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1. Introduction

1.1. Cancer as a global contemporary disease

Noncommunicable diseases (NCDs) are chronic conditions that are not primarily caused
by transmittable infections and often result in long-term health consequences and
treatment (Pan American Health Organization 2021). During the last years, NCDs have
become the leading cause of death worldwide, accounting for 72% of all deaths globally
in 2016, with upward tendency (Wild et al. 2020). Out of these, 40.8% can be attributed
to cardiovascular diseases, 29.8% to cancers, 7.0% to chronic respiratory diseases and
4.5% to diabetes, rendering cancer as the second leading cause of death worldwide.
Furthermore, among almost all countries with high or very high human development index
(HDI), cancer even represents the leading cause of death (Wild et al. 2020).

In terms of incidences, the worldwide most common cancer site in both sexes and all ages
combined in 2020 was breast (11.7%, 2.3 million), followed by lung (11.4%, 2.2 million),
colorectum (10%, 1.9 million), prostate (7.3%, 1.4 million), stomach (5.6%, 1.1 million)
and liver (4.7%, 0.9 million) (Fig. 1A). However, the most common cancer sites with the
highest mortality rates were lung (18%, 1.8 million), colorectum (9.4%, 9.4 thousand), liver
(8.3%, 8.3 thousand), stomach (7.7%, 7.7 thousand), breast (6.9%, 6.9 thousand) and
oesophagus (5.5%, 5.5 thousand) ( Fig. 1B). When comparing annual mortality rates to
incidence rates, the fatality of some cancers with poor survival becomes apparent. In
2020, pancreas cancer showed the highest mortality rates as compared to incidence rates
(both sexes: ratio of 0.93), followed by liver (women: 0.92, men: 0.91), oesophagus (both
0.89), mesothelioma (women: 0.82, men: 0.85), brain and central nervous system
(women: 0.80, men: 0.82), lung (women: 0.77, men: 0.82) and gallbladder cancer (women:
0.71, men: 0.73)( Fig. 1C) (GLOBOCAN 2020).

While in 2012 14.1 million new cancer cases were registered worldwide, new cases were
predicted to exceed 20 million by the year 2025 (Stewart and Wild 2014). With more than
19 million new cancer diagnoses in 2020 the prediction was surpassed by almost 5 years
(GLOBOCAN 2020). This trend concurs with the observation of demographic and
epidemiological transitions of the global population that are based on a shift to an overall
older, more susceptible population to ageing-related NCDs and on a decline of mortality
from infectious diseases (Omran 1971, Caldwell 1976). Although in most countries with

high HDI cancer mortality rates are declining due to effective preventions, early detection
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and treatments, mortality rates in countries in transition with low HDI are still increasing
for many cancer types, including liver cancer (Center et al. 2012, Siegel et al. 2014,
DeSantis et al. 2015, Benson et al. 2021). Taking these global trends into account,
providing new detection and treatment options, especially for poverty-related cancer

types, remains in urgent need.

A Incidence rates B Mortality rates
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ASR (world) per 100,000 in 2020 ASR (world) per 100,000 in 2020
C
Women Men
Pancreas 0.93 0oz M Incidence
- oo M Mortality

Oesophagus 0.89 0.89

Mesothelioma 0.82 0.85

Eé?]ltrr]z’al nervous system %80 9.2

Lung 0.77 0.82

0.71 073

Stomach 0.70 0.70

Ovary 0.64

Multiple myeloma 0.62 0.64

20

ASR (world) per 100,000 in 2020

Fig. 1: The most common global cancer sites. Depicted are estimated age-
standardized rates (ASR) worldwide for all ages per 100,000 persons in 2020 for both
sexes separately. The 10 most common cancer sites sorted by either incidence rates (A)
or mortality rates (B) are shown. In C cancer sites are sorted according to high mortality
rates as compared to incidence rates. The respective ratio is indicated in green. Indicated
in red are the hepatobiliary cancers. Data was obtained from the GLOBOCAN 2020
database (https://gco.iarc.fr/today) and was modified to create the graphs.
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1.1.1. Hepatobiliary cancers

Hepatobiliary cancers are a heterogeneous group of diverse primary malignancies that
develop either in the liver (hepatocellular carcinoma, HCC) or in the biliary tract system
(Fig. 2). Biliary cancers can be divided into gallbladder carcinomas (GbCAs) that arise
inside the gallbladder and cholangiocarcinomas (CCAs) that encompass all tumors
originating in the biliary tree. According to their anatomical site of origin, CCAs can further
be classified into three subtypes: (i) intrahepatic CCAs (iCCAs) that emerge in bile ducts
inside the liver parenchyma, (ii) perihilar CCAs (pCCAs) that originate at or close to the
junction of the left and right hepatic duct, and (iii) distal CCAs (dCCAs) that occur in distant
bile ducts outside of the liver. pCCAs, often referred to as Klatskin tumors, and dCCAs
can collectively be summarized as extrahepatic CCAs (eCCAs) (Benson et al. 2009, Duffy
and Greten 2017, Banales et al. 2020). Since every hepatobiliary cancer subtype has its
own distinct characteristics and requires specific individual workup, it is important to
diagnostically distinguish between these types to ensure the best possible treatment

outcome (Valle et al. 2016).

iICCA
o~ pPCCA
(Klatskin) eCCA
GbCA dCCA

Fig. 2: Localisation of hepatobiliary cancers. Depicted are the respective locations
and classifications of hepatobiliary cancers within the liver and the biliary tract system.
HCC: hepatocellular  carcinoma, @ GbCA: gallbladder carcinoma, CCA:
cholangiocarcinoma, iCCA: intrahepatic CCA, pCCA: perihilar CCA, dCCA: distal CCA,
eCCA: extrahepatic CCA. Figure was created with BioRender.com.
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Hepatobiliary cancers, especially biliary cancers, are rare and are associated with poor
survival rates that are often due to diagnoses in late stages. Although rare, incidences
and mortalities have been increasing worldwide during the last decades, featuring a
growing global health problem that urgently needs to be addressed in order to improve
treatment outcomes and thus patient survival (Bertuccio et al. 2019, Van Dyke et al. 2019).

1.1.1.1. Hepatocellular carcinoma

Primary liver cancer is the sixth most commonly detected cancer site worldwide and the
third leading cause of cancer-related mortality in 2020. Generally, it is more common in
men than in women (GLOBOCAN 2020, Dasgupta et al. 2020). On a global scale, HCC
constitutes the largest group of primary liver cancer with around 75%, followed by
intrahepatic CCAs with 12-15% (Petrick and McGlynn 2019, Dasgupta et al. 2020, Florio
et al. 2020). The highest age-standardized incidence and mortality rates for HCC are
observed in eastern Asia and Sub-Saharan Africa, where it exceeds 15 per 100,000
people (Marrero et al. 2018, Llovet et al. 2021). Mongolia displays the highest incidence
rate with 93.4 per 100,000 people. HCC is a highly fatal tumor with mortality-to-incidence-
ratios approaching 1, thus, mortality rates in the aforementioned geographical regions are
the highest worldwide as well (Singal et al. 2020). However, incidence and mortality of
HCC are increasing rapidly in parts of Europe and the USA, rendering HCC a global health
challenge (McGlynn et al. 2015).

More than 90% of all HCCs occur on the background of a chronic liver disease, whereby
pre-existing cirrhosis from any etiology can be found in more than 80% of all HCC cases
and can thus be considered as the strongest risk factor for HCC development (Galle et al.
2018, Marrero et al. 2018). Approximately 1-6% of cirrhosis patients develop HCC
annually, while HCC constitutes the leading cause of death for these patients (Trinchet et
al. 2015). Hence, any etiological factor leading to cirrhosis can be considered as a risk
factor for HCC. Hepatitis B virus (HBV)-induced cirrhosis is the most prevalent risk factor
for HCC development and accounts for ~50% of all HCC cases (Akinyemiju et al. 2017).
Other important risk factors include chronic alcohol consumption, obesity- or diabetes-
related non-alcoholic steatohepatitis (NASH), hepatitis C virus (HCV) infection and
primary biliary cholangitis (Galle et al. 2018, Marrero et al. 2018, Llovet et al. 2021). Of
note, especially in the West, NASH as a disease associated with metabolic syndrome and
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diabetes, is becoming the fastest growing etiology of HCC in recent years (Estes et al.
2018).

Prognosis of HCC patients generally varies according to stage at diagnosis and treatment
resulting in an overall 5-year survival rate of less than 20% (Brar et al. 2020). Thus,
patients at risk for HCC development, particularly patients with underlying cirrhosis and/or
HBV infection, should be screened regularly (Galle et al. 2018). International guidelines
across scientific societies agree on semi-annual surveillance in a 6-month interval by
ultrasonography (US) with or without assessment of serum a-fetoprotein (AFP) levels as
the best surveillance strategy (Galle et al. 2018, Marrero et al. 2018, Benson et al. 2021).
Since most HCC cases occur in patients with cirrhosis or HBV infection, many HCC
patients are diagnosed during surveillance of these pre-existing diseases (Singal et al.
2020). Nevertheless, especially in developing countries, where access to screening
resources is often limited, incidental diagnoses of liver masses identified during cross-
sectional imaging performed for other indications account for approximately 50% of HCC
cases (Llovet et al. 2021). Of note, in some parts of Asia and Africa, where HBV infection
is endemic and the main risk factor for HCC development, vaccination against the virus
as a preventive measure has led to a marked decrease in HCC incidence (Chang et al.
2016). If HCC is suspected, either incidentally or during surveillance, multiphasic contrast-
enhanced CT or MRI should be carried out to assess the arterial enhancement and
delayed washout of the potential tumor. This radiological characteristic is regarded
sufficient for definitive diagnosis without the necessity of histological confirmation (Galle
et al. 2018, Marrero et al. 2018, van der Pol et al. 2019). Thus, HCC is mostly detected
based on non-invasive hallmarks. However, these radiological criteria are only applicable
to cirrhotic patients with nodules =21 cm, while the diagnosis of all other patients still
requires confirmation by pathology. Serological tumor markers such as AFP are not
recommended to establish a diagnosis but might be beneficial for prognostic purposes
(Galle et al. 2018).

Treatment strategies for HCC vary greatly according to tumor stage and overall patient
health and should be revised carefully before any treatment decisions. Tumor staging by
the BCLC staging system should be carried out and pre-existing comorbidities such as
advanced cirrhosis, that compromises patient health and thus limits treatment possibilities,
should be taken into account (Llovet et al. 2021). Surgical interventions that include tumor
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resections as well as liver transplantations are the most commonly applied potentially
curative treatments for HCC with 5-year survival rates exceeding 70% (Galle et al. 2018,
Marrero et al. 2018). Additional neoadjuvant or adjuvant therapies are not recommended
by international guidelines, since their benefit for overall patient survival has not been
proven (Galle et al. 2018). According to the BCLC staging system, only patients in very
early and early tumor stages are eligible for surgical treatments, while intermediate- and
advanced-stage cases are typically subjected to ablation, chemoembolization or systemic
chemotherapy. A combination therapy with the two drugs atezolizumab and bevacizumab
is usually the method of choice for first-line chemotherapy, with sorafenib or lenvatinib as
alternative monotherapies or subsequent second-line drugs (Galle et al. 2018, Marrero et
al. 2018, Llovet et al. 2021). Of note, advanced-stage systemic therapies are associated
with considerably worse prognosis than early-stage surgical interventions and often result
in median survival of only 1-1.5 years (Villanueva 2019). If HCC is diagnosed in a terminal
stage, only palliative treatments with best supportive care are possible.

1.1.1.2. Cholangiocarcinoma

With approximately 12-15% of all primary hepatic malignancies, iCCAs are the second
most common type of primary liver cancer after HCCs (Petrick and McGlynn 2019).
Among CCAs, iCCA accounts for approximately 10-20%, surpassed by dCCA (20-30%)
and pCCA (50-60%) (Banales et al. 2020). Incidences of CCA vary greatly depending on
geographic regions, with eastern Asian countries ranking among the highest incidences
worldwide (85 per 100,000 in northeastern Thailand vs. 0.4 per 100,000 in Canada)
(Strijker et al. 2019). Accordingly, mortality rates in Asian countries are higher than in the
West, with the highest rate reported in Japanese men (2.81 per 100,000). Generally, CCA
is more common in men than in women (Bertuccio et al. 2019). On a global scale,
incidences as well as mortality from iCCA markedly increased during the last decades,
while eCCA incidences and mortality decreased in most countries (Bertuccio et al. 2019,
Khan et al. 2019).

Risk factors for CCA development are diverse and vary substantially depending on CCA
subtype, geographic region and genetic background (Khan et al. 2019, Florio et al. 2020).
Mostly, however, CCA develops in ducts that are affected by chronic inflammation such
as chronic viral hepatitis, primary sclerosing cholangitis (PSC), Caroli’'s disease,
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hepatolithiasis and liver fluke infections (Komuta et al. 2008, 2012, Zhou et al. 2008,
Carpino et al. 2019). Furthermore, excessive alcohol and tobacco consumption as well as
metabolic conditions (obesity, diabetes or non-alcoholic fatty liver disease) have been
linked to a higher risk of CCA development (Donato et al. 2001, Shaib et al. 2005, Tyson
and El-Serag 2011). The diversity of risk factors may contribute to the fact that
approximately 50% of all diagnosed CCA cases occur sporadically without the presence
of any identifiable risk factor (Khan et al. 2019).

Since CCAs are usually asymptomatic in early stages, they are mostly diagnosed during
advanced disease progression, leading to greatly compromised therapeutic options and
thus to generally poor 5-year survival rates of 7-20% (Lindnér et al. 2015, Kamsa-Ard et
al. 2019, Strijker et al. 2019). Screening procedures such as ultrasonography (US),
computed tomography (CT), magnetic resonance imaging (MRI) or assessment of
carbohydrate antigen 19-9 (CA19-9) levels to identify malignant changes as early as
possible are recommended for PSC patients, but have so far not proven reliable for a
differential diagnosis of PSC and CCA (Beuers et al. 2009, Khan et al. 2012). Apart from
PSC and cirrhosis, for which patients are already undergoing screening for HCC
surveillance, no screening procedures have been established for other defined at-risk
groups (Valle et al. 2016). Consequently, iCCA is mostly discovered incidentally (20-25%
of all cases) as a result of surveillance scans performed for other indications (Alvaro et al.
2011). Serological tumor markers such as CA19-9 are not recommended to establish a
diagnosis but might be beneficial for prognostic purposes (Bridgewater et al. 2014).
Furthermore, distinguishing iCCA from HCC, mixed HCC-CCA and metastatic
adenocarcinomas remains a difficult challenge (Khan et al. 2012, Banales et al. 2020).
Consequently, up to date, a biopsy followed by histopathological evaluation is required for
a definitive diagnosis (Bridgewater et al. 2014). Due to a lack of distinct imaging criteria,
a location that is often difficult to access for biopsies, and insensitive minimal-invasive
serological tumor biomarkers, CCAs can be extremely challenging to accurately diagnose
(Banales et al. 2016, Rizvi et al. 2018). However, each CCA type requires differential risk
assessment and specific staging according to the TNM 2010 system. These steps are
crucial for following treatment decisions and need to be carried out with great care for
each patient individually, taking underlying comorbidities and general patient health into
account (Valle et al. 2016).
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The only potentially curative option for CCA is a complete resection of the malignant tissue
and adjacent parts. The extent of the resection varies greatly depending on CCA subtype
and stage. Typically, hemi-hepatectomy with lymphadenectomy is carried out for iCCA
resection, whereas pCCA requires an additional removal of the caudate lobe and
extrahepatic bile duct. For dCCA, a partial duodeno-pancreatectomy with extended bile
duct resection is usually necessary (Valle et al. 2016, Banales et al. 2020). After curative
resection, adjuvant capecitabine treatment with subsequent surveillance of recurrences is
recommended by international guidelines (Shroff et al. 2019). Most patients (~70%),
however, are diagnosed at late stages of the disease and present with advanced and thus
unresectable tumors. In these cases only palliative treatment with subsequent best
supportive care is possible (Valle et al. 2016, Forner et al. 2019), with systemic
chemotherapy (gemcitabine monotherapy or in combination with cisplatin) being the
treatment of choice for inoperable tumors (Valle et al. 2016). Of note, liver transplantation
as a potentially curative option for iCCA is currently under investigation and might be of

benefit for patients with tumors smaller than 2 cm (Sapisochin et al. 2016).

1.1.1.3. Gallbladder carcinoma

Although rare on a global scale, gallbladder carcinomas (GbCAs) represent almost 50%
of all biliary tract cancers (Siegel et al. 2017). Incidence rates of GbCAs vary depending
on geographic region with the highest age-standardized rate for both sexes in 2020 being
reached in Bolivia (8.5 per 100,000 people), followed by Chile (5.6), Bangladesh (4.9),
Nepal (4.1) and both South (2.9) and North Korea (2.7) (GLOBOCAN 2020). The highest
incidence, however, was found in women from northern India with 21.5 per 100,000
(Bailey and Shah 2019). Accordingly, mortality rates in the aforementioned countries are
high as well with Bolivia displaying the highest value of 5.8 per 100,000 people. Among
the tumors that can affect both genders, alongside thyroid cancer, GbCA is the only type
of cancer that is more common in women than in men (GLOBOCAN 2020). While GbCA
mortality has decreased in most countries over the last decades before the 2000s, in many
countries this decrease has stopped or even reversed since then (Torre et al. 2018).

The development of GbCA is predominantly associated with the presence of chronic
inflammation of the gallbladder. Thus, cholelithiasis that describes the accumulation of
gallstones in the gallbladder is the most common risk factor for GbCA. Other risk factors
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include gallbladder polyps, congenital biliary cysts, porcelain gallbladder, primary
sclerosing cholangitis, chronic infection and obesity (Benson et al. 2009, Valle et al. 2016,
Bailey and Shah 2019).

GbCAs are highly aggressive tumors that can spread rapidly and are consequently often
diagnosed at advanced stages of the disease (Benson et al. 2009). Accordingly, the one-
year mortality (85%) and 5-year survival rate (5%) are poor. Of note, 5-year survival can
go up to 75%, if the malignancy is discovered at an early stage (Goodman and Yamamoto
2007, Goetze 2015, Siegel et al. 2017, Bailey and Shah 2019). Surveillance screening by
ultrasonography is recommended for patients diagnosed with premalignant gallbladder
polyps measuring 6-9 mm. Since lesions greater than 20 mm are potentially GbCA,
enlarged polyps (10-20 mm) should be evaluated for resection (Andrén-Sandberg 2012).
Besides that, no screening procedure for other at-risk groups has been established.
Typically, GbCA is either diagnosed incidentally after histopathological evaluation of
cholecystectomies (70% of all GbCA diagnoses) or during imaging of symptomatic
patients as a late-stage tumor of the right upper quadrant (Goetze 2015, Valle et al. 2016).
In both cases appropriate staging by imaging procedures (MRI or CT) and extensive
histopathological analysis is required to decide about the necessity of further resections.
As for CCAs, serological tumor markers such as CA19-9 are not recommended to
establish an accurate diagnosis but might be beneficial for prognostic purposes (Valle et
al. 2016).

Up until now, complete surgical resection is the only curative option for GbCA, however,
only one third of patients are eligible for resection at the time of diagnosis (Bailey and
Shah 2019). Depending on the anatomical site of the cancer, an additional major
hepatectomy, a resection of the bile duct, the duodenal bulb or the pancreatic head might
be necessary besides the removal of the gallbladder (Valle et al. 2016). The
implementation of adjuvant treatment is associated with a survival benefit and should be
considered after surgery (Horgan et al. 2012). As for CCAs, in case of an unresectable,
advanced tumor, only palliative treatment with subsequent best supportive care is
possible, with systemic chemotherapy (gemcitabine monotherapy or in combination with
cisplatin) being the treatment of choice (Valle et al. 2016).
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1.2. Liquid biopsies in hepatobiliary cancer diagnosis

Liquid biopsy describes the molecular analysis of tumor components that are released
into biological fluids, such as blood, bile, urine or saliva, by solid tumors. Typical elements
for investigation comprise circulating tumor cells (CTCs), circulating cell-free nucleic acids
(DNA or RNA) and extracellular vesicles (EVs) (Labgaa et al. 2021). They can serve a
variety of purposes, including early cancer diagnosis, customizing individual treatments
based on tumor genotyping, decision-making for systemic therapies or monitoring cancer
relapse and resistance to therapies (Parikh et al. 2019, Kwo and Aronson 2021, Labgaa
et al. 2021). Currently, standard tissue biopsies are performed frequently, in order to
accurately diagnose and distinguish hepatobiliary cancers. However, they are invasive
procedures that subject the patient to risk of complications such as bleeding, infections
and tumor seeding along the needle tract. Additionally, the quality of the biopsy greatly
relies on the accessibility of the tumor and the level of skill of the operator (Silva et al.
2008, Rompianesi et al. 2021). In contrast to that, liquid biopsies are minimal-invasive
procedures, that are easily accessible, repeatable and that reflect the tumor
heterogeneity. Thus, they can provide a dynamic picture of the course of the disease and
the molecular background of the patient (Labgaa et al. 2021). Furthermore, especially
since hepatobiliary cancers are associated with markedly improved prognoses if detected
and treated early, liquid biopsies as part of surveillance screenings play an important role
in disease prevention and enhanced patient survival (Tanos and Thierry 2018).

Single cells that are disseminated into the bloodstream by solid tumors are generally
referred to as circulating tumor cells and are responsible for distant tumor metastases
(Akpe et al. 2020). In hepatobiliary cancers, the diagnostic capacity of overall CTC count
as compared to controls has been explored for HCC (AUC 0.77, (Cheng et al. 2019)) and
GbCA (sensitivity: 92.6%, specificity: 91.7%, (Awasthi et al. 2017)) detection, whereas
diagnostic studies of CTCs in CCA are rare. Nevertheless, the prognostic value of CTCs
has been investigated in CCA, showing that a higher number of CTCs was positively
associated with tumor extent and aggressiveness (Yang et al. 2016).

Similarly, the diagnostic benefit of circulating cell-free tumor DNA (ctDNA) has been
explored in hepatobiliary cancers. CtDNA are DNA fragments from solid tumors that are
released into the bloodstream and that reflect the genomic and epigenetic information of
the tumor (Labgaa et al. 2021). TERT promoter mutations in ctDNA have been found to
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be a potential biomarker for early HCC detection (Jiao et al. 2018). In CCA patients, a
panel of mutations in KRAS, NRAS, BRAF and PIK3CA was identified in ctDNA that
perfectly concurred with mutations found in the original tumor, indicating their potential as
a diagnostic biomarker (Andersen and Jakobsen 2016). Additionally, GbCA patients could
successfully be distinguished from healthy subjects and cholecystitis patients by
increased overall ctDNA levels (Kumari et al. 2017).

There are different forms of circulating cell-free RNAs (cfRNAs) that are released by solid
tumors into the bloodstream. However, due to their molecular stability, microRNAs
(miRNAs) are the most commonly investigated kind of cfRNA as a biomarker in liquid
biopsies (Labgaa et al. 2021). Lin et al. found a panel of seven miRNAs that reliably
identified early-stage HCC (AUC: 0.82), while iCCA could be distinguished from healthy
controls by high miR-21 levels (AUC: 0.94) (Lin et al. 2015, Correa-Gallego et al. 2016).
Similarly, a study on biliary tract cancers, including GbCA, iCCA and others, confirmed
that miR-21 had a strong discriminatory potential for these malignant diseases as
compared to healthy controls (AUC: 0.93) (Kishimoto et al. 2013). In addition to being
freely available in serum and plasma, miRNAs can also be found protein-bound or inside
of extracellular vesicles (EVs), contributing to the importance of EVs as liquid biopsies
(Letelier et al. 2016).

1.2.1. Extracellular vesicles

The generic term ‘extracellular vesicles’ describes the entirety of all lipid bilayer-enclosed
structures that can be found in the extracellular environment. All types of cells are capable
of secreting such vesicles and the process seems to be conserved throughout all domains
of life ranging from archaea to bacteria, yeast, plants and humans (Deatherage and
Cookson 2012, Gill et al. 2019). Initially, the secretion of EVs was believed to be a
mechanism for eliminating undesirable contents from cells (Johnstone et al. 1987). This
opinion, however, has changed rapidly during the last decades. Nowadays, EVs are well
characterized as a means of intercellular communication, providing another layer of
complexity in addition to the already established mechanisms of communication via direct
cell-to-cell contacts or soluble factors such as cytokines or hormones (Yanez-Mo et al.
2015, Giebel 2017). EVs are majorly involved in the regulation of a wide variety of
physiological processes such as tissue repair (Gatti et al. 2011), coagulation (Del Conde
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et al. 2005) and stem cell maintenance (Ratajczak et al. 2006). Additionally, EVs have
been identified as key drivers of a number of diseases such as viral infections (Mack et
al. 2000), neurodegenerative disease (Bellingham et al. 2012) and cancer (Kalluri 2016).
In cancer, EVs have been found to promote carcinogenesis by stimulating a variety of
underlying key processes such as angiogenesis, immune modulation and pre-metastatic
niche formation (Chalmin et al. 2010, Kucharzewska et al. 2013, Costa-Silva et al. 2015).
EVs are enclosed by a phospholipid bilayer and can contain biomolecules from all
categories, comprising proteins, lipids, nucleic acids and sugars. Thus, EVs provide both
protection of their cargo from the extracellular environment and the possibility of
transferring specific combinations of multiple signaling molecules even to remote recipient
cells in order to induce behavioral changes (Yanez-Mo6 et al. 2015). In this regard, rather
than viewing EVs as mere transport vehicles, it was even proposed to view them as
extended extracellular cell organelles of the donor cell (Ludwig and Giebel 2012). The
specific cargo composition of EVs reflects their cellular origin and varies according to
environmental parameters and physiological or pathophysiological state of the parental
cell. Thus, different cell types and states thereof lead to the release of different EV variants
with specific molecular signatures resulting in tremendous heterogeneity among EV
populations (Van Niel et al. 2018, Willms et al. 2018).

In addition to the varying cargo compositions of EVs, cells can release a variety of different
extracellular vesicle types. The most prominent among them are exosomes, microvesicles
and apoptotic bodies. They differ mostly according to their subcellular origin, mode of
biogenesis and size (Fig. 3). Exosomes form during endocytotic endosome maturation by
inward budding of the endosomal membrane, resulting in intraluminal vesicles (ILVs). Late
endosomes containing ILVs are also referred to as multivesicular endosomes (MVESs) or
multivesicular bodies. MVEs can either fuse with lysosomes for degradation of their
contents or with the plasma membrane in order to release their ILVs, now called
exosomes, into the extracellular environment. ILV and thus exosome diameter typically
ranges from 40 to 100 nm (Raposo and Stoorvogel 2013, Van Niel et al. 2018, Mathieu et
al. 2019). In contrast to exosomes, microvesicles are formed by an outward budding
process of the plasma membrane and they typically range from 100 to 1000 nm in size
(Raposo and Stoorvogel 2013). Of note, both endosome ILVs (initially derived from
endocytotic inward budding of the plasma membrane to form endosomes) and
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microvesicles bud away from the cytosol, so that their membrane orientation and topology
of proteins is identical to that of the plasma membrane (Mathieu et al. 2019). Apoptotic
bodies are formed during fragmentation of apoptotic cells, are enclosed by the plasma
membrane and are considerably larger than the aforementioned EV subtypes, ranging
from 500 nm up to several um (Raposo and Stoorvogel 2013).
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Fig. 3: Biogenesis of extracellular vesicles. Early endosomes are formed during an
endocytotic trafficking pathway by clathrin-coated vesicles (CCV). During inward budding
of the endosomal membrane intraluminal vesicles (ILVs) are formed. ILV-containing
multivesicular endosomes (MVEs) can either fuse with the lysosome for degradation or
with the plasma membrane to release their ILVs, now called exosomes or small EVs, into
the extracellular environment. Microvesicles (large EVs) are formed by an outward
budding process of the plasma membrane. ER: endoplasmatic reticulum (Raposo and
Stoorvogel 2013).

Due to the great heterogeneity of secreted EVs and the fact that neither distinct markers
nor accurate purification technologies have been established yet, the clear distinction of
EV subtypes in experimental preparations remains a difficult challenge. Especially
assigning a particular biogenesis pathway to isolated EVs, which is implied by the usage
of the terms ‘microvesicles’ and ‘exosomes’, is nearly impossible to verify. Therefore, the
International Society of Extracellular Vesicles endorses the use of a nomenclature
according to either physical characteristics (e.g. size or density), biochemical composition
(e.g. CD63* or AnnV+) or descriptions of conditions or cellular origin of EVs (e.g. hypoxic
or tumor-associated EVs) in their statement paper on ‘Minimal information for studies of
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EVs’ (MISEV) (Théry et al. 2018). Hence, the terms ‘small EVs’ (sEVs) for vesicles with
diameters below 100 nm and ‘large EVs’ (IEVs) for vesicles larger than 100 nm will be

used to describe EVs throughout this thesis from now on.

1.2.1.1. Extracellular vesicles in hepatobiliary cancer diagnosis

EVs can be found in almost all kinds of body fluids, including blood, saliva, urine and bile,
rendering them ideal candidates for liquid biopsies (Raposo and Stoorvogel 2013). In
addition to miRNAs or DNA, the intravesicular and surface protein composition as well as
the total amount of circulating EVs can act as diagnostic indicators. In this regard, there
are some promising reports on EVs as biomarkers for hepatobiliary cancers.

In HCC, total EV levels were found to be discriminatory of patients with early (AUC 0.83)
and relatively early HCC (AUC 0.94) from cirrhosis patients (Wang et al. 2013). Moreover,
HepPar1-positive EVs were observed to be significantly increased in HCC as compared
to cirrhosis patients and healthy individuals (Abbate et al. 2017). A comprehensive
proteomic study by Arbelaiz et al. revealed that the proteins LG3BP, PIGR and A2MG
were more abundant in EVs from HCC than from healthy individuals (AUC 0.90, 0.84 and
0.80, respectively), highlighting them as potential diagnostic targets (Arbelaiz et al. 2017).
Furthermore, in a previous study of our group combined analysis of several surface
proteins on EVs comprising EpCAM, CD133 and ASGPR1 led to a diagnostic separation
of HCC from cirrhosis patients (AUC 0.73) and healthy individuals (AUC 0.74) (Julich-
Haertel et al. 2017D).

In the same study, CCA could be differentiated from healthy individuals (AUC 0.81) and
cirrhosis patients (AUC 0.62) with the same experimental parameters. For CCA, the
proteomic analysis of EVs by Arbelaiz et al. showed that the protein FIBG had
discriminatory potential for both iCCA versus HCC patients (AUC 0.89) and CCA versus
PSC patients (AUC 0.80), whereas the protein AMPN performed best for distinguishing
CCA and healthy individuals (AUC 0.88) (Arbelaiz et al. 2017). In contrast to the
aforementioned studies that were all conducted on EVs from serum or plasma, EVs
isolated from bile can be an important source for CCA diagnosis. This way, total EVs in
bile were found to be elevated in malignant common bile duct stenoses (pancreatic cancer
and cholangiocarcinoma) versus non-malignant stenoses and they could be discriminated
with 100% accuracy (Severino et al. 2017). Similarly, Claudin-3 was identified as a
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biomarker in bile for distinguishing CCA from patients with benign bile duct stones (AUC
0.95) (Ikeda et al. 2021).

While there are some reports on differential EV-enclosed miRNAs or total EV count for
GbCA diagnosis, to the best of the author's knowledge, EV-derived proteins as a
biomarker for GbCA have not been investigated so far. Nevertheless, some proteomic
analyses of GbCA versus surrounding normal tissue suggest ANXA4 (Huang 2014) or
S100A10 and haptoglobin (Tan et al. 2011) as potential biomarkers for differential
diagnosis, whose feasibility for GbCA diagnosis (with and without EVs) remains to be
elucidated.

1.3. Objectives

Hepatobiliary cancers belong to the most severe cancers worldwide and are associated
with high fatality and bad prognoses, often due to late-stage discoveries. To date, no
reliable serum biomarker exists for accurate, early detection and differentiation of these
cancers. Especially the distinction of HCC and iCCA remains an extremely difficult
challenge that requires an invasive tissue biopsy for definitive diagnosis. However,
considering that management, chemotherapy options and prognoses are very different
between the two cancers, the distinction is crucial for following treatment decisions and
thus patient survival. Hence, the aim of this thesis was to establish extracellular vesicles
as minimal-invasive serum biomarkers for detection and differentiation of hepatobiliary
cancers, focusing on the capability for HCC and iCCA distinction. In contrast to most
biomarker studies on EVs that either concentrate on one type of EVs or on the entirety of
all EVs without specifying their molecular characteristics, this study aims to
comprehensively evaluate both large and small EVs separately in terms of their differential
diagnostic capacity for hepatobiliary cancers. As a liquid biopsy, EVs not only offer the
possibility of uncomplicated and easily applicable diagnosis but could also promote
hepatobiliary cancer detection and differentiation at earlier stages, thus hopefully leading

to immensely improved treatment outcomes and resulting patient survival in the future.
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2. Material and Methods

2.1. Tissue culture methods

All tissue culture maintenance work was performed under sterile conditions in a laminar
flow hood. All cells were grown under standard humidified conditions at 37 °C and 5%
COz2in a COz2 incubator.

2.1.1. Reagents

Roswell Park Memorial Institute (RPMI) 1640 medium: Gibco by Life Technologies,
Paisley, UK

Fetal bovine serum (FBS): Gibco by Life Technologies, Paisley, UK
Penicillin-Streptomycin (P/S): 10,000 U/mL, Gibco by Life Technologies, Paisley, UK
Phosphate buffered saline (PBS): Sigma Aldrich, Steinheim, Germany
Ethylenediaminetetraacetic acid (EDTA): Invitrogen by life technologies, Paisley, UK
Trypsin: 0.5% with 4 mM EDTA, Thermo Fisher Scientific, Waltham, Massachusetts, USA
Dimethyl sulfoxide (DMSO): Sigma Aldrich, Steinheim, Germany

Trypan blue: 0.4%, Thermo Fisher Scientific, Waltham, Massachusetts, USA

Hank’s buffered saline solution (HBSS): Gibco by Life Technologies, Paisley, UK
Sodium azide: 10%, Thermo Fisher Scientific, Waltham, Massachusetts, USA

Hu FcR binding inhibitor purified (Fc block): eBioScience Inc., San Diego, USA
Propidium iodide (Pl): Miltenyi Biotec GmbH, Bergisch Gladbach, Germany

Growth medium: RPMI supplemented with 10% (v/v) FBS and 1% (v/v) P/S

Starvation medium: RPMI supplemented with 1% (v/v) P/S

Staining buffer: HBSS + 1% (v/v) FBS + 0.01% (v/v) sodium azide

Fc block mix: 47.5 pL staining buffer + 2.5 puL Fc block per staining

2.1.2. Human cancer cell lines

The human hepatocellular carcinoma cell lines HuH7 (CLS Cell Lines Service GmbH,
Eppelheim, Germany, #300156), HepG2 (CLS Cell Lines Service GmbH, #300198) and
Hep3B (DSMZ, Braunschweig, Germany, #ACC 93) were used as an in vitro
hepatocellular carcinoma model. HuH7 was established from a 57-year-old Japanese
male with differentiated hepatocellular carcinoma (Nakabayashi et al. 1982), HepG2
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derived from liver tumor biopsies of a 14-year-old Caucasian male (Aden et al. 1979) and
Hep3B was established from the liver tumor tissue of an 8-year-old Black male (Aden et
al. 1979). Human bile duct carcinoma cell lines TFK-1 (DSMZ, Braunschweig, Germany,
#ACC 344), EGI-1 (DSMZ, Braunschweig, Germany, #ACC 385) and CCC-5 (DSMZ,
Braunschweig, Germany, #ACC 810) were used as an in vitro cholangiocarcinoma model.
TFK-1 was established from a 63-year-old male with bile duct adenocarcinoma (Saijyo et
al. 1995), EGI-1 derived from a 52-year-old male with advanced stage bile duct carcinoma
(Scherdin et al. 1987) and CCC-5 was established from a 59-year-old Caucasian male

with cholangiocarcinoma (Zach et al. 2017).

2.1.3. Thawing of cryopreserved cell lines

Frozen cell were thawed in a 37 °C water bath. After thawing, they were transferred to a
15 mL centrifugation tube containing 9 mL of growth medium. Subsequently, cells were
centrifuged at 300 x g for 5 min at room temperature (RT). The supernatant was discarded
and 3 mL of growth medium were added for resuspension of the cells. The suspension
was transferred to a fresh T75 culture flask that was pre-filled with 10 mL of growth
medium. Cells were incubated for 24 h under standard conditions, washed with 5 mL of
PBS and the medium was exchanged to 10 mL of fresh growth medium. Cells were then

incubated until further subcultivation.

2.1.4. Subcultivation of adherent cell lines

Cells were grown under standard conditions until confluency of 70-80% was achieved.
For passaging, the medium was discarded and cells were gently washed with 5 mL of
PBS. Subsequently, cells were incubated in 1 mL of 0.05% trypsin (stock was diluted 1:10
in PBS) for 5-20 minutes under standard conditions, depending on the respective cell line.
After cells were detached, 4 mL of growth medium were added to stop the digestive
reaction. Cells were centrifuged at 300 x g for 5min at RT. The supernatant was
discarded and growth medium was added for resuspension of the cells. Depending on the
growth time of the respective cell line, a fraction of the cell suspension was transferred to
a fresh T75 flask, prefilled with 10 mL growth medium and the cells were incubated under
standard conditions. Cells were washed with 5 mL PBS and growth medium was
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exchanged every 2-3 days until confluency of 70-80% was achieved. Cells were
subcultivated at least once a week.

2.1.5. Cryopreservation of cell lines

When cells were grown to 70-80% confluency, growth medium was discarded and they
were washed with 5 mL PBS. Subsequently, cells were incubated in 1 mL of 0.05% trypsin
(stock was diluted 1:10 in PBS) for 5-20 minutes under standard conditions, depending
on the respective cell line. After cells were detached, 4 mL of growth medium were added
to stop the digestive reaction. Cells were centrifuged at 300 x g for 5 min at RT. The
supernatant was discarded and 1 mL of growth medium was added for resuspension of
the cells. 900 pL of the cell suspension were transferred to a sterile 2 mL cryopreservation
tube and 100 uL of the cryoprotective agent DMSO were added. Cells were stored at -
80 °C for 24 h immediately after handling and were afterwards transferred to liquid
nitrogen for long term storage.

