (Fig. S9A),
whereas the presence of cirrhosis did not alter biomarker
levels (Fig. S9B).

To enhance the diagnostic capacity, machine learning-
based binary logistic models (LMs) were performed with 70%
of the samples (training), and the generated model was further
evaluated in the resulting 30% (testing 30%) and in a subset
including only samples with LD-CCA (testing LD). A model
combining CRP/FRIL allowed the identification of CCA inde-
pendently of disease aetiology with high accuracy (AUC =
0.923, 0.905, and 0.941 in the training, testing 30%, and testing
LD cohorts, respectively; Fig. 4A). If PSC was present, the
combination of CRP/FIBRINOGEN/FRIL (LM1) or CRP/FRIL
(LM2) allowed the diagnosis of PSC-CCA with great accuracy
(AUC = 0.856 [training] and 0.907 [testing 30%] for LM1 and
AUC = 0.847 [training] and 0.901 [testing 30%] for LM2),
particularly in LD-CCA (AUC = 0.947 for LM1 and 0.925 for
LM2) (Fig. 4B). It is noteworthy that although most of the single
biomarkers were not significantly superior to CA19-9 (Fig. S9C),
the combination of the LMs with CA19-9 levels significantly
overpowered the diagnostic capacity of CA19-9 alone, partic-
ularly at LD-CCA (AUC = 0.960 for LM1 and 0.965 for LM2 vs.
0.735 for CA19-9; Fig. S10). Finally, when the absence of PSC
is clinically confirmed, an LM combining CRP/PIGR/VWF pro-
vided almost the maximum diagnostic capacity (AUC = 0.994
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Fig. 2. Serum EV protein biomarkers for the diagnosis of CCA according to tumour aetiology. Biomarkers for the specific diagnosis of (A) CCA in patients with
PSC (specific PSC-CCA biomarkers), (B) CCA in patients without PSC (non-PSC CCA biomarkers), and (C) CCA regardless of aetiology (Pan-CCA biomarkers; the best
53 biomarkers are displayed). Enriched proteins are coloured in red, and proteins with lower abundance in blue. ‘-, n.s. AUC. CCA, cholangiocarcinoma; EV,
extracellular vesicle; LD, local disease; PSC-CCA, concomitant PSC-CCA; PSC, primary sclerosing cholangitis; SEN, sensitivity; SPE, specificity.

Journal of Hepatology, July 2023. vol. 79 | 93-108 97



Liquid biopsy biomarkers for cholangiocarcinoma

A Immunoblotting of serum subfractions B Immunoblotting of total serum
CCA Healthy iCCA pCCA  dCCA  Healthy
Serum Serum EGL1

EVs w/oEVs Serum EVs w/o EVs Serum
ou [ || | vy . —— |
VWF F—— El | PIGR|§‘-—- |
ror [ - e | FIBG | — — -
|
|
|

FIBG | [ — ;RBI;_.. - |
FRIL [T D — |
CRP | vl |

|

CRP OIT3 | e S - ==
oIr3| - |
C CCA biomarkers in total serum
FRIL FGL1
*kkk Kkkk
FhKk g
- *
n.s. n.s.
1,000 OHealthy
oPsC
800 ©OPSC-CCA
600 @®CCA

@Pan-CCA

[ng/ml]

