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Abstract

Colorectal cancer (CRC) is the third most common cancer worldwide; it is responsible for nearly 10%
of all newly diagnosed cancers and is the second most cause of cancer related death in Europe.
Biomarkers for therapy guidance, targeted therapy and survival prognosis are still limited. As CRCis a
heterogeneous disease, different parts of the tumor might have varying molecular characteristics
which may change during therapy or disease progression. Through solid biopsies and screenings,
these local or temporal differences are impossible to monitor. To facilitate detection of these
possible temporal changes, a regularly and non-invasively accessible biomarker is required for
disease monitoring. Circulating tumor cells (CTCs) might represent such a biomarker as they have
been shown to be fluid surrogates of the solid tumor. EpCAM positive CTCs have shown to be
prognostic in CRC for survival, but their full potential has not yet been evaluated further. By using the
High Definition Single Cell Analysis (HD-SCA) workflow, we were able to analyze the entire spectrum
of CTCs and categorize them as the regular CTCs (HD-CTC), CTCs with a smaller nuclear area (CTC-
Small), CTCs with low expression of epithelial marker cytokeratin (CTC-LowCK) and CTCs undergoing
apoptosis and therefore releasing cell free DNA (CTC-cfDNA producing). In addition we observed and
analyzed CTC clusters (CTCCs). The analysis included not only morphology and enumeration of CTCs,

but also copy number variation (CNV) profiles on single-cell level.

In the first part of this study we focused on enumeration of all sub-categories of CTCs and CTCCs
detected in the blood of stage IV CRC patients before surgery and in a follow-up draw. The goal was
to characterize and define a subset of CTCs associated with metastases or reduced survival. Unlike
previous publications we have not observed an association of the regular CTC (HD-CTCs) category
with survival, but we observed that the CTC-Small category in the follow-up draw was associated to
overall survival (OS, p=0.040). These findings are not concordant with common literature. This might
be caused by the non-EpCAM based detection method or it could be specific for the Czech patient

cohort.

However, the number of CTCCs per ml blood in the pre-resection draw was associated with shorter
OS (p=0.021). We also detected an association of metastatic status at the time of CRC diagnosis (M1
vs. MO0) with higher average amount of cells per cluster (p=0.035) which indicates, that larger CTCCs

may be drivers for metastases.

In the second part of this study we extracted and analyzed single HD-CTCs from the pre-resection
draws and also single cells from tumor tissue touch preparations. We amplified the whole genome
and used next-generation sequencing to compare CNV profiles. The goal was to study clonality within
CTCs and distinguish cancer promoting CTCs from less invasive and non-proliferating CTCs. Also, we

wanted to compare CNV profiles and clones of tissue samples with those of CTCs to gain knowledge



about tumor evolution in CRC. After analysis of 136 single HD-CTCs from 11 CRC patients we could
not detect any clonality (two or more single cells showing similar CNV changes). Compared to that,
analysis of single cells from CRC touch preparations revealed clonality in 83.3% of tested patients.
Comparison between tissue cells from the primary tumor and the metastasis showed similar clonal

profiles with minor adaptions in the hepatic metastasis.

Overall, we were able to detect and characterize four morphologically different groups of CTCs
showing the high heterogeneity of CTCs in CRC patients. The missing association of HD-CTC counts
with survival may be caused by the limitation of the cohort, but also due to possible
mischaracterization of endothelial cells as HD-CTCs. This study serves as a preliminary study for
future projects focused on both, CTC detection in earlier stage CRC in a prospective observational

study, and characterization of CTCs and cells within CTCCs through multiplex protein detection.
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2 Introduction

2 Introduction

Within the European Union (EU) there were 1.373.500 new cancer related deaths expected for the
year 2017 [1]. And even though cancer mortality rates are predicted to decline, cancer is still the
second most common cause of death after cardiovascular disease with colorectal cancer (CRC) being
the second most common cause of cancer death in Europe [2]. Compared to other solid cancers like
breast cancer and prostate cancer, CRC has limited biomarkers for treatment decisions or targeted
therapy. Besides, CRC is highly driven by epigenetic and genetic alterations and in about 75% of cases
it occurs sporadically [3]. Even though the three major pathways for the development of an
adenocarcinoma from normal colon mucosa have been studied extensively [4—6] and their major
drivers have been identified, therapy targets and biomarkers for regular disease development
monitoring for prevention or detection of possible relapse are still missing. This is where a liquid
biopsy could close the gap for improvement of personalized cancer care. Circulating tumor cells
(CTCs) as easy accessible markers from a peripheral blood draw have already proven to be predictive
for survival of CRC patients, but are presumably holding further potential, once single-cell molecular

analysis follows their detection [7].

2.1 Introduction to Colorectal Cancer

2.1.1 CRC Epidemiology

Worldwide, CRC is the third most common cancer, responsible for nearly 10% of newly diagnosed
cancers with 1.360.602 new cases worldwide (in the year of 2012) from which 447.136 new cases
were diagnosed in Europe [8]. In the Czech Republic incidences of and mortality from CRC have been
highest amongst Central and Western European countries ranking 4th worldwide for men and 16th
for women [8]. The distribution of CRC mortality within Europe for both sexes combined is displayed
in Figure 1. One cause for the high mortality rate may be the lack of easy accessible biomarkers for
detection of early stage CRC. In the US, less than 40% of patients are diagnosed with localized
disease. This has severe impact to 5-year survival, which drops from 90% for localized disease down

to 12% for patients with distant metastasis [9-11].

After colonoscopy as the main early detection method has been introduced in Germany in 2002 a
reduction of CRC incidence was expected by 2010 due to early detection and removal of pre-
cancerous polyps [12]. In 2014 Brenner et al. confirmed the expectations, showing that colonoscopy
can reduce incidence and mortality of CRC by 40-60% [13]. The changes of CRC mortality rates within
Europe are unevenly distributed between women and men. Whereas the mortality from CRC

increased by 6% for men, it decreased by 14.7% for women within Europe [2]. In some countries like
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2 Introduction

Germany, Switzerland and the Czech Republic, mortality was even decreased in men by 25% and 30%
in women [2]. These regional differences could be explained by differing lifestyle (alcohol intake, diet
and exercise), availability of treatment, regular screenings (like in Germany, Austria and the Czech
Republic) and improvements in public awareness. In 2017 the World Cancer Research Fund and the
American Institute for Cancer Research released a report about lifestyle risk factors, that increase the
risk of CRC which included obesity, smoking, alcoholic intake (>1-2 drinks/day), processed meat (and
red meat in general), low intake of fruits and vegetables and the lack of physical activity [14].
Additionally, the report stated that CRC is one of the cancers, which incidence is expected to increase
worldwide to more than 2 million new cases per year. Other reports and research results during the
last years confirm the recommendations to reduce meat and alcohol intake, stay active and within a
healthy weight to prevent cancer in general or reduce the risk of relapse after cancer therapy [15-

17].

European comparison of CRC incidence European comparison of CRC mortality rates
rates in both sexes. ASR(W) in both sexes. ASR(W)
0 10 20 0 40 50 0 5 10 15 20 25
Slovakia FEEE R R Hungary |
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Belgium _ Montenegro |
Ireland | Czech Republic GG
Italy | Russian Federation |
Spain | Poland
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Serbia | Ukraine |
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Partugal Portugal
Bulgaria The Netherands
Luxembourg | Romania |
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Switzerland | Belarus |
Sweden | Estonia
Iceland | Spain _
Republic of Moldova | Mailta |
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Figure 1: Incidence and mortality of CRC in both sexes within Europe (2013). Shown are incidences (left side)
(right side) of CRC in both
http://www.crcprevention.eu/index.php?pg=colorectal-cancer-epidemiology, accessed June 14th, 2018.

and  mortality sexes combined within Europe. Source:




2 Introduction

2.1.2 CRC Development

The basis for the development of CRC in healthy colon epithelium is the acquisition of multiple
alterations in the genome that drive progression of tumorigenesis from healthy mucosa to
adenocarcinoma. About 25% of CRC patients have a familial background of CRC, but in only 5-10% of
all CRC cases the cancer can be traced back to one of two hereditary forms of CRC with well
described mutations in CRC related genes [3]. In case of the 75% sporadic CRC the path of
development could be divided in three different phenotypes of genomic and epigenetic alterations:
chromosomal instability (CIN), microsatellite instability (MSI) and CpG island methylation phenotype

(CIMP). How these alterations lead to malignant neoplasm is explained in this chapter.

2.1.2.1 Molecular development of CRC

In the human genome, multiple protective strategies to assure genome integrity are in place.
However, mutations may add up, especially in highly mitotic tissues, and the colonic epithelium is
one of those with a weekly cell replacement rate [18]. Progenitors of these new epithelial cells are
intestinal stem cells (ISCs), of which between 5 and 16 are situated at the bottom of each crypt
(intestinal glands formed by colonic mucosa) [19]. One of the protective strategies at the cellular
level is the ‘neutral drift’ within the intestinal crypts that continuously replaces individual ISCs by the
descendants of their neighbors. Therefore, even if a mutation occurs in these ISCs (due to errors in
DNA replication and/or exposure to carcinogens), the chance of whole crypt repopulation by the
mutated ISC is very low [20]. Research has shown that the probability of a mutant’s success to
populate the entire crypt depends on the type of mutation. A KRAS mutation is more likely than an

APC mutation to survive as a fixed mutation and populate the crypt [21].
In addition to ISCs, also differentiated cells in the colon epithelium have the potential to initiate CRC.

No matter which cell initiated CRC, additional alterations are acquired over time, separating CRC into

three phenotypes:

The Chromosomal Instability Phenotype

This pathway of CRC development is also named the adenoma-carcinoma sequence [22]. It is based
on subsequent genomic changes with its respective morphologic and histologic transformations. The
result of genomic instability in CRC is alteration of entire arms or even whole chromosomes that
leads to aneu- or polyploidy. These changes are presumed to be a result of abnormal regulation of
the mitotic spindle apparatus and repair mechanisms for double-strand DNA breaks [6]. One of the
first steps of the CIN pathway is the loss or inactivation of tumor suppressor genes. The most

common alterations are mutations of the adenomatous-polyposis-coli (APC, 5qg21), TP53 gene

-6-
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(17p13) and the loss of heterozygosity (LOH) of 18921 [23]. Also, activating mutations of oncogenes
like KRAS and PIK3CA are crucial later steps for the cells of colon mucosa to change cell adhesion,

signaling and cell growth [5].

Microsatellite Instability Phenotype

When cells replicate, the DNA polymerase protein, using the original strand as a template,
synthesizes new DNA. In case that error occurs and DNA polymerase fails to correct it by its
proofreading function, sections of DNA can be removed and repaired later by a system composed of
mismatch repair (MMR) proteins. This protective mechanism is a crucial way to protect genome
integrity [24]. Sometimes so-called DNA polymerase stutter causes errors in areas of the genome
with short tandem repetitions (microsatellites). If these mismatches are not repaired due to the
reduced activity or loss of MMR function, these regions might change their length resulting in MSI
[5]. Inactivation of MMR genes is caused either by somatic mutations or by abnormal DNA
methylation [25]. The main MMR genes are MSH2, MSH6, PMS2 and MLH1. To identify MSI in CRC, a
biopsy tissue sample is tested in 5-10 loci and separated in categories defined by the National Cancer
Institute in 1998, so that tumors with >30% instability are named MSI high (MSI-H), if 10-29% of the
markers are instable the tumor is categorized MSI-low (MSI-L) and instability <10% is defined as
microsatellite stable (MSS) [26]. MSI is also one of the main criteria to diagnose a hereditary form of
CRC — the hereditary non-polyposis colorectal cancer (HNPCC), or short: Lynch Syndrome (LS, as

discussed in detail below).

CpG island methylation phenotype

Epigenetic silencing through aberrant methylation of the promoter regions of a tumor suppressor
gene is as effective as a mutation of the DNA [5]. DNA methylation can occur at the adenine and
cytosine bases. A high frequency of cytosine can be found in the promoter region of genes within
repetitive sequences of the CG-dinucleotide (cytosine connected to guanosine through a
phosphodiester bond, CpG). These repetitive areas of CpG sequences are called CpG-islands and are
(depending on the cell type and promoter) mostly not methylated in regular cells, so that the gene is
expressed normally. If the CpG-island within the promoter region is methylated, the gene expression
will be reduced or, with increasing methylation, eventually even be silenced. Responsible
mechanisms for methylation of CpG islands have been investigated and presumably there are
multiple factors involved, like elevated expression of DNA methyltransferase DNMT1, inactivation of
methylation barriers, the epigenetic drift of aging, lifestyle (e.g. smoking) or mutations of
chromosome remodeling gene CHD8 [4, 6, 27, 28]. The CIMP phenotype is still studied to

characterize different subsets of CRC CIMP states [29]. One of the typical genes silenced by excessive
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promotor CpG island methylation are members of the MMR system, resulting in similar changes as in

case of MSI-H tumors, linking these two phenotypes together.

2.1.2.2 Hereditary predispositions for CRC

Lynch Syndrome

This form of predisposition for CRC, also called HNPCC is characterized by a MSI-H phenotype, which
is observed in 95% of these cases [30]. In LS the MSI occurs as a result of germline mutations in a
gene of the MMR family, in contrast to silencing of MMR genes through aberrant methylation or
somatic mutation during the development of sporadic CRC [31]. Most common for LS are mutations
of MLH1 and MSH2. Additionally, the deletion of the epithelial cell adhesion molecule (EpCAM) could
lead to silencing of MSH2 and therefore lead to LS [32]. A common marker for LS is also a family
history of CRC and a marker to distinguish sporadic CRC from LS is a mutation in BRAF, which is rare
in LS, but common in sporadic, MSI-H tumors [33]. Of all CRC cases, LS only accounts for 3% [34], and
is presented at the early age of 45 years [32]. A person with LS has a 50% chance of developing CRC

within their lifetime [35].

Familial adenomatous polyposis

This form of hereditary CRC is associated with a heterozygous mutation of the tumor suppressor
gene APC, which is known as the 'gatekeeper' of CRC [36]. It only accounts for 1% of all CRC and is
typically clinically manifested by up to thousands of small adenomatous polyps that develop at an

early age (15 to 35 years) [32].

2.1.3 Diagnostics of CRC

As over 400.000 people in the EU are diagnosed every year with CRC and over 200.000 CRC patients
per year die from it [37], regular screening for early diagnosis is essential as 5 year CRC survival
chances drop from 90% for localized disease down to 12% for patients with distant metastasis [10].
Due to varying health care systems and clinical standards through the EU even in the year 2007 there
were still eight countries without any CRC screening, six with two screening methods and twelve

countries with at least one screening method [37].

2.1.3.1 Molecular screening and diagnostic methods
The most frequently practiced screening method for CRC is the analysis of stool for occult blood

(fecal occult blood test, FOBT), which has been implemented as regular screening in 17 countries of




2 Introduction

the EU. Gastrointestinal bleeding can have many sources like adenomas, polyps, cancer, but also
hemorrhoids or inflammation [38]. Because of its non-invasive character, FOBT is widely accepted by
the populations worldwide and has been recommended in 1999 as standard screening for CRC by the
EU Committee on Cancer Prevention [39]. After implementation of FOBT in Europe a marked

decrease in CRC mortality (15-33%, depending on the country) was observed [40].

Colonoscopy was first performed in 1969, but not yet as clinical routine, as research was still ongoing
assessing the risk for patients undergoing this procedure [41]. Soon studies proofed that colonoscopy
is reducing CRC mortality and incidence through early detection and possibility to remove adenomas
and polyps [42]. As one of the first European countries, Germany made colonoscopy available for
CRC screening of the population over 55 years of age in the year 2002 [12]. A less invasive and
preparation-requiring, but still endoscopic procedure is the flexible sigmoidoscopy (FS), which
inspects the distal part of the colon and identifies patients of a risk group, that require a total
colonoscopy. FS has been stated to also reduce CRC mortality up to 26% [43]. Minimally invasive but
reported to be as successful as a detection method for CRC and polyps is computed tomographic
colonography. This is a radiological test that produces multiple images of the colon. The computed
tomographic colonoscopy has not yet proven in clinical trials to be as effective as colonoscopy in

reducing CRC mortality [44].

Molecular screening methods also underwent a huge development in the past decade — focusing
especially on non-invasive, accurate tests for early detection of CRC. Various possible markers have
been evaluated including: DNA, proteins, CTCs, cell-free DNA (cfDNA), messenger RNA (mRNA), micro
RNA (miRNA) and long non-coding RNA (IncRNA) [45]. The only successful method adapted by the
clinic (approved by the US Food and Drug Administration (FDA)) is a multi-target stool DNA
(MTsDNA) test targeting various point-mutations (e.g. of KRAS and CTNNB1) and methylation status
of genes like Vim [45]. The MTsDNA has shown a higher sensitivity for detecting CRC compared to
FOBT, but a reduced specificity [46]. Besides the analysis of stool, blood markers accessible from a
peripheral blood draw (liquid biopsy) have been studied as well to be able to monitor tumors.
Detection of circulating tumor DNA (ctDNA) within the cfDNA from plasma has been demonstrated
by multiple groups (using either quantitative PCR or sequencing techniques) to have a high
concordance with tissue biopsy analysis for important CRC mutations like KRAS and BRAF or
methylation status of certain genes and has therefore been concluded to be a promising biomarker
in CRC care [47]. The potential of IncRNAs for early diagnosis of CRC has been evaluated as promising
as well: CRC adenocarcinoma hypermethylated (CAHM), CRNDE or CCAT1 (a IncRNA from the gene
desert region 8g24.21 near MYC gene) - all of these IncRNAs have been detected in blood and/or

stool and shown a higher frequency in CRC (40-90%) compared to healthy volunteers [48]. Other
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markers obtainable from a blood sample are miRNAs which also have shown diagnostic potential in
CRC detection in a comparative study of eight miRNAs in plasma and matching tissue of 75 CRC
patients and blood of 32 healthy controls [49]. If miRNAs are useful for early diagnosis is still not
answered, but studies showed their elevation may only occur around the time point of possible
clinical diagnosis of CRC with conventional methods [50]. Another blood-based marker that has been
evaluated for CRC are CTCs. They were enriched from the blood of CRC patients in multiple studies
using platforms like CellSearch® or CanPatrol® and their evaluation resulted in predictive value of
CTCs for poor progression free survival (PFS) and overall survival (OS). Analysis of epithelial and
mesenchymal markers allowed to classify patients into higher and lower metastatic potential, but

CTCs have not yet proven to be helpful in early CRC diagnosis [51].

2.1.3.2 Classification of CRC

To be able to classify CRC worldwide in a standardized manner, there are a few classification systems
using the size of the tumor, how it penetrated different layers of the colon wall, the spread to lymph
nodes and the spread to distant sites, to give clinicians a base to determine appropriate treatment
choices and probable survival time. The most commonly used staging method is the TNM system by
the American Joint Committee on Cancer (AJCC) in which the letters are describing the primary
tumor (T), spreading to lymph nodes (N) and probable spread to distant organs (metastasis, (M)). The

official classification with description of all possible values for T, N and M are described in Table 1.

Table 1: TNM staging in colorectal cancer

Source: https://www.cancer.net/cancer-types/colorectal-cancer/stages; accessed June 14™ 2018

There is no evidence of cancer in the colon or .
T0 rectum NO | No spread to regional lymph nodes

Carcinoma in situ (Cancer cells are found only

Tis | . L1 . . N1a | Tumor cells found in 1 regional lymph node
in the epithelium or lamina propria)

There are tumor cells found in 2 to 3 regional

T1 | The tumor has grown into the submucosa N1ib
lymph nodes

The tumor has grown into the muscularis There are tumor cells found in 4 to 6 regional

T2 : N2a
propria lymph nodes
. There are tumor cells found in 7 or more
The tumor has grown through the muscularis .
T3 . . N2b | regional
propria and into the subserosa
lymph nodes
T4a The tumor has grown into the surface of the MO The cancer has not spread to a distant part of
visceral peritoneum the body
Tab The tumor has grown into or has attached to Mia The cancer has spread to 1 other part of the
other organs or structures body beyond the colon or rectum
M1b The cancer has spread to more than 1 part of the

body other than the colon or rectum.