2.1.6. Cell counting

To determine the concentration of living cells, 10 pL of cell suspension were mixed with
10 uL of 0.4% trypan blue solution in a 1.5 mL reaction tube (1:2 dilution). Subsequently,
10 L of the mixture were transferred to a hemocytometer (Neubauer improved chamber
with 0.1 mm depth) and unstained cells were counted using a light microscope. After
determining the mean cell count in the four corner squares of the chamber, the

concentration of living cells was calculated as follows:

concentration/mL = mean cell count X dilution factor x 10,000

2.1.7. Surface staining of cell lines for flow cytometric analysis

When the cells reached 70% confluency, they were washed with 5 mL PBS and 10 mL
starvation medium was added for 16-24 h. After incubation they were washed with 5 mL
PBS again and 5 mL PBS + 4 mM EDTA were added to gently detach the cells. Cells were
incubated at 37 °C for up to 20 min, depending on the respective cell line. If cells were still
partly attached after incubation, a cell scraper was used to detach the remaining cells.
The cell suspension was transferred to a fresh 15 mL centrifugation tube and was
centrifuged at 300 x g for 5 min at RT. The supernatant was discarded and the pellet was
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resuspended in 1-3 mL staining buffer depending on the pellet size. Cell suspension was
filtered (0.02 um) and was kept on ice from now on. After determining the cell count with
a hemocytometer, 100,000 cells per staining were transferred to a fresh 1.5 mL reaction
tube. Cells were centrifuged at 300 x g for 5 min at 4 °C. The supernatant was discarded
and the cell pellet was resuspended in 50 uL Fc block mix per staining. Subsequently, the
cells were incubated for 5 min on ice. After the incubation 50 pL of diluted antibodies in
staining buffer were added to each staining (Tab. 1) and cells were incubated for 15 min
on ice in the dark. All antibodies were titrated against their corresponding isotype prior use
and isotype dilutions were concentration-matched to the respective antibody.

Tab. 1: Overview of antibodies for surface staining of human cancer cell lines. Listed
are all used antibodies including information about antigen, conjugated fluorophor,
host/isotype, vendor, catalog number, concentration and used dilution for the final staining
mix of 100 pL. This table is part of the attached publication Urban et al. (2020) that resulted
from this project. #: number, conc.: concentration, rec.: recombinant.

antibody conc

(against conjugate  host/isotype vendor catalog# : dilution
human) [ng/pL]

gp38 PE-Vio770  rec. human IgG1 (REA)  Miltenyi 130-106-954 0.0055 1:100
CD133 APC Mouse 1gG2b Miltenyi 130-090-854 0.00825  1:20
EpCAM BV-421 Mouse 1gG2bk BioLegend 324219 0.05 1:800
CD44v6 APC rec. human IgG1 (REA)  Miltenyi 130-111-425 0.1 1:1000
Isotype PE-Vio770 rec. human IgG1 (REA)  Miltenyi 130-104-618 0.095 1:1700
Isotype APC Mouse IgG2bk eBioscience 17-4732-42 0.2 1:500
Isotype BV-421 Mouse 1gG2bk BioLegend 400341 0.05 1:800
Isotype APC rec. human IgG1 (REA)  Miltenyi 130-104-614 0.02 1:200

After antibody incubation, 400 pL of staining buffer were added to each staining and the
cells were centrifuged at 300 x g for 5 min at 4 °C. Supernatant was discarded and the
cells were resuspended in 400 pL staining buffer. For flow cytometric analysis, 4 uL of
1:10 Pl in staining buffer were added to each staining and 150 uL of the solution were
measured by a MACSQuant® Analyzer 10 (Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany). Data analysis was performed using the software FlowJo™ 10.7.1 (Tree Star
Inc., Ashland, USA).
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2.2. Mice

All animal experiments were performed with the approval of the ethics and animal care
committee Homburg. Mice were purchased from Charles River (Sulzfeld, Germany). They
were kept in an assigned mouse cabinet (UniProtect Air Flow Cabinet, Bioscape, Castrop-
Rauxel, Germany) in the Institute of Internal Medicine Il (Saarland University, Homburg,
Germany) under pathogen-free conditions and they had unlimited access to food and
water. Food and water supply was checked on a daily basis and the cages (Innocage®
mouse cage, Innovive Inc., San Diego, USA) were exchanged weekly. All experimental
procedures were performed on male 7-9-week-old wild type C57BI/6 mice that were fed
with standard diet.

2.2.1. Reagents

Roswell Park Memorial Institute (RPMI) 1640 medium: Gibco by Life Technologies,
Paisley, UK

Fetal bovine serum (FBS): heat-inactivated, Life Technologies, Carlsbad, USA
Collagenase P:.2 mg/ml, Sigma Aldrich, Steinheim, Germany

DNase-l: Life Technologies, Carlsbad, USA

Dispase: Sigma Aldrich, Steinheim, Germany

Hank’s buffered saline solution (HBSS): Gibco by Life Technologies, Paisley, UK
Sodium azide: 10%, Thermo Fisher Scientific, Waltham, Massachusetts, USA

ACK lysing buffer: Gibco by Life Technologies, Paisley, UK

Digestion buffer: RPMI + 1% (v/v) FBS + 0.2 mg/mL collagenase-P + 0.1 mg/mL DNase-
| + 0.6 mg/mL dispase

Hu FcR binding inhibitor purified (Fc block): eBioScience Inc., San Diego, USA
Purified anti-CD64 antibody: 0.5 mg/mL, clone X57-5/7.1, BioLegend, San Diego, USA
Propidium iodide (PI): Miltenyi Biotec GmbH, Bergisch Gladbach, Germany

Collection buffer: RPMI + 1% (v/v) FBS

Staining buffer: HBSS + 1% (v/v) FBS + 0.01% (v/v) sodium azide

Fc block mix: 39 pL staining buffer + 10 uL Fc block + 1 pL purified anti-CD64 antibody
per staining
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2.2.2. Preparation of murine organ single cell suspensions

Dissection of mice and organ removal were performed based on a previously published
protocol (Julich-Haertel et al. 2017a). Mice were euthanized by using isoflurane followed
by cervical dislocation. Subsequently, their abdomen was opened by a mid-line incision
from caudal to cranial, followed by Y-incisions towards the limbs. The peritoneum was
opened by a mid-line incision from caudal up to the sternum and the intestine was
displaced to one side of the mouse. The gallbladder and all liver lobes were removed,
while avoiding contamination of the liver tissue by the gallbladder. Subsequently, 1.5-2
cm of the distal colon next to the rectum were removed and were cleaned by repeated
rinsing with HBSS. In order to extract the lung the thorax was opened by a mid-line incision
and both lungs were removed. All organs were weighed after removal and kept in HBSS
on ice until further processing. They were homogeneously cut into small pieces of
approximately 2 mm size using a scalpel and the organ pieces were each transferred to
separate 15 mL centrifugation tubes after cutting. Subsequently, 2.5 mL prewarmed
digestion buffer were added and the tubes were placed in a 37 °C water bath. Tubes were
shaken gently after 5, 10 and 15 min to detach and mix the pieces. After 22 min the cell
suspensions were gently mixed with a cut 1000 pL pipette tip. Subsequently, the organ
pieces were allowed to settle down. After 2 min the supernatant that contained the
disseminated cells was transferred through a filter mesh (100 um) into a fresh 15 mL
centrifugation tube containing 3.5 mL of collection buffer and the suspension was kept on
ice. The removed supernatant from the digestion tube was replaced with digestion buffer.
The procedure of mixing, incubation, supernatant removal and supernatant replacement
was repeated every 5 min until the organs were completely digested (typically 60 —
90 min). After the digest the collected cell suspensions were centrifuged at 180 x g for
8 min at 4 °C with reduced acceleration and deceleration of the centrifuge. The
supernatant was discarded and the cell pellets were resuspended in 1 mL ACK lysing
buffer for 1 min at RT to lyse erythrocytes. To stop the reaction, 5 mL of collection buffer
were added and the cell suspensions were centrifuged again at 180 x g for 8 min at 4 °C
with reduced acceleration and deceleration. After discarding the supernatant, cell pellets
were resuspended in 3 mL collection buffer and were kept on ice until further processing.
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2.2.3. Surface staining of murine single cells for flow cytometric analysis

Staining of murine tissue cells was performed based on a previously published protocol
(Julich-Haertel et al. 2017a). All steps in this protocol were performed on ice. Depending
on the available amount of isolated tissue cells for each organ, 3x10° (liver), 4x10° (lung),
105 (colon) or 10* (gallbladder) living cells were used for each staining. After determining
the cell count (see 2.1.6 Cell counting), the respective volume for each staining was
transferred to a 1.5 mL reaction tube and the cells were centrifuged at 300 x g for 3 min
at 4 °C.

Tab. 2: Overview of antibodies for surface staining of murine organs. Listed are all
used antibodies including information about antigen, conjugated fluorophor, host/isotype,
vendor, catalog number, concentration and used dilution for the final staining mix of
100 pL. This table is part of the attached publication Urban et al. (2020) that resulted from
this project. #: number, c: colon, conc.: concentration, g: gallbladder, li: liver, lu: lung, syr:
syrian.

antibody conc.

(against mouse) conjugate host/isotype vendor catalog# [g/ul] dilution
CD45 APC-Cy7 RatlgG2ak BioLegend 103116 0.2 1:200
CD31 AF488 Rat IgG2axk BioLegend 102406 0.5 1:200
CD31 PE-Cy7 Rat IgG2ak BioLegend 102524 0.2 1:200
gp38 APC Syr. Hamster IgG BiolLegend 127410 0.2 1:1400
CD133 PE Rat IgG1 Miltenyi 130-102-210  0.03 1:33
EpCAM BV-421 Rat IgG2ak BioLegend 118225 0.2 1:400 (li)
1:800 (lu)
1:1000 (c)
1.3000 (g)
CD44 PE-Vio770 Rat IgG2bk Miltenyi 130-102-904 0.03 1:20 (li)
1:33 (c,g,lu)
Isotype APC-Cy7  RatlgG2ak BioLegend 400523 0.2 1:200
Isotype AF488 Rat IgG2ak BioLegend 400525 0.5 1:200
Isotype PE-Cy7 Rat IgG2ak BioLegend 400521 0.2 1:200
Isotype APC Syr. Hamster IgG BiolLegend 402012 0.2 1:1400
Isotype PE Rat IgG1 BioLegend 400407 0.2 1:220
Isotype BV-421 Rat IgG2ak BioLegend 400535 0.05 1:100 (Ii)
1:200 (lu)
1:250 (c)
1:750 (g)
Isotype PE-Vio770 Rat IgG2b Miltenyi 130-103-091 0.03 1:20 (li)

1:33 (c,g,lu)




34

After discarding the supernatant, each cell pellet was resuspended in 50 uL Fc block mix
and the cells were incubated for 5 min on ice. After the incubation 50 uL of diluted
antibodies in staining buffer were added to each staining (Tab. 2) and cells were incubated
for 15 min on ice in the dark. All antibodies were titrated against their corresponding
isotype prior use and isotype dilutions were concentration-matched to the respective
antibody. After antibody incubation, 400 pL of staining buffer were added to each staining
and the cells were centrifuged at 300 x g for 3 min at 4 °C. Supernatant was discarded
and the cells were resuspended in 200 pL staining buffer. For flow cytometric analysis,
6 pL of 1:8 Pl in staining buffer were added to each staining and 180 pL of the solution
were measured by a MACSQuant® Analyzer 10 (Miltenyi Biotec GmbH, Bergisch
Gladbach, Germany). Data analysis was performed using the software FlowJo™ 10.7.1
(Tree Star Inc., Ashland, USA).

2.3. Human study cohort

Patient serum for this study was acquired from different Medical Centers throughout
Europe. The study was approved by the ethics commissions of the State Chambers of
Medicine in Rhineland-Palatinate, Germany (837.151.13 (8836-F); Saarland, Germany
(167/11); San Sebastian, Spain (P12014187); Warsaw, Poland (KB/41/A/2016 and
AKB/145/2014) and Cluj-Napoca, Romania (3042/07.03.2018). All patients gave their
informed consent to participate. Patients that had received chemotherapy or any other
anti-tumor therapy before sample collection were excluded from the study as well as
GbCA patients who underwent previous cholecystectomy. Characteristic patient
parameters are summarized in Tab. 6, Tab. 16, Supplementary Tab. 1 and Supplementary
Tab. 2.

2.4. Preparation of human serum

Human blood was collected in standard a S-Monovette® 7.5 mL, Serum Gel with Clotting
Activator (Sarstedt AG & Co., Nimbrecht, Germany) and was allowed to coagulate for 30-
60 min at RT. Subsequently, the Monovette was centrifuged at 1500 x g for 20 min at RT.
The separated serum was collected, aliquoted into 1 mL fractions and stored at -80 °C
until further processing.
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2.5. Surface analysis of large extracellular vesicles from human serum

Isolation and staining of IEVs was performed based on a previously published protocol
(Lukacs-Kornek et al. 2017). All involved reagents were either filtered (Steriflip™, 0.22 um,
Merck, Darmstadt, Germany) or centrifuged (20,000 x g, 60 min, 4 °C; supernatant
collection) prior use to eliminate interfering protein aggregates or other contaminating
particles. Unless stated otherwise, all steps in this protocol were performed on ice.

2.5.1. Reagents

Phosphate buffered saline (PBS): Sigma Aldrich, Steinheim, Germany; filtered

Hu FcR binding inhibitor purified (Fc block): eBioScience Inc., San Diego, USA;
filtered

Bovine serum albumine (BSA): 10%, Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany; centrifuged

AnnexinV binding buffer: 10x, Miltenyi Biotec GmbH, Bergisch Gladbach, Germany;
filtered

AnnexinV-FITC: Miltenyi Biotec GmbH, Bergisch Gladbach, Germany, filtered

Fc block mix: 11.5 uL PBS + 2.5 uL Fc block + 1 uL BSA for each staining

AnnexinV mix: 5 pL AnnexinV binding buffer + 5 pL AnnexinV-FITC for each staining

2.5.2. Isolation of large extracellular vesicles from human serum

After preparation and storage of human serum at -80 °C, the samples were thawed at RT
and 1 mL of liquefied serum was transferred to a fresh 2 mL reaction tube. Serum was
centrifuged at 2,000 x g for 30 min at 4 °C to eliminate larger vesicles and cellular debris.
Subsequently, the supernatant (950 uL) was transferred to a fresh 2 mL reaction tube and
was centrifuged at 20,000 x g for 30 min at 4 °C to pellet IEVs. The supernatant (850 pL)
was carefully aspired and discarded. The remaining pellet was resuspended thoroughly
in 300 uL PBS, filtered (100 um pore size) and stored on ice or at -80 °C until further
processing.
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2.5.3. Surface staining of large extracellular vesicles from human serum for flow
cytometric analysis

Freshly isolated IEVs were used for flow cytometric surface analysis. 50 uL of isolated
IEVs were transferred to a fresh 1.5 mL reaction tube for each staining. 15 pL of Fc block
mix were added to each staining and the samples were incubated for 60 min at 4 °C. After
incubation 10 uL of Annexin mix were added to each staining and the samples were
incubated for 30 min at 4 °C in the dark. Following this incubation, 25 uL of diluted
antibodies in PBS were added to each staining (Tab. 3) and cells were incubated for
20 min at 4 °C in the dark. All antibodies were titrated against their corresponding isotype
prior use and isotype dilutions were concentration-matched to the respective antibody.

Tab. 3: Overview of antibodies for surface staining of human serum large EVs.
Listed are all used antibodies including information about antigen, conjugated fluorophor,
host/isotype, vendor, catalog number, concentration and used dilution for the final staining
mix of 100 pL. This table is part of the attached publication Urban et al. (2020) that resulted
from this project. #: number, conc.: concentration, rec.: recombinant.

antibody

(against  conjugate  host/isotype vendor catalog# conc. dilution
human) [rg/pL]

gp38 PE-Vio770 rec. human IgG1 (REA)  Miltenyi 130-106-954 0.0055 1:1000
CD133 PE-Vio615  Mouse IgG2b Miltenyi 130-107-453 0.011 1:100
EpCAM VioBlue Mouse IgG1k Miltenyi 130-097-324  0.0825 1:1000
CD44v6 APC rec. human IgG1 (REA)  Miltenyi 130-111-425 0.1 1:1000
Isotype PE-Vio770 rec. human IgG1 (REA)  Miltenyi 130-104-618 0.095 1:17000
Isotype PE-Vio615  Mouse IgG2b Miltenyi 130-108-348 0.0055 1:50
Isotype VioBlue Mouse IgG1k Miltenyi 130-094-670 0.055 1:660
Isotype APC rec. human IgG1 (REA)  Miltenyi 130-104-614 0.02 1:200

After antibody incubation, 100 puL of PBS were added to each staining and 150 uL were
measured with the MACSQuant® Analyzer 10 (Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany). Data analysis was performed using the software FlowJo™ 10.7.1 (Tree Star
Inc., Ashland, USA).
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2.6. Surface analysis of small extracellular vesicles from human serum
Measurement of isolated sEVs from human patient serum was performed by the company
NanoView Biosciences (Boston, USA), who provided the raw dataset for further analyses

that are included in this thesis.

2.6.1. Reagents

Phosphate buffered saline (PBS): Sigma Aldrich, Steinheim, Germany; filtered
(Steriflip™, 0.22 um, Merck, Darmstadt, Germany)

Solution A: ExoView® Tetraspanin Kit, EV-TETRA-C, NanoView Biosciences, Boston,
USA

Solution B: ExoView® Tetraspanin Kit, EV-TETRA-C, NanoView Biosciences, Boston,
USA

Blocking Solution: ExoView® Tetraspanin Kit, EV-TETRA-C, NanoView Biosciences,
Boston, USA

2.6.2. Isolation of small extracellular vesicles from human serum

Isolation of sEVs was performed by size exclusion chromatography columns
(qEV2/35 nm, serial# 10611, Izon Science, Christchurch, New Zealand) in an automated
fraction collector (Izon Science, Christchurch, New Zealand). The necessary steps were
performed according to the manufacturer’s protocol. Briefly, the column was equilibrated
with PBS prior use. 1 mL of serum samples were loaded and after automatically discarding
the initial 14 mL void volume, 13 2-mL-fractions were collected. Columns were used up to
5 times and were washed with PBS between the individual isolations. For long-term
storage, the columns were washed with PBS + 0.05% sodium azide and were kept at 4 °C
until the next isolation. The first 4 collected fractions of each isolation contained sEVs and
were therefore pooled and concentrated to a total volume of 500 pL using filter spin
columns (Amicon Ultra 3 kDa, Merck, Darmstadt, Germany) at 4000 x g for up to an hour

at 4 °C. The concentrated fractions were stored at -80 °C until further processing.
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2.6.3. Surface staining of small extracellular vesicles from human serum for
ExoView® analysis

Surface analysis of SEVs was performed with the ExoView® R100 scanner (NanoView
Biosciences, Boston, USA) using their ExoView® Tetraspanin Kit (EV-TETRA-C). The
supplied ExoView® chips that were coated with CD81, CD63 and CD9 capture antibodies
on their surface needed to be pre-scanned before loading them with the sEV samples.
Isolated sEVs were thawed on ice and 35 pL were incubated either undiluted (for
subsequent staining with CD133 and CD44v6) or diluted 1:750 in 1x solution A (for
subsequent staining with CD81, CD63 and CD9) on the pre-scanned chip in a 24-well flat
bottom plate for 16 h overnight at RT on a bench free of vibrations (one chip per patient).
After incubation 1000 uL of 1x solution A was added and the plate was placed on an orbital
shaker at 500 rpm for 3 min. Subsequently, 750 uL were removed and were replaced with
fresh 750 pL of 1x solution A. This washing step was repeated three times in total. After
the last wash, 750 pL were removed and 250 uL of diluted antibodies in Blocking Solution
were added to the chip (Tab. 4). Antibodies were titrated prior use to ensure optimal

performance.

Tab. 4: Overview of antibodies for surface staining of human serum small EVs.
Listed are all used antibodies including information about antigen, conjugated fluorophor,
host/isotype, vendor, catalog number, concentration and used dilution for the staining mix
in 250 pL Blocking Solution. #: number, conc.: concentration, n.a.: not available, rec.:
recombinant.

antibody

(against conjugate host/isotype vendor catalog# conc. dilution
human) [rg/pL]

CD81 CF® 555 n.a. NanoView EV-TETRA-C Kit n.a. 1:600
CD63 CF® 647 n.a. NanoView EV-TETRA-C Kit n.a. 1:600
CD9 CF®488A n.a. NanoView EV-TETRA-C Kit n.a. 1:600
CD133 PE-Vio615 Mouse IgG2b Miltenyi 130-107-453 0.011 1:10
CD44v6 APC rec. human IgG1 (REA)  Miltenyi 130-111-425 0.1 1:50

The plate was placed on an orbital shaker at 500 rpm for 1h in the dark. After incubation,
500 uL of 1x solution A was added to increase the volume. Subsequently, 750 pL were
removed and were replaced with fresh 750 pL of 1x solution A. The plate was placed on
an orbital shaker at 500 rpm for 3 min in the dark. After removing 750 pL of the liquid,
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750 pL of 1x solution B was added and the plate was placed on an orbital shaker at
500 rpm for 3 min in the dark. Washing with 1x solution B was repeated a total of three
times. After removing 750 pL for the last time, 750 uL of deionized water was added to
the chip and the plate was placed on an orbital shaker at 500 rpm for 3 min in the dark.
Subsequently, each chip was individually transferred to a petri dish filled with deionized
water. They were moved back and forth horizontally for washing using tweezers and were
recovered from the water at a 45° angle, in order to let them dry on absorbent paper. Chips
were now ready to be scanned with the ExoView® instrument. Data analysis was
performed using the software ExoView® Analyzer 3.0 (NanoView Biosciences, Boston,
USA).

2.7. Nanoparticle tracking analysis of large and small EVs

Large and small EVs were isolated as described in sections 2.5.2 and 2.6.2. Isolated EVs
were diluted in filtered (0.22 um) PBS to a particle count between 50 and
200 particles/position (typical dilutions ranged between 1:300 to 1:5000). They were
mixed thoroughly and 1 mL of diluted EVs were injected into the chamber of the ZetaView
S/N 17-333 (Particle Metrix, Meerbusch, Germany). Measurement was performed at 11
positions in 2 cycles regarding size distribution and particle concentration (sensitivity: 80,
shutter: 70, min. brightness: 30, min. size: 5, max. size: 1000). The chamber was washed
with 5 mL PBS between each measurement. Data analysis was performed using the
software ZetaView Analyze 8.05.11 SP1 (Particle Metrix, Meerbusch, Germany).

2.8. Determining protein concentration of large and small EVs

The protein concentration of large and sEVs was determined by using the well-established
bicinchoninic acid (BCA) assay that visualizes total protein concentration by a color
change that can be measured with colorimetric techniques.

2.8.1. Reagents

RIPA buffer: Life Technologies, Carlsbad, USA

Halt™ Protease and Phosphatase Inhibitor Cocktail (100X): Thermo Fisher Scientific,
Waltham, Massachusetts, USA
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RIPA Lysis and Extraction Buffer: Thermo Fisher Scientific, Waltham, Massachusetts,
USA
Pierce™ BCA Protein Assay Kit: Thermo Fisher Scientific, Waltham, Massachusetts,
USA

2.8.2. Lysis of large and small EVs

Large and small EVs were isolated as described in sections 2.5.2 and 2.6.2. For
determining the protein concentration, isolated EVs were lysed with RIPA Lysis and
Extraction Buffer supplemented with 1:1000 Protease and Phosphatase Inhibitor Cocktail
according to the manufacturer’s specifications. Briefly, isolated EVs were mixed with RIPA
buffer including protease phosphatase inhibitor in a 1:1 ratio and were incubated for
30 min on ice in the dark. Subsequently, samples were centrifuged at 11,000 x g for
15 min at 4 °C. The supernatant (lysate) was transferred to a fresh 1.5 mL reaction tube

and either stored on ice or at -80 °C until further processing.

2.8.3. BCA assay of large and small EVs

Determination of the protein concentration of isolated and lysed EVs was performed by
using the Pierce™ BCA Protein Assay Kit according to the manufacturer’s specifications.
Briefly, supplied BSA standard solutions were diluted in RIPA buffer according to the
scheme and the supplied BCA Reagent A and BCA Reagent B solutions were mixed in a
50:1 ratio to obtain the working reagent. Subsequently, 25 pL of each standard and lysed
EV sample was transferred to a 96-well flat bottom microplate in duplicates. 200 pL of the
working reagent were added to each well containing either standard or sample and the
plate was incubated for 30 min at 37 °C. After incubation absorbance at 562 nm was
measured using the microplate reader Safire? (Tecan, Mannedorf, Switzerland). Data
analysis and calculation of protein concentration was performed using Microsoft Excel
2010 (Microsoft Corporation, Redmond, USA).

2.9. Liquid chromatography-mass spectrometry

Proteomic analysis of cell line-derived EVs by liquid chromatography-mass spectrometry
(LC-MS) was performed by our collaboration partner Jesus M. Banales’ team (Department
of Liver and Gastrointestinal Diseases, Biodonostia Health Research Institute — Donostia
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University Hospital, University of the Basque Country (UPV/EHU), San Sebastian, Spain).
Samples were acquired and processed as described in a previous publication (Arbelaiz et
al. 2017). Briefly, the separation of peptides was conducted on a nanoACQUITY UPLC
System (Waters Corporation, Milford, USA) connected to an LTQ Orbitrap XL mass
spectrometer (Thermo Electron, Waltham, USA). Differential protein expression analysis
was conducted with Progenesis LC-MS 4.0 (Nonlinear Dynamics, Newcastle upon Tyne,
United Kingdom) and database searches were performed with Mascot search engine 2.1
(Matrix Science, London, United Kingdom). Significance of protein expression changes
was tested by analysis of variance (ANOVA) and proteins not satisfying the criteria p<0.01
and ratio>2 in either direction were filtered out. Heatmaps were generated with Perseus

1.6 (Max Planck Institute of Biochemistry, Martinsried, Germany).

2.10. Data processing and statistical analysis

All primary data were initially processed with the software indicated in the individual
Material and Methods sections. For further data processing and handling of large datasets
Microsoft Excel 2010 (Microsoft Corporation, Redmond, USA) was used. Statistical
analysis of processed data and creation of graphs was performed with GraphPad Prism
8.0.2 (GraphPad Software, San Diego, USA). Multiple groups (>2) were compared by
Kruskal-Wallis non-parametric tests followed by Dunn’s multiple comparison post hoc
tests, whereas two individual groups were compared by two-tailed Mann-Whitney U tests.
The corresponding test is indicated in each individual figure legend. Correlations were
analyzed by Spearman’s rank correlation coefficient in GraphPad Prism. Overall, a p-
value <0.05 was considered statistically significant with p<0.05="* p<0.01 ="**,
p<0.001 =*** and p<0.0001 =****. Diagnostic benchmarks were -calculated using
GraphPad Prism and Microsoft Excel. Fluorescent images were processed with the free
Java-based image processing program Imaged (National Institutes of Health, Bethesda,
USA) and the free and open-source raster graphics editor GIMP 2.8.14. Schematic
flowcharts and images were created with BioRender.com as indicated in the individual
figure legends. Final figures were prepared with the free and open-source vector graphics
editor Inkscape 0.91.



42

3. Results

The study at hand is separated into three main parts. First, the identification and
verification of potential protein biomarkers for EV surface profiling is described. Next, the
diagnostic benefit of large EVs with the chosen surface markers and combinations thereof
for differential hepatobiliary cancer diagnosis is assessed. Likewise, the diagnostic benefit
of small EVs harboring the same surface markers will be investigated in a final evaluation.

3.1. Selecting protein biomarkers for differential hepatobiliary cancer diagnosis
Some proteins on the surface of EVs have been shown to be potent biomarkers for cancer
diagnosis (Melo et al. 2015, Abbate et al. 2017, Julich-Haertel et al. 2017b). Additionally,
considering the heterogeneity of cancer entities and EV subtypes, it was proposed that
instead of investigating only a single marker on the surface of EVs, a combination of
several surface antigens on the same EV could lead to higher specificity in terms of
differential cancer diagnosis (Urban et al. 2018). Therefore, several candidate markers
and combinations thereof were screened for this study.

After extensive literature research and consideration of our group’s previously published
results on IEV-based hepatic cancer diagnosis (Julich-Haertel et al. 2017b) that laid the
groundwork for this study, epithelial cell adhesion molecule (EpCAM, CD326) and
prominin-1 (CD133) were chosen as the first candidate proteins. EpCAM is considered to
be one of the most frequently investigated tumor-associated surface antigens known
(Baeuerle and Gires 2007). It can be found in a great variety of human epithelial tissues,
cancers (including hepatobiliary cancers) as well as in progenitor and stem cells (Prince
et al. 2008, Munz et al. 2009, Yamashita et al. 2009, Sulpice et al. 2014). Likewise, CD133
is well-established as the most frequently used marker for stem cells and cancer stem
cells. It can be found on a wide variety of solid tumors including hepatobiliary cancers (Shi
et al. 2011, Cai et al. 2018, Glumac and LeBeau 2018). Furthermore, CD133 was
discovered, in conjunction with podoplanin (gp38), on a subset of liver progenitor cells that
have bipotential differentiation capacity and are therefore able to differentiate into either
hepatocytes or cholangiocytes (Eckert et al. 2016). Therefore, gp38 was included as a
candidate marker for this study as well. Another marker of interest was CD44 variant 6
(CD44v6). It can be found in several types of cancers including hepatobiliary carcinomas
(Yanagisawa et al. 2001, Mima et al. 2012, Gu and Jang 2014) and is the most prominent
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marker on cancer-initiating cells (CICs) that are responsible for tumor progression and
metastasis (Wang et al. 2018b). Additionally, CD44v6 was found to be involved in vesicle
loading of EVs, underlining the potential importance of the protein in this diagnostic EV
study (Wang et al. 2018b). A detailed description of the chosen markers in relation to their
suitability for differential hepatobiliary cancer diagnosis can be found in the discussion of
this thesis.

In a first marker verification step, expression levels of the selected candidate markers
EpCAM, CD133, gp38 and CD44v6 were compared in vitro on human hepatobiliary tumor
cell lines. Unfortunately, no human gallbladder carcinoma (GbCA) cell lines were
commercially available at the time this study was conducted, so the analysis was limited
to hepatocellular carcinoma (HCC) and cholangiocarcinoma (CCA) cell lines for this line
of experiments. Three HCC (HuH7, HepG2 and Hep3B) and three CCA tumor cell lines
(TFK-1, EGI-1 and CCC-5) were chosen and their surface protein levels were analyzed
by flow cytometry. With these experiments the question was addressed, if the individual
markers are expressed on different tumor entities and if they already showed a differential
expression pattern on this cellular level in vitro. The cells were cultured for several days
as described in the Material and Methods section. After growing the cells without FBS for
16-24 h, they were harvested and subsequently stained with antibodies against the
selected markers. For flow cytometric measurement a proper gating strategy needed to
be established for every cell line and is exemplarily depicted for HuH7 cells (Fig. 4A). In
brief, after excluding debris, the analysis was restricted to single cells by comparing signal
area (FSC-A) and height (FSC-H). Single cells show a proportional area to height ratio
and can thus be separated from cell clusters that display an increased signal area with
only slightly enhanced or unchanged signal height. In a following step, the analysis was
restricted to living cells. This was achieved by propidium iodide (Pl) staining before
measurement. Pl is a widely used dead cell dye that enters dead cells through holes in
the degrading plasma membrane and intercalates into the DNA. Thus, dead cells show a
positive signal during flow cytometeric analysis. Cells that were not stained with PI prior
to measurement served as negative controls to identify the living cells population. Next,
the antibodies against the candidate markers needed to be verified and the proper
concentration needed to be titrated on each cell line.
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Fig. 4: Candidate markers are differentially expressed on human HCC cell lines.
After starving cells from the commercial HCC cell lines HuH7, HepG2 and Hep3B for
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16-24 h, cells were harvested and fluorescently stained with antibodies against the
candidate markers EpCAM, CD133, gp38 and CD44v6. All depicted dot plots and
histograms are representative of at least three independent experiments. A The general
successive gating strategy applied to all HCC cell lines for flow cytometric analysis is
exemplarily depicted for HuH7 cells. After excluding cellular debris and unwanted cell
clusters, propidium iodide (Pl) was used for dead cell exclusion. Cells without PI staining
served as negative controls to identify living cells. Numbers indicate percentage of parent
population (single cells). B Representative dot plots for each candidate marker (upper
panel) and their corresponding isotype controls (lower panel) are exemplarily depicted for
HuH7 cells. Numbers indicate percentage of parent population (living cells). C shows
exemplary histograms of surface expression for each marker as compared to their
corresponding isotype control for all three HCC cell lines. The panels A and B are part of
the attached publication Urban et al. (2020) that resulted from this project. A: area, FSC:
forward scatter, H: height, SSC: sideward scatter.

In Fig. 4B single antibody stainings with their corresponding isotype controls are
exemplarily shown for each marker on HuH7 cells. Isotype concentrations were matched
to the respective antibody concentrations. The used dilutions for each antibody and cell
line can be found in Tab. 1. In Fig. 4C exemplary histograms displaying the marker profile
for each HCC cell line (HUH7, HepG2 and Hep3B) are depicted. All three cell lines show
a high expression of EpCAM and CD133, whereas the expression of gp38 and CD44v6
is negligible.

The same experimental settings that were used for human HCC cell line expression
analysis were applied to the three human CCA cell lines TFK-1, EGI-1 and CCC-5. As
described for HCC cell lines, Fig. 5A exemplarily depicts the successive gating strategy
applied to all CCA cell lines for TFK-1 cells. Furthermore, single antibody stainings with
their concentration-matched isotype controls are exemplarily shown for TFK-1 cells in Fig.
5B, and the candidate marker profile for each CCA cell line is visualized in Fig. 5C. The
used dilutions for each antibody and cell line can be found in Tab. 1. In contrast to HCC
cell lines, all CCA cells show a high expression of EpCAM and CD44v6. Only EGI-1 cells
display increased CD133 expression, whereas, similar to HCC cells, all CCA cell lines
show no gp38 expression.
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16-24 h, cells were harvested and fluorescently stained with antibodies against the
candidate markers EpCAM, CD133, gp38 and CD44v6. All depicted dot plots and
histograms are representative of at least three independent experiments. A The general
successive gating strategy applied to all CCA cell lines for flow cytometric analysis is
exemplarily depicted for TFK-1 cells. After excluding cellular debris and unwanted cell
clusters, propidium iodide (PI) was used for dead cell exclusion. Cells without Pl staining
served as negative controls to identify living cells. Numbers indicate percentage of parent
population (single cells). B Representative dot plots for each candidate marker (upper
panel) and their corresponding isotype controls (lower panel) are exemplarily depicted for
TFK-1 cells. Numbers indicate percentage of parent population (living cells). C shows
exemplary histograms of surface expression for each marker as compared to their
corresponding isotype control for all three CCA cell lines. A: area, FSC: forward scatter,
H: height, SSC: sideward scatter.

In Fig. 6 the surface expression profiles of all candidate markers and tumor cell lines are
summarized. For this analysis all obtained individual values for HCC and CCA cell lines
were combined into one cohort, respectively. EpCAM, as an established epithelial cancer
marker, shows high expression in all six tumor cell lines, whereas gp38 cannot be
identified on any of the investigated cell lines (Fig. 6A). However, CD133 is almost
exclusively expressed on HCC cell lines, whereas CD44v6 is limited to CCA cell lines,
indicating possible differential capabilities of these markers. Statistical analysis revealed
that except for gp38 all markers were expressed differentially on HCC and CCA cell lines
with high significance (Fig. 6B). Even though statistic testing revealed that EpCAM
expression is significantly different between HCC and CCA cell lines, the differentiation
potential of this marker seems to be rather low, when taking into account that EpCAM
expression is very high in both entities (>94% in both cases) and that it is accompanied
by stable standard errors. CD133 on the other hand shows an enhanced expression in
HCC cell lines as compared to CCA cell lines by 6.7-fold (p<0.0001), whereas CD44v6 is
increased by 5.0-fold (p<0.0001) in CCA cell lines as compared to HCC cell lines. These
significant differences in CD133 and CD44v6 expression between HCC and CCA hint at
their promising differentiation potential for the two entities in further experiments.



48

>
W

HCC CCA n:99 99 99 99
*kk Fkkk n.s. Tkkk

n: 3333 3333 3333 n: 3333 3333 3333 [ ™ m
100

-
o
o
-y
o
[=]

% of living cells
[4)]
o

% of living cells
[9)]
o

o

~
w
~
()]
~
[&)]

50

Ny
(4}
N
w

% of living cells
N
w

0— — — p—
HuH7 HepG2 Hep3B TFK-1  EGI-1 CCC-5 EpCAM CD133 gp38 CD44v6

mm EpCAM @@ CD133 [ gp38 [ CD44v6 CHCC mm CCA

Fig. 6: Human HCC and CCA cell lines show differential expression patterns of the
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CCA (TFK-1, EGI-1, CCC-5, each n=3) cell lines for 16-24 h, cells were harvested and
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and CCA cell line individually (A) and for HCC and CCA cell lines combined, respectively
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U test was performed with p<0.05 considered statistically significant (* = p<0.05, ** =
p<0.01, *** = p<0.001, **** = p<0.0001). This figure is part of the attached publication
Urban et al. (2020) that resulted from this project. n.s.: non-significant.

(=]

The results obtained from these in vitro tumor cell line experiments were supported by an
existing dataset on EVs derived from tumor cell lines and non-malignant primary cells that
was already partly published at that time (Arbelaiz et al. 2017). Upon request, the team
around our collaboration partner Jesus M. Banales kindly analyzed their dataset for the

candidate markers and provided us with the results (Fig. 7).
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Fig. 7: Heatmap of proteomic data of cell line-derived EVs. EVs from the CCA cell
lines EGI-1 and TFK-1 and from normal human cholangiocytes (NHC) were isolated and
analyzed with liquid chromatography-mass spectrometry (LC-MS). The abundance
(green: low, black: middle, red: high) of the four candidate markers EpCAM, CD133, gp38
and CD44 in and on EVs is depicted. The corresponding statistics can be found in Tab. 5.
This figure is part of the attached publication Urban et al. (2020) that resulted from this
project. The dataset was kindly provided by our collaboration partner Jesus M. Banales.
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In brief, EVs were isolated from two human CCA tumor cell lines (TFK-1 and EGI-1) and
from normal human primary cholangiocytes (NHC). Their proteomic content and surface
composition were analyzed by liquid chromatography-mass spectrometry (LCMS) and the
abundance of EpCAM, CD133, gp38 and CD44 was visualized in a heatmap. Expression
levels of the markers in TFK-1- and EGI-1-derived EVs were compared to that in
NHC-derived EVs and their statistical differences were assessed (Tab. 5). Unfortunately,
the analysis of variants of CD44 was not possible retrospectively, so instead of CD44v6
CD44 was included in the evaluation.

Tab. 5: Quantitative protein expression analysis in EVs from CCA cell lines (TFK-1
and EGI-1) as compared to normal human cholangiocytes (NHC). Relative protein
quantification and comparison was conducted with the software Progenesis. Only proteins
identified with at least two different peptides were included in the evaluation. In order to
analyze the significance of the differential results, a t-test was performed. This table is part
of the attached publication Urban et al. (2020) that resulted from this project. The dataset
was kindly provided by our collaboration partner Jesus M. Banales. Blue: ratio=2, green:
p<0.05, n.a.: not available.

