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Abbreviations 

°C degrees Celsius 

ATP adenosine triphosphate 

AUC area under the curve 

BSA bovine serum albumine 

CD cluster of differentiation 

CFSE Carboxyfluorescein succinimidyl ester 

CI confidence interval 

CK cytokeratin 

cm centimeter 

CSC cancer stem cell 

CTC circulating tumor cell 

CTM circulating tumor microemboli 

ctrl control 

CV coefficient of variation 

DAPI 4',6-diamidino-2-phenylindole 

DEP dielectrophoresis 

dl deciliter 

DMSO Dimethyl sulfoxide 

DNA deoxyribonucleic acid 

e.g. exempli gratia 

EDTA ethylenediaminetetraacetic acid 

ELISA Enzyme-Linked Immunosorbent Assay 

EMT epithelial-to-mesenchymal transition 

EpCAM epithelial cell adhesion molecule 

ER endoplasmic reticulum 

FACS fluorescence-activated cell sorting 

FCS fetal calf serum 

FDA Food and Drug Administratio 

FITC fluorescein isothiocyanate 

FSMW functionalized structured medical wire 

Gb3 globoyltriaosylceramide 

GTV gross tumor volume 
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h hour 

H2O dd double-distilled water 

HB herringbone 

HRP horseradish peroxidase 

HSBP1 heat shockfactor binding protein 1 

Hsc heat shock cognate protein 

HSF heat shock factor 

Hsp heat shock protein 

Ig immunoglobulin 

ISET isolation by size of epithelial tumor cells 

kDa kilodalton 

lip liposomal 

LoB limit of blank 

LoD limit of detection 

M molar 

mA milliampere 

mAb monoclonal antibody 

MET mesenchymal-to-epithelial transition 

MET ≙ HGFR hepatocyte growth factor receptor 

mg milligram 

min minutes 

miRNA micro ribonucleic acid 

ml milliliter 

mm millimeter 

MVB multivesicular body 

μg microgram 

μl microliter 

μm micrometer 

NK cells natural killer cells 

nm nanometer 

NSCLC non-small cell lung cancer 

OD optical density 

PBMC peripheral blood mononuclear cell 

PBS phosphate buffered saline 
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pg picogram 

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

POPS 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine 

Rab-4  

RBC red blood cell 

ROC receiver operating characteristics 

rpm revolutions per minute 

RT room temperature 

scFv single-chain variable fragment 

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis 

sec seconds 

TGN trans-golgi network 

V volt 
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Summary 

Heat shock protein 70 (Hsp70) plays a key role in protein homeostasis, being 

involved in assisting protein folding, preventing protein aggregation and transporting 

proteins across membranes. Tumor cells frequently overexpress Hsp70 under 

physiological conditions and, in contrast to normal cells, present it on their plasma 

membrane, which is associated with increased malignancy and resistance to chemo- 

and radiotherapy. However, membrane-bound Hsp70 can also serve as a target for 

imaging and capturing of tumor cells. In addition to that, Hsp70 is actively released 

into the extracellular environment by viable tumor cells via exosomes, making it a 

promising blood biomarker for the detection and monitoring of cancer. Our group has 

developed the monoclonal Hsp70 antibody cmHsp70.1, which is able to detect free 

and lipid-bound Hsp70 on the membrane of tumor cells and on exosomes. This 

makes it a valuable tool for the detection of Hsp70 in various body fluids and for the 

isolation of Hsp70-positive tumor cells. 

In this project, the cmHsp70.1 antibody was used to develop a novel ELISA 

optimized for the detection of free as well as lipid-bound Hsp70 in serum and plasma 

samples (= lipHsp70 ELISA). Validation experiments showed a high assay precision 

and linearity. Spiking experiments revealed a significantly better recovery of Hsp70 in 

buffer and serum using the lipHsp70 ELISA compared to a widely used commercial 

ELISA. The lipHsp70 ELISA was equally suited for the analysis of serum and plasma 

samples and was not impacted by food intake of the proband, repeated freezing and 

thawing of the sample and moderate hemolysis. After successful establishment of the 

lipHsp70 ELISA, the Hsp70 serum levels of 114 healthy human volunteers and 

197 cancer patients from six different tumor entities were analyzed. Significantly 

higher Hsp70 levels could be found in the serum of cancer patients of all entities. 

Studying circulating tumor cells (CTCs) can help to understand the mechanisms of 

metastasis and they can serve as biomarkers for tumor progression and therapy 

monitoring. Most CTC detection methods rely on the epithelial cell adhesion molecule 

(EpCAM) as a target molecule. However, many CTCs undergo epithelial-to-

mesenchymal transition (EMT) and might therefore be lost in these approaches. 

Therefore, a novel approach was pursued taking advantage of the unique binding 

capabilities of the cmHsp70.1 antibody to develop a CTC capturing method. To be 
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able to compare the performance of EpCAM- versus Hsp70-based isolation 

techniques, cancer cell lines with differential expression of both markers were 

selected. In a first approach, a magnetic bead-based method was developed. The 

recovery fractions of tumor cell lines from buffer and after spiking into blood of 

healthy donors were in line with the Hsp70 membrane status of the respective cell 

lines. 

An inherent problem of most CTC isolation techniques is the limited volume of the 

analyzed blood samples. Therefore, the next step was to combine the cmHsp70.1 

antibody with the GILUPI CellCollector®, a functionalized medical wire suitable for 

direct insertion into the patient’s blood stream, which is currently used together with 

EpCAM antibodies. 

The newly developed Hsp70 wire had a similar capacity to capture tumor cells with 

comparable Hsp70 and EpCAM expression like the EpCAM wire. The amount of 

tumor cells captured by the Hsp70 wire was associated with the intensity of the 

Hsp70 membrane expression, indicating reliability of the Hsp70 wire. Further 

optimization and an increased sample size are necessary to reveal significant 

differences between tumor cells with low and high Hsp70 membrane expression. 
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Zusammenfassung (Summary in German) 

Das Hitzeschockprotein 70 (Hsp70) spielt eine entscheidende Rolle für die zelluläre 

Proteinhomöostase. Es ist beteiligt an der Proteinfaltung, verhindert die Aggregation 

von Proteinen und assistiert bei deren Transport über Membranen hinweg. 

Tumorzellen weisen bereits unter physiologischen Bedingungen eine erhöhte Hsp70-

Expression auf. Darüber hinaus exprimieren Tumorzellen im Gegensatz zu normalen 

Zellen Hsp70 häufig auch auf der Plasmamembran. Studien zeigen, dass eine 

erhöhte Hsp70-Membranexpression mit erhöhter Malignität und Resistenz gegenüber 

Chemo- und Radiotherapie einhergeht. Membran-Hsp70 kann aber auch als Target 

für Tumor-Imaging oder die Isolierung von Tumorzellen dienen. Außerdem können 

Tumorzellen Hsp70 aktiv über Exosomen in den extrazellulären Raum abgeben. 

Hsp70 ist daher ein vielversprechender Tumorbiomarker. Unsere Gruppe hat den 

monoklonalen Hsp70-Antikörper cmHsp70.1 entwickelt, mit dem sowohl freies als 

auch lipidgebundenes Hsp70 auf Zellmembranen und in Exosomen detektiert werden 

kann. Der Antikörper ist daher sowohl für die Detektion von Hsp70 in verschiedenen 

Körperflüssigkeiten, als auch für die Isolierung Hsp70-positiver Tumorzellen vielseitig 

einsetzbar. 

In diesem Projekt wurde der cmHsp70.1-Antikörper dazu verwendet, einen 

neuartigen ELISA zu entwickeln, der sowohl freies als auch lipidgebundenes Hsp70 

in Serum und Plasma detektiert (= lipHsp70-ELISA). Validierungsexperimente 

konnten eine hohe Präzision und Linearität des Assays zeigen. Rekombinantes 

Hsp70-Protein konnte in Puffer- oder Serumproben mittels lipHsp70-ELISA 

signifikant besser detektiert werden als durch einen weit verbreiteten kommerziellen 

ELISA. Der lipHsp70-ELISA war gleichermaßen für die Untersuchung von Serum- 

und Plasmaproben geeignet und wurde nicht durch Nahrungsaufnahme des 

Probanden, wiederholtes Einfrieren und Auftauen der Probe, und moderate 

Hämolyse beeinflusst. Nach erfolgreicher Etablierung des lipHsp70-ELISAs wurden 

die Hsp70-Serumkonzentrationen von 114 gesunden Freiwilligen und von 

197 Patienten mit sechs verschiedenen Tumorentitäten verglichen. In allen sechs 

Tumorentitäten wurden signifikant höhere Hsp70-Serum konzentrationen gefunden. 

Die Erforschung zirkulierender Tumorzellen (CTCs) hilft, die Mechanismen der 

Metastasierung besser zu verstehen. Gleichzeitig können CTCs als Biomarker für 



   Zusammenfassung (Summary in German) 

12 
 

Tumorprogression und Therapie-Monitoring dienen. Die meisten 

Detektionsmethoden für CTCs basieren auf dem Epithelialen Zelladhäsionsmolekül 

(epithelial cell adhesion molecule, EpCAM). Allerdings durchlaufen viele CTCs die 

Epithelial-mesenchymale Transition (EMT) und könnten dadurch bei EpCAM-

basierten Methoden der Detektion entgehen. Daher war das Ziel dieses Projekts, die 

einzigartigen Eigenschaften des cmHsp70.1-Antikörpers zu nutzen, um eine neue 

CTC-Detektionsmethode zu entwickeln. Um die Leistungsfähigkeit von EpCAM-

basierten mit Hsp70-basierten Detektionsmethoden zu vergleichen, wurden Zelllinien 

mit unterschiedlich starker Expression beider Marker ausgewählt. In einem ersten 

Ansatz wurde eine auf magnetischen Beads basierende Methode entwickelt. Die 

Rückgewinnungsrate von Tumorzellen aus Puffer und nach Spiking in Blut von 

gesunden Spendern entsprach der jeweiligen Hsp70-Membranexpression der 

Zelllinien. 

Eines der größten Probleme der meisten CTC-Isolierungsmethoden ist das 

eingeschränkte Volumen der Blutproben. Zur Weiterentwicklung der Methode wurde 

daher der cmHsp70.1-Antikörper mit dem GILUPI CellCollector® kombiniert, einem 

funktionalisierten medizinischen Draht, der direkt in ein Blutgefäß des Patienten 

eingeführt werden kann. Die derzeit erhältliche Version des CellCollectors verwendet 

EpCAM-Antikörper für die Zellisolierung. Der neu entwickelte Hsp70-Draht hatte eine 

ähnliche Kapazität Tumorzellen mit vergleichbarer Hsp70- und EpCAM-Expression 

zu binden wie der EpCAM-Draht. 

Die Anzahl der mittels Hsp70-Draht isolierten Tumorzellen entsprach der Intensität 

der Hsp70-Membranexpression und bestätigt die Funktionsfähigkeit der neuen 

Methode. Eine weitere Optimierung und eine erhöhte Anzahl an Experimenten sind 

notwendig, um signifikante Unterschiede in Abhängigkeit vom Hsp70-Membranstatus 

zu zeigen. 
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1 Introduction 

1.1 Biomarkers and Cancer 

Cancer is among the leading causes of mortality worldwide with approximately 

14 million new cases and 8.2 million deaths in 2012 (Stewart & Wild, 2014). In 

Germany, 25% of all deaths in 2013 were cancer-related, making cancer the second 

leading cause of death behind cardiovascular diseases (Statistisches Bundesamt, 

2015). Successful treatment of cancer depends on the patient’s response to the 

respective therapy. Due to tumor heterogeneity even within a single tumor entity, 

therapy response can vary significantly between patients, depending on tumor stage, 

the molecular characteristics of the tumor and the patient’s characteristics including 

genetic disposition and the immune system (Kirkwood et al., 2012). Therefore, 

today’s therapy approach moves away from general treatment strategies for all 

patients towards a personalized treatment strategy for each individual patient. In 

order to identify and select patients for different treatment strategies, as well as for 

early tumor detection and disease monitoring, appropriate biomarkers are needed 

(Duffy & Crown, 2008). 

A biomarker refers to any substance (genetic/epigenetic, proteomic, glycomic, 

enzymatic, pathological, molecular signatures, cells) or process that serves as an 

indicator of normal biological processes, pathogenic processes or pharmacologic 

responses to a therapeutic intervention and can be objectively measured and 

evaluated. A tumor biomarker is indicative for the presence of tumor cells in the body. 

Clinical practice guidelines for the use of tumor biomarkers are provided by the 

American Society of Clinical Oncology (ASCO) and the National Academy of Clinical 

Biochemistry (NACB) (American Society of Clinical Oncology, 2016; National 

Academy of Clinical Biochemistry, 2016). According to the National Cancer Institute, 

tumor biomarkers are defined as any substance found in the blood, urine, stool, 

tumor tissue, other tissues, or any other body fluids of patients with cancer that are 

produced by the cancer or by other body cells in response to the cancer (National 

Cancer Institute, 2016). In cancer, biomarkers can be used in screening for early 

malignancies, cancer detection, diagnosis and prognosis, as well as for the prediction 

of drug response or resistance and therapy monitoring (Duffy, 2001, 2007). In any 
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case, an ideal biomarker should have a strong predictive value, should be detectable 

by a simple and standardized assay and should be obtained with minimally invasive 

methods (Duffy, 2013). A variety of cancer biomarkers is already in clinical use or 

under investigation, one of the most commonly known probably being the kallikrein 

member prostate-specific antigen (PSA) (Bratt & Lilja, 2015). Kallikreins can be 

markers for the detection and monitoring of therapeutic outcome in patients with 

prostate, testicular, breast or ovarian cancer (Diamandis & Yousef, 2002). Another 

prominent example for a therapy-predictive marker is the human epidermal growth 

factor receptor 2, which is routinely used to select breast cancer patients for 

treatment with trastuzumab (Herceptin) (Moelans et al., 2011). However, many 

biomarkers in cancer have been criticized for their lack of specificity or selectivity 

(Grunnet & Sorensen, 2012; Hayes & Barry, 2014; Loeb, 2014). In addition, it has 

proven to be very difficult to find a universal yet specific marker for the detection and 

prediction of different cancer types. 

1.2 Heat Shock Protein 70 (Hsp70) 

1.2.1 Structure and Function 

The heat shock response was first described by Ritossa in 1962, when he discovered 

the upregulated expression of heat shock proteins (HSPs) in Drosophila 

melanogaster salivary gland cells after their exposure to elevated temperatures 

(Ritossa, 1962). In addition to heat, HSPs can be upregulated by various other stress 

stimuli including oxidative stress, hypoxia, altered pH, irradiation and chemical 

compounds like heavy metals and cytostatic drugs (Lindquist & Craig, 1988; Murphy, 

2013). 

According to their molecular weight ranging from 20 to over 100 kDa, HSPs are 

divided into different families. They are evolutionary highly conserved and play key 

roles in maintaining protein homeostasis, transport, degradation and protection 

against environmental stress. The HSP70 family is the best studied class of HSPs. 

As molecular chaperones, they mediate many different cell functions under 

physiological as well as under stress conditions. After exposure to external stress 

stimuli, Hsp70 proteins prevent protein aggregation by binding to hydrophobic 

residues of denatured client proteins and assist in their refolding or degradation 
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(Hartl, 1996; Lindquist & Craig, 1988). Under physiological conditions they are 

involved in the folding of nascent polypeptides and in transporting proteins across 

membranes, e. g. into mitochondria or the nucleus (Hartl & Hayer-Hartl, 2002; Stuart 

et al., 1994). They are also potent inhibitors of apoptosis by neutralizing several 

proapoptotic effectors and signaling molecules (Garrido et al., 2001). 

Members of the HSP70 family consist of a ~43-kDa N-terminal nucleotide binding 

domain with ATPase activity, a highly conserved linker region, a ~15-kDa substrate 

binding domain, which interacts with hydrophobic amino acids in proteins and 

peptides, and a ~10-kDa C-terminal domain, which mediates co-chaperone binding 

(Bertelsen et al., 2009; Flaherty et al., 1990; Mayer, 2013; Zhu et al., 1996). 

The HSP70 family currently has eight identified human members, which are highly 

homologous and can be categorized by differences in localization (e. g. in the 

cytosol, mitochondria or endoplasmic reticulum), tissue-specific expression and 

stress-induced expression (Murphy, 2013). There are two major representatives of 

the HSP70 family: the heat shock cognate protein 70 (Hsc70) and the major stress-

inducible heat shock protein 70 (Hsp70). They are present in all nucleated eukaryotic 

cells and show a high sequence homology of 86% (Daugaard et al., 2007). Hsc70 is 

constitutively expressed in all cells and only moderately induced by stress (De Maio, 

1999). It is therefore believed to carry out the majority of housekeeping functions of 

the HSP70 family (Murphy, 2013). In contrast, Hsp70 is highly upregulated after a 

variety of different stress stimuli (Lindquist & Craig, 1988) and is believed to play an 

important role in maintaining cell survival after stress (Murphy, 2013). 

Hsp70 expression is induced by heat shock transcription factors (HSF), the main 

activator being HSF1. When activated by stress, HSF1 trimerizes and translocates to 

the nucleus where it binds to heat shock elements in the HSP genes and activates 

their transcription (Calderwood et al., 2010; Wu, 1995). Inhibition of Hsp70 

transcription occurs by negative feedback when Hsp70 binds to HSF1 (Shi et al., 

1998) or by binding of HSF1 to the heat shock factor binding protein 1 (HSBP1) 

(Satyal et al., 1998). 

In contrast to normal cells, Hsp70 has been shown to be highly upregulated in cancer 

cells already under physiological conditions (Jaattela, 1999). It protects the tumor 
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from cell death and correlates with tumor grade, proliferation, invasion, poor 

prognosis and drug resistance (Ciocca & Calderwood, 2005; Murphy, 2013). 

1.2.2 Hsp70 on the Membrane of Tumor Cells 

In addition to their upregulated cytosolic Hsp70 expression, tumors have been shown 

to frequently present Hsp70 on their plasma membrane (Multhoff et al., 1995). This 

Hsp70 membrane-positivity has been found in a large variety of different tumor 

entities such as head and neck, lung, colorectal, pancreas, breast carcinomas and 

hematological malignancies, but not on the corresponding normal tissues (Hantschel 

et al., 2000; Pfister et al., 2007). 

Experiments where tumor cells were treated with high salt, acid or basic conditions 

did not alter the Hsp70 surface expression (M. Gehrmann, Liebisch, et al., 2008; 

Vega et al., 2008). These results suggest that Hsp70 is not merely associated with 

other membrane proteins but rather interacts directly with the lipid bilayer of the 

plasma membrane, even though it does not possess a transmembrane domain. Lipid 

profiling revealed the interaction partners of Hsp70 in the membrane. Under non-

stress conditions, Hsp70 interacts with the tumor-specific lipid component 

globoyltriaosylceramide (Gb3) in cholesterol-rich microdomains. Gb3-positive tumor 

cells were also able to bind soluble Hsp70 protein from outside; the interaction could 

be blocked with a Gb3-specific antibody or the depletion of Gb3 (M. Gehrmann, 

Liebisch, et al., 2008). In addition, Hsp70 was found to interact with 

phosphatidylserine with high preference in artificial membranes as well as on 

stressed viable tumor cells (Arispe et al., 2004; Schilling et al., 2009; Vega et al., 

2008). 

Our group has developed a unique mouse monoclonal antibody (mAb) cmHsp70.1, 

which detects the lipid-associated, membrane-bound form of Hsp70 on viable tumor 

cells. This antibody is highly specific for the stress-inducible Hsp70 and does not 

cross-react with the highly homologous constitutive Hsc70. It recognizes a non-

conserved 8-mer epitope (453-460 NNLLGRFE) within the C-terminal oligomerization 

domain of Hsp70 (Stangl et al., 2011), which is not recognized by other Hsp70 

antibodies (Botzler, Li, et al., 1998; Multhoff & Hightower, 2011). Regarding these 

findings, it is assumed that only a small part of the C-terminus, which is recognized 

by cmHsp70.1, is accessible or exposed to the extracellular milieu of tumor cells. 