400
200
NP° of patients 23 24 12 38 50
FIBRINOGEN OIT3
*kkk
*kkk

24x103 ns. ns.
5x10¢ 7.2x10%) 12x10°1
X 4
2.4x10 10x103
= 4x10° 8x10°
£ a0 1.6x10° 6x10° !
c & i
= 2x10* ks 4x103 40 A
5 8x10? ol
1x10° g 2x10° X
0 g 0 0 0 ‘
Ne of patients 32 45 43 67 110 32 46 43 67 110 32 46 43 66 109
Pan-CCA vs. [Healthy + PSC]
Protein ROC curve Diagnostic test Odds ratio (OR)
AUC p value Cut-off (ng/ml) SEN (%) SPE (%) PPV (%) NPV (%) Al (%) OR (95%Cl) p value
CRP 0.886 <0.0001 14,500 66.4 94.9 94.8 66.7 78.2 36.5 (12.4, 108) <0.0001
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Fig. 3. Candidate EV protein biomarkers are detected using total serum and aid the diagnosis of CCA. (A) Representative immunoblots of selected biomarkers in
serum EVs, serum without EVs, and total serum subfractions (10 pg protein loaded per column) of patients with CCA and healthy individuals. (B) Representative
immunobilots of selected biomarkers in total serum (50 ug protein loaded per column) of patients with iCCA, pCCA, or dCCA, and healthy individuals. (C) Levels of CRP,
FRIL, FGL1, VWF, PIGR, FIBRINOGEN, and OIT3 measured by ELISA in serum samples from patients with PSC, PSC-CCA, and non-PSC CCA and healthy individuals
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and 1.000 in the training and testing 30% cohorts, respectively)
for CCA compared with that for healthy individuals, also at early
tumour stages (AUC = 0.992 for LD-CCA). A model combining
only CRP/VWF might also help in the diagnosis of CCAs arising
from non-PSC aetiologies, with AUC values of 0.979 and 0.960
in the training and testing 30% cohorts, respectively, retaining
its diagnostic capacity for the early diagnosis of CCA (AUC =
0.968; Fig. 4C).

Serum Pan-CCA biomarkers aid the differential diagnosis
of iCCA and HCC

Serum levels of FGL1, CRP, PIGR, FIBRINOGEN, VWF, FRIL, or
OIT3 measured by ELISA were found increased in patients with
iCCA compared with patients with HCC, with accuracy indexes
up to 86.2%. It is noteworthy that increased serum levels of
FGL1 and CRP were linked to the greatest risk of iCCA pres-
ence, with ORs of 67.7 (95% CI 3.3-1,397.0) and 42.6 (95% CI
11.8-154), respectively, in comparison with HCC, and the
combination of these two biomarkers increased the odds to
144 (95% CI 8-2,590) (Fig. 5A).

To identify additional biomarkers for the differential diag-
nosis of iCCA and HCC, the proteomic profile of serum EVs
from patients with HCC, iCCA, and PSC and healthy individuals
was evaluated. Thirteen specific iCCA candidate biomarkers
(six up and seven down) were obtained, with APOC3, ALBU,
and AMPN providing the highest AUC values (0.736, 0.732, and
0.726, respectively; Fig. 5B). In resemblance, 58 HCC-specific
EV protein biomarkers were identified, with 30 exhibiting an
increased abundance in serum EVs from patients with HCC,
compared with patients with iCCA and healthy individuals,
whereas 28 of them displayed decreased levels (Fig. 5C).
Importantly, ANGP1 provided the highest diagnostic capacity
in discriminating patients with HCC and iCCA, with AUC values
of 0.850.

EV protein biomarkers are mainly expressed in liver and
differ across specific cell populations

To decipher the potential origin of candidate serum EV protein
biomarkers for CCA, the expression of the ELISA-validated
biomarkers was first analysed in a human multi-organ (n = 61
tissues/organs) transcriptomic dataset (Fig. 6A and Fig. S11A).
Data revealed that all these EV protein biomarkers are
expressed in hepatobiliary tissues. Interestingly, some EV bio-
markers —including FGA, FGG, FGB, CRP, FGL1, and OIT3 -
were almost exclusively expressed in hepatobiliary tissues,
representing more than 70% of the total expression detected in
human organs.

Human liver scRNA-seq showed that the expression of
some candidate biomarkers was cell type-specific, whereas
others were indiscriminately expressed along different liver cell
types (Fig. 6B). For instance, PIGR was almost exclusively
expressed in cholangiocytes, whereas endothelial cells had the
highest expression of OIT3 and VWF. In addition, the main
source of FGA, FGG, FGB, CRP, and FGL1 was hepatocytes,
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whereas the expression of FTL was more diverse, being
detected in all liver cell types.

