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1 INTRODUCTION

1 Introduction

i

“If you know your enemy and know yourself, you will win a hundred battles.”

SUN Tzu

1.1 What defines (breast) cancer?

Cancer is termed “malignant neoplasm” or “malignant tumor” and is defined as a group of
diseases that is characterized by a rapid generation of abnormal cells with the potential to
grow beyond their usual boundaries (“metastasis”, see chapter 1.2) [1]. There is a
widespread consensus that most cancer types are monoclonal growths descended from
single normal progenitor cells [2]. More than 100 types of cancer have been classified so
far, whereby the tissue of origin specifies the respective cancer characteristics. Cancers
that develop from epithelial cells -such as breast cancer- are designated carcinomas and
make up approx. 85% of all cancer types [3]. The transformation of a normal cell into an
abnormal one, meaning the progression from a pre-cancerous lesion to cancer, requires
the interplay of multiple aspects. That is, the individual genetic background, the person’s
age as well as extrinsic biological (e.g. viruses, bacteria), chemical (e.g. tobacco smoke,
aflatoxin) and physical (e.g. ultraviolet/ionizing radiation) factors [1]. Cancer accounted for
8.2 million deaths in 2012 and thereby is among the leading causes of morbidity and
mortality worldwide. Within the next two decades, cancer cases are expected to rise from
14 (in 2012) to 22 million [1, 4].

1.1.1 Traits of cancer

According to Hanahan and Weinberg [5] cancer can be defined by the following
characteristics (hallmarks) (Figure 1-1): sustaining proliferative signaling, evasion of growth
inhibitory signals, resistance against apoptosis (programmed cell death), replicative
immortality, formation of new blood vessels (angiogenesis) and an invasive/metastatic
potential. Further attributes that might be involved in cancer pathogenesis include
deregulation of the cellular metabolism, evasion of the immune system, development of
genomic instability/mutability and finally, tumor-promoting inflammatory actions that are

triggered by the innate immune system [5].
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Figure 1-1: Hallmarks and characteristics of cancer. In 2000, six hallmark capabilities (autonomous
proliferative signaling, evading growth suppressors, resisting apoptosis, inducing angiogenesis, enabling
replicative immortality and activating invasion and metastasis) have been proposed. The illustration further
encompasses so-called next generation hallmarks and further characteristics involved in cancer pathogenesis,
respectively: genomic instability, metabolic deregulation, inflammation and escaping immune destruction.
Modified after [5].

Within the presented study, the main emphasis was to investigate the cancer hallmark
“invasion and metastasis” (marked in red in Figure 1-1), especially with regard to the
characterization of circulating tumor cells (CTCs) involved in this process. Both aspects are

comprehensively described in chapters 1.2 and 1.3.

1.1.2 Breast cancer

1.1.21 Epidemiology and etiology

Worldwide, breast cancer is the most frequently occurring cancer among women, with
approximately 1.7 million women diagnosed and 522,000 cancer-related deaths registered
in 2012 [6]. According to the American Cancer Society, one in eight U.S. women will develop
invasive breast cancer over the course of her lifetime [7]. Further, the international incidence
of female breast cancer is estimated to reach about 3.2 million new cases per year by 2050
[8]. With 70,000 new cases and nearly 18,000 deaths in 2011, breast cancer is also by far

the most common cancer in women in Germany [9]. At the time of diagnosis, approx. 25%
2
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of all affected women are younger than 55 years and one in 10 is under the age of 45; the
median age at onset is 64. For female patients in Germany, the five-year relative survival
rate is given with 87% [9, 10].

Risk factors for developing breast cancer can be divided into lifestyle-related factors and
factors that are not related to one’s personal choice. The former include extrinsic factors as
discussed above, as well as alcohol abuse, obesity, physical inactivity, hormone
replacement therapy, being nulliparous or late-bearing. Factors that cannot be influenced
are, e.g. gender, age, ethnicity, family and personal history, early menarche/late
menopause and density of the breast tissue [10]. About 5-10% of all breast cancers occur
due to inherited genetic dispositions, whereby mutations in the tumor suppressor genes
BRCA1 and BRCAZ2 (breast cancer 1/2, early onset) are the most common ones. Regarding
BRCA1/2, genetically predisposed women have an estimated lifetime risk of 50-80% for

breast cancer [11, 12].

1.1.2.2 Breast cancer classification

The female breast is composed of small mammary glands that produce milk (lobules), tubes
that transfer the milk from the glands to the nipple (ducts), and stromal tissue (fat,
blood/lymphatic vessels, connective tissue) surrounding it (Figure 1-2A). Breast cancers
can arise from different areas of the breast, whereas most of them originate in the glandular
tissue. Based on their morphological characteristics, they can be classified into lobular,
ductal, medullary, mucinous, adenoid cystic, inflammatory and tubular carcinomas [8].
Therein, the ductal carcinomas are the most frequent ones: they form in the lining of a milk
duct (intraductal) and either are non-/pre-invasive (ductal carcinoma in situ, DCIS) or have
already infiltrated the surrounding stromal tissue (invasive ductal carcinoma, IDC) (Figure
1-2B). IDC accounts for about 75% of all reported breast cancer cases, followed by invasive

lobular carcinoma (ILC, 10%) deriving from the milk-producing lobules [13].
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Figure 1-2: Female breast anatomy and breast cancers arising from the duct. The female breast (A) is a
network of lobules (small milk producing glands) and ducts (tubes transporting milk from lobules to the nipple).
Lobules and ducts are organized in grape-like patterns (‘lobes’, not shown) and are surrounded by fatty tissue.
Lymphatic vessels (green) of the breast mainly lead to the axillary (under arm) lymph nodes. The most common
type of breast cancer begins in the cells of the duct (B): DCIS or ductal carcinoma in situ originate from the lining
of the milk duct and can progress to invasive cancer (IDC) spreading into the fat tissue. Modified after [14] and
[15].

Besides the histopathology, breast cancers can be further classified by their grade and
stage. The grading is based on the appearance of cancer cells compared to normal cells
and on how rapidly cancer cells are dividing. Thus, a low grade (G1) indicates that the tumor
is growing slowly, is less likely to spread and consists of cells that are well differentiated.
Grade 2 (G2) describes a moderately differentiated tumor, whereby poorly differentiated
and fast-growing tumors are graded ‘G3’. For pathological staging the American Joint
Committee on Cancer (AJCC) TNM system is commonly applied. Therein, the T (‘tumor’)
followed by numbers 0-4 describes the tumor size and spreading to tissues near the breast,
N (‘node’) followed by 0-3 indicates whether and to which extent lymph nodes are affected,
and M (‘metastasis’) followed by 0 or 1 gives information if the cancer has spread to distant
organs (e.g. lungs/bone). In general, a larger tumor, lymph node spread and metastasis are

associated with higher stage numbers and a worse prognosis [16].

1.1.2.3 Breast cancer heterogeneity and treatment

Breast cancer is regarded as heterogeneous disease comprising a high degree of inter- and

intratumoral diversity. Hereby, several tumor-intrinsic and -extrinsic features such as the
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aforementioned histological, as well as immunopathological, transcriptional, genomic,
epigenetic, and (micro)environmental aspects contribute to breast tumor heterogeneity.
Differences in breast tumor groups/subtypes are associated with distinct clinical behavior,

courses of the disease and treatment responses [13].

Asides from structural heterogeneity, high variability in protein and gene expression
patterns can be observed. The presence of specific markers helps to define subtypes and
identifies tumors that are susceptible to targeted therapies [13]. Proteins that are assessed
by immunohistochemistry include the estrogen receptor (ER), progesterone receptor (PR),
and human epidermal growth factor receptor (HERZ2). Additionally, HER2 gene amplification

is determined via fluorescence in situ hybridization (FISH).

Breast cancer subtypes and treatment strategies

Further molecular signatures can be defined by testing gene expression panels (e.g.
PAM50, Oncotype DX®, MammaPrint™, EndoPredict®) [17]. Thus, tumors can be grouped
into two ER/PR-positive (ERP* and/or PRP°S; luminal A and luminal B) and three ER-
negative (ER"™®) subtypes, and the triple negative (ER"™/PR"$9/HER2"*9) group. ER-positive

tumors are generally smaller, low grade and node-negative, while ER-negative tumors are
less common but have a worse prognosis. One ER-negative group shows elevated HER2

expression (HER2 subtype), another high gene expression of rather myoepithelial/basal-

like cells (basal-like subtype), and a third harbors a varied gene expression profile (normal-

like subtype) [8]. Besides intertumor heterogeneity, these variable subtypes can also be the
explanation for intratumoral heterogeneity, where different degrees of basal-like and luminal
features occur, originating either from less differentiated stem cell-like or luminal lineage-

committed progenitor cells [18].

The following treatment strategies are available: endocrine therapy, chemotherapy and

targeted therapy. Luminal ERPS/PRP° tumors grow hormone-dependently and can be
treated by hormone receptor modulators (e.g. tamoxifen), blocking of the estrogen
production (e.g. aromatase inhibitors; letrozole/anastrozole) or with an ER-degrading agent
(fulvestrant) [19]. Cytotoxic chemotherapy is particularly beneficial with respect to ER™9
tumors, wherein it can be administered in different regimens/combinations (e.g.
cyclophosphamide/doxorubicin). Targeted therapies comprise small-molecule compounds
or monoclonal antibodies directed towards molecules needed for carcinogenesis. Among
them are tyrosine kinase inhibitors (e.g. against HER2, c-Met), inhibitors of angiogenesis
and intracellular signaling pathways (ERK, mTOR, PI3K/AKT), and substances that

interfere with  DNA repair mechanisms (e.g. PARP inhibitors) [19]. For instance,
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implemented in the standard of care in HER2-overexpressing breast cancer patients are
trastuzumab, a monoclonal antibody that blocks the HER2 receptor, and lapatinib, a
tyrosine kinase inhibitor interfering with HER2/EGF (epidermal growth factor) receptor
pathways.

Resistance to HER?Z targeting therapy

However, all therapies are challenging due to the occurrence of primary and acquired
resistance. Resistance mechanisms can be manifold ranging from impaired uptake
mechanisms to improved DNA damage repair (reviewed in [20]). Taking the upper example
of HER2-overexpressing breast cancer patients, resistance to trastuzumab/ lapatinib could
be shown with regard to PI3K (phosphatidylinositol-3-kinase) gene alterations leading to its
hyperactivity and thereby to dysregulation of various cellular processes (e.g. cell growth,
proliferation, differentiation) [21, 22]. Furthermore, it has been reported that PI3K hotspot
mutations within its PIK3CA (PI3K catalytic subunit alpha) gene encoding the catalytic
subunit may be discordant between the primary tumor and its corresponding metastases
potentially conferring therapy resistance [23]. This discrepancy can also be seen when
phenotypes of the primary tumor sites are compared with the seed for metastasis, the
circulating tumor cells (CTCs) — with potential implications for cancer treatment strategies
[24].

Developing CTC-based treatment strategies

Currently, breast cancer medical treatment is adjusted to the traits of the prevailing primary
tumor phenotype making it quite challenging to match an appropriate and effective therapy
with each patient’s need. Because of the phenotypic differences between primary tumor
and CTCs several clinical trials are run to use the CTCs’ features to streamline and tailor-
cut cancer management (see chapter 1.3.3). In particular, to investigate whether patients
with HER2"9 primary tumors but HER2P°* CTCs benefit from HER2-targeted therapies is
aimed by large multi-center clinical trials, the DETECT studies. Therein, the DETECT Il
study (NCT01619111) was one of the first trials in which the treatment choice is based on
phenotypic characteristics of CTCs. Moreover, a translational project of the DETECT Il
intends to analyze the presence of activating PIK3CA mutations in HER2P°s CTCs using the

SNaPshot assay [25] (see manuscript 3.1.1).
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1.2 What defines metastasis?

Metastasis describes a complex multi-stage process by which cancer cells leave the original
primary tumor site and migrate to other parts of the body. Consequently, metastasis is the
difference between benign and malignant growth and represents the major clinical problem
of cancer [3]. Despite significant improvements that were made in diagnostics, local and
systemic adjuvant therapies and also in surgical technologies, most cancer deaths are due
to metastases that resist or are not eradicated by conventional therapies [26]. It is estimated
that at least half of the patients suffer from metastatic disease at the time of cancer

diagnosis [27] and 90% of cancer deaths are a consequence of these metastases [28].

1.2.1 The metastatic cascade

Metastasis is the result of a complex process of sequential events that is often termed as
metastatic cascade [26]. Broadly, this cascade can be divided into three main steps:
invasion, intravasation and extravasation (Figure 1-3). More precisely, these events can be
complemented by: cell migration before local invasion, dissemination of tumor cells after
they entered the blood circulation, arrest at secondary sites, colonization/engraftment at
distant sites upon extravasation, and finally, formation of micro- and clinically detectable

macrometastases [29, 30].

Local invasion & Intravasation Extravasation & Metastasis

primary tumor

extravasation
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Figure 1-3: The main steps of the metastatic cascade. In the initial step, the in situ primary carcinoma
proliferates, which is accompanied by extensive blood vessel formation (angiogenesis). Thereafter, local
invasion of the stroma (extracellular matrix, ECM) by some tumor cells occurs through breaching the basement
membrane. Tumor cells may then intravasate into either lymphatic or blood microvessels where the circulation
transports these cells to distant anatomical sites (e.g. lung, bone, brain). Cancer cells that survive in the
circulation become trapped in the capillary beds of distant organs by adhering to endothelial cells or the
subendothelial basement membrane. Some may extravasate to form (dormant) micrometastases, which then
can acquire the ability to colonize the distant tissue in which they have landed. Upon successful colonization,
clinically detectable macrometastases may develop from these founder cells. Modified after [26] and [2].
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1.211 Invasion and intravasation

The travel of tumor cells from their origin to other anatomical sites starts with the loss of
cell-cell adhesion capacity and local invasion of the tumor-surrounding stroma (epithelial-
mesenchymal transition, see 1.2.2) [31]. In order to break free from the cellular cohesion,
various mediators such as cell adhesion molecules (CAMs, e.g. E-cadherin), integrins and
proteases (e.g. matrix-metalloproteinases, MMPs) have to orchestrate in enabling cancer
cell motility [3]. Consequently, the basement membrane and the extracellular matrix (ECM)
are degraded and remodeled to create new space for cancer cells. Further matrix-modifying
and cell stimulating substances such as MMP-9, VEGF (vascular endothelial growth factor),
EGF, and CSF-1 (colony stimulating factor 1) are released ensuring tumor cell invasion and
the transport of nutrients upon new vessel formation (=angiogenesis) [2, 32]. Blood vessels
within close vicinity to the tumor may then provide a route for the entry of cancer cells to the
circulatory system [31]. Similarly, the process of intravasation (penetration of a cell into a
vessel) requires supportive stromal cells including macrophages and endothelial cells which

assemble to guide cancer cells on their way to the lumen of capillaries [33].

1.21.2 Transport through the circulation

Cancer cells that have entered the blood flow are designated as circulating tumor cells
(CTCs, see chapter 1.3). They are transported singly, in cancer cell clusters and/or escorted
by blood components (e.g. platelets) [34]. Since blood with its hydrodynamic shear forces
represents a rather hostile compartment for CTCs, the interplay with platelets can be
regarded as protective entourage in the circulation [2]. However, this presumed protection
makes the passage through narrow microvessels even more complicated. The internal
diameters of most capillaries (3-8 ym) are too small to pass. Erythrocytes with a size of only
approx. 7 ym and their deformability can easily pass, while cancer cells with approx. 20 um
will get stuck. Due to their larger size, CTCs become trapped in small vessels (arterioles)
within the pulmonary capillary beds [2]. But if CTCs pass the lungs and reach the arterial
circulation, they can be dispersed to all tissues of the body. According to the concept of the
“first-pass organ” (first organ in flow direction downstream from the primary tumor), the
layout of the circulation may also influence the favored site of metastasis (see 1.2.1.3) [2,
3].

1.21.3 Extravasation and colonization

Extravasation describes a process reverse to intravasation: the escape of a cancer cell from

the blood or lymphatic vessels to invade the tissue parenchyma of distant sites.
8
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Extravasation depends on critical interactions with the walls of the vessel in which they have
become trapped [2, 35]. This so-called transendothelial migration of cancer cells requires a
“docking” (arrest/adhesion to endothelium) and a “locking” (enhanced cell contact with
numerous focal adhesions) step as it has been reported for the extravasation of leukocytes
(diapedesis). Highly specific cell adhesion molecule profiles (e.g. selectins,
immunoglobulins, integrins), cell clustering and a local inflammatory response are all
together inevitable to achieve efficient extravasation [35]. Cancer cells can extravasate
singly or upon already started proliferation at the vessel wall. For the latter, Crissman et al.
provided a detailed morphological study proposing distinct sequential extravasation events:
a metastasizing CTC that has been physically trapped in a capillary gets surrounded by
platelets building up a microthrombus. Within this thrombus, the cancer cell forms
cytoplasmic extensions and pushes aside an endothelial cell allowing a direct contact to the
underlying capillary basement membrane. Afterwards, the thrombus is removed by
proteases and the cancer cell starts to proliferate intravascularily. Finally, the subendothelial

matrix gets disrupted and cancer cells can break through [36].

Upon arrival at secondary sites, cancer cells may form small micrometastases (<2 mm) -
representing the targets for adjuvant therapies -, and then eventually develop into
detectable macrometastases (=2 mm). Generally, metastatic progression can be regarded
as a function of space and time. One striking feature of metastasis is the capability of
different tumor types to colonize/metastasize at organ-specific sites (“organ tropism”),
wherein the range of targeted tissues broadly varies. Already in 1889, Stephen Paget
postulated that seeding at secondary sites is not a random process. According to his “seed
and soil” hypothesis the interaction of cancer cells (“seeds”) with their microenvironment
(“soil”) plays a crucial role in metastasis formation [26, 37]. For example, breast cancer
metastasis typically occurs in bone, lung, liver and brain, whereas metastatic relapse of
prostate cancer is mainly confined to bone [38]. Another entity-specific aspect is “metastatic
latency” referring to the time elapsed between the diagnosis of the primary tumor and the
outgrowth of detectable metastatic lesions [30, 38]: breast cancer recurrence is often
detected after years or decades of remission [39]. By contrast, lung cancers were shown to
establish distant metastases within months of primary diagnosis [40]. Consequently, the
ability of cancer cells to infiltrate distant organs does not always come along with their
competence to develop metastases. Regarding breast cancer, a large pooled analysis
revealed that more than 30% of the patients showed up with hundreds and thousands of
micrometastases in their bone marrow at the time of initial diagnosis, but only half of them

evolved metastatic disease [41].
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Colonization, the last step of the invasion-metastasis-cascade, can be seen as the most
inefficient process of all. The main bottlenecks are, for instance, cellular stress passing
through endothelial barriers, the lack of survival supporting signals and supportive stroma
(“soil”), and hostile cells of the innate immune system [30]. However, unraveling underlying
mechanisms of cancer cell elimination and critical determinants of this process,

respectively, have yet to be realized [30, 42].

The herein portrayed description of metastasis underpins the so-called linear progression
model, which localizes selection of genetic/epigenetic alterations mostly inside the primary
tumor: CTCs with primary tumor characteristics evade from the primary site to colonize
distant secondary sites [42]. However, more recent data propose that parallel dissemination
occurs (parallel progression model): CTCs depart the primary lesion before a fully malignant
phenotype has been acquired; somatic mutations and metastatic growth subsequently

develop at distant sites [43].

1.2.2 Epithelial-mesenchymal transition (EMT)

Cellular mechanisms that confer tumor cells the ability to disseminate from the primary
tumor (invasion/intravasation, transport) and to resist apoptosis include a series of dynamic
conversions of epithelial to mesenchymal cell states (epithelial-mesenchymal transition,

EMT) and its reverse process, mesenchymal-epithelial transition (MET).

In general, EMT can be classified into three different subtypes depending on the biological
context. First, it was recognized as a fundamental regulatory program of normal
development involved in embryogenesis including gastrulation, neural crest formation and
myogenesis (=type 1). Further, EMT has been shown to occur during processes such as
wound healing and organ fibrosis (=type 2) and finally, it is associated with cancer
progression and metastasis (=type 3) [44-48]. While the common outcome of all three
classes of EMTs, which represent distinct biological settings, is the generation of motile
cells of mesenchymal phenotype triggered by shared genetic features, the mechanisms of
EMT induction as well as progression vary tremendously from one EMT type to another
[47].

1.2.21 Traits of epithelial and mesenchymal cells

During EMT, a cell of epithelial origin undergoes a series of phenotypic changes thereby
gaining mesenchymal features including motile and invasive characteristics. Epithelial cells

exhibit a columnar/polygonal shape with apico-basal polarity, are tightly connected by

10
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intercellular adhesion complexes (tight and adherens junctions, desmosomes, gap
junctions, integrins) and are adjoined to a basement membrane at their basal surface.
Identified markers characteristic for the epithelial state are, for instance, epithelial cadherin
(E-cadherin) as basolateral and mucin 1 (MUC1) as apical marker, different cytokeratins (8,
9, 18), claudins, occludins and desmoplakin [49]. On the contrary, mesenchymal cells are
spindle-shaped and lack any cell polarity as well as connective adhesions allowing their
individual movement through the extracellular matrix [50]. Typical mesenchymal markers
are neural cadherin (N-cadherin), vimentin, fibronectin, B-catenin and vitronectin [49]
(Figure 1-4).

Epithelial state Mesenchymal state

basolateral marker O integrins i apical marker mesenchymal marker

Figure 1-4: Characteristics of epithelial and mesenchymal cell traits. EMT: epithelial-mesenchymal-
transition; MET: mesenchymal-epithelial transition. lllustration based on descriptions in [49-51].

1222 The EMT program

A number of extracellular triggers and pathway crosstalks are required for EMT initiation
and progression entailing the disassembly of inter- and intracellular adhesion structures
[60]. EMT-activators include - among others - components of the extracellular matrix (e.g.
collagen, hyaluronic acid) as well as soluble growth factors such as fibroblast growth factor
(FGF), EGF, transforming growth factor-p (TGF-B) and hepatocyte growth factor (HGF). In
response to these ligands, effector molecules of the small GTPase (Rho, Ras, Rac) and
Src tyrosine-kinase families get activated [49] which then activate downstream
transcriptional regulators such as SNAI1, SNAI2, TWIST and zinc finger E-box binding

homeobox 1 (ZEB1) mediating changes in EMT-related gene expression patterns [49]. The
11
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major impact of all extracellular stimuli is the repression of E-cadherin either directly (by
SNAI1, SNAI2, ZEB1) or indirectly (by TWIST), resulting in its cleavage/degradation and

thereby disruption of homotypic adherens junctions [52, 53].