Introduction 

17 
 

The membrane expression of Hsp70 on tumor cells is elevated after irradiation (M. 

Gehrmann et al., 2005), treatment with tubulin-interacting chemotherapeutics (M. 

Gehrmann et al., 2002) and under hypoxia (Schilling et al., 2009). This finding is 

particularly important because all three conditions play a major role in tumor biology 

and treatment. Unfortunately, membrane Hsp70 also protects tumor cells against 

radiation- and chemotherapy-induced apoptosis (M. Gehrmann, Radons, et al., 2008; 

Murakami et al., 2015). When metastases were compared to the corresponding 

primary tumor, higher levels of membrane Hsp70 were found on the metastases in 

mouse tumor models as well as in samples from human patients (Botzler, Schmidt, et 

al., 1998; Farkas et al., 2003). All these data suggest that Hsp70-positivity indicates a 

more aggressive and treatment-resistant tumor type. In agreement with that, a 

membrane Hsp70-positive phenotype in patients with lower rectal carcinoma, 

squamous cell carcinoma of the lung (Pfister et al., 2007) or malignant melanoma 

(Farkas et al., 2003) was associated with a less favorable prognosis and significantly 

lower survival rate compared to Hsp70-negative tumor patients. 

In contrast to this, Hsp70 on the membrane of tumor cells can also act as a 

recognition structure of the innate immune system. IL-2-activated natural killer (NK) 

cells display a higher lytic activity against Hsp70-positive tumor cells (Botzler et al., 

1996; Multhoff et al., 1997). An incubation of the NK cells with Hsp70 protein or a 

14-mer peptide (TKD), originating from the substrate binding domain of Hsp70, in 

combination with low-dose IL-2 has shown an enhanced cytolytic activity against 

Hsp70 membrane-positive tumors (Gastpar et al., 2004; Multhoff et al., 1999). This 

stimulation can be used for tumor patients who show a very low cytolytic activity 

against Hsp70 membrane-positive tumor cells. After promising results both in vitro 

and in vivo and a successful phase I study (Krause et al., 2004), the effect of this 

immunotherapy as an adjuvant treatment after radiochemotherapy is currently under 

investigation in a phase II randomized clinical trial with non-small cell lung cancer 

(NSCLC) patients (Gunther et al., 2015; Specht et al., 2015). 

Another approach to utilize Hsp70 as a target structure on tumor cells for therapy is 

currently investigated by Prof. Franz Rödel’s group in Frankfurt. They loaded 

nanoparticles with miRNA directed against survivin, which is an inhibitor of apoptosis 

and is associated with increased proliferation and survival. Overexpression of 

survivin in cancer is known to enhance aggressiveness, metastatic potential and 
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therapy resistance. In order to direct these nanoparticles towards the tumor cells, 

they were coated with the cmHsp70.1 antibody (Stangl et al., 2011). Treatment with 

these nanoparticles led to a reduction of survivin expression, induction of apoptosis 

and an enhanced response to irradiation of Hsp70-positive tumor cells in vitro (Gaca 

et al., 2013). 

In addition, membrane Hsp70 has been successfully used as a marker for in vitro and 

in vivo imaging of tumors with cmHsp70.1 in combination with fluorescence (M. 

Gehrmann, Stangl, et al., 2014; Stangl et al., 2014), gold nanoparticles (M. K. 

Gehrmann et al., 2015) and superparamagnetic iron oxide nanoparticles (Shevtsov et 

al., 2015). 

In summary, membrane Hsp70 on tumor cells provides a tumor-specific molecular 

marker as well as a promising target for targeted therapies. 

1.2.3 Hsp70 Release by Tumor Cells 

Tumor cells not only present Hsp70 on their plasma membrane. In contrast to normal 

cells, they also release large amounts of Hsp70 into the extracellular environment. 

Accordingly, Hsp70 levels were found to be elevated in the serum of cancer patients 

(De Maio, 2011). 

Presently, two major pathways are discussed as possible mechanisms for the 

release of Hsp70 by tumor cells. Hsp70 can be released from the cytosol by dying 

cells. However, evidence is accumulating that a major proportion of extracellular 

Hsp70 is actively released by living tumor cells with an intact plasma membrane via 

vesicular export (Gastpar et al., 2005). Protein profiling of tumor-derived lipid vesicles 

revealed the presence of cytosolic (e.g. Hsp70) and endosomal proteins (e.g. Rab-4) 

in these vesicles. In contrast, endoplasmic reticulum (ER)-derived proteins were 

absent. In line with these findings, ER/Golgi-perturbing drugs like monensin and 

brefeldin A did not negatively impact the release of Hsp70-containing vesicles from 

tumor cells (Bausero et al., 2005). According to their biophysical characteristics, such 

as their floating properties on a sucrose gradient, their small size of 50-100 nm and 

their high acetylcholinesterase activity, these vesicles could be identified as 

exosomes (Gastpar et al., 2005). 
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Figure 1: Pathways of Hsp70 release by tumor cells.  Normal cells express low levels of Hsp70 in 
their cytosol. Tumor cells express higher cytosolic levels and, in contrast to normal cells, also 
frequently express it on their plasma membrane. Hsp70 can be released into the extracellular space 
during cell death. However, it has been shown that a major proportion of Hsp70 is actively released by 
living tumor cells via exosomes. 

 

 

Figure 2: The mechanism of exosome formation. Exosomes are produced by a double inversion of 
the plasma membrane. First, multivesicular bodies (MVBs) are formed by an inward budding of the 
endosomal membrane. When these MVBs fuse with the plasma membrane of the cell, the smaller 
vesicles inside, the exosomes, are released into the extracellular space. TGN: trans-golgi network, 
MVB: multivesicular bodies. (Kharaziha et al., 2012) 
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The formation of exosomes involves multivesicular bodies (MVBs), which are formed 

by an inward budding of the endosomal membrane (Mathivanan et al., 2010). This 

results in vesicles that carry smaller vesicles in their lumen. When these MVBs fuse 

with the plasma membrane, the smaller vesicles, or exosomes, are secreted into the 

extracellular space (Thery et al., 2009). Apart from tumor cells, a variety of cell types 

has been described to release exosomes, including different hematopoietic cells, 

intestinal epithelial cells, Schwann cells, neuronal cells, adipocytes and fibroblasts 

(Anand, 2010; Record et al., 2011). Therefore, exosomes can be found in several 

different biological fluids like serum, plasma, urine, breast milk, ascites, synovial fluid 

and broncho-alveolar lavage fluid (Record et al., 2011). 

Since exosomes are produced by a double inversion of the plasma membrane, 

protein content and orientation of proteins in the exosomal membrane reflect that of 

the plasma cell membrane from which they are derived (Kharaziha et al., 2012). As a 

result, tumor cells that express Hsp70 on their plasma membrane secrete exosomes 

that also exhibit Hsp70 on their surface (Gastpar et al., 2005). Similarly, the protein 

composition in the exosomal lumen reflects that of the cytosol of the respective cell. It 

is therefore assumed that exosomes derived from normal cells carry low amounts of 

Hsp70, whereas exosomes from tumor cells with a high cytosolic Hsp70 content 

contain high amounts of Hsp70 in their lumen and additionally present it on their lipid 

surface (Mathivanan et al., 2010). 

Taken together, these results suggest that Hsp70 is a promising biomarker for tumor 

detection, which could be determined in patient blood using Enzyme-Linked 

Immunosorbent Assay (ELISA) techniques. However, depending on the ELISA test 

system that was used, the detected Hsp70 levels vary from pg/ml (Fredly et al., 2012; 

Lebherz-Eichinger et al., 2012; Lichtenauer et al., 2014) and ng/ml (Lee et al., 2015) 

to several μg/ml (Pockley et al., 1998). This might be due to the fact that most 

commercially available Hsp70 ELISA kits are optimized and validated for the 

detection of free Hsp70 in aqueous buffer solutions but not serum. Furthermore, in 

case of undiluted serum (Njemini et al., 2005), matrix effects need to be considered, 

which might negatively influence the detection of Hsp70 by the ELISA test. In 

conclusion, there is need for an improved system for the detection of Hsp70 as a 

biomarker in the blood of cancer patients. 
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1.3 Circulating Tumor Cells 

1.3.1 Origin and Relevance 

Apart from free proteins and exosomes, the peripheral blood offers other sources of 

cancer-derived material, such as circulating tumor DNA and circulating tumor cells 

(Speicher & Pantel, 2014). Circulating tumor cells (CTCs) are generated when cells 

are shed from the primary tumor and enter the blood stream. This process can start 

already very early during tumor development, long before metastases actually occur 

and even before the patient is diagnosed with cancer (Husemann et al., 2008; 

Sanger et al., 2011). It is widely accepted that the intravasation of tumor cells 

involves epithelial-to-mesenchymal transition (EMT) and that the reverse process, 

mesenchymal-to-epithelial transition (MET), supports the extravasation at distant 

sites (Hanahan & Weinberg, 2011). This, and the implications of single CTCs versus 

CTC clusters, will be described in more detail in 1.3.2. 

CTCs are being extensively studied because they can provide additional information 

in several different respects: prognostic information such as risk for metastatic 

relapse or progression, therapy monitoring, identification of therapeutic targets and 

resistance mechanisms and understanding metastasis development in cancer 

patients (Alix-Panabieres & Pantel, 2012). For metastases to form, CTCs have to 

survive a hostile environment, which requires a series of stochastic events: cancer 

cell migration, local invasion, entry into the circulation, survival in the periphery of the 

body, arrest at secondary sites, extravasation and colonization, which involves the 

formation of micrometastases, possibly a long lasting latency phase and finally the 

formation of macrometastases (Vanharanta & Massague, 2013). This process is 

highly inefficient, especially the survival in the circulation and the colonization of 

distant organs (Chambers et al., 2002). Even though CTCs are usually very rare, with 

a typical frequency of <10 CTCs in 1 ml of blood (Kraan et al., 2011), some tumors 

release thousands of cells into the circulation each day, resulting in comparatively 

huge numbers of CTCs (Baccelli et al., 2013; Nagrath et al., 2007; Stott, Lee, et al., 

2010). The CTC count has been shown to correlate with decreased progression-free 

and overall survival in patients with breast, lung and colorectal cancer (Cohen et al., 

2009; Cristofanilli et al., 2004; Krebs et al., 2011). However, the probability for these 

cells to form a metastatic colony is very small, as they would have to overcome 
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endothelial barriers, an adversary immune system and the lack of survival signals 

(Vanharanta & Massague, 2013). 

Nevertheless, some CTCs will survive and succeed to overcome endothelial barriers. 

A better understanding of the molecular characteristics and the mechanisms of CTCs 

will enable the development of new therapies. This fact and their contribution to 

cancer prognosis and therapy monitoring make the detection and characterization of 

circulating tumor cells a valuable tool in cancer research and therapy. 

1.3.2 CTC Biology and Molecular Characterization 

Circulating tumor cells can be found in the circulation not only as single cells but also 

as cell clusters, which consist of two to more than 50 CTCs (Cho et al., 2012; Liotta 

et al., 1976). These large clusters are called circulating tumor microemboli (CTM). 

Traveling in clusters can provide the tumor cells with a survival benefit through 

sustainment of cell-cell contacts, survival signals and protection from shear forces 

(Aceto et al., 2014; Hou et al., 2012). 

Aceto et al. have recently characterized these clusters in more detail. They could 

show that CTC clusters are not generated by the proliferation of a single CTC or 

aggregation in the blood stream but are cell aggregates that are directly shed from 

the primary tumor. In mouse experiments, these clusters had a 50-times higher 

metastatic potential than single cells, even though they comprised only 2.6% of all 

detected events. In accordance with these findings, breast and prostate cancer 

patients with CTC clusters had a significantly reduced overall survival compared to 

patients with only single CTCs. They identified the overexpression of plakoglobin, a 

component of desmosomes and adherence junctions, as the main mediator in the 

formation of CTC clusters. (Aceto et al., 2014) 

Most tumors are of epithelial origin. Therefore, the corresponding CTCs mostly 

express epithelial markers like EpCAM (epithelial cell adhesion molecule), and 

cytokeratins like CK8, CK18 and CK19 (Jolly et al., 2015). These markers are often 

used to isolate and identify CTCs (see 1.3.3). However, many studies have shown 

that the intravasation of CTCs involves epithelial-to-mesenchymal transition (EMT), 

which can lead to the loss of these markers. The mesenchymal state makes cells 

more motile and invasive, which of course enhances their ability to spread to distant 
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sites (Jolly et al., 2015). Yu et al. found that benign and pre-invasive tumor tissue is 

exclusively epithelial, while invasive breast cancer tissue contains rare cells and 

clusters that are positive for epithelial as well as mesenchymal markers. They 

isolated CTCs with a predominantly mesenchymal phenotype in patients with a more 

aggressive type of breast cancer. After therapy, patients with progressive disease 

had an increased number of mesenchymal CTCs, while patients with a good therapy 

response had less mesenchymal CTCs (Yu et al., 2013). It has also been shown that 

CTC clusters with a partial EMT, which show both epithelial and mesenchymal 

markers, often correlate with increased migratory behavior, invasiveness, metastatic 

potential, poor survival and drug resistance (Jolly et al., 2015). These cells are also 

the most likely to gain “stemness” and become so-called cancer stem cells (CSCs), 

which are thought to be major mediators in metastasis (Grosse-Wilde et al., 2015). 

Proposed CTC markers for these partial EMT cells include CD24 (epithelial marker), 

CD44 (mesenchymal, stem cell marker) (Zhang et al., 2011) and P-cadherin (cell 

adhesion and cellular movement) (Ribeiro & Paredes, 2014). Baccelli et al. found 

CD44 and CD47 (immune evasion) on all CTCs in breast cancer patients. They also 

identified a subpopulation of MET-positive CTCs (hepatocyte growth factor receptor; 

associated with migration/invasion), which correlated with an increased number of 

metastatic sites and a decreased survival (Baccelli et al., 2013). 

In addition to being markers for prognosis and therapy monitoring, circulating tumor 

cells can teach us about metastasis, if we analyze them from a molecular and 

mechanistic point of view. This is particularly important because they represent a 

missing piece in the whole picture of cancer research. It has been shown that there 

can be major discrepancies in marker expression between the primary tumor and 

CTCs/metastasis (Vignot et al., 2012). This in turn means that there is a need for new 

targeted therapies. However, only relatively few metastases are resected and 

analyzed. The reasons for this include limited accessibility and discomfort or pain for 

the patient. The isolation of circulating tumor cells is therefore an interesting 

alternative, serving as a “liquid biopsy” of the cancer patient that might predict 

characteristics of future metastases (Saucedo-Zeni et al., 2012). 
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1.3.3 Detection Methods for CTCs 

Detection and isolation methods for circulating tumor cells can be roughly divided into 

methods that utilize the physical properties of the cells, like size, density, electric 

charges and deformability, and methods that utilize the biological properties, like the 

expression of specific markers. 

Density gradient centrifugation, e.g. with Ficoll, uses the floating properties of 

different cell types based on their differences in density. Several filtration methods 

are based on the usually larger size of CTCs compared to blood cells, e.g. the ISET 

filter (isolation by size of epithelial tumor cells) (Vona et al., 2000) or a three-

dimensional microfilter (Zheng et al., 2011). The disadvantage of filtration-based 

methods is that smaller CTCs can get lost, while larger blood cells can get stuck in 

the filter. A special biochip combines differences in size with differences in 

deformability, as CTCs are normally stiffer than blood cells (Tan et al., 2010). Several 

assays combine the dielectrophoresis (DEP) cell separation technique with different 

microfluidic chip systems, which use differences in membrane capacitance of the 

cells (Fuchs et al., 2006; Gascoyne et al., 2009; Moon et al., 2011). 

Methods based on biological properties of the cells predominantly make use of 

antibodies that are directed against different cell surface molecules. The antibodies 

are either immobilized a chip or coupled to magnetic beads or particles that are then 

collected with magnetic separation techniques. Some techniques use negative 

selection with antibodies directed towards the common leukocyte antigen CD45 (Liu 

et al., 2011; Yang et al., 2009), though most currently available techniques make use 

of markers on the tumor cells for positive selection. 

Although many different antibody-based separation techniques have been 

developed, the vast majority is based on the epithelial cell adhesion molecule 

EpCAM. Among these, the CellSearch® system is seen as a “gold standard”, as it is 

the only isolation method that has been approved by the FDA (U.S. Food and Drug 

Administration) (Pantel et al., 2009). Blood is collected in a 7.5 ml tube and 

processed in a half-automated system. First, blood plasma is removed and EpCAM 

antibody-coupled ferrofluids are added to the cells. After magnetic separation, the 

cells are stained with DAPI for the nucleus and antibodies directed against different 

cytokeratins. Finally, the cells are fixed, transferred to an analysis cartridge and 

analyzed with the microscope (Coumans & Terstappen, 2015). 
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Figure 3: Existing methods for the detection of cir culating tumor cells (CTCs). CTC detection 
methods can be roughly divided into methods based on the physical properties of the cells, like size, 
deformability, density and electric charges, and methods based on their biological properties. The 
latter include negative selection by removing CD45-positive blood cells as well as positive selection, 
which most commonly uses the epithelial cell adhesion molecule (EpCAM) to detect tumor cells. All 
these methods are limited in the volume of blood they analyze ex vivo. The GILUPI CellCollector® also 
uses EpCAM selection, but due to its direct placement in the blood vessel a much larger blood volume 
can be analyzed. Insights gained from analyzing CTCs can help our understanding of metastasis 
formation and present us with new targets for personalized therapies. (Alix-Panabieres & Pantel, 
2014) 
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An example for a chip-based approach is the herringbone- or HB-chip. In this device, 

the anti-EpCAM antibodies are immobilized on a microfluidic array of channels. When 

a cell suspension is applied to the chip, the setup of these channels leads to the 

generation of microvortices that increase the number of contacts between the target 

cells and the antibody-coated surface of the chip. The cells are then stained directly 

on the chip (Stott, Hsu, et al., 2010). 

An inherent problem of most of these isolation techniques is the limited blood volume 

that is analyzed. Blood is usually collected in conventional blood collection tubes, 

with a capacity of a few milliliters (2.5 to 9 ml). As CTCs occur at very low 

frequencies, this limits the sensitivity of these systems significantly (Tibbe et al., 

2007). To address this issue, GILUPI developed the CellCollector®. 

1.3.4 GILUPI CellCollector ® 

The GILUPI CellCollector® is designed to collect CTCs directly from the bloodstream. 

It is based on a Seldinger guidewire, a stainless steel medical wire of 0.5 mm 

diameter normally used for angiography or central venous catheters (Barber, 1989). 

To create the functionalized structured medical wire (FSMW), the first 20 mm of the 

wire are plated with a 2 μm gold layer covered by a hydrogel. Antibodies directed 

against EpCAM can then be coupled covalently to this hydrogel. 

 

Figure 4: Setup of the GILUPI CellCollector ®. The CellCollector® is based on a stainless steel 
Seldinger guide wire with a diameter of 0.5 mm, which is plated with a 2 μm gold layer. The gold is 
covered by a hydrogel, which can be covalently coupled to antibodies directed against cell surface 
molecules like EpCAM. (Saucedo-Zeni et al., 2012) 
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To collect CTCs, the CellCollector® is inserted into the patient’s cubital vein through 

an intravenous cannula. The wire remains in the bloodstream for 30 min. During this 

time, between 1.5 and 3 liters of blood pass the functionalized surface of the device 

and EpCAM-positive CTCs are captured and bound by the antibodies. The 

CellCollector® is then removed from the vein and cells can be stained directly on the 

wire, usually for cytokeratins and CD45 as a control (Saucedo-Zeni et al., 2012). 