Mi1c | The cancer has spread to the peritoneal surface
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Tumor staging usually happens at time of diagnosis using imaging techniques (e.g. x-ray, CT scans and
others) for M and by pathologists after surgery for N and T. Doctors determine how far the tumor has
grown from the colon or rectum epithelium through submucosa, muscle, serosa or even spread to

surrounding lymph nodes or distant organs (layers of the colon wall are illustrated in Figure 2).

Mormal intestinal
tissue (cross section
of digestive tract)

THE LAYERS OF THE COLON WALL

— Epithelium
Mucosa

" |- Connective tissue
—Thin muscle layer
—Submucosa

| Thick muscle
layers

Subserosa
Serosa

Figure 2: Layers of the colon wall. For TNM staging it is important for pathologists to determine how far
through the colon tissue the tumor has grown to determine the T stage. Here the layers of the colon are shown
in cross sections from the inner epithelium that forms together with the connective tissue and a thin muscle
layer the mucosa, then the submucosa, thick muscle layers to the outer subserosa and serosa. Source:
https://www.cancer.org/cancer/colon-rectal-cancer/detection-diagnosis-staging/staged.html, accessed July Sth,
2018.

After all three factors have been evaluated; an overall clinical stage is appointed taking the TNM
classifications into consideration. Stages reach from 0 to IV, with higher numbers being associated
with further advanced cancer. How the overall stage is composed of the varying TNM stages is shown

in Table 2.
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Table 2: AJCC staging with according TNM stages in CRC

(8th edition, manually adjusted, source: https://www.cancer.org/cancer/colon-rectal-cancer/detection-diagnosis-
staging/staged.html, accessed July st 2018)

AJCCStage | T N M
0 Tis NO MO
| TlorT2 NO MO
A T3 NO MO
1B T4a NO MO
[e T4b NO MO
A TlorT2 N1 or N1lc MO
T1 N2a MO
T3 orT4a | NlorNlc MO
1113} T20orT3 N2a MO
TlorT2 N2b MO
T4a N2a MO
lc T3 orT4a | N2b MO
T4b N1 or N2 MO
Any T Any N M1la
IVA Any T Any N M1b
Any T Any N Mlc

Additionally to the TNM staging, other factors are taken into consideration for clinical classification of
colorectal tumors. The grade (G) is determining the degree of differentiation of tumor cells. The
lower the grade (most commonly in the range G1-G3) the more similar are the cells to healthy
intestine mucosa. CRC with a high grade can grow faster and might need more intense treatment
than the staging may advise. In addition to tumor morphology, it has been proven within the past
five years that primary tumor location is relevant for survival prognosis and treatment choice [52].
The cecum and ascending colon are right-side CRC, the descending and sigmoid colon as well as the
rectum are considered left-side CRC (see Figure 3). The transverse colon is considered right-sided
from the proximal point to the splenic flexure, as this part arose from the hindgut and the rest from
the midgut [53]. Loupakis et al. showed that patients with left-side tumors have longer OS and PFS
and suggested this might result from observed differing molecular alterations in right-sided CRC like
higher BRAF mutations and higher expression of ERCC1 (which was associated to chemoresistance)

[54, 55].
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Ascending

colon
e >

scending |
colon

Colon cancer, as seen
during colonoscopy

Sigmoid
colon
Rectum

O MAYD FOUNDATION FOR MEDICAL EDUCATION AND RESEARCH. ALL RIGHTS RESERVED.

Figure 3: Locations of colorectal cancer. The cecum and ascending colon are considered right sided CRC, the
descending and sigmoid colon and the rectum left sided CRC. The transverse colon is mostly considered right-
sided CRC, but might make up a third category of CRC locations. Source: https://www.mayoclinic.org/diseases-
conditions/colon-cancer/symptoms-causes/syc-20353669, accessed July 5™ 2018.

2.1.3.3 Molecular markers for therapy decision

Molecular markers are also used for therapy decision making in CRC. For example levels of CRC
markers like cancer antigen 125 (CA125) and carcinoembryonic antigen (CEA) are evaluated in blood
serum [56, 57]. From solid biopsies of CRC tumors, the mutation status of the proto-oncogenes KRAS
(a regulator of cell signaling controlling proliferation) and BRAF (involved in cell growth) in tissue are
essential for treatment decision making. These two genes (and lately also other genes like NRAS)

have been proven to be markers of resistance to anti-EGFR therapy [58].

In addition to pathologic and radiologic classification, molecular features of CRC have to be taken
into account. Therefore, a classification in two groups has been proposed for CRC: 1) hypermutated
CRC with MSI (defect in MMR) and 2) non-hypermutated CRC that shows the frequent mutations of
genes involved in CRC development (like KRAS, TP53, APC, PIK3CA), but is microsatellite stable [59].
Further molecular classification systems that are separating CRC in four groups were proposed, with
a split of the MSS CRC into three groups [60]. These molecular features have also shown to be
different depending on the location of the tumor as for example right-sided CRC has been observed

to have a higher prevalence of MSI-high tumors, BRAF mutation and high CIMP [61].

An international consortium of data sharing has developed the consensus molecular subtypes (CMS)
for consistency in CRC classification by using six classification systems to form 4 molecular subtypes

of CRC: CMS1, which is MSI immune and makes 14% of all CRC; CMS2, the canonical CRC making 37%
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of CRC, epithelial type with WNT and MYC signal activation. CMS3, the metabolic subtype
representing 13% of CRC with dysregulation of metabolic pathways and finally CMS4, the
mesenchymal subtype with transforming growth factor-B (TGF-B) activation and angiogenesis, which

covers about 23% of CRC cases [62].

Together with information of familiar predisposition these various classifications allow the clinician a

precise choice of cancer care.

2.1.4 Therapies for CRC

The therapy options for CRC have improved immensely through the past two decades as new targets
have been discovered and drugs have been developed and approved as in detail explained in this
chapter. Treatment can be classified in: local treatment (surgery, ablation and radiation) and
systemic treatment (chemotherapy, targeted therapy and immunotherapy). If the cancer has not
spread to distant organs (MO0), CRC is mainly treated with surgery in a curative intent [63]. In case of
lymph node involvement (AJCC stage Ill) adjuvant (applied post resection) chemotherapy has proven
to prolong overall survival (OS) [64]. For patients with stage IV CRC, surgery is still the only chance for
a cure as other therapies may prolong survival but have no curative impact. Surgery techniques and
approaches have been improved, allowing simultaneous resection (liver metastasis and bowel
tumor). It is also possible, in selected cases of younger patients with enough liver volume, that liver
metastasis is resected before the bowel tumor resection [65]. For resection of liver metastases, the
limitation is always the remnant liver volume, number of lesions, involvement of vasculature and the
location of the lesions within the liver [64]. In case of bowel obstruction, the primary tumor must
always be resected first. The safety and longest possible survival of the patient are always the priority

when choosing the best possible treatment plan.

2.1.4.1 Radiotherapy

Radiotherapy (RT) can be given preoperative (neoadjuvant) or adjuvant. Before resection, it will
contribute to shrinkage of the tumor and therefore support or facilitate complete tumor removal.
Additionally, tissue is more sensitive to radiation before surgery but complications might occur due
to higher fragility of the tissue caused by the radiation [66]. Before surgery, RT is usually given in
combination with chemotherapy to enhance the mentioned benefits. After surgery, RT may be
applied in case of impossible complete resection of the tumor or to prevent recurrence. Also,

intraoperative RT may be applied for the same reason. Last, RT can be used as palliative therapy to
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improve life quality by easing symptoms if the patient is not stable enough for surgery or advanced

tumors are causing pain or the cancer has spread to multiple distant organs [67].

2.1.4.2 Chemotherapy

Much like RT, chemotherapy (CT) can be given neoadjuvant (to shrink tumor mass) or adjuvant (to
eliminate residual disease) or palliative (in advanced cases). CT can be taken systemically (influencing
the entire body) or regionally, e.g. through hepatic artery infusion to reach liver metastasis and
therefore reduce side effects by using a lower dosage [68]. The National Comprehensive Cancer
Network (NCCN) released CRC treatment guidelines containing a comprehensive list and description

of treatment possibilities and explanation of decision making in particular cases [69].

The most common and successful CT for CRC is 5-Fluorouracil (5-FU) which has been developed by
Dr. Charles Heidelberger in 1957 [70]. This antimetabolism drug is a pyrimidine analog and it’s
activation inhibits synthesis of thymidine [71]. After activation of 5-FU, 5-F-dUTP is incorporated into
RNA and DNA and those lesions are then recognized by excision repair enzymes, leading to cell cycle
arrest and finally cell death [71]. Its efficacy can be potentiated by higher folinic acid levels [72].
Studies of biomodulation of 5-FU by the 5-formyl derivative of tetrahydrofolic acid (leukovorin)
confirmed its anti-tumor impact in supporting 5-FU function and it is now always applied together
with 5-FU [73]. Other substances are also using the same mechanisms as 5-FU, like Capecitabine (a
precursor of 5-FU). Antimetabolites like 5-FU are however limited by low selectivity and therefore

they cause toxicity in other areas of the patient’s body like the nervous system [74].

Another cell toxin used in CT against CRC is Irinotecan which is a campothecin analog and causes

inhibition of DNA synthesis resulting in cell death [75].

A major branch of CT in CRC is platinum-based therapy. The three major platinum complex drugs
used in CRC are cisplatin, carboplatin and oxaliplatin [76]. CRC cells tend to overexpress organic
cation transporters providing entry into the cell for platinum complexes which make CRC especially
sensitive for these drugs [77]. Once within the cell, the platinum complexes are activated by water
(exchange of chloride for water molecules) and react with purine bases of DNA. This leads to cross-
linking of neighboring guanine bases or even inter-strand cross-linking [78]. The generated DNA
lesions may be repaired or bypassed, but cell division is stopped and often apoptosis is induced. It
was proven to prolong survival even in stage lll patients, but the side effects of platinum therapy
(70% of patients experience peripheral neuropathy) are common reasons for therapy
discontinuance, even more common than tumor progression [76]. Standard treatment for metastatic

CRC is oxaliplatin in combination with 5-FU and leucovorin (FOLFOX). Other combination CTs in CRC
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standard of care are FOLFIRI (5-FU, leucovorin and irinotecan), CAPEOX (capecitabine and oxaliplatin)

and FOLFOXIRI (5-FU, leucovorin, oxaliplatin and irinotecan) [69].

2.1.4.3 Biologic targeted Therapy

As the pathways of the heterogeneous CRC development got uncovered, researchers developed
targeted therapies to attack tumor specific molecular features. The two available targeted therapies
against CRC are containing antibodies that recognize the vascular endothelial growth factor (VEGF) or
the epidermal growth factor receptor (EGFR). The VEGF protein plays a major role in vasculogenesis
and angiogenesis, both processes are necessary for growth and to supply the tumor with oxygen and
nutrients. Tumor cells use VEGF signaling to communicate with endothelial cells to activate blood
vessel growth. There are multiple members in the VEGF family (VEGF-A, -B, -C, -D), but VEGF-A has
been identified as the major player. In 2004 bevacizumab (Avastin®, Genentech), a monoclonal
antibody (mAb) that neutralizes human VEGF-A was approved by the FDA for treating metastatic CRC
[79]. Until this year, the European Medicines Agency (EMA) has approved in total four anti-
angiogenesis agents (bevacizumab, aflibercept, ramucirumab and regorafenib) who are targeting
various VEGF family members and the VEGF receptors for the treatment of metastatic CRC (mCRC).
Nevertheless, biomarkers to predict anti-VEGF treatment efficacy to prevent needless side effects

and overtreatment are still missing [80].

Cellular growth is essential for cancer development. When the epidermal growth factor (EGF) binds
to the surface receptor for EGF (EGFR) on cancer cells, a signaling cascade resulting in cell
proliferation is triggered. This cascade includes RAS/RAF families, MEK and ERK. To block this
signaling pathway, two mechanisms have been developed for application in the clinic: 1) tyrosine
kinase inhibitors (TKls) that bind to the catalytic domain of EGFR and block downstream signaling or
2) monoclonal antibodies that bind with high affinity to the extracellular EGFR domain, blocking the
protein for ligands and inhibiting cell growth, metastases and even initiating cell death [81, 82].
Available drugs that act as TKIs currently on the market are erlotinib and gefitinib and mAbs against
EGFR are amongst others cetuximab and panitumumab. Unlike for the anti-VEGF therapy, there are
biomarkers for anti-EGFR therapy. If a patient carries an activating mutation in a gene downstream of
EGFR, anti-EGFR therapy will not be successful. This prediction was confirmed for mutations in KRAS,
PIK3CA and BRAF [83, 84]. Even if there is no mutation in KRAS, only about 35% of patients respond
to anti-EGFR therapy, which makes a comprehensive molecular profile of the tumor for personalized
therapy even more desirable [85]. Besides the already named mutations, there are other resistance
mechanisms influencing anti-EGFR therapy efficacy. In case of PTEN loss, downstream EGFR cascade

is activated independent of EGFR signaling. Also, activation of JAK (Janus tyrosine kinase) and STAT
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(signal transducer and activator of transcription) families as well as amplification of MET and Her-2

contribute to anti-EGFR therapy resistance [86].

2.1.4.4 Other perspectives

Discoveries in immunotherapy revealed that it is possible to activate or block immune system
checkpoints acting as an on/off-switch of immune response. The protein programmed death 1 (PD-1)
on the surface of T-cells prevents an immune attack of a cell if it binds to PD-L1. A PD-1 inhibitor
(pembrolizumab) has shown prolonged OS and PFS for patients with high MSI tumors or mismatch

repair gene deficiency in a phase |l trial [87].

Just last year the FDA approved two PD-1 inhibitors (nivolumab and pembrolizumab) for patients
with unresectable or metastatic CRC that is also MSI-high or has mismatch repair deficiencies [88,
89]. Different checkpoint inhibitors have been developed against PD-L1 (avelumab) and cytotoxic T-

lymphocyte-associated protein 4 (CTLA-4, ipilimumab) [90].

Discovering new targets in the four subtypes of CRC (CMS1 — 4) in combination with immunotherapy
has been discussed as a next goal with tumor infiltrating lymphocytes as possible targets as the
presence of immune cell infiltration within the tumor tissue has recently been proven to be an even

stronger prognostic marker than TNM classification [91].

Another category of novel approaches are epigenetic therapies in CRC. Epigenetic regulation of gene
expression functions through DNA methylation, alteration of histone or non-coding RNAs regulation,
have an important function in CRC. It has been suggested that a combination therapy of epigenetic
agents like histone deacetylase together with conventional chemotherapy as 5-FU, oxaliplatin or
irinotecan may be effective and prevent drug resistance. These epigenetic agents are still being

evaluated in clinical trials [92].

2.1.5 Biomarkers in CRC

In chapter 2.1.3 and 2.1.4 many biomarkers have already been mentioned. The following chapter will
give a compact overview of all relevant biomarkers currently used or investigated in the clinic for CRC

detection, therapy guidance and survival prediction.
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2.1.5.1 Markers for CRC detection and classification
Besides colonoscopy, FOBT is still the most commonly used test for CRC detection, though with low
sensitivity and specificity, therefore analysis of fecal DNA is tested to improve FOBT results in the

future [93].

The most commonly accessed molecular markers through detection of tumor DNA in stool are
mutations in KRAS, APC, TP53 and markers to detect MSI [94], all of them allow further classification

of CRC tumors as described earlier.

Evolving blood-based markers are represented by the non-coding microRNAs (miRNA). They are
detectable in peripheral blood, originate e.g. from exosomes or are secreted by tumor cells [61], and
they possess a high stability in blood. Their sequence may cause silencing of target genes, which
could influence progression of tumors. Multiple studies validating miRNAs with g-PCR have
successfully shown differential expression of various miRNAs in CRC and advanced adenoma
compared to healthy individuals [95, 96]. These studies show that miRNAs are potential biomarkers

for early detection of CRC.

2.1.5.2 Predictive markers for possible targeted-treatment

For targeted treatment against EGFR, the regularly assessed biomarkers in the clinic predicting
therapy inefficacy are mutations of the RAS family genes and BRAF. All these genes act downstream
from the EGFR receptor and a mutation in either of them predicts failure of anti-EGFR treatment. As
resistance against anti-EGFR therapy arises usually a few months after first administration, additional
targets in KRAS wildtype (KRAS-wt) patients have been tested. In KRAS-wt CRC, HER2 (human
epidermal growth factor receptor 2) positive tumors have shown a response rate of 30% when
treated additionally with trastuzumab and lapatinib (both anti-HER2 therapies) [97]. This result

makes HER2 a promising biomarker for KRAS-wt CRC in the future.

Another marker for targeted therapy is already the CRC location. Boeckx et al. have shown that
patients with left-sided and RAS wt CRC benefit more from panitumumab (anti-EGFR) treatment than
right-sided RAS wt patients [98]. Also has left-sided CRC been proven to be associated with longer
PFS in KRAS-wt patients treated with cetuximab, while there was no benefit for right-sided CRC
patients [99].

2.1.5.3 Predictive markers for Chemotherapy
The CRC location together with mutation status of genes like KRAS/BRAF can already be predictive

for CT success [100], as described earlier.
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Studies for predictive biomarkers of 5-FU CT are hard to execute as it is unethical to have a non-
treated control group. The expression of thymidylate synthase (enzyme that is inhibited by 5-FU) has
been tested in CRC as a probable marker for 5-FU sensitivity prognosis [101], but as control groups
are missing the results are no proof for predictive value of thymidylate synthase, even though low
levels were associated with improved OS. Another biomarker associated with 5-FU is MMR status as
MMR-deficient tumors do not benefit from adjuvant 5-FU therapy [61] and so according to the latest
guidelines for CRC, new diagnosed patients with AJCC stage Il CRC will have their tumor tested for
MMR status.

Studies for predictive biomarkers for response to irinotecan have been performed, but only few and
with controversial results [102], therefore none of the tested markers is ready for clinical use. But the
most promising one was TOP1 (topoisomerase 1), the target of irinotecan. In a study from Braun et
al. an increased expression of TOP1 was associated with benefit from irinotecan and interestingly
also with benefit from oxaliplatin [103]. Other promising predictive markers for oxaliplatin benefit
have been expression of members of the pathway of DNA nucleotide excision repair (NER) proteins.
ERCC1 has shown potential to be predictive for benefit from oxaliplatin, but ERCC3 and ERCC4 have

been also considered for future analysis [102].

2.1.5.4 Prognostic markers in CRC for survival

One of the first prognostic markers in CRC was CEA. When this blood serum marker is elevated
(>5ng/ml) the patients have a poorer prognosis than those without elevated levels of CEA [104]. CEA
has been widely used in the clinic for patient monitoring. Additionally the Carbohydrate-Antigen 19-9

(CA19-9) has been tested in serum and a cut-off of 37U/ml is associated with shorter OS [104].

As already mentioned, patients with left-sided CRC have also a better survival prognosis which is
caused by differing molecular features of left- and right-sided CRC [61]. Right-sided CRC has a higher
prevalence of CIMP, MSI and BRAF mutation and therefore causes shorter survival. BRAF mutation
alone has been associated to shorter OS in a study of 56 patients with mutated BRAF in advanced

CRC [105].

Expression of ERCC1 has been tested as a predictive marker for benefit from oxaliplatin treatment,
but has shown a stronger association with survival [106]. Patients with ERCC1-negative tumors had

significant longer OS.

Presence of CTCs detected in peripheral blood has also proven association with reduced survival in
CRC patients [7]. More detailed information about origin, properties and clinical implications of CTCs

will be discussed in the following chapter.
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2.2 Introduction to circulating tumor cells

Studies have shown that cancer is a heterogeneous disease with specific subtypes of malignant cells
within one tumor [107, 108]. Each subtype may express different growth factors or have varying
gene mutation status and therefore be responsive to varying chemotherapy [109]. Especially the
discordance between the primary tumor and the metastatic lesion is a strong indicator that the
expression of important oncogenes is not static, but rather a dynamic process [110-112]. Evolution
of cancer in the patient causes a challenge for oncologists. With a changing expression pattern and
mutation status of oncogenes, therapy should be adjusted. To be able to detect newly occurring
therapy targets, the tumor would have to be sampled regularly, which is clinically unfeasible to do
with an invasive solid biopsy and might constitute a risk for the patient. Therefore, the concept of
regularly and easy accessible sampling of the changing tumor by utilizing CTCs as fluid surrogates of
dynamic tumor evolution in the blood (detectable through a 'liquid biopsy') is getting more and more
important in the clinic. Liquid biopsy could contain cells from the tumor and multiple metastatic sites
and therefore might provide an even more informative sample of the tumor burden of the patient
than a solid biopsy sample from a single site or when solid biopsy is impossible. Also it can detect
minimal residual disease after chemotherapy or radiation.

