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GENERAL INTRODUCTION






CHAPTER 1

CHOLANGIOCARCINOMA






1. GENERAL FEATURES

Cholangiocarcinomas (CCAs) comprise a heterogeneous group of malignancies
displaying features of biliary differentiation that can arise at any point along the biliary
tree, from the canals of Hering to the main bile duct.*® According to the origin of these
tumors, CCAs may emerge mainly from the malignant transformation of the epithelial
cells lining the bile ducts (i.e., cholangiocytes), though they can also be generated from
hepatic stem cells, progenitor cells in peribiliary glands or even from hepatocytes

undergoing trans-differentiation.*-°

CCAs are highly desmoplastic tumors, with extensive stroma. This tumor
microenvironment (TME), mostly composed of cancer-associated endothelial cells,
cancer-associated fibroblasts, a complex group of inflammatory cells including
macrophages, neutrophils, natural killer cells and T cells together with the acellular
fraction termed as extracellular matrix, supports the epithelial proliferation of tumor cells

consequently fuelling tumor growth.3’

2. CLASSIFICATION

2.1 Anatomical classification

According to the primary anatomical site of origin, the World Health Organization (WHO)
newest International Classification of Disease (ICD) coding system version ICD-11
classifies CCAs as intrahepatic CCA (iCCA), perihilar CCA (pCCA) or distal CCA (dCCA)
(Figure 1.1).38 This new classification assigns individual ICD codes for the three different
subtypes: 2C12.10 for iCCA, 2C18.0 for pCCA, and 2C15.0 for dCCA, and will be

effective from 1%t of January of 2022.

iCCAs arise at any point of the intrahepatic biliary tree, emerging from the smallest
branches called bile ductules to the second-order bile ducts also known as segmental
bile ducts. iCCAs represent the least common subtype, accounting for 10-20% of all CCA
malignancies. pCCAs, formerly known as Klatskin tumors after their description by
Klatskin in 1965, occur between the second order right and/or left hepatic bile ducts and
the insertion of the cystic duct into the common bile duct.® pCCAs are the most usual
subtype of CCAs, as they comprise 50 to 60% of all cases. Lastly, dCCAs are found in

the common bile duct below the cystic duct through the ampulla of Vater, where the bile




duct connects with the pancreatic duct, and they account for 20-30% of all bile duct

cancers.

Each anatomic subtype is associated to different risk factors, genetic aberrations,
growing patterns, clinical presentations, diagnostic strategies, therapeutic options,
prognosis, and clinical management approaches, thus representing independent
entities. Therefore, the term extrahepatic cholangiocarcinomas (eCCAs) which grouped
until very recently pCCAs and dCCAs is now strongly discouraged.
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Figure 1.1. Bile duct anatomy (left, © 2005-2011 American Society of Clinical Oncology
(ASCO)) and anatomical classification of cholangiocarcinomas (right).® Depending on the
site of origin, CCAs are classified as intrahepatic (iCCA), perihilar (pCCA) or distal (dCCA).

2.2 Tumor staging

CCA tumors are generally staged according to the American Joint of Committee on
Cancer (AJCC) guidelines. The current version of the staging manual is the Eight Edition,
effective since 2018, which classifies CCA tumors in consonance with the tumor node
and metastasis (TNM) system.'® TNM abbreviation refers to: (T), size of the primary main
tumor; (N), spread of cancer to regional lymph nodes; and (M), dissemination of cancer
to distant parts of the body or metastasis. Stages rage from I to IV; the lower the number,
the less the cancer has spread. In line with CCA heterogeneity, different staging

definitions apply for intrahepatic, perihilar and distal bile duct tumors (Table 1.1).



Table 1: CCA stages according to the 8 Edition of the AJCC staging manual.1®

AJCC Stage Stage grouping
0 Tis NO MO
1A . T1a NO MO
1B T1b NO MO
iCCA Il T2 NO MO
A T3 NO MO
" H'I'é' T4 N MO
AnyT N1 MO
\Y, AnyT AnyN M1
0 Tis NO MO
[ T2aor T2b NO MO
A T3 NO MO
PCCA ns T4 NO MO
me - AnyT N1 MO
IVA Any T N2 MO
VB Any T Any N M1
0 Tis NO MO
e st e
" T2 NO MO
T N1 MO
dCCA i T3 NO MO
T20rT3 N1 MO
A T1,T20r T3 N2 MO
ns T4 Any N MO
v Any T Any N M1

3. EPIDEMIOLOGY

CCA represents the 2™ most common primary liver cancer after hepatocellular
carcinoma (HCC), accounting for 10-15% of all hepatic malignancies and 3% of all

gastrointestinal cancers.®

It generally arises in people in their sixties-seventies, although younger individuals may
also be affected. According to the biological sex, CCA occurs in both male and females,

but a slightly higher incidence has been reported in males.?

3.1 Incidence

In most countries, CCA is considered a rare disease, as the recorded cases are lower
than 6 per 100,000 people. However, its incidence is increasing globally, representing a

major health and social problem.! The worldwide incidence of CCA is heterogeneous,



being higher in Eastern countries compared to the Western ones, potentially reflecting
geographical differences in the prevalence of CCA-related risk factors.!* The highest
CCA age-standardized incidence was recorded in Northeast Thailand, South Korea and
in Shanghai (China), with rates of 85, 7.1-8.8 and 7.55 per 100,000 people,
respectively.1112 |n contrast, in most Western countries it ranges from 2 to 6 cases per

100,000 people per year.

Over the past few decades, the incidence rates of CCA appear to have changed and
different subtypes of CCA seem to show distinct epidemiological trends. Latest studies
reported increasing incidence in iICCA and decreasing in eCCA implying the potential
growing trend of iCCA identification to advances in diagnostic techniques and changes
in some related risk factors.'? Still, plausible explanations behind the trends in CCA
incidence are complex and reported changes in incidence rates need to be interpreted
with caution. Indeed, the previous coding system ICD-10 lacked a separated code for
pCCA, the commonest form of CCA, which could have been incorrectly coded in patient

registries as either iCCA or dCCA in the past decades.!®

3.2 Mortality

The silent growth of CCAs leads to a late diagnosis, which combined with their highly
aggressive nature, chemoresistance and the limited available therapeutic options
available markedly contribute to a high CCA-associated mortality rate. Thus, CCA is

responsible of 2% of all cancer-related deaths worldwide.4

The median overall survival of patients with CCA is approximately 6 months, with a 5-
year survival of only 7-20% of individuals.® Paralleling the incidence trends, the
worldwide CCA-related mortality is higher in men than in women and it is also rising

annually.

The annual mortality rates due to CCA are heterogeneously distributed globally, pointing
out Latin America, Lithuania and Czech Republic as the countries/regions with the lowest
(<2 deaths per 100,000 people) and Japan, Hong Kong and Austria with the highest (>4
deaths per 100,000 people) mortality rates (Figure 1.2).3% CCA mortality in
countries/regions with the highest incidence rates including South Korea, Taiwan, China
and Thailand has not been studied yet and future studies on this topic are eagerly

awaited.
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Figure 1.2. Age-standardized annual mortality rates of CCA worldwide.® Mortality rates
including iCCA, pCCA and dCCA are reported, from 2000 to 2014. Yellow-filled countries/regions
indicate low mortality (<2 deaths per 100,000 people), orange-filled countries/regions indicate
mortality between 2 and 4 deaths per 100,000 people, and read-filled countries/regions indicate
high mortality (>4 deaths per 100,000 people). Incidence is displayed in highly prevalent CCA
regions where mortality rates were not reported.

4. RISK FACTORS

The etiology of most bile duct cancers remains elusive, considering them as sporadic. In
this sense, in Western countries, around 50% of cases are being diagnosed without any

referable predisposing condition.

Still, epidemiological studies have suggested that there are also some well-established
risk factors that may increase the odds of cholangiocarcinogenesis, part of them related
to specific CCA subtypes while others common to all CCAs. Different degrees of
predisposition have been assigned to the established risk factors, some of them
accounting for a high risk of CCA development but with a low population frequency, while
others being more common but with a milder association with this malignancy (Figure
1.3).1! Additionally, there is also a spatial-temporal segregation of the underlying
etiological factors of CCA, with some of them varying according to different geographical

and historical aspects.



4.1 Bile duct disorders

4.1.1 Choledochal cysts

Choledochal cysts are congenital disorders of the biliary tree characterized by cystic
dilatation of the intrahepatic and/or extrahepatic biliary tree.*® It is a rare inherited disease
more common in East communities rather than Western populations, with incidence
rates ranging from 1 in 1000 in some Asian populations and from 1 in 200000-150000 in
Western inhabitants. Patients with choledochal cysts may develop CCA at a mean age
of 30 years, much younger than the general population, and a recent meta-analysis has
reported an association between bile duct cysts and CCA development with odds ratios
(ORs) of 26.71 for iCCA and 34.94 for eCCA.1¢

4.1.2 Hepatolithiasis, choledocholithiasis, cholelithiasis and cholecystolithiasis

Hepatolithiasis refers to the presence of calculi in the intrahepatic biliary tree. This bile
duct disorder is quite frequent in East Asia, while it is rather unusual in Western
Countries.” In consonance, iCCA has been detected in 5-13% of patients with

hepatolithiasis.’

Regarding  choledocholithiasis,  cholelithiasis and  cholecystolithiasis,  both
choledocholithiasis and cholelithiasis have been strongly associated with iCCA and
eCCA in a recent meta-analysis (choledocholithiasis, OR 10.08 iCCA and 18.58 eCCA,;
cholelithiasis, OR 3.38 iCCA and 5.92 eCCA), while cholecystolithiasis was only
significantly associated to the development of eCCAs (OR=2.94).1¢

4.1.3 Primary sclerosing cholangitis

Primary sclerosing cholangitis (PSC) is a chronic cholestatic and immune-mediated
disease of unknown etiology, characterized by the development of multifocal fibro-
inflammatory biliary strictures, leading to the subsequent obstruction of intra- and/or

extrahepatic bile ducts.!®

PSC-related CCA has a geographical distribution that follows the incidence of PSC, with
an observed ascending gradient from the Eastern to the Western and from the Southern
to the Northern countries.'® The association between CCA (mainly pCCA) and PSC is
one of the most reported one, especially in Europe. The lifetime risk of developing CCA

in the setting of PSC is 400 times higher compared to the general population, with 10-



20% of patients with PSC developing CCA throughout their life.?° CCA in a background
of PSC is usually diagnosed in the fourth decade of life, contrasting the reported seventh
decade in general population. Furthermore, up to 50% of tumors are detected within the
first year after PSC diagnosis. A population-based study of the Surveillance,
Epidemiology, and End Results (SEER)-Medicare US registry reported strong
association between PSC and CCA development, where PSC appeared to increase the
odds for iCCA by ~22-fold and ~41-fold for eCCA.?! In agreement, the most recent meta-
analysis including 11 cohort studies revealed a strong positive association between PSC
and the risk of cholangiocarcinogenesis, with a relative risk of 584.37 for CCA

development in patients with PSC, compared to individuals without PSC.?2

4.1.4 Caroli disease

Caroli's syndrome is a rare autosomal recessive congenital condition characterized by
non-obstructive saccular or fusiform dilatation of larger segmental intrahepatic bile

ducts.?®

This congenital biliary tract malformation also predisposes to the development of CCA.
Indeed, it is one of the strongest risk factor for both ICCA and eCCA, conferring a 38-fold
higher risk of iCCA and a 97-fold higher risk of eCCA.%

4.2 Parasitic infections

Infections with Opistorchis viverrini and Clonorchis sinensis trematodes (flatworm
parasites, commonly called flukes) are a major cause of CCA in Southeast Asian regions
including Korea, China, Taiwan, Vietnam and far Eastern Russia.??* O. viverrini and C.
sinensis are food-borne trematode parasites that may infect general population after the
ingestion of contaminated raw and/or undercooked fish. These parasites allocate into the

bile ducts and feed on bile, thus promoting biliary injury and inflammation.

In Southeast Asia, chronic infections with liver flukes have been causally related to CCA,
being the vast majority of CCAs linked to these parasitic infestations in the mentioned
endemic areas.?® In East Asia, up to 10% of inhabitants chronically infected with O.
viverrini and C. sinensis are known to develop CCA, especially iCCA, where iCCA
represents around 85% of all primary liver cancers in that area. A meta-analysis of case-
control studies reported a 4.8 overall relative risk of CCA development in patients

infected with either C. sinensis or O. viverrini liver flukes.?®




4.3 Viral infections

Chronic infections with hepatitis B (HBV) or C (HCV) viruses represent risk factors for
CCA, with a stronger association for iCCA. According to a meta-analysis including 25
case-control studies, an OR of 4.57 and 4.28 was reported for HBV and HCV in iCCA,
respectively, while a milder association to eCCA was observed (OR HBV =2.11 and OR
HCV = 1.98).16

The precise mechanisms by which HBV and HCV directly cause cancer (rather than the
associated cirrhosis per se) are not completely deciphered yet, but some murine studies
have suggested that hepatitis viruses can infect hepatic progenitor cells (HPC) and
induce their expansion and transformation, leading to increased risk of liver tumor

development.?’

4.4 Liver diseases

4.4.1 Cirrhosis

Cirrhosis, a well-established risk factor for HCC, has also been described to increase the
odds of CCA development. A meta-analysis including fourteen case-control studies with
ICCA and eight case-control studies with eCCA identified cirrhosis as a strong risk factor
for iCCA (OR 15.32) and in a lower extent for eCCA (OR 3.82).1¢

The raised risk of CCA, particularly iCCA, in patients with cirrhosis is explained by the
chronic hepatic injury, inflammation, cell death, and subsequent occurrence of fibrosis

and regenerative responses.!!

4.4.2 Hemochromatosis

Hereditary hemochromatosis is an inherited condition resulting in a deregulated iron
absorption that can lead to total body iron overload with secondary tissue damage in a
wide range of organs, including the liver.?® Results from the US SEER registry reported
a 2.07-fold increased risk of iCCA development in patients with hemochromatosis,

whereas no association was found for eCCA.%*



4.5 Gastrointestinal diseases

4.5.1 Inflammatory bowel disease

Inflammatory bowel disease (IBD) is a term gathering two well-known conditions, Crohn's
disease and ulcerative colitis (UC), that are characterized by chronic inflammation of the
gastrointestinal tract. It has been suggested that inflammatory conditions of the digestive
tract can cause bile duct inflammation and several studies have reported an increased
risk of CCA development in patients with IBD, with a stronger association detected for
patients with UC.!! Nonetheless, as 70-80% of patients with PSC have concomitant UC,
the association of IBD with CCA may depend on the presence of PSC, so the direct

impact of IBD in increasing CCA risk still needs to be proved.!!

4.5.2 Chronic pancreatitis

Chronic pancreatitis is a multifactorial, fibro-inflammatory syndrome in which repetitive
episodes of pancreatic inflammation lead to extensive fibrotic tissue replacement,

resulting in chronic pain together with exocrine and endocrine pancreatic insufficiency.?®

A positive association between chronic pancreatitis and CCA has been reported, with a
stronger association for eCCA (OR=6.61) than iCCA (OR=2.66).%

4.6 Metabolic and endocrine disorders

The role of metabolic and endocrine disorders including type Il diabetes, NAFLD/NASH
and obesity in increasing risk of CCA as single etiologic factors has been described in
some studies. Nevertheless, these syndromes usually co-occur and the relative
collective impact of these overlapping diseases in increasing the risk of bile duct cancer

development still remains to be elucidated.

4.6.1 Type Il diabetes mellitus

A meta-analysis conducted in 2012 evaluated the association between type Il diabetes
and the risk of developing CCA, reporting a higher risk of CCA development in patients
with diabetes compared to individuals without diabetes (iICCA RR=1.97 and eCCA

RR=1.63).%° Additionally, a positive association between type Il diabetes and CCA was




also reported in the SEER-Medicare registry, with an OR of 1.54 and 1.45 for iCCA and
eCCA, respectively, with no differences among intrahepatic and extrahepatic subtypes.?

4.6.2 NAFLD / NASH

Non-alcoholic fatty liver disease (NAFLD) is the most prevalent cause of chronic liver
disease in Western countries.®! Nearly 30-40% of individuals with NAFLD develop non-
alcoholic steatohepatitis (NASH), and among patients with NASH hepatic fibrosis occurs

in 40-50% of cases.

A meta-analysis carried out in 2017 indicated that NAFLD increases the odds for CCA
development, particularly for iCCA (i.e., iCCA OR=2.2 and eCCA OR=1.5).%2

4.6.3 Obesity

Obesity is a major public health problem worldwide, whose prevalence is exponentially
rising, especially in Western countries.

Several epidemiological studies have shown that obesity may be positively correlated
with CCA occurrence, principally in western regions, while most studies including the
Asian population reported a null effect of obesity on CCA development.3? Different meta-
analysis have also revealed controversial results,*-3 and the most recent one published
in 2020 including both Asian and Western countries did not found any statistically

significant association with iCCA neither with e CCA.®

Therefore, the potential risk of CCA development in obese patients remains
controversial, but owing to the fact that obesity is becoming a global pandemic, the

potential obesity-associated CCA hazard per se deserves future central attention.

4.7 Life-style
4.7.1 High alcohol consumption

A meta-analysis including fifteen case-control studies of patients with iCCA as well as
eleven case-control studies of patients with eCCA revealed a positive association
between alcohol consumption and the development of both iICCA and eCCA, with OR

values of 3.15 and 1.75, respectively.'®



4.7.2 Tobacco smoking

Tobacco smoking has also been tested as a potential risk for CCA development. A recent
meta-analysis involving 324,333 smoker and non-smoker participants revealed a
moderate association between tobacco smoking and risk of CCA (OR 1.31). Both iCCA
and eCCA were associated with an increased risk of CCA development, with ORs of

1.31 and 1.32, respectively.*’

4.8 Environmental exposure

Exposure to several toxic and environmental factors is known or suspected to be related
to CCA development. Among them, Thorotrast, 1,2-Dichloropropane, asbestos,
nitrosamines, dioxines and vinyl chlorides have been previously linked to

cholangiocarcinogenesis.

4.8.1 Thorotrast

Thorotrast is a suspension containing particles of the radioactive compound thorium
dioxide (ThO,) that was administered as a radiocontrast agent in medical radiography
from 1930 to 1950.% Individuals have developed CCA decades after Thorotrast
administration and two studies have reported a 303-fold increased CCA risk in subjects
exposed to this radiologic contrast agent compared to the general population in

Japan 3940

4.8.2 1,2-Dichloropropane

A retrospective study, which examined the CCA incidence in employees of a small
Japanese printing company in Osaka who had been exposed to 1,2-Dichloropropane
between 1987 and 2006, demonstrated the implication of chronic exposure to 1,2-
Dichloropropane, an organic solvent classified as chlorocarbon traditionally used in
printing, as a causative effect of CCA development, with an incidence rate ratio of
14.90.4




4.8.3 Asbestos

Several case-control studies also suggested an increased risk of liver cancer
development in subjects exposed to asbestos. Whilst the evidence linking the exposure
to this fibrous silicate mineral to eCCA was inconclusive, the association with intrahepatic

bile duct malignancies seems robust.*243

4.9 Genetic polymorphisms

Preliminary evidences have supported a potential association between CCA and
polymorphisms in genes encoding enzymes involved in xenobiotic detoxification [i.e.,
glutathione S transferases GSTM1 and GSTTL1, aryl-hydrocarbon hydroxylase coded by
CYP1A1], DNA repair [i.e., human oxoguanine glycosylase 1 hOGG1, MutY homolog
MUTYH], immune response [i.e., natural killer cell receptor G2D NKG2D],
carcinogenesis [i.e., multidrug resistance-associated protein 2 MRP2/ABCC2] and folate

metabolism [i.e., 5,10-methylenetetrahydrofolate reductase MTHFR], among others.!!

These initial studies were not strong enough to support a clear relationship between
specific polymorphisms and tumor development, but the fact that most CCA cases
cannot be explained by the currently identifiable and established risk factors may indicate
the existence of significant genetic components responsible for CCA pathogenesis. This
fact currently requires a clear identification by robust whole genome sequencing
techniques. In this sense, recently, the first genome wide association study (GWAS) of
CCA has been approved (PLCO-631) which aims to identify genetic risk single nucleotide
polymorphisms (SNP) variants associated with CCA development in a large, well-
powered GWAS study (https://cdas.cancer.gov/approved-projects/2627). This

international multicentre study is currently recruiting patient samples.


https://cdas.cancer.gov/approved-projects/2627
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Figure 1.3: Risk factors for iCCA and eCCA. Blue OR are assigned to iCCAs while green ORs
refer to eCCAs. Black ORs report the risk for CCA regardless the anatomical origin of the tumor.
Abbreviations: HBV, hepatitis B virus; HCV, hepatitis C virus; NAFLD, non-alcoholic fatty liver
disease; NASH, non-alcoholic steatohepatitis; OR, odds ratio.*4

5. DIAGNOSIS

CCAs are generally asymptomatic at early stages, resulting in an advanced-stage
diagnosis in most patients (~70%), when the disease is already widespread, limiting the

current therapeutic options and resulting in dismal prognosis.*®

Although there are no specific symptoms, some clinical manifestations might appear in
patients with bile duct malignancy. For instance, jaundice is the most common symptom
in pCCA and dCCA diseases due to biliary tract obstruction and subsequent obstructive
cholestasis.! Nevertheless, jaundice is also a common symptom for many other medical
conditions such as choledocholithiasis, parasitic infections, PSC, biliary cysts, duodenal
diverticula, haemobilia, pancreatitis and malignancies including pancreatic and

ampullary neoplasies.* Patients with iCCA, due to their often late presentation, are more




likely to present with even more nonspecific symptoms than jaundice such as fever,
malaise, unexplained weight loss, fatigue, pruritus and/or abdominal pain. Accordingly,

iCCA is an incidental finding in around 20-25% of cases.*®

Currently, diagnosis of CCA requires a combination of clinical, radiological and/or
nonspecific biochemical markers, with tumor biopsy still remaining as the only conclusive

way to confirm cancer presence.

5.1 Blood hiochemical tests and serum tumor markers

An increase in serum levels of biliary tract-excreted products such as bilirubin, alkaline
phosphatase (ALP), gamma-glutamyl transpeptidase (GGT), 5-nucleosidase or
cholesterol are quite common in patients with CCA, generally due to obstructive
cholestasis, which makes bile turn back into the bloodstream, yellowing the skin and
resulting in pale stools. On the other hand, the most common liver damage markers
alanine transaminase (ALT) and aspartate transaminase (AST) may be normal,

particularly at early tumor stages and in the absence of cirrhosis.*®

Carbohydrate antigen 19-9 (CA19-9) and carcinoembryonic antigen (CEA) are the most
widely used unspecific serum tumor markers, frequently found at high levels in patients
with CCA, particularly at advance tumor stages.*’ However, they lack of sensitivity and
specificity for the early diagnosis of CCA since their levels rarely overcome the standard
cut-off value (37 IU/mL) at early tumor stages, thus questioning their usefulness as a
general screening tool. Furthermore, high blood CA19-9 levels can also occur in other
bile duct non-malignant diseases, such as bile duct inflammation and cholestasis.*®
Additionally, due to a deficiency in FUT3 activity, up to 7% of the general population are
unable to express the CA19-9 epitope (i.e., Lewis antigen negative individuals), limiting
more its use as a diagnostic strategy.*®° Therefore, although the use of unspecific serum
tumor markers for CCA diagnosis by themselves is not endorsed in routine clinical
practice, CA19-9 and CEA results combined with imaging methods may support a

suspected diagnosis of CCA.

Likewise, contrasting their diagnostic value, these serum tumor markers might be useful
in estimating prognosis and/or treatment response. For instance, high pre-operative
levels of CA19-9 (>200 IU/mL) may independently predict the prognosis of patients with
CCA before tumor resection. Patients with resectable CCA and high CA19-9 levels may

display a worse post-operative survival,®® particularly if these levels do not normalize



after surgery.5! Similarly, high CEA serum levels were shown to independently predict 1-
, 3- and 5-year post-operative survival after tumor resection in patients with iCCA.5253
Regarding response to therapy, CA19-9 serum levels below 1000 IU/mL have been
associated with a better response to gemcitabine-base therapeutic regimens and a
reduction in serum CA19-9 levels in more than 50% during the treatment was reported
to be a good indicator of prognosis.> Therefore, although these tumor biomarkers lack
diagnostic accuracy at early stages, they may be used as prognostic biomarkers both at

curative and palliative settings.

5.2 Imaging studies

Ordinarily, non-invasive abdominal imaging techniques to visualize the liver are routinely
performed in order to try to find suspicious masses, followed by cholangiography imaging
of the bile duct. Still, the diagnostic accuracy of imaging methods is influenced by tumor

size, anatomical location and growth patterns of CCAs.5®

5.2.1 Cross-sectional imaging

Ultrasonography (US), the technique that uses sound waves to view internal organs,
often identifies bile duct dilatation and obstruction. According to the anatomical location
of the tumor, US has generally a high detection rate for iCCA but there is also a risk of
misclassification between iCCA and HCC.%® In relation to extrahepatic bile duct
malignancies, the accuracy of US for the identification of dCCA is around 80-95% while
identifying pCCA is more challenging.’’” Endoscopic ultrasonography (EUS) and
contrast-enhanced ultrasonography (CEUS) are UC-based modalities that can

potentiate the diagnostic accuracy.

Computed tomography (CT) scanning is considered the standard imaging modality for
the characterization, staging and resectability estimation of CCA by X-ray waves. Ductal
dilatation and larger mass lesions are commonly detected by this method and tumor size
can be non-invasively measured. However, when a lesion is smaller than 1 cm, or when

facing liver cirrhosis or atypical features, the characterization is challenging.®’

Magnetic resonance imaging (MRI) uses magnetic fields for the visualization and,
compared to CT, it has a similar diagnostic accuracy, CCA staging capacity and a
resectability estimation ability for pCCA.*® To assess the presence of biliary tumors,

comprehensive imaging protocols not only including the liver but also covering the biliary




tract and pancreas should be applied in order to rule out other malignancies such as
pancreatic adenocarcinoma.®® In this sense, for bile duct imaging, MRI allows doing

magnetic resonance cholangiopancreatography (MRCP).

Positron emission tomography (PET), particularly 8F-fluorodeoxyglucose PET (**FDG-
PET), is an accurate method for CCA tumor detection, for disease dissemination
screening and for differentiation between benign and malignant structures. Even though,
it may also result in false positive cases such as biliary inflammation or false-negative
results, misdiagnosing mucinous tumors, for instance.®® Consequently, PET is currently
more used as the standard of care for disease staging and to identify tumor recurrence

rather than for diagnostic purposes.®

5.2.2 Bile duct imaging (cholangiography)

Direct imaging of the bile ducts by cholangiograms is often necessary to confirm the
presence of CCA. In routine clinical settings, endoscopic retrograde
cholangiopancreatography (ERCP) and MRCP are the most used cholangiography
techniques, though percuntaneous transhepatic cholangiography (PTC), is also

becoming popular.5?

ERCP allows the possibility to obtain tumor biopsies if the suspicious area is close to the
small intestine as well as to place stents for relieving bile duct obstruction. Unlike ERCP,
MRCP is a non-invasive imaging technique that allows the assessment of the biliary
system with high accuracy.®? PTC, which is the procedure based on the insertion of a
needle into the bile duct, permits access to proximal lesions of both right and left ducts.

Both ERCP and PTC can provide with material for cytologic/histologic studies.

5.3 Collection of histologic/cytologic samples for diagnostic testing

In order to get a histologic confirmation of CCA malignancy, biopsy/cytology is required.
Biopsy/cytology samples are the only unequivocal way to confirm cancer presence in
order to achieve a definitive diagnosis, for staging and also for detecting specific genetic
alterations that may guide therapeutic decisions.*>® There are several ways to get a
sample for testing but the type of sample-collecting methodology depends on tumor
location. Additionally, biopsy sensitivity will depend on the tumor location, size, operator

expertise and representativeness of the collected sample.*



ERCP with an inserted tiny brush enables to collect cells and tissue fragments for a
biopsy. Via ERCP brush cytologies, biopsies, needle aspiration and/or shave biopsies
may provide enough material for histologic studies.®* PTC endobiliary forceps biopsy is
also a valid procedure for histological assessment of proximal biliary strictures.®®
Although the use of PTC procedure is less common than ERCP, it offers a valuable

alternative for patients with difficult bile duct access.

EUS-, CEUS- or CT-guided needle-aspiration also allows the acquisition of cytology
samples for tumor testing. While ultrasonography with fine-needle aspiration has a
greater sensitivity for detecting malignancy than ERCP with brush cytology, it increases
the risk of tumor peritoneal seeding and patients with free-needle aspiration are illegible

for liver transplantation.

The highest limitation of biopsy sampling procedures is sensibility, as the quality and
quantity of cytological samples is usually quite poor, preventing negative cytological
results from excluding CCA malignancy.®®*® In this sense, fluorescence in situ
hybridization (FISH) polysomy test in cytology samples has shown to increase the
sensitivity for malignant stricture detection while maintaining high specificity. % FISH
technique uses fluorescently labelled DNA probes to identify chromosomal aberrations

in cells.

5.4 CCA diagnosis in patients with PSC

CCA screening among high-risk populations is currently conducted exclusively for
patients with PSC. This screening is initially performed by measuring the levels of serum
CA19-9 and by conducting MRCP or ultrasound, usually every 3-6 months. In this case,
if biliary obstruction, elevated CA19-9 or a dominant stricture in MRCP results appear,

subsequent ERCP with cytology/biopsy is recommended.6"-5°

The use of CA19-9 as a serum biomarker for CCA in PSC is limited as it is also frequently
elevated due to cholangitis and cholestasis and is undetectable in Lewis-antigen-
negative patients (around 7%).4%7%’* Moreover, studies analysing CA19-9 levels in the
context of CCA have reported different sensitivity and specificity values due to diverse
cut-off levels among studies. A recent study using the international diagnostic cut-off of
37 U/mL provided a sensitivity of 17% and 93% of specificity for early CCA diagnosis in
patients with PSC.”2 The low sensitivity of CA19-9 makes it a suboptimal marker for the

early diagnosis of CCA.




Inflammatory biliary strictures occurring at the time of PSC presentation in 15-20% of
cases mimic early malignant changes at imaging studies, such as ultrasound, CT and
combined MRI/MRCP.

Radiological abnormalities observed using imaging techniques, including mass-forming
lesions or thickening of the bile duct wall, might be indicative of CCA, but can also
represent benign changes usually noticed in PSC, disabling their capacity to

demonstrate the neoplastic nature of the stricture(s).>">7

Sensitivity and positive predictive value of brush cytology studies are rather poor for
dominant strictures in PSC and advanced cytological techniques such as FISH polysomy

detection lacks sensitivity and require invasive endoscopic procedures.”®

Thus, the limited success of the tumor markers becomes a significant issue in PSC,

whose clinical features and imaging findings overlap with those of CCA.

6. THERAPEUTIC STRATEGIES

6.1 Surgery

6.1.1 Surgical tumor resection

Complete tumor resection is the only therapy to afford a chance of cure for patients with
CCA.”" Unfortunately, due to suboptimal screening diagnostic tools and the lack of
standardized screening programs for individuals at high risk, most patients (~90%) are
not eligible for surgery at the time of diagnosis.”®’® For this reason, the need to early

diagnose CCA becomes imperative.

The main objective of tumor resection is to conduct a complete resection with negative

macroscopic and microscopic margins (R0) and to ensure a viable liver remnant.”®

Likewise, being CCA tumor relapse highly frequent after surgical resection, the use of
adjuvant therapies after tumor resection to prevent tumor relapse has been established.
In this sense, based on the benefits in terms of overall survival and relapse-free survival
reported at the phase Il BILCAP (NCT00363584) clinical trial, international guidelines
recommend capecitabine as adjuvant therapy for 6 months after curative resection of
CCA®0



6.1.2 Liver transplantation

The therapeutic benefit of orthotopic liver transplantation (LT) for intrahepatic or perihilar
CCAs seems controversial based on past studies showing high recurrence-rates and low
survival, as well as considering LT limitations associated to liver allograft supply and

lifelong immunosuppression.8:82

However, recent studies have indicated that LT may offer an opportunity for early-stage
but anatomically unresectable highly selected patients with pCCA.®” Neoadjuvant
chemoradiotherapy followed by LT resulted in a 5-year survival rate of 65-70%, with
higher values among patients with PSC, who are often diagnosed earlier than de novo
CCAs (5-year survival of 77%).5” Hence, the success of LT as a therapeutic strategy for

CCA may be attributed to early tumor diagnosis.

6.2 Systemic chemotherapy

The administration of systemic chemotherapy as a palliative treatment depends on
patient's Eastern Cooperative Oncology Group Performance Status (ECOG-PS),
disease distribution and accessibility of tumor profiling.®

The first-line chemotherapy treatment recommended by current international guidelines
is the combination of gemcitabine and cisplatin (GemCis), as an increased overall
survival was observed in the phase Il ABC-02 (NCT00262769) and phase Il BT22 clinical
trials (NCT00380588).8%-% |f GemCis resistance develops overtime, FOLFOX (folinic
acid, 5-fluorouracil and oxaliplatin) has presented some modest beneficial results in a
phase Ill ABC-06 clinical trial (NCT01926236) as a second-line chemotherapeutic

treatment.8®

6.3 Locoregional therapies

Locoregional therapies such as transarterial chemoembolization (TACE), transarterial
radioembolization with Yttrium® (**Y-TARE), selective internal radiation therapy (SIRT),
radiofrequency ablation (RFA) and photodynamic therapy (PDT) have shown certain
tumor reduction/control and increased survival, but the therapeutic value of these liver-

directed therapies should be confirmed by future prospective studies.®’




According to a previous meta-analysis including patients with unresectable CCA under
palliative setting, the use of PDT as an adjunct to biliary stenting seemed to be more
effective than biliary stenting alone, in terms of increased survival and decreased post-

intervention cholangitis risk.%8

Currently, the multicentre phase 1l ABC-02 study (EUDRACT 2014-003656-31) is
recruiting patients with biliary tract cancer in order to study the potential additive benefit
of stereotactic body radiotherapy (SBRT) to systemic chemotherapy in locally advanced

cancers. This ongoing study will provide data on the potential benefits of this approach.

6.4 Targeted therapies

Attempting personalized medicine, several inhibitory molecules targeting some common
genetic mutations in CCA have been developed and assayed. These targeted therapies
are becoming available as second-line therapy for advanced CCAs with particular

mutational signatures.

In this regard, Ivosidenib, an inhibitor of isocitrate dehydrogenase 1 (IDH1), has recently
been approved by the FDA for treatment of adults with locally advanced or metastatic

IDH1-mutated CCAs who progressed under first line GemCis treatment.8%%0

For patients presenting fibroblast growth factor receptor 2 (FGFR2) genetic fusions, two
selective tyrosine kinase inhibitors have been recently approved. In 2020, the US FDA
has approved the use of Pemigatinib for previously treated, unresectable, locally
advanced or metastatic CCA with FGFR2 fusions.®* More recently, in 2021, the FDA has
accelerated the approval of Infigratinib to be used in adults with previously treated,

unresectable, locally advanced or metastatic CCA with FGFR2 fusions.®?

6.5 Immunotherapy

Fighting cancer through immune system activation seems to be encouraging as a
potential therapeutic strategy in many cancers. So far, results from immune-directed
therapies for CCAs are limited. Even so, some CAR T cell immunotherapy as well as
immune checkpoint blockade with monoclonal antibodies (i.e., anti-programmed cell

death protein | (PD-1) antibodies) are being tested as an anti-cancer therapeutic option.®



Anti-tumor immune therapeutic strategies may lead to promising results in the future, but

still warrant further investigation.
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ABSTRACT

Primary hepatobiliary malignancies include a heterogeneous group of cancers with
dismal prognosis, among which hepatocellular carcinoma (HCC), cholangiocarcinoma
(CCA), and hepatoblastoma (HB) stand out. These tumors mainly arise from the
malignant transformation of hepatocytes, cholangiocytes (bile duct epithelial cells) or
hepatoblasts (embryonic liver progenitor cells), respectively. Early diagnosis, prognosis
prediction and effective therapies are still a utopia for these diseases. Extracellular
vesicles (EVs) are small membrane-enclosed spheres secreted by cells and present in
biological fluids. They contain multiple types of biomolecules, such as proteins, RNA,
DNA, metabolites and lipids, which make them a potential source of biomarkers as well
as regulators of human pathobiology. In this review, the role of EVs in the pathogenesis
of hepatobiliary cancers and their potential usefulness as disease biomarkers are
highlighted. Moreover, the therapeutic value of EV regulation is discussed and future

directions on basic and clinical research are indicated.



1. INTRODUCTION

Liver cancer is a major health problem worldwide, representing the second leading cause
of all cancer-related deaths.! This cancer involves a heterogeneous set of hepatobiliary
malignancies including hepatocellular carcinoma (HCC), cholangiocarcinoma (CCA),
and hepatoblastoma (HB), which mainly arise from the malignant transformation of
hepatocytes, cholangiocytes, and hepatoblasts, respectively.>? Early non-invasive
diagnosis, prediction of prognosis and treatment-response, as well as effective

personalized therapies are still a challenge, highly compromising patient outcome.®®

HCC is the sixth most prevalent malignant tumor (10:100,000 incidence) and is strongly
associated (~90%) with the presence of liver cirrhosis (LC) caused by alcohol, viral
infections [hepatitis B (HBV) or C (HCV) viruses], and/or steatosis, among others.>® CCA
is a rare cancer, but its incidence (~5/100.000) is increasing worldwide. Although the
etiology of the majority of CCAs is unknown, several risk factors may predispose for its
development, including the presence of primary sclerosing cholangitis (PSC), liver fluke
infections (endemic from East Asia), cirrhosis and congenital biliary disorders.® On the
other hand, HB is the most common pediatric liver malignancy, principally affecting
children between 6 months and 3 years of age. HB is responsible for up to ~1% of all
pediatric cancers, with an annual incidence of 0.5-1.5 cases.*’ Despite most HB cases
are sporadic, some of them have been associated with hereditary cancer syndromes
including familial adenomatous polyposis (FAP) and Beckwith-Widemann syndrome
(BWS), as well as with prematurity or low birth weight.*’ Since hepatobiliary
malignancies are usually diagnosed in late stages and are highly chemoresistant, the
complete surgical resection of the tumors or liver transplantation constitute the only
potential curative options. However, these therapeutic strategies are exclusively
indicated under certain strict and conservative clinical criteria.®*>® Therefore, there is an
urgent need to determine new accurate non-invasive biomarkers for the early diagnosis
of these diseases, as well as to monitor and predict disease progression and treatment
response. Moreover, new effective personalized treatments are desirable in order to

improve the outcome and life quality of patients.

