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II Abstract 

Traditional tissue biopsies and classical imaging techniques (e.g. radiology) have dominated the field 

of cancer patient management and shaped our understanding of tumorigenesis, metastasis, 

treatment response, and therapy resistance. In recent years, the analysis of circulating tumor cells 

(CTCs) as a non-invasive liquid biopsy has gained momentum. CTC enumeration has become a 

valuable prognostic marker for patient survival as well as a surrogate biomarker to assess treatment 

response for multiple cancer entities. Molecular characterization of CTCs has furthermore 

broadened our understanding of intra-tumor heterogeneity and its effect on treatment response 

and prognosis. Collectively, CTC research has opened a path towards real-time personalized 

medicine for cancer patients.  

A major hurdle of CTC research is the rarity with which these cells can be found in the 

bloodstream. Improving CTC enumeration and detection therefore remain of paramount 

importance in the field. In this thesis, extensive efforts were made towards optimization and 

analytical validation of a promising label-independent CTC enrichment approach. CTC capture was 

increased 4.7-fold as demonstrated by direct comparison in paired breast cancer patient samples. 

Overall, two separate robust protocols allowing for the capture of un-fixed (EDTA) or preserved 

(TransFix®) single CTCs and CTC clusters were developed and their proficiency was corroborated 

on a mixed cancer patient collective. Also, compatibility with standard downstream molecular 

analysis and semi-automated sample evaluation were demonstrated. In a separate step, this 

enrichment technology was paired with a novel, innovative microfluidic device which immobilizes 

inoculated CTC populations within a microfluidic chamber. Near full CTC capture efficiency was 

achieved following improvement of the chip design. Also high retained cell viability (>90%) and 

compatibility with downstream molecular analysis approaches was shown. Finally, in an effort to 

assess intra- and inter-technology performance, multiple CTC enrichment platforms were compared 

across internationally renowned partner laboratories. Both label-dependent and label-independent 

technologies were assessed using well characterized EpCAM low and EpCAM high lung cancer cell 

lines. Vast differences in capture efficiency as well as performance variability were shown for the five 

different enrichment technologies tested, underlining the relevance of this multi-center technical 

benchmarking. The established international platform to assess technical validity will remain in 

operation via the European Liquid Biopsy Society (ELBS) consortium. 
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The formation of distant metastasis marks the transition from localized to systemic disease 

for cancer patients and is accompanied by a significant decrease in patient survival. Despite 

substantial advances in the field of cancer research, the underlying mechanisms of blood-borne 

dissemination remain largely unknown. Circulating tumor cells (CTC), and especially functional CTC 

models, hold the potential to provide insight into the fundamental requirements of tumor cells 

within the process of haematogeneous spread. In this thesis, we describe the establishment and in-

depth molecular and functional characterization of an estrogen-receptor positive (ER+) CTC-derived 

permanent cell line (CTC-ITB-01). CTC-ITB-01 was isolated from a metastatic ER+ breast cancer 

patient following the development of resistance towards endocrine therapy. High genetic 

concordance was demonstrated between the established cell line and the original CTCs present at 

time point of blood draw, strongly indicating CTC-ITB-01’s descent of from a subpopulations of 

these tumor cells. The CTC cell line was classified as epithelial-like and expresses stem cell markers 

such as ALDH1 and NUMB. In line with this, CTC-ITB-01 displayed tumorigenic and metastatic 

capacities in mice and adequately mirrored the metastatic tropism of ER+ breast cancer patients. 

Overall, CTC-ITB-01 represents a valuable new model to study CTC biology and allow for testing of 

drug efficacy in ER+ breast cancer.  

As a form of surrogate material for tumor tissue, CTCs can reflect the emergence of tumor 

cell clones resistant to specific drugs and support the identification of innate or acquired resistance. 

The timely detection and optimal management of such therapy resistance may save valuable time 

for the patient and stratify them for alternative therapeutic branches. In this thesis, two assays were 

developed to detect ARV7, an established biomarker for resistance towards secondary hormone 

therapy in prostate cancer. Both assays were thoroughly technically validated and demonstrated 

clinical feasibility with prostate cancer patient samples. (a) A highly sensitive and specific qPCR assay 

based on the only FDA-approved technology for enrichment of prostate cancer CTCs was 

developed for detection of ARV7 and keratin-19 mRNA. This assay showed sensitivity down to a 

single ARV7-positive cell even after 24h of sample storage and high level of robustness for samples 

containing ≥5 CTCs. (b) In situ detection of ARV7, PSA and AR-FL transcripts, combined with 

immunocytochemical staining of pan-keratin and CD45 protein levels provided valuable insight into 

inter-, and intra-patient heterogeneity of ARV7 and keratin expression in prostate cancer patient 

CTCs. Absolute quantification of ARV7 expression was possible while cellular integrity is maintained. 

This approach is combinable with various CTC enrichment platforms. Label-independent CTC 

enrichment resulted in the identification of keratin-low ARV7+ CTC populations that probably has 
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undergone an epithelial-mesenchymal transition and would have surely been missed by label-

dependent technologies. In summary, this thesis provides valuable tools and novel insights into CTC 

biology to answer pressing questions on the clinical and biological relevance of ARV7+, as well as 

keratin-low, CTC subpopulations in prostate cancer. 
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III Zusammenfassung 

Klassische Gewebsbiopsien und bildgebende Verfahren (z.B. Radiologie) haben die Behandlung von 

Krebspatienten, sowie unser Verständnis der Karzinogenese, Metastasierung, des Ansprechens auf 

sowie der Resistenz gegenüber Therapeutika maßgeblich bestimmt. Innerhalb der letzten Jahre hat 

die Untersuchung zirkulierender Tumorzellen (CTCs) als Form der nicht-invasiven Flüssigbiopsie 

zunehmend wissenschaftliches und klinisches Interesse geweckt. Die Enumeration zirkulierender 

Tumorzellen ist ein wertvoller prognostischer Marker für das Überleben von Krebspatienten, sowie 

ein Surrogatmarker für das Therapieansprechen in mehreren Krebsentitäten. Die molekulare 

Charakterisierung von CTCs hat unser Verständnis der intra-Tumor Heterogenität und deren Einfluss 

auf Therapieansprechen und Prognose zudem entscheidend erweitert. Die Forschung an CTCs 

eröffnet einen Weg in Richtung personalisierter Medizin für Krebspatienten. 

Eines der größten Hindernisse der CTC-Analyse ist die Seltenheit mit der diese Zellen in der 

Blutbahn vorliegen. Die Anzahl detektierbarer CTCs zu maximieren stellt daher weiterhin ein höchst 

relevantes Ziel dieses Forschungsfeldes dar. Innerhalb dieser Arbeit wurden weitreichende 

Anstrengungen unternommen um ein vielversprechendes, größenbasiertes CTC Anreicherungs-

verfahren zu optimieren und analytisch zu validieren. Die Anzahl detektierter CTCs konnte 

erfolgreich um das 4,7-fache erhöht werden. Dies wurde im direkten Vergleich gepaarter 

Patientenproben metastatischer Brustkrebspatientinnen nachgewiesen. Es wurden zudem zwei 

robuste Protokolle entwickelt, welche die Detektion unfixierter (EDTA) sowie fixierter (TransFix®) 

Einzelzellen und sogenannter CTC-Cluster (CTC-Gruppen/Aggregate) ermöglichen. Die 

Leistungsfähigkeit dieser Protokolle wurde anhand einer gemischten Krebspatientenkohorte 

bestätigt. Des Weiteren wurde die Vereinbarkeit der entwickelten Protokolle mit gängigen 

molekularen Analyseverfahren, sowie mit einem semi-automatisierten Nachweisverfahren 

demonstriert. In einem weiteren Schritt wurde die untersuchte Anreicherungsmethode mit einem 

neuen, innovativen mikrofluidischen System verbunden, welches markierte CTC Populationen 

innerhalb einer mikrofluidischen Kammer immobilisiert. Durch Anpassung der Chip Struktur konnte 

eine fast vollständige CTC Anreicherungseffizient erreicht werden. Die angereicherten CTCs zeigten 

darüberhinaus einen hohen Anteil an Viabilität (>90%) und waren molekularen Analyseverfahren 

zugänglich. Um die intra- und inter-technologischen Abweichungen in der Leistungsfähigkeit 

ausgewählter CTC Anreicherungsverfahren zu prüfen, wurden in einem letzten Schritt internationale 

Ringstudien aufgesetzt. Fünf unterschiedliche Anreicherungsverfahren wurden in unterschiedlichen 
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renomierten Laboren verglichen und auf die Effizient Ihrer Anreicherung EpCAMniedriger und 

EpCAMhoher Tumorzellinien geprüft. Die Studie wies große Unterschiede in der 

Anreicherungseffizient und Messungsvariabilität der untersuchten Methoden auf, welches die 

Relevanz  multizentrischer technischer Vergleichsstudien unterstreicht. Die in dieser Studie etablierte 

internationale Plattform zur Beurteilung technischer Validität wird ihre Aktivität über das gegründete 

European Liquid Biopsy Society (ELBS) Konsortium weiterführen. 

Die Bildung von Fernmetastasen markiert den Übergang einer lokalen zu einer systemischen 

Krebserkrankung und wird von einem entschiedenden Abfall der Überlebenswahrscheinlichkeit 

begleitet. Trotz substanziellem Fortschritt im Bereich der Krebsforschung sind die 

zugrundeliegenden Mechanismen der Dissemination von Tumorzellen immer noch weitestgehend 

unbekannt. CTCs und funktionelle CTC-Modelle im speziellen, haben das Potential weitreichende 

Einblicke in die grundlegenden Bedingungen und Voraussetzungen der blutbasierten Streuung zu 

ermöglichen. In dieser Arbeit wird die Etablierung und weitreichende molekulare sowie funktionelle 

Charakterisierung einer neuen, permanenten Estrogenrezeptor-positiven (ER+) CTC Zelllinie (CTC-

ITB-01) beschrieben. CTC-ITB-01 wurde aus der Blutprobe einer ER+, metastatischen 

Brustkrebspatientin gewonnen. Die hohe genetische Übereinstimmung zwischen CTC-ITB-01 und 

den zur Zeit der Blutentnahme vorliegenden CTCs der Patientin, weisen stark auf eine Abstammung 

der CTC-Zelllinie von einer Subpopulation dieser CTCs hin. CTC-ITB-01 vereint primär epitheliale 

Protein- und mRNA- Expressionsmuster mit der Expression von Krebsstammzell-assoziierten 

Proteinen, wie ALDH1 und NUMB. Die kanzerogene und metastatische Kapazität der CTC-Zellllinie 

wurde in Mausexperimenten bestätigt. Im Mausmodell zeigte sich ebenfalls, dass CTC-ITB-01 den 

metastatischen Tropismus ER positiven Brustkrebses wiederspiegelt und zur Effizienztestung neuer 

Therapeutika herangezogen werden könnte. Zusammenfassend stellt CTC-ITB-01 ein wertvolles 

funktionelles Model zur Untersuchung der biologischen Charakteristika zirkulierender Tumorzellen 

dar. 

Als Surrogat für Tumorgewebe können CTCs das Aufkommen resistenter Tumorzellklone 

sowie die Existenz innerter oder erworbener Resistenz gegenüber spezifischer Therapeutika 

anzeigen. Die zeitnahe Identifikation einer Therapieresistenz und die darauf angepasste Behandlung 

des Patienten kann entscheidend für den Verlauf der Erkrankung werden. In dieser Arbeit wurden 

zwei Methoden entwickelt um die Transkription von ARV7 (Androgenrezeptor Splice-Variante 7), 

einem etablierten Biomarker für Resistenz gegenüber sekundärer Hormontherapie im 

Prostatakarzinom, nachzuweisen. Beide Methoden wurden umfassend technisch validiert und auf 
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Ihre Übertragbarkeit auf klinische Patientenproben hin untersucht. (a) Basierend auf der CTC 

Anreicherung mittles des einzigen von der Amerikanischen Food and Drug Association (FDA) für 

das Prostatakarzinom zugelassenen Technologie (CellSearch®), wurde ein hochsensitiver qPCR 

Ansatz entwickelt um ARV7 und keratin-19 mRNA in CTCs zu detektieren. Mittels dieser Methode 

konnten ARV7 Transkripte aus einer einzelnen CTC, selbst nach 24 Stunden der Probenlagerung, 

nachgewiesen werden. Bei Blutproben mit ≥5 CTCs war ARV7 höchst robust und zuverlässig 

detektierbar. (b) Der in-situ Nachweis von ARV7, PSA, und AR-FL (vollständiger Androgenrezeptor) 

Transkripten, kombiniert mit der immunozytochemischen Färbung von Keratinen und CD45, 

ermöglicht wertvolle Einblicke in die Heterogenität der ARV7- und Keratin-expression innerhalb und 

zwischen Prostatakarzinompatienten. Die Methode erlaubt darüber hinaus eine absolute 

Quantifizierung von ARV7 Transkripten bei geichzeitiger Bewahrung der zellulären Integrität. Diese 

Nachweismethode ist mit einem breiten Spektrum an CTC Anreicherungsverfahren kombinierbar. 

Die größenabhängige CTC Anreicherung identifizierte eine ARV7-positive CTC Subpopulation mit 

niedriger Keratin Expression, welche höchstwahrscheinlich von anderen Marker-abhängigen 

Technologien nicht detektiert worden wäre. Zusammenfassend stellt diese Arbeit daher wertvolle 

Methoden, sowie neue Erkenntnisse der CTC Biologie,  zur Verfügungum um offene Fragen 

hinsichtlich der biologischen und klinischen Relevanz von ARV7+ und Keratinniedrigen CTC 

Subpopulationen im Prostatakarzinom zu beantworten. 
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1. Introduction 

1.1. Cancer 

Cancer remains the second leading cause of death worldwide with 9.56 million cancer-related 

deaths being reported in 2017 [1]. Cancer is a blanket term for a plethora of diseases caused by 

abnormal and uncontrolled cell division. These neoplasms may derive from practically any bodily 

cell type and are classified according to their cell of origin. Malignant solid tumors stemming from 

epithelial cells, so called carcinomas, represent the majority of diagnosed cancers and are 

responsible for most cancer-related deaths [2]. The most common carcinoma entities worldwide 

are breast and lung cancer, followed colorectal and prostate cancer [2]. 

The underlying mechanisms causing deregulation of the cell cycle machinery and 

uncontrolled proliferation within a specific tissue vary across tumor types. While age represents a 

universal risk factor for most cancers, other causes such as radiation, viruses, hereditary genetic 

background and lifestyle choices (smoking, alcohol consumption, obesity, etc.) are associated at 

higher levels with specific tumor entities [3]. Apart from differences in cancer causes, tumor cell 

morphology, underlying molecular mechanisms, drivers of tumor progression, as well as efficient 

treatment regiments may vary drastically between cancer entities [4]. Six biological capabilities, the 

so called “hallmarks of cancer” have been postulated to be critical in the development of human 

tumors. These comprise of sustaining proliferative signaling, evading growth suppression, resisting 

cell death, enabling replicative immortality, inducing angiogenesis, and activating invasion and 

metastasis [5]. As soon as a tumor has formed, reliable and early diagnosis is crucial to improve 

patient survival [6]. Early on in the disease, curative therapy approaches may remain available. These 

treatments aim at reducing tumor mass or eradicating the malignant tissue entirely. Curative therapy 

options include surgical tumor tissue removal, radiation, targeted monoclonal antibodies, and 

chemotherapy. The importance of early cancer detection is underscored by the fact that 90% of 

cancer related deaths are caused by the formation of distant metastases and not by growth of the 

primary tumor [7]. Therapeutic options in late disease stages are frequently ineffective, merely 

prolonging life instead of enabling complete recovery. Despite ongoing attempts at improving 

therapy, patients diagnosed in the metastatic setting show significantly lower survival rates across 

most cancer entities [8-11].  
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1.1.1. Breast Cancer 

Breast cancer (BC) remains the most common cancer type in women. More than 530.000 new BC 

patients were diagnosed in Europe alone in 2020 [2]. For about 141.000 women the disease had a 

lethal outcome in the same year [2]. While breast cancer incidence has increased over the last 

decades, mortality has overall slightly declined across Europe, most likely due to improved screening 

techniques and novel treatment regiments [12-14]. A multitude of risk factors for the development 

of BC have been identified, the most prominent including age, family history of breast cancer, 

socioeconomic factors, genetic predisposition (e.g. BRCA1 and BRCA2 mutations), 

hormonal/reproductive events (menarche, pregnancy, breastfeeding, menopause), but also life style 

choices (obesity, alcohol consumption, physical activity, etc.) [15].  

 Breast cancer screening has become common practice in Western Europe and the United 

States. Women routinely undergo physical breast examinations during their yearly visit with their 

gynecologist and are encouraged by clinicians to perform regular self-examination of the breast 

and surrounding lymph nodes in order to seek medical attention if a suspicious lump becomes 

palpable. In addition, bi-annual or annual mammography is performed in women above the age of 

50 (and even younger if risk factors are known). While other methods such as magnetic resonance 

imaging (MRI) and ultrasound of the breast prove useful in disease staging and management, 

mammography is the current gold standard for breast imaging. The benefit of mammography 

screening, especially in lower age groups (between 40-49 years of age), has been controversially 

debated [16, 17]. However, it represents one of the most important advances in the early detection 

of non-palpable tumor masses and remains the mainstay of BC detection [18].  

BC is classified according to the Union Internationale Contre le Cancer (UICC) guidelines 

into stages 0-IV based on TNM (Tumor, Node, Metastasis) criteria [18, 19]. The malignant nature of 

an identified lesion is usually confirmed via tissue biopsy (punch biopsy). The latter provides valuable 

additional information on morphological classification, histological grade and molecular subtype of 

the tumor [18]. All three are important prognostic and predictive factors for therapeutic choices [18, 

20, 21].  BC is a biologically heterogeneous disease and its distinct molecular subtypes (Luminal A, 

Luminal B, HER2-positive, Basal-like and Claudin-low) show significant differences in their incidence, 

responsiveness to therapy, risk factors and prognosis [18, 22-24]. Molecular subtyping is most 

frequently performed by surrogate markers in histopathology although analysis of gene expression 

signatures (e.g. PAM50 classifier) remain more detailed [18]. The pathological classification is based 
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on immunohistochemical (IHC) staining of 4 relevant target proteins, the estrogen receptor (ER), 

progesterone receptor (PR), amplification of human-epithelial-growth-factor-receptor 2 

(HER2/ERBB2), and Ki-67 as a marker of cell proliferation. The approximated frequency and 

identifiers of the 4 major subtypes are summarized in Table 1 below. 

Table 1: Molecular subtypes as defined by histopathology [20, 24] 

Molecular 

Subtype 
Frequency Receptor Status Ki67 

Additional 

markers 
Prognosis 

Luminal A 50-60% 
HR+(ER+/- and/or 

PR+/-) & ERBB2- 
low 

K8/18+ 
Good 

Luminal B 15-20% 
HR+(ER+/- and/or 

PR+/-) & ERBB2+/- 
high 

K8/18+ 
Intermediate 

ERBB2 positive 10-15% 
HR- (ER- and PR-) 

/ERBB2+ 
high 

TP53 mutation 

common 
Intermediate 

Triple-negative 15-20% 
HR- (ER- and PR-) 

/ERBB2- 
high 

K5/6+  

EGFR+ 
Poor 

 

In conclusion, BC is clinically and biologically heterogeneous and the benefit of specific 

therapeutic options may vary according to a multitude of factors including the molecular subtype 

of the tumor and the disease stage [18, 25]. While molecular analysis into BC biology have generated 

a vast wealth of knowledge and thus advanced the understanding of this tumor entity, novel insights 

as well as refinements to current paradigms are constantly being added.  

 

1.1.2. Prostate Cancer 

In Europe, prostate cancer (PC) is the most common cancer type in men with over 470,000 new 

cases diagnosed in 2020 [26]. In the same year, PC accounted for approximately 108,000 deaths in 

Europe alone [26]. While the etiology of PC remains somewhat inconclusive, well established risk 

factors such as age, ethnicity and family history of the disease have been identified [27, 28]. 

In contrast to other cancer types, PC screening has become accessible to, and well accepted 

by large parts of the European public. This ensures that the vast majority of patients are diagnosed 

at early disease stages, resulting in high survival rates [29]. The most frequently used biomarker to 
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detect and monitor PC is prostate specific antigen (PSA), a protein secreted by the epithelial cells of 

the prostate gland. PSA is measured in blood serum and is often elevated in the presence of PC, 

but also in the presence of other conditions such as prostatitis or benign prostatic hyperplasia. 

Broadly speaking, serum PSA levels above 4.0 ng/ml are considered elevated. However, due to the 

unspecific nature of this screening approach, initial results need to be confirmed by additional 

sequential tests [30]. When indicated, tissue biopsy is performed to determine whether PC is in fact 

the cause of the elevated PSA levels. Transrectal ultrasound guided prostate (TRUS) biopsy is 

currently the most commonly applied biopsy procedure, although transperineal biopsy has 

demonstrated higher detection rates of clinically significant PC with fewer adverse effects [31]. PC is 

a multifocal disease, about 80% of prostate cancers contain >1 disease focus [32]. To increase 

chances of detecting the tumor(s), multiple biopsy cores (average of 12-14) are taken during TRUS 

using a fine needle. These tissue samples are subsequently analyzed and staged/graded by a 

pathologist. Apart from the UICCs staging according to TNM criteria, PC is also assigned a Gleason 

grade (6-10) (Table 2). Both parameters together describe the growth, spread and location of the 

tumor and are combined with PSA values to help determine optimal therapy regiments [30].   

Table 2: Meaning of the Gleason grade. The Gleason score is determined by pathologists according to 

the sum of the two most common patterns of cell growth determined across multiple tissue biopsies 

[33, 34]. 

Gleason score Grade Group Meaning 

6 (3+3) 1 
Tumor cells show similar morphology to regular prostate cells. The 

tumor is likely to show slow growth, if any. 

7 (3+4) 2 
Tumor cells still appear well differentiated. The cancer will most likely 

grow slowly. 

7 (4+3) 3 
Cancer cells are moderately differentiated, resulting in moderate 

outgrowth. 

8 (4+4) 4 
Tumor cells display increasing de-differentiation. The morphology is 

abnormal. The tumor may grow at a moderate or high pace. 

9 or 10 (4+5, 

5+4, or 5+5) 
5 

The vast majority of cells are highly de-differentiated, resulting in 

abnormal morphology. The tumor is most likely to grow at a rapid 

pace. 
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In most cases PC represents a relatively slow progressing cancer. Therefore, while incidence 

is high, many cases of PC remain subclinical and are managed by active surveillance, requiring no 

further medical intervention. In fact, the indolent disease course combined with the low specificity 

of PSA as a biomarker has raised concerns of over diagnosing and over treating this cancer type 

[35]. The European clinical practice guidelines for PC therefore discourage testing for prostate 

cancer in asymptomatic men above the age of 70 years [30]. When diagnosed in a localized stage, 

treatment options for localized PC (LPC) are plentiful and consist of active surveillance, 

brachytherapy, radical prostatectomy, radiotherapy and neoadjuvant androgen deprivation therapy 

(ADT) [30]. While these curative approaches are successful in containing the disease for the majority 

of LPC cases, a subset of patients develop aggressive PC subtypes that defy current therapeutic 

options. Survival rates for this patient cohort decrease significantly from 99% to around 30% [29]. 

In the metastatic setting, the defining factor for the choice of therapy remains tumor responsiveness 

to hormones, primarily androgen-dependency. In hormone naïve metastatic prostate cancer (mPC), 

ADT is either initiated or continued [30]. Androgen-independent tumor growth is termed castration-

resistant prostate cancer (CRPC) and represents the aggressive final mPC stage. The treatment 

landscape for CRPC has significantly broadened in the last decade and includes chemotherapy (e.g. 

docetaxel, cabazitaxel), as well as secondary hormone therapy (abiraterone, enzalutamide), 

monoclonal antibodies (denosumab), and immunotherapy (sipuleucel-T) as first and second line 

therapeutic options for these patients [30]. 

 

1.1.2.1. Prostate Cancer and the Androgen Axis 

Upon development, PC, similar to BC, is initially hormone dependent, meaning its growth and 

survival is dominated by androgens activating the androgen receptor (AR) [36]. The AR belongs to 

the steroid hormone group of nuclear transcription factors. In brief, AR ligands such as testosterone 

and 5α-dihydrotestosterone (DHT) enter the prostate cell and activate the AR in the cells cytoplasm. 

The AR subsequently translocates to the nucleus, dimerizes and binds to the DNAs androgen-

response-elements (AREs) where it initiates transcription of genes involved in differentiation, 

secretion (e.g. PSA), migration and survival [37-39]. Thus, as the main driver of tumor initiation and 

progression in PC, the AR represents the primary therapeutic target in management of high-risk 

LPC and advanced PC stages. 
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Androgen synthesis is governed by the hypothalamic-pituitary-testicular axis (Figure 1a). 

Therefore, first line androgen deprivation therapy (ADT) commonly involves chemical castration 

through gonatropin-releasing hormone (GnRH) agonists or antagonists [40]. While patients initially 

respond well to first line ADT, resulting in disease regression, it is generally not curative and a 

majority of patients acquire resistance and progress to lethal metastatic castration-resistant PC [41]. 

Originally, it was assumed that the AR-pathway plays a subordinate role in CRPC. For years 

chemotherapy (docetaxel) therefore represented the only approved treatment option for CRPC. 

However, studies have strongly indicated that the AR axis is reactivated in CRPC and that both 

residual androgens, as well as the AR itself remain crucial drivers even in this lethal disease stage 

[42-44]. These novel insights have led to the development of so called secondary hormone 

therapies for advanced PC. These agents (abiraterone, enzalutamide) target the AR-pathway and 

have significantly improved survival of CRPC patients [45-47]. While abiraterone inhibits androgen 

biosynthesis by blocking CYP17A1 in the testis and adrenal glands (Figure 1b), enzalutamide is a 

potent AR antagonist, inhibiting the AR ligand binding domain within the prostate (Figure 1c). 

Despite the initial effectiveness of these novel therapeutics, neither of them increase survival longer 

than a few months on average [45-49]. Inherent and acquired resistance to second generation 

hormone therapies remain a major clinical challenge and identifying mechanisms that allow restored 

AR signaling, AR bypass and complete AR independence are of critical importance. Currently, the 

resistance mechanism studied most in-depth in the realm of secondary hormone therapy is the 

expression of AR-splice variants, first and foremost the androgen-receptor splice variant 7 (ARV7). 

The expression of ARV7 mRNA and ARV7 protein in circulating tumor cells (CTCs) has been 

associated with resistance towards secondary hormone therapies [50, 51]. This splice variants lacks 

the ligand binding domain of the androgen receptor, thus conferring ligand-independent 

constitutional transcriptional activity [52, 53]. Through this absence of the ligand binding domain, it 

is assumed that ARV7 is no longer responsive to either enzalutamide (as the drug targets the ARs 

ligand binding domain) or abiraterone (as ligand levels are no longer of critical importance). 

Furthermore, ARV7 has been associated with the repression of known tumor suppressor genes in 

CRPC, providing additional insight into the functional role of ARV7 in disease recurrence [54]. 

Despite the described link between ARV7 expression and resistance, a multitude of open questions 

remain and further studies will be necessary to shed more light into the detailed functional role of 

ARV7, its relationship with the full-length AR, and the required level of ARV7 expression in PC.  
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Figure 1: Androgen signaling cascade and targets of secondary hormone therapy (taken from [42]). (A) 

Gonadotropin-releasing hormone (GnRH) and luteinizing hormone (LH) are released from the 

hypothalamus and pituitary gland respectively and induce testosterone secretion from the Leydig cells 

of the testis. This in turn affects the prostate. GnRH agonists or antagonists reduce LH production, 

resulting in a decline of serum testosterone to castrate levels. The androgens dehydroepiandrosterone 

sulfate (DHEA-S), DHEA, and androstenedione (AD) are produced and secreted by the adrenal glands, 

also influencing the prostate. (B) The enzyme CYP17A1 (cytochrome-P450 family 17 A polypeptide 1) 

executes two critical reactions (red and blue) within the de novo synthesis of adrenal androgens. Both 

are inhibited by abiraterone. The dashed arrow indicates a weak effect. (C) Within the prostate, incoming 

androgens are converted to dihydrotestosterone (DHT), which binds to the androgen receptor (AR), thus 

initiating translocation to the nucleus, homodimerization, and subsequent binding to AR-response 

elements of the DNA. Together with co-activators (CoA), and RNA-polymerase II (RNA Pol II) this leads 

to activation or repression of AR-target genes. Enzalutamide inhibits AR activation by blocking the AR 

binding site. 
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1.2. Circulating Tumor Cells (CTCs) as Liquid Biopsy 

Cancer diagnosis, as well as cancer management (e.g. the choice of treatment) is most commonly 

determined by analysis of tissue biopsies combined with certain imaging technologies (e.g. CT, MRI 

or PET scan). The bulk of current knowledge on cancer development, therapeutic targets and 

mechanisms of resistance towards therapy has been derived from clinical tumor tissue samples and 

through animal models. Unfortunately, invasive tissue biopsies can be associated with adverse 

effects for the patient and are therefore not sequentially repeated during disease progression or 

treatment course in routine clinical practice [55]. This limits their capacity to provide real-time 

information on the ever changing landscape of tumor evolution and tumor heterogeneity within 

the patient. Furthermore, selected tumor entities do not lend themselves well to traditional biopsy 

procedures (e.g. brain tumors), thus preventing more detailed insight into the development of these 

cancers.  

Luckily, other unique sources of tumor material exist. Solid tumors of epithelial origin 

(carcinomas) actively and/or passively shed tumor cells from the main tumor mass into the 

bloodstream. These so called circulating tumor cells (CTCs) can stem from the primary tumor and/or 

existing metastatic sites [56]. While it is difficult to determine the exact amount of CTCs in the blood 

at any given time, mathematical models based on animal studies indicate that for each Gramm of 

detectable tumor mass, millions of CTCs enter the circulation on a daily basis [57, 58]. This CTC shed 

appears to be continuous and independent of circadian rhythm [59]. The approach of utilizing CTCs 

to answer urgent questions in clinical patient care in form of a “liquid biopsy” was coined in 2010 

[60]. Since then the term of liquid biopsy has been extended to include the analysis of circulating 

nucleic acids (e.g. ctDNA, miRNA), extracellular vesicles (e.g. exosomes), and others (e.g. platelets) 

in blood or other bodily fluids such as cerebral spinal fluid (CSF) or urine [61-63]. Blood based liquid 

biopsies possess unique advantages over traditional biopsy procedures. They are accessible through 

a minimally invasive standard blood draw which allows for repeated sampling. Additionally, liquid 

biopsies are not limited to the site of tissue removal. They can therefore encompass cells originating 

from the primary tumor but also from existing metastases and thus provide a more holistic view of 

the disease status as well as tumor heterogeneity [64]. While CTC-analysis does not aspire to 

completely replace tissue biopsy, it has enormous potential to provide valuable and multifaceted 

additional information for the clinical management of cancer and personalized cancer care (Figure 

2). 
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Figure 2: Potential contributions of CTC analyisis towards personalized cancer care.  

 

1.2.1. Biology of CTCs in Cancer Metastasis  

A localized, primary tumor that has not ruptured the structural barriers of its surrounding tissue or 

invaded the adjacent blood or lymphatic system is called carcinoma in situ (CIS). The formation of 

metastatic lesions represents the defining step in the transition from localized towards systemic 

disease and is associated with a sharp decline of overall survival for most cancer patients [11]. 

Originally, it was assumed that tumor cell spread throughout the body was associated with late 

disease stages. In recent years this paradigm has shifted, as experimental and clinical observations 

increasingly indicate that tumor cells can detach from the tumor mass as early as primary tumor 

formation [65-68]. While locoregional spread most commonly occurs via the lymphatic system to 

the nearest lymph nodes [69], colonialization of distant tissues is primarily driven by hematogenous 

dissemination [70, 71]. Detecting and analyzing the cells in circulation at early disease stages could 

therefore provide an important strategy to monitor and ideally prevent the formation of overt 

metastasis.  
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In healthy physiological tissues and solid tumors, cells are closely attached to one another 

(cell-cell adhesion) and the surrounding extracellular matrix (ECM). This connection is driven by 

adhesion molecules such as integrins, cadherins (e.g. E-cadherin) and the epithelial cell adhesion 

molecule (EpCAM). The morphological result is a cobble stone-like appearance of the tissue. Cellular 

disaggregation and transition from an immobile to a mobile state is complex and involves a 

multitude of structural changes. While the mechanisms underlying the acquisition of motility are still 

not fully understood, a leading hypothesis postulates that tumor cells are required to undergo 

epithelial to mesenchymal transition (EMT) to gain invasive capacity [72, 73]. EMT is an essential and 

highly coordinated physiological program that is activated during embryogenesis and wound 

healing [72]. Briefly, during EMT epithelial cells de-differentiate, reverting to a more mesenchymal, 

highly plastic phenotype. In carcinomas, EMT is triggered by a plethora of different signals stemming 

mostly from the surrounding tumor stroma [74-76]. The tumor microenvironment directly impacts 

selected signaling cascades of the tumor cells such as the Wnt, TGFβ and Notch pathways, amongst 

others [75, 77]. Additionally, a host of growth factors, cytokines, and inflammatory signals has been 

associated with initiating the EMT program [77, 78]. The expression of specific EMT-associated 

transcription factors (TFs) such as SNAIL, TWIST, ZEB and SLUG as well as other epigenetic and post-

transcriptional regulators subsequently drives EMT [75, 79, 80]. In combination, these factors initiate 

the downregulation of epithelial adhesion molecules (e.g. EpCAM and E-Cadherin), the 

upregulation of mesenchymal markers (e.g. N-Cadherin and Vimentin), and the reorganization of 

the cytoskeleton, thus modifying shape and deformability of the cell. The latter is achieved through 

a shift in keratin expression resulting in a loss of cellular polarity. In addition, increased secretion of 

proteolytic enzymes such as matrix metalloproteases (MMPs), result in the degradation of the ECM 

and further facilitate invasiveness [81, 82]. Gaining motility and detaching from the surrounding 

tissue represents the first step of the metastatic cascade. Usually, the loss of cell-cell or cell-ECM 

connectivity results in a specialized form of cell death termed anoikis [83]. This regulatory response 

to anchorage-independent growth stimuli is essential in multicellular organisms and guarantees 

tissue homeostasis. Overcoming anoikis is therefore one of the hallmarks of metastasis formation 

[84]. 

Once tumor cells have gained motility, they need to traverse the surrounding tissue and 

endothelium to infiltrate the bloodstream in order to spread. This process can be actively mediated 

by invadopodia and macrophage-dependent transendothelial migration [85].  It can also take place 

passively, through permeable vasculature resulting from hasty angiogenesis in rapidly growing 
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tumors [86]. In this setting, the growing tumor mass presses through endothelial gaps into the 

bloodstream. There, tumor cells are “ripped” from the bulk of the tumor by shear forces and the 

velocity of the blood flow. Independent of whether CTCs enter the blood actively or passively, the 

environment within the vasculature is harsh. While the tumor microenvironment (TME) is frequently 

immunosuppressed [87, 88], CTCs in the bloodstream are subject to attack from the immune 

system. Additionally, biomechanical aspects such as hemodynamic shear forces, collision with blood 

cells, and constrains of the vessel architecture negatively impact CTC survival [89, 90]. This is 

reflected by a short half-life of CTCs within the bloodstream of around 1-2.5 hours [91] as well as 

the high frequency of fragmented or apoptotic CTCs found in the blood [92]. One mechanism by 

which CTCs attempt to circumvent these adverse effects involves the recruitment of platelets [93-

95]. Mouse models have shown that platelet-induced mechanical protection and shielding from 

natural killer cell mediated lysis within the bloodstream significantly promotes metastatic proficiency 

[96]. Furthermore platelets induce pro-survival genes inhibiting apoptosis and anoikis [97].  

To exit from the vasculature and enter into the surrounding tissue at a distant site, it is crucial 

for CTCs to first attach to the endothelium. Favorable blood flow profiles are required to allow for 

successful arrest and extravasation [98]. Additionally, platelets have been implicated in facilitating 

the adhesion of CTCs to the vascular endothelium by generating a thrombus that allows CTCs to 

attach and spread at the vessel wall [93, 99]. Once the tumor cell has entered the surrounding tissue, 

it is believed to revert to a more epithelial state involving a program called mesenchymal to epithelial 

transition (MET) [56]. This assumption is supported by studies that demonstrate an inability of 

mesenchymal tumor cells to form solid metastasis [100]. Similarly to EMT, MET is a critical cellular 

program required at various stages of morphogenesis and organogenesis [101]. While mesenchymal 

and epithelial cells represent both ends of the phenotypic spectrum, recent research indicates, that 

they are not static cellular phenotypes [102]. Tumor cells can display high levels of phenotypic 

plasticity and are able to not only switch between both extremes but also to find balance in-between 

[72, 102, 103].   

Outgrowth represents the final step of the metastatic cascade. In order to establish a novel 

tumor lesion, tumor cells must survive in their novel microenvironment and, more importantly, retain 

the ability to proliferate. It is now well established that outgrowth can take place very quickly or 

slowly, depending on the tumor type. CTCs that have exited the blood flow and entered a novel 

niche, are called disseminated tumor cells (DTCs). DTCs are able to lie in a dormant state, arresting 

their cell cycle in G0/G1 phase for years, prior to initiating growth and developing into micro- or 
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macrometastasis [100, 104]. In fact, micrometastasis (DTC clusters) have been detected in up to 30% 

of bone marrow aspirates from primary BC patients at time of diagnosis [104]. However, in a 10 year 

follow-up, only 50% of these micro- develop into macrometastasis [104]. The factors triggering 

proliferation after dormancy remain poorly understood. However, multiple studies demonstrate that 

DTCs are able to cause tumor recurrence many years after primary diagnosis [104-107].  

 

1.2.2. CTC Enrichment and Detection 

The greatest obstacle when trying to analyze CTCs is their rarity compared to the high background 

of healthy blood cells within a standard blood sample. It is estimated that 1 CTC can be found within 

the backdrop of 108-109 normal blood cells [56, 108]. Enriching these rare cells to a ratio of 1 CTC in 

102-103  blood cells is technically challenging and requires highly sensitive and specific methods [56]. 

To this day, more than 50 different platforms and assays have been developed for this purpose [109, 

110]. These enrichment approaches can be classified into two groups, label-dependent and label-

independent enrichment, although a combination of both is also practicable. Label-dependent 

enrichment is primarily based on biological properties, while label-independent enrichment 

predominantly makes use of physical features of tumor cells as indicated in Figure 3 [109].  

 The majority of label-dependent enrichment technologies rely on protein-based detection 

of CTCs via specific antibodies, so called positive selection (Figure 3). Tumor cells are captured by 

antibodies against certain antigens on their cell surface. Antibodies are usually coupled with 

magnetic beads, allowing for separation along a magnetic field (e.g. CellSearch®, AdnaTest®, 

MACS®, Isoflux®), or bound to microchips leading to immobilization on a specific surface (e.g. 

CellCollector™, CTCapture chip) [56, 111]. The most wide-spread cell surface protein targeted in this 

context is EpCAM [112]. EpCAM-based positive selection is used in a multitude of different in vitro 

and in vivo enrichment approaches [56], including the current “gold-standard” of CTC detection, 

the CellSearch® system [113]. In addition to positive selection, label-dependent enrichment 

technologies also make use of negative selection (Figure 3), targeting leucocyte markers (e.g. CD45) 

and depleting the leucocyte background, leading to indirect CTC enrichment (e.g. MACS®, 

EasySep®). Some technologies combine both selection approaches (e.g. CTC-iChip) [114].  

While EpCAM-based positive selection is widely used and accepted, limitations to this 

approach exist. For one, EpCAM expression is specific for epithelial cells, not tumor cells. This 
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necessitates further validation steps to ensure the captured cells are in fact of tumor origin. 

Additionally, not all epithelial tumor cells express EpCAM at significant levels to ensure capture [115]. 

In fact, some tumor entities, such as non-small-cell lung cancer (NSCLC) and melanoma are known 

to express EpCAM at very low or non-detectable levels [116, 117]. Additionally, even tumors with 

traditionally high EpCAM expression can undergo EMT, downregulating their epithelial protein 

profile and evading detection [103]. Label-independent CTC enrichment technologies therefore 

base their assays on physical properties (Figure 3) such as cell size and/or rigidity (e.g. Parsortix®, 

VyCAP), cell density (Ficoll®), migratory capability (VitaAssay™), or centrifugal forces (ClearCell®) 

[56, 118]. In theory these technologies are more flexible as to the CTC populations they are able to 

enrich due to the fact that they do not focus solely on epithelial markers.  

In summary, which technology is best suited for CTC enrichment is highly dependent on the 

investigated cancer entity as well as the CTC subpopulation of interest. Unfortunately, to this day, 

none of the established assays (apart from the CellSearch® system) are standardized and clinically 

validated to a level that grants them approval by regulatory agencies. This significantly hampers 

their use in routine clinical practice, limiting them primarily to the research setting for the time being. 

Extensive collective efforts need to be undertaken by the CTC field to ensure that (a) researchers 

can rely on and directly access in depth information on device performance, and (b) CTC enrichment 

protocols are externally validated to ensure robustness and comparability. This will be necessary to 

enable researchers and clinicians alike to make informed decisions on enrichment technologies for 

their research project and allow for as un-biased and reliable results as possible.  
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Figure 3: CTC and ctDNA enrichment, detection, and potential downstream analysis (taken from [119]). 

A cancer patient’s blood draw can be separated into two main sample fractions. The plasma fraction 

contains circulating nuclear acids (ctDNA, ctRNA), while the cellular fraction contains circulating tumor 

cells (CTCs), peripheral blood mononuclear cells (PBMCs), immune cells, and circulating endothelial cells 

(CECs) amongst others. Isolated nuclear acids are mainly used for DNA analysis of mutations, 

translocations and deletions but also amplifications and epigenetic modifications (upper right square). 

CTCs within the cellular blood fraction can be further enriched to ensure higher purity and easier 

downstream analysis. Enrichment can be based on biological or physical CTC properties (lower left 

square). Subsequently, CTCs are detected by immunocytological, molecular or functional assays (lower 

middle square). CTC analysis can provide information on genomic, proteomic, and transcriptomic 

changes of the patient’s tumor cells. Additionally, functional studies via mouse models (xenografts) or 

CTC cell lines are possible (lower right square). 

 

1.2.3. CTC Identification and Characterization 

Depending on the technology used for CTC enrichment, different assays can be applied for 

subsequent identification and further characterization of the potential tumor cells isolated.  
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The most common identification approach is the visualization of protein expression by 

staining of the enriched cell fraction using labelled antibodies (Figure 3). This can either be done in 

liquid (Parsortix®, Flow-Cytometry, DEPArray®), bound to magnetic or microchip surfaces 

(CellSearch®, CellCollector™) or on glass slides (RareCyte®). Some devices such as the CellTracks 

Analyzer® and DEPArray® allow for semi-automated visualization of CTCs, giving the user an 

image gallery from which to confirm putative CTCs. However, the majority of stainings are still 

performed on traditional glass slides and manually checked via fluorescence microscopes or by 

microscope based analyzing systems (RareCyte®, CytoTrack™). A CTC is most commonly defined 

as an intact, round or oval cell of at least 4µm diameter containing a nucleus (DAPI+) that is EpCAM 

and/or keratin positive and negative for the leucocyte marker CD45. This firmly established CTC 

definition has been predominantly derived from studies using the highly standardized and validated 

CellSearch® system [120]. Pan-keratin antibodies are frequently applied for CTC identification. 

These antibody cocktails detect a multitude of epithelial keratins such as K8, K18, and K19. 

Furthermore, the exclusion panel can be extended to incorporate additional blood cell markers such 

as CD66b (granulocytes), CD68 (macrophages), and others, if required. Most devices (e.g. 

CellSearch®, DEPArray®) and fluorescence microscopes provide at least one additional 

fluorescence channel that can be filled with a freely chosen marker to further characterize the 

identified tumor cells [113]. It is often used to detect therapy relevant markers such as HER2, ER, 

PSMA, and AR or EMT-associated markers such as N-cadherin and vimentin [113, 121]. The latter 

allows for the detection of CTCs showing intermediate EMT phenotypes [102, 122]. 

Another approach to CTC identification and molecular characterization is genomic analysis 

(Figure 3). This can be performed on a single cell level or on pooled cell lysates. Methods such as 

fluorescence in situ hybridization (FISH) can identify genomic aberrations including amplifications 

and deletions, thus reliably identifying tumor cells on a single cell level. In parallel they provide 

therapy relevant information such as HER2 amplification in BC [123].  Multiplex PCR and qPCR based 

assays are also used to identify expression of certain tumor associated genes and/or mutations, 

confirming the tumor origin of the enriched cell fraction [50, 124-126]. These approaches are most 

commonly based on the analysis of pooled cell lysates and therefore do not allow for conclusions 

regarding tumor cell heterogeneity. However, elaborate workflows allowing single cell multiplex 

transcript analysis have been recently published [125]. Tumor associated markers that are often 

utilized to identify CTCs via PCR-based methods include EpCAM, K19, and HER2 [50, 125, 126]. 

Furthermore, stem cell markers such as ALDH1 and EMT-associated markers (TWIST1, Akt2) have 
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been applied [121, 125, 126]. Finally, microarrays and especially sequencing methods are gaining 

increased traction as they are becoming more affordable, sensitive and reliable [127, 128]. Selected 

companies provide whole genome as well as whole exome sequencing services on a single cell level 

(e.g. Silicon Biosystems). These approaches provide a wealth of information including copy number 

aberration (CNA) profiles, specific mutations, and translocations.   

More functional assays such as the EPithelial Immuno SPOT technology (EPISPOT) rely on 

biological traits of live tumor cells to identify CTCs [129]. The EPISPOT assay detects the secretion of 

specific proteins by CTCs, such as Keratin 19, PSA, FGF2 and others. CTCs are kept in short term 

culture following enrichment and secreted proteins are detected via specific fluorescently labelled 

antibodies [129, 130]. More in depth information on functional CTC analysis is given in the following 

chapter. 

 

1.2.4. Functional Analysis of CTCs 

The predominant functional assays when analyzing CTCs consist of in vitro approaches such as CTC-

derived cell line models and in vivo approaches, focusing primarily on mouse models. Work from 

these angles has provided much of the temporary knowledge on the processes of tumor cell 

dissemination and blood-borne metastasis [131].  

 Due to the difficulty of ex vivo CTC culture, most in vitro studies focus on short term culture 

[130, 132]. Naturally, this brief time window significantly limits experimental possibilities and thereby 

hampers the accrual of more complex knowledge on CTC biology. Traditional CTC isolation 

technologies have relied primarily on negative depletion of background leucocytes and red blood 

cells by density gradient or FACS-sorting. These approaches employ rather harsh sample processing 

conditions, thus potentially decreasing the already low number of viable CTCs. Multiple CTC-

enrichment technologies have catered to this issue by developing work-flows and protocols to 

enrich viable CTCs for culturing purposes (Parsortix®, DEPArray®, ClearCell®FX, EPISPOT). Despite 

these recent advances, the generation of permanent CTC-derived cell lines remains extremely rare. 

To date, only very few long-term CTC-derived cell lines have been successfully described, most of 

which have subsequently been injected into immunocompromised mice for further analysis [133-

137]. These patient derived xenograft (PDX) models have been used to demonstrate and analyze 

tumorigenic capacity [135, 138, 139], identify CTC subpopulations with increased metastatic 
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capability [134, 138], and have been able to predict therapy response as well as drug susceptibility 

[133, 140].  