TFK-1/NHC EGI-1/NHC
marker p value ratio p value ratio
EpCAM 3.11x10°® 14.89 3.17x10* 4.61
CD133 8.78 E-02 1.50 6.36x10° 18.19
gp38 n.a. n.a. n.a. n.a.
CD44 1.71x1072 9.81 7.34 E-01 0.96

In accordance with the results from CCA tumor cell lines, EpCAM was significantly more
abundant in both TFK-1- and EGI-1-derived EVs by 14.89- and 4.61-fold, respectively, as
compared to NHC-derived EVs (compare Fig. 6A, right panel). CD133 was only found to
be significantly more abundant in EGI-1-derived EVs by 18.19-fold and was barely
enhanced in TFK-1-derived EVs, which also corresponds to the findings on CCA tumor
cell lines. CD44 on the other hand was only significantly increased in TFK-1-derived EVs
by 9.81-fold and in contrast to the results obtained on CCA tumor cell lines in this thesis,
it could barely be detected in EGI-1-derived EVs, which might be caused by the
differences in CD44 variants used for the two analyses. Gp38 could not be detected in
any evaluated EVs, which concurs with the findings on CCA tumor cell lines.
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3.1.1. Identifying possible parental cell populations for EVs in mouse organs

In the course of this study, a multitude of combinations of the candidate markers as well
as their single expression on EVs were analyzed in terms of their hepatobiliary
differentiation potential. Only the combinations that resulted in meaningful diagnostic
separation by EVs are presented in this thesis later on, hence, only the physiological
verification of these populations of interest is included in the section at hand.

After investigating the individual expression profiles of the candidate markers on human
tumor cells and tumor-derived EVs, the existence of possible physiological cell
populations acting as EV-releasing parental cells was evaluated. Since EVs reflect the
(surface) composition of their parental cells, cell populations presenting the same markers
as EVs could potentially be the cells of origin for these particular EVs. Consequently, in
order to identify an EV-based diagnostic biomarker for a specific type of cancer, it is
reasonable to evaluate EVs from cells that are associated with the development or
progression of this particular cancer in the first place. Therefore, the existence of
physiological cell populations that have either been proposed as putative cells of cancer
origin or that are involved in tumor progression was investigated in murine liver,
gallbladder and other organs in vivo. Of note, the following selection of cell populations
and their nomenclature is based on an attempt of the author to logically structure the
obtained results and to facilitate easier understanding for the reader. The classification
only partially reflects the cellular origin or function of the markers and is not to be
understood as a strict distinction. The selection of markers and their relation to each other
and to putative cells of cancer origin will be elaborated extensively in the discussion of this
thesis.

In short, it has been proposed that tissue-specific progenitor cells within one organ can
give rise to different cancer subtypes (Banales et al. 2020). Accordingly, liver progenitor
cells are capable of differentiating into hepatocytes or cholangiocytes and thus might be
involved in the development of both HCC and CCA (Rountree et al. 2007, Dorrell et al.
2011). Recently, a subset of CD133+gp38* liver progenitor cells has been described, that
was additionally associated with high EpCAM expression (Eckert et al. 2016). Therefore,
the existence of CD133+gp38+ and EpCAM+*CD133*gp38* subsets was chosen to be
investigated. Owing to their progenitor cell origin, these two specific marker combinations
will from now on be referred to as “progenitor cell-associated” throughout this thesis. On
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the other hand, CD44v6 has been discovered not only as a marker for cancer stem cells
but also as a functionally important protein for tumor progression and metastasis (Wang
et al. 2018b). Additionally, CD44v6 alone and in conjunction with CD133 has been
demonstrated to be associated with poor prognosis in several cancers (Chen et al. 2014,
Wang et al. 2018b, Padthaisong et al. 2020). Hence, the existence of CD44v6+ and
CD44v6+CD133* subsets as potential parental cells for EVs was chosen to be investigated
in murine organs. According to their involvement in tumor progression and prognosis,
these two specific marker combinations will be referred to as “tumor-associated”
throughout this thesis.

First, several wild type C57BI/6J mouse organs were enzymatically digested to single cell
suspensions and were subsequently immunofluorescently labelled with a panel of
antibodies for flow cytometric evaluation. Antibodies against murine CD45 and CD31 were
part of every staining, whereas antibodies against CD133, gp38 and EpCAM were added
for analysis of progenitor cell-associated populations and antibodies against CD44 and
CD133 were included for analyzing tumor-associated subsets. Unfortunately, no antibody
against the splice variant CD44v6 was available to the author that was suitable for flow
cytometric analysis in mice, so an antibody against the murine standard form CD44 was
employed instead. The investigated murine organs included liver and gallbladder
representing origins for HCC, CCA and GbCA, as well as lung and colon as control organs.
For flow cytometric measurement, successive gating strategies for every organ were
established based on the strategy described for identifying liver progenitor cells (Eckert et
al. 2016) (Fig. 8A-D). Briefly, similar to analyzing tumor cell lines in vitro, debris and cell
clusters were first excluded, followed by restricting the analysis to living cells by
performing a live/dead cell staining with PI. Out of the living cells, nucleated hematopoietic
and endothelial cells were excluded according to their high CD45 and CD31 expression
profile, respectively. For analyzing progenitor-associated subsets, mesothelial cells were
additionally excluded based on their high gp38 expression. The two parental populations
that served as starting point for subsequent analyses of progenitor cell-associated
(mesothel excluded, CD45-CD31-gp38'°*¢") and tumor-associated populations (endothel
excluded, CD45CD31") are described in Fig. 8E and will be clearly indicated in every
individual figure legend.
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Fig. 8: Gating strategy for several wild type mouse organs. Liver, gallbladder, lung
and colon of wild type C57BI/6J mice were isolated and enzymatically digested to single
cell suspensions. For flow cytometry, cells were stained with antibodies against the
surface markers CD45 and CD31. For analysis of progenitor cell-associated populations,
gp38, CD133 and EpCAM were added to the general antibody mix, whereas CD44 and
CD133 were included for analysis of tumor-associated populations. The general
successive gating strategy for murine liver (A), gallbladder (B), lung (C) and colon (D) is
exemplarily depicted. After exclusion of cellular debris and cell clusters, propidium iodide
(Pl) was used for dead cell exclusion to identify living cells. Subsequently, hematopoietic
(CD45%), endothelial (CD31+*) and mesothelial (gp38Me", progenitor cell-associated
populations only) cells were excluded. All depicted dot plots are representative of three
independent experiments. E describes the two parental populations used for subsequent
identification of progenitor cell-associated (mesothel excluded, green) and tumor-
associated populations (endothel excluded, orange). Parental populations are indicated
above the respective scatter plots for each organ in A-D. Panel A is part of the attached
publication Urban et al. (2020) that resulted from this project. A: area, FSC: forward
scatter, H: height, SSC: sideward scatter.
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For identification of progenitor cell-associated populations, the general gating strategy
was expanded by separating the cells according to their gp38 and CD133 expression
profile (Fig. 9A). Single CD133* and gp38* as well as double positive CD133+gp38+ and
double negative CD133gp38 cells are exemplarily visualized alongside the
corresponding isotype controls for each organ. Double positive CD133+gp38+ cells were
additionally tested for EpCAM positivity and their expression compared to the
corresponding isotype control is depicted in exemplary histograms for every organ
(Fig. 9B). In order to ensure optimal performance of all used antibodies, they were titrated
prior use. All isotype concentrations were matched to the respective antibody
concentrations. The used dilutions for each antibody and organ can be found in Tab. 2.
Interestingly, the surface analysis revealed no CD133* cells in the colon, consequently,
no double positive CD133+gp38* or triple positive EpCAM+*CD133*gp38+* cells could be
detected. All other organs showed the presence of double positive CD133+gp38+and triple
positive EpCAM+*CD133+gp38* cells in varying degrees. These findings are reflected in
the relative surface expression analysis of three independent experiments of the double
and triple positive populations in all investigated organs (Fig. 9C). In order to ensure the
comparability among both cell populations, for this relative expression analysis the
indicated numbers are relative to the same parental population (mesothel excluded) for
both investigated populations (in contrast to the histograms shown in Fig. 9B that display
EpCAM positivity out of CD133+gp38+ cells). It is noticeable that the two populations are
expressed in similar levels on the gallbladder, whereas CD133*gp38+ cells in liver and
lung are increased by approximately 2-fold as compared to EpCAM+*CD133*gp38+* cells.
Statistical analysis by Kruskal-Wallis non-parametric test followed by Dunn’s multiple
comparison post hoc test revealed a significantly higher level of EpCAM+*CD133*gp38*
cells in gallbladder as compared to the colon (p<0.05). All other differences within either
CD133*gp38+* or EpCAM*CD133*gp38* cells were non-significant with p>0.5.
Additionally, within each organ, no statistically significant differences could be observed
between the abundance of CD133*gp38*+ and EpCAM+*CD133*gp38* cells, as tested by
two-tailed Mann-Whitney U tests.
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Fig. 9: Progenitor cell-associated population profiles on mouse organs. Liver,
gallbladder, lung and colon of wild type C57BI/6J mice were isolated and enzymatically
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digested to single cell suspensions. For flow cytometry, cells were stained with antibodies
against the surface markers CD45, CD31, CD133, gp38 and EpCAM. The general gating
strategy described in Fig. 8 was applied to all organs. All depicted dot plots and histograms
are representative of three independent experiments. A The surface marker expression
of CD133+, gp38+, CD133+gp38*+ double positive and CD133-gp38- double negative cells
for each organ (top panel) is shown alongside the isotype controls for CD133 (middle
panel) and gp38 (bottom panel). The numbers indicate the percentage relative to the
parent population (mesothel excluded). In B the double positive CD133*gp38* population
(highlighted in orange) was additionally tested for EpCAM positivity (white) and compared
to its corresponding isotype control (grey) in each organ. C summarizes the relative
surface expression of the two progenitor cell-associated populations CD133+gp38* and
EpCAM+CD133+gp38* with “mesothel excluded” serving as parent population for both
combinations. The graph shows means with standard error of the mean (SEM) with n=3
for each organ and population, respectively. Statistical significance within the individual
populations was assessed by Kruskal-Wallis non-parametric test followed by Dunn’s
multiple comparison post hoc test, whereas statistical significance within the individual
organs was assessed by two-tailed Mann-Whitney U tests (* = p<0.05, ** = p<0.01, *** =
p<0.001, **** = p<0.0001). The panels A and B are part of the attached publication Urban
et al. (2020) that resulted from this project.

The same experimental settings that were employed to identify progenitor cell-associated
populations were applied to visualize the tumor-associated populations CD44* and
CD44+CD133*. Here, CD45CD31- cells (endothel excluded) served as parental
populations for both combinations. After applying the general gating strategy presented in
Fig. 8, cells were first tested for CD44 positivity (Fig. 10A). In order to identify double
positive CD44+CD133* populations, the cells were subsequently separated based on the
expression of these two markers (Fig. 10B). In order to ensure optimal performance of all
used antibodies, they were titrated prior use. All isotype concentrations were matched to
the respective antibody concentrations. The used dilutions for each antibody and organ
can be found in Tab. 2. Single positive CD44+* cells could be detected in low levels in all
organs. In contrast to that, double positive CD44+CD133* cells were identified in varying
degrees in all organs, except for the colon. These findings are reflected in the relative
surface expression of three independent experiments of the single and double positive
populations in all investigated organs (Fig. 10C). It is noticeable that the expression
profiles of liver and gallbladder look similar, with CD44+ cells being increased by
approximately 2-fold as compared to CD44+CD133* cells. In lung on the other hand, the
abundance of both cell populations is generally lower, with CD44+ cells being increased
by approximately 4.5-fold as compared to CD44+CD133* cells.
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Fig. 10: Tumor-associated population profiles on mouse organs. Liver, gallbladder,
lung and colon of wild type C57BIl/6J mice were isolated and enzymatically digested to
single cell suspensions. For flow cytometry, cells were stained with antibodies against the
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surface markers CD45, CD31, CD133 and CD44. The gating strategy described in Fig. 8
was applied to all organs with “endothel excluded” serving as parent population for both
subsequent populations. All depicted dot plots and histograms are representative of three
independent experiments. A Out of the parent population, histograms of cells expressing
CD44 (white) compared to its isotype control (grey) are shown. B The surface marker
expression of CD133+, CD44+, CD133*CD44+ double positive and CD133°CD44" double
negative cells for each organ (top panel) is shown alongside the isotype controls for CD44
(middle panel) and CD133 (bottom panel). The numbers indicate the percentage relative
to the parent population. C summarizes the relative surface expression of the two tumor-
associated populations CD44+ and CD44+CD133* with “endothel excluded” serving as
parent population for both combinations. The graph shows means with standard error of
the mean (SEM) with n=3 for each organ and population, respectively. Statistical
significance within the individual populations was assessed by Kruskal-Wallis non-
parametric test followed by Dunn’s multiple comparison post hoc test, whereas statistical
significance within the individual organs was assessed by two-tailed Mann-Whitney U
tests (* = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001). The panels A and B are
part of the attached publication Urban et al. (2020) that resulted from this project.

The colon presents with the highest expression levels of CD44+ cells (37%) as compared
to all other organs, but no expression of CD44+CD133* cells could be detected. Statistical
analysis by Kruskal-Wallis non-parametric test followed by Dunn’s multiple comparison
post hoc test revealed significantly higher levels of CD44+CD133* cells in liver as
compared to the colon (p<0.05) and of CD44+ cells in colon as compared to the lung
(p<0.05). All other differences within either CD44+ or CD44+CD133* cells were non-
significant with p>0.5. Additionally, within each organ, no statistically significant
differences could be observed between the abundance of CD44+ and CD44+CD133* cells,
as tested by two-tailed Mann-Whitney U tests.

Concluding, physiological populations, that were previously proposed to be either putative
cells of cancer origin or to be involved in cancer progression, could be identified in several
healthy mouse organs. Furthermore, every organ showed a distinct expression profile of
the investigated cell populations. These observations were prerequisites for the following
two assumptions: (i) The investigated populations could potentially be parental cell
populations of EVs featuring the same marker profile and (ii) if organs have a differing
expression profile of the investigated cell populations, tumors originating from these
particular organs could have similarly diverse marker distributions. Hence, EVs with the

investigated marker combinations on their surface could potentially be used for differential
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diagnosis of cancers from different organ origins, which will be evaluated in the following

sections.

3.2. Large EVs as biomarkers for differential hepatobiliary cancer diagnosis

After identifying candidate markers and putative physiological parental cells in vitro and in
vivo, the capability of IEVs featuring the established markers and marker combinations on
their surface for differential hepatobiliary cancer diagnosis was explored in primary human
serum samples. Therefore, human serum was collected from different patient cohorts,

IEVs were isolated and their surface marker profile was screened.

3.2.1. The human study cohort for large EV analysis

In total, 327 subjects who gave their informed consent to participate were enrolled in the
study (Fig. 11). This pool consisted of healthy individuals (48), patients with liver cirrhosis
(54) and patients suffering from various cancerous diseases, comprising 20 colorectal
carcinoma (CRC), 32 non-small cell lung carcinoma (NSCLC), 67 hepatocellular
carcinoma (HCC), 77 cholangiocarcinoma (CCA) and 29 gallbladder carcinoma (GbCA)
patients. As described earlier, the marker combinations characterizing putative EV-
releasing cell populations in mice were divided into two groups according to their
supposed role in cancer development or tumor progression: the progenitor cell-associated
(CD133+gp38+* or EpCAM+*CD133+gp38*) and the tumor associated populations (CD44+*
or CD44+CD133"). Consistent with this separation, two studies on IEVs were conducted
and their performances in regard to hepatobiliary cancer differentiation were compared to
each other. Consequently, the patient cohorts can be divided into two study cohorts,

whereby some patients were part of both studies and some only partook in one of them.
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Fig. 11: Distribution of patients in the different study cohorts for large EV analysis.
The total amount of enrolled subjects comprised healthy individuals, patients with
cirrhosis, colorectal carcinoma (CRC), non-small cell lung carcinoma (NSCLC),
hepatocellular carcinoma (HCC), cholangiocarcinoma (CCA) and gallbladder carcinoma
(GbCA). Some of these patients were part of both the progenitor cell-associated (blue)
and the tumor-associated (orange) study cohort, some were only considered for one of
the studies.

A detailed description of key demographic parameters of each individual patient cohort,
divided into progenitor cell- and tumor-associated study cohort, is available in Tab. 6,
additional biochemical parameters can be found in Supplementary Tab. 1. Out of these
values, relative gender, age and BMI distributions among the individual patient cohorts
are visualized (Fig. 12). The distributions of these parameters within the patient cohorts
differ only slightly between the progenitor cell- and tumor-associated cohorts, so the two
study cohorts can be considered comparable.

When comparing the gender distribution in the individual patient cohorts, it is noticeable
that most of the participants suffering from diseases were male, with the exception of
GbCA patients, which were dominated by female subjects (77%, Fig. 12A). This
observation concurs with overall global incidence rates.
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Tab. 6: Demographic parameters of the different patient cohorts within the
progenitor cell-associated and tumor-associated study cohorts. Age and BMI are
given as mean. Additional biochemical parameters of the patients are provided in
Supplementary Tab. 1. #: absolute number of patients in each cohort, s.d.: standard
deviation.

progenitor cell-associated study cohort

healthy cirrhosis CRC NSCLC HCC CCA GbCA
patients [#] 47 54 20 32 67 70 27
female [#] 32 15 5 9 27 30 22
male [#] 15 39 15 23 40 40 5
age [years] 30.8 52.5 69.9 64.4 64.1 63.5 63.0
s.d. 12.4 9.5 13.8 9.6 12.3 10.3 11.4
range 17-75 21-72 33-89 49-81 24-83 32-85 31-77
BMI [kg/m?] 25.0 26.2 27.6 26.7 26.1 26.3 25.5
s.d. 5.1 4.8 5.7 4.4 3.9 4.0 4.4
range 18.8-38.3 20.0-38.6 20.2-445 18.2-36.1 18.9-425 18.7-37.5 18.6-36.3

tumor-associated study cohort

healthy cirrhosis CRC NSCLC HCC CCA GbCA
patients [#] 30 5 19 15 31 48 28
female [#] 21 2 4 4 12 21 24
male [#] 9 3 15 11 19 27 4
age [years] 271 51.3 68.1 67.9 64.0 65.2 62.5
s.d. 6.2 9.4 13.4 7.3 12.7 8.9 11.0
range 17-46 39-60 33-89 56-81 28-82 39-85 31-77
BMI [kg/m?] 25.9 25.7 27.9 26.1 254 27.0 25.7
s.d. 6.6 5.4 5.6 3.7 3.6 4.4 4.2
range 19.9-38.3 21.4-32.9 20.2-445 18.9-31.3 18.9-32.5 18.7-37.5 19.6-36.3

The average age of patients with malignancies ranged from 62.5 to 69.9 years at the point
of diagnosis in both study cohorts, whereas patients suffering from liver cirrhosis were
younger, with an average of 52.5 years in the progenitor cell-associated and 51.3 years
in the tumor-associated study cohort (Tab. 6). Healthy subjects, on the other hand, were
considerably younger with a mean age of 30.8 years for the progenitor cell-associated
and 27.1 years for the tumor-associated cohort. In both study cohorts, the most frequent
age group in CRC patients was 70 to 79 years, whereas in all other cancer patient cohorts
the most dominant age group was 60 to 69 years (Fig. 12B). In cirrhosis patients the most
frequent age group was 50 to 59 years and healthy subjects were dominated by 20 to 29
year old individuals.
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Fig. 12: Distribution of demographic parameters in the different patient cohorts
within the progenitor cell-associated and tumor-associated study cohorts. Shown
are the percentages of indicated gender (A), age (B) and BMI (C) groups. Corresponding
values are displayed in Tab. 6. BMI was classified as follows: underweight: <18.5 kg/m?,
normal weight: 18.5 to <25 kg/m?, overweight: 25 to <30 kg/m?, obese class I: 30 to <35
kg/m?, obese class II: 35 to <40 kg/m?, obese class Ill: 240 kg/m?
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It is noticeable that the average BMI for all patient cohorts, including healthy subjects,
ranged between 25.0 and 27.9 in both study cohorts, which corresponds to overweight
(Tab. 6). Most of the cirrhosis patients and healthy individuals showed normal BMIs
ranging from 18.5 to <25, whereas the majority of patients with malignancies were
overweight with BMIs from 25 to <30 (Fig. 12C). Obese patients could be observed in
every patient cohort and were distributed similarly, however, obese class Il patients with
BMIs above 40 were only present in the CRC and HCC cohorts, concurring with
established risk factors of these malignancies. Of note, healthy subjects and GbCA
patients tended to be younger and comprised more females, while all other cancer cohorts
were dominated be male and older individuals. Cirrhosis patients on the other hand were
a mixture, comprising mostly male but generally younger patients highlighting the role of
cirrhosis as a preceding disease for later cancer development.

3.2.2. Characterization of isolated large EVs and establishment of flow cytometric
measurement methodology

Before the surface of IEVs could be screened in regard to their marker composition, they
needed to be isolated from human serum. Therefore, human blood was collected from
every patient and serum was isolated by centrifugation (Fig. 13A). Among other blood
components, serum contains all EV subtypes. Therefore, IEVs needed to be separated
from other subsets as purely as possible. This was performed by sequential centrifugation,
starting at lower speed (2,000 x g) to eliminate apoptotic bodies and cell debris and
continuing with a high speed centrifugation step (20,000 x g) of the supernatant to pellet
IEVs. Because of their smaller size, sEVs need a much higher centrifugation force to
pellet, so they will mainly remain in the supernatant. However, to date, there is no method
available that achieves a perfect separation of specific EV subtypes (Théry et al. 2018).
Depending on the employed purification method, the enrichment of one EV subtype is
typically facilitated, but a complete depletion of undesired EV populations is not possible
yet. This issue can be addressed by examining the quality of enriched EVs, i.e. by
assessing particle size, protein concentration or specific EV protein markers, and by
ensuring that undesired EV subtypes do not interfere with the subsequent analysis
method.
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Fig. 13: Characterization of isolated large EVs. A Blood was collected from patients
and centrifuged to isolate serum. 1 mL of serum was used for IEV isolation by two
sequential centrifugation steps. First, cellular debris and apoptotic bodies were excluded
at low speed, afterwards IEVs were pelleted from the remaining supernatant at higher
speed. Flowchart was created with BioRender.com. B Size distribution of isolated IEVs is
visualized. Particle concentration and size was determined by nanoparticle tracking
analysis (NTA), protein concentration by BCA assays. Data is shown exemplarily for IEV
isolation of a healthy subject. Indicated means are representative of at least four
independent experiments.

To further characterize isolated IEVs, size and particle concentration were determined by
nanoparticle tracking analysis (NTA). A mean diameter of 125.8 nm was observed, which
corresponds to the typical size of IEVs (diameter above 100 nm) (Fig. 13B). Furthermore,
a mean particle concentration of 1.8x10'" particles/mL and a mean protein concentration
of 1.43x10% pg/mL were observed throughout all measured isolations. After
characterization of the isolated IEVs, they were stained with a panel of fluorescent

components to screen their surface composition by flow cytometric analysis (Fig. 14).
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marker AnnexinV that binds to exposed phosphatidylserine (PS) in the EV membrane.
Afterwards, fluorescent antibodies against the candidate markers were added and the
labelled EVs were analyzed by flow cytometry. Out of the pool of possible antibody
combinations, the indicated progenitor cell-associated and tumor-associated EV
populations were further investigated in this study. Flowchart was created with
BioRender.com.

In a first step, IEVs were incubated with fluorescently labelled AnnexinV (AnnV), a
common EV marker (Arraud et al. 2015, Théry et al. 2018). It binds to phosphatidylserine
(PS) in the outer leaflet of phospholipid bilayers (van Genderen et al. 2008). In living cells,
PS distribution is asymmetrical with the majority of the lipid residing in the inner leaflet.
This state is maintained by an energy-consuming process. In cells undergoing apoptosis
or in extracellular vesicles, asymmetry of the membrane is lost resulting in externalized
PS in the outer leaflet to which AnnV can bind in an Ca?*-dependent manner. After
incubation of isolated |IEVs with AnnV, they were stained with two different sets of
antibodies: (i) antibodies against human EpCAM, CD133 and gp38 were used to identify
progenitor cell-associated populations and (ii) antibodies against human CD44v6 and
CD133 were used to identify tumor-associated populations. Out of all possible staining
combinations, only such EVs were of interest that expressed the progenitor cell-
associated and tumor-associated marker combinations on their surface.

Subsequently, isolated and stained IEVs were analyzed by flow cytometry. Before
conducting any measurements, key parameters for good and reliable flow cytometric
practice needed to be established and quality controls needed to be performed. Therefore,
a general gating strategy for identifying IEVs was developed (Fig. 15A). Briefly, all events
were restricted to include all possible EVs (all IEVs), followed by the exclusion of debris
and EV aggregates (debris excluded). This separation was achieved in a similar manner
as the exclusion of cell clusters before: single EVs show a defined signal area to height
ratio, whereas aggregates and debris diverge from this ideal line. The successful
exclusion of debris is visualized in the scatter plot second from the right by applying a
backgating step (compare to left panel: all events). The respective parent population is
indicated above each graph. Subsequently, the population was restricted to AnnV+ events
that represent the general EV population. In order to identify the AnnV+* population, a
sample of isolated IEVs without addition of fluorescently labelled AnnV was measured
(Fig. 15B, left panel).
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Fig. 15: Establishment of flow cytometric measurement methodology for large EVs.
After isolation and immunofluorescent labeling of serum IEVs, they were analyzed by flow
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cytometry. A exemplarily depicts the successive general gating strategy applied to all IEV
measurements: first all events were restricted to the appropriate size range (all IEVs), then
to single events in order to exclude debris and aggregates (debris excluded). Afterwards,
only AnnexinV+* (AnnV*) IEVs were considered for further analysis. Number represents
percentage of parent population (debris excluded). The respective parent population is
indicated above each graph. Out of the AnnV+ population B shows dot plots of all used
antibodies against the candidate markers (upper panel) and their corresponding isotype
control (lower panel). All isotype controls were matched to the respective antibody
concentration and the used dilutions for each antibody can be obtained from Tab. 3. For
AnnV, unstained IEVs were used as negative control. Numbers represent percentage of
parent population (debris excluded or AnnV+). C Depicted are representative dot plots of
each reagent used for IEV profiling. EpCAM antibody is representative for all antibodies
applied. The analysis was performed using the same parameters and gating strategy as
for normal IEV analysis to identify possible contaminations. Numbers indicate absolute
counts of AnnV+* events within the parent population (debris excluded). D Serum sEVs
were isolated from a colorectal cancer patient and analyzed by flow cytometry with the
same settings as used for IEV profiling in order to identify interferences of sEVs. Number
indicates absolute count of AnnV+* events within the parent population (debris excluded).
The initial number of isolated and subsequently analyzed sEVs as determined by E
nanoparticle tracking analysis (NTA) was 1.175x10°%. Median diameter of sEVs was
87.4 nm. This figure is part of the attached publication Urban et al. (2020) that resulted
from this project. A: area, FSC: forward scatter, H: height, SSC: sideward scatter, W: width

Furthermore, positive |IEV populations for all employed markers were identified by
comparing them to IEVs stained with the respective concentration-matched isotype control
(Fig. 15B). Prior use, every antibody was titrated to ensure the best possible performance.
The dilutions used for each antibody can be obtained from Tab. 3.

Another important factor that needs to be addressed when developing a reliable flow
cytometric measurement methodology is the possible interference of reagents used during
the experiment. Therefore, every reagent that was employed for isolation and staining of
IEVs was measured with the same settings and concentrations as applied for IEV flow
cytometric analysis and their influence on the general EV population (AnnV*) is
exemplarily depicted in Fig. 15C. In this case, EpCAM antibody is representative for every
used antibody. The numbers given in the scatter plots indicate absolute counts of AnnV+
events within the parent population. Thus, the quality check revealed that no measurable
interference of any reagent could be detected. As mentioned before, perfect separation of
EV subtypes is nearly impossible and the interference of other EV types in prepared
isolations needs to be examined. Therefore, serum sEVs were isolated as described in
the Material and Methods section and were subsequently analyzed by flow cytometry with
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the same settings as used for IEV profiling (Fig. 15D). The initial number of sEVs, as
confirmed by nanoparticle tracking analysis (NTA, Fig. 15E), was 1.175x109, out of which
only 130 absolute events were positive for AnnV. Thus, for this explicit experimental
setting of IEV flow cytometric quantification, any substantial influence of sEV cross-
contamination in IEV isolates was successfully ruled out.

After developing a reliable method for flow cytometric analysis of IEVs without
interferences of reagents and other EV subtypes, the comparability of IEV quantification
between the proposed patient cohorts needed to be assessed in order to conduct a
conclusive study. Therefore, IEVs of different patient cohorts were isolated and their total
and AnnV* levels were compared among the cohorts (Fig. 16).
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Fig. 16: Large EVs are detectable by flow cytometric analysis and their abundancy
is comparable among different patient cohorts. Serum |IEVs of the indicated patient
cohorts were isolated by centrifugation and stained with AnnV+. Gating was applied as
described in Fig. 15A. Data is shown as medians with interquartile range (IQR), whiskers
represent 1.5 x IQR (Tukey) with potential outliers plotted as dots. n indicates number of
patients. A shows the total amount of IEVs per 1 mL of serum, whereas B depicts the total
amount of AnnV+ IEVs per 1 mL of serum. In C AnnV+* IEV numbers were normalized to
total IEV numbers. Statistical significance was assessed by Kruskal-Wallis non-parametric
test followed by Dunn’s multiple comparison post hoc test with p<0.05 considered
statistically significant. n.s.: non-significant.

In this first pilot evaluation, only parts of the healthy individuals and cirrhosis, NSCLC,
HCC and CCA patients were included. Gating was conducted as described in Fig. 15A
and total counts were normalized to 1 ml of initial serum. The number of total IEVs
corresponds to the events within the “debris excluded” population (Fig. 16A), whereas
AnnV positive counts were obtained from the “AnnV*” population (Fig. 16B). Kruskal-
Walllis non-parametric tests followed by Dunn’s multiple comparison post hoc tests were
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performed in order to identify differences among the patient cohorts but revealed no
significant variations between the cohorts in both populations (p>0.5). Interestingly, in both
populations median IEV counts for cirrhosis patients are slightly enhanced as compared
to the other patient cohorts, which might be due to the lower patient number in this cohort.
However, when normalizing AnnV+ counts to total IEV numbers, this effect is relativized
(Fig. 16C). Consequently, no significant differences could be observed after applying
Kruskal-Wallis non-parametric test followed by Dunn’s multiple comparison post hoc test
(p>0.5) as well.

Taken together, a robust and reliable method for isolation and flow cytometric
measurement of IEVs was established that yielded similar numbers of AnnV+ |EVs among
the relevant patient cohorts in this study. With this in mind, it was possible to conduct a
comparative study that evaluates differences in IEV levels that are not influenced by the
used reagents, methodology or the respective patient cohort, but which effects can solely
be attributed to pathophysiological differences between the patient cohorts.

3.2.3. Progenitor cell-associated large EV populations can diagnostically
differentiate between hepatobiliary cancers

In order to assess the general detecting and differentiating capability of serum IEVs within
the established experimental settings, a pilot study involving only progenitor cell-
associated IEV populations was conducted. Therefore, IEVs of a restricted number of
patients were isolated, immunofluorescently labelled and analyzed by flow cytometry. In
addition to the general gating strategy described in Fig. 15A, the gating was successively
expanded as depicted in Fig. 17A to identify the two progenitor cell-associated |[EV
populations AnnV+*CD133*gp38* and AnnV*EpCAM*CD133+gp38+, which are
schematically visualized in Fig. 17B. Briefly, AnnV+* IEVs were restricted to CD133* IEVSs,
followed by an identification of gp38+ IEVs out of the AnnV*CD133* IEV pool to obtain the
first progenitor cell-associated population AnnV+CD133+gp38*. Subsequently,
AnnV+CD133*gp38* IEVs were limited to EpCAM* IEVs to obtain the second progenitor
cell-associated population AnnV+*EpCAM*CD133*gp38+*. The gates in this figure
correspond to the positive populations that were identified for each marker according to
their concentration-matched isotype controls (compare Fig. 15B). The counts for each
progenitor cell-associated population were evaluated and normalized to 1000 AnnV+* IEVs
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for comparability among samples and cohorts. Median, normalized IEV levels of each
individual patient cohort for AnnV+*CD133+gp38+ and AnnV+*EpCAM+*CD133+gp38+ are
depicted in Fig. 17C and Fig. 17D, respectively.
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Fig. 17: Pilot results — progenitor cell-associated large EVs are enriched in patients
with hepatobiliary diseases. After isolation of serum IEVs and immunofluorescent
labelling, they were analysed by flow cytometry. Gating was applied as described in
Fig. 15A. A exemplarily describes the subsequent successive gating strategy applied to
identify the two progenitor cell-associated |IEV populations AnnV+CD133*gp38* (green)
and AnnV+*EpCAM+*CD133+gp38* (blue). In B IEVs of the two progenitor cell-associated
populations are schematically visualized (created with BioRender.com) referring to the
staining protocol described in Fig. 14. IEV values of the two progenitor cell-associated
populations AnnV+*CD133+gp38+* (C) and AnnV+*EpCAM+*CD133*gp38* (D) are shown for
healthy individuals, cirrhosis patients and various cancer patient cohorts (NSCLC, HCC,
CCA). For this analysis only patients that were measured by the author were included.
Data is shown as medians with interquartile range (IQR), whiskers represent 1.5 x IQR
(Tukey) with potential outliers plotted as dots. n indicates number of patients. Statistical
significance was assessed by Kruskal-Wallis non-parametric test followed by Dunn’s
multiple comparison post hoc test with p<0.05 considered statistically significant (* =
p<0.05, ** = p<0.01, **** = p<0.0001). Panel A is part of the attached publication Urban et
al. (2020) that resulted from this project.
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In both populations IEV levels for CCA patients are elevated as compared to all other
cohorts. Kruskal-Wallis non-parametric test followed by Dunn’s multiple comparison post
hoc test revealed a significant increase of IEVs in CCA patients as compared to healthy
individuals and NSCLC patients in both populations (p<0.0001, respectively).
Furthermore, IEV levels in HCC patients were significantly increased as compared to
healthy individuals (p<0.01) and NSCLC patients (p<0.05) in both populations as well. For
AnnV+EpCAM*CD133+gp38+ IEVs, cirrhosis patients additionally showed significantly
increased levels as compared to healthy subjects (p<0.05). Of note, all three patient
cohorts with elevated IEV levels feature patients with hepatobiliary diseases, hinting at a
potential hepatobiliary specificity of the chosen progenitor cell-associated populations.
Even though the discrimination of the two cancer entities HCC and CCA had not been
possible in this pilot study yet, the tendency of elevated IEV levels in CCA patients became
evident. Thus, the results were a first indication of the suitability of IEVs for hepatobiliary
cancer detection and differentiation with these marker combinations. Therefore, a follow-
up study with all four proposed IEV populations was conducted in a team effort to achieve
diagnostically conclusive results with adequate patient cohort sizes. Data acquisition for
the progenitor cell-associated as well as the tumor-associated study cohort was
conducted independently by three students of the lab: the author herself, Dr. Henrike
Julich-Haertel and Hanna Sanger. This way, high numbers of patients could be screened
and the reproducibility of the method was ensured, eliminating handling bias. Processing
and interpretation of all acquired data was conducted solely by the author and the results
are presented herein.

Large EV levels of all patients participating in the progenitor cell-associated study cohort
were evaluated and the values for each individual cohort for both progenitor cell-
associated populations are visualized in Fig. 18A. A group analysis with Kruskal-Wallis
non-parametric test followed by Dunn’s multiple comparison post hoc test between biliary
cancer entities (CCA and GbCA), non-biliary cancer entities (HCC, CRC and NSCLC),
cirrhosis patients and healthy individuals revealed that normalized, median IEV levels
were significantly elevated in biliary cancer patients as compared to all control groups in
both progenitor cell-associated populations (Fig. 18B).
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Fig. 18: Progenitor cell-associated large EVs can distinguish biliary cancer patients
from controls. After isolation of serum IEVs and immunofluorescent labelling, they were
analysed by flow cytometry. Gating was applied as described in Fig. 15A and Fig. 17A. A
IEV values of the two progenitor cell-associated populations AnnV+CD133*gp38* (left
panel) and AnnV*EpCAM*CD133*gp38* (right panel) are shown for healthy individuals,
cirrhosis patients and various cancer patient cohorts (CRC, NSCLC, HCC, CCA, GbCA).
B Patient cohorts were summarized to non-biliary carcinomas (non-biliary CA) comprising
CRC, NSCLC and HCC patients, and biliary carcinomas (biliary CA) comprising CCA and
GbCA  patients.  AnnV*CD133*gp38+ IEV ~ (left panel) as well as
AnnV+EpCAM+*CD133*gp38+* IEV (right panel) levels of the combined cohorts are
depicted. Data is shown as medians with interquartile range (IQR), whiskers represent
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1.5 x IQR (Tukey) with potential outliers plotted as dots. n indicates number of patients.
Dotted lines indicate diagnostic cut-offs for discrimination between biliary CA and controls
for the respective IEV population (see Tab. 7). Statistical significance was assessed by
Kruskal-Wallis non-parametric test followed by Dunn’s multiple comparison post hoc test
with p<0.05 considered statistically significant. C Corresponding ROC curves for
AnnV+CD133*gp38* IEVs (left panel) and AnnV+*EpCAM*CD133*gp38+ IEVs (right panel)
for the discrimination between biliary CA and controls (healthy, cirrhosis and non-biliary
CA) including AUC values are shown. (* = p<0.05, ** = p<0.01, *** = p<0.001, **** =
p<0.0001). The panels A and B are part of the attached publication Urban et al. (2020)
that resulted from this project.

In detail, AnnV+CD133+gp38+ IEV levels of biliary cancer patients were 3.0-fold increased
compared to healthy subjects (p<0.01), 2.5-fold increased compared to cirrhosis patients
(p<0.05) and 3.6-fold increased compared to non-biliary cancer patients (p<0.0001).
AnnV+EpCAM*CD133*gp38* IEV levels of biliary cancer patients were 2.2-fold increased
compared to healthy subjects (p<0.001), 1.9-fold increased compared to cirrhosis patients
(p<0.05) and 2.2-fold increased compared to non-biliary cancer patients (p<0.0001). In
order to assess the diagnostic relevance of these results, receiver operating characteristic
(ROC) curves and associated area under ROC curves (AUC) values were computed for
discrimination of biliary cancer patients from each of the three control groups for both
progenitor cell-associated populations (Fig. 18C). AUC values can generally range
between 0.5, which describes random results with no diagnostic validity, and 1.0, which
refers to a perfect diagnostic test with 100% correct predictions. AUC values of
AnnV+CD133*gp38* IEVs for discriminating biliary cancer patients from healthy individuals
(0.70), cirrhosis patients (0.65) and non-biliary cancer patients (0.75) indicated a good
predictive power of the biomarker to varying degrees. AUC values of
AnnV+*EpCAM+*CD133*gp38* IEVs for discriminating biliary cancer patients from healthy
individuals (0.70), cirrhosis patients (0.66) and non-biliary cancer patients (0.69) indicated
a slightly lower predictive power than AnnV+CD133*gp38* IEVs. Out of the ROC curve
analyses, diagnostic cut-offs and other predictive values for both progenitor cell-
associated populations were calculated according to the point of optimal sensitivity and
specificity (Tab. 7). For both populations differentiation of biliary cancer from all controls
was associated with a good sensitivity of at least 71%. With 73.1% sensitivity, 62.7%
specificity, 60.7% positive predictive value (PPV) and 74.8% negative predictive value
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(NPV) AnnV+CD133*gp38* IEVs showed the best diagnostic performance for

discrimination of biliary from non-biliary cancer patients.