Most localized solid tumors can be cured by surgery [9], but with the occurrence of metastasis,
surgical resection of the tumor is often insufficient. In CRC, spread of the disease to metastatic sites
is shortening patient survival [113]. Expansion of the tumor to distant sites can occur either by
lymphatic spread of tumor cells, direct intracavitary spread or by cells, that have dissociated from the
solid tumor then intravasated the vasculature and travel in the blood either as single cells or as cell
clusters (two or more cells attached) [114]. These circulating tumor cells (CTCs) have the potential to
establish distant metastasis, even though not every CTC will contribute to metastatic seeding. In CRC,
even early diagnosed patients that have undergone tumor surgery may experience recurrent or
metastatic disease within five years. An explanation may be a latent metastatic disease process or
shedding of tumor cells i.e. CTCs with metastatic potential into the blood stream [115, 116]. Thus, it
should be possible to detect metastatic potential in CRC patients early through the detection of CTCs.
So far, studies showed that CTC enumeration is a prognostic biomarker in advanced CRC, but in the

non-metastatic setting results are controversial [117].

The physician Thomas Ashworth first described CTCs in 1869 after observing cells in the blood of a
cancer patient with a morphology identical to the cells in the patient's tumor [118]. These rare cells
are challenging to detect and are not necessarily present at all time points a blood draw is taken from
a cancer patient. They are hidden amongst the large variety of hematopoietic cells in the vasculature

and account only for approximately 1-10 cells/ml blood [119]. Today there have been many
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properties detected that distinguish CTCs from WBCs and are useable for the detection of CTCs.
Many methods are on the market, but the development of more effective and sensitive methods for
CTC detection is still ongoing. What these methods are, what markers and CTC specific properties
they use and how CTCs are influencing clinical practice at present is described in the following

paragraphs.

2.2.1 Biological and physical properties of CTCs
CTCs from solid tumors are cells with epithelial origin and therefore possess biological and physical

properties that enable their differentiation from surrounding blood cells.

2.2.1.1 Biological properties of CTCs

Epithelium specific protein markers

The most commonly used marker to detect CTCs in the blood is the epithelium specific cell adhesion
molecule EpCAM. This transmembrane glycoprotein is mediating cell-cell adhesion in healthy
epithelium and because it is exclusively expressed by epithelial cells, it clearly distinguishes CTCs
from blood cells. Other epithelium specific markers are cytokeratins. These keratin proteins are part
of intermediate filaments in the cytoskeleton of an epithelial cell. Under certain conditions CTCs of
epithelial origin may undergo changes and loose the expression of epithelial markers like EpCAM

(further explanation in chapters 2.2.2.1 and 2.2.2.3).

Tumor origin specific markers

The proteomic profile of a CTC does not only reflect its epithelial origin, but also the protein profile of
the tissue from which it originated, and is therefore organ-specific. The established
immunohistochemistry stains used on tissue biopsy samples in pathology can be used on CTCs as
well for either enrichment of CTCs in a blood sample or for determining their origin. Markers used
are e.g. the prostate-specific antigen (PSA), thyroid transcription factor 1 (TTF-1) or the homeobox

protein CDX2 (for gastrointestinal differentiation) [120].

Clinically actionable markers

Several particular protein markers assessed from tissue biopsies are used for therapy guidance and
clinical practice. Those markers can also be detected in CTCs and numerous studies are comparing
the presence of those markers in CTCs and corresponding primary tumors and metastatic lesions
[121]. Markers valuable for treatment decisions are for example the epidermal growth factor

receptor (EGFR) in CRC [122] or the receptor tyrosine-protein kinase HER2 in metastatic breast
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cancer [123]. Patients are evaluated by the presence of therapy targets to determine if targeted
chemotherapy (like cetuximab or lapatinib) can be applied and might be beneficial. During disease
development, the protein expression profile might change quickly, so that the distant metastasis or
CTCs may vary in gene expression and mutation status of possible therapy targets from the primary
lesions. Therefore CTCs are investigated for their potential advantage over solid biopsies in therapy

decision making and monitoring of disease evolution [124].

2.2.1.2 Physical properties of CTCs
Cells derived from a tumor can possess structural changes within the cytoskeleton, variable size and
shape or chromosomal alterations which lead to varying nucleus/cytoplasm (N/C) ratio. This leads to

various physical properties that allow differentiation of CTCs from blood cells.

Diameter of CTCs

Depending on the tissue type a CTC derives from, their size can vary, but usually exceeds the size of
most of the surrounding blood cells. Whereas small cell lung cancer CTCs may only reach a diameter
of 10 um (around the same size as a the most abundant WBC, a neutrophil), a breast cancer derived
CTC might reach a diameter as big as 70 um and some CTCs from prostate cancer have been shown
to reach a diameter of up to 100 um [125]. The blood cells surrounding CTCs have varying diameters
depending of the cell type (overall though smaller than most CTCs): erythrocytes are the smallest
blood cell (pseudo cell, as they do not have a nucleus) group with about 8 um, followed by
lymphocytes with up to 15 um and monocytes being the largest blood cell group in peripheral blood

with up to 20 um [126].

Deformability of CTCs

The varying ability of a cell to change shape under the application of stress is called deformability.
Experiments have shown that CTCs have a higher deformability the higher their metastatic potential
but are in general less deformable than WBCs [127]. The stiffness of CTCs results from a larger
nucleus and protein expression causing changes in the cytoskeleton differing from those in a WBC. It
was shown that CTCs with a high metastatic potential activate expression of proteins linked to shape
change and increased motility, which modifies the cell to be more flexible, but still stiffer than a WBC

[128].

Electrical charge of CTCs

Due to the different protein expression profile and changes in the DNA content due to polyploidy,

CTCs possess a higher amount of polarizable molecules suspended in the cytoplasm and nucleus. This
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differing ratio between the solvent and the polarized particles results in a useable dielectric property

to distinguish CTCs from WBCs [129].

Density of CTCs

The weight per volume of a cell is measured as its density. In whole blood the densest cell type are
erythrocytes, because they contain the protein hemoglobin, which binds iron [130]. A study proved
that leukocytes have the lowest density from all nucleated blood cells and therefore CTCs reside in

the buffy coat, the layer between red blood cells (RBCs) and plasma [131].

2.2.2 Dynamics of CTCs

CTCs are considered as originally being part of a sessile epithelial cell collective attached to a basal
membrane and connected through various junctions. A huge part of CTC research was and still is
uncovering the mechanisms how and why exactly tumor cells are leaving their sedentary state to
enter the vasculature, which causes hemodynamic stress and immune response [132]. Some of the

processes involved have been already discovered and are described in the following paragraphs.

2.2.2.1 Active CTC migration

The active migration of epithelial tumor cells away from their sedentary state has been extensively
studied. The main and mostly accepted theory is that the tumor cells undergo epithelial-to-
mesenchymal transition (EMT). Various intracellular pathways are taking part in this process, where
epithelial cells lose their junctions, adhesion to basal membrane, apical-basal polarity and change

into an elongated cell with increased motility and invasive potential [133].

The signaling cascade triggering EMT is partly activated by the tumor microenvironment [134]. Main
factors for higher invasiveness are the transforming growth factor B (TGF-), which is secreted by
WBCs, macrophages and platelets [135], secretion of pro-inflammatory cytokines by fibroblasts [136]
and interactions between macrophages that also secrete the epidermal growth factor (EGF) and the
cancer cells carrying the EGF-receptor. The attracted tumor cells are then moving along collagen

fibers towards the vasculature driven by this paracrine-loop induced chemotaxis [137].

When a tumors oxygen supply is low (<40 mmHg), hypoxia inducible factors (HIFs) are activated and
trigger EMT through binding to the promoter regions of transcription factors responsible for EMT
[138, 139]. These triggers and the activation of various transcription factors including Zinc finger E-
box-binding homeobox 1 (ZEB1), forkhead transcription factor 2 (FOXC2), twist family bHLH
transcription factor 1 (TWIST) and the snail family transcription repressors SNAIL and SLUG [133]. The
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induced signaling networks result amongst others in the down regulation of E-cadherin (a cell
adhesion molecule) and the upregulation of N-cadherin (which is called the cadherin-switch) and
eventually leads to motility and invasive characteristics [140]. Other regulatory factors increased
during EMT are Twist, Zeb1, integrins (e.g. B1 and aVR5), Akt2 and others. Some proteins are
dissociated from epithelial complexes and moved towards the nucleus (B-catenin) and protein
expression for epithelial characteristics might be down regulated (cytokeratins) [141-144]. The
former anchor-dependent epithelial cell is rebuilt: the cytoskeleton now mainly contains vimentin-
rich intermediate filaments instead of cytokeratins [145], migration is enabled by lamellipodia or
filopodia formation and cell adhesion and polarity are lost. This allows movement through stroma
and intravasation into the vasculature and survival in the blood stream [142, 145]. It has even been
observed by pathologists that small aggregates of cells detach from an adenocarcinoma and migrate
over short distances; this observation has been called tumor budding and was related to EMT and

considered a parameter of tumor progression [146, 147].

2.2.2.2 Passive CTC shedding

In contrast to active migration of tumor cells into blood stream, the passive shedding of cells into the
vasculature through parts of the tumor breaking off is supported by pathologists observations of
tumors growing inside blood vessels [148, 149]. Single cells or even clusters of cells could be torn off
by the hemodynamic suction and then circulate in the vasculature. It is even suspected that
circulating tumor cell clusters (CTCCs), that have broken off a tumor may get stuck in small
capillaries, which could eventually support metastasation [150]. Other studies show that the luminal
surface of tumor blood vessels are often composed of a mix of tumor cells and endothelial cells
(mosaic vessels). In colorectal cancer biopsies the group of Chang et al. has observed that 13.4% of
the blood vessels in the tumor were mosaic. The group suggests that after endothelial cells are shed,
tumor cells get exposed to the blood vessel lumen and may participate in vessel wall composition

[151].

2.2.2.3 Survival of CTCs in Circulation and possible seeding

Survival in the bloodstream

In a healthy epithelial tissue, a cell that has lost its interactions to the surrounding cells and to the
extracellular matrix will undergo anoikis [152]. This cell death is a protection from cells that detach
from their surrounding extracellular matrix (ECM) during uncontrolled growth. CTCs that have just

lost their connections to neighboring cells and intravasated into the blood stream are additionally
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facing the sheer force in the vasculature and elimination by the immune system. In order to survive,
they instantly associate with platelets through cell surface tissue factors. This association offers
physical protection (platelets shielding the CTCs), but platelets also secrete growth factors like
transforming growth factor beta (TGF-R) and platelet derived growth factor (PDGF) which are able to

inhibit natural killer cell activity and sustain already induced pathways of EMT [153]

Studies measuring the survival rate and time of CTCs in a mouse model of kidney cancer report 89%
non-viable cells immediately after shedding and an approximate survival time of maximal 24 hours in
breast cancer patients [154, 155]. However, one option to prolong survival is activation of a dormant
state. During dormancy, proteins for cell proliferation are down regulated (cell proliferation protein
Ki-67) and cells remain in a temporarily stopped cell state in the blood or bone marrow. Researchers

suggest that cells might apply this mechanism to acclimate to new microenvironments [156].

Establishment of metastasis

To establish a distant metastasis, a CTC has to extravasate the vasculature and start to proliferate at
a distant site. In 1889 Dr. Stephen Paget proposed the 'seed-and-soil' theory, which proposed the
need of a favorable microenvironment in order for a tumor cell to be able to establish metastasis
[118]. This 'soil' has to be composed of stromal cells and proteins of the ECM to support proliferation
and survival of the 'seed' [157]. The travelling cells have to undergo a redesign to regain cell-cell and
cell-matrix interactions. This reverse process of EMT was proposed as mesenchymal-to-epithelial
transition (MET) [133]. Key proteins in MET include cell adhesion molecules (CAMs) and all proteins

supporting epithelial state (like E-cadherin and B-catenin) [158].

2.2.3 Methods to detect and capture CTCs

As already explained in chapter 2.2.1 (page 21), CTCs can be distinguished from surrounding blood
cells by their physical and biological properties. Many methods have been developed over the last 70
years since the surgeon Dr. Engell in 1955 first used saponin to lyse red blood cells and thus enriched
the WBCs and CTCs [159]. But to detect such rare cells with necessary sensitivity is a 'needle in the

haystack' challenge.

2.2.3.1 Positive selection of CTCs

Despite all efforts over the last decades, up till today, there is only one CTC detection system
approved by the EU and the FDA, the CELLSEARCH® system (Veridex, Warren, USA). This system is
performing positive selection of CTCs utilizing ferrofluid nanoparticles coated with antibodies against

EpCAM. EpCAM expressing cells are magnetically separated from leukocytes and then stained with
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anti CK antibodies (CK8, CK18, CK19), anti CD45 (a specific leukocyte antibody) and the nucleic acid
stain DAPI (4',6-Diamidin-2-phenylindol). CTCs are defined as EpCAM expressing cells that have a
nucleus (DAPIP®), are CKP** and CD45"€ [160].

Other CTC detection techniques have been developed, but the majority is utilizing EpCAM for
detection and enrichment of CTCs [161]. There are microchips like the CTC-chip where CTCs are
captured on EpCAM-coated microposts [162], the MagSweeper®, where the sample is mixed with
EpCAM labeled antibodies and then a magnetic shaft is 'sweeping' CTCs out of the sample, or the in
vivo CellCollector® (GILUPI GmbH, Potsdam, Germany) that utilizes an EpCAM-coated nanoguidewire,
which is inserted in a patients vein for 30 min to capture CTCs [163, 164]. Instead of using only
EpCAM for positive CTC enrichment the AdnaTest® (QIAGEN, Hilden, Germany) uses a combination of
antibodies against other markers of CTCs (EpCAM, Her2, MUC1), but is still limited to enrichment of

CTCs expressing at least one of the targets [165].

Sensitivity for these methods can be evaluated using cancer cell line spiking experiments. A known
number of cells are spiked into a blood sample of a healthy donor and the recovery rate is

determined.

Sensitivities and specificities vary excessively depending on the method applied. For the
CELLSEARCH® system a sensitivity of at least 85% and specificity of 99.7% has been stated in a study
with 964 metastatic breast cancer patients and 199 women diagnosed with benign breast disease
and 145 healthy women [166]. For the AdnaTest® 80% sensitivity and 97% specificity were reported

in metastatic breast cancer [165].

2.2.3.2 Negative selection by WBC depletion

Another method to enrich CTCs is the depletion of leukocytes after RBC lysis. The EasySep®
(STEMCELL Technologies, Vancouver, Canada) utilizes magnetic beads, that are labeled with anti
CD45 antibodies [167]. An advantage of this method is the viability of the CTCs, which is not always
assured after positive selection methods that use EpCAM detection [168]. But due to a portion of
leukocytes being left behind, the purity of CTCs enriched by WBC depletion is lower compared to

positive selection of CTCs [169].

2.2.3.3 Other methods

Enrichment of CTCs by physical properties

Using the differing density of CTCs (as mentioned in chapter 2.2.1.2), the OncoQuick® system

(Greiner Bio-One GmbH, Frickenhausen, Germany) separates CTCs from other blood cell types by
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density gradient centrifugation [170]. Other systems make use of the differing size of CTCs and WBCs.
The best-known filtration device for CTC isolation is ISET® (RARECELLS US Inc., Austin, USA) using a

polycarbonate filter with a pore size of 8 um [171].

Combined methods of CTC detection

The approaches mentioned above can also be combined to achieve a higher specificity in CTC
detection. An example is the epithelial immunospot technology EPISPOT, that first utilizes CD45
depletion and then detects viable CTCs by observation of protein secretion using culture plates pre-
coated with antibodies for the proteins of interest [172]. Furthermore, techniques have been
developed combining RBC lysis and density centrifugation with CTC detection through anti-EpCAM
labeled antibodies (maintrac®, Simfo GmbH, Bayreuth, Germany) [173] or the combination of
filtration by size and RNA in situ hybridization (CanPatrol®, SurExam Biotech Ltd., Guangzhou, China)
[174].

Nonenrichment strategy: Direct Analysis of CTCs

One strategy that avoids any pre-selection of a cell population carrying a specific marker is the high
definition single cell analysis (HD-SCA) platform (Epic Sciences, San Diego, USA), that has been
developed by Dr. Kuhn and colleagues [175]. Only RBC lysis is performed before all other blood
components (leukocytes, platelets, exosomes and CTCs) are plated on a microscopy slide and then
stained with fluorescence tagged antibodies against CD45 (leukocyte marker), CKpan (epithelial
specific cytokeratin pan mix) and a nucleic acid stain (DAPI). Whole slides are then scanned and
customized software detects cells of interest using fluorescent signal positivity and absence of it, but
also taking nuclear size and cell size into consideration. Thus cells of interest and therefore probable
CTCs are detected depending on their epithelial or cancer specific marker and depending on their
morphology, as availability of a picture for each cell on the slide allows analysis of CTCs on the
background of surrounding WBCs. The potential of the HD-SCA workflow to reflect the entire
population of CTCs and the possibility to continue after CTC detection with single cell analysis by
isolating single CTCs from a slide with a micro-manipulator was exploited by our laboratory thanks to
the collaboration with the group of Dr. Kuhn. Specifics about this method are in detail explained in

chapter 4.

2.2.4 Downstream characterization of CTCs
Most of the techniques for CTC detection and capturing mentioned in 2.2.3 have the goal of CTC
enumeration. This strategy has been proven effective for some solid tumors like breast, prostate and

lung, but has not been sufficient for treatment decisions, early detection or disease monitoring [176].
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Therefore, during the last years the focus of CTC research became more and more targeted on the
methods that reach further than enumeration itself. As CTCs are the interstage between a primary
tumor and the distant metastasis, it could be very valuable for clinical research to characterize single-

CTCs or establish CTC cell cultures and xenograft models.

2.2.4.1 Cell cultures and xenograft models established from viable CTCs

CTCs are very rare in a blood sample of a cancer patient as explained in chapter 2.2. and there are
only a few methods being able to enrich viable CTCs (see chapter 2.2.3), hence establishing a cell
culture of CTCs is a challenge. It is reported that at least 100 CTCs are necessary to successfully

culture CTCs [177], but only few patients possess that high quantity of CTCs in their blood draw.

Successful CTC cultures can be utilized for drug sensitivity tests or for creation of xenograft models in
immunodeficient mice, where broader drug testing and analysis of genetic profile of the tumor

development is possible [178-180].

2.2.4.2 Molecular Characterization of CTCs

For clinical applications CTCs are analyzed for sub-groups that may mostly be responsible for
metastasation and chemo-resistance. In most solid cancers, metastasis is still the prevalent cause of
death. If it would be possible to detect a sub-group of CTCs, which causes metastasis and develop
targeted therapy to detect and destroy this sub-group while it is still in circulation it would be a
major breakthrough for cancer research. Additionally, through mutation analysis of CTCs, patients
may be chosen for a therapy switch independently of the mutational profile of their primary tumor

to better reflect the tumor evolution.

The simplest downstream approach is the investigation of CTCs on the protein level through
fluorescence labeled antibodies against proteins of interest. Most CTC detection methods already
use EpCAM for CTC identification and are often able to add detection of additional proteins [181]. In
case of breast cancer, therapy decision can be based on the hormone receptor status of a patient
(ERP/"°€, PRPO/"E  HER2P°/"¢) and researchers still investigate if the changing hormone status of

CTCs might predict a valuable early therapy switch [182].

Next generation sequencing (NGS) techniques have evolved through the last decade and broaden the
knowledge about cancer genotypes, driver mutations and tumor heterogeneity [183, 184]. To
execute NGS, the DNA content of a single CTC has to be amplified by whole genome amplification
(WGA). Consecutively the cell genome can either be analyzed for mutations or for changes in copy

numbers and may be useful for detection of new therapy targets for drug development [185-188].
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Like the hormone status in breast cancer, the KRAS mutation status in CRC is an important predictor
of anti-EGFR therapy success, therefore a changing mutation status in CTCs compared to the
mutation status in the primary tumor could also enable a switch to more appropriate treatment and

save time for the patient [187, 189].