 

Figure 5: Application of the CellCollector ® in vivo . The detector is inserted into the patient’s cubital 
vein through an intravenous cannula and can remain in the blood stream for 30 min. While 1.5 to 
3 liters of blood pass the wire, EpCAM-positive cells are captured on the functionalized surface. 
FSMW: functionalized and structured medical wire. (Saucedo-Zeni et al., 2012) 

 

As a CE-certified sterile medical device, the CellCollector® is well tolerated by 

patients and does not cause any adverse events. During in vivo application of the 

CellCollector® in patients with breast or non-small cell lung cancer (NSCLC), CTCs 

were collected in 91.6% of the patients. The number of collected cells ranged from 

1-50 cells in breast cancer and from 2-515 in NSCLC with a median of 9.7 and 
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16 CTCs, respectively. No CTCs were captured in healthy control individuals 

(Saucedo-Zeni et al., 2012). 

1.4 Aim of the Study 

There is a great need for biomarkers for the diagnosis, prognosis and therapy 

monitoring of cancer. However, most currently available biomarkers lack selectivity, 

specificity, sensitivity and, most importantly, universality. Blood-borne markers are 

often only applicable in a certain type of cancer. Similarly, methods to isolate 

circulating tumor cells as a cellular biomarker of cancer mostly rely on EpCAM 

antibodies as a capturing tool. However, cells with a downregulated or absent 

EpCAM expression after EMT cannot be captured. Hsp70 has been shown to be 

present on the cell surface of a wide variety of different tumor entities. In addition to 

that, Hsp70 is also released into the extracellular environment by many different 

tumors. It therefore has the potential to serve as a blood biomarker and a target for 

the isolation of CTCs. 

The Hsp70 antibody cmHsp70.1 provides a valuable tool for the detection of Hsp70 

and the isolation of Hsp70-positive tumor cells, as it offers the advantage of detecting 

not only soluble but also lipid-bound Hsp70. 

The aim of this thesis was to use the cmHsp70.1 antibody for the development of 

1. a novel ELISA for the detection of Hsp70 in the blood of cancer patients. 

2. a new isolation technique for CTCs by combining the concept of the GILUPI 

CellCollector® and Hsp70 as a universal tumor cell marker. 
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2 Material and Methods 

2.1 Material 

2.1.1 Chemicals and Reagents 

Chemical/Reagent Company 

2-Propanol (100%) Carl Roth, Karlsruhe, Germany 

Aceton Carl Roth, Karlsruhe, Germany 

Ammonium persulfate (APS) Sigma-Aldrich, St. Louis, USA 

Ammonium sulfate Sigma-Aldrich, St. Louis, USA 

Boric acid Merck Millipore, Billerica, USA 

Bovine serum albumin (BSA) Sigma-Aldrich, St. Louis, USA 

Bromphenole blue (BPB) Sigma-Aldrich, St. Louis, USA 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich, St. Louis, USA 

Dithiothreitol (DTT) Carl Roth, Karlsruhe, Germany 

Glycerol Sigma-Aldrich, St. Louis, USA 

Glycine Sigma-Aldrich, St. Louis, USA 

Hoechst 33342 Thermo Fisher Scientific, Waltham, USA 

Hydrochloric acid (32%) Carl Roth, Karlsruhe, Germany 

Imidazole Carl Roth, Karlsruhe, Germany 

Methanol Carl Roth, Karlsruhe, Germany 

Milk powder Carl Roth, Karlsruhe, Germany 

Nonidet P40 Sigma-Aldrich, St. Louis, USA 

POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine) 

Avanti Polar Lipids, Alabaster, USA 

POPS (1-palmitoyl-2-oleoyl-sn-glycero-3-

phospho-L-serine) 

Avanti Polar Lipids, Alabaster, USA 

Propidium iodide (PI) Merck Millipore, Billerica, USA 

Protease inhibitor tablets Roche, Basel, Switzerland 

Rotiphorese Gel 40 Carl Roth, Karlsruhe, Germany 

Sodium bicarbonate Sigma-Aldrich, St. Louis, USA 

Sodium carbonate Merck Millipore, Billerica, USA 
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Sodium chloride Carl Roth, Karlsruhe, Germany 

Sodium dodecyl sulfate (SDS) Carl Roth, Karlsruhe, Germany 

Sodium hydrogen carbonate Merck Millipore, Billerica, USA 

Sodium hydroxide Merck Millipore, Billerica, USA 

Sodium phosphate Merck Millipore, Billerica, USA 

Sytox Red Dead Cell Stain Thermo Fisher Scientific, Waltham, USA 

Tetramethylethylendiamine (TEMED) Carl Roth, Karlsruhe, Germany 

Triton-X 100 Sigma-Aldrich, St. Louis, USA 

Trizma Base (TRIS) Sigma-Aldrich, St. Louis, USA 

Tween 20 Merck Millipore, Billerica, USA 

2.1.2 Solutions 

Solution Company 

Coomassie solution Roti-Blue Carl Roth, Karlsruhe, Germany 

CrossDown Buffer AppliChem, Darmstadt, Germany 

Dulbecco’s modified eagle’s medium Sigma-Aldrich, St. Louis, USA 

Dulbecco’s phosphate buffered saline 

(PBS) 

Sigma-Aldrich, St. Louis, USA 

Ethylenediaminetetraacetic acid (EDTA) 

(0.5 M) 

Thermo Fisher Scientific, Waltham, USA 

FACS lysing solution BD Biosciences, San Jose, USA 

Fetal calf serum (FCS) Sigma-Aldrich, St. Louis, USA 

HEPES (1 M) Thermo Fisher Scientific, Waltham, USA 

L-glutamine (200 mM) Sigma-Aldrich, St. Louis, USA 

Lymphocyte Separation Medium LSM 

1077 

GE Healthcare, Chalfont St. Giles, UK 

Non-essential amino acids (NEAA) Sigma-Aldrich, St. Louis, USA 

Penicillin/streptomycin (10,000 U/ml 

PenNa, 10,000 μg/ml StrepSulfate) 

Sigma-Aldrich, St. Louis, USA 

Quick Start Bradford 1x Dye Reagent Bio-Rad, Hercules, USA 

RPMI 1640 Sigma-Aldrich, St. Louis, USA 

Sodium pyruvate (100 mM) Sigma-Aldrich, St. Louis, USA 

TNM-FH insect cell medium Allele Biotechnology, San Diego, USA 
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Trypan Blue (0.4%) Sigma-Aldrich, St. Louis, USA 

Trypsin/EDTA (0.05% Trypsin, 0.02% 

EDTA) 

Sigma-Aldrich, St. Louis, USA 

β-mercaptoethanol Thermo Fisher Scientific, Waltham, USA 

2.1.3 Buffers 

Buffer Composition Solvent  Application 

Bicarbonate buffer 0.1 M Na2CO3 (buffer A), 

0.1 M NaHCO3 (buffer B), 

(x parts of A) + ((100-x) 

parts of B), pH 9.6 

dd ELISA: coating 

Blocking buffer (ELISA) 2% milk powder PBS ELISA: blocking 

Wash buffer 0.05% Tween 20 PBS ELISA: washing 

Running buffer 25 mM Tris 

pH 8.3,190 mM Glycin, 

0.1% SDS 

dd Gel electrophoresis 

Transfer buffer 25 mM Tris 

pH 8.3,190 mM Glycin, 

0.02% SDS 

dd Western Blot: 

transfer to NC 

membrane 

TPBS 0.5% Tween 20 PBS Western Blot: 

washing 

Blocking buffer (WB) 5% Milk powder PBS Western Blot: 

blocking 

Stacking gel buffer 0.5 M Tris pH 6.8 dd Gel electrophoresis 

Separating gel buffer 1.5 M Tris pH 8.8 dd Gel electrophoresis 

Loading buffer 4x 

(Lämmli) 

200 mM Tris pH 6.8, 

100 mM DTT, 8% SDS, 

40% Glycerol, 0.1% BPB 

dd Gel electrophoresis 

Coomassie staining 

solution 

20% Roti-Blue, 

20% MeOH 

dd Coomassie 

staining 

Coomassie destaining 

solution 

25% MeOH dd Coomassie 

destaining 

Gel drying solution 10% Glycerol, 20% EtOH dd Gel drying 
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Sodium borate buffer 

pH 9.5 

0.1 M H3BO3, pH 

adjustment: 5 M NaOH 

dd Beads: coating 

Ammonium sulfate buffer 3 M (NH4)2SO4 0.1 M 

sodium 

borate 

Beads: coating 

Blocking buffer (beads) 0.5% BSA, 

0.05% Tween 20 

PBS Beads: blocking 

Washing/Storage buffer 0.1% BSA, 

0.05% Tween 20 

PBS Beads: 

washing/storage 

FACS buffer 10% FCS PBS FACS: washing 

IC Diluent #1 1% BSA PBS R&D ELISA 

IC Diluent #4 1 mM EDTA, 

0.5% Triton X-100 

PBS R&D ELISA 

Insect cell lysis buffer 50 mM Tris pH 7.8, 

150 mM NaCl, 

1% Nonidet P40 

2 Tablets protease 

inhibitor 

dd Hsp70 purification: 

lysis of Sf9 cell 

Binding buffer 20 mM Na3PO4, 

0.5 M NaCl, pH 7.4 

dd Hsp70 purification:  

binding to column 

Elution buffer 20 mM Na3PO4, 

0.5 M NaCl, 

0.5 M imidazole 

dd Hsp70 purification: 

elution from 

column 

Lymphocyte lysis buffer 10 mM KHCO3, 

155 mM NH4Cl, 

0.1 mM EDTA 

dd Lysis of 

lymphocytes 

Rehydration buffer 25 mM Tris/HCl pH 7.4, 

250 mM NaCl 

dd Lipid rehydration 
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2.1.4 Media 

Cell line Composition Solvent 

CT26 10% FCS, 1% Pen/Strep, 

2 mM L-glutamine, 

1% NEAA, 50 μM 

β-Mercaptoethanol 

RPMI 

A549, LN-229, SK-BR-3, 

U-87 

10% FCS, 1% Pen/Strep, 

2 mM L-glutamine, 1 mM 

sodium pyruvate 

DMEM 

cmHsp70.1, EPLC-272H, 

H1339, HeLa 

10% FCS, 1% Pen/Strep, 

2 mM L-glutamine, 1 mM 

sodium pyruvate 

RPMI 1640 

HCT-15, MIA PaCa 10% FCS RMPI 1640 

MCF7, MDA-MB-231, 

PANC-1, T47D 

10% FCS, 1% Pen/Strep, 

2 mM L-glutamine, 1 mM 

sodium pyruvate, 10 mM 

HEPES 

RPMI 1640 

Freezing medium 20% DMSO RPMI 1640 

2.1.5 Kits 

Kit Company 

DuoSet Human/Mouse/Rat Total Hsp70 R&D Systems, Minneapolis, USA 

Dynabeads MyOne Tosylactivated Thermo Fisher, Waltham, USA 

FluoReporter FITC Protein Labeling Kit Thermo Fisher, Waltham, USA 

MycoAlert Mycoplasma Detection Kit Lonza, Basel, Switzerland 

Pierce BCA Protein Assay Kit Thermo Fisher, Waltham, USA 

Pierce BSA standard Thermo Fisher, Waltham, USA 

Pierce ECL Detection Kit Thermo Fisher, Waltham, USA 

PKH26 Red Fluorescent Cell Linker Kit Sigma-Aldrich, St. Louis, USA  

Substrate Reagent Pack R&D Systems, Minneapolis, USA 

Vybrant CFDA SE Cell Tracer Kit Thermo Fisher, Waltham, USA 
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2.1.6 Antibodies 

Antibody (Clone) Host Isotype Conjugate  Company 

Anti-mouse Rabbit IgG HRP Dako, Glostrup, Denmark 

EpCAM/CD326 

(HEA125) 

Mouse IgG1 FITC Acris, San Diego, USA 

CK7 (LP5K) Mouse IgG2b FITC Millipore, Billerica, USA 

CK19 (A53-B/A2) Mouse IgG2a AF488 Exbio, Vestec, Czech Republic 

CD45 (MEM-28) Mouse IgG1 AF647 Exbio, Vestec, Czech Republic 

CD45 Mouse IgG1 APC Thermo Fisher, Waltham, USA 

Mouse IgG1 Mouse IgG1 APC Thermo Fisher, Waltham, USA 

Mouse IgG1 Mouse IgG1 FITC BD Biosciences, San Jose, 

USA 

HLA Class I 

(W6/32) 

Mouse IgG2a FITC Sigma-Aldrich, St. Louis, USA 

Hsp70 Rabbit - - Davids Biotechnologie GmbH, 

Regensburg, Germany 

cmHsp70.1 Mouse IgG1 - multimmune, Munich, 

Germany 

cmHsp70.1 Mouse IgG1 FITC multimmune, Munich, 

Germany 

panCK (4, 5, 6, 8, 

10, 13, 18) (C11) 

Mouse IgG1 AF488 Exbio, Vestec, Czech Republic 

2.1.7 Proteins and Standards 

Protein or Standard Company 

EZ-Link Sulfo-NHS-LC-Biotin Thermo Fisher, Waltham, USA 

Full-Range Rainbow MW marker GE Healthcare, Chalfont St. Giles, UK 

Hsc70 (NSP-751) Enzo Life Sciences, Farmingdale, USA 

Hsp70 (ESP-555) Enzo Life Sciences, Farmingdale, USA 

Hsp70 (NSP-555) Enzo Life Sciences, Farmingdale, USA 

Streptavidin-HRP Thermo Fisher, Waltham, USA 
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2.1.8 Consumables 

Consumables Company 

96 well plates TPP, Trasadingen, Switzerland; 

Costar, Tewksbury, USA 

Amersham Hyperfilm ECL High 

Performance chemiluminescence film 

GE Healthcare, Chalfont St. Giles, UK 

Cell culture dishes TPP, Trasadingen, Switzerland 

Cell culture flasks (25, 75, 162 cm2) Corning, Amsterdam, Netherlands 

Cellophane sheets Sigma-Aldrich, St. Louis, USA 

Chamber slides Nalgen Nunc, Rochester, USA 

Cover slips Thermo Fisher, Waltham, USA 

Cryo tubes (2 ml) TPP, Trasadingen, Switzerland 

FACS tubes (5 ml) Sarstedt, Nürmbrecht, Germany 

HisTrap HP column (5 ml) GE Healthcare, Chalfont St. Giles, UK 

Injection needle B. Braun, Melsungen, Germany 

Injection needle 18G x 2”1.2 x 50 mm B. Braun, Melsungen, Germany 

Micro insertion tubes MedChrom, Flörsheim-Dalsheim, 

Germany 

Microscope slides Thermo Fisher, Waltham, USA 

Microscopy slides, poly-lysine coated Thermo Fisher, Waltham, USA 

Nitrocellulose membrane GE Healthcare, Chalfont St. Giles, UK 

PAP Pen Sigma-Aldrich, St. Louis, USA 

Parafilm Sigma-Aldrich, St. Louis, USA 

Pipette tips (10, 200, 300, 1000 μl) Sarstedt, Nürmbrecht, Germany; 

Eppendorf, Hamburg, Germany 

Pipettes (1, 2, 5, 10, 25, 50 ml) Greiner, Frickenhausen, Germany 

Polycarbonate membranes Avanti Polar Lipids, Alabaster, USA 

Reaction tubes (0.5 ml) Eppendorf, Hamburg, Germany 

Reaction tubes (1, 2 ml) Sarstedt, Nürmbrecht, Germany 

Reaction tubes (15, 50 ml) Greiner, Frickenhausen, Germany 

Reservoirs VWR International, Radnor, USA 

Safety Multifly Set Sarstedt, Nürmbrecht, Germany 

SealPlate TPP, Trasadingen, Switzerland 
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Silicone stoppers with turn-up lip Carl Roth, Karlsruhe, Germany 

S-Monovette 7.5 ml Z Sarstedt, Nürmbrecht, Germany 

S-Monovette 9 ml K3E Sarstedt, Nürmbrecht, Germany 

Spectra/Por 1 Dialysis Tubing 6-8 kDa 

MWCO, 3.3 ml/cm 

Spectrum Labs, Rancho Dominguez, 

USA 

Syringe filters (0.22 μm) TPP, Trasadingen, Switzerland 

Syringes (5, 10, 50 ml) B. Braun, Melsungen, Germany 

Whatman blotting paper GE Healthcare, Chalfont St. Giles, UK 

Zeba Spin Desalting Columns Thermo Fisher, Waltham, USA 

2.1.9 Cell Lines 

Cell line Source Origin 

A549 Human Lung carcinoma 

cmHsp70.1 Human Hybridoma 

CT26 Mouse Colon carcinoma 

EPLC-272H Human Lung carcinoma 

H1339 Human Lung carcinoma 

HCT-15 Human Colorectal carcinoma 

HeLa Human Cervix carcinoma 

LN-229 Human Glioblastoma 

MCF7 Human Mammary carcinoma 

MDA-MB-231 Human Mammary carcinoma 

MIA PaCa Human Pancreas carcinoma 

PANC-1 Human Pancreas carcinoma 

Sf9 Fall Armyworm Ovaries 

SK-BR-3 Human Mammary carcinoma 

T47D Human Mammary carcinoma 

U-87 Human Glioblastoma 
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2.1.10 Instruments and Equipment 

Instrument/Equipment Company 

-20°C comfort Liebherr, Bulle, Switzerland 

4°C refrigerator Liebherr, Bulle, Switzerland 

-80°C Forma 88000 Series Thermo Fisher Scientific, Waltham, USA 

ÄKTAprime plus GE Healthcare, Chalfont St. Giles, UK 

Autoclave Tecnoclav Integra, Plainsboro, USA 

Biotek EL808 Microplate Reader Biotek, Winooski, USA 

Corning Stripettor plus pipetting controller Corning, Amsterdam, Netherlands 

Cryogenic storage system Biosafe Cryotherm, Kirchen/Sieg, Germany 

Direct Q3 ultrapure water system Millipore, Billerica, USA 

DynaMag-15 Thermo Fisher Scientific, Waltham, USA 

DynaMag-2 Thermo Fisher Scientific, Waltham, USA 

Electrophoresis Power Supply EPS 301 Amersham Biotech, Uppsala, Sweden 

FACS Calibur BD Biosciences, San Jose, USA 

Freezing Container Mr. Frosty Thermo Fisher Scientific, Waltham, USA 

Gel electrophoresis system Peqlab, VWR, Radnor, USA 

Hemocytometer Carl Roth, Karlsruhe, Germany 

Heraeus Fresco 17 Thermo Fisher Scientific, Waltham, USA 

Heraeus Multifuge 3S-R Thermo Fisher Scientific, Waltham, USA 

Hettich Zentrifugen Mikro 22R Hettich Lab Technology, Tuttlingen, 

Germany 

Ice machine AF100 Scotsman, Milan, Italy 

Incubator Heraeus BBD 6220 Thermo Fisher Scientific, Waltham, USA 

Incubator TECO 20 Selutec, Hechingen, Germany 

Magnetic Stirrer Heidolph, Schwabach, Germany 

Mini Extruder Avanti Polar Lipids, Alabaster, USA 

Multichannel pipette Eppendorf, Hamburg, Germany 

Pipettes Eppendorf, Hamburg, Germany 

Rotator Intellimixer RM-2 Omnilab, Bremen, Germany 

Scale EW620-3NM Kern, Balingen, Germany 

Scanner Bear Paw 2400 TA Plus Mustek, Hsinchu, China 

Shaker 3015 GFL, Burgwedel, Germany 
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Sorvall Discovery M120 SE Micro-

Ultracentrifuge 

Kendro Laboratory Products (Newtown, 

Connecticut, USA) 

Sorvall S52-ST Swinging Bucket Rotor Kendro Laboratory Products (Newtown, 

Connecticut, USA) 

Sorvall S55-A Fixed Angle Rotor Kendro Laboratory Products (Newtown, 

Connecticut, USA) 

Thermo Scientific Megafuge 1.0 R Thermo Fisher Scientific, Waltham, USA 

Tilting shaker PMR-30 Thermo Fisher Scientific, Waltham, USA 

Vortex-Genie 2 Carl Roth, Karlsruhe, Germany 

WB Development machine Kodak, Rochester, USA 

Western blot system Hoefer Semiphor GE Healthcare, Chalfont St. Giles, UK 

Zeiss Axio Imager.M2 Zeiss, Jena, Germany 

Zeiss Axio Observer.Z1 Zeiss, Jena, Germany 

Zeiss Axiovert 135 Zeiss, Jena, Germany 

Zeiss Axiovert 40C Zeiss, Jena, Germany 

2.1.11 Software 

Software Company 

Adobe Photoshop Elements 12 Adobe Systems, San Jose, USA 

AxioVision SE64 Rel. 4.9 Zeiss, Jena, Germany 

CellQuest Pro 6.0 BD, San Jose, USA 

ImageJ 1.49h Wayne Rasband National Institute of 

Health, USA 

Microsoft Office 2013 Microsoft, Redmond, USA 

Sigma Plot 12.5 Systat Software, San Jose, USA 
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2.2 Methods 

2.2.1 Cells 

2.2.1.1 Culture of Cancer Cell Lines 

Human and murine cancer cell lines were cultivated under standard conditions (37°C, 

5% CO2 and 95% humidity) in 25 cm2 or 75 cm2 cell culture flasks. Media and 

additives were adjusted to the respective cell line as specified in 2.1.4. Cells were 

split regularly every three to four days as follows: Old medium was removed from the 

flask and the cell layer was washed twice with PBS. Trypsin/EDTA was added and 

the cells were incubated at 37°C as recommended for each cell line (Table 1). The 

reaction was stopped with cell culture medium and the detached cells were 

resuspended evenly. An appropriate number of cells in new medium were then 

transferred into a new cell culture flask (Table 1) and cultivated under the conditions 

described above. 

