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Chapter 1

Chapter 1
General introduction

Cancer remains one of the leading causes of morbidity and mortality worldwide1 with 
17 million new cases and 9.6 million deaths ascribed to it, just in 20182. Regardless 
these rather discouraging numbers, substantial advances in cancer treatment3, such 
as the introduction of immunotherapy4,5, have rendered some cancer cases to chronic 
diseases prolonging patients’ survival and reducing the cancer death rate by 27% 
within the last 25 years (from 1991 to 2016)1. 

The most important classification of cancer is malignant and benign with only 
the former one having the capability to invade and form metastases. Additional 
classification is based on the tissue from which cancer arises; carcinomas from 
epithelial tissues, sarcomas from connective and muscle tissue; gliomas from brain 
cells; leukaemias and lymphomas from hematopoietic cells. Carcinomas constitute 
the largest neoplasia class representing 80% of all cancers, including those of breast, 
colon, liver, lung and prostate and they are also the focus of the present thesis.

1.1 Carcinogenesis

Carcinogenesis is a complex process involving several steps6, namely the 
transformation of normal epithelial cells to immortalized ones, their development to 
hyperplasia, dysplasia, carcinoma in situ, invasive carcinoma (as shown in Figure 1.17) 
and eventually the formation of secondary tumors.

Figure 1.1. Morphological changes of epithelial tissue (in this case lung) during carcinogenesis. 

Modified from Hirsch et al7.

The transformation of cells to immortalized ones is the result of accumulated 
alterations at the genome or/and epigenome of the cell (eg activation of oncogenes 
and deactivation of tumor suppressor genes) and less frequently (less than 20% of the 
cases) is induced by oncoviruses. The genetic and epigenetic alterations are mainly 
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Figure 1.2. Illustration (by Eleni Hilari Nanou) of invasive carcinoma and formation of a secondary 

tumor (metastasis).

driven by threatening factors for cell viability and can assure prolonged survival and 
growth of cells that would normally undergo apoptosis or necrosis. In that sense, 
carcinogenesis could be considered as a desperate survival effort of cells that leads to 
their overgrowth at the expense of other cell populations disturbing cell balance and 
subsequently, tissue and organ functions.

The molecular events occurring in the transformed cancerous cells have been 
described extensively by Hanahan and Weinberg and are known as the “hallmarks of 
cancer”8,9. Apart from their uncontrollable cell proliferation and insensitivity to anti-
growth signals, cancer cells promote angiogenesis. In addition, they have genome 
instability resulting in temporal and spatial heterogeneity, they are able to avoid 
immune surveillance, they have reprogrammed metabolic energetics and they acquire 
enhanced invasive capability forming local and distant metastases. This last hallmark 
is the main mortality cause counting for 90% of the lethal rates observed in cancer 
patients, even if metastasis itself is, paradoxically, very inefficient with less than 
0.02% of disseminated cancer cells actually managing to form macroscopic tumors 10,11. 

1.2 Metastasis

Metastasis is a multi-step process, whereby cancer cells detach -passively or actively- 
from the primary tumor, invade the blood circulation (intravasate), travel within the 
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Figure 1.3. Promotion of tumor growth and invasion pleiotropically16-29 by (td)EVs via all different 

hallmarks of cancer.

bloodstream, exit the blood (extravasate) and colonize to a new site (formation of 
secondary tumor) 12,13. These migrating cells, the so-called circulating tumor cells 
(CTCs), were firstly observed by Thomas Ashworth in 186914 and are considered the 
initiators of metastasis15 (Figure 1.2).