During the last decade, extracellular vesicles (EVs) have opened new opportunities for
non-invasive diagnosis and monitoring of human diseases. Their presence in biological
fluids (serum, urine, bile, saliva, etc.) and their unique and diverse biomolecular
composition (proteins, RNA, DNA, metabolites, and lipids) make EVs excellent
candidates as a source of biomarkers.®® Furthermore, since EVs participate in

intercellular communication in human health and disease, they have been postulated as




potential tools or targets for therapy. EVs are small membrane-encapsulated spheres
produced and secreted by cells through complex and precise molecular mechanisms.%-
13 Traditionally, EVs are classified according to their biogenesis into exosomes,
microvesicles (MVs) or microparticles, and apoptotic bodies.''?2 Exosomes are referred
to those EVs produced inside the multivesicular endosomes (MVES) of the cells. Their
morphology is spherical and the size ranges between 40 and 150 nm in diameter.11415
Cell MVEs are vesicular entities generated in the maturation process of the early
endosomes, and where intraluminal vesicles (ILVs) are formed by the invagination of the
MVE membrane. ILVs are the incipient exosomes that are released to the extracellular
media upon the fusion of the MVEs with the plasma membrane of the cell.*! On the other
hand, MVs or microparticles originate from the direct budding of the cell plasma
membrane. Their size (40-1000 nm) and morphology are heterogeneous.*>¢ Apoptotic
bodies are vesicles produced by cells undergoing apoptosis. Thus, their size (~40 to
2000-5000 nm) and morphology are diverse.'>¢ Although this classification is widely
accepted, to date, there are no specific biomarkers to differentiate exosomes from other
types of nano-sized vesicle populations, limiting their specific isolation from biofluids.
Therefore, the smallest vesicles (nano-vesicles) present and isolated from biological

fluids comprise a mix of exosomes and plasma membrane-derived vesicles.

EVs have changed the paradigm of intercellular communication, which was traditionally
restricted to the autocrine, paracrine and endocrine interaction through soluble proteins
and lipids, or through direct cell-to-cell contact mediated by proteins, gap junctions, or
tunnelling nano-tubes in pluricellular organisms.'”*® Accordingly, EVs contain an
agueous lumen and a specific subset of membrane and soluble proteins, nucleic acids
(DNA and RNA), lipids and metabolites that can be horizontally transferred to local or
distant cells by direct EV-cell membrane contact, fusion or internalization.!> The
importance of EVs is highlighted by the fact that their composition is specific depending
on the cell status and on the received stimuli,’*?° which indicates a certain degree of
selective packaging. EVs confer protection to the biomolecules enclosed inside the lipid

bilayer, preventing their enzymatic degradation.?

EVs participate in the regulation of multiple cancer hallmarks. They can transmit
oncogenic signals by transferring pro-tumor RNAs and proteins that regulate diverse key
processes in tumor progression such as proliferation, survival, differentiation, and
invasion/migration of cancer cells.?>3° Additionally, EVs are involved in the crosstalk
between tumor cells and stroma, promoting inflammation,3! cell matrix remodeling,®?
neovascularization or angiogenesis,**3* chemoresistance,®*=3’ formation of the

metastatic niche,®3° and inhibition of the anti-tumor immune response.*®~*2 Therefore,



EVs represent key targets for therapy at various levels, including production, release and
uptake by target cells. Additionally, the blockage or removal of tumor-derived EVs by
apheresis with specific devices constitutes a potential therapeutic approach. Of note,
EVs are also excellent candidates for the delivery of new anti-cancer proteins, RNAs,

metabolites, drugs or cancer vaccines.

2. EV BIOGENESIS AND REGULATION

EV production is a highly regulated and complex cellular process where several protein
networks and diverse intracellular signals are involved (Figure 2.1). Among the different
EV populations, the exosome production machinery is the best studied. Nevertheless,
both exosomes and MVs share numerous mechanisms that participate in their
biogenesis, release, and uptake.** Regarding the mechanisms involved in the biogenesis
of exosomes, the endosomal sorting complex required for transport (ESCRT) machinery
has been reported to participate in MVE and ILV generation.** However, ESCRT
independent mechanisms have also been described in the formation of exosomes,
including ceramide production by neutral type Il sphingomyelinase (nSMase2),*4¢ lipid
rafts,*” phospholipase D2 (PLD2),*®*° and tetraspanin family of proteins (e.g., CD9,
CD63, and CD81),%%5 which form dynamic membrane microdomains that promote their

budding and assure exosome formation.

Intracellular trafficking of MVEs is coordinated by the cytoskeleton and motor proteins
such as dynein and Rab family of GTPases (Figure 2.1).%2°3 MVEs fuse with the plasma
membrane via SNARE proteins, finally allowing exosome secretion.>*>* In contrast, MVs
arise as a result of the direct budding of the cell plasma membrane. Their biogenesis
requires Ca?*-dependent membrane phospholipid and cytoskeleton rearrangements,
which enable MV blebbing and release.*® Released EVs are recognized by the recipient
cells through specific interactions between their membrane components. These include
integrins, lipids, tetraspanins, proteoglycans, among others.*® Plasma membrane-bound
EVs can be internalized through clathrin-mediated endocytosis (CME) or clathrin-

independent processes that include phagocytosis, macropinocytosis and lipid rafts.
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Figure 2.1: Regulatory mechanisms of EV biogenesis, release, and uptake. Exosome
release can be inhibited by interfering their biogenesis (e.g., ceramide production) or the
membrane fusion of the multivesicular endosome (MVE) with the plasma membrane (e.g.,
Rab27). Once EVs are released to the extracellular milieu, their uptake can be blocked by
interfering the EV-plasma membrane protein interactions (e.g., Tetraspanins), clathrin- and
caveolin-dependent endocytosis (e.g., Dynasore), phagocytosis (e.g., Wortmannin), and by
inhibiting lipid-raft mediated endocytosis (e.g., Filipin). DFMO, difluoromethylornithine; DMA,
dimethyl amiloride; ESCRT, endosomal sorting complex required for transport; EVs, extracellular
vesicles; HSPG, heparan sulfate proteoglycans; ICAM-1, intercellular adhesion molecule 1;
MBCD, methyl-B-cyclodextrin; nSMase, neutral sphingomyelinase; PS, phosphatidylserine.

Several experimental strategies have targeted the aforementioned mechanisms to
interfere with EV production, release and uptake at different levels (Figure 2.1). Among
these, intervention on ceramide production has been the most widely used strategy to
decrease exosome production in cancer cells and thereby abolish the multiple oncogenic
effects of tumor-derived exosomes in several cancers. Experimental inhibition of
nSMase?2, responsible for ceramide production, with its inhibitor GW4869 reduces
exosome secretion and sensitizes cancer cells to chemotherapy.*>"%¢ Of note, the
presence of GW4869 inhibits the migratory capacity of CCA cells.3! Several intercellular
signals involved in the regulation of the EV production are also under investigation,
including the reduction of intracellular Ca?* concentration. In fact, the Na*/Ca*? exchange

inhibitor dimethyl amiloride (DMA) leads to diminished EV production in lymphoma cells,



resulting in an enhanced anti-tumor immune response.*’ Regarding the proteins that
participate in the transport of exosomes, Rab family proteins are key mediators of MVE
transit to the plasma membrane, their inhibition being linked to a decrease of exosome
release.®® Accordingly, the repression of Rab27a diminished growth and dissemination

of cancer cells in vivo.39:€0

Different complex mechanisms, including protein and/or lipid interactions between EV
and recipient cell surface components, are required for the EV cell uptake (Figure 2.1).
These mechanisms include phagocytosis, macropinocytosis, clathrin, and caveolin
dependent endocytic pathways, as well as lipid raft-mediated and membrane fusion
processes.®® Therefore, aiming to block tumor EV uptake processes, different
components of these machineries have been targeted. Membrane proteins including
tetraspanins, integrins, lectins, proteoglycans, major histocompatibility complex (MHC)
molecules, glycoproteins and other receptors are involved in EV-recipient cell interaction.
Tetraspanins, enriched proteins present in EVs and well-established markers of these
vesicles,5152 participate in EV-cell surface adhesion mediating their uptake. Thus,
antibody-based inhibition of the CD81 and CD9 tetraspanins as well as the blockade of
aV and B3 integrins, hampers EV uptake.?3%* Lectins, such as galectin-5, can also be
targeted with the glycoprotein asialofetuin to interfere with EV-cell interaction and the
subsequent cellular internalization.®® Likewise, targeting the lectin receptors DC-SIGN or
DEC-205 with specific antibodies also results in a reduction of EV uptake.®¢5” Heparin
can also block the internalization of cancer EVs by binding to the cell surface heparan
sulfate proteoglycans.%®%° Furthermore, the pivotal interaction between EVs and the
plasma membrane of the cell can be partially inhibited by proteinase K treatment,

blocking EV recognition and the subsequent endocytic process in cancer cells.”

The best studied EV internalization mechanisms are related with the endocytic
pathway.%37%"* Since these processes depend on the cytoskeleton, the inhibition of actin
polymerization by cytochalasin D reduces EV uptake by phagocytosis.®7%7* In addition,
the uptake of EVs by macrophages can be abrogated by the inhibition of
phosphoinositide-3-kinase (PI3K) with wortmannin or LY294002.72 Moreover, inhibitors
of macropinocytosis or CME [5-ethyl-N-isopropyl amiloride (EIPA) and chlorpromazine,
respectively] reduce tumor-derived EV internalization.” Dynasore can also impair CME
through the inhibition of dynamin 2, needed for clathrin-coated endosome membrane
fission.%®3-76 On the other hand, certain endocytic processes are closely related to lipid
rafts, and the intervention on their composition impairs the uptake of EVs. Thus, the use
of the glycosphingolipid synthesis inhibitors [i.e., fumosinin Bl and N-

butyldeoxynojirimycin hydrochloride (also known as CAS72599)] reduces EV uptake.’’




Cholesterol reducing agents including methyl-beta-cyclodextrin (MBCD),®78.7° filipin 1.7
and simvastatin, as well as the inhibition of ERK1/2 signalling by U0126 may also impair
the uptake of EVs.” Masking phosphatidylserine (PS), present in the membrane surface
of EVs, by Diannexin and blocking its receptor TIM4 inhibits epidermal growth factor
receptor (EGFR) transfer from tumor EVs to endothelial cells resulting in reduced tumor
growth and microvascular density in vivo.2° EVs can also release their content into the
recipient cells by the direct fusion of plasma and EV membranes. This fusion is enhanced
in acidic conditions, a general feature of cancer cells.®! In this sense, proton pump

inhibition leads to reduced EV uptake by cancer cells.8?

3. EVSIN HEPATOBILIARY CANCERS

3.1 Hepatocellular Carcinoma

HCC cell-derived EVs patrticipate in autocrine and/or paracrine cellular communications,
regulating tumor growth, chemoresistance, angiogenesis, and dissemination. Several
lines of evidence indicate that HCC cell-derived EVs promote tumor resistance against
chemotherapeutic drugs such as sorafenib, doxorubicin or camptothecin. For instance,
an enrichment of long intergenic non-coding RNA regulator of reprogramming (linc-ROR)
in EVs derived from sorafenib-treated HCC cells prevents chemotherapy-induced
apoptosis through p53 repression and increases the expression of tumor-initiating liver
cancer stem cell CD133 marker.8 Another molecular mechanism involved in HCC cell-
derived EV-induced sorafenib resistance includes the activation of the hepatocyte growth

factor (HGF)/c-Met/Akt signalling pathway in liver cancer cells.®*

EVs derived from HCC cells may also regulate angiogenesis.®> Experimental in vitro
models indicate that EVs derived from CD90+ liver cancer cells (i.e., cancer stem-like
cells present in primary tumors and blood of HCC patients, associated with metastasis
as well as bad prognosis) are enriched in long non-coding RNA (IncRNA) H19, which
promotes the expression of vascular endothelial growth factor (VEGF) and its receptor
VEGF-R1 in endothelial cells. Moreover, IncRNA H19 stimulates tube formation as well
as cell-adhesion properties in endothelial cells, inducing the expression of intercellular

adhesion molecule 1 (ICAM-1) in this cell-type.

Concerning the role of EVs in metastasis, several studies have reported that EVs
secreted from HCC cells or from adjacent cells are also involved in the promotion of

tumor cell metastasis.® Transcriptomic and proteomic profiling revealed that EVs derived



from metastatic HCC cells carry a larger number of pro-tumorigenic RNAs and proteins,
such as MET proto-oncogene, S100 family members (S100A4, S100A10, and S100A11)
and the caveolins (CAV1 and CAV2). HCC-derived EVs trigger the activation of PI3K/Akt
and MAPK signalling pathways and the secretion of active MMP2 and MMP9 matrix
metalloproteinases (MMPS) in hepatocytes, which in turn enhance their migratory and
invasive ability. On the other hand, cancer-associated fibroblast (CAF)-derived EVs may
also contribute to HCC cell proliferation and metastasis.®” Thus, a reduction in the miR-
320a level was observed in CAF-derived EVs compared to para-cancer fibroblasts
(PAFs). This miR-320a directly targets pre-B-cell leukemia transcription factor 3 (PBX3),
suppressing HCC cell proliferation, migration, and invasion. The anti-tumor effects of
miR-320a were confirmed in vivo using HCC tumor xenograft models, in which tumor
growth was inhibited when HCC cells were co-injected with miR-320a over-expressing
CAFs into nude mice. Besides EVs derived from CAFs, innate immune cell-derived MVs
have also been reported to enhance HCC metastasis through CD11b and CD18, also

known as integrin aMp2.88

3.2 Cholangiocarcinoma

The presence of EVs in bile and their role regulating cholangiocyte physiology was first
described in murine models.® However, EVs also play a role in biliary pathobiology. In
CCA tumors, several reports have emphasized the importance of EVs in the regulation
of the interplay between CCA cells and the cells present in the tumor stroma. CCA cell-
derived EVs favour the fibroblastic differentiation of bone marrow-derived mesenchymal
stem cells (MSCs) and the secretion of pro-inflammatory cytokines and chemokines,
including interleukin (IL)-6, chemokine (C-X-C motif) ligand 1 (CLXC1), and chemokine
(C-C motif) ligand 2 (CCL2/MCP-1), which ultimately stimulate CCA cell proliferation via
IL6/STAT3 signalling pathway.%!

CCA-derived EVs may contain oncogenic biomolecules not only involved in modulating
inflammatory and proliferative responses but also controlling migratory and metastatic
processes. Two studies employing comparative proteomic approaches have explored
the protein content of CCA-derived and cholangiocyte-derived EVs in vitro, identifying
significant differences and a particular oncogenic protein profile related to proliferation
and motility in cancer cell-derived EVs.%%%! Differentially expressed proteins involved in
cholangiocarcinogenesis included EGFR, Mucin-1, integrin B4 (ITGB4), and epithelial

cell adhesion molecule (EPCAM).®*® EGFR participates in CCA progression, favouring




the dedifferentiation and invasiveness of tumor cells and represents a bad prognostic
factor.®2% Similarly, Mucin-1 and EPCAM, which are also upregulated in CCA, correlate
with poor outcome in patients with CCA.%*% Interestingly, ITGB4 has recently been
described as an EV integrin that dictates future metastatic sites, contributing to
preferential organotropism of tumor cells.® On the other hand, EVs secreted by liver-
fluke associated CCA cells induce cholangiocyte proliferation ® and invasion,®! events
that are associated with an enrichment of oncoproteins in EVs, including galectin-3
binding protein (LG3BP), prostaglandin F2 receptor negative regulator, 4F2 cell-surface
antigen heavy chain (4F2hc), integrin-B1 and EPCAM.*!

4. NON-INVASIVE BIOMARKERS

The presence of EVs in biological fluids and their diverse molecular cargo has recently
placed EVs as a new source of non-invasive disease biomarkers. Indeed, potential
biomarker candidates (MiRNAs and proteins) have been described in serum- and bile-
derived EVs for the diagnosis and/or the prognosis prediction of HB, HCC, and CCA
(Table 2.1).

In HB patients, serum EV miR-21 levels were higher than in healthy children, and
negatively correlated with patient survival.’®® On the other hand, decreased levels of miR-
34a, miR-34b, and miR-34c were reported in serum EVs from HB infants compared to
healthy individuals. Combination of these miRs showed higher diagnostic value than the
gold standard alpha fetoprotein (AFP).2%* Furthermore, reduced levels of the miR-34

panel in EVs of HB were associated with lower overall survival.1%*

In HCC patients, levels of miRs 18a, 221, 222, and 224 in serum EVs were found
upregulated compared to patients with chronic hepatitis B (CHB) or liver cirrhosis,
patients, whereas miR-101 level was downregulated.'®? Likewise, increased expression
of miR-21 was identified in serum EVs from patients with HCC compared to CHB patients
or healthy individuals, and correlated with cirrhosis and advanced tumor stage.'*> MiR-
665 in serum EVs may also be a potential prognostic biomarker for HCC, as high miR-
665 levels positively correlated with larger tumor size, local invasion and advanced
clinical stages (stage I11/IV), and negatively with overall survival.®® Moreover, diminished
levels of several miRNAs in serum EVs have been suggested as predictors of HCC
recurrence or overall survival.1%1% MiR expression profiling in serum EVs identified the
tumor suppressor miR-718 downregulated in patients with larger tumor diameters and

recurrence. Reduced miR-718 expression also correlated with poor histological tumor



cell differentiation.’®® Furthermore, low levels of miR-125b in serum EVs have been

linked to advanced TNM stages and encapsulation, suggesting this miR as a potential

prognostic candidate of recurrence and overall survival.1®® Besides miRNAs, different

proteins present in serum EVs such as LG3BP, polymeric immunoglobulin receptor

(PIGR) and alpha-2-macroglobulin (A2MG) were found upregulated in HCC patients

compared to healthy individuals, with a better diagnostic value than AFP.% Apart from

changes in the EV cargo, the EV concentration itself could also serve as a disease

biomarker. In fact, stage | and Il HCC patients showed higher EV concentration in serum

compared to patients with liver cirrhosis.®’

Table 2.1: EVs as non-invasive biomarkers of hepatobiliary malignancies.

DISEASE NAME BIOMARKER TYPE [EV SOURCE| NUMBER OF PATIENTS |EXPRESSION |SEN (%)[SPE (%)| AUC |REFERENCE]
miR-21 Serum HB (n=32) vs Control (n=32) Up — — 0.861 96
HB miR-34a* MIRNA _ _
miR-34b* Serum HB (n=63) vs Control (n=63) Down — — 0.963 97
miR-34c* — —
LG3BP 96.6 71.8 | 0.904
PIGR Protein Serum HCC (n=29) vs Control (n=32) Up 82.8 71.8 0.837 88
A2MG 92.9 56.2 | 0.796
Stage | HCC (n=28) vs _ _
MV (ug/mL) Microvesicle Blood Cirrhosis (n=40) Up 083 o3
9 concentration Stage Il HCC (n=20) vs U - N
HCC Cirrhosis (n=40) P :
Ann_eme EpCAM TAMP concentration Serum HCC (n=86) vs Control (n=58) Up — — 0.77
(microparticle/mL)
ey + 99
AnnexinV* EpCAM _ . .
ASGPR1* TAMP concentration Serum Hce (n—862 vs Cirrhosis Up — — 0.73
’ . (n=49)
(microparticle/mL)
FIBG 83.3 89.6 | 0.894
AlAG1 Serum iCCA (n=12) vs HCC (n=29) Up 83.3 82.1 0.845
VTDB 75.0 89.2 0.823
AMPN 90.7 65.6 | 0.878
VNN1 Serum CCA (n=43) vs Control (n=32) Up 72.1 87.5 0.876
PIGR 83.7 71.8 0.844
PIGR _ 75.0 95.4 0.905
AMPN Protein Serum CCA (r(‘;_lg’;)"s Control Up 017 | 727 | 0833 88
FIBG B 100.0 68.1 0.833
FIBG 88.4 63.3 | 0.796
Al1AG1 Serum CCA (n=43) vs PSC (n=30) Up 76.7 70.0 0.794
S10A8 69.8 66.6 | 0.759
FCN2 100.0 80.9 0.956
ITIH4 Serum  |CCA I-ll (n=13) vs PSC (n=30) Up 91.7 80.9 0.881
CCA FIBG 91.7 | 80.9 | 0.881
miR-191*
miR-486-3p* CCA (n=46) vs Control (n=50;
miR-1274b* miRNA Bile including PSC, biliary Up 67.0 96.0 — 100
miR-16* obstruction and bile leak)
miR-484*
ENST00000588480.1 . _ _
ENST00000517758.1 IncRNA Bile CCA (n=35) vs Control (n=56) Up 82.9 58.9 0.709 101
CBD stenoses (pancreatic
nanoparticles/L EV concentration Bile cancer n=10 and CCA n=5) vs Up —_ —_ 1.000 102
nonmalignant CBD stenoses
(n=15)
AnnexinV* EpCAM* _ . .
ASGPR1* TAMP concentration | Serum CCA (n=38) vs Cirrhosis Up — 0.63 99
; . (n=49)
(microparticle/mL)
. AnnexinV* EpCAM* ) _
Liver cancer ASGPR1* TAMP concentration | Serum | LVer tumor (HCC n=86 and up — — 0.7 99

(HCCICCA)

(microparticle/mL)

ICCA n=38) vs Cirrhosis (n=49)




In CCA, a panel of miRs (191, 486-3p, 1274b, 16, 484) was found upregulated in bile
EVs of patients with CCA compared to a control group containing PSC, biliary obstruction
and bile leak syndrome patients.% The analysis of the IncRNA profile in bile EVs from
CCA patients vs. patients with biliary obstruction identified the upregulation of two
IncRNAs (i.e., ENST00000588480.1 and ENST00000517758) in CCA patients.®® The
combined expression of both INcRNAs showed relevant diagnostic and prognostic value,
being increased in advanced TNM stages (llI-IV) and showing worse overall survival at
high IncRNA concentrations. On the other hand, different proteins present in serum EVs
exhibited high diagnostic values when comparing CCA patients with healthy individuals,
such as aminopeptidase N (AMPN), pantetheinase (VNN1), and PIGR.?® Some proteins
present in serum EVs, such as ficolin-2 (FCN2), inter-alpha-trypsin inhibitor heavy chain
H4 (ITIH4) and fibrinogen gamma chain (FIBG), displayed better diagnostic values than
CA19-9 (a non-specific tumor marker for the diagnosis of CCA) in the differential
diagnosis between CCA (stage I-1l) and PSC.*® Nowadays, the differential diagnosis
between intrahepatic CCA (iCCA) and HCC by non-invasive methods is not feasible and
compromises adequate treatment. In this regard, proteins present in serum EVs—such
as FIBG, alpha-1-acid glycoprotein 1 (A1AG1) and vitamin-D binding protein (VTDB)—
exhibited higher accuracy than CA19-9 and AFP for the differential diagnosis of iCCA vs.
HCC.% As aforementioned, the EV concentration analysis could also be relevant for the
diagnosis of malignant biliary diseases. In this regard, bile EV concentration was
reported to accurately discriminate between malignant common bile duct (CBD) stenosis
and nonmalignant CBD stenosis.!® In addition, elevated concentration of
AnnexinV/EpCAM/ASGPRL1 positive tumor-associated microparticles (TAMPSs) allowed
the diagnosis of patients with liver cancer (HCC and CCA) compared to cirrhotic patients,
while no changes were detected between HCC and CCA.1% Notably, the levels of these
TAMPs decreased 7 days after the surgical resection of liver tumors, closely relating this

microparticle population with tumor presence.

5. THERAPEUTIC IMPLICATIONS

The use of EVs in anti-cancer therapy is currently under investigation. As EVs carry
different types of molecules, they can be used as vehicles to deliver therapeutic cargo
into cancer cells.’® Moreover, EVs have shown the ability to modulate the immune

system, and to stimulate the immune response against tumor cells.*?



5.1 Molecule Carriers

EVs as therapeutic delivery systems provide benefits for the carried therapeutic
molecule. Hence, encapsulation of therapeutic compounds (such as chemicals, RNASs,
DNAs, proteins, or lipids) increases their bioavailability by preserving their integrity and
biological activity, as well as protecting them from enzymatic degradation in biological
fluids.*'? In comparison to other therapeutic vectors such as synthetic nano-particles,
liposomes or recombinant viral vectors, EVs are generally non-immunogenic in nature,
which enhances their resistance to fast clearance from circulation.'!* EVs also display
low toxicity and are quite stable in tissues and circulation, representing adequate
therapeutic delivery systems against cancer.'*? Furthermore, cell type-specific proteins

within EVs seem to provide certain cell tropism.!?

The strategy of using EVs as therapeutic molecule delivery vehicles is starting in liver
cancer, mainly focusing on miRNAs. Stellate cell-derived EVs loaded with miR-335-5p,
a tumor suppressor miR downregulated in HCC, inhibits HCC cell invasiveness in vitro
and induces HCC tumor shrinkage in vivo through the repression of proliferation and
stimulation of apoptosis.’** Moreover, miR-122 enriched EVs obtained from adipose
tissue-derived mesenchymal stem cells (ADMSCSs) increases HCC cell sensitivity to the
chemotherapeutic agents sorafenib and 5-FU.* The underlying mechanism regulating
chemosensitivity consists on the downregulation of miR-122 target genes including
cyclin G1 (CCNG1), disintegrin and metalloproteinase domain-containing protein 10
(ADAM10), and insulin-like growth factor 1 receptor (IGF1R), which induce apoptosis
and cell cycle arrest in vitro. Furthermore, intra-tumor injection of miR-122-enriched EVs
in a HCC xenograft mouse model synergized the inhibitory effect of sorafenib in vivo,

reducing tumor size.'**

In CCA, stellate cell-derived EVs carrying miR-195 inhibited CCA growth and
invasiveness in vitro.'*® Tail vein injection of miR-195 loaded EVs into an orthotopic rat
model of CCA reduced tumor size and improved the overall animal survival.'*®> These
anti-neoplasic effects are likely mediated via targeting VEGF, cell division control (CDC)

proteins 25 and 42, as well as cyclin-dependent kinases (CDK) 1, 4, and 6.

5.2 Immunotherapy

An alternative therapeutic strategy contemplates the use of EVs as stimulators of the

immune system in order to elicit a nontoxic, systemic, and long-lived anti-tumor immune




response. Different studies have described the potential use of EVs as
immunostimulatory entities against HCC.116120 For instance, HCC cells under stress
conditions, such as heat shock or chemotherapeutic anti-cancer drug treatment,
increased EV secretion and surface expression of heat shock proteins (HSPs).1¢ HSP-
bearing EVs can boost natural killer (NK) cell-mediated cytotoxic response against HCC
cells in vitro.'® Similarly, histone deacetylase inhibitor MS-275 enhanced the protein
levels of immunostimulatory molecules [MHC class | polypeptide-related sequence B
(MICB) and HSP70] in EVs derived from HCC cells, increasing the cytotoxicity of NK
cells and anti-tumor response.!’ The anti-HCC tumor immune response can also be
induced by ADMSC-derived EVs, which promote natural killer T cell (NKT) anti-tumor

response, thereby facilitating HCC suppression. 18

Alternatively, HCC cell-derived EVs display HCC antigens AFP and glypican 3. Capture
of these EVs by dendritic cells (DCs) triggers a strong DC-mediated T cell dependent
anti-tumor immune response both in vitro and in ectopic and orthotopic in vivo mouse
models.!*® EVs from antigen presenting cells (APCs) can also induce anti-tumor immune
responses against HCC. EVs derived from AFP-expressing DCs are able to trigger
potent antigen-specific anti-tumor immune responses and reshape the tumor
microenvironment from an immunoinhibitory to an immunostimulatory setting in diverse
HCC mice models including ectopic, orthotopic and carcinogen-induced HCC.'?° Thus,
AFP-expressing DC-derived EVs stimulate antigen-specific anti-tumor immune

responses in vivo, eliciting suppression of tumor growth and prolonging mice survival.!?°

6. CONCLUDING REMARKS AND FUTURE DIRECTIONS

Early diagnosis and treatment of hepatobiliary malignancies is still far from being
manageable. The development of non-invasive diagnostic and disease monitoring tools
represents a major challenge. The presence of EVs in biological fluids, as well as their
capacity to carry tumor-associated molecules, make EVs excellent candidates for clinical
application. Hereof, certain progress is being made in the potential use of EVs as a
source of non-invasive disease biomarkers. EV concentration as well as their specific
cargo can serve as indicators of the different pathological stages of a disease, including
the discrimination between early and late phases, and estimation of recurrence and
metastasis risk. For that matter, the application of omic technologies has provided some
potential candidate biomarkers. However, in order to transfer knowledge into the clinical

practice, several limitations, and concerns should be considered: (i) different EV isolation



procedures (i.e., ultracentrifugation, size exclusion, immune-affinity isolation, polymeric
precipitation, and microfluidics) are currently used, providing diverse EV populations and
yield depending on the nature of the isolation protocol (ii) a proper characterization of
the EVs fraction should be performed. There are minimal experimental requirements
defined by the International Society for Extracellular Vesicles (ISEV),*?* which include
the analysis of the EV quantity [e.g., nanopatrticle tracking analysis (NTA), IZON gNano
technique, flow cytometry], size [e.g., NTA, IZON gNano technique, electron microscopy,
dynamic light scattering (DLS)], and presence of specific surface markers (e.g.,
immunoblot, immune-gold electron microscopy),?*122 (iii) specific EV markers to
distinguish EV subpopulations according to their origin (e.g., exosomes, MVs, apoptotic
bodies) are still missing,*?! (iv) appropriate clinically-relevant control groups with biopsy-
proven diagnosis, as well as a representative number of samples should be included to
ensure the accuracy (sensitivity, specificity, AUC, predictive and likelihood ratio values)
and significance of the results,'?® (v) candidate biomarkers identified in a discovery phase
must be internationally validated using easily transferable methodologies into the clinical
settings (e.g., ELISA, gPCR), ideally using raw biological fluids (i.e., serum, urine, saliva)

and avoiding the costly and time consuming EV isolation techniques.

EVs represent a new opportunity for cancer therapy. They participate in the development
and progression of cancer, including the formation of a pro-tumorigenic
microenvironment, angiogenesis, chemoresistance, and the generation of a metastatic
niche, promoting tumor growth, and aggressiveness. Therefore, interfering the EV
biogenesis and/or release may be a potential therapeutic strategy. Several inhibitors
targeting these crucial steps have been developed (Figure 2.1), although their safety
and efficacy should be clinically evaluated in the future. Nevertheless, additional
regulatory mechanisms of EV generation (e.g., loading), trafficking and
autocrine/paracrine signal transduction (e.g., recipient cell internalization routes of
specific EV subpopulations) need to be elucidated, which could provide other targets for
therapy.'?* On the other hand, EVs could be used as drug delivery systems and as
immunomodulators promoting anti-tumor response. For drug delivery, a major challenge
represents the specific cell targeting in vivo, as well as the use of immunologically inert
and biocompatible EVs. In contrast, the capacity of EVs to regulate the immune system
opens new opportunities for targeting malignancies and for developing anti-tumor

vaccines.1?®

In conclusion, EVs represent an emerging and stimulating field of research in liver cancer

with multiple potential applications, from biomarker discovery to therapy. Nonetheless,




thorough research is still needed to gain knowledge on their intrinsic role in liver health

and disease, and to evaluate their potential clinical application.
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Cholangiocarcinoma (CCA) includes a heterogeneous group of biliary cancers with
dismal prognosis. These tumors usually have a silent growth and are consequently
commonly diagnosed in advanced phases, when the disease is already disseminated,
limiting the accessibility to therapeutic options with curative-intent. Current non-invasive
diagnostic tools show suboptimal accuracy for CCA identification, particularly at early
tumor stages. Consequently, there is an urgent need to develop accurate non-invasive
diagnostic tools for the detection of early CCAs, particularly in patients at high-risk.
Extracellular vesicles (EVs), small membranous speres found in biofluids which contain
biomolecules such as proteins, metabolites, nucleic acids and lipids from the cell of
origin, have recently emerged a as a potential source of biomarkers for human disorders.
In accordance with this, we have here hypothesized that EVs might constitute a novel
source of accurate and non-invasive biomarkers for the prediction, early diagnosis and
prognosis estimation in CCA. Therefore, this dissertation aims to describe nucleic acid

and protein biomarkers for CCA in serum and urine EVs.
Hence, the following objectives were proposed to be assessed:

I.  Isolation and characterization of serum and urine EVs from patients with CCA,

PSC and UC as well as from healthy individuals.

II.  Determination of the biofluid EV transcriptome and proteome by omic
technologies including gene expression array and high-performance liquid

chromatography-mass spectrometry, respectively.

lll. Identification of serum and/or urine predictive, diagnostic and/or prognostic EV
biomarkers for CCA.

IV. Ascertainment of the association between biofluid EV biomolecules with human
liver, CCA tissues and tumor-composing cellular subsets in a context of liquid

biopsy.
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ABSTRACT

Cholangiocarcinoma (CCA) comprises a group of heterogeneous biliary cancers with
dismal prognosis. The etiologies of most CCAs are unknown, but primary sclerosing
cholangitis (PSC) is a risk factor. Non-invasive diagnosis of CCA is challenging and
accurate biomarkers are lacking. We aimed to characterize the transcriptomic profile of
serum and urine extracellular vesicles (EVs) from patients with CCA, PSC, ulcerative
colitis (UC), and healthy individuals. Serum and urine EVs were isolated by serial
ultracentrifugations and characterized by nanoparticle tracking analysis, transmission
electron microscopy, and immunoblotting. EVs transcriptome was determined by
lllumina gene expression array [messenger RNAs (mRNA) and non-coding RNAs
(ncRNAS)]. Differential RNA profiles were found in serum and urine EVs from patients
with CCA compared to control groups (disease and healthy), showing high diagnostic
capacity. The comparison of the mRNA profiles of serum or urine EVs from patients with
CCA with the transcriptome of tumor tissues from two cohorts of patients, CCA cells in
vitro, and CCA cells-derived EVs, identified 105 and 39 commonly-altered transcripts,
respectively. Gene ontology analysis indicated that most commonly-altered mMRNAs
participate in carcinogenic steps. Overall, patients with CCA present specific RNA
profiles in EVs mirroring the tumor, and constituting novel promising liquid biopsy

biomarkers.



1. INTRODUCTION

Cholangiocarcinomas (CCAs) are heterogeneous biliary malignancies characterized by
dismal prognosis. The incidence and mortality rates of these cancers are rapidly
increasing globally, currently accounting for ~15% of all primary liver cancers and ~3%
of gastrointestinal malignancies.=® According to their anatomical localization, CCAs are
classified into intrahepatic (iCCA), perihilar (pCCA), or distal (dCCA). The etiology of
most CCAs is unknown. However, several risk factors have been described, including
the presence of primary sclerosing cholangitis (PSC: 5-15% develops CCA), a chronic
cholestatic liver disease that is associated with autoimmune phenomena against the
intra- and extrahepatic bile ducts.*® Importantly, 70-80% of patients with PSC
concomitantly present inflammatory bowel disease (IBD), mainly ulcerative colitis (UC),

which is thought to precede the development of the liver disease.*

CCAs are generally asymptomatic in early stages, being therefore commonly diagnosed
in advanced phases when the disease is disseminated. Late diagnosis combined with
the chemoresistant nature of these tumors highly compromise the current therapeutic
options, mainly based on surgery, significantly impacting on patient's welfare and
outcome.r2® The diagnosis of CCA is usually conducted by combining clinical,
biochemical, radiological, and histological information. Imaging techniques usually rely
on computed tomography (CT), magnetic resonance imaging (MRI), magnetic
resonance cholangiopancreatography (MRCP), positron emission tomography (PET),
percutaneous transhepatic cholangiography (PTC), endoscopic retrograde
cholangiopancreatography (ERCP), or endoscopic ultrasound depending on the tumor
location.>®’ However, imaging proceedings have important limitations, as they are not
accurate enough to determine the malignity of the tumor masses, particularly in early
stages, as well as to differentiate between the main primary liver cancers, i.e., iCCA,
hepatocellular carcinoma (HCC) or HCC-CCA mixed tumors, which is fundamental to
provide the appropriate standards of care. On the other hand, MRCP and histological
analysis (biopsy or brushing cytology) comprise the major diagnostic tools for PSC.#&*°
In addition, the measurement of non-specific serum tumor biomarkers [i.e., carbohydrate
antigen 19-9 (CA19-9) and carcinoembryonic antigen (CEA)] is commonly conducted in
order to help in the diagnosis of CCA, but their low sensitivity (particularly in early stages
of the disease) and specificity (also elevated in some PSC patients without cancer), raise
important concerns regarding their clinical utility.”1° Therefore, tumor biopsy is currently
mandatory to confirm the diagnosis and staging of CCA, guiding the clinical management
of these patients.!! Based on all of these diagnostic concerns, there is an urgent need to
determine new accurate, non-invasive biomarkers for the early diagnosis of CCA,

particularly in patients at risk.