Table 1: Human and murine cancer cell lines with ap propriate trypsinization times and cell 
numbers for seeding 

Cell Line Trypsinization Cells per T75 

A549 3 min 1 Million 

CT26 1 min 0.5 Million 

EPLC-272H 8 min 2 Million 

H1339 4 min 1 Million 

HCT-15 2 min 1 Million 

HeLa 2 min 1 Million 

LN-229 1 min 0.5 Million 

MCF7 2.5 min 1 Million 

MDA-MB-231 1.5 min 0.5 Million 

MIA PaCa 2 min 0.5 Million 

PANC-1 1 min 1 Million 

SK-BR-3 3 min 0.4 Million 

T47D 4 min 1 Million 

U-87 1 min 0.5 Million 
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For experiments, cells were seeded at slightly higher cell numbers and usually used 

on day two or three after seeding. At that time point, the cells were in an exponential 

growth phase and confluence of the monolayer was about 80-90%. Cells were 

regularly tested for mycoplasma contamination and only clean cell cultures were 

used in experiments. 

To determine the cell number, 20-30 μl of a cell suspension were transferred to a 

96 well plate and mixed with an equal amount of trypan blue solution. The 

suspension was then pipetted into a Neubauer hemocytometer. Blue cells were 

counted as damaged or dead; only bright, clear cells were counted as intact and 

viable. The cell number was calculated according to the following equation: 

Cells/ml = n*d*10,000/q where n is the number of viable cells, d is the dilution factor 

(usually 2) and q is the number of quadrants (consisting of 4x4 smaller quadrates). 

2.2.1.2 Cryoconservation 

To sustain the cell bank stock and save cells for later experiments, cell cultures were 

expanded and frozen. For that purpose, cells were harvested as described in 2.2.1.1 

and then washed once by centrifugating the cells at 500 g for 5 min and 

resuspending the pellet in PBS. After a second centrifugation step, the cells were 

resuspended in FCS and mixed with an equal amount of freezing medium. The 

suspension was then transferred to 2 ml cryo tubes. All steps were carried out on ice 

to minimize cell damage by DMSO in the freezing medium. The cryo tubes were put 

into a freezing container and stored at -80°C for at least 4 h. Isopropanol in the 

container leads to a constant decrease of the temperature at approximately 1°C per 

hour. For long term storage, cells were kept in a cryogenic storage system with liquid 

nitrogen. 

To thaw cells, cryo tubes were briefly placed in a water bath and the cell suspension 

was then transferred into precooled cell culture medium. Cells were washed once 

with cell culture medium and pelleted by centrifugation. After resuspension in fresh 

medium, cells were seeded in cell culture flasks. Cells were allowed to recover for at 

least two to three passages before using them in further experiments. 



 

2.2.1.3 Culture of Sf9 Insect Cells

Sf9 cells are derived from the ovarian tissue of the fall armyworm (

frugiperda). They grow as a mixture of adherent cells and cells in suspension and are 

commonly used for recombinant protein production via transfection with baculovirus.

Cells were seeded at 3*106

at 27°C without need for additional CO

cells every three to four days.

sharply against the palm of t

seeded into new cell culture flasks.

For Hsp70 production, cells were transfected

from previous transfection experiments. The supernatant contained baculovirus 

coding for the Hsp70 protein.

floating cells were harvested. After centrifugation at 500

washed once with cold PBS and the supernatant was removed completely. Finally, 

the dry cell pellet was frozen at 

purification. 

2.2.1.4 Isolation of PBMCs

Blood was collected from healthy volunteers 

coagulation and mixed with at least an equal amount of RPMI

bead experiments, cells from tumor cell culture were washed

mixed into the blood

concentrations. Peripheral blood mononuclear 

cells (PBMCs) and tumor cells

using a lymphocyte separation medium 

(LSM 1077) made with Ficoll density gradient 

medium. 10 ml of the LSM were pipetted into a 

50 ml Falcon tube and the mixture of blood

tumor cells and medium was carefully layered 

above the LSM. The components were then 

separated by density centrifugation at 850

and room temperature (RT)

to avoid disruption of the layers, the break of 
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above the LSM. The components were then 
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) for 20 min. In order 

to avoid disruption of the layers, the break of Figure 6: Cell layers after density 
centrifugation of blood and tumor cells 
with lymphocyte separation medium
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the centrifuge was turned off. PBMCs and tumor cells were carefully extracted from 

the interphase between the plasma and the separation solution using a pipette 

(Figure 6). The cells were washed twice in medium (50 ml and 5 ml, respectively) 

with centrifugation at 700 g for 10 min. For further experiments, cells were allowed to 

recover under rotation in FACS buffer for 4 h. 

For ELISA validation, erythrocytes from the lowest layer were isolated. 

2.2.2 Proteins 

2.2.2.1 SDS Polyacrylamide Gel Electrophoresis (SDS -PAGE) 

Polyacrylamide gels were cast according to Table 2. The separating gel was covered 

with isopropanol and left to polymerize for 60 min. The stacking gel was added, a 

comb for the desired number of wells was inserted and the gel was allowed to 

polymerize for 30 min. Samples were mixed with a reducing loading buffer and 

incubated at 95°C for 10 min. After loading of the samples and an appropriate 

molecular weight marker, the gels were run at 20 mA per gel and 220 V for 1-1.5 h, 

separating the proteins according to their molecular weight. 

Table 2: Composition of 10% separating and 5% stack ing gels for SDS-PAGE 

Component Amount for one 10% 

Separating Gel (5 ml) 

Amount for one 5% 

Stacking Gel (2.5 ml) 

H2O dd 2 ml 1.4 ml 

Rotiphorese 40 1.65 ml 415 μl 

Buffer (see 2.1.3) 1.25 ml 650 μl 

10% SDS 50 μl 25 μl 

10% APS 50 μl 25 μl 

TEMED 2 μl 2.5 μl 

 

After gel electrophoresis, gels were either stained with Coomassie blue solution or 

processed further for western blot analysis. 
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2.2.2.2 Coomassie Staining 

For the analysis of protein content and purity of fractions after Hsp70 purification, 

SDS gels were stained with the Coomassie stain Roti-Blue. After SDS-PAGE, gels 

were incubated over night in Coomassie solution on a shaker. To reduce background 

staining, the gels were then incubated with destaining solution for several hours with 

repeated exchange of the solution. For documentation purposes, the gels were first 

scanned and then dried for long term storage. For that, the gel and two cellophane 

sheets were soaked in gel drying solution for 30 min, assembled in a drying frame 

and allowed to dry over night. 

2.2.2.3 Western Blot 

For specific identification, proteins were transferred from SDS gels to nitrocellulose 

membranes. Gel, membrane and four pieces of Whatman paper were soaked in 

transfer buffer for 15 min and assembled in a semi-dry western blot system. Blotting 

was carried out at 0.8 mA per cm2 and 50 V for 45 min. Membranes were blocked 

with 5% milk powder in TPBS at RT for 1 h and then incubated with the primary 

antibody (1 μg/ml cmHsp70.1) in 1% milk powder in TPBS at 4°C over night. After 

three 10 min washing steps with TPBS, membranes were incubated with a 

horseradish peroxidase-conjugated secondary antibody (1:1000 Rabbit-anti-mouse-

HRP) in 1% milk powder in TPBS at RT for 1 h. After another three washing steps, 

ECL substrate was pipetted onto the membrane and protein bands were visualized 

on hyperfilm at various exposure times. 

2.2.2.4 Purification of Hsp70 

Frozen pellets of transfected Sf9 cells containing His-tagged Hsp70 (2.2.1.3) were 

resuspended in ice cold insect cell lysis buffer at 4*106 cells per ml. Cells were lysed 

for 45 min on ice with occasional vortexing. The lysate was transferred to 2 ml tubes 

and centrifuged at 10,000 g and 4°C for 30 min. The supernatant was collected, 

pooled and filtered through a 0.2 μm syringe filter to remove residual particles. After 

cleaning of the Äkta system, a 1 ml HisTrap column was installed and the whole 

system was rinsed with binding buffer. The lysate was loaded onto the column at 

0.7 ml/min and the system was washed with binding buffer until the conductibility 

signal was stable. Hsp70 protein was eluted with an elution buffer gradient from 
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0-100% over 20 ml and fractions of 1 ml were collected. Finally, the system was 

washed with water and then ethanol. 

Fractions were tested for protein content by mixing 10 μl of the respective fraction 

with 200 μl of a 1:5 dilution of Bradford dye in water. Samples with a color change to 

blue were analyzed with SDS-PAGE followed by Coomassie staining (2.2.2.1, 

2.2.2.2). Fractions with high protein content and purity were pooled and dialyzed over 

night in Spectra/Por dialysis tubing in PBS with a buffer change after 4 h. After the 

buffer exchange the protein solution was filtered through a 0.2 μm syringe filter and 

protein concentration was determined with a BCA kit. Aliquots were stored at -20°C. 

2.2.2.5 Labeling of Hsp70 with FITC 

Hsp70 protein was labeled with FITC using the FluoReporter FITC Protein Labeling 

Kit. 1-2 mg of Hsp70 in PBS was labeled with a 40-fold molar excess of FITC by 

incubating the protein with the dye for 1 h at RT under continuous stirring. After 

preparation of a purification spin column, the sample was carefully loaded onto the 

column for the removal of remaining free dye. The protein was eluted by 

centrifugation at 1,100 g for 5 min. Estimated protein concentration was calculated 

according to the following equation: c = m0*0.85/V where m0 is the amount of protein 

before the labeling process, 0.85 is the estimated yield (usually 80-90%) and V is the 

volume after purification with the spin column. Aliquots were stored at 4°C. 

2.2.2.6 Labeling of cmHsp70.1 with Biotin 

The mouse monoclonal antibody cmHsp70.1 was labeled with biotin using EZ-link 

sulfo NHS-LC-biotin. 1 mg of the antibody was labeled with a 40-fold molar excess of 

biotin in a total volume of 400 μl by incubating the mixture for 1 h at RT. Excessive 

biotin was removed using a Zeba Spin Desalting Column. Protein concentration was 

determined using a BCA kit and aliquots were stored at 4°C. 

2.2.2.7 Protein Quantification 

Protein concentration was determined using a BCA protein assay kit. A 2 mg/ml BSA 

stock solution was diluted for a nine point standard curve ranging from 0-1,000 μg/ml. 

AB solution was prepared by diluting solution B 1:50 in solution A. 25 μl of each 

standard or sample were pipetted into a 96 well plate and 200 μl of AB solution were 
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added to each well. After incubation at 37°C for 30 min, absorbance was measured 

at 550 nm in a microplate reader and the sample concentration was calculated from 

the standard curve. 

2.2.2.8 Preparation of Lipid Vesicles with Hsp70 

Lipid vesicles were prepared as described previously (Schilling et al., 2009). Two 

lipids, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-

oleoyl-sn-glycero-3-phospho-L-serine (POPS), dissolved in chloroform, were mixed 

in a molar ratio of 8:2 and dried under nitrogen gas. The lipids were rehydrated at 

10 mg lipid per ml of buffer for 1.5 h at RT under continuous rotation. Any precipitate 

was dissolved by vortexing. The Mini Extruder was assembled according to the 

manufacturer’s instructions and the lipid suspension was loaded into one of the 

Hamilton syringes. The lipid suspension was then pushed through a 100 nm 

polycarbonate membrane 13 times to achieve uniformly sized vesicles. Vesicle 

concentration was adjusted to 1 mg/ml and 100 μl of the suspension were incubated 

with 1 μg recombinant Hsp70 for 30 min at RT. An equal amount of ultrapure water 

was added and the suspension was centrifuged at 200,000 g and 4°C for 2 h in an 

ultracentrifuge. The pellet was resuspended in PBS and stored at 4°C. As a control, 

empty vesicles were prepared accordingly. 

2.2.3 Cell Biology 

2.2.3.1 Flow Cytometry 

To investigate the expression of various cell surface markers, cells were analyzed 

using flow cytometry. Cells were seeded two to three days before the experiment, 

harvested according to 2.2.1.1 and washed with cold FACS buffer. For each sample, 

100,000 cells were transferred to a 1.5 ml reaction tube and washed again with cold 

FACS buffer. All steps were performed on ice. Cells were pelleted by centrifugation 

at 500 g and 4°C for 5 min and the supernatant was aspirated completely. 

Appropriate antibodies with fluorescent labeling were added and the mixture was 

incubated for 30 min on ice in the dark. Unbound antibody was removed in an 

additional washing step. Finally, the cell pellet was resuspended in 300-500 μl FACS 

buffer and the suspension was transferred to 5 ml FACS tubes. To distinguish 

between vital and dead cells, PI was added at a final concentration of 1 μg/ml and 
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only vital cells were gated in the analysis. Matched isotype controls were used as a 

negative control while MHCI was used as a positive control for human tumor cell 

lines. Samples were measured on a FACS calibur. 

2.2.3.2 Prestaining of Cells with CFSE 

CFSE staining of tumor cells was performed using the Vybrant CFDA Cell Tracer Kit. 

CFSE leads to an intracellular staining. The dye diffuses passively into the cell. It is 

colorless and non-fluorescent until its acetate groups are cleaved by intracellular 

esterases. The resulting succinimidyl ester groups react with intracellular amines, 

retaining the dye in the cell. Excess dye and by-products diffuse back into the 

surrounding medium and can be washed away (Wallace et al., 2008). A 10 mM stock 

solution of the dye was prepared by dissolving the content of one vial from kit in 90 μl 

DMSO. The stock solution was then diluted to a 10 μM working solution with 

0.1% BSA in PBS. Cells were harvested and washed once with PBS. Cell pellets 

smaller than 50 μl were resuspended in 600 μl, cell pellets larger than 50 μl were 

resuspended in 1000 μl of the dye. The suspension was incubated at 37°C for 15 min 

with occasional agitation of the vial for an even distribution of the cells throughout the 

incubation. The reaction was stopped with a tenfold excess of FACS buffer and the 

cells were pelleted at 500 g for 5 min. After two additional washing steps with PBS, 

the cells were resuspended in PBS and kept at 4°C for further experiments. 

2.2.3.3 Prestaining of Cells with PKH26 Red 

Tumor cells were stained with the PKH26 Red Fluorescent Cell Linker Kit. PKH26 

Red is a lipid-like molecule with fluorescent head groups and long aliphatic tails. 

These tails integrate into the plasma membrane and are retained by strong non-

covalent interactions with the surrounding lipids. Excess dye can be washed away 

after the staining reaction (Wallace et al., 2008). The working solution of the dye was 

prepared by mixing 4 μl of the stock solution with 1 ml Diluent C. Cells were 

harvested, washed once with PBS and 20*106 cells were resuspended in 1 ml 

Diluent C. The cell suspension was mixed with 1 ml of the working solution and 

incubated at RT for 5 min with periodic mixing. The reaction was stopped by adding 

12 ml of FACS buffer and the cells were pelleted at 400 g and RT for 10 min. Excess 

dye was removed by washing the cells three times with FACS buffer and once with 

PBS. The cells were resuspended in PBS and kept at 4°C for further experiments. 
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2.2.3.4 Microscopy 

For fluorescence microscopy, samples were analyzed using the Zeiss Axio 

Imager.M2 or the Axio Observer.Z1. Pictures were taken. Both microscopes were 

equipped with 10x, 20x, 40x and 100x objectives and standard filters. Image analysis 

and processing was performed using AxioVision SE64 Rel. 4.9 and Adobe 

Photoshop software. 

2.2.4 ELISA Development 

2.2.4.1 Commercial Hsp70 ELISA 

As a control for the ELISA development, Hsp70 content of samples was analyzed in 

parallel with the DuoSet IC Human/Mouse/Rat Total Hsp70 ELISA (R&D Systems) 

according to the manufacturer’s instructions. Briefly, 96 well plates from Costar were 

coated over night with 2 μg/ml capture antibody in PBS. After washing three times 

with 0.05% Tween-20 in PBS, the wells were blocked with Diluent #1 for 1.5 h at 

27°C. Following another washing step, serum or other samples diluted in Diluent #4 

were added to the wells for 2 h at 27°C. Then the wells were washed again and 

incubated with 100 ng/ml Detection Antibody in Diluent #1 for 2 h at 27°C. Finally, 

after another washing step, horseradish peroxidase-conjugated streptavidin in 

Diluent #1 was added for 20 min at 27°C. Binding was quantified by adding substrate 

reagent for 20 min at 27°C and absorbance was read at 450 nm, corrected by 

absorbance at 570 nm, in a microplate reader. An Hsp70 eight point standard was 

included into each ELISA test using 0-10 ng/ml recombinant Hsp70 diluted in 

Diluent #4. 

2.2.4.2 LipHsp70 ELISA 

The final protocol after Hsp70 ELISA development established as follows: 96 well 

MaxiSorp Nunc-Immuno plates were coated over night with 2 μg/ml rabbit polyclonal 

antibody, directed against human recombinant Hsp70, in sodium carbonate buffer. 

After washing three times with 0.05% Tween-20 in PBS, the wells were blocked with 

2% milk powder in PBS for 1.5 h at 27°C. Following another washing step, serum 

samples diluted 1:5 in CrossDown Buffer were added to the wells for 2 h at 27°C. 