1223 EMT in (breast) cancer

Activation of the EMT program in (circulating) tumor cells paves the way for cancer
progression by stimulating proinvasive processes, producing reactive stromal cells and by
mediating the cancer stem cell phenotype [44]. Yu et al. investigated EMT in CTCs with
regard to metastatic breast cancer and found that a significant number of CTCs exhibited a
partial or complete EMT phenotype, whereby their presence was associated with disease
progression [54]. Furthermore, it has been reported that EMT preferentially occurs in a
specific molecular breast cancer subtype: cells with a basal-like (stem cell) phenotype seem
to be more prone to undergo EMT than other subtypes, accompanied by a more
invasive/aggressive behavior [55]. Concerning cancer, EMT not only contributes to tumor
invasion, but could also be causative for resistance to/escape from cell death, senescence,

chemotherapy, immune surveillance, and might confer stem cell capabilities [46].
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1 INTRODUCTION

1.3 What defines circulating tumor cells?

The first description of CTCs is attributed to Thomas R. Ashworth who reported in 1869
about “a case of cancer in which cells similar to those in the tumours were seen in the blood
after death” [56]. CTCs are cancer cells that have detached the primary tumor site or
metastatic deposits and have been shed (“mobile CTCs”) or actively invaded (“motile
CTCs”) the blood circulation [57] (Figure 1-5).
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Figure 1-5: Fates of CTCs during invasion and metastasis. Tumor cells with different molecular profiles
(epithelial-like, mesenchymal-like) lose adhesion to neighbouring cells in the primary tumor and invade the
surrounding stroma; then CTCs passively or actively enter the lymphatic or vascular system (via EMT,
centrosome amplification). Within the circulation, CTCs have to resist shear forces, escape from the immune
system and avoid anoikis. Cells that overcome these hurdles might extravasate and transmigrate into secondary
organs as disseminated tumor cells (DTCs); some remain dormant and persist to initiate secondary metastatic
lesions and subsequently may start seeding to tertiary sites.

It is assumed that 1 g of tumor mass (approx. 10° cells) releases about 3x10° cells per day
into the blood stream [58]. However, most of these cells cannot cope with the rather hostile
environment that they are exposed to or they die due to first-pass effects, resulting in
persistence of a very limited number of CTCs within the circulation. For breast cancer
patients the maximum CTC half-life is estimated to be 0.5 to 2.4 hours [59]. Typically, in
1 ml of blood 1 to 10 CTCs can be found in the background of supernumerary blood cell
components, composed of 6x10° leukocytes, 2x108 platelets and 4x10° erythrocytes [60,
61].
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1.3.1 Criteria for CTC determination

According to the FDA (Food and Drug Administration)-cleared CellSearch® Circulating
Tumor Cell Test (Janssen Diagnostics, LLC, US) a CTC phenotype is defined by the criteria
depicted in Figure 1-6. Besides enrichment via EpCAM (Epithelial Cell Adhesion Molecule),
a CTC stains positively for multiple epithelial cytokeratins (CK) (predominantly CK8, 18 and
19)" and negatively for CD45 (cluster of differentiation 45). It displays a nuclear DAPI (4',6-
diamidino-2-phenylindole) stain and ideally is of oval to round shape with at least 4 uym in
size. However, also elongated, irregular shaped and multi-nucleated events may count as
CTC [62-64]. Further, it is known that cellular and nuclear sizes as well as nuclear-to-
cytoplasmic ratios may vary broadly, even among cells from the same individual [62]. CTC
determination might be improved beyond by the implementation of additional cytokeratins
that are not covered by CellSearch® (e.g. CK7 and 20) [64].
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Figure 1-6: CellSearch® CTC definition. CTCs are defined as intact EpCAM-positive cells with at least 4
microns in size that stain positively for multiple CKs (predominantly CK8, 18, 19) and the nuclear dye DAPI, and
lack staining for the leukocyte marker CD45.

1.3.2 CTC isolation and characterization

1.3.2.1 CTC enrichment

Since CTCs are rare events within the blood circulation and because specific tumor cell
markers are missing, they are mainly isolated via a combination of enrichment and detection
steps [65]. Many enrichment techniques have been developed and are currently under
evaluation [66]. Generally, they follow two different strategies: selecting CTCs according to

their physical properties (marker-independent approaches) or based on their biological

features (marker-dependent approaches) [67] (Table 1-1).

Marker-independent CTC enrichment based on physical criteria employs various filtration

technologies (e.g. ISET®, Parsortix, ScreenCell®) or Ficoll density-gradient approaches

' CellSearch® uses two monoclonal antibodies targeting CK4, 5, 6, 8, 10, 13, 18 (clone C11) and CK19 (clone
A53.B/A2), whereas CK8, 18 and 19 are predominantly recognized [63, 64].
14



1 INTRODUCTION

(e.g. OncoQuick™), which exploit the differences in size and deformability of CTCs in
comparison to other cells found in the peripheral blood [68-70]. Like filter devices, label-free
micro-fluidic approaches are promising tools that also allow CTC isolation without extensive
pre-treatment of the blood (e.g. JETTA™, DFF-chip) [71, 72].

Table 1-1: Technologies for CTC enrichment and identification.

Technology CTC enrichment (target) CTC characterization References
Marker-independent
. . . Density centrifugation/negative
Ficoll/density gradient q : ICC, PCR, FISH [73, 74]
epletion
Density gradient centrifugation Immunological detection of
EPISPOT ¥y 9 . 9 secreted proteins (e.g. MUC1,  [75]
or negative depletion
CK19)
VitaAssay™ Ingestion of fluorescently- ICC, PCR [76]
labeled matrix
OncoQuick™ Density gradient centrifugation  ICC, PCR [68]
ISET® Size (>8 uym) ICC, PCR, FISH [69]
Parsortix Size (>10 um) ICC, PCR, FISH S'}‘('GLE ple,
ScreenCell® Size ICC, PCR [70, 77]
JETTA™ Size ICC, PCR, FISH [71]
DFF-chip Size ICC, PCR, FISH [72]
Marker-dependent
(éi?IISearch® CTC/Profile EpCAM-ferrofluid ::Cligljor CK, CD45, DAPI; PCR, [78, 79]
IsoFlux® EpCAM/antibody-coated beads ICC, PCR, FISH [80]
ICC for CK, CD45, DAPI/
CTC/Herringbone-Chip P WEPGAM, HER2 EGFR  Epcawm, Cks,7,8,18,19, CDHI,  [34, 81]
P CDH2, PAI1, FN1; PCR
Ariol® system EpCAM/CK-coated microbeads ngpior CK8, 18, 19, CD45, [82]
GILUPI CellCollector™  EpCAM-coated wire ICC [83]
Multiplex RT-PCR for MUCH1,
égﬂgﬁ;ﬁﬁ;f:;t cell  EPCAM, MUCH ferrofluid GAT733-2, HER2/TWIST, Akt2,  [84, 85]
PI3K, ALDH1
Density gradient centrifugation/ Multiplex PCR for CK19, HER2,
Liquid bead array EpCAM-ferrofluid MAGE-A3, hMAM, PBGD, [86]
P TWIST1
Marker-independent
and marker-dependent
CTC-iChip Size and EpCAM-based ICC, PCR, FISH 87]

selection or negative depletion

ICC= immunocytochemistry; FISH= fluorescence in situ hybridization; CDH1/2= cadherin-1/2 (E-/N-cadherin);
ALDH= aldehyde dehydrogenase; MAGE-A3= melanoma-associated antigen 3; PAI1= plasminogen activator
inhibitor-1; FN1= fibronectin 1; MUC1= mucin-1; PBGD= porphobilinogen deaminase

Marker-dependent approaches, which are preferably used in the clinical and experimental
setting, primarily use antibodies against EpCAM (e.g. CellSearch®, CTC/HB-Chip,

IsoFlux®, AdnaTest®) [78, 80, 81, 84]. Among EpCAM-based strategies, the CellSearch®
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assay (Janssen Diagnostics, LLC, USA) is currently representing the “gold standard” for
CTC detection [63]. With this approach CTCs are isolated from 7.5 ml of peripheral blood
using a ferrofluid which is coated with EpCAM-specific antibodies. Captured CTCs are then
identified by the aforementioned criteria (Figure 1-6). Other techniques such as IsoFlux®,
AdnaTest® or MACS also use EpCAM antibody-coated (micro-)beads for immunocapture
of CTCs [80, 84]. In the microfluid channels of the CTC-/Herringbone-Chip, rare cells can
be enriched from the whole blood with EpCAM antibody-coated microposts [34, 81].
Promising technologies enabling isolation of viable CTCs from larger blood volumes include
leukapheresis [88], flow chambers, and the GILUPI CellCollector™ [83].

Since EpCAM is broadly used for CTC enrichment, the following section is dedicated to a

more comprehensive description of EpCAM.

The Epithelial Cell Adhesion Molecule

The tumor-associated expression of EpCAM (CD326) was originally discovered more than
35 years ago in colon cancer [89, 90]. Thereafter, it was described independently by many
research groups leading to a plethora of different synonyms and respective monoclonal
antibodies targeting it (e.g. 17-1A, HEA125, VU1D9, TROP-1, ESA, KSA, GA733-2) [90].

EpCAM is a glycosylated transmembrane (type |) 39-42 kDa protein functioning as
epithelial-specific cell adhesion molecule (CAM) that interferes with cadherin-mediated cell-
cell contact [91, 92]. It is assembled by 314 amino acids (aa), from which 265 aa constitute
the large extracellular domain with epidermal growth factor (EGF)- and thyroglobulin repeat-
like domains, 23 aa make up the transmembrane domain and only 26 aa are facing the
cytoplasm [90, 93, 94]. Although the function of EpCAM is not fully understood yet, recent
data indicate that EpCAM bears a dual role: besides its function in homotypic cell adhesion,
it represents a receptor being involved in cellular signaling processes (i.e. proliferation,
migration, differentiation). Nevertheless, its structure does not resemble any of the classical

CAMs including cadherins, selectins, integrins and the Ig-CAM superfamily [95, 96].

Initially, EpCAM activation is triggered by cell-to-cell contact [96]. More detailed, Maetzel et
al. postulated that EpCAM is activated as a signal transducer via regulated intra-membrane
proteolysis (by TACE, PS-2) resulting in the shedding of the extracellular domain (EpEX)
and the release of its intracellular domain (EpICD) into the cytoplasm [96] (Figure 1-7).
EpICD then becomes part of a signaling complex including wnt pathway components such
as FHL2, B-catenin, and Lef-1, and translocates into the nucleus, whereupon target genes
such as ¢c-myc, cyclins and other genes involved in cell growth, proliferation and cell death

are regulated [97, 98] . EpEX, in turn, was reported to act as a soluble ligand/agonist for

16



1 INTRODUCTION

EpCAM-expressing cells and is thereby suggested to promote the generation of EpICD via

a positive-feedback loop in an auto-/paracrine fashion [96].
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Figure 1-7: Schematic of EpCAM and its nuclear signaling. EpCAM is comprised of an extracellular domain
(EpEX), a single transmembrane domain (TM) and an intracellular domain (EpICD). Upon intramembrane
cleavage by TACE and presenilin-2 (PS-2) (indicated by ») EpCAM gets activated. In a complex with FHL2 and
B-catenin EpICD translocates into the nucleus (N). Within the nucleus this multiprotein complex interacts with
Lef-1 and binds to DNA at Lef-1 consensus sites leading to the transcription of EpCAM-dependent genes (e.g.
c-myc). (EC= extracellular, PM= plasma membrane, IC= intracellular). lllustration and description according
to [96].

In humans, EpCAM is generally expressed in epithelia and neoplasias derived from
epithelial tissues [91]. Within normal tissue EpCAM expression is found at the basolateral
cell membrane located in intercellular spaces; in cancerous tissue it is more homogeneously
distributed on the cell surface, making it more accessible to antibodies [94, 95]. Comparing
normal and malignant tissue, EpCAM expression levels are usually enhanced in human
carcinomas as it is for breast cancer [91]. Osta et al. found that EpCAM is overexpressed
100- to 1,000-fold in primary and metastatic breast cancer and siRNA silencing of EpCAM
led to a decrease in cell proliferation, migration and invasion in different breast cancer cell
lines. Furthermore, they showed that EpCAM is an antagonist to E-cadherin, negatively
modulating cadherin-based cell adhesion. Thus, it is hypothesized that overexpression of
EpCAM might be an important mechanism to disrupt cell-cell contacts and thereby
mediating migration of cancer cells [95]. As a consequence, many therapeutic strategies
were launched specifically targeting EpCAM [90] and EpCAM became one of the most
commonly used capturing antigens for CTC isolation [66] (see chapter 1.3.2.1). However,

data indicate that EpCAM gets downregulated during dissemination, and further, that EMT
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(chapter 1.2.2) might be an important trigger behind this process [99, 100]. Punnoose et al.
demonstrated that cancer cells with a more aggressive mesenchymal phenotype could
escape EpCAM-based enrichment and additionally, Gorges et al. showed that EMT-traits
were upregulated in EpCAM-negative tumor cells in breast cancer [101, 102]. Underlying
molecular mechanisms that contribute to EpCAM modulation have been proposed by
different groups: Gires et al. described that TNF-a might be responsible for EpCAM-
downregulation [103] and Flieger et al. reported about EpCAM modulation via cytokines
[104]. Another mechanism leading to the loss of EpCAM expression might be the
hypermethylation of the EPCAM gene promoter [105]. Taken together, according to Gires
and Stoecklein dynamic EpCAM expression can be either a consequence of EMT/MET or
represents the active driving force within the regulation of the epithelial phenotype, whereby
the latter role of EpCAM is currently favored [99]. As a consequence, EpCAM-dependent
CTC enrichment strategies could lack in identifying the aggressive and/or stem-like CTCs,
and alternative markers have to be determined that allow the efficient and specific
enumeration of this EpCAM"""¢d subpopulation. One strategy that deals with an EpCAM-
independent CTC enrichment is the topic of the herein presented study using antibodies

specific for different cell surface proteins (see manuscript 3.1.2).

1.3.2.2 CTC detection and characterization

Beyond tumor cell enrichment, detection and molecular characterization of CTCs is a crucial
step towards gaining more insights into their mesenchymal, proliferative and stem cell-like
features and the presence of effective therapeutic targets. CTCs can be detected and
characterized using either molecular (DNA/RNA level), immunocytological (antibody-based,

protein level) or functional assays [106].

DNA- and RNA-based assays

Analyses on the genomic level include, for example, the visualization of specific
chromosomal regions or rearrangements using fluorescence in situ hybridization (FISH)
[73]. Campos et al. extended this approach by combining it with immunofluorescence for
protein expression (i.e. simultaneous CK expression and chromosome 17/HER2 gene
status, FICTION) [107]. The so-called droplet digital PCR represents a technique enabling
absolute nucleic-acid quantitation by a conventional TagMan assay in a 96-well arrayed
format. Using this method, detection of mutant DNA, quantitation of circulating DNA and
germline copy number variations could be achieved [108, 109]. Recent advancements are
mainly directed towards molecular characterization of single cells: whole genome

amplification (WGA) allows the increase of small DNA amounts for subsequent analysis of
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copy number alterations by array comparative genomic hybridization (aCGH) or point
mutations by conventional and next-generation sequencing approaches [110, 111].
Templates for high-throughput sequencing might be also provided by BEAMing (=beads,
emulsion, amplification, magnetics) PCR, wherein single DNA molecules are bound to
streptavidin-coated beads and PCR reaction takes place in water-oil emulsions [112]. DNA-
based molecular characterization of CTCs can be further realized by analysis of promoter
methylation which is known to lead to epigenetic silencing of tumor suppressors. For
instance, Chimonidou et al. reported about promoter methylation of CST6, BRMS1 and
SOX17 in EpCAM-positive CTCs from patients with operable and metastatic breast cancer
[113].

RNA-based approaches detect CTCs upon capture of epithelial mMRNA. Commonly used
markers include CKs, EpCAM and mammaglobin, whereas detection or quantification of
mRNA encoding CK19 has been the most widely applied method in clinical trials [114-116].
The commercially available AdnaTest® utilizes non-quantitative RT-PCR to identify putative
transcripts of genes after immunomagnetic separation of EpCAM/MUC1-positive CTCs
[117]. Alternatively, microarray analysis of metastatic breast cancer samples conducted by
LeBleu et al. detected PGC-1 o gene expression in a high percentage of CTCs undergoing
EMT. PGC-1« induces mitochondrial biogenesis and oxidative phos-phorylation to
promote ATP production during bioenergetic crisis and thereby might foster cancer invasion
and metastasis [118]. Single CTC profiling on transcriptome level was first described by
Powell et al. who included 87 cancer-associated and reference genes in their microfluidic
chip-based multiplexed qRT-PCR assay. Elevated transcript levels of metastasis (e.g.
S100A4) and EMT (e.g. vimentin, ZEB2, TGF-B1) genes in CTCs revealed transcriptional
heterogeneity and diversity from cell lines. Furthermore, they found that individual CTCs did
not cluster by patient or disease stage [119]. More recently, single CTC mRNA-sequencing
studies in pancreatic and breast cancer allowed to investigate differences in global mRNA
signatures within matched patient samples (e.g. CTCs, CTC clusters, leukocytes) [120,
121]. Additionally, the RNA/CTCscope assay, which detects CTCs via a multiplex RNA in
situ hybridization (ISH), represents a quite promising tool to visualize RNA molecules in
single CTCs [122, 123]. Interestingly, applying RNA ISH of pooled epithelial and
mesenchymal transcripts uncovered an association between expression of mesenchymal
markers and CTC cluster formation [54]. Gasch et al. further reported about an ISH protocol,
incorporating the CellSearch® CTC detection system, which enables the clinical
investigation of micro-RNAs in single CTCs. Using this method, they could demonstrate

heterogeneity of miR-10b expression in individual breast cancer CTCs [124].
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Immunocytological assays

Antibody-based  detection approaches such as immunofluorescence and
immunocytochemistry enable the identification of CTCs via distinct staining patterns as well
as specific morphological features distinguishing cancer cells from normal blood cells [125,
126]. Standard markers for CTC — and also DTC (disseminated tumor cell) - detection in
breast cancer are antibodies against cytoskeletal (CKs 8/18/19) and epithelial surface
proteins (e.g. E-cadherin, EpCAM) [54, 78, 84, 127]. In the case of decreased expression
of proteins normally associated with epithelial cells (e.g. during EMT, as discussed above)
additional mesenchymal markers (e.g. AKT2, PI3K, SNAI1, SNAI2, TWIST1, vimentin, N-
cadherin) can be employed for detection/characterization of mesenchymal-like CTCs [46,
85, 128-132]. Regarding metastatic breast cancer, in a cohort of 19 patients TWIST1 and
SNAI1 could be detected in 26.3 and 21.1% of the samples, respectively [133]. In a study
of Aktas et al. TWIST1, AKT2 and PI3K were identified in 42, 62 and 58% of 26 CTC-
positive samples from 39 patients [134]. Alternatively, tumor-associated markers such as
HER2 and EGFR [54, 84] or tissue-specific markers including mammaglobin [86] can be
employed for CTC characterization in breast cancer samples. The CTCs’ ability to enter
dormancy has been linked to stem cell-like features enclosing self-renewal capabilities.
Consequently, “stemness” markers (e.g. ALDH1 (aldehyde dehydrogenase), CD133,
CD44) might underpin CTC isolation and subsequent characterization [74, 133-135]. Such
stem-cell like CTCs could be identified e.g. by Theodoropoulos et al. who showed that
patients with metastatic breast cancer harbor CTCs with a CD44r°s/CD24"%°% and
ALDH1"9h/CD24"ed"ow phenotype, respectively [74]. Giordano et al. further observed that
patients with EMT-like CTCs were increased in the ALDHP*$/CD133rP° cancer cell fraction
[135].

Functional assays

To unravel the biology of CTCs and to uncover cells that are responsible for initiating
metastasis, it is of utmost importance to perform functional assays. Efforts in this direction
have been undertaken both in vitro and in vivo. In vitro assays detect viable CTCs, either
by specific protein secretion generating “immunospots” visualized by fluorescently-labeled
antibodies (EPISPOT) [75] or via engulfment of a fluorescently-labeled collagen adhesion
matrix (VitaAssay™) by CTCs [76]. Further in vitro approaches include the direct
expansion/culture of human CTCs by applying different media with varying growth factor
supplements or specific culture conditions, e.g. under hypoxia [136-138]. According to Yu
et al. CTCs from patients with metastatic disease could be kept in culture for more than 6

months under hypoxic conditions [137]. Cayrefourcq et al. were able to establish the first ex
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vivo colon CTC line, which was stable for at least 16 months and showed important features
of the colon cancer in the patient [138]. Alternatively, expansion of CTCs can be achieved
in vivo by xenotransplantation models. Baccelli et al. transplanted CTCs from 110 breast
cancer patients with progressive disease into immunodeficient mice. After transplantation,
only recipient mice receiving more than 1,000 CTCs from three different luminal BC patients
developed blood-borne metastases, indicating that these patients harbor functional
metastasis-initiating cells (MICs). Furthermore, they showed that the MIC-containing CTC
population were among a cell population with EpCAM°¥/CD44"sh/ CD47""/c-Methish
phenotype [139]. More recently, Hodgkinson et al. demonstrated that CTCs from patients
with small-cell lung cancer are tumorigenic upon injection into immunocompromised mice

and reflect tumor biology and ex vivo treatment response [140].

1.3.3 Clinical role of CTCs

The potential of CTCs for clinical applications can lie in different stages of the disease
including early cancer prevention, identification of minimal residual disease, monitoring of
therapy and the identification of predictive biomarkers/druggable targets [29]. Furthermore,
CTCs have been confirmed as prognostic markers in many clinical studies for both, primary
[141-143] and metastatic [127, 132, 144-146] breast cancer. While CTCs’ role in disease
prevention is not defined yet, their great potential could be shown for therapy monitoring,
especially in case of metastatic breast cancer (Table 1-2). The known strength of CTCs for
clinical applications promoted the inclusion of the CTC status into a new edition of the TNM
(tumor, node, metastasis) cancer staging manual: cMo(i+), i.e. no clinical signs of
metastasis, but isolated tumor cells in either blood, lymph nodes or bone marrow are
detected. However, since the clinical utility of CTCs has not been fully clarified, the inclusion
into the ASCO (American Society of Clinical Oncology) or other clinical guidelines has yet
to be realized [106].
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Table 1-2: Clinical applications of CTCs in metastatic and early breast cancer.

Metastatic breast cancer Early breast cancer

P . 25 CTCs in 7.5 ml blood correlate with CTC detection correlates significantly with
rognosis

e shorter PFS and OS [127] DFS and OS (SUCCESS trial [141])
High CTC levels after start of first-line
chemotherapy can predict progression,
Therapy 2y 2 ey
however, patients do not benefit from a No clinical consequence so far

regimen switch (clinical trials: SWOG 0500
[147], ongoing: CirCe01 [148])

monitoring

Evidence pending (ongoing clinical trials:

STIC CTC METABREAST, DETECT
decision TREAT CTC [148])
I/IVa/lVb/V [148])

Treatment

Evidence pending (ongoing clinical trials:

PFS= progression-free survival; OS= overall survival; DFS= disease-free survival

1.3.3.1 CTCs as prognostic tool

Early diagnosis is crucial for successful treatment and good prognosis in breast cancer. But
still, CTCs can be detected in approx. 10-60% of newly diagnosed non-metastatic patients
[149-151]. These CTCs may persist beyond primary treatment and are considered to be the
founders of metastasis. Consequently, 20-30% of patients suffer from metastatic relapse

after several months or years after early diagnosis [152].