Tab. 7: Diagnostic performance of progenitor cell-associated large EV populations
for biliary cancer diagnosis. Biliary cancers (CCA and GbCA) were compared to healthy
controls, cirrhosis patients and non-biliary CA (NSCLC, CRC and HCC) patients.
Diagnostic cut-offs are given as number per 103 AnnV+ IEVs, whereas sensitivities (sens),
specificities (spec) as well as positive (PPV) and negative predictive values (NPV) are
given as percentage. n indicates cohort size.

AnnV*CD133*gp38* IEVs

cut-off AUC p-value sens[%] spec[%] PPV[%] NPV [%]
biliary CA (n=93) vs.
healthy (n=47) 10.0 0.70 0.0001 73.1 57.5 77.3 51.9
biliary CA (n=93) vs.
cirrhosis (n=53) 10.0 0.65 0.0027 73.1 52.8 73.1 52.8
biliary CA (n=93) vs. 10.0 075  <0.0001  73.1 62.7 60.7 74.8

non-biliary CA (n=118)

AnnV*EpCAM+*CD133*gp38* IEVs

cut-off AUC p-value sens[%] spec[%] PPV [%] NPV [%]

biliary CA (n=97) vs.

healthy (n=47) 7.0 070 <0.0001  71.1 61.7 79.3 50.9
biliary CA (n=97) vs.

cirrhosis (n-53) 7.0 066  0.0011 71.1 54.7 74.2 50.9
biliary CA (n=97) vs. 7.0 069  <0.0001  71.1 59.7 59.0 717

non-biliary CA (n=119)

This line of experiments showed that progenitor cell-associated IEVs are a marker for
biliary cancer and that they can reliably distinguish it from a pool of other malignancies
and liver-related diseases.

Furthermore, the differentiation potential of progenitor cell-associated IEVs within the
hepatobiliary compartment was of interest. Therefore, normalized median IEV levels for
both progenitor cell-associated populations were compared in HCC, CCA and GbCA
patients (Fig. 19A).
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Fig. 19: Progenitor cell-associated large EVs are distributed differentially in
hepatobiliary cancer entities. After isolation of serum IEVs and immunofluorescent
labelling, they were analysed by flow cytometry. Gating was applied as described in Fig.
15A and Fig. 17A. A |IEV values of the two progenitor cell-associated populations
AnnV+CD133*gp38* (left panel) and AnnV*EpCAM+*CD133*gp38* (right panel) are shown
for HCC, CCA and GbCA patients. Data is shown as medians with interquartile range
(IQR), whiskers represent 1.5 x IQR (Tukey) with potential outliers plotted as dots.
n indicates number of patients. Dotted lines indicate diagnostic cut-offs for discrimination
between HCC and CCA or GbCA for the respective IEV population (see Tab. 8). Statistical
significance was assessed by Kruskal-Wallis non-parametric test followed by Dunn’s
multiple comparison post hoc test with p<0.05 considered statistically significant.
B Corresponding ROC curves for AnnV+*CD133+*gp38* IEVs (left panel) and
AnnV+*EpCAM*CD133*gp38* IEVs (right panel) for the discrimination between HCC and
CCA or GbCA including AUC values are shown. (* = p<0.05, ** = p<0.01, *** = p<0.001,
**** = p<0.0001). n.s.: non-significant.

Kruskal-Wallis non-parametric test followed by Dunn’s multiple comparison post hoc test
revealed that IEV levels were significantly elevated in CCA and GbCA patients as
compared to HCC patients in both progenitor cell-associated populations, whereas IEV
levels in CCA and GbCA patients were similar, without significant differences. In detalil,
AnnV+CD133*gp38* IEV levels of CCA patients were 2.9-fold increased (p<0.0001) and
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levels of GbCA patients were 4.2-fold increased (p<0.0001) as compared to HCC patients.
AnnV+*EpCAM*CD133*gp38* IEV levels of CCA patients were 2.0-fold increased
(p<0.001), whereas levels of GbCA patients were not significantly increased (p>0.05) as
compared to HCC patients. In order to assess the diagnostic relevance of these results,
ROC curves and associated AUC values were computed for discrimination of CCA and
GbCA patients from HCC patients (Fig. 19B). AUC values of AnnV+*CD133+gp38+ IEVs for
discriminating CCA from HCC (0.72) and for distinguishing GbCA from HCC (0.79)
indicated a good predictive power of the biomarker. AUC values of
AnnV+EpCAM+*CD133*gp38+* IEVs for discriminating CCA from HCC (0.69) and for
distinguishing GbCA from HCC (0.66) indicated a slightly lower predictive power than
AnnV+CD133*gp38* IEVs. Out of the ROC curve analyses, diagnostic cut-offs and other
predictive values for both progenitor cell-associated populations were calculated (Tab. 8).

Tab. 8: Diagnostic performance of progenitor cell-associated large EV populations
for hepatobiliary cancer differentiation. CCA and GbCA patients were compared to
HCC patients, respectively. Diagnostic cut-offs are given as number per 10 AnnV+ IEVSs,
whereas sensitivities (sens), specificities (spec) as well as positive (PPV) and negative
predictive values (NPV) are given as percentage. n indicates cohort size.

AnnV*CD133*gp38* IEVs

cut-off AUC p-value sens[%] spec[%] PPV [%] NPV [%]
CCA (n=67) vs.
HCC (n=66) 10.4 0.72 <0.0001 67.2 60.6 63.4 64.5
GbCA (n=26) vs.
HCC (n=66) 11.7 0.79 <0.0001 80.8 68.2 50.0 90.0

AnnV*EpCAM+*CD133*gp38* IEVs

cut-off AUC p-value sens[%] spec[%] PPV[%] NPV [%]
CCA (n=70) vs.
HCC (n=67) 8.5 0.69 0.0002 70.0 61.2 65.3 66.1
GbCA (n=27) vs.
HCC (n=67) 9.0 0.66 0.0159 63.0 62.7 40.5 80.8

With 80.8% sensitivity, 68.2% specificity, 50.0% PPV and 90.0% NPV
AnnV+CD133*gp38* IEVs showed the best diagnostic performance for discrimination of
GbCA from HCC patients, whereas AnnV+*EpCAM+*CD133*gp38* IEVs demonstrated the
best diagnostic performance for distinguishing CCA from HCC patients with 70.0%
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sensitivity, 61.2% specificity, 65.3% PPV and 66.1% NPV. These results showed that
progenitor cell-associated IEVs can be employed as a biomarker for reliable differential
diagnosis of CCA/GbCA from HCC. A distinction of CCA and GbCA had not been possible
with this marker combination.

To address the clinically relevant question of the feasibility of progenitor cell-associated
IEVs in HCC/iCCA differentiation, their capability of detecting and differentiating CCA
subtypes from each other and from HCC was assessed. Therefore, normalized median
IEV levels of HCC, intrahepatic CCA (iCCA) and extrahepatic CCA (eCCA) patients were
compared for both progenitor cell-associated populations (Fig. 20A).
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Fig. 20: Progenitor cell-associated large EVs can differentiate between HCC and
iCCA. After isolation of serum IEVs and immunofluorescent labelling, they were analyzed
by flow cytometry. Gating was applied as described in Fig. 15A and Fig. 17A. AIEV values
of the two progenitor cell-associated populations AnnV+*CD133*gp38* (left panel) and
AnnV+EpCAM+*CD133*gp38~* (right panel) are shown for HCC, intrahepatic (iCCA) and
extrahepatic (eCCA) CCA patients. Data is shown as medians with interquartile range
(IQR), whiskers represent 1.5 x IQR (Tukey) with potential outliers plotted as dots.
n indicates number of patients. Dotted lines indicate diagnostic cut-offs for discrimination
between HCC and iCCA or eCCA for the respective IEV population (see Tab. 9). Statistical
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significance was assessed by Kruskal-Wallis non-parametric test followed by Dunn’s
multiple comparison post hoc test with p<0.05 considered statistically significant.
B Corresponding ROC curves for AnnV+*CD133+gp38* IEVs (left panel) and
AnnV+EpCAM*CD133+gp38+ IEVs (right panel) for the discrimination between HCC and
iCCA or eCCA including AUC values are shown. (* = p<0.05, ** = p<0.01, *** = p<0.001,
**** = p<0.0001). n.s.: non-significant.

Kruskal-Wallis non-parametric test followed by Dunn’s multiple comparison post hoc test
revealed that IEV levels were significantly elevated in iCCA and eCCA patients as
compared to HCC patients in both progenitor cell-associated populations, whereas no
significant difference could be observed between the two CCA subtypes. In detalil,
AnnV+CD133*gp38* IEV levels of iCCA patients were 1.8-fold increased (p<0.05) and
levels of eCCA patients were 4.1-fold increased (p<0.0001) as compared to HCC patients.
AnnV+*EpCAM*CD133*gp38* IEV levels of iCCA patients were 2.0-fold increased (p<0.01)
and levels of eCCA patients were 3.2-fold increased (p<0.01) as compared to HCC
patients. In order to assess the diagnostic relevance of these results, ROC curves and
associated AUC values were computed for discrimination of iCCA and eCCA patients from
HCC patients (Fig. 20B). AUC values of AnnV+CD133*gp38* IEVSs for discriminating iCCA
from HCC (0.68) and for distinguishing eCCA from HCC (0.76) indicated a good predictive
power of the biomarker. AUC values of AnnV*EpCAM*CD133*gp38* IEVs for
discriminating iCCA from HCC (0.71) and for distinguishing eCCA from HCC (0.72)
indicated a similar predictive power as AnnV+CD133+gp38* IEVs. Out of the ROC curve
analyses, diagnostic cut-offs and other predictive values for both progenitor cell-
associated populations were calculated (Tab. 9). For iCCA/HCC and eCCA/HCC
distinction AnnV*EpCAM+CD133+gp38* IEVs were superior to AnnV+CD133+gp38* IEVs
in terms of diagnostic performance, with sensitivities of 72.7% and 77.1%, specificities of
67.2% and 61.2%, PPVs of 42.1% and 50.9% and NPVs of 88.2% and 83.7%,

respectively.
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Tab. 9: Diagnostic performance of progenitor cell-associated large EV populations
for differentiation of CCA subtypes from HCC. iCCA and eCCA patients were
compared to HCC patients, respectively. Diagnostic cut-offs are given as number per
103 AnnV+ IEVs, whereas sensitivities (sens), specificities (spec) as well as positive (PPV)
and negative predictive values (NPV) are given as percentage. n indicates cohort size.

AnnV*CD133*gp38* IEVs

cut-off AUC p-value sens[%] spec[%] PPV [%] NPV [%]

iCCA (n=20) vs.
HCC (n=66) 10.4 0.68 0.0138 70.0 60.6 35.0 87.0
eCCA (n=35) vs.
HCC (n=66) 10.4 0.76 <0.0001 71.4 60.6 49.0 80.0

AnnV*EpCAM+*CD133*gp38* IEVs

cut-off AUC p-value sens[%] spec[%] PPV [%] NPV [%]

iCCA (n=22) vs.
HCC (n=67) 10.4 0.71 0.0032 72.7 67.2 421 88.2
eCCA (n=35) vs.
HCC (n=67) 8.4 0.72 0.0003 771 61.2 50.9 83.7

Taken together the results render progenitor cell-associated IEV populations a suitable
tool for biliary cancer detection and, more importantly, for differential diagnosis of
hepatobiliary cancer entities with the possibility to easily distinguish iCCA from HCC in a

diagnostically relevant and uncomplicated manner.

3.2.3.1. Progenitor cell-associated large EVs improve the diagnostic performance
of commonly used serum tumor markers

Currently, the serum markers AFP and CA19-9 are widely used to aid in HCC and CCA
detection, respectively, even though their diagnostic benefit is debatable and their sole
use for diagnosis is not recommended (Bridgewater et al. 2014, Galle et al. 2018).
Nonetheless, they have proven to be diagnostically useful in a multitude of studies, so it
was interesting to evaluate if a combination of serum tumor markers with the progenitor
cell-associated |IEV biomarker established herein led to an improved differentiation
capability between HCC and CCA.

As described earlier, human serum for this thesis was obtained from several medical
centers across Europe. Due to differing operating procedures, not every center could
provide detailed information about all serological parameters. Therefore, the patient
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cohorts needed to be adjusted to patients for which IEV values as well as AFP or CA19-9
values were available, leading to smaller cohort sizes as compared to the original
progenitor cell-associated study cohort. Additionally, even though the differentiation of
HCC from iCCA is of the greatest clinical interest, CCA patients of both subtypes were
taken into account for this analysis. This was necessary due to the fact that the number
of patients within the cohorts would have been greatly unequal (60 HCC versus 14 iCCA
patients), which would have significantly reduced the diagnostic power of the analysis.

In a first step, possible correlations of progenitor cell-associated IEVs with the two serum
markers were evaluated in CCA and HCC patients, in order to identify dependencies.
Therefore, Spearman’s rank correlation coefficients (r) for each progenitor cell-associated
IEV population as compared to AFP and CA19-9 were calculated and the distribution was
visualized. Spearman’s rank correlation coefficient describes if two variables are
monotonically related (r=1) and indicates the direction of the association with a positive
(both variables increase) or negative (one variable increases, one decreases) algebraic
sign. The correlation analysis revealed that neither AFP nor CA19-9 correlated
significantly with any progenitor cell-associated IEV population in HCC patients (Fig. 21A)
with r values ranging from -0.17 to -0.08. For CCA patients on the other hand, a slight but
significant correlation tendency could be observed between AnnV+CD133+gp38+ IEVs and
AFP (r=-0.35, p=0.01) and between AnnV+*CD133*gp38* IEVs and CA19-9 (r=0.39,
p=0.002), whereas AnnV*EpCAM*CD133*gp38* IEVs did not correlate significantly with
any serum marker (Fig. 21B). Next, the diagnostic performance of AFP and CA19-9 for
HCC and CCA differentiation within the progenitor cell-associated study cohort was
evaluated (Fig. 21C and D). Two-tailed Mann-Whitney U tests revealed that AFP levels
were significantly elevated (p<0.0001) by 12.9-fold in HCC patients as compared to CCA
patients. CA19-9 levels on the other hand were significantly elevated (p<0.0001) by 14.4-
fold in CCA patients as compared to HCC patients.
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Fig. 21: Progenitor cell-associated large EVs improve the diagnostic performance
of AFP and CA19-9. After isolation of serum IEVs and immunofluorescent labelling, they
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were analyzed by flow cytometry. Gating was applied as described in Fig. 15A and
Fig. 17A. A Correlations between IEV levels and AFP (left panel) or CA19-9 (right panel)
of HCC patients for the two progenitor cell-associated populations are depicted.
B Correlations between IEV levels and AFP (left panel) or CA19-9 (right panel) of CCA
patients are shown. Spearman’s correlation (r), p-values and cohort sizes (n) are indicated
for each individual population and patient cohort. In C AFP values of HCC and CCA
patients are displayed. Indicated in red are patients that based on AFP levels are not
classified as HCC patients (AFP < 20 ng/mL) but can positively be identified as HCC by
AnnV+EpCAM*CD133*gp38* IEVs < 8.5 (see Tab. 8). In D CA19-9 values of HCC and
CCA patients are displayed. Indicated in blue are patients that based on CA19-9 levels
are not classified as CCA patients (CA19-9 < 129 U/mL) but can positively be identified
as CCA by AnnV*EpCAM*CD133*gp38* IEVs > 8.5 (see Tab. 8). Data is shown as scatter
plots including median with interquartile range. n indicates number of patients. Dotted lines
indicate recommended diagnostic cut-off of 20 ng/mL for AFP and 129 U/mL for CA19-9.
Statistical significance was assessed by two-tailed Mann-Whitney U tests with p<0.05
considered statistically significant. (* = p<0.05, ** = p<0.01, *** = p<0.001, **** =
p<0.0001). In E the diagnostic profile for HCC detection (left panel) with low progenitor
cell-associated IEV levels, high AFP and low CA19-9 values is schematically visualized.
Vice versa, the diagnostic profile for CCA detection is shown in the right panel. Profiles
were created with BioRender.com. The panels A (left panel), B (left panel) and C are part
of the attached publication Urban et al. (2020) that resulted from this project research.

Out of the displayed AFP and CA19-9 levels in HCC and CCA patients associated
predictive values were computed (Tab. 10). Cut-offs of 20 ng/mL for AFP and 129 U/mL
for CA19-9 were chosen, which refer to the suggested diagnostic cut-offs in the respective
international guidelines for HCC and CCA management, respectively (Valle et al. 2016,
Galle et al. 2018). With 100% sensitivity and 54.2% specificity AFP as a sole biomarker
displayed a good diagnostic reliability for HCC and CCA differentiation in the progenitor
cell-associated study cohort, whereas CA19-9 showed slightly lower predictive power with
58.7% sensitivity and 95.3% specificity. When adding the previous findings of this thesis
of progenitor cell-associated IEVs as biomarkers to sole AFP and CA19-9 evaluation, a
distinct diagnostic improvement becomes evident. In Fig. 21C those HCC patients are
highlighted in red that based on AFP levels are not classified as HCC (AFP < 20 ng/mL)
but that can positively be identified as HCC by AnnV*EpCAM*CD133+gp38* IEVs < 8.5
(see cut-off Tab. 8). Vice versa, in Fig. 21D those CCA patients are exemplarily highlighted
in blue that based on CA19-9 levels are not classified as CCA (CA19-9 < 129 U/mL) but
that can positively be identified as CCA by AnnV*EpCAM+*CD133+gp38* IEVs > 8.5. After
adding the patients that were correctly identified by progenitor cell-associated IEVs to the
already identified patients by AFP or CA19-9, corresponding adjusted predictive values
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could be calculated accordingly (Tab. 10). Both progenitor cell-associated IEV biomarkers
markedly increased the diagnostic performance of AFP, whereby the combination with
AnnV+EpCAM+*CD133*gp38* IEVs resulted in the highest diagnostic values with 100%
sensitivity, 78.0% specificity, 79.4% PPV and 100% NPV. Similarly, the diagnostic
performance of CA19-9 could considerably be enhanced by both progenitor cell-
associated populations. Again, the combination with AnnV+*EpCAM+*CD133+gp38* IEVs
showed the best results with 84.1% sensitivity, 95.3% specificity, 96.4% PPV and 80.4%
NPV.

Tab. 10: Diagnostic performance of AFP and CA19-9 individually and combined with
progenitor cell-associated large EV populations in HCC/CCA differentiation. CCA
patients were compared to HCC patients. Diagnostic cut-offs are given as number per 103
AnnV+* IEVs for IEV populations, as ng/mL for AFP and as U/mL for CA19-9. Sensitivities
(sens), specificities (spec) as well as positive (PPV) and negative predictive values (NPV)
are given as percentage. n indicates cohort size.

AFP

CCA: n=50, HCC: n=59 cut-off sens [%] spec [%] PPV [%] NPV [%]
AFP 20 100 54.2 64.9 100
AFP or AnnV+CD133*gp38* 200or10.4 100 76.3 78.1 100
AFP or AnnV*EpCAM*CD133*gp38* 20 or 8.5 100 78.0 79.4 100
CA19-9

CCA: n=63, HCC: n=43 cut-off sens [%] spec [%] PPV [%] NPV [%]
CA19-9 129 58.7 95.3 94.9 61.2
CA19-9 or AnnV+CD133*gp38* 129 or 10.4 82.5 95.3 96.3 78.8
CA19-9 or AnnV*EpCAM+*CD133*gp38* 129 0r 8.5 84.1 95.3 96.4 80.4

In summary, combining the currently used serum biomarkers AFP and CA19-9 with the
novel progenitor cell-associated IEV biomarkers established in this study led to an almost
perfect separation of CCA from HCC patients. With these insights it was possible to
generate a specific and highly relevant diagnostic profile for HCC and CCA patients for
potential future uncomplicated differential diagnosis that is based solely on serum
biomarkers (Fig. 21E): Thus, patients presenting with low progenitor cell-associated IEV,
high AFP and low CA19-9 values might easily be identified as HCC patients, whereas,
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vice versa, high progenitor cell-associated IEV, low AFP and high CA19-9 values might

be characteristic for CCA patients.

3.2.4. Tumor-associated large EV populations can diagnostically differentiate
between hepatobiliary cancers

Since this thesis investigated the role of IEVs in hepatobiliary cancer management for two
study cohorts, the benefit of tumor-associated |IEV populations will be evaluated and
compared to progenitor cell-associated IEV populations in the upcoming chapters. As for
progenitor cell-associated populations, IEVs of several patient cohorts were isolated,
immunofluorescently labelled and analyzed by flow cytometry. In addition to the general
gating strategy described in Fig. 15A, the gating was successively expanded as depicted
in Fig. 22A to identify the two tumor-associated IEV populations AnnV+*CD44v6* and
AnnV+CD44v6+CD133*, which are schematically visualized in Fig. 22B. Briefly, AnnV+*
IEVs were restricted to CD44v6+ IEVs to obtain the first tumor-associated population
AnnV+CD44v6+. To obtain the second tumor-associated population
AnnV+CD44v6+*CD133*, AnnV* |IEVs were limited to CD133* IEVs, followed by an
identification of CD44v6* IEVs out of the AnnV*CD133* IEV pool. The gates in this figure
correspond to the positive populations that were identified for each marker according to
their concentration-matched isotype controls (compare Fig. 15B). The counts for each
tumor-associated population were evaluated and normalized to 1000 AnnV+ IEVs for
comparability among samples and cohorts. Median, normalized IEV levels of all patients
participating in the tumor-associated study cohort were evaluated and the values for each
individual cohort for both tumor-associated populations are visualized in Fig. 22C. A group
analysis with Kruskal-Wallis non-parametric test followed by Dunn’s multiple comparison
post hoc test between biliary cancer entities (CCA and GbCA), non-biliary cancer entities
(HCC, CRC and NSCLC), cirrhosis patients and healthy individuals revealed that IEV
levels were significantly elevated in biliary cancer patients as compared to healthy
subjects and non-biliary cancer patients in both tumor-associated populations (Fig. 22D).
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Fig. 22: Tumor-associated large EVs can distinguish biliary cancer patients from
controls. After isolation of serum IEVs and immunofluorescent labelling, they were
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analyzed by flow cytometry. Gating was applied as described in Fig. 15A. A exemplarily
describes the subsequent successive gating strategy applied to identify the two tumor-
associated IEV populations AnnV+CD44v6+ (green) and AnnV+CD44v6+CD133* (blue). In
B IEVs of the two tumor-associated populations are schematically visualized (created with
BioRender.com) referring to the staining protocol described in Fig. 14. C IEV values of the
two tumor-associated populations AnnV+CD44v6* (left panel) and AnnV+*CD44v6+*CD133*
(right panel) are shown for healthy individuals, cirrhosis patients and various cancer
patient cohorts (CRC, NSCLC, HCC, CCA, GbCA). D Patient cohorts were summarized
to non-biliary carcinomas (non-biliary CA) comprising CRC, NSCLC and HCC patients,
and biliary carcinomas (biliary CA) comprising CCA and GbCA patients. AnnV+CD44v6+*
IEV (left panel) as well as AnnV+*CD44v6+CD133* IEV (right panel) levels of the combined
cohorts are depicted. Data is shown as medians with interquartile range (IQR), whiskers
represent 1.5 x IQR (Tukey) with potential outliers plotted as dots. n indicates number of
patients. Dotted lines indicate diagnostic cut-offs for discrimination between biliary CA and
controls for the respective IEV population (see Tab. 11). Statistical significance was
assessed by Kruskal-Wallis non-parametric test followed by Dunn’s multiple comparison
post hoc test with p<0.05 considered statistically significant. E Corresponding ROC curves
for AnnV*CD44v6* IEVs (left panel) and AnnV+CD44v6+*CD133* IEVs (right panel) for the
discrimination between biliary CA and controls (healthy, cirrhosis and non-biliary CA)
including AUC values are shown. (* = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001).
The panels A, C and D are part of the attached publication Urban et al. (2020) that resulted
from this project. n.s.: non-significant.

In detail, AnnV+*CD44v6* IEV levels of biliary cancer patients were 2.2-fold increased
compared to healthy subjects (p<0.0001) and 2.3-fold increased compared to non-biliary
cancer patients (p<0.0001). AnnV+CD44v6+*CD133* IEV levels of biliary cancer patients
were 2.3-fold increased compared to healthy subjects (p<0.01) and 4.0-fold increased
compared to non-biliary cancer patients (p<0.0001). No significant difference (p>0.5)
could be observed between biliary cancer versus cirrhosis patients in both tumor-
associated populations. ROC curves and associated AUC values were computed for
discrimination of biliary cancer patients from each of the three control groups for both
tumor-associated populations (Fig 22E). AUC values of AnnV+*CD44v6* |EVs for
discriminating biliary cancer patients from healthy individuals (0.80), cirrhosis (0.75) and
non-biliary cancer patients (0.75) indicated a good predictive power of the biomarker to
varying degrees. AUC values of AnnV+*CD44v6+*CD133* IEVs for discriminating biliary
cancer patients from healthy individuals (0.76), cirrhosis (0.82) and non-biliary cancer
patients (0.79) indicated a similar predictive power as for AnnV+CD44v6+ IEVs. Out of the
ROC curve analyses, diagnostic cut-offs and other predictive values for both tumor-
associated populations were calculated (Tab. 11).
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Tab. 11: Diagnostic performance of tumor-associated large EV populations for
biliary cancer diagnosis. Biliary cancers (CCA and GbCA) were compared to healthy
controls, cirrhosis patients and non-biliary CA (NSCLC, CRC and HCC) patients.
Diagnostic cut-offs are given as number per 103 AnnV+* |EVs, whereas sensitivities (sens),
specificities (spec) as well as positive (PPV) and negative predictive values (NPV) are
given as percentage. n indicates cohort size.

AnnV+*CD44v6"* IEVs

cut-off AUC p-value sens[%] spec[%] PPV [%] NPV [%]
biliary CA (n=75) vs.
hoslthy (1501 34 0.80  <0.0001  84.0 63.3 85.1 61.3
biliary CA (n=75) vs. 34 0.75  0.0603  84.0 40.0 95.5 14.3
cirrhosis (n=5)
biliary CA (n=75) vs. 34 0.75  <0.0001 840 56.3 69.2 75.0

non-biliary CA (n=64)

AnnV*CD44v6*CD133* IEVs

cut-off AUC p-value sens|[%] spec[%] PPV [%] NPV [%]

biliary CA (n=75) vs.

healthy (n=30) 10.5 0.76  <0.0001 747 56.7 81.2 47.2
piliary CA (n=75) vs. 10.5 082 00167 747 60.0 96.6 13.6
cirrhosis (n=5)

piliary GA (n=75) vs, 10.5 079  <0.0001 747 66.2 71.8 69.4

non-biliary CA (n=65)

For both populations, differentiation of biliary cancer from all controls was associated with
a good sensitivity of at least 74.7%. AnnV+*CD44v6* IEVs achieved the best diagnostic
values with 84.0% sensitivity, 63.3% specificity, 85.1% PPV and 61.3% NPV for
discrimination of biliary cancer patients from healthy individuals. AnnV+*CD44v6+*CD133*
IEVs on the other hand showed slightly lower predictive power than AnnV+CD44v6* IEVSs,
with 74.7% sensitivity, 66.2% specificity, 71.8% PPV and 69.4% NPV for distinguishing
biliary from non-biliary cancer patients. Of note, since only five cirrhosis patients could be
included in this analysis, the cohort sizes were extremely unequal (as compared to 75
biliary cancer patients), so the significance and comparability of the results might be
impaired and should be interpreted with care in case of differential diagnosis of biliary
cancers from cirrhosis. Compared to the progenitor cell-associated IEV populations, the
tumor-associated IEV populations showed an overall better diagnostic performance (see
Tab. 7), with AnnV+*CD44v6+* IEVs revealing to be the most promising population for
general biliary cancer diagnosis and differentiation out of a pool of other malignancies and
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liver-related diseases. As for progenitor cell-associated IEV populations, the differentiation
potential of both tumor-associated populations within the hepatobiliary compartment was
assessed. Therefore, normalized median IEV levels for both tumor-associated populations
were evaluated in HCC, CCA and GbCA patients (Fig. 23A).

n 31 47 28 n 31 48 28
dedkedk kkkk * Fkdkk
j n.s. ' n.s ‘
| | — |
3001 . L, 2009 .
02 150l a5 e gl i )
> w + W
m= 1507 | a4 8o
3 < 100 o3
083 I8 401 T
> [
E .E Rl (S B I [ R cut-off. 5; E 20+ ; cut-off:
E [;]‘ k 340 23 7 |foooodecdiioiitdeeene. f---- '
[ 10.0
0 T =T T < 0 T T T
HCC CCA GbCA HCC CCA GbCA

AnnV'CD44v6" AnnV*CD44v6°'CD133"
100

04

80 80

100 ::Fx:r““

60+ 60+

40 40

sensitivity [%]
sensitivity [%]

HCC vs. AUC
-8 CCA 0.78 20+
—- GbCA 0.85

HCC vs. AUC
-& CCA 0.70
—&—- GbCA 0.82

20

0 20 40 60 80 100 00 20 40 60 80 100
100 - specificity [%] 100 - specificity [%]

Fig. 23: Tumor-associated large EVs are distributed differentially in hepatobiliary
cancer entities. After isolation of serum IEVs and immunofluorescent labelling, they were
analysed by flow cytometry. Gating was applied as described in Fig. 15A and Fig. 22A.
A |EV values of the two tumor-associated populations AnnV+CD44v6* (left panel) and
AnnV+CD44v6+*CD133* (right panel) are shown for HCC, CCA and GbCA patients. Data
is shown as medians with interquartile range (IQR), whiskers represent 1.5 x IQR (Tukey)
with potential outliers plotted as dots. n indicates number of patients. Dotted lines indicate
diagnostic cut-offs for discrimination between HCC and CCA or GbCA for the respective
IEV population (see Tab. 12). Statistical significance was assessed by Kruskal-Wallis non-
parametric test followed by Dunn’s multiple comparison post hoc test with p<0.05
considered statistically significant. B Corresponding ROC curves for AnnV+CD44v6* (left
panel) and AnnV+CD44v6+CD133* IEVs (right panel) for the discrimination between HCC
and CCA or GbCA including AUC values are shown. (* = p<0.05, ** = p<0.01, *** =
p<0.001, **** = p<0.0001). n.s.: non-significant.
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Kruskal-Wallis non-parametric test followed by Dunn’s multiple comparison post hoc test
revealed that IEV levels were significantly elevated in CCA and GbCA patients as
compared to HCC patients in both tumor-associated populations, whereas IEV levels in
CCA and GbCA patients were similar, without significant differences. In detalil,
AnnV+CD44v6* IEV levels of CCA patients were 2.8-fold increased (p<0.001) and levels
of GbCA patients were 3.0-fold increased (p<0.0001) as compared to HCC patients.
AnnV+CD44v6+*CD133* IEV levels of CCA patients were 2.5-fold increased (p<0.05), and
levels of GbCA patients were 4.3-fold increased (p<0.0001) as compared to HCC patients.
In order to assess the diagnostic relevance of these results, ROC curves and associated
AUC values were computed for discrimination of CCA and GbCA patients from HCC
patients (Fig. 23B). AUC values of AnnV+CD44v6* IEVSs for discriminating CCA from HCC
(0.78) and for distinguishing GbCA from HCC (0.85) indicated a very good predictive
power of the biomarker. AUC values of AnnV+CD44v6+CD133* IEVs for discriminating
CCA from HCC (0.70) and for distinguishing GbCA from HCC (0.82) indicated a slightly
lower predictive power than AnnV+CD133+gp38* IEVs. Out of the ROC curve analyses,
diagnostic cut-offs and other predictive values for both tumor-associated populations were
calculated (Tab. 12). AnnV+CD44v6* IEVs were superior in differentiation of CCA from
HCC as well as GbCA from HCC and showed a powerful predictive power, especially for
GbCA/HCC differentiation with 89.3% sensitivity, 71.0% specificity, 73.5% PPV and
88.0% NPV. Nonetheless, for CCA/HCC differentiation AnnV+CD44v6+* |IEVs achieved
80.9% sensitivity, 71.0% specificity, 80.9% PPV and 71.0% NPV and can thus be
considered as the IEV population that showed the best results for HCC/CCA discrimination
out of all four investigated populations. The diagnostic performance of
AnnV+CD44v6+CD133* IEVs for HCC/CCA differentiation with 68.8% sensitivity, 61.3%
specificity, 73.3% PPV and 55.9% NVP is similar to that of the progenitor cell-associated
IEV populations and cannot surpass them.
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Tab. 12: Diagnostic performance of tumor-associated large EV populations for
hepatobiliary cancer differentiation. CCA and GbCA patients were compared to HCC
patients, respectively. Diagnostic cut-offs are given as number per 102 AnnV+ [EVs,
whereas sensitivities (sens), specificities (spec) as well as positive (PPV) and negative
predictive values (NPV) are given as percentage. n indicates cohort size.

AnnV*CD44v6"* IEVs

cut-off AUC p-value sens[%] spec[%] PPV [%] NPV [%]

CCA (n=47) vs.

HCC (n=31) 34 0.78 <0.0001 80.9 71.0 80.9 71.0
GbCA (n=28) vs.
HCC (n=31) 34 0.85 <0.0001 89.3 71.0 73.5 88.0

AnnV*CD44v6*CD133* IEVs

cut-off AUC p-value sens[%] spec[%] PPV [%] NPV [%]

CCA (n=48) vs.

HCC (n=31) 10.0 0.70 0.0028 68.8 61.3 73.3 55.9
GbCA (n=28) vs.
HCC (n=31) 13.8 0.82 <0.0001 85.7 67.7 70.6 84.0

As observed for progenitor cell-associated IEV populations, these results showed that
tumor-associated IEVs can be employed as a biomarker for reliable differential diagnosis
of CCA or GbCA from HCC, whereas a distinction of CCA and GbCA had not been
possible with this marker combination.

To address the clinically relevant question of the feasibility of tumor-associated IEVs in
HCC/iCCA differentiation, their capability of detecting and differentiating CCA subtypes
from each other and from HCC was assessed. Therefore, normalized median IEV levels
of HCC, intrahepatic CCA (iCCA) and extrahepatic CCA (eCCA) patients were compared
for both tumor-associated populations (Fig. 24A).
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Fig. 24: Tumor-associated large EVs can differentiate between HCC and iCCA. After
isolation of serum IEVs and immunofluorescent labelling, they were analysed by flow
cytometry. Gating was applied as described in Fig. 15A and Fig. 22A. A IEV values of the
two tumor-associated populations AnnV+CD44v6+* (left panel) and AnnV+*CD44v6+CD133*
(right panel) are shown for HCC, intrahepatic (iCCA) and extrahepatic (eCCA) CCA
patients. Data is shown as medians with interquartile range (IQR), whiskers represent
1.5 x IQR (Tukey) with potential outliers plotted as dots. n indicates number of patients.
Dotted lines indicate diagnostic cut-offs for discrimination between HCC and iCCA or
eCCA for the respective IEV population (see Tab. 13). Statistical significance was
assessed by Kruskal-Wallis non-parametric test followed by Dunn’s multiple comparison
post hoc test with p<0.05 considered statistically significant. B Corresponding ROC curves
for AnnV+CD44v6* IEVs (left panel) and AnnV+CD44v6+CD133* IEVs (right panel) for the
discrimination between HCC and iCCA or eCCA including AUC values are shown. (* =
p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001). n.s.: non-significant.

Kruskal-Wallis non-parametric test followed by Dunn’s multiple comparison post hoc test
revealed that IEV levels were significantly elevated in iCCA and eCCA patients as
compared to HCC patients in both tumor-associated populations, whereas no significant
difference could be observed between the two CCA subtypes. In detail, AnnV+CD44v6+*
IEV levels of iCCA patients were 2.7-fold increased (p<0.001) and levels of eCCA patients
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were 2.5-fold increased (p<0.001) as compared to HCC patients. AnnV+*CD44v6+CD133*
IEV levels of iCCA patients were not significantly increased (p>0.05), whereas levels of
eCCA patients were 3.0-fold increased (p<0.01) as compared to HCC patients. In order
to assess the diagnostic relevance of these results, ROC curves and associated AUC
values were computed for discrimination of iCCA and eCCA patients from HCC patients
(Fig. 24B). AUC values of AnnV+*CD44v6* IEVs for discriminating iCCA from HCC (0.83)
and for distinguishing eCCA from HCC (0.81) indicated a good predictive power of the
biomarker. AUC values of AnnV+*CD44v6+*CD133* IEVSs for discriminating iCCA from HCC
(0.67) and for distinguishing eCCA from HCC (0.74) indicated a slightly lower predictive
power as AnnV+CD44v6* IEVs. Out of the ROC curve analyses, diagnostic cut-offs and

other predictive values for both tumor-associated populations were calculated (Tab. 13).

Tab. 13: Diagnostic performance of tumor-associated large EV populations for
differentiation of CCA subtypes from HCC. iCCA and eCCA patients were compared
to HCC patients, respectively. Diagnostic cut-offs are given as number per 103 AnnV+
IEVs, whereas sensitivities (sens), specificities (spec) as well as positive (PPV) and
negative predictive values (NPV) are given as percentage. n indicates cohort size.

AnnV+CD44v6* IEVs

cut-off AUC p-value sens|[%] spec[%] PPV [%] NPV [%]

iCCA (n=15) vs.
HCC (n=31) 34 0.83 0.0004 93.3 71.0 60.9 95.7
eCCA (n=22) vs.
HCC (n=31) 31.3 0.81 0.0002 81.8 67.7 64.3 84.0

AnnV*CD44v6*CD133* IEVs

cut-off AUC p-value sens|[%] spec[%] PPV [%] NPV [%]

iCCA (n=16) vs.
HCC (n=31) 10.0 0.67 0.0564 62.5 61.3 45.5 76.0
eCCA (n=22) vs.
HCC (n=31) 10.0 0.74 0.0026 77.3 61.3 58.6 79.2

AnnV+CD44v6* IEVs showed a very good predictive power for discriminating iCCA from
HCC with 93.3% sensitivity, 71.0% specificity, 60.9% PPV and 95.7% NPV, whereas the
diagnostic performance for discriminating e CCA from HCC was slightly lower with 81.8%
sensitivity, 67.7% specificity, 64.3% PPV and 84.0% NPV. With only 62.5% sensitivity,
AnnV+CD44v6+*CD133* IEVs show the lowest predictive power of all four populations for
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iICCA/HCC differentiation, while discrimination between eCCA and HCC, with 77.3%
sensitivity, is associated with similar diagnostic relevancy as the progenitor cell-associated
IEV populations. As observed for progenitor cell-associated IEV populations, tumor-
associated |IEV populations are a suitable tool for biliary cancer detection and, more
importantly, for differential diagnosis of hepatobiliary cancer entities with the possibility to
easily distinguish CCA from HCC in a diagnostically relevant and uncomplicated manner.
Again, AnnV+*CD44v6* IEVs were found to be the most promising population in this study

setting.