Then the wells were washed again and incubated with 4 μg/ml of the biotinylated 

mouse monoclonal antibody cmHsp70.1 in 2% milk powder in PBS for 2 h at 27°C. 
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Finally, after another washing step, 0.2 μg/ml horseradish peroxidase-conjugated 

streptavidin in 1% BSA was added for 1 h at 27°C. Binding was quantified by adding 

substrate reagent for 30 min at 27°C and absorbance was read at 450 nm, corrected 

by absorbance at 570 nm, in a microplate reader. An eight point Hsp70 standard was 

included into each ELISA test using 0-50 ng/ml recombinant Hsp70 diluted in 

CrossDown Buffer. 

2.2.4.3 ELISA Validation 

Linearity was evaluated according to the Clinical Laboratory Standards Institute 

(CLSI) guideline EP6-A. Briefly, six solutions of different Hsp70 concentrations were 

analyzed with the ELISA and their relative concentration was plotted against the 

system output (concentration according to ELISA measurement). First-, second- and 

third-order models were then fitted to the data and a t-test was applied to the non-

linear coefficients of the second- and third-order models using SigmaPlot software. If 

none of the non-linear coefficients were significant (p > 0.05), the dataset was 

considered linear. 

To determine intra-assay precision, control serum samples from two different donors 

were run in 20 replicates on a single plate. Inter-assay precision was assessed by 

running control serum samples in duplicate on three different days. The 

concentration was determined for each sample and the coefficients of variation (CVs) 

were calculated. 

The limit of detection (LoD) was established according to the Clinical Laboratory 

Standards Institute (CLSI) guideline EP17-A as summarized by Arbruster and Pry 

(Armbruster & Pry, 2008). Briefly, optical density (OD) values of 36 blank samples 

and 36 samples with a low Hsp70 concentration (0.63 ng/ml) were converted to 

concentrations by back-calculating against the standard curve. The limit of blank 

(LoB) was calculated according to the following equation: LoB = μB + 1.645σB, where 

μB and σB are the mean and standard deviation of the blank measurements, 

respectively. Finally, the LoD was calculated according to the following equation: 

LoD = LoB + 1.645σS, where σS is the standard deviation of the low sample 

measurements. 
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Recovery was assessed by spiking defined amounts of the respective standard 

Hsp70 into 1:5 diluted serum samples. The Hsp70 concentration of the serum alone 

was subtracted from the measured value and recovery was calculated as the ratio of 

observed concentration versus expected. 

2.2.4.4 Collection of Serum and Plasma Samples 

Blood samples were taken from 114 healthy human volunteers and patients with 

head and neck cancer (n=23), lung cancer (n=22), colorectal cancer (n=44), 

pancreatic cancer (n=46), glioblastoma (n=30) or hematological malignancies (n=32), 

who provided informed, written consent. Patient characteristics are summarized in 

Table 4. Blood was collected in one EDTA KE tube and one serum separator tube 

and mixed by gently inverting the tube. For plasma separation, EDTA blood was 

centrifuged at 1,500 g for 15 min. For serum collection, blood was allowed to clot for 

15 min at RT and serum was separated by centrifugation at 750 g for 10 min. Serum 

from leukemia patients was allowed to clot for two to three hours and separated by 

centrifugation at 380 g for 5 min. Serum and plasma were stored in aliquots at -80°C. 

Approval of the study was obtained by the Ethics Committees of the universities who 

provided samples. All procedures were in accordance with the Helsinki Declaration of 

1975 as revised in 2008. 

To validate the ELISA, the interference factors food intake of the blood donor, 

repeated freezing and thawing and hemolysis of the serum samples were tested. To 

test the influence of food intake, serum samples were collected from healthy 

individuals before and 2 h after intake of a high-fat diet. Repeated freezing and 

thawing procedures of up to ten cycles were performed on some of the serum 

samples. In order to study the impact of hemolysis on the assay, erythrocytes were 

isolated from the blood of healthy donors by density gradient centrifugation using 

LSM1077 (2.2.1.4). Erythrocytes were lysed by applying shear stress and the 

corresponding serum samples were spiked with increasing amounts of the lysed 

erythrocytes. The hemoglobin content of the spiked serum samples was analyzed by 

measuring the absorbance of the samples at 562 nm, 578 nm and 598 nm. The 

hemoglobin concentration was calculated as described elsewhere (Kahn et al., 

1981). 



Material and Methods 

50 
 

2.2.5 Development of a CTC Detection Method 

2.2.5.1 Coupling of cmHsp70.1 to Dynabeads MyOne To sylactivated 

Coupling of cmHsp70.1 antibody to Dynabeads MyOne Tosylactivated was carried 

out according to the manufacturer’s protocol. All steps were performed in 1.5 ml 

reaction tubes. Briefly, 500 μl beads (corresponding to 50 mg) were washed twice by 

placing them in the DynaMag for 2 min, removing the supernatant and resuspending 

the beads in coating buffer. In addition to the 50 mg beads, the coating mixture 

contained 1 M ammonium sulphate and 2 μg antibody (corresponding to 40 μg per 

mg beads). Appropriate volumes for the coating buffer, the antibody and the 

3 M ammonium sulphate stock solution were calculated for a total volume of 1250 μl. 

The mixture was prepared by resuspending the beads in coating buffer, followed by 

addition of the antibody and the ammonium sulphate stock solution. After thorough 

resuspension, the mixture was incubated for 16-24 h at 37°C with slow rotation. The 

tube was then placed in the DynaMag for 2 min and the supernatant was removed. 

After resuspension of the beads in 1250 μl blocking buffer, the beads were blocked 

over night at 37°C with rotation. Finally, the beads were washed three times and 

resuspended in 1 ml washing/storage buffer with 0.02% sodium azide. Aliquots of 

50 μl were stored at 4°C. 

Success of the coupling reaction was tested with FITC-labeled Hsp70. A 10 μl aliquot 

of the beads was washed three times with 0.1% BSA in PBS and incubated with 5 μg 

FITC-labeled Hsp70 in a total volume of 250 μl for 30 min at 4°C with rotation. The 

beads were washed again three times and then analyzed in a fluorescence 

microscope. 

2.2.5.2 Cell Isolation with Dynabeads MyOne Tosylac tivated 

A 50 μl aliquot of beads was washed three times with 0.1% BSA in PBS. Tumor cells 

or a mixture of tumor cells and lymphocytes after Ficoll (2.2.1.4) were resuspended in 

0.1% BSA in PBS. The beads and 500,000 tumor cells were mixed in a total volume 

of 250 μl and incubated at 37°C for 1 h. The tube was placed in a DynaMag and 

beads were separated from the supernatant. The cell number in both fractions was 

counted and compared as percentage of the total number of cells.  
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2.2.5.3 Binding of Cells to CTC Wire 

2 ml reaction tubes were blocked with 3% BSA in PBS for 30 min and the lid was cut 

off. Tumor cells were harvested and washed twice with PBS. The cell number was 

adjusted to 100,000 cells/ml in PBS or EDTA blood and the reaction tubes were filled 

to the top. A detector was placed in a silicone stopper by sticking an injection needle 

into the stopper and inserting the wire into the needle. The needle was carefully 

removed, leaving the wire secured in the silicone stopper. The silicone stopper with 

the detector was then carefully placed on the reaction tube without touching the tube 

wall with the wire. To avoid shear stress, remaining air bubbles were removed from 

the tube. For that purpose, a few milliliters of the cell suspension were transferred to 

a 5 ml syringe with an injection needle and the needle was stuck into the silicon 

stopper. With a second needle as an outlet valve, the cell suspension was inserted 

into the tube until all air bubbles were removed. The wire was cut with pliers to fit into 

the rotator and the tube was incubated at 2 rpm and RT for 30 min. For some 

experiments the tubes were incubated on a tilting shaker at 30 rpm.  

2.2.5.4 Staining of Cells on CTC Wire 

After binding of tumor cells, the detector was washed four times by twirling it carefully 

twice in 1.6 mg/ml EDTA in PBS twice in PBS. For further experiments the detector 

was stored in PBS at 4°C. Cells were fixed by placing the detector in -20°C acetone 

for 30 s and then dried for 5 min at RT. The acetone also leads to a permeabilization 

of the cells. The detector was then blocked in 3% BSA for 30 min. Staining of the 

cells with a cocktail of different cytokeratin antibodies was performed at RT for 

30 min in the dark. Afterwards, the detector was washed for 1 min in PBS and the 

cell nuclei were stained with Hoechst 33342 for 5 min at RT. After a final washing 

step the detector was stored in PBS at 4°C for a maximum of 6 h or dry at -20°C for a 

maximum of 7 days before analysis with fluorescence microscopy. For long term 

storage after analysis, detectors were stored dry at -80°C. 

2.2.5.5 Counting and Documentation of Cells on CTC Wire 

For fluorescence microscopy, the detector was secured on a microscopy slide with 

Parafilm or modeling clay in a way that the functional part protruded over the edge of 

the slide. The wire was brought into focus with the 10x objective and cells were 

located by Hoechst staining in the DAPI channel. For a definite identification, the 
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microscope was switched to the GFP channel for analysis of the CK staining. 

Representative pictures were taken with the 10x or 20x objective in both channels. 

The functional part of the detector was analyzed from the tip to the base, counting all 

events that could be identified as cells by their size, morphology and staining. Then, 

the wire was turned by 180° and the process was repeated. 

2.2.5.6 Staining of Cells in Chamber Slides 

Tumor cells were seeded in 8 well chamber slides at different cell numbers (5,000, 

10,000, 20,000 and 40,000 per well). Two days after seeding, the wells with the 

optimal degree of confluence were selected for staining. Staining was performed as 

described in 2.2.5.4 with 200 μl of each reagent per well. Washing and blocking steps 

were performed with 300 μl per well. To avoid detachment of the cells, all reagents 

were pipetted against the wall of the wells and then aspirated carefully. Finally, wells 

were filled with PBS and analyzed with a fluorescence microscope. 

2.2.5.7 Staining of Cells on Poly-Lysin Slides 

Tumor cells were harvested and washed with PBS. The cell number was adjusted to 

100,000 cells/ml and 20 μl of the suspension were applied to a poly-lysin coated 

slide. The surface tension of the liquid leads to a circular spot on the slide. To avoid 

disruption of the spots in later incubation steps, the spot was additionally encircled 

with a PAP pen. After incubation at RT for 30 min, the PBS was carefully removed 

with a Kimwipe and the cells were fixed with -20°C acetone. The cells were now 

firmly attached to the slide and could be frozen at -20°C for later use. Staining was 

carried out as described in 2.2.5.4. For fixation and washing steps, the whole slide 

was submerged into the liquid. Blocking and staining steps were performed by 

applying 20 μl and 10 μl spots to the slide, respectively. Finally, the spots were 

covered with PBS and cover slips and analyzed with a fluorescence microscope. 
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3 Results 

3.1 The lipHsp70 ELISA 

The following chapter contains figures and a supplemented version of the paper 

Breuninger et al., which was published in advance in the Journal of Clinical & Cellular 

Immunology (Breuninger et al., 2015), as well as data from a paper in preparation. 

3.1.1 ELISA Development and Optimization 

Hsp70 is frequently overexpressed in tumor cells and can be actively released in lipid 

vesicles by viable tumor cells. Therefore, elevated Hsp70 serum levels have potential 

utility as biomarkers for the detection of viable tumor mass and to measure the 

response to therapeutic interventions. However, commercially available Hsp70 

ELISAs are neither optimized for the measurement of Hsp70 in serum nor of lipid-

associated Hsp70. Therefore, a novel Hsp70 ELISA based on the cmHsp70.1 

antibody was established and blocking reagents, antibody combinations and serum 

diluent were optimized. The performance of the ELISA, termed lipHsp70 ELISA, was 

then compared to a commercially available ELISA kit. 

For the eight point calibration curve, recombinant Hsp70 was isolated from 

baculovirus-transfected Sf9 insect cells and purified with a HisTrap column. To 

minimize the background, different blocking reagents were tested. When comparing 

1% BSA, 1% FCS, 1% Casein and 2% milk powder in PBS, the lowest background 

could be achieved with milk powder. It was therefore chosen as blocking and dilution 

reagent. Similarly, matrix effects caused by serum components can significantly 

influence ELISA measurements, often leading to an underestimation of the analyte 

concentration. To reduce these unfavorable matrix effects, different sample diluents 

and ratios were tested. A 1:5 dilution of serum samples in CrossDown buffer was 

found to be optimal. 
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Figure 7: ELISA Development and Optimization. (A) Four different setups of the Hsp70 ELISA were 
tested. Setup I combined single chain variable segments (scFvs) for protein capture with the 
cmHsp70.1 antibody for detection. Setup II and Setup III/IV used a polyclonal anti-Hsp70 antibody for 
protein capture and the cmHsp70.1 antibody for detection, combined with a secondary antibody 
(Setup II) or biotin-streptavidin binding (Setup III/IV). (B) Setup I with scFvs as a capturing tool could 
not detect Hsp70 concentrations lower than 10 ng/ml (left panel). Using the polyclonal capture 
antibody in combination with cmHsp70.1 and a secondary antibody could increase the detection limit 
to 1 ng/ml, but gave a low signal (right panel, Setup II). The signal could be enhanced significantly by 
using biotin-streptavidin binding as a secondary detection tool (right panel, Setup IV). To ensure 
detection was possible, the diluent for streptavidin-HRP had to be changed to 1% BSA, as milk 
powder interfered with the streptavidin-biotin binding and completely eliminated the signal (right panel, 
Setup III). 

 

Figure 7 shows a summary of the ELISA development and optimization of the 

general setup. First experiments were performed using two different single-chain 

variable fragments for the capture and/or detection of the protein (scFv; #4 and #11), 

as they have been previously reported as agents for ELISA tests (Griep et al., 2000). 

Therefore, different setups with the scFvs individually or in combination as well as 

combined with the cmHsp70.1 antibody were tested. The best results could be 

obtained with equal parts of the two single chain fragments for Hsp70 capture and a 

biotinylated cmHsp70.1 with streptavidin-HRP as a detection tool. However, even this 
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optimized setup was not sensitive enough to distinguish Hsp70 concentrations lower 

than 10 ng/ml from background (Figure 7B, left panel). 

For the new setup, a polyclonal coating antibody was produced in rabbits by Davids 

Biotechnologie, using the purified Hsp70 protein for immunization of the animals. 

Coating with this polyclonal antibody and detection with the cmHsp70.1 antibody in 

combination with a secondary antibody gave good results down to 1 ng/ml but a low 

signal (Figure 7B, right panel, Setup II). To enhance the signal, the cmHsp70.1 

antibody was coupled to biotin and tested in the same setup, which led to a complete 

elimination of the signal (Figure 7B, right panel, Setup III). Testing of each ELISA 

step revealed that the milk powder in the diluent interfered with the biotin-streptavidin 

binding. Replacing the milk powder with 1% BSA for the dilution of streptavidin-HRP 

could restore the signal, resulting in a fivefold increased signal compared to 

cmHsp70.1 without biotin (Figure 7B, right panel, Setup IV). This setup was found to 

be optimal and was used for all further experiments. 

3.1.2 ELISA Validation 

3.1.2.1 Calibration Curve and Linearity 

To quantify Hsp70 in various samples, an eight point standard consisting of 

recombinant Hsp70 was included into each ELISA test, ranging from 0-50 ng/ml. The 

Hsp70 concentration was plotted against the background-corrected OD values and a 

four-parameter fit model was applied to obtain the function describing a sigmoid 

curve, which gave excellent results. In 20 independent experiments, the highest 

concentration of the standard yielded a mean OD value of 2.82 and a standard 

deviation of 0.34. A representative calibration curve and the fitting equation are 

shown in Figure 8A. 
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Figure 8: Validation of the lipHsp70 ELISA. (A) Representative eight point calibration curve 
obtained from the lipHsp70 ELISA using a four-parameter fit model (inset). The OD (mean corrected) 
is indicated on the Y-axis and the Hsp70 concentration (ng/ml) on the X-axis. (B) Linearity of the 
lipHsp70 ELISA was assessed by comparing first-, second- and third-order model fits of a relative 
concentration vs. system output plot. Linearity was shown within a concentration range of 
0.36-17.4 ng/ml (Breuninger et al., 2015). 

 

A quantitative analytical method is linear when there exists a mathematically verified 

straight-line relationship between the observed values and the true concentrations of 

the analyte. Linearity usually refers to the overall system response (e.g. 

concentration as determined with the instrument) rather than the raw instrument 

output (e.g. OD). A linear relationship facilitates a simple interpolation of results and 

is especially important for a reliable determination of concentrations. If a dataset is 

not linear, a visual examination of the plot can identify outliers. If an outlier is at either 

end of the concentration range, the data point can be removed and the statistical 

analysis repeated. The linear range is reduced accordingly, excluding the outlier. 

Sample concentrations should be adjusted by dilution to lie within the linear range. 

Linearity of the ELISA was assessed by comparing linear and nonlinear polynomial 

fitting of the relationship between true and observed concentrations of six Hsp70 

samples (Figure 8B). The lipHsp70 ELISA was linear in a concentration range from 

0.36-17.41 ng/ml. All samples that were tested with the ELISA were within the linear 

range or were diluted if necessary. 

3.1.2.2 Assay Precision and Limit of Detection 

To determine assay precision, intra- and inter-assay runs were performed with 

control serum samples from two and five healthy donors, respectively, and the 
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coefficients of variation (CVs) were calculated. For intra-assay precision, serum 

samples were applied in 20 replicates on a single plate; CVs ranged from 5.2% to 

8.1%. For inter-assay precision, serum samples were tested in duplicates on three 

different days; CVs varied between 1.0% and 18.0% with a mean of 10.9%. 

The limit of detection (LoD) is the smallest amount of analyte that a method can 

reliably detect to determine its presence or absence. Knowledge of the LoD is 

necessary to define a lower cutoff for quantitative measurements. The LoD for the 

lipHsp70 ELISA was 0.3 ng/ml. To enable reliable results, protein concentrations in 

measured samples were kept well over the LoD. 

3.1.2.3 Recovery 

Spike and recovery experiments are used to determine whether the analyte detection 

is affected by the difference between the diluent used to prepare the standard curve 

and the sample matrix. Especially serum components may affect binding of the 

antibody or background detection, and therefore influence the detection of the 

analyte. 

Recovery was determined by spiking recombinant Hsp70 protein in buffer and serum 

samples and comparing results from the lipHsp70 ELISA with the widely used 

commercially available ELISA as a control. For the spiking experiments in buffer, an 

Hsp70 protein from Enzo Life Sciences was used as a control that was independent 

from both ELISAs. When 2.5 ng/ml of the protein were spiked into dilution buffer, the 

lipHsp70 ELISA recovered significantly higher amounts of the expected Hsp70 

protein (2.53±0.09 ng/ml, 101±3% recovery) compared to the control ELISA 

(1.43±0.07 ng/ml, 57±3% recovery) (Figure 9A). 

To determine the recovery of Hsp70 in serum samples, Hsp70 (2.5 ng/ml and 

5 ng/ml) of the respective standards was spiked into 1:5 diluted serum samples 

derived from four different healthy volunteers. With an average recovery of 78±3%, 

the lipHsp70 ELISA showed a significantly higher recovery of the spikedHsp70 

compared to the control ELISA with 50±3% (Figure 9B). 
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Figure 9: Recovery of spiked Hsp70 protein. (A) Recovery of free Hsp70 in buffer: 2.5 ng/ml Hsp70 
was spiked into dilution buffer. The lipHsp70 ELISA recovered 2.53 ± 0.09 ng/ml (left panel) and thus 
revealed a significantly better recovery (101 ± 3%, right panel) compared to the control ELISA 
(1.43 ± 0.07 ng/ml, left panel; 57 ± 3%, right panel). The data show the mean of n=20 tests. 
(B) Recovery of free Hsp70 in serum: 2.5 ng/ml and 5 ng/ml Hsp70 were spiked into serum (diluted 
1:5). The lipHsp70 ELISA recovered 1.98 ± 0.12 ng/ml and 3.82 ± 0.12 ng/ml for 2.5 and 5 ng/ml (left 
panel) and thus revealed a significantly better recovery (mean 78 ± 3%, right panel) compared to the 
control ELISA (1.41 ± 0.07 ng/ml and 2.18 ± 0.09 ng/ml, left panel; mean 50 ± 3%, right panel). Black 
bars: lipHsp70 ELISA, white bars: control ELISA, dashed line: expected amount of Hsp70. *p<0.05, 
***p<0.001 (t‑test) (Breuninger et al., 2015). 