Metastatic breast cancer

Approximately 40-80% of metastatic breast cancer patients harbor CTCs in their peripheral
blood [153]. Already more than ten years ago Cristofanilli et al. delivered first impressive
hints that metastatic breast cancer patients with at least 5 CTCs per 7.5 ml blood have both
significantly shorter progression-free survival (PFS) and overall survival (OS) compared to
patients with less than 5 CTCs (CellSearch® analysis) [127]. Upon these findings a cut-off
of 25 CTCs/7.5 ml blood was set in order to distinguish patients with favorable from those
with poor clinical outcome. This strong prognostic significance of CTCs regarding PFS and
OS could be also confirmed by a recent pooled analysis of 20 studies throughout Europe
[146]. Furthermore, CTCs’ use as prognostic tool concerning different molecular subtypes
of primary tumors was evaluated in several retrospective and prospective studies [132, 144,
145]. For example, Wallwiener et al. reported that the prognostic significance of CTCs in
metastatic breast cancer patients is independent of the molecular subtype.
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Early breast cancer

In early breast cancer, CTC presence has also been linked to prognosis and thereby seems
to be independent of tumor grade, histopathology, nodal status or Ki67 expression [142,
154]. However, mixed associations were found for different breast cancer subtypes
regarding early and metastatic breast cancer. While Boutrus et al. reported that CTCs are
prognostic in early breast cancer patients with ER™PR"¢HER2"%9 or ER"9PR"9HER2P°s,
but not in ERP*® tumors [155], Giordano et al. showed prognostic significance of CTCs in all
breast cancer subtypes except for HER2P*s tumors [132]. Besides, a meta-analysis
conducted by Zhang et al. confirmed CTCs as stable prognosticators regarding OS and
disease-free survival (DFS) in early breast cancer [143]. Furthermore, strong evidence has
also been provided by the German SUCCESS trial, wherein patients before and after
chemotherapy were included. After surgery/before start of chemotherapy 21.5% of the
patients were CTC-positive. After 3 years, clear prognostic relevance of CTCs concerning
DFS, distant disease-free survival (DDFS) and OS was demonstrated [141].

1.3.3.2 CTCs as therapy monitoring tool

Since the half-life of CTCs within the blood circulation is considered to be in the range of
minutes, they may represent an attractive and reliable “liquid biopsy” tool to monitor therapy

efficacy and disease progression instead of conventional imaging technologies [156, 157].

Metastatic breast cancer

Regarding metastatic breast cancer, changes in CTC numbers during the course of
treatment were shown to correlate with clinical and radiological response [147]. In a study
from Hayes et al. patients with initially high CTC levels showed decreased CTC counts after
start of first-line chemotherapy with a significantly longer PFS/OS and identical prognosis
to CTC-negative patients [158]. Nakamura et al. observed in their prospective multi-center
study that the change in CTC numbers highly correlated with results from imaging before
and after therapy assuming that CTCs can be a biomarker allowing earlier prediction of
treatment efficacy than imaging modalities [159]. In a further study conducted by Hartkopf
et al. CTC levels of 58 patients at the beginning and after 3 cycles of chemotherapy were
determined and correlated to radiologic ‘Response Evaluation Criteria In Solid Tumors’
(RECIST) criteria. Therein, changing CTC levels significantly correlated with response to
therapy and were associated with significantly increased OS in patients with decreasing
CTC numbers [160]. Taking up on these findings, the SWOG S0500 trial addressed whether
a treatment switch leads to a CTC decrease in patients that initially did not respond to

therapy. Interestingly, alternate cytotoxic therapy did not significantly influence CTC
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numbers or had an impact on OS compared to standard chemotherapy in these patients
[147]. The similar, still ongoing CirCe01 trial evaluates CTC counts serially after each
treatment cycle, with patients in the intervention arm switching regimen in case of adverse

CTC levels [148]. Data have not been published so far.

Early breast cancer

Although there is evidence that some patients might benefit from an extended adjuvant
therapy, the potential of CTC assessment in early breast cancer has not been clarified so
far. The SUCCESS study is the first trial to provide strong evidence for the prognostic
relevance of CTCs in early breast cancer before and after adjuvant chemotherapy in a large
patient cohort. Therein, CTC persistence during adjuvant chemotherapy was associated
with reduced OS [141]. Furthermore, within a subarm of the Neo-ALTTO study, which
includes patients with detectable CTCs at baseline and/or 2/18 weeks after start of
chemotherapy, significantly less pathological complete remission (27% vs 42%) was
described [161]. In a further study reported by Xenidis et al. a significant improvement of
the DFS could be achieved in patients receiving a taxane-based chemotherapy
accompanied by a higher incidence of CTC elimination compared to the taxane-free treated

group [162].

1.3.3.3 CTCs as therapy decision-making tool

Several clinical trials are currently underway in order to test CTCs’ utility as therapy
selection tool for both metastatic and early breast cancer. It is known that the protein
expression profiles of CTCs might differ from those of the corresponding primary tumors
[149, 163-165]. HER2 has been the most extensively addressed marker and since
treatment decisions are mainly made based on primary tumor characteristics, targeting
CTCs might be decisive with respect to personalized therapy selection entailing benefits for

the patients.

Metastatic breast cancer

As mentioned above (chapter 1.1.2.3) metastatic breast cancer can be regarded as a
heterogeneous malignancy with dynamic phenotypic changes that may occur over time.
Consequently, predictive markers (e.g. HER2, ER, and PR) can be affected by these
changes. Therapeutic target evaluation on CTCs as a substitute for biopsy of the
metastases therefore might be helpful in gaining more insights into potential drug resistance
mechanisms of the metastases. Considering HER2 discrepancy, the ongoing prospective

multi-center DETECT Il study is randomizing patients with HER2"*9 tumors and HER2r°s
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CTCs to standard therapy with or without HER2-targeted therapy with lapatinib, a tyrosine
kinase inhibitor [148]. In continuation, the DETECT IVa/b trial will analyze the effectiveness
of the mTOR-inhibitor everolimus in combination with endocrine agents/eribulin on CTCs in
patients with HER2"®? CTCs and HER2"9/HRP°® primary tumors. Since persistent high CTC
levels might require more aggressive treatment options, the STIC CTC METABREAST trial
randomizes HRP°s patients between the clinician choice and CTC count-driven choice.
Patients within the CTC-arm with 25 CTCs/7.5 ml will receive chemotherapy, whereas
patients with lower CTC levels will receive endocrine therapy only [148]. As even high
discordance rates with respect to ER (and PR) expression were reported for metastatic
breast cancer patients [165], there are also implications for treatment of ERP** CTCs in
patients with ER"®® primary tumors. However, it still remains unclear if patients benefit from

systemic therapies selected upon CTC expression profiles [166].

Early breast cancer

In case of early breast cancer the phase Il Treat-CTC trial addresses whether the
eradication of CTCs correlates with a better outcome by randomizing HER2"9 patients with
detectable HER2P** CTCs to HER2-therapy with trastuzumab (monoclonal antibody against
HERZ2) versus observation [148]. Besides, HER2-targeted treatment was also able to clear
HER2-positive DTCs in the bone marrow in recurrence-free patients as reported by Rack
et al. [167]. In a study with 431 patients Fehm et al. found that the assessed CTCs displayed
a rather triple-negative (ER™9PR"HER2"¢) phenotype regardless of the primary tumor
characteristics. Considering this loss of ER-positivity in CTCs, they state that the impact on
adjuvant treatment can only be answered in clinical trials which randomize patients

according to the expression profiles of their CTCs [84].

1.3.4 Challenges in CTC research

Over the past years CTCs gained tremendous attention: as putative founders of metastatic
disease, their molecular analysis may provide important insights into mechanisms of
tumorigenesis, geno- and phenotypic intra-/interpatient variability and therapeutic treatment
options. Although their clinical value as potential early cancer detection, diagnostic,
prognostic, predictive and surrogate biomarkers has been extensively studied and partly
demonstrated, the obvious strength of CTC-based opportunities is closely interrelated to
drawbacks and challenges that one has to face in the CTC field (Figure 1-8). Consequently,

jumping to conclusions should be avoided [106, 168].
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Figure 1-8: CTC characteristics as challenges in CTC research. Further explanations are given in the main
text. Modified after [106].

The low frequency of CTCs can be regarded as one of the major challenges in CTC

research. Moreover, due to their genomic _heterogeneity (e.g. ER, HER2, PIK3CA) and

phenotypic diversity (e.g. morphology, size) CTCs obtained by blood withdrawal might not

fully reflect the entire cell population present in the blood or in the tumor they originated
from. Additionally, blood sample preparation should ensure only minimal cell loss. Sample
size as a limiting factor can be overcome by collecting CTCs directly via the GILUPI
CellCollector® [83] or increasing the blood volume by leukapheresis [88]. Methodological
constraints are further linked to interoperator variability and to subjectivity in interpretation

of the results, respectively.

CTC enrichment is mainly based on the epithelial marker EpCAM. However, EMT leads to
cell plasticity and intermediate or even “organ-mimetic” phenotypes, respectively, which
demands for alternative, highly specific/sensitive capture and detection strategies to
eliminate false-positive and false-negative findings (see manuscript 3.1.2).
Simultaneously, these tumor cell phenotypes might be accompanied by long term
persistence and the acquisition of stem-cell like features such as self-renewal/quiescence
or an EpCAM"°©“/nes/CD44rPos/CD24"°9/ALDHPs phenotype resulting in resistance to cell death

and to chemotherapy. The exact mechanisms, by which viable CTCs are able to obtain

aggressive or metastasis-initiating potential, still have to be elucidated. Likewise, the

scientific/clinical value of homo- and heterotypic cell clusters merits further investigation.
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2 AIM OF THE STUDY

2 Aim of the study

Until now, the detection and evaluation of relevant therapeutic targets in breast cancer
treatment is based on primary tumor characteristics. However, primary tumors are
extremely heterogeneous. They harbor cellular subsets that may differ in their metastatic
potential and in sensitivity to different chemotherapeutic substances, potentially leading to
treatment failure. CTCs are considered as surrogates of minimal residual disease and their
molecular characterization provides a key to unravel their cellular origin as well as novel
treatment paradigms, consequently allowing the stratification of patients and real-time
monitoring of systemic therapies. So far, much of what is known about CTCs in metastatic

breast cancer simply relates to their quantification and its association with prognosis.

The aim of this study was to make a decisive contribution to the optimization of liquid
biopsies by improving the enrichment of EpCAM-negative CTC subsets and subsequently,
the molecular characterization/mutational analysis of CTCs: both of which are important for
the development of personalized treatments to circumvent therapy resistance. To this end,
the BMBF-supported project “CTC detect: Nicht-invasiver Diagnostikansatz zur
Bestimmung der Patientengefahrdung durch Tumor-Metastasierung basierend auf
zirkulierenden Tumorzellen in Blut und abgeleiteter Marker® (MicroTec Sudwest, grant
number 16SV5122) was launched, in which the primary aim was to develop an automated
device that can quantify CTCs via label-free optical detection and measure clinically
relevant tumor markers in parallel. Additionally, methods that allow the detection, isolation
and characterization of single EpCAM-low or -negative tumor cells should be established.
Furthermore, it was planned to develop a chip in a microarray format as a multi-marker test
combining different capture molecules facilitating the identification, analysis and
phenotyping of breast cancer cell lines and breast cancer clinical samples. The second part
of the study aimed to analyze HER2-positive CTCs from patients with primarily HER2-
negative metastatic breast cancer for activating PIK3CA mutations which might play a role
in the resistance to HER2-targeted treatment. This should be achieved within a translational
project associated to the DETECT Ill study. A workflow regarding CTC enrichment, DNA
isolation, whole genome amplification and PIK3CA-specific PCR should be established,
finally enabling the mutational analysis for PIK3CA hotspot mutations E542K/E545K and
H1047R. Therein, mutations were ought to be detected via the already published SNaPshot
assay. Furthermore, the workflow should be adapted to allow single cell mutational analysis.
In the future, the information on the presence of activating PIK3CA mutations in CTCs might
be correlated to treatment response and can contribute to the early adjustment of individual

therapies.
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The frequently altered phosphatidylinositol-3-kinase (PI3K)/Akt signaling pathway is
involved in the regulation of cellular processes required for breast carcinogenesis. The
aim of the project was to develop a method to identify hotspot mutations in the PIK3CA
gene in circulating tumor cells (CTCs) of metastatic breast cancer (metBC) patients.

From 44 enrolled CTC-positive metBC patients a total number of 57 peripheral blood sam-
ples were analysed by CellSearch®. Genomic DNA of enriched CTCs was isolated, amplified
and analyzed for PIK3CA mutations in exons 9 and 20 which lead to E542K, E545K or H1047R
amino acid changes and result in increased PI3K activity. The mutations were detected by
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extension.

SNaPshot analysis was established using genomic DNA from different breast cancer cell
lines and then successfully transferred to investigate blood samples and single cells. Over-
all, twelve hotspot mutations in either exon 9/E545K (6/12, 50%) or exon 20/H1047R (6/12,
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(15.9%) patients; CTC counts ranged from 1 to 9748. PIK3CA variants ES42K, E545G and
ES45A were not detected.

Analysing the PIK3CA genotype of CTCs has clinical relevance with respect to drug resis-
tance, e.g. against HER2-targeted therapy. The herein described approach including SNaP-
shot technology provides a simple method to characterize hotspot mutations within CTCs
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enriched from peripheral blood and can be easily adopted for analysing further therapeu-

tically relevant SNPs.

© 2013 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.

Introduction

Breast cancer is the most frequently diagnosed cancer and the
leading cause of cancer death in females worldwide, accounting
for 23% (1.38 million) of the total new cancer cases and 14%
(458,400) of the total cancer deaths in 2008 (Jemal et al., 2010, 2011).

Up to now, breast cancer treatment decisions are based
upon the histology of the primary tumor and its expression
status of molecular markers such as estrogen receptor (ER),
progesterone receptor (PR) and human epidermal growth fac-
tor receptor 2 (HER2). Although significant improvements in
breast cancer treatment have been achieved within the last
decades, the need for novel therapeutic approaches aiming
at specific tumorigenic cells and their key oncogenic pathways
has become obvious.

In several clinical studies, the detection and enumeration
of CTCs from breast cancer patients has been established
showing a correlation with decreased progression-free and
overall survival in operable (Ignatiadis et al., 2008; Xenidis
et al., 2006) and advanced breast cancer (Cristofanilli et al.,
2005). Molecular characterization of CTCs is essential to
confirm their malignant origin and to identify diagnostically
and therapeutically relevant targets which help to stratify
cancer patients for individual therapies (Scher et al., 2009).

Breast cancer cells in primary tumors, CTCs as well as
disseminated tumor cells (DTCs) vary phenotypically and func-
tionally in established prognostic factors such as HER2, ER, PR
and in gene expression profiles (Bozionellou et al., 2004; Meng
et al., 2004; Muller and Pantel, 2009; Strati et al., 2011; Powell
et al., 2012). These findings advocate for the usage of CTCs as
‘liquid biopsy’ to refine therapeutic regimens.

In breast cancer, the PI3K/PTEN/AKT pathway which is
involved in the regulation of central cellular processes is often
dysregulated, due to alterations in several pathway compo-
nents including amplification of the HER2 gene locus, loss of
PTEN (phosphatase and tensin homolog) protein function,
and mutations of the PIK3CA gene (Bachman et al., 2004,
Dunlapetal., 2010; Paradiso et al., 2007). PIK3CA gene variations
result in different activation levels of PI3K (Araujo et al., 2010).

Class 1A PI3-kinases are heterodimeric lipid kinases
composed of a catalytic subunit (p110a), encoded by the
PIK3CA gene and a regulatory subunit (p85a). Specific muta-
tions within PIK3CA that cluster in hotspots located in exon
9 (E542/545K; catalytic domain) and exon 20 (H1047R; kinase
domain) have been demonstrated to activate PI3K/AKT
signaling and provide a strong selective growth advantage to
the cell. This suggestion is accompanied by the fact that all
three hotspot mutations confer in vitro and in vive tumorige-
nicity (Bader et al., 2006; Ikenoue et al., 2005; Isakoff et al.,
2005; Kang et al., 2005; Samuels et al., 2005; Zhao et al.,
2005). These observations and the fact that specific inhibitors
for PIK3CA are being developed emphasize the importance of
analyzing the PIK3CA mutational status in CTCs, and relating
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this status to potential drug resistance, especially in those
CTCs surviving HER2-targeting therapy.

In order to detect PIK3CA mutations, PCR-based screening
methods and direct sequencing of PCR products have been
applied (Board et al., 2008; Simi et al., 2008; Qiu et al., 2008).
Here for the first time, we describe the application of a modi-
fied approach based on the SNaPshot-technology published by
Hurst et al. in order to simultaneously analyse the PIK3CA mu-
tations E542K, E545 G/K and H1047R in CTCs of metBC patients
and in single breast cancer cells. This assay allows a combined
implementation of multiplex PCR amplification and multiplex
primer extension for the targeted detection of several muta-
tions in one approach (Hurst et al.,, 2009). We have used this
technology because it enables a sensitive analysis of SNPs
from single tumor cells in a multiplex approach.

2, Material and methods

2.1.  Cell lines and cell culture

MCF-7, SKBR-3 and T47D breast cancer cell lines were pur-
chased from the American Type Culture Collection (ATCC,
Manassas, VA, USA). SKBR-3 cells were reported to contain a
PIK3CA wild-type gene, while MCF-7 and T47D cells harbor
heterozygous hotspot mutations in the PIK3CA gene: MCF-7
is mutated in exon 9 (E54SK), T47D in exon 20 (H1047R)
(Hollestelle et al., 2007; Jensen et al., 2011; Kataoka et al.,
2010; Weigelt et al, 2011). All cell lines were cultured in
RPMI 1640 containing 10% fetal calf serum and 1% Penicillin-
Streptomycin (all Gibco, Karlsruhe, Germany). Culture me-
dium for MCF-7 was supplemented with 25 mM HEPES (Gibco);
for T47D cells 10 mM HEPES, 1 mM sodium pyruvate (Gibco)
and 0.45% D-(+)Glucose solution (Sigma—Aldrich, Munich,
Germany) was added. All cells were grown at 37 °Cin a humid-
ified atmosphere with 5% CO,. For spiking experiments, dilu-
tion series for MCF-7, SKBR-3 and T47D cells were performed
and about 100 cells in PBS were spiked into 7.5 ml blood of
healthy volunteers collected into CellSearch® (CS) CellSave
preservative tubes (Veridex LLC, Raritan, NJ, USA).

2:2. Patients

Patients were recruited within a translational spin-off project
of the German Detect III trial which is investigating blood sam-
ples from primarily HER2-negative metastatic breast cancer
patients who harbor HER2-positive CTCs (for more informa-
tion see www.detect-studien.de). In total, 57 blood samples
(7.5 ml) from 44 CTC-positive advanced metBC patients were
collected into CellSave tubes and processed by CellSearch®
(Veridex LLC, Raritan, NJ, USA). The clinical patient data are
shown in Table 1, more detailed information is provided in
the Supplemental data Table 1. Written informed consent
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Table 1 — Clinical data of patients (primary tumor (PT) and CTCs).
Characteristics Total In %
Patients 44 100.0
Age

Mean 58.4

Median 59.0

Range 26-78
Tumor size

T1 13 295

T2 1hy 34.1

T3 7- 15.9

T4 8 18.2

Tx 1 23
Nodal status

Negative 11 25.0

Positive 29 65.9

Nx 4 9.1
M status of primary tumor at the time of diagnosis

MO 29 65.9

M1 7 15.9

Mx 8 18.2
Histology

Ductal 33 75.0

Lobular 7 15.9

Others 4 9.1
Grading

GI 0 0

Gl 18 409

GIII 21 47.7

Not determined 5 11.4
ER status

Positive 30 68.2

Negative 12 273

Mot determined 2 45
PR status

Positive 28 63.6

MNegative 14 318

Not determined 2 4.5
HER2 status

MNegative 36 81.8

Not determined ] 18.2
Patients with HER2+ CTC 15 341
Range of CTC 1-9748

was obtained from all participating patients and the study was
approved by the local ethical committee (525/2011AMG1).

2.3.  Blood sample processing, detection of CTCs and
assessment of HER2 expression

Isolation and enumeration of tumor cells from spiked blood
samples obtained from healthy volunteers as well as from
blood of metBC patients were processed by using the FDA-
approved CS. This system allows for the automated enrich-
ment and immunostaining of CTCs in patients with meta-
static breast, colon and prostate cancer. A total of 7.5 ml
of whole blood was collected in a CellSave Preservative
Tube and the CellSearch®™ Circulating Tumor Cell Kit (Veri-
dex LLC, Raritan, NJ, USA) was applied for CTC enrichment
and enumeration. Herein, immunomagnetic enrichment is
achieved by using an anti-EpCAM ferrofluid. Enriched cells
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are then fluorescently stained with the nucleic acid dye
4,6-diamidino-2-phenylindole (DAPI) and labeled with
monoclonal antibodies specific for epithelial cells (anti-cyto-
keratins 8, 18, 19) and leukocytes (anti-CD45). CTCs are sub-
sequently identified by cytokeratin positivity/negativity for
the leukocyte common antigen CD45 and nuclear DAPI
staining to ensure the integrity of the nucleus. All CTC as-
sessments were performed by trained and Veridex certified
technicians. Blood samples were designated as positive
when at least one CTC was present. HER2 expression of
CTCs was characterized within the CS by the addition of a
fluorescein-labeled anti-HER2 antibody (CS tumor pheno-
typing reagent HER2; Veridex), as described previously
(Riethdorf et al., 2010). HER2-specific immunostaining of
CTCs was categorized into negative (0), weak (1+), moderate
(2+) and strong (3+) (Riethdorf et al., 2010), whereas only
HER2-strong expressing CTCs were counted as HER2-
positive, Further blood sample processing after CTC/HER2
assessment can be found depicted in Figure 1.

2.4.  Extraction of genomic DNA and Whole Genome
Amplification (WGA)

DNA extraction from CS enriched tumor cells was obtained
by using the QlAamp DNA Mini Kit (Qiagen, Hilden, Ger-
many) according to the manufacturer’s protocol. Therefore,
the entire contents of CTC-positive CS cartridges were
transferred into tubes, digested with Proteinase K and com-
plete cell lysis was verified by visual control under a fluores-
cence microscope. Column-bound DNA was eluted with
30 pl of nuclease-free water and concentrated further to a
final volume of 10 pl. 3 pl were employed for WGA using
the Amplil™ WGA Kit from Silicon Biosystems according
to manufacturer’s protocol. The WGA procedure is based
on a ligation-mediated PCR following a site-specific DNA
digestion. For quality control, 2 ul of Amplil™ products
were analysed utilising the Amplil™ QC Kit (Silicon Bio-
systems, Bologna, Italy).