Other techniques for downstream analysis can be profiling of CTCs on the RNA level by fluorescence
in situ hybridization (FISH) [122], quantitative PCR after reverse transcription PCR [185] or mRNA

sequencing [190].

2.2.5 Clinical implications of CTC detection today

Methods for CTC detection have been developed in numerous ways (see. 2.2.3), as well as methods
that go further than enumeration (as described in 2.2.4). CTCs are promising biomarkers, as they
represent the liquid phase of the evolving tumor and its interphase to metastasis, and even though
much has been discovered in laboratories, research now focuses more on the transfer of knowledge

about CTCs to personalized medicine.

2.2.5.1 Therapeutic target discovery

There are two scenarios in which CTCs might be useful biomarkers regarding therapeutic targets.
First is the detection of already known therapeutic targets in CTCs which could be helpful in different
situations. Tissue biopsies come often with a high risk for the patient or may not be sufficient for
pathological tests. In NSCLC for example, researchers evaluate if CTCs could serve as the indicating
biomarker if the treatment with the ALK and ROS1 inhibitor Crizotinib can be efficient [191]. Another
example of CTC utility is the change in a hormone receptor profile of a tumor. In prostate cancer,
mutation of the androgen receptor (AR) gene can result in hormone therapy resistance. Emerging
modifications in AR cannot be measured by repeated tissue biopsy, but CTCs have been tested for

their predictive value and have shown a promising potential [192].

Secondly CTCs might help discovering new therapeutic targets through recognizing and investigating
heterogeneity of tumor tissue within CTCs. They also might be therapeutic targets themselves. Once
a sub-population of CTCs is discovered with a higher metastatic potential, targeted therapy could be
developed against the cells themselves. Current research already aims to characterize the metastatic
genotype and phenotype of CTCs in NSCLC using markers common in EMT like vimentin or N-
cadherin to characterize a subset of CTCs responsible for metastasis. They also showed that these

CTCs may have lost cytokeratin and may be harder to detect with general methods [193].
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2.2.5.2 Disease and treatment monitoring

Through regular application of CTC detection and characterization, disease evolution could be
monitored by using a blood draw of a cancer patient. Changes in hormone receptor or mutation
status of CTCs may provide information about treatment response, efficacy or resistance [194, 195].
As a large trial with metastatic breast cancer patients (SWOGS0500) could not confirm that a therapy
switch based only on CTC enumeration can improve survival [196], it supported the approaches of
many research groups that are convinced that only further characterization of CTCs can improve
cancer care. A successful example is a recent study of AR-V7 analysis on CTCs in prostate cancer
patients showing reliable prediction of abiraterone and enzalutamide resistance. This proved that

regular CTC analysis can alert clinicians early and reliably for a therapy switch [197].

2.2.5.3 Relapse prediction
To confine the emergence of metastasis, early knowledge about the risk of relapse can be live saving.
Studies have shown that CTC enumeration has potential to predict metastatic relapse in bladder

cancer, prostate cancer and breast cancer [198-200].

This is where downstream analysis steps in and focuses on the identification of metastasis-initiating
markers on CTCs which could guide therapy decision making in early stage patients or before

predicted relapse.
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3 Goals and hypotheses

In this study we utilized the HD-SCA workflow to analyze CTCs without prior enrichment in stage IV
CRC patients. We aimed for in-depth analysis and categorization of the CTC subpopulations that may
be responsible for relapse or are associated to metastatic disease. This may broaden previously
published studies that have shown the predictive and prognostic value of CTC enumeration

(association with OS, PFS and tumor stages) [117, 201].

We chose a patient cohort of stage IV CRC patients with distant metastases in the liver. Our goal was
to classify subsets of detected CTCs and analyze CTC clusters for their potential value as biomarkers
to further stratify patients risk status. Also we characterized single CTCs on the molecular level and
utilized CNV profiles to uncover their origin by comparison of CTC profiles with cells of the primary
tumor and/or the liver metastasis. We also chose a cohort of patients that underwent different

surgery strategies to be able to track CTC counts after resection of primary tumors or metastases.

3.1 Enumeration of CTCs in CRC

Our goal was to enumerate all CTCs using the HD-SCA workflow to determine a subcategory of CTCs
based on morphologic heterogeneity associated with survival and/or metastasis. The approach
extends previously existing studies using mostly the CellSearch® system that was criticized before as
insufficient for their limitation by detection of only EpCAMP® cells [202]. Also, we planned to analyze
clusters of detected epithelial cells to evaluate their potential as unique indicators of disease
progression. CTCCs have been analyzed before and have shown potential to be unique indicators of

cancer [203, 204]. For CTCCs the HD-SCA is an optimal method due to its high-definition images.

Hypothesis 1: It will be possible to distinguish different subsets of CTCs by morphological

characteristics.

Hypothesis 2: One or more of the classified CTC categories will be associated to survival.

3.2 Copy number variation profiles of CTCs in CRC

The molecular analysis of CTCs has been demonstrated to provide more information and a novel
source of predictive potential. For example, in lung cancer the CNV profiles of CTCs have shown the
ability of predicting chemo-sensitivity [205]. Using the HD-SCA workflow it has already been shown

that multiple clones can exist within the CTCs of one prostate cancer patient [206]. So far CNV
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profiles of single CTCs of CRC patients have not been analyzed, but may offer differentiation between

cancer promoting CTCs and those less relevant for survival prognosis.

Our goal was to observe clonality within the CTCs of our CRC cohort and to compare the detected
profiles with those of the individual cells extracted from corresponding tissue samples. We wanted to

find out if it is possible to monitor a clonal evolution of the cancer in the blood of a CRC patient.

Hypothesis 3: We will observe CNV clonality within CTCs of CRC patients and at least one clone will

be associated to survival.

Hypothesis 4: A detected clone within CTCs will also be discovered in the individual cells of
corresponding tumor tissue of the primary tumor or cells of the liver metastasis of the same patient

and therefore be proof of tumor evolution and descent of CTCs in CRC.
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4 Materials and methods

As discussed in chapter 2.2.3, a CTC detection method was used that allows single-cell analysis after
capture including imaging and CNV profiling. Collaboration with Dr. Peter Kuhn at 'The Bridge'
institute of the University of Southern California (USC) allowed implementation of major parts of the
High-Definition Single-Cell Analysis (HD-SCA) workflow in the Laboratory of Tumor Biology at the
Biomedical Center at the Faculty of Medicine in Pilsen. The method with basic information about the
cell detection steps has been already described by Marrinucci et al. in 2012 [175] and the process is

illustrated in Figure 4.
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Figure 4: The High Definition Single Cell Analysis workflow. A blood sample undergoes red blood cell (RBC)
lysis, all other blood components are plated on adhesive microscopy slides and these are stored at -80°C until
further use. Fluorescent staining using CK, DAPI and CDA45 is performed; slides are then scanned on an
automated microscope and reports being generated by custom software using signal intensity and nuclear size
for rare cell detection. Single cells are manually extracted, whole genome amplification is performed and
libraries for lllumina sequencing are prepared. Sequencing data are used to generate CNV profiles and from
those clonality is determined. Figure published in Thiele et al. (Molecular Meth Biol., accepted March 2018).

-33-



4 Materials and methods

4.1 Blood sample collection and processing

4.1.1 Patient cohort

In this prospective study 47 patients from the Czech Republic with clinically confirmed CRC in AJCC
stage IV were analyzed. Additionally, the blood from ten healthy donors has been drawn and
analyzed. Details can be found in chapter 5.2 (page 47). Most of our patients have received
neoadjuvant treatment, but given the size of the cohort and variability of the treatment used (both
regarding the type and duration of treatment), it was not possible to reliably analyze correlation

between the chemotherapy and CTC enumeration.

All patients and donors enrolled in the study agreed to the processing of their blood samples by
signing informed consent. The study protocol was approved by the ethics committee of the Faculty of
Medicine and University Hospital in Pilsen and complies with the International Ethical Guidelines for
Biomedical research Involving Human Subjects. All blood samples were collected by clinical personnel
of the University Hospital in Pilsen and patient data has been anonymized. An overview of cohort

characteristics is presented in Table 3.

Table 3: Patient cohort characteristics

Category Groups No. %
Gender male 25 53.2
female 22 46.8
30-50 5 10.6
Age 50-70 30 63.8
>70 12 25.5
Left 29 61.7
CRC Right 10 21.3
Location Transvers 7 14.9
Left & Right 1 2.1
Yes 30 63.8
SD‘;:::Sr:”OUS No 16 340
N.A. 1 2.1

4.1.2 Sample collection

4.1.2.1 Blood samples
Blood samples were collected before surgery and a follow up blood draw within two weeks up to 5

months after surgery through a peripheral blood draw. Blood was collected in 10 ml Cell-Free DNA
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blood collection tubes from Streck© (STRECK Inc., USA). Blood was kept at room temperature (RT,
15-30°C) and processed within 16-36 hours. For healthy controls, blood has been obtained from
healthy volunteers (without diagnosis of cancer or other life threatening or in blood detectable
diseases) at the USC in Streck© tubes and these blood samples have been handled in the same way

as blood samples of CRC patients up to analysis of enumeration data.

4.1.2.2 Tumor tissue touch preparations

During each patient’s surgery, the operating surgeon also used a piece of resected tissue (metastasis
or primary tumor and a piece of macroscopically tumor free tissue) to slightly touch it on a standard
microscopy slide (touch prep). This slight contact with the slide left an imprint of a single cell layer of
the tissue on the slide. The slide was then air dried, treated with 0.75 ml 7% bovine serum albumin
(BSA), BSA was decanted and slide was dried; a cover glass was added, and the slide stored at -80°C.
For each patient with sufficient tissue (89.4% of the cohort), five slides were produced from tumor
tissue and five slides from non-malignant tissue. From here on, the touch prep slides were treated
like blood preparation slides regarding the fluorescent staining (chapter 4.2), but imaged manually as
distribution of cell patches is not homogenous on the slide. Fluorescent images were taken in all
channels manually and coordinates noted in a database to allow single cell isolation as described in

chapter 4.5 (page 39).

4.1.3 Blood processing

The blood samples were rocked for 5 min to be well mixed. 10X red blood cell lysis buffer was
prepared by using 41.6 g ammonium chloride (NH4Cl), 5.01 g potassium bicarbonate (KHCO3), 0.186 g
EDTA in 500 ml double deionized water (ddH,0). A 1X working solution was prepared by adding
10 ml of 10X lysis buffer in 90 ml ddH,0. 8 ml of blood were added to 40 ml of 1X lysis buffer (5 ml of
1X lysis buffer/1 ml blood) and the falcon tube was rocked for 5 min. 10 pl lysed blood was analyzed
in a Buerker chamber to determine WBC concentration in million cells per ml. The HD-SCA method is
using an amount of 3 million cells per slide and the number of slides to prepare was determined by

the following formula:

x ml blood * WBC count (mlrlrllllon)
million WBC

3( slide )

y slides =

The falcon tube with lysed blood was then centrifuged at 800 g for 5 min. The lysed red blood cells in

the supernatant were taken off without touching the pellet. For correct concentration of WBCs per
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slide the volume of 1X phosphate buffer saline (PBS) with a pH 7.4 (+/- 0.02) was calculated for final

addition of 3 million cells in 0.75 ml cell suspension per slide:

0.75ml>
slide

amount of PBS = (No. of slides (y) *

Custom made Marienfeld adhesive slides (Marienfeld, Germany) were washed until protective film
(blue) comes completely off and stored at RT in a coplin jar (ThermoFisher Scientific, USA) in 1X PBS.
Per slide 0.75 ml of the cell suspension was added. Slides were incubated for 40 min at 37°C to let
cells attach. 7% bovine serum albumin (BSA) was prepared with a pH 7.4 (+/- 0.02). Cell suspension
was decanted off the slides and 0.75 ml of 7% BSA added to the slides and incubated for 5 min at RT.
BSA was decanted off, slides dried on a slide heater at 37°C and then a coverslip was added and

attached with adhesive tape. Slides were wrapped in aluminum foil and stored at -80°C.

4.2 Fluorescent staining

Microscopy slides were thawed for 30 min at RT, cover slip taken off and 1 ml fresh prepared 2% PFA
(paraformaldehyde) was added to each slide for 20 min at RT for fixation. PFA was tapped off; slides
washed in 1X PBS for 3 min, then 0.75 ml ice cold methanol (MetOH, Fisher Scientific) was added and
slides incubated for 5 min at RT. MetOH was tapped off, slides washed in 1X PBS for 3 min and
0.75 ml of 10% goat serum (Millipore, diluted in 1X PBS and sterile filtered) in 1X PBS was added and
incubated for 20 min at 37°C to block unspecific bindings. Slides were then stained with anti-pan-
cytokeratin in dilution 1:100 in 10% goat serum (1. Anti-cytokeratin mix IgG1 (CK1, 4, 5, 6, 8, 10, 13,
18, 19), Sigma, Cat. No.: C2562; 2. Anti-cytokeratin 19 IgG1, Dako, Cat. No.: M0888) and Alexa 647
conjugated antibody against CD45 in dilution 1:125 (mouse, monoclonal IgG2a, AbD Serotec, Cat. No.
MCA87A647X). Primary antibodies were tapped off, slides washed in 1X PBS twice for 3 min in coplin
jars. Secondary antibody mix was applied (0.75 ml per slide) containing goat anti-mouse Alexa Fluor®
555 IgG1 in 1:500 dilution in 10% goat serum and nucleic acid stain 4’,6-diaminido-2-phenylindole
(DAPI, Thermo Fisher Scientific, 5 mg/ml in 1:50000 dilution). Secondary antibody was tapped off,
slides washed in 1X PBS twice for 3 min and then dipped only shortly in ddH,0. 110 ul live cell
mounting medium (0.05 g n-propyl gallate, 0.26 g Tris-HCI and 8 ml of ddH,0 were mixed; 4 ml of
that solution were added to 36 ml glycerol) was distributed evenly over the active area of the slide
and coverslip mounted without making bubbles. Slides were placed in a slide holder and settle
overnight, the next day clear nail polish was used to seal coverslip on the slide. Slides were scanned

immediately and then kept dry, dark and cool.
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4.3 Whole slide imaging

A custom configured, fully automated epifluorescent microscopy system was used containing a broad
spectrum illuminator, multiband filter (DAPI, FITC, TRITC, Cy5), a 20MHz 14-bit CCD camera with IEEE
1394 interface, 10X objective lens, a calibrated and automated x-y-z-stage with an insert fitting 4
slides and a control board integrating all components. All equipment for slide scanning was keptin a
dark and air-conditioned room. The slides were cleaned carefully (only the bottom, not the coverslip)
with 70% ethanol (EtOH). Compressed air was used to remove dust and EtOH residue. Slides were
secured on the scanner insert with coverslip facing the objective. A custom imaging software was
designed using Vollath’s autocorrelation function and auto exposure function for ideal range. The
software was using DAPI images with a 10X objective lens to set focus, then 6912 digital images were
taken for one slide in 2304 frames totaling in images of approximately 3 million cells. All images were
merged to create a representation of the entire slide using the SilverLight add-on for
WindowsExplorer. Single-cell segmentation was implemented, allowing measurement of cellular
characteristics like circularity, cell area, fluorescent signal intensity in each channel or DAPI nuclear
size. Cells were annotated with a cell ID and Cartesian coordinates. Cells of interest (COls) were
categorized based on CK and CD45 signal intensities and extracted into a web-based report for

pathological review.

4.4 Technical analysis of COls

4.4.1 Image analysis

The custom imaging analysis software uses algorithms for the detection of COIs considering the
signal of cytokeratin (CK), lymphocyte common antigen CD45 and DAPI. COIs were detected having
either a high CK signal standard deviation over mean (SDOM), a large nuclear area and no CD45
signal or cells with a low CK signal or cells with a high CK SDOM, but a small nuclear size. All probable
COls detected by the software were presented to hematopathology trained personnel as images of

the cell and its surrounding cells from all fluorescent channels to enable contextual comparison.
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4.4.2 Hematopathological classification

COls were then categorized through a defined decision making process as explained and visualized in

Figure 5.
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Figure 5: Decision chart for categorization of cells of interest (COIls). After automated scanning of the entire
slide, the reported COIs must be categorized based on their nuclear shape and fluorescence signals. Decision
making starts with the nuclear shape (middle), the next step is the CK signal intensity and eventually the CD45

signal is being evaluated.

COl subcategories were defined by the following characteristics:

. HD-CTC: CKP*, CD45"%, and distinct nucleus (larger than WBC, elongated, elliptical)

. CTC-LowCK: CK"*/"¢, CD45"%, and distinct nucleus

. CTC-Small: CKP®, CD45™¢, with small and round nucleus

. CTC-cfDNA producing: CKP®, CD45"%¢, and shredded or minimized nucleus. CK signal might be

shredded due to blebbing and visible as single dots.

o CTCCs: clusters of two or more HD-CTCs
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If the presented COI does not fit in any of these criteria it can be one of the three categories for

falsely detected COls:

. False positive: CK”*, CD45°* and small size nucleus
. WBC: CK"¢, CD45°*
. Junk (staining residue, bubbles, etc.)

The final report provided a dataset of all categorized cells of interest with corresponding coordinates,
allowing for relocation of each cell for downstream analysis. Additionally, it contained SDOMs of all
markers, nuclear circularity, and many more. Using the enumeration data, the amount/ml blood was
calculated for all CTC categories by dividing the detected number of cells with the amount of blood

used for one slide.

4.5 Single cell isolation

Before single cell isolation, the COl may be reimaged at 400X magnification to obtain a high quality
image. After reimaging, the nail polish sealing was carefully taken off using a scalpel, without moving
of the coverslip. For isolation of single-cells from a microscopy slide, a fluorescence microscope was
used (Olympus IX81) in combination with a micromanipulator (TransferMan® 4r, Eppendorf) and the
imaging software ImagePro. Glass capillaries used for cell isolation were piezo drill tips (diameter of
15 um, angle of 25°, lengths of 6.000 um) from Eppendorf. All areas around the microscope and
micromanipulator were cleaned with 70% EtOH and DNA AWAY®. The analyzed slide was placed in a

tilted position within a ddH,0 filled coplin jar for at least 10 min to remove cover slip.

After cover slip was removed, the slide was placed on the microscope stage and 1 ml 1X PBS
containing 0.1% Tween20 is added to the slide against dehydration. The stored coordinates were
used to navigate the COIl in field of vision using the 10X objective lens. In brightfield (BF) the focus
was set on the capillary tip which was then moved down and in front of the cell. The cell was then
slowly dislodged from the slide and the capillary moved up and out of the PBS buffer. A UV light
sterilized 0.5 ml LoBind PCR tube (Eppendorf AG, Germany) was positioned on a cover slip next to the
slide and 1 pl of cell deposition buffer (CDB, 10 mM Tris-HCI, 1 mM disodium EDTA, pH 8.0) was
placed in the tube. The cell was then deposited in the CDB drop by moving the capillary down and

releasing the cell. The tubes containing single cells were labeled and stored at -80°C immediately.
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4.6 Whole genome amplification

4.6.1 Whole genome amplification using the WGA4 kit

To reach sufficient DNA amount from a single-cell, whole genome amplification (WGA) was
performed. For WGA the GenomePlex® Single Cell Whole Genome Amplification Kit (WGA4, Sigma-
Aldrich) was used. All surfaces were cleaned with DNA AWAY® and 70% EtOH. The tubes containing
the single cells in 1 ul CDB were thawed and for each batch of tubes, one negative control (only Tris-
EDTA buffer) and one positive control (1.5 ul of gDNA, 5 ng/ml) were added. To each tube 1.5 pl of
lysis buffer (1:1 dithiothreitol (DTT, 100 mM) + potassium hydroxide (KOH, 400 mM)) was added and
gently span down. Tubes were placed in a PCR cycler (Mastercycler™ pro PCR System, Eppendorf)
and incubated at 95°C for 2 min. Immediately PCR tubes were placed on a PCR cooler (iceless cold
storage system, Eppendorf). To each tube, 6.5yl of 10 MM TE buffer (10 mM Tris-HCI, 1 mM
disodium EDTA, pH 8.0) and 1 pl of the 10X Single-Cell Lysis and Fragmentation Buffer (contained in
the WGAA4 kit) were added. Tubes were then placed in the thermal cycler and incubated for 4 min at
99°C. Tubes were again immediately removed and placed on the PCR cooler. Per reaction, 2 ul of 1X
Single Cell Library Preparation Buffer and 1 pl of Library Stabilization Solution (both part of the WGA4
kit) were added and tubes mixed thoroughly and placed in a thermal cycler for 2 min at 95°C
followed by cooling them on the PCR cooler. 1 ul of Library Preparation Enzyme was added to each
reaction and tubes placed in thermal cycler using the following program: 16°C for 20 min, 24°C for
20 min, 37°C for 20 min, 75°C for 5 min, 4°C hold. Then 7.5 ul 10X Amplification Master Mix, 48.5 ul
of molecular grade water and 5 pl of WGA DNA Polymerase (all three part of the WGA4 kit) were
added per reaction. Tubes were mixed thoroughly and incubated in a thermal cycler as follows: 95°C

for 3 min, 24 cycles of: 94°C for 30 sec, 65°C for 5 min; then hold at 4°C.