ScRNA-seq data reveals specific cell types within human
CCA tumours expressing EV protein biomarkers

We next investigated the expression of the aforementioned
Pan-CCA biomarkers in the cell populations within human CCA
tumours (Fig. 6C and Fig. S12). When analysing the single-cell
transcriptome of the GSE151530 and GSE125449 datasets,
composed of CCA tumour samples from 12 and 10 patients,
respectively, the highest percentage of cells expressing FGA,
FGG, FGB, CRP, FGL1, and PIGR transcripts were malignant
cholangiocytes, whereas VWF- and OIT3-expressing cells were
principally endothelial cells. Meanwhile, the expression of FTL
was more widespread, being detected in all the main tumour
cells, with a predominant increase in T cells and tumour chol-
angiocytes. We then validated these findings by immunofluo-
rescence and found that PIGR, FIBG, CRP, and FGL1 were
strongly detected in both human PSC-CCA and non-PSC CCA
tissues, mostly co-localising with cytokeratin 19 (CK19)* cells,
thus confirming their expression specifically in malignant
cholangiocytes within tumours, regardless of disease aetiology.
In contrast, tissue specimens from patients with PSC or sur-
rounding livers displayed almost negligible signals (Fig. 6D).

Serum EV proteins allowed the prediction of CCA
development in patients with PSC before clinical evidence
of malignancy

The abundance of several proteins (18 up and 14 down) was
altered in serum EVs from patients with PSC without clinical
evidence of malignancy at sampling but who progressed to
CCA during follow-up (PSC to CCA) compared with patients
with PSC who did not develop CCA in more than 5 years after
PSC diagnosis, providing AUC values up to 0.868. These
values remained almost unaltered when considering only pa-
tients with samples obtained more than 6 months before CCA
diagnosis (Fig. 7A). In fact, when stratifying patients with PSC
to CCA according to the period between sampling and CCA
diagnosis (<6 months, 6-12 months, and >12 months), no dif-
ferences were observed in their abundance, indicating that
these alterations might be detected in patients with PSC more
than 1 year before clinical evidence of the tumour (Fig. S13).
Considering that OIT3, PIGR, FRIL, CRP, and FIBG may also
have predictive value for CCA development in patients with
PSC, their serum levels were next analysed by ELISA. Although
no differences were observed for OIT3 (data not shown), the
levels of FIBRINOGEN, CRP, PIGR, and FRIL were already
found increased in serum from the PSC to CCA group, when
compared with patients with non-malignant PSC, providing
differential AUC values up to 0.828 (Fig. 7B). In addition, the
serum levels of these biomarkers were similar to the ones
detected in patients with confirmed PSC-CCA. At the individual
level, the comparison of the predictive capacity of the four
ELISA-validated serum candidate biomarkers with CA19-9,

and diagnostic values for Pan-CCA vs. the non-malignant group (healthy + PSC), PSC-CCA vs. PSC, and CCA vs. healthy individuals. n.s.; *p <0.05; **p <0.01;
****p <0.0001 (Kruskal-Wallis test). Al, accuracy index; CCA, cholangiocarcinoma; dCCA, distal CCA; EV, extracellular vesicle; iCCA, intrahepatic CCA; NPV, negative
predictive value; OR, odds ratio; Pan-CCA, CCA regardless of aetiology; pCCA, perihiliar CCA; PPV, positive predictive value; PSC-CCA, concomitant PSC and CCA;
PSC, primary sclerosing cholangitis; ROC, receiver operating characteristic; SEN, sensitivity; SPE, specificity.
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Fig. 4. LMs combining ELISA-validated serum protein biomarkers enable the accurate diagnosis of CCA in patients with or without PSC. Binary logistic
regression models in the training (70%) cohort, as well as in the testing 30% and LD cohorts for CCA diagnosis (A) regardless of disease aetiology, (B) in patients with
PSC, and (C) in patients without PSC. Al, accuracy index; CCA, cholangiocarcinoma; LD, local disease; LM, logistic model; OR, odds ratio; Pan-CCA, CCA regardless
of aetiology; PSC, primary sclerosing cholangitis; ROC, receiver operating characteristic; SEN, sensitivity; SPE, specificity.
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Fig. 5. Serum EV protein biomarkers for the differential diagnosis of iCCA vs. HCC. (A) Levels and diagnostic values of FGL1, CRP, PIGR, FIBRINOGEN, VWF,
FRIL, and OIT3 measured by ELISA in serum samples from patients with iCCA and HCC. Heatmaps, Venn diagrams, and diagnostic values of specific EV proteins for
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total bilirubin, aspartate transaminase (AST), alanine trans-
aminase (ALT), gamma glutamyltransferase (GGT), and alkaline
phosphatase (ALP) for the development of CCA in patients with
PSC revealed that FIBRINOGEN was significantly superior to
almost all the above-mentioned parameters (apart from bili-
rubin). CRP, FRIL, and PIGR significantly outperformed AST,
ALT, or GGT (Fig. S14A). Importantly, all patients with PSC
showcasing higher levels in these four predictive biomarkers
developed CCA during follow-up, whereas patients without
elevation in any of these biomarkers did not progress to CCA. A
logistic regression model including CRP/FIBRINOGEN/FRIL
showed that patients with PSC displaying increased levels in
these three proteins have 44-fold augmented risk of developing
CCA during follow-up, when compared with patients with non-
malignant PSC, providing positive and negative predictive
values of 91.7% and 80%, respectively. In contrast, increased
serum CA19-9 levels in patients with PSC were not indicative of
a greater risk for CCA development (OR 2.2, 95% CI 0.7-7.1)
(Fig. 7C). Of note, CRP/FIBRINOGEN/FRIL and CRP/FIBRIN-
OGEN/FRIL/PIGR LMs significantly overpowered not only the
common markers of cholestatic liver injury (ALT, AST, total
bilirubin, GGT, and ALP) but also CA19-9 (Fig. S14B).