 PDX and CTC-derived eXplant (CDX) models have also been developed with freshly isolated 

CTC fractions, circumventing CTC culture [141-143]. Here, it could be shown, that the CDX models 

originating from small cell lung cancer (SCLC) or non small lung cancer (NSCLC) patients mirrored 

the response of the patient of origin to chemotherapy [141, 144].  

In addition to mouse models, zebrafish embryos have recently been presented as a valuable 

functional model to evaluate aspects of the metastatic cascade, such as cell arrest, adhesion and 

extravasion [98]. The quick development, cheap maintenance and near transparency of zebrafish 

embryos (allowing for live in vivo imaging) pose some advantages of this system compared to costly 

and ethically more challenging mouse models.  

Overall, there is an urgent need for the accrual of additional, permanent, and stable CTC-

derived cell lines for a vast range of tumor types to ensure that further insight can be gained into 

the biological properties required by tumor cells for successful dissemination and metastasis 

formation. Apart from CDX models, CTC-derived cell lines represent the only access to patient-

derived surrogate material that have the capacity to accurately portray tumor cells within the 

process of blood-borne dissemination and allow for extensive functional analysis in parallel.  

 

1.2.5. Clinical Relevance of CTCs 

As indicated in Figure 2: Potential contributions of CTC analyisis towards personalized cancer care. the 

clinical applications of liquid biopsy in general, and CTCs specifically, are broad [145]. To date, most 

clinical studies involving CTCs focus on their use for advanced cancer patients due to the overall 

higher CTC prevalence in late disease stages. In the metastatic setting, the independent prognostic 

value of CTC enumeration has been firmly established for multiple cancer types in large phase II 

and phase III clinical trials using the FDA-approved CellSearch® system [113, 146-148]. In these 

studies a cut-off of ≥5 CTCs [146, 147, 149], and ≥3 CTCs [148] per 7.5 ml of whole blood was 

significantly associated with decreased progression free (PFS) and overall survival (OS). In metastatic 

breast cancer patients, CTC count of ≥5 CTCs at baseline and before cycle 2 of chemotherapy 

represented a highly independent and prognostic marker of PFS and OS compared to serum tumor 

markers [150]. In the same study, detection of ≥1 CTC using the CellSearch® system was associated 
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with decreased PFS but not OS in this patient group [150]. The firm evidence indicating prognostic 

stratification via CTC count in metastatic breast cancer has led to inclusion of CTC enumeration into 

the 2018 American Joint Committee on Cancer’s breast cancer staging system as cM0(i+). For 

metastatic prostate cancer (mPC) patients receiving systemic therapy, strong evidence supports the 

use of CTC enumeration as a surrogate marker for survival in clinical trials [151], a step that would 

significantly accelerate decision making, thus saving both valuable time for the patients and financial 

assets for the trial organizers.  

In addition to prognosis, liquid biopsies have demonstrated potential to detect clinical 

relapse in advance of standard imaging procedures [152, 153]. Following curative resection of the 

primary tumor or first line systemic therapy, occult cancer cells can linger undetected at the site of 

the primary tumor and/or in form of initial distant metastasis. These tumor cells either remain in a 

state of dormancy for extended time periods prior to initiating outgrowth, or quickly or aggressively 

drive disease recurrence. Identifying minimal residual disease (MRD) in patients in the absence of 

clinical indicators could drastically improve patient survival allowing treatment to be administered 

swiftly, thus, targeting a smaller tumor burden. For breast cancer, the detection of CTCs after 2 to 5 

years after initial adjuvant therapy posed a strong and independent marker of relapse risk [154, 155]. 

Molecular characterization of detected CTCs could provide additional important information on the 

properties of the remaining tumor cells. These traits may differ significantly from the initial tumor 

biopsy, thus impacting the choice of treatment for these patients. For primary breast cancer, for 

example, HER2 overexpression in micrometastasis of the bone has been found to increase to 60% 

from only 20% in the primary tumor [156]. In line with these results, HER2 status has been shown to 

differ in up to 30% of cases between the primary tumor, distant metastasis and the CTCs in 

circulation [157]. These shifts in protein expression or mutation patterns potentially originate from 

selection and evolution of the tumor cells by the altered environment of the new metastatic niche 

and/or under therapeutic pressure. They are usually not assessed by additional tissue biopsies. 

In advanced cancer patients under systemic therapy, sequential CTC enumeration has been 

shown to provide early and reliable prognostic information, allowing for real-time monitoring of 

treatment response [158-161]. In CRPC patients receiving chemotherapy, conversions from 

favourable (<5 CTC/7.5ml of blood) to unfavourable (≥ 5CTC/7.5ml of blood) CTC status (or vice 

versa) under chemotherapy or secondary hormone therapy with abiraterone mirrored disease 

outcome and decreased or improved prognosis, respectively [147, 162]. For metastatic breast 

cancer, the increase of CTC counts from baseline to cycle 2 of first line chemotherapy with or without 
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targeted therapy have been shown to be an early predictive marker of poor PFS as OS, thus 

indicating their suitability to monitor treatment benefit [150]. Additional clinical studies, such as the 

phase III DETECT III study (NCT01619111) are currently underway and will provide further insight into 

the value of CTCs as an early predictive marker of treatment response.  

The identification of therapeutic targets, as well as intrinsic and acquired resistance toward 

therapeutic options can be supported by CTC characterization. First promising results have been 

published in this realm for prostate cancer. In PC, second generation hormone therapy 

(enzalutamide, abiraterone) displays reduced efficacy in patients harboring the constitutively active 

androgen receptor (AR) splice variant 7 (ARV7) [50, 163, 164]. ARV7 mRNA detection on CTCs of 

prostate cancer patients was highly predictive of resistance towards secondary hormone therapy, 

but not taxane-based chemo therapy [165], and prognostic for PFS and OS in this cohort [50].  

Detection of nuclear ARV7 protein via immunochemistry has recently been approved as a predictive 

biomarker for treatment selection [51]. 
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2. Aims of this Thesis 

Despite the established clinical relevance of circulating tumor cells (CTCs) as a new diagnostic tool 

in the context of “liquid biopsies”, little is known about their biological characteristics due to their 

very low concentration in peripheral blood. To foster understanding of the biology of tumor cell 

dissemination in cancer patients it therefore becomes necessary to improve the detection and 

characterization of CTCs as well as address the scarcity of functional models. A particular focus of 

this thesis lies on hormone dependent cancer types, such as breast and prostate cancer. For both 

tumor types, blood based metastasis represents a crucial mode of dissemination. Additionally, both 

BC and PC commonly metastasize to the bone, indicating similarities in metastasis tropism [166]. 

This thesis can be subdivided into three specific aims: 

Aim 1: Improving the enrichment of CTCs: The first aim focused on improving the 

enrichment of CTCs, mainly in breast cancer patients. The greatest obstacle when trying to analyze 

CTCs remains their rarity compared to the background of healthy blood cells. While difficult, 

detection and identification are crucial prerequisites for all further downstream analyses. Therefore, 

the goal of this aim was to perform in-depth assessment of technological platforms allowing for 

more specialized detection of a broad range of CTC subpopulations. Furthermore, it was aspired to 

develop protocols ensuring optimal device performance and CTC yield. Additionally, within the 

European IMI consortium CANCER-ID, it was attempted to identify inter- and intra-laboratory 

deviations in the output of different technologies, compare their efficiency, and develop standard 

operating procedure (SOPs) to allow for enhanced comparability of study results. 

Aim 2: Developing a model for functional CTC analysis: The second aim focused on the 

functional analysis of a novel, permanent breast cancer CTC cell line, first cultivated at the Institute 

of Tumor Biology. Permanent cell lines generated from patient derived CTCs are notoriously difficult 

to obtain yet offer enormous potential to gain insight into various aspects of cancer research 

including blood borne dissemination, metastasis formation, and resistance mechanisms towards 

therapy. The goal of this project was to perform an in depth in vitro and in vivo characterization of 

this new CTC cell line model. 

Aim 3: Characterizing CTCs for therapy relevant gene expression: Translating our 

understanding of CTC biology into a treatment benefit for cancer patients represents one of the 

highest goals of CTC research. The ARV7 splice variant of the androgen receptor has been shown 
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to decrease therapy response towards abiraterone and enzalutamide in mPC [50]. The final aim of 

this thesis was therefore to provide novel insight into ARV7 mediated resistance to secondary 

hormone therapy in PC patients. Detecting predictive markers that have the potential of guiding 

therapy choice in the clinic is a promising application of liquid biopsies. By developing sensitive and 

specific assays to identify ARV7 on CTCs from PC patients it was attempted to provide sophisticated 

tools to answer urgent biological questions in the realm of ARV7 mediated resistance. These 

methods could in future be included into clinical trials.  

 In summary, the objective of this PhD thesis is the comparison and improvement of different 

technologies for CTC identification and the subsequent molecular characterization of isolated tumor 

cells. The results of this thesis provide insights into the biology of tumor cell dissemination and 

metastasis. They furthermore strengthen the relevance of CTCs analysis as an important diagnostic 

tool in personalized cancer medicine by establishing new biomarkers (e.g., ARV7 in prostate cancer) 

that can be used to stratify patients with respect to personalized therapy, and by allowing real-time 

insight into treatment response of individual patients over time. 
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3. Results 

The results generated within this thesis have been published in form of the following manuscripts in 

peer-reviewed scientific journals. The manuscripts are arranged according to their appearance 

within the thesis, not according to publication date. Publications 3.1. to 3.3. were generated within 

the first project mentioned in the aims of this thesis. Publication 3.4. contains the results of the 

second project and publications 3.5. and 3.6. summarize the results of the third project. My specific 

contribution to each published manuscript is detailed under section 6 of this thesis “Declaration of 

Contribution”. 
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Abstract: Circulating tumor cells (CTCs) are promising tools for risk prediction and the monitoring
of response to therapy in cancer patients. Within the EU/IMI CANCER-ID consortium, we validated
CTC enrichment systems for future inclusion into clinical trials. Due to the known heterogeneity
of markers expressed on CTCs, we tested the Parsortix® system (ANGLE plc) which enables
label-independent CTC enrichment from whole blood based on increased size and deformability of
these tumor cells compared to leukocytes. We performed extensive comparisons both with spiked-in
blood models (i.e., MDA-MB-468 tumor cell line cells spiked at very low concentration into blood
from healthy donors) and validated the protocol on actual clinical samples from breast, lung, and
gastrointestinal cancer patients to define optimal conditions for CTC enrichment. Multiple parameters
including cassette gap, separation pressure, and cell fixatives were compared in parallel. Also, the
compatibility of blood collection tubes with whole genome amplification of isolated tumor cells
was demonstrated and we furthermore established a workflow for semi-automated CTC detection
using a quantitative cell imager. The established workflow will contribute to supporting the use of
size-based CTC enrichment platforms in clinical trials testing the clinical validity and utility of CTCs
for personalized medicine.
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1. Introduction

Solid tumors are able to actively or passively shed tumor cells into the blood at times as early as
primary tumor formation [1]. A subset of these circulating tumor cells (CTCs) harbors the potential
to extravasate from the circulation and colonize distant organs. As 90% of cancer-related deaths
are caused by distant metastasis, the presence and relevance of CTCs in the bloodstream has been
intensively investigated over the past 10 years. CTCs have been shown to correlate significantly
with the probability of metastatic relapse in various carcinomas [2]. These studies demonstrate that
the capability of a tumor to release malignant cells into the blood presents a specific risk for the
development of metastasis. In addition to CTC enumeration, the characterization of these rare cells
holds great promise as they harbor valuable information on the patient’s current tumor profile and
could therefore function as “liquid biopsy” [3,4].

The greatest challenge when detecting CTCs is their extremely low concentration in peripheral
blood. A single CTC can be present in a background of approximately 108–109 blood cells, explaining
why technical hurdles have limited the analysis of these cells in the past. Thus, to unlock the
full potential of CTC research, extremely sensitive and specific enrichment methods have to be
applied. Currently, more than 50 distinct CTC detection systems are available on the market or under
development in different laboratories all over the world [5,6]. However, the FDA-cleared CellSearch®

system remains the “gold-standard” for capture of CTCs in a standardized and validated manner [7–12].
Due to its dependency on the epithelial cell adhesion molecule (EpCAM), this system is limited to
EpCAM positive tumor cells with primarily epithelial phenotypes [13]. While this applies to most
carcinoma cells, metastatic outspread is often associated with the transition of epithelial-like tumor
cells into a more mesenchymal state (epithelial to mesenchymal transition, EMT), indicated by loss
or downregulation of EpCAM expression [14,15]. Mesenchymal CTCs have been associated with
greater invasiveness, chemo-resistance, and lower overall survival rates for patients [16–18]. Hence,
the establishment of additional, non-EpCAM-based assays is of high importance.

Although new EpCAM-independent CTC technologies have already shown promising results [5],
standardized protocols for most approaches are still lacking. The CANCER ID consortium (www.
cancer-id.eu), funded by the European Innovative Medicine Initiative (IMI), aimed to close this gap
and validate innovative CTC detection approaches for future clinical trials. This standardization of
novel technologies and workflows is much needed to increase the acceptance of CTCs as biomarkers in
the clinic.

The Parsortix® system (ANGLE plc)-a size-based enrichment device - has been introduced to
the CTC field and shown promising results across multiple tumor entities [19–24]. In addition to
enumeration, the device has demonstrated its capabilities in isolating rare CTC clusters [24,25] and
preserving cell viability following CTC enrichment [19,26]. When first introduced to the market, several
individual research groups using this device applied different pre-analytical conditions (e.g., blood
tubes for sample collection) as well as distinct separation protocols for CTC enrichment, making
direct comparison of the Parsortix® system performance across those research groups and studies
very difficult.

Here, we conducted extensive spiking experiments to establish tumor cell capture rates using
various pre-analytical and analytical conditions in spike-in model experiments and cross-validated
the results by the analysis of peripheral blood samples from patients with different forms of cancer
(breast, lung, and gastrointestinal). The complete workflow was tested for its compatibility with
whole genome amplification (WGA) and molecular characterization of the amplified tumor cells.
Finally, we additionally established a workflow for semi-automated CTC detection using the XCyto®

10 quantitative cell imager. The established standardized workflows enable the enrichment of
viable or fixed CTCs and open the avenue for precise enumeration and downstream analysis of
patient-derived CTCs.
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2. Materials and Methods

2.1. Cell Lines and Culture

The breast cancer derived cell lines MDA-MB-468 and MCF-7 acquired from ATCC (ATCC,
Manassas, VA, USA), were chosen for analysis. Cells were cultured in cell culture flasks under standard
conditions in humidified incubators at 37 ◦C with 10% CO2. Medium (Gibco-Life Technologies,
Darmstadt, Germany) was employed as recommended by ATCC and fortified with 10% fetal bovine
serum (Gibco-Life Technologies, Darmstadt, Germany, 1% L-glutamine (Gibco-Life Technologies,
Darmstadt, Germany) and 1% penicillin/streptomycin (Gibco-Life Technologies, Darmstadt, Germany).
Cell passaging was performed at 70% confluency. This study was approved by the local ethical review
board under numbers PV3779 and PV5392.

2.2. Spiking of Healthy Donor Blood with Cell Line Cells

Cell line cells were prepared for spiking experiments by washing with 1 x PBS (Gibco-Life
Technologies, Darmstadt, Germany) and incubating with 0.25% trypsin-EDTA (Gibco-Life Technologies,
Darmstadt, Germany) for 5 min at 37 ◦C prior to resuspending in culture medium. The cell suspension
was centrifuged at 190× g for 5 min after which the supernatant was discarded and the cells were
resuspended in fresh culture medium. The cells were spread to a petri dish filled with medium,
manually counted and picked under a light microscope. Defined cell counts of 50 MDA-MB-468
cells were added to blood samples from 55 healthy donors (HD). Subsequently, tubes containing
ethylenediaminetetraacetic acid (EDTA) were used to collect 7.5 mL of whole blood from healthy
volunteers. Following blood spiking, the Ficoll density-gradient-based Leucosep™ pre-enrichment
(Greiner Bio One, Kremsmünster, Austria) was used to separate peripheral mononuclear cells (PBMCs)
from whole blood according to the manufacturer’s instructions for selected spike experiments.

2.3. Blood Sample Collection and Processing

Patient blood samples were acquired in accordance to the World Medical Association Declaration
of Helsinki and the guidelines for experimentation with humans by the Chambers of Physicians
of the State of Hamburg (“Hamburger Ärztekammer”). All participants gave written informed
consent prior to blood donation (Ethics Nr. PV3779 and PV5392). Blood was drawn directly into
standard EDTA vacutainers, CellSave® Preservative tubes (Menarini Silicon Biosystems, Florence,
Italy), Circulating Tumour Cell TransFix/EDTA Vacuum Blood Collection Tubes (CTC-TVT tubes,
CYTOMARK, Buckingham, UK), or Streck Cell-free DNA BCT tubes (Streck, La Vista, Nebraska, USA),
respectively. EDTA blood was processed within 2 h of sample collection by the Parsortix® system
(ANGLE plc, Guildford, UK) and fixed blood within 24 h. In total, samples from 61 patients were
analyzed in this study, including 48 metastatic breast cancer (mBC) as well as 6 metastatic non-small-cell
lung cancer (mNSLC), 1 metastatic small-cell lung cancer (mSCLC), and 6 metastatic gastrointestinal
(mGIC) cancer patients.

2.4. Tumor Cell Enrichment by the Parsortix® System

The Parsortix® system (ANGLE plc, Guildford, UK) is a benchtop microfluidic device designed
for the size-based capture of rare cells from whole blood [19]. The blood sample is passed through an
enclosed disposable cassette with a controlled liquid flow. The cassettes contain a stepped structure,
gradually narrowing in diameter until reaching a final gap of 6.5 µm or 10 µm, respectively. The
separation principle is based on the assumption that most tumor cells are larger in size and more rigid
than normal, healthy blood cells [27]. These cells of interest are therefore retained by the critical gap of
the separation cassette while all smaller cells continue to flow through the cassette and into a waste
container. Following separation, the liquid flow through the cassette is reversed and the captured
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tumor cells are flushed out. Cells were directly harvested into cytospin funnels, centrifuged onto a
glass slide (190× g, 3 min), dried overnight, and stored at −80 ◦C until further processing.

2.5. Immunocytochemistry

Tumor cells isolated with the Parsortix® system were identified via immunocytochemistry.
Dried cytospin slides were brought to room temperature (RT) and fixed with 2% PFA (Sigma
Aldrich, Steinheim, Germany) for 10 min. The samples were washed with 0.5 mL of 1x-PBS prior
to permeabilization with 0.1% Triton X 100/PBS (Sigma Aldrich, Steinheim, Germany) for 10 min.
Following two additional wash steps, 10% AB-serum/PBS (BioRad, Rüdigheim, Germany) was
applied for blocking (20 min). Directly Alexa Fluor 488 conjugated pan-keratin (AE1/AE3-eBioscience;
C11-CellSignaling) and APC labelled CD45 (clone REA747-Miltenyi Biotec) antibodies were incubated
for 60 min, followed by 5 min of DAPI-incubation (1 µg/mL). Subsequently, cytospins were covered
with Prolong Gold Antifade Reagent (Thermo Fisher Scientific, Dreieich, Germany), sealed with a cover
slip and examined by fluorescence microscopy (Axioplan2, Zeiss). Keratin-positive, DAPI-positive,
CD45-negative cells with intact morphology were defined as tumor cells.

2.6. Measurement of Cell Size

MDA-MB-468 cell culture cells were trypsinized and resuspended in medium. The cell suspension
was transferred to a glass slide via cytocentrifuge (190× g, 3 min). The resulting cytospins were left to
dry overnight and stained with fluorescently labelled antibodies for pan-keratin and DAPI, as described
above. Subsequently, 50 of the fluorescently labelled cells were photographed. The cell diameter was
determined using the AxioVision LE64 microscope software (Zeiss) measurement tool and utilizing
the borders of cytokeratin expression. An average was calculated from 50 separate cell measurements.

2.7. Whole Genome Amplification and DNA Quality Control

In order to test the feasibility of downstream genomic analyses, the complete workflow was
tested for its compatibility with whole genome amplification (WGA) and molecular characterization
of the genomic material. In brief, breast cancer cell line cells (MDA-MB-468) were transferred into
EDTA or Transfix® preserved healthy donor blood and processed by standard protocol (Parsortix®

system separation–99 mbar, cytospin and standard ICC). Subsequently, 10 single MDA-MB-468 and
5 background leukocytes were manually picked from the glass slides for each blood tube type and
processed by WGA using the Ampli1™ WGA kit (Menarini Silicon Biosystems, Florence, Italy)
according to the manufacturer’s instructions. 5 µg of gDNA were utilized as internal positive WGA
control. Negative controls consisted of H2O. The quality of the amplified DNA was assessed by
multiplex PCR producing 96, 108–166, 299, and 614 bp fragments from target sites in the GAPDH gene
using the Ampli1™ QC Kit (Menarini Silicon Biosystems, Florence, Italy). To visualize PCR products,
they were mixed with DNA Gel loading dye (6x) (Thermo Fisher Scientific, Dreieich, Germany) and
applied to 1.2% agarose gels containing GelRed® Nulceic Acid Gel Stain (Biotum, Fremont, CA, USA)
at 1 µL per mL of agarose gel. The Quick-Load® 100 bp DNA Ladder (New England Biolabs, Frankfurt
am Main, Germany) was used as a size standard. PCR fragments were visualized using the Gene
Genius bioimaging system (Syngene, Bangalore, India).

2.8. Image Analysis Using the XCyto 10 Platform

Immunocytochemistry-stained cytospins containing PBMCs (300 000), spiked with 1000 MCF-7
cells, were imaged using the XCyto® 10 Quantitative Cell Imager (ChemoMetec, Lillerød Denmark).
XCyto® 10 is a high sensitivity image cytometer for suspended and adherent cells with a CCD 2.8 MP
camera, four LEDs and 9 emission filters. A program was developed for semi-automatic detection
of CTCs. First the slides were scanned with the XCyto® 10 at 4× magnification. Acquisition
times were 100 ms (milli seconds) for DAPI, and 500 ms for both Alexa Fluor 488 and APC
fluorophores. The corresponding excitation light sources/emission filters were LED405/430-475
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nm, LED488/513-555 nm, and LED635/665-676 nm, respectively. Within the XcytoView software,
the “Xcyto 2-Sample 15-A v1” slide type was chosen for imaging as well as the 4× objective and the
“Adherent, User defined–Fluorescence Mask” method for cell nucleus identification. The default
analysis setup settings were applied except for a threshold intensity of 10,000 of the DAPI input
channel, and a max area of 900 µm2.

The distinction of pan-keratin positive tumor cells against the background of CD45-positive
PBMCs was established by plotting APC intensities of single cells against their corresponding intensity
in the Alexa Fluor 488 channel. The data was visualized by application of bi-exponential scaling.
Separation of both populations was achieved by gating the cells with high 488 nm signal and low
660 nm signal. The gating was set so that weakly positive cells were identified as well, and therefore
some false positive cells were also included. Therefore, this pre-selection produced a gallery of potential
CTCs which were then analyzed further by re-imaging at 20×magnification to manually exclude false
positive hits. The same gating protocol was then reapplied to images of patient samples with identical
staining and image acquisition parameters. The automated imaging set-up for CTC detection can be
adjusted retrospectively, to further improve the gating parameters, making it an easily adaptable and
time-saving tool for screening, e.g., large numbers of patient samples.

2.9. Statistics

Statistical analyses were performed using R version 3.6.1 (R Foundation for Statistical Computing)
and In-Silico Online, version 2.1.2 [28]. Tumor cell recovery of spiking experiments of the three
investigated fixed factors cassette gap (6.5 or 10 µm), separation pressure (23 or 99 mbar), and blood
sample types (CellSave, EDTA, or Ficoll) were tested using a general linear model including interactions.
Dependency of cassette gap (6.5 or 10 µm) on the recovery of CTCs in patient samples was tested
by general linear modeling in Poisson distribution, using patient as within factor. McNemar’s exact
test, Cohen’s kappa, and Kendall’s tau were employed to assess agreement between cassette gaps in
CTC positive samples, as well as to assess agreement in detected CTCs using manual and automated
(XCyto 10) screening. Difference between median cell counts was assessed by Wilcoxon signed rank
test. A binomial test was employed to test which cassette gap outperformed the other.

3. Results

3.1. Tumor Cell Recovery of Different Cassette Gaps in Spiking Experiments

Within the last years, ANGLE introduced a novel separation cassette with a decreased critical gap
of 6.5 µm compared to the originally designed 10 µm. These cassettes could therefore theoretically
allow the isolation of additional CTC populations with a smaller diameter. To test the performance of
the 6.5 µm gap size cassettes in comparison to the original 10 µm gap size cassettes, we conducted
extensive spiking experiments using the breast cancer cell line MDA-MB-468. MDA-MB-468 has a
mean cell diameter of 13.5 µm (s = 2.03), with a measured range of 8.71–19.68 µm (Table S1). We focused
on CTC capture rates for the different cassette gap sizes (6.5 µm and 10 µm), in 3 different blood
sample types (EDTA, Ficoll, and CellSave®) and two separation pressures (23 mbar and 99 mbar) to
allow a comprehensive overview (Table 1). Healthy donor (HD) blood collected in EDTA or CellSave®

tubes was spiked with a standard amount of 50 MDA-MB-468 cells. Samples drawn into EDTA were
either directly processed or their PBMC fraction was pre-enriched via density gradient centrifugation
(Ficoll) prior to separation with the Parsortix® system. All conditions were tested in triplicate or
more (n ≥ 3). Mean recoveries as well as standard deviations (s) are indicated in Table 1. Detailed
results of the spike-in experiments are listed in Table S2. Overall, the cassettes with the 6.5 µm gap
size led to a clear increase in the proportion of harvested tumor cells for each blood processing type
and separation pressure (Table 1, Figure 1). This was confirmed in a generalized linear fixed-effects
model (GLM) analysis showing that independent of protocol and blood sample type, a mean of 15.9%
higher recovery was achieved with the cassettes with 6.5 µm gap size compared to 10 µm (Figure 1).
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Apart from recovery, a more efficient priming of 6.5 µm gap sized cassettes was observed, leading to
an optimized blood flow within the separation cassette compared to the 10 µm version (Figure S1A).
This increase in recovery comes at the cost of higher white blood cell (WBC) background (Figure S1B)
and increased separation times (Table S2).

Table 1. Mean tumor cell recovery rates determined from spike experiments using MDA-MB-468 tumor
cell line cells. Recovery percentages and standard deviation (s) for each cassette type, blood processing
type and separation pressure are indicated.

Cassette Gap Protocol
Blood Processing and Tube Type

EDTA Ficoll CellSave

Recovery [%] s [%] Recovery [%] s [%] Recovery [%] s [%]

10 µm 23 mbar 34 6.9 27.3 8.1 12.7 1.2
99 mbar 16 2.0 10.7 6.1 2.7 1.2

6.5 µm 23 mbar 68.7 5.0 45.3 4.2 29.3 15.1
99 mbar 60.7 10.1 24.7 5.0 16.7 3.1

Figure 1. Visualization of initial spike experiment results. Correlation matrix showing the recovery
of tumor cells under the different experimental conditions of the cassette gap (6.5 µm and 10 µm),
separation pressure (23 mbar and 99 mbar), and the blood sample type (CellSave®-CS, EDTA and Ficoll).

The 23 mbar (lower pressure) separation protocol allowed for higher tumor cell recovery than
applying a greater separation pressure of 99 mbar (Figure 1), resulting in a mean increase of recovery
of 10.8% for the lower pressure protocol, as calculated by GLM analysis. The most dramatic influence
was detected when comparing different blood collection tubes. Here, EDTA outperformed Ficoll
pre-enriched and CellSave® fixed samples, showing an average 40.8% increase in recovery compared
to CellSave® fixed cells, independent of the cassette type and separation protocol used. Combining
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EDTA blood tubes with the 6.5 µm gap sized cassette further increases the mean recovery with an
additional 24.3%, independent of the chosen protocol.

While the lower separation pressure (23 mbar) resulted in increased recoveries compared to the
higher pressure (99 mbar) separation, it doubled the mean sample running time (Table S2). Therefore,
although performing better, the 23 mbar protocol was abandoned for standard 7.5 mL whole-blood
samples to allow for better sample turnover.

3.2. Analysis of Blood Samples from Breast Cancer Patients with Different Cassette Gaps

To confirm the increase of CTC capture with the 6.5 µm gap sized cassette in cancer patient
samples, we analyzed 43 blood samples from 37 mBC patients progressing under their current therapy.
6 patients were monitored on a second visit. Disease progression in this cohort was clinically assessed
by CT-scan or MRI. An overview of the clinical parameters of this patient cohort is given in Table S3.
Matched 7.5 mL EDTA samples from each patient were processed with the 6.5 µm and the 10 µm gap
sized cassettes. Overall, 32.4% (12/37 patients) of patients in our cohort were positive for ≥1 CTC
and 13.5% (5/37 patients) for ≥5 CTCs when combining both measurements (6.5 µm and 10 µm runs)
(Table S3). Overall positivity rates for ≥1 CTC remained comparably high at 32.6% when focusing on
total blood samples analyzed (14/43 samples); however, the percentage of finding ≥5 CTCs increased
to 20.9% (9/43 samples). A moderate agreement of CTC status (positive/negative) within samples
between the two cassette gap sizes was assessed by Cohen’s kappa test (kappa = 0.57, 95% CI: (0.28,
0.86), p = 0.0018). Additionally, using a McNemar’s exact test, no detectable change in the CTC status
(positive/negative) was determined by both cassettes within a sample (p = 0.13). Agreement between
CTC counts across the complete sample cohort (37 patients, 43 samples) was moderate between the two
cassette sizes (Kendall’s tau test: tau = 0.65, p = 2.4 × 10−6). However, the majority of measurements
were CTC-negative for both samples (29/43 samples), which significantly influenced these results.

Looking more closely at the positive samples, 13/14 had ≥ 1 CTC detectable using the 6.5 µm gap
sized cassette (92.9%) and 8/14 with the 10 µm gap sized cassette (57.1%). CTC counts with established
prognostic relevance in mBC (≥5 CTCs) were detected in 7/14 samples (range: 1–28 CTCs) with the
smaller separation gap (50%) compared to 2/14 samples (range: 1–6 CTCs) with the original, larger gap
(14.3%). Only a weak agreement in CTC count was discerned within the positive samples between
the two chip sizes (Kendall’s tau test: tau = 0.51, p = 0.023). Across all samples, a total of 99 CTCs
were detected using the 6.5 µm versus a total of 21 CTCs with the 10 µm gap sized cassette, marking a
4.7-fold increase in CTC numbers using the smaller cassette diameter (Table S3). An exact binomial
test performed on this data, resulted in a 92.9% probability of the smaller cassette gap recovering
higher CTC counts than the larger cassette gap (95% CI: (0.70, 1.00), p = 0.0009). Finally, we performed
a Wilcoxon signed rank test with continuity correction to test whether the median CTC count of
the samples were equal with both cassette types. The median CTC counts between the 6.5 µm and
10 µm gap sized cassette differed (V = 102.5, p = 0.0018), as visualized in the corresponding box
plots (Figure 2A). Conclusively, our data indicates that, while both cassette types show a moderate
correlation in the CTC-positive and CTC-negative results they generate for each sample, the 6.5 µm gap
sized cassette captures substantially higher CTC numbers in mBC patients, confirming its superiority
for CTC analysis.
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Figure 2. Performance comparison between 6.5 µm and 10 µm cassette gap as well as different blood
sample types. (A) Box plot demonstrating distribution of CTC counts within the 14 CTC positive mBC
patients detected in our cohort. Matched blood samples that showed ≥ 1CTC in either the 6.5 µm
or 10 µm gap sized cassettes are depicted. Each dot represents a single patient. (B) Mean tumor
cell recovery [%] calculated from spike experiments using MDA-MB-468 breast cancer cell line cells
for different blood sample types. Cell line cells were spiked into healthy donor blood, processed
via the Parsortix® system (6.5 µm gap sized cassette, 99 mbar separation pressure) and subsequent
cytospin and ICC staining. Depending on the sample type, blood was either processed directly (EDTA),
immediately pre-enriched via density gradient centrifugation (Ficoll) or fixed for 24 h (CellSave®,
Streck®, TransFix®) prior to separation with the Parsortix® system. Recovery rates for each blood
sample condition are indicated with standard deviation (black bars).

3.3. Effect of Blood Collection Tube on Tumor Cell Enrichment

Standard EDTA tubes are well suited when analyzing fresh samples that can be processed within
2–3 h following blood draw. However, clinical routine does not always allow such short processing
time frames. Additionally, shipping of samples across sites for clinical studies requires some form
of cell fixation to allow optimal sample processing. The CellSave® preservation tube (CS) tested
initially did not yield high recovery rates in combination with the Parsortix® system (16.7%, s = 3.1,
S99F separation protocol). Therefore, we extended our analysis to additional blood tubes, including
Streck Cell-free DNA BCT tubes (Streck, La Vista, Nebraska, USA), which should technically allow the
isolation of ctDNA and CTCs from the same tube [20], and Circulating Tumour Cell TransFix/EDTA
Vacuum Blood Collection Tubes (CTC-TVT) by CYTOMARK (Buckingham, UK). Additional spiking
experiments (50 MDA-MB-468 cells, S99F separation protocol, n = 3) resulted in a mean recovery of
21.5% (s = 6.2) for Streck® tubes and 64% (s = 9.2) for TransFix® stabilized blood (Table 2). Across
all measured spike conditions, blood from EDTA and TransFix® tubes therefore resulted in the best
tumor cell recoveries (Figure 2B). We furthermore tested an additional separation protocol for EDTA
samples using a medium separation pressure of 50 mbar (S50F). While this protocol did not significantly
increase recovery (65.7%, s = 6.5) compared to the 99 mbar protocol (60.7%, s = 10.1), it did improve
the morphological intactness of unfixed tumor cells as well as of the leukocyte background. Detailed
results for all blood tube types are listed in Table S2.

Table 2. Mean tumor cell recovery rates determined from spike experiments (using MDA-MB-468
tumor cell line cells) for 6.5 µm cassette gap and various additional blood sample fixatives. Recovery
percentages and standard deviation (s) for each blood processing type and tube are indicated.

Cassette Gap Protocol Mean Recovery [%]

EDTA Ficoll CellSave Streck TransFix

6.5 µm 99 mbar 60.7 24.7 16.7 22.7 64.0
s [%] 10.1 5.0 3.1 7.0 9.2
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3.4. Validation of Optimized Protocol on Blood Samples from Cancer Patients

To allow for a direct comparison of all blood tube types analyzed in prior spike experiments
(EDTA, CellSave®, Streck®, and TransFix®), and to compare the 99 mbar and 50 mbar EDTA separation
protocols in clinical samples, blood was drawn in parallel from 6 metastatic non-small-cell lung cancer,
1 metastatic small-cell lung cancer, and 6 metastatic gastrointestinal cancer patients into all blood tube
types and analyzed via the Parsortix® system. Clinical data for this patient collective is detailed in
Table S4.

The highest rates of finding ≥1 CTC in patients were reached at 46.2% (6/13 patients) for blood
collected into the Streck® and TransFix® tubes (Figure 3A). This was followed by CellSave® fixed and
EDTA blood (processed by the 50 mbar separation protocol) at 30.8% CTC-positivity (4/13 patients).
Unfixed EDTA samples processed by a high separation pressure of 99 mbar rendered the lowest
CTC positivity rates with 15.4% (2 out of 13 patients). While the overall percentage of CTC-positive
patient cases were equal for Streck® and TransFix® fixed, as well as for CellSave® fixed and EDTA
blood (50 mbar separation), the total amount of CTCs detected via immunocytochemistry (ICC) was
considerably higher in TransFix® samples (Figure 3B, Table S5). Also, EDTA (50 mbar separation) and
TransFix® samples resulted in the highest total amount of CTC clusters compared to the other tube
types and separation protocols (Figure 3B, Table S5). CTC clusters were defined as ≥2 CTCs closely
attached to one another. Representative ICC staining images of tumor cells detected using the different
blood tubes and separation protocols are depicted in Figure 3C. Cell morphology of tumor cells and
leucocytes remained intact following enrichment and analysis with our protocols. However, leucocyte
nuclei appeared slightly enlarged or “puffy” when blood was treated with CellSave® or Streck®

fixatives (Figure 3C). This effect was not detected in EDTA or TransFix® blood samples (Figure 3C).
Additionally, staining and therefore fluorescence signal intensity varied across tube types, especially
for the leukocyte background. Heterogeneous staining intensity of leukocytes is demonstrated for an
EDTA and Streck fixed patient sample in Figure 3C. Overall best and most homogeneous ICC staining
performance was achieved using TransFix® preserved blood (Figure 3C).

In conclusion, TransFix® preservation tubes proved optimal in combination with Parsortix®

separation and subsequent ICC staining on cytospins, resulting in high overall positivity rates of 46.2%
(Figure 3A) and highest total CTC counts detected (Figure 3B). Furthermore, these tubes guarantee
intact tumor cell morphology (Figure 3C) and enable detection of CTC clusters (Table S5).
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Figure 3. Comparison of blood collection tubes in clinical patient samples drawn and processed in
parallel. EDTA (1) indicates samples were processed by the 99 mbar separation protocol, while EDTA
(2) samples were run using the reduced 50 mbar Parsortix® protocol. Fixed samples were stored for
24 h following blood draw and separated using the high pressure Parsortix® protocol (99 mbar). All
samples were subsequently cytospun and stained by fluorescent antibodies against and DAPI (blue).
(A) Percentage of CTC-positive patients (defined as ≥ 1 CTC per 7.5 mL of blood) across the 14 cancer
patients tested. (B) Blue bars: Overall single CTC count detected in the 14 cancer patients tested in
parallel for each collection tube. Orange bars: Amount of CTC clusters (≥2 directly attached CTCs)
detected in the 14 cancer patients tested in parallel for each collection tube. (C) Representative CTC
and leukocyte images from selected index patients within our cohort. Images were taken manually
with a standard fluorescence microscope at 40×magnification. Size bars equal 20 µm.
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3.5. Downstream Molecular Analysis of Single Tumor Cells Following Enrichment

Molecular analysis on a genomic level represents a key tool allowing further in-depth
characterization of CTCs following their successful detection. While a multitude of different methods
are available and routinely applied (e.g., next generation sequencing, ddPCR, microarrays), in most
cases, pre-amplification of genomic material is necessary to enable conclusive and robust results. This
is especially true when focusing on single tumor cells with an initial DNA content of a few picograms.
The most prevalent method of increasing DNA quantity for subsequent molecular analysis is currently
whole genome amplification (WGA).

To test the feasibility and efficiency of successful WGA following Parsortix® separation and
subsequent ICC staining on cytospins, additional spiking experiments were conducted. Because
patient derived CTCs can be genetically heterogeneous [29], we spiked blood from healthy donors with
MDA-MB-468 tumor cell line cells, fixed with either Transfix® preservative or in standard EDTA tubes
to have identical starting material in all experiments and control for other confounding factors. Next,
cell separation was performed using the Parsortix® system (99 mbar protocol). Following ICC staining,
10 single tumor cell line cells and 5 leukocytes were picked from glass slides by micromanipulation
and processed by WGA (Ampli1™ WGA kit, Menarini Silicon Biosystems). Amplified cells were
subsequently subjected to DNA quality control (Ampli1™ QC kit, Menarini Silicon Biosystems) and
analyzed via gel electrophoresis. High DNA integrity was defined as≥3 GAPDH amplification products
detected in quality control, while medium DNA integrity was defined as ≥2 GAPDH amplification
products. WGA was successful in generating high DNA integrity for 80% (12/15 single cells, ≥3 GAPDH
amplification products) of the single cells picked from EDTA as well as from TransFix® preserved
blood (Figure S2). For TransFix®, an additional medium quality sample was generated (1/15 single
cells; ≥2 GAPDH amplification products), leading to an overall success rate of 87% (13/15 single cells).
In total, highest achievable DNA quality (4/4 GAPDH amplification products) was seen for 73% (11/15
single cells) of single cells picked from TransFix® and 46% (7 out of 15 single cells) of single cells from
EDTA blood (Figure S2).

In conclusion these results indicate that both EDTA and TransFix® blood tubes are suitable not
only for enrichment of CTCs via the Parsortix® system, but also allow for the robust amplification of
single cell DNA at excellent quality for subsequent molecular analysis.

3.6. Compatibility with an Automated CTC Screening Device

Manual evaluation of CTC counts remains user-dependent and time-consuming. To further
improve the comparability of results generated with the Parsortix® protocols defined in this study,
we additionally established a workflow for semi-automated CTC detection using the XCyto®

10 quantitative cell imager (ChemoMetec). For this, a gating protocol was established using
blood from healthy donors spiked with MCF-7 tumor cell line cells to distinguish tumor cells
(pan-keratinhigh/CD45low) and surrounding leukocyte background (pan-keratinlow/CD45high) according
to their respective Alexa Fluor 488 and APC signal intensities (Figure 4A,B). The same gating was then
applied on patient samples processed through the Parsortix® device. Cell counts identified by this
gating were subsequently compared with the results of manual screening by fluorescence microscope.

In total, a set of 27 blood samples originating from 16 mBC patients was evaluated (Figure 4C,D).
Samples of the analyzed cohort consisted of blood collected for the prior comparison of 6.5 µm and
10 µm cassette gaps (Table S3), as well as 18 additional blood samples from 10 mBC patients (mBC_38
to mBC_48) collected and processed solely by the 6.5 µm cassette gap (clinical data in Table S3). Both
microscopes had comparable results with respect to image resolution and signal intensities in the
different fluorescence channels (Figure 4E,F). 48.1% (13/27) of patient samples were found to be negative
for CTCs using both screening approaches (Table S6). By manual screening, 44.4% (12/27) samples were
found to be CTC-positive (Table 3). With the exception of two additional patient samples, these same
samples were also identified to harbor CTCs after imaging with the XCyto® 10 (48.1%, 14/27). Of these
14 CTC-positive patient samples, 97 CTCs were identified in total by using the automated settings,
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in comparison to 98 CTCs from manual screening (Table 3). For the majority of samples (74.1%, 20/27)
equal CTC levels were detected with both screening approaches (Table 3 and Table S6). This was
underlined by the result of a Wilcoxon signed rank test with continuity correction, indicating that
the median CTC count of the samples were equal with both evaluation approaches (V = 14.5, p = 1).
Furthermore, a very strong agreement in CTC count was discerned within the total 27 samples between
the two screening methods (Kendall’s tau test: tau = 0.917, p = 2.22 × 10−16). When focusing on
CTC-positive cases only, manual screening outperformed semi-automated screening in 21.4% (3/14)
of samples analyzed. Vice-versa, in 28.6% (4/14) of CTC-positive samples analyzed, semi-automated
screening outperformed manual screening (Table 3). However, differences were mostly confined to a
small number of cells (range ∆: 1–4 cells). In line with this, a very strong agreement in CTC count was
observable within the CTC-positive samples between the two screening methods (Kendall’s tau test:
tau = 0.902, p = 3.79 × 10−5).

Figure 4. Semi-automated CTC evaluation using the XCyto® 10 imaging system. (A) Image of the
plot used for setting up a suitable gating to distinguish tumor cells from PBMCs. APC intensities
(CD45 on leukocytes) of individual cells are plotted against their intensities in the Alexa Fluor 488
(pan-keratin on MCF-7 cells) channel. Cells with low CD45 (APC) and high pan-keratin (Alexa Fluor
488) signals were considered as tumor cells. Gate P1 was chosen so that a maximal separation of tumor
cells from PBMCs was achieved. (B) Overlay of the P1 gate with a section of the original image. Cell
nuclei were visualized with DAPI (blue), tumor cell marker pan-keratin- Alexa Fluor 488 was used
(green) and CD45-APC (red) as a negative selection marker for PBMCs. Grey scale bar represents
40 µm. (C) Exemplary image of the gating from a patient sample. Cells with low APC- and high Alexa
Fluor 488 signals were considered as potential CTCs in gate P1. (D) Overlay of positive hits of the P1
gate with a section from the original image. Grey scale bar represents 40 µm. (E) CTC from patient
sample no. 13 imaged with 2 different settings. Above: CTC imaged with 40× objective of Axioplan2
(Zeiss) microscope. Grey scale bar represents 20 µm. (F) The same cell was imaged with XCyto® 10
(20× objective). Grey scale bar represents 20 µm.

34



Cancers 2020, 12, 442 13 of 18

Table 3. Summary of CTC-positive mBC patient samples and their corresponding CTC counts analyzed
by either manual or XCyto® 10 -based semi-automated screening. Cases in which one approach yielded
higher CTC counts are marked in bold. The evaluation contains CTC-positive samples from prior
analysis (Table S3) as well as 6 additional CTC-positive mBC samples (Table S3, Sheet 2). In the cases of
“re-evaluated” samples (1) indicates samples processed via the 6.5 µm cassette gap and (2) samples that
were separated via the 10 µm gap size. The 6 additional blood samples were solely processed using the
narrow 6.5 µm cassette gap. All samples were drawn in EDTA.

Sample No. (CTC pos.) Sample ID CTC Count (Manual
Screening)

CTC Count (XCyto10
Screening)

1 mBCa_15 (1) 14 13
2 mBCa_15 (2) 6 6
3 mBCa_22 (1) 1 2
4 mBCa_22 (2) 0 1
5 mBCa_26 (1) 5 5
6 mBCa_27 (1) 4 4
7 mBCa_27 (2) 0 1
8 mBCA_29 (1) 14 17
9 mBC_38 2 2
10 mBC_39 1 1
11 mBC_40 42 38
12 mBC_41 1 1
13 mBC_42 7 5
14 mBC_43 1 1

Total CTC count detected 98 97

4. Discussion

The Parsortix® system is a flexible platform which can allow some user-defined modification
of various parameters in addition to cassette gap size (6.5 µm and 10 µm), including blood sample
type and separation pressures. This allows for a versatile applicability of the device while in parallel
complicating the determination of standardized protocols. In depth systematic comparisons are
therefore warranted in order to ensure optimal device performance. In this study, we extensively
evaluated a multitude of different parameters influencing the tumor cell capture efficiency of the
Parsortix® system and established optimized enrichment protocols ensuring robust performance.

Beginning with extensive spiking experiments mimicking clinical blood samples, we could show
that the 6.5 µm cassette gap dramatically improves the amount of captured tumor cells in comparison to
the 10 µm cassette gap (Table 1, Figure 1). The breast cancer cell line used for these initial experiments
(MDA-MB-468) displayed an average cell diameter of 13.5 µm (s = 2.03), with a measured range of
8.71–19.68 µm (Table S1). Its diameter therefore lends itself to enrichment with both cassette gap
sizes while its size distribution mirrors the morphological heterogeneity commonly seen between
tumor cells [30,31]. In EDTA samples, which showed the highest overall mean recovery rates in these
initial spiking experiments, an increase from 34% (s = 6.9) to 68.7% (s = 5.0) of mean recovery was
demonstrated when using the 6.5 µm cassette gap instead of the 10 µm gap (Table 1). The results of our
spiking experiments were validated on 43 blood samples of a cohort of 37 mBCa patients. Analyzing
parallel blood draws via the Parsortix® system, subsequent cytospin and ICC staining corroborated
the superiority of the 6.5 µm cassette gap (Figure 2A), indicating a significant improvement compared
to the 10 µm cassette gap used in prior studies [19,20]. We would therefore recommend the 6.5 µm
cassette gap size for future Parsortix® system studies.