In the last decade, extracellular vesicles (EVs) have been envisioned as promising tools
in the quest for tumor biomarkers and as important mediators of disease pathogenesis.*?
EVs constitute a heterogeneous population of lipid bilayered spheres (30 nm — 2 ym in
diameter) containing diverse biomolecules (e.g., proteins, nucleic acids, lipids, and
metabolites), which are released by cells and found in all biofluids (e.g., blood and
urine).** Taking into account their biogenesis, EVs may be classified as exosomes,
microvesicles (MV), and apoptotic bodies. These small vesicles participate in cell-to-cell
communications, modulating signalling pathways in pathobiology.’*-1” We previously
reported a differential proteomic profile of serum EVs from patients with CCA, HCC, or
PSC, as well as from healthy individuals, identifying accurate candidate biomarkers for
the differential diagnosis of these diseases.!® Considering that tumor cells can also
release RNAs encapsulated within EVs, and that their profiles can mimic the cellular
state/alterations, an extensive characterization of the RNA content from serum and urine
EVs from patients with CCA (and control conditions) might provide new diagnostic

biomarkers as well as therapeutic targets.

In this study, we aimed to characterize the RNA profile of serum and urine EVs from
patients with CCA, PSC, or UC, as well as healthy individuals, and identify candidate
diagnostic biomarkers mirroring their tumor cell expression within the liquid biopsy
concept. For this purpose, the expression of selected candidates was evaluated in
human CCA tumor and surrounding healthy tissues from two independent cohorts of
patients [The Cancer Genome Atlas (TCGA) and Copenhagen], as well as in cell cultures

(CCA vs. normal) and EVs released by normal or tumor human cholangiocytes in vitro.

2. MATERIALS AND METHODS
2.1 Patients

Serum and urine samples from patients with CCA (n = 12 and 23, respectively), PSC (n
= 6 and 5, respectively), UC (n = 8 and 12, respectively), and healthy individuals (n =9
and 5, respectively) were obtained from Donostia University Hospital (San Sebastian,
Spain), Cruces University Hospital (Bilbao, Spain), and “Complejo Hospitalario de
Navarra” (Pamplona, Spain). The Ethical Committees for Clinical Research from each
participating institution approved all the research protocols and all patients accepted to
participate in the study and signed the written consents to allow the use of their samples
for biomedical research. Clinical characteristics of patients and tumors are summarized

in Table 3.1. The diagnosis of PSC was based on the European Association for the Study



of the Liver (EASL) guidelines by demonstrating the presence of bile duct alterations
(strictures or irregularities in intrahepatic and extrahepatic bile ducts) using MRCP after
excluding secondary causes of cholangitis.!® The diagnosis of UC was performed by
combining endoscopic and histological studies, mainly colonoscopy in parallel with
hematoxylin and eosin (H&E) staining, after excluding other potential diseases. Finally,
CCA diagnosis was confirmed by histological analysis of tumor samples and/or through
the combination of clinical, biochemical and radiological approaches. Tumor stage was
determined based on the 7th edition of the American Joint Committee on Cancer (AJCC)

classification.

RNA-seq data from the TCGA cohort (36 CCAs and 9 surrounding liver samples),?°
downloaded as level 3 data through FireBrowse portal [BROAD Institute of MIT &
Harvard, MA, USA (source: https://gdac.broadinstitute.org/)], and whole transcriptome
profiling [Human Transcriptome (HT) BeadChips (lllumina Inc., San Diego, CA, USA)] of
the “Copenhagen cohort” including 217 CCA surgical specimens (153 iCCA, 43 pCCA,
15 dCCA, 6 unknown location), 143 normal surrounding liver samples, and 9 normal
intrahepatic bile ducts (GSE26566) were used to evaluate the expression of serum and

urine biomarkers in tumor tissue.???




Table 3.1. Clinical information from study individuals

Serum Urine
Healthy uc PSC CCA Healthy ucC PSC CCA
Patients (n) 9 8 6 12 5 12 5 23
414 54.3 455 67.4 66.2 58.8 49.6 67.8
Age, mean [range] (years) | [,g 75 [33-82] [16-75] [59-79] [53-72] [42-82] [26-75] [50-82]
Gender, M/ F (n/n) 4/5 5/3 6 9/3 3/2 6/6 4/1 186/7
16.50 4433 56.67 15.83 36.60 115.96
ALT, mean [range] (IU/L) NA [9-29] [12-128]  [11-200] NA [9-30] [18-62] [11-672]
16.25 36.83 46.09 17.67 35.80 85.00
AST, mean [range] (IU/L.) A [10-20] [16-83] [19-104] NA [10-28] [20-56] [19-379]
24.88 122.33 750.33 22.25 119.40 781.87
GGT, mean [range] (IU/L) P& [13-38)  [17-361]  [87-3011] NA [14-38]  [35-241]  [87-3011]
Bilirubin, mean [range] 0.85 0.68 1.10 2.65 0.68 0.63 1.00 6.00
(mg/dL) [04-1.3]  [03-11]  [05-24] [03-16.7] | [04-1.3]  [0.3-1.1]  [0.3-24]  [0.3-31.3]
ALP, mean [range] 57.50 60.38 237.50 320.33 70.00 67.67 301.8 406.91
(ma/dL) [52-63] (42-95] (54-634]  [68-699] [52-95] [42-95] [54-634]  [68-1956]
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2.2 Cell cultures

Normal human cholangiocytes (NHCs) were isolated from normal liver tissue and
characterized as previously described.?*?> Furthermore, two commercial human CCA
cell lines (EGI1 and TFK1, Leibniz Institute DSMZ-German Collection of Microorganism
and Cell Cultures, Germany) were used. NHC and EGI1 cells were cultured in fully-
supplemented DMEM/F-12 medium, as previously described,?*-2° while TFK1 cells were
cultured in DMEM/F-12 supplemented with 10% fetal bovine serum (FBS; Gibco, Thermo



Fisher Scientific, Waltham, MA, USA) and 1% penicillin/streptomycin (P/S; Gibco). Cells
were seeded in 150 mm collagen-coated tissue culture dishes (4 x 106 cells) with each
respective cell culture medium and left for plate attachment overnight. Afterwards, cells
were washed with phosphate-buffered saline (PBS) and incubated with “EV recollection
media” (DMEM/F-12+Glutamax supplemented with 1% P/S, and without serum). After
48 h, cells were harvested for RNA isolation and cell culture media was collected and
stored at —80 °C for subsequent EVs isolation. Cells were grown at 37 °C in a humidified
chamber of 5% CO2. During all the experiments, mycoplasm test was performed by

conventional PCR and cells were tested as mycoplasm negative.

2.3 Isolation of EVs from serum, urine, and cell cultures

Serum, urine, and cell-derived EVs were isolated as previously described.8 Briefly, 1 mL
of serum, 50 mL of urine, or 300 mL of cell culture media (frozen at -80 °C) were thawed
at room temperature and further processed through serial differential ultracentrifugation
steps at 4 °C. First, in order to remove cell debris, serum, urine and cell culture media
were centrifuged at 10,000x g for 30 min and subsequently ultracentrifuged at 100,000x
g for 75 min, to pellet the EVs, which were then washed with PBS and pelleted again
after ultracentrifugation at 100,000x g for 75 min. Finally, the pelleted EV fraction was

resuspended in 20 pL of PBS and then stored at —80 °C for further analysis.

2.4 Transmission Electron Microscopy (TEM)

For the characterization of EVSs, the isolated fraction of EVs was stained negatively and
analyzed by TEM. EV samples were directly adsorbed onto glow-discharged (60 seg low
discharging using a PELCO easy-glow device) carbon-coated copper grid (300 mesh).
Afterwards, grids were fixed with 2% paraformaldehyde (PFA) in phosphate buffer (PB
0.2M pH 7.4) for 20 min and washed with distilled water. Then, the contrast staining was
made by incubating the grids with 4% uranyl acetate (UA) at 4 °C for 15 min. TEM images
were obtained by using TECNAI G2 20 C-TWIN high-resolution transmission electron

microscope, at an acceleration voltage of 200 kV.




2.5 Immunoblotting

Protein levels of both EV and endoplasmic reticulum markers (i.e., CD63 and CD81 vs.
GRP78, respectively) were evaluated in serum and urine EVs and in whole-cell extracts
(WCEs) by immunoblotting. Total protein concentration was calculated with the Micro
BCA protein assay kit (Thermo Fisher Scientific,), following the manufacturer’s
instructions. Loading buffer [50 mM Tris-HCI, 2% SDS, 10% glycerol and 0.1%
bromophenol blue, without B-mercaptoethanol or dithiothreitol (DTT)] was added to
protein samples, followed by heat denaturation at 95 °C for 5 min. Then, 10 and 4 ug of
total protein from serum and urine EVs, respectively, were separated by 12.5% sodium
dodecyl sulfate-polyacrilamide gel electrophoresis (SDS-PAGE) and electro-transferred
onto a nitrocellulose membrane (GE Healthcare, Chicago, IL, USA) and blocked with 5%
skim milk powder/tris-buffered saline (TBS)-0.1% tween (TBS-Tween) for 1 h.
Afterwards, membranes were probed overnight at 4°C with the appropriate primary
antibodies [anti-CD81 (BD Biosciences), anti-CD63 (DSHB), and anti-GRP78 (BD
Biosciences, San Jose, CA, USA)] at 1:500 dilution in blocking solution and, after three
washes with TBS-Tween (5 min each), horseradish peroxidase-conjugated secondary
antibody (anti-mouse; Cell Signaling, Danvers, MA, USA) at a dilution of 1:5000 (in milk
blocking solution) were incubated for 1 h at room temperature. Membranes were
developed for protein detection using ECL plus (Thermo Fisher Scientific), with the

iBright FL1500 Western Blot Imaging System (Thermo Fisher Scientific).

2.6 EV Size and Concentration

Size distribution and concentration of EVs were evaluated by nanoparticle tracking
analysis (NTA) using a NanoSight LM10 System (Malvern, UK) further equipped with
fast video capture and a particle-tracking software. NTA post-acquisition settings were
kept constant for all samples. Each video was analyzed for obtaining the mean and mode

vesicle size as well as particle concentration.

2.7 Total RNA Isolation

After EVs isolation, total RNA was extracted using the miRCURY™ RNA Isolation Kit
(Qiagen, Hilden, Germany) following manufacturer's specifications. Afterwards, total
RNA was resuspended in 20 pL of distiled H20 and later used for transcriptomic

analysis. Regarding cell samples, total RNA was extracted using the TRIzol® reagent



according to the manufacturer’s instructions (Life Technologies Corp., Carlsbad, CA,
USA).

2.8 lllumina Gene Expression Array

lllumina HumanHT-12 WG-DASL V4.0 R2 expression beadchips were used to
characterize gene expression [messenger RNAs (mRNAs) and non-coding RNAs
(ncRNASs)]. The quality of RNA samples was measured using a RNA Pico Chip
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). 200 ng of RNA samples were
used for the array. The cDNA synthesis, prequalification, amplification, labelling and
hybridization of the samples were performed following the WG-DASL HT Assay Lab
protocol (lllumina Inc.). The amplified cDNAs were hybridized to the diverse gene-probes
of the array and gene expression levels were detected by a HiScan scanner (lllumina
Inc.). Raw data were extracted with GenomeStudio analysis software (lllumina Inc.), in
the form of GenomeStudio’'s Final Report. Raw expression data were background-
corrected, log2-transformed and quantile-normalized using the lumi R package
(Bioconductor repository, Chicago, IL, USA).2® To perform the Venn diagrams, all the
transcripts identified in at least one sample with a “detection p-value” < 0.01 were
selected. Afterwards, in the comparisons between groups, transcripts that were
significantly identified in at least 20% of the samples (with a bilateral p-value < 0.05;
independent samples two-tailed t-test, not assuming equal variances) were considered

for subsequent analysis.

2.9 Functional Enrichment Analysis

Functional analysis of candidate liquid biopsy RNA biomarkers was determined by gene
ontology (GO) enrichment of biological processes, molecular pathways and functions, by
using the Functional Enrichment analysis tool (FunRich) version 3.1.3 (Funrich Industrial
Co. Ltd, Hong Kong).?"?8

2.10 Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 6.0 (GraphPad
Software, San Diego, CA, USA). Data are shown as boxes and whiskers (min to max).

When comparing two groups, non-parametric Mann-Whitney or parametric t-Student




tests were conducted. For comparisons between more than two groups, non-parametric
Kruskal-Wallis test followed by a posteriori Dunns test of the parametric one-way
analysis of variance (ANOVA) test followed by a posteriori Tukey’s post hoc test were
used. In order to calculate the diagnostic values of serum and urine RNA biomarkers,
allowing to discriminate between patients with CCA, PSC and UC, and healthy
individuals, area under the receiver operating characteristic curve (AUC) values were
determined using the SPSS 20.0 software (IBM, Ehningen, Germany), followed by the
calculation of sensitivity (SEN) and specificity (SPE) values, positive predictive value
(PPV), negative predictive value (NPV), positive likelihood ratio (PLR), negative
likelihood ratio (NLR), and accuracy index (Al). Differences were considered significant

when p < 0.05.

3. RESULTS

3.1 Characterization of Serum and Urine EVs from Patients with CCA, PSC, or
UC, and Healthy Individuals

After isolation, serum and urine EVs were characterized by TEM, immunoblotting and
NTA. In resemblance with our previous findings using the same isolation protocol,'® TEM
images showed a typical rounded morphology in the isolated vesicles from both serum
and urine (~100-200 nm), corresponding to exosomes and/or small microvesicles
(Figure 3.1A). By immunoblotting, the EV protein markers CD63 and CD81 were highly
enriched in the isolated EV fraction, when compared to total serum or NHC whole-cell
extracts (WCE), while the endoplasmic reticulum marker 78 kDa glucose-regulated
protein (GRP78) was completely absent in isolated serum and urine EVs but only found
expressed in WCE from NHCs (Figure 3.1B), substantiating a proper isolation and a
high purity of the obtained EVs. Regarding the size of EVs, NTA revealed no significant
differences in the size of serum and urine EVs among groups, presenting an average
size of ~180 nm, in resemblance with serum and urine EV concentration, which was

found similar in the study population (Figure 3.1C).
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Figure 3.1. Characterization of serum and urine EVs from patients with CCA, PSC, UC, and
healthy controls. In order to validate the protocol for EVs isolation, we used blood serum and
urine from healthy individuals. (A) TEM images of blood serum (left) and urine (right) EVs from
healthy individuals showcasing the typical round shape (~150 nm) and morphology. (B)
Representative immunoblots of the EV markers CD63 and CD81 (positive controls) and GRP78
(negative control) from EVs isolated from serum (left) and urine (right) of healthy individuals that
indicate an enrichment of EV markers and a complete absence of the endoplasmic reticulum (ER)
marker GRP78, compared to total serum and whole cell extracts (WCEs) of normal human
cholangiocytes (NHC). (C) Nanoparticle tracking analysis (NTA) of serum (up) and urine (down)
EVs revealing no differences in EV concentration between CCA, PSC, UC, and healthy individuals
and a similar EV mode (~180 nm).



3.2 Differential RNA Profiles of Serum EVs from CCA, PSC, UC, and Healthy

Individuals

The transcriptomic profiles of serum and urine EVs isolated from patients with CCA,
PSC, UC, and healthy controls were determined by RNA microarray-based
transcriptomics (lllumina Inc.). Transcriptomic data are available in GSE144521.
Considering all the transcripts that were identified in at least one sample included in any
of the study groups (detection p-value < 0.01), a total of 25,084 transcripts were identified
in serum EVs. Among them, 10,104 transcripts were identified in serum EVs isolated
from healthy individuals, in parallel with the identification of 11,124, 4204, and 24,264
transcripts in serum EVs from patients with UC, PSC, and CCA, respectively, with 1617
of the identified transcripts being shared among all groups (Figure 3.2A). In all the study
groups, the great majority of the identified transcripts were mRNAs (9516, 10,526, 3949,
and 23,029 transcripts found in healthy individuals and patients with UC, PSC, or CCA,
respectively), followed by non-coding RNAs such as non-coding RNAs (mainly including
pseudogenes, long non-coding RNAs (IncRNAs), among others), microRNAs (miRNAs
or miRs), and small nucleolar RNAs (snoRNAs) (Figure 3.2B; Table 3.2). Other types
of RNAs, including small nuclear, miscellaneous, guide, small cytoplasmic, antisense,

RNase MRP, ribosomal, and telomerase RNAs were also detected.

Next, the transcriptome of serum EVs from the four study groups was determined and
compared. Specifically, 1932 transcripts were differentially identified in CCA vs. healthy
individuals, 2888 in CCA vs. PSC, and 2807 in CCA vs. “PSC, UC, and healthy
individuals” combined as one unique control (disease and healthy) group (Figure 3.3).
Meanwhile, 866 transcripts were differentially identified in serum EVs from patients with
PSC compared with a group comprised of patients with UC and healthy individuals
(Figure 3.4).
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Figure 3.2. Comparative transcriptomic analysis of serum EVs from patients with CCA,
PSC, or UC, and healthy individuals. (A) Venn diagrams showing the number of transcripts
identified per group. (B) Number of transcripts identified within each study group, subclassified
according to their type [messenger RNA (mRNA), non-coding RNA (including mostly
pseudogenes and long non-coding RNAs, among others), miscelaneous RNA (miscRNA), guide
RNA, microRNA (miRNA), small nucleolar RNA (snoRNA), small nuclear RNA (snRNA),
ribosomal RNA, telomerase RNA, small cytoplasmic RNA, antisense RNA and RNase MRP RNA].
In all groups, mRNAs constitute the most abundantly identified RNAs, followed by non-coding
RNAs (pseudogenes, IncRNAs, and others), miRNAs, and snoRNAs.




Table 3.2. Number of transcripts identified in each experimental group

Array Serum Urine
transcripts | athy UC  PSC  CCA |Heathy UC  PSC  CCA
mRNA 27,580 9,516 10,526 3,949 23,029 | 10,949 22,801 21,145 24,817
non-coding RNA 726 310 326 131 635 202 581 542 637
microRNA 518 105 123 49 309 57 273 224 319
small nucleolar RNA 263 119 95 43 198 70 175 162 201
misc RNA 48 16 16 6 43 14 39 39 42
guide RNA 23 1 13 5 19 5 20 16 20
small nuclear RNA 16 15 14 12 15 14 15 15 15
antisense RNA 10 4 4 2 7 4 8 8 7
small cytoplasmic RNA 5 5 5 5 5 5 5 5 5
RNase MRP RNA 1 1 1 1 1 1 1 1 1
ribosomal RNA 1 1 1 1 1 1 1 1 1
telomerase RNA 1 1 0 0 1 1 1 1 1
Total: 25,804 Total: 27,319
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Transcript CCA (n=12) vs Healthy (n=9)
Symbol Transcript type AUC (95% ClI) p-Value SEN (%) SPE (%) PPV (%) NPV (%) PLR NLR Al (%)
RFFL mRNA 1.000 (1.000, 1.000) <0.001 100.0 100.0 1000 100.0 >100  0.00  100.0
OR4F3 mRNA 1.000 (1.000, 1.000) <0.001 100.0 100.0 100.0 100.0 >100  0.00  100.0
FAM107B mRNA 0.991 (0.961,1.000) <0.001 917 1000 100.0 90.0 >100 008 953
ZNF266 mRNA 0.991 (0.961,1.000) <0.001 917 100.0 100.0 900 >100 008 953
CADM1 mRNA 0.981(0.935,1.000) <0.001 917 1000 100.0 90.0 >100 0.08 953
CCNB1IP1 mRNA 0.981(0.935,1.000) <0.001 917 1000 100.0 90.0 >100 0.08 953
POTEH mRNA 0.981(0.935, 1.000) <0.001 917 100.0 100.0 90.0 >100 0.08 953
RPL26L1 mRNA 0.981(0.934, 1.000) <0.001 1000 889 923 1000 9.00 000 952
OR5B3 mRNA 0.972 (0.914,1.000) <0.001 833 100.0 100.0 818 >100 017 905
GAD1 mRNA 0.972 (0.909, 1.000) <0.001 917 1000 100.0 90.0 >100 0.08 952
Transcript CCA (n=12) vs Healthy (n=9)
Symbol Transcript type AUC (95% Cl) p-Value SEN (%) SPE (%) PPV (%) NPV (%) PLR  NLR Al (%)
PMS2L4 pseudogene 0.991 (0.961, 1.000) <0.001 917 1000 100.0 90.0 >100 0.08 952
miR-604 miRNA 0.944 (0.851, 1.000) <0.001 833 100.0 100.0 818 >100 017 905
SNORA58 snoRNA 0.926 (0.817,1.000) <0.001 750 100.0 100.0 750 >100 025 857
LOC100131726 IncRNA 0.907 (0.783,1.000) <0.01 750 100.0 1000 750 >100 025 857
miR-1224 miRNA 0.907 (0.782,1.000) <0.01 917 778 846 875 412  0.11 85.7

Figure 3.3. Differential transcriptomic profile of serum EVs and diagnostic capacity.
Volcano plot (-log10(p-value) and log2(fold-change); up left), heatmap of the differentially
expressed transcripts (up right) and diagrams with the diagnostic capacity with the highest AUC
values of the 10 selected mRNAs and 5 selected non-coding RNAs in serum EVs from (A) CCA
vs. Healthy individuals; (B) CCA vs. PSC; (C) CCA vs. (PSC + UC + Healthy individuals).
Abbreviations: Al, accuracy index; AUC, area under the receiver operating characteristic curve;
Cl, confidence interval; IncRNA, long non-coding RNA; miRNA, microRNA; NLR, negative
likelihood ratio; NPV, negative predictive value; PLR, positive likelihood ratio; PPV, positive
predictive value; SEN, sensitivity; sSnoRNA, small nucleolar RNA; SPE, specificity.
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Transcript CCA (n=12) vs PSC (n=6)
Symbol Transcript type AUC (95% Cl) p-Value SEN (%) SPE (%) PPV (%) NPV (%) PLR NLR Al (%)
PON1 mRNA 1.000 (1.000, 1.000) <0.001 100.0 100.0  100.0  100.0  >100 0.00  100.0
ATF4 mRNA 1.000 (1.000, 1.000) <0.001 100.0 100.0  100.0  100.0  >100 0.00  100.0
PHGDH mRNA 1.000 (1.000, 1.000) <0.001 100.0 100.0  100.0  100.0  >100 0.00 100.0
cmIP mRNA 1.000 (1.000, 1.000) <0.001 100.0 100.0  100.0  100.0  >100 0.00  100.0
CCNI mRNA 1.000 (1.000, 1.000) <0.001 100.0 100.0  100.0  100.0  >100 0.00  100.0
IRX3 mRNA 1.000 (1.000, 1.000) <0.001 100.0 100.0  100.0  100.0  >100 0.00  100.0
DARS mRNA 1.000 (1.000, 1.000) <0.001 100.0 100.0  100.0  100.0  >100 0.00  100.0
GRM3 mRNA 1.000 (1.000, 1.000) <0.001 100.0 100.0  100.0  100.0  >100 0.00 100.0
RFFL mRNA 1.000 (1.000, 1.000) <0.001 100.0 100.0  100.0  100.0  >100 0.00  100.0
ZNF148 mRNA 1.000 (1.000, 1.000) <0.001 100.0 100.0  100.0  100.0  >100 0.00 100.0
Transcript CCA (n=12) vs PSC (n=6)
Symbol Transcript type AUC (95% Cl) p-Value SEN (%) SPE (%) PPV (%) NPV (%) PLR NLR Al (%)
MALAT1 IncRNA 1.000 (1.000, 1.000)  <0.001  100.0  100.0 100.0  100.0  >100 0.00 100.0
SNORA11B SNoRNA 1.000 (1.000, 1.000) <0.001  100.0  100.0 100.0  100.0  >100  0.00 100.0
LOC100190986 INcRNA 1.000 (1.000, 1.000) <0.001  100.0  100.0 100.0  100.0  >100 0.00 100.0
GTF2IRD2P pseudogene 0.986 (0.943, 1.000) <0.001  91.7  100.0 1000 857 >100 0.08 94.4
TFAMP1 pseudogene 0.972 (0.904, 1.000) <0.001  91.7  100.0 1000 857 >100 0.08 94.4

Figure 3.3. (continued)
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Transcript CCA (n=12) vs [PSC + UC + Healthy] (n=23)
Symbol Transcript type AUC (95% Cl) p-Value SEN (%) SPE (%) PPV (%) NPV (%) PLR  NLR Al (%)
RFFL mRNA 1.000 (1.000, 1.000) <0.001 100.0 100.0 100.0 100.0 >100  0.00  100.0
ZNF266 mRNA 0.976 (0.936,1.000) <0.001 917 913 846 955 1054 009 914
OR4F3 mRNA 0.960 (0.901, 1.000) <0.001 100.0 87.0 800 100.0 7.67 000 914
cmiP mRNA 0.957 (0.884, 1.000) <0.001 100.0 913 857 1000 115 0.00 943
FLJ40453 mRNA 0.953 (0.882, 1.000) <0.001 917 913 846 955 1054 009 914
PON1 mRNA 0.949 (0.882,1.000) <0.001 917 913 846 955 1054 009 914
FILIP1L mRNA 0.946 (0.875, 1.000) <0.001 1000 87.0 800 1000 7.67 0.00 914
C190rf31 mRNA 0.944 (0.872,1.000) <0.001 833 913 833 913 958 0.18 886
FHL2 mRNA 0.942 (0.859, 1.000) <0.001 100.0 87.0 800 1000 7.67 0.00 914
PTP4A2 mRNA 0.938 (0.863, 1.000) <0.001 750 957 900 880 1725 026 886
Transcript CCA (n=12) vs [PSC + UC + Healthy] (n=6)
Symbol Transcript type AUC (95% CI) p-Value SEN (%) SPE (%) PPV (%) NPV (%) PLR NLR Al (%)
miR-551B miRNA 0.909 (0.815,1.000) <0.001 833 870 769 909 639 019 857
PMS2L4 pseudogene 0.880 (0.758, 1.000) <0.001 917 870 786 952 703 010 886
LOC643955 pseudogene 0.873 (0.754,0.992) <0.001 833 8.0 769 909 639 019 857
LOC100134868 IncRNA 0.864 (0.747,0.982) <0.001 100.0 652 600 100.0 288 0.00  77.1
PTTG3P pseudogene 0.859 (0.712, 1.000) <0.001 833 913 833 913 958 0.18 886

Figure 3.3. (continued)
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Transcript PSC (n=6) vs [UC + Healthy] (n=17)
Symbol Transcript type AUC (95% Cl) p-Value SEN (%) SPE (%) PPV (%) NPV (%) PLR  NLR Al (%)
DPY30 mRNA 0.931(0.829, 1.000)  <0.01 100.0 82.4 66.7 100.0 5.67 0.00 87.0
KCNJ6 mRNA 0.931(0.824,1.000) <0.01 1000 8.2 750 1000 850 000 913
FAM54A mRNA 0.931(0.824,1.000) <0.01 100.0 824 667 100.0 567 000 87.0
HAMP mRNA 0.931 (0.812, 1.000)  <0.01 83.3 94.1 83.3 94.1 14.17 0.18 91.3
PON1 mRNA 0.922 (0.811,1.000) <0.01 100.0 765 600 100.0 425 0.00 826
GPR116 mRNA 0.922(0.810,1.000) <0.01 1000 765 600 1000 425 000 826
MMP21 mRNA 0.922 (0.810,1.000) <0.01 100.0 765 600 100.0 425 0.00 826
DCTN1 mRNA 0.922 (0.807, 1.000)  <0.01 100.0 88.2 75.0 100.0 8.50 0.00 91.3
SLC22A1 mRNA 0.912(0.788,1.000) <0.01 100.0 82 750 100.0 850  0.00 913
PLEKHA6 mRNA 0.902(0.776,1.000) <0.01 100.0 824 667 100.0 567 0.00 87.0

Transcript PSC (n=6) vs [UC + Healthy] (n=17)
Symbol Transcript type AUC (95% ClI) p-Value SEN (%) SPE (%) PPV (%) NPV (%) PLR NLR Al (%)
SNORA11B SNoRNA 0.902 (0.775,1.000) <0.01 1000 765 600 1000 425 000 826
MIR632 miRNA 0.873 (0.717,1.000)  <0.01 83.3 76.5 55.6 92.9 3.54 0.22 78.3
MIR222 miRNA 0.873 (0.673,1.000) <0.01 833 82 714 938 708 019 87.0
SNORA29 snoRNA 0.833 (0.654, 1.000) <0.05 1000 647 500 1000 2.83 000 739
LOC729603 pseudogene 0.833 (0.650, 1.000) <0.05 833 765 556 929 354 022 783

Figure 3.4. Differential transcriptomic
transcripts. (A) Volcano plot [-log10(p-value) and log2(fold-change); up left], heatmap of the
differentially expressed transcripts (up right) and diagrams with the diagnostic capacity with the
highest AUC values of the 10 selected mRNAs and 5 selected non-coding RNAs in serum EVs
from PSC vs [UC + Healthy individuals]. (B) Potential serum EV biomarkers for PSC.
Abbreviations: Al, accuracy index; AUC, area under the receiver operating characteristic curve;
Cl, confidence interval; IncRNA, long non-coding RNA; miRNA, microRNA; NLR, negative
likelihood ratio; NPV, negative predictive value; PLR, positive likelihood ratio; PPV, positive
predictive value; SEN, sensitivity; SnoRNA, small nucleolar RNA; SPE, specificity.

profile and diagnostic efficacy
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Figure 3.4. (Continued)

The analysis of candidate RNA biomarkers in serum EVs from CCA vs. healthy

individuals pointed out ring finger and FYVE like domain containing E3 ubiquitin protein

ligase (RFFL), olfactory receptor family 4 subfamily F member 3 (OR4F3), and the family
with sequence similarity 107 member B (FAM107B) as the mRNAs with the highest

diagnostic capacity, presenting AUC values of 1.00, 1.00, and 0.991, respectively, along

with the non-coding RNAs PMS1 homolog 2 mismatch repair system component
pseudogene 4 (PMS2L4), miR-604, and SNORA58 (AUC: 0.991, 0.944, and 0.926,

respectively) (Figure 3.3A). Since PSC is a well-known risk factor that increases the

odds of developing CCA, the transcriptomic profiles of serum EVs from patients with



CCA vs. PSC were also compared. In particular, the mRNA transcripts paraoxonase 1
(PON1), activating transcription factor 4 (ATF4), and phosphoglycerate dehydrogenase
(PHGDH) stood out as the best candidate biomarkers for the differential diagnosis of
CCA and PSC, all with AUC values of 1.00 (Figure 3.3B). Similarly, the IncRNAs
metastasis associated lung adenocarcinoma transcript 1 (MALAT1) and
LOC100190986, and the snoRNA SNORA11B (AUCs: 1.00) also presented a high
accuracy for the identification of CCA vs. PSC (Figure 3.3B). Of note, several mRNA
and non-coding RNAs provided excellent diagnostic values (AUC values up to 0.931 and
0.902, respectively) for the diagnosis of PSC, when compared with patients with UC and
healthy individuals (Figure 3.4). Finally, general CCA transcript biomarkers (compared
to PSC, UC and healthy individuals combined as one unique control group) were also
identified and RFFL, zinc finger protein 266 (ZNF266) and OR4F3 constituted the mRNA
transcripts with the highest AUC values (1.00, 0.976, and 0.960, respectively) while miR-
551B, PMS2L4, and LOC643955 were the ncRNAs presenting the highest diagnostic
capacity, displaying AUC values of 0.909, 0.880, and 0.873, respectively (Figure 3.3C).

3.3 Selective mRNAs Present in Serum EVs from Patients with CCA Mirror Their

Levels in Human Tumor Tissue, CCA Cells In Vitro and EVs-Derived from Tumor

Cholangiocytes

After identifying 2807 transcripts significantly altered in serum EVs from patients with
CCA compared to patients with PSC, UC, and healthy individuals, we evaluated if the
expression of these transcripts were also significantly changed in human CCA tissue,
compared to non-tumor surrounding tissue, in two independent international cohorts of
patients (TCGA and the “Copenhagen” cohorts). Importantly, 901 out of the 2807
selective RNA transcripts were also altered in the TCGA cohort, presenting the same
trend of expression when compared to serum EVs, with 765 transcripts being
upregulated while 136 transcripts were downregulated in comparison to non-tumor tissue
(Figure 3.5A, left). These 765 transcripts were then cross-validated in the Copenhagen
cohort, in which we were able to identify 479 shared transcripts with the same expression
tendency, with 391 being upregulated and 88 reduced when compared with surrounding
liver tissue (Figure 3.5A, right). After selecting the common mRNAs that share the same
trend of expression in serum EVs and tumor tissue of patients with CCA compared to
controls, we next evaluated their expression levels in two human CCA cell lines (EGI1
and TFK1) compared to NHCs in vitro, obtaining 156 commonly altered transcripts
(Figure 3.5B). Finally, we isolated EVs from these two CCA cell lines and from NHCs

and, after their characterization (Figure 3.6),'® we evaluated their transcriptomic content



and cross-validated the previous candidate transcripts, resulting in 105 mRNAs with
shared altered levels in serum EVs, tumor tissue, CCA cell lines, and in CCA-derived
EVs (Figure 3.5C).

A

TCGA cohort Copenhagen cohort
901 transcripts 479 transcripts
SL CCA tumor SL CCA tumor
(n=9) (n=36) (n=143) (n=217)
? : 7'5 2 2 6 -10 10
= Row Z-Score Row Z-Score
8 Whole-Cell Extract Cell-derived EVs
156 transcripts 105 transcripts
CCA CCA
NHC ~ EGHM  TFK1 NHC  EGHM  TFK1
(n=3)  (n=3)  (n=3) (n=1) (n=1) (n=1)
e
e =

Figure 3.5. mMRNAs commonly deregulated between serum EVs, CCA tumors from two
independent cohorts of patients, tumor cells in vitro and in CCA-derived EVs. mRNAs
differentially abundant in serum EVs from patients with CCA vs. (PSC + UC + Healthy individuals)
were compared with the transcriptome of: (i) patients with CCA from TCGA (n = 36) and
“Copenhagen” (n = 217) cohorts, (ii) CCA cells (EGI1 and TFK1) and cell-derived EVs compared
to their respective control groups, further selecting the ones that are commonly expressed.
Heatmap of the differentially expressed transcripts in (A) TCGA (left) and “Copenhagen” cohorts
(right); (B) Whole-cell extracts from CCA cells and NHCs; (C) Cell-derived EVs; (D) Gene
ontology (GO: FunRich database)?” analysis of the 105 transcripts commonly altered in serum
EVs, CCA human tumors, CCA cells and in cell-derived EVs, highlighting the biological processes
and pathways in which the identified transcripts are involved, as well as their biological function.
Abbreviations: CCA, cholangiocarcinoma, EVs, extracellular vesicles; NHCs, normal human
cholangiocytes; SL, surrounding liver; TCGA, The cancer genome atlas.
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Figure 3.6. Characterization of cholangiocyte-derived EVs transcriptome. In order to validate
the protocol for EVs isolation from cholangiocytes, we used normal human cholangiocytes
(NHCs). (A) TEM images of NHC-derived EVs showcasing the typical round shape (~150 nm)
and morphology. (B) Venn diagrams showing the number of transcripts altered for each
comparison and the total transcripts identified in each group.

Gene ontology (GO) analysis revealed that the 105 mRNAs previously identified code
for proteins mainly involved in pivotal processes during carcinogenesis. Specifically,
metabolic pathways (nucleic acid and protein metabolism), cell communication, signal
transduction, energy, and cell growth/maintenance pathways constituted the most
represented biological processes in which the identified mRNA transcripts are involved,
therefore impacting in important cancer-promoting pathways, such as cell cycle
regulation, mitosis, epithelial-mesenchymal transition (EMT), DNA repair, and telomere
maintenance (Figure 4D). Of note, the expression of some of these transcripts positively
correlated with worse disease severity (i.e., advanced tumor stage and tumor

dedifferentiation) in the TCGA and Copenhagen cohorts (Figure 3.7).
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Figure 3.7. Comparative analysis of the levels of candidate serum liquid biopsy transcripts
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Among all the 105 transcripts identified, c-Maf inducing protein (CMIP), glutamate
decarboxylase 1 (GAD1), nucleoside diphosphate kinase 1 (NME1), CDP-diacylglycerol
synthase 1 (CDS1), and cyclin-dependent kinases regulatory subunit 1 (CKS1B)
constituted the best liquid biopsy candidate biomarkers, as their levels were increased
in serum EVs and presented AUC values of 0.957, 0.928, 0.899, 0.893, and 0.891,
respectively, for the diagnosis of CCA in comparison with patients with PSC, UC, and
healthy individuals grouped together (Figure 3.8A—E). Importantly, a panel comprised of
CMIP, NME1 and CKS1B provided the maximum diagnostic capacity (AUC: 1.000) for
CCA in comparison with the group containing healthy individuals and patients with PSC
and UC (Figure 3.8F). The mRNA levels of the aforementioned transcripts were also
markedly increased in serum EVs from patients with CCA compared with the ones
isolated from PSC patients, therefore potentially constituting novel biomarkers for the
differential diagnosis of CCA and PSC. The mRNA expression levels of these genes
were also increased in CCA tumor samples from the TCGA and Copenhagen cohorts,
compared with either normal surrounding liver tissue or normal intrahepatic bile ducts,
being also found upregulated in CCA tumor cells, compared to NHCs, and also in CCA-
derived EVs (Figure 3.8A—E). Noteworthy, besides providing the best diagnostic value
among all the liquid biopsy candidates, CMIP mRNA levels were found particularly

increased in poorly-differentiated tumors in the Copenhagen cohort (Figure 3.7B).
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Figure 3.8. Selected liquid biopsy biomarkers for CCA. From the 105 mRNAs commonly
altered in serum EVs, CCA human tumors, CCA cells and in cell-derived EVs compared to their
corresponding controls, 5 biomarkers were selected based on their diagnostic capacity. Box plot
diagrams with the mRNAs abundance in serum EVs (left), CCA tumors from the TCGA, and
“Copenhagen” cohorts, CCA cells and cell-derived EVs (right), compared to their respective
controls, for (A) c-Maf inducing protein (CMIP), (B) glutamate decarboxylase 1 (GAD1), and (C)
NME/NM23 nucleoside diphosphate kinase 1 (NMEL); (D) CDP-diacylglycerol synthase 1
(CDS1), and (E) CDC28 protein kinase regulatory subunit 1B (CKS1B). (F) Diagnostic prediction
(ROC curves and AUC values) of the selected serum liquid biopsy biomarkers and for the
combination of CMIP, NME1 and CKS1B for the diagnosis of CCA in comparison with (PSC + UC
+ Healthy individuals). Abbreviations: AUC, area under the receiver operating characteristic
(ROC) curve; NHC, normal human cholangiocyte; NBD, normal bile ducts; SL, surrounding liver;
TCGA, The cancer genome atlas.
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Figure 3.8. (Continued)

CCA vs PSC + UC + Healthy AUC

CMIP 0.957

GAD1 0.928

NME1 0.899

CDS1 0.893

CKS1B 0.891

o CMIP + NME1 + CKS1B 1.000




3.4 Differential Transcriptomic Profiles of Urine EVs from Patients with CCA,
PSC, UC, and Healthy Individuals

In urine EVs, a total of 11,323, 23,920, 22,159, and 26,066 RNAs were identified in
healthy individuals and patients with UC, PSC, or CCA, respectively, accounting for a
total of 27,319 transcripts detected (Figure 3.9A). Regarding the type of transcripts
found, similar distribution was observed when compared with the profile obtained in
serum EVs, abundantly detecting mRNAs, followed by ncRNAs such as pseudogenes
and IncRNAs, miRNAs, and snoRNAs (Figure 3.9B). The analysis of urine EVs revealed
differential transcriptomic profiles between patients with CCA, PSC, or UC, and healthy

individuals.