Serum EVs hold proteins capable of estimating the
prognosis of patients with CCA

Univariable analysis revealed that 108 EV proteins may also
estimate survival in patients with CCA, regardless of disease
aetiology (Fig. 8A). Multivariable analysis of prognostic
biomarker candidates that were independent of clinical and
demographic variables (Fig. S15A and B) revealed that high
levels of COMP, GNAI2, A1AG1, CFAI, and LRP1 are inde-
pendent predictors of worse overall survival (OS), whereas
increased abundance of MYCT1, ACTN1, KPYM, and PF4V
predict better prognosis (Fig. 8B).

In the multi-organ RNA-sequencing (RNA-seq) data, all the
nine genes were found to be expressed in hepatobiliary tissues,
with ORM1 (coding for A1AG1) being almost exclusively pre-
sent in the liver (Fig. S16A). At a cellular level, in healthy livers,
some genes were predominantly detected in a cell type-
specific manner (.e. PF4V1 in cholangiocytes and MYCTT in
endothelial cells; Fig. S16B). Similar findings were observed in
human CCA tumours, with malignant cholangiocytes being the
main cell type expressing not only PF4V1 but also ORM1 and
CFl. However, although MYCT1 was almost exclusively found
in endothelial cells, the expression of COMP, GNAI2, LRP1,
ACTNT1, and PKM (coding for KPYM) was ubiquitous in all cell
types within human CCA tumours (Fig. S17).

Lastly, a panel comprising three ‘bad prognostic bio-
markers’ (COMP/GNAI2/CFAI) showed the finest OS predictive
capacity (Fig. 8C). The median OS (mOS) of patients without
elevations on any of these biomarkers was 102 months. In
contrast, higher levels of two to three of these biomarkers were
associated with shorter mOS (5 months). Remarkably, the risk
of death of these patients was increased by 30 times (hazard

Research Article

ratio 30.4, 95% CIl 4.0-230.0) when compared with patients
with low levels of these three proteins. Similarly, a panel
including three ‘good prognostic biomarkers’ (ACTN1/MYCT1/
PF4V) showed the finest OS prediction in patients with CCA.
Patients with increased serum levels of these three biomarkers
showed an mOS of 102 months, compared with the 9 months
observed when lower levels are detected in at least one of
these serum EV proteins, with a 6-fold increased risk of death.
Of note, these panels retained their prognostic capacity when
considering only patients who underwent potentially curative
surgery (Fig. S15C).