2.5, PCR

After WGA, the first gene-specific PCR for PIK3CA exons 9
and 20 was performed in a volume of 25 ul containing 1x
PCR buffer, 2 mM MgCl;, 0.2 mM dNTPs, 5% DMSO, 1U Taq
DNA polymerase (Life Technologies GmbH, Darmstadt, Ger-
many) and 5 pl of whole genome amplified DNA as template.
Primers were designed by Beckman Coulter to produce
amplicons covering hotspot codons E542, E545 (exon 9)
and H1047 (exon 20) (0.2 pM each; Table 2). Thermal cycler
conditions were: 95 °C for 5min, 45 cycles of 95 °C for
45sec, 58 °C for 45sec, 72 °C for 45sec and finally 10min at
72 °C. PCR products were checked for quality and quantity
by running S pl in a 3% agarose-TBA gel. Remaining PCR
products were purified using a PCR Purification Kit (Qiagen).
Purified product (2.5 pl) was then further processed for a
second exon 9 and exon 20 specific PCR (“nested PCR") using
nested PCR primers (Table 2) with the same PCR conditions
as described above, only the number of PCR cycles was
increased to 60.
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Figure 1 — Workflow for the molecular characterization of circulating tumor cells by dint of CTC enrich

SNaPshot technology for PIK3CA.

Whole G Amplification and

2.6.  SNaPshot assay

The probes used in the SNaPshot reaction were adopted from
Hurst et al. (2009) (Table 2). Probes anneal one nuclectide
position 5 of the potential mutated nucleotide on the
template DNA and are extended by one base only due to the
use of dideoxynucleotides (ddNTPs). Each of the four ddNTPs
(ddATP, ddCTP, ddGTP, ddTTP) is labeled with a different
fluorophore enabling them to be distinguished from each
other. SNaPshot analysis was performed using the SNaPshot
Multiplex Kit (Applied Biosystems, Carlsbad, US). Reactions
were conducted in a total volume of 10 ul containing 4 pl
PCR product (2 pl for each exon), 5 pl SNaPshot Multiplex
Master Mix, and 1 ul of pooled SNaPshot probes (0.8 uM

E542K, 2.3 uM E545G, 1.5 uM ES545K, 1.5 pM H1047R). Primer
extension was carried out in a thermal cycler (M] Research,
Watertown, US) using the following program: 25 cycles of
96 °C, 10sec (denaturation); 50 °C, 5sec (probe-annealing) and
60 °C, 30sec (primer extension), then cooling down to 4 °C. In
order to eliminate wunincorporated ddNTPs, labeled
extension products were treated with 0.5 pl Calf Intestinal
Phosphatase (1 U/ul, NEB, Ipswich, MA) and incubated for
1 h at 37 °C, followed by a denaturation step at 75 °C for
15min. Subsequently, 10 ul of HiDi™ formamide and 0.6 ul of
an internal size standard (Genescan-120LIZ, both Applied
Biosystems) were mixed with 2 ul extension product and
transferred to an ABgene Thermo-Fast 96 PCR Detection Plate
(Thermo Scientific, Karlsruhe, Germany) for separation using

Table 2 — Primer sequences for first gene-specific, nested PCR amplification and for SNaPshot analysis for exon 9 and exon 20 of PIK3ICA.
PIK3CA exon Primer name Sequence (5'—>3') Product size (bp)
9 29_131 left GCTAGAGACAATGAATTAAGGGAAAA 131
e9_131_right CTCCATTTTAGCACTTACCTGTGAC
20 220_167 _left GCCAGAACTACAATCTTTTGATGAC 167
e20_167 right CATGCTGTTTAATTGTGTGGAAG
9 e9_nested_left GACAAAGAACAGCTCAAAGCAA 110
e9_nested_right ATTTTAGCACTTACCTGTGAC
20 220_nested_left TTGATGACATTGCATACATTCG 134
e20_nested_right GTGGAAGATCCAATCCATTT
PIK3CA exon Mutation Sequence (5'—>3')* Size (bp)
9 ES42K T(15TACACGAGATCCTCTCTCT 38
ES545G T(29)TCCTCTCTCTGAAATCACTG 49
E545K TayATCCTCTCTCTGAAATCACT 54
20 H1047R Tus TGAAACAAATGAATGATGCAC 67

a Primer sequences were published before (Hurst et al., 2009).
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an ABI PRISM 3100 Genetic Analyzer with a 36 cm length capil-
lary and POP-7™ polymer. SNP-analysis was performed using
GeneMapper 3.7 Software.

2.7
cells

Deposition and preparation of single breast cancer

In order to amplify DNA in a low volume reaction format using
single cells as DNA source AmpliGrid technology (Beckman
Coulter, Munich, Germany) was applied. Single MCF-7 cells
were deposited in 1x PBS onto reaction sites of an AmpliGrid
slide by dint of cell sorting via a BD FACSAria™ flow cytometer.
After air-drying the cells, a visual quality control was per-
formed by inspecting Hoechst 33342 positive cells using fluo-
rescence microscopy (Axioplan 2, Carl Zeiss GmbH,
Géttingen, Germany). For DNA extraction from single cells
the Beckman Coulter Cell Extraction Kit was used. The master
mix for cell lysis comprises the following components: 1 ul
lysis enzyme, 6 ul 10x reaction buffer and 53 yl nuclease-
free H;0. A volume of 0.75 pul was pipetted to the reaction
side and the droplet was covered with 5 pl sealing solution
before the loaded AmpliGrid was placed on the AmpliSpeed
slide cycler (Beckman Coulter) to execute the cell extraction
program (75 °C, 5min; 95 °C, 2min; RT). After cell lysis, gene-
specific PCR reactions with the primers listed in Table 2
were carried out on-slide in a total volume of 1 ul. One half
of the amplified products was used for quality control with
the Agilent DNA 1000 kit on the Agilent 2100 Bioanalyzer (Agi-
lent Technologies, Waldbronn, Germany), the other half was
employed for SNaPshot analysis.

3. Results
3.1.  CTC assessment and determination of HER2
expression

Since the blood samples were used to set up the technique we
— in contrast to the clinical cut-off of =5 CTCs for metBC —

DAPI/CK-PE

CK-PE DAPI

considered samples CTC-positive if >1 CTC was detected. In
this study, 44 CTC-positive metBC patients were enrolled
and a total number of 57 blood samples was analysed. CTC
counts ranged from 1 to 9748. CTCs were further examined
for HER2 expression, with 15 out of 44 patients (34.1%)
harboring at least one HER2-positive (3+) CTC. In total, 23 of
the 57 analysed samples (40.3%) contained HER2-positive
CTCs. For two patients (4.5%) HER2-status was not assessed.
In general, CTCs within patients differed strongly in HER2
expression. Figure 2 exemplifies different HER2 expression
levels (negative (0), weak (1+), moderate (2+), strong (3+)) of
CTCs enriched from patient 26.

3.2, SNaPshot analysis using genomic DNA from breast
cancer cell lines

Initially, the SNaPshot methodology was established using
genomic DNA of breast cancer cell lines harboring different
PIK3CA hotspot mutations of interest or carrying the wild-
type gene. MCF-7 cells were chosen due to a mutation in
exon 9 which results in an amino acid change at position
E545 (ES45K). T47D cells carry a point mutation in exon 20
leading to an amino acid change at position 1047 (H1047R).
Finally, SKBR-3 cells were reported to exhibit no PIK3CA muta-
tions at these positions (Hollestelle et al., 2007; Jensen et al.,
2011; Kataoka et al., 2010, Weigelt et al., 2011). In the begin-
ning, primer sets for exon amplification described in Hurst
et al. (2009) were used but gave non-satisfying results within
our setting. Therefore, we — in cooperation with Beckman
Coulter — designed new PIK3CA primers to optimize DNA frag-
ment amplification for exons 9 and 20. These primers were
successfully implemented for single and duplex PCR
amplification.

To detect SNPs the resulting amplicons for exons 9 and 20
were then used for PIK3CA SNaPshot analysis. Results are
depicted in Figure 3 wherein the different colored peaks —
generated by the Genemapper software — indicate which of
the specific fluorescently labeled dideoxynucleotides was
added during the primer extension reaction. SNPs can thus

CD45-APC HER-2/neu

1+

2+

Figure 2 — HER2 immunoscoring of CTCs from patient 26. CTCs show a cytokeratin signal (CK), are DAPI-positive and CD45-negative. HER2

expression of CTCs was determined using the FITC-labeled anti-HER2 antibody in the CellSearch”™ system. 1

itics of HER2-labeli

g was

classified into negative (0), weak (1+), moderate (2+), and strong (3+); CK-PE, cytokeratin-phycoerythrin; DAPI, 4,6-diamidino-2-

1

phenylindole; APC, allophycocyanin; FITC, fl
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be identified by the peak color and size relative to the internal
Genescan-10LIZ size standard. The molecular weights of the
SNaPshot extension products are influenced by the different
fluorophores, thus mutant alleles are readily identified as
they exhibit mobility shifts relative to the wild-type alleles.
In panel 1 of Figure 3 the electropherogram obtained for
SNaPshot analysis of wild-type PIK3CA in SKBR-3 cells is
depicted. The middle and bottom panels represent the peak
patterns for heterozygous mutations in exon 9/E545K (MCF-
7) and exon 20/H1047R in T47D cells, respectively. To verify
that SNaPshot is detecting the relevant SNPs, PCR products
were sequenced (Figure 4).

3.3.  SNaPshot analysis for spiked blood samples

According to the workflow depicted in Figure 1 the SNaPshot
assay was then performed to detect PIK3CA mutations in

A E545 H1047 B E545 H1047
CTGAGC ACATCATG ¥ AGAIGAYD
SKBR-3 Pt6
Si
WT WT Mut WT
MCF-7 Pt 20
no PCR
product
Mut WT

Mut
T47D QN U ﬂ Pt 35 E g : 1 ﬂ
WT Mut ut Mut

Figure 4 — Sequences for PIK3CA exon 9 (E545) and exon 20 (H1047)
derived from nested PCR products for spiked cell lines and patient
(pt) samples. A. Sequencing results for breast cancer cell lines SKBR-
3 (WT), MCF-7 (E545K) and T47D (H1047R). PCR products for
MCF-7 showed a heterozygous mutation at 12545 where in codon
GAG the G is replaced by an A resulting in AAG. Products for
spiked T47D cells carried an H1047 mutation leading to CGT
instead of CAT. B. Sequencing results for pts 6, 20 and 35. Sequence
pattern of sample 1 (SI) from pr 6 shows a mutation in E545, the one
from pt 20 harbored a at H1047, whereas amplified
products of pt 35 showed both (E545K and H1047R, respectively).
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breast cancer cell lines which were spiked into 7.5 ml of
CellSave preservative blood from healthy donors.
Electropherograms pictured in Figure 5 for about 100 MCF-7
and T47D cells show the aforementioned mutant alleles for
ES545K (MCF-7) and H1047R (T47D). Spiked SKBR-3 cells exhibit
the peak pattern for wild-type PIK3CA at the examined
positions.

34.
patients

SNaPshot analysis of CTCs in blood from metBC

Based upon the established methodology on spiked blood
samples, our SNaPshot protocol was applied to CTCs in 57
blood samples obtained from 44 metBC patients (Figure 6).

For patient 6 as well as for patient 26 two independent CTC-
positive blood samples were available. In both cases two
different PIK3CA mutations, E545K and H1047R, were detected.
Sample I of patient 6 (7 CTCs) exhibited an E545K mutation,
and in sample II (7 CTCs) an H1047R mutation was detected.
In sample | from patient 26 E545K and H1047R mutations
were found simultaneously, with the H1047R mutation being
detected in both - the homozygous (sample I, 345 CTCs) and
heterozygous (sample 1I, 487 CTCs) states. For patients 18
(121 CTCs) and 27 (a, not determined; see text below,
Table 3), one blood sample each was assessed revealing a
mutant PIK3CA allele at position E545 (E545K). E545K and
H1047R mutations were observed simultaneously within
CTC populations from single blood samples of patients 33
and 35 (7 and 2 CTCs). Finally, for patient 20 (4950 CTCs) a
heterozygous mutation in H1047R was detected, whereas the
mutational analysis for exon 20 could not be conducted due
to failure of nested PCR for exon 9.

Overall, twelve hotspot mutations in either exon 9/E545K
(6/12, 50%) or exon 20/H1047R (6/12, 50%) of PIK3CA were
detected in 9 out of 57 (15.8%) blood samples from 7 out of
44 (15.9%) patients (Table 3). Point mutations resulting in
E542K, ES45G or E545A were not detected within our study.
For patient 27 the exact number of CTCs could not be
determined because of ferrofluid in the CS cartridge.
However, CTCs were present according to standard
microscopic inspection. Mutations could be detected in
blood samples with as low as two CTCs.
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Figure 5 — SNaPshot electropherograms for detection of hotspot mutations in the PIK3CA gene for spiked SKBR-3, MCF-7 and T47D breast
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3.5.  SNaPshot analysis of single breast cancer cells
deposited onto AmpliGrid slides

SNaPshot analysis was also performed after the deposition of
single MCF-7 cells onto AmpliGrids via cell sorting. Results gained
for the mutational single cell analysis are illustrated in Figure 7.

As expected the heterozygous mutation at position ES45K
in the PIK3CA exon 9 was detected, although peak height
was lower than obtained in the aforementioned experiments.

4. Discussion

Up to now, the detection of relevant therapeutic targets in
clinical practice is restricted to the primary tumor and success
or failure of anti-cancer therapies is only evaluated retrospec-
tively by the absence or presence of metastases after surgery
and therapy. Thus, there is an urgent need for biomarkers
for real-time personalized monitoring of the efficacy of sys-
temic adjuvant therapy.

Molecular analysis of CTCs, which might reflect certain
subpopulations of the primary tumor as well as cells forming
metastases, could overcome current limitations. Therefore,
we think that SNaPshot analysis of heterogeneous primary tu-
mor samples is not suitable for prediction and that monitoring
CTCs as “liquid biopsy” (Pantel et al., 2009) in contrast to
analysis of the primary tumor can be utilized to determine
the efficacy of chemotherapies and to gain deeper insights
into the selection of resistant tumor cells under biclogical
therapies. So far, the CS is the only FDA-approved diagnostic
test to automate the detection and enumeration of CTCs, for
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monitoring disease progression and therapy efficacy in meta-
static prostate, colorectal and breast cancer (Cristofanilliet al.,
2005). However, besides enumeration, molecular
characterization of CTCs is mandatory to not only confirm
their malignant origin. Discovering an association between
gene expression profiles or expression of gene variants and
clinical outcome, and identification of diagnostically and
therapeutically relevant targets in CTCs may help stratify
cancer patients for individual therapies (Sieuwerts et al,
2009). According to already published data (Fehm et al,
2010), we identified HER2-positive CTCs in the blood samples
of patients with HER2-negative primary tumors (Table 1).
Furthermore, by dint of CTC analysis our knowledge of
basic molecular pathways of invasion, migration and immune
surveillance can be expanded and might contribute to the
identification of metastatic stem cells with important implica-
tions for the development of improved therapies in the near
future (Korkaya and Wicha, 2009). Assessing the presence of
target antigens on CTCs could be considered as a real-time bi-
opsy allowing the evaluation of changes in tumour phenotype
during the clinical course of the disease. A combination of
highly sensitive multi-parametric molecular methods and im-
aging has been evaluated very recently for the molecular char-
acterization of CTCs (Punnoose et al., 2010). However, this has
been hindered by the very limited sample amount available.
In this manuscript we describe the development of an
approach to simultaneously determine several SNPs in the
PIK3CA gene in order to characterize CTCs of metBC patients.
This assay combines multiplex PCR amplifications of exons 9
and 20 of the PIK3CA gene combined with a multiplex primer
extension assay allowing targeted detection of several muta-
tions in one reaction. This so-called SNaPshot technology
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Figure 6 — SNP analysis of h ions in the PIK3CA gene in circulating tumor cells from 7 metBC patients. SNaPshot electropherograms
were obtained after CTC en nch mentwith the Veridex CellSearch ™ system, Whole Genome Amplification and gene-specific PCRs for exon 9 and exon
20 of the PIK3CA gene. For patient (pt) 6 two blood samples were available exhibiting different mutations: sample I showed an E545K mutation while
in sample Il mutation H1047R was detected. For pt 26 PIK3CA mutations E545K and H1047R were observed separately in 2 samples. Pts 18 and 27
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Table 3

PIK3CA mutations detected in 7 metastatic breast cancer

patients, CTC counts and HER2 status of CTCs within the
patients.

Patient CTC Her2 status PIK3CA
count CTC patient mutation

6" T Positive H1047R; ES45K

18 121 Positive ES45K

20 4950 Positive H1047R

26" 345; 487 Positive H1047R;
ES545K/H1047R

27 " Positive E545K

33 7 Negative ES45K, H1047R

35 2 Positive ES45K, H1047R

a Notdetermined, because of ferrofluid in CS cartridge; but > 1CTC
determined by visual microscopic inspection.
b 2 different blood samples were analyzed.

has been published by Hurst et al. (2009). However, they
applied it to characterize primary cancer tissues. We have
modified the original approach to analyse — to our
knowledge for the first time — rare CTCs out of breast cancer
patients’ blood extending it for single breast cancer cells.
Regarding tumor heterogeneity and the fact that the
correlation of molecular characteristics with outcome helps
to identify predictive and prognostic parameters in breast
cancer, the method comprising CTC enrichment, WGA and
SNaPshot assay represents a novel research approach
without being limited by the amount of cells.

Sensitivity tests showed that the SNaPshot technology
could detect mutant DNA when it represents 5—10% of the total
DNA achieving 100% concordance with results from high-
resolution melting analysis and sequencing (Hurst et al.,
2009). In our experiments, the concordance rate between
SNaPshot and sequencing was 100% as well (Figure 4). In
literature, frequency distributions of exon 9 and exon 20
hotspot mutations among PIK3CA mutant breast cancer are
summarized as 20% for E545K and 55% for H1047R, while
ES42K and ES45G appear less frequent (11% and <1%) (Table
4; adapted from COSMIC, www.mycancergenome.com). For
establishing the SNaPshot technology three cell lines were
included displaying the wild type PIK3CA gene and harboring
mutations leading to ES4SK (MCF-7) and H1047R (T47D),
respectively. An additional cell line comprising the E542K

Q'\-‘ 4:?'4‘ ‘e(q')
MCF-7 - » - L
[E545K)
L A GiA
exon 9
T o
Ll L] “ ™
i
A
exon 20
Dot D aa b D sk

Figure 7 — SNaPshot detection on single MCF-7 breast cancer cells,
Top: SNaPshot analysis performed on PCR product for PIK3CA exon
9 showing a heterozygous ion at p E545K; b result
for SNP detection in exon 20 of single MCF-7 cells; A = green,

G = blue.

was not available in our laboratory, however, several
publications described the existence of this mutation in a
breast cancer cell line (BT483: Hollestelle et al., 2007; Jensen
etal., 2011; Weigelt et al., 2011) and the feasibility of our SNaP-
shotassay at this position could be proven (wild type pattern -G
instead of an A- is displayed).

Although the overall sample number we investigated was
very low, we were able to detect mutations in 15.8% (9/57) of
the CTC-positive samples, with E545K and H1047R mutations
occurring at the same frequency (each 50%, 6/12). Furthermore,
occurrence of these somatic mutations seems to be dependent
on the breast cancer subtype. For instance, 30% of hormone
receptor—positive tumors exhibit PIK3CA mutations, while the
incidence in triple-negative breast cancer seems to be less
frequent (3.3%, Stemke-Hale et al., 2008). Within our collective
comprising 7 patients having CTCs with mutations in the
PIK3CA gene locus, one patient harbored a triple-negative tu-
mor, whereas the other 6 patients had hormone receptor-
positive primary tumors (Supplemental data Table 1).

Albeit the impact of these mutations concerning patient
outcome is not completely clear yet, it has been reported
that PI3K hyperactivity contributes to a lower response to tras-
tuzumab and lapatinib treatment in patients with HER2-
positive tumors (Berns et al.,, 2007; Eichhorn et al., 2008;
Serra et al., 2008; Kataoka et al., 2010) as well as to resistance
to anti-estrogen therapies. Furthermore, mutations regarding
exon 20 of PIK3CA have been associated with poor prognosis
(Lai et al., 2008). Jensen and co-workers reported that PIK3CA
gene mutations may be discordant between primary breast
cancer and corresponding metastases (Jensen et al., 2011).

CTC population like its primary tumor is heterogenic in its
cellular composition in terms of their phenotype and geno-
type. We observed this heterogeneity in blood samples ob-
tained from different patients as well as in CTCs isolated
from the same blood sample (Figure 2). Although we have
not yet separated single CTCs in our experiments, we also
observed heterogeneity in PIK3CA alleles supporting the
published data and the need for single cell analysis.

In their recent publication Hurst et al. (2009) state that the
identification of mutations using this approach is more
straightforward compared to sequencing. In their hands,
sequence analysis failed in 17% of the samples. One reason
might be as the authors argue that especially in situations of
low quality DNA, e.g. from FFPE-tissue samples, the SNaPshot
method has the advantage that the fluorescent signals are
distributed over fewer peaks. This might also be beneficial
regarding CTC analysis, since the CTCs identified using CS
have been run through several staining, washing and fixation
procedures,

For analysis of all the mutations by sequencing one would
have to perform independent PCRs for the 2 exons, followed
by 4 bidirectional sequencing reactions. In the SNaPshot assay
two multiplex PCRs for exons 9 and 20 are followed by one multi-
plex detection assay and one capillary electrophoresis run.

One notable limitation of this particular SNaPshot technol-
ogy might be that the application is limited to a small number
of known SNPs. In order to investigate PIK3CA mutations which
concentrate within only few hot spots this is feasible, since up
to 10 SNPs can be screened at once. As aforementioned the
sensitivity of the SNaPshot methodology was reported to be
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Table 4 — Frequency of exon 9 and exon 20 hot spot mutations among PIK3CA mutant breast cancer (modified after

Gene Exon Location Amino Acid Amino Acid Nucleotide Mutation
position change change frequency
PIK3CA < Helical domain ES42 p-E542K €.1624G > A 11%
ES45 p.ES45K c.1633G > A 20%
p-E545G c.1634A > G <1%
20 Kinase domain H1047 p-H1047R ¢.3140A > G 55%

approximately 5% (Hurst et al., 2009); an even higher detection
rate (up to 0.01%) might be achieved by the recently published
BEAMing technology (Beads, Emulsification, Amplification, and
Magnetics; Higgins et al., 2012) which is also based on PCR
amplification of hot spot regions. However, neither the
SNaPshot nor the BEAMing technique allows for the discovery
of unknown mutations.