Drawing blood into standard EDTA vacutainers is cost efficient and well suited for direct processing
of fresh clinical samples within a few hours. However, this is not practical in clinical settings of large
multi-center trials which usually require shipments over 24–96 h from the clinical site to the central
laboratory. Therefore, we additionally tested various commercially available blood fixatives for their
tumor cell recovery performance in combination with the Parsortix® system. In spike experiments,
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TransFix® preservation tubes showed overall best mean recovery rates, similarly high to EDTA spiked
blood samples, while CellSave® and Streck® fixed blood performed less well (Table 2, Figure 2B).
TransFix® preservation tubes are designed to stabilize blood for up to 5 days, offering a wide window
for sample processing. In clinical samples drawn and analyzed in parallel for the different sample
types, combining TransFix® preserved blood with Parsortix® enrichment (6.5 µm, 99 mbar) resulted in
acceptable CTC positivity rates of 46.2% across patients and the highest overall CTC count (Table S5,
Figure 3A,B). The fixatives outperformed EDTA blood in clinical samples when looking at total single
CTC counts (Figure 3B). This discrepancy to the results of our spike experiments could be rooted in
higher fragility of patient CTCs compared to cultured tumor cell line cells. In contrast to cell lines,
CTCs are influenced by a multitude of adverse factors (e.g., therapy, disease stage, blood passage
etc.) which could lead to the observed benefit when using stabilizing reagents. However, the EDTA
and lower pressure separation (50 mbar) protocol did result in the highest amount of CTC clusters
detected in clinical samples (Table S5, Figure 3B), thereby shifting the reasoning somewhat in favor
of an EDTA-based approach compared to fixatives such as CellSave®. Both EDTA and TransFix®

samples delivered intact, high quality cells, as demonstrated by quality control of whole genome
amplification performed on single cell basis (Figure S2). In conclusion, we would suggest one of two
protocols, depending on the research question posed as well as the logistics of the study in question.
Fresh EDTA blood and 50 mbar separation represent the best option when cell viability is of highest
importance (e.g., for subsequent attempts at cell culture or RNA analysis [19,32]). For morphological
characterizations using ICC and subsequent molecular analysis based on DNA, samples preserved in
TransFix® (99 mbar separation) lead to the highest CTC yield and offer the possibility of prolonged
sample shipment and extended processing windows.

A common point of criticism for novel CTC enrichment platforms is the necessity of manual
instead of automated tumor cell calling. This manual sample evaluation is time consuming and limits
comparability across different laboratory sites and clinical centers. Additionally, defining standardized
staining protocols and evaluation criteria is necessary to allow for direct CTC comparison across sites.
To address these issues, the feasibility of combining a new semi-automated CTC screening device,
the XCyto® 10 quantitative cell imager, with Parsortix®-based CTC enrichment was evaluated in
this study. The high concordance of CTC-positive patients and the total number of identified CTCs
between both semi-automated XCyto® 10 based and traditional manual identification demonstrated
the suitability of the XCyto® 10 imaging platform for CTC screening purposes (Table 3). Automated
sample scanning time using the XCyto® 10 was faster (appr. 10 min per slide) compared to manual
scanning (appr. 20 min per slide), resulting in an image gallery of potential CTCs (“hits”) displayed for
the user in a similar manner to the CellSearch®. Being able to reapply a standardized set of gating
parameters to a whole set of patients within a study cohort has the potential to increase reproducibility
and furthermore to reduce bias from individual image analysis.

While the workflow resulting from this study stems from extensive experiments, some limitations
require mentioning. The main limitation is that switching to the 6.5 µm gap sized cassette increased
processing time and white blood cell background (Table S2, Figure S1). Sample processing time can
be managed by using a high separation pressure of 99 mbar. Average processing times of 2 h for a
complete EDTA (50 mbar) and 1.5 h for a TransFix sample (99 mbar) were deemed acceptable for
sufficient sample turnover. White blood cell background has been shown to lie at 200–800 nucleated
cells per mL of processed blood when using the 6.5 µm gap sized cassette [33]. This is known to
be donor dependent [20], yet translates to an at least 105 fold depletion of white blood cells [33].
In combination with our approach to CTC visualization, comprised of cytospin and subsequent ICC
staining, this background leukocyte level is of no hindrance. Single CTCs detected on the cytospin
can easily be picked via micromanipulation for subsequent molecular characterization. Additionally,
this approach allows for sample storage and does not necessitate direct staining and evaluation
(such as in cassette enumeration would), thereby circumventing long processing times and increasing
comparability between samples. Another point of criticism might be the limited patient collective
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processed in this study as well as the mixed tumor entities of our cohort. This point is somewhat
compensated by the fact that the entities tested (mNSCLC and mGIC) are known to be difficult for
CTC enrichment [13,34,35]. A positivity rate of 46.2% in these patients therefore speaks to the value of
our established workflow. Additionally, establishing protocols that demonstrate superiority across
multiple tumor entities increase credibility and translational value of the tested method.

This study represents an extensive attempt at optimizing the performance for size-based CTC
enrichment via the Parsortix® system. How well the workflow established in this study performs
across additional tumor entities will need to be further evaluated in large clinical studies, similar to
those performed for the FDA-cleared CellSearch® system [7–9,36–38]. However, we believe that the
protocols established here represent a valuable first step towards methodological standardization of
this promising CTC enrichment platform and show a clear path for inclusion into future clinical trials.

5. Conclusions

Extensive examinations of pre-analytical and analytical variables using the label-independent
Parsortix® system were performed in this study. Initial experimental results with spiked tumor cell
line cells were cross-validated with clinical cancer patient samples and resulted in the identification of
robust workflows for CTC detection utilizing this enrichment platform.

Depending on the nature of further downstream analysis, a combination of either EDTA blood
samples with medium separation pressure or TransFix® preservative tubes with high separation
pressure lead to optimal CTC detection from whole blood. Intact tumor cell morphology was
maintained, as confirmed via immunocytochemical staining for both workflows. Furthermore, whole
genome amplification on a single cell basis, a prerequisite for multiple downstream analyses, was highly
efficient. Therefore, the established standardized workflows enable the enrichment of viable or fixed
CTCs and allow for precise enumeration and successful downstream analysis of patient-derived CTCs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/2/442/s1,
Figure S1: Cassette priming and white blood cell (WBC) count, Figure S2: Efficiency of whole genome amplification
(WGA) and results of DNA quality control on single cells processed with our optimized protocols. MDA-MB-468
cells were spiked into EDTA or TransFix® blood and processed via Parsortix® (6.5 µm cassette, 99 mbar).
Subsequently, cells were stained, manually picked and DNA amplified using the Ampli1™WGA kit (Menarini
Silicon Biosystems). 10 single tumor cell line cells (1–10) and 5 leukocytes (L1–L5) were processed per blood tube
type. gDNA was applied as positive (+) and H2O as negative (−) control. Following amplification, DNA was
subjected to quality control using the Ampli1™ QC Kit (Menarini Silicon Biosystems) and visualized via agarose
gel electrophoresis, Table S1: Cell diameters measured for MDA-MB-468 breast cancer cell line cells. Average
and standard deviation was assessed from 50 separate cell measurements, Table S2: Detailed recovery results
using MDA-MB-468 cells spiked into different blood sample types and processed with various experimental
Parsortix™ conditions. Each measurement was carried out in triplicates and absolute as well as averaged values
(including s = standard deviation) are indicated. Additionally, average processing time is noted, Table S3:
Information on mBC patients providing blood samples for the Parsortix™ cassette gap comparison and the testing
of semi-automated evaluation using the XCyto 10 platform. (Sheet1) Absolute CTC counts detected for the 37 mBC
patients enrolled in this study are indicated. Each patient donated matched EDTA blood samples at blood draw to
allow for direct comparison of 6.5 µm and 10 µm cassette gap performance. A second sample set was collected for
6 mBCa patients. (Sheet2) Basic clinical patient data available for our analyzed mBC cohort including additional
patients for comparison of manual vs. semi-automated sample screening. Abbreviations include: pos–positive,
neg–negative, and nA–not available, Table S4: Clinical information on the mixed cancer patient collective analyzed
for blood tube comparison (n = 13). Clinical samples were obtained from 6 metastatic non-small-cell lung cancer
(mNSCLC), 1 metastatic small-cell lung cancer (mSCLC) and 6 metastatic gastrointestinal cancer (mGIC) patients,
Table S5: Detailed recovery results for 13 clinical cancer patient samples drawn in parallel into different blood
tubes and processed with the 6.5 µm cassette gap via the Parsortix™ system. Clinical samples were obtained from
metastatic non-small-cell lung cancer (mNSCLC), small-cell lung cancer (SCLC) and metastatic gastrointestinal
cancer (mGIC) patients. In cases in which CTCs were found, results are presented as (x/y), x = total number
of single CTCs, y = total number of CTC clusters detected, Table S6: Number of CTCs in blood samples from
metastatic breast cancer patients detected by manual screening and by the automated XCyto 10 platform.
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a metastatic lesion.[2–9] The detection of 
CTCs in patient blood is associated with 
reduced overall survival (OS) in various 
cancer types.[10–12]

Currently, cancer is primarily diag-
nosed by tissue biopsy, an invasive proce-
dure that can lead to side effects such as 
bleeding and infection and is not feasible 
in all tissues (e.g., brain). Additionally, 
information gained by biopsy is limited to 
the site of tissue removal and furthermore 
cannot mirror the ever changing land-
scape of tumor evolution within a single 
patient. Blood-based analysis of CTCs 
could therefore function as a minimal 
invasive “liquid biopsy,” allowing repeated 
sampling, a more holistic overview on dis-

ease development, and additional insights into the biology of 
metastasis formation.[13,14]

When analyzing CTCs, the main hurdle is the rarity of these 
cells in the background of millions of blood cells (≈1 CTC in 
108 blood cells).[15] To overcome this limitation, a multitude of 
assays have been and are currently under development.[3,16] 
However, so far only the CellSearch system (Menarini Silicon 
Biosystems, Italy) has gained approval for use in specific cancer 

The capture of circulating tumor cells (CTCs) is still a challenging application 
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conditions of blood samples spiked with a clinically relevant amount of tumor 
cells are evaluated. An optimized design for the capture platform that allows 
highly efficient recovery of CTCs from size-based pre-enriched samples under 
realistic conditions is obtained. Furthermore, the viability of captured tumor 
cells as well as single cell recovery for downstream genomic analysis is 
demonstrated. Additionally, the authors’ findings underline the importance of 
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models by application-specific experiments.
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1. Introduction

Cancer remains the second most common cause of death 
worldwide.[1] As 90% of cancer-related deaths are caused by 
the formation of distant metastasis, understanding and pre-
venting this decisive step of disease progression will be crucial 
for treatment improvement. Circulating tumor cells (CTCs) are 
cells released into the blood from the primary tumor and/or 
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entities by the American Food and Drug Administration (FDA). 
While this system has been extensively validated, its limitation lies 
in the dependence of its CTC capture on EpCAM epithelial cell 
adhesion molecule (EpCAM).[17] While EpCAM is expressed on 
most epithelial tissues and therefore carcinoma cells, a growing 
amount of evidence is indicating that tumor cells undergo transi-
tion to a more mesenchymal state when initiating the metastatic 
cascade.[18,19] These cells downregulate epithelial markers such as 
EpCAM and therefore would most likely not be detected by the 
CellSearch system. This necessitates the development of prom-
ising and highly sensitive EpCAM-independent CTC detection 
platforms in order to isolate these highly aggressive CTC subtypes.

Recently, we developed a different approach in microfluidic 
CTC capture, based on a microfluidic encapsulated micro-
array.[20] Here, the CTC-containing samples are incubated with 
an antibody targeting the desired surface marker and then intro-
duced into a microfluidic chip with a herringbone structured 
ceiling (Figure 1). The ceiling structure disrupts laminar stream-
lines and, thereby, enhances the number of cellular interactions 
with the reactive micropattern, comprising the specific binding 
sites for the CTCs. Thus, CTCs are immobilized on the array, 
while healthy cells leave the microfluidic chip on the outlet. 
The microarray within the microfluidic channel was printed 
via polymer pen lithography (PPL).[21] This technique combines 
aspects of microcontact printing and dip-pen nanolithography 
(DPN)[22] in a hybrid way and allows large area (several cm²) pat-
terning,[23] especially for sensitive, bioactive molecules in gra-
dients[24,25] and in a multiplexed fashion.[26–29] This allows also 
easy integration into microfluidic systems as we demonstrated 
for the above-mentioned application of CTC capture[20] and mast 
cell screening,[30] recently. In the application of these micro-
arrays for CTC capture, the design of the microfluidic chip 

chamber ceiling is key to disrupt laminar streamlines in order 
to get CTCs into contact with the specific binding sites on the 
microarray. Structuring the channel ceiling with a staggered her-
ringbone (SHB) design has proven to be an effective method to 
increase the number of cell–surface contacts. Originally, SHBs 
were proposed as a chaotic mixer for microchannels by Strook 
et al.[31] They showed that SHB mixers generate transverse flows 
that induce a stirring within the microchannel. These micro-
vortices lead to stretching and folding of fluid volumes over the 
channel’s cross section. Thereby, the diffusion length is reduced 
and, hence, mixing is significantly accelerated.

Stott et  al. were among the first to apply the SHB mixer 
design to the isolation of CTCs.[32] Since then, SHBs have been 
utilized frequently for CTC capture.

The initial SHB design has been proposed and optimized for 
mixing purposes. For the purpose of capturing CTCs the aim is 
not mixing but transporting cells to a binding surface. On that 
account, Forbes et  al. developed a computational model and a 
theoretical framework to optimize the geometry of the SHB 
design.[33] Recently, Lynn et al. have optimized the design of the 
SHB mixer for biosensing purposes as well, focusing on analyte 
transfer to the surface opposite the SHB grooves.[34,35] Consid-
ering the importance and benefits of theoretical and simulation 
results in the design process of microfluidics,[36] we set out to 
implement and compare these propositions in practice.

In the present work, we evaluate our chip platform with dif-
ferent SHB structures as suggested in the literature. As dif-
ferent herringbone structures are theoretically proposed for 
maximum efficiency of analyte delivery to active channel sur-
face, we compare three different setups: design HA is the SHB 
design that we utilized in a previous publication,[20] design HB 
implements the suggestions of Forbes et al.,[33] and design HC 
follows the design rules that Lynn et  al.[34,35] proposed. Addi-
tionally, the capture efficiency of a channel with smooth walls is 
included in the comparison.

2. Results and Discussions

2.1. The Chip Platform

In order to assess the influence of the different SHB structures 
in the chip ceiling (Figure  2) on the capture efficiency of the 
chip platform, three different designs were produced (Table 1, 
called ceiling type HA, HB, HC) and compared with each 
other as well as an unstructured microfluidic channel. The her-
ringbone is composed of a series of chevrons with a long and 
a short groove. The short groove covers one third of the sym-
metry width whb and the long groove covers the remaining two 
thirds. The angle between grooves θhb is 90° and the angle with 
the channel wall θc is 45°.

Each chevron is whb wide and placed side by side to cover the 
complete channel width wc. Grooves are wg wide, hg high and 
separated with a pitch Λ. The height of the smooth part of the 
channel is hc. The shape of the SHBs is varied as a function of 
the axial position in the microchannel. After Ng chevrons per 
part-cycle, they are staggered by an offset δg.

Publications by Forbes et al. and Lynn et al. on geometrical opti-
mization of the SHB design provide design guidelines to enhance 
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Figure 1.  The CTC capture chip. a) Scheme of the capture principle. 
Antibody sensitized CTCs are captured on a microarray at the channel 
bottom, while other cells can pass the microfluidic chip. Structures in the 
channel ceiling ensure frequent contacts of cells with the microarray by 
inducing transverse flows. b) Photograph of a real microfluidic chip on 
an inverted microscope.
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the number of particle–surface interactions in SHBs.[33–35] How-
ever, the results published by these two groups contradict each 
other in the following parameters: groove width wg, groove height 
hg, and symmetry width whb. Nevertheless, they agree that the 
groove pitch Λ has little or no effect on capture efficiency.

Forbes et al. focus on the groove-to-channel relative hydraulic 
resistance and suggest that SHBs with wide and deep grooves 
enhance the number of interactions at the surface opposite to 
the SHBs.[33] Consequently, the geometrical parameters, labeled 
HB in Table 1, were chosen.

Lynn et  al. conclude that the ratio hg/hc is one of the most 
important design parameters and should be in the region of 
1.2  < hg/hc.[34,35] As the channel height is 50  µm, the groove 
height was chosen to be 75  µm, resulting in hg/hc  =  1.5. The 
geometrical parameters following these suggestions are given 
in Table 1, labeled HC.

To find the optimal SHB structure for CTCs capture pur-
poses, the designs HB and HC were fabricated and their cap-
ture efficiency was evaluated experimentally. Additionally, 

the SHB design that was utilized in a previous publication 
by our group, labeled HA, and a smooth channel with height 
hc = 150 µm were included in the comparison.

All designs have the following parameters in common: com-
plete channel width wc  = 9600 µm, number of grooves per part-
cycle Ng = 5, angle of herringbone θhb  = 90° and the angle with 
channel wall θc = 45°.

2.2. Performance in Tumor Cell Capture

To compare the performance of the different ceiling types for 
the microarray chip platform, trials with different concentra-
tions of cancer cell line cells were performed. Mixtures of 100 
and 10 000 biotinylated cancer cells (MCF-7) and 104 to 106 non-
biotinylated cancer cells were tested on the different microflu-
idic chips (different pattern pitches and chamber designs). A 
streptavidin-patterned chip surface with an array feature pitch 
of 50 µm combined with the SHB design type HC showed the 
highest capture rate among the different tested combinations 
(Figure 3c and Table S1, Supporting Information).

Statistical analyses showed that both the ceiling type 
(p = 0.0015) and pattern structure (p < 0.0001) had a significant 
impact on the capture rate, with a possible interaction between 
the two (p  =  0.0089), cell suspension concentration was also 
significantly correlated to the capturing rate (p  =  0.044), but 
not as strong and was therefore not further considered. Pair-
wise analyses indicated that ceiling type HB was outperformed 
by HA with 29.8% (95% CI: [10.1, 49.4], p  =  0.0019) and HC 
with 30.8% (95% CI: [9.2, 52.3], p  =  0.0034), whereas the 
smooth ceiling type was not highly statistically different com-
pared to the other three (p  >  0.005). The pattern structure of 
50 µm showed a 25.2% better mean capturing than the 25 µm 
(95% CI: [11.0, 39.5], p  =  0.0006) and a 28% better capturing 
than the homogeneous pattern structure (95% CI: [13.1, 42.9], 
p  =  0.0003). Interaction effects between the ceiling type and 
pattern structure confirmed that 60% higher mean recovery 
rates could be achieved with the 50  µm herringbone HA and 
HC compared to the smooth type or HB (p  <  0.005). No sta-
tistically significant difference in the mean rate of capture was 
detected between ceiling types HA and HC at the same pattern 
structure.

Based on these results, a pattern pitch of 50 µm was chosen 
(as here the overall highest recovery performance was found) 
for subsequent experiments to allow more in-depth comparison 
across the different chip designs under “mock” blood sample 
conditions. Here, 100 cancer cell line cells (MCF-7) were spiked 
into blood samples of healthy donors (containing around 5 × 
109 cells mL−1). As described previously,[20] these “mock” blood 
samples were subjected to a size-based pre-enrichment by the 
Parsortix system. This workflow allows for removal of a large 
fraction of healthy white blood cells and erythrocyte background 
by size exclusion.[37] After pre-enrichment, the remaining cells 
(1500–6000 dependent on donor)[38,39] were sensitized by bioti-
nylated-anti-EpCAM antibodies and pumped into the respective 
chip. Following additional staining with fluorescently labeled 
antibodies (secondary anti-mouse, DAPI, CD45), the tumor 
cells bound on the chip surface were manually counted with an 
upright fluorescence microscope.

Adv. Biosys. 2020, 4, 1900162

Figure 2.  Scheme of chip ceilings. Schematic of a staggered herringbone 
design, illustrating the geometrical parameters: channel height hc, groove 
height hg, groove width wg, groove pitch Λ, symmetry width wHR, number 
of chevrons per part-cycle Ng and offset per cycle δg.

Table 1.  Design parameters of the staggered herringbone ceiling.

Geometrical parameter HA [µm]a) HB [µm]b) HC [µm]c)

Channel height hc 50 50 50

Groove height hg 50 150 75

Groove width wg 100 125 50

Groove pitch Λ 100 200 100

Symmetry width whb 300 500 150

Offset per cycle δg 100 500 150

a)As used in our previous publication[20]; b)Following design rules by Forbes 
et al.[33]; c)Following design rules by Lynn et al.[34,35]
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Representative images of stained tumor cells captured on 
the streptavidin dots of the chip are shown in Figure 3a,b. As 
median recovery for the different ceiling types, 10% for smooth, 
13% for type HA, 3% for type HB, and 38% for type HC, respec-
tively, were obtained (Figure  4). The standard deviations (SD) 
measured here represent an accumulation of the SD of both the 
pre-enrichment via Parsortix, and the actual chip processing. 
The SD of the HC chip appears to be higher than in the other 
chips which is most likely due to the fact that more cells can be 
detected with this compared to the other chip types (e.g., HB). 
It is natural for the variation in recovery to decrease the closer 
the recovery is to zero. Since the recovery obtained with the HC 
chip among the different experiments is normally distributed, 
the results remain highly trustworthy. Nonetheless, we will 
strive to further improve the reproducibility in future experi-
ments. Statistical analysis shows a significant difference in 
the mean recovery rate between the ceiling types (p = 0.0006). 
Type HC outperformed the smooth type with 30.3% (95% CI: 
[11.8, 48.7], p  =  0.0025), type HA with 22.9% (95% CI: [4.5, 
41.4], p = 0.015), and type HB with 34.6% (95% CI: [16.1, 53.1], 
p =  0.0009). No statistically significant difference was detected 
between type HA and HB (p = 0.35), HA and smooth (p = 0.70), 
and HB and smooth (p  =  0.92). Taken together, the HC type 
(designed as suggested by the Lynn et  al. rules for maximiza-
tion of the number of surface interactions)[34,35] shows the 
overall best recovery performance and significantly improves 
on our previously used[20] HA type and the HB type (based 
on the alternative design rules suggested by Forbes et  al.).[33] 
Current standard approaches used downstream of the Par-
sortix system, such as the classical ICC staining on cytospins 

(pan-cytokeratin, CD45, and DAPI) reach an average recovery of 
(32 ± 4)% using MCF-7 cells and the same Parsortix separation 
protocol (Table S2, Supporting Information). Of note, a broader 
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Figure 3.  Captured cells on a microarray and correlation matrix of examined chip and pattern designs. a) Single captured CTC on a microarray. The 
translucent herringbone ceiling structure is visible. Scale bar equals 250 µm. b) Close-up of the cell. Note the low background of other cells and the 
co-localization of microarray pattern with the captured CTC. Scale bar equals 50 µm. c) Correlation matrix showing the recovery of tumor cells under 
the different experimental conditions of the ceiling type (Herringbone, top row), pattern design (Pattern, center row), and the cell suspension concen-
tration (Suspension, bottom row).

Figure 4.  Capture efficiency in spiked blood samples. Ceiling type HC 
(median recovery 38%) outperforms the other ceiling types significantly. 
No statistically significant differences were detected between the smooth 
ceiling (median recovery 10%) and ceiling types HA (median recovery 
13%) and HB (median recovery 3%).
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discussion and comparison of different CTC isolation systems 
can be found in the literature.[3,40,41] Factoring in these losses in 
the upstream processing and assuming that the Parsortix sepa-
ration is the main point these occur (neglecting the contribution 
of the cytospin process), the HC system would have a (theoret-
ical) recovery of 118% (excess of 100% probably reflecting the 
neglected losses during cytospin that cannot easily be deconvo-
luted). This estimation shows that the HC system has a virtu-
ally full recovery of cells obtained in the upstream process.

Sample purity represents a crucial factor of CTC isolation 
techniques. However, it is most relevant when no further dis-
crimination between target cells (CTCs) and cellular back-
ground (e.g., leucocytes) takes place and when samples are 
furthermore subjected to bulk analysis. In our case, potential 
target cells on the chip are fluorescently stained using estab-
lished CTC markers as well as leucocyte exclusion markers 
allowing apt differentiation between both cellular populations. 
The microarray features themselves provide a strong reference 
to distinguish targets and unspecific background by co-locali-
zation of targets with the array features (Figure S1, Supporting 
Information). Furthermore, analysis of CTCs identified on the 
chip is based on single cell isolation and not bulk analysis, 
therefore circumventing the need for even higher purity in 
samples. Overall, leukocyte background remained under 500 
nucleated cells for all blood samples tested (data not shown). 
Sample pre-enrichment via Parsortix was shown to result in 
a residual count of 200–800 nucleated cells per mL of pro-
cessed blood,[38] translating to 1500–6000 nucleated cells post 
size-based enrichment of a standard 7.5 mL EDTA blood tube. 
This leukocyte background is known to be donor dependent.[39] 
Considering these numbers, our chip achieves a minimal fur-
ther sample purification of threefold and maximum additional 
sample purification of over 12-fold.

2.3. Cell Viability following Tumor Cell Capture

Although progress has been made during recent years, cul-
turing CTCs from patient blood ex vivo remains challenging 
to this day. So far only very few CTC-derived cell lines could 
successfully be established,[42–44] limiting the functional under-
standing of these cells. The viability of captured tumor cells fol-
lowing enrichment or isolation represents a vital prerequisite 
for successful transient or permanent culture. A cell viability 
of 99% was demonstrated for cells separated by the Parsortix 
system in earlier studies[37,45] indicating that processing of sam-
ples using this technology has a negligible effect on cell via-
bility. For this reason, in this study, we focused on assessing the 
impact of chip processing in itself on cell viability. To test the 
viability of cells passed through our chip, we sensitized breast 
cancer cell line cells (MDA-MB-468) with biotinylated-anti-
EpCAM antibodies and captured them on the streptavidin sur-
face according to standard protocol. Subsequently, dead cells 
were stained directly within the chip using 0.4% trypan blue. 
Cells were screened and images were taken in bright field 
(Figure  5). The vast majority of MDA-MB-468 cells captured 
on the chip remained viable showing no evident trypan blue 
staining. In total, around 10% of dead and 90% of viable cells 
were detected. Combined with the possibility of removing the 

PDMS microfluidic chamber and placing the glass slide con-
taining the immobilized tumor cells directly into a petri dish 
for culture, this promising result of 90% viable tumor cells fol-
lowing enrichment with the chip, suggests good starting condi-
tions for future CTC culture.

2.4. Feasibility of the Workflow for Downstream Genomic 
Analysis of Single Tumor Cells

In order to test the compatibility of our chip workflow with 
downstream molecular single cell analysis, tumor cell line cells 
(MCF-7 and SK-MEL-28 cell line cells) were spiked into a back-
ground of peripheral blood mononuclear cells (PBMCs), cap-
tured on the chip, stained with immunofluorescent markers, 
and picked by micromanipulation for subsequent whole 
genome amplification (WGA). As negative control for the 
WGA, PBS pipetted from the same chip was used, whereas 
human reference DNA was employed as positive control. Ten 
MCF-7 and 10 SK-MEL-28 single cells were used for WGA of 
which 50% (5/10) of the genomes could be successfully ampli-
fied at highest quality (4/4 bands) for each cell line, as deter-
mined by a multiplex PCR against four different fragments of 
the human GAPDH gene (Figure S2, Supporting Information). 
An additional single SK-MEL-28 cell showed 1/4 quality con-
trol bands, indicating sufficient DNA quality for PCR or Sanger 
sequencing applications. These results demonstrate compat-
ibility of the CTC chip isolation workflow with micromanipula-
tion and WGA of cells of interest for downstream applications.

3. Conclusion

In this study, we investigated the influence of ceiling struc-
ture and target cell concentration on the capture efficiency of 
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Figure 5.  Viability staining of captured cancer cell line cells. Exemplary 
image of MDA-MB-468 cells taken in bright field, following capture on 
the chip. An image containing trypan blue stained cells was chosen, while 
representing the minority, to demonstrate staining efficiency. The her-
ringbone structure of the microfluidic chamber is visible as grey waves. 
Black scale bar represents 50 µm. Viable cells indicated by yellow arrow 
and dead cells stained by trypan blue indicated by red arrow.
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our CTC capture platform based on microarrays. Trialing dif-
ferent design rules, we were able to greatly enhance the cap-
ture rate in comparison to our previous design. Compared to 
other tandem systems such as pre-enrichment by Parsortix and 
detection via staining on cytospins, our system is performing 
on a competitive level. Additionally, when the cell loss during 
pre-enrichment is factored in to enable comparison to other 
microfluidic chips described in the literature working not as 
tandem device,[32,46–49] this chip platform is estimated to have a 
near full recovery. To further allow the chip platform to unfold 
its unique potential, necessary pre-enrichment steps will need 
to be addressed and refined in future studies. Furthermore, the 
chip platform is suitable for live cell capture, as demonstrated 
by a 90% viability of captured cells. These could potentially be 
used for cell culture and further downstream genomic anal-
ysis. Microfluidic systems have been shown to outperform the 
“gold standard” CellSearch device on multiple occasions.[50–56] 
However, it is important to keep in mind, that most of these 
platforms utilize additional or alternative markers for CTC iso-
lation[50–52] or work with antibody cocktails,[53,54] thereby com-
plicating the direct comparison of both approaches. At this 
point in time, we chose EpCAM as a target for CTC capture on 
our chip in order to demonstrate the feasibility of our workflow 
using a well-established marker and to allow for future direct 
comparison to the CellSearch. While we demonstrate cap-
turing by EpCAM, it should be noted that the design allows free 
exchange of used antibody without need for other changes in 
setup or operations, thus allowing virtual free choice of target 
marker. Overall, the optimized chip platform is a very prom-
ising tool enabling future studies on CTCs and other potential 
diagnostic applications.

4. Experimental Section
Microarray Printing: The microarray was printed according to the 

procedures published previously.[20] Briefly, the polydimethylsiloxane 
(PDMS, ABCR, Karlsruhe, Germany) stamps were prepared from silicon 
master (50  µm and 100  µm pitch) which was previously fabricated by 
photolithography and chemical etching process. The PDMS stamps 
were treated with oxygen plasma (0.2 mbar, 100 W, 10 sccm O2, 2 min, 
ATTO system, Diener electronics, Germany) before inking to render 
the surface hydrophilic. The stamps were spin coated (3000 rpm, 30 s) 
for homogenous coating with the ink of biotin-4-fluorescein (Sigma-
Aldrich, Germany). The stamp was first glued with two component 
epoxy resin adhesive (UHU, Germany) to a microscopic glass slide, then 
the whole glass slide was glued to the bar of a custom made holder 
and rested for 2 min to dry. The stamp holder was then attached to the 
NLP2000 system (NanoInk Inc., USA) that offers a piezo-driven stage, 
able to perform micro-printing. As substrate, the microscopy glass 
slides (Menzel Gläser, Germany) were sonicated for 10 min each in 
chloroform, isopropanol, and deionized water. The cleaned microscopy 
slides were then immersed in a solution of 3% bovine serum albumin 
(BSA, Sigma-Aldrich, Germany) in phosphate buffered saline (PBS, 
Sigma-Aldrich, Germany) overnight. The slides were then dipped ten 
times in ultrapure water (18.2 MΩcm) to remove the extra BSA and 
subsequently dried with nitrogen. After this, the BSA-coated substrates 
were ready to use for the microarray printing. The plasma-cleaned 
PDMS stamp of area 10 × 10 mm2 was levelled[29] and contacted once 
to the substrate for printing patterns having 50  µm distance between 
ink dots. Then the stamp was moved by 10 mm and contacted again to 
obtain a large area biotin dots pattern next to the already printed area. 
This process of printing was repeated four times, resulting in a total 

area of 40 × 10 mm2. Printing was done at 50–70% relative humidity 
and dwell time of 1–10 s. The biotin-4-fluorescein micropatterns were 
then immediately immobilized by a UV lamp (365 nm, Technotray CU, 
Heraeus, Germany) for 15 min after printing (bleaching the fluorescein 
and in the process photochemically binding it to the BSA) and stored at 
room temperature until use.

Fabrication of the Staggered Herringbone Chip: The microfluidic chips 
were fabricated in a three-step process. Initially, a mold was produced, 
that exhibits the inverse of the microfluidic channel including the SHB 
structure, by photolithographically patterning two layers of a negative 
photoresist (SU-8, MicroChem, USA) on a silicon wafer. A 50 µm thick 
layer of SU-8 was spin coated, followed by a soft bake. This layer was 
exposed to form the negative of the channel without grooves. After post 
exposure bake and before developing the photoresist, a second layer 
of SU-8 was spin coated and soft baked. Depending on the design, 
the rotational speed was altered to reach the groove height. The SU-8 
was then exposed to form the negative of the herringbone-shaped 
channel ceiling. Following another post exposure bake, the pattern was 
developed. Finished master templates can be reused for replica molding 
without any noticeable degradation in performance.

In the second step, PDMS prepolymer and its curing agent (Sylgard, 
184, Dow Corning, USA) were mixed at 10:1 weight ratio, degassed, and 
casted to replicate the molding template. After curing on a hot plate 
(70  °C, 4  h), the PDMS replica was carefully released from the mold. 
Fluidic inlet and outlet ports were punched with a syringe needle.

In the third step, the SHB chip was bonded onto the microarray glass 
slide by oxygen plasma treatment to form a microfluidic flow chamber. 
An additional PDMS layer was placed onto the micropattern to protect it 
during plasma exposure. Finally, tubings (material: PEEK, outer diameter 
ø  =  790  µm, inner diameter ø  =  250  µm, Lab-Smith, USA) were fitted 
into the punched fluid connector holes to finish the microfluidic chip 
featuring a direct syringe interface (see Figure 1b for a photograph of a 
completed chip). The smooth channel comparison chips were produced 
by attaching a commercially available smooth channel with height 
hc = 150 µm (sticky-Slide I 0.1 Luer, ibidi, Germany) onto a microarray 
glass.

Preparation and Connection of Microfluidic Chips: The connection 
procedure for the SHB chips was performed according to the procedures 
published previously.[20] The ibidi chips (with unstructured channel) 
were prepared as follows: To provide a steady flow, a 1 mL syringe (BD 
Bioscience, USA) in a syringe pump (NE-1002X, Fisher Scientific, USA) 
was directly inserted into the inlet port of an ibidi chip and the outlet port 
was connected to a tube by a male Luer lock connector (ibidi, Germany) 
for waste collection. In order to rinse the whole chamber and to block 
unspecific protein binding at the channel walls before use, 100  µL of 
PBS with 1% w/V BSA (Sigma-Aldrich, Germany) and 1% v/v Tween20 
(Fluka Analytical, Germany) was pumped into the chip and incubated 
for 15 min. Then the entire solution in the chamber was replaced with 
200  µL of cy3 labeled streptavidin in PBS (0.5%  v/v). The binding of 
streptavidin on the biotin patterns was allowed for 20 min. Finally, the 
chip was flushed with 500  µL PBS to remove excess streptavidin and 
rendered ready to use.

Standard Cell Culture: MCF-7, MDA-MB-468 breast cancer cell 
line cells, and SKMEL28 melanoma cell line cells, were cultured in 
Dulbecco’s modified Eagle’s medium (Life Technologies, Germany) 
supplemented with 10% calf bovine serum (Sigma-Aldrich, Germany), 
1% l-glutamine (Gibco—Life Technologies, USA), and 1% penicillin/
streptomycin (Gibco—Life Technologies, USA) under standard cell 
culture conditions (37 °C and 5% CO2).

Preparation of Cell Culture Cells for Chip Experiments: 1 × 105 MCF-7 
cells were sensitized with 0.5  µg mL−1 of biotinylated-anti-EpCAM 
antibody (VU-1D9, Abcam, UK) in a shaker (Eppendorf Thermomixer 
Comfort, Hamburg, Germany) revolving at 300 rpm at 37 °C for 40 min. 
The biotinylated cells were then washed with PBS to remove unbound 
antibody. 100 biotinylated MCF-7 cells were manually counted and 
mixed with ≈10 000 (based on cell concentration) untreated MCF-7 
cells as negative controls in a total volume of 300  µL of pre-warmed 
0.1% BSA in PBS buffer (37  °C). This mixture was used to test and 
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compare the recovery of different microfluidic chip designs. For manual 
spiking, 10  µL of cell culture cell suspension were applied to a petri 
dish containing 1× PBS. The petri dish was then placed under a light 
microscope and focused on in 5× or 10× magnification. Using a 10 µL 
Eppendorf pipette, single cells were manually pipetted into the pipette 
tip and transferred to the respective background cell solution.

Preparation of “Mock” Blood Samples for Chip Experiments: 7.5 mL of 
whole blood was collected from healthy donors in accordance to the 
World Medical Association Declaration of Helsinki and the guidelines for 
experimentation with human materials by the Chambers of Physicians 
of the State of Hamburg (“Hamburger Ärztekammer”). Blood was 
spiked with 100 manually counted MCF-7 cells to mimic clinical cancer 
patient samples. Manually spiked cells were handled as mentioned 
above. These “mock” blood samples were pre-enriched using the size-
based Parsortix system (ANGLE plc) before applying our microfluidic 
chip assay. The function and handling of the Parsortix system has been 
described in detail in prior publications.[37] The total amount of cells 
remaining following Parsortix enrichment was between 1500 and 6000 
dependent on donor.[38,39] Cells were harvested into a 1.5  mL reaction 
tube and centrifuged at 500× g, for 5 min to replace the PBS with pre-
warmed 0.1% BSA in PBS buffer (37  °C). The pre-enriched cells were 
then incubated with 0.5  µg mL−1 of biotinylated-anti-EpCAM antibody 
(VU-1D9, Abcam, UK) in a shaker (Eppendorf Thermomixer Comfort, 
Hamburg, Germany) revolving at 300 rpm at 37 °C for 40 min. Following 
antibody incubation, the cells were centrifuged at 500 × g, for 5 min to 
remove excess antibody and subsequently re-suspended in 200  µL of 
0.1%  BSA/PBS (37  °C). The sensitized pre-enriched cell fraction was 
then pumped into different microfluidic chip designs.

Capture and Staining of Tumor Cells on the Chip: The process of 
running the microfluidic chip has been described in detail in our 
prior publication.[20] In brief, the sensitized cells were pipetted into 
a 1  mL syringe (BD Bioscience, USA) which was connected to the 
device. A syringe pump passes the cells into the chip with a steady 
flow rate of 20  µL min−1. During this time, the chips were placed on 
a hot plate (Heidolph MR Hei-Tec, Schwabach, Germany) set to 37 °C. 
After a 15  min of incubation, the captured cells were fixed with 0.5% 
paraformaldehyde for 15  min and stained with DAPI (1:1000, Sigma-
Aldrich, Germany) and a secondary fluorescently labeled antibody 
(anti-mouse Alexa488-fluorophore 1:200, Abcam) for 30  min. Finally, 
chips were flushed with PBS (500  µL, 50  µL min−1) and transferred to 
microscopy for readout.

Readout of the Chips and Analysis: The entire chip area containing the 
immobilized tumor cells was manually scanned with a 10× objective on 
an upright fluorescence microscope (Eclipse 80i, Nikon Instruments 
Europe B.V., Germany) and the number of stained tumor cells bound to 
streptavidin dots was obtained by manual counting.

Viability Assessment of Captured Tumor Cells: Viability of tumor cells 
captured by the chip was assessed by trypan blue staining. Trypan blue 
is an azo dye that is only able to enter through the cell membrane of 
dead cells, staining them in a dark blue color, while live cells remain 
unstained. The blue color was visible by standard light microscopy. 1 × 
106 MDA-MB-468 cells (without leucocyte background) were processed 
through the chip according to standard protocol in a HC-type chip. A 
temperature of 37 °C was strictly maintained for the entire duration of the 
chip run and all used fluids. Following an incubation period of 15 min, 
80  µL of 0.4% trypan blue (Sigma-Aldrich, Germany) were passed 
through the chip at a flow rate of 1.2 mL h−1. Subsequently, excess dye 
was washed out with 500 µL of PBS and the chip was analyzed by bright-
field microscopy (Axiovert 200M, Zeiss, Germany). Random areas of the 
chip were selected for imaging (Software: Axiovision 4.8.2) and to assess 
the number of dead cells in relation to viable cells.

Single Cell Manipulation and Downstream Analyses: In order to 
test the efficiency of the proposed system for downstream genomic 
analyses, the complete workflow was tested for its compatibility with 
WGA and molecular characterization of the genomic material. In brief, 
breast cancer cell line MCF-7 and melanoma cell line SK-MEL-28 cells 
were transferred into a background of 60 000 PBMCs and sensitized 
with biotinylated-anti-EpCAM antibody (VU-1D9, Abcam, UK) or the 

combination of biotinylated MCAM (REA773, Miltenyi, Germany) 
and NG2 (EP1, Miltenyi, Germany) antibodies, respectively. Next, the 
enrichment and staining of tumor cells was performed in a HC-type 
chip as described above. MCF-7 cells were stained with pan-keratin 
antibody coupled to Alexa 488 (clone AE1/AE3, eBioSciences, USA), and 
SK-MEL-28 cells were stained with anti-MCAM (clone 541-10B2, Miltenyi, 
Germany) and anti-NG2 (LMH2, Novus Biological, USA) antibodies 
both coupled to PhycoErythrin. In both cases DAPI nuclear staining 
was performed. The chips were opened by removing the microfluidic 
chamber from the printed slide by cutting the PDMS layer with a scalpel. 
Single tumor cells (n  =  10 for each cell line) were isolated from the 
pattern by micromanipulation, individually transferred into 0.2 mL PCR 
tubes and immediately frozen at −80  °C. Next, WGA was performed 
using the Ampli1 WGA kit (Menarini Silicon Biosystems, Italy) according 
to the manufacturer’s recommendations. The quality of the amplified 
DNA was assessed by multiplex PCR producing 96, 108–166, 299, and 
614 bp fragments from target sites in the GAPDH gene using the Ampli1 
QC Kit (Menarini Silicon Biosystems, Italy). PCR products were analyzed 
in a 1.2% agarose TAE ethidium bromide stained gel.

Statistical Analysis: Statistical analyses were performed in R.[57] ANOVA 
followed by Tukey’s pairwise analyses were employed to test the capture 
efficiency of the different ceiling type structures and patterns under the 
two different cell concentration conditions, as well as to test the recovery 
of spiking experiments using the different SHB structures. p-values of 
≤  0.005 were considered statistically significant as recommended by 
novel statistical guidelines.[58]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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BACKGROUND: Multiple technologies are available for
detection of circulating tumor cells (CTCs), but stand-
ards to evaluate their technical performance are still
lacking. This limits the applicability of CTC analysis in
clinic routine. Therefore, in the context of the
CANCER-ID consortium, we established a platform to
assess technical validity of CTC detection methods in a
European multi-center setting using non-small cell lung
cancer (NSCLC) as a model.

METHODS: We characterized multiple NSCLC cell lines
to define cellular models distinct in their phenotype and
molecular characteristics. Standardized tumor-cell-
bearing blood samples were prepared at a central labora-
tory and sent to multiple European laboratories for
processing according to standard operating procedures.
The data were submitted via an online tool and centrally
evaluated. Five CTC-enrichment technologies were
tested.

RESULTS: We could identify 2 cytokeratin expressing
cell lines with distinct levels of EpCAM expression:
NCI-H441 (EpCAMhigh, CKpos) and NCI-H1563
(EpCAMlow, CKpos). Both spiked tumor cell lines were
detected by all technologies except for the CellSearch
system that failed to enrich EpCAMlow NCI-H1563
cells. Mean recovery rates ranged between 49% and 75%
for NCI-H411 and 32% and 76% for NCI-H1563 and
significant differences were observed between the tested
methods.

CONCLUSIONS: This multi-national proficiency testing
of CTC-enrichment technologies has importance in the
establishment of guidelines for clinically applicable
(pre)analytical workflows and the definition of minimal
performance qualification requirements prior to clinical
validation of technologies. It will remain in operation
beyond the funding period of CANCER-ID in the con-
text of the European Liquid Biopsy Society (ELBS).

Introduction

Circulating tumor cells (CTCs) are cancer cells that
have entered the blood stream and can become detect-
able in the peripheral blood. CTCs have become of high
interest since they can provide direct access to systemic
cancer hallmarks with the potential to develop superior
assays for detection, analysis, and treating systemic can-
cer (1–4). When compared to other circulating bio-
markers, the clear advantage of CTCs is that they can
provide cancer-related information on the DNA, RNA,
and protein levels, which might be used for more ratio-
nal treatment decisions.

Since CTC concentration in blood is extremely low
and cancer specific markers are lacking, their enrich-
ment and detection remains very challenging (5). In
addressing these challenges, several platforms have been
established to enrich and detect CTCs in blood samples.
According to their underlying principle, current CTC-

aDepartment of General, Visceral and Paediatric Surgery, University Hospital and Medical
Faculty of the Heinrich-Heine University Düsseldorf, Düsseldorf, Germany; bIntegrated
BioBank of Luxembourg, Dudelange, Luxembourg; cDepartment of Medical Cell
BioPhysics, University of Twente, Enschede, The Netherlands; dBayer AG, Biomarker
Research, Wuppertal, Germany; eLaboratory of Rare Human Circulating Cells, University
Medical Centre of Montpellier, Montpellier, France; fInstitute of Tumor Biology,
University Medical Center Hamburg-Eppendorf, Hamburg, Germany; gGustave Roussy,
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enrichment methods can be divided into 2 groups: one
targets biological properties of CTCs (marker depen-
dent) and the other their biophysical characteristics
(marker independent) (6, 7). The prevailing strategy for
the first group is immuno-magnetic enrichment via
conjugated antibodies directed against EpCAM, a
membrane-protein widely expressed in different cancer
types (8). This first strategy avoids the loss of deform-
able CTCs with small sizes. The second group utilizes
differences in size, deformability, or electric properties
to capture CTCs. This could be advantageous if cells do
not express typical epithelial markers such as EpCAM
[e.g., due to epithelial-to-mesenchymal transition
(EMT)] (9). EpCAM-based enrichment is also
employed in the CellSearchVR system. This system is
FDA-cleared for CTC analysis in metastatic breast,
prostate, and colorectal cancers (10, 11). However, the
prognostic significance of CTCs detected by CellSearch
has been demonstrated for several cancer entities (12),
including non-small cell lung cancer (NSCLC) (13).
Since the introduction of the CellSearchVR system
around 15 years ago, more than 40 CTC-detection
systems have become commercially available. In view of
the promises for therapy prediction in personalized
medicine, the global forecasts for the CTC market have
been very optimistic with compound annual growth
rates of up to 23% to attain an expected global market
value of around 28 billion USD by the end of 2023
(14). In light of these developments, it is surprising that
for almost all available CTC-technologies (with the
exception of the CellSearchVR system) large multicenter
trials to show clinical validity have been missing, a fun-
damental requirement for more complex trials testing
predictive value or even their routine clinical use. An
obvious reason for this is the associated costs, which are
difficult to cover for small and medium sized enterprises
(SMEs) or academic groups, from which most technolo-
gies emerged.

However, an essential step for each CTC-detection
method on the way to demonstrate clinical utility is to
establish first its technical validity. This is already a
complex, time consuming, and expensive task that
appears challenging for most technology developers.
This dilemma and the wish to support current and
future CTC-technology developers triggered the idea to
establish a sustainable proficiency testing platform to
benchmark technical performance for CTC-detection
methods and to allow for independent comparison of
different technologies. The proficiency testing platform
was developed within the frame of the Innovative
Medicines Initiative (IMI) consortium CANCER-ID
(15), which aims to test standard operating procedures
(SOPs) for preanalytical sample handling and detection
of CTCs in NSCLC as a blood-based biomarker. The
increasing number of treatment options for patients

with NSCLC has created a need for biomarkers to strat-
ify patients and/or to monitor patient’s response. In this
context, CTCs could be a valuable source of tumor ma-
terial fulfilling this need; however, detection of NSCLC
CTCs remains a major challenge due to their rarity and
their potential phenotypical heterogeneity. Here, we
present the first results of this proficiency testing plat-
form for CTC enrichment/isolation/detection technolo-
gies. As quality control materials, we used NSCLC cell
lines spiked blood.