4.6.2 Control of WGA products in agarose gel

A 1.5% agarose (GelPilot® agarose, Qiagen) gel was prepared including 10X SYBR®Safe DNA Gel Stain
(Life Technologies). Samples were loaded using 8 ul of sample combined with 2 ul of the 5X Gel Pilot
Loading Dye (Qiagen). In one well 8 ul of Quick-Load® 100 bp DNA ladder (New England Biolabs Ltd.,
USA) was loaded. Gel was run for approximately 35 min at 90 V for a 100 ml gel. WGA product was
considered as successfully amplified when a continuous smear between 150 and 1000 bp was

observed.
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4.6.3 PCR product purification

The QlAquick PCR Purification kit (Qiagen, Germany) was used according to manufacturer’s
instructions. DNA samples were quantified using the Qubit™ dsDNA HS Assay Kit (ThermoFisher
Scientific, Germany) according to manufacturer’s instructions. DNA concentrations were saved in a
database and all samples were diluted with 10 mM TE buffer to the same initial amount of 185 ng

DNA in 55.5 pl total volume.

4.7 Library construction

4.7.1 DNA Fragmentation
All samples were transferred to sonication tubes (Snap Cap microTUBE, COVARIS) and the sonication
device COVARIS S2 (COVARIS) was used according to manufacturer’s protocol to achieve a fragment

size of 200 -250 bp. After fragmentation, DNA was transferred to strips of 0.2 ml PCR tubes.

4.7.2 Library preparation

The NebNext®Ultra DNA Library Prep kit for Illumina® (New England BiolLabs Inc.) was used in
combination with Agencourt® AMPure® XP Beads (Beckman Coulter) for size selection and cleanup
according to manufacturer’s protocol. For PCR, the Mastercycler™ proPCR (Eppendorf) was used.
After second bead selection for PCR product cleanup, 32 ul supernatant containing DNA was
collected and DNA quantity measured using Qubit (ThermoFisher Scientific) in combination with the
dsDNA HS Assay Kit (ThermoFisher Scientific) while following the manufacturer’s protocol. Quality of
the library (correct size of 300-400 bp) was analyzed using the 2100 Bioanalyzer (Agilent
Technologies) in combination with the High Sensitivity DNA Analysis Kit (Agilent Technologies)
according to manufacturer’s protocol. Only libraries with a normal curve of distribution with a peak
around 350 bp and with a low concentration of primer dimers (~80 bps) and adaptor dimers

(~130 bp) were used for sequencing. Molarity of each library was calculated as follows:

[Qubit value (%)] * 1000 1 1000
* *
1 649 (bﬂ) size of library peak (bp)
p

librarynM =

All libraries were pooled at a final concentration of 10 mM using a volume of 5 pl/sample; 10 mM TE

buffer was used for dilution. The pooled library underwent a final cleanup using the Agencourt®
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AMPure® XP Beads (Beckman Coulter) with a total volume of: Total Vol.= Nr.of libraries = 5ul.
The beads were air dried and DNA is eluted in Total Vol of 10 mM TE buffer.

4.8 Sequencing and Single-Cell CNV analysis

4.8.1 Sequencing
Protocols for next generation-sequencing are in detail described in Baslan et al. [207]. The DNA
libraries were sequenced on the HiSeg2500 (lllumina, USA) platform using a single end read 50 base

pair protocol (SR50).

4.8.2 Single Cell CNV analysis

Processing of sequencing data was performed and software and scripts were used according to
Baslan et al. [207] to allow CNV profiling of single CTCs. In summary, sequencing results were
transferred as a fastg-file to the Bowtie software (Bow Tie Pro Limited) and aligned to the reference
genome hgl9, which was acquired from the University of California Santa Cruz (UCSC) Genome
browser (https://genome.ucsc.edu/). Before mapping the sequence, a set with an arbitrary number
of bins was created across the genome. Each bin contained the same number of mappable positions.
The appropriate number of bins was determined for each sample and has to balance between
resolution (high number of bins) and noise (less bins). The process has been originally developed by
Navin et al. [208] as optimized sparse sequencing. For simplification of binned data mathematical
segementation was used [209], which quantifies amplitude and location of copy number gains and
losses across the genome and creates a numerical copy number variation (CNV) profile for each cell.
To visualize similarities among groups of individual cells, a custom software tool was used and
heatmaps were generated using cluster method ,ward.D‘ and distance method ,manhattan’. A data

resolution of 5k bins and a threshold of at least 50.000 bin counts was applied for inclusion of data.

4.9 Statistical analysis of CTC data

Standard frequency tables and descriptive statistics were used to characterize the patient cohort. For
analysis of survival, progression-free survival (PFS) was determined from the date of surgery to the
date of disease progression or death. The date of recurrence was set to the average date between
the last negative and the first positive examination if the interval between the examinations was 180

days or less. In cases of longer examination interval, the recurrence date was set 90 days before the
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first positive examination. Overall survival (OS) was determined from the date of surgery to the date

of death.

For analysis of the association of CTC enumeration with OS and PFS, univariable Cox proportional
hazards model was used for continuous variables including hazard rate calculations. In order to
visualize these associations with Kaplan-Meier survival estimation plots, a threshold value needed to
be determined for each prognostic variable and the patients had to be stratified in two groups
according to it. This threshold was found through an automated optimization process implemented
in Matlab (2014a, MathWorks Inc., Natick, USA), in which the threshold value producing the smallest

Log-rank p-value was determined and selected.

For binary variables and their relation to survival indicators, Kaplan-Meier survival estimates in

combination with significance tests (Gehan Wilcox, log-rank) were calculated.

Associations between two categorical variables have been tested through contingency tables with
either Chi-square test or Fisher’s exact test. For the associations between categorical and ordinal or
quantitative variables, Mann Whitney U test or Kruskal-Wallis ANOVA (depending on the number of
categories) was utilized. Spearman’s correlation has been applied to test associations between two

ordinal or quantitative variables.

All reported p-values are two-tailed and the level of statistical significance was set at a = 0.05.

Statistical analysis was performed in Statistica (ver. 12 Cz, TIBCO Software Inc., Palo Alto, CA, USA).
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5 Results

The result section will start with analysis of the morphological and phenotypical heterogeneity of the

detected COls and continue with results from the evaluation of healthy donor samples.

For the analysis of enumeration data of the detected COls, these will be separated into subchapters
for HD-CTCs, followed by the detected subcategories (CTC-LowCK, CTC-Small and CTC-cfDNA
producing) and then CTCCs.

The analysis of CNV profiles and probable clones will focus first on the single-cell analysis of HD-CTCs,
then profiles of isolated cells from CRC touch preps and hepatic metastases and finally on the

comparison of detected clonality of HD-CTCs and associated touch preps.

5.1 Phenotypic and morphological heterogeneity within CTCs of CRC

patients

In total we analyzed 86 blood samples of 47 CRC patients and 10 blood samples of 10 healthy

volunteers. Demographics for patients and volunteers are shown in Table 3 and Table 4, respectively.

Morphological heterogeneity was observed within the detected cells and analyzed based on a basic
study on CRC HD-CTCs morphology by Marrinucci et al. [210]. HD-CTCs were often elongated or
elliptical but also round (as seen in Figure 6a) with many HD-CTCs having appendix-like cytoplasmic
projections. The size of HD-CTCs varied with some being just a few um larger than surrounding WBCs,
but others being more than double the size of surrounding WBCs. The nucleus can nearly fill the
entire cell and amount of cytoplasm is low, but other cells have an eccentric nucleus location on one
end of the HD-CTC with a large amount of cytoplasm on the other side. The shape of the nuclei in

HD-CTCs is often, but not always elongated or egg-shaped.

The CTC-Small category fulfill the same fluorescent signal characteristics as the HD-CTCs (CK®,

CDA45"%), but the size of their nucleus is comparable to nuclei of surrounding WBCs (Figure 6c).
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1. Composition | DAPI ) 2. Composition | DAPI 3. Composition | DAPI
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Figure 6: Heterogeneity within CTCs in CRC patients of the Czech Republic Each row contains three examples
of the cell category stated on the left. Columns 1, 2 and 3 each consist of a channel composite (CK in red, CD45
in green and DAPI in blue) followed by the DAPI image. Row a) shows a variation within the HD-CTC category of

neg

cells with an enlarged nucleus compared to WBCs and a CK"® and CD45"* signal. Row b) displays the variation

of clusters from two CTCs up to over 6 cells. In row c) are the cells which are like HD-CTCs, but with a nucleus as
small as the WBCs. Row d) displays COls with low to no CK signal, CD45" signal and enlarged nucleus. In row e)
are the CTCs undergoing apoptosis and releasing cell free DNA. These cells show irregular CK signal and
disrupted DAPI signal. The red scale bars equal 10 um. Parts of this figure have been published in Thiele et al.
[161].

Also the nuclei of CTC-Small cells are mostly not elongated or oddly shaped as the ones of HD-CTCs,
but as round as the nuclei of WBCs, which is reflected by a higher detected nuclear roundness (Figure
7a) . The group of CTC-LowCKs shows enlarged nuclei at least twice the size of a WBC. Their shape is
highly variable from rather round shapes (Figure 6d, 1.) to a wide elongated shape (Figure 6d, 3.), but
overall with a larger nuclear area than all other CTC cell types (Figure 7b). The COls undergoing
apoptosis (CTC-cfDNA producing) have a disrupted nucleus and often cytoplasmic condensation
(Figure 6e 1. and 3.). Sometimes apoptosis has progressed so far that the nucleus has already been

reduced to a minimum (Figure 6e 2.).
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Analysis of the stored values for nuclear roundness and nuclear area for the detected COls represent
the heterogeneity between the detected CTC subcategories and within the groups. For HD-CTCs the
nuclear roundness resulted in a mean of 0.7, CTC-Small cells in contrast are more round with a
median of 0.8. CTC-LowCK cells have a nucleus similar shaped as HD-CTC’s nucleus with a median
roundness of 0.72, but the nuclear area is more than double the size with a mean of 356.5 compared

to 158 in case of HD-CTCs. Measurements for all COls are shown in Figure 7.
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Figure 7: Nuclear Roundness and nuclear area of detected COls. A total of 3001 HD-CTCs, 842 CTC-Small, 623
CTC-LowCK and 327 CTC-cfDNA producing cells have been analyzed for a) nuclear roundness. Nuclear
roundness has been calculated as: 4x [signal area]/mt x [major axis]>. For CTC-cfDNA producing cells, the
calculation for roundness is biased by the inability of the calculation to consider nuclear blebbing. b) Nuclear
area is measured for all cell types in pm?.

Besides single HD-CTCs and COls we observed many CTCCs. These clusters were composed of at least
two and up to 21 HD-CTCs in the largest observed cluster. The large heterogeneity of clusters is
illustrated in Figure 6b and in Figure 8. Clusters can be composed of similar cell sizes, but also of HD-
CTCs with varying cell sizes as in shown in Figure 8a and b. The signal intensity of the CK-signal can
vary strongly between clusters but is mostly similar for cells within one cluster (Figure 8).
Determination of cell counts within one cluster was carried out by applying cell masks on the DAPI

image of the respective cluster as demonstrated in Figure 8c.
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Composite
DAPI, CD45, CK Brightfield DAPI CD45 CK-pan
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Composite: DAPI, CD45, CK DAPI Applied cell masks

Figure 8: Heterogeneity within large HD-CTC clusters. Large clusters of HD-CTCs still show a variety of cell
shapes and signal intensities as displayed in these two examples of clusters over six cells. In a) and b) the
composite image of three channels (CK in red, CD45 in green and DAPI in blue) is shown on the left, followed by
the brightfield image, the DAPI channel, the CD45 image and on the right the CK-pan signal in the TRITC
channel. a) A cluster composed of nine HD-CTCs of similar size and rather low CK signal, b) cluster composed of
eight HD-CTCs of varying sizes and high CK signals; c) application of single cell masks to the DAPI image to
determine cell counts per cluster.

5.2 Evaluation of healthy donor samples

A total of ten healthy donors have been tested with the HD-SCA workflow. Enumeration results are
summarized in Table 4. Analysis resulted in a specificity of 90% for a cut-off of 2 HD-CTCs/ml and
100% for a cut-off of 3 HD-CTCs/ml blood. No clusters were detected in any of the healthy donors,
but other COI subtypes like CTC-LowCK and CTC-Small have been observed even with over 5 cells/ml
(NBD-2, NBD-6 and NBD-10; Table 4). According to the detected amounts, the cut-offs for CTC-
LowCK, to accomplish 100% specificity, were set at 8/ml, for CTC-Small as well and for CTC-cfDNA

producing at 5/ml blood.
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Table 4: Data of ten healthy blood donors for all detected cell categories

CTC-
HD- CTC- CTC- cfDNA

Volunteer | Gender/ | CTC/ LowCK/ Small/ prod./ Clusters/

ID Age ml ml ml ml ml
NBD-1 M/25 0.9 0.0 0.9 4.7 0.0
NBD-2 F/23 2.3 0.8 7.7 1.5 0.0
NBD-3 F/24 1.0 0.0 2.0 0.0 0.0
NBD-4 F/29 1.2 0.0 3.0 0.6 0.0
NBD-5 F/26 0.0 0.0 0.0 0.0 0.0
NBD-6 F/38 0.0 5.8 4.2 0.0 0.0
NBD-7 M/36 0.0 1.2 0.0 0.0 0.0
NBD-8 F/66 0.9 0.9 0.9 0.0 0.0
NBD-9 M/36 0.6 1.1 0.0 0.0 0.0
NBD-10 M/65 0 7.5 1.9 0 0

5.3 Enumeration data of HD-CTCs, CTC subcategories and CTCCs

For the pre-resection draws, 46 out of 47 were usable and only 39 patients out of 47 were available
for follow-up draws. The eight missing follow-up draws mostly result from patients not returning to
the clinic or draws taken outside of the defined time window (e.g. only two days after resection or

over 1 year after resection).

5.3.1 Enumeration of HD-CTCs
Out of 46 patients, 27 had >2 HD-CTCs (58.7%) and 24 had > 3 HD-CTCs (52.2%) in the pre-resection
draw. 19 patients (41.3%) and 22 (47.8%) respectively were negative for HD-CTCs.

In the follow-up draw (between 1 week and 5 months after surgery) we detected >2 HD-CTCs in 25
(64.1%), and >3 HD-CTCs in 20 (51.3%) patients. 14 (35.9%) and 19 (48.7%) patients respectively were
negative for HD-CTCs in the follow-up draw. An overview of the patient cohort and according HD-
CTC/ml counts are displayed including clinical data like disease status one year after surgery, age at

surgery, sex and number of hepatic metastases in Table 5.
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Table 5: HD-CTC enumeration data and clinical information of the entire CRC cohort

HD-CTC positive patients (>3HD-CTCs/ml blood) and their corresponding HD-CTCs/ml counts are

marked in bold.

No.
patient ID Primary Liver Status after1  HD-CTCs/ml  HD-CTCs/ml
Sex Age tumor site Mets Year Pre-res Follow-Up
CRC201 F 66 rectum 1 Progression 1.2 0.00
CRC202 B 65 rectum 10 Progression 5.6 0.00
CRC203 F 63 ascending 8 Progression 0.0 N.A.
CRC204 F 47 sigmoideum 10 Stable 210.1 3.83
CRC205 M 68 transversum 3 Deceased 32.4 5.43
CRC206 E 65 sigmoideum 1 Progression 28.3 0.00
CRC208 M 81 transversum 10 Deceased 287.1 14.82
CRC209 M 68 rectum 1 Stable 27.8 0.00
CRC210 F 56 cecum 10 Deceased 0.0 57.56
CRC211 M 58 transversum 2 Progression 94.5 N.A.
CRC213 M 70 rectum 3 Progression 2.1 0.00
CRC214 F 65 cecum 1 Stable 120.6 1.33
CRC215 M 75 transversum 10 Stable N.A. 37.78
CRC216 M 74 ascending 1 Stable 0.0 0.00
CRC218 M 55 rectum 1 Stable 0.0 0.00
CRC219 M 72 rectum 3 Stable 0.0 0.00
CRC221 M 76 rectum 1 Stable 0.0 11.92
CRC222 M 60 rectum 2 Stable 0.0 N.A.
CRC223 F 55 cecum 1 Stable 2.4 N.A.
CRC224 M 70 rectosigmoideum 7 Stable 0.0 N.A.
CRC225 M 84 sigmoideum 1 Stable 0.0 N.A.
CRC226 E 79 ascending/transv. 10 Deceased 2.8 22.40
CRC229 M 82 tranversum 1 Progression 90.4 2.08
CRC230 F 55 rectum 3 Stable 85.3 1.15
CRC232 M 76 sigmoideum 6 Stable 0.0 6.07
CRC234 M 67 ascending 1 Progression 0.0 2.44
CRC235 F 52 rectum 2 Deceased 1.9 3.40
CRC236 M 67 cecum 10 Progression 0.0 2.57
CRC237 F 41 rectosigmoideum 1 Stable 35.0 4.35
CRC239 M 49 sigmoideum 10 Deceased 12.3 0.00
CRC240 M 68 ascending 1 Stable 14.7 12.00
CRC241 F 55 rectosigmoideum 3 Stable 0.0 0.00
CRC243 7 81 cecum 10 Deceased 24.6 265.47
CRC244 F 73 cecum 2 Stable 1.0 3.19
CRC245 M 72 rectum 1 Stable 10.8 5.00
CRC246 F 35 rectum 2 Progression 94.1 0.00
CRC247 F 62 rectum 1 Progression 0.0 3.42
CRC248 M 60 rectum N.A. Progression 0.0 20.80
CRC249 M 64 transversum 1 Stable 19.8 N.A.
CRC251 M 50 rectum 1 Stable 5.5 7.67
CRC252 F 56 rectum 2 Progression 3.8 2.15
CRC253 F 68 sigmoideum 1 Stable 3.2 0.82
CRC255 M 64 rectum 1 Stable 25.9 2.99
CRC256 M 64 rectosigmoideum 2 Progression 23.5 7.33
CRC258 F 52 sigmoideum 1 Stable 1.4 N.A.
CRC259 F 58 ascending 10 Stable 5.7 6.87
CRC260 F 62 rectum 1 Stable 158.6 17.70

In Figure 9 numbers for all HD-CTCs detected in pre-resection and the follow-up draws are visualized

for each patient.
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Figure 9: Enumeration data of the pre-resection and follow-up blood draw for all detected HD-CTCs.
Displayed are all patients with the detected numbers of HD-CTCs for both the pre-resection draw (light-red)
and the follow-up draw (dark red).

A comparison of average CTC counts/ml in the two blood draws per patient is shown in Figure 11b
and indicates a higher amount of total averaged HD-CTCs in the pre-resection draw (31.14/ml)

compared to the follow-up draw (13.65/ml).