In particular, 2386 transcripts were differentially identified in urine EVs from patients with
CCA vs. healthy individuals, 1999 in CCA vs. PSC, and 1329 in CCA vs. other diseases
(PSC and UC) and healthy individuals combined in a single group. In this regard, INO80
complex subunit D (INO80D), MAP6 domain containing 1 (MAP6D1) and Ras-related
GTP binding D (RRAGD) constituted the most promising mRNA biomarkers in urine EVs
isolated from patients with CCA, in comparison with healthy individuals, displaying AUC
values of 1.000. Of note, the IncRNA HLA complex group 4 (HCG4), miR200c, and the
IncRNA LOC100134868 also presented high accuracies for the diagnosis of CCA, with
AUC values of 0.930, 0.904, and 0.896, respectively (Figure 3.10A). Regarding the
differential identification of CCA and PSC, the mRNA transcripts CAP-Gly domain
containing linker protein 3 (CLIP3), Vascular cell adhesion molecule 1 (VCAM1) and
Tripartite motif containing 33 (TRIM33) displayed excellent AUC values (0.965), in
parallel with the pseudogene ATP synthase F1 subunit epsilon pseudogene 2
(ATP5EP2), the IncRNA LOC100134713, and the Small nucleolar RNA, H/ACA box 8
(SNORAB8) (AUC: 0.939, 0.930, and 0.922, respectively), thus allowing to distinguish
patients with CCA and PSC with high sensitivity and specificity values (Figure 3.10B).
When comparing urine EVs from patients with PSC vs. UC and healthy individuals
considered as a unique group, several mMRNA and non-coding RNAs arose as potential
biomarkers for the diagnosis of PSC, with AUC values up to 1.000 and 0.965,
respectively (Figure 3.11). Finally, by comparing CCA to the group containing patients
with other diseases (PSC and UC) and healthy individuals, the mRNA metallothionein
1F (MT1F), glutathione peroxidase 3 (GPX3), and lactate dehydrogenase A (LDHA)
stood out as the ones with the best AUC values (0.915, 0.897, and 0.894, respectively),
along with the ncRNAs U11 small nuclear (RNU11), LOC257358, and vault RNA 1-1
(VTRNA1-1) (0.830, 0.812, and 0.777, respectively) (Figure 3.10C), therefore

constituting promising urine EV biomarkers for the accurate diagnosis of CCA.
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Figure 3.9. Comparative transcriptomic analysis of urine EVs from patients with CCA, PSC,
or UC, and healthy individuals. (A) Venn diagrams showing the number of transcripts identified
per group. (B) Number of transcripts identified within each study group, subclassified according
to their type [messenger RNA (mMRNA), non-coding RNA (including mostly pseudogenes and long
non-coding RNAs, among others), miscelaneous RNA (miscRNA), guide RNA, microRNA
(miRNA), small nucleolar RNA (snoRNA), small nuclear RNA (snRNA), ribosomal RNA,
telomerase RNA, small cytoplasmic RNA, antisense RNA and RNase MRP RNA]. In all groups,
mRNAs constitute the most abundantly identified RNAs, followed by non-coding RNAs
(pseudogenes, INcRNAs, and others), miRNAs, and snoRNAs.
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Figure 3.10. Differential transcriptomic profile of urine EVs and diagnostic capacity.
Volcano plot (-log10(p-value) and log2(fold-change); up left), heatmap of the differentially
expressed transcripts (up right) and diagrams with the diagnostic capacity with the highest AUC
values of the 10 selected mRNAs and 5 selected non-coding RNAs in serum EVs from (A) CCA
vs. Healthy individuals; (B) CCA vs. PSC; (C) CCA vs. (PSC + UC + Healthy individuals).
Abbreviations: Al, accuracy index; AUC, area under the receiver operating characteristic curve;
Cl, confidence interval; miRNA, microRNA; IncRNA, long non-coding RNA; miscRNA,
miscellaneous RNA; NLR, negative likelihood ratio; NPV, negative predictive value; PLR, positive
likelihood ratio; PPV, positive predictive value; SEN, sensitivity; snRNA, small nuclear RNA,;
snoRNA, small nucleolar RNA; SPE, specificity; viRNA, vault RNA.
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Figure 3.10. (Continued)
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SUCLG1 mRNA 0.864 (0.749,0.978) <0.001 696 955 941 750 153 032 822
MT1G mRNA 0.856 (0.736,0.975) <0.001 69.6 100.0 1000 759 >100 0.30 844
TPCN1 mRNA 0.854 (0.739,0.969) <0.001 739 8.4 8.0 760 542 030 800

ALDOB mRNA 0.849 (0.731,0.967) <0.001 783 864 857 792 574 025 882
opc1 mRNA 0.840 (0.716,0.964) <0.001 826 818 826 818 454 021 882

Transcript CCA (n=23) vs Others (n=22)

Symbol Transcript type AUC (95% Cl) p-Value SEN (%) SPE (%) PPV (%) NPV (%) PLR  NLR Al (%)

RNU11 snRNA 0.830 (0.711,0.949) <0.001 565 100.0 1000 688 >100 043 778
LOC257358 miscRNA 0.812(0.690,0.934) <0.001 522 955 923 656 1148 050 733
VTRNA1-1 VIRNA 0.777 (0.641,0.912) <001 739 727 739 727 271 036 733
AURKAPS1 pseudogene 0.771(0.630,0.911) <001 870 682 741 833 273 019 778

MIR483 miRNA 0.763 (0.625,0.900) <0.01 87.0 545 667 800 1.91 024 7141

Figure 3.10. (Continued)
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Transcript PSC (n=5) vs [UC + Healthy] (n=17)
Symbol Transcript type AUC (95% Cl) p-Value SEN (%) SPE (%) PPV (%) NPV (%) PLR  NLR Al (%)
ZSCAN2 mRNA 1.000 (1.000, 1.000)  <0.001 100.0 100.0 100.0 100.0 >100 0.00  100.0
LRRC8D mRNA 1.000 (1.000, 1.000) <0.001 100.0 100.0 100.0 100.0 >100 0.00 100.0
DDX54 mRNA 1.000 (1.000, 1.000)  <0.001 100.0 100.0 100.0 1000 >100 0.00  100.0
DLGAP3 mRNA 0.988 (0.952, 1.000) <0.001 100.0  94.1 833 1000 17.00 0.00 955
ELOVL6 mRNA 0.988 (0.952, 1.000) <0.001 100.0 94.1 83.3 100.0 17.00 0.00 95.5
KIAA0195 mRNA 0.988 (0.952, 1.000) <0.001 100.0  94.1 833 1000 17.00 0.00 955
SEMA3F mRNA 0.976 (0.920, 1.000) <0.001 100.0  94.1 833 1000 17.00 0.00 955
BCL2L1 mRNA 0.976 (0.918, 1.000) <0.001  100.0 88.2 714 100.0 8.50 0.00 90.9
PDZRN4 mRNA 0.965 (0.889, 1.000)  <0.01  100.0  94.1 833 1000 17.00 0.00 955
FOXP1 mRNA 0.965 (0.889, 1.000)  <0.01  100.0  94.1 833 1000 17.00 0.00 955
Transcript PSC (n=5) vs [UC + Healthy] (n=17)
Symbol Transcript type AUC (95% Cl) p-Value SEN (%) SPE (%) PPV (%) NPV (%) PLR  NLR Al (%)
SNORD85 SNoRNA 0.965 (0.886, 1.000) <0.01 1000 824 625 100.0 567 000 864
LOC286135 lincRNA 0.941 (0.843,1.000) <0.01 1000 824 625 100.0 567 000 864
MIR34B miRNA 0.906 (0.780, 1.000) <0.01 1000 824 625 1000 567 000 864
LOH12CR2 INcRNA 0.906 (0.779,1.000) <0.01 1000 824 625 100.0 567 000 864
MIR183 miRNA 0.906 (0.762, 1.000) <0.01  80.0  94.1 80.0 941 1360 021 90.9

Figure 3.11. Differential transcriptomic profile and diagnostic efficacy of urine EV
transcripts. (A) Volcano plot [-log10(p-value) and log2(fold-change); up left], heatmap of
the differentially expressed transcripts (up right) and diagrams with the diagnostic
capacity with the highest AUC values of the 10 selected mRNAs and 5 selected non-
coding RNAs in serum EVs from PSC vs [UC + Healthy individuals]. (B) Potential serum
EV biomarkers for PSC. Abbreviations: Al, accuracy index; AUC, area under the receiver
operating characteristic curve; Cl, confidence interval; IncRNA, long non-coding RNA,;
MiRNA, microRNA; NLR, negative likelihood ratio; NPV, negative predictive value; PLR,
positive likelihood ratio; PPV, positive predictive value; SEN, sensitivity; ShoRNA, small
nucleolar RNA; SPE, specificity.
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Figure 3.11. (Continued)




3.5 Selective MRNAs Present in Urine EVs from Patients with CCA Mimic Their

Levels in Human Tumor Tissue, CCA Cells In Vitro, and EVs-Derived from Tumor

Cholangiocytes

Similar to our previous analysis on the serum EV biomarkers identified in patients with
CCA, compared to all the other study groups, we now selected the 1329 RNA transcripts
that were significantly altered in urine EVs from patients with CCA and compared their
expression levels with CCA and surrounding tumor tissues from both TCGA and
Copenhagen cohorts. After performing a comprehensive analysis of these mRNAs in the
TCGA cohort, we were able to identify 390 dysregulated transcripts (305 upregulated
and 85 downregulated) that are commonly altered in urine EVs and in tumor samples
from patients with CCA (Figure 3.12A, left). Additionally, compared to the changes
observed in urine EVs, 259 transcripts also shared the same pattern of alteration in the
Copenhagen cohort, with 206 transcripts presenting increased expression while 53
transcripts were reduced, when compared with surrounding liver (Figure 3.12A, right).
The comparison of these 259 transcripts with the differential transcriptome of CCA cell
lines compared to NHCs, revealed 84 shared mRNAs that were altered in CCA cells,
with 69 being upregulated and 15 displaying decreased expression (Figure 3.12B). In
EVs isolated from CCA and NHC cell cultures, we were able to identify 39 mRNAs (34
upregulated and 5 downregulated) commonly altered with urine EVs, tumor tissue, and
CCA cells (Figure 3.12C).

In order to evaluate the role of these transcripts in carcinogenesis, we conducted a GO
analysis and observed that, in resemblance with what we previously found in serum EVSs,
these mMRNA transcripts code for proteins that are predominantly related with tumor
development and progression, namely metabolic pathways (nucleic acids and protein
metabolism), signal transduction, EMT and immune response. Although less
represented, some transcripts were also linked to energy and cell growth/maintenance

pathways (Figure 3.12D).
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Figure 3.12. mRNAs commonly deregulated between urine EVs, CCA tumors from two
independent cohorts of patients, tumor cells in vitro and in CCA-derived EVs. mRNAs
differentially abundant in serum EVs from patients with CCA vs. (PSC + UC + Healthy individuals)
were compared with the transcriptome of: (i) patients with CCA from The Cancer Genome Atlas
TCGA (n = 36) and “Copenhagen” (n = 217) cohorts, (ii) CCA cells (EGI1 and TFK1) and cell-
derived EVs compared to their respective control groups, further selecting the ones that are
commonly expressed. Heatmap of the differentially expressed transcripts in (A) TCGA (left) and
“Copenhagen” cohorts (right); (B) Whole-cell extracts from CCA cells and normal human
cholangiocytes (NHCs); (C) Cell-derived EVs; (D) Gene ontology (GO: FunRich database)?”
analysis of the 105 transcripts commonly altered in serum EVs, CCA human tumors, CCA cells
and in cell-derived EVs, highlighting the biological processes and pathways in which the identified
transcripts are involved, as well as their biological function. Abbreviations: EVs, extracellular
vesicles; NHC, normal human cholangiocyte; SL, surrounding liver; TCGA, The cancer genome
atlas.
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Figure 3.12. (Continued)

In this regard, the transcripts ubiquitin conjugating enzyme E2 C (UBE2C) and serine
protease inhibitor B1 (SERPINB1) arose as potential liquid biopsy biomarkers, being
increased in urine EVs isolated from patients with CCA in comparison to a group
containing patients with PSC, UC and healthy controls (Figure 3.13A,B). Combining
these urine biomarkers into one panel increased their diagnostic accuracy, providing an
AUC value of 0.812 for the diagnosis of CCA (Figure 3.13C). Noteworthy, the expression
levels of these transcripts were also markedly upregulated in CCA tumor samples from
the TCGA and Copenhagen cohorts, when compared with both normal surrounding liver
specimens and/or normal intrahepatic bile ducts, presenting also increased expression
in CCA cells and in CCA-derived EVs, when compared with NHCs (Figure 3.13A,B).
Importantly, SERPINB1 mRNA levels increased with disease severity in the
Copenhagen cohort, being particularly overexpressed in advanced tumor stages
compared with early stage CCAs (Figure 3.14A). Furthermore, although not being

presented as one of the best liquid biopsy candidate, Tctexl domain containing 2




(TCTEX1D2) levels were found upregulated in poorly-differentiated tumors compared

with well-differentiated ones (Figure 3.14B).
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Figure 3.13. Potential urine liquid biopsy markers for CCA. From the 39 transcripts commonly
found in serum EVs and differentially expressed in patient samples, CCA cells and in cell line-
derived EVs, 2 potential urine liquid biopsy markers with the best diagnostic capacity were
selected. Box plot diagrams with the mRNA transcript abundance in urine EVs (left) and the
expression in the TCGA and “Copenhagen” cohorts, cholangiocyte cell lines and cell line-derived
EVs (right) for (A) Ubiquitin conjugatin enzyme E2 C (UBE2C) and (B) Serine proteinase inhibitor
B1 (SERPINBL1). (C) Diagnostic prediction (ROC curves and AUC values) of the selected urine
liquid biopsy markers and from the combination of UBE2C and SERPINB1 for the diagnosis of
CCA in comparison with (PSC + UC + Healthy individuals). Abbreviations: AUC, area under the
receiver operating characteristic curve; EVs, extracellular vesicles; NHC, normal human
cholangiocyte; NBD, normal bile ducts; SL, surrounding liver; TCGA, The cancer genome atlas.
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Figure 3.14. Comparative analysis of the levels of candidate urine liquid biopsy transcripts with
CCA disease severity in the Copenhagen and TCGA cohorts. (A) Tumour stage; (B) Tumour
differentiation. Abbreviations: Early, T1/2 tumor stage; Late, T3/4 tumor stage; Well, well + well
to moderate + moderate tumor differentiation; Poor, moderate to poor + poor differentiation.

4. DISCUSSION

In the last decade, a considerable effort has been made to identify novel non-invasive
biomarkers for the early and accurate diagnosis of CCA.” Here, we report for the first
time the differential RNA profile of serum and urine EVs from patients with CCA, PSC,
or UC, and healthy individuals, identifying new potential biomarkers with high diagnostic
capacity. Noteworthy, some of the altered mMRNAs were similarly changed in CCA tumors
from two independent cohorts of patients, and in tumor cells and CCA-derived EVs in
vitro, highlighting their utility as liquid biopsy biomarkers as well as their potential value

as targets for therapy.

High-throughput omic approaches have been of great help in order to find potential new
candidate biomarkers. In fact, the identification of the proteomic content of EVs, as well
as certain circulating proteins, in biofluids have already provided candidate biomarkers
in bile, serum, and urine from patients with CCA.182°-31 We have recently described the
differential proteomic profiles of serum EVs from patients with CCA, compared to HCC,
PSC, and healthy individuals, reporting new potential protein biomarkers with high
diagnostic capacity that must be internationally validated by ELISA technology.!®
Nevertheless, a full transcriptomic analysis in distinct body fluids (in particular EVSs) from
these patients has never been conducted and might result in the identification of novel,
accurate biomarkers for the diagnosis of CCA. Although proteins are usually more stable
than mRNAs, their presence within EVs provides them protection from degradation;
moreover, RNAs are usually easier to detect and quantify, even when found at very low
levels, which may help in their faster translation into the clinic.®? In fact, circulating small

NcRNAs are found in all biofluids (including serum and urine), mainly due to their




remarkable resistance to RNase degradation. High circulating RNase levels contribute
to a low abundance of other types of RNAs (MRNASs) and significantly compromise their
easy and reliable detection.® Still, specific RNAs can be released from cancer cells into
biofluids, allowing their identification and further determination of their potential value as
biomarkers, as they may mirror the cellular state within the concept of liquid biopsy. For
instance, some RNA transcripts were already evidenced and found increased in plasma,
as is the case of telomerase reverse transcriptase (hTERT) that showed diagnostic and
prognostic value for prostate cancer, being a good predictor of recurrence.®*3® Similarly,
the levels of the long non-coding RNA prostate cancer associated 3 (PCA3) were
abundantly found in urine of patients with prostate cancer, constituting a promising non-
invasive biomarker for the diagnosis of that cancer.®*%” The levels of several miRNAs
were also reported altered in serum, plasma, and urine of patients with gastrointestinal
cancers, including CCA, constituting also potential novel biomarkers for cancer

diagnosis.’:32:38-40

Taking advantage from our previously reported EV isolation protocol,'® we have here
also settled up the protocol for the isolation of urine EVs. By analyzing the transcriptomic
profile of serum and urine EVs from patients with CCA, the present study was pioneer in
identifying novel potential RNA biomarkers with high diagnostic capacity for CCA.
Noteworthy, some of these new RNA biomarkers were also significantly altered in CCA
tissue from the two international cohorts of patients and further disturbed in CCA cell
lines and in EVs secreted from these tumor cell lines, when compared with NHCs.
Consequently, these biomarkers are mirroring what is happening in the tumor tissue,
since the disturbances observed in tumor biopsies (and CCA cell lines) that are later
secreted in EVs and released into the bloodstream are amenable for detection either in
serum or urine (Figure 3.15). This constitutes a novel and innovative liquid biopsy
approach where we are able to detect specific alterations that are observed in tumor
tissue without obtaining tumor samples, harboring a high diagnostic value. In the future,
evaluating the relevance of these biomarkers in predicting prognosis and in guiding

therapeutic decisions is envisioned.
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Figure 3.15. Novel liquid biopsy approach for cholangiocarcinoma. CCA tumor cells display
distinct RNA expression profiles which are later released into circulation in EVs, containing
potential biomarkers for CCA, that are amenable for detection in serum and urine, thus
constituting a novel liquid biopsy approach.

Taking into consideration the 105 potential liquid biopsy biomarkers that were identified
in serum, we herein reported the best five serum biomarkers that display excellent
diagnostic accuracy: CMIP, GAD1, NME1, CDS1, and CKS1B. Importantly, these novel
potential biomarkers might constitute better CCA biomarkers than CA19-9 since the AUC
values that we herein obtained (up to 0.891) are higher than the diagnostic capacity
reported in a systematic review and a meta-analysis, in which the AUC value for CA19-
9 was 0.830.** Despite the potential diagnostic value of these transcripts, considering
that they are concomitantly increased in tumor tissue in two international independent
cohorts, we postulate that they also might play a pivotal pathological role during
cholangiocarcinogenesis. Still, no studies have currently addressed the involvement of
these biomolecules in CCA, although several works already valued their role in other
types of cancer. For instance, the transcription factor CMIP was previously shown to be
increased in human gastric cancer and glioma tumors, contributing to tumor proliferation
and metastasis.***® Furthermore, high CMIP levels were associated with worse
prognosis (recurrence-free and overall survival) in gastric and breast cancers and were

related with herceptin resistance in HER2-positive gastric cancer cells.*>4445 Similarly,




the enzyme encoded by GAD1 gene, which catalyzes the conversion of L-glutamic acid
to y-aminobutyric acid, has been found overexpressed in several types of tumors,
including lung adenocarcinoma,*® nasopharyngeal carcinoma,*’ oral squamous cell
carcinoma,*® prostate cancer,*® and brain metastasis,>° being also found upregulated in
colon and HCC cells in vitro.®! In parallel, high GAD1 levels were also shown to correlate
with the pathological stage of patients with lung adenocarcinoma, positively correlating
with metastasis and with worse recurrence-free survival.*® Regarding NME1, its
relevance in cancer is still controversial. A meta-analysis evaluated the prognostic value
of NMEL in patients with digestive system neoplasms (including patients with HCC and
gallbladder cancer, but not CCA) and reported that high NMEL1 levels are correlated with
well-differentiated tumors and with less-severe cancer stages, with no evident correlation
with prognosis.®? In agreement with the reported metastasis-suppressing role of NME1,
patients with HCC presenting lower protein levels of NME1 displayed increased
metastatization.®® In patients with HCC and in two animal models of HCC,%*% NME1
expression was found upregulated in comparison with non-tumor tissue, while knocking-
out NMEL1 resulted in an increased number of lung metastasis.>® Still, increased levels
of NME1 negatively correlated with disease stage while NME1 upregulation was
positively correlated with poor overall survival and with higher recurrence.® Furthermore,
in melanoma patients, a NME1-related gene expression signature was reported and
linked with increased overall survival,>® pinpointing for a potential tumor suppressor role,
but new pro-oncogenic roles, mainly related with the expansion of stem-like features and
tumor growth, were recently reported.%” Considering CDS1, a DNA damage-related
function is well-known and a screening of several cancer cell lines highlighted that the
expression levels of CDS1 are dependent on p53 activity, being inversely correlated with
the presence of a functional p53.58-%% Although CDS1 is thought to act as a tumor
suppressor, there is no much information in this field. For instance, CDS1 was shown to
be decreased in patients with HCC, likely as a result of promoter hypermethylation.!
Nevertheless, its relevance for hepato- and/or cholangiocarcinogenesis is yet to be
unveiled. Additionally, CKS1B represents an oncogene that has been reported increased
in retinoblastoma, HCC, nasopharyngeal carcinoma and multiple myeloma.%-6¢
Importantly, CKS1B upregulation has been positively related to increased proliferation,
migration, angiogenesis, invasion and chemoresistance, being further related with lymph
node metastasis and worse prognosis. Overall, regarding these genes, although nothing
is still reported in CCA pathogenesis, they potentially constitute new key carcinogenic

players that deserve further attention in the near future.

Considering the potential urine liquid biopsy biomarkers, we herein were able to report

39 transcripts that are differentially found in EVs from patients with CCA, sharing their



pattern of expression in CCA patients from the TCGA and Copenhagen cohorts and in
CCA cells and in CCA-derived EVs in vitro. In fact, this number of transcripts corresponds
to almost one-third of the identified serum liquid biopsy biomarkers, which might indicate
that serum constitutes a richer source of potential CCA biomarkers. In this line, we have
to bear in mind that EVs released from tumor masses directly enter into the bloodstream
and their analysis might better mirror what is currently happening in the tumor.
Furthermore, glomerular filtration might impact on the detected tumor-released EVs,
therefore explaining the reduced number of urine liquid biopsy biomarkers. Still, urine
analysis is considered the least invasive procedure for the diagnosis of cancer so far and
we here described some potential new urine biomarkers with good diagnostic values that
are also altered in tumor samples. For instance, UBE2C is commonly upregulated in
intestinal-type gastric cancer, ovarian cancer, head and neck squamous cell carcinoma,
pancreatic ductal adenocarcinoma, HCC, and non-small cell lung cancer.5”-"
Remarkably, increased UBE2C expression promotes chromosomal instability, cell cycle
progression, proliferation and EMT, being positively correlated with worse clinical
outcomes, mainly overall survival, lymph node metastasis, and progression-free survival.
Of note, experimental inhibition of UBE2C suppressed the malignant phenotypes,
surpassing cisplatin resistance in ovarian and non-small cell lung cancers,%"2 in parallel
with overcoming sorafenib resistance in HCC.”2 On the other hand, the reports regarding
SERPINB1 are still controversial. SERPINB1 levels were found decreased in patients
with prostate cancer, glioma, and HCC, favouring migration and invasion,’*7® while
displaying increased expression in cells and patients with oral cancer, correlating with
high motility and cell migration in vitro.”” Importantly, SERPINB1 levels were shown to
predict the outcome of cisplatin-based chemotherapies in melanoma and the value of

this transcript/protein as surrogate marker for CCA should be evaluated in the future.’®

Besides identifying novel CCA biomarkers, we were also able to identify novel potential
RNA transcripts for the differential diagnosis of CCA vs. PSC. Distinguishing between
PSC-associated benign biliary strictures and early-stage CCA lesions is challenging. In
fact, magnetic resonance imaging (MRI) has a limited resolution for this differential
diagnosis and performing conventional cytology and/or fluorescence in situ hybridization
(FISH) after invasive biliary brushing by endoscopic retrograde cholangiography only
display a moderate diagnostic accuracy and increase the odds for procedure-related
complications, including pancreatitis and cholangitis.>"® In fact, several serum and urine
EV transcripts provided the maximum diagnostic capacity for the differential diagnosis of
CCA and PSC, constituting potential biomarkers for the early diagnosis of CCA in
patients with PSC. Although this work was mainly focused on the study of mRNA

transcripts, several ncRNAs stood out as novel potential diagnostic biomarkers for the




diagnosis of CCA. In particular, the levels of the IncRNA MALAT1 are increased in serum
EVs from patients with CCA compared to PSC, displaying an AUC value of 1.00. In this
regard, MALAT1 was found upregulated in HCC, contributing to tumor development and
progression,®-23 as well as identified in HCC-derived exosomes.®* MALAT1 is also
increased in colon cancer cells, directly binding to miR-663a, thus acting as a competing
endogenous INcRNA,; as a result, important cancer-related miR-663a targets (TGFB1,
PIK3CD, P21, JunB, and JunD) were affected.® These results encourage future studies
on the potential role of MALAT1 in CCA. In addition, increased levels of miR-604 and
mMiR-551B in serum EVs from patients with CCA also provided excellent diagnostic
capacities (up to 0.944) for CCA and some studies already started to evaluate their
involvement in carcinogenesis and as diagnostic biomarkers.8- Considering the high
resistance of small ncRNAs to RNase degradation, additional efforts should be employed

in order to validate their diagnostic accuracy.

Overall, here we reported for the first time the differential RNA profiles of serum and urine
EVs of patients with CCA, PSC, or UC, compared to healthy individuals, identifying novel
non-invasive accurate biomarkers for CCA that mirror their expression in tumor tissue,
thus constituting a novel liquid biopsy approach. The newly identified RNA biomarkers
might markedly facilitate the diagnosis of these diseases and should be taken into
consideration in future studies. These results pave the path not only for the discovery of
new biomarkers but also for new potential therapeutic targets, as they may patrticipate in
disease pathogenesis. However, these results need to be now validated in large,
international, and well-characterized cohorts of patients (and also including patients with
CCA on a PSC background), in order to ascertain the diagnostic accuracy of the
proposed biomarkers and then translate our findings into clinics. More importantly, it is
pivotal to validate these results with easy transferable techniques [e.g., quantitative PCR
(gPCR) and droplet digital PCR (ddPCR), among others], in order to avoid the time-
consuming steps and equipment demands for EVs isolation. In this way, we will be a little
bit closer to see the use of accurate non-invasive diagnostic biomarkers for CCA at the

clinics.
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CHAPTER 4

ABSTRACT

Background & Aims: Cholangiocarcinomas (CCAs), heterogeneous biliary tumors with
dismal prognosis, lack accurate early-diagnostic methods, especially important for
individuals at high-risk (i.e., primary sclerosing cholangitis (PSC)). Here, we aimed to

identify precise non-invasive CCA biomarkers.

Methods: Serum extracellular vesicles (EVs) from patients with: i) isolated PSC (n=39);
i) PSC without clinical evidences of malignancy at sampling who developed CCA
overtime (PSC to CCA; n=10); iii) concomitant PSC-CCA (n=14); iv) CCAs from non-
PSC etiology (n=26); and v) healthy individuals (n=41) were analyzed by mass-
spectrometry. Diagnostic biomarkers of PSC-CCA, non-PSC CCA or CCAs regardless
etiology (pan-CCAs) were defined, and their expression evaluated in human multi-
organs and within CCA tumors at single-cell level. Prognostic EV-biomarkers for CCA

were described.

Results: High-throughput proteomics identified candidate diagnostic biomarkers for
PSC-CCA, non-PSC CCA or pan-CCA, independent to sex, age and CCA subtype.
Machine learning logit modelling disclosed PLCH1/FGL1 algorithm with diagnostic value
of AUC=0.903 and OR=27.8 for early-stage PSC-CCA vs isolated PSC, overpowering
CA19-9 (AUC=0.608, OR=2.0). An algorithm combining SAMP/A1AT allowed the
diagnosis of early-stage non-PSC CCAs compared to healthy individuals (AUC=0.863,
OR=18.5). Noteworthy, the levels of 6 proteins (ALBU;FIBB;FLG1;IGHAL;TLN1;IMAS8)
showed predictive value for CCA development in patients with PSC before clinical
evidences of malignancy. Multi-organ transcriptomic analysis revealed that serum EV-
biomarkers were mostly expressed in hepatobiliary tissues and scRNA-seq analysis of
CCA tumors indicated that some biomarkers —including PIGR,FGG,SERPINAL1,FGL1-
were mainly expressed in malignant cholangiocytes. Multivariable analysis revealed EV-
prognostic biomarkers independent to clinical features, with FCN2/SDPR/FA9 panel

being strongly associated to patients’ survival.

Conclusions: Serum EVs contain etiology-specific protein biomarkers for the prediction,
early diagnosis and prognosis estimation of CCA, representing a novel tumor cell-derived

liquid biopsy for personalized medicine.



1. INTRODUCTION

Cholangiocarcinoma (CCA) includes a heterogeneous group of malignant tumors that
can emerge at any location of the biliary system, displaying dismal prognosis. According
to the anatomical origin, CCAs are classified as intrahepatic (iCCA), perihilar (pCCA) or
distal (dCCA).1® CCA s still considered a rare type of cancer, however, in the last
decades, its global incidence and related mortality rates have been alarmingly
increasing, currently representing the second most frequent primary liver cancer.*®
Furthermore, the silent growth of CCAs strongly impact their early detection,
compromising patients’ accessibility to potentially curative options (i.e., tumor

resection).?

CCAs are usually diagnosed by combining imaging methods and cytological/histological
analysis of the tumor.® The cancer biomarker carbohydrate antigen 19-9 (CA19-9) is the
only liquid-biopsy tool currently used in clinics to help in CCA diagnosis, but its diagnostic
power is very low, specially at early CCA stages. The suboptimal accuracy of current
non-invasive diagnostic approaches reflects the need for cytological/histological
confirmation. Nevertheless, tumor biopsy or brushing is sometimes discouraged due to
patients’ fragility and advanced disease stages, risk of bleeding and peritoneal seeding,
and specially in pCCA and dCCA cases the low amount of tissue collected may not be

sufficient for cytological/histological confirmation.’

Most CCAs are considered sporadic and lack clear etiology, although some well-
established conditions significantly increase the odds of CCA development, including the
presence of choledochal cysts, biliary stones, cirrhosis, viruses or biliary diseases (e.g.,
primary sclerosing cholangitis (PSC)).?® In particular, PSC represents a chronic,
cholestatic and immune-mediated liver disease of unknown etiology characterized by
liver cell death, fibrosis and hepatic failure. PSC confers a substantial risk of CCA
development (up to 20% lifetime risk), resulting in premature death.'-3%1° Early diagnosis
of CCA in patients with PSC by non-invasive methods is challenging, as there are
overlapping radiological features between benign and malignant biliary strictures. All
these evidences highlight the need of accurate non-invasive biomarkers for CCAs as a
way to establish surveillance programs for its early detection in high-risk populations and
also to provide a faster diagnosis of sporadic CCAs, ultimately decreasing cancer-related

mortality.

In this sense, extracellular vesicles (EVs) —i.e., nanometer lipid-bilayered spheres—, have
arisen as promising source of biomarkers for human diseases.'**? These vesicles that

are released from cells and found in biofluids, contain distinct types of biomolecules (e.qg.,
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proteins, nucleic acids, lipids and metabolites), participating in cell-to-cell communication
and being useful tools in biomarker discovery.'*’ In this study, we aimed to characterize
the proteomic profile of serum EVs from individuals with PSC-associated CCA (PSC-
CCA), CCA regardless of disease etiology, PSC that developed CCA during follow-up
(PSC to CCA), isolated PSC and healthy subjects as a way to identify accurate
biomarkers to predict CCA development, to early diagnose these tumors, as well as to

estimate prognosis of patients with CCA.

2. MATERIALS AND METHODS

2.1 Study Population

Serum from individuals with: i) isolated PSC (n=18); ii) concomitant PSC and CCA (PSC-
CCA; n=14); iii) PSC who developed CCA during follow-up (PSC to CCA; n=10); and iv)
healthy subjects (n=19) were obtained from Oslo University Hospital Rikshospitalet
(Oslo, Norway), Donostia University Hospital (San Sebastian, Spain) and Medical
University Hospital of Warsaw (Warsaw, Poland). Samples from patients with isolated
PSC were obtained after confirmation of no CCA development for a >5-years period after
diagnosis. Serum from patients with PSC-CCA was obtained <2 months prior CCA
diagnosis or when tumor development was already confirmed. Serum within the PSC to
CCA group was from patients with PSC and no clinical evidences of tumor presence at
sampling, but who developed CCA during follow-up (sampling: 5-26 months before CCA
diagnosis). The study protocol was approved by the Regional Committee for Medical and
Health Research Ethics South Eastern Norway (6.2008.1723), the Euskadi Drug
Research Ethics Committee (CEIm-E: PI2019116), the Bioethical Committees of Medical
University of Warsaw (KB/58/A/2016) and the Pomeranian Medical University (BN-
001/43/06). Informed consent was obtained from all individuals.