Materials and Methods

PREPARATION AND SHIPPING OF SPIKED SAMPLES

Blood collection and preparation of spiked samples were
done at Integrated Biobank of Luxembourg (IBBL). On
the day of spiking, blood was collected from 1 healthy
donor under informed consent “CNER: 201107/02”
version 1.3 and following amendments (approved by
the local Luxembourg ethic committee) directly into
the blood collection tubes (BCTs) indicated in the
SOPs of the different technology providers: CellSearchVR

and VyCAP Microsieves required CellSave Preservative
Tubes (Menarini), Siemens and ParsortixVR used CTC
TransFix EDTA tubes (Cytomark), and RareCyte used
AccuCyteVR BCT (RareCyte). NCI-H441 and NCI-
H1563 cell lines in culture (Supplemental Methods)
were harvested following standard treatment with tryp-
sin, and quantified and evaluated for their viability and
cell size using the Cell Counter CASY (OLS).
Subsequently cells were stabilized with the fixation solu-
tion from the BCT required by the respective SOP,
diluted to 15000 cells/mL and stained with Hoechst
33342 nuclear marker (Thermo Scientific). For the
RareCyte spike in tests, cells were stained with
0.5 nmol/L Syto-83 (Thermo Fisher Scientific) because
of possible interference of Hoechst with the downstream
analysis. Two to 3 drops of 2mL of stained cell suspen-
sion were placed unto a 1% BSA/PBS precoated micro-
scope slide. Stained nuclei were counted by fluorescence
microscopy, and if in the range of 50 to 100 cells in
total, flushed into the collected blood with 200 mL PBS.
On the same day, the spiked blood samples were
shipped to the participants’ sites by overnight shipment
via courier. Shipping conditions were according to the
provided SOPs: the CellSave ensures sample stability
for 4 days at a temperature range of 15�–30 �C; the
TransFix ensures sample stability for 5 days at a temper-
ature range of 18�–25 �C and required special room
temperature isothermal packaging. The AccuCyteVR

BCTs have a maximum processing delay of 3 days and
require a transport temperature range of 20�–25 �C.
This procedure was repeated twice using blood from a
different donor each time, with 1-week intervals, result-
ing in 3 enumerations with blood from 3 different
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donors, per platform per cell line per site. All the partici-
pant sites were informed in advance of the shipping dates.

ENRICHMENT OF CTCS AND REPORT OF RESULTS

Five methods for CTC-enrichment were tested: the
CellSearchVR system (Menarini Silicon Biosystems);
VyCAP Microsieves (VyCAP); Siemens filtration unit
(Siemens; prototype is not for sale); ParsortixVR (ANGLE);
and RareCyte platform (RareCyte) (Table 1), using

consensus SOPs (Supplemental Methods). For all tech-
nologies, detection of spiked cells after enrichment was
based on immunofluorescence staining and fluorescent
microscope imaging (Supplemental Methods). Results
were reported using an online questionnaire made avail-
able to the sites in the secured web-based reporting tool
within the Biospecimen Proficiency Testing Programme
of Integrated BioBank of Luxembourg (IBBL) (16)
(Supplemental Methods, Supplemental Fig. 1).

Table 1. Main characteristics of the technologies tested.

Characteristics provided by the manufacturers

Technology Siemens ParsortixVR VyCAP CellSearchVR RareCyte

Enrichment principle Filtration Filtration Filtration Immunomagnetic Density

Enrichment criterion Size >8 mm Size >6.5 mm Size >5 mm EpCAM positivity Density
< 1.1 g/mL

Detection principle Fluorescence
microscopy

Fluorescence
microscopy

Fluorescence
microscopy

Fluorescence
microscopy

Fluorescence
microscopy

Staining method Automated Manual Manual Automated Automated

Detection system User-provided
microscope

User-provided
microscope

User-provided
microscope

Integrated micro-
scope (Cell
Tracks)

Integrated
microscope

(CyteFinder)
CTC identification

modus
Manual Manual Manual Semi-automated Semi-automated

Reagents Provided in SOP Provided in SOP Provided in SOP Provided as
an IVD assay

Provided as a kit

CTC definition DAPIpos;

CK(A53-B/A2þ
UCD/PR10.11)pos

CD45(9.4)neg;
CD66b(G10F5)neg

DAPIpos;

CK(EP1628Yþ
EP1580Y)pos;

CD45(5B1)neg

DAPIpos;

CK(C11þ AE1/
AE3)pos;

CD45(HI30)neg

DAPIpos; CKpos;
CD45neg

SYTOX
Orangepos;

CK/EpCAMpos;
CD45(HI30)neg

Type of tube (sample
volume)

TransFix

TVT-09-50-45
(9 mL)

TransFix

TVT-09-01
(9 mL)

CellSave

(10 mL)

CellSave

(10 mL)

AccuCyte BCT

(9 mL)

Blood volume used on
assay

9 mL 9 mL 10 mL 7.5 mL 7.5 mL

Parallel processing of
samples

Yes No Yes Yes Yes

Throughput 20

samples/week

15 samples/week 50 samples/week 40 samples/
week

15 samples/
week

Characteristics assessed by the users

Technology Siemens ParsortixVR VyCAP CellSearch RareCyte

Level of automationab

(enrichment)

3–4 2–4 2 4–5 2

Hands-on time
neededbc

(enrichment/staining)

20–45 min 20–45 min 20–60 min 20–30 min 105 min

Level of automationab

(identification)
1 1 1 - 2 3 - 4 4

Hands-on time
neededbc

(identification)

30 - 60 min 15 - 60 min 15–20 min 10 - 40 min 45 min

Total time until resultsbc 5 - 6 h 2 - 3.5 h 1,5 - 2 h 3 - 3.5 h 1.5 days

aLevel of automation was graded from 1 (bad) to 5 (very good). bThe values presented are the range of the values attributed by different groups. cThe time refer to one single
sample in one single run.
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STATISTICAL ANALYSES

Statistical analyses were performed as described in the
Supplemental Methods.

Results

RATIONALE FOR THE SELECTION OF NCI-H441 AND

NCI-H1563 LUNG CANCER CELL LINES FOR RING-TRIALS

For our testing platform for CTC-detection methods,
we aimed to provide 2 lung cancer cell lines with strong
differences in the expression of EpCAM, frequently
used as cell surface antigen for label-dependent enrich-
ment of CTCs (7, 17). In particular, we aimed to iden-
tify cell lines fulfilling 3 criteria: 1) All cell lines should
express cytokeratin (CK), since this has become the
standard marker for CTC identification by immunos-
taining; 2) Cell lines should have a differential expres-
sion of EpCAM to test marker-dependent and
-independent platforms; 3) Cell line cells should be dif-
ferent in size to test size-dependent methods. Of the 21
NSCLC cell lines available among the CANCER-ID
partners, we selected 9 for further analysis based on their
EpCAM and CK RNA expression levels (Supplemental
Fig. 2). As expected, EpCAM expression correlated
positively with the expression of E-cadherin (CDH1)
and other epithelial markers among the different
NSCLC lines, but negatively with the mesenchymal
markers vimentin (VIM) and N-cadherin (CDH2)
(Supplemental Fig. 2C). Using flow cytometry, we
quantified then the exact number of EpCAM (range:
4.3 x 103—1.1 x 106 antibodies bound per cell [ABC])
and CK (range: 1.6 x 104—1.1 x 105 ABC) epitopes
per cell for each cancer cell line (Supplemental Figs. 3
and 4). Next, we determined the cell size, which did not
vary substantially between the cancer cell lines (range:
14.7 - 18.2 mm) (Supplemental Fig. 3). Based on these
results, we chose one EpCAMhigh cell line (NCI-H411)
and one EpCAMlow cell line (HCI-H1563) (Fig. 1A–
D). Notably, each of the 2 cancer cell lines harbored a
unique mutation pattern in KRAS, TP53, and EGFR
genes (Supplemental Fig. 2D), and high intra-line
genomic similarity (Fig. 1E).

RECOVERY OF SPIKED CELLS USING DIFFERENT

TECHNOLOGIES

To test the 5 CTC-enrichment methods, a total of 98
samples were prepared at the central laboratory (IBBL,
Luxemburg) and shipped to 9 participating sites in 6
countries (Germany, France, Belgium, Netherlands,
Switzerland, Italy) according to the recommendations of
the manufacturers of the preservative tubes (Fig. 2A and
B). Siemens and VyCAP platforms were available at 4
participating sites, while Parsortix, CellSearch, and
Rarecyte were tested in 3 sites (Table 2). The number of

cells spiked per sample ranged from 51 to 99 (mean:
77.5; median: 78) and it did not differ significantly
between the samples to be analyzed with the different
technologies. The mean viability over all the spike-in
experiments for NCI-H441 was 95.1% (range:
91.8%—98.4%) and for NCI-H1563 was 96.6%
(range: 93.0%—98.1%), and no significant variation in
cellular size was observed during the experimental
period.

In the present work, a majority of samples arrived
at the participating sites on the next working day
(within 24 h after samples preparation). The exceptions
were 2 of the 27 shipments where there was a 1 day de-
lay in delivery; as this was still within the recommended
time limits of the tube manufacturers, samples were fur-
ther processed. For 2 other samples, blood aggregates
were visible upon arrival. These samples were sent to the
same participating site during a period with atmospheric
temperatures above 30 �C, the maximum recommended
for correct stabilization in CellSave tubes, a factor that
might have contributed to the poor condition of the
samples. These were not further processed and were
replaced by new samples sent in a new batch. Samples
were processed at the analytical sites within 36 h after
sample preparation. Spiked cells could be identified in
94 out of the remaining 96 samples processed (Fig. 3A,
Table 2). The exceptions were 2 samples processed with
the VyCAP Microsieves: one without stained cells and
one with an abnormally high number of cells on the
filter and nonspecific staining of CD45 on CKpos cells.
In some Siemens and VyCAP filters, the phenotypical
evaluation of enriched cells, important for identification
of intact cells, was compromised. This was likely due to
the irregular surface of the filters (in the case of Siemens
unit) and to the cellular distortions caused by the pres-
sure necessary to make cells pass through the pores of
the filters (in the case of both units). Standard automatic
scanning of the irregular surface of the Siemens filters
was not possible and was limited to one laboratory that
was able to customize the scanning software for this ap-
plication (Supplemental Table 1, participating site #5).
In addition, automatic scanning of ParsortixVR was not
practicable due to the large area and the depth of cham-
ber in which cells are captured.

As expected, the EpCAMlow NCI-H1563 cells
could not be detected by CellSearchVR and were therefore
excluded from the ring experiment testing this system
(Fig. 3B and C). Collectively for NCI-H441 cells, re-
coveries with the ParsortixVR (mean: 71%), CellSearch
(mean: 75%), and RareCyte (mean: 68%) systems were
significantly higher than with the Siemens (mean: 54%)
and the VyCAP (mean: 49%) systems (P< 0.05 by
Mann-Whitney U test).

For NCI-H1563 cells, recoveries with ParsortixVR

(mean: 67%) and RareCyte (mean: 76%) were
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significantly higher than those with the VyCAP
Microsieves (mean: 32%) (P< 0.01 by Mann-Whitney
U test). Recovery with RareCyte was also significantly
higher than that with Siemens (mean: 56%). We could
not observe any statistically significant difference in the
recovery of NCI-H441 and NCI-H1653 cells in the
size-based technologies as expected due to the reduced
differences in the cellular size between both lines. The
smallest variance (measured as the standard deviation of
all CTC enumerations done with a specific technology)

was obtained for the Siemens filtration unit followed by
the CellSearchVR system (Fig. 3D).

Discussion

In this multi-center study we established a platform en-
abling technical benchmarking of methods for CTC en-
richment/isolation/detection. This platform was created
within the frame of the European Innovative Medicines
Initiative (IMI) consortium CANCER-ID (15) in which

Fig. 1. (A) Selection criteria of the 2 NSCLC cell lines. (B) EpCAM and CK expression by immunofluorescence. (C, D) EpCAM and
CK expression by flow cytometry, and cell size by automated cell counter. (E) Copy number alterations (CNAs) of individual sin-
gle cells by aCGH.
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scientists from academic, clinical, and industrial sites
in Europe and in the USA have joined forces to evalu-
ate innovative technologies in the field of liquid bi-
opsy. Currently, there is an increasing number of
technologies available for CTC detection and their
performance and reproducibility across multiple and
real-life laboratories sites are very difficult to infer as
all the data available is dispersed and quite difficult to

compare. Facing this, this CANCER-ID platform was
created to generate comparative data with multiple
technologies and to be used as a tool for technology
developers to assess the technical performance charac-
teristics of their technologies and standard operating
procedures (SOPs) in multiple academic sites using
standardized samples. From the numerous CTC
detection technologies commercially available, we

Fig. 2. (A) Interaction between CANCER-ID partners and technology providers to improve SOPs for processing of samples pre-
pared in a central laboratory. The results were reported using a web-based unified reporting system and were evaluated by the
same central laboratory. (B) Location of the central laboratory and the different participating groups. The map used in this figure
was extracted from "Europe Editable PowerPoint Map" by PresentationGO.com and here used under written copyright permis-
sion. (C) Number of cells spiked in the samples.
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selected methods from companies that were members
of CANCER-ID or that approached us directly for
testing their own technology.

This CANCER-ID proficiency testing platform or-
ganized ring trials to benchmark enrichment and detec-
tion of NSCLC cells spiked in healthy donor blood

Table 2. Recoveries obtained in each individual experiment and number of spiked cells/mL of PB.

Participating site

Platform
Cell
line Round

#1 #2 #3 #4 #5 #6 #7 #8 #9 #9

(DE) (NL) (IT) (DE) (FR) (DE) (FR) (CH) (BE) (BE)

R S R S R S R S R S R S R S R S R S R S

Siemens H441 #1 70 9.2 60 9.4 36 10.0 63 7.9

#2 52 7.3 66 10.8 55 8.4 55 9.8

#3 58 9.0 45 8.1 45 7.4 39 10.2

H1563 #1 67 8.3 70 9.9 66 10.2 55 7.3

#2 46 8.4 54 7.2 70 8.6 34 9.4

#3 47 5.7 49 7.9 72 6.0 46 6.3

VyCAP H441 #1 53 7.8 49 8.6 16 6.2 80 8.0

#2 44 9.0 61 5.6 40 7.0 (F1) 8.6

#3 49 8.2 57 9.9 33 8.0 54 8.9

H1563 #1 7 9.0 16 6.2 9 7.8 35 6.5

#2 31 8.6 67 7.2 36 7.3 19 7.9

#3 0 6.6 60 8.1 70 6.7 38 6.4

Parsortix H441 #1 75 10.1 20 8.9 (F2) 9.7

#2 77 7.8 60 7.6 87 7.4

#3 97 7.3 72 9.1 79 8.0

H1563 #1 70 7.9 87 9.3 89 9.7

#2 64 7.8 61 7.8 41 8.0

#3 46 9.7 83 9.9 62 9.1

Cell
Search*

H441 #1 (F3)
88

7.0
6.2

61 6.3 77 9.3

#2 (F4)
77

9.5
6.1

76 8.3 48 8.9

#3 82 8.1 83 9.8 86 9.0

H1563 #1 5¥ 8.0

#2 0¥ 6.3

#3 0¥ 7.1

RareCyte* H441 #1 75 9.1 65 8.4 73 9.1

#2 18 6.0 91 8.8 66 7.4

#3 70 8.4 87 10.9 71 10.6

H1563 #1 64 8.6 82 9.8 74 9.2

#2 50 8.2 97 8.7 76 7.9

#3 69 10.4 88 8.0 80 9.7

R: Recoveries expressed as the percentage of spiked cells that could be identified after enrichment according to the respective SOP; S: the number of spiked cells/mL of blood;
F1: sample with abnormal high number of cells on the filter and nonspecific staining of CD45 on CKpos cells; F2: Control plate positive but no labeling in the cassette. F3 and
F4: samples showed macroscopic aggregates detected upon arrival and were repeated; ¥: Results from a preliminary study performed at one single site. These results were
not considered for further statistical analyses. *For CellSearch and RareCyte, the recovery was normalized to the volume of blood used on the assay (see Supplemental
Methods).
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samples. It was designed to assess the between-
laboratory reproducibility of the methods (rather their
repeatability). With the 1-week interval between sample
shipments, the values reported for each site represent
the intermediate precision, and combining the interme-
diate precision results from all participating laboratories
per platform, we determine the reproducibility (i.e., the
precision between measurements obtained at different
laboratories).

As preanalytical variables can account for more
than 50% of the errors in general clinical laboratory test-
ing (18), in these ring trials measures were taken to
limit/eliminate the confounding impact that preanalyti-
cal variables could have on the results. To limit variabil-
ity in cancer cell line culture conditions, blood sample
draw, cell spiking, and sample transport, all samples
were prepared in one same reference laboratory and
shipped to different participating sites under similar

Fig. 3. (A) Surface scanned with the distribution of nucleated events and representative pictures of cells identified with the
different technologies. (B) Recovery of the spiked cells. ¥: Results from a preliminary study. (C) Global Recovery of spiked
cells with the different technologies. *P< 0.05; **P< 0.01; ¥: Results from a preliminary study. (D) Variance of the different
technologies.
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transport conditions. To increase accuracy for cell-
spiking, we chose direct enumeration over an uncon-
trolled dilution approach. However, irrespective the
spiking-strategy, it is impossible to verify the exact can-
cer cell number in the blood sample, which may inevita-
bly contribute to preanalytical variation. To mitigate
any biological/biochemical effects by mixing allogenous
cells and to guarantee optimal sample stabilization,
cancer cell lines and blood samples were stabilized sepa-
rately before spiking using the blood collection tubes in-
dicated by the respective SOPs. Furthermore, in order
to obtain uniform analytical conditions across the
participating sites, staff received on-site training from
the technology providers and could sufficiently test the
feasibility of the SOPs.

For these experiments we have used 2 lung cancer
cell lines with distinct phenotypic and molecular charac-
teristics: NCI-H441 (EpCAMhigh, CKpos, KRASmut,
TP53mut, and EGFRmut) and NCI-H1563 (EpCAMlow,
CKpos, KRASwt, TP53wt, and EGFRwt). As part of stan-
dard procedure, cells were confirmed to be mycoplasma-
free just before the first shipment, and cell viability and
size were controlled prior every shipment. Although
these 2 cancer cell lines may not represent the whole tu-
mor cell diversity observed in lung cancer patients, their
different EpCAM expression levels constitute an oppor-
tunity to challenge the known fundamental principles of
the chosen technologies. This is best reflected in the
results obtained with the CellSearchVR system that could
enrich EpCAMhigh NCI-H441 cells but strikingly failed
to enrich EpCAMlow NCI-H1563 cells, consistent with
the dependency of this method on EpCAM expression
previously demonstrated in various other cellular models
and tumor entities (19–22). Among the panel of cell
lines tested, we could not find a model with a cellular
size small enough to challenge the limits of size-based
technologies (ParsortixVR , VyCAP, and Siemens) with
pore/gap sizes between 5 and 8 mm. As the cutoff of
these technologies is clearly below the cell size of the 2
cell lines, the recovery for these 2 cell lines did not differ
significantly in any of the platforms performing size-
based enrichment. Additional smaller NSCLC cellular
models could eventually help to validate the cutoffs of
the technologies but these were not available.

The mean recovery rates for all tested systems
ranged between 49% and 75% for NCI-H411 and
32% and 76% for NCI-H1563, respectively. Because of
its inability to enrich EpCAM negative cells,
CellSearchVR was excluded from the ring trial involving
(EpCAM-negative) NCI-H1563 cells. CellSearchVR ,
ParsortixVR , and RareCyte all allowed higher recoveries,
however, the 2 last systems displayed also the highest
variance between measurements with NCI-H441 cells
while enumeration with the CellSearchVR and the
Siemens filtration unit were the most reproducible

(Fig. 3D). Of note, in CellSearchVR and Siemens,
enrichment and staining procedures are performed in a
single streamlined automated protocol. Furthermore,
the CellSearchVR system includes a dedicated detection
unit. Differences in the light source, optical filters, and
detection cameras, might account for the larger assay
variances observed in some of the other technologies,
despite the fact that the different participating groups
have used microscope systems globally suitable to iden-
tify the fluorescent dyes used (Supplemental Table 1).
In general, these results suggest the advantages of auto-
mated protocols and dedicated instrumentation covering
the complete analytical workflow to increase technical
reproducibility, a key aspect for introduction of a new
technology in the clinics. Processing laboratories inter-
ested in applying any CTC enrichment/isolation
technologies without dedicated detection system that
were tested here (i.e., ParsortixVR , Siemens, and VyCAP)
need extra efforts to verify the procedure on their in-
house detection equipment, and eventually additional
investment to adapt the enrichment/isolation procedure
and/or the detection equipment.

For the laboratory routine, the practicability of
sample management and the throughput of the assay are
paramount. In this context, the BCT with fixation solu-
tion recommended for each assay is an important issue
for flexible sample shipment and efficient sample proc-
essing. Although BCT fixatives increase sample stability,
it should be noted that they compromise downstream
gene expression analyses in CTCs (23). The storage
times of the BCTs varied between 3 (AccuCyteVR ) and 5
days (TransFix), which needs to be taken into consider-
ation before routine use. Another important issue
regarding laboratory practicability is the possibility to
pause a workflow at a stable point. The majority of the
workflows tested require all steps to be performed con-
secutively, including the microscope-based detection to
avoid fading of the fluorescent dyes. An exception is
RareCyte that allows long-term storage of processed
samples at -20 �C (up to 1 year) prior to immunostain-
ing, which can increase the flexibility for study design or
sample management. The indicated maximum through-
put of the assays (Table 1) was irrelevant for the profi-
ciency testing but needs to be taken into consideration
for clinical studies in real-life laboratories.

One other foreseeable important issue for imple-
mentation of any of these assays in the clinics is proper
documentation of the results. In this aspect, the
CellSearchVR and RareCyte systems are clearly ahead of
all the other tested technologies by performing auto-
matic microscopic scanning of the entire fraction of
enriched cells and making possible subsequent software-
assisted identification of CTCs by different users.
In contrast, the uneven surface of the Whatmann filters
used in the Siemens unit and the lack of dedicated
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detection systems able to deal with the specificities of
the filters, forced the groups to perform a manual scan-
ning which limits the documentation of the findings
and their later verification.

Choosing the best method for CTC enrichment
can be challenging and in this field, there is a lack of
standardization and data from inter-laboratory testing
raising questions on the technical reproducibility of the
methods. Furthermore, comparison of results from dif-
ferent studies is hampered owing to different preanalytic
conditions, protocols, cellular models, and patient sam-
ples, which also raises questions on the reproducibility
of the results. The platform and the multi-national ring-
trials established by CANCER-ID aimed to tackle some
of these problems by using centrally prepared samples,
consensus SOPs, and a unified reporting system. This
ring-testing platform for CTCs does not intend to re-
place the efforts required from technology providers to
prove the technical capabilities of their technologies, but
rather to provide accountable information on assay re-
producibility. Nevertheless, it can be adapted to test
other relevant parameters of their technologies (e.g.,
intra-lab repeatability and linearity of recovery).
Subsequently, it will be of utmost importance to clini-
cally validate the technologies (if not done yet) in the
context of clinical trials, which was beyond the scope of
our project. This platform is not restricted to
CANCER-ID partner companies as documented by the
participation of RareCyte. In fact, this structure is
meant to be useful to the broad community of technol-
ogy providers who can thus compare the performance of
their technologies in different real-life laboratories, as
well as to the analytical sites for external quality assur-
ance purposes. Furthermore, we believe that this profi-
ciency testing program could help to define minimal
requirements for performance qualification prior to clin-
ical validation of technologies. For all these reasons, the
program will remain in operation beyond the funding
period of CANCER-ID. These activities will be sus-
tained by the establishment of the European Liquid
Biopsy Society (ELBS) (24) which comprises a large net-
work of almost 100 institutions from academia and
industry.

Supplemental Material

Supplemental material is available at Clinical Chemistry
online.
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Abstract

Functional studies giving insight into the biology of circulating
tumor cells (CTCs) remain scarce due to the low frequency of
CTCs and lack of appropriate models. Here, we describe the
characterization of a novel CTC-derived breast cancer cell line,
designated CTC-ITB-01, established from a patient with meta-
static estrogen receptor-positive (ER+) breast cancer, resistant
to endocrine therapy. CTC-ITB-01 remained ER+ in culture, and
copy number alteration (CNA) profiling showed high concor-
dance between CTC-ITB-01 and CTCs originally present in the
patient with cancer at the time point of blood draw. RNA-
sequencing data indicate that CTC-ITB-01 has a predominantly
epithelial expression signature. Primary tumor and metastasis
formation in an intraductal PDX mouse model mirrored the
clinical progression of ER+ breast cancer. Downstream ER
signaling was constitutively active in CTC-ITB-01 independent of
ligand availability, and the CDK4/6 inhibitor Palbociclib
strongly inhibited CTC-ITB-01 growth. Thus, we established a
functional model that opens a new avenue to study CTC
biology.
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Introduction

Detection and characterization of circulating tumor cells (CTCs)

have prognostic value in various tumor entities as demonstrated by

several large clinical studies, e.g., for patients with breast and pros-

tate cancer (Bidard et al, 2014; Goldkorn et al, 2014; Scher et al,

2015; Alix-Panabieres & Pantel, 2016). Moreover, these cells have

the potential to be exploited as monitoring markers and might func-

tion as a blood-based biopsy guiding personalized treatment deci-

sions (Keller & Pantel, 2019; Pantel & Alix-Panabieres, 2019). The

perspective to accompany or even replace invasive tumor tissue

biopsies in order to gain important diagnostically and therapeuti-

cally relevant information makes CTCs an essential contribution to
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non-invasive “real-time liquid biopsies” (Pantel & Alix-Panabieres,

2010; Bardelli & Pantel, 2017).

In spite of an enormous progress in the development of

approaches for the detection and molecular characterization of CTCs

up to the single cell level (Joosse et al, 2012; Alix-Panabieres &

Pantel, 2014a,b; Pantel & Alix-Panabieres, 2019), information on the

functional properties of CTCs is still limited due to the very low

concentrations of these cells in the peripheral blood of patients with

cancer (Alix-Panabieres & Pantel, 2014a).

Not all CTCs possess the potential to extravasate at distant sites

and grow out to form a novel metastatic lesion (Wicha & Hayes,

2011). A plethora of different factors play into the survival of these

CTCs in the blood stream and their capacity to extravasate and

metastasize (Strilic & Offermanns, 2017; Giuliano et al, 2018),

including the hemodynamic forces within the circulation (Follain

et al, 2018) and genomic make-up of the tumor cells (Joosse &

Pantel, 2016; Gkountela et al, 2019). Experimental models indicate

that only few tumor cells are viable, survive shear forces within the

blood flow, evade the immune system as well as systemic therapies,

reach distant organs, and eventually have the potential to form an

overt metastasis (Chambers et al, 2002, Y. Kang & Pantel, 2013).

Adaptation to a new microenvironment and proliferation of a single

tumor cell or a CTC cluster in a distant site requires highly special-

ized traits, most of which are largely unknown. In order to under-

stand these underlying mechanisms of the metastatic cascade,

functional characterization of viable CTCs capable of forming

distant metastasis is required.

A prerequisite for these analyses were therefore the recent

advances in the ability to culture CTCs in vitro (Zhang et al, 2013;

Yu et al, 2014; Cayrefourcq et al, 2015) or expand the CTC pool

in vivo using xenografts (Baccelli et al, 2013; Hodgkinson et al,

2014; Carter et al, 2017). However, to our knowledge, none of these

studies compared the characteristics of the original CTCs captured

from the patients with cancer directly to the CTC line. Besides

unraveling the biology of CTCs in patients with cancer, these studies

allow testing of the unknown activity of cancer drugs against CTCs.

In this context, the low number of estrogen receptor-positive (ER+)

breast cancer cell lines presently available is disturbing, since

70–80% of patients with breast cancer harbor ER+ tumors and ER

is the primary target of endocrine therapies in breast cancer (Pan

et al, 2017).

Here, we report the establishment and in-depth characterization

of an ER+ breast CTC line with unique properties. Comparison of

CTCs in situ before cell culture with the CTC line indicates that it

mirrors the situation in ER+ breast cancer patients and therefore

provides novel insights into the biology and drug response of

patient-derived CTCs in the most common breast cancer subtype.

Results

Patient characteristics

The patient with MBC the CTC-ITB-01 cell line derived from

presented with a bilateral mammary carcinoma, lymph node (LN)

metastases, and bone metastases (BM) at age 75, 2 years prior to

blood collection for CTC analysis and begin of cultivation (Fig 1A).

Histopathological analysis of biopsies performed for both breast

tumors revealed a well-differentiated (G1) invasive lobular carci-

noma (ILC) of the left breast and a well-differentiated (G1) invasive

ductal carcinoma (IDC) of the right breast (Table EV1). E-cadherin

re-staining of the tissue biopsies from both tumors revealed that the

tumor described as lobular showed a sub-fraction of E-cadherin+

(Fig EV1A) besides E-cadherin� tumor cells (Fig EV1B). This could

point toward a ducto-lobular histopathology. Both the primary right

ductal tumor (Fig EV1C) and the vaginal metastasis (Fig EV1D)

contained strongly E-cadherin+ tumor cells.

Both primary tumors were classified as estrogen receptor-positive

(ER+ in ≥ 80% of nuclei), progesterone receptor positive (PR+ in

≥ 80% of nuclei), ERBB2 negative (ERBB2�), and presented with a

low Ki67+ cell fraction of 5%. At time of blood collection, additional

metastases in the spleen, liver, and vagina had been diagnosed. An

overview of the disease progression and treatment scheme of this

patient can be found in Fig 1A and in Appendix Supplementary

Methods.

Establishment of a CTC-derived breast cancer cell line

The peripheral blood sample of this patient with metastatic breast

cancer (MBC) was screened for CTCs using the CellSearch� System,

resulting in a tumor cell count of 1,547 CTCs per ml of blood (total

of 7.5 ml). In parallel, blood of the same patient was processed for

cell culture. This led to the establishment of a permanent cancer cell

line, designated CTC-ITB-01. The original CTCs at blood draw were

comprised of single cells of various shapes and diameters (Fig 1B,

e.g., panels 1–3), as well as approximately 700 small cell clusters of

CTCs (Fig 1B, panels 5–6). CTCs showed negative or very weak

(Fig 1B, panels 4 and 8) immunostaining for ERBB2. CTC-ITB-01

▸Figure 1. CTC cell line establishment from peripheral blood of an mBCa patient.

A Scheme of the breast cancer patient’s clinical status and therapies. Course of disease progression (blue) and treatment scheme (green) of the patient giving rise
to CTC-ITB-01 are indicated. Timeline of progression and treatment indicated in years and months (mo). Drugs were administered at standard dosage according
to indicated pattern. The red star represents the time point of blood sample collection. More detailed information is available the in Appendix Supplementary
Methods.

B Representative pictures of different CTCs from the initial CellSearch® analysis of the metastatic breast cancer patient who gave rise to the breast CTC line. The
detected tumor cells display clear keratin and DAPI staining, CD45 negativity as well as lack of, or very weak (4, 8), ERBB2 expression. Cells of small (about 5 lm in
diameter, 1, 2) and large size (larger than 10 lm in diameter, 3) were detected. While some CTCs displayed dot-like perinuclear keratin signals (1, 2), the majority
showed diffuse keratin staining. Additionally, CTC clusters of more than 4 cells were present (5, 6). Some CTCs showed multiple/lobed nuclei (7, 8).

C Bright field images of CTC-ITB-01 cells growing adherently.
D Bright field images of CTC-ITB-01 cells growing non-adherently (relation between adherent and non-adherent cells: 80/20%).

Data information: White scale bars represent 10 lm. Black scale bars represent 40 lm.
Source data are available online for this figure.
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has now been successfully cultured for more than 4 years and cells

grow in a mixed epithelial–mesenchymal morphology (Fig 1C) as

well as in adherent (Fig 1C) and non-adherent fractions (Fig 1D).

Genomic characteristics of CTC-ITB-01 cells

Remarkably, a considerable number of the CTC cell line cells carried

multiple and lobed nuclei, probably due to abnormal cytokinesis

(Fig EV2A). Those cells were also detectable in the original Cell-

Search analysis (Fig 1B, panels 7–8), indicating that this is not an

artificial effect originating in cell culture. Giant cancer cells carrying

multiple nuclei have recently been associated with metastasis and

disease relapse (Mirzayans et al, 2018). Karyotyping of the cell line

showed a broad range of chromosomes per cell (32–110), resulting

in a mean of 70.7 (s = 17.66) chromosomes (Fig EV2B and C).

Whole-genome next-generation sequencing of single cells of the

CTC-ITB-01 line revealed a wide spectrum of copy number alter-

ations (CNA) including loss of large areas of chromosome 16q

(Fig 2), typical for ER+ breast cancers (Horlings et al, 2010). Hierar-

chical clustering analysis showed that the primary CTCs within the

patient’s blood and the resulting CTC-ITB-01 line cluster separately

to the original primary tumors (left and right breast) and the vaginal

metastasis, indicating tumor evolution during the course of the

disease (Fig 2).

1

3

7

5

9

11

13

15

17

19
21

X

Figure 2. Hierarchical clustering analysis of CTC-ITB-01.
Unsupervised hierarchical clustering (Ward linkage with Euclidean distance) of CNA profiles generated from patient primary tumors, the vaginal metastasis, isolated single
and pooled CTCs from the primary blood collection and CTC-ITB-01 (early and later passage) and leukocytes. “CL” represents the cell line, followed by the passage analyzed
(p04/p30). “CTC”marks circulating tumor cells isolated from the initial blood draw, followed by 01/05/10 indicating single (01) or pooled cells (5 or 10, respectively). Light and
dark gray bars to the left signify chromosomes, starting from the top with chromosome 1. Red color represents chromosome loss, blue represents gain. All copy number
aberrations were calculated using the patient’s own germline DNA extracted from leukocytes as reference to eliminate copy number variations (CNVs).
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Overall, the highest concordance in CNA profiles was detected

between the arbitrarily collected sample of original CTCs analyzed

and the CTC-ITB-01 line (Fig 2), providing strong evidence that the

CTC line derived from a subpopulation of CTCs in circulation at time

point of blood draw. We furthermore directly compared the CNA

profiles of CTC-ITB-01 cells to those of the primary CTCs present in

the patient0s blood (Fig 3A). Common aberrations include gain of

chromosomes 3q and 15q as well as loss of chromosomes 6q, 12p,

16q, 17p, 18, and 22q (Fig 3A). Additionally, CTC-ITB-01 remains

stable in its CNA profile during culture, shown by direct comparison

of an early (04) with a late passage (30) of the line (Fig 3B). The fact

that early and late passages of the line cluster together (Fig 2) repre-

sents another strong indicator of the CTC line’s stability. Loss of

chromosome 1p represents the largest significant difference

measured between the early and late passages (Fig 3B).

Whole exome sequencing (WES) of CTC-ITB-01 cells, the two

primary tumors, and the distant vaginal metastasis was performed

and data were analyzed for mutations in common cancer-related

genes (Table 1). We detected a one base pair deletion in MAP3K1

(c.2782delT; p.S928Lfs*9) leading to an amino acid frameshift,

thereby causing protein truncation and loss-of-function of the

protein (Pham et al, 2013; Avivar-Valderas et al, 2018) in all four

samples. Further, the two primary tumors, the vaginal metastasis

and the CTC cell line also shared a mutation in the gene region

encoding the kinase domain of the PIK3CA protein (c.3140A>G;

p.H1047R, Table 1), a somatic hot spot mutation site in lobular and

ductal breast cancer that has been associated with increased enzy-

matic activity of PIK3CA (Kang et al, 2005; Stemke-Hale et al,

2008). Besides shared variations with the primary tumors, CTC-ITB-

01 and the vaginal metastasis exhibited an additional, less frequent

PIK3CA mutation (c.1252G>A; p.E418K, Table 1), located in the

region encoding the C2 calcium/lipid-binding domain (Saal et al,

2005; Stemke-Hale et al, 2008). Moreover, we identified a genomic

aberration of the NF1 gene that was shared between the CTC-ITB-01

cell line, the lobular tumor and the vaginal metastasis, but also

“private” CDH1 (c.2466delC; p.T823Qfs*23) and TP53 (c.1024C>T;

p.R342*) gene mutations in the vaginal metastasis not observed in

the primary tumors or the CTC line (Table 1).

We furthermore checked for genes typically associated with

hereditary breast cancer predisposition (e.g., BRCA1/2, TP53, PTEN,

STK11 or CHEK2), but found no mutations in the primary tumors.

Also, no mutations were detected for other described breast cancer-

associated genes (e.g., RAD51, RAD50, p27, ESR1/2, ERBB2, ERBB3,

AKT1, CCDN1, FGFR1, MYC, and RB1) in any of the tissues or the

CTC cell line.

Another specific variation of CTC-ITB-01 is a homozygous, muta-

tion in the TP53 tumor suppressor gene (c.853G>A; p.E285K)

(Table 1). The TP53 gene sequence is commonly altered in breast

cancer (Bertheau et al, 2013; Dumay et al, 2013), and this point

mutation represents an established pathogenic variant (Fig EV3A–

C) (Xu et al, 1997; Oh et al, 2000). Additionally, immunostaining of

the p53 protein showed a strong accumulation of this tumor

suppressor in the nucleus of CTC-ITB-01 cells (Fig EV3D).

Furthermore, the CTC-ITB-01 line carries a “private” variant in

the CDH1 gene (c.1204G>A; p.D402N, Table EV2) that differs from

the CDH1 mutation of the lobular primary tumor (c.1792C>T;

p.R598*, Table 1). While the p.R598* mutation that has been previ-

ously detected in ER+ BCa tissue (Ma et al, 2017) represents a

nonsense substitution leading to loss-of-function of the CDH1

protein, the CDH1 mutation of the CTC cell line is a relatively

uncharacterized missense mutation in E-cadherin’s extracellular

domain 3 (EC3) which is necessary for homophilic adhesion (Shi-

raishi et al, 2005). Apart from CDH1, we also checked for variations

in other genes distinguishing the different histopathological

subtypes of the two primary tumors (i.e., ILC and IDC), such as

GATA3, FOXA1, and TBX3; however, no additional mutations of

these genes were detected in the CTC line. Further analysis of WES

data revealed additional variants in common cancer-related genes

involved in DNA replication and DNA damage (e.g., ATM,

CDKN1A), cell polarization (SCRIB), proliferation (RNASEL), VEGF

expression (MAP3K1, MAP3K6), and in genes encoding growth

factors (FGF2) (Table EV2). These variants were predicted to impair

protein function by different in silico prediction tools; however,

experimental data on the functional relevance of these variants are

still inconsistent.

Finally, the CTC-ITB-01 line displayed a high degree of loss of

heterozygosity (LOH) as assessed by runs of homozygosity (ROH)

within the exome. In comparison with the primary tumors which

showed homozygosity within ˂ 90 Mb of the genome, 601 Mbs of

homozygous sequences were detected for the breast CTC line,

potentially indicating heterozygous mutations that became homozy-

gous and contributed to tumor evolution. The 15 largest regions of

LOH found solely in CTC-ITB-01 are listed in Table EV3 and are also

discernible in Fig 2.

Expression signature of CTC-ITB-01 cells

CTC-ITB-01 cells were first characterized for ER and ERBB2 protein

expression (receptors relevant to the major breast cancer subtypes)

by Western blot (Fig 4A). ER expression in CTC-ITB-01 cells was

strong, albeit less pronounced than in MCF-7 cells, the standard

model for ER+ breast cancer cells (Fig 4A). ER positivity was con-

firmed via immunocytochemistry (Fig 4B). Consistent with the lack

of ERBB2 amplification (Appendix Fig S1A), ERBB2 expression was

▸Figure 3. CNA profile analysis of CTC-ITB-01.

Direct comparisons of CNA profiles. Percentages of gene copy number gains and losses across the chromosomes for different sample types. Copy number gains are displayed
in green, losses in red.

A CNAs generated from CTCs from the primary blood collection (upper panel) and CTC-ITB-01, indicated as “CL” (medium panel). Significant distinctions between both
samples were calculated using Fisher’s exact test (Joosse et al, 2018) and are indicated in lowest panel (blue). Increased blue color intensity represents lower P-value
and therefore higher statistical significance.

B CNA comparison between early (p04) and late (p30) CTC-ITB-01 passages (upper and medium panel). Significant distinctions between both samples were calculated
using Fisher’s exact test (Joosse et al, 2018) and are indicated in lowest panel (in blue). Increased blue color intensity represents lower P-value and therefore higher
statistical significance.
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weak in CTC-ITB-01 cells (Fig 4A, Appendix Fig S1B). This pheno-

type mirrors the ER positivity and ERBB2 negativity of both primary

tumors (Table EV1). We furthermore used RNA sequencing to

perform expression-based subtyping of the CTC cell line using the

PAM50 and scmod2 classifiers (Wirapati et al, 2008; Parker et al,

2009). Pooled cell line cells, as well as the adherent and non-

adherent cell fraction, were classified as the breast cancer luminal B

subtype (Fig 4C and D).

CTC-ITB-01 cells showed reduced expression of epithelial inter-

mediate filaments K8 and K18 as compared to MCF-7 (Fig 4A),

while the mesenchymal markers N-cadherin and vimentin were not

expressed (Fig 4A). We further investigated the expression of breast

cancer stemness markers. Aldehyde dehydrogenase activity (termed

ALDH+) and CD44+/CD24� mark two largely non-overlapping

populations of cancer stem cells, which have epithelial-like and

mesenchymal-like phenotypes, respectively (Liu et al, 2014). CTC-

ITB-01 cells were CD44�/CD24+ (Fig 4A) and a large proportion

(77.92%) were ALDH+ as revealed by flow cytometric analysis

(Fig 4E) and confirmed by ICC (Fig EV4).

The capacity of CTC-ITB-01 cells to secrete specific proteins of

interest was assessed via functional fluoro-EPISPOT assays.

Besides keratin 19, recently described as CTC marker for breast

cancer and other epithelial malignancies (Alix-Panabieres &

Pantel, 2014a), viable CTC-ITB-01 cells actively secreted vascular

endothelial growth factor (VEGF) known to induce tumor angio-

genesis in patients with cancer (Saharinen et al, 2011)

(Appendix Fig S2). While this secretion is comparable to that of

the colon cancer CTC cell line CTC-MCC-41, CTC-ITB-01 does not

secrete OPG (osteoprotegerin), EGFR (epidermal growth factor

receptor) or FGF2 (fibroblast growth factor-2) characteristic for

CTC-MCC-41 (Appendix Fig S2) (Cayrefourcq et al, 2015).

To find out whether stem cell pathways might be involved in the

stem cell-like behavior of CTC-ITB-01, we tested a selection of index

proteins by Western blot analysis. Interestingly, the expression level

of NUMB indicative of activation of the NUMB pathway was strik-

ingly increased compared with MCF-7, while NOTCH1 and NOTCH3

as components of the NOTCH pathway are rather weaker expressed

in CTC-ITB-01 than in MCF-7. The levels of Cleaved NOTCH-1

expressed in CTC-ITB-01 and MCF-7 were similar (Fig EV5). Our

results imply a participation of these pathways in the regulation of

stem cell features in the CTC-ITB-01 cell line (Bocci et al, 2017; Saha

et al, 2017).

Table 1. Functionally relevant mutations in CTC-ITB-01, vaginal metastasis, and primary tumors identified by whole-exome sequencing.

Gene name CTC-ITB-01 Vaginal metastasis Left primary tumor Right primary tumor

CDH1 – – c.1792C>T; p.R598* (13%) –

– c.2466delC; p.T823Qfs*23 (37%) – –

MAP3K1 c.2782delT; p.S928Lfs*9 (41%) c.2782delT; p.S928Lfs*9 (15%) c.2782delT; p.S928Lfs*9 (22%) c.2782delT; p.S928Lfs*9 (16%)

MAP3K6 c.2837C>T; p.P946L (30%) c.2837C>T; p.P946L (40%) c.2837C>T; p.P946L (30%) c.2837C>T; p.P946L (45%)

NF1 c.4528_4529insG;
p.L1510Rfs*20 (90%)

c.4528_4529insG;
p.L1510Rfs*20 (37%)

c.4528_4529insG;
p.L1510Rfs*20 (4%)

–

PIK3CA c.1252G>A; p.E418K (26%) c.1252G>A; p.E418K (33%) – –

c.3140A>G; p.H1047R (74%) c.3140A>G; p.H1047R (40%) c.3140A>G; p.H1047R (21%) c.3140A>G; p.H1047R (23%)

TP53 c.853G>A; p.E285K (92%) – – –

– c.1024C>T; p.R342*(39%) – –

All four samples were analyzed for rare (MAF, minor allele frequency, <1%), functionally relevant variants with an allele frequency of 10% of reads and higher in
at least one of the samples. 219 cancer-associated genes curated from the COSMIC, HGMD, and OMIM databases were analyzed, and 9 pathogenic mutations in
6 genes were identified. Gene symbols were used as approved by the HGNC, and location of variants on cDNA and protein (one letter code) level, and allele
frequency is shown. del, deletion; ins, insertion; *, stop codon; fs, frameshift.

▸Figure 4. CTC-ITB-01 phenotype in culture.

A Western blot analysis of selected protein markers, including ERa, EGFR, ERBB2, EpCAM, K18, K19, K8, E-cadherin, N-cadherin, vimentin, CD44, CD24, SNAIL, SLUG,
TWIST1, and a-tubulin (as a loading control) (n = 3 replicates). CTC-ITB-01 was compared to more mesenchymal ER� Hs578t and epithelial ER+ MCF-7 breast cancer
cell lines.

B ICC staining of CTC-ITB-01 for pan-keratin (orange), ER (green), and DAPI (blue). The scale bar corresponds to 20 lm. Two representative panels are shown for
CTC-ITB-01 (1) and (2). MCF-7 cells are depicted as reference cell line.

C PAM50 classifier results showing probabilities of pooled CTC-ITB-01 cells matching specific molecular breast cancer subtypes. Starting from lowest probability,
CTC-ITB-01 was classified as 1.02% (s = 2.5%) normal-like, 3.11% (s = 6.6%) Basal-like, 13.11% (s = 9.3%) ERBB2-positive, 16.77% (s = 23.7%) luminal A, and 65.22%
(s = 16.6%) luminal B breast cancer subtype. Data were generated from n = 3 replicates.

D PAM50 classifier results showing probabilities of the non-adherent and adherent CTC-ITB-01 fractions matching molecular subtypes. Selected bars are not visible due
to extremely low probability (close to zero). Both fractions show greatest alignment with a luminal B subtype. Starting from lowest probability, the adherent fraction
of CTC-ITB-01 was classified as 0% (� 0%) normal-like, 6.22% (� 9.0%) Basal-like, 17.85% (� 8.6%) ERBB2-positive, 0% (s = 0%) luminal A, and 75.92% (s = 0.7%)
luminal B breast cancer subtype. The suspension cell fraction of CTC-ITB-01 was classified as 2.04% (s = 3.5%) normal-like, 0% (s = 0%) Basal-like, 17.32% (s = 9.7%)
ERBB2-positive, 33.5% (s = 23.8%) luminal A, and 68.67% (s = 18.6%) luminal B breast cancer subtype, respectively. Data were generated from n = 3 replicates.

E ALDH activity measurement on viable cells via flow cytometry using the ALDEFLUORTM assay. CTC-ITB-01 is compared to A549 as recommended control cell line. An
internal (DEAB) control is also depicted. 77.92% of the gated CTC-ITB-01 population are ALDH+.