5.3.2 Enumeration of subcategories of CTCs

Regarding average numbers/ml of the detected cells in CTC subcategories (shown in Figure 11b) we
also observed a drop in the follow-up draw compared to the pre-resection draw for the CTC-Small
and CTC-cfDNA producing cells. In the pre-resection draws an average number of 7.9 cells/ml were
observed for CTC-Small and 6.0 cells/ml for CTC-cfDNA producing, compared to only 6.7 cells/ml and
3.1 cells/ml respectively in the follow-up draw. For CTC-LowCK cells there were an average of 6.4
cells/ml in pre-resection draws and 7.5 cells/ml in the follow-up draws. Therefore, CTC-LowCKs are

the only cell group whose count does not decrease in the follow-up draws.
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Enumeration data for all three subcategories for each patient are visualized in Figure 10. Using the
threshold of >8 cells/ml blood, out of the 46 total pre-resection draws, 14 patients were positive for
CTC-LowCK (30.4%) and 11 patients were positive for CTC-Small (23.9%). 13 patients showed >5 CTC-
cfDNA producing cells (28.2%). No cells in the pre-resection draw were detected in 9 patients for

CTC-LowCK (19.6%), 9 for CTC-Small (19.6%) and 12 patients for CTC-cfDNA producing cells (26.1%).

In the follow-up draws from 39 patients, 12 had >8 CTC-LowCK/ml (30.8%), 11 had >8 CTC-Small/ml
(28.2%) and 9 >5 CTC-cfDNA producing cells/ml (23.1%).

Six patients (15.4%) had no CTC-LowCK cells, 10 patients (25.6%) had no CTC-Small cells and 12

patients (30.8%) no CTC-cfDNA producing cells in the follow-up draws.
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Figure 10: Enumeration data of the pre-resection blood draw for the three subcategories of CTCs. Displayed
are all patients (except CRC215, where no analysis was possible for the pre-resection draw) with the detected
number of cells for each listed category.

5.3.3 Enumeration of CTCCs
A total of 136 CTCCs were observed in the pre-resection draw across all patients. In Figure 8c, the
determination of cell number per cluster through cell mask application was presented. The

distribution of cluster sizes within the pre-resection draw of the entire cohort is displayed in Figure

-51-



5 Results

11a. 50.7% were CTCCs of only two HD-CTCs, 33.8% contained between 3 and 5 HD-CTCs, 11.8%

between 6 and 10 and only 3.7% of CTCCs contained more than 10 HD-CTCs. For all groups of CTCC

sizes the counts are lower in the follow-up draws. The calculations for average clusters/ml resulted in

4.2 for the pre-resection draw and a drop to 1.8 clusters/ml for the follow-up draws.
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.
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M Pre-Resection
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CTC-LowCK  CTC-Small CTC-cf clusters
DNAprod

Figure 11: HD-CTC cluster sizes and average cell and cluster numbers for pre-resection and follow-up draws.
Displayed are column diagrams of a) the distribution of total cluster counts (two analyzed slides/patient) sorted
by cluster size (cell counts) for pre-resection and follow-up draw; b) total numbers of detected cell types/ml
and clusters/ml blood in the entire CRC cohort for pre-resection and follow-up draws.

As each patient was evaluated, a draw was considered positive when at least one CTCC (=>2 HD-CTCs

together) was detected on one of the two analyzed slides. 18 patients (39.1%) were CTCC positive

from the 46 pre-resection draws and 8 patients (20.5%) out of 39 were positive for clusters in the

follow-up draw. The distribution of CTCCs/ml is illustrated in Figure 12.
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Figure 12: HD-CTC cluster counts of the pre-resection and follow-up draws. Enumeration data of all CTCCs/ml
of blood detected in the draws of both time points from individual patients.

5.4 Associations of obtained data with survival

5.4.1 Association of clinical data with survival
In Table 6 clinical characteristics of the patient cohort are summarized with corresponding significant
p-values of their association with progression free survival (PFS) and overall survival (OS). Results

with p=0.05 are marked as non-significant (N.S.).
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Table 6: Clinical characteristics of the cohort and their association with survival

Assoc. Assoc.
Category Groups No. % with OS with PFS
Gender male 25 >3.2 N.S. N.S.
female 22 46.8
30-50 5 10.6
Age 50-70 30 63.8 N.S. N.S.
>70 12 25.5
Left 29 61.7
CRC . Right 10 21.3 0.030 0.037
Location Transvers 7 14.9
Left &Right 1 2.1
Yes 30 63.8
SD‘;S::Sr:nous No 16 34.0 N.S. N.S.
N.A. 1 2.1
0.1-3cm 4 8.5
Size of primary 3-6cm 24 51.1 0.002 0.005
tumor >6cm 6 12.8
N.A. 13 27.7
1 21 44.7
No. of 2-8 15 31.9
h:p:tic metastases >8 10 21.3 0.002 N-S.
N.A. 1 2.1
0.1-3cm 21 44.7
iz i 3-6cm 10 21.3
rST:eiaosft::;satlc >6cm 9 19.1 N.S. N.S.
N.A. 7 14.9
Left 14 28.0
Location of hepatic Right 21 42.0 0.003 NS
metastases All over 8 16.0
N.A. 4 8.0
Mutated 10 21.3
KRAS status Wildtype 12 25.5 N.S. N.S.
N.A. 25 53.2
Yes 23 48.9
CEA > 5ng/ml No 16 34.0 N.S. N.S.
N.A. 8 17.0

There was an association between the location of the primary tumor and OS (p=0.030; Gehan-

Wilcoxon) and PFS (p=0.037; Gehan-Wilcoxon). Also we found an association between the size of the

primary tumor and OS (p=0.002; Univariable Cox) with a hazard rate (HR) of HR=1.879 (the risk of

dying is increased by 87.9% with every centimeter of tumor size) and PFS (p=0.005; Univariable Cox)
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with HR=1.478. Kaplan-Meier curves for associations with OS are displayed in Figure 13. For location
of the primary tumor, patients with a left-sided CRC have the longest OS (Figure 13a), patients with
transvers CRC the shortest OS. The OS of Patients with hepatic metastases differs significantly
between patients with metastases in the left side of the liver, the right side or all over the liver
(Figure 13b). For the hepatic metastases an association was detected between the location of the
hepatic metastases with OS (p=0.003; Gehan-Wilcoxon). When patients were grouped into
categories of 1 hepatic metastasis, 2-8 metastases and 9 or more metastases, statistics resulted in

significant shorter OS the more metastases were observed (Figure 13c).

An automated threshold for primary tumor size using Kaplan-Meier curves resulted in a cut-off of

4.5 cm (Figure 13d). Patients with primary tumors >4.5 cm have a significant shorter OS and PFS.

a) b)
' Complete + Censored » Complete + Censored
10 ¢ —+l 1.0
09+t q ok 1; —_— 0.9
O3 S O S — 0.8
07 ©: B forepoeforsmnefommrm. 0.7
061  Su-m-e- P ) 0.6
8 o5t : 8 05 b
03+ ion: e emne
CRCLIO;a“on' & -+ 03 Location of metastases:
02+ e 0.2 Right
--- Transverse
0.1} - Right Gehan-Wilcoxon: p = 0.0296 0.1 oo Left ‘
00} 0.0 e Al Gehan-Wilcoxon: p = 0.0028
00 05 10 15 20 25 30 35 4 00 05 10 15 20 25 30 35 40
Time (years) Time (years)
c) d
© Complete + Censored ) K-M plot of the best threshold (Log-rank p = 0.0077)
1.0 ¢ m - ';umorslze (cm)<=45 (Nzgs}
~ a umor size (cm)>4.5(N = 19)
09| e HE
08 L O-{» é""H‘"- : -+ H —H—
H @
0.7} & ' Z 038
: LR et S
co 06 Gy E
: n3 L
O 0-5 [ D ......................... O g 06
04+ s
o o+ 2
0.3 | — 1 metastasis E o4 '
| --- 2-8 metastases £
0.2
o1 | 9 or more metastases E 2
: - . ui
00l IGeha?-Wllc?xon. pl— 0.0({20 ‘ . ‘ i
0 1 2 3 4 5
00 05 10 15 20 25 30 35 40 Survival time
Time (years)

Figure 13: Kaplan-Meier curves for association between clinical cohort data and OS. a) Patients with primary
tumors on the left side have the longest OS and patients with transvers CRC have the shortest OS of the cohort.
b) CRC patients with hepatic metastases limited to the left side of the liver have the longest OS and patients
with metastases all over the liver the shortest OS c) Patients with 9 or more hepatic metastases have the
shortest OS. d) Optimized threshold for the tumor size shows a significant shorter OS for patients with primary
tumors >4.5 cm.

-55-



5 Results

5.4.2 Association of HD-CTC counts with survival
The enumeration data of chapter 5.2.2 was analyzed for associations with OS and PFS. There was no

significant association with survival for the binary variables as shown in Table 7.

Table 7: Categorical HD-CTC variables and their association with survival

% Assoc. Assoc.
Groups No. ° with OS  with PFS
Yes 27 57.4
> 2 HD-CTCs No 19 40.4 0.266 0.697
in Pre-Res
N.A. 1 21
Yes 24 51.1
AU 22 46.8 0821 | 0955
N.A. 1 2.1
) HD.CTC Yes 24 51.1
ey > No 14 29.8 0.379 0.113
P N.A. 9 19.1
Yes 20 42.6
:03”:3:?@ No 18 383 0.094 0.513
P N.A. 9 19.1

Neither the HD-CTC positivity in the pre-resection draw nor in the follow-up blood draw was
associated with survival (we tested thresholds of 2 and 3 cells/ml blood). For continuous variables
(HD-CTC/mlI blood) of the pre-resection draw and the follow-up draw, no association was detected
for OS and PFS. A trend for being associated with OS (p=0.063; Univariable Cox) showed HD-CTC/ml

blood in the follow-up draws.

5.4.3 Association of CTC subcategory counts with survival

We tested detected amounts of cells/ml of blood for all three subcategories of detected CTCs in the
pre-resection and follow-up draw with OS and PFS and found an association of CTC-Small/ml in the
follow-up draw with OS (p=0.040; Univariable Cox), with a HR=1.031. Using an automated threshold
for this continuous variable, the Kaplan-Meier curve (Figure 14) shows that patients with >13.25 CTC-
Small/ml of blood in the follow-up draw have a significant shorter OS than those patients with less
CTC-Small/ml blood. After analysis of healthy donor samples, the thresholds of 8 CTC-Small/ml, 8
CTC-LowCK/ml and 5 CTC-cfDNA/ml producing were calculated. Applied to enumeration data of our
cohort it resulted in significant association of 8 CTC-Small/ml blood with PFS (p=0.015; Gehan-

Wilcoxon, Figure 14b).
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Figure 14: Association of CTC-Small counts/ml blood with OS and PFS. In a) an optimized threshold was
applied for Kaplan-Meier curve for association of CTC-Small/ml blood in the follow up draw, b) shows the

threshold of 8 CTC-Small/ml is associated to PFS in the follow-up draw.

5.4.4 Association of CTCCs with survival
All binary variables for clusters (positivity for clusters in pre-resection and follow-up) and continuous

variables for cluster counts were tested for association with PFS and no association was significant.
Associations between binary cluster variables and survival are listed in Table 8.

On the other hand we found multiple enumeration data regarding CTCCs associated to OS.

Table 8: Association of binary CTCC variables with survival

Assoc.
Cat % Assoc. with
ategory e . e OS  PES
Clusters in Pre ves 18 38.3
Res No 28 59.6 0.831 | 0.704
N.A. 1 2.1
Clust . Yes 17.0
usters in - 20 cag 0.033 a1
Follow-Up
N.A. 9 19.1
Yes 50.0
Clusters >6 cells 0.624 0935
max Pre-Res No 50.0

Patients with CTCCs in the follow-up draw showed significant shorter OS (p=0.033; Gehan-Wilcoxon)

and a Kaplan-Meier curve is presented in Figure 15a.
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CTCCs/ml in the pre-resection draw were associated with OS as continuous variable (p=0.021;
Univariable Cox) with a HR=1.062. The automated threshold for a Kaplan-Meier curve revealed that
patients with a maximum cluster size >8 cells detected only in the pre-resection draw tend to have

shorter OS (Figure 15b, p=0.059; Gehan-Wilcoxon), but only 3 patients had clusters with more than 8

cells.
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Figure 15: Association of CTCC variables with survival. a) Kaplan-Meier for the association CTCC positivity in
the follow-up draw with OS b) Kaplan-Meier curve for the association of clusters containing >8 cells maximum
in the pre-resection draws.

5.5 Association of HD-CTC and CTCC enumeration data with clinical

characteristics

The tested clinical characteristics were KRAS mutation status (wildtype or mutated), CEA level
>5ng/ml, T, N, M, size of hepatic lesions and the primary tumor (in cm), location of hepatic
metastases (left, right and all over the liver) and location of primary tumor (left, right and
transverse). If not stated otherwise the results were non-significant for the mentioned variables.

Differences between the resection type regarding cell count changes is examined in chapter 5.5.1.2.

5.5.1 Association of HD-CTCs counts with clinical characteristics
5.5.1.1 HD-CTC counts in association with clinical characteristics
The obtained HD-CTC counts per ml blood in the pre-resection draw showed a significant difference

in patients depending on the primary tumor locations (p=0.032; Kruskal-Wallis ANOVA) with highest

amounts of HD-CTCs/ml observed in patients with transverse tumors (Figure 16a). There was also a
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difference observed between KRAS wildtype and KRAS mutated primary tumors and HD-CTC/ml in
pre-resection (p=0.003; Mann-Whitney U, Figure 16b). In the 13 patients with KRAS wildtype, HD-CTC
counts were mostly between 0 and 6 HD-CTCs/ml blood and only reached 10 HD-CTCs/ml in the pre-
resection draw of one patient; whereas in KRAS mutant patients, only one is HD-CTC negative and
two even have over 200 HD-CTCs/ml. HD-CTCs/ml in the follow up draw were not associated to any

clinical characteristics tested.

The binary variables of HD-CTC positivity (>2 and >3 HD-CTCs/ml) have also shown to be associated
to KRAS status (p=0.030 and p=0.027 respectively; Fisher’s test).
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Figure 16: Association of HD-CTC counts in the pre-resection draw with tumor location and KRAS. Boxplot
diagrams of a) HD-CTC/ml blood in the pre-resection draw in different primary tumor locations and b) HD-
CTC/ml blood in patients with differing KRAS status.

5.5.1.2 Changes of HD-CTCs in association with resection type

After splitting the patient cohort by resection type, the change of HD-CTC counts depending on the

type of resection was analyzed (Figure 17).

The HD-CTC counts drop significantly after resection of the primary tumor compared to changes after
resection of hepatic metastases (p=0.025; Chi-Square test). Out of the 21 resections of hepatic
metastases (with evaluated blood draws before surgery and in follow-up), only 5 patients showed a
drop of >3 HD-CTCs/ml, with one sample being extremely high with 375.9 HD-CTCs/ml dropping
down to 14.5 HD-CTCs/ml (Figure 17, left, sample cut off by scale). Within 20 resections of the
primary tumor, in 6 comparisons the HD-CTCs decreased >80 cells/ml, but in one patient an increase
of over 200 cells/ml after resection occurred (Figure 17, right). No significant drop in cell counts after

a type of surgery was detected for the CTC subcategories or CTCCs.
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Figure 17: Development of HD-CTC counts depending on resection type. HD-CTC counts are displayed after
resection of the hepatic metastases (left) and after resection of the primary tumor (right). The counts change
significantly different depending on the resection type (p=0.025) and tend to drop more likely after resection of
the primary tumor and stay mainly the same after resection of hepatic metastases.

5.5.2 Association of CTC subcategories with clinical characteristics

For CTC-cfDNA producing/ml in the pre-resection draw we found an association with the size of
hepatic metastases (p=0.032; Spearman’s), the larger the hepatic metastasis, the more CTC-cfDNA
producing cells/ml. In the follow-up draw the threshold of 5 CTC-cfDNA producing cells/ml was
associated with lymph node involvement (p=0.044; Mann-Whitney U) with >5 CTC-cfDNA producing

cells being mainly in N2 patients and in none of the NO patients.

For CTC-LowCK/ml in the pre-resection a significant varying number depending on the CRC location

(p=0.038; Kruskal-Wallis, Figure 18a) was detected.
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Counts of CTC-Small/ml blood in pre-resection draws show significantly differing numbers within
patients with varying KRAS status (p=0.014; Mann-Whitney U), with higher CTC-Small/ml counts in
pre-resection draws in patients with mutated KRAS CRC (Figure 18b). Numbers of CTC-Small in

follow-up draws showed no association to KRAS status.

a) b)
40 r T - 50
35t T O Median 1 1 O Median
[ 25%-75% 40 + [ 25%-75% b
§ 30 T Min-Max 1 g T MinfMaxﬂ
S o5t {1 ¢
& a 30t
= =
< 20 | 1 E
z 15) {1 E20¢
3 %
O 10 1 B
5 - o 10f
5t T o
P [ |£|
0t J - . 0t
Left Transverse Right Mutated Wildtype
CRC Location KRAS

Figure 18: Association of CTC subcategories with tumor location and KRAS status. Boxplot diagrams of a) CTC-
LowCK/ml in the pre-resection draw in association to CRC location and b) CTC-Small/ml blood in pre-resection
draws and corresponding KRAS status.

5.5.3 Association of CTCCs with clinical characteristics

We observed no association between cluster positivity in pre-resection draws, or number of cells in
clusters (mean or max) with size or location of the primary tumor or size of hepatic metastases.
Looking at the metastatic status at the time of CRC diagnosis (MO vs. M1), we detected a significantly
higher average amount of cells within detected clusters in patients with M1 status at time of

diagnosis (p=0.035; Mann-Whitney U, Figure 19a).

The amount of clusters/ml blood detected in the pre-resection draw has been significantly associated
to the KRAS status of the patient’s CRC (p=0.025; Mann-Whitney U, Figure 19b) with higher numbers

of CTCCs/ml in the pre-resection draws of KRAS mutated patients.

Additionally, the CTCC counts after resection decreased differently depending on the location of the

primary tumor (p=0.014; Chi-Square), with the least decrease in CTCC counts in right-sided CRC.
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Figure 19: Association of CTCCs with metastasis and KRAS status. Displayed are boxplot diagrams of a) the
average number of cells in clusters depending on the involvement of distant metastases at time of diagnosis b)
the amount of CTCCs/ml blood in the pre-resection draw depending on the KRAS status of the patient’s CRC.

5.5.4 Mutual correlations between clinical characteristics

The size of the primary tumor has been associated to the number of hepatic metastases (p=0.044;
Spearman), and the number of hepatic metastases was associated to their location (p=0.001; Kruskal-
Wallis, Figure 20a). Also associated to the location of hepatic metastases was infiltration of lymph
nodes, the N status (p=0.004; Kruskal-Wallis, Figure 20b). No association was detected between

metastases and KRAS status or the location of CRC and KRAS status.
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Figure 20: Associations between the location of hepatic metastases and lymph node status (N) and the
number of metastases. The differing location of hepatic metastases showed significant associations with a) the
number of hepatic metastases and b) the lymph node involvement (N).
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5.6 Analysis of CNV profiles from CTCs and tissue touch preps

With single-cell CNV-profiling it became possible to detect clonality within CTCs. Unfortunately; no
clear definition of clonality has been specified so far. For the purpose of our study, clonality was

assessed as ,,two or more cells that share two or more genomic alterations” [206].

5.6.1 CNV profiles of HD-CTCs in CRC
A total of 136 HD-CTCs from the pre-resection draws of eleven patients have been analyzed. The

clustered cells are displayed in Figure 21.
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Figure 21: CNV profiles of all analyzed single HD-CTCs of pre-resection draws. Heatmap clustering (method
,ward.D’, distance method ,manhattan’ with 5k resolution) of 136 HD-CTC of pre-resection draws from 11 patients
that showed no clonality.
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CNV profiles separated per patient are illustrated in Figure 22. Analysis of specific alterations

resulted in the detection of 21.3% (29 HD-CTCs) of the cells with partly deleted or amplified

Chromosomes.
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Figure 22: CNV profiles of HD-CTCs separated per patient. All analyzed single HD-CTCs from pre-resection
draws of 11 patients in heatmaps (method ,ward.D’, distance method ,manhattan‘ with 5k resolution) separated per
patient.
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HD-CTC clonality was detected, neither within particular patients nor within the HD-CTCs originating
from different patients (to follow convergent changes in CRC cell genomes), so analysis of association
of detected HD-CTC clones with survival was impossible. Clonality has been tested also for the cells

from CTC subcategories, but their number was not sufficient for further analysis.