Discussion

The precise, non-invasive, and early diagnosis of CCA remains a
major challenge, particularly in patients at high risk, such as
those with PSC. Here, we conducted an international multi-
centric study in which accurate EV protein biomarkers for the
diagnosis of CCAs were identified. By high-throughput prote-
omics, novel biomarkers for the prediction of CCA development
in patients with PSC; for the early and accurate diagnosis of
PSC-related CCAs, non-PSC CCAs, and Pan-CCAs; and for the
differential diagnosis of iCCA and HCC were disclosed. Impor-
tantly, we cross-validated these results by measuring the levels
of candidate biomarkers in total serum by ELISA, confirming that
these biomarkers are amenable to be detected in raw biological
fluids, ensuring their potential translation into clinics. In addition,
proteins present in circulating EVs not only allowed the precise
diagnosis but also estimated the survival in patients with CCA.
Human multi-organ transcriptomic analysis revealed that most
diagnostic and prognostic biomarkers were expressed in hep-
atobiliary tissues. scRNA-seq analysis of normal liver and CCA
tumours pointed out that the expression of candidate bio-
markers was cell-specific, being particularly detected in malig-
nant cholangiocytes within CCA tumours, thus reinforcing this
novel tumour cell-derived liquid biopsy strategy.

Although the majority of CCAs emerge without a clear
aetiology, PSC is a well-established risk factor. Up to 20% of
patients with PSC might develop CCA during their lifetime,
which commonly appears within the first year after PSC diag-
nosis and in younger people (40-50 years), when compared
with CCAs from other aetiologies (~65 years).""'? In fact, CCA
is currently responsible for more than 30% of PSC-associated
premature deaths,'® constituting a substantial health and social
problem. Current screening strategies for CCA diagnosis in
patients with PSC have scant clinical value owing to their low
accuracy. Serum CA19-9 levels are generally not elevated in
early CCA stages and are also increased in ~30% of patients
with isolated PSC, and up to 7% of the general population are
unable to express CA19-9 because of FUT3 activity defi-
ciency,'” strongly limiting the usefulness of CA19-9 as a routine
diagnostic screening tool. At the radiological level, benign
biliary strictures closely resemble the initial malignant changes,
which makes the early and appropriate diagnosis of CCA in
patients with PSC extremely challenging. All these limitations

colocalisation with CK19*-positive cells. Scale bars = 50 um ****p <0.0001 (Kruskal-Wallis test). CCA, cholangiocarcinoma; CK19, cytokeratin 19; EV, extracellular
vesicle; HCC, hepatocellular carcinoma; iCCA, intrahepatic CCA; IF, immunofluorescence; NC, normalised counts; NK, natural killer; PSC-CCA, concomitant PSC and
CCA; PSC, primary sclerosing cholangitis; RNA-seq, RNA sequencing; ROC, receiver operating characteristic; SCRNA-seq, single-cell RNA sequencing; SL, sur-

rounding liver; tSNE, t-distributed stochastic neighbour embedding.

Journal of Hepatology, July 2023. vol. 79 | 93-108

103



Liquid biopsy biomarkers for cholangiocarcinoma

A Predictive PSC-CCA biomarkers

PSC to CCA (n = 25) vs.

PSC to CCA [<12m] (n = 21) vs.

PSC to CCA [>6 m] (n =17) vs.