Source data are available online for this figure.
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Epithelial–mesenchymal plasticity of CTC-ITB-01 cells

In the initial blood sample of the patient with breast cancer, the high

number of more than 1000 CTCs per ml of blood was detected with

the FDA-cleared CellSearch� system. CellSearch� uses magnetic

particles coupled to antibodies against EpCAM to enrich fixed CTCs

and subsequently identifies single CTCs by immunostaining of

epithelial keratins. Thus, we conclude that this patient harbored

Merge DAPI beta-catenin E-cadherinA

phalloidinB

C

D

Merge DAPI alpha-catenin

EMT score in clinical samples (Tan et al.)

EMT score in cell line samples (Tan et al.)

Figure 5.
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many CTCs with an epithelial phenotype. However, we could not

exclude that mesenchymal CTC phenotypes lacking EpCAM or

keratin expression were also present in the blood of this patient

but remained undetected by CellSearch�, as shown in previous

CTC studies (de Wit et al, 2018; Keller et al, 2019). To avoid

selection bias for a particular phenotype of CTCs (Alix-Pana-

bieres & Pantel, 2014a), we therefore took another blood sample

from the same patient and cultured CTCs that were enriched by

depletion of leukocytes using the Rosette Sep technology allow-

ing an enrichment independent from the CTC phenotype. Thus,

CTCs with epithelial and mesenchymal attributes had the same

chance to be enriched and grown in culture.

This might explain why the morphology of the CTC-ITB-01 cell

line is heterogeneous and not typical for an epithelial-like breast

cancer cell line such as MCF-7. CTC-ITB-01 cells grow in parallel as

adherent and non-adherent cell fractions (Fig 1C and D) and in

varying cell sizes (Appendix Fig S3). The non-adherent cells grow

out from the adherent cells into the medium resembling a string of

pearls. Cultivating of either fraction separately results in adherently

growing cells and subsequently similarly gives rise to the develop-

ment of cells in suspension, indicating a high plasticity of CTC-ITB-

01 cells (Pei et al, 2019).

The epithelial–mesenchymal morphology is characterized by a

mixed population of epithelial cells in close cell–cell contact

together with elongated, spindle-like cells growing disconnectedly

(Fig 5A and B).

The expression of epithelial cell adhesion proteins detected via

immunocytochemistry in adherently growing CTC-ITB-01 cells

mirrors this phenotypic heterogeneity. While a subpopulation of

these cells displays strong membranous E-cadherin staining with

beta-catenin co-localization (Fig 5A), others show a more diffuse

and weak expression of these proteins. Alpha-catenin displays

similarly diverse expression patterns (Fig 5B). Interestingly, E-

cadherin appears to aggregate in small filaments, visible in all cells

(Fig 5A).

To provide evidence for EMT features of our cell line, we

analyzed the expression of the EMT transcription factors TWIST,

SLUG, and SNAIL by Western blot analysis. Compared to MCF-7,

increased levels of TWIST and SLUG were observed, while SNAIL

was rather weaker expressed in CTC-ITB-01 (Fig 4A), providing

further evidence that CTC-ITB-01 cells exhibit some signs of EMT.

To gain deeper insights into the EMT status of both cellular frac-

tions, CTC-ITB-01 cells were assessed by analyzing RNA-sequencing

data (from biological triplicates) using an EMT-scoring algorithm

(Tan et al, 2014). This classifier compares data gained from

hundreds of cancer cell line and tumor samples to allocate a score

between -1 (completely epithelial) and +1 (completely mesenchy-

mal) on the EMT spectrum. Both the adherent (�x = �0.619,
s = 0.002) and non-adherent (�x = �0.661, s = 0.011) CTC fractions

were clearly designated epithelial (Fig 5C and D). Compared with

clinical breast cancer tumor tissue samples (Fig 5C) as well as other

cancer cell lines (Fig 5D), CTC-ITB-01 appears to fall on the more

epithelial end of the EMT spectrum, well below the established

median value in both cases.

Xenograft formation and metastasis in
immunocompromised mice

To assess tumorigenic as well as metastatic potential of the

CTC-ITB-01 line, a GFP-luciferase transduced cell population was

directly injected into the mouse milk duct system of four 10-week-

old immunodeficient NOD scid gamma (NSG) females. This has

proven to be an efficient model for ER+ cancer cell lines, allowing

outgrowth under physiological systemic estrogen and low SLUG

▸Figure 5. Epithelial adhesion and EMT analysis of CTC-ITB-01.

A ICC staining of CTC-ITB-01 for ß-catenin (green), E-cadherin (orange), and DAPI (blue). The scale bar corresponds to 20 lm. Two representative panels are shown for
CTC-ITB-01.

B ICC staining of CTC-ITB-01 for a-catenin (green), visualization of actin filaments by phalloidin (orange), and nuclei by DAPI (blue). The scale bar corresponds to
20 lm. Two representative panels are shown for CTC-ITB-01.

C Generic EMT score of the adherent and non-adherently growing CTC-ITB-01 fractions in relation to tumor samples from different cancer entities. Scaling ranges from
1 (completely mesenchymal) to �1 (entirely epithelial). The adherent fraction is shown with a black dot, the non-adherent fraction with a black triangle, and the
mean score per cancer entity by a black line.

D Generic EMT score of the adherent and non-adherently growing CTC-ITB-01 fractions in relation to established cancer cell lines. Scaling ranges from 1 (completely
mesenchymal) to �1 (entirely epithelial). The adherent fraction is shown with a black dot, the non-adherent fraction with a black triangle, and the mean score per
cancer entity by a black line.

Source data are available online for this figure.

▸Figure 6. Xenograft of CTC-ITB-01 in immunodeficient mice confirms tumorigenic and metastatic potential.

A In vivo bioluminescence imaging of CTC-ITB-01 in four NSG mice. Blue indicates low radiance, red indicates high radiance.
B Logarithmic plotting of in vivo radiance increase over time. Curves represent means � SEM of measurements performed on multiple glands (n = 8).
C H&E staining of xenografted mouse mammary glands show formation of primary tumors.
D Stereoscope image of a mammary gland of immunodeficient NSG mouse. Fluorescently tagged CTC-ITB-01 cells in green.
E IHC staining for ER, confirms retained in vivo ER positivity of formed tumors. Representative images of ER staining in higher (left panel) and lower (right panel)

magnification of 2 different areas of a xenografted mammary gland.
F Representative ex vivo luminescence images of indicated organs from engrafted mice. Organs include brain (1), lung (2), liver (3), and bones (4).
G Scatter plot showing ex vivo radiance intensity of metastatic organs in three different mice (M1, M2, M3), indicating highest intensity in liver and bone. Data

represent means � SD of measurements performed on metastatic organs derived from three different mice.

Source data are available online for this figure.
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levels (Sflomos et al, 2016; Ozdemir et al, 2018). Mice were moni-

tored by in vivo bioluminescence imaging to assess the formation

and proliferation of primary tumors and spontaneous metastases in

clinical relevant tissues.

Primary tumor formation was seen in all mice bearing intraduc-

tally injected glands (Fig 6A). Tumor burden increased steadily over

time until sacrificing after 8.5 months, assessed by the fold change

radiance in bioluminescence imaging in vivo (Fig 6B). H&E sections

of the mouse milk duct tissue (Fig 6C) confirmed the tumorigenic

potential of CTC-ITB-01 in NSG mice. Fig 6D shows a stereoscope

image of intraductal fluorescently tagged CTC-ITB-01 cells. Immuno-

histochemical staining for ER furthermore revealed that the ER+

status of the cell line was maintained on the CTC-derived xenografts

(CDX), confirming that histopathologic features are preserved

(Fig 6E). Upon sacrificing, three out of four mice displayed

micrometastases in the brain, lung, bone, and liver (Fig 6F and G).

The fourth mouse had to be sacrificed early due to health reasons

unrelated to tumor growth. The overall highest ex vivo radiance was

detected within the bone metastasis of the mice, mirroring the

predominant metastatic site of ER+ breast cancer patients (Fig 6G).

Interestingly, both bone and liver represented metastatic sites in the

patient who harbored the CTCs that gave rise to CTC-ITB-01 and

displayed high ex vivo bioluminescence in the MIND mouse model.

Conclusively, CTC-ITB-01 cells have tumorigenic potential in

NSG mice upon intraductal injection and metastasize to clinically

relevant organs such as bone, liver, brain, and lung.

Estrogen sensitivity and relevance of the ER-alpha for growth
of CTC-ITB-01

CTC-ITB-01 cells were isolated after the patient progressed under

two different endocrine therapy regiments based on the aromatase

inhibitor letrozole and later tamoxifen (Fig 1A). Therefore, CTC-

ITB-01 cells were tested for their ability to respond to 17-b-estradiol
(E2). To rule out unspecific effects of estrogens and other

substances which could cause activation of ER-alpha within the

culture medium, the experiment was carried out using phenol red-

free RPMI substituted with charcoal-stripped FBS. When cultured

under estrogen-free conditions or in the presence of E2 concentra-

tions ≤ 10�11, CTC-ITB-01 cells showed slower outgrowth than

when cultured in the presence of higher E2 concentrations (Fig 7A

right panel). This indicates that the ER-alpha within CTC-ITB-01

cells is still functional and high estrogen concentrations cause accel-

erated cell growth. No differences in the morphology of CTC-ITB-01

cultured in the absence or in the presence of different E2 concentra-

tions were observed (Fig 7A left panel). The fact that CTC-ITB-01

cells still grow and show no significant morphological changes

under estrogen-free conditions point to these cells being able to

tolerate estrogen deprivation and therefore endocrine regiments.

To investigate the potential relevance of the ER-alpha for

outgrowth of CTC-ITB-01, stable knockdowns of ER-alpha with two

different shRNAs were performed. Knockdown of ER-alpha with

both shRNAs showed strong reduction of colonies in comparison

with non-targeted shRNAs in colony-forming assays (Fig 7B left

upper and lower panel). Efficiency of ER-alpha knockdowns were

evidenced by Western blotting (Fig 7B right panel). This demon-

strates that the ER-alpha is relevant for growth of CTC-ITB-01 under

the given culture conditions. To investigate potential differences in

the functionality of ER-alpha between CTC-ITB-01 and MCF-7 cells,

both cell lines were cultured under identical conditions within estro-

gen-free, charcoal-stripped, phenol red-free medium. Both cell lines

were cultured under E2-free conditions or incubated in the presence

of E2 as indicated. After 24 h cells were harvested and differences in

expression levels of certain ER-alpha target genes were tested by

Western blotting. MCF-7 cells express ER-alpha target genes only in

the presence of E2, whereas CTC-ITB-01 cells continue to express

these genes in the absence of E2 (Fig 7C). This data suggests that

ER-alpha within CTC-ITB-01 cells is active even in the absence of

E2, which might explain why CTC-ITB-01 can tolerate low E2 levels.

Interestingly, while MCF-7 expresses PR-A (progesterone receptor a)
and B (progesterone receptor b) in an E2-dependent manner, CTC-

ITB-01 cells display low amounts of PR-A but not B. However, both

cell lines show reduced levels of ER-alpha in the presence of E2 indi-

cating that both cell lines have functional mechanisms that regulate

ER-alpha expression under the influence of estrogen (Martin et al,

1993).

▸Figure 7. Estrogen and Palbociclib sensitivity of CTC-ITB-01.

A Equal numbers of CTC-ITB-01 cells were seeded on 6-well culture plates and grown in the presence or absence of different 17-b-estradiol concentrations as
indicated. After 10 days, cells were fixed and stained with Coomassie blue staining (right panel). Macroscopic photographs are shown of the fixed cell colonies from
cells grown in the absence or presence of the indicated E2 concentrations (right panel). Scale bar 200 lm.

B Stable knockdown of ER-alpha within CTC-ITB-01 cells was performed by using lentiviral transfer of non-targeted (scramble) or two different targeted shRNAs
against ER-alpha. CTC-ITB-01 cells were seeded on 6-well plates. After 10 days, cells were fixed and stained (left upper panel). Macroscopic photos are shown of
the fixed cells (left lower panel), scale bar 200 lm. Western blots of lysates from knockdown of ER-alpha expression in CTC-ITB-01 cells transduced with the same
amounts of lentiviral vectors were probed with the indicated antibodies. The extracts were obtained 72 h after lentiviral transduction (right panel). Where
indicated, Western blots were visualized at long exposure (l.e.) and/or short exposure (s.e.).

C CTC-ITB-01 and MCF-7 cells were grown under the same culture conditions in the presence or absence of E2 as indicated. 24 h after E2 deprivation or
E2-treatment cells were harvested. Western blots of the protein lysates were probed with antibodies targeting ER-alpha, FOXM1, Bcl-2, PR-A, PR-B and ID1, actin
was used as loading control, visualized at long exposure (l.e.) and/or short exposure (s.e.).

D, E (D) Growth curves of CTC-ITB-01 and (E) MCF-7 cells under varying concentrations of Palbociclib treatment were measured using an IncuCyte Zoom live cell
imaging system. The mean values from three technical triplicates (one experiment) with standard deviation are shown.

F, G (F) Influence of Palbociclib on CTC-ITB-01 growth after 300 h and (G) MCF-7 after 80 h. Data were chosen from one representative time point during the
exponential growth phase. Statistical significance was analyzed with a one-way ANOVA with Dunnett’s multiple comparisons test and compared to the vehicle
substance dimethyl sulfoxide (DMSO). The mean values from technical triplicates (one experiment) with standard deviation are shown.

H, I (H) Effect of Palbociclib on the growth of CTC-ITB-01 cells and (I) MCF-7 cells. Concentrations were transformed to common logarithm. Three-parameter non-linear
logistic regression was used to determine the IC50. The mean values from three technical triplicates (one experiment) with standard deviation are shown. Error bars
for standard deviation smaller than the symbols are not displayed.

Source data are available online for this figure.
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Response of CTC-ITB-01 to cyclin-dependent kinase (CDK)
4/6 inhibitors

While the patient with breast cancer giving rise to CTC-ITB-01

progressed on endocrine and later chemotherapy, the added benefit

of novel cyclin-dependent kinase (CDK) 4/6 inhibitors has only

recently been described for ER+ breast cancer patients (Finn et al,

2015, 2016). At the time point when the patient had been treated,

CDK inhibitors were not available for standard of care therapy in

patients with breast cancer in Germany. To test the potential sensi-

tivity of CTC-ITB-01 toward CDK4/6-inhibitors, CTC-ITB-01 and

MCF-7 cells were treated with different concentrations of Palbociclib

(Fig 7D and E). Cell growth is significantly reduced in CTC-ITB-01

already at a dose of 0.1 lM of this CDK4/6 inhibitor (P < 0.001) in

relation to the DMSO control (Fig 7F). Compared to the MCF-7 cell

line, CTC-ITB-01 shows similar sensitivity toward Palbociclib at

lower inhibitor doses (e.g., 0.1 lM Palbociclib) and slightly

increased sensitivity at higher doses of 0.5–5 lM (Fig 7F and G).

The IC50 values were 0.21 lM for CTC-ITB-01 (Fig 7H) and

0.13 lM for MCF-7 (Fig 7I), respectively, indicating that the patient

might have benefited from treatment with CDK4/6 inhibitors.

Discussion

The functional properties of CTCs are still largely unknown due to

the rarity of functional models such as cell lines derived from CTCs

that mirror the in situ CTCs in patients with cancer. A frequent argu-

ment raised against the use of cell lines is that tumor cells may

change their original characteristics rapidly in cell culture. Here we

provide, for the first time, a direct genomic comparison of the origi-

nal CTCs isolated from a patient with breast cancer to the cell line

established from these CTCs. Our results demonstrate that our ER+

breast CTC line resembles largely the CNA patterns of in situ CTCs,

suggesting that the cell line has not undergone substantial genomic

changes during the culturing period (passage 4 and passage 30) and

might represent a good model for studying CTC biology.

The high number of CTCs isolated was certainly one precondi-

tion for the establishment of our CTC line. However, high CTC

numbers on its own are no guarantee to obtain a permanent cell line

(Tayoun et al, 2019; Faugeroux et al, 2020). Thus, we assume that

the cells of our cell line have also the right biological properties of

the most “aggressive” subset of CTCs. Future studies comparing

CTC lines with CTCs that will stop proliferating after short term

culture might help to define the molecular make up required for

permanent survival and growth of CTCs.

CTC-ITB-01 cells showed a luminal B breast cancer subtype

(ER+, ERBB2�); in particular the stable ER expression is remarkable

in view of the paucity of ER+ breast cancer cell lines. Thus, our

CTC cell line provides a novel model to study ER+ breast cancer

CTCs. Moreover, for the first time, genomic aberrations of a breast

cancer CTC-derived cell line were compared between the initially

isolated CTCs, primary tumors and a distant metastasis.

The half-life of CTCs in the circulation is very short (few hours)

(Meng et al, 2004) and the blood sample in our study was obtained

years after primary tumor diagnosis in a highly metastatic setting.

Thus, the CTC line is most likely derived from CTCs released from

one or multiple metastatic sites (bone, lymph node, liver, vagina, or

spleen) of our patient. While CTC-ITB-01 cells showed a CDH1 vari-

ant [c.1204G>A; p.D402N] in combination with loss of 16q (Ciriello

et al, 2015), this variant differs from mutations of the left, primarily

lobular tumor and the distant metastasis. Additionally, CTC-ITB-01

retains strong CDH1 expression, arguing against a lobular origin.

However, CDH1 molecules expressed by the CTC-ITB-01 cell line

are potentially adhesion-deficient (mutation in EC3), which might

be the cause for the observation that subcellular distribution is

disturbed. Furthermore, the CTC-ITB-01 cell line shares a mutation

in the NF1 gene, which belongs to the 9 frequently mutated driver

genes in hormone receptor-positive breast cancer (Bertucci et al,

2019), with the primary lobular tumor and the vaginal metastasis.

Besides shared variations with the primary tumors, CTC-ITB-01 and

the vaginal metastasis exhibited an additional, less frequent PIK3CA

mutation (c.1252G>A; p.E418K, Table 1), located in the region

encoding the C2 calcium/lipid-binding domain (Saal et al, 2005;

Stemke-Hale et al, 2008). Taken together, we can speculate that the

vaginal metastasis might have contributed to the pool of CTCs but it

appears not be the exclusive source.

In addition, CTC-ITB-01 cells have accumulated large genomic

areas showing increased LOH as compared to the primary tumors,

including large parts of chromosome 17p (13.905–18.391.123)

harboring the TP53 gene locus. In combination with the TP53 muta-

tion of CTC-ITB-01, this provides hints for a role of TP53 in dissemi-

nation and survival of CTCs in the bloodstream.

The in-depth characterization of CTC-ITB-01 cells on RNA and

protein levels demonstrated a predominantly epithelial phenotype;

additionally, CTC-ITB-01 cells showed phenotypic and functional

in vitro and in vivo characteristics of cancer stem cells. EMT is

assumed to play a crucial role in migration of tumor cells (Alix-

Panabieres et al, 2017) and has been implicated in cancer progres-

sion, metastasis (Chaffer et al, 2016) and resistance to chemother-

apy (Nieto et al, 2016). It has furthermore been established that

CTCs display plasticity on the EMT spectrum (Armstrong et al,

2011; Nieto et al, 2016; Alix-Panabieres et al, 2017), shifting

between epithelial and mesenchymal states depending on therapy

and stages of disease progression (Yu et al, 2013). However, EMT

enables invasiveness while simultaneously reducing the self-

renewal capacity of tumor cells, thus reducing their potential to

outgrow at distant sites (Celia-Terrassa et al, 2012). Interestingly,

CTC-ITB-01 and the in situ CTCs of our index patient expressed

epithelium-specific proteins such as EpCAM and keratins. EMT-

scoring, using an established algorithm further revealed that CTC-

ITB-01 resides on the epithelial end of the EMT spectrum.

Interestingly, CTC-ITB-01 cells showed an interchangeable adher-

ent and non-adherent cell population similar to the behavior

described for cancer stem cells (Cariati et al, 2008). This growth

pattern was consistent with the observed dysregulated subcellular

distribution of cell adhesion proteins such as E-cadherin, alpha-,

and beta-catenin, with a significant expression of some transcription

factors (TWIST1, SLUG) known to be involved in EMT regulation as

well as with activation of the NUMB pathway. Nevertheless, RNA

sequencing of both adherent and non-adherent cell layer of CTC-

ITB-01 showed predominantly an epithelial signature, which is

consistent with a recent report (Ebright et al, 2020), indicating that

proliferating CTCs with an epithelial signature were the most aggres-

sive subset associated with an unfavorable clinical outcome in

breast cancer.
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There have been multiple studies linking EMT and stemness in

CTCs, revealing that both cellular programs are closely intertwined

(Raimondi et al, 2011; Papadaki et al, 2014). Originally a CD44+/

CD24� phenotype was associated with breast cancer stemness (Al-

Hajj et al, 2003). While the CTC-ITB-01 cell line was CD44�/

CD24+, it showed a high expression of ALDH1, a more recent breast

cancer stemness marker (Ginestier et al, 2007; Charafe-Jauffret

et al, 2010). It has been reported that CD44�/CD24+ and ALDH1+

tumor cells represent two distinct tumor cell populations not only

localized in different regions of the primary tumor tissue but also

expressing distinct EMT and MET gene profiles (Liu et al, 2014;

Colacino et al, 2018). Furthermore, ALDH1-expressing stem cells

have been described as epithelial and proliferative in contrast to the

more mesenchymal and quiescent CD44+/CD24� stem cells (Gines-

tier et al, 2007; Liu et al, 2014; Colacino et al, 2018), which is

consistent with the CD44�/CD24+/ALDH1+ epithelial phenotype of

CTC-ITB-01 cells that were capable of ex vivo growth. Although

CTC-ITB-01 shows some signs of cancer stem cells, more detailed

future investigations are required to further determine whether our

CTC line fulfills all criteria of cancer stem cells.

Apart from intrinsic attributes of CTCs, the interaction with the

surrounding microenvironment is crucial for successful extravasa-

tion and colonization of distant organs. The cancer secretome can

therefore function as an indicator of how the CTCs attempt to

manipulate the host tissue. Here, we analyzed selected secreted

proteins, known to be involved in different aspects of tumor devel-

opment, progression and metastasis via the EPISPOT assay

(Ramirez et al, 2014; Cayrefourcq et al, 2015). Apart from K19,

CTC-ITB-01 secreted VEGF, a known angiogenic inducer as well as

promoter of cancer stem cell self-renewal (Beck et al, 2011; Sahari-

nen et al, 2011; Zhao et al, 2015; Liu et al, 2017).

The tumorigenic nature of CTC-ITB-01 was further demonstrated

in CDX models. Growing ER+ cell lines as xenografts in vivo has not

been successful without addition of exogenous 17b–estradiol in the

past (Guiu et al, 2014; Sikora et al, 2014). This hormonal treatment,

however, has detrimental effects on the health of the mice and

induces estrogen levels equivalent to premenopausal conditions. It

therefore does not adequately mirror disease development in the

patient as most women develop ER+ breast cancer in a post-

menopausal setting. PDX are similarly difficult to establish display-

ing an engraftment rate of around 2.5% in immune-compromised

mice (Cottu et al, 2012). This has contributed to underrepresenta-

tion of ER+ tumors in mouse models due to a favoring of more

aggressive histological subtypes (ERBB2+ and triple-negative). Sflo-

mos et al recently developed an elegant in vivo model circumvent-

ing many of these issues and allowing outgrowth of ER+ cell lines

under physiological hormone levels, thus increasing the engraftment

rate to 30–100% (Sflomos et al, 2016). Using this model, we con-

firmed the tumorigenic capacity of CTC-ITB-01 in immunodeficient

NSG mice. Apart from primary tumor formation in the mouse milk

ducts of all four animals, three out of four mice displayed metastasis

in organs equal to those of the patient with breast cancer, thus

mirroring disease development in the patient with cancer. Addition-

ally, all xenografts preserved the histopathological features (ER+) of

their clinical counterpart.

As the CTC line was derived from a patient progressing first on

hormone therapy and subsequently on chemotherapy, it could

provide a valuable model to study resistance to therapy. While the

ER remains partly functional and relevant for CTC-ITB-01 growth,

downstream signaling appears to be constitutively active indepen-

dent of ligand availability. This might provide a survival benefit for

CTC-ITB-01 under extremely low ligand levels achieved by endo-

crine therapy, which might explain why the patient progressed

under endocrine therapy. While ESR1 mutations represent a

common mechanism of acquired resistance to endocrine therapy

(Jeselsohn et al, 2015), we did not detect these mutations in CTC-

ITB-01, suggesting a different mechanism of resistance in our index

patient. Interestingly, treatment with the CDK4/6 inhibitor Palboci-

clib showed a concentration-dependent inhibition of CTC-ITB-01

growth, suggesting that the patient may have benefitted from this

new line of therapy recently approved for ER+ patients (Turner

et al, 2015; Finn et al, 2016). However, our in vitro data should be

further tested by in vivo xenotransplantation models.

In conclusion, we characterize a unique CTC-derived ER+ breast

cancer cell line that shares important features of in situ CTCs. This

CTC line therefore represents a promising new tool for functional

studies on CTC biology and response to novel drugs envisaged for

ER+ breast cancer.

Materials and Methods

Blood collection and processing

Informed consent was obtained from all subjects, and the experi-

ments conformed to the principles set out in the WMA Declaration

of Helsinki and the Department of Health and Human Services

Belmont Report as well as to the guidelines for experimentation with

humans by the Chambers of Physicians of the State of Hamburg

(“Hamburger Ärztekammer”). For this study, the blood of 50

patients with metastatic breast cancer was collected and processed.

Samples were drawn into standard 7.5 ml ethylenediaminete-

traacetic acid (EDTA) vacutainers or a CellSave� (Menarini Silicon

Biosystems) preservation tube, respectively. The patients therefore

provided a matched sample of blood in an EDTA (for in vivo

culture) and CellSave� tube (CTC enumeration) for further analysis.

The blood sample collected into the CellSave� preservation tube

was processed with the CellSearch� system (Riethdorf et al, 2007).

All analyses were performed by experienced scientists. CTCs were

defined as keratin-positive, CD45-negative cells with a nuclear DAPI

staining.

Isolation and cultivation of CTC-ITB-01

CTCs were enriched from 7.5 ml of EDTA blood by Rosette SepTM

(StemCell Technologies) according to the manufacturer’s instruc-

tions but using 20 ll of Rosette SepTM solution per ml of blood

instead of 50 ll/ml. The cell pellet gained from Rosette SepTM

enrichment was resuspended in 3 ml of RPMI complete medium.

RPMI complete comprises RPMI 1640 (Gibco), 10% Fetal Calf Serum

(FCS) (Gibco), 1% penicillin-streptomycin mix (Gibco), 1% L-gluta-

mine (Gibco), 1% Insulin-Transferrin-Selenium-A Supplement

(100X) liquid (Life Technologies), 10 ng/ml FGF2 (Miltenyi), 50 ng/

ml EGF (Miltenyi), 0.1 lg/ml hydrocortisone (Sigma-Aldrich), and

0.2 lg/ml cholera Toxin (Sigma-Aldrich). Additional information is

provided in Appendix Supplementary Methods. The cell solution
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was distributed into a 96-well plate and cultured in standard cell

culture conditions (37°C, 5% CO2). After 14 days of cell culture,

medium was changed. At 90% confluence, outgrowing cells were

transferred to a 12-well cell culture dish and expanded.

Standard cell culture

MCF-7 (ATCC� HTB-22), Hs578T (ATCC� HTB-126), SKBR3

(ATCC� HTB-30), MDA-MB-468 (ATCC� HTB-132), MDA-MB-231

(ATCC� HTB-26), NBTII (bladder tumor), and 11B (laryngeal squa-

mous cell carcinoma) cell lines were maintained in DMEM (Dul-

becco’s Modified Eagle’s medium, Gibco) with 10% of FCS and 1%

penicillin/streptomycin. A549 cells were cultured in DMEM supple-

mented with 10 mM of HEPES, 10% of FBS, and 1% penicillin/

streptomycin. CTC-MCC-41 cell line was sustained in micrometa-

static medium (RPMI1640, Growth factors: EGF and FGF-2, Insulin-

Transferrin-Selenium supplement, L-Glutamine).

Karyotyping

For metaphase spreads, cells were treated with colcemid (0.02 lg/
ml) overnight, incubated with 0.0075 M KCl, fixed with methanol/

acetic acid (3:1), dropped onto wet slides, stained with 5% giemsa,

and mounted with entellan before imaging with the Axioplan 2

microscope (Zeiss). 25 metaphases per experiment were counted.

DNA isolation from cell culture and FFPE tissue

Genomic DNA (gDNA) was isolated from cell culture using the

Nucleoppin� Tissue Kit (Macherey & Nagel) according to the manu-

facturer’s instructions. gDNA from FFPE material was isolated with

the innuPREP DNA Micro Kit (Analytik Jena) according to the manu-

facturer’s instructions. To increase gDNA yield, the lysis step was

extended overnight. DNA was stored at �20°C until further use.

Next-generation sequencing and CNA profiling

Single or pools of cells were picked via micromanipulation using a

fluorescence microscope and underwent whole genome amplifi-

cation using the PicoPLEX DNA-seq kit followed by library prepara-

tion according to manufacturer’s instructions (Takara Bio).

Sequencing was performed using an Illumina NextSeq 550. Copy

number aberrations of all CTCs were analyzed against 8 single

leukocytes from the same patient (control cells) according to a

previous publication (Heitzer et al, 2013).

Whole-exome sequencing and WES data analysis

Exonic and adjacent intronic sequences were enriched from genomic

DNA of the primary tumor, the vaginal metastasis and the CTC line

using the Agilent SureSelect Human All Exon V6 enrichment kit and

were run on an Illumina HiSeq4000 sequencer by the Cologne Center

for Genomics (CCG). Data analysis and filtering of mapped target

sequences were performed with the “Varbank” exome and genome

analysis pipeline v.2.1 (CCG) and data were filtered for high-quality

(coverage of more than 6 reads, a minimum quality score of 10) vari-

ants. WES data were analyzed for variants in 219

(Appendix Table S1) of the frequently mutated genes based on the

COSMIC, HGMD and OMIM databases (Tate et al, 2019) and genes

involved in hereditary cancer predispositions syndromes. We filtered

for variants with an allele frequency ≥ 10% in at least one of the four

samples, a minor allele frequency (MAF) < 1% in the gnomAD data-

base (Karczewski et al, 2020), and a predicted mutational effect on

the encoded protein. Silent mutations and intronic variants were

included as long as a functional effect on splicing was predicted.

Immunocytochemical staining

For ICC on cytospins and chamber slides, the following primary

antibodies were applied: pan-keratin (Alexa488 or Alexa555 conju-

gated clone: AE1/AE3; eBioscience, 1:300), CD45 (Alexa647 conju-

gated, clone: Hi-30; BioLegend, 1:200), ER (clone SP1; Sigma-

Aldrich, 1:100), ERBB2 (clone 29D8; Cell Signaling, 1:100), ALDH1

(clone 44; BD Pharmingen, 1:100), p53 (clone DO-1, Merck Milli-

pore, 1:100) E-cadherin (Alexa555 conjugated, clone 36, BD

Pharmingen, 1:200), a-catenin (clone D9R5E; Cell Signaling, 1:200),

and ß-catenin (clone D10A8; Cell Signaling, 1:100).

CTC-ITB-01 cells as well as appropriate tumor cell line controls

were spun down on glass slides (190 × g for 5 min). Having dried

overnight, cells were fixed with 4% PFA (Sigma-Aldrich), permeabi-

lized using 0.1% Triton (Sigma-Aldrich), and blocked with 10% AB-

serum (Bio-Rad).

For chamber slide ICC staining, 30,000 CTC-ITB-01 cells were

seeded into 2-well chamber slides (Nunc Lab-Tek Chamber Slide

System, 2-well Permanox slide, Thermo Fisher Scientific) and incu-

bated under standard culture conditions for 48 h. Subsequently,

medium was discarded and cells were washed with 1× PBS (Gibco)

three times prior to being fixed with 2% PFA (Sigma-Aldrich) for

10 min. Washing was repeated prior to permeabilization with 0.1%

Triton X-100 (Sigma-Aldrich). Following another washing with 1×

PBS, slides were blocked for 20 min using 10% AB-serum (Bio-

Rad). Primary antibodies were incubated for 60 min.

Secondary antibodies for ICC on cytospins and chamber slides were

applied for 60 min. Species-specific secondary antibodies consisted of

rabbit-anti-mouse-A546 (polyclonal, Thermo Fisher Scientific), rabbit-

anti-mouse-A488 (polyclonal, Thermo Fisher Scientific), and mouse-

anti-rabbit-A488 (polyclonal, Thermo Fisher Scientific).

For multiple immunofluorescence stainings, either different fluo-

rescently conjugated antibodies were used as cocktail or subsequently

to the sequential application of an unconjugated primary antibody

and a fluorescently labeled secondary antibody, additional primary

antibodies directly conjugated with fluorochromes were added.

After a final washing step with 1× PBS, cytospins and chamber

slides were covered in Prolong Gold Antifade Mountant (Thermo

Fisher Scientific) and cover-slipped for analysis. For visualization of

actin filaments, phalloidin (Alexa555 conjugated, Life Technologies,

1:100) was used. DAPI was used to counterstain nuclei. Immunoflu-

orescence was evaluated with the fluorescence microscope (Axio-

plan 2, Zeiss).

Chromogenic immunocytochemical analysis was performed

using the DAKO REALTM EnVision Detection System Peroxidase/

DAB+ Rabbit/Mouse kit (DakoCytomation). Cytospins were fixed

with 2% PFA (Sigma-Aldrich) and permeabilized with 1% Triton

for 10 min each. Following H2O2 blocking, cells were incubated

with the P53 antibody diluted in 10% AB-serum (Bio-Rad) for

45 min prior to incubation with the peroxidase-labeled EnVisionTM
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polymer coupled with goat anti-rabbit/mouse immunoglobulins

(DakoCytomation) for 15 min at room temperature. Subsequently,

cells were treated with DAB (3, 3 -diaminobenzidine) in substrate

buffer containing hydrogen peroxide reagent for 10 min and cover-

slipped using Eukitt mounting medium (Sigma-Aldrich). Immunos-

taining was evaluated using the microscope Axioplan 2 (Zeiss).

Immunohistochemical assays

Patient as well as mouse-derived tumor tissues were formalin-fixed

and paraffin-embedded (FFPE) for immunohistochemical analysis

(IHC). Paraffin-embedded tissue specimens were taken from tissues

acquired for routine diagnostic purposes at the Department of

Pathology, University Medical Center Hamburg-Eppendorf.

Immunohistochemical analysis was performed using the DAKO

REALTM Detection System Peroxidase/DAB+ Rabbit/Mouse kit

(DakoCytomation). In brief, after pressure cooker pre-treatment of

deparaffinized sections in citrate buffer (Bio-Genex Laboratories) for

5 min at 120°C and incubation with TBST (20 mM Tris, 150 mM

NaCl, 0.1% Tween-20) for 5 min, the primary antibody (Mouse

anti-E-cadherin, clone 36, BD Biosciences, final concentration:

1.25 lg/ml) was applied overnight at 4°C. Subsequent application

of the biotinylated secondary antibodies for 10 min and endogenous

peroxidase blocking solution for 5 min were followed by incubation

with streptavidin peroxidase for 10 min. For visualization of

E-cadherin-specific immunostaining, DAB diluted in substrate buffer

containing hydrogen peroxide was utilized as chromogen. Counter-

staining of nuclei was performed with Mayer’s hemalum solution

(Merck).

For mouse experiments, engrafted glands were dissected, fixed

for 4 h in 4% paraformaldehyde, and paraffin-embedded. Four

micrometer sections were cut, mounted onto 76 × 26 mm micro-

scope slides (Rogo-Sampaic), and stained with hematoxylin–eosin

(H&E). IHC was performed using estrogen receptor (cat#790-4324,

clone SP1) by the Ventana-automated staining device (Ventana

Medical Systems Inc, Roche AG).

Western blot analysis

Cells were harvested and homogenized by ultrasonic treatment.

Protein concentration was measured using the Pierce BCA Protein

Assay Kit (Pierce). All samples were generated in biological tripli-

cates. For Western blot analysis, 20 lg of total protein per sample

(EpCAM: 40 lg of total protein per sample) was applied. The primary

antibodies were utilized according to the instruction manual of the

supplier using appropriate dilutions (Table EV4). The appropriate

secondary antibodies conjugated with horseradish peroxidase

(DakoCytomation) according to the species of the primary antibody

were used at dilutions from 1:500 to 1:10,000 depending on the signal

intensity. Protein bands were visualized using SignalFireTMPlus ECL

reagent (Cell Signaling Technology) and X-ray films (CEA) according

to the instruction manual. More detailed information is given in

Appendix Supplementary Methods.

Erbb2 fish

ERBB2 gene copy numbers of CTC-ITB-01 line cells were determined

by fluorescence in situ hybridization using the ERBB2/Cen17

Zytovision probes (Zytomed) as described previously (Riethdorf

et al, 2010). Briefly, after denaturation at 80°C for 2 min, dehydra-

tion in a series of ascending ethanol, and air-drying, cells were

digested with a pepsin solution at 37°C for 7 min in a humidity

chamber. Subsequently to renewed dehydration and air-drying,

hybridization with the probe previously denatured for 7 min at 75°C

was carried out at 37°C for 16 h. After different washing steps,

dehydration, and air-drying, nuclei were stained with DAPI.

ALDH activity measurement

Aldehyde dehydrogenase (ALDH) activity was measured using the

ALDEFLUORTM kit (StemCellTM Technologies) following the instruc-

tion of StemCellTM Technologies. Briefly, 5 ll of ALDEFLUORTM

Reagent was added to the cell suspension and half of the cell

mixture was immediately transferred into another tube with ALDE-

FLUORTM DEAB Reagent (an inhibitor of ALDH activity) to serve as

internal negative control. ALDH activity was analyzed in compar-

ison with the internal negative control for each cell line. As recom-

mended by the manufacturer, the A549 cell line was used as

positive control.

EPISPOT assay

The fluoro-EPISPOT assay is able to detect low concentrations of

secreted/released/shed proteins from viable cells at the single cell

level (Alix-Panabieres et al, 2009). Cells are cultured for a short

time (48 h) on a membrane coated with antibodies against K19,

VEGF, OPG, EGFR, or FGF2 aimed to capture the secreted/released/

shed proteins. In the next step, a second either directly fluorescently

conjugated antibody or biotin-labeled antibodies detecting the

captured proteins are applied. Biotin-labeled antibodies are then

detected by streptavidin conjugated to Alexa 555 (Invitrogen). For

detailed information about the antibodies used, see Appendix Sup-

plementary Methods. Single fluorescent immunospots were evalu-

ated under an ELISPOT reader (C.T.L ImmunoSpot).

Assessment of cell size

For immunofluorescence staining, cells were seeded on culture

slides. Cells were fixed, permeabilized, and blocked overnight.

Cytoskeleton was detected using anti-pan-keratin eFluor 570 clone

AE1/AE3 (eBioscience, 1:80) and counterstained with DAPI. Fluo-

rescence images were captured using a Zeiss Axioplan 2 epifluores-

cence microscope equipped with a charge-coupled device camera

and AxioVision software. Cell size was measured using ImageJ.

RNA Sequencing and bioinformatics analysis

RNA sequencing was performed at the NGS Integrative Genomics

Core Unit (NIG), University Medical Center, Goettingen, in biologi-

cal triplicates for all CTC samples. RNA was extracted using the

NucleoSpin RNA Plus kit (Macherey Nagel). Following RNA extrac-

tion, quality and integrity of RNA were assessed with the Fragment

Analyzer from Advanced Analytical by using the standard sensitiv-

ity RNA Analysis Kit (DNF-471). All samples selected for sequencing

exhibited an RNA integrity number over 8 and RNA-seq libraries

were generated using an mRNA-Seq protocol from Illumina, the
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TruSeq stranded mRNA prep Kit (Cat. No. RS-122-2101), and quan-

tified using the QuantiFluorTMdsDNA System from Promega. The

size of final cDNA libraries was determined and exhibited an aver-

age size of 300 bp. Libraries were pooled and sequenced on a HiSeq

4000 (Illumina) generating 50 bp single-end reads (30–40 Mio

reads/sample).

Sequencing images obtained after sequencing in the form of.bcl

files are demultiplexed and converted to fastq files using Illumina

software bcl2fastq v2.17.1.14. Quality check of resulting sequence

reads is performed using FastQC version 0.11.5. Generated raw reads

are aligned to the reference Human genome version hg38 sourced

from ENSEMBL database using aligner STAR version 2.5. BAM files

generated from alignment step are used to perform read counting

using software featureCounts from subread package version 1.5.0.

Counts generated are used to perform the differential gene expression

analysis in R environment version 3.4.3 loading R/Bioconductor

package DESeq2 version 1.14.1. Candidate genes generated were fil-

tered to a minimum log2fold change of 1 and a FDR-corrected P-value

of 0.05. Heatmap/s depicting top 50 candidate genes are generated

using R/Bioconductor package pheatmap version 1.0.8.

Mouse model

CTC-ITB-01 cells were fluorescently tagged with a luciferase gene

(GFP-fLuc2) using lentiviral technology. Efficiency of the lentiviral

transduction lay at around 30–40%. A single-cell suspension of

300,000 cells was injected into the milk duct of NSG mice (N = 4).

Mice were kept for 8.5 months prior to sacrificing. The tumor

growth was monitored in real time at multiple time points following

transplantation by Xenogen IVIS bioluminescence imaging system

200 (Caliper Life Sciences) in accordance with the manufacturer’s

recommendations and protocols 12–15 min after intraperitoneal

administration of 150 mg/kg luciferin (cat# L-8220, Biosynth AG).

Images were analyzed with Living Image software (Caliper Life

Sciences, Inc.). For metastasis ex vivo detection, mice were injected

with luciferin 10 min prior to sacrifice and resected organs were

imaged immediately.

Colony-forming assay

For colony-forming assays, cells were seeded at the same density

per well of 6-well cell culture plates. Cells were fixed with 70%

ethanol and stained with Coomassie blue staining solution.

Viral transduction

The packaging cell line HEK293T was used for generation of

lentiviruses (shRNA: NM_000125 TRCN0000003298 pLKO.1 CMV-

tGFP, NM_000125 TRCN0000003300 pLKO.1 CMV-tGFP, Non-

target pLKO.1 CMV-tGFP) following standard calcium phosphate

protocol. Transduction efficiency was monitored by flow cyto-

metric detection of EGFP und efficiency of knockdown was

tested by Western blotting.

In vitro drug testing of Palbociclib

CTC-ITB-01 or MCF-7 cells were seeded in a density of 2 × 103 cells

per well in technical triplicates into a flat bottom 96-well plate and

placed in the incubator at 37°C with 5% CO2 overnight to adhere.

The next day, Palbociclib (PD-0332991, Cayman Chemical),

dissolved in DMSO, was serially diluted to the desired concentration

in standard cell culture medium and added to the cells. Afterward,

the plate was immediately transferred into the IncuCyte Zoom live

cell imaging system (Essen Bioscience) and relative cell confluence

was measured every 2 h. The processing definition and confluence

mask of the IncuCyte system were created using the provided Incu-

Cyte Zoom 2016B software (Essen Bioscience). Accuracy of fit of the

confluence mask was verified on representative images at different

states of growth during the experiment.

Statistical testing was performed with Prism 7.0a (GraphPad Soft-

ware Inc.) using a one-way ANOVA followed by Dunnett’s multiple

comparisons test. A P < 0.05 was considered as statistically signifi-

cant. IC50 calculation was also achieved with Prism 7.0a using the

implemented non-linear three-parameter logistic curve regression.

Concentrations were transformed to common logarithm.

Data availability

NGS data are deposited at the European Nucleotide Archive with

the following accession number: PRJEB37968 (http://www.ebi.ac.

uk/ena/browser/view/PRJEB37968).

Expanded View for this article is available online.

The paper explained

Problem
Metastases developing upon dissemination of tumor cells from the
primary tumor, access to the blood circulation and outgrowth at
distant organs are the most frequent causes of breast cancer-related
death. The vast majority of breast cancer cases is driven by hormone
receptors enabling endocrine treatment as promising therapeutic
strategy. However, tumor cells can develop resistance to this therapy,
which constitutes a significant clinical problem, especially in the
metastatic stage of the disease. Analyzing circulating tumor cells
(CTCs) might be helpful to identify new therapeutic targets, but func-
tional studies giving insight into the biology of CTCs are limited due
to their low frequency and the lack of appropriate models.

Results
This study describes the establishment and characterization of a novel
CTC-derived estrogen receptor (ER)-positive breast cancer cell line
from a patient with metastatic ER-positive breast cancer, designated
CTC-ITB-01. Downstream ER signaling is constitutively active in CTC-
ITB-01 independent of ligand availability. This ER-positive cell line is
resistant to endocrine therapy; however, the CDK4/6 inhibitor Palboci-
clib strongly inhibits CTC-ITB-01 growth. Genomic analyses revealed
high concordance between CTC-ITB-01 and CTCs originally present in
the patient with cancer at the time point of blood draw. Primary
tumor and metastasis formation in an intraductal PDX mouse model
reflected the clinical progression of ER-positive breast cancer.

Impact
Our work established and characterized a novel CTC cell line that
mirrored in situ CTCs. This cell line allows first in-depth insights into
the functional properties of CTCs in the most common ER+ breast
cancer subtype and enables further experimental steps to uncover
resistance mechanisms and to identify new therapeutic targets.
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In Situ Detection and Quantification of AR-V7,
AR-FL, PSA, and KRAS Point Mutations in

Circulating Tumor Cells
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BACKGROUND: Liquid biopsies can be used in castration-
resistant prostate cancer (CRPC) to detect androgen re-
ceptor splice variant 7 (AR-V7), a splicing product of the
androgen receptor. Patients with AR-V7-positive circu-
lating tumor cells (CTCs) have greater benefit of taxane
chemotherapy compared with novel hormonal therapies,
indicating a treatment-selection biomarker. Likewise, in
those with pancreatic cancer (PaCa), KRAS mutations act
as prognostic biomarkers. Thus, there is an urgent need
for technology investigating the expression and mutation
status of CTCs. Here, we report an approach that adds
AR-V7 or KRAS status to CTC enumeration, compati-
ble with multiple CTC-isolation platforms.

METHODS: We studied 3 independent CTC-isolation de-
vices (CellCollector, Parsortix, CellSearch) for the evalu-
ation of AR-V7 or KRAS status of CTCs with in situ
padlock probe technology. Padlock probes allow highly
specific detection and visualization of transcripts on a
cellular level. We applied padlock probes for detecting
AR-V7, androgen receptor full length (AR-FL), and
prostate-specific antigen (PSA) in CRPC and KRAS wild-
type (wt) and mutant (mut) transcripts in PaCa in CTCs
from 46 patients.

RESULTS: In situ analysis showed that 71% (22 of 31) of
CRPC patients had detectable AR-V7 expression ranging
from low to high expression [1–76 rolling circle products
(RCPs)/CTC]. In PaCa patients, 40% (6 of 15) had
KRAS mut expressing CTCs with 1 to 8 RCPs/CTC. In

situ padlock probe analysis revealed CTCs with no de-
tectable cytokeratin expression but positivity for AR-V7
or KRAS mut transcripts.