3.2.4.1. Tumor-associated large EVs improve the diagnostic performance of
commonly used serum tumor markers
As evaluated for progenitor cell-associated IEV populations, it was of interest if
combination of the serum tumor markers AFP or CA19-9 with the tumor-associated IEV
biomarker established herein led to an improved differentiation capability between HCC
and CCA. Again, due to inconsistent information availability about serum marker levels,
the patient cohorts needed to be adjusted to patients, for which IEV values as well as AFP
or CA19-9 values were available, leading to slightly lower cohort sizes as compared to the
original tumor-associated study cohort. Additionally, as for progenitor cell-associated
populations, CCA patients of both subtypes combined were taken into account for this
analysis. Indeed, with 29 HCC and 10 iCCA patients the cohort sizes would not have been
as unequal as for progenitor cell-associated populations but combining both CCA
subtypes for analysis of the tumor-associated populations as well ensured the
comparability of both study arms.
In a first step, possible correlations of tumor-associated IEVs with the two serum markers
were evaluated in CCA and HCC patients, in order to identify dependencies. Therefore,
Spearman’s rank correlation coefficients (r) for each tumor-associated IEV population as
compared to AFP and CA19-9 were calculated and the distribution was visualized. The
correlation analysis revealed that, while r values ranged from -0.12 to 0.34, neither AFP
nor CA19-9 correlated significantly (p<0.05) with any tumor-associated IEV population in
neither HCC nor CCA patients (Fig. 25A and B).
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Fig. 25: Tumor-associated large EVs improve the diagnostic performance of AFP
and CA19-9. After isolation of serum IEVs and immunofluorescent labelling, they were
analysed by flow cytometry. Gating was applied as described in Fig. 15A and Fig. 22A.
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A Correlations between IEV levels and AFP (left panel) or CA19-9 (right panel) of HCC
patients for the two tumor-associated populations are depicted. B Correlations between
IEV levels and AFP (left panel) or CA19-9 (right panel) of CCA patients are shown.
Spearman’s correlation (r), p-values and cohort sizes (n) are indicated for each individual
population and patient cohort. In C AFP values of HCC and CCA patients are displayed.
Indicated in red are patients that based on AFP levels are not classified as HCC patients
(AFP < 20 ng/mL) but can positively be identified as HCC by AnnV+*CD44v6* IEVs < 34
(see Tab. 12). In D CA19-9 values of HCC and CCA patients are displayed. Indicated in
blue are patients that based on CA19-9 levels are not classified as CCA patients (CA19-9
< 129 U/mL) but can positively be identified as CCA by AnnV+CD44v6+ gp38+* IEVs > 34
(see Tab. 12). Data is shown as scatter plots including median with interquartile range. n
indicates number of patients. Dotted lines indicate recommended diagnostic cut-off of
20 ng/mL for AFP and 129 U/mL for CA19-9. Statistical significance was assessed by two-
tailed Mann-Whitney U tests with p<0.05 considered statistically significant. (* = p<0.05,
** = p<0.01, *** = p<0.001, **** = p<0.0001). In E the diagnostic profile for HCC detection
(left panel) with low tumor-associated IEV levels, high AFP and low CA19-9 values is
visualized. Vice versa, the diagnostic profile for CCA detection is shown in the right panel.
Diagnostic profiles were created with BioRender.com. The panels A, B and C are part of
the attached publication Urban et al. (2020) that resulted from this project.

Next, the diagnostic performance of AFP and CA19-9 for HCC and CCA differentiation
within the tumor-associated study cohort was evaluated (Fig. 25C and D). Two-tailed
Mann-Whitney U tests revealed that AFP levels were significantly elevated (p<0.0001) by
110-fold in HCC patients as compared to CCA patients. CA19-9 levels on the other hand
were significantly elevated (p<0.001) by 11.5-fold in CCA patients as compared to HCC
patients. Out of the displayed AFP and CA19-9 levels in HCC and CCA patients
associated predictive values were computed (Tab. 14). As for progenitor cell-associated
IEVs, cut-offs of 20 ng/mL for AFP and 129 U/mL for CA19-9 were chosen, which
correspond to the suggested diagnostic cut-offs in the respective international guidelines
for HCC and CCA management, respectively (Valle et al. 2016, Galle et al. 2018). With
100% sensitivity and 79.3% specificity AFP as a sole biomarker displayed a good
diagnostic reliability for HCC and CCA differentiation in the tumor-associated study cohort,
whereas CA19-9 showed lower predictive power with 57.4% sensitivity and 90.9%
specificity. When adding the previous findings of this thesis of tumor-associated IEVs as
biomarkers to AFP and CA19-9 evaluation, a distinct diagnostic improvement becomes
evident. In Fig. 25C those HCC patients are exemplarily highlighted in red that based on
AFP levels are not classified as HCC (AFP < 20 ng/mL) but that can positively be identified
as HCC by AnnV+CD44v6* IEVs < 34 (see cut-off Tab. 12). Vice versa, in Fig. 25D those
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CCA patients are exemplarily highlighted in blue that based on CA19-9 levels are not
classified as CCA (CA19-9 < 129 U/mL) but that can positively be identified as CCA by
AnnV+CD44v6* IEVs > 34. After adding the patients that were correctly identified by tumor-
associated |IEVs to the already identified patients by AFP or CA19-9, corresponding
adjusted predictive values could be calculated accordingly (Tab. 14). Both tumor-
associated IEV biomarkers markedly increased the diagnostic performance of AFP,
whereby the combination with AnnV+CD44v6* |IEVs resulted in a perfect diagnostic
separation of HCC and CCA with 100% sensitivity, 100% specificity, 100% PPV and 100%
NPV. Similarly, the diagnostic performance of CA19-9 could considerably be enhanced
by both tumor-associated populations. Again, the combination with AnnV+CD44v6* IEVs
showed the best results with 97.9% sensitivity, 90.9% specificity, 97.9% PPV and 90.9%
NPV.

Tab. 14: Diagnostic performance of AFP and CA19-9 individually and combined with
tumor-associated large EV populations in HCC/CCA differentiation. CCA patients
were compared to HCC patients. Diagnostic cut-offs are given as number per 103 AnnV+
IEVs for IEV populations, as ng/mL for AFP and as U/mL for CA19-9. Sensitivities (sens),
specificities (spec) as well as positive (PPV) and negative predictive values (NPV) are
given as percentage. n indicates cohort size.

AFP

CCA: n=34, HCC: n=29 cut-off sens [%] spec [%] PPV [%] NPV [%]
AFP 20 100 79.3 85.0 100
AFP or AnnV+CD44v6* 20 or 34 100 100 100 100
AFP or AnnV+CD44v6+CD133* 20 or 10 100 96.6 97.1 100
CA19-9

CCA: n=47, HCC: n=11 cut-off sens [%] spec [%] PPV [%] NPV [%]
CA19-9 129 57.4 90.9 96.4 33.3
CA19-9 or AnnV+CD44v6* 129 or 34 97.9 90.9 97.9 90.9
CA19-9 or AnnV+*CD44v6*CD133* 129 or 10 85.1 90.9 97.6 58.8

In summary, combining the currently used serum biomarkers AFP and CA19-9 with the
novel tumor-associated IEV biomarkers established in this study led to a perfect
separation of CCA from HCC. Both tumor-associated |IEV populations exceeded the

diagnostic performance observed for progenitor cell-associated |IEV populations with
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AnnV+CD44v6* IEVs being the most promising IEV biomarker. With these insights it was
possible to generate a specific and highly relevant diagnostic profile for HCC and CCA
patients for potential future uncomplicated differential diagnosis that is based solely on
serum biomarkers (Fig. 25E). Thus, patients presenting with low tumor-associated IEV,
high AFP and low CA19-9 values might easily be identified as HCC patients, whereas,
vice versa, high tumor-associated IEV, low AFP and high CA19-9 values might be

characteristic for CCA patients.

3.2.5. Large EV levels are independent of demographic and disease-related
parameters in hepatobiliary cancer entities

In regard to the study cohort for IEV assessment described earlier, IEV levels can
additionally be correlated with relevant factors to identify dependencies or tendencies that
could influence the obtained results for hepatobiliary differentiation or could lead to
additional insights concerning the characteristics of the tumors. Therefore, the distribution
of all four IEV populations in relation to the demographic parameters gender, age and BMI
were evaluated for the three hepatobiliary cancer entities HCC, CCA and GbCA.
Additionally, it was investigated if IEV levels showed any correlation tendency with
advancing tumor severity or with the occurrence of distant metastases, lymph node
nodules or precancerous chronic liver cirrhosis. The results of these assessments are
summarized in Tab. 15, whereas the corresponding figures can be obtained from the
appendix. All four IEV populations showed no significantly different levels (p>0.05, Mann-
Whitney U test) between female and male study participants in the three patient cohorts,
thus eliminating any potential gender bias of the differential results obtained earlier
(Supplementary Fig. 1). Spearman’s rank correlation coefficients of IEV values compared
to age distribution revealed a heterogeneous composition in all four populations and
patient cohorts, with only AnnV+CD44v6+CD133* IEVs showing a significant but slight
correlation (r=0.40, p=0.005) in CCA patients (Supplementary Fig. 2). Similarly,
Spearman’s rank correlation coefficients of IEV values compared to BMI distribution
revealed that only AnnV+CD44v6+CD133* IEVs correlated significantly in HCC patients
(r=0.46, p=0.009), while all other investigated IEV populations and patient groups showed
no significant correlation (Supplementary Fig. 3). Thus, the effects of patient age and BMI
do not seem to influence IEV differentiation of hepatobiliary cancers.
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Tab. 15: Summary of correlation analysis of IEV levels with demographic and
disease-related parameters in hepatobiliary cancer entities. All four IEV populations
were correlated with each parameter in HCC, CCA and GbCA patients and summarized
significance results are depicted. Depending on the investigated parameter, statistical
significance was either assessed by Mann-Whitney U test, Kruskal-Wallis non-parametric
test or Spearman’s rank correlation with p<0.05 overall considered statistically significant.
The employed test is indicated in the corresponding individual figure legends (* = p<0.05,
** = p<0.01, *** = p<0.001, **** = p<0.0001). n.a.: not available, n.s.: non-significant

IEV population HCC CCA GbCA reference
AnnV+CD133+gp38+* n.s. n.s. n.s.
AnnV+EpCAM+CD133+gp38+ n.s. n.s. n.s. Supplement.
gender AnnV+CD44v6+ n.s. n.s. n.s. Fig. 1
AnnV+CD44v6+CD133+ n.s. n.s. n.s.
AnnV+CD133+gp38* n.s. n.s. n.s.
AnnV+EpCAM+CD133+gp38+ n.s. n.s. n.s. Supplement.
age AnnV+CD44v6+ n.s. n.s. n.s. Fig. 2
AnnV+CD44v6+CD133+ n.s. ** n.s.
AnnV+CD133+gp38* n.s. n.s. n.s.
BMI AnnV+EpCAM+CD133+gp38+ n.s. n.s. n.s. Supp_lement.
AnnV+CD44v6+ n.s. n.s. n.s. Fig. 3
AnnV+CD44v6+CD133+ ** n.s. n.s.
AnnV+CD133+gp38+ n.s. n.s. n.s.
AnnV+EpCAM+CD133+gp38+ * n.s. n.s. Supplement.
tumor stage AnnV+CD44v6+ n.s. n.s. n.s. Fig. 4
AnnV+CD44v6+CD133+ * n.s. n.s.
AnnV+CD133+gp38+ n.s. n.s. n.s.
distant AnnV+EpCAM+CD133+gp38+ n.s. n.s. n.s. Supplement.
metastases AnnV+CD44v6*+ n.s. n.s. n.s. Fig. 5
AnnV+CD44v6+CD133+ n.s. n.s. n.s.
AnnV+CD133+gp38+ n.s. n.s. n.s.
lymph node  AnnV*EpCAM+*CD133+gp38* n.s. n.s. n.s. Supplement.
nodules AnnV+CD44v6* n.s. n.s. n.s. Fig. 6
AnnV+CD44v6+CD133+ n.s. n.s. n.s.
AnnV+CD133+gp38* n.s. n.s. n.a.
cirrhotic AnnV+EpCAM+CD133+gp38+ n.s. n.s. n.a. Supplement.
background AnnV+CD44v6* n.s. n.s. n.a. Fig. 7

AnnV+CD44v6+CD133+ n.s. n.s. n.a.
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AnnV+*EpCAM*+*CD133*gp38+* and AnnV+*CD44v6*CD133* IEV levels showed a tendency
to increase with advancing tumor stages in HCC patients (p<0.05, Kruskal-Wallis non-
parametric test), while all other IEV populations remained unobtrusive in every patient
cohort (Supplementary Fig. 4). These findings indicate that hepatobiliary cancer
differentiation by IEVs is independent of tumor progression and might be feasible
throughout all tumor stages. These assumptions are further reinforced by the observation
that the occurrence of distant metastases and lymph node nodules as a measure of tumor
progression and severity do not significantly correlate (p>0.05; Mann-Whitney U and
Kruskal-Wallis non-parametric test, respectively) with IEV levels in any patient cohort
(Supplementary Fig. 5 and Supplementary Fig. 6). Finally, HCC and CCA patients with
underlying chronic liver cirrhosis show no significant elevation of IEV levels in any
population (p>0.05; Mann-Whitney U test), indicating the independency of IEVs as a
serum biomarker for hepatobiliary cancer differentiation from this precancerous condition
(Supplementary Fig. 7).

3.3. Small EVs as biomarkers for differential hepatobiliary cancer diagnosis

After successfully conducting a study on the benefit of IEVs in hepatobiliary cancer
differentiation, the role of sEVs was evaluated in the same regard. In order to particularly
address the clinical issue of challenging HCC/iCCA differentiation, the investigated patient
cohorts were restricted to HCC and iCCA patients as well as healthy individuals in this
consecutive study. Since CD44v6 and CD133 showed the best diagnostic performance
for differential hepatobiliary cancer detection in IEVs, they were selected as candidate
markers for evaluating the differential capability of sEVs in this study. This way, the
comparability between the two studies on large and sEVs was ensured and possible
advantages or disadvantages could directly be compared.

Human serum was collected from the patient cohorts, sEVs were isolated and their
surface was screened on single sEV basis according to their single and combined CD44v6
and CD133 expression.
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3.3.1. The human study cohort for small EV analysis

In total, 20 subjects, who gave their informed consent to participate, were enrolled in the
SEV study (Fig. 26A). This pool consisted of 4 healthy subjects, 8 HCC and 8 iCCA
patients. A detailed description of key demographical parameters of the individual patient
cohorts is available in Tab. 16, additional biochemical parameters can be found in
Supplementary Tab. 2. Out of these values, relative gender, age and BMI distributions
among the individual patient cohorts are visualized (Fig. 26B). Unfortunately, no

demographic parameters were available for healthy individuals.

A
all patients
20
healthy HCC iCCA
4 8 8
B
gender age BMI
HCC- | |- | | A | | |
ICCA- | | - | L] - ||
UL L AL B LA BLELELELE BLELELELE BRI LA BRI BLELELELE BRI
0 25 50 75 100 O 25 50 75 100 O 25 50 7 100
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= female 1 50-59 years — normal
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Fig. 26: Distribution of patients and demographic parameters in the different study
cohorts for small EV analysis. A The total amount of enrolled subjects comprised
hepatocellular carcinoma (HCC) and intracellular cholangiocarcinoma (iCCA) patients.
B Shown are the percentages of indicated gender, age and BMI groups. Corresponding
values are displayed in Tab. 16. BMI was classified as follows: underweight: <18.5 kg/m?,
normal weight: 18.5 to <25 kg/m?, overweight: 25 to <30 kg/m?, obese class I: 30 to <35
kg/m?, obese class Il: 35 to <40 kg/m?, obese class Ill: 240 kg/m?
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An almost equal gender distribution can be observed in the participating patient cohorts.
62.5% of all HCC patients were male, whereas 62.5% of all iCCA patients were female.
With an average of 68.8 years, HCC patients were slightly older than iCCA patients (63.8
years). In contrast to iCCA, no patient younger than 61 years was enrolled in the HCC
group. Furthermore, HCC patients presented with higher overall BMI than iCCA patients
(26.3 vs. 23.0 kg/m?, respectively). The majority (75%) of iCCA patients showed normal
BMIs (18.5 to <25 kg/m?) with the remaining 25% being overweight (25 to <30 kg/m?). In
contrast, 50% of HCC patients classified as overweight or obese class Il (35 to <40 kg/m?),
while no patients classified as obese class |.

Tab. 16: Demographic parameters of the different patient cohorts for small EV
analysis. Age and BMI are given as mean. Additional biochemical parameters of the
patients are provided in Supplementary Tab. 2. #: absolute number of patients in each
cohort, n.a.: not available, s.d.: standard deviation.

healthy HCC iCCA
patients [#] 4 8 8
female [#] n.a. 5 3
male [#] n.a. 3 5
age [years] 68.8 63.8
s.d. n.a. 6.3 8.0
range 61-77 52-76
BMI [kg/m?] 26.3 23.0
s.d. n.a. 4.6 2.3
range 22.3-36.4 18.9-26.7

Compared to the study cohorts for IEV evaluation, HCC patients show similar age and
BMI distributions, while BMI for iCCA patients is higher in both the progenitor cell-
associated and tumor-associated study cohort and corresponds to the “overweight”

category with 26.3 and 27.0 kg/m?, respectively (compare Tab. 6).

3.3.2. Characterization of isolated small EVs

In a first step, sEVs were isolated from 1 mL of patient serum by size exclusion
chromatography (SEC) columns (Fig. 27A). These columns are filled with a matrix
(stationary phase) that consists of spherical porous beads. Particles in the mobile phase
diffuse through these pores according to their molecular size differences. The smaller the
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particles, the easier they can enter the beads through the pores and the more they interact
with the inner surface of the beads, resulting in a delayed passage through the column.
Larger particles, on the other hand, are less likely to enter the beads or they pass around
them completely leading to an earlier elution (lower retention time) than smaller particles
(Fekete et al. 2014). Thus, separation of the vesicles by molecular size is achieved, while
simultaneously depleting protein contaminants. The resulting fractions were collected and

their protein as well as particle concentration was determined.
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Fig. 27: Characterization of isolated small EVs. A 1 mL of human patient serum was
used for sEV isolation by size exclusion chromatography (SEC) columns, that separate
particles passing through according to their sizes. Due to less surface interactions with
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the columns, larger particles elute earlier than smaller ones (retention time). Collected
fractions containing SEVs were pooled and concentrated for further processing. Flowchart
was created with BioRender.com. B Particle concentration of all collected fractions was
determined by nanoparticle tracking analysis (NTA), whereas protein concentration was
assessed by BCA assays. Data is shown exemplarily for sEV isolation of a healthy subject.
Indicated means are representative of three independent experiments.

The fractions containing sEVs were pooled and concentrated for further processing.
Since, in accordance with the manufacturer’'s protocol, the initial 14 mL of the elution
contain debris and larger particles (void volume), the first fractions were collected after
discarding the respective initial volume. The profile of particle and protein concentrations
in the collected fractions is exemplarily shown in Fig. 27B for sEV isolation of a healthy
subject. The manufacturer’s specifications for the columns suggest that the first four
collected fractions contain the desired sEVs. As determined by nanoparticle tracking
analysis (NTA), the first four collected fractions contained considerably more particles than
the remaining ones, while simultaneously showing low protein concentrations, as
confirmed by BCA assays. Consequently, these fractions were pooled and concentrated
for further sEV analysis. Concentrated sEVs showed a mean particle concentration of
1.7x10'2 particles/mL and a mean protein concentration of 1.71x103 ug/mL.

In contrast to IEVs, sEVs, with diameters typically below 100 nm, cannot be analyzed with
commonly available flow cytometers on a single EV basis. Therefore, a new platform for
single sEV surface analysis needed to be established. We chose to analyze single seVs
by a newly developed system operated by the company NanoView Biosciences (Boston,
USA), who isolated and measured sEVs from human patient serum and provided us with
the raw data. The principle of this technique is based on immobilizing single sEVs to the
surface of a chip, followed by immunofluorescent labelling of the bound sEVs with
antibodies against the target proteins (Fig. 28). By exciting the fluorophores of the bound
antibodies with different wavelengths, sEVs can be quantified and their surface
composition can be evaluated. In addition, the size of sEVs can be analyzed by
interferometric imaging, which is a microscopic technique based on assembling multiple
wavelength-divided partial images into a composite image to enhance the optical
resolution limit (Kuznetsova et al. 2007). The individual capture spots on the chips are
pre-coated with antibodies against one of the three tetraspanins CD81, CD63 and CD9.
These three proteins are the most frequently identified proteins in EVs and are thus
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considered as classical EV markers. However, even sEV subtypes themselves comprise
heterogeneous vesicle populations which are, among other differences, characterized by
differing tetraspanin proportions on their surface (Andreu and Yéanez-mo6 2014). Since
each capture spot on the chip is pre-coated with only one of the three tetraspanins, three
different sEV subpopulations (CD81+, CD63* and CD9*) can be evaluated simultaneously

in one measurement. Each capture spot is measured in triplicates.
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Fig. 28: Schematic overview of small EV processing. After isolation of sEVs from
human serum by SEC columns, concentrated sEVs were incubated on the ExoView® chip
overnight and were allowed to bind to the capture spots that were pre-coated with
tetraspanin capture antibodies. After an immunofluorescent counterstain with antibodies
against the desired target proteins, chips were scanned with the ExoView® R100 scanner.
Image of the ExoView® R100 was obtained from the official NanoView Biosciences web
page (www.nanoviewbio.com). Flowchart was created with BioRender.com.

In order to confirm that sEVs were enriched in isolates obtained by SEC columns from
human serum, the size distribution of the isolated and subsequently concentrated sEVs
was analyzed by interferometric imaging by the ExoView® scanner in a first step. Fig. 29A.
exemplarily visualizes the size distribution of CD81+*, CD63* and CD9* sEV
subpopulations for one individual patient of each cohort. Even though sEV sizes and total
particle counts differ among the three subpopulations, the observed profile is consistent
for every patient cohort (Fig. 29B). Accordingly, no significant difference (p>0.5) can be
detected in mean sEV sizes between the patient cohorts for all three subpopulations, as
assessed by Kruskal-Wallis non-parametric test followed by Dunn’s multiple comparison
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post hoc test. Interestingly, the mean sizes of CD81+ sEVs range from 56.5 nm to 60.6 nm

among the patient cohorts, whereas CD63* sEVs are larger with mean sizes ranging from

62.0 nm to 66.9 nm. CD9* sEVs, however, are the largest in all patient cohorts with sizes

ranging from 66.7 nm to 73.0 nm.
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Fig. 29: Size distribution of small EVs among the patient cohorts is comparable but
shows differences between different small EV subpopulations. Small EVs were



106

isolated by SEC columns and incubated on ExoView® chips pre-coated with CD81, CD63
and CD9 capture antibodies. By interferometric imaging SEV sizes were analyzed. A The
size distribution of CD81+, CD63* and CD9* sEVs is exemplarily shown for one healthy
individual, one HCC and one iCCA patient. B The average sizes of sEVs among the
patient cohorts for CD81+, CD63* and CD9* sEVs are depicted. Data is shown as mean
with standard error of the mean (SEM). n indicates cohort size. Statistical significance was
assessed by Kruskal-Wallis non-parametric test followed by Dunn’s multiple comparison
post hoc test with p<0.05 considered statistically significant. n.s.: non-significant.

Taken together, sEV isolation by SEC columns yields three distinct SEV subpopulations
(CD81+, CD63* and CD9* sEVs) with classical EV markers on their surface and with
diameters in range of sEVs (40-100 nm). For each subpopulation, mean sEV sizes are
comparable between the patient cohorts, which indicates that possible effects in
differentiation are not due to different sEV sizes but can rather be attributed to
pathophysiological differences between the patient cohorts.

3.3.3. Different small EV subpopulations can diagnostically differentiate between
iCCA and HCC

The particle concentration of the three sEV subpopulations in the different patient cohorts
was assessed in respect to their differential capability and in order to ensure comparability
among the cohorts for subsequent evaluation of the putative differential markers CD44v6
and CD133. ExoView® chips were scanned prior loading of isolated sEVs from human
serum and after loading. As exemplarily shown for an iCCA patient, single bound and
immobilized sEVs of all three subpopulations (CD81+, CD63* and CD9* sEVs) can be
detected on the individual capture spots after loading (Fig. 30A). MIgG corresponds to the
respective antibody isotype of all three capture antibodies against human CD81, CD63
and CD9 that is coated to the chip surface in an additional capture spot and serves as a
negative control to identify unspecific binding of sEVs and subsequent antibodies. After
loading with sEVs, the chips were incubated with fluorescent antibodies against the
tetraspanins CD81, CD63 and CD9. The optimal concentrations for both sEV starting
material and employed antibodies were titrated prior use to ensure optimal performance
and can be obtained from the Materials and Methods section 2.6.3.
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Fig. 30: Small EV subpopulations are characterized by differing tetraspanin
expression levels. Small EVs were isolated by SEC columns and incubated on ExoView®
chips pre-coated with CD81, CD63 and CD9 capture antibodies. After counterstaining with
the aforementioned fluorescent antibodies, the sEV concentration was measured by the
ExoView® R100 scanner. A exemplarily shows interferometric (IM) images of the
individual capture spots on the chip coated with CD81, CD63, CD9 or their isotype control
(MIgG) before loading with sEVs (upper panel) and after loading (middle panel) of an iCCA
patient. In the lower panel the counterstains with fluorescent (FL) antibodies against
CD81, CD63 and CD9, respectively, are shown. B depicts the differences in concentration
of the patient cohorts (healthy individuals, HCC and iCCA patients) among the CD81+,
CD63+* and CD9* sV subpopulations, whereas C displays the differences of the
aforementioned subpopulations among the patient cohorts. Data is shown as mean with
standard error of the mean (SEM). n indicates cohort size. Statistical significance was
assessed by Kruskal-Wallis non-parametric test followed by Dunn’s multiple comparison
post hoc test with p<0.05 considered statistically significant. (* = p<0.05, ** = p<0.01, ***
= p<0.001, **** = p<0.0001). n.s.: non-significant.



108

The fluorescent images of the capture spots revealed distinct expression profiles of
CD81+, CD63* and CD9* sEVs in the different patient cohorts. It is noticeable that CD9+*
sEVs are most abundant in every patient cohort, followed by CD63* and CD81+ sEVs in
decreasing order (Fig. 30B). In detail, within HCC patients, CD9* sEVs are significantly
elevated as compared to both CD81+ (p<0.0001) and CD63* sEVs (p<0.001) by 9.7-fold
and 3.5-fold, respectively. Similarly, within iCCA patients CD9* sEV levels are significantly
increased as compared to both CD81+ (p<0.001) and CD63* levels (p<0.01) by 5.2-fold
and 3.1-fold, respectively. Even though the differences between the three sEV
subpopulations in healthy subjects appear substantial, no significant variation was
observed (p>0.05). This might be due to the low cohort size of only four healthy
individuals. Interestingly, particle size and concentration seem to correlate, with CD9*
SEVs being the largest as well as most abundant of all three subpopulations in all cohorts,
followed decreasingly by CD63 and CD81 (compare Fig. 29).

While CD81+ sEV levels are comparable among all cohorts with no significant differences
(p>0.5), CD63* sEV levels of healthy individuals are significantly elevated by 3.4-fold as
compared to HCC patients (p<0.05) (Fig. 30C). Similarly, within CD9* sEVs, healthy
individuals show significantly increased levels as compared to both HCC and iCCA
patients (both p<0.05) by 3.4-fold and 2.5-fold, respectively. Importantly, sEV levels of all
three subpopulations show no significant variation between HCC and iCCA patients
demonstrating that tetraspanins by themselves are not sufficient as a differential marker
for HCC/iCCA distinction. Hence, the potentially differential markers CD44v6 and CD133
were added to the basis sEV subpopulations CD81+, CD63* and CD9*. In order to achieve
diagnostically relevant results with additional markers, it is a prerequisite that the amounts
of the basis sEV subpopulations are comparable among the cohorts. Otherwise,
differential effects observed by the addition of markers cannot exclusively be allocated to
them. Although the concentration of CD81+ sEVs was comparable among the patient
cohorts with no distinct variation observed, levels were overall very low indicating poor
diagnostic significance of CD81+ sEVs (compare Fig. 30C). Furthermore, CD63* and
CD9* skEV levels were only comparable among HCC and iCCA patients indicating that
healthy subjects might not reliably be differentiated from patients with malignancies by
assessing CD63* and CD9* sEV levels.
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For assessing the diagnostic relevance of sEV subpopulations with additional markers,
isolated sEVs from human serum were incubated on ExoView® chips and stained with
fluorescent antibodies against the two candidate markers CD133 and CDD44v6. The
fluorescent images of the capture spots revealed that both CD133 and CD44v6 could be
detected individually on all three basis sEV subpopulations, as exemplarily shown for an
iCCA patient (Fig. 31A). Colocalisations of both markers on one single sV, on the other
hand, could not be observed in any subpopulation. These observations are reflected in
the summarized results, in which distinct sEV marker distribution profiles for each of the
three basis sEV subpopulations and patient cohorts become apparent (Fig. 31B).

In CD81+ sEVs, high concentrations of CD133 as compared to CD44v6 could be observed
in healthy subjects and iCCA patients, while both markers were expressed similarly in
HCC patients. In contrast to that, in CD63* sEVs, CD44v6 could be detected in
considerably higher amounts than CD133 in all three patient cohorts. In CD9* sEVs, on
the other hand, both individual markers are expressed in similar amounts in all cohorts.
While no significant difference in expression levels could be detected between the single
markers in any sEV basis subpopulation, the fact that almost no double positive
CD133+*CD44v6* sEVs could be observed in any sEV basis population or patient cohort
resulted in significantly different levels between the single markers and the double positive
SEV population. In detail, CD81*CD133* sEV levels were 56.0-fold (p<0.05) and
CD81+CD44v6* skEV levels were 81.4-fold (p<0.001) elevated as compared to
CD81+CD44v6*CD133* sEV levels in HCC patients. In iCCA patients, CD81+*CD133* sEV
levels were increased by 59.4-fold (p<0.001) and CD81+CD44v6* sEV levels were
increased by 22.1-fold (p<0.05) as compared to CD81+*CD44v6+*CD133* sEV levels.
Similarly, CD63+*CD133* skEV levels were 32.9-fold (p<0.05) and CD63+*CD44v6* sEV
levels were 123.5-fold (p<0.001) elevated as compared to CD63+*CD44v6+CD133* sEV
levels in HCC patients. In iCCA patients, CD63+*CD133* sEV levels were increased by
17.4-fold (p<0.05) and CD63+*CD44v6* sEV levels were increased by 47.4-fold (p<0.05)
as compared to CD63+CD44v6+*CD133* sEV levels. Finally, CD9*CD133* sEV levels were
58.9-fold (p<0.001) and CD9*CD44v6* sEV levels were 64.0-fold (p<0.01) elevated as
compared to CD9*CD44v6+CD133* sEV levels in HCC patients. In iCCA patients, only
CD9*CD133* sEV levels were increased by 24.8-fold (p<0.01), while CD9*CD44v6* sEV
levels were not elevated significantly as compared to CD9+*CD44v6+*CD133* sEV levels.
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Fig. 31: CD133 and CD44v6 are differentially distributed on small EVs among the
patient cohorts. Small EVs were isolated by SEC columns and incubated on ExoView®
chips pre-coated with CD81, CD63 and CD9 capture antibodies. After counterstaining with
fluorescent antibodies against CD133 and CD44v6, the sEV concentration was measured
by the ExoView® R100 scanner. A exemplarily shows fluorescence microscopic images
of the individual capture spots on the chip coated with CD81, CD63, CD9 or their isotype
control (MIgG) of an iCCA patient. In the upper and middle panel the counterstains with
the two fluorescent (FL) antibodies are shown individually, whereas the lower panel
depicts a merged image of both antibody stainings. In B for each sEV subpopulation
(CD81+, CD63* and CD9*, respectively) the differences among the patient cohorts
(healthy individuals, HCC and iCCA patients) of the single positive CD133* and CD144v6+*
or double positive CD44v6+CD133* populations are displayed. Data is shown as mean
with standard error of the mean (SEM). n indicates cohort size. Statistical significance was
assessed by Kruskal-Wallis non-parametric test followed by Dunn’s multiple comparison
post hoc test with p<0.05 considered statistically significant. (* = p<0.05, ** = p<0.01, ***
= p<0.001, **** = p<0.0001). n.s.: non-significant.
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As observed earlier, even though the differences between sEV levels within the healthy
cohort appear substantial in every sEV basis subpopulation, there were no significant
variations (p>0.05). Again, this might be an effect of the low healthy cohort size that can
be responsible for insignificant statistical tests. Importantly, both CD133 and CD44v6
show a tendency to be elevated in iCCA as compared to HCC patients in all three basis
sEV subpopulations, hinting at their potential differentiation capability, which will be
explored in the subsequent analysis.

As mentioned earlier, the particle concentration of all three basis sEV subpopulations
displays no notable differences among HCC and iCCA patients, so these cohorts can
therefore be considered suitable for subsequent diagnostic evaluation with the additional
markers CD44v6 and CD133. Considering the observed incomparability of healthy
subjects to the other cohorts and the fact that the main clinical challenge is distinguishing
HCC from iCCA, the following diagnostic assessment was limited to these two cohorts.
Therefore, median levels of the three basis sEV subpopulations additionally expressing
CD44v6 and CD133 individually or in combination on their surface were compared among
HCC and iCCA patients. Single positive CD44v6* sEVs as well as double positive
CD44v6+CD133* sEVs were associated with low diagnostic relevancy in all three basis
sEV subpopulations for differentiating HCC and iCCA patients and are consequently not
shown in this thesis. However, good diagnostic separations were achieved with CD133 in
all three basis sEV subpopulations (Fig. 32, left panels). In detail, two-tailed Mann-Whitney
Utests revealed that median CD63+CD133* sEV levels in iCCA patients were significantly
elevated by 6.5-fold as compared to HCC patients (p<0.01). Similarly, median
CD9+*CD133* sEV levels were significantly increased by 3.6-fold and median
CD81+CD133* skV levels showed a significant elevation by 9.7-fold in iCCA patients as
compared to HCC patients (both p<0.05). In order to assess the diagnostic relevance of
sEVs as a biomarker, ROC curves and associated AUC values were computed for
discrimination of iCCA from HCC patients (Fig. 32, right panels). AUC values of 0.89
(CD63+CD133*), 0.83 (CD9+CD133*) and 0.80 (CD81+CD133*) describe a good
predictive power of the three biomarkers, with CD63*CD133* sEVs being the most
promising.
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Fig. 32: Small EV populations are diagnostically relevant for iCCA differentiation
from HCC. Small EVs were isolated by SEC columns and incubated on ExoView® chips
pre-coated with CD81, CD63 and CD9 capture antibodies. After counterstaining with
fluorescent antibodies against CD133 and CD44v6, the sEV concentration was measured
by an ExoView® R100 scanner. sEV values of the three subpopulations CD63+CD133*
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(A, left panel), CD9*CD133* (B, left panel) and CD81+CD133* (C, left panel) are shown
for HCC and iCCA patients. Data is shown as medians with interquartile range (IQR),
whiskers represent 1.5 x IQR (Tukey) with potential outliers plotted as dots. n indicates
number of patients. Dotted lines indicate diagnostic cut-offs for discrimination between
iCCA and HCC for the respective sEV population (see Tab. 17). Statistical significance
was assessed by two-tailed Mann-Whitney U tests with p<0.05 considered statistically
significant (* = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001). Corresponding ROC
curves for the respective sEV populations for the discrimination between iCCA and HCC
including AUC values are shown in the right panels.

Out of the ROC curve analyses, diagnostic cut-offs and other predictive values were
calculated according to the point of optimal sensitivity and specificity (Tab. 17). With
87.5% sensitivity, 100% specificity, 100% PPV and 88.9% NPV CD63+CD133* sEVs can
be considered as the best-performing sEV subpopulation for discrimination of iCCA from
HCC. When taking the diagnostic performance of the best IEV population (Tab. 13,
AnnV+CD44v6* IEVs) into account, it becomes evident that even though CD63*CD133+
sEVs showed a slightly lower sensitivity (87.5% as compared to 93.3%) and NPV (88.9%
as compared to 95.7%) for iCCA/HCC distinction, the specificity and PPV are considerably
higher than for AnnV+*CD44v6* IEVs (100% as compared to 71.0% and 100% as

compared to 60.9%, respectively).

Tab. 17: Diagnostic performance of selected small EV populations for iCCA/HCC
differentiation. Diagnostic cut-offs are given as total sEV counts per mL, whereas
sensitivities (sens), specificities (spec) as well as positive (PPV) and negative predictive
values (NPV) are given as percentage. n indicates cohort size.

iCCA: n=8, HCC: n=8  cut-off AUC p-value sens[%] spec[%] PPV [%] NPV [%]

CD63*CD133* 1162000 0.89 0.0087 87.5 100 100 88.9
CD9*CD133* 3257500 0.83 0.0274 87.5 62.5 70.0 83.3
CD81+CD133* 2774000 0.80 0.0460 75.0 75.0 75.0 75.0

In summary, as observed for IEVs in the study before, sEVs proved to be a valuable and
diagnostically relevant biomarker that could potentially be used for hepatic cancer
differentiation.
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3.3.4. Small EVs improve the diagnostic performance of commonly used serum
tumor markers

As evaluated for IEV populations, it was of interest if the diagnostic performance of sEV
subpopulations as a biomarker could be improved by combining them with the two serum
biomarkers AFP and CA19-9 that are currently used to facilitate HCC and CCA detection,
respectively. Thus, their differentiation capability in this specific experimental setting alone
and in combination with the sV biomarkers established herein was evaluated. In a first
step, possible correlations of the identified diagnostically relevant sV subpopulations
with the two serum markers were evaluated in iCCA and HCC patients, in order to identify
dependencies. Therefore, Spearman’s rank correlation coefficients (r) for each sV
subpopulation as compared to AFP (Fig. 33A) and CA19-9 (Fig. 33B) were calculated for
HCC and iCCA patients and the distribution was visualized. The correlation analysis
revealed that, even though r values ranged from -0.45 to 0.66, neither AFP nor CA19-9
correlated significantly (p<0.05) with any sEV subpopulation in neither HCC nor iCCA
patients.

Next, the diagnostic performance of AFP and CA19-9 individually and combined with sV
populations for HCC and iCCA differentiation was evaluated and associated predictive
values were computed (Tab. 18). Cut-offs of 20 ng/mL for AFP and 129 U/mL for CA19-9
were chosen, which are the suggested diagnostic cut-offs in the respective international
guidelines for HCC and CCA management, respectively (Valle et al. 2016, Galle et al.
2018). With 87.5% sensitivity and 50.0% specificity AFP displayed a moderate diagnostic
reliability as a sole biomarker for HCC and CCA differentiation. Moreover, CA19-9 showed
an even lower predictive power with 37.5% sensitivity and 75.0%% specificity. As
analysed in IEVs before (compare Fig. 21 and Fig. 25), after including those patients into
the evaluation that based on AFP or CA19-9 levels were not classified as HCC (AFP < 20
ng/mL or CA19-9 > 129 U/mL) or iCCA patients (AFP > 20 ng/mL or CA19-9 < 129 U/mL),
but that could correctly be identified as such by sEV subpopulations (HCC: sEV levels <
cut-off, CCA: sEV levels > cut-off; Tab. 17), a distinct diagnostic improvement becomes

evident.
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Fig. 33: Small EVs improve the diagnostic performance of AFP and CA19-9. Small
EVs were isolated by SEC columns and incubated on ExoView® chips pre-coated with
CD81, CD63 and CD9 capture antibodies. After counterstaining with fluorescent
antibodies against CD133 and CD44v6, the sEV concentration was measured by the
ExoView® R100 scanner. A Correlations between sEV levels and AFP of HCC and iCCA
patients for the three sEV subpopulations CD81+CD133*, CD63+*CD133* and
CD9+*CD133* are depicted. B Correlations between sEV levels and CA19-9 of HCC and
iCCA patients for the three sEV subpopulations CD81+CD133*, CD63+*CD133* and
CD9+*CD133* are shown. Spearman’s correlation (r), p-values and cohort sizes (n) are
indicated for each individual population and patient cohort.