 

The details of the lipHsp70 assay performance are summarized in Table 3. 

Table 3: Assay performance characteristics of the l ipHsp70 ELISA  

Parameters Performance 

Linear range (ng/ml) 0.36-17.41 

Intra-assay precision (%CV) 5.2-8.1 

Inter-assay precision (%CV) 1.0-18.0 

Recovery (%): Buffer/Serum 101±3/78±3 

Limit of Detection (ng/ml) 0.31 
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3.1.3 Hsp70 Serum Levels in Healthy Human Volunteer s 

In order to establish a control group for Hsp70 serum concentrations, serum samples 

from 114 healthy volunteers were analyzed. The age of the donors ranged from 

20-74 years, with a mean of 42.9 and a median of 41.5 years. These samples were 

used to determine the basal Hsp70 levels in human blood. To minimize matrix effects 

and to keep concentrations within the linear range, serum was diluted 1:5 in 

CrossDown Buffer prior to analysis. 

Significantly higher basal levels (6.4±2.7 ng/ml) could be detected with the lipHsp70 

ELISA compared to the control ELISA (2.8±1.3 ng/ml). The 25th and 75th percentiles 

were 4.5 ng/ml and 7.7 ng/ml for the lipHsp70 ELISA and 2.0 ng/ml and 3.1 ng/ml for 

the control ELISA, respectively (Figure 10A). For both ELISAs, no correlation was 

found between the basal Hsp70 serum levels and the age of the donors (Figure 10B). 

 

Figure 10: Hsp70 serum levels in healthy human volu nteers determined with the lipHsp70 and 
control Hsp70 ELISA. (A) Serum samples were taken from 114 healthy human volunteers and Hsp70 
levels were determined comparatively with the lipHsp70 and the control Hsp70 ELISA (ctrl ELISA). 
The lipHsp70 ELISA detected significantly higher Hsp70 concentrations (6.4 ± 2.7 ng/ml) in the serum 
than the ctrl ELISA (2.8 ± 1.3 ng/ml). Lines inside the box plots show the median value, upper/lower 
boundaries indicate the 25th and the 75th percentile, whiskers indicate the 10th and the 90th 
percentile, respectively. ***p<0.001 (B) The Hsp70 serum levels determined with the lipHsp70 (left) 
and the control ELISA (right) showed no correlation with the age of the donors. (Breuninger et al., 
2015). 
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3.1.4 Comparison of Serum and Plasma 

Both serum and plasma are routinely used in the analysis of blood samples. 

However, protein levels may differ depending on whether they were measured in 

serum or plasma, which can be collected in various anticoagulants. Anticoagulants as 

well as activation processes during clot formation could influence the protein pattern. 

 

Figure 11: Comparison of the detection of Hsp70 in serum and plasma.  Plasma (dark grey) and 
serum (light grey bars) were taken in parallel from four healthy donors with different basal Hsp70 
serum levels. No significant differences could be detected between the Hsp70 values derived from 
plasma and serum (Breuninger et al., 2015). 

 

To test whether the lipHsp70 ELISA is suitable for measuring Hsp70 levels in both 

sample types, samples were taken in parallel from four healthy donors. For this 

experiment, donors with different basal levels of Hsp70 were chosen. For all four 

donors, the Hsp70 levels in plasma did not differ significantly from those in the 

corresponding serum samples (Figure 11). These data indicate that both serum and 

plasma can be used to measure Hsp70 levels with the lipHsp70 ELISA. 

3.1.5 Influence of Interference Factors 

Different factors in the donor’s lifestyle or in the sample preparation process could 

have an impact on the measurement of Hsp70 in serum. The robustness of the 

lipHsp70 ELISA towards such interference factors was determined by testing the 
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influence of food intake of the donor, repeated freezing and thawing of the serum 

sample and hemolysis. 

 

Figure 12: Influence of interference factors on the  detection of Hsp70 in serum using the 
lipHsp70 ELISA. (A) Serum samples of seven healthy individuals were taken before (dark grey bar) 
and two hours after intake of a high-fat diet (light grey bar). Hsp70 serum levels were determined 
using the lipHsp70 ELISA. No significant differences in the Hsp70 serum values were detected before 
and after food intake. (B) Serum samples were subjected to three repeated cycles of freezing and 
thawing and Hsp70 levels were determined after each cycle. No significant differences in the Hsp70 
values were detected after repeated freezing and thawing using the lipHsp70 ELISA. (C) Serum 
samples were spiked with increasing amounts of lysed, autologous erythrocytes and Hsp70 levels 
were determined using the lipHsp70 ELISA (n=3). Up to a hemoglobin concentration of 9.6 mg/dl in 
the serum the Hsp70 values remained unaffected; higher serum hemoglobin concentrations resulted in 
a significant increase in the Hsp70 values. **p<0.01, ***p<0.001 (t‑test) (Breuninger et al., 2015). 

 

Serum samples from seven healthy individuals were taken before and two hours after 

intake of a high-fat diet. Some of the samples showed a visible increase in turbidity 

after the food intake. However, Hsp70 serum levels in all donors did not differ 

significantly before and after food intake (Figure 12A). 
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Serum samples from four healthy individuals with different basal levels of Hsp70 

were subjected to three cycles of freezing and thawing and Hsp70 levels were 

determined after each cycle. No significant changes were detected (Figure 12B). 

Even after ten cycles, the measured Hsp70 values did not change significantly. 

To test the influence of free hemoglobin on the ELISA measurements, serum derived 

from three healthy individuals was spiked with increasing amounts of lysed 

erythrocytes. The hemoglobin content of the samples was analyzed and plotted 

against the measured Hsp70 values. Free hemoglobin at a concentration of up to 

9.6 mg/dl did not significantly change the measured Hsp70 values. In contrast, 

hemoglobin concentrations above 9.6 mg/dl resulted in a non-specific increase of the 

Hsp70 values (Figure 12C). 

3.1.6 Detection of Lipid-Bound Hsp70 

As a major proportion of Hsp70 is released in lipid vesicles, the ability of both ELISAs 

to detect lipid-bound protein was analyzed. For that purpose, artificial POPS/POPC 

lipid vesicles were produced and loaded with recombinant Hsp70. 

To monitor the success of vesicle formation, samples were analyzed with a Zetasizer. 

Analysis of the sample before homogenization shows an 85% majority of vesicles 

with a diameter of approximately 590 ± 40 nm. After processing with the Mini 

Extruder, 87% of vesicles had a diameter of around 150 nm with a standard deviation 

of 50 nm, making them comparable to natural vesicles like exosomes (Figure 13A). 

The amount of lipid-associated Hsp70 that was determined with the lipHsp70 ELISA 

showed an excellent correlation with the Hsp70 concentration that was determined by 

Western blotting. However, a comparison of the levels of liposomal Hsp70 

determined with the lipHsp70 ELISA and the control ELISA revealed large 

differences. The recovery of liposomal Hsp70 using the lipHsp70 ELISA was 76±5%, 

whereas that of the control ELISA was only 7±1% (Figure 13B). 
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Figure 13: Production and recovery of lipid vesicle s loaded with Hsp70 (A) Artificial POPS/POPC 
lipid vesicles were produced and analyzed with a Zetasizer Before homogenization, an 85% majority 
of vesicles had a diameter of approximately 590 ± 40 nm (left panel). After homogenization, 87% of 
vesicles had a diameter of approximately 150 ± 40 nm (right panel), making them comparable to 
natural vesicles. (B) Recovery of lipid-bound Hsp70 using the lipHsp70 ELISA and the control Hsp70 
ELISA. According to quantitative Western blot analysis the lipid vesicles were loaded with 2,100 ng/ml 
Hsp70. The lipHsp70 ELISA recovered 1,610 ± 292 ng/ml (left panel) and thus revealed a significantly 
better recovery (76 ± 5%, right panel) compared to the control ELISA (155 ± 36 ng/ml, left panel; 
7 ± 1%, right panel). The data show the mean of n=3 tests. Black bars: lipHsp70 ELISA, white bars: 
control ELISA.***p<0.001 (t‑test) (Breuninger et al., 2015). 

 

3.1.7 Hsp70 Serum Levels in Patients with Different  Tumor Entities 

After optimizing and testing the performance of the lipHsp70 ELISA under various 

conditions, it was finally used to analyze serum samples from patients with different 

tumor entities. Hsp70 levels were determined in the serum of patients with head and 

neck cancer (n=23), lung cancer (n=22), colorectal cancer (n=44), pancreatic cancer 

(n=46), glioblastoma (n=30) or hematological malignancies (n=32) and compared to 
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the basal levels in healthy donors. The mean Hsp70 serum levels in patients of all 

tumor entity groups were significantly higher than those of the healthy donors (Figure 

14A). 

Receiver operating characteristic (ROC) curve analysis was performed by comparing 

serum Hsp70 levels of healthy donors with those of the different patient cohorts 

(Figure 14B). The curve is derived from plotting the true positive rate against the false 

positive rate (or sensitivity against 1-specificity) at various threshold settings. It 

indicates the performance of a binary classifier system, in this case the presence or 

absence of cancer. An area under the curve (AUC) of 0.5 indicates a random 

process. The more the AUC approaches 1, the more reliable is the classification of 

samples into the positive or negative group. The area under the curve (AUC; CI 95%) 

and sensitivity for a cut-off value of 7.7 ng/ml (derived from the 75th percentile of the 

healthy donors) is summarized in Table 4. The specificity was 75% for all patient 

groups. 
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Figure 14: Hsp70 serum levels in patients with diff erent tumor entities compared to healthy 
controls. (A) Serum samples were taken from healthy human volunteers (n=114) and patients with 
squamous carcinomas of the head and neck (n=23), lung cancer (n=22), colorectal cancer (n=44), 
pancreatic cancer (n=46), glioblastoma (n=30) or haematological malignancies (n=32). Patient 
characteristics are summarized in Table 4. Significantly higher Hsp70 levels were found in all tumor 
patient cohorts compared to the healthy controls. Lines inside the box plots show the median value, 
upper and lower boundaries indicate the 25th and the 75th percentile, whiskers indicate the 10th and 
the 90th percentile, respectively. *p<0.05, ***p<0.001 (Mann-Whitney Rank Sum Test). (B) ROC curve 
analysis was performed on the data shown in (A). AUC, sensitivity and specificity data are 
summarized in Table 4 (Breuninger et al., 2015). 
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Table 4: Age, gender and Hsp70 levels of healthy do nors and patients. AUC: Area Under the Curve, M: Male, F: Female, CI: Confidence Interval, 
ROC: Receiver Operating Characteristic, SD: Standard Deviation, (Breuninger et al., 2015). 

  Healthy 

Donors  

Head & Neck 

Cancer  

Lung Cancer  Colorectal 

Carcinoma  

Pancreatic 

Cancer  

Glioblastoma  Hematological 

Malignancies  

Number (n)   114 23 22 44 46 30 32 

Gender (M/F)   67/47 21/2 16/6 26/18 26/20 14/16 25/7 

Age  Mean 42.9 62.5 66.1 64.2 69.8 56.2 41.7 

Range 20-74 36-83 48-88 29-81 44-90 25-77 19-64 

SD 14.6 12.2 10.3 13.0 40.6 14.1 12.2 

Median 41.5 61.0 66.5 67.5 73.0 59.0 42.0 

lipHsp70 ELISA  Mean Hsp70 (ng/ml) 6.4 12.4 16.8 11.0 14.8 67.6 11.1 

SD 2.7 6.1 16.2 5.2 7.3 37.5 9.0 

ROC AUC (CI 95%) - 0.80 0.78 0.81 0.86 0.92 0.62 

p-value - <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.03 

Sensitivity (%) - 78 73 70 85 90 41 

Specificity (%) - 75 75 75 75 75 75 
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3.2 Circulating Tumor Cells 

Circulating tumor cells (CTCs) are an important biomarker for prognosis and therapy 

response of cancer patients. Hsp70 has been found on the membrane of a wide 

variety of tumor entities (Hantschel et al., 2000; Pfister et al., 2007) and is known to 

be upregulated in metastases (Farkas et al., 2003), which makes it a promising 

target. The aim of this project was therefore to establish a detection/isolation system 

for circulating tumor cells based on the cmHsp70.1 antibody. 

3.2.1 Tumor Cell Capture with Magnetic Beads 

3.2.1.1 Selection of a Bead System 

Magnetic bead systems are widely used for the isolation or separation of proteins and 

cells from body fluids and primary cell material. A variety of bead systems with 

different capture principles can be purchased from many different companies. To find 

a system suitable for CTC isolation, four different types of magnetic beads were 

tested. 

In the first setup, the mouse antibody cmHsp70.1, which binds to Hsp70 on the 

membrane of tumor cells, is captured by beads coupled to a sheep-anti-mouse IgG 

secondary antibody. The system supports a direct or an indirect approach. In the 

direct approach, cmHsp70.1 is first bound to the secondary antibody on the beads 

and then added to the cells. In the indirect approach, cmHsp70.1 is first incubated 

with the cells, before the beads are added. The mixture is then separated in a 

DynaMag magnet (Figure 15A). 

Anti-FITC beads are coupled to an anti-FITC antibody and can be used to capture a 

FITC-conjugated cmHsp70.1. The separation is carried out in columns that are 

attached to a magnet and captured cells are later eluted from the column (Figure 

15B). 

In the Dynabeads FlowComp Flexi system, cmHsp70.1 is labeled with biotin, added 

to cells and captured with streptavidin-coated beads. The DynaMag magnet is then 
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biotin competition (Figure 15C). 
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fluorescence microscope. A green signal indicated capture of the protein by the 

antibody on the beads and therefore a successful coupling process. 

3.2.1.2 Tumor Cell Capture with Beads from Buffer a nd Blood 

To establish the capturing of tumor cells with beads, first experiments were carried 

out in buffer. Different tumor cell lines were used in the experiments. To test the 

specificity of the system, a tumor cell line with a high Hsp70 membrane expression 

was compared to a tumor cell line with a low Hsp70 membrane expression. For that 

purpose, the human mammary carcinoma cell lines SK-BR-3 and T47D were chosen. 

Around 90-95% of SK-BR-3 cells are positive for Hsp70, while only around 30-40% of 

T47D are Hsp70 positive, as determined by flow cytometry (Figure 18). In addition, 

SK-BR-3 are widely used as a model cell line for CTC detection/isolation systems. 

The cells were incubated with magnetic beads for 1 h at 37°C with rotation and 

separated in a DynaMag magnet. Cells that were captured on the beads as well as 

cells left in the supernatant were then counted. For the Hsp70-positive cell line 

SK-BR-3, 80±11% of the cells could be captured with the beads, while only 38±13% 

of T47D could be isolated (Figure 16A). These numbers are in good agreement with 

the Hsp70 status of the cells. The results of these experiments show that isolation of 

tumor cells based on their Hsp70 membrane expression is possible. 

 

Figure 16: Recovery of tumor cells from buffer and a mixture with blood. Two breast cancer cell 
lines were chosen for the recovery experiments with the MyOne Tosylactivated bead system: SK-BR-3 
with a high surface expression of Hsp70 and T47D with a low surface expression of Hsp70. (A) Tumor 
cells were spiked into buffer and incubated with the beads for 1 h at 37°C. The percentage of 
recovered cells was in good agreement with the Hsp70 status of the cells, as determined by flow 
cytometry, with 80±11% of SK-BR-3 and 38±13% of T47D being recovered. (B) Tumor cells were 
spiked into blood from healthy donors and preselected with Ficoll. After a recovery step, they were 
incubated with the beads for 1 h at 37°C. Recovery was very similar to the results in buffer, with 
83±5% for SK-BR-3 and 34±7% for T47D. 
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The next step was to isolate tumor cells from a mixture with blood. For that purpose, 

tumor cells were spiked into blood from healthy human volunteers. To minimize the 

interference of blood components with the cell capture, different approaches were 

tested. 

In the first approach, the mixture of tumor cells and blood was subjected to 

erythrocyte lysis prior to cell capture with the beads. When the cells were analyzed 

afterwards, only a small proportion of tumor cells could be found in the bead fraction, 

which was highly contaminated with blood cells. Flow cytometry analysis of whole 

blood revealed that lymphocytes, which are normally negative for Hsp70 staining, 

showed up to 30% positivity when they were exposed to lysis buffer prior to antibody 

staining (Figure 17). This led to the conclusion that erythrocyte lysis damaged the 

lymphocytes to an extent that they started to unspecifically bind Hsp70 antibody. The 

same effect could have resulted in unspecific binding to the antibody-coupled beads, 

which were thus blocked, leading to a reduced capacity to bind tumor cells. The 

binding of tumor cells to the beads itself was not impaired by the lysis buffer, as 

tested in the absence of blood cells (data not shown). 

  

Figure 17: Lymphocyte damage after erythrocyte lysi s. Lymphocytes, which are normally negative 
for surface Hsp70 (left panel), showed up to 30% positivity after exposure to lysis buffer. This 
unspecific binding could also lead to blocking of the magnetic beads during tumor cell capture. 

 

In the second approach, the mixture of tumor cells and blood was preselected with 

Ficoll. Previous experiments had shown that tumor cells are enriched in the same 

density layer as PMBCs (see 2.2.1.4). To reduce the risk for unspecific binding, the 

cells were allowed to recover in FACS buffer for 1 h after the isolation procedure. 

After that, beads were added to the cells and the separation was carried out as 
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described above. Similar to the results in buffer, 83±5% of SK-BR-3 cells could be 

recovered with the beads while only around 34±7% of T47D cells were captured 

(Figure 16B). 

3.2.2 Tumor Cell Capture with the GILUPI CellCollec tor ® 

The main disadvantage of most existing isolation methods for circulating tumor cells, 

including magnetic bead separation, is the restricted blood volume. The medical 

device company GILUPI therefore developed a functionalized structured medical wire 

for the direct isolation of cells from the blood stream (Saucedo-Zeni et al., 2012). The 

aim of this collaboration with GILUPI was to establish the cmHsp70.1-coupled 

version of their CellCollector® for the isolation of tumor cells. 

3.2.2.1 Screening and Selection of Cell Lines 

For the development of the Hsp70-based CellCollector® isolation system, a 

membrane Hsp70-high and a membrane Hsp70-low tumor cell line was needed, as 

described in 3.2.1.2. However, the final objective of this project is to study the 

performance of the Hsp70 detector in comparison with the preexisting EpCAM 

detector. For this, three cell lines with specific characteristics are required. One cell 

line needs to have a high Hsp70 expression and a low EpCAM expression, so it can 

be captured with the Hsp70 collector but not with the EpCAM collector. A second cell 

line needs to have the opposite properties, and finally a cell line with a similarly high 

expression of both markers needs to be chosen. Therefore, a large number of tumor 

cell lines were screened for their Hsp70 and EpCAM expression. Hsp70 and EpCAM 

status are summarized in Figure 18. From these, three cell lines with the appropriate 

marker composition were chosen: SK-BR-3 with a high membrane expression of both 

markers, T47D with a low Hsp70 and a high EpCAM expression and the glioblastoma 

cell line U-87 with a high Hsp70 and no EpCAM expression. 



 

Figure 18: Screening and selection of tumor cell lines for 
from various different cancer entities were screened 
using flow cytometry. Grey histograms represent isotype control, white histograms (solid line) Hsp70 
staining and white histograms (dashed line) EpCAM staining. The numbers in the histograms indicate 
the proportion of cells stained positive for Hsp70 (top) and EpCAM (bottom). SK
were chosen for further experiments.