This collection of samples, named as “Set 17, was combined with a previously-published
serum EV-proteomic dataset generated by our group (“Set 2"18), resulting in the following
final groups: i) isolated PSC (n=39); ii) PSC to CCA (n=10); iii) PSC-CCA (n=14); iv) non-
PSC CCAs (n=26) and iv) healthy individuals (n=41). Clinical and biochemical features
of the study population were analyzed at the time of serum collection and are
summarized in Table 4.1. As indicated in the European Association for the Study of the
Liver (EASL) guidelines,*® PSC diagnosis was based on standard clinical, biochemical,

cholangiographic and histological criteria. For all patients with CCA, tumor development



was confirmed by histology/cytology. Tumor stage was determined based on the 7
edition of the American Joint Committee on Cancer (AJCC) classification.?°

Table 4.1. Demographic and clinical features of the study cohort

Healthy PSC PSC to CCA | PSC-CCA CCA
(n=41) (n=39) (n=10) (n=14) (n=26)
Set 1 Set 2 Set 1 Set 2
(n=19)  (n=22) | (n=18)  (n=21) get] Set 1 Set2
GENERAL DEMOGRAPHICS
Age mean + SD (years)  60+6 615 35+13 30+8 46 £ 12 53+12 65+ 11
Sex Male, n (%) 5(26.3) 12 (545) 15(83.3) 16(76.2) 9 (90.0) 10 (71.4) 17 (65.4)
CLINICAL PARAMETERS, n (%)
Tumor stage Il - - 2(20.0) 5(35.7) 15 (57.7)
[AJCC 7th edition] -1V - - 8 (80.0) 9 (64.3) 11 (42.3)
iCCA 8 2 3 = 3(30.0) 3(21.4) 8(30.8)
CCA subtype pCCA E - e E 6 (60.0) 7 (50.0) 4(15.4)
dCCA - - - - 1(10.0) 4 (28.6) 14 (53.8)
Yes . = 0(0.0) 5(23.8) 4 (40.0) 1(7.1) 0(0.0)
Cirrhosis No - - 15(83.3) 16(76.2) 6 (60.0) 12 (85.7) 26 (100.0)
NA : - 3(16.7) - - 1(7.1) s
No - - 2(11.1) 3(14.3) 3(30.0) 0(0.0) 26 (100.0)
IBD uc - - 10 (55.6) 17 (81.0) 6 (60.0) 13 (92.9) 0(0.0)
Crohn - - 3(16.7) 0(0.0) 1(10.0) 0(0.0) 0(0.0)
Unspecified - - 3(16.7) 1(4.8) 0(0.0) 1(7.1) 0(0.0)
No - - - - 2(20.0) 5(35.7) 2(7.7)
Liver transplant - - - - 7 (70.0) 6 (42.9) 0(0.0)
Surgery Tumor resection E - - - 1(10.0) 3(214) 18 (69.2)
Exploratory E 3 z = 0 (0.0) 0(0.0) 1(3.8)
NA - - - - - - 5(19.2)
BIOCHEMICAL PARAMETERS
ALT (UL mean + SD - - 108 + 85.5 124 +88.7 108 + 69.6 129 + 209 106 + 114
L NA, n (%) - - - - - 1(7.1) -
+SD - - 69.8 +69.3 97.2+74.8 95.3 +45.1 142 + 209 67.4+57.0
AST (IU/L) mean
NA, n (%) & e 5 5 5 ; }
mean + SD - - 301+234 308+313 305 + 260 250 + 249 711713
eaT(UL) NA, n (%) - - - - - 1(7.1) 2(7.7)
Total bilirubin mean + SD - - 16.7+£16.1 3157 51.3+£926 159.5+161.2 125+276
(mg/dL) NA, n (%) - - - e = - =
mean + SD - - 238+ 161 357+293 422 + 253 381+ 340 345+ 255
AR NA, n (%) - - - - - - 4(15.4)
CA18.9 (UL, mean + SD - - 31.5+346 4331731 184 + 451 1815+ 3152 1530 + 3709
ROANimL) NA, n (%) E s 3(16.7) E s 1(7.1) 2(14.3)

2.2 Isolation and characterization of EVs from human serum samples

EV isolation and characterization procedures were guided by the International Society
for Extracellular Vesicles statement?! and carried out as we previously described, by
serial differential ultracentrifugation.'® Briefly, 1 mL of serum was diluted in phosphate
buffered saline (PBS) (DPBS, Gibco) in ultracentrifugation tubes (thick wall

polycarbonate centrifuge tubes, Beckman coulter), which were centrifuged in a TLA110



CHAPTER 4

rotor (Beckman coulter) at 10,000xg for 30 min to remove cell debris and large EVs. The
supernatant was then subsequently ultracentrifuged at 100,000xg for 75 min. Pelleted
EV fraction was then washed with PBS and ultracentrifuged at 100,000xg for another 75
min. Finally, the pelleted EV fraction was resuspended in 20 pL of PBS and then stored
at -80°C for further analysis. All relevant data on isolation and characterization
techniques have been submitted to the EV-TRACK knowledgebase (EV-TRACK ID:
EV210077).22

2.2.1 Transmission Electron Microscopy (TEM)

For the characterization of EVs, PBS-resuspended EV isolate was negatively stained
and evaluated by TEM. EV samples were directly adsorbed onto a glow-discharged (60
seg low discharging using a PELCO easy-glow device) carbon-coated copper grid (300
mesh). Afterwards, grids were fixed with 2% paraformaldehyde (PFA) in PBS 0.2M pH
7.4 for 20 min and washed with distilled water. Then, contrast staining was made by
incubating the grids with 4% uranyl acetate at 4°C for 15 min. TEM images were obtained
by using TECNAI G2 20 C-TWIN high-resolution transmission electron microscope, at
an acceleration voltage of 200 kV.

2.2.2 Nanoparticle tracking analysis (NTA)

To evaluate the size distribution and particle concentration of the isolate, EV samples
were diluted 250-fold in PBS and later measured by using a NanoSight LM10 System
(Malvern, UK) equipped with fast video capture and analyzed with the Nanoparticle
Tracking Analysis (NTA) Version 2.2 particle-tracking software. Each EV preparation was
measured twice and NTA post-acquisition settings were kept constant for all samples.
Each recorded 1 min video was analyzed to obtain the mean and mode vesicle size as

well as particle concentration.

2.2.3 Protein quantification, electrophoresis and immunoblotting

Protein concentration of isolated EVs, total serum, EV-depleted serum, as well as of
whole cell extract (WCE) from normal human cholangiocyte (NHC) cultures was
measured using the Micro BCA™ Protein Assay Kit according to the manufacturer’s

instructions (Thermo Scientific, USA).

In order to evaluate the expression of characteristic EV markers tetraspanins CD63 and

CD81, 20 pg of serum EV fraction, total serum, EV-depleted serum and WCE samples



were denaturalized by adding non-reducing Protein Loading Buffer [50 mM Tris-HCI, 2%
SDS, 10% glycerol and 0.1% bromophenol blue, without B-mercaptoethanol or
dithiothreitol (DTT)] and by heating the samples at 95°C for 5 min. For the detection of
the negative control endoplasmic reticulum chaperone BiP (GRP78), 10 ug of protein
was used and 500 mM of 2-mercaptoetahnol (Sigma-Aldrich) were included in the
loading buffer. Then, proteins were separated in a 12.5% sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE) and electro-transferred onto a 0.45 um
pore-size nitrocellulose membrane (GE Healthcare). After blocking with 5% skim milk
powder/Tris-buffered saline with 0.1% Tween 20 (TBS-T) (Sigma Aldrich) for 1 h at room
temperature, membranes were incubated overnight at 4°C with the appropriate primary
antibodies [anti-CD81 (#555675, BD Biosciences), anti-CD63 (#H5C6, DSHB) and anti-
GRP78 (#610979, BD Biosciences) at 1:500 dilution in blocking solution. Membranes
were then washed 3 times with TBS-T and incubated with an anti-mouse horseradish
peroxidase-conjugated secondary antibody (Cell Signalling, Danvers, MA, USA) at a
dilution of 1:5000 (in blocking solution) for 1 h at room temperature. Membranes were
washed with TBS-T and the signal was detected using the SuperSignal™ West Dura
Extended Duration Substrate (Thermo Scientific, USA). Finally, the emitted
chemiluminescence was visualized and captured with the iBright FL1500 Western Blot

Imaging System (Thermo Fisher Scientific).

2.3 High-throughput proteomic analysis of serum EVs

2.3.1 Protein extraction and filter aided sample preparation (FASP)

All samples were resuspended in “cell lysis buffer” containing 7M Urea 2M Thiourea 4%
CHAPS and incubated for 30 min under agitation. Next, FASP of the samples was
performed mainly as previously described.?® This protocol is based on the use of
standard filtration devices allowing buffer exchange and acting as a reactor for the
digestion. Each digestion step was followed by 20 min centrifugations at 13,000 rpm in
order to remove the buffer from the filter. Samples were loaded onto Amicon Ultra 0.5
mL 30K centrifugal units (Millipore), washed twice in UA solution (8 M Urea, 100 mM
Tris-HCI pH 8.5), reduced (20 min incubation in 100 mM DTT prepared in UA solution)
and alkylated (20 min incubation in 50 mM lodoacetamide prepared in UA solution).
Then, 3 additional washes were carried out in UA, followed by 3 additional washes in 50
mM AMBIC. Protein was quantified using Bio-Rad protein assay (Bio-Rad), and trypsin

was added to a trypsin:protein ratio of 1:10. The mixture was incubated overnight at
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37°C. Peptides were recovered from the filter units. Samples were speed-vacuumed in
a RVC2 25 speed-vac concentrator (Christ). Zip-tip peptides were resuspended in 0.1%
formic acid (FA) prior to mass spectrometry (MS) analysis.

2.3.2 Mass spectrometry analysis

Peptide separation was performed on a nanoACQUITY UPLC System (Waters)
connected to a LTQ Orbitrap XL (Thermo Electron). An aliquot of each sample was
loaded onto a Symmetry 300 C18 UPLC Trap column (180 ym x 20 mm, 5 um) (Waters).
The precolumn was connected to a BEH130 C18 column, 75 ym x 200 mm, 1.7 um
(Waters), and equilibrated in 3% acetonitrile and 0.1% FA. Peptides were eluted directly
into the nanoelectrospray capillary (Proxeon Biosystems) at 300 nL/min, using a 120 min

linear gradient of 3—-50% acetonitrile.

The LTQ Orbitrap XL ETD automatically switched between MS and MS/MS acquisition
in DDA mode. Full MS scan survey spectra (m/z 400—-2000) were acquired in the orbitrap
with mass resolution of 30000 at m/z 400. After each survey scan, the six most intense
ions above 1000 counts were sequentially subjected to collision-induced dissociation
(CID) in the linear ion trap. Precursors with charge states of 2 and 3 were specifically
selected for CID. Peptides were excluded from further analysis for 60 seconds using the

dynamic exclusion feature.

2.3.3 Progenesis liquid chromatography-MS (LC-MS) software analysis

Progenesis LC-MS (version 4.0.4265.42984, Nonlinear Dynamics) was used for the
label-free differential protein expression analysis. Once the Raw files were imported, one
of the runs was used as the reference to which the precursor masses in all other samples
were aligned to. Only features comprising charges of 2+ and 3+ were selected. The raw
abundances of each feature were automatically normalized and logarithmized against
the reference run. A peak list containing the information of the detected different features
was generated and exported to the Mascot search engine (Matrix Science Ltd.). The
generated “mgf” file was searched against the Uniprot/Swissprot human database using
10 ppm and 0.5 Da tolerances for precursor and fragment ions, respectively. The list of
identified peptides was imported in Progenesis LC-MS and the previously quantified

features were matched to the corresponding peptides.



2.3.4 Peptide quantity normalization and batch effect correction by proBatch

package in R

The relative quantification of non-conflicting peptides exported from Progenesis LC-MS
was analyzed with the proBatch package in R in order to normalize peptide quantification
data and to diagnose and correct for batch effects when needed (Set 1 + Set 2 meta-
analysis).?* Briefly, raw data matrix was transformed onto log scale and quality was
examined by visualizing the global guantitative pattern plotting the sample mean and
boxplots to identify discrepancies between batches. Next, in order to compared samples
between set 1 and 2, the total intensity of the samples was scaled, normalizing the
distribution of the raw intensities to be the same in all samples by applying quantile
normalization. Then, as bias in the data can persist even after normalization, diagnostic
plots for batch effects [i.e., hierarchical clustering and principal component analysis
(PCA) plots] were performed to evaluate to what extent technical variance still existed in
the normalized data matrix. Next, the correction method based on parametric and non-
parametric empirical Bayes framework ComBat was used for the batch effect adjustment
procedure to make all samples comparable across batches. Finally, the correction of
technical bias was evaluated by a quality control analysis on batch-corrected data matrix.
For this evaluation, an exploratory correlation matrix was carried out with technical and

biological replicates which were run in both sets.

2.3.5 Protein quantification of batch-corrected peptide data

As the correction procedure may alter the abundances of peptides that are critical for
protein quantity inference, protein quantification was performed after batch effect
correction of the peptide data. For this approach, protein quantification was calculated
by the average of the antilogarithm corrected value of the peptides, which are unique for
each protein. Finally, protein abundance was transformed into log, scale and re-checked
to confirm the batch effect correction at protein level by using the package proBatch as

explained above.

2.4 Diagnostic biomarker selection

To assess the potential usefulness of serum EV proteins for the diagnosis of CCA in
patients with PSC etiology or non-PSC etiologies, area under the receiver-operating

characteristic curve (AUC) values were calculated for each biomolecule using SPSS




CHAPTER 4

software version 22.0 (IBM, Ehningen, Germany). To classify candidate protein
biomarkers into specific diagnostic biomarkers for CCA in patients with PSC (PSC-CCA
diagnostic biomarkers), diagnostic biomarkers for CCA regardless its etiology (diagnostic
biomarkers for ALL CCAs: pan-CCA) and diagnostic biomarkers for CCA of non-PSC
etiologies (non-PSC CCA diagnostic biomarkers) the following criteria were established:
a) if the levels of serum EV proteins correlated with the presence/absence of PSC, those
proteins were analyzed as potential PSC-CCA or non-PSC CCA biomarkers b)
biomarkers specific to PSC-CCA were selected from pair-wise comparisons of PSC-CCA
to Healthy, PSC and non-PSC CCA groups, as well as PSC-CCA samples vs the rest
based on AUC p-values; c) biomarkers specific to nhon-PSC CCA were selected from
pair-wise comparisons of non-PSC CCA to Healthy, PSC and PSC-CCA groups, as well
as non-PSC CCA samples vs the rest based on AUC p-values; d) if the levels of serum
EV proteins did not correlate with the presence/absence of PSC, those proteins were
analyzed as potential Pan-CCA biomarkers; e) biomarkers for the general diagnosis of
CCA regardless its etiology (pan-CCA) were selected from pair-wise comparisons of
pan-CCA to Healthy and PSC groups, as well as pan-CCA samples vs the rest based on
AUC p-values.

The diagnostic parameters including sensitivity (SEN), specificity (SPE), positive
predictive value (PPV), negative predicting value (NPV), accuracy index (Al) and odds
ratio (OR) were calculated by 2X2 contingency tables to patient groups dichotomized
using the cut-off value established by the top Youden Index (YI) of each ROC curve.
Additionally, multivariate binary logistic regression was accomplished to make logistic
model protein biomarker combinations and to evaluate the diagnostic power of the

logistic functions.

2.5 Gene expression analysis of circulating diagnostic biomarkers in human

tissues

To evaluate the potential origin of serum EV protein biomarkers, the expression of those
protein-coding genes was analyzed in human tissue bulk RNA datasets, in healthy liver
single-cell RNA-seq (scRNA-seq) dataset, as well as in scRNA-seq data from patients
with CCA.



2.5.1 Human multi-organ gene expression analysis of candidate biomarkers

Three transcriptomics datasets (HPA, GTEx and FANTOMS5) downloaded from the
Human Protein Atlas were used to estimate the relative gene expression levels of
candidate biomarkers and assess the organ/tissue origin of the defined protein

biomarkers derived from the serum EVs??® (http://www.proteinatlas.org /

v20.proteinatlas.org). The Human Protein Atlas (HPA) consortium RNA-seq dataset
consists in MRNA sequencing of different 37 human tissues and 6 hematological cell
types including B-cells, T-cells, NK-cells, monocytes, granulocytes and dendritic cells.?®
The Genotype-Tissue Expression (GTEx) project gathers RNA-seq data from 34
different human tissue and organs.?’ The Functional Annotation of Mammalian Genomes
5 (FANTOMD) project brings together mammalian cell-type specific transcriptomes from
45 different human tissues and organs by using the Cap Analysis of Gene Expression
(CAGE) strategy.?® RNA Consensus tissue gene data summarizes normalized transcript
expression levels of 61 tissues based on transcriptomic data from the previous
mentioned three sources: HPA, GTEx and FANTOMS. The normalized RNA Consensus
data includes the following human tissue and organs: adipose tissue, adrenal gland,
amygdala, appendix, B-cells, basal ganglia, bone marrow, breast, cerebellum, cerebral
cortex, cervix, colon, corpus callosum, dendritic cells, ductus deferens, duodenum,
endometrium, epididymis, esophagus, fallopian tube, gallbladder, granulocytes, heart
muscle, hippocampal formation, hypothalamus, kidney, liver, lung, lymph node,
midbrain, monocytes, natural killer (NK)-cells, olfactory region, ovary, pancreas,
parathyroid gland, pituitary gland, placenta, pons and medulla, prostate, rectum, retina,
salivary gland, seminal vesicle, skeletal muscle, skin, small intestine, smooth muscle,
spinal cord, spleen, stomach, T-cells, testis, thalamus, thymus, thyroid gland, tongue,

tonsil, total peripheral blood mononuclear cells (PBMCs), urinary bladder and vagina.

2.5.2 Single-cell RNA sequencing analysis (sScCRNA-seq)

Single-cell transcriptome profiling from healthy liver samples as well as from CCA tumors
from two different studies were downloaded from GSE115469, GSE151530 and
GSE125449, respectively.

The normal liver dataset (GSE115469) comprises the transcriptional profile of 8,444 cells
obtained from the fractionation of fresh hepatic tissue from five healthy human livers.?®
From the scRNA-seq data published in GSE125449, a total number of 5,376 cells were

chosen that were originally isolated from 10 tumor biopsies from patients with iCCA.%°
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Sequencing data from 4,961 cells coming from 14 fresh liver tumor biopsies from 12
patients with iCCA were also analyzed in the GSE151530 dataset.!

Regarding data processing, for the normal liver single-cell sequencing (GSE115469),
data filtering and clustering was preserved as in the original study. In relation to CCA
datasets, all these three datasets were processed with Seurat version 4.0.0. Briefly,
features reported at least in 3 cells and cells with at least 500 features were considered.
Cells with UMI counts below 700 or mitochondrial content above 35% in GSE 1515130
or above 20% in GSE125449 were removed. Outliers were defined per sample with
scatter (more than 3 median absolute deviations from the median value) and removed.
Doublets/multiplets were predicted and removed with scDblFinder, default settings. Data
was scaled with LogNormalize transformation and scale factor 10,000 according to
default Seurat settings. Variable genes for PCA were identified using the Seurat function
FindVariableFeatures using the vst method with 2000 features selected in GSE 1515130
or with 2244 features selected in GSE125449. Data was scaled, UMI number and
mitochondrial gene content were regressed out. For the tSNE plots, top 30 PCA
components were selected to perform dimension reduction (dims.use = 1:30, resolution
=1) in GSE1515130 and top 20 in GSE125449 (dims.use = 1:20, resolution = 0.8).

Known cell marker genes used for classification of the main cell types were unchanged
among all scRNA-seq studies: hepatocytes (HPX, LBP, HPR and SERPINA10);
cholangiocytes (KRT19, KRT7 and FXYD2); endothelial cells (CD34, JAM2 and VWF);
hepatic stellate cells (COL1A2, LUM and DCN); macrophages (CD68, CD163 and
MSR1); B cells (CD19, FCRL5 and CD79A); NK cells (KLRF1 and NCAM1) and T cells
(CD3D, CD3E and CD3G) (Figure 4.1).
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Figure 4.1. Expression of cluster-defining cell markers. (A) tSNE plots of cell type markers
in normal liver scRNA-seq data. (B) Heatmaps of cell type markers in 2 CCA tumor scRNA-seq

cohorts.
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2.6 Survival analysis

The potential association of serum EV protein abundance with patients’ OS was
evaluated by univariable and multivariable Cox proportional hazard analysis and by the
log rank (Mantel-Cox) test. For the Cox proportional hazard regression analysis, the R
packages survival 3.2-7 and RegParallel 1.6.0 were used and unadjusted p-value <0.05

of the Hazard Ratio was considered as cut-off.

For the categorization of the continuous variables (i.e., EV protein abundance), the
Survminer 0.4.8 R package was applied. This package determines the optimal cut-point
using the maximally selected rank statistics from the ‘maxstat’ R package.®* The
categorical classification of our study cohort according to high or low abundance of
selected EV proteins in serum was employed to evaluate if protein dichotomic
abundance was associated with OS time by performing the log rank (Mantel-Cox)
statistical test comparing survival Kaplan-Meier curves as well as by calculating the

Hazard Ratio of the Cox proportional-hazards model.

2.7 Statistical analysis

Statistical analyses were performed using R Studio with the R version 4.0.2 (2020-06-
22), IBM SPSS Statistics software version 22 (IBM, Ehningen, Germany) and GraphPad
Prism version 8.0 (GraphPad Software, San Diego, CA, USA). All values were tested to
evaluate if they follow a Gaussian distribution by the normality tests D’Agostino-Pearson
Omnibus and Shapiro-Wilk normality tests. When comparing two groups, non-parametric
Mann-Whitney or parametric t-Student tests were conducted. For comparisons between
more than two groups, non-parametric Kruskal-Wallis test followed by a posteriori Dunns
test or the parametric one-way analysis of variance (ANOVA) test followed by a posteriori

Tukey’s post hoc test were used. Differences were considered significant when p < 0.05.

2.8 Data availability

All relevant data regarding EV isolation and characterization techniques have been
submitted to the EV-TRACK knowledgebase (EV-TRACK ID: EV210077). Mass
spectrometry data of serum EV proteomic data has been submitted to the database
PRIDE — Proteomics ldentification Database — EMBL-EBI (Project accession: “set 2”
PXD026197; “set 1” PXD026199).



3. RESULTS

3.1 Differential abundance of EV-proteins from patients with PSC-CCA, PSC to

CCA, PSC and healthy individuals revealed candidate biomarkers to predict and

early diagnose CCA

Serum EVs obtained from individuals with PSC-CCA, PSC to CCA, isolated PSC or
healthy were characterized by transmission electron microscopy (TEM), nanoparticle
tracking analysis (NTA) and immunoblotting (Figure 4.2A). TEM images confirmed the
prevalence of classic cup-shaped rounded morphology vesicles with an average size
smaller than 200 nm. By immunoblotting, EV-protein markers tetraspanins CD63 and
CD81 were highly enriched in the isolated EV fraction when compared to total serum,
EV-depleted serum (serum w/o EVs) and to whole-cell extract (WCE) from normal
human cholangiocytes (NHCs), while the endoplasmic reticulum marker GRP78 was
completely absent in isolated EVs, substantiating a proper isolation and high purity of
the obtained EV fraction. Particle number measured by the light scattering technique
NTA showed similar size of vesicles in all groups, with an average mean size of ~220
nm, and being particularly enriched in 170 nm particles (mode size), revealing exosomes
and/or small and medium-size microvesicles as the principal components of the isolated
EV fraction (Figure 4.2A; Figure 4.3A).

The proteomic profile of isolated EVs was then characterized by mass
spectrometry. Univariable analysis revealed distinct EV-protein profiles when comparing
individuals with PSC-CCA, isolated PSC or healthy (Figure 4.2B-C). Compared to
healthy, the abundance of 152 proteins was altered in PSC-CCA (93 up; 59 down).
Furthermore, the levels of 37 proteins were higher and 31 lower in PSC-CCA compared
to isolated PSC. When comparing patients with PSC-CCA with a group composed by
both healthy individuals and patients with PSC (“non-malignant control group”), the
abundance of 67 proteins was found increased and 45 decreased in PSC-CCA (Figure
4.2B). Next, the diagnostic capacity of single candidate biomarkers was investigated.
Several EV-proteins showed high AUC values for CCA diagnosis, with FRIL providing
the highest score for PSC-CCA when compared to isolated PSC (0.909) or to the “non-
malignant control group” (0.931) (Figure 4.2C). Of note, the abundance of several of
these candidate diagnostic biomarkers, including FGL1, IGHAL, FRIL, FIBB, LAC2,
FIBG, FIBA, PIGR and HEMO, were already found altered in EVs from patients with PSC
who developed CCA during follow-up, when compared to patients with PSC who did not

developed CCA, providing differential AUC values up to 0.900 and positive predictive
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values (PPV) and negative predictive values (NPV) up to 77.8% and 100%, respectively

(Figure 4.2D; Figure 4.3C).
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| Iin | SVEP1 | 0825 1000 500 | 0.763 786 73.7 0.793 92.9 56.8
| | LFG3 0796 786 833 | 0782 786 84.2 0.789 78.6 83.8
| IGHA1 0790  64.3 889 | 0876 857 84.2 0.834 85.7 75.7
111 K22E 0790 929 667 | 0722 929 632 0.755 929 72.7
| 1111 LV403 0786 714 778 | 0733 929 57.9 0.759 92.9 56.8
PIGR 0782  85.7 778 | 0992 1000 947 0.89 85.7 89.2
1 | | FCGBP | 0782 857 722 | 0.951 85.7 94.7 0.869 85.7 83.8
| 1 | FIBG 0778 857 778 | 0797 857 79.1 0.788 85.7 78.4
i | | IGLLS 0770  78.6 722 | 0823  64.3 89.5 0.797 64.3 83.8
| FIBB 0.758 857 722 0.876  85.7 89.5 0.819 85.7 81.1
| | FIBA 0750  85.7 722 | 0842 857 84.2 0.797 85.7 78.4
| | K2C6A | 0746 857 722 | 0883 100.0  79.0 0.817 100.0 745
| | | TFR1 0.734 85.7 722 0.880 85.7 895 0.809 857 81.1
| | K1C9 0722 714 833 | 0714 786 63.2 0.718 71.4 73.0
| | | HV305 | 0718 643 889 | 0797  57.1 100.0 0.759 57.1 946
I | i RELN 0718 92.9 556 | 0722 643 84.2 0.72 64.3 81.1
| 1 KAIN 0.853 786 889 | 0919 714 94.7 0.887 78.6 86.5
KLKB1 | 0.829 786 833 | 0823 786 73.7 0.826 78.6 78.4
APOL1 | 0825 857 667 | 0786 643 947 0.805 64.3 89.2
| HEMO | 0806 786 722 | 0906 786 94.7 0.857 78.6 83.8
[N | APOA2 | 0798 929 667 | 0786 786 68.4 0.792 929 56.8
| APOA1 | 0790 458 722 | 0782 643 1000 0.786 64.3 919
I AMBP | 0782 500 1000 | 0.774 857 57.9 0.778 85.7 59.5
i1 8 APOF 0758 786 833 | 0876 786 89.5 0.819 78.6 86.5
(] VTDB 0750  64.3 889 | 0786  57.1 947 0.768 57.1 946
| ALBU 0738 429 1000 | 0.936 929 89.5 0.84 92.9 62.2
m 1 | ITIH1 0738  85.7 61.1 0.831 85.7 737 0.786 85.7 67.6
T | | h ITIH2 0730 857 667 | 0789 857 68.4 0.761 85.7 67.6
Rowzseoe | RAB10 | 0710 929 500 | 0726 929 57.9 0.718 929 54.1
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Figure 4.2. Isolated serum EV fractions are enriched in exosomes and microvesicles, and
contain proteins with high diagnostic capacity for PSC-CCA. (A) Characterization of serum
EVs by TEM, NTA and immunoblot. (B) Volcano plot of identified proteins in PSC-CCA vs healthy
individuals, PSC-CCA vs PSC and in PSC-CCA vs a control group of healthy individuals and
patients with PSC (non-malignant control group). Significantly-enriched proteins are colored in
red and proteins with lower abundance in blue. (C) Heatmap and table with diagnostic values of
EV-proteins altered in patients with concomitant PSC-CCA compared to the non-malignant
control group. (D) Box plots of biomarkers of risk for CCA development in PSC.
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— AUC SEN, % SPE, % AUC SEN, % SPE, % | AUC SEN, % SPE, %
(95% ClI) (95% Cl) (95% Cl) (95% Cl) (95% CI) (95% Cl) (95% Cl) (95% Cl) (95% Cl)

FRIL |0.909 (0.81,1.00) 85.7(57,98) 88.9 (65, 99) | 0.951(0.88, 1.00) 85.7 (57, 98) 94.7 (74, 100) | 0.931(0.86,1.00)  85.7 (57,98)  91.9 (78, 98)
LAC2 | 0.905 (0.80,1.00) 85.7 (57,98) 83.3 (59, 96) | 0.759 (0.59, 0.93) 57.1(29,82) 89.5(67,99) | 0.830(0.71,0.95)  57.1(29,82)  94.6 (82, 99)
FGL1 | 0.869 (0.73, 1.00) 85.7 (57,98) 88.9 (65, 99) | 0.895(0.78, 1.00) 78.6 (49, 95) 94.7 (74,100) | 0.882(0.77,0.99)  78.6 (49,95)  91.9 (78, 98)
LV301 | 0.853 (0.72,0.99) 85.7 (57,98) 83.3 (59, 96) | 0.904 (0.80, 1.00) 92.9 (66, 100) 79.0 (54, 94) | 0.879 (0.78,0.98)  85.7(57,98)  83.8 (68, 94)
OIT3 |0.849 (0.72,0.98) 64.3 (35,87) 94.4(73,100) | 0.951 (0.89, 1.00) 92.9 (66, 100) 84.2 (60,97) | 0.902(0.81,0.99)  78.6 (49,95)  83.8 (68, 94)
HV308 | 0.841 (0.70,0.98) 85.7 (57,98) 77.8 (52, 94) | 0.906 (0.81,1.00) 92.9 (66, 100) 73.7 (49,91) | 0.875(0.78,0.97)  85.7(57,98)  75.7 (59, 88)
SVEP1 | 0.825 (0.68, 0.97) 100 (77, 100)  50.0 (26, 74) | 0.763 (0.60, 0.93) 78.6 (49, 95) 73.7(49,91) | 0.793(0.67,0.92)  92.9 (66, 100)  56.8 (40, 73)
LFG3 | 0.796 (0.63,0.96) 78.6(79,83) 83.3 (59, 96) | 0.782(0.61,0.96) 78.6 (49,95) 84.2(60,97) | 0.789 (0.64,0.94)  78.6 (49,95)  83.8 (68, 94)
IGHA1 | 0.790 (0.62,0.96) 64.3 (35,87) 88.9 (65,99 | 0.876 (0.75, 1.00) 85.7 (57,98) 84.2(60,97) | 0.834(0.70,0.96)  85.7 (57,98)  75.7 (59, 89)
K22E | 0.790 (0.63, 0.95) 92.9 (66, 100) 66.7 (41,87) | 0.722 (0.54, 0.90) 92.9 (66, 100) 63.2(38,84) | 0.755(0.62,0.89)  92.9 (66, 100)  64.9 (48, 80)
LV403 | 0.786 (0.62,0.95) 71.4 (42,92) 77.8(52,94) |0.733(0.56,0.91) 92.9 (66, 100) 57.9(34,80) | 0.759 (0.63,0.89)  92.9 (66, 100)  56.8 (40, 73)
PIGR | 0.782(0.61,0.96) 85.7(57,98) 77.8 (52, 94) | 0.992(0.97,1.00) 100 (77,100) 94.7 (74,100) | 0.890 (0.80,0.98)  85.7 (57,98)  89.2(75, 97)
FCGBP| 0.782 (0.62,0.94) 85.7 (57,98) 72.2(47,90) | 0.951 (0.88, 1.00) 85.7 (57,98) 94.7 (74,100) | 0.869 (0.77,0.97)  85.7(57,99)  83.8 (68, 94)
FIBG | 0.778 (0.60,0.96) 85.7 (57,98) 77.8 (52, 94) |0.797 (0.62,0.97) 85.7(57,98) 79.1(54,94) | 0.788 (0.62,0.95)  85.7(57,98)  78.4 (62, 90)
IGLL5 | 0.770 (0.60, 0.94) 78.6 (49, 95)  72.2 (47, 90) | 0.823 (0.68, 0.97) 64.3(35,87) 89.5(67,99) | 0.797 (0.66,0.93)  64.3(35,87)  83.8 (68, 94)
FIBB | 0.758 (0.59,0.93) 85.7 (57,98) 72.2(47,90) | 0.876 (0.74, 1.00) 85.7 (57,98) 89.5(67,99) | 0.819(0.70,0.94)  85.7(57,98)  81.1(65,92)
FIBA |0.750 (0.57,0.93) 85.7 (57,98) 72.2(47,90) | 0.842(0.70,0.99) 85.7 (57,98) 84.2(60,97) | 0.797 (0.66,0.94)  85.7 (57,98)  78.4 (62, 90)
K2CBA | 0.746 (0.57,0.92) 85.7 (57,98) 72.2(47,90) | 0.883 (0.77,1.00) 100 (77,100) 79.0 (54,94) | 0.817 (0.70,0.93) 100 (77, 100)  64.86 (48, 80)
TFR1 | 0.734 (0.55,0.92) 85.7 (57,98) 72.2 (47,90) | 0.880 (0.74, 1.00) 85.7 (57,98) 89.5(67,99) | 0.809 (0.66,0.96)  85.7 (57,98)  81.1(65,92)
K1C9 | 0.722(0.53,0.91) 71.4 (42,92) 83.3(59,96) | 0.714 (0.53,0.90) 78.6 (49, 95) 63.2(38,84) | 0.718(0.55,0.88)  71.4(42,92)  73.0 (56, 86)
HV305 | 0.718 (0.53, 0.91) 64.3 (34,87) 88.9 (65, 99) | 0.797 (0.64,0.96) 57.1(29,82) 100 (82, 100) | 0.759 (0.60,0.92)  57.1(29,82)  94.6 (82, 99)
RELN | 0.718 (0.53, 0.90) 92.9 (66, 100) 55.6 (31, 79) | 0.722(0.53,0.91) 64.3 (35,87) 84.2(60,97) | 0.720(0.56,0.89)  64.3(35,87)  81.1 (65, 92)
KAIN | 0.853(0.71,0.99) 78.6 (49,95) 88.9 (65, 99) | 0.919 (0.83,1.00) 71.4(42,92) 94.7 (74, 100) | 0.887 (0.80,0.98)  78.6 (49,95)  86.5 (71, 96)
KLKB1 | 0.829 (0.69, 0.97) 78.6 (49,95) 83.3 (59, 96) | 0.823 (0.68, 0.97) 78.6(49,95) 73.7 (49,91) | 0.826(0.70,0.95)  78.6 (49,95)  78.4 (62, 90)
APOL1 | 0.825 (0.68,0.97) 85.7 (57,98) 66.7 (41,87) | 0.786 (0.61,0.96) 64.3 (35,87) 94.7 (74,100) | 0.805(0.66,0.95)  64.3(35,87)  89.2(75,97)
HEMO | 0.806 (0.66, 0.96) 78.6 (49, 95)  72.2 (47, 90) | 0.906 (0.80, 1.00) 78.6 (49, 95) 94.7 (74,100) | 0.857 (0.74,0.97)  78.6(49,95)  83.8 (68, 94)
APOA2 | 0.798 (0.64, 0.95) 92.9 (66, 100) 6.7 (41, 87) | 0.786 (0.63,0.94) 78.6 (49, 95) 68.4 (44,87) | 0.792(0.66,0.93)  92.9 (66, 100)  56.8 (40, 73)
APOA1 | 0.790 (0.63, 0.95) 78.6 (49, 95) 72.2 (47,90) | 0.782(0.60,0.96) 64.3 (35,87) 100 (82, 100) | 0.786 (0.62,0.95)  64.3(35,87)  91.9 (78, 98)
AMBP | 0.782 (0.61,0.95) 50.0 (23,77) 100 (82, 100) | 0.774 (0.61,0.94) 85.7 (57,98) 57.9(34,80) | 0.778(0.62,0.93)  85.7 (57,98)  59.5 (42, 75)
APOF | 0.758 (0.58, 0.94) 78.6 (49, 95) 83.3 (59, 96) | 0.876 (0.75,1.00) 78.6 (49, 95) 89.5(67,99) | 0.819 (0.68,0.95)  78.6(49,95)  86.5(71, 96)
VTDB | 0.750 (0.57,0.93) 64.3 (35,87) 88.9 (65, 99) | 0.786 (0.62, 0.95) 57.1(29,82) 94.7 (74,100) | 0.768 (0.61,0.93)  57.1(29,82)  94.6 (82, 99)
ALBU | 0.738 (0.56, 0.92) 42.9 (18,71) 100 (82, 100) | 0.936 (0.85, 1.00) 92.9 (66, 100) 89.5 (67, 99) | 0.840 (0.72,0.96)  92.9 (66, 100)  62.2 (45, 78)
ITIH1 | 0.738 (0.56, 0.92) 85.7 (57,98) 61.1(36,83) | 0.831(0.67,0.99) 85.7(57,98) 73.7(49,91) | 0.786(0.63,0.94)  85.7(57,98)  67.6 (50, 82)
ITIH2 | 0.730 (0.55,0.91) 85.7(57,98) 66.7 (41,87) | 0.789 (0.63,0.95) 85.7 (57,98) 68.4 (44,87) | 0.761(0.62,0.91)  85.7 (57,98)  67.6 (50, 82)
RAB10 | 0.710 (0.52, 0.90) 92.9 (66, 100) 50.0 (26, 74) | 0.726 (0.54, 0.91) 92.9 (66, 100) 57.9 (34, 80) | 0.718 (0.56,0.88)  92.9 (66, 100)  54.1 (37, 71)

C PREDICTIVE BIOMARKERS OF CCA DEVELOPMENT IN PSC

PSC to CCA (n=10) vs PSC (n=18)

Protein AUC SEN, % SPE, % PPV, % NPV, % Al, %
(95% Cl) (95% Cl) (95% Cl) (95% Cl) (95% Cl) (95% Cl)
FGL1 | 0.900 (0.78, 1.00) 100.0 (69, 100) 77.8 (52, 94) 71.4 (51, 86) 100.0 85.7 (67, 96)

IGHA1 | 0.833 (0.68, 0.99) 90.0 (56, 100) 66.7 (41, 87) 60.0 (43, 75) 92.3 (64, 99) 75.0 (55, 89)
FRIL | 0.828 (0.68, 0.98) 90.0 (56, 100) 66.7 (41, 87) 60.0 (43, 75) 92.3 (64, 99) 75.0 (55, 89)
FIBB | 0.789 (0.62, 0.96) 90.0 (56, 100) 66.7 (41, 87) 60.0 (43, 75) 92.3 (64, 99) 75.0 (55, 89)
LAC2 | 0.767 (0.57,0.97) 70.0 (35, 93) 88.9 (65, 99) 77.8 (47, 93) 84.2 (67, 93) 82.1 (63, 94)
FIBG |0.756 (0.56, 0.95) 90.0 (56, 100) 61.1 (36, 83) 56.3 (41, 70) 91.7 (62, 99) 71.4 (51, 87)
FIBA | 0.733(0.54,0.92) 70.0 (35, 93) 72.2 (47, 90) 58.3 (37, 77) 81.3 (62, 92) 71.4 (51, 87)
PIGR |0.733(0.54, 0.93)  80.0 (44, 98) 77.8 (52, 94) 66.7 (44, 83) 87.5 (66, 96) 78.6 (59, 92)
HEMO | 0.778 (0.59, 0.96)  70.0 (35, 93) 83.3 (59, 96) 70.0 (43, 88) 83.3 (65, 93) 78.6 (59, 92)

Figure 4.3. Proteomic characterization of serum extracellular vesicles: related to Figure
4.2.