PSC PSCtoCCA | PSC-CCA ’ PSC (n = 45) PSC (n = 45) PSC (n = 45)
(n=45) (n=42) Protein SEN SPE SEN SPE SEN SPE
N R R - B . R . B )
1 | OIT3 0.868 72.0 88.9 0.875 76.2 889 0.848 82.4 756
LI IGHA1  0.804 80.0 733 0798 81.0 733 0.79% 706 84.4
| co9 0.793 72,0 822 0.800 76.2 77.8 0.803 82.4 77.8
VNN1 0.790 80.0 68.9 0.783 81.0 68.9 0.775 64.7 822
| IGHA2  0.779 76.0 756 0.752 71.4 756 0.778 765 756
| ] cos 0.761 68.0 756 0.770 71.4 756 0.740 64.7 756
LG3BP  0.737 80.0 66.7 0.744 85.7 66.7 0.671 82.4 57.8
| OLFM4  0.730 76.0 66.7 0.730 76.2 68.9 0.770 88.2 622
| | PIGR 0.714 92.0 53.3 0713 905 533 0.692 882 533
| Co8G  0.712 92,0 533 0.719 90.5 533 0.692 88.2 53.3
' | | ! GNAI2  0.709 84.0 53.3 0.720 85.7 53.3 0710 88.2 53.3
FCN1 0.707 92,0 533 0.702 90.5 533 0.694 94.1 53.3
| | 1 MASP2  0.695 68.0 711 0.668 429 911 - - -
| | NEP 0.692 64.0 733 0.711 714 68.9 0.720 765 68.9
| FRIL 0.692 72.0 64.4 0.692 71.4 64.4 0.707 765 64.4
| cosB 0.676 72,0 622 0.675 71.4 622 0.714 765 622
CRP 0.674 52.0 77.8 0.709 57.1 77.8 - - =
FIBG 0.673 48.0 86.7 0.705 71.4 68.9 0.673 52.9 86.7
|l | | HEMO ~ 0.792 76.0 778 0816 905 689 0771 765 80.0
| HBB 0.791 88.0 60.0 0.784 85.7 60.0 0.780 88.2 622
PARVB  0.774 80.0 64.4 0.770 81.0 64.4 0.758 100.0 422
111 HBD 0.766 100.0 51.1 0.743 100.0 51.1 0.774 88.2 64.4
| | APOC3  0.758 60.0 84.4 0.762 61.9 84.4 0.748 58.8 80.0
N | GELS 0.758 80.0 64.4 0.742 76.2 64.4 0.780 82.4 64.4
| | URP2 0.758 76.0 66.7 0.764 66.7 77.8 0.742 765 66.7
| | ] KNG1 0.754 76.0 68.9 0.740 71.4 68.9 0.753 765 711
| | | HBA 0.749 64.0 80.0 0.725 952 467 0.746 64.7 80.0
| ] K1C10  0.740 52.0 86.7 0.754 57.1 86.7 0.702 47.1 86.7
GP1BA  0.735 92.0 489 0.724 90.5 489 0.707 88.2 489
ACTB 0.734 72,0 711 0.753 76.2 711 0.712 64.7 71.1
4 0 4 PF4V 0.728 76.0 622 0.722 76.2 622 0.706 765 622
Z score | APOA4 0719 720 66.7 0.760 76.2 68.9 0.665 70.6 66.7
B Predictive PSC-CCA biomarkers in total serum
FIBRINOGEN CRP
Kkkk Fkkk
10 000 *kkk n.s.
7.0001 T e oPsC
6,000 3x104 @PSC to CCA
. o 1o @PSC-CCA
E 4,000 2x10*
£
2,000 g2, 1x10¢
PSC to CCA vs. PSC
N° of patients ROC curve Diagnostic test Odds ratio (OR)
Protein PSgct: PSC AUC pvalue Cut-off (ng/ml) S(E/:; s(:oE) P(;\; N(;\; (,,2)' OR (95%Cl)  p value
FIBRINOGEN 23 6 0.828 <0.0001 1810 100.0 50.0 50.0 100.0 66.7 47 (2.7, 820) <0.01
CRP 23 46 0.709 <0.01 2,000 87.0 522 476 88.9 638 7.3(1.9,27.9) <0.01
FRIL 24 46 0.705 <0.01 30 625 73.9 55.6 79.1 700 4.7(1.6,13.6) <0.01
PIGR 24 45 0.686 <0.05 8,000 45.8 93.3 78.6 76.4 76.8 11.8(2.9,49)  <0.001
OPSC (n = 45)
FIBRINOGEN @PSC to CCA (n = 22)
CRP
FRIL T
I
Ne of altered biomarkers 0 1 2 4
C Logistic model algorithms with predictive biomarkers of CCA development in PSC
PSC to CCA (n = 22) vs. PSC (n =45)
ROC curve Di: ic test Odds ratio (OR)

LM AUC p value SEN (%) SPE (%) PPV (%) NPV (%) Al (%) OR (95%Cl) _ pvalue
CRP/FIBRINOGEN/FRIL/PIGR 0.910 <0.0001 636 933 824 840 836 245(57,1053)  <0.0001 =
CRP/FIBRINOGEN/FRIL 0.901 <0.0001 50.0 97.8 91.7 80.0 82.1 44.0 (5.1, 378.2) <0.001 =
CRPIFIBRINOGEN 0.844 <0.0001 86.4 756 633 919 79.1 19.6(4.9,79.0)  <0.0001 R
CA19-9 0.650 ns. 36.4 795 50.0 68.9 63.9 2.2(0.7,7.1) ns. H—o—