5. Conclusion

Taken together, the herein described assay provides a simple
and inexpensive tool to determine variants of key signaling
proteins in single cells that could readily be extended to
analyze SNPs in other therapeutically relevant genes such as
PTEN, ER or EGFR. The SNaPshot assay can be performed in
high throughput, is robust and objective making it suitable
for use in such a diagnostic setting. Regarding PIK3CA anal-
ysis, it may be used to further characterize e.g. HER2-
positive CTCs which are resistant against anti-HER2 targeted
therapy using trastuzumab. As specific inhibitors for PIK3CA
become available, rapid screening of patient samples for mu-
tations will be essential and the assay may be used to select
breast cancer patients benefiting from such a treatment.
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Abstract

Circulating tumor cells (CTCs) are the potential precursors of metastatic disease. Most
assays established for the enumeration of CTCs so far—including the gold standard Cell-
Search—rely on the expression of the cell surface marker epithelial cell adhesion molecule
(EpCAM). But, these approaches may not detect CTCs that express no/low levels of
EpCAM, e.g. by undergoing epithelial-to-mesenchymal transition (EMT). Here we present
an enrichment strategy combining different antibodies specific for surface proteins and
extracellular matrix (ECM) components to capture an EpCAM°*/%8 cell line and EpCAM™9
CTCs from blood samples of breast cancer patients depleted for EpCAM-positive cells. The
expression of respective proteins (Trop2, CD49f, c-Met, CK8, CD44, ADAM8, CD146,
TEMS, CD47) was verified by immunofluorescence on EpCAMP®® (e.g. MCF7, SKBR3) and
EpCAM"°"/"®3 (MDA-MB-231) breast cancer cell lines. To test antibodies and ECM proteins
(e.g. hyaluronic acid (HA), collagen I, laminin) for capturing EpCAM™®? cells, the capture
molecules were first spotted in a single- and multi-array format onto aldehyde-coated glass
slides. Tumor cell adhesion of EpCAMP®$™®¢ cell lines was then determined and visualized
by Coomassie/MitoTracker staining. In consequence, marginal binding of EpCAM'®*/"%
MDA-MB-231 cells to EpCAM-antibodies could be observed. However, efficient adhesion/
capturing of EpCAM®""S cells could be achieved via HA and immobilized antibodies
against CD49f and Trop2. Optimal capture conditions were then applied to immunomag-
netic beads to detect EpCAM"®® CTCs from clinical samples. Captured CTCs were verified/
quantified by immunofluorescence staining for anti-pan-Cytokeratin (CK)-FITC/anti-CD45
AF647/DAPI. In total, in 20 out of 29 EpCAM-depleted fractions (69%) from 25 metastatic
breast cancer patients additional EpCAM™®® CTCs could be identified [range of 1-24 CTCs
per sample] applying Trop2, CD49f, c-Met, CK8 and/or HA magnetic enrichment. EpCAM-
"¢9 dual-positive (CKP°®/CD45P°®) cells could be traced in 28 out of 29 samples [range
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1-480]. By single-cell array-based comparative genomic hybridization we were able to
demonstrate the malignant nature of one EpCAM"®Y subpopulation. In conclusion, we
established a novel enhanced CTC enrichment strategy to capture EpCAM"™® CTCs from
clinical blood samples by targeting various cell surface antigens with antibody mixtures and
ECM components.

Introduction

CTCs are cancer cells that actively invaded (“motile cells”) or have been shed (“mobile cells”)
from the primary tumor into the blood circulation [1]. Therefore, they are considered as cells
with metastatic progenitor characteristics and might be useful surrogates for cancer progres-
sion and heterogeneity. Indeed, CT'Cs have been shown to represent a powerful tool to opti-
mize personalized management of metastatic breast cancer. They are of strong clinical value
[2-4] and can be assessed as “liquid biopsy” [5] in a fairly easy, fast, and low invasive fashion.
It has been estimated that 1g of tumor tissue (107 cells) sheds about 3-4x10° tumor cells into
the blood stream per day [6]. Most of these cells may be cleared by first-pass effects or die in
the hostile environment of the blood [7], which may-among other factors-contribute to the
extreme rarity of CTCs within the peripheral blood flow. Consequently, highly sensitive and
specific methods for detection, isolation and molecular characterization in the background of
supernumerary blood cell components (1 CTC per 10°~107 peripheral mononuclear blood
cells) are needed [8-11]. Up to now, various marker-dependent and marker-independent tech-
nological advancements have been undertaken for an improved CTC capturing including
immunomagnetic, microfluidic and size- as well as function-based methods [12-18]. Marker-
dependent approaches using antibodies against EpCAM such as the FDA-approved CellSearch
device are dominating recent enrichment strategies. However, considering phenotypic hetero-
geneity and potential invasion-associated phenotypic plasticity of CTCs, such as epithelial-to-
mesenchymal transition (EMT) [19-22] which results in down-regulation of epithelial proteins
(including EpCAM), conventional EpCAM-based capturing techniques might miss CTC sub-
populations with a more mesenchymal phenotype. Although it has been recently reported that
EpCAM-negativity might refer to highly aggressive and invasive CTCs [22, 23], the impact of
EMT-like cancer cells on metastatic tumor spread still has to be unraveled. Consequently, to
achieve a better understanding of CTC biology in order to overcome treatment failure and to
improve disease monitoring/prediction, it is of utmost importance to capture all sorts of CTC
subgroups. Thus, to overcome EpCAM-dependence, alternative markers for more comprehen-
sive and efficient CTC detection approaches have to be defined.

Within the presented study, we aimed to improve CTC enrichment/blood testing in an
EpCAM-independent manner providing the opportunity to target multiple epithelial- and/or
cancer-related antigens expressed on CTCs simultaneously. After intensive literature search we
selected several cell surface-specific antibodies (anti-Trop2, -CD49f, -CD146, -CK8, -c-Met,
-CD44, -CD47, -AQP5, -ADAMS, -TEMS8) [24-30] and components of the extracellular
matrix (laminin, collagen I, HA) either immobilized on planar surfaces or coupled to immuno-
magnetic beads. Efficient cell binding ability was first examined on breast cancer cell lines. In a
second step, EpCAM-depleted supernatants comprising potential CTCs that had escaped
EpCAM-based selection were used to evaluate our markers in metastatic breast cancer samples.
In summary, these fractions were successfully enriched/analyzed for potential EpCAM™
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CKP™/CD45™* events and array-based comparative genomic hybridization of single cells con-
firmed the malignant origin of one EpCAM"™* subpopulation.

Material and Methods
Cell lines and culture conditions

MCF7, SKBR3, HCC1500, ZR-75-1 (all EpCAMP®*) and MDA-MB-231 (EpCAM'**/"¢) breast
cancer cell lines were purchased from the American Type Culture Collection (ATCC, Manas-
sas, VA, US). TMX2-28 cells (EpCAMP™) were a generous gift from Prof. K.F. Arcaro (Univer-
sity of Massachusetts, MA, US) [31]. All cell lines were cultured in RPMI 1640 containing 10%
(v/v) fetal calf serum and 1% (v/v) penicillin/streptomycin (all Gibco/Life Technologies, Darm-
stadt, Germany). SKBR3 and ZR-75-1 cells were cultured without any supplements, whereas
culture media for MCF7 and TMX2-28 were supplemented with 25 mM HEPES. MDA-MB-
231 cells were maintained with supplementation of 2 mM L-glutamine and 20 mM HEPES; for
HCC1500 cells 2 mM L-glutamine, 1 mM sodium pyruvate (all Gibco/Life Technologies) and
0.45% (v/v) D-(+) glucose solution (Sigma-Aldrich, Munich, Germany) were added. All cells
were cultured at 37°C in a humidified atmosphere with 5% CO,. The same culture conditions
were fulfilled for cells grown on coverslips in order to check for marker expression by immuno-
fluorescence staining. At approx. 80% confluence, cells were washed once with PBS (Life Tech-
nologies) and fixed with ice cold methanol. Until further use, coverslips were stored at -20°C.

Patient material

Patient samples were gathered within the German DETECT HI/IV trials (I1I: NCT01619111,
IV: NCT02035813) wherein patients with primarily HER2-negative metastatic breast cancer
are screened for the HER2-status of CTCs (for more information: www.detect-studien.de).
Written informed consent was obtained from all participating patients and the study was
approved by the Ethical Committee of the Eberhard-Karls University Tuebingen (responsible
for DETECT I11: 525/201 1 AMG]1) and the local Ethical Committee of the Heinrich-Heine Uni-
versity Duesseldorf (DETECT 11I: MC-531; DETECT IV: MC-LKP-668). For these patients
CellSearch (CS) analysis (Janssen Diagnostics. LLC, Raritan, NJ. US) was routinely performed
as described before [32], and additionally, supernatants of EpCAM-depleted fractions were col-
lected. EpCAM-depleted fractions from 25 patients were obtained and processed. Out of these
25, 4 patients donated twice, resulting in a total of 29 analyzed samples.

Search strategy for cell surface markers

Upfront, a literature search was performed in PubMed (http://www.ncbi.nlm.nih.gov/
pubmed), from January 2011 to July 2014, for articles evaluating cell surface markers/ECM
molecules for CT'C enrichment in breast cancer and other tumor entities using the following
keywords: ‘circulating tumor cells’, ‘breast cancer’, and ‘EpCAM negative’. Herein, searches
were checked for marker evaluation using commercially available antibodies.

Cytospin preparation

To test for antigen expression, immunofluorescence staining of fixed cells was performed. For
this, cell lines were either spun onto glass slides or cultured on coverslips. Cytospins were pre-
pared as follows: cells were harvested into single cell suspension with 1x StemPro Accutase
(Life Technologies), transferred into 15 ml tubes and washed once by centrifugation (1000
rpm, RT, 5 minutes) with subsequent pellet resuspension in PBS. The cell count was deter-
mined by adding 10 pl cell suspension to a C-Chip Neubauer improved device (PEQLAB
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Biotechnologie GmbH, Erlangen, Germany). Afterwards, 5x10* cells/500 pl PBS were spun
onto SuperFrost slides (R. Langenbrinck, Emmendingen, Germany) usinga ROTOFIX 32 A
centrifuge (800 rpm, 2 minutes; Hettich GmbH & Co.KG, Tuttlingen, Germany). Supernatant
was removed by aspiration and cytospins were left to dry overnight at RT. Until further use,
slides were stored at -20°C.

Antibodies

The following antibodies were used for immunofluorescence staining and immobilization on
surface-modified glass slides (NEXTERION, Schott Technical Glass Solutions GmbH, Jena,
Germany) and/or on immunomagnetic beads: anti-pan Cytokeratin-FITC (clone C-11) (Gene-
Tex, Irvine, US), anti-EpCAM (clone Ber-EP4) (Dianova GmbH, Hamburg, Germany), anti-
EpCAM (clone VU1D9) (Cell Signaling Technology, Cambridge, UK). Anti-Cytokeratin 8
(clone C51), anti-CD45-Alexa Fluor 647 (clone 35-76) and anti-ADAMS, rabbit polyclonal
(cat. no. sc-25576) were all obtained from Santa Cruz Biotechnology, Dallas, TX, US. Anti-
CD49f (clone GoH3), anti-CD146 (clone N1238), anti-TEMS, rabbit polyclonal (cat. no.
ab21270) and rat IgG2a, kappa monoclonal (clone RTK2758) were acquired from Abcam,
Cambridge, UK. Anti-Trop2 (clone 162-46) and mouse IgG1 isotype control (clone MOPC-
21) were purchased from BD Pharmingen, Heidelberg, Germany. Anti-CD47, sheep polyclonal
(cat. no. AF4670), anti-HGF R/c-MET (clone 95106) and isotype controls for rabbit (cat. no.
AB-105-C) and sheep (cat. no. 5-001-A) IgG were supplied by R&D Systems, Minneapolis,
MN, US. Anti-CD44, rabbit polyclonal (cat. no. HPA005785) was from Sigma-Aldrich,
Munich, Germany.

For immunofluorescent labeling of cells on cytospins or grown on coverslips, respectively,
the following secondary antibodies were used: Alexa Fluor 488 Goat Anti-Mouse IgG (H+L)
Antibody, Alexa Fluor 488 Goat Anti-Rabbit IgG (H+L) Antibody, Alexa Fluor 594 Goat Anti-
Mouse IgG (H+L) Antibody, Alexa Fluor 594 Goat Anti-rabbit IgG (H+L) Antibody, Alexa
Fluor 594 Goat Anti-rat IgG (H+L) and Alexa Fluor 488 Donkey Anti-Sheep IgG (H+L) Anti-
body (all Life Technologies).

Immunofluorescence

Cytospins were thawed and fixed with PBS/4% (v/v) paraformaldehyde for 10 minutes at RT.
Slides were then washed three times for 3 minutes with 1x Wash Buffer (Dako, Hamburg, Ger-
many). Cells on cytospins as well as cells grown on coverslips were permeabilized with PBS/
0.1% (v/v) Triton-X-100 for 10 minutes on ice and washed three times. In case of secondary
antibody application, one drop of protein-block (serum-free; Dako) was applied, incubated for
30 minutes in a humid chamber and decanted. Primary antibody incubation (1:100-1:50) was
performed for 1 hour at RT. After three washing steps, cells were incubated with secondary
fluorescent antibodies (1:200) together with DAPI (1 pg/ml; Sigma-Aldrich) for 30 minutes.
All antibodies were diluted in Antibody Diluent (Dako). Slides/coverslips were washed again
and finally mounted with Fluorescence Mounting Medium (Dako). Samples were stored at 4°C
until imaging with an Axioplan 2 microscope (Zeiss, Goettingen, Germany).

Generation of single- and multi-marker microarrays

For cell adhesion experiments on planar surfaces, single- and multi-marker microarrays com-
prising different capturing molecules (antibodies and ECM molecules, see S1 Table and S1 Fig)
were produced. Herein, different surface-functionalized NEXTERION coated glass slides
(Aminosilane, Epoxysilane, Nitrocellulose, Hydrogel, and Aldehydesilane (AL); Schott Techni-
cal Glass Solutions GmbH, Jena, Germany) were available and tested for our application.
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Initially, 5x5 spot arrays with 16 arrays per slide were generated (spotting molecules and array
layout see 51 Fig). All reagents were diluted in PBS to a final concentration of 0.2 mg/mland
spotted onto the slides, whereas 20 single-droplets of 0.4 nl volume per reagent and spot were
deposited using a piezoelectric non-contact print robot (NanoPlotter 2, GeSiM, Grosserk-
mannsdorf, Germany). The spot diameter was about 500 pm with a spot-to-spot distance
(pitch) of 1 mm. After spotting, the slides were blocked with StabilGuard Immunoassay Stabi-
lizer (SurModics, Eden Prairie, MN, US), thoroughly washed with double-distilled water, dried
and stored at 4°C in the dark until further use. Optimal antibody concentrations for extended
multi-marker array generation were determined. Therefore, purified anti-EpCAM [Ber-EP4],
anti-Trop2 and anti-CD49f antibodies were titrated in eight dilutions (0.2, 0.1, 0.05, 0.025,
0.01, 0.005, 0.002, 0.0 mg/ml) in duplicates and spotted manually onto NEXTERION slides
AL, resulting in 16 spots per slide and antibody. A single spot consisted of a 1 pl-droplet pro-
ducing a diameter of approx. 2 mm. Slides were blocked and stored as described above. The
final multi-marker array layout consisted of 36 (6x6) spots placed in a total area of 5x5 mm®.
The spot diameter was about 500 pm with a pitch of 800 microns. Therein, anti-CD49f, anti-
Trop2, anti-EpCAM, laminin, collagen T and HA spots were immobilized in both, individually
and in combination (antibody-antibody, antibody-ECM, ECM-ECM). After printing, the
arrays were handled as described above. Immediately, prior to cell incubation, slides were
washed three times for 5 minutes with PBS, disposable fluid chambers (custom-designed by
STRATEC Biomedical AG, Birkenfeld, Germany) were attached to completely dried slides and
arrays were equilibrated with 300 ul RPMI11640/25 mM HEPES for 2 minutes at RT.

Cell adhesion on single- and multi-marker arrays

Cell adhesion experiments on single- and multi-marker arrays were performed with a pool of
EpCAMP® cells (MCF7, SKBR3, HCC1500, TMX2-28 and ZR-75-1) in comparison to
MDA-MB-231 (EpCAM™"/"8), EpCAMP** cell lines were pooled in order to assure function-
ality of applied capture approaches.

Cell adhesion on manually spotted single-marker arrays. Slides with manually spotted
antibodies were washed three times with PBS and were then assembled with ProPlate multi-
array chambers (16-Square Well; Grace Bio-Labs, Bend, US) according to manufacturer’s
instructions. Each cavity was filled with 2.5x10° cells (either cell pool or MDA-MB-231)
adjusted to 250 pl with RPMI1640/25 mM HEPES and cell adhesion was analyzed after incuba-
tion for 2 hours at 37°C and 600 rpm. Supernatants were removed and cavities were washed
once with PBS (+MgCl,/CaCl,). Bound cells were visualized by staining with 0.05% w/v Coo-
massie Brilliant Blue (10 minutes; and 3x5 minutes PBS wash) and subsequent imaging with a
Nikon Eclipse TE2000-U microscope (Nikon GmbH, Duesseldorf, Germany).

Cell adhesion on multi-marker microarrays. To discriminate both cell populations
(EpCAMP™ vs EpCAM™™/™%) after adhesion, 2x10° cells were stained with either 1 uM Mito-
Tracker Green FM (cell pool) or MitoTracker Orange CM (MDA-MB-231) (Molecular
Probes/Life Technologies) for 45 minutes at 37°C (protected from light). Afterwards, cells were
washed with RPMI1640/25 mM HEPES and 300 pl cell suspension (EpCAM" plus EpCAM-
lowineg) was applied for array incubation onto prepared NEXTERION AL slides. Incubation of
cells lasted for 2 hours at 37°C with horizontal shaking (450 rpm). After incubation, dispos-
ables were rinsed twice, then removed and slides were mounted with 20 ul VECTASHIELD
Mounting Medium containing DAPI (Vector Laboratories, Burlingame, CA, US) and were
finally covered for imaging with a BIOREVO BZ-9000 fluorescence microscope (KEYENCE,
Neu-Isenburg, Germany). Total cell fluorescence was quantified with the ImageJ/Fiji 1.46 soft-
ware [33].
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Immunomagnetic bead coating and cell capture

Positive selection of breast cancer cell lines as well as of potential tumor cells within the
EpCAM-depleted sample fractions was achieved by employing immunomagnetic enrichment
with either Dynabeads (Life Technologies) or Bio-Adembeads (Ademtech, Pessac, France)
coated with antibodies or HA. Dynal MPC-S/MPC-L (Life Technologies) magnets were used
for magnetic separation of beads.

Direct coating of Dynabeads and Bio-Adembeads with antibodies. Antibodies were
coupled to Dynabeads goat anti-mouse IgG, Dynabeads sheep anti-rat IgG and Dynabeads M-
280 sheep anti-rabbit IgG according to the manufacturer’s protocol. Briefly, after pre-washing
the beads with 1 ml PBS/2 mM EDTA/1% (v/v) FCS (isolation buffer), 25 pl ( 1-1.75x107)
beads/reaction were incubated with 0.5 pg primary capture antibody for 45 minutes at 4°C
while gently tilting and rotating. Afterwards, coated Dynabeads were washed twice in 1 ml iso-
lation buffer, resuspended in the initial buffer volume and stored at 4°C until further use. Addi-
tionally, Bio-Adembeads goat anti-mouse IgG and Bio- Adembeads goat anti-rat IgG were
used. Coupling conditions were adjusted to those for Dynabeads with incubation, buffer and
storage conditions being in accordance with the aforementioned procedure.

Direct coating of Dynabeads with hyaluronic acid. Hyaluronic acid (HA, from Strepto-
coccus pyrogenes, Calbiochem/Merck Millipore, Darmstadt, Germany) was coupled to Dyna-
beads MyOne Carboxylic Acid (Life Technologies). Therefore, 3 mg beads were used for
coating with 150 ug HA. HA concentration was adjusted to 2.5 mg/ml in 25 mM 2-(N-mor-
pholino)ethanesulfonic acid (MES; Sigma- Aldrich) buffer, pH 6. Beads were washed twice with
300 pl 25 mM MES, pH 6 for 10 minutes whilst rotating. For bead activation 50 ul 1-Ethyl-3-
[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC; Thermo Fisher Scientific, Rock-
ford, US) and 50 pl N-hydroxysulfosuccinimide (sulfo-NHS; Thermo Scientific), diluted in 25
mM MES (pH 6) to a concentration of 50 mg/ml, were added and incubated for 30 minutes at
RT and 650 rpm. Supernatant was discarded and beads were washed twice as described before.
For ligand immobilization, HA was added to the activated beads in a total volume of 100 ul
and after mixing thoroughly, incubated for 30 minutes at RT and 450 rpm. Supernatant was
removed and the beads were incubated with 300 ul 50 mM Tris, pH 7.4 (Sigma-Aldrich) for 15
minutes at RT to quench the non-reacted activated carboxylic acid groups. Beads were washed
four times with 50 mM Tris, pH 7.4 and were finally resuspended in PBS/0.02% (w/v) NaN; to
their original volume. Functionalized beads were stored at 4°C until further use. Prior to sam-
ple incubation, beads were washed twice with isolation buffer.

Cell capture with Dyna/Adembeads. For each capture reaction, 25 pl (1x107)/15 pl coated
Dyna/Adembeads were incubated with 2.5x10° cells for 30 minutes at RT and tilt rotation.
Bead fractions were washed three times, resuspended in 500 pl PBS and transferred to 1.5 ml
Protein LoBind tubes (Eppendorf AG, Hamburg, Germany). For imaging, bead/cell suspen-
sions were mounted with 20 pl VECTASHIELD Mounting Medium/DAPI onto microscope
slides.

Processing of EpCAM-depleted breast cancer clinical samples and
detection of recovered cells

To enrich potential CTCs that had not been captured by the EpCAM-positive selection
through the CS system, EpCAM-depleted fractions were further analyzed via immunomagnetic
beads coated with specific cancer-related markers. All fractions were preserved by the addition
of 300 pl 0.1236 M EDTA for overnight storage at 4°C. For each collected sample fraction (21-
39 ml), 2 to 6 separate enrichment approaches were carried out. Whole fraction volumes were
equally separated and transferred to 15 ml-tubes. Isolation buffer was added to a final volume
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of 10 ml. Then samples were centrifuged (600xg, 10 minutes, RT) and the buffer/plasma frac-
tion was removed. Prior to bead incubation, the remaining white/red blood cell fraction was
recompleted to 5 ml. For incubation with single bead preparations (antibody or ECM) 25 ul
(1x107)/15 pl pre-coated Dyna/Adembeads were added, for combined Dynabead approaches
(antibody plus antibody/ECM) 12.5 ul each were mixed. Positive cell isolation was obtained as
described above. Previous to staining of captured cells, bead/cell suspensions were pre-incu-
bated with 5 ul Human TruStain FcX (Biolegend, San Diego, US) for 5 minutes. Samples were
then stained with anti-pan-CK-FITC (1:400), anti-CD45-Alexa Fluor 647 (1:20) and DAPI

(1 pg/ml) adjusted to 100 ul with PBS/0.1% Tween 20 for 30 minutes at 4°C and 450 rpm.
Beads were washed twice in PBS, deposited onto microscope slides and mounted in Fluores-
cence Mounting Medium (Dako). Slides were stored at 4°C until imaging with an Axioplan 2
fluorescence microscope (Zeiss, Goettingen, Germany) considering CKP**/CD45"¢/DAPIP**
stain criteria.