CHAPTER 4

3.2 Serum EVs contain protein biomarkers for the early, accurate and etiology-

based diagnosis of CCAs, with higher accuracy than CA19-9

In order to evaluate whether the aforementioned candidate biomarkers for CCAs are
specific for patients with PSC background or have a common diagnostic ability also for
CCAs of other etiologies, these results were combined with an analogous EV-proteomic
dataset that includes patients with CCAs from non-PSC etiologies (PRIDE accession:

PXD026199) (Figure 4.4).
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Figure 4.4. Batch effect correction of two serum EV mass spectrometry-based proteomic
sets. (A) Diagnostics of batch effects in quantile normalized peptide data by principal component
analysis (PCA) and by a heatmap visualizing the hierarchical clustering dendrogram. (B) Quality
control on batch-corrected data matrix illustrated by correlation plot heatmaps of the replicates
before and after batch correction. (C) Batch effect correction confirmation after protein
quantification by PCA and by hierarchical clustering dendrogram illustrating heatmap.

The analysis of the batch-corrected EV proteome resulted in the identification of a total
of 242 proteins, among which the abundance of 40 differs according to the
presence/absence of PSC. Taking them into account, 14 proteins allowed the differential
diagnosis of patients with PSC-CCA vs isolated PSC with greater accuracy than serum
CA19-9 (AUC=0.675), harboring KAIN, HEMO and OIT3 the highest diagnostic capacity
(AUC=0.846, 0,815 and 0.788, respectively) (Figure 4.5A; Figure 4.6A). Furthermore,
among other proteins, decreased HEMO levels and increased LV301 levels were linked
to the greatest risk of CCA occurrence in patients with PSC [OR 33.3 (95% CI 5.5 —
200.3) and OR 20.8 (95% CI 2.5 — 175.7), respectively], while increased serum levels of
CA19-9 were not indicative of greater risk of CCA presence [OR 3.5 (95% CI 0.9 — 13.2).
On the other hand, the abundance of 6 proteins allowed the specific diagnosis of non-
PSC CCAs, providing AUC values up to 0.874 when compared with healthy controls
(Figure 4.5B; Figure 4.6B). Considering EV-proteins whose levels were not associated
with the presence/absence of PSC, the abundance of 23 enabled the diagnosis of
patients with CCA regardless etiology (pan-CCA) (Figure 4.5C; Figure 4.6C). Among
them, PIGR, FIBG and APOAL stood out as the best individual diagnostic biomarkers,
displaying AUC values of 0.812, 0.803 and 0.787, respectively, when comparing all CCA
samples with the “non-malignant control group”. Noteworthy, increased FIBG levels and
decreased APOAL levels provided the highest risk of CCA occurrence [OR 14.5 (95%
CI5.7—-37.1) and OR 13.1 (95% CI 5.1 — 33.8), respectively].
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‘ HPTR | 0.749 525 875 677 787 758 R 7.7(31-19.2)
l ll APOL1| 0747 625 838 658 817 767 A ——— 8.6 (3.6 —20.6)
I || || | KLKB1| 0742 825 638 533 879 700 P — 8.3(3.3-21.1)
| | || | GELS | 0.738 825 638 532 879 700 RS 8.3(3.3-21.1)
| i I] FLNA | 0.732 525 863 656 784 750 D 6.9 (2.9-16.9)
| LR | l | 'l AcTN1| 0705 775 625 508 848 675 | 5.7 (24-13.7)
| 0 TEENOE LK ITIH2 | 0687 700 663 509 815 675 Dt 4.6 (2.0~ 10.4)
| | Wl 1433Z | 0687 700 713 549 826 7038 I 5.8 (2.5-13.3)
l] | L BRETH TLN1 | 0686 925 400 435 914 575 i = 5 8.2(2.3-29.0)
110 | | Hl VIDB | 0662 375 938 750 750 750 H 9.0 (3.0 -27.3)
1 [ RIS LT i IMA8 | 0659 925 350 416 903 542 R 6.6 (1.9-23.5)
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FIBG A1AT RELN LRP1 APOA1 HPTR APOL1 KLKB1
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Figure 4.5. Serum EV-protein biomarkers for the diagnosis of CCA according to tumor
etiology. 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 etiology (Pan-CCA biomarkers). Significantly-enriched proteins are colored in red and
proteins with lower abundance in blue.

A | Specific PSC-CCA biomarkers

PSC-CCA (n=14) vs Healthy (n=41) PSC-CCA (n=14) vs CCA (n=26) |PSC-CCA (n=14) vs [Healthy + PSC + CCA] (n=106)
Protein AUC SEN SPE PPV NPV Al AUC SEN SPE PPV NPV Al AUC SEN SPE PPV NPV Al
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

OIT3 | 0.895 100.0 70.7 539 100.0 782 |0904 929 769 684 952 825| 0.858 929 68.9 28.3 98.7 TAT
LV301| 0897 786 878 688 923 855 (0775 929 654 591 944 750| 0.819 929 67.0 271 98.6 70.0
K22E | 0.702 929 53.7 406 957 63.6 0838 857 769 66.7 909 80.0| 0.755 929 56.6 220 98.4 60.8
HV308| 0.892 786 902 733 925 873 (0838 786 808 688 875 80.0  0.823 78.6 78.3 324 96.5 78.3
LAC2 | 0.801 571 927 727 864 836 |0.698 1000 500 519 100.0 67.5| 0.754 85.7 60.4 222 97.0 63.3
TFR1 | 0834 857 829 632 944 836 (0783 857 769 667 909 80.0| 0778 857 76.4 324 97.6 775
IGLL5 | 0.817 643 878 643 878 818 |0816 714 846 714 846 80.0| 0770 714 76.4 286 95.3 75.8
PLCH1/ 0889 929 829 650 971 855 0799 929 769 684 952 825| 0.793 929 68.9 28.3 98.7 "7
KAIN | 0.868 857 805 600 943 818 |0934 857 923 857 923 90.0| 0.876 85.7 80.2 36.4 97.7 80.8
HEMO| 0.756 64.3 854 60.0 875 80.0 (0808 786 885 786 885 850| 0.790 7.4 84.0 37.0 95.7 82.5
ALBU | 0.848 929 683 50.0 96.6 746 [0.725 571 885 727 793 77.5| 0.796 57.1 92.5 50.0 94.2 88.3
APOF | 0.805 571 976 889 870 873 |0.714 500 962 875 781 80.0| 0762 786 68.9 250 96.1 70.0
CO9 0829 714 878 667 900 836 (0745 714 808 667 840 775 0776 714 811 333 956 80.0
A2MG | 0693 643 805 529 868 764 [0.777 643 962 900 833 850 0.723 64.3 85.9 37.5 94.8 83.3

B | Non-PSC CCA biomarkers

CCA (n=26) vs PSC (n=39) CCA (n=26) vs PSC-CCA (n=14) ‘CCA (n=26) vs [Healthy + PSC + PSC-CCA] (n=94)
Protein AUC SEN SPE PPV NPV Al AUC SEN SPE PPV NPV Al AUC SEN SPE PPV NPV Al
(%) (%) (%) (%) (%) (o) (%) (%) (%) (%) | %) (%) (B) (%) (%)
SAMP| 0740 692 744 643 784 723 [0720 80.8 643 808 643 750 | 0777 885 596 377 949 658
COF1[0.702 846 564 564 846 677 |0709 1000 50.0 788 100.0 825 | 0778 1000 500 356 1000  60.8
ACTB | 0723 539 897 778 745 754 (0725 462 929 923 482 625 | 0778 539 904 609 876 825
ACTC | 0646 539 795 636 721 69.2 (0695 50.0 857 867 480 625 0734 539 862 519 871 792
ADA10| 0662 539 795 636 721 692 [0772 462 100.0 1000 500 650 | 0715 539 840 483 868 775
TSN9 [ 0702 654 744 630 763 708 |0.706 654 857 895 571 725 | 0710 654 798 472 893 767

C Pan-CCA biomarkers

Pan-CCA (n=40) vs Healthy (n=41) Pan-CCA (n=40) vs PSC (n=39)
Protein AUC SEN SPE PPV NPV Al AUC SEN SPE PPV NPV Al
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
PIGR | 0974 975 927 929 974 951 (0642 750 590 652 697 67.1
FIBG | 0.826 900 659 720 871 778 [0.778 675 872 844 723 772
PPBT | 0872 875 781 796 865 827 |0643 550 744 688 617 64.6
A1AT (0793 950 585 69.1 923 765 (0722 675 769 750 698 722
FIBB | 0.766 675 781 750 711 728 (0665 775 564 646 710 67.1
RELN [ 0.738 60.0 829 774 680 716 (0686 60.0 769 727 652 684
VWF | 0754 725 781 763 744 753 (0643 600 744 706 644 67.1
IGHG4| 0.740 650 756 722 689 704 |0638 400 846 727 579 620
LRP1 | 0665 650 683 667 667 667 0708 600 821 774 667 70.9
FGL1 | 0691 425 927 850 623 679 |0680 550 795 733 633 67.1
IGHA1| 0.733 575 805 742 66.0 691 |0628 475 769 679 588 620
APOA1| 0.797 625 927 893 717 778 (0776 650 846 813 702 747

Figure 4.6: related to Figure 4.5. Diagnostic test evaluation of specific PSC-CCA biomarkers
(A), non-PSC CCA biomarkers (B) and Pan-CCA biomarkers (C).
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Most of the previously identified single candidate biomarkers retained their diagnostic
accuracy when considering only patients with early-stage CCA. For instance, while
CA19-9 levels failed to differentiate patients with early-stage PSC-CCA from patients
with isolated PSC, higher levels of K22E and LAC2 increased the odds for CCA
occurrence by 56.7-fold, reinforcing the utility of these biomarkers for the early diagnosis
of CCA (Figure 4.7A-C; Figure 4.8A-C). Interestingly, some PSC-CCA or pan-CCA
biomarkers were already found altered in patients with PSC who progressed to CCA
during follow-up even when no clinical signs of tumor development were evident (Figure
4.7D; Figure 4.8D). Among PSC-CCA biomarkers, the levels of ALBU (AUC=0.726) and
HEMO (AUC=0.705) were already found altered in the PSC to CCA group compared to
the isolated PSC group, an event that was not found for CA19.9 (AUC=0.500), thus
pinpointing their potential clinical utility to predict bile duct cancer development in patients
with PSC [HEMO (PPV 42.9% and NPV 88.6%) and ALBU (PPV 33.3% and NPV
100.0%)]. Similarly, among pan-CCA biomarkers, the levels of FIBG, FIBB, FGL1,
IGHAL, FLNA, TLN1 and IMA8 might also be considered as predictors of CCA
development in individuals with PSC, with AUC values up to 0.787 and PPV and NPVs
of up to 54.6 and 96.4, respectively), identifying FLNA as the most accurate predictive
biomarker (Figure 4.7D; Figure 4.8D).

Figure 4.7. Serum EV-protein biomarkers for the early diagnosis of CCA according to tumor
etiology. Early 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)
CCAregardless etiology (Pan-CCA biomarkers). Significantly-enriched proteins are colored in red
and proteins with lower abundance in blue. (D) Box plots of biomarkers that predict CCA
development in patients with PSC.
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CHAPTER 4

A Early PSC-CCA biomarkers (specific)

Early PSC-CCA vs Healthy Early PSC-CCA vs early CCA Ealy PSC-CCA vs [Healthy + PSC + early CCA]
Protein AUC SEN SPE PPV NPV Al AUC SEN SPE PPV NPV Al AUC SEN SPE PPV NPV Al
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

OIT3 1 0.932 100.0 854 455 100.0 87.0 [0.960 100.0 933 833 1000 95.0| 0.901 100.0 80.0 20.8 1000 81.0
LV301 ‘ 0.902 100.0 732 313 100.0 76.1 |0.840 1000 800 625 1000 850| 0.840 100.0 7186 15.6 1000 73.0
K22E | 0.800 100.0 70.7 294 1000 739 |0960 100.0 933 833 1000 95.0| 0.865 100.0 80.0 20.8 1000 81.0
LAC2 0.951 100.0 927 625 100.0 93.5 |0.827 100.0 80.0 625 100.0 850| 0.897 100.0 87.4 294 100.0 88.0
IGLL5 | 0.917 1000 80.5 385 100.0 826 |0987 1000 933 833 1000 950| 0.874 100.0 76.8 18.5 1000 78.0
KAIN | 0.883 100.0 70.7 294 100.0 739 |0.987 100.0 933 833 1000 95.0| 0.899 100.0 7.6 15.6 100.0 73.0
HEMO 0.741 800 659 222 964 674 (0813 800 867 667 929 850| 0.785 80.0 747 143 98.6 75.0
ALBU 0.868 100.0 70.7 294 100.0 73.9 |0.693 600 800 50.0 857 750| 0.815 100.0 55.8 10.6 100.0  58.0
APOF | 0946 80.0 976 800 976 957 |0.867 80.0 933 800 933 90.0( 0.897 80.0 90.5 30.8 98.9 90.0
A2MG | 0.834 100.0 63.4 250 100.0 67.4 |0.960 80.0 100.0 100.0 93.8 950| 0.855 100.0 68.4 14.3 1000  70.0

B  Early Non-PSC CCA biomarkers

Early CCA vs PSC Early CCA vs early PSC-CCA Early CCA vs [Healthy + PSC + early PSC-CCA]
Protein AUC SEN SPE PPV NPV Al AUC SEN SPE PPV NPV Al AUC SEN SPE PPV NPV Al
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

SAMP  0.704 86.7 539 419 913 630 [0.760 80.0 800 923 571 80.0 | 0.751 86.7 62.4 28.9 96.4 66.0
COF1  0.683 100.0 41.0 395 100.0 57.4 |[0920 100.0 80.0 93.8 1000 950 | 0.778  100.0 51.8 26.8 100.0 59.0
ACTB | 0607 333 923 625 783 759 (0720 933 600 875 750 850 | 0.699 86.7 48.2 228 954 54.0
ACTC 0527 400 795 429 775 685 |0627 333 1000 1000 333 500 | 0.635 40.0 871 35.3 89.2 80.0
ADA10 0675 600 795 529 838 741 0893 80.0 100.0 100.0 625 85.0 | 0.726 60.0 84.7 40.9 92.3 81.0
TSN9 0670 600 744 474 829 704 [0.720 60.0 1000 100.0 455 70.0 | 0.683 60.0 80.0 34.6 91.9 77.0

C Early Pan-CCA biomarkers

Early Pan-CCA vs Healthy Early Pan-CCA vs PSC

Proteln AUC SEN SPE PPV NPV Al SEN SPE PPV NPV Al

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
PIGR | 0.952 90.0 100.0 100.0 954 96.7 (0578 650 59.0 448 767 61.0
FIBG | 0768 850 659 548 90.0 721|069 800 590 500 852 66.1
PPBT 0831 850 781 654 914 803 |0.606 50.0 744 500 744 66.1
A1AT | 0.756 90.0 585 514 923 689 (0678 650 769 591 811 729
FIBB ‘0724 600 781 571 80.0 721 [0615 550 744 524 763 678
RELN 0729 60.0 829 632 810 754 (0682 800 615 516 857 67.8
VWF | 0763 700 781 609 842 754 0636 550 744 524 763 67.8
IGHG4| 0.784 750 756 60.0 86.1 754 (0683 750 56.4 469 815 627
LRP1 | 0656 650 683 500 800 67.2 (0696 600 821 632 800 746
FGL1 0667 950 366 422 938 557 [0681 80.0 564 485 846 644
APOA1 0816 600 927 800 826 820 [0.796 80.0 744 615 879 763
HPTR | 0683 500 829 588 773 721 (0760 850 692 586 900 746
APOL1 0.788 650 90.2 765 841 820 [0.783 90.0 667 58.1 929 746
KLKB1| 0.828 750 854 714 875 820 0679 850 539 486 87.5 64.4

D Predictive biomarkers of CCA development in PSC

PSC to CCA vs PSC

Protein SEN SPE PPV NPV Al OR
. | ! (%) (%) (%) (%) (%) (95% CI)
PSC-CCA HEMO | 0.705 60.0 795 429 88.6 755 5.8(1.3-25.7)

biomarkers | ALBU |0.726 1000 487 333 1000 59.2 20.0(1.1-364.5)
FIBG | 0759 90.0 64.1 39.1 96.2 694 16.1(1.8-1404)
FIBB |0728 900 564 346 957 633 11.6(1.3-101.1)
FGL1 | 0.776 800 795 500 939 796 15.5 (2.7 - 87.7)
IGHA1 [ 0.787 90.0 69.2 429 964 735 20.3(23-178.3)
FLNA | 0.762 600 872 546 895 816 10.2 (2.1 -49.3)
TLN1 0710 700 769 438 909 755 7.8(1.7-36.4)
IMA8 (0699 900 615 375 96.0 674 144(1.7-1254)

CA199 [ 0500 30.0 750 250 794 652  1.3(0.27-6.0)

Pan-CCA
biomarkers

Figure 4.8. related to Figure 4.7. Diagnostic test evaluation of specific early PSC-CCA
biomarkers (A), early non-PSC CCA biomarkers (B), early Pan-CCA biomarkers (C) and of
predictor biomarkers of CCA in PSC (D).



We next evaluated potential associations of these candidate biomarkers with
demographic features (age, gender) and/or CCA subtype. Among PSC-CCA biomarkers,
only LV301 levels varied with sex, while IGLL5, HEMO and CO9 negatively correlated
with age (Figure 4.9). Considering biomarkers for the diagnosis of CCA in non-PSC
background, only ADA10 displayed an association with patients’ gender. Among pan-
CCA candidate biomarkers, increased APOL1 levels were found in women, PIGR and
FLNA levels were higher in younger people, while FIBG was the only candidate
biomarker that might be affected by CCA subtype. The levels of all the other individual
candidate biomarkers were independent to gender, age and CCA subtype.




CHAPTER 4

A specific PSC-CCA biomarkers
25 26
Sex Age CCA subtype ¥ . *
Protein (male vs female) (continuous) (iCCA vs pCCA vs dCCA) = 24 5 25 o
4 3 .
Student, t p-value Pearson, r p-value ANOVA, F p-value 3— 23 % 24 M o °*
.
oIT3 -0.18 >0.05 0.33 >0.05 0.66 >0.05 g 5 a 55 . .
LV301 -3.10 <0.01 -0.01 >0.05 1.65 >0.05 r=-0572
K22E 0.15 >0.05 -0.12 >0.05 0.92 >0.05 21 2 1P<0.05
HV308 -0.08 >0.05 -0.35 >0.05 1.34 >0.05 Male  Female 30 40 50 60 70
LAC2 1.50 >0.05 -0.33 >0.05 1.63 >0.05
TFR1 0.20 >0.05 -0.37 >0.05 0.37 >0.05 Age (years)
IGLLS 0.07 >0.05 0.57 <0.05 0.41 >0.05 207 18
PLCH1 -0.61 >0.05 -0.29 >0.05 0.64 >0.05 & 17 L)
KAIN 072 >0.05 0.41 >0.05 0.06 >0.05 18] e LA I .
HEMO -0.68 >0.05 -0.57 <0.05 0.52 >0.05 s \ z . o
ALBU | -026 >0.05 -0.18 >0.05 3.22 >0.05 o "% . il P
APOF 0.28 >0.05 -0.50 >0.05 0.23 >0.05 = il o m
Cco9 0.68 >0.05 -0.54 <0.05 2.00 >0.05 = r=-0.568 1341 =-0.540 .
A2MG 1.72 >0.05 0.37 >0.05 0.16 >0.05 42 1p<0.05 gplP005
30 40 50 60 70 30 40 50 60 70
Age (years) Age (years)
B  Non-PSC CCA biomarkers
Sex Age CCA subtype
. (male vs female) (continuous) (iCCA vs pCCA vs dCCA)
Protein 20 .
Student,t  p-value | Pearson,r  p-value ANOVA, F p-value 18
SAMP 0.06 >0.05 0.29 >0.05 0.64 >0.05 3 16 °
COF1 0.1 >0.05 0.09 >0.05 0.15 >0.05 =
ACTB 1.24 >0.05 -0.03 >0.05 0.20 >0.05 "
ACTC -0.02 >0.05 -0.01 >0.05 0.07 >0.05 D s o
ADA10 -2.47 <0.05 -0.05 >0.05 0.02 >0.05
TSNS -0.31 >0.05 -0.21 >0.05 0.92 >0.05
Male Female
Cc Pan-CCA biomarkers
Sex Age CCA subtype
Protain (male vs female) (continuous) (iCCA vs pCCA vs dCCA)
Student, t p-value Pearson, r p-value ANOVA, F p-value 26 24 *
ns ns
PIGR -0.96 >0.05 -0.37 <0.05 2.34 >0.05 24 22
FIBG -0.15 >0.05 0.13 >0.05 4.48 <0.05 3 o o =
PPBT -1.28 >0.05 -0.01 >0.05 1.47 >0.05 a2 5,2
A1AT -0.31 >0.05 0.09 >0.05 1.12 >0.05 & 20 . O 18 @
FIBB 0.83 >0.05 0.09 >0.05 2.25 >0.05 F g
RELN -0.30 >0.05 -0.25 >0.05 1.48 >0.05 181r=-0373 . 1
VWF -0.33 >0.05 0.23 >0.05 0.44 >0.05 16425005 1al—, ,
IGHG4 0.84 >0.05 0.13 >0.05 0.20 >0.05 20 40 60 80 iCCA pCCA dCCA
LRP1 -0.48 >0.05 0.00 >0.05 2.68 >0.05 Age (years)
FGL1 0.67 >0.05 0.07 >0.05 1.67 >0.05
_IGHA1 -1.01 >0.05 -0.15 >0.05 0.70 >0.05 2 20
APOA1 -1.49 >0.05 0.05 >0.05 1.16 >0.05 &
HPTR -0.69 >0.05 -0.13 >0.05 0.03 >0.05 -~ 22 18
APOL1 -2.23 <0.05 -0.20 >0.05 0.92 >0.05 3 2 3
KLKB1 -0.02 >0.05 0.27 >0.05 0.33 >0.05 oy S 16
GELS -0.39 >0.05 0.04 >0.05 0.51 >0.05 o g
FLNA -0.11 >0.05 -0.33 <0.05 0.18 >0.05 2 s T 14
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Figure 4.9. related to

Figure 4.5. Association of the protein abundance in serum EVs with
biological sex, age and CCA anatomical subtype in patients with concomitant PSC-CCA (A), in
patients with CCA without PSC (B) and in patients with CCA regardless etiology (C).



In order to generate the best algorithms for the diagnosis of CCA in patients with or
without PSC, only EV-proteins with levels invariable with sex, age and CCA subtype
were selected for machine learning logit modelling. A binary logistic regression model
combining 8 protein biomarkers (HV308/KAIN/HEMO/A2MG/VWF/APOAL/TLN1/IMAS8)
provided the maximum accuracy to distinguish patients with concomitant PSC-CCA
compared to patients with isolated PSC, maintaining the optimal diagnostic power also
at early-stage CCA (Figure 4.10A), with a 100% of accuracy. Noteworthy, the
combination of PLCH1/FGL1 allowed the differential diagnosis of PSC-CCA vs PSC with
high accuracy, even at early tumor stages, overpowering serum CA19-9 values
(AUC=0.903 vs 0.608, respectively); moreover, patients with elevation of these 2 EV-
protein biomarkers display 33.3-fold increased risk of CCA occurrence. When the
absence of PSC is clinically confirmed, a logit model combining 5 biomarkers
(SAMP/ACTC/RELN/APOA1/KLKB1) was 100% sensitive and specific for discriminating
among patients with CCA compared to healthy individuals, also at early tumor stages
(Figure 4.10B). A model combining only SAMP/A1AT might also help in the diagnosis
of CCAs arising from non-PSC etiologies, providing an AUC value of 0.899 when
compared with healthy individuals and 0.863 for the early diagnosis of CCA.

Considering the independent predictors of CCA development in patients with PSC
(ALBU, FIBB, FGL1, IGHAL, TLN1 and IMAS8), 100% of patients with PSC who displayed
serum alterations in these 6 biomarkers developed CCA during follow-up while 100% of
patients with PSC who displayed alterations in <3 of these biomarkers did not present

biliary malignancy over time (Figure 4.10C).
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Figure 4.10. Combination of EV-protein biomarkers enables the accurate diagnosis of CCA
in patients with or without PSC. Binary logistic regression models for (A) CCA diagnosis in
patients with PSC, combining two to eight specific PSC-CCA and pan-CCA biomarkers which had
individually higher (red font) or lower (blue font) abundance in serum EVs from patients with
concomitant PSC-CCA, and for (B) CCA diagnosis in patients without PSC, combining two to five
specific non-PSC CCA and pan-CCA biomarkers that had individually higher (red font) or lower
(blue font) abundance in serum EVs from patients with CCA of non-PSC etiologies. (C) Panel of
predictive CCA biomarkers with the proportion of PSC to CCA and isolated PSC properly
identified according to the number of altered biomarkers.



3.4 Candidate EV-protein biomarkers are expressed mainly in normal liver and

differ across specific liver cell populations

In order to decipher the potential origin of the candidate serum EV-protein biomarkers
for CCA, their gene expression was first analyzed in a human multi-organ (n=61
tissues/organs) transcriptomic dataset (Figure 4.11A, Figure 4.12). Data revealed that
almost all these EV-protein biomarkers are expressed in the liver and/or the gallbladder.
Interestingly, some candidate EV-biomarkers including HEMO (HPX), ALBU (ALB),
APOF (APOF), CO9 (C9), SAMP (APCS), FIBG (FGG), A1AT (SERPINAL), FIBB (FGB),
FGL1 (FGL1), HPTR (HPR), KLKB1 (KLKB1), ITIH2 (ITIH2) and VTDB (GC) were almost
exclusively expressed in hepatobiliary tissues, representing more than 80% of the total

expression detected in all human organs (Figure 4.11A).

Human liver scRNA-seq showed that the expression of some candidate biomarkers was
cell type-specific while others were indiscriminately expressed along different liver cell
types (Figure 4.11B; Figure 4.13A). For instance, PLCH1 (PLCH1) and PIGR (PIGR)
were almost exclusively expressed in cholangiocytes; endothelial cells had the highest
expression of OIT3 and VWF; the main source of LV301 (IGLV3-1) and IGLL5 (IGLL5)
was B cells and hepatocytes highly expressed APOF, APOL1 (APOL1) and GELS
(GSN).
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Figure 4.11. Human multi-organ transcriptomic studies and single-cell RNA-seq datasets
reveals the potential tissue and cell type of origin of serum EV-protein biomarkers. (A)
Normalized relative expression of candidate serum biomarkers in 61 human tissues/organs
collected in the Consensus dataset of the Human Protein Atlas. (B) Normal liver scRNA-seq from
the GSE115469 source classified according to indicated cell markers revealed the normalized
relative expression of candidate biomarkers in each liver cell type.
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Figure 4.12: related to Figure 4.11A. Analysis of candidate serum biomarkers in the three tissue
cohorts which are summarized in the Consensus gene data of The Human Protein Atlas: HPA
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3.5 Single-cell RNA-seq data reveals specific cell types within human CCA

tumors expressing EV-protein biomarkers

Considering that scRNA-seq studies published to date included only tumor samples from
patients with non-PSC CCA, we next investigated the cell populations within human CCA
tumors expressing the aforementioned pan-CCA or non-PSC CCA biomarkers (Figure
4.14, Figures 4.13B and 4.15). When analyzing the single-cell transcriptome of
GSE151530 and GSE125449 datasets, composed by CCA tumor samples from 12 and
10 patients, respectively, the highest percentage of cells expressing PIGR, FGG, FGB,
RELN, FGL1 and APCS transcripts were malignant cholangiocytes, while VWF- and
ALPL-expressing cells were principally endothelial cells. LRP1-positive cells constituted
mostly malignant cholangiocytes, hepatic stellate cells and macrophages, and the
expression of SERPINAL1 was more widespread, being detected in all the main tumor

cells with a predominant increase in tumor cholangiocytes and macrophages.
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Figure 4.14. CCA tumor cell type expression of candidate serum biomarkers. (A) tSNE plots
and proportion of cell types in two datasets comprising fresh iCCA tumor biopsies from 12 and 10
patients, respectively. Comparison of biomarker expressing cells in the tumor scRNA-seq
analysis. (B) Relative biomarker expression within the single-cell types of CCA tumors. Non-
parametric Kruskal-Wallis test was used, followed by a posteriori Dunns test. Data are shown as
mean +SEM. **** represent p-values of <0.0001.
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Figure 4.15. related to Figure 4.14. tSNE plots and normalized relative biomarker expression of
CCA tumor-constituting single-cell types. Non-parametric Kruskal-Wallis test was used, followed

by a posteriori Dunns test. Data are shown as mean £SEM. **** represent p-values of <0.0001.
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3.6 Serum EVs hold proteins with prognostic capacity for patients with CCA

Univariable analysis revealed that 27 EV-proteins may also predict prognosis in patients
with CCA (Figure 4.16). Multivariable analysis, including each candidate biomarker as
well as demographic and clinical features (age, sex, tumor stage, CCA subtype,
presence of PSC, cirrhosis and serum levels of CA19-9, total bilirubin, ALP, ALT, AST
and GGT), revealed that the levels of FCN2, MMRN1, SDPR, ACTC, ADIPO, CO4A,
FA9, PSB3 and PSA2 were independent predictors of overall survival (OS) (Figure
4.17A,B). Furthermore, a panel comprised by FCN2, SDPR and FA9 showed the best
survival predictive capacity (Figure 4.17C). Of note, the median OS (mOS) of patients
with high levels of three biomarkers (based on the cut-off) was superior to 120 months.
In contrast, lower levels of one of these biomarkers were associated with shorter mOS
(33.5 months). Remarkably, the risk of death of patients with CCA presenting decreased
levels of 2 or 3 of the mentioned biomarkers was increased by 30 times [HR=30.0 (6.6 —

136.1)] when compared with patients with high levels of these 3 proteins, with a mOS of

6.9 months.
- X Univariable analysis . i Univariable analysis
Clinical variables Protein variables
HR 95% CI p-Value HR 95% ClI p-Value

Age, (continuous) 0.994 0.963 - 1.027 >0.05 c1s 2479 1.001-6.138 <0.05
Sex, male (vs female) 1.017 0.421-2.460 >0.05 APOE 2313 1.267 - 4.221 <0.01
Tumor stage, lII-IV (vs I-Il) 5.451 2.136 - 13.909 <0.001 LG3BP 1.878 1.062 - 3.324 <0.05
CCA subtype, (vs iCCA) - - >0.05 Kv121 1.652 1.025 - 2.661 <0.05
pCCA 1.352 0.465 - 3.927 >0.05 e {546 e <008

dccA 0.849 0.307 - 2.347 >0.05
TFR1 1.492 1.067 - 2.086 <0.05

PSC, Yes (vs No) 1.704 0.738 - 3.937 >0.05
IGHA2 1.428 1.112-1.835 <0.01

CA19-9, (continuous) 1.00006 0.99997 - 1.0002 >0.05
APOC1 1.400 1.096 - 1.788 <0.01

Total bilirubin, (continuous) 1.004 1.001 - 1,007 <0.05
KV306 1.351 1.027 -1.779 <0.05

ALP, (continuous) 1.000 0.998 - 1.002 >0.05
FCN1 1.328 1.021-1.729 <0.05

ALT, (continuous) 0.998 0.994 - 1.001 >0.05
IMA8 1.272 1.006 - 1.609 <0.05

AST, (continuous) 0.998 0.995 - 1.002 >0.05
TTYH3 1.152 1.011-1.312 <0.05

GGT, (continuous) 0.9999 0.9992 - 1.0005 >0.05
PSA2 0.889 0.792 - 0.997 <0.05

Cirrhosis, Yes (vs No) 0.044 0.000 - 107.643 >0.05
MYL6B 0.888 0.804 - 0.981 <0.05
PSA3 0.866 0.761-0.985 <0.05
PSB3 0.864 0.779 - 0.958 <0.01
FA9 0.859 0.773-0.954 <0.01
CO4A 0.834 0.707 - 0.983 <0.05
ADIPO 0.765 0.635 - 0.922 <0.01
PLEK 0.746 0.570-0.976 <0.05
co4B 0.712 0.520 - 0.975 <0.05
ACTC 0.700 0.533 - 0.920 <0.05
SDPR 0.635 0.461-0.874 <0.01
MMRN1 0.614 0.392 - 0.963 <0.05
GELS 0.587 0.368 - 0.935 <0.05
HEMO 0.568 0.364 - 0.885 <0.05
FCN2 0.404 0.246 - 0.662 <0.001

Figure 4.16: related to Figure 4.17. Univariable Cox regression analysis of the clinical
parameters age, biological sex, tumor stage, anatomical CCA subtype, presence of PSC,
presence of cirrhosis, values of biochemical parameters (i.e., CA19-9, total bilirubin, ALP, ALT,
AST and GGT) and of the proteins identified in serum EVs of patients with CCAs regardless
etiology.
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A @ multivariable analysis of each protein candidate with the following clinical parameters: age (continuous), sex (male vs
Multivariable analysis? female), tumor stage (IIl-V vs I-Il), CCA subtype (pCCA, dCCA vs iCCA), PSC (Yes vs No), CA19-8 (continuous), total
ilirubi i is), ALP i 1s), ALT (continuous), AST (continuous), GGT (continuous) and cirrhosis (Yes vs No)
Protein HR (95% ClI) 1/HR p-Value
FCN2 0.373 (0.182 - 0.764) 2.68 <0.01 —-——
MMRN1 0.307 (0.141 — 0.669) 3.26 <0.01 ———
SDPR 0.402 (0.214 — 0.753) 249 <0.01 ——
ACTC 0.385 (0.187 — 0.795) 2.60 <0.01 —-——
ADIPO 0.765 (0.593 — 0.988) 1.31 <0.05 -
CO4A 0.560 (0.354 — 0.888) 1.79 <0.05 ——-—
FA9 0.831 (0.712 - 0.969) 1.20 <0.05 -
PSB3 0.810 (0.663 — 0.991) 1.23 <0.05 -
PSA2 0.735 (0.554 — 0.976) 1.36 <0.05 —-—
0:1 1 1'0
B Cox regression analysis Log-rank (Mantel-Cox) test
Categorized variables N 5 % s
Median survival (months) Median survival (months)
HR (95% CI) 1/HR p-Value [low abundance] [high abundance] p-Value
FCN2 0.187 (0.072 — 0.484) 5.35 <0.001 9.3(0.1-18.5) 85.8 (33.7 - 137.8) <0.001
MMRN1 0.388 (0.165 — 0.913) 2.58 <0.05 17.0 (8.5 -25.4) 62.5 (0.0 - 133.9) <0.05
SDPR 0.060 (0.014 — 0.260) 16.67 <0.001 44(1.3-75) 33.5 (28.7 - 38.3) <0.001
ACTC 0.291 (0.116 — 0.733) 3.44 <0.01 14.8 (3.4 -26.2) 85.8 (10.9 - 160.7) <0.01
ADIPO 0.342 (0.151 - 0.774) 2.92 <0.01 7.27 (0-17.9) 35.6 (9.0-62.2) <0.01
CO4A 0.142 (0.019 - 1.066) 7.04 >0.05 26.5(0.22 - 52.8) >120 <0.05
FA9 0.256 (0.110 — 0.597) 3.91 <0.01 9.3(0.0-24.0) 62.5 (-) <0.001
PSB3 0.153 (0.021 — 1.138) 6.54 >0.05 25.8 (9.0 - 42.6) >120 <0.05
PSA2 0.342 (0.147 - 0.794) 2.92 <0.05 17.2 (0.0 - 38.5) 62.5(12.4-112.7) <0.01
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Figure 4.17. Association of serum EV-protein levels with patients’

(vslowin 1)

outcome. (A)

Multivariable analysis including the significant univariable EV-protein candidates and the clinical
parameters of age, biological sex, tumor stage, CCA subtype, PSC, cirrhosis and the biochemical
values of CA19-9, total bilirubin, ALP, ALT, AST and GGT. (B) Cox regression analysis and log-
rank (Mantel-Cox) test of candidate prognostic biomarkers categorized according to the optimal

cut-off value of each variable. Kaplan Meier curves of the overall survival for

each prognostic

biomarkers in a follow-up of 10 months. (C) Kaplan Meier curve, Cox regression analysis and log-
rank test of patients with CCA according to the combinatory of FCN2-SDPR-FA9 biomarkers.



4. 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 provide a high-
throughput proteomic analysis of serum EVs from patients with PSC-related CCA, non-
PSC CCAs, patients with PSC who developed CCA during follow-up, isolated PSC and
healthy individuals, identifying novel biomarkers to predict CCA development in patients
with PSC as well as for the early and accurate diagnosis of PSC-related CCA or CCAs
regardless etiology. Proteins present in serum EVs also allowed the estimation of
survival in patients with CCA. Human multi-organ transcriptomic analysis revealed that
most diagnostic biomarkers were abundantly expressed in hepatobiliary tissues. SCRNA-
seq analysis of normal liver and CCA tumors pointed out that the expression of candidate
biomarkers was cell-specific, being particularly expressed in malignant cholangiocytes
within CCA tumors, thus reinforcing this novel tumor cell-derived liquid biopsy strategy
(Figure 4.18).

Although the majority of CCAs emerge without a clear etiology, PSC is a well-established
risk factor. Up to 15-20% of patients with PSC might develop CCA during their lifetime,
which commonly appears within the first year after PSC diagnosis and in younger people
(40-50 years), when compared with CCAs from other etiologies (~65 years).3*-% In fact,
CCA is currently responsible for more than 30% of PSC-associated deaths,* constituting
a substantial health and social problem. Current screening strategies for CCA diagnosis
in patients with PSC have scant clinical value due to their low accuracy. Serum CA19-9
levels are generally not elevated in early stages, are also increased in ~30% of patients
with isolated PSC and up to 7% of the general population are unable to express CA19-
9 due to FUTS3 activity deficiency,®” strongly limiting the usefulness of serum CA19-9 as
a routine diagnostic screening tool. Moreover, at the radiological level, benign biliary
strictures in patients with PSC closely resemble the initial malignant changes, which
makes the early and appropriate diagnosis of CCA in patients with PSC extremely
challenging. All these limitations markedly impact on CCA detection, which is an
accidental event in up to 40% of PSC-CCA cases, when liver transplantation 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.
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Figure 4.18. Predictive, diagnostic, and prognostic liquid biopsy biomarkers for CCA.