10 0 100 0t 10°

Fig. 7. Serum proteins allow the prediction of CCA development in patients with PSC. (A) Heatmap and diagnostic values of specific EV proteins for the differential
identification of patients with PSC who progressed to CCA over time (PSC to CCA) and non-malignant PSC. Enriched proteins in red, and proteins with lower
abundance in blue. (B) Levels and diagnostic values of FIBRINOGEN, CRP, PIGR, and FRIL in total serum from patients with PSC to CCA, PSC-CCA, and non-
malignant PSC. (C) Binary logistic regression models for the prediction of CCA development in patients with PSC. ~’, n.s. AUC; *p <0.05; **p <0.001;
***p <0.0001 (Kruskal-Wallis test). m, months from sampling to CCA diagnosis; Al, accuracy index; CCA, cholangiocarcinoma; EV, extracellular vesicle; iCCA,
intrahepatic CCA; LM, logistic model; NPV, negative predictive value; OR, odds ratio; PPV, positive predictive value; PSC-CCA, concomitant PSC and CCA; PSC,
primary sclerosing cholangitis; ROC, receiver operating characteristic; SEN, sensitivity; SPE, specificity; CA19-9, carbohydrate antigen 19-9.
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Inclusion criteria (n = 87 patients):
= CCA regardless of aetiology

= Sample collected + 2 months from
CCA diagnosis

Categorization of
protein abundance
(optimal cut-off)

Univariable Cox regression:
= 108 proteins (p <0.05)

Multivariable Cox regression:

= Each protein & clinical/demographic
variables (sex, age, PSC, cirrhosis, CCA
subtype [ICCA, pCCA, dCCA], disease
status [LD, LAD, MD], CA19-9, surgery
[no/palliative vs. tumour resection/LTX])

= 47 proteins independent of the above
variables (p <0.05)

Research Article
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Univariable Log-rank test:
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Fig. 8. Association of serum EV protein levels with patients’ outcome. (A) Schematic representation of the strategy used to define prognostic biomarkers. (B)
Multivariable analysis of serum EV proteins with prognostic value independent of the clinical/demographic variables sex, age, PSC, cirrhosis, CCA subtype, disease
status, CA19-9, and surgical intervention. Kaplan—-Meier curves of OS for each prognostic biomarker in 10 years of follow-up. (C) Kaplan-Meier curve, Cox regression
analysis, and log-rank test of patients with CCA according to the ‘bad prognostic’ (COMP/GNAI2/CFAI) and ‘good prognostic’ (ACTN1/MYCT1/PF4V) panels. Al,
accuracy index; CA19-9, carbohydrate antigen 19-9; CCA, cholangiocarcinoma; dCCA, distal CCA; EV, extracellular vesicle; HR, hazard ratio; iCCA, intrahepatic CCA;
LAD, locally advanced disease; LD, local disease; LM, logistic model; MD, metastatic disease; mOS, median overall survival; NPV, negative predictive value; OR, odds

ratio; OS, overall survival; pCCA, perihiliar CCA; PPV, positive predictive value; PSC-CCA, concomitant PSC and CCA; PSC, primary sclerosing cholangitis; ROC,
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markedly impact on CCA detection, which is an accidental
event in up to 40% of PSC-CCA cases, when liver trans-
plantation was required or even at autopsy.'® Previous studies
have proposed several serum biomarkers for the differential
diagnosis of CCA and PSC, although most of them did not
include patients with concomitant PSC-CCA,'* raising major
concerns when translating these findings into clinics.

Our study has contributed with novel protein biomarkers for
CCAs. It is important to highlight that we have included only
strictly selected patients, with biopsy-proven CCA confirma-
tion, increasing the robustness of this analysis. It is noteworthy
that the combination of protein-based models, including two to
three biomarkers, with CA19-9 significantly improved the
diagnostic capacity of CA19-9 alone. Most of these novel
biomarkers and LMs are independent of anatomical CCA
subtype and revealed high diagnostic accuracy also at early
tumour stages. Similarly, the elevation of proposed biomarkers
was not altered by the presence/absence of cirrhosis. In fact,
>90% of patients with CCA included in our cohort did not
present liver cirrhosis at sampling, thus suggesting that the
levels of these biomarkers are not affected by cirrhosis. Our
data indicate that the combination of serum CRP/FIBRIN-
OGEN/FRIL levels might be particularly useful for the early
diagnosis of PSC-CCA, whereas combining CRP/PIGR/VWF
might aid the diagnosis of CCA arising in patients without PSC.
In addition, the identified serum protein biomarkers also aid in
the differential diagnosis of iCCA and HCC, which is currently
an unmet need in clinical practice. Furthermore, by using serum
samples from patients with PSC who had no clinical evidence
of malignant masses at the time of sampling but who devel-
oped CCA during follow-up, we proposed FIBRINOGEN, CRP,
PIGR, and FRIL not only as candidate diagnostic biomarkers
but also as novel predictive biomarkers of CCA development in
patients with PSC. Although no clinical features of tumour
development were observed in these patients, we may not
discount the fact that small undetectable lesions might be
already present at sampling. Consequently, these predictive
biomarkers should be prospectively validated in the near future.