5.6.2 CNV profiles of single cells from CRC touch preparations
We analyzed a total of 126 single-cells isolated from CRC touch preps of 12 patients from our cohort.
Ten out of 12 patients (83.3%) showed clonal profiles within the analyzed cells (Figure 23). Out of the

126 isolated cells, 87 cells (69%) were part of clonal profiles.
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Figure 23: CNV profiles of all analyzed single cells from CRC touch preps. A total of 126 cells isolated from CRC
tissue from 12 patients is displayed here in a heatmap (method ,ward.D’, distance method ,manhattan’ with 5k
resolution) of 8 clades.
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Only patients CRC211 and CRC237 had no clonal cells within their analyzed cells of CRC tissue (as

shown in separate CNV profiles in Figure 24.
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Figure 24: CNV profiles of single cells isolated from CRC tissue separated by patient. Shown are the CNV
profiles from CRC tissue touch preps of 12 patients. Two patients (CRC211 and CRC237) did not show cells with
clonal profiles. The other ten patients show at least two or more cells with similar alterations.

Looking at each patient separately, varying amounts of cells showed no or few alterations and were
clustered in a different clade than the cells of the main clonal profile of the patient. In all ten patients

with clonal profiles over 50% of the analyzed cells were clonal.
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In case of the CRC touch prep from patient CRC206, only one cell (8.3%) differs from the main clone

(Figure 25). Observed areas of amplification contain for example NOTCH2, MUC1, MYC, ERCC4 and

TOP1.
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Figure 25: Heatmap of the analyzed single cells of the left sided primary tumor from patient CRC206. a) The
heatmap shows 12 isolated single cells from a touch prep of a left sided CRC. Eleven out of twelve cells belong
to one clone with one of the eleven cells showing one modification, the missing amplification of the CDX2
containing region (marked with orange elipse). b) A single profile using the ratio median with the
corresponding composite picture of the cell (red=CK-pan, blue=DAPI and green=CD45). The chosen cell is
marked in the heatmap with the green rectangle.
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An area of deletion on chromosome 5 contains APC. Some cells within a clone can show slight
modifications in particular regions, here, for example the area of CDX2 was not amplified in one cell.

For better graphical visualization of the exact alterations of the regions one cell with it's

corresponding CNV profile is displayed in Figure 25b.

5.6.3 CNV profiles of single cells from hepatic metastases
We analyzed a total of 37 cells from the hepatic metastases of 4 patients and observed clonality
within each (100%) of the analyzed patients (Figure 26). Of the 37 cells, 32 (86.5%) were part of

clonal profiles.
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Figure 26: Overview of all CNV profiles of single cells from hepatic metastases. The CNV profiles of all
analyzed single cells from the hepatic metastases of 4 CRC patients are displayed. Only 5 cells (red clade) are
not clonal.
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As an example, the heatmap of analyzed cells within the hepatic metastasis of patient CRC205 is
displayed in Figure 27. Common amplifications observed were in regions containing MET, BRAF,
EGFR, MYC, RAD21, CCND1, TOP1 and ERCC4 amongst others. Common deletions were found in
regions containing CTNNB1, RAF1, FOXP1 and TP53.

a) ‘ ‘
sample I ————
Clade -
I
¢um CTNNB1, RAF1,
FOXP1

vy

Q

£

2

E 4mm MIET, BRAF, EGFR
.g == \1YC, RAD21, FGFR1
8]

4= CCND1, PAFAH1B2
b)

c

)

T = |

w o~

2

o - |

9o -

o

2

[y} w | f

e - z

1 2 3 4 5 & 7 ; ; 1'0 1'1 |‘2 1'3 1'4 1‘5 1'6 ‘ 1‘3 ‘ 2'0 IZ; X Y
Chromosomes

Figure 27: CNV-profiles of 17 cells from a hepatic metastasis of patient CRC205. CNV-profiles of a) all 17
single-cells from the hepatic metastasis of patient CRC205. 16 cells show perfectly clonal profiles and one cell
(blue clade) possessing slight alterations like missing the amplification of MET, BRAF and EGFR regions. Marked
with a green rectangle is the cell profile displayed in b) as a magnification of the clone together with the
corresponding composite cell image(red=CK-pan, blue=DAPI and green=CD45). The chosen cell is marked in the

heatmap with the green rectangle.
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Only one (5.9%) out of 17 cells showed different aberrations from the detected main clone through
e.g. additional amplification of chromosome 10, and normal copy numbers of the TP53 region (Figure
27a, first cell). The CNV profile of one of the cells of the detected clone is displayed in Figure 27b
together with the 400X image of the corresponding cell before it was isolated from the microscopy

slide.

5.6.4 Comparison of CNV profiles of touch preps and CTCs

We have analzyed CNV profiles of nine pairs of patients with HD-CTCs and matching CRC samples. As
no CNV profiles of HD-CTCs were clonal, there was no clonal similarity detectable. The overview of
analzyed CNV profiles of isolated single HD-CTCs and single cells from the CRC and hepatic metastasis

touch preps from patient CRC205 are displayed in Figure 28.
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Figure 28: Comparison of CNV profiles of CTCs, single cells from CRC and the hepatic metastasis of patient
CRC205. CNV profiles of HD-CTCs (red clade), isolated cells from CRC (blue clade) and the hepatic metastasis
(green clade) of patient CRC205. Marked in green are regions within CRC cells that differ from the clone found
in the hepatic metastasis.
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The isolated single cells of the hepatic metastasis have been shown before (Figure 27a). In direct
comparison to profiles from the corresponding CRC cells, the two sources are clustered in different
clades and therefore vary (Figure 28, blue and red sample/clade). Some cells are matching the clone
of the metastasis in multiple regions (like amplification of MYC region and chromosome 13
amplification), but three cells of the analyzed primary tumor cells are differing from the hepatic
clone. In these three cells, CCND1 amplification is missing in all of them, in two of these cells
additionally the region containing BRAF, EGFR and MET are not amplified and in one cell the TP53

region is not deleted.

In regard to the overall detected copy number alterations in the three different tumor cell sources,

frequencies for altered regions were summarized in Table 9.

Table 9: Copy number alterations and frequencies of HD-CTCs and cells from CRC and hepatic
metastasis tissue

Gene Function art‘é'::t:’:n CRC Liver HD-CTC
Transcription e 43.7% 83.8% 0.7%

Myc Factor Amplification o /156 (31/37) (1/136)
I 37.35% 67.6% 1.5%

MET Proto-Oncogene  Amplification (47/126) (25/37) (2/136)
Growth Factor 34.9% 86.5% 0.7%

FGFR1 Deleti

G Receptor eletion (44/126) (32/37) (1/136)
Transcription e . 54% 18.9% 1.5%

Cbx2 Factor Amplification 016 (7/37) (2/136)
Tumor . 19.1% 10.8% 0%

APC Suppressor Deletion (24/126) (4/37) (0/136)

Numerical

Aneuploid — inczaxﬁsle 73.8% 86.5% 11%

ploidy cot of (98/126) (32/37) (15/136)

chromosomes

HD-CTCs showed the lowest frequency in every type of alteration with every mentioned region
altered less than 2% except whole chromosome alteration which was observed in 11% of the HD-
CTCs. Regions containing the genes APC, MYC, MET, CDX2 and FGFR1 have only been rearranged in

up to two cells.
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Within single cells of CRC tissue, 73.8% of cells showed aneuploidy (either deletion or amplification of
entire chromosomes), 19.1% deletion of the APC gene region, 54% amplification of CDX2 region,
34.9% deletion of FGFR1 region, 37.4% amplification of MET region and 43.7% amplification of the
MYC region.

Liver metastases tissue of four patients has been analyzed and 86.5% of the cells showed aneuploidy
of entire chromosomes and deletion of FGFR1 region, only 10.8% deletion of APC region, 18.9%
amplification of CDX2 region, 67.6% amplification of MET containing region and 83.8% showed

amplifications of the MYC region.

Comparing copy number alterations in CRC tissue to liver tissue, alterations in MYC, MET and FGFR1
regions increased excessively. Amplification of CDX2 decreased (from 54% in CRC to 18.9%) and
deletion of the APC region decreased as well. Alterations of entire chromosomes increased, but only

from 73.8% in CRC cells to 86.5% in the liver tissue.
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6 Discussion

CRC is a disease with high prevalence and mortality worldwide and highest mortality rates in Eastern
Europe [211]. Enumeration of CTCs has been considered a promising marker for disease monitoring,
survival prognosis and evaluation of treatment success [201, 212]. In our prospective observational
study, an analysis of 47 AJCC stage IV CRC patients with hepatic metastases from the Czech Republic
has been performed and CTCs and CTCCs have been detected and analyzed using the HD-SCA
workflow, a non-enrichment approach for detection of the entire CTC population. Association with
clinical parameters and survival has been analyzed and additionally CNV profiles of CTCs and

corresponding tissue samples were assessed.

As in the result section (chapter 5), observed heterogeneity of CTCs will be addressed first, followed
by enumeration data of all detected COI categories and, finally, analysis of obtained CNV profiles will

be discussed.

6.1 Heterogeneity of CTCs in CRC

The existing studies on morphology of CTCs in CRC are limited. Many methods using magnetic bead
separation produce either no images of the captured cells at all (AdnaTest®) or only low resolution
images of the cells (MACS®MicroBeads, CellSearch®) [213-215]. In general studies on CTCs in CRC are
not as prevalent as studies of CTCs in breast or lung cancer (PubMed search results using ‘circulating
tumor cells’ + respective ‘cancer’ yield accordingly in 2979 and 2593 results as of June 20" 2018) with

CRC showing only 1429 search results in PubMed.

Morphological features like size (in pm?), nuclear to cytokeratin ratio and roundness have been
analyzed by Ligthart et al. using the CellSearch® method [216], showing a high heterogeneity within
CTCs from CRC. CTCs showed a mean total cell roundness of 1.5 (perfect roundness would result in 1)
and a ratio between nuclear area and cytokeratin of 1, which indicated equal areas of DAPI and
cytokeratin signal. They correlated a low nuclear to cytokeratin ratio (small DAPI signal with respect
to CK) with a higher hazard for the patient in breast cancer. Results of size measurements in that
study were biased by observed clusters which the system counts as one single cell, but high
cytomorphological heterogeneity has been correlated to poor outcome [216]. In our cohort, 3001
HD-CTCs were analyzed for nuclear roundness and showed a median value of 0.7 which corresponds
to a value of 1.42 using the calculation method of Ligthart et al. This does not give information about
the entire cell, but at least for the nucleus it shows elliptical or elongated shapes and the high
pleomorphic heterogeneity is conform with results of Ligthart et al. and Marrinucci et al. [210, 216].

For the CTC subcategories, the nuclear roundness was highest for CTC-Small cells and regarding size
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or nuclear area this category was the most homogenous one. In contrast, the CTC-LowCK category
showed the highest heterogeneity regarding nuclear area and one of the highest regarding nuclear
roundness. This high heterogeneity in the CTC-LowCK group indicates that it consists of multiple

unidentified cell types.

6.2 Healthy donors

The analysis of our healthy donor cohort resulted in similar results as in a published analysis from the
HD-SCA method on healthy donors from 2012 [175]. Our average HD-CTC count in healthy donors
was 0.63 cells/ml blood with a maximum of 2.3 cells/ml in one young female donor. Thus, we applied
a cutoff of 3 HD-CTC/ml instead of 5 HD-CTCs/ml as used in former publications of this method
regarding HD-CTCs from breast, prostate or pancreatic cancer. Compared to CellSearch® studies in
CRC, this cutoff is still relatively high, as there >3 CTCs/7.5 ml of blood (0.4 CTCs/ml) are considered
positive [214]. On the other hand an entire blood tube is analyzed in a CellSearch® analysis, whereas
the HD-SCA method only uses two microscopy slides which contain approximately 1 ml of blood. The
HD-SCA method may therefore offer a higher sensitivity compared to CellSearch®[175], but due to
the low analyzed volume and the possibility of detecting other CKP* cells released into the

circulation, a higher threshold is applied.

6.3 Enumeration data

6.3.1 HD-CTCs enumeration

CTC detection rates in metastatic CRC were as low as in 26% of the patients using the CellSearch®
platform [201], that was much lower than rates detected in other cancers like breast (61% CTC
positivity; [217]) or prostate (57% CTC positivity; [218]). Detection rate of CTCs in our cohort of mCRC
patients (52.2%) was similar to an optimized method by Gorges et al. that used the AdnaTest® in
combination with the CellSearch® system to achieve a 50% positivity rate in a cohort of 38 metastatic

CRC patients [214].

As patients enrolled in this study were stage IV CRC patients and therefore the disease had already
spread to distant organs, it was expected to detect CTCs in a high percentage of cases. However,
experimental data showed only 52.2% HD-CTC positive patients in the pre-resection draw. The
relatively low CTC positivity rate could be explained through the anatomical position of the colon,
which connects the blood vessels of the colon first over the mesenteric and portal vein with the liver,

which may function as a sponge for CTCs and could be the reason for the liver being the main
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metastatic site in CRC [219]. A similar position to the liver has the pancreas and a comparative study
between CTCs detected in the portal vein with those detected in peripheral blood draws resulted in
100% positive results in the portal vein compared to 22.2% CTC positivity in the peripheral blood
[220]. Therefore studies of CTCs in CRC using peripheral blood may be hindered by this fact and left
with an already pre-selected CTC subpopulation that was able to pass the blood vessels in the liver.

These cells may not possess the traits enabling extravasation and proliferation in distant tissue.

6.3.2 CTC subcategories enumeration

Compared to HD-CTCs, the cells of the other CTC subtypes have been found in more samples, but
regarding the enumeration of healthy donors, the cutoff levels for positivity are higher than for HD-
CTCs. After application of these cutoff levels, the other individual CTC subcategories did not result in
a higher positivity rate than HD-CTCs. But when all counted cells/ml of all the CTC groups (including
HD-CTCs) are added and a cut-off of 10 cells/ml is applied (according to the tested healthy cohort,
this represents 90% specificity), 73.9% of patients are positive for COls compared to 52.25% positivity

for HD-CTCs alone in the pre-resection draw.

It has been shown before that CTCs can lose epithelial characteristics while undergoing EMT [221].
Therefore, a previous study using the CellSearch® system was perfomed capturing both — EpCAM"®
and EpCAMP* cells in metastatic lung cancer patient blood, resulting in a higher overall detection
rate of CTCs. However, the association with poor outcome was lost for the detected cohort of mixed

CTCs compared to only EpCAMP® CTCs [222].

To better understand the COls we have detected with the HD-SCA platform it will be necessary to
apply multivariate analysis to study their phenotypes. Within the Kuhn laboratory first experiments
have been performed using the HYPERION™ imaging system (Fluidigm Corporation, San Francisco,
USA) for the detection of over 30 protein markers in parallel in one cell and assays have been
validated for HD-CTCs detected in prostate cancer [223]. This allows detection of a combination of
multiplex-protein markers that are tissue specific or therapy relevant as well as markers for EMT,
stemness and other disease evolution relevant markers on the HD-SCA platform. Besides getting
insight into multiple markers in HD-CTCs, cells of the CTC subcategories and CTCCs, it also allows the
characterization of leukocytes, which could help to determine the patient’s immune signature.
Analyses like that may allow us to get an insight which molecular characteristics differ between the

categories of HD-CTCs, CTC-LowCK and the CTC-Small category.

As most CTC detection methods are using epithelial markers to distinguish CTCs from surrounding

WABCs, it would be of interest to evaluate if the here detected categories of HD-CTCs and CTC-Small
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express EpCAM. Therefore, for future evaluations of CTCs detected with the HD-SCA method, the
approach of combining these cell categories for enumeration and analysis as well as probable EpCAM

staining could be considered.

6.3.3 CTCC enumeration

Our cohort had a relatively low CTCC count (39.1% positive pateints in pre-resection) compared to
cluster counts in previously published studies. CTCC positivity rates in CRC patients have been as high
as 68.8% in a study with 32 patients of different stages [215]. Cima et al. showed in 2016 that CD45"*
-cell clusters (isolated from CRC patients through use of a microfiltration device in combination with
immunofluorescent staining) expressing CK (CK8 and CK20), but no EpCAM are actually tumor
derived endothelial cell clusters [204]. As discussed in 6.3.1, this could also be the case in our results.
However, even the detected endothelial cell clusters have only been present in CRC patients and not
in healthy volunteers just as in our cohort. Cima et al. also stated that cluster counts are higher in
treatment naive patients and usually drop after resection of the primary tumor. Most patients
included in our study have received treatment before the resection, and although the treatment
ended at least 6 weeks before resection, it makes it difficult to estimate treatment influence to CTCC

counts in our cohort.

6.4 Survival analysis

6.4.1 Association of clinical characteristics with survival

Our results are conform with previously published data that right sided metastatic CRC is associated
with shorter OS [98]. Usually this observation is limited to RAS-wildtype patients. While in our cohort
the analysis of survival based on CRC location was not adjusted to KRAS mutation status, only one
patient with right-sided CRC was KRAS mutated. The worst prognosis in our cohort was detected for
patients with transverse CRC. Studies usually separate the colon only in two locations; they often
consider everything from the cecum to the splenic flexure as right-sided CRC and everything after the
splenic flexure is considered left-sided. Our results show that probably the differentiation of the
transverse colon may be valuable prognostic information. Also, as CRC location has been a valuable
tool for predicting response to radiotherapy and chemotherapy for treatment of hepatic metastases
[224], the transverse location by itself may offer more specific predictive potential for therapy
response. It is not surprising that no correlation between lymph node involvement and survival is

detectable, as all patients already developed distant metastases and those outweigh lymph node
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involvement regarding association to survival [225]. Association of the location of hepatic metastases
and OS may only be caused by the fact, that in case of multiple hepatic metastases those are spread
over the entire liver; therefore, the number of metastases and the location are correlated as well
(Figure 20) and the correlation with OS of the location is rather just the correlation of the amount of
metastases with OS, therefore these two are not independent variables. The size of our cohort has
not allowed evaluation of differences between involvement of left and right hepatic lobe regarding
survival. Overall, the correlations between primary tumor size and amount of hepatic metastases

with OS is in agreement with the literature [226, 227].

6.4.2 Association of HD-CTCs with survival
CTC enumeration has been established as a predictive and prognostic marker for PFS and OS in
metastatic CRC [201, 212, 228]. These findings were established using the CellSearch® platform,

which is based on immunomagnetic enrichment of EpCAM positive cells.

Interestingly, our results do not conform to these findings as we have detected neither significant
association of numbers of HD-CTCs/ml blood before nor after resection to survival. This might be
caused by the CTC detection method. So far, there are limited reports regarding CTCs detected in
metastatic CRC patients by non-enrichment techniques. The study of Marrinucci et al. only included 5
patients analyzed by the HD-SCA method and the cohort was too small to correlate CTC numbers to
survival. A recent meta-analysis including 16 studies regarding CTCs in CRC and their correlation with
OS published between 2007 and 2016, also showed significant prognostic value of CTCs detected in
CRC [229]. However, they stated in their results that four studies did not analyze association with OS
and the remaining 12 (7 of which used CellSearch®) had to be adjusted to eliminate heterogeneity for
association with OS by excluding non-CellSearch® methods. Another study from 2015 also pointed
out that there was no difference of OS and PFS between groups of CTC positive vs. CTC negative
patients in a cohort of 151 mCRC patients undergoing metastasectomy [230], even though they

applied the CellSearch® system as well.

Another important and often ignored fact is, that circulating endothelial cells (CECs) are often
increased in cancer patients [231], and it has been shown that human vascular endothelial cells,
especially in malignant tumors, are expressing keratins similar to epithelia [232]. Therefore we
cannot exclude the possibility of detecting a mixed population of CECs and CTCs with the HD-SCA
method. This CTC mixture could be similar to cells detected in the previously mentioned CellSearch®
study in lung cancer where this detected mixed population of EpCAM®* and EpCAM™® cells was also

not correlated to survival [222].
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To distinguish between CECs and HD-CTCs, the HD-SCA workflow has recently been adjusted and the
platelet endothelial cell adhesion molecule marker CD31 has been added to the workflow. This will
allow future analysis of both populations seperately, which may especially be interesting for CRC
research as HD-CTCs detected in these cohorts showed the lowest signal SDOM for CK-pan marker
compared to prostate and breast HD-CTCs.