All three sEV subpopulations increased the diagnostic performance of AFP, whereby the
combination with CD9+CD133+ sEVs was associated with the best predictive values for
HCC/iCCA separation with 100% sensitivity, 87.5% specificity, 88.9% PPV and 100%
NPV (Tab. 18). Similarly, the diagnostic performance of CA19-9 could considerably be
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enhanced by all three sEV subpopulations, whereby the combination with CD63+CD133+*
sEVs showed the best results in this case with 87.5% sensitivity, 100% specificity, 100%
PPV and 88.9% NPV. In contrast to IEVs, with which a perfect separation of HCC and
iCCA patients could be achieved by combining AFP with AnnV+CD44v6* IEVSs, all sEV
subpopulations displayed a very good, but slightly lower diagnostic power in this
combinational approach.

Tab. 18: Diagnostic performance of AFP and CA19-9 individually and combined with
small EV populations. iCCA patients were compared to HCC patients. Diagnostic cut-
offs are given as total sEV counts per mL, as ng/mL for AFP and as U/mL for CA19-9.
Sensitivities (sens), specificities (spec) as well as positive (PPV) and negative predictive
values (NPV) are given as percentage. n indicates cohort size.

AFP

CCA: n=8, HCC: n=8 cut-off sens [%] spec [%] PPV [%] NPV [%]
AFP 20 87.5 50.0 63.6 80.0
AFP or CD63+*CD133* 20 or 1162000 87.5 100 100 88.9
AFP or CD9+*CD133* 20 or 3257500 100 87.5 88.9 100
AFP or CD81*CD133* 20 or 2774000 87.5 87.5 87.5 87.5
CA19-9

CCA: n=8, HCC: n=8 cut-off sens [%] spec [%] PPV [%] NPV [%]
CA19-9 129 375 75.0 60.0 54.5
CA19-9 or CD63*CD133* 129 or 1162000 87.5 100 100 88.9
AFP or CD9*CD133* 129 or 3257500 87.5 75.0 77.8 85.7
AFP or CD81*CD133* 129 or 2774000 75.0 87.5 85.7 77.8

All'in all, combining sEV levels of the three subpopulations with the serum markers AFP
and CA19-9 did not lead to a considerable improvement of HCC/iCCA differentiation in
diagnostic terms. Sole evaluation of CD63*CD133* sEVs (Tab. 17) achieved exactly the
same predictive values as the combined approach of this sEV subpopulation with AFP.
Even though CD9+CD133+* sEVs combined with AFP scored higher sensitivity and NPV
with 100% each, they lack in specificity and PPV as compared to CD63+CD133*+ sEVs
and can therefore be considered equally suitable for minimal-invasive HCC/iCCA
differentiation.
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4. Discussion

In this section the feasibility of the experimental as well as of the study design will be
explored and the gain of knowledge obtained from the findings in this thesis will be
discussed and set into relation to currently employed diagnostic measures for
hepatobiliary cancer diagnosis.

4.1. Selection of surface markers and their relation to putative cells of cancer
origin

The overall aim of this study was to identify EV populations that could aid in differential
diagnosis of hepatobiliary cancers, especially between HCC and iCCA. In the course of
this project it was found that EVs expressing the markers CD133, gp38, EpCAM and
CD44v6 or combinations thereof could distinguish between HCC and CCA with very good
diagnostic accuracy. Since it is widely acknowledged that EVs reflect the composition and
physiological state of their parental cells on many levels, it is reasonable to assume that
these vesicles likely originated from cells carrying the same markers on their surface (Van
Niel et al. 2018). This leads to the hypothesis that an increased release of EVs with certain
surface marker profiles into the bloodstream of cancer patients indicates that their parental
cells might be involved in carcinogenesis or cancer promotion. ldentifying these cells of
potential cancer-driving origin opens new possibilities for early cancer development
interference and novel treatment options. Therefore, potential cells of cancer origin that
are characterized by the same surface marker expression as observed on EVs in the

serum of cancer patients were investigated in this thesis.

4.1.1. Progenitor cells as putative origin for differential EVs

The putative cellular origin of HCC and CCA is highly debated. While some evidence
suggests that HCC arises from transformed mature hepatocytes, other theories postulate
hepatic progenitor cells as a possible origin (Sia et al. 2017, Llovet et al. 2021). Similarly,
among others, cholangiocytes, transdifferentiated hepatocytes and hepatic or biliary tree
progenitor cells have been suggested as potential cells of origin for CCA development (Lu
et al. 2015, Wei et al. 2016, Raven et al. 2018, Wang et al. 2018a). However, growing
evidence supports the hypothesis that specific cells within an organ, typically tissue-
specific stem or progenitor cells, can give rise to different subspecies of cancer (Visvader
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2011, Hoadley et al. 2018, Lytle et al. 2018). In the liver, so called oval cells have been
identified that expand during liver injury and that have bipotential differentiation capacity,
enabling them to give rise to both hepatocytes and cholangiocytes in vitro and in vivo
(Tanimizu et al. 2003, Rountree et al. 2007, Dorrell et al. 2011, Shin et al. 2011).
Considering that both of these cell types are putative cellular origins for HCC and CCA,
respectively, the theory arises that disturbances in the differentiation process of these
common precursors into hepatocytes or cholangiocytes could predispose these cells for
future HCC or CCA development (Sia et al. 2017, Lytle et al. 2018). In the course of this
thesis it became evident that EVs with typical progenitor cell markers on their surface
showed a differential expression profile in HCC and CCA patients with high abundancies
in CCA and almost no occurrence in HCC. Besides the diagnostic value of this finding, it
could indicate that indeed liver progenitor cells as a common precursor for both
hepatocytes and cholangiocytes rather than mature hepatocytes or cholangiocytes
themselves might play a critical role in primary liver tumor development, especially in CCA
carcinogenesis.

In this regard, all of the chosen candidate markers in this thesis (EpCAM, CD133, gp38
and CD44v6) have been found to be associated with (cancer) stem/progenitor cells in a
great variety of studies before. While CD133 is one of the most-studied markers for
(cancer) stem cells of multiple normal tissue and cancer origins (Ren et al. 2013, Glumac
and LeBeau 2018, Barzegar Behrooz et al. 2019), gp38 (also called podoplanin/PDPN)
was originally described as a marker for lymphatic endothelial cells (Breiteneder-Geleff et
al. 1999, Hirakawa et al. 2003). However, its association with progenitor cells, especially
but not exclusively in a hepatic context, has been observed lately (Konishi et al. 2011,
Jain et al. 2015, Eckert et al. 2016). In this thesis, CD133*gp38* cells were detected in
murine liver, gallbladder and lung (Fig. 9). This observation is consistent with literature, in
which CD133*, gp38* and CD133*gp38* liver stromal cells with progenitor cell
characteristics were identified in mice (Dollé et al. 2010, Konishi et al. 2011, Eckert et al.
2016). Interestingly, in the lung, gp38 is highly expressed in alveolar type | cells, which
were shown to retain plasticity during alveolar injury, exhibiting stem cell-like behavior
(Barth et al. 2010, Jain et al. 2015). This is consistent with our finding of high amounts of
gp38* cells in murine lungs that are similar to the levels observed in murine liver.

Furthermore, we identified EpCAM*CD133+gp38+ cells in murine liver, gallbladder and
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lung, which corresponds to the study by Eckert et al, in which CD133+gp38* liver
progenitor cells were additionally shown to be associated with high EpCAM expression
(Eckert et al. 2016). EpCAM is a very well-characterized protein that can be considered
the most studied tumor-associated marker. While it can be found in a wide variety of
human normal epithelium, it is frequently overexpressed in epithelial tumors (Baeuerle
and Gires 2007, Schnell et al. 2013). Moreover, its association with stem cells has been
reported (Ng et al. 2010) and it has been found to be part of a population of hepatic
stem/progenitor cells that are able to differentiate into either hepatocytes or
cholangiocytes (Safarikia et al. 2020). Furthermore, EpCAM* liver progenitor cells have
been identified in several other studies and their role as potential tumor-initiating cells has
been described (Yamashita et al. 2009, Safarikia et al. 2020). Moreover, multipotent
endodermal stem/progenitor cells that could give rise, among others, to hepatocytes and
cholangiocytes have been identified in human gallbladder as being positive for EpCAM
(Carpino et al. 2012, 2014). In this thesis, almost all CD133*gp38* cells in murine
gallbladder were additionally positive for EpCAM (Fig. 9), possibly corresponding to the
aforementioned progenitor cell population identified by Carpino et al.. While research
concerning gp38 in GbCA is scarce, CD133 positive cells were reported to exhibit self-
renewal ability and tumorigenicity in GbCA (Shi et al. 2011). Moreover, cells that were
positive for both CD133 and CD44 showed cancer stem cell-like characteristics in GbCA
as well (Shi et al. 2010). CD44 and its various variant isoforms, including CD44v6, are
adhesion molecules that have been described as most prominent function-relevant cancer
stem cell markers, that are associated with carcinogenesis, tumor migration and
metastasis in a wide variety of cancers (Jijiwa et al. 2011, Todaro et al. 2014, Wang et al.
2018b, Ma et al. 2019). As a side note, at the time the experiments were performed for
this thesis no antibody against murine CD44v6 was available to our group, so CD44 was
used as a substitute. Therefore, when interpreting the results one has to keep in mind
that, even though they are very similar, these two proteins might not behave completely
interchangeably. Nonetheless, in this thesis, CD44 was most dominantly expressed in
murine colon as compared to all other organs (Fig. 10). Accordingly, slightly elevated
AnnV+CD44v6+* IEV levels in CRC patients as compared to all other control groups were
observed later on (Fig. 22). It has previously been shown that especially intestinal cancer
stem cells often exhibit high CD44/CD44v6 expression (Todaro et al. 2014), which could
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explain these observations. In the liver, precancerous CD133+*CD44+ cells were identified
in a rat liver carcinogenesis model, that could be allocated to the hepatic oval cell fraction
that exhibits bipotential differentiation capability (Zheng et al. 2014). Accordingly, high
amounts of CD133*CD44+ and CD44+/CD44v6+* stem/progenitor cells could be observed
in human HCC and CCA, respectively (Zhu et al. 2009, Padthaisong et al. 2020), and the
presence of these cell populations in murine liver was detected in this thesis as well
(Fig. 10).

4.1.2. Tumorous origin of differential EVs

In contrast to our obtained in vivo murine data, where gp38 could be detected in every
investigated organ, the presence of the protein could not be observed on human HCC or
CCA cancer cell lines in vitro (Fig. 6). The absence of gp38 on HCC and CCA cells is
consistent with histological reports that explored the expression pattern of gp38 in normal
liver tissue and various liver cancer entities. Among the seven investigated liver cancer
entities, gp38 could only be detected on epithelioid hemangioendothelioma, but was
absent on HCC as well as on iCCA (Fujii et al. 2008). Moreover, hepatocytes and biliary
epithelial cells, both possible cells for HCC and CCA origin, respectively, were found to
be completely negative for gp38 in the same study. Nonetheless, gp38* IEVs were
identified in this thesis. This gives rise to the following hypothesis: EVs detected in patient
serum might not be originating from the tumors themselves but rather from adjacent cells
promoting tumor development and progression via EV release. EV-mediated interactions
between the tumor and stromal cells in the tumor microenvironment have been studied
intensely in the last decades uncovering a complex communication network. Hence,
tumor-released EVs were found to stimulate surrounding cells to secrete factors
supporting almost every step necessary for invasive progression including inflammation,
ECM remodelling, angiogenesis and neovascularization, loss of tumor cell adhesion,
formation of the metastatic niche and establishing tumor tolerance and chemoresistance
(Skog et al. 2008, Webber et al. 2010, Becker et al. 2016, Lapitz et al. 2018, Wang et al.
2018b). Importantly, vice versa, it has also been shown that EVs released by tumor-
surrounding cells can influence tumor progression. In this regard, EVs secreted by cancer-
associated fibroblasts have been reported to promote tumor motility, invasion and
dissemination in breast cancer (Luga et al. 2012). Even though the mechanisms by which



121

healthy stromal cells are triggered to support malignant behavior remain to be fully
elucidated, it highlights the bi-directional nature of EV-mediated communication.
Accordingly, progenitor cells, as a type of cells within the tumor microenvironment, could
not only act as direct cells of cancer origin but might also be potential EV-secreting key
drivers for cancer development, which could thus be another possible explanation for
increased levels of EVs featuring progenitor-associated surface markers in cancer
patients.

In contrast to gp38, expression of the markers CD133, EpCAM and CD44v6 could be
detected directly on the surface of human HCC as well as CCA cell lines and their
presence on human CCA cell line-derived EVs was verified (Fig. 6 and Fig. 7,
respectively). This supports a directly tumorous origin of EVs with these particular markers
on their surface instead of originating from tumor-promoting stromal cells. Especially
CD133 and CD44v6 were interesting in this setting, since they showed a differential
expression pattern with high amounts of CD133 present on the surface of HCC cells and
CD44v6 being predominantly expressed on CCA cells, indicating a possible differential
capability already at the cellular level. Both of these antigens subsequently proved their
relevance for EV-based HCC/iICCA differentiation in this thesis with CD44v6 being
particularly useful in large EV diagnosis, whereas CD133 proved to be the most relevant
marker in small EV differentiation. Up to date, a clear distinction of HCC and iCCA by
comparing expression patterns of CD133, CD44v6 or their combination on cells or EVs
has not been achieved. This might partially be due to the great heterogeneity within the
respective tumor entities which leads to enormous variations in detectable protein levels.
Immunohistologically, CD133 and CD44v6 expression has been identified in human
tumorous HCC (Yun et al. 2002, Song et al. 2008, Mima et al. 2012, Sung et al. 2016) and
CCA (Yun et al. 2002, Leelawat et al. 2011, Cai et al. 2018, Padthaisong et al. 2020)
tissues in multiple studies, although the degree of identified CD133 and CD44v6 positive
tumors varies considerably for both HCC and CCA among the reports. Similarly, EpCAM
expression can be observed in histopathological stainings of both HCC (Spizzo et al.
2011, Sung et al. 2016) and CCA (Komuta et al. 2012, Sulpice et al. 2014, Padthaisong
et al. 2020) to varying degrees. Even though EpCAM had been found to be highly
expressed in most tumors of the gastrointestinal tract, HCC was frequently negative
(Spizzo et al. 2011). Nonetheless, an association of EpCAM positivity and advanced HCC
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tumor stage has previously been observed (Bae et al. 2012) and is partially reflected in
this thesis by the finding that the amount of EpCAM positive IEVs
(AnnV+CD133+gp38+*EpCAM*) in the serum of HCC patients but not of other tumor
patients tends to correlate with advanced tumor stage (see Supplementary Fig. 4 and
Tab. 15). Interestingly, there is evidence that CD44v6 defines a population of circulating
tumor cells that is independent of simultaneous EpCAM expression (Belthier et al. 2021),
which corroborates the division of the present IEV study into two seperate study arms:
one assessing the differentiation capacity of IEVs involving EpCAM, while the other
investigates the role of CD44v6 positive EVs in HCC/iCCA differentiation.

In conclusion, it can only be speculated about the explicit origins of the differential EVs
identified in this study. Even though discovering their origin was not an integral component
of this thesis, discussing different options provides helpful insights into possible reasons
for their differential capability and assists in evaluating the feasibility of EVs as a measure
for addressing the pressing clinical issue of reliable HCC/iCCA differentiation. Therefore,
since possible parental cell populations were successfully identified in vitro and in vivo
that express marker combinations corresponding to relevant differential EVs later on, the
selection of markers and their combinations within the experimental setting of this thesis
can be considered reasonable to address the main objectives of this project.

4.2. The differences of large and small EVs in hepatobiliary cancer differentiation
In the course of this study it became evident that EVs as serum biomarkers can be
valuable assets in hepatobiliary cancer diagnosis and differentiation. They proved
especially useful in specific and minimal invasive HCC/iCCA differentiation, which up until
today poses an unmet clinical challenge. To tackle this important issue and to achieve a
comprehensive overview of the overall feasibility of EVs for hepatobiliary cancer
diagnosis, two main subtypes of EVs, large and small EVs, were isolated and their
diagnostic performance in relation to their specific surface marker composition was
compared.

According to their surface marker profile, IEVs were further divided into two subgroups,
progenitor cell-associated and tumor-associated |EVs, each representing cellular

populations that were identified as putative EV parental populations and as potentially
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diagnostically relevant for hepatobiliary cancer diagnosis and differentiation earlier (Fig. 6,
Fig. 7, Fig. 9 and Fig. 10). Generally, it was noticable that tumor-associated IEVs,
comprising the surface marker combinations AnnV+*CD44v6*and AnnV+*CD44v6*CD133",
performed superiorly than progenitor cell-associated |EVs, comprising the marker
combinations AnnV+CD133*gp38* and AnnV*EpCAM+*CD133+gp38*. Within the tumor-
associated IEV populations AnnV+CD44v6+ predominantly presented with the best
diagnostic performance in most analyses. Nonetheless, all investigated IEV populations
were proven to act as reliable serum biomarkers for biliary cancers (CCA and GbCA
combined) by successfully discriminating them from other malignancies (including HCC),
cirrhosis and healthy individuals with good diagnostic accuracy (Fig. 18, Tab. 7, Fig. 22
and Tab. 11). With an AUC value of 0.80, 84.0% sensitivity, 63.3% specificity, 85.1%
positive predictive value (PPV) and 61.3% negative predictive value (NPV)
AnnV+CD44v6* IEVs proved to be the most useful population for detecting biliary cancers
out of a pool of healthy individuals. This setting reflects a scenario, in which a suspicion
of biliary cancer could be raised as part of a routine screening without showing any
symptoms of malignancies or liver-related diseases beforehand. Since the majority of
iCCA cases arise in the absence of known risk factors and are therefore predominantly
detected by cross-sectional imaging performed for other indications (Sirica et al. 2019,
Banales et al. 2020), early detection as part of an uncomplicated screening by EVs might
be of great value. Naturally, the screening result would have to be verified in a subsequent
examination for definitive diagnosis. In addition to identifying biliary cancers out of a
heterogeneous pool of maladies, all IEV populations reliably distinguished between CCA
(all subtypes combined) and HCC with AnnV+CD44v6* IEVs showing the best diagnostic
performance again (AUC: 0.78, sensitivity: 80.9%, specificity: 71.0%, PPV: 80.9%, NPV:
71.0%) (Fig. 19, Tab. 8, Fig. 23 and Tab. 12). Even more important in a clinical context,
all IEV populations were capable of reliably discriminating iCCA from HCC with good
diagnostic accuracy, again with AnnV+CD44v6+* IEVs being in the lead in terms of
diagnostic performance (AUC: 0.83, sensitivity: 93.3%, specificity: 71.0%, PPV: 60.9%,
NPV: 95.7.0%) (Fig. 20, Tab. 9, Fig. 24 and Tab. 13). Moreover, as one of the most
important results of this thesis, it was shown that the diagnostic performances of the two
serum biomarkers AFP and CA19-9 were considerably improved by implementing IEVs,
leading to a perfect, 100% accurate diagnostic separation of 29 CCA and 34 HCC
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patients, when combining AFP and AnnV+*CD44v6* IEVs in a pooled analysis (Tab. 14).
These results could be of great clinical value for accurately identifying iCCA that can be
notoriously difficult to distinguish from HCC owing to their similar and hard to access
location within the liver parenchyma, while simultaneously requiring highly diverse
treatment regimen (Valle et al. 2016, Banales et al. 2020).

When analysing the diagnostic capability of sEVs in this important issue, some distinct
differences to IEVs became evident. First of all, colocalization of the two markers CD133
and CD44v6 could not be observed on any sV subpopulation, making an assessment of
double positive sEVs impossible (Fig. 31). Secondly, in contrast to IEVs, sEVs bearing
CD133 on their surface performed superiorly in all analysed subpopulations as compared
to sEVs harboring CD44v6 on their surface. In this context CD63*CD133* sEVs showed
the best diagnostic performance in differentiating iCCA from HCC with an AUC value of
0.89, 87.5% sensitivity, 100% specificity, 100% PPV and 88.9% NPV (Fig. 32 and
Tab. 17). Hence, sole assessment of CD63+CD133* sEVs led to higher specificity and
PPV than sole assessment of the best performing IEV population AnnV+CD44v6*
(compare: 0.83 AUC, 93.3% sensitivity, 71.0% specificity, PPV: 60.9% PPV, 95.7.0%
NPV). Lastly, even though combining CD133* sEV subpopulations with the serum
markers AFP and CA19-9 improved the respective diagnostic capacity of the individual
serum marker, it did not lead to overall better diagnostic separation of iCCA from HCC
than sole assessment of SEV subpopulations (Tab. 18).

4.2.1. The different characteristics of isolated large and small EVs

The reasons for the observed diagnostic differences in large and small EVs can be
manifold. Importantly, one has to keep in mind that the cohort sizes for the two EV studies
in this thesis varied considerably. While 67 HCC and 22 iCCA patients could be analysed
for their IEV profile, only 8 HCC and iCCA patients each were available for sEV analysis.
Therefore, the statistical and diagnostical power of the sEV study is limited and it should
rather be considered as an exploratory pilot study that needs further validation with bigger
cohort sizes for definitive predictions. Nonetheless, especially when considering that due
to the rarity of the diseases only a limited number of CCA patients are available and that
the majority of studies is conducted on equally low or only slightly bigger cohort sizes, the
results are promising and give reason to expect a potential clinical utility of sEVs for
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HCC/iCCA differentiation in the future. Another important factor that might influence the
diagnostic differences observed among the two EV subtypes is based on the enormous
complexity of the research field itself that is faced with a multitude of challenges, especially
in terms of EV classification and standardization of isolation methods (Théry et al. 2018).
These issues are mostly due to the fact that EVs display a tremendous level of
multiparameter heterogeneity. This way, in addition to different modes of biogenesis, the
parameters size, content, functional impact on recipient cells and cellular origin should be
considered for appropriate subclassification, adding another level of complexity to EV
research (Kalluri and LeBleu 2020). Moreover, even if several parameters are considered,
isolation of pure EV subpopulations of interest is nearly impossible (Bobrie et al. 2012,
Gould and Raposo 2013). To tackle these limitations and to ensure an appropriate
characterization of different isolated subtypes and subpopulations of EVs in this thesis,
numerous quality controls and precautional measures were performed while establishing
the respective isolation protocols (Fig. 13, Fig. 15, Fig. 16, Fig. 27, Fig. 29 and Fig. 30).
First, EVs were purified according to their size. Depending on the implemented method,
a certain subtype of EVs will be enriched, while other subtypes will still be present in the
isolate to a certain extent. For IEV enrichment from patient serum a sequential
centrifugational method was chosen that led to pelletation of larger EVs at speeds of
10,000 x g (see section 2.5.2). Size determination by NTA showed that indeed the majority
of isolated EVs had a mean diameter of around 125.8 nm (Fig. 13). Small EVs on the
other hand were enriched by so called size exclusion chromatography (SEC) columns that
were optimized for isolation of smaller particles (see section 2.6.2). Indeed, size
determination by ExoView® scanning confirmed a mean diameter ranging between 56.5
to 73.0 nm for isolated sEVs, depending on the respective subpopulation (Fig. 29),
verifying their smaller size as compared to |EVs isolated by sequential centrifugation.
Importantly, characteristics such as size or density alone are not sufficient as strict criteria
to define small and large EVs, since both vesicle types may be produced by the same cell
and since both modes of biogenesis, plasma membrane budding and endomembraneous
invagination, might lead to similar sized vesicles (Heijnen et al. 1999, Booth et al. 2006,
Andreu and Yanez-mé 2014). Therefore, in a concerted effort leading EV experts tried to
standardize EV research by identifying criteria for isolation and classification of EVs
leading to the publication of a position paper on “Minimal information for studies of
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extracellular vesicles” (MISEV) (Théry et al. 2018). Based on their recommendation, in
addition to size determination of EV isolates, characteristic EV protein markers should be
evaluated in a quantitative and qualitative manner to further classify isolated EVs and to
exclude other co-isolated particles (e.g. lipoproteins or protein aggregates) of the same
sizes. Due to limited resources in terms of funding and availability of infrastructure not all
of the suggested analyses were possible during the experimental phase of this thesis.
Nevertheless, protein verification of isolated EVs was conducted to verify successful EV
isolation and to further classify them.

For IEV analysis, flow cytometric quantification of AnnexinV (AnnV) was incorporated as
a general EV marker after isolation by sequential centrifugation. AnnV binds to
externalized phosphatidylserine (PS) on EV membranes and can thus be considered as
an indirect EV marker. Even though AnnV is not a completely exclusive marker for IEV
identification, it is a very widely used and accepted method for general EV detection (Théry
et al. 2018). Therefore, the combination of a) the presence of the indirect EV protein
marker AnnV bound to PS in the plasma membrane of EVs and b) a confirmed mean
diameter of 125.8 nm of isolated EVs were considered sufficient criteria to verify IEV
isolation. Furthermore, based on light scattering the lower detection limit of conventional
flow cytometers, which was the primary analysis modality for assessing IEV levels, lies at
around 300-500 nm (Botha et al. 2021). However, incorporating fluorescence triggering
by fluorescently labelled AnnV, as was performed in this thesis, was shown to lower the
detection limit to 100-150 nm, which corresponds to the size of IEVs (Arraud et al. 2015).
Flow cytometric analysis of smaller EVs is very difficult, if not impossible. Accordingly, as
visualized in Fig. 15D and E, out of initially 1.175x10° sEV particles only a negligible
number of 130 absolute events were detectable by flow cytometric analysis. This
corroborates that only IEVs were included in the analysis of the diagnostic profiles within
the IEV study arm of this thesis since sEVs could not be measured by flow cytometric
analysis. Moreover, all reagents for isolation as well as for flow cytometric analysis were
filtered prior use (0.02 um filters), so the presence of possible contaminating particles
introduced by these reagents was prohibited as validated by the absence of measurable
particles in the flow cytometric analysis (Fig. 15C). The presence of other co-isolated
biological particles in the IEV isolate with similar sizes to IEVs (e.g. lipoproteins or protein
aggregates) could not be completely excluded with all these incorporated measures.
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However, while functional analysis of EVs requires an isolation and characterization of the
isolated particles as well as possible in order to attribute specific functional effects to them,
the focus of this thesis was not on functional analysis of EVs. Instead, a diagnostically
useful, easily applicable test should be established, so potential contaminations can be
disregarded as long as the diagnostic capability is conclusive and reproducible. To this
end, the diagnostic utility of IEVs could be demonstrated to an impressive extent in the
course of this thesis.

As recommended by the MISEV guidelines, characteristic protein markers needed to be
identified on isolated sEVs to further classify them. Therefore, after isolation of sEVs by
SEC columns, levels of the three tetraspanins CD9, CD63 and CD81 were analysed on
the sEV surface. Tetraspanins are widely used and well-accepted markers for EVs
(Andreu and Yanez-mé 2014, Théry et al. 2018). However, the sole implementation of
tetraspanins for classification of EV subtypes is controversial, since they are widely spread
in the plasma membrane and may also be present in vesicles budding from the plasma
membrane (Andreu and Yanez-md 2014, Willms et al. 2018). Therefore, additional size
verification is crucial, which revealed a mean diameter of 56.5 to 73.0 nm depending on
sEV subpopulation confirming their size to be in range of sEVs (below 100 nm) and to be
smaller than the mean diameter of isolated IEVs in this thesis (125.8 nm) (Fig. 29). Hence,
the combination of size verification and tetraspanin profile can be considered conclusive
for successful sV isolation. Small EVs with different tetraspanin profiles have been
shown to exhibit quite differing functional behavior (e.g. vesicle loading and binding affinity
to cells) in a multitude of studies previously, highlighting the enormous heterogeneity
within this EV subtype (Giebel 2017, Van Niel et al. 2018, Kalluri and LeBleu 2020).
Therefore, a distinct assessment of several sEV subpopulations rather than a bulk
analysis added a considerable value to the diagnostic approach in this thesis which was
ultimately confirmed by the diagnostic differences observed between the different sEV
subpopulations harboring different tetraspanin profiles (Fig. 31 and Fig. 32). Interestingly,
characteristic differences between the different sSEV subpopulations could not only be
observed on a diagnostic level, since CD9* sEVs tended to be the subpopulation with the
largest particles in size, followed by CD63* and CD81+ sEVs (Fig. 29). Furthermore, CD9*
sEVs were not only the largest sEVs but also the ones that showed the highest particle
concentrations in all three patient cohorts, again followed by CD63* and CD81+ sEVs
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(Fig. 30). As mentioned before, these findings reflect the great heterogeneity of sEVs and
corroborate their division into different subpopulations for comprehensive diagnostic
analysis in hepatobiliary cancers.

4.3. The diagnostic utility of EVs in hepatobiliary cancer diagnosis

The overall goal of this project was a comprehensive assessment of the diagnostic value
of EVs in hepatobiliary cancer management. In the course of this thesis EVs manifested
themselves on the one hand as valuable minimal invasive markers for biliary cancers and
on the other hand as extremely useful markers for the critical differentiation between the
hard to distinguish entities iCCA and HCC.

4.3.1. The diagnostic utility of EVs as markers for biliary cancer

In contrast to some forms of HCC for which radiological criteria exist that are considered
sufficient for definitive diagnosis without histological confirmation, no such non or minimal-
invasive methods are available for definitive CCA or GbCA diagnosis. Therefore, up to
date, a biopsy followed by histopathological evaluation is mandatory for reliable diagnosis
of biliary cancer entities (Bridgewater et al. 2014, Banales et al. 2016). However, the
sensitivity of biopsies highly depends upon location and size of the tumor as well as upon
operator expertise (Bridgewater et al. 2014, Ney et al. 2021). Several different sampling
techniques exist with endoscopic retrograde cholangiopancreatography (ERCP) being the
primary modality of choice (Valle et al. 2016, Ney et al. 2021). While pooled specificities
for this sampling technique are usually between 98-100% for diagnosing CCA from a
benign setting, corresponding pooled sensitivities are limited ranging only between 6-65%
(Avadhani et al. 2017). Additionally, for GbCA diagnosis ERCP-guided biopsies only
achieved an accuracy of 46-88% (Tong et al. 2022). Considering this low diagnostic yield,
endoscopic ultrasound fine needle aspiration (EUS-FNA) has gained popularity increasing
the pooled sensitivity to 80% with simultaneous pooled specificity of 97% for CCA
diagnosis (Sadeghi et al. 2016). For GbCA diagnosis EUS-FNA could even be shown to
be associated with 95% sensitivity and 100% specificity (Tong et al. 2022). Another
sampling technique for diagnosing biliary cancers is single operator cholangioscopy
(SOC) with cholangioscopy-guided biopsy which was reported to have pooled sensitivities
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and specificities ranging from 66-72% and 98-99% for CCA diagnosis, respectively
(Navaneethan et al. 2015, Badshah et al. 2019). Importantly, there exist some concerns
regarding FNA which can lead to needle tract seeding of the tumor or other adverse events
following biopsies in biliary cancer patients (Levy et al. 2010, Minaga et al. 2017). The
overall risk ranges between approximately 2-4% but the impact on disease progression
and overall survival remains unclear (Micames et al. 2003, Minaga et al. 2017, Yane et al.
2020). Overall, independent of the chosen sampling technique, biopsies are associated
with high specificities, while often lacking in sensitivity. This means that while a positive
biopsy will certainly establish a diagnosis (high positive predictive value), a negative result
does not exclude the presence of a tumor (low negative predictive value) (Bridgewater et
al. 2014). To address the issue of low negative predictive values of biopsies, for patients
with negative histological results a follow-up screening is suggested. There are several
options for follow-up assessments including a second biopsy, various imaging procedures,
serum proteins or different kinds of liquid biopsies including extracellular vesicles.

Since both CCA as well as GbCA displayed similarly elevated IEV levels and were
undistinguishable from one another within each investigated |IEV subpopulation in this
thesis, they were combined to a comprehensive “biliary cancer” cohort and the diagnostic
potential of IEVs as a biliary cancer marker was evaluated. With 84% sensitivity, 63%
specificity, 85% PPV and 61% NPV (Tab. 11) AnnV+*CD44v6* IEVs displayed an even
greater sensitivity for discriminating biliary cancer patients from healthy controls than any
aforementioned type of biopsy for CCA diagnosis. However, one has to keep in mind that
the clinical challenge lies within differential diagnosis from other malignant and underlying
diseases. To this end, AnnV*CD44v6* IEVs were able to differentiate biliary from non-
biliary cancers (including HCC, NSCLC and CRC) with 84% sensitivity, 56% specificity,
69% PPV and 75% NPV in a large patient cohort (n=75 and n=64, respectively). Again,
the sensitivity exceeded the values of all biopsies and was accompanied by a very good
negative predictive value that was even higher than for discrimination from healthy
subjects and that is a hallmark with which biopsies often struggle. During the experimental
phase of this thesis, unfortunately no PSC patients were available to our group, so the
differential capability of |IEVs to discriminate biliary cancers from this important
predisposing condition was not possible. However, patients displaying liver cirrhosis,
defining another risk-group especially in terms of CCA, were available, for which a
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diagnostic separation by progenitor cell-associated |IEVs was achieved with 71-73%
sensitivity, 53-55% specificity, 73-74% PPV and 51-53% NPV (Tab. 7). Even though
AnnV+CD44v6* IEVs show very good and higher sensitivity and PPV than progenitor cell-
associated IEVs with 84% and 96%, respectively, for discrimination of biliary cancer from
cirrhosis patients, these values have to be interpreted with care, since the patient cohorts
in the tumor-associated study arm were greatly unequal due to limited access to cirrhosis
patients for this part of the study (n=75 and n=5, respectively). Despite the limited
diagnostic power for discrimination of biliary cancers from benign diseases, IEV surface
profiling could be a very useful tool to augment the diagnosis of biliary cancers. Especially
if their high diagnostic conclusiveness for discriminating biliary cancers from healthy
subjects and patients with other malignancies as well as the methodological advantages
are considered: IEV surface profiling only requires a blood sample which is a minimal-
invasive procedure that is easily accessible, accepted by patients and leaves almost no
room for operator-dependency.

Currently, various imaging procedures are employed if biliary cancer is suspected and
they can be of great benefit in establishing a diagnosis by augmenting biopsies and in
developing a following treatment plan. Unfortunately, since no distinct radiological criteria
exist, differential diagnosis of biliary cancers solely by imaging is difficult and can not be
relied upon (Beuers et al. 2009, Bridgewater et al. 2014). Thus, since a complete surgical
resection of the tumor is the only potentially curative treatment, the primary role of imaging
is the characterization of the tumor to determine possible surgical candidates as well as
the extent of the surgery (Hennedige et al. 2014, Joo et al. 2018). Multidetector computed
tomography (CT) has emerged as the standard imaging method for diagnosis, staging
and resectability assessment and is associated with a high negative predictive value of
85-100% for advanced diseases, but only shows limited sensitivity for detecting small
intrahepatic and distant metastases (Vilgrain 2008). However, no single imaging modality
can yield a comprehensive evaluation of biliary cancers, therefore, multimodality
approaches, e.g. including MRI with MRCP or PET are recommended (Vijayakumar et al.
2013, Hennedige et al. 2014, Joo et al. 2018).

The observed negative predictive values for multidetector CT exceed the ones obtained
by IEV profiling in this thesis but are only valid for detecting advanced diseases with bigger
tumors. Accordingly, currently applied imaging procedures tend to have difficulties to
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reliably detect tumors below 10-20 mm of size resulting in low sensitivities (Forner et al.
2008). In terms of this critical early detection of small tumors, IEV profiling might be of
significant advantage. Even though the usefulness of IEV surface profiling for early
detection of small biliary tumors was not the focus of the study at hand and has
consequently not been investigated, a study previously published by our group showed a
close correlation of liver tumor size (HCC and CCA combined) and IEV levels bearing
various combinations of the surface markers EpCAM, ASGPR1 and CD133 (Julich-
Haertel et al. 2017b). The smallest tumor available for this study was 11 mm in size which
could confidently be detected by IEV surface profiling. Due to the unavailability of tumors
smaller than 11 mm, the lower detection limit of IEVs might not have been explored fully
yet and might only be restricted by the stage of vascularization of the tumor, since access
of the tumor to the bloodstream is a prerequisite for IEVs being detectable in the serum of
patients. Vascularization usually starts at tumor diameters of roughly 2 mm indicating the
potential of IEVs as an early screening tool for very small tumors (McDougall et al. 2006).
Current serum or bile tumor markers (e.g. CA19-9 or CEA) are not specific to establish a
diagnosis for any biliary cancer entity since they have significant overlap with other benign
and malignant diseases and display low sensitivity for early stage disease which hampers
their diagnostic utility. This way, even though CA19-9 is elevated in up to 85% of CCA
patients, it is frequently elevated in PSC patients as well leading to low sensitivities of 40-
70%, specificities of 50-80% and positive predictive values of 16-40% for CCA diagnosis,
depending on the cut-off value (Hultcrantz et al. 1999, Gores 2000, Patel et al. 2000).
However, CA19-9 might be of prognostic value since patients with unresectable CCA
typically display elevated levels and persistently raised levels after decompression were
found to be indicative of malignancy (Patel et al. 2000, Abbas and Lindor 2009, Valle et
al. 2010). In GbCA elevated CA19-9 levels were associated wich advanced-stage tumors
and metastases, also highlighting the prognostic relevance for this serum tumor marker
(Sachan et al. 2020).