Our study contributed with novel protein biomarkers either specific for PSC-CCA, non-
PSC CCA or general for all CCAs, which, individually or in combination, significantly
improved the diagnostic capacity when compared to serum CA19-9 levels alone. Most
of these novel biomarkers are independent of biological sex, age and anatomical CCA
subtype, and revealed high diagnostic accuracy also at early tumor stages, discarding
all these potential bias. Similarly, considering that >95% of patients with CCA included

in our cohort do not present liver cirrhosis at sampling, the proposed candidate CCA



biomarkers are not associated with cirrhosis. Our data indicate that combination of
PLCH1/FLG1/SAMP/ALAT might be particularly useful for the early diagnosis of PSC-
CCA and CCA arising in patients without PSC, respectively. Furthermore, by using
serum samples from patients with PSC that had no clinical evidence of malignant masses
at the time of sampling but that developed CCA during follow-up, we proposed ALBU,
FIBB, FLG1, IGHAL1l, TLN1l and IMA8 as novel predictive biomarkers of CCA
development in patients with PSC, which were altered up to 3 years before the clinical

evidence of tumor masses.

EVs were shown to recapitulate the phenotype and activities of their cells of origin,®
mimicking the nature and behavior of source tissues. Considering that CCAs are highly
heterogeneous, desmoplastic and stroma-enriched tumors,?2® scRNA-seq analysis might
provide a better characterization of biomarker-expressing cell populations. The majority
of the most promising biomarkers for CCA, which displayed an increased abundance in
serum EVs when compared with controls, were found chiefly expressed in malignant
cholangiocytes. Noteworthy, 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, A1AT and FGL1, candidate biomarkers
that were predominantly expressed in malignant cholangiocytes, have been studied in
other cancer types and characterized as key contributors of tumorigenesis.3®44

Consequently, their role in cholangiocarcinogenesis deserved future analysis.

Apart from harboring diagnostic and potential pathogenic role in CCA, we were also able
to identify novel EV-protein prognostic biomarkers that may aid to predict OS in patients
regardless disease etiology, tumor stage, serum CA19-9 levels, CCA subtype, cirrhosis
and several other biochemical parameters. We herein propose a prognostic panel
including FCN2, SDPR and FA9, where patients displaying decreased serum levels of
at least 2 of these biomarkers presented 30-fold increased risk of death compared to
having high levels in these 3 biomarkers. Although no information is available regarding
the prognostic value of FA9 in cancer, lower FCN2 levels were included in a 6-gene
panel to predict pathological complete response to neoadjuvant treatment in triple-
negative breast cancer.* Similarly, decreased tumor expression of SDPR in renal cell
carcinoma,*® papillary thyroid cancer,*” lung cancer*® and HCC* was markedly
associated with worse prognosis. Nevertheless, up to now, no reports have highlighted

their potential value as circulating prognostic biomarkers.

This study has also limitations, primarily the number of patients with PSC-CCA included.
Although displaying increased incidence trends, CCAs are rare tumors and patients with

concomitant PSC-CCA only represent one fifth of them, resulting PSC-CCA sample
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collection extremely challenging and samples very precious. In this regard, it is important
to highlight that we only included strictly-selected patients, with biopsy-proven CCA
confirmation, increasing the robustness of our analysis. Furthermore, by including
patients with PSC that developed CCA but did not present any clinical evidence of tumor
at the time of sample collection, we were able to identify predictive biomarkers of CCA.
Although no clinical features of tumor development were observed in these patients, we
may hot discard that small, undetectable lesions might be already present at sampling.
Consequently, these predictive biomarkers should be prospectively validated in a near

future.

In conclusion, we here demonstrated the capacity of serum EVs to contain protein
biomarkers for the prediction of CCA development as well as for the early tumor detection
in individuals with PSC background, in individuals without PSC and also for CCAs
regardless of disease etiology, overpowering the current gold standard serum CA19-9.
This study reinforces the idea that CCAs arising from different etiologies (e.g., PSC vs
non-PSC) may contain common and different serum EV-proteins, and therefore, there is
a need to use proper, well-defined biomarkers to identify CCA in specific patient
subgroups, moving a step forward into the personalized diagnosis of CCA. This, together
with the fact that most of these candidate biomarkers are expressed in CCA tumors and
preferentially in malignant cholangiocytes, reinforces our approach as an innovative
tumor cell-derived liquid biopsy strategy. In order to determine the translational capacity
of these novel predictive, diagnostic and prognostic biomarkers, a next validation phase
using easily-transferable techniques, such as ELISA, will be used. 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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GENERAL DISCUSSION

Cholangiocarcinoma (CCA) represents a substantial clinical, social, and economic global
problem. Although considered a rare disease, its incidence and mortality rates are
increasing worldwide, pinpointing the necessity to study in detail this cancer as a way to
improve patients’ welfare and outcome. The accuracy of current imaging techniques and
circulating unspecific tumor markers for CCA diagnosis is far from being satisfactory,
resulting frequently in unconcreted or late-stage diagnosis, when hardly any curative
treatments may be applicable and palliative treatment turns out to be the last resource

to slightly extend patients’ survival.

CCA management is currently associated with a considerable economic burden that has
risen in the past years. A retrospective analysis of the direct medical costs of 23,315
patients with iCCA between 2000 and 2018 in Spain revealed that the mean annual direct
medical cost of secondary care was €9,417 per patient, with estimating a boost in total
costs if incidence rates follow the same increasing trends observed in the last decades.!
Additionally, a retrospective analysis in the United States including 1,298 patients with
CCA who experienced failure of a first-line therapy containing either gemcitabine or
fluorouracil (i.e., patients with previously-treated advanced CCA) disclosed that the total
mean of CCA-related healthcare inflation-adjusted costs per patient per month were
$7,743.2 Unfortunately, all these costs are mostly used to provide a palliative treatment
of the best supportive care for these patients, which barely increases their outcome.
Therefore, improvement in diagnostic techniques that allow the early detection of CCA
would substantially reduce the economic cost of this cancer, maximizing the efficacy of

the current therapeutic regimens.

The unmet clinical need of improved CCA detection may be solved by using novel
molecular non-invasive biomarkers, such as circulating RNA and proteins. The discovery
of safe and accurate tools for the non-invasive early tumor identification or prediction of
development in patients at risk will lead to a greater number of patients suitable for
potentially curative surgical treatments, improving the outcomes and minimizing the
burden of illness associated with CCA. Particularly, the need of accurate early CCA
biomarkers is extremely crucial for patients at high risk of developing CCA, where the
current imaging techniques are unable to demonstrate the neoplastic nature of the
results, such as in patients with PSC. The clinical application of new predictive and/or
diagnostic precise strategies would allow establishing screening strategies to monitor

these patients, minimizing CCA-related clinical, social and economic issues worldwide.
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Liquid biopsy, the concept of evaluating health and/or diseased solid tissues by sampling
circulating biofluids, is becoming a very popular approach that aims to replace the
invasive methods used in current diagnostic protocols. Liquid biopsy offers the possibility
to access the state of health of specific tissues in the body by detecting their released
molecules in easily accessible body fluids, representing a simple and practical alternative
to invasive biopsies, presumably evolving into the future “gold standard” technique for
disease diagnosis.® On account of being minimally invasive and not requiring collecting
samples from the solid tissues, the sampling procedures are well tolerated and allow
obtaining longitudinal samples or repeated measurements. Therefore, the information of
secreted materials is potentially extremely valuable and the barrier to obtain those
materials is very low. Notwithstanding, currently, the great challenge for liquid biopsy is
that the abundance of molecules released into biofluids by diseased tissues is relatively
low, so identifying and quantifying them requires a great technological effort.* Another
matter is that liquid biopsy biomarkers, which are found in relatively low amounts in
biofluids, are supposed to allude the particular organ/tissue where the disease process
is ongoing. For this matter, the Human Protein Atlas (HPA) represents a useful repository
of information about mMRNA and protein expression across not only multiple healthy
tissues but also the most common cancers.® HPA contains mRNA sequencing data of
specific tissues providing comprehensive views of gene expression, indicating which
proteins are expected to be found in the different organs of the body. However, organs
and tissues in healthy and diseased states typically represent complex diverse masses
composed by distinct interacting cells which may differ widely in ontogeny, function and
gene expression. On this matter, the recently developed single-cell sequencing (SCRNA-
seq) technology is a valuable tool for dissecting cellular heterogeneity in complex
systems and provides information about individual cells that comprise tissues and
organs.® Following scRNA-seq methodology, with the aim of mapping every cell type in
the human body, an open global international collaborative consortium called the Human
Cell Atlas (HCA) was launched in 2016.” Recently, the HCA consortium has published
the first approach to the initiative by integrating a wide range of human tissue single-cell
transcriptomic datasets and constructing a human cell landscape at single-cell level.®
This approach would lead to major advances in the way illnesses are diagnosed and

treated.

With regard to biological fluids as a source of liquid biopsies, serum and urine are the
most widely handled biofluids owing to the fact they are quite easily removed by low-
invasive or non-invasive procedures along with the fact that they provide enough volume

for the required analysis. Both serum and urine fluids have their advantages and
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limitations for liquid biopsy and may provide complementary information. Sampling of
blood is minimally invasive and it requires healthcare professional experts while the
acquisition of urine is simple and non-invasive, potentially being conducted by the patient
itself. Besides, blood biomolecules can provide information at systemic level and, as a
result of tumor irrigation, the molecular profiling of blood presumably mimic tumor-
secreted molecules. However, urinary excretion is physiologically influenced by the
glomerular filtration, tubular reabsorption and tubular secretion, potentially inducing

variations in the abundance and composition of molecules secreted by tumor cells.®

Serum and urine biofluids contain a wide range of components including circulating cells,
cell-free DNAs, mRNAs, miRNAs, proteins, metabolites and EVs.'®* Among the
molecular composition of biofluids, EVs are emerging as worthwhile biomarker-
packaging liquid biopsy tools for the diagnosis of several diseases. In this sense, we
hypothesized that circulating EVs might be a valuable source of novel accurate
biomarkers that would allow the prediction, early diagnosis and prognosis estimation of
CCA. In the studies included in this dissertation, we have described the presence of RNA
molecules and proteins in serum and/or urine of ultracentrifugation-isolated EVs by
microarray profiling and by mass-spectrometry high-throughput proteomics, respectively.
The abundance of some EV molecules differed in patients with CCA (with or without PSC
etiology) compared to healthy individuals and patients with UC or PSC, pinpointing some
biomolecules as promising biomarker candidates for CCA prediction, early detection and
survival estimation. The fact that numerous circulating biomarkers were also expressed
in CCA tumor tissues and specifically in malignant cholangiocytes within the tumor
pointed out the neoplasia-associated essence of candidate circulating biomarkers, which

constitutes a fundamental characteristic for liquid biopsy.

The followed strategy of analysing serum and urine EVs by high-throughput omics rather
than unprocessed whole serum or urine omic profiling was conducted for several
reasons. Firstly, a fundamental consideration for protein- and/or nucleotide-based liquid
biopsies is that really profitable cancer biomarkers may turn out to be present at very low
levels in circulating biofluids. Biomolecules that are found at high concentrations in
circulation from normal individuals are unlikely to be noticeably increased in patients with
a limited tumor mass, a characteristic of early tumor disease stages.® In the current omics
era, analysis of serum biofluids for proteomic-based biomarker discovery is highly
challenging due to the complexity and wide dynamic range of their proteomes, where the
concentrations of the least abundant and the most abundant proteins can differ by as
much as ten orders of magnitude.** For instance, albumin is the most abundant protein

in serum, accounting for around 55% of the total protein content, and together with IgG,
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IgA, haptoglobin, transferrin and alpha-1-antitrypsin, they constitute approximately 85%
of the total proteome. Notably, in high-throughput proteomics, highly abundant proteins
tend to obscure the detection of potential biomarkers that are usually at lower
concentrations. Thereby, the vesicular nature of EVs is one of the central methods used
to separate the highly abundant proteins and to enhance the identification and detection
capacity for the least abundant proteins in serum. Therefore, vesicle enrichment is
profitable for mass spectrometry-based analysis, as EV-subproteome represents only a

very small component of all serum proteins.*

Secondly, a biomolecule may be considered a good candidate biomarker for liquid biopsy
if it could be secreted to the extracellular media and enter the circulation. It is known that
EVs originate in multivesicular bodies (i.e., exosomes) or thorough plasma membrane
budding (i.e., microvesicles) of the cells and they are secreted into the extracellular
matrix, reaching diverse biofluids.'®!® Accordingly, EVs can provide an accurate
representation of the condition of the cell they are released from, likely containing key
information concerning the state of the cell of origin. Conveniently, due to their vesicular
nature which confers them with unigue physicochemical properties, EVs can be
efficiently separated from the most abundant soluble serum proteins or nucleic acids by
many isolation approaches, designating them as available packages of unique

information.16

Last but not least, owing to the fact that RNAs are relatively unstable molecules
susceptible to degradation by ribonucleases found in circulation, EV encapsulation of
ribonucleic acids prevents them from nuclease fragmentation or degradation activity,

increasing their biofluid existence period.1"18

Regarding EVs and high-throughput omic technologies, in the last years, scientific
publications discovering non-invasive disease biomarkers in biofluid EVs are undergoing
an exponential increase while the clinical application of discovered EV biomarkers are
still far from being realistic.1%121319 The rationability of this huge gap between the number
of omics-based biomarkers found in basic research literature and those introduced into
the clinics may be related to the arduousness of EV isolation techniques, the time
consuming procedures, the specific equipment requirements, the wide range of EV
isolation protocols which influence omic results, the lack of consensus strategies in the
field, the high inter-procedure and intra-procedure variability of isolation methodologies,
the needed sample volume, as well as the low technical reproducibility, among others.
Therefore, the consideration of using proteomic and transcriptomic high-throughput

platforms for the molecular profiling of isolated EVs to identify candidate early non-
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invasive biomarkers and subsequent validation of biomarkers in unprocessed samples
with simple straightforward techniques represents a rational combination approach for
biomarker development and clinical application. In this regard, quantitative polymerase
chain reaction (QPCR) and immunoaffinity-based protein assays have displayed as the
preferred analytical platforms by the scientific community for the validation of
ribonucleotide and protein biomarkers in unprocessed biofluids, thus, avoiding time-

consuming steps and equipment demands of EV isolation procedures.

For nucleotide quantification, high sensitivity and precision is typically associated with
gPCR technology. The chances of a successful clinical translation of a RNA biomarker
will depend on the reliable measurements performed by this robust assay. In line with
this technique, droplet digital polymerase chain reaction (ddPCR) has recently been
developed. ddPCR is an ultrasensitive detection technique based on sample partitioning
into thousands of nanoliter-sized droplets where individual PCR reactions take place,
allowing for the detection of very low abundance molecular targets with extremely high
sensitivity.2>?! The main advantages of ddPCR versus the gold standard RT-gPCR
method include a superior sensitivity and accuracy for ddPCR, as well as the ability to
perform an absolute quantification without standard curves. Due to its reliability, accuracy
and allowance of multiplexing strategies which reduces the required sample amount,

ddPCR is usually applied as a validation technique.??23

Affinity-based protein assays, mostly using antibodies as target-binding reagents, offer
the greatest detection sensitivity for protein validation assays. They are relatively
inexpensive with fast turn-around times. Current assays for sensitive protein detection in
solution-phase rely on the classical sandwich enzyme-linked immunosorbent assay
(ELISA), which requires a pair of antibodies to recognize the target protein, enhancing
target recognition specificity.® The sensitivity of these affinity-based protein assays will
be limited to the detection efficiency of recognition antibodies and the total amount of the
biomarkers in unprocessed biofluids. Similar to ELISA assays, in the last years, proximity
ligation or proximity extension assays (PEA) have also been introduced as protein
validation strategies.?* In PEA assays, target proteins are also recognized by two
antibodies, keeping a similar specificity to sandwich ELISA assays, but those antibody
pairs are conjugated to DNA oligonucleotides which following antibody proximity undergo
DNA ligation and/or polymerization creating an amplifiable reporter DNA strand. The
amplification of this DNA strand by RT-gPCR will exponentially enhance the sensitivity
of this assay. PEA assays which convert protein identities into DNA sequence
information via antibody-DNA conjugates can also be performed in multiplexing,

detecting many different proteins in parallel and diminishing the required sample amount.
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Despite technical validation of low abundant biomarkers in unprocessed biofluids by
reproducible, sensitive and specific assays that are adaptable to routine clinical practice
and have a timely turnaround, other considerations in the validation procedures would
help the translation of the findings from bench to bedside. In particular, a high number of
large prospective case-control studies involving a clearly defined set of patients would
be essential, with matching confounding factors and including information of the clinical
characteristics as completed as possible. The proper patients’ selection and the inclusion

of clinically relevant control groups will determine the results of the validation.

After biomarker discovery and analytical validation, the potential clinical utility and use
should be evaluated in the pipeline of biomarker development.? Prospective clinical trials
will evaluate the clinical usefulness of the biomarkers and after that, the biomarker test
would have to get the regulatory approval, be commercialized and incorporated into

clinical practice guidelines.

In the near future, healthcare challenges in terms of liquid biopsy such as increasing
diagnostic accuracy and delivering individual care, rather than by individual biomarker
testing, they will be uncovered by machine learning (ML) algorithms.2¢ Single biomarkers
in liquid biopsy often cannot accurately predict the state of a disease due to the variability
in biomarker expression across both diseased and healthy individuals as well as due to
the phenotypical heterogeneity of many diseases, including CCA.?” To address this
challenge, ML algorithms outperforms the sensitivity and specificity of individual
biomarkers buy building models from sample multiple inputs or different biomarker
measurements, thus making predictions and improving the diagnostic performance. ML
encompasses a set of computational techniques widely applied in many fields to reduce
large numbers of measurements into lower-dimensional outputs that are more useful.
ML-based softwares could be used in screening programs to identify and monitor high-
risk patients and they could also decrease the current cost of diagnostic strategies for
CCA. In order to turn data into meaningful insights, different ML-based models should
be done, in parallel with a proper selection of the individuals. The efficacy of a ML
algorithm is mostly dependent on the quality of the training dataset. Quality, robustness
and reproducibility of the underlying data will determine the output result and
discrepancies in the data collection process, imperfections of standardization and
incorrect labelled cases will inevitably limit the ML-based software’s accuracy. Future
integration of ML algorithms into healthcare should go along with physicians’ intelligence

for a ML-assisted but not ML-driven clinical practice.®
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In summary, in this study, biomarkers and biomarker-combining ML models of
ribonucleotides or proteins have been proposed in serum and urine EVs that allowed the
prediction, early detection and progression of CCAs in general and in CCAs arising in a
PSC background. The consideration of using biofluid-isolated EV proteomic and
transcriptomic platforms provided an important avenue for the discovery of early disease
biomarkers. The validation of these early CCA biomarkers along with others that would
arise in the future due to ongoing studies as well as logistic models combining multi-omic
data would allow malignant processes to be interrupted before metastatic spread,
resulting in more efficient treatments for the individuals concerned, and subsequently
impacting in healthcare cost minimization and social welfare. Furthermore, successfully
developed assays would help for effective population screening at early signs of
malignization to enable curative surgery and anticipate the appearance of late
symptoms. This global benefit would only be possible by the development of international
collaborative consortia such as the European Network for the Study of
Cholangiocarcionoma (ENS-CCA), the establishment of collaborative and accessible
open databases that shares information to the scientific community (e.g., MarkerDB, the
online database of molecular biomarkers), the use of international patient registries (e.g.,
the ENS-CCA) as well as by complex logistic strategies for sample collecting, stocking
and distributing in national and international biobanks. Larger sample collections would
be required for biomarker validation, with high number of control individuals whose
biomarker levels would contribute to define the normal concentration ranges of those
molecules as well as samples collected before any onset of symptoms or at slight
suspicion of the disease. In this sense, active awareness of patients to get involved into
research by donating samples is crucial and foundations such as the US
Cholangiocarcionma Foundation and the AMMF - The UK Cholangiocarcinoma Charity
play a fundamental role in this aim. Finally, the success of these efforts for accurate non-
invasive early diagnosis of CCA will certainly make progress thorough the collaborative
cross-disciplinary cooperation among, clinicians, basic and translational researchers,
computational biologists, biostatistics and epidemiologists. Such partnerships would
ultimately accelerate the translation of cutting-edge scientific discoveries from bench to

bedside, thus, leading to improved patient care and outcome.
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CONCLUSIONS

Serum and urine EVs isolated by serial differential ultracentrifugation steps are
mainly enriched in exosomes and microvesicles, characterized by the typical round
morphology, a size around 200nm and an enrichment in EV markers CD63 and
CD8L1.

The transcriptomic and proteomic biofluid EV profiling revealed that among all the
identified RNA and protein molecules, some specific molecule levels were
differentially detected in patients with CCA compared to healthy individuals, patients
with UC and patients with isolated PSC. The proteomic profile also differed in some
proteins when comparing patients with CCA with or without a PSC background, as
well as between patients with PSC who develop CCA in the follow-up and patients

with non-malignant PSC.

Biomarker performance evaluating metrics revealed that biofluid EVs contain
accurate RNA and/or protein biomarkers for bile duct cancers, with a higher
sensitivity and specificity than the serum tumor marker CA19-9. EV-related
biomarkers revealed the capacity for the prediction of CCA development in patients
with PSC, for the early tumor diagnosis (in patients with PSC background, in patients
without PSC etiology and in CCAs regardless disease etiology) and for the prognosis
estimation of patients with CCA.

Certain candidate EV-related biomarkers are expressed in CCA tumors,
preferentially in malignant cholangiocytes. This fact suggests the possibility that the
newly described biofluid EV biomarkers are produced by CCA tumors and released
to serum and/or urine, mirroring tumor behaviour and emphasizing this novel liquid
biopsy strategy. Moreover, these results pave the path not only for the discovery of
new biomarkers but also for new potential therapeutic targets, since they may

participate in disease pathogenesis.

Machine learning algorithms rather than individual biomarkers seem to be more
powerful in terms of diagnostic and prognostic testing parameters, which include
sensitivity, specificity, positive predictive value, negative predictive value, accuracy,
odds ratio and hazard ratio. These machine learning algorithms allow the correct
prediction, diagnosis or prognosis in a wider population, diminishing the false positive

or negative results that may arise from individual biomarker testing.
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6. A logistic model considering serum EV mRNA levels of CMIP, NME1 and CKS1B
discriminated patients with CCA from patients with PSC, UC and healthy individuals

with 100% of accuracy.

7. For patients with PSC, an algorithm considering serum EV protein levels of HV308,
KAIN, HEMO, A2MG, VWF, APOA1, TLN1 and IMA8 allowed the diagnosis of CCA
with 100% of accuracy, also at early tumor stages. In addition, a logistic model
combining only PLCH1 and FGL1 diagnosed patients with early-stage PSC-CCA
compared to individuals with PSC with 91% of accuracy.

8. For patients without PSC, a logit model combining the protein biomarkers SAMP,
ACTC, RELN, APOAL1 and KLKB1 enabled 100% of sensitivity and specificity in the
diagnosis of CCA compared to healthy individuals. Furthermore, an algorithm
combining only SAMP and A1AT revealed a sensitivity of 77% and specificity of 90%
when discriminating patients with CCA compared to healthy individuals.

9. A panel considering serum EV levels of FCN2, SDPR and FA9 predicted overall
survival of patients with CCA. High levels of these 3 proteins was associated with a
median overall survival of more than 10 years, while the low abundance in 2 or 3

biomarkers leads to a 30-fold death risk and a median survival of less than 7 months.
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ABBREVIATIONS

143372
4F2hc
0Y-TARE

Al1AG1
A1AT
A2M
A2MG
ACTB
ACTC
ACTN1
ADA10
ADAM10
ADIPO
ADMSCs
AFP
Al
AJCC
ALB
ALBU
ALP
ALPL
ALT
AMBP
AMPN
ANOVA
APCs
APCS
APOA1
APOA2
APOC1
APOE
APOF
APOL1
AST
ATF4
ATP5EP2
AUC

BWS

C1Ss

C9
CA19-9
CAF
CAGE
CBD
CCA
CCNG1
CD163
CD19
CD34
CD3D

14-3-3 protein zeta/delta
4F2 cell-surface antigen heavy chain
Yttrium90 transarterial radioembolization

Alpha-1-acid glycoprotein 1

Alpha-1-antitrypsin

Alpha-2-macroglobulin gene

Alpha-2-macroglobulin protein

Actin cytoplasmic 1

Actin alpha cardiac muscle 1

Alpha-actinin-1

Disintegrin and metalloproteinase domain-containing protein 10
Metalloproteinase domain-containing protein 10 gene
Adiponectin

Adipose tissue-derived mesenchymal stem cells
Alpha fetoprotein

Accuracy index

American Joint Committee on Cancer

Albumin gene

Albumin protein

Alkaline phosphatase

Alkaline phosphatase, biomineralization associated gene
Alanine transaminase

Protein AMBP

Aminopeptidase N

Analysis of variance

Antigen presenting cells

Serum amyloid P-component

Apolipoprotein A-l

Apolipoprotein A-Il

Apolipoprotein C-I

Apolipoprotein E

Apolipoprotein F

Apolipoprotein L1

Aspartate transaminase

Activating transcription factor 4

ATP synthase F1 subunit epsilon pseudogene 2
Area under the receiver operating characteristic curve

Beckwith-Widemann syndrome

Complement C1s subcomponent
Complement C9

Carbohydrate antigen 19-9
Cancer-associated fibroblast

Cap analysis of gene expression

Common bile duct

Cholangiocarcinoma

Cyclin G1

Scavenger receptor cysteine-rich type 1 protein M130
B-lymphocyte antigen CD19

Hematopoietic progenitor cell antigen CD34
T-cell surface glycoprotein CD3 delta chain



PART VI

CD3E T-cell surface glycoprotein CD3 epsilon chain
CD3G T-cell surface glycoprotein CD3 gamma chain
CD68 Macrosialin

CD79A B-cell antigen receptor complex-associated protein alpha chain
CDC Cell division control

CDK Cyclin-dependent kinases

CDs1 CDP-diacylglycerol synthase 1

CEA Carcinoembryonic antigen

CEUS Contrast-enhanced ultrasonography

CFL1 Cofilin 1 gene

CHB Chronic hepatitis B

Cl Confidence interval

CKS1B Cyclin-dependent kinases regulatory subunit 1
CLIP3 CAP-Gly domain containing linker protein 3

CME Clathrin-mediated endocytosis

CMIP C-Maf inducing protein

CO4A Complement C4-A

Co4B Complement C4-B

CO9 Complement component C9 protein

COF1 Cofilin-1

COL1A2 Collagen Type | Alpha 2 Chain

CT Computed tomography

dCCA Distal cholangiocarcinoma

DCN Decorin

DCs Dendritic cells

ddPCR Droplet digital polymerase chain reaction

DFMO Difluoromethylornithine

DLS Dynamic light scattering

DMA Dimethyl amiloride

DNA Deoxyribonucleic acid

DTT Dithiothreitol

EASL European Association for the Study of the Liver
eCCA Extrahepatic cholangiocarcinoma

ECOG-PS Eastern Cooperative Oncology Group Performance Status
EGFR Epidermal growth factor receptor

EIPA 5-ethyl-N-isopropyl amiloride

ELISA Enzyme-linked immunosorbent assay

EMT Epithelial-mesenchymal transition

ENS-CCA European Network for the Study of Cholangiocarcinoma
EPCAM Epithelial cell adhesion molecule

ER Endoplasmic reticulum

ERCP Endoscopic retrograde cholangiopancreatography
ESCRT Endosomal sorting complex required for transport
EUS Endoscopic ultrasonography

EVs Extracellular vesicles

FA9 Coagulation factor 1X

FAM107B Family with sequence similarity 107 member B
FANTOM5 Functional Annotation of Mammalian Genomes 5
FAP Familial adenomatous polyposis

FASP Filter aided sample preparation
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FBS
FCGBP
FCN1
FCN2
FCRL5
FGB
FGFR2
FGG
FGL1
FIBA
FIBB
FIBG
FISH
FLNA
FOLFOX
FRIL
FunRich
FUT3
FXYD2

GAD1
GC
GELS
GGT
GO
GPX3
GRP78
GSTM1
GSTT1
GTEx
GWAS

HB
HBV
HCA
HCC
HCG4
HCV
HEMO
HGF
hOGG1
HPA
HPC
HPR
HPTR
HPX
HR
HSP7C
HSPs
HSPG
hTERT
HV305

Fetal bovine serum

IgGFc-binding protein

Ficolin-1

Ficolin-2

Fc receptor-like protein 5

Fibrinogen beta chain

Fibroblast growth factor receptor 2
Fibrinogen gamma chain

Fibrinogen-like protein 1

Fibrinogen alpha chain

Fibrinogen beta chain

Fibrinogen gamma chain

Fluorescence in situ hybridization
Filamin-A

Folinic acid, 5-fluorouracil and oxaliplatin
Ferritin light chain protein

Functional Enrichment analysis tool
Fucosyltransferase 3 (Lewis Blood Group)
FXYD domain containing ion transport regulator 2

Glutamate decarboxylase 1

Vitamin D-binding protein coding gene
Gelsolin

Gamma-glutamyltransferase

Gene ontology

Glutathione peroxidase 3

78 kDa glucose-regulated protein, endoplasmic reticulum chaperone BiP
Glutathione S-Transferase Mu 1
Glutathione S-Transferase Theta 1
Genotype-Tissue Expression
Genome-wide association study

Hepatoblastoma

Hepatitis B virus

Human Cell Atlas

Hepatocellular carcinoma

HLA complex group 4

Hepatitis C virus

Hemopexin

Hepatocyte growth factor

Human oxoguanine glycosylase 1
Human Protein Atlas

Hepatic progenitor cell
Haptoglobin-related protein
Haptoglobin-related protein coding gene
Hemopexin gene

Hazard ratio

Heat shock cognate 71 kDa protein
Heat shock proteins

Heparan sulfate proteoglycans
Telomerase reverse transcriptase
Immunoglobulin heavy variable 3-13




PART VI
HV308

IBD
ICAM-1
iCCA
ICD
IDH1
IGF1R
IGHA1
IGHA2
IGHG4
IGLLS
IL

ILVs
IMA8
INO80OD
ITGB4
ITIH1
ITIH2
ITIH4

JAM2

K1C9
K22E
K2C6A
KAIN
KLKB1
KLRF1
KRT19
KRT2
KRT7
KVvi121
KV306

LAC2
LBP

LC

LC

LC
LDH4
LFG3
LG3BP
linc-ROR
IncRNA
LRP1
LT

LUM
LV301
LV403

MBCD
MALAT1

Immunoglobulin heavy variable 3-30

Inflammatory bowel disease

Intercellular adhesion molecule 1
Intrahepatic cholangiocarcinoma
International Classification of Disease
Inhibitor of isocitrate dehydrogenase 1
Insulin-like growth factor 1 receptor
Immunoglobulin heavy constant alpha 1
Immunoglobulin heavy constant alpha 2
Immunoglobulin heavy constant gamma 4
Immunoglobulin lambda-like polypeptide 5
Interleukin

Intraluminal vesicles

Importin subunit alpha-8

INO80 complex subunit D

Integrin B4

Inter-alpha-trypsin inhibitor heavy chain H1
Inter-alpha-trypsin inhibitor heavy chain H2
Inter-alpha-trypsin inhibitor heavy chain H4

Junctional adhesion molecule B

Keratin, type | cytoskeletal 9

Keratin, type Il cytoskeletal 2 epidermal protein
Keratin, type Il cytoskeletal 6A

Kallistatin

Plasma kallikrein

Killer cell lectin-like receptor subfamily F member 1
Keratin, type | cytoskeletal 19

Keratin 2

Keratin, type Il cytoskeletal 7

Immunoglobulin kappa variable 1D-33
Immunoglobulin kappa variable 3-15

Immunoglobulin lambda constant 2
Lipopolysaccharide-binding protein

Liver cancer

Liver cirrhosis

Liquid chromatography

Lactate dehydrogenase 4

Protein lifequard 3

Galectin-3 binding protein

Long intergenic non-coding RNA regulator of reprogramming
Long non-coding RNA

Prolow-density lipoprotein receptor-related protein 1
Liver transplantation

Lumican

Immunoglobulin lambda variable 3-1
Immunoglobulin lambda variable 4-3

Methyl-3-cyclodextrin
Metastasis associated lung adenocarcinoma transcript 1
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MAP6D1
MHC
MICB
miRNA
miscRNA
ML
MMPs
MMRN1
mOS
MRCP
MRI
mMRNA
MRP2/ABCC2
MS
MSCs
MSR1
MT1F
MTHFR
MUTYH
MVE
MVs
MYL6EB

NAFLD
NASH
NCAM1
ncRNA
NBD
NHCs
NK
NKG2D
NKT
NLR
NME1
nSMase2
NPV
NTA

OIT3
OR
ORA4F3
(ON)

PAFs
Pan-CCAs
PBMCs
PBS

PBX3
PCA
PCA3
pCCA
PD-1

PDT

MAP6 domain containing 1

Major histocompatibility complex

MHC class | polypeptide-related sequence B
MicroRNA

Miscelaneous RNA

Machine learning

Matrix metalloproteinases

Multimerin-1

Median overall survival

Magnetic resonance cholangiopancreatography
Magnetic resonance imaging

Messenger RNA

Multidrug resistance-associated protein 2
Mass spectrometry

Mesenchymal stem cells

Macrophage scavenger receptor 1
Metallothionein 1F
5,10-methylenetetrahydrofolate reductase
MutY homolog

Multivesicular endosome

Microvesicles

Myosin light chain 6B

Non-alcoholic fatty liver disease
Non-alcoholic steatohepatitis
Neural cell adhesion molecule 1
Non-coding RNA

Normal bile ducts

Normal human cholangiocytes
Natural killer

Natural killer cell receptor G2D
Natural killer T cell

Negative likelihood ratio
Nucleoside diphosphate kinase 1
Neutral type Il sphingomyelinase
Negative predictive value
Nanoparticle tracking analysis

Oncoprotein-induced transcript 3

Odds ratio

Olfactory receptor family 4 subfamily F member 3
Overall survival

Para-cancer fibroblasts

CCAs regardless etiology

Peripheral blood mononuclear cells
Phosphate-buffered saline

Pre-B-cell leukemia transcription factor 3
Principal component analysis

Prostate cancer associated 3

Perihilar cholangiocarcinoma
Programmed cell death protein |
Photodynamic therapy
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PEA
PET
PFA
PHGDH
PISK
PIGR
PLCH1
PLD2
PLEK
PLR
PON1
PMS2L4
PPBT
PPV

PS
PSA2
PSA3
PSB3
PSC
PSC-CCA
PTC

gPCR

RAB10
RELN
RFA
RFFL
RNA
RNU11
RRAGD

SAMP
SBRT
scRNA-seq
SDPR
SDS-PAGE
SEER

SEN
SERPINA1
SERPINA10
SERPINA4
SERPINB1
SIRT

SL
SNORNA
SNP
SnRNA
SPE
SVEP1

TACE

Proximity extension assays

Positron emission tomography

Paraformaldehyde

Phosphoglycerate dehydrogenase

Phosphoinositide-3-kinase

Polymeric immunoglobulin receptor

1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase eta-1
Phospholipase D2

Pleckstrin
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SUMMARY IN SPANISH

INTRODUCCION

El colangiocarcinoma (CCA) agrupa un conjunto heterogéneo de tumores con
caracteristicas de diferenciacion biliar que se originan a lo largo de la via biliar, desde
los canales de Hering hasta el conducto biliar comin.1® Los CCAs representan el 3%
de los tumores gastrointestinales y el 10-15% de los casos de tumores hepéticos
primarios, tratandose del segundo tipo de cancer hepético primario mas frecuente a nivel

mundial, tras el carcinoma hepatocelular (CHC).2

El CCA es un cancer poco frecuente, con una incidencia global menor a 6 casos por
100.000 habitantes, que afecta tanto a hombres como a mujeres en la década de los
sesenta-setenta afios, y cuya incidencia estd en aumento.® La distribuciéon geografica
mundial de este cancer es muy heterogénea, con una incidencia muy elevada en
regiones del sudeste asiatico (ej. 85 casos por 100.000 habitantes en el nordeste de
Tailandia) mientras que en algunos paises occidentales es muy poco frecuente.* El
crecimiento asintomatico de los CCAs en estadios iniciales conlleva a un diagnéstico
habitualmente tardio que, en combinacién con su alta agresividad, las pocas opciones
terapéuticas, su elevada quimio-resistencia y la alta tasa de recurrencia post-cirugia
contribuyen a la alarmante tasa de mortalidad asociada a este cancer biliar. La
supervivencia media de los pacientes con CCA es de aproximadamente 6 meses tras el
diagnéstico, con una supervivencia a 5 afios del 7-20%. En este sentido, es importante
destacar que el 2% de los casos mundiales de muerte relacionados con el cancer

corresponden a pacientes con CCA.?®

Dependiendo de su localizacion anatémica de origen, los CCAs se clasifican en
intrahepaticos (iCCA), perihiliares (pCCA) o distales (dCCA).>® El iCCA es el subtipo
menos frecuente, representando entre el 10-20% de los casos y puede surgir en
cualquier punto del epitelio biliar intrahepatico, desde las ramas mas pequefias de los
conductos biliares hasta los conductos biliares de segundo orden, también conocidos
como conductos biliares segmentarios. EI pCCA, anteriormente conocido como tumor
de Klatskin, es el subtipo de CCA mas comun, representando entre el 50-60% de los
casos, Yy pudiéndose desarrollar entre los conductos biliares hepéaticos izquierdo y/o
derecho hasta la insercion del conducto cistico en el conducto biliar comun. Por dltimo,
el dCCA, que representan en torno al 20-30% de los casos, puede surgir entre el
conducto biliar comun por debajo del conducto cistico y el &mpula de Vater, lugar donde
el conducto biliar conecta con el conducto pancreatico. Con respecto al estadio tumoral,
los CCAs se clasifican conforme a la guia clinica del American Joint of Committee on

Cancer (AJCC), que clasifica los tumores en base al sistema TNM, donde T representa
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el tamafio tumoral, N la afectacion de los nddulos linfaticos periféricos y M la presencia
de metastasis.” Los estadios tumorales se escalan de | al IV, donde los niimeros mas
bajos representa un estadio tumoral inicial y los nUmeros més elevados una situacion

mas avanzada del cancer.