CONCLUSIONS: Padlock probe technology enables quan-
tification of AR-V7, AR-FL, PSA, and KRAS mut/wt
transcripts in CTCs. The technology is easily applicable
in routine laboratories and compatible with multiple
CTC-isolation devices.
© 2017 American Association for Clinical Chemistry

Liquid biopsies gained enormous momentum in recent
years. Minimally invasive blood tests that detect circulat-
ing tumor cells (CTCs)11 and cell-free circulating tumor
DNA are highly beneficial compared with invasive tissue
biopsies (1 ), but they face challenges in their usability to
guide treatment selection. Although several techniques
have been developed to allow characterization of CTCs
and circulating tumor DNA (2–6 ), they have not been
put into widespread clinical use. Recently, however,
promising studies have been published, investigating the
role of androgen receptor splice variant 7 (AR-V7) in
prostate cancer (7, 8 ). The authors showed that patients
with AR-V7-positive CTCs had greater benefit of taxane-
based therapy compared with enzalutamide or abi-
raterone therapy (8–10). This indicates that the assess-
ment of CTC-based AR-V7 status may serve as a
treatment-selection biomarker in metastatic castration-
resistant prostate cancer (CRPC) patients. However,
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published assays require sophisticated technologies for
CTC isolation, which are available only at specialized
centers (8 ), or are based on pooled (CTC) lysates that do
not yield any quantitative information on the number of
CTCs in circulation or the fraction of cells expressing
clinically relevant AR-V7 transcripts (7, 10 ).

In parallel to splice variants, determining KRAS12

point mutations in CTCs from pancreatic cancer (PaCa)
patients could be used to improve diagnostics and strat-
ification. Mutational activation of KRAS occurs in ap-
proximately 95% of pancreatic ductal adenocarcinoma
cases (11 ) and is associated with worse prognosis (12 ),
making it a potential biomarker. PaCa has a high mortality
rate because of late diagnosis, often at advanced stages with
metastatic disease (13, 14). Owing to the difficult access of
the primary tumor with its high desmoplastic reaction in its
microenvironment and false-negative biopsy results, CTC
characterization could represent an important additional
tool in diagnosis and treatment monitoring as a tumor-
specific marker, as well as a prognostic marker suitable for
stratification of these patients.

Thus, there is an urgent need for reliable and easily
accessible technologies to investigate CTCs and their ex-
pression profile or mutational status. Here, we aimed at
developing (a) an assay that adds clinically relevant mo-
lecular information of CTCs such as AR-V7 or KRAS
status and (b) is compatible with multiple CTC isolation
platforms. Our assay is based on padlock probe technol-
ogy (15 ). Padlock probes consist of oligonucleotides that
specifically bind to their target sequence (e.g., AR-V7,
KRAS) and form a DNA circle that is amplified by rolling
circle amplification (16 ). These amplified products are
subsequently targeted by fluorescent probes, resulting in
bright quantifiable signals. Padlock probes are highly spe-
cific, allowing differentiation between sequences differ-
ing in only a single base [e.g., splice variants or mutant
(mut) vs wild type (wt)] (15 ). Here, we report an mRNA-
based in situ padlock probe approach that allows visual-
ization and quantification of prostate-specific transcripts
(AR-V7), androgen receptor full length (AR-FL),
prostate-specific antigen (PSA), and KRAS point muta-
tions directly within single CTCs. Enrichment of CTCs
was performed with the EpCAM-dependent in vivo Cell-
Collector device, the CellSearch system, and the
EpCAM-independent microfluidic Parsortix device.

Materials and Methods

CELL LINES

The following prostate cancer cell lines were used: VCaP
(kindly provided by Martina Auer, Medical University

Graz, Austria), LNCaP (kindly provided by Martine Ma-
zel, Montpellier, France), PC-3, and 22RV1 (ATCC).
The CAPAN-1 and BxPC-3 [European Collection of
Authenticated Cell Cultures (UK)] cell lines were used
for PaCa experiments. Cells were cultured in cell culture
flasks as recommended by the distributor. Cell lines re-
ceived from other laboratories (VCaP and LNCaP) were
verified by short tandem repeat analysis using the Pow-
erPlex 16 System Kit (Promega) and were tested free of
Mycoplasma (Biotool).

SEEDING OF CELL LINES

Cultured cells were seeded on slides as previously described
(17). Seeding of cells onto CellCollectors (Gilupi) is de-
scribed in the Materials and Methods section of the Data
Supplement that accompanies the online version of this ar-
ticle at http://www.clinchem.org/content/vol64/issue3.

SPIKING OF CELL LINES INTO HEALTHY DONOR BLOOD

For spiking experiments, cell line cells were counted in a
Neubauer chamber and spiked into blood. If defined cell
counts were needed, cells were spread to a petri dish filled
with medium, manually counted, picked under a light
microscope, and spiked into blood.

PATIENT SAMPLES AND ETHICS

The study enrolled patients from 4 centers. Patients
with histologically confirmed CRPC were enrolled at
the Division of Clinical Oncology, Medical University
Graz (Austria), University Medical Center Hamburg-
Eppendorf (Germany), and the Erasmus MC Cancer
Institute (the Netherlands). Histologically confirmed
PaCa patients were treated at Karolinska Institutet
Hospital (Sweden). Patient characteristics are summa-
rized in Tables 1 and 2 of the online Data Supplement.
Healthy donor and patient blood samples were ob-
tained in accordance with the World Medical Associ-
ation Declaration of Helsinki, and all patients gave
written informed consent. Each center received ap-
proval of the study from their ethical committees
(Medical University Graz EK28 –177-ex-15/16; Karo-
linska Institutet Hospital Dnr2013/1783–31/3; Uni-
versity Medical Center Hamburg PV3779; Erasmus
MC MEC-2016 – 464). For samples from the Erasmus
MC Cancer Institute, written informed consent was
obtained for only the blood samples and their analysis
and explicitly excluded any detailed clinical data.

IN VIVO CTC ISOLATION: CELLCOLLECTOR

CellCollectors were applied in 13 patients with CRPC
and in 15 patients with PaCa as previously described
(18 ). In short, an intravenous catheter (20 gauge, BD
Venflon) was placed into the patients’ cubital vein, and
the CellCollector was carefully inserted until the wire was
extended 2 cm into the vein. After 30 min, the Cell-12 Human Genes: KRAS, KRAS proto-oncogene, GTPase; ACTB, actin beta.
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Collector was removed, washed 3 times in 1�PBS, fixed
in 100% acetone for 10 min, air-dried for 5 min, and
stored at �20 °C until further usage.

CTC ISOLATION: PARSORTIX

Thirty-eight blood samples were drawn from 17 CRPC
patients into standard 7.5-mL EDTA vacutainers or
CellSave® (Menarini-Silicon Biosystems) preservation
tubes. Each patient, therefore, provided a matched sam-
ple of EDTA and CellSave blood for further analysis.
Two patients donated an additional set of blood samples
on a second visit. CTCs were enriched from EDTA
blood using the size-dependent, label-free Parsortix sys-
tem (ANGLE plc) as described previously (19, 20 ). A
separation pressure of 99 mbar was chosen to process the
blood samples. After cell harvest into a cytospin funnel
on a glass slide, samples were spun down (190g, 5 min)
via cytocentrifuge, dried overnight at room temperature,
and stored at �80 °C. More detailed information on the
general separation mechanism of the Parsortix is found in
the Materials and Methods section of the online Data
Supplement.

CTC ANALYSIS USING THE CELLSEARCH SYSTEM

The patient cohort of the University Medical Center
Hamburg-Eppendorf (Germany) was analyzed with Par-
sortix and CellSearch in parallel. Patient blood samples
were collected into CellSave preservation tubes and pro-
cessed with the CellSearch system using the CellSearch®

CXC Kit (21 ). This specific kit uses anti-CK-fluorescein,
diaminopyrolylindole 4,6-diamino, 2-pyrolylindole, and
anti-CD45-APC to identify CTCs and leukocytes. All
analyses were performed by trained CellSearch analysts
using the CellTracks Analyzer II. The AR-FL status was
assessed in the fourth fluorescence channel of the Cell-
Search with a phycoerythrin-labeled Celltracks anti-
androgen receptor antibody (Janssen Diagnostics). To
test whether CellSearch-processed samples can be ana-
lyzed by in situ analysis, 1 patient sample from the Eras-
mus MC Cancer Institute was processed with the Cell-
Search system and forwarded for in situ analysis. The
blood was collected in an EDTA tube and processed
within 24 h on the CellSearch system. After enrichment
of the CTCs with the CellSearch CTC Profile Kit (Men-
arini Silicon Biosystems), the enriched cell fraction was
cytocentrifuged on slides (first, 300g, 4 min; after re-
moval of the remaining fluid, 1000g, 1 min) using 4-mL
CytoSystem funnels (Hettich Laboratory technology)
supported by a magnetic device. The sample was then
dried and fixed with 3.7% formaldehyde (Sigma) for 15
min. After fixation, the slides were dried again and run
through an ethanol series. Afterward, slides were stored at
�20 °C before being forwarded for in situ analysis.

IN SITU REACTIONS

Oligonucleotides for prostate cancer were designed accord-
ing to published guidelines by Weibrecht et al. using CLC
Main Workbench software (CLC Bio Workbench version
7.6, Qiagen) (17). Sequences with the GenBank accession
number NM 000044.3 (AR-FL), FJ235916.1 (AR-V7),
and NM 001030047 (PSA) were retrieved from the Na-
tional Center for Biotechnology Information. For AR-FL
and PSA, single padlock probes were used. As expression
levels of AR-V7 are generally low (1.2 and 0.4 copies/cell in
VCaP and LNCaP, respectively) (22), we amplified the sig-
nals by an array of AR-V7 padlocks. Details for the padlock
probes can be found in the Materials and Methods section of
the online Data Supplement. Oligonucleotides for PaCa
were designed as previously described for KRAS codon 12
(23). A mixture of padlock probes targeting the housekeep-
ing gene ACTB, KRAS codon 12 wt, and mut G12S, G12R,
G12C, G12D, G12V, and G12A were combined with im-
munofluorescence staining of cytokeratin and CD45.

For cytokeratin immunostaining, we combined
antibodies directed against a broad panel of cytokeratins,
namely, the C-11 (Exbio), AE1/AE3 (Thermo Fisher
Scientific), and DC-10 (Exbio) antibodies, which detect
multiple keratins. The C-11 clone reacts with cytokera-
tins 4, 5, 6, 8, 10, 13, and 18; the AE1/AE3 clone recog-
nizes cytokeratins 1, 2, 3, 4, 5, 6, 7, 8, 10, 14, 15, 16, and
19; and the DC-10 clone reacts with cytokeratin 18. A
detailed protocol for immunostaining can be found in
the Materials and Methods section of the online Data
Supplement. All oligonucleotides are summarized in Ta-
ble 3 of the online Data Supplement.

In situ reactions were performed as described previ-
ously (24 ) with slight modifications, including the dou-
bling of all enzyme concentrations for in situ reactions of
patient material, as blood cells show an inhibitory effect
on PCR reactions (25 ). The in situ reactions for the
CellCollectors were performed in glass pipettes as de-
scribed in the Materials and Methods section of the on-
line Data Supplement.

For imaging of a CellCollector, the wire was placed
and fixed onto a metal frame object slide with an imaging
window (Carl Zeiss) using tape or fixed onto a wire
holder (Gilupi). Then, wires were scanned across the
whole length of the functional part. To image the whole
surface of the CellCollector, it was rotated in 90° angles
until fully processed. To verify rolling circle products
(RCPs) to be specific, each signal was checked in all other
fluorescent channels. Signals present in all channels were
considered unspecific (17 ) (see Fig. 1 in the online Data
Supplement).

Quantification of RCPs was performed with Cell-
Profiler software (version 2.1.1) (26 ). We modified the
previously published quantification pipeline (27 ). A de-
tailed description can be found in the Materials and
Methods section of the online Data Supplement.

Visualization of AR-V7, AR-FL, PSA, and KRAS in CTCs
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Results

AR-V7, AR-FL, AND PSA CAN BE VISUALIZED AND QUANTIFIED

IN PROSTATE CANCER CELL LINES

Three prostate cancer cell lines were selected for valida-
tion of specificity and sensitivity of padlock probes. AR-
V7, AR-FL, and PSA were detected in the “positive” cell
lines VCaP and LNCaP and were not expressed in the
“negative” PC-3 cell line cells (Fig. 1). The terms posi-
tive and negative refer to previously published data as
detectable and not detectable mRNA, respectively
(22 ). For VCaP cells, the average numbers of RCPs/

cell for AR-V7, AR-FL, and PSA were 3.2 (range,
0 –20), 2.7 (range, 0 –19), and 0.6 (range, 0 –7), re-
spectively. The corresponding numbers of RCPs for
the LNCaP cells were 1.7 RCPs/cell (range, 0 –17) for
AR-V7, 1.4 (range, 0 – 6) for AR-FL, and 1.0 (range,
0 –7) for PSA. PC-3 cells yielded an average RCP/cell
of 0.3 (range, 0 –9) for AR-V7 and 0.2 (range, 0 –11)
for AR-FL, but negligible expression of PSA with 0.0
(range, 0 –2) RCPs/cell. In total, 252 VCaP, 108 LN-
Cap, and 186 PC-3 cells were evaluated and RCPs
quantified by CellProfiler software. The in situ results
reflect previously published data (22 ). VCaP cells

Fig. 1. In situ detection of cancer-related transcripts in cell lines of prostate cancer (A–I) and pancreatic cancer (J–N).
Visualization and quantification of RCPs in 3 prostate cancer cell lines (A–F). VCaP cells (A), LNCaP cells (B), and PC-3 cells (C). The color of the
RCPs represents different mRNA transcripts, and their quantification is shown in D through F. Overview of a CellCollector with the functional-
ized tip (G). The CellCollector with VCaP cells captured on the CellCollector (H). Visualized transcripts in VCaP cells on a CellCollector (I).
Visualization and quantification of RCPs in 2 PaCa cell lines (J–M). CAPAN-1 (J) and BxPC-3 (K) cells. The mut and wt KRAS transcripts are shown
in red and yellow, respectively. The quantification is shown in L and M. A representative image shows CAPAN-1 cells attached on a CellCollector
with KRAS mut signals (N). Cell nuclei are shown in gray.
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seeded onto the CellCollector showed results compa-
rable with cells on a slide (Fig. 1).

IN SITU AR-V7 DETECTION CAN BE COMBINED WITH

IMMUNOSTAINING FOR PANCK AND CD45 OF PARSORTIX-

PROCESSED PROSTATE CANCER CELL LINE CELLS

To evaluate whether our novel approach can also be ap-
plied to samples obtained from other CTC isolation plat-
forms, spiked prostate cancer cell line cells were enriched
from whole blood by the EpCAM-independent Parsortix
system (20 ). 22VRv1 and PC-3 cells were chosen for
these experiments, having high and low AR-V7 expres-
sion, respectively. After enrichment, cells were processed
via in situ padlock probe technology and immunofluo-
rescent staining of panCK and CD45. This combination
of mRNA and protein analysis allows for effective dis-
crimination between CTCs and background blood cells
(see Fig. 2 in the online Data Supplement). Accordingly,
both cell lines showed expression of panCK and no ex-
pression for CD45. 22VRv1 cells also exhibited clear
AR-V7 signals, whereas PC-3 cells were AR-V7-negative.
Based on these data, we concluded in situ padlock probes
can be successfully combined with immunostaining after
enrichment with the Parsortix system.

KRAS WT AND MUT TRANSCRIPTS CAN BE VISUALIZED AND

QUANTIFIED IN PACA CELL LINES

To validate specificity and sensitivity of padlock probes
and antibodies, experiments were performed using
the 2 pancreatic cell lines CAPAN-1 [EpCAM(�),
panCK(�), CD45(�), and KRAS G12V homozygous
mutation] and BxPC3 (KRAS wt) (28, 29 ). As expected,
CAPAN-1 displayed homozygous expression of KRAS
mut (1.1 RCP/cell), as well as positive protein staining
for panCK and negative staining for CD45. BxPC3 cells
expressed KRAS wt (0.2 RCP/cell) and had a low false-
positive rate for the mutation (0.004 RCP/cell) (Fig. 1).

AR-V7, AR-FL, AND PSA CAN BE DETECTED IN CTC ISOLATED

BY CELLCOLLECTOR

We assessed the CTC status of 13 patients with CRPC by
applying in situ padlock probe technology on cells at-
tached to the CellCollector. Multiplex in situ analysis for
expression of AR-V7, AR-FL, and PSA was directly per-
formed on CTCs attached to the surface of the Cell-
Collector. An overview of the results is provided in Table
4 of the online Data Supplement. In all, 62% (8 of 13) of
the patients were CTC-positive (range, 1–15 CTCs/
patient). In situ analysis revealed that 54% (7 of 13) of
patients had CTCs with AR-V7 mRNA expression
(range, 1–10 RCPs/CTC) (Fig. 2). AR-FL-positive
CTCs were detectable in 39% (5 of 13) of patients (ex-
pression range, 1–9 RCPs/CTC), and PSA-positive
CTCs were found in 23% (3 of 13) of patients (expres-

sion range, 1–2 RCPs/cell) (Fig. 2). Representative
CTCs on the CellCollector are shown in Fig. 2.

DIFFERENT SUBTYPES OF CTC CAN BE IDENTIFIED BY IN SITU

AR-V7 DETECTION AND PANCK IMMUNOSTAINING OF CTC

ISOLATED BY PARSORTIX

We evaluated the CTC status of 17 patients (19 samples)
with CRPC using the Parsortix system to isolate CTCs.
CTCs were evaluated by applying in situ padlock probe
technology for AR-V7 in combination with panCK and
CD45 immunostaining. In all, 89% of the samples (17 of
19) were positive for CTCs (range, 1–158 CTCs/7.5 mL
of blood). In situ analysis revealed that 79% of samples
(15 of 19) also contained CTCs with AR-V7 mRNA
expression (range, 1–30 RCPs/CTC) (Fig. 3). We ob-
served 3 types of CTCs by combining in situ AR-V7
detection with panCK immunostaining: (a) panCK(�)/
AR-V7(�), (b) panCK(�)/AR-V7(�), and (c)
panCK(�)/AR-V7(�). An overview of the distribution
of the different CTC subtypes is shown in Fig. 3. Images
of representative CTCs are shown in Fig. 4. In all, 84% of
the samples (16 of 19) were positive for panCK(�)/AR-
V7(�) CTCs, 68% of samples (13 of 19) were positive
for panCK(�)/AR-V7(�) CTCs, and 32% of samples (6
of 19) were positive for panCK(�)/AR-V7(�) CTCs. In
rare cases, single cells were detected showing staining for
both, panCK and CD45, similar to the results of others
(30 ). These cells were not counted as CTCs. An overview
of the results is provided in Table 4 of the online Data
Supplement.

AR-V7 CAN BE DETECTED IN CTC ISOLATED BY CELLSEARCH

One CRPC sample was processed with the CellSearch
System and analyzed by in situ padlock probe technology
for AR-V7 expression. In total, 557 AR-V7(�) CTCs/
7.5 mL of blood were detected, with AR-V7 expression
ranging from 1 to 76 RCPs/CTC (mean, 10 RCPs/
CTC) (Fig. 5).

KRAS WT AND MUT TRANSCRIPTS CAN BE DETECTED IN CTC

ISOLATED BY CELLCOLLECTOR

The CTC status of 15 patients with PaCa was character-
ized by in situ padlock probe technology combined with
immunostaining for CK18/panCK and CD45, directly
on patient cells attached to the CellCollector. Represen-
tative CTCs on the CellCollector are shown in Fig. 6. In
all, 47% of the patients (7 of 15) were CTC-positive
(range, 1–3 CTCs/patient). The expression of KRAS and
panCK/CK18 showed intrapatient and interpatient het-
erogeneity (Fig. 6). The KRAS mut expression ranged
from 1 to 8 RCPs/CTC, and KRAS wt ranged from 1 to
2 RCPs/CTC. The overall rate of KRAS mutated CTCs
was 75% (9 of 12). In all, 50% (6 of 12) of CTCs de-
tected were also positive for cytokeratin protein, demon-
strating that in situ padlock probes can be successfully

Visualization of AR-V7, AR-FL, PSA, and KRAS in CTCs
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combined with immunostaining using the CellCollector.
CD45 immunostaining showed only weak staining of
mononuclear cells attached to the wire with stronger
staining of a certain lymphocyte subpopulation. The
KRAS mutation status of the corresponding primary tu-
mor DNA in 5 of the CTC-positive patients was further
tested with a diagnostic PCR analysis. A similar mutation
pattern could be observed (see Fig. 3 of the online Data
Supplement). An overview of the results is provided in
Table 5 of the online Data Supplement.

CHARACTERISTICS OF THE PATIENT COHORTS

As this study aimed to develop a CTC-based assay (e.g.,
AR-V7 detection), patients with advanced disease were
enrolled to obtain a high number of CTCs. Basic clinical
data were obtained from the patients with additional
follow-up data from a subset of patients. A detailed over-
view of both patient cohorts for each individual patient
can be found in Tables 1 and 6 of the online Data Sup-
plement. An overview of PSA response is shown in a
waterfall plot (see Fig. 4 of the online Data Supplement).

Discussion

We evaluated the feasibility and utility of in situ padlock
probe technology for the analysis of clinically relevant
splice variants and point mutations in CTCs isolated by 3
independent enrichment technologies. Our data show
that CTCs from prostate cancer patients can be analyzed
for AR-V7, AR-FL, and PSA expression and that CTCs
from PaCa patients can be analyzed for KRAS point mu-
tations. We further demonstrate the feasibility of com-
bining immunostaining (panCK and CD45) with in situ
padlock probe technology. Our approach allows for
quantification of CTC and simultaneous interrogation of
clinically relevant markers.

Our padlock approach for AR-V7 mRNA detection
shows robust signals in isolated CTCs. A strength of the
method is the possibility to easily quantify expression
levels by simply counting the fluorescent signals. Another
advantage is the option to investigate nucleic acids with-
out lysis of CTCs and, therefore, allowing the quantifi-
cation of CTCs, which serves as a prognostic marker. In

Fig. 2. Prostate cancer CTCs captured by the CellCollector.
Visualized transcripts are marked by arrowheads (AR-V7, yellow; AR-FL, red; and PSA, green). Overview image of CTCs captured on the
CellCollector (A). CTCs with AR-V7 and AR-FL expression (B). CTCs with AR-V7 expression (C–E). A CTC-expressing AR-FL (F) and a CTC with PSA
expression (G). Diagram showing the number of CTCs and their respective expression profile of each CTC-positive patient (H). The expression
level of each CTC (black circle) is represented as a colored spot corresponding to a single RCP (AR-V7, yellow; AR-FL, red; and PSA, green). Cell
nuclei are shown in gray. Unspecific staining patterns are marked by white arrowheads.
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addition, heterogeneity among CTCs can be easily visu-
alized. Although the AR-V7 mRNA expression is shown
to correlate with worse clinical outcomes in recent liter-
ature, we cannot simply conclude that every mRNA tran-
script will be translated to protein (31 ). Indeed, Scher et
al. showed that resistance toward novel hormonal therapy
(NHT) depends on the nuclear-specific location of
AR-V7 protein rather than on cytoplasmic localization
(32 ). To investigate the location of AR� protein in
CTCs, we analyzed a subset of CellSearch-processed
samples. The CellSearch samples were immunostained
for AR in addition to panCK and CD45 (see Table 4 in
the online Data Supplement) as recently published (33 ).
The used AR� antibody targets the N-terminal part
of the protein, thereby also detecting AR-V7 but without
the possibility to discriminate between the full length and
splice variant. Interestingly, the patient with one of the
highest AR-V7(�) CTC counts showed localization of
AR protein in the nucleus of CTCs analyzed by Cell-
Search (see Table 4 in the online Data Supplement). This
indicates that high expression of AR-V7 may correlate
with active AR-V7 protein in the nucleus. A recent pub-
lication showed that another splice variant may also play
an important role in the NHT resistance mechanism.
Kohli et al. stated that initial annotation of the splice
variant AR-V9 needs to be reevaluated, as they revealed
by short- and long-read sequencing that the sequences of
the 3�-UTR of AR-V7 and AR-V9 overlap (34 ). This
implies that our AR-V7 assay may partially also detect
AR-V9. Nevertheless, the authors also found that AR-
V9-expressing cells had similar therapeutic resistance to-
ward the NHT drug enzalutamide as the AR-V7-
expressing cells (34 ). The patients we enrolled in our
study were selected for establishing the in situ assay,
rather than an evaluation of patient outcome. To do so,

our patients were selected for advanced stage, rather than
a clearly defined timepoint or treatment regimen. For
example, most of the recruited CRPC patients already
acquired resistance toward enzalutamide and abi-
raterone. Our rationale was to increase the probability of
AR-V7 detection among the patients, as AR-V7 positiv-
ity increases in later lines of therapy to approximately
20% of CRPC patients (8 ). Our assay for the quantifi-
cation of AR-V7 expression may become an important
tool to stratify patients into AR-V7 “high” or “low” ex-
pressers or to supply a cutoff value for potential resistance
to NHT. However, our assay needs validation in a pro-
spective clinical study.

Moreover, we successfully characterized the muta-
tion status of KRAS in CTCs of PaCa patients. The num-
ber of CTCs detected ranged from 1 to 3 CTCs per
patient. In this study, all pancreatic tumors were surgi-
cally resectable with relatively little tumor burden, so the
number of CTCs was expected to be low. For those with
advanced disease, for whom we would expect a higher
frequency of CTCs, a low CTC count might not be
sufficient for monitoring progression; however, it could
still be useful for diagnostics.

In our hands, the CellCollector has proven to be a
usable in vivo CTC enrichment device. The application
into a cubital vein for 30 min is somewhat more laborious
than simple blood drawing, but the wire can be easily
processed and stored for at least 1 month at �20 °C
without any noticeable degradation of in situ signals.
Furthermore, for performing in situ reactions and
follow-up screening of the CellCollector, only a routine
molecular biology lab, equipped with a fluorescent mi-
croscope, is needed. Processing and screening time of the
CellCollector is short and generates results within 48 h.
Recent data show that the CellCollector can detect

Fig. 3. Quantification and phenotyping of CTCs from prostate cancer patients isolated by Parsortix.
Enumeration of AR-V7-positive and -negative CTCs (A). AR-V7 expression level within each individual CTC (B).

Visualization of AR-V7, AR-FL, PSA, and KRAS in CTCs

Clinical Chemistry 64:3 (2018) 7

89



higher rates of patients positive for CTCs as compared
with other technologies (18 ). The CTCs are firmly at-
tached to the CellCollector and will not be lost during the
in situ process. Indeed, the cells cannot be released from
the wire without their lysis. For more elaborate single-cell
molecular characterization (e.g., next-generation se-
quencing), a novel CellCollector was developed, namely,
the Catch & Release CellCollector (Gilupi). The Catch
& Release CellCollector allows EpCAM-based capturing
of cells and their release by a releasing buffer for subse-
quent single-cell analysis, but it is not yet cleared for use
in patients (35 ). As the CellCollector is based on anti-
EpCAM antibodies for CTC isolation, it may miss sev-
eral other CTC subpopulations with downregulated ep-
ithelial markers (36 ). To evade limitation by EpCAM,
we combined the in situ padlock approach with the
EpCAM-independent Parsortix platform (20 ), demon-
strating that the in situ padlock approach is generally
applicable to different isolation platforms. By combining

the in situ AR-V7 detection with the Parsortix system, we
observed heterogeneous cytokeratin expression of CTCs.
Heterogeneity among CTCs is well described, including
a wide range of differentiation states from epithelial to
mesenchymal types (37 ). With this approach, in situ
padlock probes allowed the detection of several CTCs
that had no sign of cytokeratin expression, suggesting
cells in an active state of epithelial to mesenchymal tran-
sition. These CTCs actively expressed AR-V7 or KRAS
transcripts and would have been “missed” by EPCAM-
dependent assays. It might be hypothesized that these
CTCs are of high clinical relevance. We observed 6
CRPC patients with panCK(�)/AR-V7(�) CTCs. Five
of these 6 patients also showed panCK(�)/AR-V7(�)
CTCs (see Table 4 in the online Data Supplement), mak-
ing it difficult to distinguish which of the AR-V7-positive
populations is “most relevant” for clinical resistance to-
ward enzalutamide and abiraterone. Nevertheless, this
reflects the selection of resistant clones toward enzalut-

Fig. 4. In situ detection of AR-V7 in CTCs from prostate cancer patients isolated by Parsortix.
CTCs and a CTC cluster with positive immunostaining for panCK but lack of AR-V7 expression (A–C). panCK(+) and AR-V7(+) CTCs with varying
degree of AR-V7 expression (4 –20 AR-V7 RCP signals) (D–F). panCK(−) and AR-V7(+) CTCs (G–I). Mixed populations of CTCs and clusters, with
and without panCK and AR-V7 expression (J–L). AR-V7 (yellow), panCK (green), leukocyte common antigen (CD45, red), and nucleus (blue).
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amide and abiraterone treatment (38 ). In situ padlock
probes can thereby add an extra layer of information to
CTCs, including diagnostic data and proof of CTC ori-
gin. Indeed, the traditional definition of CTCs (positive
for EpCAM/panCK and negative for CD45) becomes
extended by molecular characterization. As we have
shown with our combined in situ AR-V7 and panCK/
CD45 immunostaining approach, CTCs can be clearly

identified and grouped into different subtypes. The sole
immunostaining profile is insufficient to stratify CTCs
into different subtypes. Moreover, recent studies identi-
fied cells in circulation with common epithelial/CTC-
like features and balanced copy number profiles (39 ).
Others have shown that CK�/CD45� cells can be
found in healthy volunteer samples. The clinical rele-
vance of these cells is currently unknown (40 ). This un-

Fig. 5. In situ detection of AR-V7 of CTCs isolated by CellSearch from 1 prostate cancer patient.
Overview of cells retrieved from a CellSearch cartridge and cytocentrifuged on a slide (A). Representative images of AR-V7(+) CTCs (B–E).

Fig. 6. In situ detection of mRNA transcripts combined with immunofluorescence in CTCs of pancreatic cancer patients captured by
the CellCollector.
Representative images of CTCs from PaCa patients (A–F). Visualized transcripts are marked according to color, yellow signals = KRAS wt, red
signals = KRAS mutant (mt), and pink signals = ACTB control. The nucleus is displayed in blue, and the green staining corresponds to CK18
or panCK immunostaining. The top- and bottom-left CTCs were both CK18-negative. Diagram showing the number of CTCs and their respective
KRAS expression profile of each CTC-positive patient (F). Yellow dots = KRAS wt signals and red dots = KRAS mut signals.

Visualization of AR-V7, AR-FL, PSA, and KRAS in CTCs
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derlines the importance of molecular characterization in
liquid biopsies beyond the traditional EpCAM/panCK
immunostaining. Deeper molecular insight into different
CTC populations may lead to a better understanding of
how metastatic disease and therapy resistance form and
which cells contribute to their formation.

As a proof of principle, we also applied our in situ
AR-V7 approach to CellSearch-enriched CTCs from 1
patient. Although just a single case, we clearly identified
CTCs with high AR-V7 expression, suggesting that the
in situ padlock probe approach is applicable to multiple
independent CTC enrichment technologies.

In conclusion, we have shown detection and quan-
tification of clinically relevant molecular markers in sin-
gle CTCs using our in situ approach. We thereby could
add additional information beyond simple CTC enu-
meration, which likely will improve the predictive and
prognostic value of CTC analysis in the clinic.
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Abstract: Expression of the androgen receptor splice variant 7 (ARV7) in circulating tumor cells (CTCs)
has been associated with resistance towards novel androgen receptor (AR)-targeting therapies. While
a multitude of ARV7 detection approaches have been developed, the simultaneous enumeration
of CTCs and assessment of ARV7 status and the integration of validated technologies for CTC
enrichment/detection into their workflow render interpretation of the results more difficult and/or
require shipment to centralized labs. Here, we describe the establishment and technical validation
of a novel ARV7 detection method integrating the CellSearch® technology, the only FDA-cleared
CTC-enrichment method for metastatic prostate cancer available so far. A highly sensitive and
specific qPCR-based assay was developed, allowing detection of ARV7 and keratin 19 transcripts
from as low as a single ARV7+/K19+ cell, even after 24 h of sample storage. Clinical feasibility was
demonstrated on blood samples from 26 prostate cancer patients and assay sensitivity and specificity
was corroborated. Our novel approach can now be included into prospective clinical trials aimed to
assess the predictive values of CTC/ARV7 measurements in prostate cancer.

Keywords: prostate cancer; biomarkers; circulating tumor cells; androgen receptor; ARV7; abiraterone;
enzalutamide

1. Introduction

Prostate cancer (PCa) remains the second most commonly diagnosed cancer among men worldwide
with an estimated 1.3 million new cases each year [1]. In contrast to other cancer types such as pancreatic
cancer, routine preventive medical screens for PCa are accessible to a broad spectrum of the public
and have been widely accepted, leading to a drastic increase of newly diagnosed PCa cases. Tissue
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biopsies are invasive and can be associated with adverse effects for the patient [2]. Furthermore,
routine tissue biopsy is challenging in metastatic PCa (mPCa). In recent years, minimally invasive
liquid biopsies, focusing on the identification of circulating tumor cells (CTCs) and circulating nucleic
acids (ctDNA, miRNA) from whole blood samples, have gained tremendous attention [3–7]. While the
prognostic relevance of CTCs in PCa, especially in the metastatic setting, has been thoroughly shown
in large clinical trials [8–11], predictive value of CTC analysis and their clinical utility are still being
debated [12–17]. While a multitude of therapeutic approaches exist, aimed at treating PCa in various
disease stages, a subset of patients develop aggressive PCa subtypes that defy current therapeutic
options. Therefore, simple detection of PCa is not sufficient and robust biomarkers are urgently needed
to discern aggressive subtypes from clinically well treatable cancers, preferably without exposing
patients to unnecessary tissue biopsies.

With the advent of novel hormone therapies such as enzalutamide and abiraterone and the
emergence of innate and acquired resistance towards these therapies, the androgen receptor splice
variant 7 (ARV7) has become a leading target of CTC research in PCa [17–19]. Multiple studies
indicate that ARV7 mRNA and ARV7 protein expression in CTCs is associated with resistance towards
novel hormone therapies [20–25] and that ARV7 expressing patients benefit more from taxane-based
therapy [25–27]. This implicates ARV7 as a possible treatment selection biomarker for PCa patients
prior to receiving novel hormone therapy (e.g., enzalutamide, abiraterone). Additionally, the ARV7
status is subject to change during therapy regimens [25,28,29], underlining the benefit of sequential
sampling which becomes possible through liquid biopsy. ARV7 could therefore also represent a
biomarker to monitor treatment response and predict upcoming therapy resistance.

While many approaches have been developed to assess ARV7 either on protein or mRNA
level [20,24,30], only very few of these approaches allow for parallel CTC enumeration and
morphological characterization while giving information on ARV7 status for individual CTCs [24,31],
a limitation recently highlighted [32]. Additionally, even fewer were designed to use the only
FDA-cleared CTC enrichment and detection technology shown to have clinical prognostic relevance in
prostate cancer, the CellSearch® system [33]. Here, we aimed to develop a protocol for ARV7 detection
using the CellSearch® technology. With our novel workflow we were able to detect ARV7 mRNA in as
low as one CTC in 7.5 mL of whole blood.

2. Materials and Methods

2.1. Cancer Cell Lines

The human prostate cancer cell lines 22Rv1 (ATCC® CRL-2505), VCaP (ATCC® CRL-2876), LNCaP
(ATCC® CRL-1740) and PC3 (ATCC® CRL-1345) were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and cultured according to ATCC recommendations.

LNCaP and 22Rv1 cells were cultured in RPMI 1640 medium, while the VCaP and PC3 cells were
maintained in Dulbecco’s Modified Eagle Medium (DMEM). Media were additionally fortified with 10%
fetal calf serum (FCS) (Gibco—Life Technologies, Darmstadt, Germany), 1% L-glutamine (Gibco—Life
Technologies, Darmstadt, Germany) and 1% penicillin/streptomycin (Gibco—Life Technologies,
Darmstadt, Germany), as recommended by ATCC. Cells were cultured in 25 cm2 flasks at 37 ◦C in a
humidified atmosphere containing 5% CO2.
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2.2. Blood Collection and Processing

Male healthy donor (HD) and patient blood samples were acquired in accordance to the World
Medical Association Declaration of Helsinki and the guidelines for experimentation with humans by
the Chambers of Physicians of the State of Hamburg (“Hamburger Ärztekammer”). All patients gave
informed, written consent prior to blood collection (Ethics Approval: PV3779). Samples were drawn
from 26 metastatic prostate cancer (mPCa) patients into standard 7.5 mL ethylenediaminetetraacetic
acid (EDTA) vacutainers or CellSave® (Menarini-Silicon Biosystems, Florence, Italy) preservation tubes
respectively. Each patient therefore provided a matched sample of EDTA-KE (Sarstedt, Rheinbach,
Germany) and CellSave® blood for further analysis. CTCs from EDTA blood samples were enriched
via the CellSearch® Profile Kit (Menarini-Silicon Biosystems, Florence, Italy) and further analyzed
for ARV7 expression as described below. Samples collected into CellSave® blood preservation tubes
were processed via the CellSearch® CXC-Kit (FITC labelled pan-keratin) [34]. Phycoerythrin labelled
androgen receptor CellTracks Anti-Androgen Receptor (Janssen Diagnostics) antibody (10 µg/mL) was
used for full-length AR (AR-FL) detection in the fourth channel of the CellSearch® for 12/26 mPCa
patients. All analyses were performed by trained CellSearch® analysist. CTCs were defined as keratin
positive and CD45 negative cells with a nuclear DAPI staining.

2.3. Spiking of Healthy Donor Blood

For spiking experiments, cell line cells were washed once with 1 x PBS (Gibco-Life Technologies,
Darmstadt, Germany) and treated with 0.25% trypsin-EDTA (Gibco-Life Technologies, Darmstadt,
Germany) for 5 min at 37 ◦C prior to being resuspended in culture medium. The cell suspension was
centrifuged at 190× g for 5 min after which the supernatant was discarded and the cells were again
resuspended in fresh culture medium. The cells were spread to a petri dish filled with corresponding
medium, manually counted and picked under a light microscope. Defined cell counts were added
directly to healthy donor blood samples.

2.4. Immunocytochemical Stainings on Cell Culture Plates

Cells were seeded into 24-well plates at the rate of 50,000 cells/well, and maintained at 37 ◦C in a
humidified atmosphere containing 5% CO2 until reaching 80% confluence. Cells were then fixed and
permeabilized using IntraPrep Permeabilization Reagent (A07803, Beckman Coulter, Brea, CA, USA),
and blocked with 10% Goat serum for 1 h at room temperature. Cells were subsequently incubated
with (i) primary antibodies Anti-AR (AR-V7 specific) antibody [EPR15656] (Abcam, Cambridge, United
Kingdom) at a final concentration of 10 µg/mL, or (ii) Rabbit IgG, monoclonal [EPR25A]-Isotype Control
(Abcam, Cambridge, United Kingdom) (our negative control) at a final concentration of 10 µg/mL.
All wells were also incubated with the anti-PanCKPE (Menarini-Silicon Biosystems, Florence, Italy).
Following this first incubation, cells were washed with 1% goat serum in PBS, incubated with the
FITC-conjugated secondary antibody (1:20 in PBS containing 10% Goat serum), and washed twice with
1% goat serum in PBS.

In parallel, the presence of the androgen receptor (AR) was tested using the anti-ARAF488 [D6F11]
XP Rabbit antibody (0.5 µg/mL, Ozyme, Saint Cyr L’Ecole, France); in the control wells, the Rabbit
[DA1E] IgGAF488 XP isotype (0.5 µg/mL, Ozyme, Saint Cyr L’Ecole, France) was used. Cell imaging
was obtained under 20x magnification using a Fluorescent Axio Observer microscope (Carl Zeiss,
Oberkochen, Germany).
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2.5. Immunocytochemical Stainings on Cytospins

Cell suspensions of selected prostate cancer cell lines (22Rv1, LNCap, PC3) were spun down on
glass slides (190× g, 5 min) and dried at room temperature (RT) over night. Cells were subsequently
fixed and permeabilized using the respective CellSearch CXC Kit reagents (Menarini-Silicon Biosystems,
Florence, Italy) and blocked with 10% AB-Serum (BioRad, Rüdigheim, Germany). Primary antibodies
targeting ARV7, 4 µg/mL of clone AG10008 (unlabeled, Precision, Columbia, Maryland, USA) and
6 µg/mL EPR15656 (unlabeled, Abcam, Cambridge, United Kingdom) were tested. Secondary
antibodies were applied and contained a DAPI nuclear counterstain. Secondary rabbit-anti mouse
(Alexa 546, polyclonal, Thermo Fisher Scientific, Dreieich, Germany) and mouse-anti-rabbit (Alexa
546, polyclonal, Thermo Fisher Scientific, Dreieich, Germany) antibodies were used. Cytospins were
covered in Prolong Gold Antifade Reagent (Thermo Fisher Scientific, Dreieich, Germany) and cover
slipped for analysis. Slides were manually assessed using a fluorescence microscope (Axioplan 2, Carl
Zeiss, Oberkochen, Germany).

2.6. Western Blots

Cell lines (22Rv1, VCaP, LNCaP, and PC3) were cultured to 70% confluency, harvested in urea
lysis buffer (9.8 M Urea, 15 mM EDTA, 30 mM Tris) and homogenized by ultrasonic treatment. Protein
concentration was measured with the Pierce BCA Protein Assay Kit (Pierce, Rockford, Illinois, USA).
40 µg of total protein was applied for Western Blot analysis for each respective cell line alongside
pre-stained peqGold protein marker-V (VWR, Erlangen, Germany). Proteins were separated according
to size using a Laemmli buffer system and 8% polyacrylamide separation gel. Two ARV7 antibodies,
mouse-AG10008 (Precision, Columbia, MD, USA; 2 µg/mL) and rabbit-EPR15656 (Abcam, Cambridge,
United Kingdom; 1.5 µg/mL) were applied in dilutions according to the supplier’s instruction manual
in 5% milk powder. Alpha-tubulin was used as a loading control (Cell Signaling Technology, Danvers,
MA, USA). Species specific secondary antibodies (horseradish peroxidase conjugated, DAKO, Glostrup,
Germany) were applied at 1:10.000 dilution in 5% milk powder. Protein bands were visualized using
SignalFire™Plus ECL reagent (Cell Signaling Technology, Danvers, MA, USA) and X-ray films (CEA,
Hamburg, Germany) according to the instruction manual.

2.7. RNA Extraction and cDNA Synthesis

For cell line characterization and PCR establishment RNA was isolated from prostate cancer
cell lines grown in a T25 culture flask at 70% confluency using the NucleoSpin® RNA isolation kit
(Macherey-Nagel, Düren, Germany) according to manufacturer’s instructions. RNA concentration
and purity were controlled via NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Dreieich,
Germany) following isolation. 0.5 µg of RNA per cell line were used for DNA synthesis with the First
Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Dreieich, Germany) according to manufacturer’s
instructions. cDNA Synthesis was carried out in a PeqSTAR 96 Universal Gradient thermocycler (VWR
International, Darmstadt, Germany).

Following CTC enrichment via the CellSearch® Profile Kit (Menarini-Silicon Biosystems, Florence,
Italy) samples were transferred to a fresh 1.5 mL tube (Sarstedt, Rheinbach, Germany). To do so, a
1000 µL pipette tip was first coated with a solution of 0.1 mg/mL of BSA/PBS to circumvent binding and
sticking of CTCs to the pipette surface. All RNA work was performed using sterile, DNA/RNA-free,
filtered Biosphere® plus pipette tipps (Sarstedt, Rheinbach, Germany). The Profile® sample tube was
washed with 500 µL of 1x DPBS (cell culture use) (Thermo Fisher Scientific, Dreieich, Germany), which
was also added to the sample. Subsequently the sample was placed in a magnetic rack (Magnetcellect;
R&D systems, Minneapolis, MN, USA) for 10 min. The supernatant was discarded, and the sample
was washed with 1000 µL of 1x DPBS, followed by another 10 min attached to the magnetic rack. This
step was repeated with 500 µL of 1x DPBS prior to resuspension of the Profile® beads in 150µL of lysis
buffer (Dynabeads mRNA DIRECT Kit; Thermo Fisher Scientific, Dreieich, Germany). Samples were
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immediately frozen at −80 ◦C. Sample lysates were stored for a maximum of 14 days prior to RNA
isolation and cDNA synthesis.

For RNA extraction, the Dynabeads mRNA DIRECT Kit (Thermo Fisher Scientific, Dreieich,
Germany) was applied according to manufacturer’s instructions. Following the last wash step with
Wash buffer B, supernatant was removed, and beads were resuspended in 14.75µL of Nuclease-free H2O
(Qiagen, Hilden, Germany) and placed in a PCR cycler at 75 ◦C for 5 min to ensure elution of mRNA
from the beads. Subsequently cDNA was synthesized using the Sensiscript Reverse Transcription Kit
(Qiagen, Hilden, Germany) with Recombinant Rnasin® (Promega, Mannheim, Germany) as an added
RNase inhibitor. Primer addition was not necessary as the contained dynabeads function as oligo-dT
primers. RNase inhibitor was limited to 0.25 µL, leading to a total mastermix of 5.25 µL added to each
RNA sample (total reaction volume of 20 µL). Following cDNA synthesis, beads were removed via
magnet and supernatant was transferred to a fresh PCR tube for subsequent qPCR analysis.

2.8. Polymerase-Chain Reaction (PCR) Analysis

For AR-FL and ARV7 primer evaluation, 10 ng of cDNA of each prostate cancer cell line was
applied per PCR. The PCR reaction conditions for initial primer testing were adapted from the original
Antonarakis et al. publication by the Johns Hopkins Group [20]. Reactions were run in a PeqSTAR 96
Universal Gradient thermocycler (VWR International, Darmstadt, Germany).

PCR primer pairs (Sigma Aldrich, Steinheim, Germany) chosen for PCR targeted AR-FL
(fw-CAGCCTATTGCGAGAGAGCTG, rev-GAAAGGATCTTGGGCACTTGC, fragment size of
125 bp) [20] and ARV7 (Antonarakis et al. [20]: fw-CCATCTTGTCGTCTTCGGAAATGTTA,
rev-TTTGAATGAGGCAAGTCAGCCTTTCT, fragment size of 125 bp; Guo et al. [35]:
fw-CTACTCCGGACCTTACGGGGACATGCG, rev-TGCCAACCCGGAATTTTTCTCCC, fragment size
of 314 bp; Liu et al. [36]: fw- CAGGGATGACTCTGGGAGAA, rev- GCCCTCTAGAGCCCTCATTT,
fragment size of 112 bp; UKE: fw-AGAAAGGCTGACTTGCCTCA, rev- CGCCAGGTTTCTCCAGACTA,
fragment size of 73 bp) gene sequences. Novel UKE primers were designed using the Primer 3
software [37]. Primers were aliquoted at stock concentrations of 100 µM with Nuclease-free H2O
(Qiagen, Hilden, Germany) and frozen at −20 ◦C. Final concentrations of 10 µM were applied to PCRs.

To visualize PCR products, they were mixed with DNA Gel loading dye (6x) (Thermo Fisher
Scientific, Dreieich, Germany) and applied to 2% agarose gels containing GelRed® Nulceic Acid Gel
Stain (Biotum, Fremont, CA, USA) at 1/µL per ml of agarose gel. The Quick-Load® 100 bp DNA Ladder
(New England Biolabs, Frankfurt am Main, Germany) was used as a size standard. PCR fragments
were visualized using the Gene Genius bioimaging system (Syngene, Bangalore, India).