In comparison to CA19-9 in CCA patients, AnnV+*CD44v6* |IEVs for discriminating biliary
cancer patients from healthy subjects were associated with higher sensitivity and more
than twice as high PPV, while simultaneously displaying equal specificity (Tab. 11). For
discriminating biliary from non-biliary cancer patients, the diagnostic performance of

AnnV+CD44v6* IEVs was comparable to that for distinguishing biliary cancer patients from



132

healthy subjects with slightly lower sensitivity and PPV but higher NPV. Therefore, even
though routine implementation of IEV surface profiling might be more challenging than
serum CA19-9 assessment, considering the superior diagnostic performance, the
diagnostic benefit of IEV profiling becomes evident. Since the overall focus of this thesis
was to investigate EV profiling as a means for iCCA/HCC differentiation, a direct
comparison of the diagnostic performances of EVs and CA19-9 within the study group of
this thesis in terms of their usefulness as a biliary cancer marker was not evaluated.
Instead, CA19-9 levels were evaluated later on in the context of ICCA/HCC differentiation.
In general, considering that cancer represents an ever-increasing health issue, liquid
biopsies as a promising, minimal-invasive diagnostic tool are an emerging research field,
so it is not surprising that a multitude of studies exist that investigate the usefulness of
many different liquid biopsy approaches for detection of any kind of cancer including biliary
malignancies. Several approaches have been shown inefficient or insensitive for biliary
cancer diagnosis or need further validation such as the evaluation of circulating tumor
cells or cell-free DNA in the blood of patients (Al Ustwani et al. 2012, Goyal et al. 2017).
Other approaches are promising: In terms of serum proteins CYFRA 21-1 has been shown
to be significantly upregulated in biliary malignancies (including iCCA, pCCA, dCCA and
GbCA). However, with an associated sensitivity of 75% and specificity of 85% they were
less sensitive but more specific than AnnV+*CD44v6* IEVs in this thesis (Huang et al.
2015). In another study, Arbelaiz et al. investigated the differential protein content of
serum EVs from CCA and PSC patients and found that the protein FCN2 was significantly
elevated in early stage CCA (stage | and Il) as compared to PSC (Arbelaiz et al. 2017).
Associated diagnostic values reached 100% sensitivity and 81% specificity. However, the
cohort size of 13 CCA and 30 PSC patients was rather small and needs further validation.
In contrast to the aforementioned studies that were conducted on proteins or EVs derived
from patient serum, bile can be an important source for biliary cancer diagnosis. This way,
a miRNA panel (miR-9, miR-302¢, miR-199a-3p and miR-222) derived from bile EVs was
found to be associated with 89% sensitivity and 100% specificity for differentiating biliary
malignancies (CCA and GbCA combined) from benign choledolithiasis patients
(Shigehara et al. 2011). Even though the diagnostic performance was better than that of
IEVs in this thesis, the cohort sizes were rather small and included only 9 choledolithiasis
and 9 malignant specimens (CCA and GbCA combined) rendering the results promising
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but decreasing the power of the study, especially when compared to the 75 biliary cancer
patients and 30-64 control subjects in this thesis. Additionally, one has to keep in mind
that in contrast to serum, bile is harder to obtain from patients involving a more invasive
process than drawing a blood sample, which might reduce the willingness of patients to
undergo such a procedure, especially if the procedure is planned as part of a routine
screening, when there is no apparent indication of any disease or malignancy yet. In
another interesting study, Severino et al. found that total EVs in bile were elevated in
malignant common bile duct stenoses (pancreatic cancer and CCA combined) versus
non-malignant stenoses and they could be discriminated with 100% accuracy (Severino
et al. 2017). Again, cohort sizes of only 15 patients per group might limit the diagnostic
power of this study. In contrast to CCA, for GbCA diagnosis, the total EV count from bile
could not be confirmed to be indicative of malignancy (Turpati et al. 2020). This is in line
with some studies that suggest that evaluation of total EV counts in biological fluids might
only be of limited power, since the majority of EVs within the circulation is not of tumorous
origin which leads to high background noises (Reategui et al. 2018). Therefore, instead of
total EV counts, EVs with tumor- or progenitor cell-associated markers on their surface
were analysed in this thesis.

4.3.2. The diagnostic utility of EVs for differential diagnosis of iCCA and HCC

In addition to EVs being useful markers for biliary cancer, they proved especially beneficial
for the clinically challenging differential diagnosis of iCCA and HCC in this thesis. Since
these two entities involve considerably different treatment strategies and prognoses, the
differential diagnosis of iCCA from HCC is critical (Valle et al. 2016, Banales et al. 2020).
Currently, no completely reliable non or minimal invasive procedure exists for definitive
differentiation leaving biopsy followed by histopathological evaluation as the only method
to establish a definitive differential diagnosis (Bridgewater et al. 2014, Joo et al. 2018,
Banales et al. 2020). Imaging differentiation of iCCA and HCC remains difficult since they
share common risk factors (e.g. liver cirrhosis) and can mimic each other by exhibiting
atypical imaging features with iCCA mimicking HCC more frequently than the other way
round (Kim et al. 2011, Huang et al. 2016, Joo et al. 2018). Given that in high risk patients
HCC can be diagnosed based on imaging criteria without the requirement of subsequent
histopathological confirmation (Galle et al. 2018, Marrero et al. 2018), imaging-based
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misdiagnosis of iCCA as HCC may cause physicians to skip the histological confirmation
step thus leading to improper treatment. Considering these concerns other options for
differential ICCA/HCC diagnosis need to be explored and are currently under investigation
in order to facilitate treatment decisions and to ultimately improve patient survival.

All IEV populations investigated in this thesis were capable of reliably discriminating iCCA
from HCC with good diagnostic accuracy. AnnV+CD44v6* IEVs even achieved diagnostic
values as high as 93.3% sensitivity, 71.0% specificity, 60.9% PPV and 95.7% NPV (AUC:
0.83), greatly emphasizing their promising clinical potential for iCCA/HCC differentiation
(Fig. 24 and Tab. 13). Notably, a differential diagnosis of the two subtypes iCCA and eCCA
could not be achieved with any IEV population. While sEVs harboring CD44v6 on their
surface did not lead to any conclusive differential results, CD63+*CD133* sEVs on the other
hand showed the best diagnostic performance out of all sEV subpopulations in
differentiating iCCA from HCC with an AUC value of 0.89, 87.5% sensitivity, 100%
specificity, 100% PPV and 88.9% NPV (Fig. 32 and Tab. 17). Hence, sole assessment of
CD63+*CD133* sEVs led to higher specificity and PPV than sole assessment of the best
performing IEV population AnnV+CD44v6*, while higher sensitivity and NPV were
achieved by AnnV+CD44v6* IEVs. The diagnostic differences observed between small
and large EVs supports the initial hypothesis of this thesis that a comprehensive analysis
of different EV subtypes might be beneficial for evaluating the whole potential of EVs as
diagnostic markers for hepatobiliary cancers.

Several attempts for minimal-invasive iICCA/HCC differentiation are currently under
investigation including a panel of 4 serum metabolites (glycine, aspartic acid, SM(42:3),
and SM(43:2)) that were found to be associated with 75% sensitivity and 90% specificity
(AUC: 0.89) for differentiating iCCA from HCC (Banales et al. 2019). In another approach
the differential expression of serum EV-derived proteins was assessed revealing a
differential capability of the protein FIBG that discriminated iCCA from HCC with 83%
sensitivity and 90% specificity (AUC: 0.894) (Arbelaiz et al. 2017). However, in terms of
sensitivity, the diagnostic performances of EVs in this thesis surpassed the results
obtained from both of these studies, indicating the great potential of surface EV profiling
for ICCA/HCC differentiation.

AFP is the most widely studied serum biomarker in terms of HCC surveillance, diagnosis
and prognosis (Galle et al. 2018, Marrero et al. 2018, Benson et al. 2021). It has been
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shown that AFP can be helpful for identifying at-risk populations as persistently high AFP
levels are a risk factor for HCC development (Tsukuma et al. 1993). This way, elevated
AFP levels above the recommended cut-off of 20 ng/mL were shown to be associated
with 62% sensitivity, 89% specificity, 85% PPV and 69% NPV for HCC diagnosis
(Trevisani et al. 2001). Consequently, AFP levels have also been investigated in terms of
their usefulness for iICCA/HCC differentiation displaying 91% sensitivity and 55%
specificity (Tao et al. 2010). While the sensitivity is comparable to that of AnnV+CD44v6*
IEVs and CD63*CD133* sEVs in this thesis, the specificity is significantly lower,
highlighting EVs as a more promising means for iCCA/HCC differentiation than AFP. This
corroborates the assumption that AFP might not be the ideal marker for differentiation of
iCCA from HCC since its usefulness might be hampered by the fact that AFP was found
to be elevated frequently in other cancers including iCCA as well as in pregnancy (Gregory
and Finlay 1999, Bruix and Sherman 2011). Furthermore, only 10-20% of early stage HCC
present with abnormal AFP serum levels, rendering it less efficient for critical early
diagnosis (Galle et al. 2018). In addition to AFP, CA19-9 has been investigated for
iICCA/HCC differentiation, which revealed only 62% sensitivity and 63% specificity (Tao et
al. 2010). Even though the diagnostic values for these single serum markers are
considerably lower as compared to AnnV+*CD44v6* IEVs and to CD63*CD133* sEVs, a
combinational approach involving AFP, CA19-9 and EV populations to further improve the
diagnostic capability for ICCA/HCC differentiation seemed promising.

As none of the EV subpopulations showed any correlation with AFP or CA19-9 levels in
iCCA or HCC patients (Fig. 21, Fig. 25 and Fig. 33), EVs can be considered as
independent biomarkers, which is a prerequisite for implementing them in an additive
model in order to achieve added diagnostic value in a combined analysis. Consequently,
as one of the most important results of this thesis, it could be shown that the diagnostic
performances of both AFP and CA19-9 were considerably improved by implementing
IEVSs, leading to a perfect, 100% accurate diagnostic separation of 29 CCA and 34 HCC
patients, when combining AFP and AnnV+*CD44v6* IEVs in a pooled analysis (Tab. 14).
Of note, the results obtained in this thesis surpass all the aforementioned studies on other
diagnostic measures undertaken for hepatobiliary cancer diagnosis. Since we only had
limited information as to AFP and CA19-9 levels in iCCA patients in the IEV study arm,
both CCA subtypes were combined in this analysis to achieve diagnostically conclusive
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cohort size and to ensure the comparability between the two study arms. However, since
a 100% correct distinction of both CCA subtypes combined from HCC was achieved, the
correct identification of all iCCA patients is warranted as well. Interestingly, even though
combining CD133* sEV subpopulations with the serum markers AFP and CA19-9
improved the respective diagnostic capacity of the individual serum marker, it did not lead
to overall better diagnostic separation of iCCA from HCC than sole assessment of sEV
subpopulations (Tab. 18). Based on the results obtained in this thesis, we propose a
specific diagnostic profile that could greatly aid in establishing an uncomplicated
differential diagnosis of iCCA and HCC in the future and that is solely based on serum
biomarkers: High AnnV+CD44v6* IEV, low AFP and high CA19-9 levels (above/below the
respective cut-offs) are characteristic for CCA patients, whereas, vice versa, low
AnnV+CD44v6* IEV, high AFP and low CA19-9 levels represent HCC patients. According
to this profile a perfect differential diagnosis of iCCA and HCC was possible in this thesis
(sensitivity, specificity, PPV and NPV all at 100%), which highlights the tremendous

potential of this minimal invasive approach for future routine clinical application.

4.4. Conclusion

Within the course of this thesis, EV surface profiling proved to be of considerable value
for differential hepatobiliary cancer diagnosis. Large EVs, especially AnnV*CD44v6+* |IEVSs,
represent diagnostically powerful markers for biliary cancer detection as well as for the
clinically enormously challenging differential diagnosis of iCCA from HCC. Most
impressively, the combination of AnnV+CD44v6* IEVs with the serum tumor marker AFP
led to a 100% correct identification of all 63 investigated CCA and HCC patients
highlighting the potential clinical relevance of this marker combination. In contrast to IEVs,
even though sEV profiling was associated with very good diagnostic capability for
iCCA/HCC differentiation, their sole as well as combined assessment with AFP did not
reach 100% rendering AnnV*CD44v6* |IEVs the most relevant and exciting marker
identified in this study. Thus, AnnV+*CD44v6* IEVs (with and without AFP) have an
enormous potential and could be of great value to complement current surveillance and
diagnosis procedures for hepatobiliary cancers as part of a multiparameter diagnostic
approach.
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Considering the respective limitations of a) biopsies, which are invasive with associated
risks and have a low NPV, b) imaging procedures, which are cost-intensive and in many
cases not sufficient to establish a differential diagnosis alone, and c) current tumor
biomarkers, which are not specific or sensitive enough to establish a diagnosis, the gap
and need for more diagnostic options for differential hepatobiliary cancer detection
becomes evident. As a minimal-invasive liquid biopsy, IEV profiling compensates all of
these limitations and offers an easily accessible and applicable tool that is low in cost and
risk and is at the same time highly sensitive and specific. These advantages highlight the
enormous potential and value of IEV profiling to augment informed decision-making during
the clinically tremendously challenging management of hepatobiliary cancers, thus
maximizing best patient care and overall patient survival.

All in all, the ultimate goal of minimal-invasive cancer diagnosis research is the
development of a diagnostic modality that is sufficient for specific differential cancer
detection without the need to employ additional invasive procedures. With the results
obtained in this thesis, an important step towards minimal-invasive differential

hepatobiliary cancer diagnosis has been undertaken to come closer to this vision.

4.5. Perspectives

Large EV profiling showed considerable diagnostic potential for hepatobiliary cancers and
the first steps towards a possible clinical implementation seem to be made. To this end,
IEVs could be of great aid in decision-making during the diagnostic process in order to
avoid invasive biopsies. If a liver malignancy is suspected based on imaging procedures,
AnnV+CD44v6* IEV as well as AFP levels of the respective patient could be determined.
According to the specific patient profiles observed in this study, CCA might be
confidentally identified and differentiated by high IEV and low AFP levels without the
necessity of performing a subsequent invasive biopsy for definitive diagnosis. This offers
the possibility of an uncomplicated, minimal-invasive diagnosis and differentiation of iCCA
from HCC. As drawing blood samples is easily applicable, low in risk and a generally well-
accepted procedure by patients, the determination of AnnV+CD44v6+ IEV and AFP levels
could furthermore possibly be implemented as part of recurrent surveillance screenings

of high risk patients but also in patients who display no indication of disease yet in order
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to identify potential changes towards hepatobiliary malignancies as early as possible.
However, if the assessment of AnnV+*CD44v6* IEV levels is feasible for the proposed
screening or prognostic purposes in the context of hepatobiliary cancers needs to be
elucidated further but based on the results in this thesis and previous studies their
potential is evident.

While the differential diagnosis of iCCA from HCC is without question an enormous clinical
challenge, there are other differential settings, in which easy minimal-invasive diagnosis
would be of great benefit. To this end, identification of CCA development out of a benign
PSC background, which is a common predisposing condition for CCA but is hard to
distinguish, would be very helpful, so the differential diagnostic capacity of AnnV*CD44v6+*
IEVs in this regard could be analysed in a subsequent study to address this clinical issue.
Furthermore, a differential diagnosis of other primary liver tumors and liver metastases
based on IEV profiling is of great interest and could be investigated in a subsequent study.
In this setting, especially combined HCC CCA should be mentioned, since, even though
it represents a rare entity, this cancer shares common histologic and imaging
characteristics of both HCC and CCA, complicating its diagnosis. A potential differentiation
of combined HCC CCA from HCC and CCA based on IEV profiling would thus be relevant
and of great value. Moreover, with the |IEV surface marker combinations investigated in
this thesis a discrimination between CCA and GbCA as well as between the individual
CCA subtypes was not achievable, since all of these entitites were associated with
similarly elevated IEV levels. However, incorporating other or additional surface markers
could be helpful and might lead to possible EV-based differentiation of these cancers. Last
but not least, the potential of sEV profiling has not been explored to the full extent in this
thesis yet due to very limited cohort sizes. Nonetheless, their diagnostic capacity and
heterogeneous distribution seemed promising, so a subsequent validation of the obtained
results as well as exploring the feasibility of sEVs in the aforementioned finer
differentiations between more hepatobiliary cancer entities is compelling.

All in all, there remains a lot of work to fully establish EV-based profiling as a conclusive
minimal-invasive tool for differential hepatobiliary diagnosis. Nonetheless, with the results
obtained in this thesis, a possible translation of IEV profiling into clinical practice might be
in reach one day.
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5. Abstract

Cancer is a global health problem that will intensify in the upcoming years and decades.
Hepatobiliary cancers, comprising hepatocellular carcinoma (HCC), cholangiocarcinoma
(CCA) and gallbladder carcinoma (GbCA), are among the most fatal types of cancers,
owing to their commonly late-stage discovery and resulting bad prognoses with 5-year
survival rates of 5-20%. Patient survival could considerably be improved if hepatobiliary
cancers, especially biliary cancers (CCA and GbCA), were discovered and treated at
earlier stages. Hepatobiliary cancers are a very heterogeneous group of tumors with
considerably diverse treatment regimen. However, especially the distinction of HCC and
iCCA remains an extremely difficult challenge that requires an invasive tissue biopsy for
definitive diagnosis. Nonetheless, the distinction is crucial for following treatment
decisions to ensure best patient care and survival. To date, no reliable serum biomarker
exists for completely accurate detection and differentiation of these cancers. Extracellular
vesicles (EVs), as a type of liquid biopsy, might offer the opportunity to not only discover
hepatobiliary cancers at an earlier stage but also to differentiate between these cancer
entities in an uncomplicated and easily applicable manner. EVs are phospholipid bilayer-
enclosed vesicles that are released by every cell type including tumor cells. According to
their size and mode of biogenesis, they can be classified into endosome-derived small
EVs (40-100 nm) and plasma membrane-budding large EVs (100-1000 nm). They reflect
the intracellular and surface composition of their parental cells and their potential as
biomarkers for diseases has been demonstrated in a wide variety of studies.

Here, the capability of EVs as biomarkers for differential diagnosis of hepatobiliary
cancers, especially between HCC and iCCA, is assessed, in order to optimize patient
care. In contrast to most biomarker studies on EVs that either focus on only one subtype
or on the entirety of all EVs without specifying their molecular characteristics, this study
comprehensively evaluates both large and small EVs separately in terms of their
differential diagnostic capacity for hepatobiliary cancers.

In this regard, the surface markers EpCAM, CD133, gp38 and CD44v6, that are all
associated with carcinogenesis or cancer progression, were observed to be differentially
expressed on human HCC and CCA tumor cell lines. Likewise, possible parental cell
populations for EVs with combinations of the aforementioned markers on their surface

were identified and showed a distinct expression pattern in several mouse organs,
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including liver and gallbladder. Large EVs (IEVs) featuring the corresponding surface
marker combinations were isolated from peripheral patient blood, including HCC, CCA,
GbCA, colorectal carcinoma (CRC), non-small cell lung carcinoma (NSCLC) and cirrhosis
patients as well as healthy individuals. Flow cytometric analysis revealed that all
investigated IEV populations served as biomarkers for biliary cancer with AnnV+CD44v6*
IEVs showing the best diagnostic performance (AUC: 0.80, sensitivity: 84.0%, specificity:
63.3%, PPV: 85.1%, NPV: 61.3%) for detecting biliary cancers out of a pool of healthy
individuals. Furthermore, AnnV+CD44v6* IEVs also displayed the best diagnostic
capability for distinguishing between HCC and iCCA patients (AUC: 0.83, sensitivity:
93.3%, specificity: 71.0%, PPV: 60.9%, NPV: 95.7%). Importantly, when combining
AnnV+CD44v6* IEVs with the serum tumor marker AFP, a perfect separation of HCC and
CCA was achieved with sensitivity, specificity, PPV and NPV all reaching 100%. Similarly,
evaluation of several small EV (sEV) subtypes, characterized by CD9, CD63 or CD81
expression on their surface, by ExoView® scanning revealed a good diagnostic separation
of HCC and iCCA patients with CD63+CD133* sEVs showing the best diagnostic capability
(AUC: 0.89, sensitivity: 87.5%, specificity: 100%, PPV: 100%, NPV: 88.9%). Even though
small EVs achieved a similar diagnostic power for separation of HCC and iCCA than large
EVs alone, the addition of APF in a combinational approach did not result in any
diagnostically relevant improvement in this case.

All in all, IEV profiling, especially AnnV+*CD44v6* |IEVs, was proven to represent a
diagnostically powerful marker for biliary cancers as well as for the clinically challenging
differential diagnosis of iCCA and HCC that could be of great aid in complementing
currently performed diagnostic procedures. As a minimal-invasive liquid biopsy, IEV
profiling offers an easily accessible and applicable tool that is low in cost and risk and at
the same time highly sensitive and specific. These advantages highlight the enormous
potential of IEV profiling to improve informed decision-making during the challenging
management of hepatobiliary cancers, thus maximizing best patient care and overall

patient survival.
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Supplementary Fig. 1: Large EV numbers are comparable in both genders among
the hepatobiliary cancer entities. After isolation of serum IEVs and immunofluorescent
labelling, they were analyzed by flow cytometry. General gating was applied as described
in Fig. 15A, successive gating strategy can be found in Fig. 17A and Fig. 22A. In A the
distribution of AnnV+*CD133*gp38* IEV levels among the two genders for HCC (left panel),
CCA (middle panel) and GbCA (right panel) patients is shown. The same setup is depicted
for AnnV+*EpCAM*CD133+gp38+ (B), AnnV+*CD44v6* (C) and AnnV+CD44v6+CD133* (D)
IEVs. Data is shown as medians with interquartile range (IQR), whiskers represent 1.5 x
IQR (Tukey) with potential outliers plotted as dots. n indicates number of patients.
Statistical significance was assessed by two-tailed Mann-Whitney U tests with p<0.05
considered statistically significant. n.s.: non-significant.
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Supplementary Fig. 2: Large EV numbers do not correlate with age distribution

among the hepatobiliary cancer entities. After isolation of serum

IEVs and

immunofluorescent labelling, they were analyzed by flow cytometry. General gating was
applied as described in Fig. 15A, successive gating strategy can be found in Fig. 17A and
Fig. 22A. In A correlations between progenitor cell-associated (left panel) or tumor-
associated (right panel) IEV levels and patients’ age for HCC patients is shown. The same
setup is depicted for CCA (B) and GbCA (C) patients. Spearman’s correlation (r), p-values
and cohort sizes (n) are indicated for each individual population and patient cohort.
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Supplementary Fig. 3: Large EV numbers do not correlate with BMI distribution
among the hepatobiliary cancer entities. After isolation of serum I[EVs and
immunofluorescent labelling, they were analyzed by flow cytometry. General gating was
applied as described in Fig. 15A, successive gating strategy can be found in Fig. 17A and
Fig. 22A. In A correlations between progenitor cell-associated (left panel) or tumor-
associated (right panel) IEV levels and patients’ BMI for HCC patients is shown. The same
setup is depicted for CCA (B) and GbCA (C) patients. Spearman’s correlation (r), p-values
and cohort sizes (n) are indicated for each individual population and patient cohort.
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Supplementary Fig. 4: Large EV numbers tend to correlate with tumor stage in HCC,
but not in CCA or GbCA. After isolation of serum IEVs and immunofluorescent labelling,
they were analyzed by flow cytometry. General gating was applied as described in Fig.
15A, successive gating strategy can be found in Fig. 17A and Fig. 22A. In A the distribution
of AnnV+*CD133+gp38* IEV levels among the tumor severity stages T1 to T4 for HCC (left
panel), CCA (middle panel) and GbCA (right panel) patients is shown. The same setup is
depicted for AnnV*EpCAM*CD133*gp38+* (B), AnnV*CD44v6* (C) and
AnnV+CD44v6*CD133* (D) IEVs. Data is shown as medians with interquartile range (IQR),
whiskers represent 1.5 x IQR (Tukey) with potential outliers plotted as dots. n indicates
number of patients. Statistical significance was assessed by Kruskal-Wallis non-
parametric test followed by Dunn’s multiple comparison post hoc test with p<0.05
considered statistically significant. (* = p<0.05, ** = p<0.01, *** = p<0.001, *** =
p<0.0001).
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Supplementary Fig. 5: Large EV nhumbers are comparable in hepatobiliary cancer
patients with and without occurrence of distant metastases. After isolation of serum
IEVs and immunofluorescent labelling, they were zby flow cytometry. General gating was
applied as described in Fig. 15A, successive gating strategy can be found in Fig. 17A and
Fig. 22A. In A the distribution of AnnV*CD133*gp38* IEV levels among patients suffering
from distal metastases (M1) or without metastases (MO) for HCC (left panel), CCA (middle
panel) and GbCA (right panel) patients is shown. The same setup is depicted for
AnnV+EpCAM+*CD133*gp38+* (B), AnnV*CD44v6* (C) and AnnV+CD44v6+*CD133* (D)
IEVs. Data is shown as medians with interquartile range (IQR), whiskers represent 1.5 x
IQR (Tukey) with potential outliers plotted as dots. n indicates number of patients.
Statistical significance was assessed by two-tailed Mann-Whitney U tests with p<0.05
considered statistically significant. n.s.: non-significant.



177

>
X
(@]
(@]
Q
(@]
3

GbCA
n: 17 1 n 20 pg 13 n: 7 "17 2
[ all n.s.
2 4 50 2 4200 r 2 4300
Yo, . 4 4y
2% 85 150 . 85 .0
SE 30 5 ¢ 5E
W< ;,7‘(100 w <
e l= m o I =]
—~ S 20 ~ S - S
ag=} g o S 100
<1 —_— £ g 50 Oc
2L zE ZE
3, g% T £% == =
NO N1 NO N1 NO N1 N2
B HCC ccA GbCA
PP 1 5 18 1 PP B 21 s 13 P 7 18 2
En 80 . 8 g 150 — 2 & 100 alln.s.
o5 o5 oL
®» € 60 ® » 75
o< a < 100 o<
oe [SR=] [SR=]
;Ez‘% 40 . E‘gj T E-E’—) 50
(S . o.e 50 O £ *
SE 20 GE BE 25 %
3 i E
> > >
EL - £2 ol == = s ol B2 — .
< NO N1 <d NO N1 <d NO N1 N2
C HCC CCA GbCA
n: 18 1 n 16 s 13 n 8 18 2
w 250 » 200 — » 250 allns.
28 . 25 . 20
o~ 200 . W 450 u = 200
> P> P>
2 E 150 SE 2 E 150
I8 - I
g 50100 g o
O g 100 08 O g 100
T = >< 5 >
EE 50 —_— Eé —— I EE 50
) = ‘ ) . . ) . = .
NO N1 NO N1 NO N1 N2
D HCC CCA GbCA
n: 18 1 n: 17 ps 13 n 8 18 2
2 2 — 2 alln.s
G o 200 . o 0 g g 200 n.s.
o @ L * o @ .
@ 150 © 4 @ 150
5t SE 0] 5% .
© X100 ol © X100
=8 z8 z8
3£ 32 i2
o c 50 . O£ S c 50
gf £ g% —+
> = e —e > £ > S
g3 0 F T g3 0 T T gz 0 T T T
< NO N1 < NO N1 < NO N1 N2

Supplementary Fig. 6: Large EV numbers are comparable in hepatobiliary cancer
patients with and without occurrence of lymph node nodules. After isolation of serum
IEVs and immunofluorescent labelling, they were analyzed by flow cytometry. General
gating was applied as described in Fig. 15A, successive gating strategy can be found in
Fig. 17A and Fig. 22A. In A the distribution of AnnV+*CD133*gp38+* IEV levels among
patients without proximal lymph node nodules (NO) or with increasing amounts of nodules
(N1-2) for HCC (left panel), CCA (middle panel) and GbCA (right panel) patients is shown.
The same setup is depicted for AnnV+EpCAM*CD133*gp38+ (B), AnnV+*CD44v6+ (C) and
AnnV+CD44v6+*CD133* (D) IEVs. Data is shown as medians with interquartile range (IQR),
whiskers represent 1.5 x IQR (Tukey) with potential outliers plotted as dots. n indicates
number of patients. Statistical significance for HCC and CCA was assessed by two-tailed
Mann-Whitney U tests and for GbCA by Kruskal-Wallis non-parametric test followed by
Dunn’s multiple comparison post hoc test. In both cases p<0.05 was considered
statistically significant. n.s.: non-significant.
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Supplementary Fig. 7: Large EV humbers are comparable in hepatic cancer patients
with and without prior underlying cirrhosis. After isolation of serum I|IEVs and
immunofluorescent labelling, they were analyzed by flow cytometry. General gating was
applied as described in Fig. 15A, successive gating strategy can be found in Fig. 17A and
Fig. 22A. In A the distribution of AnnV+*CD133+gp38* IEV levels of patients with and
without underlying liver cirrhosis for HCC (left panel) and CCA (right panel) patients is
shown. The same setup is depicted for AnnV+EpCAM*CD133*gp38+ (B), AnnV+CD44v6*
(C) and AnnV+CD44v6*CD133* (D) IEVs. Data is shown as medians with interquartile
range (IQR), whiskers represent 1.5 x IQR (Tukey) with potential outliers plotted as dots.
n indicates number of patients. Statistical significance was assessed by two-tailed Mann-
Whitney U tests with p<0.05 considered statistically significant. n.s.: non-significant.
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Supplementary Tab. 1: Biochemical parameters of the different patient cohorts
within the progenitor cell-associated and tumor-associated study cohorts. AFP,
CA19-9, CEA, ALT and bilirubin are given as mean. #: absolute number of patients in
each cohort, n.a.: not available, s.d.: standard deviation.

progenitor cell-associated study cohort

healthy cirrhosis GbCA CCA HCC NSCLC CRC
AFP [ng/mL] 11.8 181.2 3.4 6.6
s.d. n.a. 42.7 n.a. n.a. 216.9 24 12.0
range 0.8-293.4 1.8-820.4  0.9-16.3 1.8-60.3
CA19-9 [U/mL] 23.9 24.3 20.5 30.4 2,808 5,475
s.d. n.a. 27.3 29.4 11.8 54.5 12,545 9,943
range 2.0-133.9 1.1-120.0 12.1-28.8 0.0-308.0 0.6-100,000 5.4-43,147
CEA [ng/mL] 3.3 4.9 3.6 3.0 7.5 15.4
s.d. n.a. 2.3 4.0 4.0 3.1 11.4 36.4
range 0.8-8.1 0.4-13.5 0.4-13.6 0.5-18.3 0.3-50.4 0.9-177.0
ALT [U/L] 65.0 35.9 47.5 68.5 102.5 73.6
s.d. n.a. 54.5 36.6 116.7 63.0 127.2 84.2
range 8.0-320.0 6.0-159.0 9.0-661.0 9.0-349.0 11.0-701.0 8.0-391.0
bilirubin [mg/dL] 4.5 1.1 0.5 3.8 17.9 7.4
s.d. n.a. 6.9 2.2 0.3 5.5 80.5 9.9
range 0.6-33.7 0.1-10.0 0.2-1.4 0.0-23.9 0.2-644.0 0.2-31.2

o,
1 Siage %, n.a. na. n.a. na.  54/25/14/7 33/38/22/7 7/15/74/4
N stage [%], 0/1/2 n.a. n.a. n.a. n.a. 95/5/0 68/32/0 26/67/7
M stage [%], 0/1 n.a. n.a. n.a. n.a. 93/7 62/38 52/48
underlying
cirrhosis [%] n.a. n.a. n.a. n.a. 69 7 n.a.
tumor-associated study cohort

healthy cirrhosis GbCA CCA HCC NSCLC CRC
AFP [ng/mL] 77.5 285.4 3.2 6.3
s.d. n.a. 143.9 n.a. n.a. 215.1 1.8 11.6
range 2.2-293.4 1.8-820.4  0.9-10.3 1.6-60.3
CA19-9 [U/mL] 10.8 24.3 29.6 1,538 5,322
s.d. n.a. 7.7 29.4 n.a. 39.4 3,567 9,775
range 2.8-18.1  1.1-120.0 0.6-137.4 6.5-19387 5.4-43,147
CEA [ng/mL] 1.7 4.9 3.0 2.9 7.7 14.5
s.d. n.a. 0.3 4.0 3.5 1.8 11.1 35.0
range 1.1-1.6 0.4-13.5 0.4-13.6 1.1-6.3 0.3-47.1 0.8-177.0
ALT [U/L] 53.3 36.8 65.7 51.3 92.3 70.6
s.d. n.a. 24.0 37.4 165.0 35.8 109.1 83.2
range 26.0-78.0 6.0-159.0 9.0-661.0 9.0-184.0 11.0-651.0 8.0-391.0
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bilirubin [mg/dL]

s.d. n.a.
range

1o ok n.a.
N stage [%], 0/1/2 n.a.
M stage [%], 0/1 n.a.
underlying

cirrhosis [%]

n.a.

n.a.

1.1
2.2

9 0.1-10.0

n.a.

n.a.

n.a.

n.a.

0.5
0.3
0.3-1.4
n.a.

n.a.

n.a.

n.a.

6.9 23.5 7.0
6.8 955 9.8
0.3-23.9 0.2-644.0 0.2-31.4
54/25/14/7 28/39/25/8 10/18/68/4
95/5/0 57/43/0 29/64/7
93/7 68/32 54/46
69 3 n.a.

Supplementary Tab. 2: Biochemical parameters of the different patient cohorts for
small EV analysis. AFP, CA19-9, CEA, ALT and bilirubin are given as mean. #: absolute
number of patients in each cohort, n.a.: not available, s.d.: standard deviation.

HCC iCCA
AFP [ng/mL] 5.0 29.7
s.d. 1.4 36.6
range 3.6-7.8 1.0-100.0
CA19-9 [U/mL] 51.4 170.9
s.d. 64.4 193.2
range 3.4-146.2 1.1-400.0
CEA [ng/mL] 32.7 47.8
s.d. 21.2 41.2
range 15.0-80.0 10.0-137.0
ALT [U/L] 37.2 58.4
s.d. 35.6 138.5
range 8.7-112.0 1.7-400.0
bilirubin [mg/dL] 1.1 3.3
s.d. 0.7 4.6
range 0.5-2.6 0.3-13.5
T stage [%],
1/2/3/4 50/38/12/0 25/38/12/25
N stage [%], 0/1/2 100/0 25/75
M stage [%], 0/1 100/0 37/63
underlying cirrhosis [%] 100 100
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Abstract

Background: Biliary cancer, comprising cholangio- and gallbladder carcinomas, is
associated with high mortality due to asymptomatic disease onset and resulting late
diagnosis. Currently, no robust diagnostic biomarker is clinically available. Therefore,
we explored the feasibility of extracellular vesicles (EVs) as a liquid biopsy tool for
biliary cancer screening and hepatobiliary cancer differentiation.

Methods: Serum EVs of biliary cancer, hepatocellular carcinoma, colorectal cancer
and non-small cell lung cancer patients, as well as from healthy individuals, were
isolated by sequential two-step centrifugation and presence of indicated EVs was
evaluated by fluorescence activated cell sorting (FACS) analysis.

Results: Two directly tumour-related antigen combinations (AnnV'CD44vé" and
AnnV'CD44v6*CD133%) and two combinations related to progenitor cells from the
tumour microenvironment (AnnV'CD133%gp38* and AnnV'EpCAM* CD133*gp38%)
were associated with good diagnostic performances that could potentially be used
for clinical assessment of biliary cancer and differentiation from other cancer enti-
ties. With 91% sensitivity and 69% specificity AnnV'CD44v6"* EVs showed the most
promising results for differentiating biliary cancers from HCC. Moreover using a
combined approach of EV levels of the four populations with serum AFP values, we
obtained a perfect separation of biliary cancer and HCC with sensitivity, specificity,
positive and negative predictive value all reaching 100% respectively.

Conclusions: EV phenotyping, especially if combined with serum AFP, represents a
minimally invasive, accurate liquid biopsy tool that could improve cancer screening

and differential diagnosis of hepatobiliary malignancies.

KEYWORDS

biomarker, cholangiocarcinoma, diagnosis, extracellular vesicles, gallbladder cancer,
hepatocellular carcinoma

Keypoints

Biliary tract cancers are considered rare diseases on a worldwide scale,
yet incidence rates are rising. Gallbladder cancer (GbCA) and cholan-
giocellular carcinoma (CCA) are characterized by high mortality rates
owing to the tumour's aggressiveness and lack of early diagnosing
possibilities.? Currently, no GbCA or CCA-specific serum, bile, urine
or other non-invasive marker is available for reliable early detection,
monitoring or screening.’ If diagnosed in time, surgical resection of the
gallbladder and bile duct represents the only curative option.® In most
cases, GbCA and CCA progress asymptomatically until a metastatic and
inoperable stage is reached,” resulting in 5-year survival rates of around
5% for GbCA and 20% for CCA.>® Despite multiple imaging techniques
for staging of biliary tract malignancies, less than 10% of GbCA and
only about 50% of CCA are resectable at the time of diagnosis.”
Recently, circulating extracellular vesicles (EVs) have been
considered as a minimally invasive screening tool for early cancer
diagnosis.® ! According to the MISEV2018 guidelines, circulating
EVs can be classified into small EVs (sEVs), typically with a diameter

e No reliable diagnostic serum biomarkers for biliary can-
cer, that are fatal diseases with high mortality rates, are
available.

e Extracellular vesicles could be a new clinically relevant
serum biomarker for biliary cancer screening/diagnosis.

e Combination of extracellular vesicle levels and AFP val-
ues enhances the screening/diagnostic capacity for bil-

iary cancer detection.

below 100 nm, and large EVs (IEVs) with typical diameters rang-
ing between 100 and 1000 nm.'? If not specified otherwise the
term ‘EVs’ is subsequently used to describe large EVs throughout
the manuscript. Essentially, the two types differ in size and mode
of cellular release. Whereas small EVs are generated within the
endomembranous system of the cell and reside within so-called
multi-vesicular bodies before their release, large EVs are shed
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directly from the plasma membrane of their parental cell.®

By iso-
lating circulating EVs from peripheral blood and analysing them by
fluorescence-activated cell scanning (FACS), it is possible to create
disease-specific EV profiles. Tumour-associated EVs have been in-
vestigated in many forms of cancer, that is, glioblastoma and hepa-
tocellular carcinoma (HCC).8* Therefore, EVs may be considered
a novel type of minimally invasive liquid biopsy as highlighted re-
cently by others and our group.s'“’ls’16

Considering the fatality of GbCA and CCA that is due to insuffi-
cient diagnostic measures, the need for novel early and accurate can-
cer diagnosis tools is omnipresent.}®'” By making use of circulating
EV profiling, we aim to find surface antigen combinations for biliary
cancer-derived EVs and for EVs associated with the tumour microen-

vironment that might aid in early diagnosis of GbCA and CCA.

2 | MATERIALS AND METHODS
2.1 | Mice

Animals were obtained from Charles River (Sulzfeld) and housed in
pathogen-free conditions in an assigned mouse cabinet (Bioscape)
at the Department of Medicine Il at Saarland University. All experi-
mental procedures were performed on male 7-9-week-old wildtype
C57BI/6 mice, fed with standard diet, with the approval of the ethics
and animal care committee Homburg.

2.2 | Preparation of organ single cell
suspensions and FACS measurement

Murine single cells were digested and stained for flow cytometry as de-
scribed earlier.!® Briefly, mouse organs were removed, cut into pieces
and enzymatically digested for 60-920 minutes at 37°C. After digestion,
cells were collected and red blood cells were lysed in liver and lung
using ACK lysis buffer (Life Technologies). Single cell suspensions were
counted on a MACSQuant® Analyzer 10 (Miltenyi Biotec). For each
staining, 3 x 10° (liver), 1 x 10* (gallbladder), 1 x 10° (colon) or 4 x 10°
(lung) single living cells were incubated with antibodies against CD45
(103116, BioLegend), CD31 (102406, BioLegend), ASGPR1 (AF2755,
R&D Systems), EpCAM (118225, BiolLegend), CD133 (130-102-210,
Miltenyi Biotec), gp38 (127410, BioLegend) and CD44 (130-102-904,
Miltenyi Biotec). ASGPR1 was only included for liver, not for other or-
gans. Liver cells were stained with a secondary antibody against goat IgG
(A11055, Invitrogen). Detailed information about all applied antibodies
can be found in Table S1. All cells were measured on a MACSQuant®
Analyzer 10 (Miltenyi Biotec).