En la actualidad, se desconoce la etiologia de la mayor parte de los CCAs. De hecho,
en los paises occidentales, alrededor del 50% de los casos son identificados en
pacientes carentes de ninguna causa asociada. Sin embargo, una serie de estudios
epidemioldgicos han descrito ciertos factores de riesgo que incrementan el riesgo de

colangiocarcinogénesis.*®

Entre los factores que incrementan de manera elevada el riesgo de desarrollar CCA se
encuentran: la presencia de quistes en el colédoco, célculos biliares, cirrosis, patologias
biliares como la enfermedad de Caroli o la colangitis esclerosante primaria (CEP), asi
como infecciones hepéticas cronicas debido a infeccion con paréasitos hepéticos (e.g.,
Opistorchis viverrini o Clonorchis sinensis) o a virus de la hepatitis B (HBV) o C (HCV).
En particular, la CEP representa una enfermedad hepética colestésica cronica asociada
a procesos autoinmunes frente al epitelio biliar, los cuales pueden provocar inflamacion
y fibrosis en los conductos, dando lugar a la formacién de estenosis biliares multifocales
gue posteriormente obstruyen las vias biliares tanto intra- como extra-hepéticas. Estos
pacientes presentan un riesgo de desarrollar CCA 400 veces mayor que la poblacion
general, y en torno al 10-20% de los pacientes con CEP desarrollan cancer biliar a lo
largo de su vida.® Asimismo, las infecciones provocadas por los trematodos hepaticos
Opistorchis viverrini y Clonorchis sinensis son altamente prevalentes y representan la
mayor causa de CCA en regiones del sudeste asiatico tales como Corea, China, Taiwan
y Vietnam.2° Por otro lado, entre aquellos factores que inducen bajo riesgo de desarrollo
del CCA pero gue son altamente prevalentes a nivel mundial destacan la enfermedad
hepatica alcohdlica, la diabetes tipo Il, el tabaco y la enfermedad de higado graso no

alcohdlico.

El diagndstico del CCA se realiza habitualmente mediante la combinacion de técnicas
de imagen, el andlisis de marcadores tumorales no especificos en el suero incluyendo
el antigeno carbohidrato 19-9 (CA19-9) o el antigeno carcinoembrionario (CEA), y el
estudio histopatolégico del tumor, necesario para confirmar el diagnéstico.!! Las
técnicas de imagen se basan generalmente en tomografia computarizada (TC),
resonancia magnética (RM), colangiopancreatografia por resonancia magnética
(CPRM), tomografia por emision de positrones (PET), colangiografia transhepatica

percutanea (PTC), colangiopancreatografia retrégrada endoscopica (CPRE) o ecografia
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endoscopica (EUS), cuyo uso habitual depende de la ubicacion del tumor. La precision
diagnéstica de los métodos de imagen esta influenciada por la localizacion anatémica y
los patrones de crecimiento de los CCAs. La mediciéon de los marcadores tumorales
CA19-9 y/o CEA en suero es la Unica herramienta de biopsia liquida que se usa
actualmente en clinica para ayudar en el diagndstico del CCA, pero su capacidad
diagnéstica intrinseca resulta ser escasa, especialmente en etapas iniciales del tumor.
Tanto el CA19-9 como el CEA presentan baja sensibilidad y especificidad. Ademas,
altos niveles de CA19-9 en sangre también pueden ser comunmente detectados en
enfermedades biliares benignas, y debido a la deficiencia de actividad de FUT3 hasta el
7% de la poblacion general no expresa el epitopo CA19-9, limitando aln mas su uso
como estrategia diagnéstica.’?'® Los métodos de imagen y los marcadores tumorales
actuales son poco precisos para el diagndéstico del CCA vy el estudio histopatolégico
presenta limitaciones debido a su caracter invasivo. De hecho, hay veces que se
desaconsejan los procedimientos de obtencién de biopsia o cepillado tumoral debido a
la fragilidad de los pacientes, estadiajes avanzados, localizaciones tumorales que
impidan la obtencién de cantidad suficiente para el andlisis o al posible riesgo de

sembrado peritoneal.!!

El diagnéstico precoz del CCA en pacientes con CEP mediante métodos no invasivos
se presenta como un desafio especialmente complejo, ya que frecuentemente las
estenosis biliares inflamatorias benignas y malignas detectadas en los pacientes con
CEP presentan caracteristicas morfoldgicas muy similares, lo que impide mediante las
técnicas de imagen demostrar la posible naturaleza neoplasica de la estenosis. Ademas,
el uso del CA19-9 como biomarcador no invasivo para el diagnéstico del CCA en la CEP
es limitado, ya que también suele estar elevado en casos de colangitis y colestasis

benignas.

Todas estas evidencias resaltan la necesidad de determinar biomarcadores precisos no
invasivos para, por un lado, desarrollar futuras estrategias de cribado que permitan un
diagnéstico precoz del CCA en poblaciones de alto riesgo (ej., pacientes con CEP) v,
por otro lado, para proporcionar un diagnéstico certero no invasivo, lo que ayudaria a

disminuir en dltima instancia la mortalidad relacionada con dicha malignidad.

En este sentido, en los ultimos afios, las vesiculas extracelulares (VES) se han postulado
como contenedores de biomarcadores para diversas patologias.'®® Las VEs son
esferas membranosas heterogéneas de tamafio nanométrico (30nm-2uM) secretadas
por diversos tipos celulares al medio extracelular mediante mecanismos moleculares

complejos y que estan presentes en fluidos bioldgicos tales como sangre, orina, bilis,
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saliva, etc. En cuanto a su composicion molecular, las VEs contienen proteinas,
metabolitos, acidos nucleicos y lipidos, cuya composicion y cantidad dependen de la
célula de origen. Estas moléculas juegan un papel clave como mediadores intercelulares
y pueden ser utilizados como biomarcadores para distintas enfermedades. Ademas del
tipo celular, la carga molecular de las VEs también varia en base a las condiciones
fisiopatoldgicas de cada célula, afectando directamente tanto al destino de las EVs como

al efecto inducido por estas vesiculas membranosas.

En relacion a su biogénesis, las VEs se clasifican en exosomas, microvesiculas y
cuerpos apoptoticos. Los exosomas presentan una morfologia redondeada y un tamafio
de aproximadamente 30-200nm. Se forman como vesiculas intraluminales (ILV) por la
invaginacion de la membrana endosomal durante la maduracién de los endosomas
multivesiculares (MVE) y son secretados al espacio extracelular mediante la fusion de
los endosomas tardios también conocidos como cuerpos multivesiculares (MVB) con la
membrana plasmatica. Las microvesiculas presentan un tamafio de en torno a 50-
1000nm y se forman directamente en la membrana plasmatica celular por evaginacion
de la misma para ser liberados al medio extracelular. Por ultimo, los cuerpos apoptéticos
son VEs de 800-5000 nm que se liberan durante el proceso de muerte celular

programada también conocida como apoptosis.

A pesar de su particular biogénesis, una vez secretados al medio extracelular y
alcanzados los fluidos bioldgicos, tanto los exosomas como las microvesiculas muestran
una apariencia similar, se superponen en tamafio y, a menudo, presentan una
composicion molecular comuan. Por tanto, es dificil determinar el origen de las VEs
cuando se aislan de diversos fluidos biolégicos, con lo que el término genérico VEs es

el mas ampliamente empleado para denominar estas entidades membranosas.

HIPOTESIS Y OBJETIVOS

La falta de métodos no invasivos y precisos para el diagnéstico del CCA, particularmente
importantes para individuos de alto riesgo, hace que en muchos casos estos tumores
se diagnostiquen en fases avanzadas, limitando el acceso a posibles opciones curativas
como la cirugia. Por ello, y teniendo en cuenta el potencial de las VEs como
contenedores de biomarcadores no invasivos de enfermedades y que estan presentes
en los distintos fluidos biolégicos, en este proyecto de tesis doctoral se plante6 la

hipotesis de que las VEs podrian ser una nueva forma de biopsia liquida que aporte
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biomarcadores precisos y no invasivos para la prediccion del desarrollo, el diagnéstico

precoz y la estimacion del pronéstico del CCA.
Por ello, se plantearon los siguientes objetivos:

I.  Aislamiento y caracterizacion de VEs de suero y orina de pacientes con CCA,

CEP y colitis ulcerosa (CU), asi como de individuos sanos.

II.  Determinacion del perfil transcriptomico y proteémico de las VEs mediante
tecnologias de alto rendimiento, incluyendo microarrays de expresién génica y
cromatografia liquida de alta resoluciéon acoplada a espectrometria de masas,

respectivamente.

[ll.  Identificaciébn de biomarcadores no invasivos en VEs de suero y orina para la
prediccion de desarrollo, diagnéstico precoz y/o estimacién del prondstico del
CCA.

IV.  Asociacion entre niveles de biomoléculas en VEs de fluidos biol6gicos con su
expresion en higado humano, tejido tumoral de CCA vy subtipos de células que
componen el tumor, abordando el concepto de biopsia liquida.

BIOMARCADORES DE ARN EN VEs DE SUERO Y ORINA

En este proyecto, uno de nuestros objetivos fue caracterizar el perfil transcriptdmico de
VEs de suero y orina de pacientes con CCA, CEP, CU e individuos sanos, con el fin de
determinar biomarcadores diagnosticos para el CCA que reflejasen las alteraciones de

expresion en el tumor (biopsia liquida).

Para ello, se aislaron VEs de suero y orina de pacientes con CCA [n=12 suero; n=23
orina], CEP [n=6 suero; n=5 orina], CU [n=8 suero; h=12 orina] e individuos sanos [n=9
suero; n=5 orina] a partir de 1 mL de suero y 50 mL de orina mediante un protocolo
basado en ultracentrifugaciones diferenciales seriadas. Tras aislar las VEs, se
caracterizo la fraccion vesicular a nivel morfolégico por microscopia electrénica de
transmision (MET), determinacion de tamafio y concentracion mediante el analisis de
seguimiento de nanoparticulas (NTA, Nanoparticle Tracking Analysis) y el andlisis por
inmunoblot de los marcadores caracteristicos de las VEs CD63 y CD81. Los resultados

mostraron una morfologia redondeada, un tamafio en torno a 180 nm y enriquecimiento
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de los marcadores CD63 y CD8, indicando la presencia mayoritaria de exosomas y/o
microvesiculas de pequefo tamafio en las fracciones de VEs aisladas de ambos fluidos

biol6gicos y también su pureza.

A continuacion, se analizé el perfil transcriptomico de estas VEs mediante microarrays
de expresién génica (lllumina) que contenia sondas para la deteccién tanto de ARN
mensajero (ARNm) como de ARN no codificante (ARNnNc). Se identificaron moléculas
de ARNm y ARNnc (e.g. microARN, IncARN y snoARN, entre otros) en ambos fluidos
bioldgicos y en los cuatro grupos experimentales. Ademas, se encontraron perfiles
diferenciales de ARN en VEs de suero y orina en pacientes con CCA en comparacion
con los grupos control (individuos sanos y pacientes con CEP o CU), mostrando alta
capacidad diagnéstica en muchos de los ARN. En cuanto a las VEs de suero, se detectd
una abundancia diferencial en 2807 transcritos entre los pacientes con CCA y el grupo
control formado por pacientes con CEP, CU e individuos sanos; destacando un aumento
de los ARNm RFFL, ZNF y OR4F3 y de los ARNnc MIR551B, PMS2L4 y LOC643955
en pacientes con CCA con respecto al grupo control, con precision diagndstica de hasta
el 100%, como es el caso de RFFL (AUC = 1,000). Con respecto a las VEs de orina, los
niveles de 1329 transcritos se encontraron diferencialmente alterados entre los
pacientes con CCA y el grupo control formado por pacientes con CEP, CU e individuos
sanos, destacando un aumento en los niveles de ARNm de MT1F, GPX3 y LDHA, asi
como de los ARNnc RNU11 y LOC257358, con valor diagnéstico de AUC hasta 0,915
como es el caso de MT1F.

A continuacion, se correlacionaron los niveles de ARN de los biomarcadores candidatos
en fluidos biolégicos con su expresion en tumores de CCA y tejido hepatico adyacente
de dos cohortes de pacientes internacionales independientes [The cancer genome atlas
(TCGA; n=36 tumor vs n=9 adyacente) y la cohorte de Copenhague (n=217 tumor vs
n=143 adyacente)], asi como en colangiocitos humanos tumorales y normales en cultivo,

y en VESs secretadas por estas células.

Entre los 2807 transcritos con niveles alterados en VEs de suero de pacientes con CCA,
la expresion de 479 ARNm se encontraba alterada en tejido de CCA en comparado con
tejido hepatico adyacente en ambas dos cohortes internacionales de pacientes y con la
misma tendencia observada en el suero. Ademas, la expresion de 156 ARNm también
se encontro alterada en las lineas celulares de CCA EGI1 y TFK1 en comparacion con
los colangiocitos normales humanos en cultivo. De esos 156 ARNm, 105 mostraban la
misma tendencia en VEs secretadas por dichas células. El andlisis de ontologia génica

reveld que estos transcritos participan en procesos fundamentales en la carcinogénesis,
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tales como el metabolismo, la comunicacion celular y vias de crecimiento celular
mediante la modulacion de rutas que promueven el cancer como, por ejemplo, la
regulacién del ciclo celular, la transicion epitelio-mesénquima y la reparacion del ADN.
Entre estos transcritos, CMIP, NME1 y GSK1B fueron los mejores candidatos a
biomarcadores de biopsia liquida identificados, ya que ademas de reflejar los mismos
niveles de expresién en el tumor y EVs de sangre, la combinacion de estos tres

biomarcadores permitié un diagnostico éptimo del CCA (AUC = 1,00).

Del mismo modo, entre los 1329 transcritos alterados en orina de pacientes con CCA,
la expresion de 259 ARNm se encontré alterada en tejido de CCA comparado con tejido
hepatico adyacente en las cohortes internacionales TCGA y la cohorte de Copenhague,
con la misma tendencia que presentaban estos transcritos en VEs de orina. Ademas, la
expresion de 84 ARNm también se encontrd alterada en las lineas celulares de CCA
EGI1y TFK1 en comparacién con los colangiocitos normales humanos en cultivo, y de
ellos, 39 transcritos mostraron la misma tendencia en VEs secretadas por dichas
células. En el caso de los biomarcadores de orina, el andlisis de ontologia génica reveld
que estos 39 transcritos estaban principalmente relacionados con procesos de
desarrollo y progresion tumoral, tales como la regulacién del metabolismo celular, la
sefializacion celular, la transicién epitelio-mesénquima y la respuesta inmune. Entre
estos ARNm, UBE2C y SERPINB1 se mostraron como mejores biomarcadores de
biopsia liquida. La combinacion de estos biomarcadores de orina aumentd su capacidad
diagnéstica independiente, proporcionando un valor de AUC de 0,812 para el
diagnostico del CCA.

Ademas del potencial valor diagnéstico de estos biomarcadores de biopsia liquida, y
considerando que estos transcritos se encontraron sobre-expresados en tejido tumoral
de dos cohortes independientes de pacientes, estos ARNm podrian desempefiar un
papel patolégico fundamental durante la colangiocarcinogénesis.!” En este sentido,
estudios demuestran que el factor de transcripcion CMIP esta aumentado en tumores
de gliomay de cancer gastrico humano, contribuyendo en el aumento de la proliferacién
y metastasis tumoral.*®!° Por otro lado, CKS1B, el ARNm que se encontraba en mayor
abundancia en VEs de suero de pacientes con CCA, se considera un oncogén. Estudios
han descrito un incremento de CKS1B en retinoblastoma, carcinoma hepatocelular,
carcinoma nasofaringeo y en mieloma multiple, y la sobre-expresién de CKS1B se ha
visto positivamente asociada al incremento en la proliferacion, migracion, angiogénesis,
invasion y quimio-resistencia.?®* Asi, UBE2C, cuyo incremento en la abundancia en

VEs de orina de pacientes con CCA ha sido descrita en la presente disertacion, ha sido
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relacionada en diversos estudios con el cancer géstrico de tipo intestinal, cancer de
ovario, carcinoma de células escamosas de cabeza y cuello, adenocarcinoma ductal
pancreatico, carcinoma hepatocelular y cancer de pulmén, entre otros.?>3! Por tanto,
aungue aun no se ha descrito la funcién de estos genes en la patogénesis del CCA,
estas moléculas podrian estar involucradas en procesos claves de desarrollo o
progresion, por lo que futuros estudios de estos genes seran necesarios para determinar

su papel en colangiocarcinogénesis.

En conclusion, las VEs de suero y orina de pacientes con CCA contienen perfiles
transcriptomicos especificos con alta capacidad diagnéstica. Al menos parte de estos
ARN presentes en VEs pueden ser liberados por las células del tejido tumoral y podrian
participar en la colangiocarcinogénesis, lo que refleja un nuevo enfoque de las VEs de

suero y orina como posible estrategia de biopsia liquida.

BIOMARCADORES PROTEICOS EN VEs DE SUERO

Otro objetivo principal de esta tesis doctoral fue caracterizar el perfil proteémico de las
VEs de suero de pacientes con CCA asociado a CEP (CCA-CEP), pacientes con CCA
de etiologia no CEP, pacientes con CEP que desarrollaron CCA durante el seguimiento,
pacientes con CEP aislada que no ha desarrollado CCA e individuos sanos, como
estrategia para identificar nuevos biomarcadores precisos y no invasivos para predecir
el desarrollo del CCA, diagnosticar estos tumores en estadios iniciales, y/o estimar el

pronéstico de los pacientes con CCA.

Para ello, se aislaron, mediante ultracentrifugacién diferencial, VEs de suero de
pacientes con CEP aislada (sin desarrollo de CCA en >5 afios tras diagndéstico), con
presencia concomitante de CEP y CCA, CEP que desarrollan CCA en el seguimiento
clinico (<3 afios tras diagnostico de CEP), asi como de individuos sanos para su
posterior caracterizacion a nivel proteico mediante proteémica basada en
espectrometria de masas. Conforme a los requerimientos de la Sociedad Internacional
de Vesiculas Extracelulares (ISEV, International Society of Extracellular Vesicles), las
vesiculas aisladas por ultracentrifugacion diferencial seriada fueron caracterizadas por
microscopia electrénica, NTA y el andlisis de los marcadores de VEs CD63 y CD81 por
inmunoblot, mostrando una morfologia redondeada, enriquecimiento de los marcadores
CD63 y CD81, asi como un tamafio medio de en torno a 200 nm, lo cual revela que los
componentes principales de la fraccibon de VEs aisladas son exosomas y/o

microvesiculas de pequefio tamafio. Los resultados prote6micos mostraron una
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abundancia diferencial de ciertas proteinas en VEs aisladas de pacientes con CCA-CEP
con respecto a los grupos control (i.e., CEP aislada e individuos sanos) con alta
capacidad diagndstica, y de hasta un valor de AUC de 0,931 como es el caso de FRIL.
Interesantemente, algunos de los biomarcadores diagnésticos identificados ya se
encontraban ya alterados en VEs de pacientes con CEP sin evidencias clinicas de la
presencia de CCA pero que desarrollaron dicho cancer durante el seguimiento. En
concreto, la abundancia de FGL1, IGHAL, FIBB o FIBG, entre otros, se encontraba
alterada en VEs de suero antes de la deteccion clinica del CCA, mostrando valores de
AUC de hasta 0,900 tras comparar pacientes con CEP que desarrollan CCA en el
seguimiento con aquellos pacientes con CEP que no han desarrollado CCA en mas de

5 afios tras el diagnéstico de CEP.

Con el fin de evaluar si los biomarcadores candidatos para el diagnostico de CCA eran
dependientes o no de la presencia de CEP o por el contrario comunes a otras etiologias,
los diferentes biomarcadores identificados se compararon con una cohorte de pacientes
gue, ademas de incluir individuos sanos y pacientes con CEP aislada, contenia un grupo
de pacientes con CCA de etiologia no CEP. En total, se evaluaron los siguientes grupos:
CCA-CEP (n=14), CCA sin etiologia de CEP (n=26), pacientes con CEP aislada sin
desarrollo de CCA tras >5 afios (n=39), pacientes con CEP sin evidencias clinicas de
malignidad en el momento de la toma de muestra (sangre) pero que desarrollaron CCA

durante el seguimiento (<3 afios) (n=10), e individuos sanos (n=41).

Tras el analisis, se identificaron una serie de proteinas especificas para el diagnéstico
del CCA en pacientes con CEP, para el diagndstico del CCA en pacientes sin etiologia
de CEP y un conjunto de biomarcadores diagnosticos de CCA independientes a su
etiologia. Los niveles de 14 proteinas permitieron un diagnéstico diferencial de pacientes
con CCA-CEP en comparacion con pacientes con CEP aislada, todos ellos mostrando
una mayor capacidad diagnostica que la del CA19-9 (AUC=0,675), destacando
particularmente la alta capacidad diagnéstica de KAIN, HEMO y OIT3 (AUC 0,846; 0,815
y 0,788; respectivamente). Ademas, la abundancia de 6 proteinas permiti6 un
diagnéstico especifico para los CCAs sin etiologia de CEP, con valores de AUC de hasta
0,874 en comparacion con individuos sanos, como es el caso de COFL1. Por otro lado,
la abundancia de 23 proteinas permitia el diagnostico de CCA independientemente de
su etiologia, entre los que destacan PIGR (AUC=0,812), FIBG (AUC=0,803) y APOA1l
(AUC=0,787). La mayoria de los candidatos a biomarcadores mantuvieron su precision
diagnostica al considerar solo los pacientes con estadios iniciales del tumor, lo que

refuerza su utilidad para un diagnostico temprano del CCA. Ademas, los niveles de casi
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todos los candidatos a biomarcadores eran independientes al sexo biologico, edad y
subtipo de CCA.

A través de la combinacion de los biomarcadores cuyos niveles eran independientes a
las variables de edad, sexo y subtipo de CCA, y mediante un modelado de aprendizaje
automatico logit, se desarrollaron algoritmos que mostraban un diagnéstico 6ptimo para
la identificacién del CCA en pacientes con CEP y otros modelos de regresion para el
diagnéstico de CCA en pacientes sin CEP. El modelo de regresion logistica binaria que
combina 8 biomarcadores proteicos (HV308 / KAIN / HEMO / A2MG / VWF / APOAL /
TLN1/IMAS8) proporcioné la maxima precision para discriminar pacientes con CCA-CEP
concomitante en comparacion con pacientes con CEP aislada, manteniendo el 100% en
sensibilidad y especificidad en estadios iniciales de CCA. Ademas, un algoritmo
combinado con PLCH1 y FGL1 mostré un valor diagnostico de AUC=0,903 y odds ratio
(OR)=28,8 para pacientes con CCA-CEP en estadios iniciales comparando con los
pacientes con CEP aislada, valores muy superiores al CA19-9 (AUC=0,608, OR=2). Por
otro lado, cuando la ausencia de CEP estaba clinicamente confirmada, un modelo logit
gue combina 5 biomarcadores (SAMP / ACTC / RELN / APOAL / KLKB1) demostré una
sensibilidad y especificidad del 100% para discriminar pacientes con CCA en
comparacion con individuos sanos, y también en estadios iniciales del tumor. Asimismo,
un algoritmo que combina SAMP y A1AT permitié diagnosticar el CCA en fases iniciales
en pacientes sin CEP en comparacion con individuos sanos (AUC=0,863, OR=18,5).

De cara a entender el posible origen de los biomarcadores presentes en VES circulantes
de pacientes con CCA, se analiz6 la expresion de dichas proteinas en bases de datos
con expresion génica de 61 tejidos/6rganos humanos, en las diferentes poblaciones
celulares del higado mediante secuenciacion de célula Unica (en ingles, single-cell RNA
sequencing, 0 scRNA-seq), asi como en scRNA-seq de tejido tumoral de CCA. Los
resultados transcriptobmicos de mdltiples 6rganos revelaron que casi todos los
biomarcadores de VEs se expresaban principalmente en tejidos hepatobiliares. El
analisis de scRNA-seq de higado humano mostré6 que la expresion de dichos
biomarcadores candidatos era en algunos casos especifica de ciertos tipos celulares,
mientras que en otros casos su expresion es comun en diferentes tipos de células
hepaticas. Por otro lado, el andlisis de scRNA-seq de tumores de CCA indic6 que
algunos biomarcadores, incluidos PIGR, FGG, SERPINALl y FGL1, se expresan
principalmente en colangiocitos tumorales, mientras que la expresion de VWF y ALPL

se encuentra principalmente en células endoteliales.
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A continuacion, con el objetivo de determinar biomarcadores proteicos en VES de suero
con capacidad de predecir la supervivencia de los pacientes con CCA, se realizd un
estudio multivariable de regresion de Cox considerando variables como la edad, sexo,
estadio tumoral, subtipo de CCA, presencia de CEP, cirrosis, y valores séricos de CA19-
9, bilirrubina, fosfatasa alcalina, ALT, AST y GGT. Tras este analisis, se identificé que
los niveles de los biomarcadores FCN2, MMRN1, SDPR, ACTC, ADIPO, CO4A, FA9,
PSB3y PSA2 en VEs circulantes eran predictores prondésticos independientes de dichas
variables anteriormente mencionadas. Ademas, un panel compuesto por los
biomarcadores FCN2, SDPR y FA9 se vio fuertemente asociado con la supervivencia
global de los pacientes. De hecho, los pacientes que presentaban altos niveles en estos
tres biomarcadores mostraron una supervivencia mayor a 10 afios, mientras que los
pacientes con bajos niveles en 2 0 3 de estos biomarcadores tenian una supervivencia

media menor a 7 meses.

En conclusion, este estudio ha demostrado la capacidad de las VEs de suero de
contener biomarcadores proteicos para la prediccion del desarrollo de CCA, asi como
para la deteccion precoz de tumores en individuos con etiologia de CEP, en individuos
sin CEP, asi como para la deteccion del CCA independientemente de la etiologia de la
enfermedad, superando el estandar actual de CA19-9. Este estudio refuerza la idea de
gue los CCAs que surgen de diferentes etiologias pueden contener proteinas en VEs de
suero comunes Yy diferentes, y, por tanto, refleja la necesidad de utilizar biomarcadores
0 algoritmos combinatorios adecuados y bien definidos para identificar el CCA en
subgrupos de pacientes especificos, que permitan realizar un diagnéstico personalizado
de acuerdo con las caracteristicas clinicas de cada paciente. El hecho de que la mayoria
de los biomarcadores circulantes se exprese en tumores de CCA y preferentemente en
colangiocitos malignos refuerza el uso de las VEs como estrategia innovadora de biopsia
liquida derivada de células tumorales. Finalmente, la asociacién de los niveles de ciertas
proteinas con la supervivencia del paciente muestra que las VEs de suero también
contienen biomarcadores proteicos con alta capacidad prondstica para los individuos
con CCA.

DISCUSION GENERAL

El CCA representa un problema clinico, social y econémico a nivel mundial. Aunque
actualmente se considera una enfermedad rara, su incidencia y mortalidad asociada
estan aumentando de manera global. La escasa precision de las técnicas de imagen

actuales y la falta de sensibilidad y especificidad de marcadores tumorales circulantes
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empleados para el diagndstico del CCA conllevan la necesidad de utilizar pruebas
invasivas (biopsia o citologia) para confirmar su diagnostico, imposibilitando también el
desarrollo de programas de cribado no invasivo y fiables del cancer en individuos de alto
riesgo. Por ello, es importante desarrollar herramientas seguras y fiables para la
prediccion de desarrollo y deteccion temprana de tumores especialmente en individuos
con factores de riesgo (e.g., CEP), lo cual permitira detectar los tumores en fases mas

tempranas y recibir tratamientos potencialmente curativos (quirdrgicos).

En este sentido, la biopsia liquida ofrece la posibilidad de conocer el estado de salud de
ciertos tejidos especificos del cuerpo mediante la deteccion de moléculas liberadas por
los tejidos en fluidos biolégicos de facil acceso, representando una alternativa segura al
procedimiento invasivo que implica la biopsia.® El gran desafio de la biopsia liquida
consiste en que las moléculas liberadas a biofluidos por tejidos afectados se encuentran
en cantidades relativamente bajas, por lo que identificarlas, cuantificarlas y asociarlas al
6rgano o tejido particular donde se desarrolla el proceso patoldgico requiere un gran
esfuerzo tecnologico. Ademas, para poder determinar el posible origen de esas
moléculas liberadas a los fluidos biolégicos hay que considerar que los 6rganos y tejidos
representan tipicamente masas diversas compuestas por distintos tipos celulares que
interactlan entre ellas y pueden diferir ampliamente en la ontogenia, funcién y expresion
génica. En este sentido, la tecnologia de secuenciacién scRNA-seq desarrollada
recientemente es una herramienta valiosa para diseccionar la heterogeneidad celular en
sistemas complejos y proporciona informacién sobre las células individuales que

componen tejidos y 6rganos.*

Entre los fluidos empleados para biopsia liquida, el suero y la orina son los mas
utilizados debido a que permiten una extraccion sencilla de la muestra y proporcionan
suficiente volumen para los andlisis requeridos. Estos fluidos, contienen una gran
variedad de moléculas entre las que se encuentran las VEs. El andlisis de VEs de suero
y de orina mediante técnicas dmicas de alto rendimiento proporcionan una serie de
ventajas con respecto al fluido total. Por un lado, en proteémica basada en
espectrometria de masas las proteinas mas abundantes tienden a enmascarar la
deteccion de proteinas menos abundantes, que podrian ser biomarcadores potenciales.
Por ello, el aislamiento de VEs permite separar proteinas altamente abundantes vy,
mediante el andlisis de ese sub-proteoma, aumentar la capacidad de identificacion y
deteccion de proteinas que se encuentran en menor concentracion en fluidos biolégicos
complejos como el suero.®* En segundo lugar, para que una molécula pueda ser
candidata a biopsia liquida, debe ser secretada por el tejido de origen y localizada en

fluidos circulantes. Debido al conocimiento de la biogénesis de las VEs, se sabe que
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estas vesiculas se generan en las células, son secretadas al medio extracelular y
alcanzan diversos fluidos biolégicos.® Por tanto, moléculas identificadas en estas VEs
podrian ser buenos biomarcadores de biopsia liquida y reflejar el estado celular de
donde se originan. Por ultimo, la encapsulacion de los acidos ribonucleicos en VEs
previene su fragmentacion o degradacidén por parte de las nucleasas en circulacién,

convirtiéndolos en candidatos mas estables.

Sin embargo, aunque las VEs ofrecen una estrategia prometedora para la busqueda de
biomarcadores de biopsia liquida, su traslacionalidad clinica se encuentra limitada,
debido principalmente a la complejidad, heterogeneidad y variabilidad de las técnicas
de aislamiento que provocan una falta de reproducibilidad de los resultados. Por lo tanto,
la consideracion del uso de plataformas protedémicas y transcriptbmicas de alto
rendimiento para la identificacion de posibles biomarcadores tempranos no invasivos en
VEsy la posterior validacion de dichos biomarcadores en fluidos no procesados a través
de técnicas sencillas y reproducibles representa una estrategia racional para el

descubrimiento y aplicacion clinica de biomarcadores no invasivos.

En este sentido, la reaccién cuantitativa en cadena de la polimerasa (QPCR) y los
ensayos de proteinas basados en inmuno-afinidad como el ensayo por inmuno-
absorcion ligado a enzimas (ELISA) se han postulado como las plataformas analiticas
preferidas por la comunidad cientifica para la validacién de biomarcadores de ARN y
proteinas en fluidos, respectivamente, debido a que son técnicas reproducibles, rapidas
y sin gran demanda de equipamiento que permiten analizar un gran nimero de muestras

de manera simultanea.

En el futuro, la demanda clinica del aumento de precisién de la biopsia liquida en clinica
y la atencién individualizada sera cubierta por algoritmos de aprendizaje automaticos
gue combinen una serie de biomarcadores individuales.® A menudo, los biomarcadores
individuales carecen de precisién, debido a su variabilidad de expresion tanto en
individuos sanos como en enfermos, y a la naturaleza heterogénea de enfermedades
como el CCA. Sin embargo, los algoritmos construidos automaticamente a partir de
multiples biomarcadores superan la sensibilidad y especificidad de los biomarcadores

individuales y mejoran su rendimiento diagndstico.

La validacion futura de los biomarcadores de CCA propuestos en este estudio y otros
gue surjan en estudios en curso, junto con el desarrollo de modelos logisticos que
combinen diferentes tipos de biomoléculas podran permitir mejorar la deteccion precoz

del CCA, aumentando sustancialmente la posibilidad de utilizar tratamientos mas
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eficientes para los pacientes y, directamente mejorando el bienestar social y

minimizando los costes sanitarios.

Este beneficio global solo sera posible mediante la cooperacion interdisciplinaria entre
médicos, investigadores basicos y traslacionales, bidlogos computacionales,
bioestadisticos y epidemidlogos, a través del desarrollo de consorcios colaborativos
internacionales como la Red Europea para el Estudio del Colangiocarcionoma
(ENSCCA), el establecimiento de bases de datos colaborativas y accesibles, el uso de
registros internacionales de pacientes, una gestion optima de biobancos nacionales e
internacionales y una concienciacion activa de los pacientes para lograr su implicacién
en la investigacion mediante la donacion de muestras. Asi, se podran identificar nuevos
biomarcadores no invasivos precisos para el diagnostico temprano del CCA,
posibilitando un abordaje terapéutico potencialmente curativo que resultara ciertamente

en una mejoria del prondstico y de la calidad de vida de los pacientes.

CONCLUSIONES

1. Las VEs de suero y orina aisladas mediante ultracentrifugacion diferencial seriada
pertenecen principalmente a exosomas y microvesiculas, caracterizadas por su
morfologia tipica redondeada, un tamafio en torno a 200 nm y un enriquecimiento

en los marcadores caracteristicos de VEs, tales como CD63 y CD81.

2. El perfil transciptomico y protedmico de las VEs revel6 que, entre todas las
moléculas de ARN y proteinas identificadas, se detectaron algunas biomoléculas
especificas cuyos niveles estaban alterados en pacientes con CCA en comparacion
con individuos sanos, pacientes con CU y pacientes con CEP aislada. El perfil
protedmico también mostro diferencias entre pacientes con CCA en un contexto de
CEP y pacientes con CCA de etiologia no CEP, asi como entre pacientes con CEP

que desarrollan CCA y los que no desarrollan cancer biliar.

3. El andlisis estadistico de la capacidad diagndstica o prondstica de las moléculas de
ARN y/o proteinas revel6 que las VEs contienen biomarcadores precisos para el
diagnostico de los CCAs, con una sensibilidad y especificidad mayor al marcador
tumoral no invasivo actual CA19-9. Los biomarcadores de VEs revelaron capacidad
de prediccién del desarrollo de CCA en pacientes con CEP, de deteccién del tumor
en estadios iniciales (tanto en pacientes con etiologia de CEP como en pacientes

de etiologia no CEP), y de estimacién del prondstico de los individuos con CCA.
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Ciertos biomarcadores de biopsia liquida se expresan en tumores de CCA,
preferentemente en los colangiocitos malignos. Este hecho confirma la posibilidad
de que los biomarcadores de VEs descritos en este trabajo sean producidos por las
propias células de CCA vy liberados al suero y, en algunos casos, posteriormente a
la orina, reflejando el contenido del tumor de manera no invasiva. Ademas, estos
resultados muestran que ademas de biomarcadores, estas moléculas podrian ser
nuevas posibles dianas terapéuticas ya que podrian estar implicadas en la

patogénesis de la enfermedad.

Los algoritmos de aprendizaje automatico que combinan biomarcadores parecen ser
mAas precisos, en términos diagnosticos y/o prondsticos, que dichos biomarcadores
de forma individual, tanto en sensibilidad, especificidad, valor predictivo positivo,
valor predictivo negativo, precision, razon de probabilidades y razén de riesgo. Estos
algoritmos de aprendizaje automético pueden permitir la prediccion, el diagnéstico o
el prondstico correctos de una poblacion mas amplia, disminuyendo los resultados
con falsos positivos o0 negativos que puedan surgir en las pruebas de biomarcadores

individuales.

El estudio de transcriptbmica mostré6 que un modelo de regresion logistica
compuesto por los ARNm CMIP, NME1 y CKS1B en VEs de suero discrimina con el
100% de precision pacientes con CCA de pacientes con CEP, CU o individuos

sanos.

En pacientes con CEP, el algoritmo combinatorio de los niveles de las proteinas
HV308, KAIN, HEMO, A2MG, VWF, APOA1, TLN1 e IMA8 en suero permitieron el
diagnostico de CCA en pacientes con CEP en el 100% de los casos, y el modelo
logistico incluyendo Unicamente las proteinas PLCH1 y FGL1 ofrecieron una

precision del 91% para la deteccion temprana del CCA en pacientes con CEP

En pacientes sin CEP, la combinacion de las proteinas SAMP, ACTC, RELN, APOA1
y KLKB1 ofrecian un 100% de sensibilidad y especificidad para el diagndstico del
CCA en comparacion con los individuos sanos, mientras que la inclusion algoritmica
de Unicamente las proteinas SAMP y A1AT ofrecié un diagndstico de CCA en

comparacion con individuos sanos con 77% de sensibilidad y 90% de especificidad.
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