72 

Screening and selection of tumor cell lines for CellCollector ® experiments. 
from various different cancer entities were screened for their Hsp70 and EpCAM surface expression 
using flow cytometry. Grey histograms represent isotype control, white histograms (solid line) Hsp70 
staining and white histograms (dashed line) EpCAM staining. The numbers in the histograms indicate 

ion of cells stained positive for Hsp70 (top) and EpCAM (bottom). SK-BR
were chosen for further experiments. 
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3.2.2.2 CFSE Staining vs. PKH26 Red Staining 

For first in vitro test experiments, tumor cell lines had to be prestained prior to 

isolation with the detector. Thus, the detectors could be analyzed directly after the 

capturing procedure without further need for fluorescence staining based on 

molecular markers. 

Two different dyes were tested for the prestaining: CFSE, which is an intracellular 

dye, and PKH26 Red, which integrates into the plasma membrane of the cell. One 

limiting factor of fluorescence dyes is photobleaching, since the collectors need to be 

exposed over a certain time period to count and document captured cells. SK-BR-3 

cells were stained with CFSE or PKH26 Red and photos were taken every 30 s over 

several minutes. As shown in Figure 19A, PKH26 Red staining was very stable while 

the CFSE signal faded more rapidly. However, when PKH26 Red-stained SK-BR-3 

cells were stained with the FITC-conjugated cmHsp70.1 and analyzed with flow 

cytometry, the Hsp70 signal was dramatically reduced from 91% for unstained cells 

to 51% (Figure 19B). Similarly, the capability of cmHsp70.1-coated Dynabeads to 

recover the prestained cells was reduced to 45%. In contrast, the results for capturing 

CFSE-stained cells with Dynabeads were similar to those of unstained cells. As the 

integration of the PKH26 Red dye into the membrane might interfere with the binding 

of the antibody to membrane Hsp70, PKH26 Red was replaced with CFSE for further 

experiments. 
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Figure 19: Comparison of CFSE staining and PKH26 Re d Staining. (A) SK-BR-3 cells were 
stained with CFSE or PKH26 Red and analyzed with a fluorescence microscope. Photos were taken 
every 30 seconds. CFSE-stained cells showed rapid bleaching (green, upper row), while the PKH26 
Red dye was far more stable (orange, lower row). Scale bar 100 μm. (B) SK-BR-3 cell were stained 
with PKH26 Red prior to staining with cmHsp70.1 and analyzed with flow cytometry. PKH26 Red 
Staining reduced the proportion of cells stained positive for Hsp70 from 91% (left panel) to 51% (right 
panel). As PKH26 Red integrates into the membrane, it likely interferes with antibody binding to 
membrane proteins. Grey histograms represent isotype control, white histograms represent Hsp70 
staining. 

 

In order to reduce the risk of artifacts caused by damaged or dying cells captured on 

the collector, the influence of CFSE staining on the viability of cells was tested. For 

that, SK-BR-3, T47D and U-87 cells were stained with CFSE and monitored for 

several hours. After 0, 60, 120 and 240 min samples were taken and cells were 

counted and analyzed with trypan blue. Even after 4 h the number of viable cells was 

not significantly decreased. Photobleaching effects described above could be 

reduced by microscope settings and fixation of the cells. 
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3.2.2.3 Test Run with CFSE-Stained Cells 

The first collector experiment was performed on the first generation of wires. These 

are stainless steel wires with a gold coating that covers 2 cm of the tip. The gold layer 

is covered with a hydrogel that contains functional groups for the coupling with 

antibodies. 

 

Figure 20: Comparison of the performance of the EpC AM CellCollector ® and the Hsp70 
CellCollector ®. SK-BR-3 cells were stained with CFSE (green) and incubated with an EpCAM (upper 
row) or Hsp70 (lower row) detector. Captured cells were analyzed with a fluorescence microscope. A 
similar number of cells could be captured on both detectors. Scale bar 100 μm. 

 

SK-BR-3 cells, which have a similarly high expression of Hsp70 and EpCAM, were 

prestained with CFSE. The cells were counted and tested for vitality and successful 

staining before they were approved for the experiment. One Hsp70 and one EpCAM 

detector were incubated with the cells for 30 min on a tilting shaker. The wire was 

washed and then analyzed with fluorescence microscopy. For that, the wire was 

placed in a petri dish with PBS and captured cells on the functional part were 

counted based on morphology and green staining. After counting of one side of the 

wire, it was turned by 180° and the second side was analyzed as well. As shown in 

Figure 20, cells could be collected with both the Hsp70 and the EpCAM detector. 
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Counting of the cells led to similar results on both wires. 147 cells were detected on 

the Hsp70 collector, while 154 cells were detected on the EpCAM wire. The cells 

looked intact and had normal morphological features. 

3.2.2.4 Transfer of Captured Cells into Cell Cultur e 

Circulating tumor cells are very rare. To be able to analyze these cells for their 

molecular characteristics, expansion of the cells in culture would be useful. 

Therefore, the possibility to transfer cells from the cell collector into cell culture was 

tested. The cells were prepared under sterile conditions. This time, a mixture of 

SK-BR-3 cells with blood from healthy human volunteers was tested. After incubation 

with the cells and washing, the functional parts of the EpCAM and the Hsp70 detector 

were cut from the wire and placed in cell culture flasks. After a few days, adherent 

cells started to grow in the culture flasks. The cells were expanded and finally tested 

for Hsp70 and EpCAM expression with flow cytometry. As shown in Figure 21, the 

expression pattern of the cells derived from the Hsp70 and the EpCAM collector was 

identical with that of fresh SK-BR-3 cells. 

 

Figure 21: Transfer of captured cells into cell cul ture. SK-BR-3 cells were captured from a mixture 
of the tumor cell line with blood. The functional part of the wire was cut from the detector and 
transferred to a cell culture flask. Cells that became adherent in the flask were expanded and finally 
analyzed with flow cytometry. Cells captured with the EpCAM wire (middle panel) and the Hsp70 wire 
(right panel) showed staining for Hsp70 and EpCAM comparable to that of fresh SK-BR-3 cells. Grey 
histograms represent isotype control, white histograms (solid line) Hsp70 staining and white 
histograms (dashed line) EpCAM staining. The numbers in the histograms indicate the proportion of 
cells stained positive for Hsp70 (top) and EpCAM (bottom). 
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Pre-staining of tumor cells with CFSE is a very useful tool for first proof-of-principle 

experiments. However, the final goal is the capture and analysis of circulating tumor 

cells from patient blood. As these cells are of course unstained when they are 

captured, the staining has to be performed on the wire. Cytokeratins (CK) are present 

in most tumor cells, if they are derived from epithelial tumors, although different 

tumors can express different cytokeratins. An antibody cocktail that is directed 

against multiple different cytokeratins is therefore most suitable for the equal 

detection of different cell lines. CK staining was established on the same cell lines 

that were chosen previously. 

Cells were grown in 8 well chamber slides and stained on the second day after 

seeding. After fixation with acetone, the cells were blocked with BSA and stained with 

a green-labeled CK antibody cocktail and Hoechst 33342 for the cell nucleus. Figure 

22A shows a strong and even CK staining of SK-BR-3 and T47D cell. As U-87 is a 

glioblastoma cell line without epithelial origin, these cells cannot be stained with CK 

antibodies. 

Although the CK staining in chamber slides was successful, it does not accurately 

reflect the conditions on the wire, where the cells are not adherent like in cell culture 

but in suspension. The suspension cells are then immobilized on a surface, in this 

case the detector. To mimic these conditions, cells were immobilized on a poly-lysin-

coated slide. Poly-lysin enhances the electrostatic interactions between cell 

membranes and surfaces. After attachment to the slide, the cells were fixed, blocked 

and stained with the CK antibody cocktail and Hoechst 33342. Finally, the slides 

were analyzed with fluorescence microscopy. SK-BR-3 and T47D showed a strong 

staining, comparable to the staining in chamber slides (Figure 22B). The size, 

morphology and staining of these immobilized cells could then serve as a reference 

for the expected appearance of cells captured with the detector. 
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Figure 22: Optimization of the cytokeratin (CK) sta ining. (A) SK-BR-3, T47D and U-87 cells were 
grown in chamber slides, fixed and stained with a green-labeled CK antibody cocktail and Hoechst 
33342 (blue) for the cell nucleus. SK-BR-3 and T47D cells showed a strong and even CK staining 
(upper and middle row). Being a glioblastoma cell line, U 87 is negative for cytokeratins (lower row). 
(B) To accurately reflect the conditions for cells stained on the wire, SK-BR-3 and T47D cells were 
immobilized on poly-lysin-coated slides, fixed and stained as described above. The size, morphology 
and staining of these cells was then used as a reference for the cells captured on the CellCollector®. 
Scale bar 100 μm. 
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3.2.2.5 Capture of Membrane Hsp70-high and Membrane  Hsp70-low Tumor 

Cells with the Hsp70 CellCollector ® 

After suitable cell lines were selected and the CK staining was established, the next 

step was to compare the performance of the Hsp70 CellCollector® on the membrane 

Hsp70-high and Hsp70-low cell lines. These experiments were performed on the new 

generation of collectors. Their functional part is 4 cm long and the gold coating is 

replaced by a special alginate coating. To further increase the functional surface, the 

tip consists of three intertwined wires instead of one. While cell capture in earlier 

experiments was performed on a tilting shaker, the incubation was now carried out in 

a rotator. This prevents cells from settling on the detector solely due to gravity. 

SK-BR-3 and T47D cells were incubated with the Hsp70 collectors for 30 min, fixed 

and stained according to the CK protocol. For each cell line, six detectors were used. 

The experiments were carried out on two consecutive days to ensure short storage 

times prior to the microscopic analysis. To avoid bias based on the different days, 

half of the wires for each cell line were used on each day. The detectors were 

analyzed directly after staining by counting the captured cells on each wire. Because 

of the unique properties of the intertwined wires, counting on four sides of the device 

(90° rotation) resulted in double counting of many of the cells. It was therefore 

decided to count only two sides of the wires, with a 180° rotation of the device. 

Fluorescent events were identified as cells based on their size, morphology and a 

coinciding signal in the blue (nucleus) and green (cytokeratin) channel. 

Representative images were taken for both cell lines (Figure 23 and Figure 24). It 

was noticeable that many of the cells did not display the clear image that was 

expected from the test staining on poly-lysin slides. In several cases, the whole cell 

body was evenly stained in blue and green. Other cells appeared to have leaked their 

contents to the surrounding, resulting in a faint signal in the proximity of the cells. 

However, many of the cells showed the expected pattern with a distinct staining of 

nucleus and cytoplasm, especially on the T47D collectors. 
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Figure 23: Capture of membrane Hsp70-high SK-BR -3 with the Hsp70 CellCollector ®. SK-BR-3 
cells were incubated with the Hsp70 CellCollector® for 30 min, fixed and stained with cytokeratin 
antibodies (green) and Hoechst 33342 (blue). This figure shows representative images taken while 
counting the captured cells on the wire. It is noticeable that some cells seem to be damaged and have 
leaked their contents into the surrounding, indicating the staining procedure might have to be further 
optimized. Scale bar 25 μm. 
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Figure 24: Capture of membrane Hsp70-low T47D with the Hsp70 CellCollector ®. T47D cells 
were incubated with the Hsp70 CellCollector® for 30 min, fixed and stained with cytokeratin antibodies 
(green) and Hoechst 33342 (blue). This figure shows representative images taken while counting the 
captured cells on the wire. The T47D cells show a much more intact morphology compared to the 
SK-BR-3 cells, indicating they might be more resistant to the staining procedure. Scale bar 25 μm. 
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Counting of the captured cells resulted in a mean cell number of 117 cells on the 

SK-BR-3 collectors and 87 cells on the T47D collectors (Figure 25). This means that, 

as expected, more cells are captured in the case of a highly Hsp70-positive cell line 

than for a cell line with low Hsp70 expression, although the data set was not 

significant. An increase in n numbers and optimization of the fixation process should 

improve the result. 

 

Figure 25: Comparison of high- and low-expressing t umor cells captured with the Hsp70 
CellCollector ®. Six detectors each were incubated with the Hsp70-high SK-BR-3 cells and Hsp70-low 
T47D cells, respectively. After fixation and staining of the cells, the detectors were analyzed with a 
fluorescence microscope. Cells were counted on one side of the wire, which was then turned by 180° 
and cells were counted on the other side. With a mean of 117 captured cells, the recovery of SK-BR-3 
cells was higher than that of the T47D cells with a mean of 87 captured cells. Most likely due to the 
small sample number, the result was not significant. (Solid Line: Mean of six experiments.) 
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4 Discussion 

4.1 Development of the lipHsp70 ELISA 

Blood-borne biomarkers have been a useful tool in the detection and monitoring of 

diseases for many years. Similarly, they have shown growing potential for the 

detection of tumors, monitoring of tumor growth and assessing the outcome of 

antitumor therapies (Alvarez-Chaver et al., 2014; Hirales Casillas et al., 2014; Madu 

& Lu, 2010). However, many tumor markers have been criticized for their lack of 

specificity and selectivity, and the need for a universal and specific tumor biomarker 

is still unmet (Grunnet & Sorensen, 2012; Hayes & Barry, 2014; Loeb, 2014). 

Although heat shock (stress) proteins are commonly considered as being intracellular 

molecules, elevated levels of Hsp70 have been detected in the supernatants of 

cultured tumor cells (De Maio, 2011) and also in the peripheral circulation of patients 

with cancer (Pockley et al., 2014). Levels of circulating heat shock proteins, including 

Hsp70, might therefore serve as useful biomarkers for disease in a number of clinical 

settings. 

Extracellular Hsp70 exists in two different versions. It can be a free protein or a 

protein that is bound to lipid vesicles such as exosomes (Gastpar et al., 2005) and 

lysosomal endosomes (Mambula & Calderwood, 2006). Other groups, including ours, 

have shown an interaction of Hsp70 with cholesterol-rich microdomains (Broquet et 

al., 2003; M. Gehrmann, Liebisch, et al., 2008). The minor part of extracellular Hsp70 

is free Hsp70, which is mostly derived from dying cells. Certain combined treatment 

modalities such as radiation plus hyperthermia have been shown to increase the 

release of free Hsp70 by dying cells (Schildkopf et al., 2011). The major proportion of 

extracellular Hsp70, which is derived from living, metabolically active tumor cells, is 

bound to small lipid vesicles such as exosomes, which are actively released by a 

large variety of human tumor cell types (Gastpar et al., 2005; Vega et al., 2008). 

Lipid-bound, exosomal Hsp70 could therefore serve as an interesting novel 

biomarker, which might better reflect the presence and size of viable tumor masses in 

patients and their response to treatment. However, most commercially available 

Hsp70 ELISA systems are optimized and validated for the analysis of free Hsp70 

protein in aqueous buffer systems. It is therefore not surprising that different “in-
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house” and commercially available Hsp70 assays have reported different Hsp70 

levels in blood samples (Fredly et al., 2012; Lebherz-Eichinger et al., 2012; Lee et al., 

2015; Lichtenauer et al., 2014; Njemini et al., 2005; Pockley et al., 1998). A 

prerequisite for measuring the absolute levels of Hsp70 in patient blood is therefore 

an assay that reliably quantitatively detects both free and liposomal Hsp70. 

Our group has previously reported on the development and validation of a mouse 

monoclonal antibody (cmHsp70.1), which is able to bind to a form of Hsp70 that is 

located in the plasma membrane of viable tumor cells (Stangl et al., 2011), but also 

detects free Hsp70 in Western blots. Thus, this antibody is an ideal tool for the 

detection of both liposomal and free Hsp70. The cmHsp70.1 antibody therefore 

provided the basis for the development of the novel lipHsp70 ELISA in this project. 

Single-chain variable fragments (scFv) have been reported to be promising agents in 

therapeutics and diagnostics. Their main advantage is their easy and fast production 

and optimization via phage display. They contain the complete antigen binding site of 

an antibody, including the variable heavy and light domains (Weisser & Hall, 2009). 

However, different ELISA setups with a combination of the anti-Hsp70 single-chain 

fragments and the cmHsp70.1 antibody could not detect Hsp70 at concentrations 

below 10 ng/ml. A possible explanation is that the scFvs are relatively small in 

comparison to full-length antibodies. This might lead to an increased blocking of the 

antigen binding site when they are absorbed to an ELISA plate, thus hindering the 

specific detection of the antigen. 

Milk powder proved to be the blocking agent resulting in the lowest background. This 

is most likely due to the fact that it contains a mixture of large and small proteins that 

are able to block gaps of different sizes in the ELISA well. Dilution of the sample in 

CrossDown buffer reduced the matrix effects that are often observed with serum 

samples. The final, optimized lipHsp70 ELISA was set up using a polyclonal coating 

antibody, a biotinylated cmHsp70.1 as detection tool and streptavidin-HRP for signal 

enhancement. 
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4.2 Performance of the lipHsp70 ELISA 

The novel lipHsp70 ELISA was tested and validated for a variety of circumstances. It 

allows for the quantification of Hsp70 in both serum and plasma at equal levels. 

These results are in contrast to Lee et al., who found lower Hsp70 levels in serum 

than plasma when comparing two commercial ELISA kits (Lee et al., 2015). The 

lipHsp70 ELISA might therefore also be less susceptible to matrix effects that are 

often caused by serum components. The validation experiments (summarized in 

Table 3) indicate a high assay precision and linearity in the relevant concentration 

range. Hsp70 levels in all measured samples were well above the limit of detection. 

The recovery of spiked Hsp70 in buffer and serum samples was significantly higher 

with the lipHsp70 ELISA compared to that of the commercially available ELISA test. 

The most prominent differences in the recovery of Hsp70 were detected with respect 

to liposomal Hsp70 from artificial exosomes, in that the lipHsp70 ELISA recovered 

tenfold more of the liposomal Hsp70 than the commercial ELISA. An explanation for 

this observation is the capacity of the monoclonal antibody cmHsp70.1 to recognize 

the lipid-associated form of Hsp70 as outlined schematically in Figure 26. 

 

Figure 26: Lipid-association of Hsp70 in exosomes a nd in the plasma membrane of living 
tumor cells. (A) An incomplete solubilization of lipid vesicles such as exosomes with detergents used 
in ELISA tests can lead to Hsp70-lipid complexes. Lipid-bound Hsp70 that exerts a different 
conformation can only be detected by the cmHsp70.1 antibody but not by other Hsp70-specific 
antibodies. (B) The cmHsp70.1 antibody detects Hsp70 on the plasma membrane of living tumor cells. 
This lipid-bound conformation of Hsp70 in the plasma membrane is similar to that of lipid-bound Hsp70 
in exosomes. Therefore, the recovery of lipid-bound Hsp70 with the lipHsp70 ELISA is better than with 
the control ELISA (Breuninger et al., 2015). 

Membrane-bound Hsp70 is often located in detergent-resistant microdomains or lipid 

rafts (Brown & London, 2000; Vega et al., 2008). As most commercially available 

sample dilution buffers for ELISAs contain non-ionic detergents to dissolve lipid 

vesicles, it is likely that a proportion of serum Hsp70 remains associated with lipids 

after treatment (Figure 26A). The continued association of Hsp70 with lipid 

components could inhibit the binding of Hsp70-specific antibodies that are used in 
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commercial kits or influence the conformation of Hsp70 such that binding of the 

antibody does not occur. In contrast, the documented ability of the cmHsp70.1 

antibody to detect the membrane-bound conformation of Hsp70 on viable tumor cells 

(Figure 26B) suggests that it can also recognize lipid-associated Hsp70 from 

exosomes. Since a major proportion of serum-derived Hsp70 is bound to lipid 

vesicles, the lipHsp70 ELISA is more appropriate for the measurement of circulating 

Hsp70 derived from viable tumor cells. 