Isolation of single cells and molecular characterization of CTCs

Single cell isolation. Single cells were isolated via the CellCelector (CC) device (ALS, Jena,
Germany), an automated robotic micromanipulator system, to perform subsequent genomic
analysis. Bead-enriched and stained samples from the EpCAM-depleted fractions were
screened for CKP®/CD45™¢ events with the CC, whereas EpCAMP® CTCs were selected and
identified via CS prior to re-identification with the CC. For improved re-identification of
EpCAMP CTCs with the CC, cartridges were re-inserted into the MAGNEST holder, incu-
bated for 15 minutes, and supernatants (approx. 320 ul) were discarded before the staining
solution (DAPI (1 pg/ml), anti-CD45-Alexa Fluor 647 (1:20) in 300 pl PBS) was added. Cells
were re-stained for 4 hours at 4°C in the dark. After magnetic incubation (15 minutes), the
staining solution was removed and cells were washed with 300 pl PBS. Cartridge contents were
mixed thoroughly ensuring that all cells dislodged from the cartridge wall, and were transferred
onto glass slides for CC analysis. All samples (CS and bead-enriched) were screened for a posi-
tive DAPI/CK and a negative CD45 stain and single cells were deposited within 10 pl-droplets
of PBS into 0.15-ml PCR tubes. Tubes were centrifuged for 10 minutes at 1300 rpm and 9 pl of
PBS were removed. Finally, cells were frozen at -80°C until further processing.

Whole genome amplification. Whole genomes of isolated single cells were amplified
using the Amplil whole genome amplification (WGA) Kit (Silicon Biosystems, Bologna, Ttaly)
according to the manufacturer’s instructions. Herein, the one-day protocol with an extended
overnight step for cell lysis was performed. The quality of the Amplil WGA output product
was evaluated by running the Amplil QC Kit (Silicon Biosystems), which assays a multiplex
PCR of four markers. Two ul of the WGA product were analyzed according to the manufactur-
er’s protocol. Samples displaying three or four bands in the multiplex PCR were used for array-
based comparative genomic hybridization (aCGH) analysis [34].

Array-based comparative genomic hybridization and data analysis. aCGH (4x180k
arrays, Agilent Technologies, Waldbronn, Germany) was performed as previously described
[34-36] using 1 pg of the primary amplification product. As a reference we used WGA prod-
ucts of single GM 14667 cells, a cell line derived from normal male B-lymphocytes. For data
analysis the output image files were imported, normalized and the fluorescent ratios for each
probe were determined using the Feature Extraction software (Agilent Technologies, Version
10.7.3.1, Protocol CGH_1105_0ct09). Data visualization and analysis was performed with the
Genomic Workbench 6.5.0.18 software using the ADM-2 algorithm with a threshold of 6.0,
centralization by legacy with a threshold of 4.0 and a bin size of 10.
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Results
Evaluation and expression of capture cell surface proteins

To successfully capture EpCAM-negative or -low breast cancer cells, different antibodies spe-
cific for cell surface proteins (Trop2, CD49f, CD146, CK8, c-Met, CD44, CD47, AQP5,
ADAMS, TEMS) as well as ECM molecules (laminin, collagen I, HA) were tested on breast
cancer cell lines with different EpCAM expression levels. These proteins were selected upon lit-
erature-based research and were partly described previously with regard to tumor cell enrich-
ment [24-30].

All studied proteins were expressed heterogeneously and to varying degrees in the examined
EpCAMP* (MCF7/SKBR3) and EpCAL\;[""""'“Fg (MDA-MB-231) cell lines (Fig 1), with CD49f
and CD146 showing the most abundant expression in the EpCAM'*"/**8/basal-like cell line
MDA-MB-231. Regarding the expression of Trop2, CD49f as well as ADAMS within the
EpCAMP* cell lines, HER2-amplified SKBR3 cells revealed more abundant expression levels
compared to MCF7 (luminal A subtype). Furthermore, protein distribution throughout the
cells for CK8 and CD146 differed greatly. For instance, signals for CD146 exhibited membra-
nous and cytoplasmic localization within MDA-MB-231 cells, whereas it was expressed almost
exclusively in the nucleus within luminal B subtype cells (e.g. HCC1500, data not shown).

Cell enrichment using single-/multi-marker arrays and immunomagnetic
beads

Based on previous tests of various functional substrates on NEXTERION coated glass slides,
the AL coating was chosen since it provided the most specific binding of cells on capture spots
and low background (51 Fig). In subsequent titration experiments, the optimal spotting

Pl ! Trop2 JAP| | CD4sf DAPI | CK8 DAPI | CD146 DAP| | ADAMS

MDA-MB-231
ER'PR"HER2

Toum

Fig 1. Expression of surface markers on EpCAMP®® and EpCAM'®""8 cells. Differential protein expression of EpCAM (green), Trop2, CD49f, CK8,
CD146 and ADAMS (red) in EpCAM®™* (MCF7, ER*PR'HERZ, top; and SKBR3, ER PR'HER2*, middle) and EpCAM®*"*¢ (MDA-MB-231, ER PR'HERZ,
bottom) cell lines is displayed by immunofluorescence staining of cytospins; blue = DAPI, 40x magnification.

doi:10.1371/journal.pone.0144535.g001
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Fig 2. Adhesion of EpCAMP®S/"¢ cells on manually spotted arrays. 2.5x10* EpCAMP® cells (pool of MCF7, SKBR3, HCC1500 and ZR-75-1; upper
panel) and Er.)L'}Ar\ﬂ""’”neg cells (MDA-MB-231; lower panel) were incubated for cell adhesion experiments on glass substrates (NEXTERION slides AL)
manually coated with anti-EpCAM [Ber-EP4], anti-Trop2, anti-CD49f (0.1 mg/ml each), collagen | (Col), hyaluronic acid (HA) and laminin (Lam) (0.2 mg/mil
each). Cell adhesion was visualized by Coomassie; 20x magnification.

doi:10.1371/journal.pone.0144535.9002

concentration of antibodies/ECM molecules was reduced to 0.1 mg/ml leading to maximum
cell adhesion as visualized by a positive Coomassie stain. Nonspecific binding to the AL sub-
strate itself (pure spotting buffer) as well as to an isotype control (mouse) or bovine serum
albumin could not be observed at any time on single marker arrays (S1 Fig). In case of absent
cell binding despite a positive immunofluorescence staining on cytospins—observed for AQP5,
CK8 and CD146—successful antibody coupling to the substrate was examined after visualiza-
tion with AlexaFluor 594. Staining of spotted arrays revealed that coupling with anti-CD146
was unsuccessful, whereas anti-CK8 and anti-AQPS5 antibodies bound to the slides, but were
non-functional. Examples for successful cell adhesion of EpCAMP™ (cell pool of MCF7,
SKBR3, HCC1500 and ZR-75-1) and E]::CAM"'“"meg (MDA-MB-231) cells to anti-EpCAM,
anti-Trop2, anti-CD49f and three ECM molecules (collagen I, HA, laminin) are representa-
tively shown in Fig 2.

Except for HA, all investigated molecules could capture the EpCAMP* cell pool. According
to the Coomassie blue signal, cell adhesion to Trop2 and EpCAM spots was most abundant,
however binding to CD49f and collagen/laminin could also be observed. In contrast,
MDA-MB-231 cells adhered to Trop2, CD49f and all three ECM spots, while the EpCAM spot
did not reveal any cell attachment; and capturing through anti-CD49f and HA, MDA-MB-231
binding was much more prominent compared to the EpCAM™ pool.

In continuation of the initial cell adhesion experiments, single arrays were then extended to
36-spot arrays including further antibodies (CD44, CD47, c-Met, TEMS), isotype controls and
marker combinations (ab/ab; ab/ECM; ECM/ECM) for anti-CD49f, anti-Trop2, anti-EpCAM,
laminin, collagen I, and HA. Spotted capture molecules are listed in S1 Table.

To distinguish and quantify bound EpCAMP*™® populations, cells were pre-stained with
either MitoTracker green (EpCAMP®) or MitoTracker orange (EpCAM"®) (Fig 3). Total cell
fluorescence (integrated density) for each single spot was quantified using the Image]/Fiji 1.46
software. Herein, fluorescence signals per spot are displayed as mean values of three individual
experiments (52 Fig). EpCAMP® cells adhered to all spots containing EpCAM antibody
(Fig 3A, 3C and 3D: spots 10, 16-21; S2 Fig). Moreover, binding to anti-EpCAM was increased
when it was combined with an ECM molecule or anti-Trop2 or anti-CD49f antibodies. Less
binding was observed to spots comprising anti-Trop2 (spots 6-9), CD49f (spots 12-15) and
CD47 (spot 25) and almost no adhesion to ECM-alone and isotype control (spots 1, 5, 24, 30)
spots was obtained.
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Fig 3. Adhesion of EpCAMP**9 ce|ls on multi-marker arrays. 2x10° EpCAM®® (cell pool of MCF7,
SKBR3, HCC1500, ZR-75-1, TMX2-28) (A) and EpCAM®*/™9 cells (MDA-MB-231) (B) were either stained
with 1 pM MitoTracker Green FM (A) or MitoTracker Orange CM (B) and incubated for cell adhesion
experiments on NEXTERION slides AL, coated with different antibodies and ECM molecules, alone and in
combination (0.1 mg/ml each). The labeling above the single spots indicates respective capture maolecules
(Iso = isotype control, ms = mouse, Lam = laminin, Col = collagen, HA = hyaluronic acid, rt = rat, T = Trop2,
EpC = EpCAM, 49f = CD49f, rb = rabbit). (C) Overlay image of (A) and (B); scale bars (white) =500 pm, 20x
magpnification. (D) Array layout (5x5 mm) with 36 spots (spot diameter = 500 um; pitch = 800 pm) printed on
NEXTERION slides AL.

doi:10.1371/journal.pone.0144535.g003

In contrast, binding of EpCAM'™*/"¢ MDA-MB-231 cells revealed a different pattern (Fig
3B-3D and S2 Fig): strong adhesion to anti-CD49f and HA could be observed—both alone
(spots 4, 12) and in combination with laminin and collagen (spots 9, 11, 13-17, 21, 27-29).
However, only marginal binding for Trop2 and EpCAM spots (spots 6-8, 10, 18-20) was
detectable. A slight signal deriving from cells bound to the rabbit isotype control (spot 30)
could be identified. Cell adhesion for both populations to spots coated with CD44 (spot 22), c-
Met (spot 23) and TEMS (spot 31) antibodies was almost undetectable (Fig 3C).

After successful testing, surface enrichment protocols in single- and multi-arrayed formats
were changed to immunomagnetic bead-based enrichment in order to establish an approach

more suitable for clinical samples—first using Dynabeads and later including Adembeads.
Adembeads were more compatible with subsequent microscopic analysis (e.g. lower autofluor-
escence) and cells could easily be distinguished from the beads.
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Fig 4. Enrichment of EpCAMP°$9 cells with Dynabeads. EpCAM®*® (upper panel; MCF7, SKBR3,
T47D, HCC1500 and ZR-75-1) and EpCAM®""®S (lower panel; MDA-MB-231) cells were captured with
Dynabeads coupled with antibodies for EpCAM, Trop2 and CD49f (1 pg ab/2.5x10° cells/1x10” beads). No
cells bound to uncoated Dynabeads (NT = no target). Cells were imaged after a DAPI stain and are depicted
as brightfield/DAPI merge; 10x magnification.

doi:10.1371/journal. pone.0144535.g004

All IgG-coated Dyna-/Adembead preparations, both uncoupled and coupled to antibodies,
were tested for their cell binding ability. Representative capturing upon coupling to anti-
EpCAM, anti-Trop2 and anti-CD49f of pooled EpCAMP™ as well as EpCAM'™/™ cells is dis-
played in Fig 4. EpCAMP® cells (Fig 4, upper panel) can be recovered by anti-EpCAM and
anti-Trop2 bead preparations and, to a lesser extent by anti-CD49f. MDA-MB-231 cells (Fig 4,
lower panel) can be efficiently enriched with beads coupled to anti-CD49f. Besides that, non-
specific binding of both cell populations to no-target bead controls could not be detected.

Enrichment of CTCs from EpCAM-depleted breast cancer clinical
samples

Blood samples from 25 breast cancer patients (Table 1) were analyzed by CellSearch for
EpCAMP® CTCs: 11 out of 29 blood samples from 25 patients were negative for CTCs (8x) or
CTC count could not be determined (3x); three samples had 1 CTC and 15 samples harbored
atleast 3 CTCs (mean: 20, median: 3; range 0-206 CTCs) (Fig 5A; Table 1). Additionally, to
apply the established workflow, respective EpCAM-depleted fractions for all samples were col-
lected and afterwards processed with beads coupled to antibodies against either Trop2, CD49f,
CK8, CD44, ADAMS, CD146, c-Met or to HA, alone or in combination. The entire volume
(21-39 ml), was fractionated and subjected to analysis providing 2 to 6 different enrichments
per EpCAM-depleted sample (detailed information see S2 Table) depending on the volume. In
total, 96 fractions (65x Dynabeads, 31x Adembeads) were investigated and captured cells were
mounted onto glass slides. Total numbers of potential CTCs and double positive cells (Fig 5;
Table 1) reflect the sum of all immunomagnetic enrichments for each blood/patient sample.
Taken together, 95 potential EpCAM"® CTCs (CKP™/CD45"%; mean/median: 3/2; range 1-24
CTCs) (Figs 5 and 6A), and 1069 dual-positive cells (CKP”/CD45"""; mean/median; 38/9;
range 1-480) (Figs 5B and 6B) were identified (Table 2).

Potential EpCAM™® CTCs could be identified in 20 out of 29 EpCAM-depleted fractions
(69%) from 25 metastatic breast cancer patients, Moreover, 64% (7 out of 11) of the samples
with negative or undetermined EpCAM""* CTC-status revealed at least one EpCAM"** CK"™/
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Table 1. Patient characteristics for CTCs/primary tumors and number of CKP°*/CD45"* and CKP°*/CD45P°* events within the EpCAM-depleted

fractions.

CTC primary tumor EpCAM-depleted
# Pat DIll_DIV age cs HER2 status ER PR HER2 neu subtype CKP°%/ CD45"*9 CKP°%/ CD45P°%
1 Dill-1 45 il neg pos pos neg lum A 1 15
2 DIll-2 54 0 i D D e 24 18
3 DIlI-3 71 147 pos pos pos neg lum A 2 11
4 DIll-4 74 0 pos pos neg lum A 1 2
5] DIll-5 69 13 neg pos neg neg lum A 2 5
6 DIll-6 76 6 neg pos pos neg lum A 2 18
7 DIll-7 48 3 neg pos pos neg lum A 0 100
8 DIlI-8 63 206 pos pos pos neg lum A 17 54
9 DIII-9 70 o = b 2 2 0/0 2N
10 DIlI-10 45 1 neg pos pos neg lum A 2 6
11 Dill-11 72 6 pos pos neg neg lum A 0 1
12 Dill-12 45 1/0 neg neg neg basal 0/0 0192
13 DIlI-13 62 0 pos pos neg lum A 3 480
14 Dlll-14 58 12 pos pos pos neg lum A 0 48
15 DIlll-15 38 0 pos pos neg lum A 0 14
16 Dill-16 63 0 pos pos neg lum A 2 13
7 DIlI-17 49 W neg neg neg basal 3/6 2116
18 DIll-18 75 50 neg pos neg neg lum A 8 9
19 DIlI-19 54 0 pos pos neg lum A 3 3
20 DIV-1 55 10 neg pos pos neg lum A 74 16
21 DIV-2 70 37 neg pos pos neg lum A 2 8
22 DIV-3 50 16 neg pos pos neg lum A 3 9
23 DIV-4 56 3 neg pos pos neg lum A 0 34
24 DIV-5 66 3 neg pos pos neg lum A 3 9
25 DIV-6 48 5/3 pos pos pos neg lum A 31 9/4

# CTC count could not be determined
® unknown

doi:10.1371/journal.pone.0144535.1001

CD45"* event. In 5 fractions with respective EpCAMP CTCs [1 to 12 CTCs], no further
potential EpCAM™® CTCs could be detected. Regarding EpCAM"# CKP*/CD45P"* events,
only one sample (#12) did not exhibit any double positive cells, all other samples harbored at
least | event. A high proportion of EpCAM™# CKP*/CD45P* cells was found in supernatants
with corresponding low EpCAMP”* CTC numbers in CS (except for patient #8).

Most of the samples were enriched with antibodies against Trop2, CD49f and CK8 (63%)
yielding 80% of all identified potential CTCs. All gathered CTC numbers (EpCAMP™/"8) a5
well as double positive cells can be found summarized and linked to patient characteristics in
Table 1. Patients eligible for DIII/IV studies suffered from HER2-negative metastatic breast
cancer, whereas for two patients (#2, #9) primary tumor characteristics could not be deter-
mined. Two patients (#12, #17) harbored triple-negative tumors (ER' PR'HER2); the remain-
ing cohort evinced primary tumors of luminal A subtype (18/21: ER"PR"HER2’, 3/21:
ER'PR'HER2).
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Fig 5. Number of EpCAM-enriched CTCs and potential CTCs/double positive events (CKP®$/CD45P°%)
within the EpCAM-depleted fractions in blood of breast cancer patients. (A) CTC count determined by
EpCAM-enrichment and subsequent CK/DAPI stain in 29 blood samples of 25 patients (DIll and DIV). (B)
Number of potential CTCs (top) and double positive events (bottom) within the respective EpCAM-depleted
supernatants of the same blood samples; total event numbers (CKP**/CD45™9 and CK**/CD45%)

represent the su
sample.

m of all events identified after 2-6 immunomagnetic enrichments for each blood/patient

doi:10.1371/journal,

pone.0144535.g005
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Fig 6. Representative images of potential CTCs (CKP°$/CD45"*%) and double positive (CKP°%/CD45"°%)
events enriched from EpCAM-depleted patient samples. Immunofluorescence staining of (A) CTCs (top:
#8, Adem-c-Met; bottom: #25, Dyna-CD49f) and (B) CKP°¥'CD45° events (top: #8, Adem-c-Met; bottom:
#13, Adem-Trop2) enriched after EpCAM-depletion are shown. Adem-/Dynabeads captured cells were
stained for DAPI (blue), pan-CK (green) and CD45 (yellow); 40x magnification.

doi:10.1371/journal. pone.0144535.g006

Molecular characterization of isolated single cells

In order to validate that the isolated marker-positive cells (Fig 7A) were indeed cancer cells, we
analyzed three CD44-captured EpCAM"® cells in comparison to one EpCAMP** CTC from

the same patient for their somatic copy number profiles (Fig 7B). All four cells displayed
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Table 2. Number of processed fractions and EpCAM™? CKP°*/CD45"*9 and CKP°*/CD45P°° events for each marker.

Processed fractions CKP°%/ CD45"9 CKP°®/ CD45P°*
Trop2 23 27 210
CD49of 20 22 210
CK8 14 13 97
cMet 27 27 452
ADAMB 11 1 38
CD146 3 3 67
CD44 4 3 8
Hyaluronic acid 9 1 59
total 96 95 1069

Listed are the numbers of processed fractions (in total 96) for each marker as well as EpCAM"®? CKP?%/CD45"°? and CKP®*/CD45"°% events. The total
number of processed samples does not include marker combinations.

doi:10.1371/joumal.pone.0144535.1002

aberrant genomes as expected for tumor cells. We found similar moving averages on chromo-
some 1, 2 and 11 for both EpCAM"** cells and the EpCAMP CTC (Fig 7B, highlighted in
grey). Besides that, EpCAM"® cells showed a gain of chromosome 5 as well as a deletion at
chromosome 8p (Fig 7B, highlighted in blue).
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Fig 7. Genomic profiling of CellCelector identified and isolated whole genome amplified EpCAM"®9 single cells confirms their malignant nature.
(A) One EpCAMP®® CTC was selected and identified via CellSearch and re-identified with the CellCelector for a positive DAP1 and CK-PE (displayed in the
TRITC channel), and a negative CD45 (Cy5 channel) stain. Three EpCAM™9 CTCs (I, 11, 111) from the CellSearch EpCAM-depleted fraction of the same
patient were enriched with CD44-Adembeads and stained for DAPI/pan-CK-FITC/CD45-AF647. Single cells were isolated via the CellCelector, the whole
genomic material was amplified and (B) genome wide aCGH profiles were obtained confirming that EpCAM-independent enrichment captures malignant
cells. Chromosomal regions highlighted in grey show common somatic copy number alterations, light blue areas represent different chromosomal

aberrations between both CTC populations.

doi:10.1371/joumnal.pone.0144535.9007
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Discussion

Until now, treatment decisions in breast cancer have been based on the expression profiles of
the primary tumors. However, CTCs have been shown to display different molecular features
regarding hormone receptor/EGFR and HER2 expression and thereby may elude primary
treatment [37-42]. Consequently, optimized prognostic and predictive tests are required to
focus on the analysis of disseminated/circulating tumor cells, which represent the actual targets
of adjuvant therapies. Several methodologies for CTC enrichment have been developed that
rely on EpCAM expression on CTCs. It is known that EpCAM is frequently expressed through-
out different tumor entities [43, 44]. However, the loss of the EpCAM antigen has been inten-
sively delineated [45-49]: while its up-/down-regulation has been linked to poor overall
survival [50-53], its down-regulation has been described as a part of the EMT process accom-
panied by an enhanced migratory and metastatic potential [49, 54-56]. Thus, in order to war-
rant a comprehensive and systematic detection of all epithelial- and mesenchymal-like CTC
subpopulations including intermediate states, the EpCAM-based enrichment and isolation
techniques (e.g. by CellSearch), as the current gold standard, ought to be improved.

Here we established an integrated workflow, which captures EpCAM-depleted and hence
previously unrecognized CTC subsets by using antibodies specific for cell surface proteins
(Trop2, CD49f, c-Met, CK8, ADAMS, TEMS, CD44, CD47, CD146) as well as ECM compo-
nents (laminin, collagen, HA).

As expected, only marginal to absent binding of MDA-MB-231 cells to EpCAM-antibodies
on planar surfaces as well as coupled to beads could be observed. In contrast, efficient adhe-
sion/capturing of EpCAM"™"/™ cells (cell line and/or EpCAM-depleted blood fractions) could
be achieved by antibodies specific for CD49f, Trop2, c-Met and CK8. By analyzing EpCAM-
depleted fractions from 25 metastatic breast cancer patients, we were able to identify 22, 27, 27
and 13 EpCAM" CTCs applying enrichment for those 4 proteins. Together with targeting
ADAMS, CD146, CD44 and HA, EpCAM"* CTCs could be detected in 69% of all analyzed
samples. For the first time we can show that EpCAM"® cells captured by a CD44 antibody are
of malignant nature.