Apart from the released CTCs, increasing body of evidence support that the tumor 
secretome (cytokines, hormones, growth factors, other proteins, nucleic acids 
and extracellular vesicles) contribute in converting a distant site to a “fertile” pre-
metastatic niche (“soil”) for the CTCs (“seeds”) engaging various cell populations 
with diverse functions. More specifically, tumor-derived extracellular vesicles (with 
a size range between 30 nm and 10 μm) have emerged to an important player in 
intercellular communication, since they bear active molecular cargo (proteins, 
DNAs, mRNAs, microRNAs) encapsulated within their bi-phospholipid membrane 
with similar biochemical composition as the membrane of their cells of origin. Such 
a formation ensures the prolonged circulation of tdEVs in the blood circulation and 
the protection of their molecular cargo from degradation. Functional studies have 
demonstrated the pleiotropic roles of (td)EVs in enhancing each of the different 
aspects/hallmarks of cancer16-29, as summarized in Figure 1.3. Eventually, a whole 
network of cells is tightly interconnected and synchronized in response to signals in 
facilitating tumor progression and metastasis in a similar way as different musicians 
execute their unique transcript leading to a perfect orchestration. 
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1.3 Cancer diagnosis and treatment

After the detection of a suspicious mass, a representative sample is collected for further 
examination (biopsy). In case pathologic evaluation reveals the presence of cancer, 
various tests can be performed to determine the extent of the disease and establish a 
treatment plan. For some cancers, neoadjuvant therapy is administrated to reduce the 
tumor burden and increase the likelihood of successful surgical removal of the tumor. 
After staging of the cancer, adjuvant therapy can be administrated for the cases with 
relatively high risk of recurrence. Accurate assessment of whether or not the cancer 
has spread beyond the primary tumor is of utmost importance. At the time of the 
doctor’s assessment, only few patients will be diagnosed with metastatic disease. The 
appearance of metastatic disease in the rest of the patients can range from weeks to 
years implying that current determination of the stage of the disease is not adequate. 
Most staging methods are based on assessing a risk profile rather than detecting the 
minimal residual disease after primary intervention. The second approach is needed to 
discriminate patients with and without residual cancer and provide or prevent further 
treatment accordingly. Current imaging techniques do not have sufficient resolution 
and specificity to detect small lesions/micrometastases in the body. One avenue would 
be to detect the cancer cells in the blood before the formation of metastases30. 

Once metastasis is diagnosed, a large arsenal of drugs is readily available for administration. 
Although many of the new drugs are effective, drug tolerance and resistance emerges 
in subsets of patients during the course of therapy.  Identification of patients that will 
benefit from a drug as well as early recognition of patients with emerging drug resistance 
will greatly advance the effective management of metastatic cancer disease. Availability 
of the cancer cells of the patients during the course of treatment is needed to determine 
the optimal treatment plan. Taking biopsies from all metastatic sites to get a “complete 
snapshot” of the disease is however not feasible and increasing efforts are being made to 
obtain such information through a “real-time liquid biopsy”.

1.4 Liquid biopsies

Many studies have investigated the potential of a liquid biopsy (mostly peripheral blood) 
to guide personalized treatments. The rationale behind is very simple: the formation of 
metastases rise from tumor-secreted “seeds” (CTCs or/and tdEVs) that reach the distant 
site by the lymphatic and blood circulatory system and lead to the formation of tumor cell 
colonies, as previously described (Figure 1.2). Therefore, the collection of a blood sample 
will contain tumor material that is more clinically relevant and informative than the solid 
biopsy of the primary tumor, as the circulating tumor material constitutes the primary 
player in the initiation of metastases. 
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1.4.1 Circulating Tumor Cells (CTCs)
The isolation and profiling of circulating tumor cells (CTCs) from peripheral blood of 
cancer patients has been the most intensely investigated liquid biopsy. Although various 
techniques have been developed with different underlying working principles, only 
one has been FDA-cleared, namely the CellSearch system that immunomagnetically 
enriches CTCs from blood based on the expression of the Epithelial Cell Adhesion 
Molecule (EpCAM) on their membrane31,32. 