2.9. Quantitative Polymerase-Chain Reaction (qPCR) Analysis

qPCRs were pipetted under a separate flow hood with sterile, DNA/RNA-free, filtered Biosphere®

plus pipette tipps (Sarstedt, Rheinbach, Germany) and performed in a CFX96 Touch™ Real Time PCR
Detection System (BioRad, Rüdigheim, Germany). Maxima SYBR-Green fluorescent dye (Thermo
Fisher Scientific, Dreieich, Germany) was used for product detection. Amplification was performed
under the following conditions: after an initial denaturation step (10 min at 95 ◦C), 40 amplification
cycles were carried out, consisting of denaturation at 95 ◦C for 30 seconds, annealing at 60 ◦C for 30 s,
and elongation for 30 s at 72 ◦C. A final elongation step at 72 ◦C (10 min) was followed by a melting
curve analysis and storage of the samples at 4 ◦C. Data was summarized and converted into Excel files
using the CFX Manager Software (BioRad, Rüdigheim, Germany). For qPCR analysis, two additional
primer sets targeting K19 (fw-CGAACCAAGTTTGAGACGGA; rev-GATCTGCATCTCCAGGTCGG;
fragment size of 117 bp) and Actin (x) gene sequences were applied. Samples were applied in triplicates
and average Cq values as well as standard deviations were calculated. Primers were aliquoted at stock
concentrations of 100 µM with Nuclease-free H2O (Qiagen, Hilden, Germany) and frozen at −20 ◦C.
Final concentrations of 10 µM were applied to qPCRs.
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Relative gene expression of AR-FL and ARV7 in initial primer testing and cell line characterization
was normalized from data sets by the comparative Cq method [38]. Briefly, the first amplification cycle
showing significant increase of fluorescence signal over background level was defined as the cycle of
quantification (Cq). Cq data of AR-FL and ARV7 was normalized by subtracting the Cq value of Actin
from the respective target gene for each cell line tested, generating a ∆Cq value. Subsequently, the
∆∆Cq values were calculated by subtracting the ∆Cq of each specific gene calculated for the different
cell lines (22Rv1, VCap, and LNCaP) from the ∆Cq values calculated for gene expression in PC3 cells.
Finally, ∆∆Cq values were converted to log2 fold changes by applying 2- ∆∆Cq

. Ten nanograms of
cDNA were applied per triplicate well.

Following RNA isolation and cDNA transcription from CellSearch® Profile Kit (Menarini-Silicon
Biosystems, Florence, Italy) enriched samples, the 20 µL of cDNA mix was applied in triplicates for
each gene (2 µL/well). No absolute quantification or normalization of genes was performed as levels of
Actin gene expression is variable depending on background leucocyte cDNA co-amplified following
CTC enrichment. Gene expression was confirmed when at least 2/3 triplicates showed detectable
transcript levels under a Cq threshold of 35. Quality of the results was furthermore corroborated
by melting curve analysis and subsequent visualization of amplified products on 2% agarose gels
(see above).

3. Results

3.1. Test of Commercially Available ARV7 Antibodies for Fourth CellSearch® Channel

To allow assessment of ARV7 protein levels in parallel to CTC enumeration on a cell-specific level,
we initially tested available ARV7 antibodies with the aim of adding them to the fourth channel of the
CellSearch® system. Currently only few commercial antibodies are available, aimed at detecting ARV7
protein either via immunohistochemistry (IHC), immunocytochemistry (ICC) and/or western blot.

Three established prostate cancer cell lines were chosen for method establishment, each cell
line representing a specific status of AR-full length (AR-FL) and ARV7 protein expression: 22Rv1
(AR-FL+/AR-V7+), LNCaP (AR-FL+/AR-V7+/−), and PC3 (AR-FL−/AR-V7−). First, the cell lines were
characterized for AR-FL (Figure 1a), resulting in cell line specific nuclear ICC staining (22Rv1 and
LNCaP) or absence of staining (PC3) for the full-length protein, seen in green. Next, we tested the
anti-ARV7 antibody [EPR15656] described in literature to specifically stain nuclear ARV7 [25]. This
antibody did not result in cell line specific staining results, as all three tested cell lines including the
ARV7- PC3 cells showed green nuclear ARV7 staining (Figure 1b). Similar results were obtained using
the antibody [EPR15656] as well as an additional commercially available ARV7 antibody on cell line
cytospins (Figure S1). In western blot analysis the anti-ARV7 antibody [AG10008] by Precision showed
cell line specific results, correctly detecting 22Rv1 and VCaP lysate as ARV7+, LNCaP protein levels
as below detection limit and identifying PC3 cells as ARV7- (Figure S1a). In contrast, the anti-ARV7
antibody [EPR15656], showed an unspecific western blot signal for PC3 cells (Figure S1a). In ICC
both antibodies failed to correctly characterize the chosen prostate cancer cell lines, giving unspecific
staining results (Figure S1b,c).
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Figure 1. Immunocytochemical (ICC) staining of full-length androgen receptor (AR-FL) and ARV7 on
three selected prostate cancer cell lines. Cells are stained for pan-keratin in red (anti-PanCK, CellSearch®,
Menarini) in all images. (a) Upper panel: ICC staining performed using the anti-AR-FL antibody (7395S
Ozyme) in green. AR-FL positive cells lines 22Rv1 and LNCaP show positive nuclear AR-FL staining,
while PC3 cells remain unstained. Lower panel: ICC control staining using Rabbit [DA1E] IgG XP
isotype (2975S Ozyme) in green showing the absence of unspecific staining on 22RV1, LNCaP and
PC3 cells. (b) Upper panel: ICC staining performed using the anti-ARV7 antibody [EPR15656] (209491
Abcam) detected by a FITC-conjugated secondary antibody. A positive nuclear staining is observable
on all three cell lines (in green), indicating unspecific signal of the antibody in PC3. Medium panel:
ICC staining performed with the Rabbit IgG, monoclonal [EPR25A]-Isotype Control (172730 Abcam)
detected with FITC-conjugated secondary antibody (97050, Abcam) showing negativity on 22RV1,
LNCaP, and PC3 cells. Lower panel: ICC staining performed with FITC-conjugated secondary antibody
(97050, Abcam) showing negativity on 22RV1, LNCAP, and PC3 cells.
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In conclusion, none of the tested antibodies were deemed suitable for characterization of ARV7
protein on CTCs via the CellSearch® system. Additionally, the most intensively tested anti-ARV7
antibody [EPR15656] [25], described to give a specific nuclear and unspecific cytoplasmic staining did
not show reliable results in our hands (Figure 1b), giving unspecific nuclear staining signals in ARV7−

PC3 cells, even when neglecting the cytoplasmic staining and considering the described, relevant
nuclear staining.

3.2. Development of a qPCR Based Assay to Detect ARV7 mRNA

As an alternative to protein-based detection we subsequently aimed at establishing a qPCR-based
approach to detect ARV7 on an mRNA level. We added an additional prostate cancer cell line to the
analysis, to further confirm the robustness of our method. VCaP cells show similar AR-FL and ARV7
expression profiles as 22RV1 cells (AR-FL+/AR-V7+) and were used as a second ARV7+ cell line during
method establishment. An overview of the AR-FL and ARV7 status for all four cell lines is listed in
Figure 2a. Initially, we planned on using the AR-FL and ARV7 primer sets already published [20]
for our qPCR-based detection and then modifying the CTC pre-enrichment steps. However, when
testing the primers using PCR according to the published protocol, it became clear that while the
AR-FL primers showed specific bands at the correct expected size of 125 bp (Figure 2b), an additional,
undescribed PCR fragment of around 250 bp was detected using the ARV7 primers in 22Rv1 but not in
LNCaP cells (Figure 2b). To ensure optimal primer quality for ARV7 detection, additional ARV7 primer
sets described in literature [35,36] as well as an own design (UKE), were employed. To exclude that the
unspecific PCR fragments detected were generated due to incorrect annealing temperature or incorrect
cDNA synthesis, we tested all four primer sets in a gradient PCR on freshly generated 22Rv1 and
LNCaP cDNA (Figure 2c). Again, an additional PCR product was detected for the Antonarakis [20] and
Guo [35] primer sets across all annealing temperatures in 22Rv1 cells but not LNCaP cells (Figure 2c,
lines 1,2). This could represent an additional AR splice variant, similar to ARV7 [30]. Using the original
protocol of 40 amplification cycles [20,23] this additional transcript could come up in clinical samples,
especially those with high CTC counts, and result in an unaccounted bias. In contrast, the Liu [36]
and UKE primer sets, resulted in specific PCR fragments at 112 bp and 73 bp, respectively (Figure 2c,
lines 3,4). The fragment signal intensity appeared slightly higher for the UKE primers (Figure 2c, line
4) in comparison to the Liu primers [36] (Figure 2c, line 3), which could indicate a higher amount
of generated PCR product. However, this cannot be conclusively deduced from qualitative PCR.
Decreasing the PCR cycles from 39 to 30 (Figure 2d), reduced the unspecific PCR signals down to hardly
visible levels for the Antonarakis [20] and Guo [35] primer sets (Figure 2d). However, as quantitative
PCR represents a much more sensitive method than qualitative PCR, both primer sets were discarded
for further experiments. Both the Liu [36] and UKE primer sets displayed cell line specific PCR results
and PCR fragments at correct sizes, resulting in further evaluation of these two primer sets via qPCR.
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Figure 2. PCR-based detection of AR-FL and androgen receptor splice variant 7 (ARV7) in selected
prostate cancer cell lines. Letter M indicating DNA ladder (marker) lanes. Ten nanograms of cDNA
were analyzed for each PCR sample. (a) Schematic overview of AR-FL and ARV7 positivity (+) and
negativity (−) for established prostate cancer cell lines, as described in literature. (b) Agarose gels of a
PCR detecting AR-FL and ARV7 in cDNA isolated from 22RV1 and LNCaP cells. ARV7 cDNA was
detected using the primers described by Antonarakis et al. [20]. PCRs were performed for 39 cycles.
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125 bp PCR products are expected for both AR-FL and ARV7. The ARV7 PCR shows an additional,
uncharacterized band at between 250–300 bp for 22RV1 cells, but not for LNCaP cells. (c) Agarose gel
of a gradient PCR for ARV7 on 22RV1 and LNCaP cDNA using different primer pairs. PCRs were
performed for 39 cycles. Temperatures increasing from 58.5 ◦C to 65.5 ◦C, indicated by red triangles
below gel images. Antonarakis (1) and Guo (2) primers both show secondary PCR bands on 22Rv1
cDNA (between 200–300bp and between 400–500 bp, respectively). Liu (3) and UKE (4) primers both
give expected PCR bands for ARV7 at 112 bp and 73 bp. Signal intensity appears higher, possibly
indicating more generated PCR product, for UKE primers. (d) Agarose gels of PCRs detecting AR-FL
and ARV7 in cDNA of 22RV1, VCaP, LNCaP, and PC3 prostate cancer cell line cells. PCRs were
performed for 30 cycles. AR-FL primer set, results in specific PCR signals in AR+ and AR– cell lines.
ARV7 (1) corresponds to Antonarakis et al., ARV7 (2) corresponds to Guo et al., ARV7 (3) corresponds
to Liu et al., and ARV7 (4) corresponds to our newly developed UKE primer sets.

Gene expression levels of AR-FL and ARV7 (using the Liu and UKE primers) were assessed for
22Rv1, LNCaP, and VCaP cells in relation to their respective expression in PC3 cells (Figure 3a). As
expected, both AR-FL and ARV7 gene expression were dramatically increased in all three cell lines
compared to PC3 cells. Additionally, the UKE primers showed most effective detection of ARV7
(Figure 3a). All further experiments were therefore carried out using the newly designed UKE primers.

Apart from AR-FL and ARV7, K19, and Actin gene expression were also measured via qPCR. Actin
functioning as a gene for normalization and a confirmation of successful cDNA synthesis, and K19 as
an established marker for CTC detection in blood [39,40] thus allowing confirmation of the presence of
CTCs in future clinical samples. Figure 3b shows representative qPCR curves for all four cell lines (in
different colors) for each gene. Due to the high sensitivity of qPCR analysis, ARV7 expression can be
detected at around 36 cycles for cDNA inputs generated from high PC3 cell counts (Figure 3b). This
is an enormous difference to the approximately 22 cycles necessary for detection of ARV7+ cell lines
(Figure 3b). Despite the fact that such high CTC cell counts are extremely rarely to be expected in
clinical samples, a cut-off of ≤35 cycles was established for gene expression to be counted as positive
for the analyzed genes in all further analysis.
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Figure 3. qPCR-based characterization of selected prostate cancer cell line cDNA. cDNA was generated
from RNA isolated from 22RV1, VCaP, LNCaP, and PC3 cells and analyzed via qPCR. (a) Relative
gene expression of AR-FL and ARV7 using primers by Liu et al. and our newly developed primers
(UKE). Gene expression was first normalized to actin and subsequently displayed relative to PC3 gene
expression. Standard deviation is indicated as brackets. (b) Representative qPCR expression profiles
for different target genes (Actin, AR-FL, K19 and ARV7) across all four chosen cell lines: 22RV1 (blue),
VCaP (purple), LNCaP (green), and PC3 (red). All samples were applied in triplicates.

3.3. Combining Profile-Kit-Based CTC Enrichment with ARV7 mRNA Detection

To allow for use of the CellSearch® system to isolate prostate cancer CTCs for ARV7 detection on
the one hand and enable parallel CTC quantification on the other, a two-armed approach was designed
(Figure 4). 7.5 mL of whole blood was taken in parallel into standard EDTA tubes for RNA isolation and
CellSave® blood preservation tubes for CTC enumeration, respectively. From EDTA blood, CTCs were
enriched via the CellSearch® Profile Kit for subsequent RNA analysis. RNA was isolated and cDNA
synthesized prior to analysis of ARV7, K19, and Actin via qPCR. In parallel CellSave® preserved blood
was processed using the CellSearch® CXC Kit thus allowing for parallel AR-FL protein characterization
in the fourth fluorescent channel of the device (Figure 4).
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Figure 4. Schematic workflow of ARV7 detection combined with parallel circulating tumor cell
(CTC) enumeration.

“Mock” samples were generated to mimic clinical sample handling. Differing amounts of ARV7−

and ARV7+ cell line cells were manually spiked into healthy donor (HD) blood and directly processed
by our workflow (Table 1). Following the qPCR run, generated products were applied to a gel
electrophoresis allowing final confirmation of gene expression status (data not shown).

Table 1. Validation of protocol specificity and sensitivity. Titration experiments of spiked cell lines in
blood from healthy donor (HD) samples. Indicated cell counts of ARV7+ (22Rv1) and ARV7− (PC3)
cells were manually spiked into HD blood and processed by our protocol. ARV7 status is highlighted
as “+” for positive and “−“ for negative samples. Detection of gene expression was confirmed when at
least 2/3 triplicates were positive in qPCR analysis. Unamplified qPCR samples are marked as N/D (not
detected). HD samples were processed in parallel as a negative control for ARV7 and K19. The bar (-)
in the respective table column of detection indicates no further experiments were conducted.

Cell Line ARV7 Status Cell Amount Target Detection Detection (n = 2) Detection (n = 3)

HD − 0
ARV7 N/D N/D N/D
K19 N/D N/D N/D

Actin yes yes yes

PC3 −

50
ARV7 N/D - -
K19 yes - -

Actin yes - -

100
ARV7 N/D - -
K19 yes - -

Actin yes - -

22RV1 +

50
ARV7 yes - -
K19 yes - -

Actin yes - -

20
ARV7 yes - -
K19 yes - -

Actin yes - -

10
ARV7 yes yes yes
K19 yes yes yes

Actin yes yes yes

5
ARV7 yes yes yes
K19 yes yes yes

Actin yes yes yes
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All HD samples measured (n = 3) were ARV7 and K19 negative (Table 1). PC3 samples were
negative for ARV7 and positive for K19, confirming the specificity of the established assay. ARV7 and
keratin 19 were still detectable down to 5 ARV7+ 22RV1 cells using our protocol (n = 3), demonstrating
high sensitivity (Table 1).

3.4. Assessment of Sample Storage Parameters

mRNA instability represents a common issue for RNA analysis. Sample processing time frames
and optimal blood collection tubes therefore need to be carefully assessed to allow for reliable mRNA
detection. As cells are not fixed in EDTA blood tubes, which is essential for subsequent RNA isolation,
potential CTCs could deteriorate over time. This is especially crucial when calculating time frames for
shipment of clinical samples. EDTA blood spiked with cell lines was left at room temperature (RT)
for 24 h (Table 2) and 48 h (Table 3), respectively, to test processing windows. Following the qPCR
run, generated products were applied to a gel electrophoresis allowing final confirmation of gene
expression status (data not shown).

Table 2. Validation of protocol specificity and sensitivity after 24 h. Influence of sample storage on
ARV7 detection limits and assay robustness. ARV7 status is highlighted as “+” for positive and “−“
for negative samples. Detection of gene expression was confirmed when at least 2/3 triplicates were
positive in qPCR analysis. N represents the number of repetitions performed per experimental setting.
The ratio is defined as the frequency at which any specific gene was detected out of the N repetitions.
N/D signifies no gene expression or gene expression above the set threshold of 35 cycles.

Cell Line ARV7 Status Cell Amount Target Detection N Ratio [detection/N]

HD − 0
ARV7 N/D

3 3/3K19 N/D
Actin yes

22RV1 +

10
ARV7 yes

1 1/1K19 yes
Actin yes

5
ARV7 yes

2 2/2K19 yes
Actin yes

3
ARV7 yes

4
1/4

K19 yes 3/4
Actin yes 4/4

1
ARV7 yes

3
1/3

K19 yes 2/3
Actin yes 3/3

VCaP +

10
ARV7 yes

2 2/2K19 yes
Actin yes

5
ARV7 yes

1 1/1K19 N/D
Actin yes

After 24 h of sample storage at RT, 5 ARV7+ cells were still reliably detected using the assay
(Table 2). This was confirmed on two ARV7+ cell lines (22Rv1 and VCaP). Additionally, as low as 3
and down to 1 ARV7+ cells were detectable (Table 2). With these low cell counts, detection frequency is
more variable as cell enrichment from whole blood and extremely careful sample handling play crucial
roles. Still, correct detection down to a single ARV7+ cell is possible. After 48 h, detection of ARV7
and K19 transcripts is subject to even higher fluctuation and increased cell counts would be needed to
robustly detect transcripts of interest from these samples (Table 3). The specificity of our assay was
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demonstrated as no signals for ARV7 or K19 were seen in blood samples from healthy individuals in
EDTA blood tested for 24h (3/3) as well as 48 h (3/3) of sample storage (Tables 2 and 3).

Blood tube types vary and some may be more suitable for our assay than others. Therefore, we
additionally tested the performance of AdnaCollect blood collection tubes (Qiagen, Hilden, Germany),
designed for mRNA characterization by the AdnaTest Prostate Cancer (Qiagen, Hilden, Germany) with
our assay. This tube has been used for PCR-based detection of RNA transcripts from whole blood and
could therefore provide an alternative to EDTA, potentially prolonging the sample processing window.
Again, different cell counts were spiked into HD blood, this time in AdnaCollect blood collection tubes,
and processed after 48 h of storage with our protocol. In our hands, these tubes were able to detect
ARV7 in spiked samples, down to 5 ARV7+ cells (Table 3). However, as ARV7 and K19 signals were
seen in all three tested HD samples (Table 3) indicating low specificity, the use of this blood tube type
was not further continued.

Table 3. Influence of sample tubes and sample storage times on ARV7 detection limits and assay
specificity. ARV7 status is highlighted as “+” for positive and “−“ for negative samples. Detection
of gene expression was confirmed when at least 2/3 triplicates were positive in qPCR analysis. N
represents the number of repetitions performed per experimental setting. The ratio is defined as the
frequency at which any specific gene was detected out of the N repetitions. N/D signifies no gene
expression or gene expression above the set threshold of 35 cycles.

Tube Cell Line ARV7 Status Cell Amount Target Detection N Ratio [detection/N]

EDTA

HD − 0
ARV7 N/D

3 3/3K19 N/D
Actin yes

22RV1 +

10
ARV7 N/D

1 1/1K19 yes
Actin yes

5
ARV7 yes

3
2/3

K19 yes 2/3
Actin yes 3/3

Adnagen

HD − 0
ARV7 yes

3
1/3

K19 yes 2/3
Actin yes 3/3

22RV1 +

10
ARV7 N/D

1 1/1K19 N/D
Actin yes

5
ARV7 yes

3
3/3

K19 yes 1/3
Actin yes 3/3

Our protocol ensures specific detection of tumor cell transcripts in 7.5 mL of blood down to a
single cell level even after 24 h of sample storage (Table 2). Conclusively, a sample preparation window
of 24 h was determined for the evaluation of clinical samples taken into EDTA blood to allow for
sample shipment while ensuring robust detection of ARV7 from CTCs.

3.5. Clinical Feasibility of the Complete ARV7 Detection Workflow

The clinical feasibility of our assay was demonstrated by analyzing blood samples of 26 metastatic
prostate cancer (mPCa) patients. Detailed clinical patient data is listed in Table S1. qPCR based
ARV7 analysis was performed within 24 h of sample collection from 7.5 ml of EDTA blood for all 26
patients. Parallel blood draws to assess CTC counts via CellSearch® were collected and processed
for 23/26 patients. AR-FL staining in the fourth fluorescent channel was available for 12/23 patient
samples processed via CellSearch® (Table 4).
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Table 4. Correlation of qPCR results, AR-FL detection and CTC enumeration via CellSearch for 26 mPCa
patients analyzed. Detection of a gene was confirmed when at least 2/3 triplicates were positive in
qPCR analysis. N/D signifies no gene expression or gene expression above the set threshold of 35 cycles.
CTC enumeration via CellSearch® was not conducted for the first three patient samples, indicated
by a bar in the respective table column (-). This also applies to 14 samples collected regarding AR
occurrence. The number of CTCs with detectable AR-FL expression is indicated in brackets.

CellSearch qPCR

Sample CTC Count AR (nucl.) AR (cytopl.) ARV7 K19 Actin

UKE-1 - - - yes yes yes
UKE-2 - - - N/D N/D yes
UKE-3 - - - N/D N/D yes
UKE-4 0 - - N/D N/D yes
UKE-5 0 - - N/D N/D yes
UKE-6 0 - - N/D N/D yes
UKE-7 0 0 0 N/D N/D yes
UKE-8 1 0 yes (1) N/D N/D yes
UKE-9 1 yes (1) 0 N/D N/D yes

UKE-10 1 0 0 N/D yes yes
UKE-11 1 0 yes (1) N/D yes yes
UKE-12 1 - - yes yes yes
UKE-13 1 0 0 yes yes yes
UKE-14 2 yes (1) yes (1) N/D yes yes
UKE-15 6 0 0 N/D N/D yes
UKE-16 6 - - N/D N/D yes
UKE-17 8 yes (3) yes (4) yes yes yes
UKE-18 9 0 yes (9) yes yes yes
UKE-19 11 0 yes (11) yes yes yes
UKE-20 11 0 yes (11) yes yes yes
UKE-21 14 - - N/D yes yes
UKE-22 16 - - yes yes yes
UKE-23 22 - - yes N/D yes
UKE-24 80 - - yes yes yes
UKE-25 156 - - yes yes yes
UKE-26 398 - - yes yes yes

Of the patient samples analyzed via CellSearch® 86.2% (19/23) were found to have ≥1 CTC in
7.5 mL of blood. In 52.2% (12/23) of patients ≥5 CTCs were detected in 7.5 ml of whole blood, reaching
the clinically prognostic cut-off value for worse overall survival for metastatic mPCa patients [8]. The
median of detected CTCs for our cohort is 6 (range: 0–398 CTCs) and the average is 32 CTCs/7.5 mL of
blood. ARV7 mRNA was detected in 46.2% (12/26) of mPCa patients, K19 was detected is 57.7% (15/26)
of samples and Actin was detected in all samples (26/26), indicating effective cDNA transcription.
Four measured patients were negative for the androgen receptor splice variant and positive for K19
(e.g., samples UKE-10 and UKE-11). Additionally, one patient was positive for ARV7 expression and
negative for K19 (UKE-23). No ARV7 or K19 gene expression was found in samples classified as
CTC negative by the CellSearch® system. Evaluation of the first 26 clinical samples resulted in 42.3%
of ARV7+/K19+ of all cases (11/26) and 52.6% of ARV7+/K19+ cases (10/19) with ≥1 detectable CTC.
Representative CellSearch® images of AR-FL staining are shown in Figure 5.
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Figure 5. Representative CellSearch® images of CTCs and AR-FL staining from a single prostate
cancer patient case. This patient had detectable AR-FL negative (1), weakly positive (2), nuclear AR-FL
positive (3–5) and cytoplasmatically AR-FL positive (6–8) CTCs.

Only three of the 12 cases in which AR-FL protein staining was assessed in the CellSearch®

(UKE-9, UKE-14, UKE-17) had detectable nuclear AR-FL protein levels (Table 4). Two of these three
patients (UKE-14, UKE-17) had a mixed CTC population of nuclear and cytoplasmic AR-FL+ CTCs.
Of these three patients, two were ARV7 negative with our assay (UKE-9, UKE-14). Additional five
patients showed cytoplasmic AR-FL protein expression, more than half of these patients were ARV7
positive (3/5).

For the majority of patient samples tested (88.4% or 23/26), the CTC count as measured by the
CellSearch® system was in accordance to K19 detection in parallel samples (Table 4). Detection of
ARV7 was possible in 2/6 patients with only a single CTC detected in the patient’s blood (UKE-12,
UKE-13) confirming the assays sensitivity (Table 4). K19 was detected in 4/6 patients with only a single
CTC indicating careful and effective sample handling (Table 4).
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4. Discussion

The CellSearch® Profile technology allows a reliable, standardized, and automated enrichment of
EpCAM-positive cancer cells. ARV7 expression in CTCs of prostate cancer patients has been linked to
resistance toward AR-targeted therapy, in particular enzalutamide and abiraterone [20,25]. Our novel
approach ensures specific detection of ARV7 transcripts in CTCs isolated by the CellSearch® system
down to the single cell level. The specificity of our assay was indicated as no signals for ARV7 or K19
were seen in 9 blood samples from healthy, male individuals (Tables 1–3). Our protocol ensures specific
detection of tumor cell transcripts in 7.5 mL of blood even after 24 h of sample storage (Table 2). Robust
ARV7 and K19 detection is feasible in as low as 5 ARV7+/K19+ cells (Table 2). Transcript expression
below 5 cells, even down to 1 ARV7+/K19+ cell, was possible (Table 2). The clinical feasibility of
our assay and its high sensitivity (down to a single CTC) was demonstrated in a cohort of 26 mPCa
patients (Table 4).

Antonarakis et al. linked ARV7 mRNA expression on CTCs of mCRPC patients receiving
enzalutamide and/or abiraterone therapy to lower PSA response rates, as well as shorter progression
free and overall survival [20]. Following this initial study, conducted with a combination of bead-based
CTC enrichment and subsequent qPCR multiplexing, the group confirmed their finding in a larger
cohort of 202 CRPC patients [23]. In their study, CTC− patients were found to have the best outcome
(judged by best PSA-response, PSA progression-free survival, progression-free survival, and overall
survival), followed by CTC+/ARV7− and finally CTC+/ARV7+ patients [23]. Additionally, it was
demonstrated that ARV7 status can change in the course of hormone therapy [25,28,29] and that within
one patient ARV7 status on CTCs can be heterogeneous [41].

The CellSearch® system enables validated and automated enrichment of EpCAM-positive
cancer cells [8,42–45]. Ideally, adding a specific and sensitive anti-ARV7 antibody to the fourth
fluorescent channel of the CellSearch® device would therefore represent a valuable alternative to allow
parallel CTC enumeration and the assessment of ARV7 status for each respective CTC. Unfortunately,
detection of ARV7 protein using the CellSearch® technology was dramatically hampered by lacking
specificity of most existing ARV7 antibodies (Figure 1, Figure S1). Recently, a novel commercially
available antibody has been tested and validated for immunohistochemistry on primary tumor tissue,
showing specific ARV7 staining results [32]. Whether this antibody might represent a promising
novel candidate for immunocytochemical analysis and combination with CellSearch® needs to be
investigated in future studies. However, so far most sources of CTC-related ARV7 information stems
from RNA measurements.

The meaningful clinical impact of ARV7 expression of CTCs [20,46] has led to the development
of a multitude of different assays targeting ARV7 protein [25] or ARV7 transcripts [30,31,47,48].
Primarily the developed methods are based on the analysis of pooled lysate of an enriched CTC
fraction [26,30,48], only few perform whole blood gene expression analysis [47]. CTC are enriched
by bead-based approaches [20,48], or the CellSearch® Profile kit and analyzed by subsequent qPCR
or RNA-seq [26,30]. While these approaches effectively asses ARV7 status, they give no additional
information on the abundance of CTCs in a patient at the time point of blood draw. This could,
however, prove to be valuable information allowing more precise interpretation of the qualitative
ARV7+ or ARV7− status of a patient. Without CTC count, an ARV7− status may refer to no available
CTCs within the blood draw or to high amounts of ARV7− CTCs, respectively. The clinical information
to be gained from both results is, however, very different, as no CTCs indicate good and ≥5 CTCs
indicate poor outcome for the patient [8]. Multiplexing of additional genes such as prostate specific
antigen (PSA) or prostate specific membrane antigen (PSMA), as well as epithelial genes is commonly
used as a means of circumventing this issue and attempting to detect ARV7− CTCs [20,26,49]. While
this is a feasible approach, it is limited by heterogeneous expression of these markers [31,41,49–51] and
the required pre-amplification step can introduce bias.
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Using our novel approach (Figure 4) information on both CTC count, AR-FL and ARV7 status
is collected. One could argue that the amount of CTCs present in the blood tube destined for ARV7
assessment is also not directly assessed by our assay. However, studies have shown that CTC counts
determined with the CellSearch® technology do not significantly fluctuate depending on circadian
rhythm or serial blood draws [52,53], thereby indicating that stochastically, similar to equal CTC
amounts would be expected in two sequential blood draws from the same patient at the same time (as
is necessitated by our protocol). The importance of integrated CTC enumeration becomes apparent
when looking at clinical cases such as UKE-23 (Table 4). While this patient had clearly detectable
ARV7 transcripts, he did not show K19 positivity in our assay. Without the additional information
of 22 CTCs being detected via CellSearch® analysis, interpretation of the qPCR results would have
been impaired. This case also highlights the inert limitation of qPCR multiplexing, which lies in the
before mentioned heterogeneity of gene and protein expression in CTCs [41,50,51]. In addition, CTC
detection via the CellSearch® allows for morphological assessment of the CTCs in circulation and
in our case, parallel characterization of AR-FL protein as well as its cellular location. Both represent
important factors in resistance to androgen deprivation therapy [54]. The localization of the full
length AR within the cell has been shown to be associated with disease progression on novel hormone
therapies (e.g., enzalutamide and abiraterone) [55]. Therefore, it was critical for our assay to be able to
distinguish both cytoplasmic and nuclear fractions of AR to support differentiation between “AR-on”
and “AR-off” patients [54]. Apart from the AR-FL targeting antibody (by Janssen Diagnostics) used in
this study, other well-established alternative antibodies have been published for AR-FL detection in
the fourth channel of the CellSearch® [55].

To our knowledge, only two assays have been developed allowing parallel CTC enumeration and
ARV7 protein [24,25] or transcript detection [31] on the same cell so far. El-Heliebi et al. isolated CTCs
via the CellSearch® Profile kit or the size-dependent Parsortix™ platform (ANGLE plc, Guildford,
UK) [56] and subsequently characterized them for ARV7, AR-FL, and PSA expression via in situ padlock
probe technology [31]. This approach allows for absolute transcript quantification while keeping cell
morphology intact and thereby enabling tumor cell enumeration [31]. In regards to CellSearch® Profile
kit pre-enrichment, a single patient with high CTC load was included in this study to demonstrate
general feasibility of the approach [31]. Additional technical validation will therefore be required to
ensure sufficient sensitivity and specificity of this method for future clinical application.

The ARV7 assay most advanced in regards to clinical validation is the EPICs approach [24,25].
Here, the nuclear cell fraction is placed on slides, stained via ICC and automatically screened and
evaluated. The assay focusses on nuclear ARV7 protein expression using the same antibody clone
EPR15656 (Abcam) that we tested in our present study. While the EPICS approach allows for parallel
CTC enumeration and ARV7 protein assessment, it requires sample shipment to a centralized lab in
the US, a costs intensive approach when conducting larger clinical studies or when shipping patient
samples for routine testing. A nuclear ARV7 staining has been postulated to be relevant to predict
therapy outcome of AR-targeted therapies as well as taxanes in a cohort of 161 mCRPC patients, leading
to a favorable coverage recommendation and certification of the approach in the state of California
(USA) [57,58]. However, in our hands, the EPR15656 antibody did not result in specific nuclear staining
signals for tested cancer cell line cells on chamber slides or cytospins (Figure 1, Figure S1).

While the ARV7 detection assay established in this study is highly specific and sensitive, some
limitations require mentioning. The main limitation is the fact that our assay does not allow for
simultaneous morphological and molecular ARV7 characterization of each single CTC. However,
this is somewhat compensated by the use of a clinically validated CTC enrichment method, adding
weight to the clinical relevance of the CTCs analyzed. Additionally, ARV7 and K19 transcript detection
cannot be guaranteed down to a single CTC level in all patient samples. Nevertheless, we can secure
determination of ARV7 status from ≥5 CTCs which is the prognostic cut-off value for patients with
metastatic prostate cancer. Due to the high sensitivity and specificity of our ARV7 detection assay and
the parallel nature of the CellSearch® CTC-enumeration, K19 detection is not a mandatory prerequisite
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for robust ARV7 assessment and result interpretation. However, we believe K19 adds further valuable
information in positive cases and represents an additional confirmation of successful CTC analysis.

Taken together, the use of a FDA-cleared enrichment technology, high assay sensitivity and
specificity, a shipment window of 24 h and comparably low necessity of elaborate additional laboratory
equipment (standard qPCR cycler) corroborate the value of our established method. Inclusion into
prospective clinical trials will be now necessary to demonstrate clinical validity and utility. Furthermore,
additional age-matched healthy donors and other control cohorts (e.g., prostatitis patients) should be
included into future studies to further corroborate assay specificity. Head-to-head comparison with
other ARV7/CTC technologies is desirable to assess to which extent different assays are redundant
or complementary.

5. Conclusions

The novel workflow developed in this study allows for a semi-automated enrichment of CTCs
followed by a qPCR assay measuring the ARV7 status of CTCs. This approach can now be integrated into
future clinical trials assessing treatment responses to antiandrogen therapies in prostate cancer patients.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/9/1067/s1.
Figure S1: Assessment of ARV7 antibody performance on selected prostate cancer cell lines via Western Blot and
immunocytochemical (ICC) staining; Table S1: Clinical data of 26 mPCa patients.
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4. Discussion 

Studying CTCs has provided a significant contribution to our understanding of various aspects of 

tumor biology. These include fundamental biological processes such as tumor invasion, metastasis 

tropism, and intra-tumor heterogeneity (1.2). CTCs have furthermore been applied as biomarkers 

for clinical patient management, providing information on patient prognosis, monitoring disease 

recurrence, and functioning as predictive markers (1.2.5). The results of this thesis have touched on 

multiple components of this broad potential in CTC research, beginning with the improvement of 

CTC enrichment, a crucial step in allowing for preferably un-biased and sound characterization of 

these extremely rare cells.  

 

4.1. Improving the Enrichment of CTCs  

The enrichment and detection of CTCs from the cellular background of a whole blood sample 

represents a crucial prerequisite for a more detailed subsequent biological characterization of these 

rare cells and requires highly sensitive and specific methods and work flows. The low concentration 

of CTCs in peripheral blood poses a challenge for any analytical system, thus rendering the 

identification and optimization of all additional factors potentially hindering ideal outcome 

extremely important. The success of this crucial initial step is highly dependent on technological 

factors including pre-analytical variables and the performance of the chosen enrichment 

technology. It is also determined by biological (e.g. specific marker expression) and clinical aspects 

(e.g. time point of blood draw in relation to administered therapy). Combined, these factors result 

in a mere 1-10 CTCs being identified on average in a 10 ml blood draw for most cancer patients 

[109]. Therefore to maximize the biological understanding to be gained from CTCs, it is paramount 

to increase the amount of tumor cells available for analysis as well as their morphological intactness, 

thus ensuring they become applicable to a broad spectrum of downstream assays. Within this thesis, 

significant steps have been taken in this direction [167-169]. 
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4.1.1. Impact of Pre-Analytical and Analytical Variables on CTC Enumeration 

The extent to which pre-analytical and analytical variables influence CTC enrichment is often 

overlooked. Pre-analytical procedures encompass all steps leading up to the initiation of CTC 

processing via a certain enrichment platform. They include the specimen collection by the physician, 

the choice of blood collection tubes, sample handling, and sample storage. These steps significantly 

impact whether the collection of blood samples of consistently high quality and thereby the analysis 

of unbiased analyte profiles (e.g. CTCs) is possible. Testing these pre-analytical parameters in 

combination with analytical variables for a specific enrichment assay is complex, requiring time as 

well as resources. It is therefore often bypassed or minimized during the development and initial 

use of novel enrichment technologies. The label-independent Parsortix® system has been in use 

for CTC capture in research labs for multiple years and has demonstrated significant capabilities 

across multiple tumor entities [170-173]. The size-based nature of this system potentially enables the 

enrichment of various CTC subpopulations, independent of specific marker expression, as well as 

viable CTCs and CTC clusters [139, 170]. Depending on the research question at hand, this can 

represent a distinct advantage to the “gold-standard” (EpCAM-based) CellSearch® system. The 

Parsortix® system also allows for certain user-defined flexibility in protocols and is therefore easily 

adaptable to the respective research question. However, despite its extensive use, information on 

how the interplay of pre-analytical and analytical variables influences CTC capture efficiency and 

CTC morphology for this device was lacking.  

Initially, the efficiency of CTC capture was significantly increased by a reduction of the 

separation cassette gap from 10µm to 6.5µm. This was demonstrated not only in spiked whole blood 

samples but confirmed by a 4.7-fold increase in CTC count using the narrow cassette gap of 6.5µm 

compared to 10µm in actual breast cancer patient samples. This translated to 99 instead of 21 patient 

CTCs available for potential further analysis, a decisive gain of “starting material”. Already in these 

initial spike-in experiments, a substantial interplay between CTC capture efficiency and pre-analytical 

(blood sample processing) as well as analytical variables (separation pressure, cassette gap, 

processing time) was observed [167]. These experiments were subsequently further extended to 

include additional blood preservatives and separation pressures. Blood collection preservatives that 

allow for both morphological and molecular analysis of CTCs are rare. Through these extensive 

spike-in experiments using breast cancer cell line cells, two robust and optimized protocols suitable 

to answer distinct biological and clinical questions were developed [167]. The first protocol utilizes 
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un-fixed cells (EDTA blood sample), thus enabling transcriptional analysis and potentially CTC 

culture [125, 170]. A 99% viability rate of tumor cells passed through the Parsortix® system has 

already been demonstrated via transcriptional analysis and by use in mouse models in prior studies 

[139, 170, 174]. Furthermore, the established protocol was successfully applied to the analysis of 

single CTCs on a transcriptional level for ARV7 expression via an in situ hybridization assay [171]. The 

second protocol was focused on cell preservation using a newly developed CE-certified fixative 

(TransFix®). Again, the results for both protocols were cross-checked and corroborated on actual 

clinical patient samples [167]. Furthermore, cells processed via these protocols were not only shown 

to be morphologically intact and thus well suited for immunocytochemical staining but also for 

amplification of single cell DNA of excellent quality via whole genome amplification (WGA), a key 

method facilitating subsequent molecular analysis of these cells [167]. In summary, these results 

speak for the successful enrichment of higher CTC counts as well as the combinability of the 

developed protocols with current downstream analytic options.  

In a next step, Parsortix® based enrichment of CTCs, was paired with CTC capture and 

detection using a newly developed microfluidic chip [168]. Microfluidic systems have demonstrated 

comparable and at times even superior tumor cell capture rates to the CellSearch® system [175-

178]. The CTC capture chip represents an innovative, novel tool to arrest and analyze CTCs. It`s basic 

principle rests in the antibody based capture of tumor cells on streptavidin coated dots of a 

microfluidic chamber. In short, a cell suspension containing tumor cells and background leukocytes 

is inoculated with biotinylated antibodies targeting specific per-defined cell-surface antigens (e.g. 

EpCAM). These so called “sensitized” tumor cells subsequently pass through a microfluidic chamber 

in which chaotic flow leads to interaction with streptavidin coated dots that then immobilize the 

biotinylated cells of interest. Non-biotinylated cells freely pass through the device and are flushed 

out. The benefit of this approach lies in the high purity of the samples (below 500 remaining 

nucleated cell per 7.5 ml blood sample) and the co-localization of the tumor cells and streptavidin 

dots [168]. The latter reduces the necessity of elaborate subsequent identification procedures (e.g. 

immunocytochemistry), potentially damaging the captured cells and requiring additional time and 

resources. Skipping staining-based identification enables immediate single cell manipulation and 

molecular analysis of captured tumor cells. Selected analytical variables (e.g. temperature, cell 

concentration) of the microfluidic chip had already been assessed in a prior publication [111]. In this 

thesis, further modifications in the structure of the microfluidic chamber were implemented (e.g. 
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ceiling structure, streptavidin pattern) and tested for tumor cell recovery via spike-in experiments 

with breast cancer cell line cells [168].  

In healthy blood samples manually spiked with defined tumor cell line counts, the newly 

developed herringbone structure ceiling (HC) combined with 50µm spaced streptavidin dots, 

significantly outperformed the other chip designs [168]. Factoring in the average of tumor cells lost 

during Parsortix® based pre-enrichment prior to chip processing, the CTC capture chip shows near 

full tumor cell recovery. Unfortunately, the CTC capture chip is not yet set up to directly process 

whole blood, a limitation that needs to be addressed in future experiments. However, the promising 

results of my thesis warrant further focus on the optimization of efficient sample pre-enrichment. 

Work in this direction is currently being continued. In addition to the demonstrated increase in CTC 

capture efficiency, the vast majority (around 90%) of the cell line cells processed by this workflow 

(Parsortix® pre-enrichment, microfluidic CTC capture) remained viable, indicating ideal conditions 

for subsequent cell culture [168]. Furthermore, feasibility of the workflow for downstream genomic 

analysis of single tumor cells was shown in form of successful whole genome amplification. In the 

future, experiments including actual cancer patient samples will be required to test this workflow in 

a clinical setting. 

 

4.1.2. Influence of Cancer Entity and Clinical Setting on CTC Enrichment 

The importance of head to head comparison between results generated by spike-in experiments 

and the processing of actual clinical samples from cancer patients was highlighted by this thesis 

[167]. The in-depth protocol comparison performed for the label-independent Parsortix® system 

revealed a significant discrepancy between results obtained for spike-in experiments and clinical 

samples. In the initial spike-in experiments using cancer cell line cells in healthy donor blood, both 

the EDTA and TransFix® protocols resulted in nearly equal CTC capture rates [167]. However, when 

applying these protocols to actual clinical samples, the cell preservative (TransFix®) clearly out-

performed the unfixed EDTA blood samples in respect to the amount of CTCs captured (21 CTCs 

with TransFix®  vs 7 CTCs with EDTA) and the overall positivity rate (46.2% with TransFix®  vs 30,8% 

with EDTA), respectively. This data indicates that the efficiency of CTC enrichment is dependent on 

factors surpassing the sensitivity of the technology chosen. These additional factors include the short 

half-life of CTCs in blood. Physical and biological variables such as shear forces, anoikis, and attacks 

by the immune system influence tumor cell viability and perseverance (1.2.1.). Clinical factors, such 
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as the time point of sample collection in relation to therapy may also significantly affect the 

robustness of CTCs. The use of a cell preservative may therefore become highly beneficial when 

enriching more fragile or impacted CTCs. In this study, the protocols were furthermore tested on a 

broad spectrum of different tumor entities, thereby addressing another biological variable and 

increasing their applicability to various cancer types. It has become common knowledge that some 

tumor entities, such as breast and prostate cancer, lend themselves well to CTC analysis, displaying 

relatively high CTC counts especially in a metastatic setting [108]. Other entities, such as non-small 

cell lung cancer (NSCLC), are notoriously difficult to detect CTCs in, despite their high metastatic 

potential [108, 116]. The underlying cause of this discrepancy has not been uncovered to date. 

Hypotheses range from a reduction in CTC shed into the blood, to increased fragility of the tumor 

cells shed, or quicker extravasation. These tumor type specific biological factors might provide some 

explanation as to why the analysis of spike-in experiments and metastatic breast cancer patient 

samples at the onset of this study provided more closely aligned results [167].  

Here, a set of more challenging entities were included into the analysis (e.g. NSCLC). Due 

to the label-independent nature of the chosen enrichment approach, it is to be assumed that CTCs 

stemming from most tumor types are captured using the Parsortix® system. The broad use of the 

device strengthens this assumption [170, 172, 173, 179]. Keeping in mind the challenging nature of 

some of the entities analyzed in this study, the resulting overall positivity rate (defined as ≥1 CTC) 

for both methods (46.2% with TransFix®  vs 30,8% with EDTA) is comparable or even superior to 

most EpCAM dependent enrichment approaches [116]. These results might be further enhanced by 

the addition of more specific detection markers. Seeing as this represents a very small, mixed patient 

cohort, the results obtained here require cautious interpretation. Validation in larger clinical studies 

including higher patient numbers with be necessary to consolidate these initial indications. Overall, 

a combination of biological factors and the sensitivity/specificity of existing technologies and assays 

therefore appear to limit the robust and reproducible enrichment and identification of CTCs. CTC 

clusters have been associated with significantly increased metastatic capacity [138, 139, 180], as well 

as shorter progression free and overall survival in breast cancer patients [181, 182]. Interestingly, the 

enrichment of CTC clusters was on a comparable level for both the unfixed and fixed cell protocol, 

respectively [167].  This could hint at higher endurance of CTC clusters, potentially due to the 

reduced effect of shear forces and anoikis in these cellular aggregates. The latter hypothesis is 

supported by recent findings, indicating the overexpression of anti-apoptotic proteins, such as Bcl2, 
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and down-regulation of the whole apoptotic pathway in CTC clusters compared to single CTCs [139, 

183].  

 

4.1.3. Intra- and Inter-Laboratory Comparability of CTC Enumeration 

While the optimization of performance is of great importance and represents an important 

prerequisite to ensure optimal CTC recovery, it is of equal importance to assess how well a 

technology performs under highly defined conditions compared to others. The multitude of label-

dependent and label-independent enrichment technologies flooding the diagnostics market makes 

it highly difficult for researchers, and clinicians alike, to gauge which methods are robust and suitable 

for efficient CTC capture and detection. Most enrichment technologies have shown promising 

results in selected publications. However, due to the lack of available standardized and validated 

protocols, the use of different cellular models and pre-analytic conditions, results remain difficult to 

interpret and compare. The CANCER-ID consortium, funded by the European Innovative Medicines 

Initiative (IMI), attempted to tackle this issue in a collaborative effort to standardize protocols in the 

liquid biopsy realm and thus advance the analysis of blood based markers in research and in the 

clinical setting [184]. The consortium, which included PhD students such as myself, was active for 5 

years (2015-2019) and encompassed 36 partners from academia and industry, dispersed over 13 

countries. In this time, and also beyond expiration of the funding period, a multitude of scientific 

publications focusing on assay validation, standardization and comparison were published. The 

academic leads of this massive undertaking were Klaus Pantel (UKE, Hamburg; Scientific coordinator) 

and Leon Terstappen (University of Twente, Netherlands; Scientific Co-coordinator). One aspiration 

of the consortium was the establishment of a multinational platform to assess the technical validity 

of CTC enrichment systems. This platform was designed to directly compare selected, promising 

technologies across various sites (and users) and between one another. A successful demonstration 

of this platform was conducted via large multicenter ring-experiments [169]. Here, blood samples 

containing well defined NSCLC cell line cells of similar size range, showing ample Keratin expression 

(for use as detection criteria), and high as well as low EpCAM expressions were generated in an 

independent and central laboratory [169]. A total of 98 samples containing between 51 - 99 cells 

spiked per sample (mean: 77.5, median: 78) were subsequently shipped to 9 sites in 6 countries and 

processed in defined time frames [169]. Five different CTC enrichment methods were tested, 

including three size based filtration devices (Siemens, Parsortix®, VyCAP), one density based 
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approach (RareCyte®) and the immunomagnetic, label-dependent CellSearch® system. Semi-

automated and integrated sample scanning was performed if available (CellSearch®, RareCyte®). 