In particular, CD49f (and CD146) was selected upon publications of Mostert ef al in 2011
and 2012 [25, 26]. Herein CD49f, also designated as integrin o.-6 adhesion molecule, had been
implemented for a more sensitive CTC detection after a combined anti-EpCAM/CD146-en-
richment. Besides its putative function as driver of metastasis [57], CD49f has been considered
as stem cell marker in breast [58-60] and other solid tumors [61, 62]. In breast cancer, CD49f
seems to be enriched in basal-like subtypes [63, 64], which is in concordance with our data
from MDA-MB-231 showing the highest CD49f abundance, whereas its expression in luminal
and HER2 subtypes was less pronounced. Trop2, a cell surface glycoprotein was implemented
since it had been shown to be overexpressed in a majority of tumors [65] and to account for
proliferation and invasion of tumor cells [66, 67]. Accessorily, when we started our study,
Mikolajczyk et al had already published the use of a Trop2 (and also c-Met) antibody with
regard to tumor cell enrichment via a micro-fluidic device [24]. Trop2 gained notice because it
was expressed in all breast cancer cell lines examined, in contrast to EpCAM (= Tropl) expres-
sion. CD44, c-Met and CD47 were incorporated into our setup, inter alia, due to the findings
of Baccelli and co-workers, who reported that CTCs possessing metastasis-initiating properties
express CD44, c-Met and CD47 [28]. In a subsequent study they further showed that CD47 is a
strong prognostic marker for luminal-type breast cancer patients, especially in co-expression
with c-Met [68]. Our choice of CK8 was based on publications describing its cell surface
expression in breast cancer cells, where it has been proposed to function as an important plas-
minogen binding-protein leading to increased cancer invasion [69-72]. Liu ef al further
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reported that membranous CK8 might be involved in cellular protection against chemothera-
peutic treatment in multi-drug resistant MCF?7 cells [73]. Within our study, we could also con-
firm CK8 surface expression via staining of unpermeabilized MCEF?7 cells and subsequent flow
cytometry analysis (data not shown). While cell capturing on planar surfaces using a CK8 anti-
body failed, CTC enrichment with anti-CK8 beads was successful. Referring to ECM compo-
nents, embedded into our enrichment approach, HA emerged as the most promising
candidate, at least in terms of capturing MDA-MB-231 cells. It is widely accepted that cell-
matrix-interactions are pivotal for intra- and extravasation of cells and thereof for promoting
metastasis [74]. HA is one of the major components of the ECM and serves as a receptor for
CD44 and RHAMM (receptor for HA-mediated motility) affecting diverse cellular processes
(adhesion, migration, invasion) [75-77]. The assumption that mesenchymal EpCAM'™"/"&
MDA-MB-231 cells express more CD44 and RHAMM compared to MCF7 (EpCAMP, epi-
thelial) [78] underlines our observation that invasive MDA-MB-231 cells can be captured via
HA.

Apart from identifying CTCs using our defined marker setup, supernumerary EpCAM
CKP*/CD45P* events could be detected in 28 out of 29 samples. The striking phenomenon of
dual-positive (EpCAM/CK/EGFR and CD45 positive) cell detection has been observed by sev-
eral groups before, while mostly being overlooked [79-82]. Consequently, the origin and

neg

occurrence of these cells, apparently combining epithelial and hematopoietic cell characteris-
tics, still remains unclear. It has been debated that they result from fusions arising from interac-
tions between tumor-infiltrating hematopoietic cells with epithelial cancer cells (*hemato-
epithelial cells ") [83]. Other explanations might include false-positive CK™™ staining of leuko-
cytes [84] or nonspecific antibody uptake owing to impaired membrane integrity. However,
the fact that the number of dual-positive events is also remarkably high within the blood of
healthy donors [84], and oddly, that a high proportion of those events could be assigned to
patient samples with corresponding low EpCAMP® CTC numbers, underscores the demand
for further investigations with respect to their clinical significance.

Furthermore, the appearance of small cell clusters (2-3 cells) in EpCAM-depleted and
bead-enriched fractions could be observed. This is in accordance with recent publications
reporting about the detection of CTC clusters (2-50 cells), -mainly deriving from mesenchy-
mal-like CTCs- in advanced cancers using different isolation platforms [21, 82]. Cho et al pre-
viously showed the presence of significant numbers of CTC aggregates in multiple epithelial
cancers such as breast, prostate, lung, and pancreas [85]. Complementarily, Aceto et al state
that these cell clusters might deduce from oligoclonal clumps of primary tumors representing a
CTC subset with substantially increased metastatic capacities compared to their single counter-
parts in breast cancer. RNA sequencing further revealed that aggregate formation depends on
the expression of plakoglobin, a member of the catenin protein family that contributes to des-
mosomes and adherens junctions [86, 87].

Being conscious of facing drawbacks in the light of unveiling new markers showing high
specificity detection quality and quantity remain to be further studied, since those parameters,
except for CK and EpCAM, are not well investigated yet. Further limitations include the unpre-
dictability of blood sample compositions and epitope/antigen expression levels due to a high
inter-patient variability. Using other markers for EpCAM-depleted patient sample analysis
might have attained completely different results. This also accounts for our approach to iden-
tify EpCAM"™/™ cells by CK positivity: we might have missed cells which have a fully devel-
oped mesenchymal phenotype and we are aware that EpCAM"*#/CK"*/CD45" cells have to
be investigated further for the expression of mesenchymal markers. Additionally, in order to
elucidate distinct cell surface proteins that are associated with certain tumor characteristics, the
patient cohort has to be further expanded regarding sample number and tumor subtypes.
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Taken together, by targeting various cell surface proteins and ECM components, we were
able to optimize the enrichment of heterogeneous EpCAM"® expressing cancer cells as first
proof of principle, whereas the highly flexible adaptability of our approach speaks in favor for
the herein presented CTC enrichment strategy. Even though coverage of all CTC subpopula-
tions will not be utterly achieved, further characterization of these identified EpCAMP*/"#
and also dual-positive (CKP*/CD457*) subsets on genomic/protein level is indispensable to
determine an antibody cocktail which is evidently capturing cells of tumor origin. In the cur-
rent status we cannot show clinical significance of our findings, but we were able to demon-
strate the malignant nature of at least one EpCAM"* subpopulation which harbors similar as
well as different chromosomal aberrations in comparison to their EpCAMP® counterpart. To
prove clinical relevance of our approach a study identifying EpCAM'™/*¢ CTC populations
with verified aberrant genomic profiles should be designed.

Supporting Information

§1 Fig. Chip/array layout, slide chemistries and binding molecules of initial cell adhesion
tests, Different NEXTERION slide chemistries (AL, A+, Astar, E, NC-C, H) were spotted with
16 arrays consisting of spots with anti-EpCAM, anti-CK8, anti-Trop2, mouse (ms) isotype
(blue, #1-4, triplicates) antibodies and fibronectin (FN), poly-L-lysin, vitronectin (VN), lami-
nin (Lam), collagen I (Col), BSA (grey, #5-10; duplicates/triplicate for FN) (0.2 mg/ml each)
and tested for binding of EpCAMP™ cells. Adhesion was visualized by Coomassie; 2x magnifi-
cation.

(TIF)

$2 Fig. Total cell fluorescence of cell adhesion on multi-marker arrays. Total cell fluores-
cence (integral capture spot signals, in arbitrary units) of bound EpCAMP* (MCF7, SKBR3,
HCC1500, ZR-75-1, TMX2-28; left) and Ep(:AMIUWch (MDA-MB-231; right) cells (see Fig 3)
was quantified by Image]/Fiji 1.46. Depicted are mean values of spot signals from three sepa-
rate cell adhesion experiments.

(TIF)

S1 File. Recovery of SKBR3 cells by anti-EpCAM Adembeads.
(DOC)
S$1 Table. The list of capture molecules spotted onto multi-marker arrays.

(XLS)

§2 Table. Overview of EpCAM-depleted samples, processed subfractions and used beads/
markers per patient sample.
(XLS)
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Abstract

Circulating tumor cells (CTCs) can be detected in
the peripheral blood of breast cancer patients
with early and metastatic disease. Recent data
suggest that immune pathologic characteristics
between the primary tumor, metastatic colonies
and CTCs are discordant and that CTCs possess
an independent phenotype that is associated with
prognosis and treatment efficacy. Large scale
gene expression analysis has provided the possi-
bility to stratify breast cancer according to the
gene expression fingerprint of primary tumor tis-
sue into five intrinsic molecular subtypes which
can be associated with different clinical outcome.
As a consequence of the different prognostic
power of primary tumors’ characteristics and
CTCs several groups have started to investigate
if CTCs might be disseminated differentially
within these breast cancer subtypes. They
determined the CTC number in
immunohistochemical sub- types to validate if
CTCs may provide differential and more specific
prognostic information within each subtype. This
review provides an overview of the outcome of
some recently published data gathered from
early and metastatic breast cancer.

Abbreviations

BCSS breast cancer-specific survival CK
cytokeratin

CTC clrculating tumaor cell

DFS disease-free survival

EMT epithelial-mesenchymal transition ER
estrogen receptor

FISH fluorescence in situ hybridization HR
hormone receptor

IHC immunohistochemistry

MBC metastatic breast cancer

MFS metastasis-free survival

0s overall survival

PFS progression-free survival

TN triple-negative
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Zusammenfassung

Zirkulierende Tumorzellen (CTC) kénnen im Blut
von Mammakarzinom-Patientinnen in der adju-
vanten sowie metastatischen Situation detektiert
werden. Bezuglich des Immunphénotyps kénnen
sich CTC sowohl von den Metastasen als auch
vom Primértumor unterscheiden. Moderne Gen-
expressionsanalyse lasst Mammakarzinome in 5
molekulare Subtypen mit unterschiedlichem bio-
logischem und klinischem Verhalten unterteilen.
Aufgrund der unterschiedlichen prognostischen
Bedeutung zirkulierender Tumorzellen und der
pradiktiven Faktoren beim Mammakarzinom
wurde das Phanomen der Tumorzelldissemina-
tion innerhalb der verschiedenen Mammakarzi-
nom-Subtypen bereits von vielen Gruppen ana-
lysiert. Die CTC-Anzahl wurde bei Tumoren mit
unterschiedlicher Immunhistochemie bestimmt
und auf ihre prognostische Aussagekraft in Ab-
hangigkeit von der Biologie des Priméartumors hin
untersucht. Dieser Review hietet einen Uber-
blick Gber aktuelle Daten im adjuvanten und me-
tastasierten Setting.

Introduction

Heterogeneity of breast cancer

Breast cancer should not be considered as a
single heterogeneous disease but as a
conglomerate of heterogensous diseases
consisting of a plethora of different molecular
histopathologic subtypes, clinical outcomes and
responses to therapies. Currently, for patients
with operable breast cancer the status of routine
pathologic parameters determined in the primary
tumor such as tumor size, lymph node status,



endocrine receptor status, and the HER2 status are used to
estimate risk and to give recommendations for adjuvant therapy.
Improvements in determining these pathologic parameters as
well as adjusted and targeted therapies have resulted in better
prediction and prognosis, however, a significant proportion of
cancer patients may be overtreated.

Approximately 20 % of breast cancer patients who initially
present with a localized disease will progress to metastatic
breast cancer (MBC) and die of metastases [1]. Clinical
management of patients with MBC is much less
comprehensively structured. Its treatment is frequently based on
expression profiles of the primary tumor. However, basing
treatment decisions solely on the morphological features of the
primary tumor potentially ignores many biological features of the
metastases that may affect outcome [2, 3].

It is unclear whether different subclones of a heterogeneous pri-
mary tumor will metastasize to different organs, or if the expres-
sion of biomarkers within the metastasis will change due to adju-
vant treatment or targeted therapy [4]. Many authors have noted
a discrepancy between primary tumor and metastatic sites with
regard to HER2 and hormone receptor (HR) status [5-8].
Routine biopsies of metastatic lesions are strongly
recommended but sometimes hard to provide or somewhat
dangerous for the patient. Nevertheless serial reevaluation of
metastatic disease with regard to HER2 and hormone receptor
status would be interesting from a scientific standpoint and could
help to optimize treatment decisions.

These unsatisfying situations, both in the primary and in the
metastatic disease, warrant to tune our available prognosticand
predictive tests such as the information onintrinsic breast cancer
subtypes and the presence of circulating tumor cells (CTCs)
to potentially prevent patients from receiving unnecessary
andfor ineffective treatment but experiencing the treatment-
related side effects.

In the last decade progress in large scale molecular
characterization of cancer tissues has extended our knowledge
on heterogeneity of e.g. breast cancer to new levels [9]. In their
seminal work Perou and coworkers provided the basis to
associate the phenotypic diversity of primary breast tumors with
corresponding gene expression profiles and enabled to classify
breast cancers into four — later on five — different molecular
subtypes of breast cancer. estrogen receptor (ER)positive
(ER+)/luminal-A or -B, basal-like, HER2+, and normal breast [10,
11]. The existence of these five molecular subtypes has later
been confirmed in independent datasets [12] and besides that
they have been associated with significant differences in distant
spread patterns, independent of conventional clinical-pathologic
variables [13]

These classified molecular subtypes which were originally based
on the differential expression of a set of genes have recently
been transferred into a surrogate clinico-pathologic
characterization based on ER/PR expression, HER2 status,
proliferation or histologic grade using immune histochemical
(IHC) techniques [14, 15]. This prompted experts taking part in
the 2011 St. Gallen Consensus Conference to introduce this
surrogate definition of intrinsic breast cancer subtypes (luminal
A-like, luminal B-like [HER2-], luminal B-like [HER2+], HERZ, and
basal-like) into clinical use to better define the categories of
breast cancers to be treated [16].

3 MANUSCRIPTS

The concept of circulating tumeor cells

The theory on hematogenous spread of cancer was developed
by several researchers in 19th century [17]. It is now widely ac-
cepted that solid tumors are able to shed single tumor cells into
the blood circulation where they are dispersed throughout the
body [18-20]. Those CTCs may suffer different fates: they go
into apoptosis, fall into a dormant state (dormancy) or they
survive and finally transmigrate into secondary organ sites to
persist and to eventually outgrow to metastases [21, 22]. This
transient nature of a single CTC in the peripheral blood makes it
an attractive candidate to take a screenshot of the current
expression of therapeutically relevant markers in the potentially
harmful cell population in a minimally-invasive liquid biopsy
format. Highly sensitive methods based on expression of
surface proteins or their physical characteristics have been
developed in recent years to detect single CTC for diagnostic
purposes. One such method is utilized by the CellSearch System
(Veridex, LLC, Warren, NJ, USA), a device approved by the US
Food and Drug Administration (FDA) in 2004 for the detection of
CTCs in the peripheral blood of patients with MBC. Another
approach is to perform RT-PCR measurement of cytokeratin
(CK) mRNA expression levels (CK19, CK20) which are used as
surrogate for the presence of CTCs in the peripheral blood and
which have been shown to correlate with disease outcome and
the results from CellSearch [23, 24]. The great hope regarding
the CTCs' clinical relevance is that by characterizing their
individual phenotype and/or genotype clinicians will be able to
target the Achilles heel of these CTCs which are finally
responsible for metastasis in order to improve prognosis and
prediction.

Prognostic Relevance of CTCs

Metastatic breast cancer

In advanced breast cancer the CTCs' prognostic value has
clearly been demonstrated — particularly their detection before
treatment as an independent predictor of progression-free
survival (PFS) and overall survival (OS) [25-27]. Moreover, a
substantial decrease in the CTC count is an early marker of
individual response to treatment and thus CTC screening
provides an easy- to-perform alternative method to monitor
success of a given therapy [28].

Since CTC levels appear to reflect response to treatment early in
the course of a new regimen, they might potentially guide ther-
apy decisions in metastatic breast cancer. This issue has been
addressed by two currently ongoing clinical trials: SWOG 0500
from the Southwestern Oncology Group and CirCe01 at the Insti-
tut Curie, France [29, 30]. In CirCe01, patients in the advanced
metastatic setting (3rd line and higher) with insufficient CTC de-
crease after start of new therapy line will change to another regi-
men, which will be, again, evaluated by early CTC changes. In the
SWOG 0500 phase Il trial, patients with persistently elevated
CTC counts after one cycle of first-line chemotherapy were ran-
domized between continuation of treatment until clinical pro-
gression or to early switch to another regimen [30]. Both studies
were designed to clarify whether CTC changes may detect che-
moresistance earlier than classical radiological methods and
save patients with metastatic disease from the adverse effects of
aninefficient chemotherapy regimen.

The first results of the SWOG 0500 trial, presented at the San
Antonio Breast Cancer Symposium 2013 and now published in
the Journal of Clinical Oncology, show that switching to another
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chemotherapy regimen does not improve survival in patients
with elevated CTC counts after one cycle of initial chemotherapy
[30]. The SWOG 0500 trial confirmed also that patients with low
baseline CTC levels perform best, reaching a median overall
survival of 35 months, followed by patients whose CTC levels
decrease during treatment (23 months) and patients with
persistently high CTC levels (13 months). Which patients need
first-line chemotherapy or — in case of HR-positive disease -
only endocrine treatment will be addressed by the French STIC
CTC Metabreast trial (NCT01710605) and the USA/Canada-
based COMETI-P2 trial (NCT01701050). In the STIC CTC trial,
patients were randomized between clinician choice and CTC-
driven choice; patients in the “CTC arm” will be stratified to
chemo- or endocrine treatment based on their CTC counts (high
levels: chemotherapy, low levels: endocrine therapy). Treatment
in the standard arm will be based on clinicians’ decision. The
COMETI-P2 study is a phase |l trial evaluating the feasibility of
the CTC-Endocrine Therapy Index. This index is based on the
expression of four markers (estrogen receptor, Bcl2, HERZ2, and
Ki67) assessed on isolated CTCs by immunocytofluorescence
(CellSearch®) and was designed to predict clinical response to
endocrine treatment in metastatic setting [31].

Early breast cancer

Presence of CTCs has been reported in 10-60 % of patients
with stage |-lll breast cancer by various types of detection
assays [32, 33], e.g. CK19 mRNA amplification [23] or the
CellSearch (Veridex, Raritan, NJ) method [34]. Recently, Rack
et al. published the results from the German SUCCESS trial;
blood samples from 2026 early average-to-high risk breast
cancer patients before chemo- therapy and 1492 patients after
chemotherapy were analyzed [33]. The presence of CTCs was
strongly associated with shorter disease-free survival (DFS) and
OS. Further, patients with at least 5 CTCs/30 ml blood were at
highest risk for disease recurrence. Patients with CTC
persistence after chemotherapy had significantly worse DFS and
0OS as well. These new data from a large clinical trial support
previous findings from the REMAGUS 02 trial which reported that
the presence of one or more CTCs before the start of systemic
chemotherapy is an independent predictor of both metastasis-
free survival (MFS) and OS in patients with stage |l and Ill breast
cancer [35]. In congruence with these findings are data from
smaller studies [36, 37].

Table 1. CTCs and molecular subtypes in metastatic breast cancer.

3 MANUSCRIPTS

Prognostic Relevance of CTCs According to Breast
Cancer Subtype

Recent data suggest that the phenotypes and several clinico-
pathologic characteristics are discordant among the primary tu-
mor, metastatic cells, and isolated tumor cells [5-7, 38, 39]. This
indicates that it may be the presence of CTCs or even the
phenotype/genotype of an individual CTC which is associated
with breast cancer prognosis and treatment response in the first
place [40]. Therefore, detection, (molecular) characterization,
and the clinical role of CTCs in different subtypes of breast
cancer are currently investigated in several research projects.

Metastatic breast cancer

In the first study addressing this question, Giordano et al. retro-
spectively analyzed 517 MBC patients for the presence of CTCs
[41] (Table 1). Subtypes of primary tumors were determined by
immunochistochemistry (IHC) or fluorescence in situ hybrid-
ization (FISH) and CTCs were enumerated by CellSearch before
start of a new systemic treatment. The authors classified patients
with at least one positive hormone receptor (HR; ER or PR 2
1%) as HR+. 206 (40%) patients had 2 5 CTCs at baseline
blood draw, 311 (60%) had < 5 CTCs. Regarding overall
distribution of CTCs in different subtypes, a larger proportion of
HR+/HER2-negative patients had 2 5 CTCs than did patients
with other subtypes of tumor — a finding which does not overlap
with previously published results from similar but smaller
population of MBC patients [42—44). The prognostic power of the
CTC count appeared to be most valuable in HR+ and TN breast
cancers and least valuable in HER2-positive cancers pretreated
with targeted therapy. HER2-positive MBC patients with =2 5
CTCs had a PFS and an OS similar to patients with < 5 CTCs
which indicates that CTCs are strongly predictive for survival in
all HER2-negative MBC subtypes who had not been treated with
targeted therapy.

A second study using CellSearch to determine the CTC count in
MBC patients was published by Munzone et al. [45]. This group
retrospectively classified 203 patients into intrinsic subgroups
defined by IHC of 5 biomarkers (ER, PR, HER2, Ki-67, and
grade), according to the recent St. Gallen guidelines, and
determined their CTC status. All patients had CTCs enumerated
before starting a new treatment as standard of care. Most
patients (74 %) were pretreated for metastatic disease and had
more than one metastatic site (66%). In total, 92 patients had 2
5 CTCs/7.5 ml blood and again at multivariable analysis, CTC
count was a statistically significant predictor for PFS and OS
confirming the CTCs’ prognostic power in MBC. When stratifying
the tumors into the intrinsic subgroups the results are confirming
CTCs as strong predictor of survival in different MBC subtypes:

Author n(zs Method Frequency All Lum A Lum B-like HER2+ TN
cTe) bias subtypes
HER2- HER2+

Giordano 517 cs HR+/HER PFS, PFS, OS n.s. (0OS n.s. os
(2012) (206) 2- 0s p =0.084)

Munzone 203 Cs HR+/HER PFS, PFS, 08 0s 0s 0os n.s. (0S
(2012) (92) 2- 0s p = 0.06)

Wallwiener 468 cs ER+ PFS, PFS, 0S8 Qos PFS, 0S
(2013) (205) 0s

CS: CellSearch™; HR: hormone receptor, PFS: progression free survival, OS: overall survival; n. 5. not significant
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CTCs were mostly found in patients with luminal-Afluminal-
B/HER2-negative subtypes. The CTC count was a significant
prognostic factor for OS in all subtypes, except for triple negative
patients (borderline significance). In the HR+/HER2-negative
patients CTC count was a significant prognostic factor for PFS.
The most recent data come from a large prospective multicenter
study including nine German breast cancer centers. Therein
Wallwiener et al. investigated blood samples from 486 MBC pa-
tients [46]. The study design was very similar to the one followed
by Giordano et al. [41] with the molecular subtypes being deter-
mined by immunchistochemical staining of the primary tumor.
CTC enumeration was carried out before initiation of a new ther-
apy using the CellSearch system obtaining 205 CTC-positive pa-
tients. Like Giordano et al., the authors classified patients which
were positive for estrogen and/or progesterone as HR+ and clas-
sified the patients into three subgroups

1. HR+/HER2-,

2. HER2+, or

3. HR-/HER2- (triple negative).
As already observed by Giordano et al. [41), CTC-positivity was
significantly more frequent in ER+ patients and the CTC status did
not differ significantly among subtypes of MBC. Additionally,
Wallwiener et al. observed a higher rate of CTC-positivity in pa-
tients with both bone and visceral metastases compared to
those with either bone or visceral metastases. When stratified
by the molecular subtype, baseline CTC count was predictive for
0S in all subgroups. Regarding PFS, the CTC status was a
prognostic factor in HR+/HER2- and HR-/HER2- patients. Wall-
wiener et al. separated the patients with HER2+ primary tumors
according to their pretreatment with trastuzumab and found out that
the CTC status of untreated HER2+ patients was prognostic for OS
[46]. No impact on OS was observed in HER2+ patients with
previous trastuzumab treatment. No prognostic effect of CTC for
PFS was observed in both groups.
Regarding the prognostic significance of CTC in MBC subtypes
there seem to be two common themes. In general CTCs are
more often found in luminal A (HR+/HER2-) and luminal BIHER2-
tumors compared with HER2+ and basal-like tumors. This may be
a consequence of the clinical practice that HER2+ MBC patients
are treated with HER2-targeted therapy (trastuzumab, lapatinib)
[45]). Alternatively, it is known that cells of basal-like molecular
breast cancer subtype may shift to low EpCAM expression and in-
creased expression of mesenchymal markers such as vimentin,
epidermal growth factor receptor (EGFR) and epithelial-mesen-
chymal-transition (EMT) compared to breast cancers with a lu-
minal subtype [47, 48]. Since CellSearch™ is a purely EpCAM-
based capture system it may identify less basal-like cells. This
may bias their frequency in a way that the number of basal-like
CTCs might be underestimated [49, 50]. Secondly, in most stud-
ies, CTC detection did not predict clinical outcome in women
with HER2+ MBC [41]. Fittingly, Munzone et al. observed that pa-
tients with 0 CTCs/7.5 mL blood at baseline and all subtypes, ex-
cept for HER2+, seemed to perform better than CTC-positive pa-
tients [45]. Further studies demonstrated a marked decrease in
CTC count at follow-up if MBC patients had received biological
therapies such as trastuzumab or bevacizumab [42, 44]. In the
studies published by Munzone et al. [45] and Giordano et al. [41]
most of the HER2+ breast cancer patients have received anti-
HER2 treatment which may have eliminated CTCs with HER2
amplification or overexpression and may thereby have reduced
the prognostic value of CTC enumeration in this subtype. In
support, Georgoulias et al. [51] showed that trastuzumab
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eliminates chemotherapy-resistant CTCs and reduces the risk
of dis- ease recurrence in early breast cancer patients. In the
study from Wallwiener et al. the number of patients treated
with trastuzumab was quite low (6.5 %), whereas CTC
detection had no impact on survival if patients had already
received trastuzumab treatment [46]. CTC detection was a
predictor of OS in the subgroup of initially HER2+ patients who
had not been treated with trastuzumab. This supports the
suggestion that HER2-directed therapy reduces the prognostic
value of CTC enumeration.