2.3 | Human study cohort

The Ethics commissions of (a) the State Chambers of Medicine

in  Rhineland-Palatinate, Ger-many approval number:
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837.151.13 (8836-F)); (b) Saarland, Germany (167/11); (c)
San Sebastian, Spain (P12014187); (d) Warsaw, Poland
(KB/41/A/2016 and AKB/145/2014) and (e) Cluj-Napoca,
Romania (3042/07.03.2018) approved this study. All patients
gave their informed consent.

Patients that received chemotherapy or were subjected to
any other anti-tumour therapy during the time blood samples
were taken were excluded. The characteristics of the patients
are summarized in Table 1. GbCA patients who had under-
gone previous cholecystectomy were excluded from the cur-
rent study.

2.4 | Isolation of extracellular vesicles and
subsequent FACS analysis

Human blood samples were collected in Clotting Activator
S-Monocuvettes (7.5 mL, Sarstedt) and were allowed to coagulate at
RT for 30-60 minutes. Subsequently, samples were centrifuged for
20 minutes at 1500 g. Isolated serum was collected and stored at
-80°C.

All large EV isolation and staining procedures were performed
according to previously established and published protocols.®’
Briefly, 1 mL patient serum was successively centrifuged at 2000 g
and 20 000 g. Small EVs were isolated using the Total Exosome
Isolation Reagent (Invitrogen by Thermo Fisher Scientific) follow-
ing the manufacturer's specifications. Isolated EVs were incubated
with Annexin V (AnnV)-FITC (130-093-060, Miltenyi Biotec) and
were subsequently stained with antibodies against EpCAM (130-
097-324),CD133 (130-107-453), gp38 (130-106-954) and CD44vé
(130-111-425, all Miltenyi Biotec). Detailed information about all
applied antibodies can be found in Table S2. All samples were an-
alysed using the MACSQuant Analyzer (Miltenyi Biotec). Cohort
sizes within the progenitor cell- and tumour-associated cohorts
were eventually not coherent due to flow cytometric measurement

errors.

2.5 | LC-MS analysis

Details can be obtained from Supporting information.

2.6 | Human cancer cell lines

Information about the used cancer cell lines and details on stain-
ing protocols for FACS analysis can be obtained from Supporting
information.

2.7 | Nanoparticle tracking analysis

Details can be obtained from Supporting information.
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TABLE 1 Patient characteristics. Summary of demographic and biochemical parameters of patients with indicated diseases and healthy
controls. Age, BMI, CEA, CA 19-9, ALT, AFP and bilirubin are given as mean; #: absolute number of patients in each cohort, S.D.: standard

deviation, n.a.: not available

Healthy CTRL  Cirrhosis GbCA
Patients [#] 48 54 29
Female [#] 33 15 24
Male [#] 15 39 5
Age [y] 30.7 52.5 63.0
S.D. 12.3 9.5 111
Range 17-75 21-72 31-77
BMI [kg/m?] 24.8 26.2 25.4
S.D. 5.0 4.8 4.3
range 18.8-38.3 20.0-38.6 18.6-36.3
CEA [ng/mL] n.a. 3.3 14.5
S.D. 2.3 35.0
Range 0.8-8.1 0.8-177.0
CA 19-9 [U/mL] n.a. 23.9 5,137
S.D. 27.3 9,633
Range 2.0-133.9 5.4-43,152
ALT [U/L] n.a. 65.0 70.8
S.D. 54.4 81.8
Range 8.0-320.0 8.0-391.0
AFP [ng/mL] n.a. 11.8 6.3
S.D. 42.7 11.6
Range 0.8-293.4 1.6-60.3
Bilirubin [mg/dL] n.a. 4.5 6.9
S.D. 6.9 9.7
Range 0.6-33.7 0.2-31.4
T stage [%], 1/2/3/4 n.a. n.a 10/17/69/4
N stage [%], 0/1/2 n.a. n.a 28/65/7
M stage [%], 0/1 n.a. n.a 55/45
Underlying cirrhosis [%] n.a. n.a n.a

2.8 | Data processing and analysis

FACS data were analysed using FlowJo 10 for MAC OSX (Tree
Star Inc). Statistical analysis was performed using GraphPad Prism
5 (GraphPad Software Inc). Figures were created using GraphPad
Prism 5 and Adobe lllustrator (Adobe Systems Inc).

2.9 | Statistical analysis

All EV profiles depict the population median with interquartile
range (IQR) and whiskers representing 1.5 x IQR according to
Tukey. Multiple cohorts (>2) were assessed by Kruskal-Wallis non-
parametric tests followed by Dunn's multiple comparison post hoc
tests. Each degree of freedom (df) is indicated in the correspond-
ing figure legend. To assess the diagnostic benchmarks of EV
populations, we calculated sensitivity, specificity, positive predic-
tive values (PPV) and negative predictive values (NPV), and area

CCA HCC NSCLC CrC

77 67 32 20

34 27 9 5

43 40 23 15

63.6 64.1 64.4 69.9

9.9 12.3 9.6 13.8
32-85 24-83 49-81 33-89
26.2 26.1 26.7 27.6

3.9 3.9 4.4 5.7

18.7 -37.5 18.9-42.5 20.2-44.5 20.2-44.5
7.3 3.0 3.6 4.9

11.2 3.1 4.0 4.0
0.3-50.4 0.5-18.8 0.4-13.6 0.4-13.5
2,564 30.4 20.5 24.3
11,945 54.5 11.8 29.4
0.6-100,000 0.0-308.0 12.1-28.8 1.1-120.0
94.7 68.5 47.5 35.9
122.0 63.0 116.7 36.6
11.0-701.0 9.0-349.0 9.0-661.0 6.0-159.0
3.4 181.2 n.a. n.a.

2.3 216.9

0.9-16.3 1.8-820.4

16.3 3.8 0.5 11

76.7 5.5 0.3 2.2
0.2-644.0 0.0-23.9 0.2-1.4 0.1-10.0
31/36/19/14 54/25/14/7 n.a. n.a.
63/37/0 95/5/0 n.a. n.a.
67/33 57/43 n.a. n.a.

6 69 n.a n.a

under ROC curve (AUC) values. Overall, P < .05 was considered
significant. The total experimental strength was calculated with
the G*Power program (Heinrich-Heine-Universitat Dusseldorf,
version 3.1.9.2) for different effects (effect size f: 0.25, 0.45 and
0.65). An a error of 0.05 was assumed. In detail, our validation
study (Figure 3A,C) were associated with a test strength of >0.98
(1-B err prob) (f = 0.25, 3 df) each and (Figure 3E,G) with 0.85 (1-p
err prob) (f = 0.25, 3 df) each respectively.

3 | RESULTS
3.1 | Selecting potential biomarkers for biliary
cancer diagnosis

As published by us 2017 in the Journal of Hepatology, where we
provide several useful large EV surface antigen combinations allow-
ing us to differentiate liver tumour entities from other non-hepatic
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malignancies,8

now we had aimed to distinguish hepatobiliary
cancer entities from each other, in particular biliary cancers (CCA
and GbCA) from HCC. As a starting point we used our published
hepatobiliary EV antigen combination consisting of AnnV, CD133
(Prominin-1), CD326 (EpCAM) but minus ASGPR1. Furthermore,
we added CD44vé to the combination, acknowledging several re-
ports that had indicated that CCA might be associated with CD44v6
expression.20 Besides quantifying EVs derived directly form biliary
cancer cells, we addressed the question if EVs shed from podopla-
nin* (gp38) liver progenitor cells, as published by us, could indirectly
indicate biliary cancer presence.?!

Podoplanin (gp38) and Prominin-1 (CD133) are both transmem-
brane glycoproteins that are typically expressed on progenitor cells
in the liver tumour microenvironment, whereas CD44 variant 6
(CD44v6) and epithelial cell adhesion molecule (EpCAM, CD326) are
both transmembrane cell adhesion proteins that can be found on the
surface of various carcinomas.

First, we compared in vitro expression levels of the selected
markers EpCAM, CD44vé6, CD133 and gp38 by FACS on CCA
tumour cell lines (TFK-1, EGI-1 and CCC-5) and HCC tumour cell
lines (HuH7, HepG2 and Hep3B), addressing the question if our
selection of surface EV antigens could separate CCA from HCC
at the cellular level (Figure 1A,B). Unfortunally, to our knowledge
no GbCA cell line is commercially available. Gating strategy, per-
formance of antibodies and their corresponding isotype controls
are depicted in Figure S2. The expression profiles of the three tu-
mour cell lines within each cohort (HCC or CCA) were similar, with
EpCAM being universally present on all investigated tumour cell
lines in relatively high levels (Figure 1A). Gp38 could not be de-
tected on any tumour cell line, which is in agreement with available
data since it is rather expressed on cancer stem cells and several
types of squamous cell carcinomas, malignant mesothelioma and
brain tumours.???% So far no expression of gp38 was reported on
HCC cell lines.?* With exception of the CCA tumour cell line EGI-1,
high CD133 expression was almost exclusively limited to HCC cell
lines. CD133 was significantly (P < .001) higher expressed by 6.6-
fold in HCC than CCA cell lines (HCC: mean of 92% + 3.625 SEM
and CCA: mean of 14% + 6.665 SEM). On the contrary, all three
CCA cell lines expressed CD44vé6 in high levels, CD44vé expres-
sion was significantly (P < .001) elevated in CCA cell lines by
58.5-fold (HCC: mean of 1.3% + 0.223 SEM and CCA: mean of
76% + 5.117 SEM, respectively), whereas no expression on HCC
cell lines could be detected arguing strongly for being a suitable
biliary cancer antigen that could be very likely utilized in our EV
biliary cancer related surface antigen combination. Even though
EpCAM was highly expressed on all cell lines, the cohort compar-
ison revealed a significantly (P < .001) lower EpCAM expression
on CCA cell lines, with a mean of 99% + 0.389 SEM and a mean of
96% + 0.542 SEM on HCC and CCA cells respectively (Figure 1B).

Our in vitro tumor cell line data was supported by already pub-
lished data that was upon our request analysed for EpCAM, CD133
and CD44 in EVs extracted from CCA tumour cell lines (TFK-1 and
EGI-1, each n = 3), additionally complemented by EVs derived from

iver WILEY-®
INTERNATIONAL

human primary cholangiocytes (NHC; n = 3) and analysed by liquid
chromatography-mass spectrometry.10 Corresponding statistics are
provided in Table S3. In detail, EpCAM was detected in EVs derived
from tumour cell lines and primary cholangiocytes, but was shown to
be significantly (P < .01) more abundant in CCA-derived EVs than in
non-malignant primary cell EVs. CD133 was particularly enriched in
EVs derived from EGI-1 cells, whereas CD44 was predominantly re-
stricted to TFK-1-derived EVs. Importantly, CD133 and CD44 were
less abundant in EVs derived from non-malignant primary cholan-
giocytes. Unfortunately, it was not possible to analyse any CD44
variants retrospectively.

3.2 | Identifying possible parental cell populations
expressing the candidate markers

After verifying the presence and differential expression of our can-
didate markers on malignant cells in vitro, we aimed to identify pos-
sible physiological donor cell populations in vivo that express one
or more of the markers simultaneously on their surface and could
thus be a source for circulating EVs presenting the respective mark-
ers. For FACS analysis, wild type C57BI/6J mouse organs were en-
zymatically digested to single cell suspensions and subsequently
stained with a panel of antibodies (CD45, CD31, ASGPR1 (liver only),
CD133, gp38, EpCAM and CD44). Corresponding isotype perfor-
mances are depicted in Figure S3. The general gating strategy ap-
plied to all organs is exemplarily summarized in Figure 1C. In short,
after excluding cellular debris, cell clusters, dead cells (Pl), nucleated
hematopoietic cells (CD45"), endothelial cells (CD31") and hepato-
cytes (ASGPR1", liver only), mesothelial cells were additionally ex-
cluded based on their high gp38 expression profile. Double positive
CD133%gp38" progenitor cells were detected in every organ except
for the colon (Figure 1D, upper panel). Additionally, triple positive
CD133*gp38"EpCAM" cells could be found to various degrees in all
organs except for the colon (Figure 1D, lower panel). CD44 could
clearly be detected in colon but was weakly expressed in liver, gall-
bladder and lung (Figure 1E, upper panel). Accordingly, double posi-
tive CD44"CD133" cells were rare in all mouse organs with a slightly
increased abundance in murine gallbladder cells (Figure 1E, lower
panel). In sum, our marker selection comprising the combinations
CD133%gp38*, CD133"gp38"EpCAM?, CD44" and CD44*CD133"
were found to be expressed under steady state conditions in wild
type mice.

3.3 | Quality management (QM) for FACS
analysis of EVs

We thoroughly tested the quality of every reagent used for EV analy-
sis and could not detect any accountable contamination (Figure S4A).
In agreement with the guidelines provided by the International
Society for Extracellular Vesicles (ISEV),? typically, fractions of
large EVs isolated by centrifugation result in cross-contaminations
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FIGURE 1 EpCAM, CD133, gp38 and CD44vé are potential biomarkers for biliary cancer detection. Surface expression of the marker
selection among living cells on CCA (TFK-1, EGI-1 and CCC-5, each n = 3) and HCC (HuH7, HepG2 and Hep3B, each n = 3) cell lines was
analyzed by FACS. Graphs show means (percentage of living cells) with SEM of all HCC and CCA cell lines individually (A) and of CCA and
HCC cell lines combined (B, each n = 9). For statistics a two-tailed Mann-Whitney U test was performed with P < .05 considered statistically
significant (* = P < .05, ** = P < .01). Corresponding gating strategy and isotype controls are provided in Figure S2. C-E, Single cell
suspensions were prepared from wild type C57BI/6J liver, gallbladder, lung and colon. Cells were stained with a panel of surface markers:
CD45, CD31, ASGPR1 (liver only), gp38, CD133, EpCAM and CD44. Propidium iodide was used for dead cell exclusion. Corresponding
gating strategy and isotype controls are provided in Figure S3. All depicted dot plots and histograms are representative of three independent
experiments. C, Representative dot plots of the general gating strategy for all organs are exemplarily depicted for murine liver. ASGPR1
was only included for liver, not for other organs. D, CD133"gp38* populations are depicted in the upper panel. Numbers indicate percent

of parent population (mesothel excluded). Double positive cells were additionally tested for EpCAM positivity (white) as compared to
corresponding isotype controls (grey) in the lower panel. E, Histograms of CD44" cells (white) as compared to isotype (grey) are depicted

in the upper panel. The lower panel represents dot plots of double positive CD44"CD133" cells. Numbers indicate percent of parent
population (ASGPR1 for liver or CD31 for other organs). A, area; FSC, forward scatter; H, height; SSC, sideward scatter

with small EVs and vice versa.?® Complying with our QM, we tested
the sensitivity of our FACS analysis assessing the numeric effect
of a given small EV cross-contamination on our FACS-based large
EV phenotypic analysis. In short, staining and FACS measurement
parameters including gating strategy as utilized for large EV analy-
sis (see Figure S5A) were applied to serum small EVs (Figure S4B).
They were counted and confirmed in size by nanoparticle tracking
analysis (NTA) prior to FACS, revealing a median diameter of 87.4 nm
(D50), ranging from 35.7 (D10) to 139.8 nm (D90) (Figure S4C). The
FACS sensitivity was set and confirmed by an initial number of em-
ployed small EVs for FACS measurement of 1.175 x 10?, from which
only a total of 130 events were positive for AnnV, an established EV
marker, ruling out any substantial influence of small EV cross-con-
taminations on large EV quantification in this explicit experimental
setting (Figure S4B). Large EVs that were employed to conduct the
following diagnostic experiments were confirmed in size by NTA and
revealed a median diameter of 209.0 nm (D50), ranging from 153.8
(D10) to 323.9 nm (D90) (Figure S4D). Note: small EVs were only
used for QM. The whole study is based on large EVs. Thus, if not
specified otherwise the term ‘EVs' is subsequently used to describe
large EVs throughout the manuscript.

3.4 | Explorative study - EVs discriminate biliary
cancer from healthy controls

With our selection of surface antigens proven present in vivo, we
aimed to confirm their pertinence in a pathophysiologically relevant
setting. Serum EVs were isolated from 10 patients with biliary can-
cer (5 CCA and 5 GbCA) and from 10 healthy controls by differential
centrifugation and stained using antibodies against CD133, gp38,
EpCAM and CD44vé. All stainings included AnnV, a common EV
marker. Stained samples were subsequently analysed by flow cytom-
etry (FACS) using the gating strategy described in Figure S5A. For
every combination of surface markers, the gates for each antibody
were applied successively (Figure S5B,C). Importantly, all antibodies
were titrated against their matching isotype prior use (Figure S5D).
Statistical analysis by two-tailed Mann-Whitney U tests revealed
that EVs from patients with biliary cancer were significantly elevated

as compared to healthy controls in all four investigated EV popu-
lations (Figure 2A-D). In detail, AnnV*CD133%gp38* EV levels of
biliary cancer patients showed a 7.1-fold increase as compared to
healthy donors (P < .01; biliary CA: median 20.9, healthy CTRL:
median 3.0) (Figure 2A). AnnV'EpCAM*CD133%gp38* EV levels of
biliary cancer patients were 5.7-fold increased compared to healthy
controls (P < .001; biliary CA: median 13.6, healthy CTRL: median
2.4) (Figure 2B). AnnV'CD44vé" EV levels of biliary cancer patients
showed a 2.5-fold elevation as compared to healthy donors (P < .05;
biliary CA: median 93.4, healthy CTRL: median 37.7) (Figure 2C) and
AnnV'CD44v6*CD133" EV levels of biliary cancer patients were
2.3-fold elevated compared to healthy controls (P < .01; biliary CA:
median 28.4, healthy CTRL: median 12.3) (Figure 2D).

3.5 | Validation study - progenitor cell-
associated and tumour-associated EVs for biliary
cancer diagnosis

Based on the results of our explorative study we next evaluated EV
levels of the four surface antigen combinations on EVs in a large
validation study, additionally including several cancer cohorts as
negative control, that is, hepatocellular carcinoma (HCC), colorec-
tal carcinoma (CRC) and non-small cell lung carcinoma (NSCLC) and
patients with cirrhosis. Patient characteristics can be obtained from
Table 1. Sample preparation of patient serum and analysis of EV sur-
face antigens were performed as described in the explorative study.
EV levels of the individual cohorts can be obtained from Figure Sé.
The group analysis between healthy donors, patients with cirrhosis,
biliary cancer (GbCA and CCA), HCC and non-biliary cancer (HCC,
CRC and NSCLC) entities revealed that EV levels were significantly
elevated in biliary cancers as compared to every control group in all
four EV populations (Figure 3A,C,E,G). In detail, AnnV'CD133*gp38*
EV levels of biliary cancer patients were 3.0-fold increased com-
pared to healthy controls (P < .01; biliary CA: median 24.3, healthy
CTRL: median 8.2), 3.2-fold increased compared to HCC subjects
(P = .001; HCC: median 7.7) and 3.6-fold increased compared to
non-biliary cancer patients (P < .001; non-biliary CA: median 6.7)
(Figure 3A). AnnV'EpCAM*CD133"gp38* EV levels of biliary cancer
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patients showed a 2.2-fold elevation as compared to healthy con-
trols (P < .01) and non-biliary cancer patients (P < .001), respectively
(biliary CA: median 12.3, healthy CTRL and non-biliary CA: median
5.5, respectively), and a 1.9-fold elevation as compared to HCC pa-
tients (P < .001; HCC: median 6.4) (Figure 3C). AnnV*CD44v6" EV
levels of biliary cancer patients were 2.2-fold elevated compared to
healthy controls (P < .001; biliary CA: median 65.4, healthy CTRL:
median 29.5), 2.9-fold elevated compared to HCC subjects (P < .001;
HCC: median 22.4) and 2.3-fold elevated compared to non-biliary
cancer patients (P < .001; non-biliary CA: median 28.5) (Figure 3E).
AnnV*CD44v6"CD133"* EV levels of biliary cancer patients showed

a 2.4-fold increase as compared to healthy controls (P < .01; biliary

CA: median 23.8, healthy CTRL: median 9.9), a 3.7-fold increase as
compared to HCC subjects (P < .001; HCC: median 6.5) and a 4.2-
fold increase as compared to non-biliary cancer patients (P < .001;
non-biliary CA: median 5.7) (Figure 3G). Considering the clinical
importance of differential HCC/CCA diagnosis, ROC curves for all
four EV populations were computed showing diagnostic AUC values
ranging from 0.68 to 0.81 for biliary CA vs HCC (Figure 3A,C,E,G).
We additionally evaluated the potential of EV profiling to differen-
tially diagnose the biliary cancers GbCA and CCA (data not shown)
but obtained no discriminatory findings. Furthermore, EV profiling
did not yield a significant discrimination between CCAs of intra- or
extrahepatic origin (Figure 3B,D,F,H).

FIGURE 3 Validation study - CD133, gp38, EpCAM and CD44vé6 positive extracellular vesicles are comprehensive biomarkers

for biliary cancer. EVs were isolated and characterized by FACS from serum of indicated cancer patients and healthy donors.
Corresponding gating strategy and isotype controls are provided in Figure S5 and summarized patient characteristics can be found in
Table 1. A, AnnV*CD133*gp38™* EV profile for biliary (biliary CA) and non-biliary cancer patients (non-biliary CA) as well as for negative
controls (HCC, cirrhosis and healthy CTRL).'Biliary CA’ combines GbCA and CCA patients. ‘Non-biliary CA’ comprises the cancer
cohorts HCC, CRC and NSCLC. EV values for the individuals cohorts can be found in Figure S6. Data shown represent medians with
interquartile range (IQR), whiskers represent 1.5 x IQR (Tukey) with outliers plotted as dots. (a) depicts the corresponding ROC curve
for AnnV*CD133%gp38* EVs including AUC and P values as well as the diagnostic cut-off for biliary CA vs HCC. EV profile for the
populations AnnV'EpCAM*CD133%gp38* (C), AnnV CD44vé" (E) and AnnV'CD44v6"CD133" (G) and their corresponding ROC curves
(c, e, g, respectively) are depicted. Dotted lines indicate diagnostic cut-offs for discrimination between biliary CA and HCC for the
respective EV population (see Table 2). Statistical significance was assessed by Kruskal-Wallis nonparametric test with 3 df followed by
Dunn's Multiple Comparison post hoc test (P < .05). AnnV*CD133*gp38* (B), AnnV'EpCAM*CD133*gp38* (D), AnnV*CD44vé6" (F) and
AnnV'CD44v6*CD133" (H) EV profiles of intra- and extrahepatic CCA within the total CCA cohort are shown. Statistical significance was
assessed by two-tailed Mann-Whitney U tests with P < .05 considered statistically significant (* = P < .05, ** = P < .01, *** = P < .001)
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3.6 | Combining AFP and EV surface screening
yields a diagnostically powerful biomarker for biliary
cancer diagnosis as compared to HCC

Next, we addressed the question if our antigen combinations
could be of diagnostic benefit when combined with other serum
tumour markers that are already under investigation, especially in
the context of differential HCC and CCA diagnosis. Therefore, we
correlated serum AFP values, a serum tumour marker widely in-
vestigated in HCC diagnosis and surveillance, with serum EV lev-
els of all four combinations for HCC and biliary cancer patients.
Computed r-values (Spearman) ranging from -0.17 to 0.24 for HCC
subjects and from -0.13 to 0.08 for biliary cancer patients revealed
no significant correlation (P > .05) between the two parameters
(Figure 4A). Consequently, AFP and EV levels can be considered as

HCC vs. AFP

EV count
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two independent biomarkers. In a following step we evaluated the
diagnostic performance of the two markers separately and in a com-
bined approach by calculating sensitivity, specificity and positive and
negative predictive values (Table 2). To assess the diagnostic poten-
tial of progenitor cell-derived EV populations (AnnV*CD133gp38*
and AnnV'EpCAM?*CD133%gp38* EVs) and tumour-associated EV
populations (AnnV*CD44v6* and AnnV*CD44v6*CD133" EVs) for
detecting biliary cancers individually, we combined the respective
EV populations into two separate cohorts and compared the results
to serum AFP levels for each cohort. For combined analysis of AFP
and EV populations biliary cancer patients were considered positive
if they fulfilled the requirements for at least one of the parameters,
for example, AFP below 20 ng/mL or EV levels above the respec-
tive cut-off or both, and vice versa for patients with HCC. Twenty

ng/mL represents the screening cut-off for HCC surveillance as
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FIGURE 4 Combined analysis of AFP levels and EV profiling reliably discriminates HCC from biliary cancer. A, Correlation between

AFP levels and EV counts from different populations for HCC (left panel) or biliary CA patients (right panel) are depicted. Two-tailed
Spearman's correlation (r), P values and cohort sizes (n) are indicated for each population. B, Displayed are AFP values for HCC and

biliary CA patients. In the left panel all patients with EV profiles for progenitor cell-associated EV populations (AnnV*CD133*gp38* and
AnnV'EpCAM*CD133*gp38*) are included, whereas in the right panel all patients with EV profiles for tumour-associated EV populations
(AnnV*CD44v6" and AnnV'CD44v6"CD133%) are included. Indicated in red are patients that based on AFP levels are not classified as HCC
patients (AFP < 20 ng/mL) but can positively be identified as HCC by AnnV*CD133%gp38* EVs (left panel, EVs < 10.43) or AnnV'CD44v6*
EVs (right panel, EVs < 34). Indicated in blue are biliary CA patients that are not classified as such according to AFP levels (AFP > 20 ng/

mL) but can be identified as biliary CA by AnnV*CD133*gp38* EVs (left panel, EVs > 10.43) or AnnV'CD44vé" EVs (right panel, EVs > 34).
Corresponding diagnostic values can be found in Table 2. Dotted line indicates diagnostic cut-off of 20 ng/mL for AFP. Statistical significance

was assessed by two-tailed Mann-Whitney U tests with P < .05 considered statistically significant (* = P < .05, ** =P < .01, *** =

n.s. = non significant)

P <.001,
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TABLE 2 Diagnostic performance of the indicated EV populations individually and combined with AFP in biliary cancers (GbCA and CCA)
as compared to HCC. Depicted are diagnostically relevant cut-offs (AFP: ng/mL, EVs: number per 10° AnnV* EVs) as well as sensitivities,
specificities, positive (PPV) and negative predictive values (NPV). n indicates cohort size, (*combined AUROC were not calculated)

Progenitor cell-associated EVs

(biliary CA: n =73, HCC: n = 59) AUROC P-value Cut-off Sensitivity [%] Specificity [%] PPV [%] NPV [%]
AnnV'CD133"gp38* 0.74 <.0001 10.43 72.6 59.3 68.8 63.6
AnnV'EpCAM*CD133"gp38* 0.68 <.0001 7.83 71.2 59.3 68.4 62.5
AFP 0.89 <.0001 20.00 98.6 54.2 727 97.0
AFP and AnnV'CD133"gp38" * * 20.00 and 10.43 100.0 76.3 83.9 100.0
AFP and * * 20.00 and 7.83 100.0 76.3 83.9 100.0
AnnV'EpCAM*CD133%gp38*
Tumor-associated EVs (biliary CA:
n=60,HCC: n=29) AUROC P-value Cut-off Sensitivity [%] Specificity [%] PPV [%] NPV [%]
AnnV'CD44v6* 0.81 <.0001 34.00 91.7 69.0 85.9 80.0
AnnV'CD44v6"'CD133"* 0.75 <.0001 10.24 81.7 58.6 80.3 60.7
AFP 0.95 <.0001 20.00 98.3 79.3 90.8 95.8
AFP and AnnV'CD44v6" * * 20.00and 34.00  100.0 100.0 100.0 100.0
AFP and AnnV'CD44v6"CD133" * * 20.00 and 10.24 100.0 96.6 98.4 100.0

recommended by the AASLD and EASL Clinical Practice Guidelines
for the Management of Hepatocellular Carcinoma.?””?® For biliary
cancer diagnosis, progenitor cell-associated EV populations showed
sensitivities ranging from 71%-73% and positive predictive values
(PPVs) of 68%, respectively, while specificities (59%, respectively)
and negative predictive values (NPVs; 63%-64%) were less diag-
nostically relevant. AFP as a tumour marker by itself achieved very
good diagnostic values with 98.6% sensitivity and a NPV of 97%,
although lacking in specificity (54.2) and PPV (72.7%). Interestingly,
by combining AFP and progenitor cell-associated EV levels, sensitiv-
ity and NPV were increased to 100%, respectively, while simultane-
ously increasing specificity to 76.3% and PPV to 83.9%. In respect to
tumour-associated EV populations in biliary cancer diagnosis, they
showed a better diagnostic performance than progenitor cell-asso-
ciated EVs (sensitivities: 81.7%-91.7%, specificities: 58.6%-69.0%,
PPVs: 80.3%-85.9%, NPVs: 60.7%-80.0%) and were only slightly
surpassed by the diagnostic values for AFP in this cohort (sensitivity:
98.3%, specificity: 79.3%, PPV: 90.8%, NPV: 95.8%). Interestingly,
sensitivity and NPV could be increased to 100%, when combining
AFP levels with AnnV*CD44v6*CD133" EVs, while simultaneously
specificity and PPV reached very good diagnostic values of 96.9%
and 98.4% respectively. Most importantly, sensitivity, specificity,
PPV and NPV all achieved 100%, when combining AFP levels with
AnnV'CD44vé" EVs.

In Figure 4B AFP values of HCC and biliary cancer patients are
displayed, separated into the two EV population cohorts (progenitor
cell- or tumour-associated). It represents an illustration of the diag-
nostic values obtained in Table 2 and indicates patients that, based
on AFP values, could additionally be identified as patients with HCC
(red) or as biliary cancer patients (blue) by AnnV*CD133*gp38* EVs
(left panel) and AnnV*CD44v6" EVs (right panel), thus highlighting
the benefit of a combined analysis. Furthermore, we investigated, if

combining CA19-9, a proposed tumour marker for bilio-pancreatic
cancer diagnosis,?’ and our EV populations in the same manner as
with AFP could be of diagnostic benefit but did not obtain better
results (data not shown). Additionally, we evaluated if EV levels cor-
related with TNM stage or extent of metastatic spread of HCC and
biliary tumours but did not observe any significant correlations (data
not shown).

4 | DISCUSSION

Recently, we showed that a minimally invasive, liquid biopsy-based
approach involving large EVs is advantageous for detecting hepa-
tobiliary malignancies, however, without being able to discriminate
between them.® Here, in this subsequent study the potential of large
EVs as a diagnostic biomarker for biliary cancer was investigated,
in order to detect and differentiate between those malignancies.
Except for ultrasonography (US) in patients suffering from gallstones
as a possible indication for a given GbCA risk, early detection pre-
sents difficult.??%? Furthermore, GbCA diagnosis often only occurs
incidentally during pathological assessment of routine cholecystec-
tomy specimens due to benign diseases such as gallstones.*3 Hence,
biliary cancers are highly fatal diseases, characterized by high mor-
tality and poor 5-year survival rates.> Therefore, several specialist
societies such as ENS-CCA and ESMO are strongly in favour of de-
veloping new tools for (early and specific) biliary cancer diagnosis.>%’

Podoplanin, alias gp38, is a novel yet not completely understood
player in tumour immunology, tumour progression and recurrence
besides being a liver progenitor cell marker.2%223435 Since hepatic
progenitor cells are activated in most chronic liver diseases and ap-
parently are associated with hepatic carcinogenesis,* increasingly

appearing liver progenitor cells during chronic hepatic inflammation
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could potentially reveal the presence of hepatobiliary cancers. These
liver progenitor cells were typically identified as double positive for
CD133 and podoplanin.?* Furthermore, podoplanin is regarded as a
potential marker for tumour-initializing cells (TICs) with stem cell-like
properties, defined by their self-renewal, differentiation and tumour
initiation capacities.”’” EpCAM is highly overexpressed and associ-
ated with various cancer entities in regard to cancer prognosis and
cancer targeting.38 We reported its feasibility as part of a diagnostic
biomarker combination on large EVs.®?3? Moreover simultaneous
expression of EpCAM and CD133 has been found to be strongly in-
creased in biliary cancer and to be related to progression, invasive
and metastatic behaviour and prognosis.*°

Since both CD44vé as well as CD133 are well-established tu-
mour stem cell and cancer markers for gallbladder carcinoma, CCA
and other cancers, their single as well as combined expression on
EVs was additionally of interest.*4 Antigen expression analy-
ses on CCA cell line-derived EVs and CCA and HCC cell lines sup-
ported our hypothesis of gp38, CD133, EpCAM and CD44vé being
suitable markers (Figure 1A,B; Figure S1), hence we tested the in-
dicated EV antigen combination being simultaneously positive for
these. The human cancer cell line expression profiles indicated that
CD44vé6 might be of interest for CCA and HCC differentiation, since
CD44v6 was highly differentially expressed on the investigated
CCA and HCC cell lines (Figure 1B). The murine data suggested that
CD133*gp38" and EpCAM*CD133"gp38* progenitor cell subsets as
well as CD44" and CD44"CD133" tumour-associated subsets in fact
were detectable under steady state conditions in varying amounts in
murine liver, gallbladder, lung and colon (Figure 1D,E). Interestingly,
murine gallbladder showed the highest expression of double positive
CD44'CD133" cells, which is consistent with the finding that these
double positive primary human gallbladder carcinoma cells displayed
cancer stem cell-like characteristics, highlighting their important role
in gallbladder carcinogenesis.** Although not every marker combi-
nation was detectable in every organ, one has to keep in mind that
a lack of expression in a healthy mouse model does not necessarily
correlate with expression levels in a tumour environment. Our hy-
pothesis of the benefit of the proposed progenitor cell-associated
and tumour-associated EV populations for hepatobiliary cancer
diagnosis was further supported by our explorative study, reveal-
ing significantly elevated EV levels in 10 patients with biliary can-
cer as compared to 10 healthy controls for all four combinations
(Figure 2A-D). In a next step, we verified our preliminary results in a
large validation study associated with the needed power to be con-
clusive and additionally including several cancer cohorts as negative
controls, namely HCC, CRC and NSCLC. The group analysis between
healthy donors, HCC, non-biliary cancer and biliary cancer entities
showed that AnnV'CD133"gp38*, AnnV'EpCAM'CD133%gp38",
AnnV*CD44vé6" and AnnV'CD44v6'CD133" EVs all were signifi-
cantly elevated in biliary cancers and remained low in the indicated
negative controls (Figure 3A,C,E,G). Except for CD44vé singular
expression profile analysis of CD133, EpCAM and gp38 on EVs
were not beneficial (data not shown). With an AUC value of 0.81

AnnV*'CD44vé" EVs were the most powerful biomarker for biliary

cancer detection in this study. Our observation that patients with
biliary cancer display elevated levels of AnnV'CD44vé" EVs is
consistent with previous findings that demonstrated by immuno-
histochemistry and real time PCR, that CD44vé is not detected in
healthy gallbladder mucosa, but strongly expressed in GbCA.*¢ High
CD44v6"* EV levels in both GbCA and CCA concur with observa-
tions that linked increased CD44vé expression in biliary epithelium
of both gallbladder and bile ducts to cancer progression.*” We have
to note that our selected EV antigens were not capable of distin-
guishing between intra- and extrahepatic CCA and between GbCA
and CCA. This might be due to the fact that there exists a more opti-
mal EV antigen combination for these discriminations, but we doubt
that any EV surface antigen or antigen combinations will have the
needed sensitivity to differentiate between intra- and extrahepatic
CCA. From the surface antigenic view we do not expect any differ-
ences caused by a different location of the primary CCA tumour. We
suppose that intra-vesicular differences on protein, mRNA or miRNA
levels might be noticeable due to an environment-depending inter-
action of the EV donor CCA cells.

Next the question arose, if our EV-based phenotyping could
be improved and if synergistic effects could be observed by tak-
ing advantage of other serological screening markers such as AFP
(Figure 4). AFP is a widely investigated serum tumour marker for
HCC, whose use for diagnostic purposes is not recommended by the
AASLD and EASL Clinical Practice Guidelines for the Management
of Hepatocellular Carcinoma, whereas it has proven beneficial for
HCC surveillance at a cut-off of 20 ng/mL.?”?8 In contrast to the rec-
ommendations of the AASLD/EASL guidelines, serum AFP levels by
itself, at a cut-off of 20 ng/mL, showed a diagnostic capacity for dif-
ferentially diagnosing HCC and biliary cancers in this study, surpass-
ing the performance of our investigated EV populations (Table 2).
However, importantly, the diagnostic performance of AFP could be
enhanced, when combined with EV levels, especially when combin-
ing it with the tumour-associated EV populations AnnV*CD44vé6"
and AnnV'CD44v6'CD133". Remarkably, the combination of
AnnV'CD44v6* EVs and AFP values led to a perfect separation of
biliary cancer and HCC patients, with sensitivity, specificity, PPV
and NPV all achieving 100%. Biliary cancers are commonly associ-
ated with low AFP levels. Except for one patient, this observation
was confirmed in our study. The patient in question might display
a mixed hepatocellular cholangiocarcinoma, which would explain
the slightly elevated AFP levels. According to the AASLD and EASL
Clinical Practice Guidelines HCCs cannot reliably be detected by

AFP values alone,?”?8

which was confirmed in our study. However,
depending on the EV population added to the analysis, all or al-
most all previously undetected HCCs with low AFP values could be
correctly diagnosed. Thus, our synergistic approach illustrates the
benefit of adding EV levels to AFP-based diagnosis. It might have
particular clinical relevance for differential hepatobiliary cancer de-
tection and should be followed up by a large multi-centre study. A
current alternative serum biomarker for biliary cancer diagnosis as
proposed by the ESMO Clinical Practice Guidelines is CA 19-9%? but

it is associated with low sensitivity and specificity of 62% and 63%,
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3248 and is not suitable to discriminate between cancer

respectively,
entities. Several serum biomarkers and metabolites have been iden-
tified as potential candidates for minimal invasive discrimination of
HCC and intrahepatic CCA%? but until now no liquid biopsy marker
achieving a better clinically useful performance exists underlining
the relevance of our study in terms of hepatobiliary cancer manage-
ment. Moreover screening EVs offers a cheap, minimally invasive
technique to detect cancer, while causing minimum distress to the
patient. To perform an EV liquid biopsy screen only a small blood
sample is required. For most patients, drawing blood is an uncriti-
cal and acceptable procedure. It requires minimum equipment and
is performed quickly without special need for long medical observa-
tion afterwards. Therefore, EV profiling represents a potent tool for

early cancer screening as discussed by others and us.”*¢%?

5 | CONCLUSION

In summary, our study provides valuable data arguing that EV phe-
notyping together with AFP assessment is a powerful diagnostic bio-
marker in detection and differentiation of hepatobiliary cancers. We
presented four EV surface antigen combinations that confidently dif-
ferentiated between patients with biliary cancer and HCC and whose
performance could even be enhanced by combined AFP measure-
ments. Considering the results of this and other studies, liquid biopsy-
based differential diagnosis of hepatobiliary cancers might be in reach.
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