4.3 Hsp70 Levels in Healthy Donors and Cancer Patie nts 

In a final step, the novel lipHsp70 ELISA was evaluated as a tool for the detection 

and quantification of Hsp70 as a biomarker in the blood of cancer patients. First, the 

normal serum Hsp70 levels in the blood of healthy donors were determined and 

tested with respect to different interference factors. The basal levels of Hsp70 in the 

serum of 114 healthy human donors were found to be significantly higher when 

measured with the lipHsp70 ELISA compared to the commercial R&D ELISA, as well 

as two other commercially available ELISA kits that were tested by Lee et al. (Lee et 

al., 2015). These results are most likely due to the fact that hematopoietic cells (such 

as B cells and T cells), dendritic cells, Schwann cells, neuronal cells, adipocytes and 

fibroblasts are able to release exosomes that contain low amounts of Hsp70 in their 

lumen (Record et al., 2011). 

Hsp70 levels did not change with the age of the donors. The results obtained with the 

lipHsp70 ELISA remained unaffected by food intake of the blood donor, thereby 

facilitating the use of this assay in a clinical setting, where examination and treatment 

of patients occur throughout the whole day. Similarly, repeated freezing and thawing 

of the serum samples up to ten times did not influence the results of the assay, which 

allows for storage and reuse of the samples. The lipHsp70 ELISA also tolerated 

moderate hemolysis up to a hemoglobin concentration of 9.6 mg/dl. Concentrations 

above this level resulted in a non-specific increase of the measured Hsp70 values. 

This means that macroscopically visibly red sera should be treated with caution.  

Finally, the novel lipHsp70 ELISA was used to analyze the serum Hsp70 levels of 

patients with six different tumor entities, including head and neck, lung, colorectal, 

pancreatic cancer, glioblastoma and hematological malignancies. Significantly higher 

Hsp70 levels were detected in the serum of those patients compared to healthy 
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controls. This is in agreement with the fact that tumor cells exhibit higher cytosolic 

Hsp70 levels and actively release high amounts of Hsp70 in lipid vesicles. 

Notably, distinct differences could be observed with elevated concentrations of 

circulating Hsp70 in patients with different tumor entities, with the highest Hsp70 

serum levels in patients with glioblastoma. Although these data require further 

analysis and validation with extended cohorts of patients, these relationships may 

provide evidence on different expression patterns not only between individual 

patients, but also between different tumor entities. They are also in agreement with 

previous findings showing that more aggressive tumor types express and release 

higher levels of Hsp70 (Botzler, Schmidt, et al., 1998; Farkas et al., 2003; M. 

Gehrmann, Specht, et al., 2014; Pfister et al., 2007). 

Previous studies in our group could show a correlation between gross tumor volume 

(GTV) and blood Hsp70 levels (obtained with the commercial Hsp70 ELISA), as well 

as a reduction of blood Hsp70 levels after therapy in mice (Bayer et al., 2014). 

Similar results were found in patients with squamous cell carcinoma of the head and 

neck (M. Gehrmann, Specht, et al., 2014). As the major part of circulating Hsp70 is 

actively released in lipid-associated form by viable tumor cells, the novel lipHsp70 

ELISA could further improve our ability to assess these relationships. First results 

with the lipHsp70 have been obtained by our group in non-small cell lung cancer 

(NSCLC) patients. It could be shown that a small GTV was associated with low 

serum Hsp70 and a large GTV with high serum Hsp70 levels in a patient cohort with 

55 NSCLC patients. In addition, a slight but not significant drop in serum Hsp70 

levels directly after therapy could be observed in a group of six NSCLC patients 

(Gunther et al., 2015). Additional studies with larger patient populations and later 

follow-up time points are ongoing. 

4.4 Tumor Cell Capture with Magnetic Beads 

Circulating tumor cells, like proteins, constitute a valuable blood-borne cancer 

biomarker. They can provide information on various clinical parameters like prognosis 

and therapy response, as well as give us insights into the mechanisms of metastasis 

development (Alix-Panabieres & Pantel, 2012). To increase our understanding of 

metastases is essential, given that in 90% of the cases metastases rather than the 

primary tumor are the cause of death from cancer (Gupta & Massague, 2006). A 
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major part of existing detection and isolation methods relies on the expression of the 

epithelial cell adhesion molecule EpCAM (Alix-Panabieres & Pantel, 2014). However, 

EpCAM is known to be downregulated during epithelial-mesenchymal transition 

(EMT), which is an important process that many tumor cells undergo during their 

transition into the blood stream (Hanahan & Weinberg, 2011). 

Hsp70 has been found on the membrane of a wide variety of tumor entities 

(Hantschel et al., 2000; Pfister et al., 2007) and is known to be upregulated in 

metastases (Farkas et al., 2003). This makes it a promising target for the isolation of 

circulating tumor cells and could enable us to catch cells that might be lost in 

EpCAM-based approaches due to EMT. Our group’s antibody cmHsp70.1 has the 

unique ability to bind Hsp70 located on the cell membrane, and therefore provides us 

with the ideal tool for this approach. 

Many antibody-based CTC detection techniques use magnetic beads or particles for 

capture and isolation of the cells, including the current “gold standard” of isolation 

techniques, the CellSearch® system (Coumans & Terstappen, 2015). Four different 

systems were tested in this project, each of them with individual advantages and 

disadvantages, as described in 3.2.1.1. By far the best results could be obtained with 

the Dynabeads MyOne Tosylactivated, which are covalently coupled to the capture 

antibody, and thus reduce the points where the binding between bead and cell can 

be interrupted to a minimum.  

Proof-of-principle experiments with these beads in buffer gave excellent results, 

yielding recovery fractions comparable to the Hsp70 status of the respective high and 

low expressing cancer cell lines. As CTCs are very rare cells, the main challenge with 

magnetic bead isolation is the limited blood volume that can be analyzed (Alix-

Panabieres & Pantel, 2012). An enrichment step prior to the isolation from blood can 

therefore significantly improve the yield and at the same time reduce interference by 

the very abundant erythrocytes. Two approaches were tested. Lysing of erythrocytes 

prior to cell capture resulted in significant damage of the lymphocytes, which lead to 

unspecific binding and blocking of the antibody-coated beads and almost completely 

abolished tumor cell capture. In contrast, enrichment of the cells with Ficoll and 

subsequent magnetic bead separation resulted in recovery yields very similar to the 

isolation in buffer, which makes this a very promising approach. However, it does not 

completely solve the underlying problem of the limited blood volume. 
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4.5 Tumor Cell Capture with the GILUPI CellCollecto r® 

The GILUPI CellCollector® was developed to overcome the restrictions caused by 

attempting to find extremely rare cells in a blood sample of only a few milliliters. The 

antibody-coated wire is inserted directly into the bloodstream for 30 min, increasing 

the blood volume to be analyzed to several liters. It has been extensively studied for 

biocompatibility and is well tolerated by the patients (Saucedo-Zeni et al., 2012). Like 

most of the CTC detection methods, the CellCollector® uses an EpCAM antibody for 

the capture of the tumor cells. The aim of this project was therefore to explore 

whether an Hsp70-based cell capture could further improve this system by 

sidestepping the problem of downregulated EpCAM due to EMT. 

From a panel of tumor cells lines, three cell lines were chosen that would later allow a 

comparison of the performance and specificity of the EpCAM versus the Hsp70 wire: 

SK-BR-3 with a similarly high expression of both markers, T47D with a high EpCAM 

and a low Hsp70 expression and U-87 with opposite characteristics. Staining of these 

cells was optimized for pre-staining with CFSE, as well as for cytokeratin staining 

after cell capture, reducing bleaching and damaging of the cells as far as possible. 

Test runs with the previously developed bead separation technique could show that 

the pre-staining did not interfere with subsequent antibody binding. The glioblastoma 

cell line U-87 is not of epithelial origin and can therefore not be stained with 

cytokeratin antibodies. It should therefore be considered to replace this cell line for 

further experiments that use cytokeratin for cell staining. As shown in the cell line 

screening (Figure 18), the pancreas tumor cell line MIA PaCa also has a high Hsp70 

and a low EpCAM expression. Alternatively, a different staining procedure would 

have to be chosen for the U-87 cells. 

A first comparison between the Hsp70 wire and the EpCAM wire revealed a similar 

capacity to capture SK-BR-3 cells from buffer, as would be expected based on their 

expression of both markers. It was possible to transfer the captured cells back into 

cell culture in order to analyze them further. This may become important when the 

rare circulating tumor cells need to be expanded to study their characteristics. In the 

same experiment it could be shown that the cells can be isolated from a mixture with 

blood. 
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In the final validation step, the second generation Hsp70 wire was tested on the two 

breast cancer cell lines SK-BR-3 and T47D, with high and low Hsp70 expression, 

respectively. Cells were fixed and stained with DAPI and a CK antibody cocktail 

directly on the wire. As expected, more cells could be found on the wire when 

SK-BR-3 cells were captured compared to T47D cells. However, due to the small 

sample size, the results were not significant. 

4.6 Conclusion and Future Perspectives 

Hsp70 has been shown to be present on the cell surface of a large variety of different 

tumor cell lines, primary tumors and metastases. Comparative studies have 

demonstrated that more aggressive primary tumors, as well as metastases, often 

express even higher levels of Hsp70. In addition to that, tumors actively release 

Hsp70 in lipid vesicles into the extracellular space. This makes circulating as well as 

membrane-bound Hsp70 a promising biomarker, as well as a target for tumor 

detection and therapy. The antibody cmHsp70.1, with its ability to bind to free and 

lipid-bound Hsp70, provides us with an ideal tool to explore these possibilities. 

In this project, cmHsp70.1 was used to develop the novel lipHsp70 ELISA for the 

detection of free and lipid-bound Hsp70 and a method to isolate circulating tumor 

cells. Both parameters could serve as important biomarkers in the blood of cancer 

patients. 

The reliability and robustness of the lipHsp70 ELISA together with its ability to detect 

higher levels of Hsp70 in the circulation of patients with cancer makes this method a 

promising tool for monitoring the presence and size of viable tumor mass, as well as 

measuring the therapeutic outcome. 

Combining the GILUPI CellCollector® – a functionalized medical wire suitable for 

direct insertion into the patient’s blood stream – with the cmHsp70.1 antibody has 

provided us with first promising results for capturing circulating tumor cells. This 

approach needs further optimization. Staining of the cells on the wire, with and 

without fixation, should be improved in order to reduce cell damage and to allow for 

subsequent use of the captured CTCs in cell culture and for analyzing their 

characteristics. It should also be considered to establish staining of the cells for 
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different markers. In another step, the performance of the Hsp70 wire will have to be 

compared with the EpCAM version of the wire in more detail. 

In summary, the data presented in this thesis provide a strong basis for using 

extracellular Hsp70 and membrane Hsp70 on circulating tumor cells as a novel 

universal biomarker for future clinical applications. 
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6 Appendix 

6.1 Patient Characteristics 
Table 5: Clinicopathological characteristics of hea d and neck cancer patients. 
SCCHN: squamous cell carcinoma of the head and neck. 

Patient #  Tumor Location  Histology  Staging  Grading  
1 hypopharynx SCCHN T1 N0 M0 G2 
2 hypopharynx SCCHN T3 N2b M0 G3 
3 hypopharynx SCCHN T1 N0 M0 G3 
4 larynx SCCHN T3 N2 M0 G2 
5 larynx SCCHN T3 N0 M0 G3 
6 larynx SCCHN T4 N1 M0 G3 
7 larynx SCCHN T3 N0 M0 G2 
8 larynx SCCHN T4a N0 M0 G3 
9 naso/oro/hypopharynx SCCHN T4c N2c M0 G2 
10 naso/oro/hypopharynx SCCHN T3-4a N2c M0 G3 
11 nasopharynx SCCHN T2 N0 M0 G1 
12 oral cavity SCCHN T1 N0 M0 G2 
13 oro/hypopharynx SCCHN T2 N2b M0 G3 
14 oro/hypopharynx SCCHN T2 N2a M0 G2 
15 oropharynx SCCHN T4a N2c M0 G3 
16 oropharynx SCCHN T3 N0 M0 G3 
17 oropharynx SCCHN T1 N2b M0 G2 
18 oropharynx SCCHN T1a N0 M0 G2 
19 oropharynx SCCHN T4 N0 M0 G2 
20 oropharynx SCCHN T2 N2b M0 G3 
21 oropharynx SCCHN T4 N0 M0 G3 
22 oropharynx SCCHN T2 N1 M0 G3 
23 paranasal sinus SCCHN T2 N0 M0 G3 
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Table 6: Clinicopathological characteristics of lun g cancer patients. NSCLC: non-small cell lung 
cancer, SCLC: small cell lung cancer. 

Patient #  Histology  Staging  Grading  
1 NSCLC adeno T2 N2 M1 G3 
2 NSCLC adeno T4 N2 M0 G2 
3 NSCLC adeno T2 N2 M0 G3 
4 NSCLC adeno T3 N3 M1 G3 
5 NSCLC adeno T4 N2 M1 G3 
6 NSCLC adeno T2 N0 M0 G2 
7 NSCLC adeno T1 N3 M0 G3 
8 NSCLC adeno T2 N2 M1 G2 
9 NSCLC squamous T3 N3 M1 G3 
10 NSCLC squamous T3 N3 M1 G3 
11 NSCLC squamous T4 N0 M0 G2 
12 NSCLC squamous T1 N0 M0 G3 
13 NSCLC squamous T4 N2 M0 G3 
14 NSCLC squamous T4 N3 M1 G3 
15 NSCLC squamous T3 N3 M0 G3 
16 NSCLC squamous T3 N2 M1 G3 
17 NSCLC squamous T4 N2 M1 G3 
18 NSCLC squamous T3 N2 M1 G2 
19 SCLC limited - 
20 SCLC extensive - 
21 SCLC extensive - 
22 SCLC extensive - 
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Table 7: Clinicopathological characteristics of col orectal carcinoma patients. c: stagingby 
clinical examination, u: staging by ultrasonography 

Patient #  Staging  Grading  
1 uT3 uN+ MX G2 
2 uT3 uN0 cM0 G2 
3 cT3 cN+ cM0 G2 
4 cT3 cN1 cM0 G2 
5 cT3 cN1 cM1 G2 
6 cT3 cN0 cM0 G2 
7 cT3 cN0 cM0 G2 
8 uT3 uN0 cM0 G2 
9 cT3 cN2 cM0 G2 
10 cT3 uN0/cN+ M0  
11 cT3 cN+ cM0 G2 
12 uT3 cNX cM0 G2 
13 cT3 cN1 cM0 G2 
14 uT3 uN1 cM0 G2 
15 uT3 cN0 cM0 G2 
16 cT2 cN1 cM0 G2 
17 cT3 cN2 MX G2 
18 cT3 cN2 cM0 G2 
19 cT3a cN2 cM0  
20 cT3-4 cN+ cM0 G2 
21 cT3 cN0 cM0 G2 
22 cT3 cN1 cM0 G3 
23 uT3c N0 cM0 G2 
24 uT3 uN0 cM0 G2 
25 cT4 cN1 cM0 G2 
26 uT3 uN2 cM0 G2 
27 uT3 uN1 cM0 G2 
28 uT3 uN1 cM0 G2 
29 uT3 N+ cM0 G2 
30 cT3 cN0 cM0  
31 cT3 cN1 cM0 G2 
32 cT3 cN2 cM1 G2 
33 T3 N2 M0 G2 
34 cT3 cN0 M0 G2 
35 uT3 uN0 cM0  
36 cT3 cN+ cM0  
37 cT3 cN0 cM0  
38 cT2 uN0 M0 G2 
39 cT3 cN+ cM0 G2 
40 uT3 uN1 cM0 G2 
41 uT3b-4 cN+ cM0  
42 uT3 uN1 cM0 G2 
43 cT3 cN+ cM0 G2 
44 cT3 uN1 cM0 G2 
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Table 8: Clinicopathological characteristics of pan creatic cancer patients. 

Patient #  Tumor Location  Staging  Grading  
1 body T3 N0 M0 G2 
2 body/tail T2 N1 M1 - 
3 body/tail T4 N2 M1 - 
4 body/tail T4 N2 M1 - 
5 body/tail T1 N1 M1 - 
6 body/tail T4 N2 M1 - 
7 body/tail T3 N1 M0 - 
8 body/tail T4 N2 M1 - 
9 body/tail T4 N3 M1 - 
10 head T3 N1 M0 G2 
11 head T4 N1 M0 G2 
12 head T3 N0 M0 G2 
13 head T3 N1 M0 G1 
14 head T3 N1 M0 G2 
15 head T3 N0 M0 G1 
16 head T3 N1 M0 G2 
17 head T1 N0 M0 G3 
18 head T3 N1 M0 G3 
19 head T3 N1 M0 G3 
20 head T3 N1 M0 G3 
21 head T4 N2 M1 - 
22 head T3 N1 M0 - 
23 head T3 N2 M1 - 
24 head T3 N2 M1 - 
25 head T2 N1 M0 - 
26 head T3 N2 M1 - 
27 head T2 N1 M1 - 
28 head T2 N0 M0 - 
29 head T3 N1 M0 - 
30 head T2 N0 M0 - 
31 head T2 N1 M0 - 
32 head T4 N2 M1 - 
33 head T2 N1 M1 - 
34 head T3 N1 M1 - 
35 head/body/tail T4 N2 M1 - 
36 head/tail T1 N0 M0 G1 
37 head/uncinate process T2 N0 M0 - 
38 head/uncinate process T3 N2 M1 - 
39 head/uncinate process T2 N0 M0 - 
40 head/uncinate process T4 N2 M1 - 
41 tail T4 N1 M0 G3 
42 tail T3 N1 M0 G2 
43 tail T3 N0 M0 G2 
44 tail T4 N3 M1 - 
45 uncinate process T3 N1 M0 - 
46 uncinate process T2 N0 M0 - 
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Table 9: Clinicopathological characteristics of gli oblastoma patients. 

Patient #  Tumor Origin  Grading  
1 primary G4 
2 primary G4 
3 primary G4 
4 primary G4 
5 primary G4 
6 primary G4 
7 primary G4 
8 primary G4 
9 primary G4 
10 primary G4 
11 primary G4 
12 primary G4 
13 primary G4 
14 primary G4 
15 primary G4 
16 primary G4 
17 primary G4 
18 primary G4 
19 primary G4 
20 primary  
21 secondary G4 
22 secondary G4 
23 secondary G4 
24 secondary G4 
25 secondary G4 
26 secondary G4 
27 secondary G4 
28 secondary G4 
29 secondary G4 
30 secondary  
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Table 10: Clinicopathological characteristics of pa tients with hematological malignancies. 
ALL: acute lymphoid leukemia, AML: acute myeloid leukemia, BAL: biphenotypic acute leukemia, 
CML: chronic myeloidleukemia, MDS: myelodysplastic syndrome, MPS: myeloproliferative syndrome, 
NHL: Non-Hodgkin lymphoma 

Patient #  Hematological D isease  
1 ALL 
2 AML 
3 AML 
4 AML 
5 AML 
6 AML 
7 AML 
8 AML 
9 AML 
10 AML 
11 AML 
12 BAL 
13 CML 
14 Hodgkin lymphoma 
15 Hodgkin lymphoma 
16 Hodgkin lymphoma 
17 MDS & MPS 
18 Multiple myeloma 
19 Multiple myeloma 
20 Multiple myeloma 
21 MDS 
22 MDS 
23 MDS 
24 MDS 
25 MDS 
26 MDS 
27 MDS 
28 NHL 
29 NHL 
30 NHL 
31 NHL 
32 Secondary acute leukemia 
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