Further, in the studies from Munzone et al. a high percentage
(29 %) of samples contained 1-4 CTCs — a group which is
classified as “CTC-negative” in the other studies [45]
Interestingly, this intermediate group has a much higher
prognostic power in HER2- negative tumors — meaning that
already one CTC makes the difference between good and
worse prognosis. In this subgroup, this intermediate CTC-
group has the same survival probability as patients with > 5
CTC/7.5 ml blood. In contrast, for patients with HER2-positive
tumors the survival probability of patients with 1—4 CTC/7.5 ml
blood tends to be the same as for CTC-negative patients.
Hypothetically, different cut-offs might be required for different
molecular subtypes of the disease. It would be interesting to
know about heterogeneity and individual metastatic potential
of each CTC in these groups. This observation emphasizes
the need for a thorough and standardized analysis of the CTC
images provided by CellSearch™ system.

Early breast cancer

Data on CTCs in different subtypes of non-metastatic breast
cancer are inconsistent. The largest dataset including 2026
patients was published recently by Rack et al. [33] (Table 2). No
association was found between CTC-positivity and luminal,
basal-like, or HER2-positive tumors. Presence of CTC was a
strong predictor for worse clinical outcome; however, when the
authors refined their investigation by adding the information
aboutthe tumors’intrinsic subtype the CTCs' prognostic power
was restricted to the largest subgroup of patients with luminal
tumors.

Contrary to these findings are the results from the study by
Hwang et al.; the authors retrospectively evaluated 166
patients with operable breast cancer (stage I-llIA) which had
not been pre-treated [52]. After surgery patients with HER2-
positive tumors did not receive adjuvant treatment with
trastuzumab. CK20 mRMNA-positive blood was detected in 37 of
166 patients (22.3 %). These CK20 mRNA-positive patients
had less favorable outcomes in terms of MFS and OS than
patients with CK20 mRNA-negative patients. When the breast
cancer samples were grouped into the molecular subtypes,
luminal-A and luminal-B did not differ significantly in MFS and
OS5 according to CTC-status. In contrast, patients with HER2-
positive or TN disease and a CTC- positive status had
shorter MFS and OS. Another study published in 2007 by
Ignatiadis et al. analyzing the expression analysis of CK19
mRMNA in 444 patients produced similar results to those by
Hwang et al.: The presence of CK19 mRNA- positive CTCs was
associated with shorter DFS and OS in the TN and HER2-
positive subgroups but not in the ER+/HER2- subgroup [23,
53]. There is no plausible explanation for this inconsistency
between these studies.
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Table 2. CTCs and molecular subtypes in early breast cancer.
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Author n (CTC Method Frequen All subtypes Lum A Lum B-like HER2+ TN
pos.) oyblae HER2- HER2+
Rack 2026* cs none DFS, DFS, OS n.s. n s.
(2014) (435) BCSS,
oS
Ignatiadis 444 RT-PCR none DFS, . 8. n. s. n. d. DFS. DFs, OS
(2007) (181) (CK19) os 0s
(]
Hwang 166 (37) | RT-PCR none MFS, . 5. ns n. s. MFS,08 | OS (MFS:
(2012) [T (CK20) 0s p=0.051)

* All patients had average-to-high risk breast cancer and received chemotherapy. n.s.. not significant, CS: CellSearch™; BCSS: breast cancer-specific survival, DFS:

disease-free sur- vival; OS: overall survival; MFS: metastasis-free survival
Conclusion

In conclusion, the presented results strongly confirm the inde-
pendent prognostic value of CTC enumeration in both early and
metastatic breast cancer patients. CTC evaluation might provide
further information that could be useful for individualizing breast
cancer treatment. However, CTC positivity and clinical relevance
of CTC detection vary between breast cancer subtypes.
Interestingly, metastatic patients with HR+/HER2- tumors are
most likely to present with CTCs in peripheral blood; the prog-
nostic relevance of CTCs in this subtype seems to be the
highest. In HER2-positive and triple-negative disease, data on
prognostic significance of CTCs are inconclusive. Possibly, the
role of CTC enumeration is strongly influenced by previous
targeted treatment. From this point of view, current and future
trials with therapies targeting specific CTC phenotypes and
genotypes might have an impact on prognosis in patients with
metastatic breast cancer, ongoing European and German
clinical trials, such as TREAT CTC and DETECT Ill, may thus
substantially improve our understanding of HER2-negative
metastatic disease.
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4 FINDINGS AND FUTURE DIRECTIONS
4 Findings and future directions

The presence of CTCs in the peripheral blood is associated with impaired clinical outcome
in both primary and metastatic breast cancer. Thus, intensive research on optimized CTC
enrichment, detection and characterization is the key to understand the biology of CTCs
and systemic cancer progression, and consequently might lead to the establishment of new
treatment options for breast cancer patients. The present work was conceived to shed more
light on the biology of CTCs with regard to an optimized “liquid biopsy” including efficient
CTC capturing and their molecular analysis: two workflows were established which could
be successfully implemented into patient sample analysis. One workflow allows for
improved EpCAM-independent enrichment and further characterization of CTCs with a
potential aggressive and metastases-inducing phenotype. The other workflow enables
analysis of CTCs on the genomic level to determine a potential treatment resistance

mechanism, i.e. activating PIK3CA hot spot mutations.
EpCAM-independent enrichment of CTCs

Findings: An immunomagnetic bead-based, highly flexible multi-marker assay enabling
capturing of EpCAM™? CTCs from breast cancer blood samples was established. By
targeting diverse cell surface antigens using antibodies against Trop2, CD49f, c-Met, CKS8,
CD44, ADAMS8, CD146, and hyaluronic acid, 29 blood fractions depleted for EpCAM-
positive cells from 25 patients were analyzed. In total, 95 potential EpCAM™? CTCs in 69%
of the samples were identified. Additionally, 1069 EpCAM"™¢ dual-positive cells
(CKPes/CD45P%%) in 28 out of 29 samples were detected. Using single-cell array-based
comparative genomic hybridization (aCGH) the malignant nature of EpCAM"™® CD44-
enriched cells has successfully been proven. Similar chromosomal aberrations suggest a
clonal relationship between EpCAMP** and EpCAM™¢ cells from the same patient, albeit
disparate aberrant chromosomal patterns (on chromosomes 5 and 8p) were apparent as

well.

Limitations: Cells that are missed by the EpCAM-positive selection through the CellSearch®
are per definition designated as ‘EpCAM-negative’. Thus, EpCAM-depleted samples still
might contain few EpCAMP®s or EpCAM°" cells. In addition, many different purification
schemes, i.e. different antibody-bead combinations, have been applied as a proof of
principle for this enrichment approach. Due to a high inter-patient variability and the
unpredictability of epitope/antigen expression levels in different blood samples, the
application of other markers/schemes might have attained completely different results.

Furthermore, since a cytokeratin staining - as only accepted proof for a CTC - was used to
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identify all recovered cells, CTCs with a fully developed mesenchymal phenotype might

have been missed by this approach.

Future work: Whether cells omitted by EpCAM-based enrichment are indeed EpCAM-
negative has yet to be provided, e.g. by immunofluorescence. While the clinical significance
and utility of EpCAMP°s CTCs is well-established, the relevance of EpCAM™? CTCs needs
more comprehensive investigation, and this also applies to EpCAM"™?¢ CKPos/CD45P°s
events. To identify distinct cell surface proteins that are associated with certain tumor
characteristics the patient cohort has to be further expanded with respect to sample number
and additional tumor subtypes. Moreover, the large variety of markers has to be narrowed
to a minimum of comparable purification schemes, e.g. by applying bead preparations in a
rather combined/mixed way, in order to finally determine an antibody cocktail which is
evidently recovering cells of malignant origin. To this end, further genomic analyses, e.g. by
aCGH and/or sequencing, of EpCAMPs and EpCAM"? CTC subpopulations are required to
clarify clonal relationship of these cells, as well as to shed light onto inter- and intra-patient

heterogeneity.
PIK3CA mutational analysis by SNaPshot

Findings: A methodology comprising CTC enrichment via CellSearch®, whole genome
amplification (WGA) and the SNaPshot assay (PCR amplification & multiplex primer
extension) was applied for the characterization of CTCs. The SNaPshot technology
represents a simple and inexpensive tool which enables the simultaneous analysis of
several single nucleotide polymorphisms (SNPs) within two exons of the PIK3CA gene in
CTCs of metastatic breast cancer patients. Overall, 57 CTC-positive blood samples from
44 patients were investigated. Therein, twelve hotspot mutations in either PIK3CA exon
9/E545K (6/12, 50%) or exon 20/H1047R (6/12, 50%) in 15.8% of the patient samples were
detected. Additionally, inter- and intra-patient heterogeneity could be observed. A 100%
concordance between SNaPshot results and sequencing was achieved. Further, it has been
demonstrated that the SNaPshot assay can detect PIK3CA mutations in single deposited

and assayed breast cancer cells (MCF7, T47D).

Limitations: In general, the application of the SNaPshot assay is limited to a small number
of known SNPs and does not allow the discovery of unknown mutations. Additionally, since
a diploid human single cell contains only approx. 6 picograms genomic DNA, whole
genomes were amplified prior to gene-specific PCR/SNaPshot: WGA might cause allelic
and amplification bias, polymerase errors, and consequently false findings. Mutational
analysis for patient samples was conducted with a pool of CTCs and not with single cells,

potentially leading to a loss of information related to intra-patient heterogeneity. Besides
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this, detection sensitivity of mutant alleles might be decreased due to contaminating

leukocytes which are co-enriched with the CellSearch® system.

Future work: PIK3CA SNaPshot analysis may be further used to characterize e.g. single
HER2-positive CTCs in patients that are resistant against HER2-targeted therapy regimens
using trastuzumab or lapatinib. Since specific PI3K inhibitors are available, rapid mutational
screening will be indispensable to stratify breast cancer patients for individual therapies.
Besides analyzing PIK3CA hotspot mutations, the assay can be adopted easily for other
therapeutically relevant targets such as ER, EGFR or PTEN, provided that hotspot
mutations are known. However, genotyping of individual CTCs will also be accomplished
by analyzing WGA products for a selected set of genes by panel sequencing (e.g. lon
AmpliSeq™ Cancer Hotspot Panel, Silicon Biosystems). Preliminary cooperation studies of
our laboratory could demonstrate the feasibility of panel sequencing for whole genome

amplified single cell templates including cell line and breast cancer CTCs.

Taken together, the herein presented work paves the way for a more thorough
understanding of CTC biology. It enables the targeted single cell isolation of EpCAM"e?
CTCs as well as their molecular characterization on DNA/RNA and protein level. Thereby,
it will help to feature answers to the urging question whether the presence of different CTC

subpopulations is reflected in the clinical outcome of metastatic breast cancer patients.
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5 Summary

Breast cancer is a systemic disease with primary tumors shedding tumor cells already at an
early stage into the blood circulation. The circulating tumor cells (CTCs) represent the
putative precursors of subsequent metastatic disease. A key to better understand systemic
cancer progression and to improve the effectiveness of systemic therapy might lie in a
holistic and comprehensive clarification of CTC biology. Thus, it is important to characterize
CTCs at various molecular levels (DNA/RNA/protein), whereby at first their specific and
efficient enrichment is needed. With regard to CTC enumeration, the EpCAM (Epithelial Cell
Adhesion Molecule)-based CellSearch® system has facilitated CTC research enormously.
During dissemination, however, CTCs might downregulate or completely lose their EpCAM
expression triggered by a process called epithelial-mesenchymal-transition (EMT).
Consequently, the question remains whether such non-epithelial-like CTCs are missed by
an EpCAM-dependent CTC enrichment approach. Especially these cells are supposed to
be more resistant against therapeutic agents and might represent the metastasis-relevant
CTC population. In order to get access to this EpCAM°""¢8 CTC subset, a novel EpCAM-
independent enrichment strategy analyzing blood from metastatic breast cancer patients
was established. By immunomagnetic bead-based multi-marker targeting of proteins
presented by tumor cells on their surface (e.g. Trop2, CD49f, c-Met, CK8, CD44, ADAMS,
CD146) 29 blood samples depleted for EpCAMP®* cells from 25 patients were examined. 95
potential EpCAM™9 CTCs in 69% of the samples were identified. Further, EpCAM"®9
cytokeratin (CK)/CD45-double positive cells could be traced in 28 out of 29 samples.
Genomic analysis confirmed the malignant origin of EpCAM™¢ cells captured with CD44
antibodies. In the future, further comparative analysis of EpCAM"™¢ CTCs and their

EpCAMPs counterparts will provide new insights into tumor cell heterogeneity.

Additionally, mutational analysis of CTCs might contribute to unravel intratumoral
heterogeneity and to select for resistant tumor cells under biological therapies. To this end,
simultaneous analysis for several activating single nucleotide polymorphisms within the
PIK3CA (Phosphatidylinositol-3-kinase, catalytic subunit alpha) gene in EpCAMP® CTCs
was conducted: 57 blood samples from 44 patients were investigated by a workflow
comprising the SNaPshot technology. Thereby, 12 mutations in exon 9 (E545K, 50%) and
exon 20 (H1047R, 50%) in 15.8% of the patient samples were identified. The detection of
mutations in single cells was successful as well. Mutational analysis in CTCs can be used
to study resistance to targeted therapies such as against HER2 or against other breast

cancer relevant targets.
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Taken together, the herein presented methods — suitable for investigating distinct EpCAMP®s
and EpCAM"®9 CTC subsets on the molecular level - represent valuable and promising tools
for improved breast cancer diagnostics, monitoring of treatment efficacy and will pave the

way for new findings in anti-cancer research.
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6 Zusammenfassung

Brustkrebs ist eine systemische Erkrankung, bei der sich bereits in einem friihen Stadium
Tumorzellen vom Primartumor absiedeln und in den Blutkreislauf gelangen. Diese
zirkulierenden Tumorzellen (CTCs) gelten als vermeintliche Vorlaufer fir eine nachfolgende
Metastasierung. Der Schlissel zu einem besseren Verstédndnis einer systemischen
Tumorprogression sowie zur Optimierung der Therapiewirksamkeit kénnte in einer
ganzheitlichen und umfassenden Aufklarung der CTC-Biologie liegen. Daher ist es wichtig,
CTCs auf verschiedenen molekularen Ebenen (DNA/RNA/Protein) zu charakterisieren,
wobei zunachst eine spezifische und effiziente Anreicherung erforderlich ist. Im Hinblick auf
die CTC-Anreicherung hat das EpCAM (Epithelial Cell Adhesion Molecule) basierte
CellSearch®-System die CTC-Forschung enorm vorangetrieben. Wahrend der
Tumorzelldisseminierung kénnen CTCs jedoch aufgrund der sogenannten Epithelial-
mesenchymalen-Transition (EMT) die Expression von EpCAM herunterregulieren oder gar
vollig verlieren. Daher bleiben CTCs mit geringer oder fehlender EpCAM Expression von
EpCAM abhangigen Anreicherungssystemen mdglicherweise unentdeckt. Gerade diese
Zellen koénnten jedoch gegenuber Therapeutika widerstandsfahiger und fir die
Metastasierung relevant sein. Um sich auch jene EpCAM-schwache/-negative Untergruppe
der CTCs zuganglich zu machen, wurde eine neuartige, EpCAM unabhangige
Anreicherungsstrategie entwickelt, mit der die Analyse von Blutproben aus Patientinnen mit
metastasiertem Brustkrebs mdglich ist. Mit Hilfe einer immunmagnetischen Bead-
Anreicherung und Antikdrpern gegen verschiedene Oberflachenmarker, z. B. gegen Trop2,
CDA49f, c-Met, CK8, CD44, ADAMS8, CD146, wurden 29 Blutproben, bei denen die EpCAM-
positiven Zellen zuvor entfernt wurden, von 25 Patientinnen untersucht. Dabei konnten 95
potenzielle CTCs in 69% der Proben identifiziert werden. In 28 der 29 Proben wurden
dariber hinaus EpCAM-negative, Cytokeratin (CK)-/CD45 doppelt positive Zellen
detektiert. Eine Genomanalyse lieferte den Nachweis Uber den malignen Ursprung von
EpCAM-negativen Zellen, die mit CD44-spezifischen Antikérpern isoliert worden waren. In
Zukunft wird man durch weitere vergleichende genomische Analysen der EpCAM-positiven
und EpCAM-negativen CTCs neue Erkenntnisse Uber die Tumorzell-Heterogenitat

gewinnen kdnnen.

Auch der Nachweis von Mutationen in CTCs kann dazu beitragen, die zellulare
Heterogenitat innerhalb eines Tumors zu entratseln und solche CTCs aufzusplren, die sich
resistent gegenuber biologischen Therapieverfahren zeigen. Zu diesem Zweck wurden
mehrere aktivierende Einzelnukleotid-Polymorphismen im PIK3CA (Phosphoinositid-3-

Kinasen, alpha Untereinheit)-Gen simultan fir EpCAM-positive CTCs analysiert. Dies
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konnte mit einem Arbeitsablauf, der die SNaPshot-Technologie beinhaltet, realisiert
werden: 57 Blutproben von 44 Patientinnen wurden untersucht, wobei 12 Mutationen in
Exon 9 (E545K, 50%) und Exon 20 (H1047R, 50%) in 15,8% aller Proben identifiziert
werden konnten. Der Mutationsnachweis in Einzelzellen war ebenfalls erfolgreich. Diese
Mutationsanalysen in CTCs erlauben es kiinftig, Resistenzen gegenlber zielgerichteten
Therapien, wie z. B. gegen HER2 oder andere fur Brustkrebs relevante Targets, zu

erforschen.

Zusammenfassend lasst sich festhalten, dass die hier dargestellten Methoden, die fir die
molekulare Untersuchung beider CTC-Untergruppen (EpCAM-positiv/-negativ) geeignet
sind, wertvolle und vielversprechende Ansatze hinsichtlich der Brustkrebsdiagnostik sowie
der Uberwachung der Therapiewirksamkeit reprasentieren und neue Wege in der

Krebsforschung ebnen werden.
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B Abbreviations

°C
a, B

H
aa

ab
aCGH
AJCC
ALDH1
APC
ASCO
BMBF
BRCA1/2
BSA
CAMs
CcC

CD
CDH1/2
CK

Col

Cs
CSF-1
CTC
DAPI
DCIS
DDFS
DNA
DOI
DTC
e.g.
E-/N-cadherin
ECM
EDC
EDTA
EGF(R)
EMT

Degree Celsius

alpha, beta

Mikro

Amino acid

Antibody

Array comparative genomic hybridization
American Joint Committee on Cancer
Aldehyde dehydrogenase 1
Allophycocyanin

American Society of Clinical Oncology
Bundesministerium fur Bildung und Forschung
Breast cancer 1/2, early onset

Bovine serum albumine

Cell adhesion molecules
CellCelector™

Cluster of differentiation

Cadherin 1/2

Cytokeratin

Collagen

CellSearch®

Colony stimulating factor 1

Circulating tumor cell

4' 6-diamidino-2-phenylindole

Ductal carcinoma in situ

Distant disease-free survival
Deoxyribonucleic acid

Digital object identifier

Disseminated tumor cell

exempli gratia

epithelial/neural cadherin

Extracellular matrix
Ethyl(dimethylaminopropyl) carbodiimide
Ethylenediaminetetraacetic acid
Epidermal growth factor (receptor)

Epithelial-mesenchymal transition
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EpCAM
EpEX/ICD
ER

et al.
FCS
FDA
FGF(R)R
FISH
FITC

FN1

g

HA
HER2
HGF

i.e.

ICC

IDC

ILC
kDa

Lam
m

M
MAGE-A3
MET
MMP
MUC1
n
neg/pos
NHS
PAI1
PARP
PBGD
PBS
PCR
PE

Epithelial Cell Adhesion Molecule
EpCAM extracellular domain/ intracellular domain
Estrogen receptor

et alii

Fetal calf serum

Food and Drug Administration
Fibroblast growth factor (receptor)
Fluorescence in situ hybridization
Fluorescein isothiocyanate
Fibronectin-1

Gram

Hyaluronic acid

Human epidermal growth factor receptor 2
Hepatocyte growth factor

id est

Immunocytochemistry

Invasive ductal carcinoma
Immunoglobulin G

Invasive lobular carcinoma

Kilo dalton

Liter

Laminin

Meter

Molar

Melanoma-associated antigen 3
Mesenchymal—epithelial transition
Matrix metalloproteinase

Mucin 1, cell surface associated
Nano

Negative/positive
N-hydroxysuccinimide
Plasminogen activator inhibitor-1
Poly (ADP-ribose) polymerase
Porphobilinogen deaminase
Phosphate buffered saline
Polymerase chain reactions

Phycoerythrin
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PFS
PI3K
PIK3CA
PR
RNA
RPMI
RT
RT-PCR
TGF-R
TNF
TNM
TRITC
us
VEGF
'S
WGA
ZEB1/2

Progression-free survival
Phosphatidylinositol-3-kinase
Phosphatidylinositol-3-kinase, catalytic subunit alpha
Progesterone receptor

Ribonucleic acid

Roswell Park Memorial Institute

Room temperature

Reverse transcription polymerase chain reaction
Transforming growth factor beta

Tumor necrosis factor

Tumor, node, metastasis
Tetramethylrhodamine

United States

Vascular endothelial growth factor

versus

Whole genome amplification

Zinc finger E-box-binding homeobox 1/2
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