EVs were shown to recapitulate features of their cells of
origin.? Considering that CCAs are highly heterogeneous, des-
moplastic, and stroma-enriched tumours, 2 scRNA-seq anal-
ysis might provide a better characterisation of biomarker-
expressing cell populations. The majority of the most prom-
ising biomarkers for CCA, which displayed an increased abun-
dance in serum EVs when compared with controls, were found
chiefly expressed in malignant cholangiocytes. We further
evaluated the protein levels of PIGR, FIBG, CRP, and FGL1 in
human FFPE CCA tumours by immunofluorescence, confirming
their marked expression in malignant cholangiocytes. It is worth
noting that unravelling the type of cells that might be actively

secreting biomarker-containing EVs could also postulate them
as novel potential cell-specific therapeutic targets for CCA. For
instance, PIGR, FIBG, and FGL1 have been studied in other
gastrointestinal cancers and characterised as key contributors
of tumorigenesis.'®'® Consequently, their role in chol-
angiocarcinogenesis deserves future analysis.

Apart from harbouring a predictive and diagnostic capacity in
CCA, we were also able to identify novel EV protein prognostic
biomarkers that may aid to predict OS in patients regardless of
disease status, serum CA19-9 levels, and CCA subtype. We
herein propose two prognostic panels, one comprising ‘bad
prognostic biomarkers’ (COMP/GNAI2/CFAI) and another one
including ‘good prognostic biomarkers’ (ACTN1/MYCT1/PF4V),
that allowed predicting OS, even in patients undergoing surgery
with curative intent. Despite reports stating the capacity of these
biomarkers to predict cancer prognosis is scarce, higher levels
of COMP were recently associated with increased metastasis
and circulating tumour cell count in patients with breast can-
cer.'® Similarly, decreased serum levels of PF4V were indicative
of tumour progression and predicted worse OS and recurrence
in patients with prostate cancer.?° Future studies should be
conducted to confirm the prognostic value of these biomarkers
and their role in CCA pathobiology.

In conclusion, we here demonstrated that serum EVs contain
protein biomarkers for the prediction of CCA development in
PSC, as well as for the early tumour detection in individuals with
PSC, in individuals without PSC, and in individuals with CCAs
regardless of disease aetiology, which are amenable to be
detected using total serum. This has significant clinical rele-
vance, as early CCA detection in asymptomatic patients with
PSC was associated with improved OS and recurrence-free
survival following liver transplantation®'?> and also because
patients with ‘very early’ iCCA undergoing surgery or liver
transplantation display better prognosis, when compared with
patients with more advanced CCA.?® This study also reinforces
the ideathat patients with CCAs arising from different aetiologies
(e.g. PSC vs. non-PSC) may have common and different serum
EV proteins, and therefore, there is a need to use proper, well-
defined biomarkers to identify CCA in specific patient sub-
groups, moving a step forward into the personalised diagnosis of
CCA. This, together with the fact that most of these candidate
biomarkers are preferentially expressed in malignant chol-
angiocytes within CCA tumours, reinforces our approach as an
innovative tumour cell-derived liquid biopsy strategy. To confirm
the translational capacity of these novel predictive, diagnostic,
and prognostic biomarkers, a next prospective validation phase
using larger patient cohorts should be conducted. This would
open a new avenue for the early non-invasive diagnosis of CCA,
consequently enabling a prompt therapeutic intervention and
improving patients’ welfare and outcome.
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