I”

According the possibility of detecting endothelial cells as well as “real” CTCs, our cohort could consist

of a mixture of cells containing also cells similar to EpCAM"

Overall the missing correlation of our
detected HD-CTC counts with survival might represent potential limitation of the HD-SCA method, or
reflect detection of a broader, but not as prognostic CTC population. However, as our cohort was

relatively small, further research will be needed.

6.4.3 Association of CTC subcategories with survival

As the only CTC subcategory with association to OS and PFS, CTC-Small cells may represent the cell
population usually detected by EpCAM-based CTC enrichment techniques. When comparing the
morphological characteristics of published data of circulating endothelial cells [233, 234], they mostly
resemble the detected HD-CTC category (very large nucleus, large heterogeneity in size and shape,
with cytoplasmic appendix-like extensions). The CTC-Small category possessed the highest roundness
in our cohort (Figure 7, page 46) and this morphology, including a size just slightly bigger than a WBC
is often displayed in papers as CTC properties associated to cancer patient survival [213]. This would
be conforming to our data of CTC-Small association with OS and PFS. In the study of Ligthart et al. it
was discovered that higher counts of CTCs and CTCs with a roundness close to one are more
dangerous for the patient than elongated cells, also that small CTCs in breast cancer are more
dangerous than large CTCs [216]. This confirms our findings that the CTC-Small subcategory might be

the CTC population with the highest importance for disease development.

Regarding the CTC-cfDNA producing cells, it was not expected to find correlations with survival as
these cells are probably undergoing apoptosis, but they might contribute to circulating tumor DNA
(ctDNA) in the blood which has shown promising results as a biomarker for patient monitoring or

therapeutic resistance [47].

As the CTC-LowCK cells are defined as CK"® and CD45" but with enlarged nuclei, they might as well
be similar to the EpCAM™® cells detected in the CellSearch® study in lung cancer, which could explain
their missing association to patient survival. On the other hand a study by Pecot et al. showed that
only CK"™ CTCs detected with a microfluidic platform were associated to shorter PFS in ovarian

cancer patients, but only if they were also aneuploid [235]. The major issue with this cell category is
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that there is not enough information about what particular cell type is forming this group and it is

highly possible that it consists of cells of various origins. To answer this question, experiments with

multiplex protein analysis (as discussed in 6.3.2) will be used to further characterize the CTC-LowCK

phenotype.

6.4.4 Association of CTCCs with survival

Based on our results, the size of CTCCs detected in the pre-resection draw is associated to OS. It
seems that if in a patient’s blood a CTCC containing more than 8 cells is detected, OS survival will be
shorter compared to patients with smaller CTCCs. Unfortunately, only three patients possessed
clusters larger than 8 cells, therefore more data should be acquired before reliable conclusions can

be drawn.

In the follow-up draw the presence of at least one CTCC is a promising marker for shorter OS. In CRC,

CTCCs have been detected and described and once also associated to reduced OS [215, 236, 237].

Other publications have observed CTCCs in breast, prostate or lung cancer and identified CTCCs as
promising markers of survival. In a publication from Zurita et al. in metastatic castration-resistant
prostate cancer (mCRPC), it was reported that higher numbers of CTCCs in bone marrow samples and
within those clusters their size was significantly correlated to PFS and OS [238]. In non-small cell lung
cancer (NSCLC), Carlsson et al. have shown as well that CTCCs exceed the detected CTCs in utility for
patient monitoring and diagnosis of stage | NSCLC [239]. This might be linked to the possibility that
CTCCs might act as metastatic drivers. Aceto et al. have shown CTCCs to be precursors of metastases

in breast cancer and their presence in CRC patients was associated with shorter PFS [240].

A possible explanation for this correlation could be first of all the size itself. The higher metastatic
potential and chance of survival of CTCCs may be caused by their close association to other cell types
as fibroblasts, platelets and endothelial cells [161]. Therefore a large CTCC may just bring their own
“soil” and enhance the potential to extravasate and then proliferate in distant tissue [241]. After a
CTCC has entered the vasculature, either by active or passive mechanismes, it’s risk for apoptosis is
lower than for CTCs and they are observed to clog blood vessels which may cause venous
thromboembolism, a common cause of cancer related death, which could explain their association to

0S [240, 242].
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6.5 Association of enumeration data with clinical characteristics

6.5.1 Association of HD-CTCs with clinical characteristics

In our data the transverse colon CRC has been associated with shedding the most HD-CTCs/ml in the
pre-resection draw. This could be explained through the special anatomical character of the
transverse colon; unlike to the descending colon and the ascending colon, the transverse colon is
mobile as it is encased by the peritoneum and blood is supplied from two different arteries (superior
and inferior mesenteric artery). This increased exposure to movement and presence of multiple
blood supplies may cause tumors in this area to shed a larger amount of cells, which is supported by
many reports stating higher numbers of CTCs in right-sided CRC, which usually group the cecum,

ascending and transverse part of the colon [243].

HD-CTC counts have also been significantly higher in patients with KRAS mutated tumors compared
to KRAS wildtype tumors. As KRAS is a GTPase that transmits signals to the nucleus, acting as a switch
for signaling networks associated to cell differentiation, survival, migration and growth, it plays a
large role in CRC development and is a regulator of mesenchymal features in cancer [243, 244]. As
mesenchymal features and the process of EMT have been proposed as one of the major contributors
to tumor cell intravasation into the vasculature [245], higher HD-CTC counts in KRAS mutated tumors
could be the consequence of this switch to a mobile, mesenchymal phenotype. These mesenchymal-
like cells may disrupt vessels of the vasculature and cause shedding of endothelial cells into the
circulation. And as discussed before, evidence suspects that HD-CTCs may represent detected
endothelial cells in the bloodstream. Another reason for less stabile capillaries in KRAS mutated CRC
may be faster tumor growth caused by increased tumor aggressiveness and shorter OS in early CRC

stages that has been associated with KRAS mutated CRC [246, 247].

HD-CTCs have been the only category of cells that significantly decreased in numbers after resection
of the primary tumor. Additionally, no association was detected between HD-CTC counts and number
or size of hepatic metastases. This data may point out that the primary tumor is the main source of
HD-CTCs in CRC stage IV patients, despite the anatomical challenge of cells having to pass through
the portal vein and the liver. Hepatic metastases on the other hand do not bare this cell filtration
problem, but cell numbers released from metastases seem to be lower. This could be cause by the
small size of hepatic metastases or the changed phenotype of the re-seeded cells that have been
proposed to have undergone mesenchymal to epithelial transition [161]. To proof that the primary
tumor is the main source of CTC shedding, a larger control group would be needed that had
underwent surgery of the primary tumor with only hepatic metastases present and on the other
hand patients that underwent resection of hepatic metastases with primary CRC present at time of

blood draws. In our study this cohort was heterogeneous and we were only able to measure changes
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in COl numbers depending on the surgery type, not taking into consideration if a possible source of

COls is still present.

6.5.2 Association of CTC subcategories with clinical characteristics

Much like HD-CTC counts, the amounts of CTC-Small cells in the pre-resection draws were
significantly higher in patients with KRAS mutated tumors. This evidence might show that these two
cell categories could be closer related in phenotype than the two are related to the CTC-LowCK or
CTC-cfDNA producing cells. On the other hand, as discussed before, the KRAS mutated tumors may
have more disrupted capillary walls caused by cells of a more mobile and mesenchymal phenotype,
therefore releasing more endothelial cells. Also, the possession of more mesenchymal-like cells leads

to more ,real’ CTCs actively intravasating into the vasculature [245].

The category of CTC-cfDNA producing cells has shown association to the size of hepatic metastases.
The larger the metastases, the more cells are found that have the morphology of a CTC undergoing
apoptosis. Allen et al. have shown before that high amounts of apoptotic cells amongst detected
CTCs are associated to the presence of hepatic metastases, whereas CTCs were not [248]. Now our
data suggests that the metastatic load also influences the amount of apoptotic CTCs in the blood.
These cells might represent dying liver cells. The higher metastatic load may cause pressure on the

liver parenchym and cause liver cells to undergo apoptosis.

On the other hand, a study from 2002 of Backus et al. analyzed the protein markers of apoptosis and
showed that these were more abundant in the primary CRC tumor than in hepatic metastases [249].
Although there is no direct explanation for our observations, the apoptotic cells could also be a late
consequence of neoadjuvant treatment. After resection, >5 CTC-cfDNA producing cells were
associated to higher lymph node involvement, therefore more apoptotic cells are observed in

patients with further developed disease.

Cells of the CTC-LowCK category were, like HD-CTCs, also more prevalent in transverse CRC. This
extensive shedding may be caused by the same reasons as discussed in 6.5.1, related to the exposed

anatomical position of the transverse colon.

6.5.3 Association of CTCCs with clinical characteristics
For CTCCs, this study showed no association with CRC characteristics, except that after resection,
CTCC counts decreased the least in right-sided CRC. As right-sided CRC is known to be more

aggressive with high prevalence of MSI, BRAF mutations and CIMP, clusters could be another sign of
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CRC aggressiveness. It has been discussed how clusters of tumor cells or tumor associated cells are
entering the blood stream. Besides pieces of the tumor breaking of in a passive manner, they are also
actively growing inside vessels and detaching from the tumor. This process is also called “tumor
budding” and has been observed in CRC. This phenomenon has been described as tumor cells or cell
clusters with stem cell properties (ability to re-differentiate and proliferate) at the invasive front of
the tumor and has been correlated to vascular and lymphatic invasion as well as distant metastases
[147]. The amount of cells in a CTCC was also significantly higher in M1 patients compared to MO and
the amount of detected CTCCs has been significantly higher in KRAS mutated patients. These findings
support the theory that clusters are related to highly chromosomal instable CRC as the KRAS
mutation is one of the key events in the development of CIN in CRC [250]. It also has to be
mentioned that all patients with M1 status have therefore been diagnosed with synchronous disease
which implies that the disease load developed over a longer time without detection and the tumor
might have had more time to gain higher CIN. One surprising observation in this study is the lack of
association between HD-CTCs or CTC-Small cells with number, status or size of hepatic metastases.
The fact that HD-CTCs were associated to the primary CRC and decreased with its resection, leads to
the conclusion that they are mainly shedded by the primary CRC. CTCCs were shown to be strongly
associated with hepatic metastases, but data is not sufficient enough to conclude if they are causing

hepatic metastases or rather originate from them.

If CTCCs and especially the size of CTCCs are the result of hepatic metastases or the cause has to be
investigated further. One promising tool will be the use of multiplex protein detection by using the

HYPERION™ technique [223], as discussed in 6.3.2.

Our cohort and the detected numbers for CTCCs were too small to analyze changes in CTCC counts

depending on the type of surgery.

6.6 CNV profiles

Single CTCs from various cancers have recently been analyzed for CNV. Clonal profiles (common
alterations within a set of single cells) within detected CTCs have been reported for prostate cancer
[188], breast cancer [251], melanoma [252] and lung cancer [253]. Often clonal development was

able to uncover temporal disease development and acquisition of amplifications.
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6.6.1 CNV profiles of HD-CTCs

In our data, clonality in HD-CTCs was neither detected within individual patients, nor amongst cells of
all analyzed 11 patients while searching for convergent genomic changes. One reason may be the
fact, that the captured cells have passed through the liver and are collected from peripheral blood as
discussed in 6.3.1. Therefore cells from the tumor that had acquired major alterations may have

already seeded in the liver.

On the other hand these findings are supporting the aforementioned theory that the detected group
of HD-CTCs are representing tumor derived EpCAM"®8/CD45"*® CECs. This cell type has been analyzed
by Cima et al. and did not mirror mutations and chromosomal abnormalities of the primary tumor
[204]. Their study also proved by principal component analysis that CECs were associated to the
tumor tissue and were prevalent in CRC patients. Using the FOLH1 gene, which is specifically
expressed in tumor vasculature, but not in healthy blood vessels, they were able to show that these

CECs might be directly released from tumor vasculature.

In a review from A. Dudley it was stated that tumor blood vessels possess poor stability, cells are only
loosely attached and the morphology of the tumor endothelial cells is described as of irregular size
and shape with long cytoplasmic projections, which is similar to our findings in the HD-CTC category
and could explain CEC cells detected in the blood stream [254]. Endothelial cells derive partly from
already existing vessels or de novo from mesenchymal stem cells and already VEGFA expression is

sufficient to induce blood vessel formation [254].

Taking these findings into consideration there might be the possibility that the detected HD-CTCs
actually represent (at least partially) these CECs. Further analyses, using CD31 as additional

fluorescence marker or multiplex protein detection are prepared to answer this question.

On the other hand, studies have been published using the HD-SCA method showing successful
detection of tumor related clonal profiles in detected HD-CTCs. However, these findings were only
shown in other cancers like prostate and melanoma [188, 252] and in CTCs detected in bone marrow
of a prostate cancer patient [206]. In these cancers though, additional cancer specific markers have

been used for identification of CTCs, like AR in prostate cancer and CSPG4 expression in melanoma.

Another contradictory publication exists showing genetic abnormalities in tumor derived endothelial
cells in renal cell carcinoma, however, these cells were isolated from tissue sections and were not in

the circulation [255].

For future experiments it would be interesting to focus on CNV profiling of the CTC-Small category

and also to add a tumor specific marker to ensure the origin of HD-CTCs detected in CRC patients. On
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the other hand, CEC can provide us with information about the tumor vasculature and its changes

during treatment or disease evolution.

6.6.2 CNV profiles in tissue samples compared to those of HD-CTCs

Common alteration have been observed within the CRC tissue cells of one patient as well as within
cells isolated from multiple patients. Amplifications of similar regions (e.g. the MYC containing
region) have been observed in 43.7% of the analyzed cells and numerical changes in a whole set of

chromosomes even in 73.8% of cells from CRC tissue.

Li et al. have also discovered common clonal profiles in single cells from CRC tissues using reference
component analysis [256]. As CRC tumors share common pathways of molecular development,
common alterations within the genome could be expected. But as tumor tissue is composed of
multiple associated cell types as macrophages [257], stromal cells [258] and endothelial cells [254],
some cells analyzed without showing clonal or altered CNV profiles may belong to one of these

tumor associated cell categories.

Based on our data there is a high similarity between CNV profiles of CRC tissue cells and cells isolated
from corresponding hepatic metastases. In addition, a clear evolution from the primary tumor to
metastasis is visible when special regions are analyzed. For the MYC containing region on
chromosome 8 amplifications were gained in cells from hepatic metastases (43.7% in CRC compared
to 83.8% of cells in hepatic metastasis tissue). A similar gain in hepatic metastases was observed for
amplifications of the region containing MET (37.4% to 67.6%) and deletions containing FGFR1 (34.9%
to 86.5%). This observation for elevated MET amplification in hepatic metastases compared to mCRC
tissue was also observed by Zeng et al. [259], and later Raghav et al. reported that this amplification
gain might be a response to anti-EGFR therapy [260]. Bardelli et al. showed that the amplification

gain of MET then finally leads to resistance to anti-EGFR therapy [261].

For FGFR1 the most common alteration reported in 42% of cancers is FGFR1 amplification [262], and
has been associated with worse prognosis in lung cancer. However, these observations did not
include studies of CRC. And additionally it has been observed that FGFR1 amplifications are mostly
detected in early stages of cancer, suggesting a key role for initiation of tumor development [263].
Therefore our observation of higher frequency of FGFR1 deletions may correspond to disease
evolution from localized disease to distant metastasis and may be conform to former observations.
These changes in hepatic tissue may mirror the necessary chromosomal changes for successful

seeding in distant organs.
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For the APC gene region a decrease of deletions was observed when the tumor developed liver
metastases. APC is a known tumor suppressor gene and its protein is a key negative regulator of the
Whnt signaling pathway, which controls cell proliferation [264]. APC deletions have been identified as
a common cause of familial adenomatous polyposis (FAP), which only accounts for about 1-2% of
CRC cases [265]. More common are mutations of APC , which is observed in more than 80% of
sporadic CRC and functions as a known initiator of CRC development [264]. As APC is one of the
initiators of CRC, it could be concluded that loss of APC function is in later stages not required,
especially not crucial for metastasation. This would explain our observed decreased in APC deletions
in hepatic lesions. On the other hand, the group of patients tested for CNV profiles of hepatic
metastases was limited to 4 patients and differed from the before tested group tested for alterations
in CRC tissue. Liver lesion cells were not tested for two patients with major APC deletions (CRC206

and CRC226); this could have biased the numbers for this rare deletion.

CDX2 is an intestine-specific transcription factor and its expression is used as a sensitive marker for
intestinal carcinomas [266]. Studies of patients with resected CRC revealed, that those with stage |l
and Il CRC and CDX2 positive tumors had significant longer OS [267]. Subtil et al. showed that CDX2
gene amplifications in sporadic CRC were not causing higher CDX2 expression and were not
associated to survival [268]. The here observed decrease of amplifications to a diploid state in the
CDX2 containing region in cells of hepatic metastases may be due to the organ-specific character of

this marker, and seeding in a different tissue may be followed by reduction of CDX2 amplification.

Overall, high heterogeneity of CNVs and existence of multiple clones among individual cells within a
single tumor has been observed in various cancers before [188, 269]. This phenomenon could cause
CT failure as one clone might be more sensitive than another [270]. This is why through the last years
many studies have pointed out that single cell analysis might be beneficial for the patient compared
to bulk analysis. As we had access to CTCs in the blood and tumor cells from tissue, we aimed to link
clones from the tissue to CTC phenotype associated to the hepatic metastases, but could not find any
clonality in the blood. For proper statistical comparison of clones in the primary tumor to those in

hepatic metastases the sample size was too small, but it became one of the goals for a future project.

-85 -



7 Conclusions

7 Conclusions

Based on our data it is most likely that the detected category of HD-CTCs in CRC consists of mostly
tumor associated CECs. This was backed by the results of our CNV data as HD-CTCs showed no

clonality and less than 2% of general alterations observed in the tissue cells isolated from CRC.

In contrast, the CTC subcategory of CTC-Small cells showed a more round and less heterogenic
morphology and was associated to OS with a significant threshold of 8 cells/ml. Cell counts for both

categories, HD-CTCs and CTC-Small, were elevated in KRAS mutated CRC.

Results for detected CTCCs were most interesting and novel, showing that size matters. The number
of cells per CTCC was associated to OS and significantly elevated in M1 CRC patients. The number of
CTCCs/ml was significantly elevated in the pre-resection draws of KRAS mutated CRCs. This makes

CTCCs a promising biomarker for CRC patients and a probable driver of metastasation.

Taking all results into consideration, the detected category of HD-CTCs have to be analyzed for
endothelial origin and in contrast has the category of CTC-Small cells be highly considered as the
‘real’ CTC category. For further enumeration studies we would apply the updated HD-SCA detection
with detection of CD31 signal inclusion. As the analysis of association with survival was successful in

the category of CTC-Small cells, these cells should be in the focus of future studies.

Compared to other cancers like breast and prostate, the heterogeneity of detected COls seems
elevated in CRC, especially the number of cells similar to endothelial cells. This phenomenon may be
caused by the unique location and blood supply situation of the colon and has to be taken into
consideration for future studies. Discussions with surgeons about possible blood draws from the

portal vein illustrated that this is barely feasible as it causes additional hazard for the patient.

The use of CK markers instead of EpCAM might be an obstacle due to parallel expression in
endothelial cells. On the other hand it can allow the detection of an important tumor associated cell

subpopulation if an additional differentiation marker for endothelial cells (e.g. CD31) is applied.

Regarding the detected CTCC, we would focus specifically on these in future projects and the next
step could be their multiplex profiling to decipher protein expression and the cell phenotypes of

individual cells assembling a CTCC.

As there was no clonality detected within HD-CTCs in the CRC patients of this cohort, this is just
another confirmation that this subpopulation was rather composed of tumor derived endothelial
cells than CTCs. In the future we will focus on CNV profiling and multiplex protein detection of CTC-

Small cells and CTCCs.
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Findings of evolving clones from cells of the primary CRC compared to hepatic metastatic tissue
shows that this method is a promising tool to monitor disease evolution and may give insight in the

temporal changes in genomic alterations necessary for CRC exacerbation.
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