For each method, detailed pre-analytical information (e.g. blood tube type and volume), and 

technical data were assessed (e.g. sample throughput, detection system, etc.). Also, user defined 

characteristics such as hands on time needed for sample processing were provided, thus, forming 

a detailed and educative picture of the respective assay for potential users [169]. Cell recoveries lay 

in a comparably high range for the CellSearch® (mean 75%), Parsortix® (mean 71%), and 

RareCyte® (mean 68%) systems when analyzing samples containing the EpCAM high NSCLC cell 

line cells [169]. For the EpCAM low NSCLC cell line, the Parsortix® (mean 67%) and RareCyte® 

(mean 78%) systems outperformed their competitors [167]. In line with expectations, the 

CellSearch® system did not detect the EpCAM low NSCLC cell line. In both experimental settings, 

the Siemens and VyCAP filtration units provided significantly lower recoveries [169]. While the 

Parsortix® and RareCyte® platforms demonstrate competitive results to the “gold-standard” 

CellSearch® system in terms of CTC recovery, the CellSearch® clearly displays the lowest variance 

between measurements [167]. This could originate from the fact that this system contains a 

dedicated detection unit and users are subjected to an in-depth training teaching them to 

adequately “call” CTCs using the device. Similar efforts will most likely need to be undertaken by the 

promising, novel label-independent enrichment approaches to increase their technical 

reproducibility.  

In this thesis, an initial step has been taken in this direction by demonstrating compatibility 

of the Parsortix® technology with the XCyto® 10 Quantitative Cell Imager [167]. The capabilities of 

this semi-automated screening device were tested in direct comparison to traditional manual 

sample evaluation via fluorescence microscopy. To this end, a gating allowing the detection of pan-

Keratinpos/neg (Alexa Fluor 488) and CD45 pos/neg (APC) cells was developed on breast cancer cell line 

cells and subsequently applied to clinical samples [167]. The results from 27 blood samples 

stemming from 16mBC patient samples that had prior been manually evaluated for CTC positivity 

and count were juxtaposed. A significant portion of these samples (13/27) were negative for CTCs 

with both screening approaches. Similarly, a substantial portion (12/27) were found to be positive 

by both detection approaches. This resulted in a high, statistically validated, concordance between 

CTC-positive patients and total number of CTCs identified per sample between manual identification 

and semi-automated screening [167]. These promising results were complemented by the halving 

of hands-on time required for sample evaluation using the semi-automated XCyto® 10 (from 20min 
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to 10min). Also, the option of reapplying a standardized set of gating parameters to an entire study 

cohort would increase reproducibility, while reducing user bias from individual image analysis.  

 

Overall, there is no one-fits-all approach to enrich and identify CTCs. Which technology or 

combination of assays are best suited heavily depends on the research question and the tumor 

entity at hand. Having said this, working with such rare events as CTCs, necessitates highly specific 

and sensitive technologies and protocols to maximize yield. In this thesis, the tumor cell yield of the 

technologies chosen was substantially increased [167, 168]. Furthermore, the understanding of the 

interplay between analytical variables was improved [167, 168]. Furthermore robust protocols were 

generated, ensuring the enrichment of intact CTCs that are combinable with various downstream 

analysis [167, 168]. This work thereby represents the crucial basis for successful further biological 

understanding of these cells. Validation studies such as the ones of this thesis were performed 

extensively during the development of the CellSearch® system and have contributed to its optimal 

function as well as its approval for clinical use in multiple cancer entities [146-148]. Apart from 

technological improvement, a complementary approach to overcoming the limitations posed by 

the rarity of CTCs is the drastic increase of sample volume by methods such as diagnostic 

leukapheresis (DLA). DLA represents a very promising tool, shown to significantly increase CTC yield 

[185, 186]. However, the DLA procedure is elaborate, time consuming, requires trained medical staff, 

and specialized appliances. It is therefore questionable whether cancer patients and clinicians would 

be willing to routinely undergo/initiate such a procedure or rather opt for the less invasive and time 

consuming standard blood draw. Also, most enrichment technologies currently available are unable 

to process the extremely cell-dense DLA samples, only enabling the analysis of a fraction of the cells 

obtained [185]. Further developments will therefore be needed to unlock the full potential of this 

approach. 

Considering the plethora of technologies currently on the market, it is crucial to acquire 

credible and dependable data on the robustness and technical validity of an assay. In this regard, 

multinational ring studies, as conducted here, are of paramount importance [169]. More such efforts 

to benchmark technologies will be needed in the future to broaden the use of CTC analysis in 

research and in the clinical setting. Fortunately, the infrastructure set up via the CANCER-ID 

consortium, will be sustained within the newly founded European Liquid Biopsy Society (ELBS) 

consortium [187].  
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4.2. Development of a Model for Functional CTC Analysis  

Despite the large number of CTCs shed into the bloodstream on a daily basis, only a fraction of 

these tumor cells are able to survive the harsh conditions of the bloodstream [98]. Even fewer CTCs 

possess the capacity to extravasate into the surrounding tissue at distant sites, survive within the 

novel microenvironment, and subsequently outgrow to form remote tissue metastases [100]. It has 

been postulated that only 0.01% of CTCs shed into the bloodstream are able to initiate metastatic 

outgrowth at distant sites [188]. This small, potent fraction of the CTC population, is therefore of 

paramount importance when trying to uncover the biological prerequisites and circumstances 

driving blood borne dissemination. The rarity of this CTC-subpopulation within the already scarce 

overall CTC pool in an average blood sample could provide a probable explanation as to why the 

generation of CTC-derived cell lines is so seldom successful. It furthermore illustrates why most 

existing CTC-derived cell lines (including the one described in this thesis) were obtained from 

patients with advanced disease stages that harbored unusually high CTC amounts [136, 143, 189, 

190]. However, when successful the potential biological understanding to be gained by CTC-derived 

cell lines as functional models remains vast. Also, seeing as 90% of cancer related deaths are caused 

by the formation of distant metastasis, understanding and possibly preventing blood borne 

dissemination in a targeted manner would significantly increase survival odds for cancer patients. 

 

4.2.1. Luminal CTC-Derived Cell Lines 

The permanent breast cancer cell line, CTC-ITB-01, described in this thesis represents one of the 

few functional models in existence that are derived from estrogen receptor positive (ER+) breast 

cancer patient CTCs [133, 190]. In light of luminal (ER+ and/or PR+) breast cancers (BC) representing 

the predominant molecular BC subtype (65-80% of BC cases [20, 24]) they are underrepresented in 

functional BC models. This can partly be traced back to the fact that they tend to be less aggressive 

than other BC subtypes and therefore lend themselves less well to functional studies involving in 

vitro migration assays or in vivo mouse models [191, 192]. However, molecular BC subtypes show 

distinct differences in frequency, marker expression, prognosis, and response to treatment (Table 1), 

making working with appropriate in vitro and in vivo models corresponding to the molecular 

subtype of the BC studied a critical prerequisite. CTC-ITB-01 shows luminal protein expression 

patterns including epithelial keratins such as K18 and K19, hormone receptors ERα and progesterone 
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receptor (PR), while lacking ERBB2 amplification [190]. Molecular subtyping of RNA expression 

profiles using the PAM50 classifier resulted in CTC-ITB-01 matching the luminal subtype with a 

probability of 81.99% [190]. Most studies do not further stratify their cell lines into luminal A or B 

subtypes [193]. However, extensive molecular characterization studies capturing the heterogeneity 

of BC have demonstrated that intrinsic subtyping accurately reflects the vast majority of the 

biological diversity occurring in BC [194, 195]. Keeping in mind the reduced prognosis of the luminal 

B compared to the luminal A subtype (Table 1), this is a stratification that needs to be taken into 

account. As classified by the PAM50 gene signature, CTC-ITB-01 most closely aligns with the luminal 

B subtype, reaching a 65.22% probability. This finding is somewhat strengthened by the rapid clinical 

progression of the cancer patient giving rise to the CTC cell line, resulting in death two years after 

primary diagnosis. This potentially hints at a more invasive and aggressive disease, which has been 

described for luminal B compared to luminal A tumor subtypes [20, 24]. 

 

4.2.2. Metastatic Potential of CTC-ITB-01 

Luminal breast cancer cell lines are often relatively well differentiated and show tight cell-cell 

junctions, rendering them less migratory and thus limiting their metastatic capability [192]. CTC-ITB-

01 displays a more heterogeneous growth pattern, a mix of adherent and non-adherent cell 

fractions. While the chosen culture medium might support this type of growth, cultivating the cellular 

fractions separately (only adherent or only suspension) gives rise to the respective counterpart, 

hinting at a certain grade of cellular plasticity. Furthermore, the adherent cell fraction harbors 

heterogeneous cellular phenotypes including cells in close cell-cell contact as well as less cohesive 

spindle-like elongated cells that grow disconnectedly. The latter are typically more common for 

mesenchymal cell types. Research has hypothesized that in order to gain motility and detach from 

the interconnected tumor tissue, epithelial tumor cells undergo a process called epithelial to 

mesenchymal transition (EMT) [196]. In an effort to identify CTC subpopulations with the highest 

metastatic potential, EMT has been described to convey invasive properties to tumor cells otherwise 

unable to initiate outgrowth [73, 197]. Mesenchymal CTC populations have been described for 

multiple tumor types and have been associated with increased aggressiveness, higher metastatic 

potential, and disease progression [122, 144]. Originally it was assumed that EMT and its counterpart 

mesenchymal to epithelial transition (MET) propelled cells to two distinct cellular states, epithelial or 

mesenchymal. In recent years it has become clear, that tumor cells transition on an EMT spectrum 
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and that phenotypically partial-EMT subtypes exist [72, 73, 103]. While the distribution of specific 

adhesion proteins such as E-cadherin, α-catenin, and β-catenin was dysregulated for CTC-ITB-01 

and selected EMT-associated transcription factors (SLUG, TWIST1) were increased in contrast to the 

MCF-7 cell line, CTC-ITB-01 was overall associated with an epithelial RNA and protein expression 

pattern. Both the adherent and the non-adherent tumor cell fraction were classified as epithelial 

when analyzing RNA-sequencing data via an EMT scoring algorithm. Despite its primarily epithelial 

phenotype, CTC-ITB-01 showed tumorigenic and metastatic capacity in immunodeficient NOD scid 

gamma (NSG) mice upon intermammillary injection. These seemingly controversial findings are 

supported by more recent studies unlinking EMT and metastatic outgrowth [102, 198, 199]. Epithelial-

type CTCs have recently been associated with higher metastasis initiating capacity than 

mesenchymal CTCs [199]. Also, EpCAM expressing CTC populations were found to significantly 

correlate with distant metastases and poor patient outcome in metastatic BC patients [199].  Data 

gained from primary tumors, and metastatic sites showing epithelial tumor cell phenotypes for both 

tissue types further corroborate the potential of epithelial tumor cells to foster metastatic growth 

[200-202]. EMT and the more mesenchymal cellular phenotype therefore appear to affect only a 

small percentage of tumor cells at very much defined time points. In vivo studies have furthermore 

indicated that while EMT is required for motility, it is not necessary for entering the circulation [102]. 

These observations hint at the possibility that EMT might play a subordinate role in metastasis of 

luminal BC and cells might disseminate via other pathways, such as cohesive migration [203]. The 

method chosen to isolate CTC-ITB-01 allowed for an EpCAM-independent CTC enrichment, giving 

both epithelial and mesenchymal CTC populations the chance to grow in culture. Therefore, it 

cannot be excluded that CTC-ITB-01 stems from more mesenchymal CTCs present in the circulation 

at time point of blood draw. However, the epithelial nature of the cell line in culture would hint at 

the transient nature of the parental CTCs mesenchymal status and the necessity of a more epithelial 

phenotype for outgrowth. 

 

4.2.3. Cancer Stem Cell Pathways in CTC-ITB-01 

As mentioned before, an infinitesimal fraction 0.01% of CTCs shed into the bloodstream are assumed 

to be able to initiate metastatic outgrowth at distant sites [188]. Similarly, only a fraction of the tumor 

cells present within the population of the bulk tumor mass isolated from BC patients have shown 

metastatic potential in mice [204]. These tumor cells are often referred to as cancer stem cells (CSC) 
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and have gained tremendous attention in recent years. Apart from driving metastatic spread, CSC 

are believed to be resistant to chemotherapy due to their efficient DNA repair, quiescence, 

decreased apoptosis and the expression of proteins mediating drug resistance [205]. CSC were 

traditionally characterized by a CD44+/CD24-/low phenotype [143, 197]. Interestingly, apart from 

primary tumor tissue, CD44+/CD24-/low cells have been identified among disseminated tumor cell 

(DTCs) populations in the bone marrow of early BC patients [206]. More recently, the expression of 

aldehyde dehydrogenase 1 (ALDH1) has been identified as an additional CSC marker in BC [207, 

208]. ALDH1+ tumor cells have been shown to be more tumorigenic, proliferative, and epithelial 

than those expressing CD44+/CD24-/low profiles [207, 209, 210]. This is concordant with the capability 

of the ALDH1+ and CD44-/CD24+ CTC-ITB-01 line to grow ex vivo and its tumorigenic capacity in an 

in vivo mouse model [190]. Injecting CTC-ITB-01 into the mouse milk duct of female immunodeficient 

NOD scid gamma (NSG) mice, resulted in primary tumor formation in four out of four mice [190, 

191]. CTC-ITB-01 could therefore represent a suitable functional model to further study the role of 

ALDH1 in tumorigenesis and metastasis. Also, ALDH1 expression in primary tumors has been 

associated with clinicopathological factors associated with disease progression and poor prognosis, 

such as larger tumor size, higher clinical staging, and node metastasis [211, 212]. Furthermore, 

metastasis and recurrence rates were significantly increased in ALDH1+ compared to ALDH1- breast 

tumors [213]. This is in line with additional studies identifying ALDH1 expression as an independent 

predictor of disease free survival (DFS), with ALDH1+ patients showing significantly reduced DFS and 

OS compared to their ALDH1- counterparts [212]. While the ALDH1 status of our index patient’s 

primary tumors and metastatic tissues are unknown, her rapid clinical progression somewhat mirrors 

these findings. Interestingly, ALDH1+ tumor cells are most commonly associated with more 

aggressive histological BC subtypes such as HER2+ or triple negative BC [212, 214]. In general, CSC 

are rarely described in ER+/PR+ tumors and their clinical significance is generally unknown. 

Therefore, while significant associations between ALDH1+ and poor prognosis have been explicitly 

described for luminal breast cancers [212], the identification of ALDH1+ tumor cells in ER+/PR+ 

tumors is rare [212, 214]. The large proportion of ALDH1+ cells within the CTC-ITB-01 cell line (77.9%) 

could result from selection-bias of these clones via the enrichment approach or the culture 

conditions chosen. Additional contributing factors such as potential survival advantages, as well as 

an increased proliferative capability could also be hypothesized and should be addressed in future 

experiments. Similarly, studies have demonstrated a significant increase in the ALDH1+ tumor cell 

population following disease recurrence, indicating a role of this cell population in metastatic 
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outgrowth [213]. As the CTC pool that gave rise to CTC-ITB-01 potentially stemmed from a host of 

different metastatic sites (bone, spleen, liver, vagina), this could provide further indication to the 

origin of the high level of ALDH1+ tumor cells in CTC-ITB-01.  

Apart from CD44/CD24/ALDH1, additional index proteins involved in cellular stemness 

features were analyzed via Western blot for CTC-ITB-01. These include the NUMB and NOTCH1/3 

proteins. In this analysis high NUMB expression was detected for CTC-ITB-01 compared to MCF-7 

cell line cells, implying a role of this protein in the CTC cell lines stem cell features. Retained NUMB 

expression has been shown to positively correlate with an ER+/PR+ protein expression status, while 

negatively correlating with the CD44+/CD24-/low phenotype for ER+ tumors [215]. The NUMB protein 

is involved in a multitude of cellular processes, the most established being its function as an inhibitor 

of the NOTCH receptor signaling pathway [216]. The high NUMB, combined with low NOTCH1 and 

NOTCH3, expression detected in the CTC cell line is in agreement with this role. However, NUMBs 

complex biological influence extends beyond NOTCH regulation towards cellular development, 

regulation of polarity and adhesion, as well as migration [216]. The NOTCH pathway is involved in 

cell differentiation, proliferation and survival [217]. ER- breast cancer cells have been shown to 

become dependent on NOTCH-induced survivin expression for cell proliferation and apoptosis 

resistance [218]. No such effect was seen for ER+ breast cancer lines [218]. Furthermore, increased 

expression of NOTCH family proteins, such as NOTCH1 have been associated with poor prognosis 

in breast cancer [219]. NUMB, as a repressor of NOTCH activity is therefore handled as tumor 

suppressor. Interestingly, NUMB has also been associated with the regulation of p53, a key protein 

involved in cell cycle arrest and apoptosis in the face of DNA damage [220]. The TP53 gene 

sequence is commonly mutated, and the p53 protein dysregulated, in many types of cancers [221]. 

The most common cancer associated TP53 mutations are pathological missense mutations, as 

detected for the p53 DNA-binding domain in CTC-ITB-01 (c.853G>A; p.E285K) [221, 222]. 

Furthermore, loss of heterozygosity (LOH) within the TP53 gene region, located on the 17q 

chromosome, often accompanies these missense mutations [222]. Such LOH was also seen for large 

parts of the 17q chromosome (13.905–18.391.123) of CTC-ITB-01. In addition to these genetic 

alterations, a strong accumulation of the p53 protein was detected in the nucleus of the CTC cell 

line via immunostaining, hinting at reduced degradation of the p53 protein. NUMB has been 

previously described to interact with p53 by preventing its ubiquitination and subsequent 

degradation [220, 223]. Together with a loss of feedback-loop by the inability of mutated p53 to 
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initiate the transcriptional activation of the ubiquitin ligase MDM2, high NUMB protein levels could 

further contribute to the stabilization of p53 protein detected in CTC-ITB-01 [223, 224].  

While the cellular importance of wild-type p53 protein has been firmly established, an 

increasing body of evidence is pointing to mutant p53 gaining new functional activities surpassing 

the tumor-suppressor role of the wild type protein [225, 226].  Potential mutant p53 functions 

include increased survival, invasiveness, metastatic potential, and chemotherapy resistance [226]. 

These newly acquired cellular roles could result in distinct survival advantages thus driving tumor 

progression. The fact that the detected TP53 gene mutation in CTC-ITB-01 was unique to the CTC 

cell line and not detectable in the primary tumor or the vaginal metastasis tissues, indicates a role 

of this TP53 mutation in dissemination and survival. More detailed future experiments and analysis 

will need to be conducted to address the influence of TP53 in CTC-ITB-01, as well as the cell lines 

stem cell capabilities to greater detail.  

 

4.2.4. CTC-Derived Cell Lines as Surrogate Model for CTCs and Tumor 

Tissue 

 

When working with cell lines as in vitro models of cancer, the question arises of how closely the 

established line mirrors the tumor cells of origin and how stable it remains in prolonged culture. 

There is mounting evidence that during the initial establishment of a novel cell line, dramatic genetic 

shifts can occur, indicating that the resulting cell line may have substantially evolved from the 

original source material [227]. Hierarchical clustering analysis of whole-genome next-generation 

sequencing data stemming from early (p04) and late (p30) passages of CTC-ITB-01, the primary 

tissue samples, and a collection CTCs collected in the initial blood draw, showed high concordance 

between both early and late CTC-ITB-01 passages and the original CTCs present at the time point 

of sample collection. Additionally, the direct comparison of copy number aberration (CNA) profiles 

between these early and late cell line passages and the original CTCs, provided further indication of 

the stability of CTC-ITB-01 in culture and its similarity to the original CTC population. This data 

strongly suggests that CTC-ITB-01 was derived from a subpopulation of the CTCs in circulation. 

Furthermore it indicates a high level of genomic stability of CTC-ITB-01 in culture. Similarly to 

genomic profiles, artificial culture environments may significantly modify RNA and subsequently 

protein expression. It is not to be expected that CTC-ITB-01 cells genetically or expression profile 
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wise exactly mirror the patients primary tumors, which were diagnosed and treated two years prior 

to blood collection and establishment of the CTC cell line. However, retaining consistent expression 

of key proteins describing the disease, such as the hormone receptors, renders broader 

transferability to the novel functional findings generated with CTC-ITB-01. While complete, 

comprehensive proteomic data of the primary tumor tissues, the metastatic sites, or the original 

CTCs was not available, selected relevant protein markers were compared to ensure congruence 

between the primary tumors, the vaginal metastasis, and the cell line. For CTC-ITB-01, protein 

expression profiles as assessed by immunocytochemical (ICC) staining and Western blot analysis, 

clearly indicated a strong retained ER positivity [190]. Furthermore, a lack of ERBB2 amplification was 

demonstrated via FISH analysis and low ERBB2 expression profiles. Similarly low ERBB2 expression 

was also shared by the original CTCs in circulation. These expression profiles mirrored the 

classifications provided for the patient’s primary tumors and the vaginal metastasis  

(ER+/PR+/ERBB2-).  

Histopathologic features, such as ER positivity were also maintained by the CTC derived 

xenografts (CDX). In the chosen mouse model CTC-ITB-01 metastasize to clinically relevant organs 

of ER+ cancers including bone, liver, brain, and lung [228]. Two of these sites (bone and liver) 

constituted metastatic sites of the patient giving rise to the CTC cell line and were the most 

prominently affected organs in vivo as measured by ex vivo radiance signal of the isolated tissues. 

This finding indicates that the clinical progression of this patient could partially be mirrored by CTC-

ITB-01 and the chosen mouse model. In combination, this data represents an important requirement 

to allow for the use of CTCs and in this case CTC derived cell lines as a form of surrogate for the 

analysis of solid tumor tissue, in particular for research on tumor specific or actionable mutations, 

tumor drivers, and as a model for drug testing. Initial steps in this direction have been taken by 

assessing CTC-ITB-01s susceptibility to cyclin-dependent kinase (CDK) 4/6 inhibitors (e.g. 

Palbociclib), a relatively novel therapeutic approach not available as standard care to the patient 

during her treatment [229-231]. While the patient had progressed on endocrine- and subsequently 

chemotherapy, CTC-ITB-01 showed sensitivity towards Palbociclib, indicating the patient may have 

profited from this line of therapy. These findings need to be expanded and corroborated in 

additional PDX mice models.  

 

Functional CTC models have demonstrated their value in identifying CTC subpopulations 

with increased metastatic capability, their use for biomarker identification, the gain of fundamental 
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biological insight into the metastatic cascade and assessment of therapy response [133, 134, 232]. 

Despite the added difficulty in establishing these lines and the limitations they share with all cellular 

in vitro models, the vast potential insight CTC derived cell lines could provide in the realm of blood 

borne dissemination remains immense. CTC cell lines may thus supplement existing cancer models 

(e.g. cell lines and organoids) stemming from primary and metastatic tumor tissue [233]. The cell 

line generated in this thesis will substantially contribute to the understanding of pathways involved 

in blood borne dissemination and metastasis. It can furthermore be applied to the evaluation of 

drug candidates. In light of the paucity of tumorigenic ER+ BC cell lines, CTC-ITB-01 will represent a 

valuable model for future studies uncovering the functional properties of CTCs, and our report has 

been therefore highlighted with a photo of the cultured CTCs on the cover of the Journal EMBO 

Molecular Medicine. 

 

4.3. Characterization of CTCs for Therapy Relevant Gene Expression 

Similarly to breast cancer, prostate cancer (PC) is initially primarily hormone and hormone receptor 

driven. The androgen receptor (AR) and its ligands play a crucial role in PC progression and 

therefore represent the primary target for therapeutic approaches, such as androgen deprivation 

therapy (ADT) [234, 235]. Today, most patients receive local treatment upon early detection of their 

tumor(s) either in combination or without adjuvant ADT [30]. However, ADT in itself is not curative 

when used alone, meaning a proportion of PC patients, estimated at around 10-20%, progress to a 

castration-resistant stage of the disease (CRPC) within 5 years of follow up [236]. CRPC is declared 

as biochemical, radiological or clinical progression within a low androgen environment, yet, it is 

most commonly diagnosed by rising prostate-specific antigen (PSA) levels [237]. While the 

treatment landscape for these advanced patients was traditionally scarce, the advent of secondary 

hormone therapies has resulted in increased therapeutic options and survival benefits [30, 45-49]. 

Despite these advances, inert and acquired resistance to drugs targeting the androgen axis is 

prevalent and biomarkers allowing for early assessment of treatment response represent an urgent 

clinical need [238, 239]. Due to its AR-dependency, PSA does not qualify as a reliable biomarker for 

therapy response assessment with drugs that modulate the AR or AR ligand concentrations, such 

as secondary hormone therapy agents. CTCs on the other hand are AR independent and, when 

present, indicate active disease. They could therefore represent a suitable biomarker for tumor 

spread and disease burden. Prospective phase III studies conducted for mCPRC have shown that 
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CTC count combined with LDH activity satisfied all 4 Prentice criteria of surrogacy for overall survival 

(OS), thus indicating CTC enumeration could in fact serve as a surrogate marker for meaningful 

clinical endpoints [158, 240].  

 In addition to enumeration, further characterization of CTCs for therapy relevant gene 

expression could provide valuable supplementary information for clinicians concerning the selection 

of best suitable therapy. So far, the choice between secondary hormone therapy (e.g. enzalutamide 

and abiraterone) or taxanes is often empiric and not guided by predictive biomarkers. Mechanisms 

of resistance to androgen targeting therapies include mutations in the AR itself, AR gene 

amplification, androgen receptor bypass signaling, and the expression of androgen receptor splice 

variants, amongst others [42, 241-243]. Truncated AR splice variants can stimulate androgen-

independent PC growth by dispensing with the need for ligand based activation and becoming 

constitutively active transcription factors [53, 244, 245]. The majority of patients express multiple 

splice variants, with ARV3 being the most prevalently expressed [246]. However, in the context of 

secondary hormone therapy resistance, the splice variant ARV7 has received most attention [54]. 

ARV7 protein status significantly increases from primary PC to CRPC [247]. While ARV7 is rarely 

expressed in primary PC tissue (<1%) it is commonly elevated after androgen deprivation therapy 

[247]. ARV7 mRNA and ARV7 protein expression detected in CTCs have been associated with 

resistance toward enzalutamide and abiraterone but not taxanes [50, 164, 165, 248-250]. The 

stratification of patients into CTC-/ARV7-, CTC+/ARV7- and CTC+/ARV7+ groups confirmed that 

CTC+/ARV7+ patients display inferior clinical outcomes (PSA response, progression-free and overall 

survival), compared to CTC+/ARV7- patients [163]. This effect was observed for first-line as well as 

second-line secondary hormone therapy treatment [163]. ARV7 detection could therefore represent 

the first CTC-based biomarker with predictive value for clinical decision making in the treatment 

choice between secondary hormone therapy and taxanes.  

 

4.3.1. Label-Dependent and Label-Independent ARV7 Detection 

Existing ARV7 mRNA and ARV7 protein detection approaches are primarily based on enrichment 

methods that have not comprehensively demonstrated their capacity to enrich clinically relevant 

CTC populations [50], or rely on centralized laboratories for sample analysis thus requiring extensive 

and costly sample shipment [51, 249]. Within this thesis two separate methods were developed 

allowing for detection of ARV7 mRNA in CTCs [171, 251]. Both workflows are compatible with [171], 
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or are explicitly designed to perform CTC enrichment via the FDA-approved CellSearch® system 

and can be conducted by laboratories on site [251]. They do not rely on elaborate equipment, or 

high-cost analysis (e.g. next-generation-sequencing), and allow for simple ARV7 read-out. The first 

approach is based on the detection of ARV7 mRNA transcripts via padlock-probe technology and 

subsequent microscopic evaluation, the second is a qPCR based assay performed on pooled CTC 

fractions. Both assays demonstrated a high level of sensitivity and specificity as well as clinical 

feasibility with PC patient samples [171, 251].  

High CTC positivity rates of 86.2% (≥1 CTC; 52,2% ≥5 CTCs) and 64.7%( ≥1 CTC), 

respectively,  were detected using the CellSearch® system for the PC patient cohorts analyzed in 

this thesis [171, 251]. The high proportion of CTC positivity is reflective of the late disease stage of 

the patients enrolled in both studies and mirrors published data for metastatic prostate cancer 

patients [147]. Comparing technology performance across studies is error prone, however, the 

clinical similarity of both patient collectives allows for very tentative performative comparisons. 

Overall CTC positivity was comparable across enrichment methods of both studies at 86.2% (≥1 

CTC) for the CellSearch® and 84.2% using the label-independent Parsortix® in combination with 

padlock-probe detection [171, 251].  However, direct comparison of both approaches revealed 

distinct variations in CTC counts detected for matched samples, alluding to the differences of label-

dependent and label-independent CTC enrichment [171]. This discrepancy was also mirrored in an 

overall ARV7 positivity rate of 46,2% (CellSearch® and qPCR), versus 71% (Parsortix® and padlock-

probe), respectively [171, 251]. While EpCAM dependent CTC enrichment, selects for primarily 

epithelial CTC phenotypes, label independent approaches possess the potential to enrich for more 

mesenchymal, keratin negative CTC subpopulations. Using the Parsortix® system for CTC 

enrichment and padlock-probe technology for detection, three different CTC populations were 

identified, panK+/ARV7-, panK+/ARV7+, and panK-/ARV7+ CTCs [171]. The last group of panK-

/ARV7+ CTCs would most likely not have been detected using an EpCAM based enrichment 

approach such as the CellSearch® and could contribute to the discrepancy seen in overall ARV7 

positivity. For breast cancer, studies indicate that EpCAM independent CTC isolation systems may 

underestimate the total number of tumor cells in circulation, but allow quantification of clinically 

relevant cells [199]. Similarly to other cancer entities, the biological functions and clinical relevance 

of mesenchymal, EpCAM-low or keratin-negative CTCs in prostate cancer is poorly understood and 

study results are conflicted [252-254]. However, research has linked mesenchymal CTC populations 

to increased rate of progression from hormone sensitive to castration resistant disease, indicating 
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that EpCAM negative CTC subpopulations potentially hold clinical relevance in PC [255]. The 

absence or downregulation of EpCAM is a strong indicator that the initially epithelial carcinoma cell 

has undergone epithelial to mesenchymal transition (EMT) [72]. As EMT is postulated to be required 

for cellular motility and has also been associated with resistance towards chemotherapy [102, 256], 

it could therefore be conceivable that panK-/ARV7+ CTC subpopulations represent one variable 

explaining why selected patients do not benefit from secondary hormone therapy even in absence 

of detectable panK+/ARV7+ CTCs [50, 163, 249]. 

 

4.3.2. Intensity and Localization of ARV7 Expression in Prostate Cancer 

Patient CTCs 

Despite the fact that the link between ARV7 expression and resistance to secondary hormone 

therapy is now widely accepted, conflicting studies finding no such correlation, do exist [257]. 

Furthermore, even studies that demonstrate a correlation between ARV7 expression and therapeutic 

response have identified a small percentage (around 13%) of CTC+/ARV7+ patients that still respond 

to and benefit from secondary hormone therapy [163]. This raises questions as to how many ARV7-

positive cells are necessary to confidently predict resistance and/or whether the level of ARV7 

expression per cell plays into decreased treatment response. Especially in light of the advent of 

more and more sensitive ARV7 detection methods (e.g. down to a single ARV7+ CTC [251]), 

answering this question will become highly relevant. So far, only two ARV7 detection assays allow 

for the simultaneous quantification of CTCs and visualization of ARV7 positivity and intensity on a 

single cell level [51, 171]. The EPIC platform has been used to assess ARV7 protein expression and 

cellular localization and demonstrated its validity in clinical studies [51]. The detailed EPIC-based 

ARV7 detection parameters have already been published [258]. While the overall assay design is 

sound, some doubts have been cast as to the specificity of EPICs ARV7 detection due to reports by 

ourselves and others of unspecific ICC staining results by the utilized detection antibody [EPR15656] 

[247, 251].  Recently, a novel antibody clone, RM7, has been developed and tested, showing higher 

ARV7 specificity than [EPR15656] [247]. This clone could potentially be included into the fourth 

channel of the CellSearch® system in future studies, allowing for CTC enumeration by an FDA-

approved technology for mPC in combination with ARV7 protein status determination. This 

represented our original assay approach but had to be discarded due to non-specific antibody 

signals, making qPCR based detection of ARV7 transcripts necessary [251]. In contrast, the padlock-
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probe based assay published in this thesis represents an elegant approach to analyze nucleic acids 

without disrupting cellular integrity [171]. It uniquely allows for the assessment of ARV7, AR-FL, and 

PSA transcript levels combined with the immunocytochemical characterization of CTCs for pan-

keratins and CD45.  

Apart from shining light into ARV7 heterogeneity in CTCs, the method enables the absolute 

quantification of ARV7 transcript levels and their cellular localization thus facilitating comparability 

between samples [171]. A high range of ARV7 expression [1-79 ARV7 transcripts/CTC] was detected 

for the advanced patient cohort analyzed in this study [171]. Additionally, distinct CTC 

subpopulations were described for the majority of patient samples (panK+/ARV7-, panK+/ARV7+, 

and panK-/ARV7+ CTCs), indicating large intra-patient heterogeneity in ARV7 expression and 

adding another layer of complexity to ARV7 assessment [171]. These findings match the results of 

large genomic heterogeneity studies indicating that different tumor foci are genetically distinct 

within the same prostate cancer patients [259]. While the primary aim of this study was to 

demonstrate clinical feasibility for the developed method, it could in future contribute to the 

determination of an ARV7 “threshold” on transcriptional or overall CTC-count level. This threshold 

could more accurately stratify patients into responders and non-responders towards secondary 

hormone therapies. 

Similarly to other transcription factors cellular localization within the nucleus is a prerequisite 

for the ARV7 to unfold its full effect. Scher et al. demonstrated that solely nuclear ARV7 protein in 

CTCs is a relevant predictor for treatment selection [51]. In a study enrolling 193 mCRPC patients, 

those with nuclear ARV7 protein had superior survival on taxanes while ARV7- patients showed 

better survival on hormone therapy [260]. Additionally, the use of ARV7 status on CTCs was able to 

inform treatment choice and improve clinical outcome compared to decisions based solely on 

standard of care, thus demonstrating clinical utility [260]. In contrast, most established ARV7 mRNA 

assays do not account for the splice variants localization within the cell [50, 246, 250, 251]. 

Furthermore it cannot be assumed that all detected ARV7 mRNA transcripts will in fact be translated 

into protein [163]. Both of these aspects might further contribute to the observation that selected 

CTC+/ARV7+ patients still benefit from novel hormonal therapy (NHT) [163]. Despite these obvious 

draw backs for mRNA-based ARV7 detection assays, it has recently been demonstrated, that within 

the CRPC setting ARV7 protein is predominantly nuclear (in 94% of cases), indicating that the 

fraction of ARV7 mRNA that is translated to protein will most likely be active in the nucleus [247]. 
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Additionally, an 82% agreement between protein and mRNA based ARV7 status assessment has 

been shown for CTCs [249]. Therefore, ARV7 mRNA detection remains clinically relevant. 

 

CTC enumeration has extensively demonstrated its prognostic potential in metastatic 

prostate cancer [147]. Subsequent molecular characterization of CTCs for therapy relevant gene 

expression, such as for ARV7 in the context of secondary hormone therapy, has the potential to 

stratify patients towards best-suitable therapeutic options and facilitate the monitoring of treatment 

response, as well as the emergence of resistant clones. Conversions of ARV7 status under therapy 

have already been described hinting at the necessity of longitudinal monitoring of patients ARV7 

status in the course of treatment [163]. Here, the analytical validation of two highly sensitive and 

specific methods for ARV7 mRNA detection have been described and their clinical feasibility has 

been demonstrated [171, 251]. These methods have the potential to answer urgent questions 

regarding the biological functions and clinical relevance of ARV7 in PC. The inclusion and 

comparison of both methods in clinical studies with large and more homogenous patient cohorts 

will be necessary to further corroborate assay specificity and determine to which extent both 

approaches are complementary or redundant.   
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5. Conclusion and Outlook 

Research on CTCs has demonstrated vast potential to contribute to a plethora of different realms 

of tumor biology, the most prominent being blood borne dissemination. In this thesis, a multifaceted 

approach was adapted, reflecting the wealth of knowledge to be gained in this field. Improving CTC 

detection and making this rare and delicate biomarker available for un-biased molecular 

characterization represents a crucial prerequisite for all further CTC-based projects. Within this 

thesis, relevant improvements were initiated and successfully implemented in this respect [167-169]. 

Existing methods were analytically validated and additionally compared in large multi-center ring 

trials [167, 169]. Furthermore, an epithelial, ER+ breast cancer CTC-derived cell line model with 

tumorigenic and metastatic capability in mice was established [190]. This functional model 

represents a valuable tool for future in-depth studies addressing the biology of CTCs, their plasticity, 

and their role in dissemination and metastasis tropism [190]. Finally, the clinical relevance of CTC 

analysis was addressed by the characterization of the therapy relevant gene transcript, ARV7, in 

metastatic prostate cancer [171, 251]. The results of these studies have pointed to relevant questions 

of the field (e.g. the determination of ARV7 thresholds) and illustrate a path to answer them [171, 

251]. This ties in to the role of CTCs as biomarkers for clinical patient management and within the 

development of personalized therapy approaches. The results of this thesis have therefore 

contributed to CTC detection, the understanding of their biological role, and their translational value 

in clinical practice.  

Despite the relevance of CTC enumeration in advanced cancer patients, reimbursement of 

CTC detection assays and the broad clinical use of CTC analysis as a biomarker has not been 

achieved as of today. This is mostly due to insufficient data demonstrating clinical utility of CTC 

analysis. Clinical utility, the ability of a diagnostic test to improve patient health outcomes by altering 

treatment, necessitated the integration of CTC analysis in interventional studies. Very recently, the 

results of the first successful interventional trial applying CTC count as a biomarker for clinical 

decision making has been published [261]. The STIC CTC trial (NCT01710605) assessed whether the 

first line treatment decision between endocrine therapy and chemotherapy for metastatic hormone 

receptor (HR)-positive BC patients could be based on CTC enumeration at baseline. To answer this 

question, a CTC-based arm (377 patients) was compared to a clinician-based arm (378 patients). In 

the CTC arm, patients received endocrine therapy at CTC values below <5 CTCs and received 

https://clinicaltrials.gov/ct2/show/NCT01710605
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chemotherapy at ≥ 5 CTCs per 7.5ml of blood. In the control arm, the choice of therapy was left to 

the investigator. The primary end-point of progression free survival (PFS) was reached (HR of 0.94). 

Median PFS was 13.9 months (95% CI; 12.2-16.3) in the control arm and 15.5 months (95% CI; 12.7-

17.3) in the CTC arm, thus proving clinical utility of CTC enumeration for HR-positive BC patients in 

advance of first line therapy [261]. Additional trials aiming at demonstrating clinical utility are 

currently underway for breast cancer (e.g. DETECT III; NCT01619111), and prostate cancer (e.g. 

TACTIK study; NCT03101046). Their results will be necessary to further corroborate these findings 

and demonstrate clinical utility in other cancer entities and treatment settings to enable 

reimbursement and broad clinical use of CTC analysis as a biomarker. Initial promising results of the 

DETECT III trial were presented at the last San Antonio Breast Cancer Symposium and demonstrated 

that patients with metastatic breast cancer who initially presented with ER+/HER2- tumors but 

showed HER2+ CTCs at the time of relapse had a prolonged overall survival if they received anti-

HER2 therapy with Lapatinib in addition to standard therapy as compared to standard therapy 

alone. This demonstrates, for the first time, the clinical utility of CTC phenotyping. Insights provided 

by this thesis might further contribute to a better understanding of potential targets or pathways 

for novel therapeutic interventions specifically directed against CTCs. 
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8. Abbreviations 

 

Abbreviation Meaning 

AB-serum Human serum, type AB 

ADT Androgen deprivation therapy 

ALDH Aldehyde dehydrogenase 2 

ANOVA Analysis of variance 

APC Allophycocyanin 

AR Androgen receptor 

AR-FL Androgen receptor full length 

ARV7 Androgen receptor variant 7 

BC Breast cancer 

Bcl-2 B-cell lymphoma 2 

BCT Blood collection tube 

BM Bone metastasis 

bp Base pair 

BSA Bovine serum albumin 

CD Cluster of differentiation  

CDH1 E-cadherin 

CDK Cyclin-dependent kinase 

cDNA Complementary DNA 

CDX CTC-derived explant 

CK Cytokeratin 

CL Cell line 

CNA Copy number aberration/alteration 

Cq Cycle of quantification 

CRCa Colorectal carcinoma 

CRPC Castration resistant prostate cancer 

CS CellSearch® 

CSC Cancer stem cell 
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CSF Cerebral spinal fluid 

cT Clinical tumor stage 

CT Computed tomography scan 

CTC Circulating tumor cell  

ctDNA Circulating tumor DNA 

CYP17A1 Cytochrome-P450 family 17 A polypeptide 1 

Da Dalton 

DAB 3,3-diamonobenzidine 

DAPI 4’,6-Diamidin-2-phenylindol 

DEAB Diethylaminobenzaldehyde 

DFS Disease-free survival 

DHT 5α-dihydroxytestosterone 

DLA Diagnostic leukapharesis 

DMEM Dulbecco’s Modified Eagle Medium 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

DTC Disseminated tumor cell 

ECM Extracellular matrix 

EDTA Ethylenediaminetetraacetic acid 

EGF Epidermal growth factor 

EGFR Epidermal growth factor receptor 

EMT Epithelial-mesenchymal transition 

EpCAM Epithelial cell adhesion molecule 

EPISPOT Epithelial immune spot technology 

ER Estrogen recepotor 

ERBB2 Erb-b2 receptor tyrosine kinase 2 (alias HER2) 

ET Endocrine therapy 

et al. Et alii / et aliæ 

E2 17-β-estradiol 

FACS Fluorescence-activated cell sorting 

FCS Fetal calf serum 



Abbreviations 

161 

 

FDA US Food and Drug Administration 

FFPE Formalin fixes paraffin embedded  

FGF2 Fibroblast growth factor 2 

FISH Fluorescence in situ hybridisation 

FITC Fluorescein 

gDNA Genomic DNA 

GFP Green fluorescent protein 

GIC Gastrointestinal cancer 

GLM Generalized linear fixed-effects model 

GnRH Gonotropin-releasing hormone 

h hour 

HD Healthy donor 

HER2 Human epidermal growth factor receptor 2 (alias ERBB2) 

HR Hormone receptor 

IC50 Half maximal inhibitory concentration 

ICC Immunocytochemistry  

IDC Invasive ductal carcinoma 

IF Immunofluorescence  

IgG Immunglobulin G 

IHC Immunohistochemistry 

ILC Invasive lobular carcinoma 

k Kilo- 

K Keratin 

k.d. Knock down 

Ki-67 Marker of proliferation Ki-67 

L Localized 

LDH Lactate dehydrogenase 

LH Luteinizing hormone 

LOH Loss of heterozygosity 

luc Luciferase 

m Milli- 
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m Metastatic 

M Molar 

MAF Minor allele frequency 

MET Mesenchymal-epithelial transition 

min Minute 

MMP Matrix metalloprotease 

mo Month 

MRD Minimal residual disease 

MRI Magnetic resonance imaging 

mRNA Messenger ribonucleic acid 

mut Mutant 

M0 Without metastasis 

M1 Metastasis diagnosed 

n/N Amount of experimental repetitions 

n Nano- 

NHT Novel hormonal therapy 

NOTCH Notch receptor 1 

NSCLC Non-small cell lung cancer 

NSG NOD scid gamma 

NUMB NUMB endocytic adaptor protein 

OPG Osteoprotegrin 

OS Overall survival 

PAM50 50-gene signature classifier for breast cancer 

PaCa Pancreatic cancer 

PBMC Peripheral blood mononuclear cell 

PBS Phosphate buffered saline 

PC / PCa Prostate cancer 

PCR Polymerase chain reaction 

PDMS Polydimethylsiloxane 

PDX Patient-derived xenograft 

Pen/Strep Penicillin/Streptomycin  
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PET Positron emission tomography 

PFA Paraformaldehyde 

PFS Progression free survival 

PIK3CA Phosphoinositide-3-kinase, catalytic, alpha polypeptide 

PR Progesterone receptor 

PSA Prostate specific antigen 

PSMA Prostate specific membrane antigen 

P53 Tumor protein 53 

QC Quality control 

qPCR Quantitative PCR 

RCP Roling circle product 

ROH Runs of homozygosity 

rpm Rounds per minute 

RPMI Roswell Park Memorial Institute Medium 

RT Room temperature 

SCLC Small cell lung cancer 

scr Scramble 

SHB Staggered herringbone 

shRNA Short/small hairpin RNA 

TBST Tris-buffered saline 

TGFβ Transforming growth factor beta 

TME Tumor microenvironment 

TNM Tumor, node, metastasis staging 

TRUS Transrectal ultrasound guided prostate biopsy 

s Second 

s / SD Standard deviation 

SOP Standard operating procedure 

UICC Union Internationale Contre le Cancer 

VEGF Vascular endothelial growth factor 

WGA Whole genome amplification 

WES Whole exome sequencing 
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wt Wild type 

xg Times gravitational acceleration 

ZEB Zinc finger E-box binding homebox 

µ Micro- 

 

Gene 

abbreviation 

Meaning 

ALDH Aldehyde dehydrogenase 1 family, member A1 

AKT1/2 V-akt murine thymoma viral oncogene homolog 1/2 

AR Androgen receptor 

ARV7 Androgen receptor variant 7 

ATM ATM serine/threonine kinase 

BRCA1/2 Breast cancer 1/2, early onset 

CCDN1 Homo sapiens cyclin D 1 

CDH1 Cadherin 1, type 1, E-cadherin 

CDKN1A Cyclin dependent kinase inhibitor 1A 

CHEK2 Checkpoint kinase 2 

EGFR Epidermal growth factor receptor 

EpCAM Epithelial cell adhesion molecule 

ERBB2/3 V-erb-b2 erythroblastic leukemia viral oncogene homolog 2/3, 

neuro/glioblastoma derived oncogene homolog (avian), transcript variant 2/3 

ESR1/2 Estrogen receptor 1/2 

FGFR1 Fibroblast growth factor 1 

FOXA1 Forkhead box 1A 

GAPDH Glyceraldehyde-3-phosphate dehydrogenase 

GATA3 GATA binding protein 3 

HER2 Homo sapiens v-erb-b2 erythroblastic leukemia viral oncogene homolog 2 

K19 Keratin 19 

KRAS Homo sapiens v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog 

MAP3K1/6 Mitogen-activated protein kinase kinase kinase 1/6 

MYC V-myc avian myelocytomatosis viral oncogene homolog 
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NF1 Neurofibromin 

PIK3CA Phosphoinositide-3-kinase, catalytic, alpha polypeptide 

PTEN Phosphatase and tensin homolog 

P27 Endoplasmic reticulum protein 27 

RAD50 RAD50 recombinase 

RAD51 RAD51 recombinase 

RB1 RB transcriptional co-repressor 1 

RNASEL Ribonuclease L 

SCRIB Scribble planar cell polarity protein 

STK11 Serine/threonine kinase 11 

TBX3 T-box transcription factor 3 

TP53 Tumor protein 53 

TWIST1 Twist homolog 1  

 

 

9. Supplementary Data 

All supplementary data, figures and tables are available online as supplementary information to the 

respective publications.  
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