Importantly, the findings of several studies support the outperformance of Circulating 
Tumor Cells (CTCs) over computed tomography (CT) scans and prostate specific 
antigen (PSA) tests in terms of prognostic power as well as treatment response33,34. 
The clinical utility of CTCs to predict benefit of patients to treatments has been 
(IMMC-3834, SWOG S050035, COU-AA-30136, SWOG S042137) or is being (STIC CTC 
study (ClinicalTrials.gov Identifier: NCT01710605)38, CTC-STOP (ClinicalTrials.gov 
Identifier: NCT03327662)) investigated in clinical trials. From a technical standpoint, 
the main challenge in the study of CTCs is their low frequency with patients with 
relatively good prognosis having no detectable CTCs in a tube of blood. Extrapolation 
of the CTC frequency to larger blood volumes showed that by analysis of 1 liter of 
blood, CTCs could be detected in all metastatic patients,  and thus used as probes for 
optimal treatment monitoring39. The challenge of analyzing larger blood volumes can 
be addressed through the use of diagnostic leukaphaeresis (DLA)40,41. 

1.4.2 tumor-derived Extracellular Vesicles (tdEVs) 
Alternative or/and supplementary to CTCs is the “capture” and “interrogation” of tdEVs 
that have several biological functions in promoting cancer progression and metastasis, 
as briefly described previously (Figure 1.3). The proteomic and biochemical composition 
of the membrane and cargo of tdEVs reflects the cells of their origin. Furthermore, tdEVs 
are present in much higher frequencies than CTCs; hence, they hold promising potential 
to better reflect the tumor and provide us with a more complete image of its phenotypic 
and genetic heterogeneity. These tdEVs have a wide size range (30 nm-10 μm) and can be 
classified into exosomes if they have endoplasmatic origin, microvesicles if they bud off 
the plasma cell membrane and apoptotic bodies if they are by-products of cell apoptosis, 
as graphically illustrated in Figure 1.4.

1.5 NWO perspectief program Cancer-ID 

F.Coumans et al. firstly demonstrated that large ( >1 μm) EpCAM+, CK+, CD45- particles 
with or without nucleus, that had been co-isolated with CTCs by the CellSearch 
assay predict the clinical outcome in metastatic prostate cancer patients 42. His 
findings paved the pathway to the Dutch “Cancer-ID” program, a multi-disciplinary 
collaboration among 8 universities and 21 companies to investigate the potential of 
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existing techniques as well as newly developed ones to discriminate EVs from non-EV 
particles and reveal the main differences between EVs from model cancer cell lines and 
EVs of healthy cells of origin. The gained knowledge would be eventually exploited for 
the isolation, detection and characterization of the whole size spectrum of tdEVs from 
biofluids of cancer patients. 

Figure 1.4. Schematic (by M. van Benthem) showing the active and passive release of Extracellular 

Vesicles (EVs) by epithelial cells over time (A→B). Cytoskeleton (cytokeratin 18) is indicated by a 

network of green lines, nucleus in blue, cytoplasm in yellow and plasma membrane in brown/orange. 

(A) Active secretion of EVs by healthy cells; (B) Nuclear fragmentation, membrane blebbing and 

caspase-cleaved cytokeratin 18 of a cell undergoing apoptosis.

Throughout the project, two main challenges regarding the detection of EVs in 
blood became apparent. To begin with, EV detection is hampered because EVs are 
outnumbered by the presence of non-EV particles in blood, like soluble proteins and 
lipoprotein particles at the low end of the EV size and density range, and platelets at the 
high end of the EV size and density range, as summarized in Figure 1.5 43-45. Moreover, 
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the concentration of larger lipoproteins, such as chylomicrons, depends on food intake, 
thereby emphasizing the need to discriminate EVs from other particles. To illustrate 
this challenge, we determined that 1 mL of human blood of metastatic castration-
resistant prostate cancer patients contains about 10 large (>1 μm) tdEVs 46,47 and we 
extrapolated this to encompass the small tdEVs to arrive at an estimated 104 tdEVs per 1 
ml. Furthermore, the blood contains up to 1016 lipoproteins, up to 109 platelets, and up to 
1011 other EVs 43,44,48-50, as shown in Figure 1.5. The second challenge is the heterogeneity of 
EVs in many aspects, including morphology 51, size 51-53, membrane composition 47,53-57, and 
refractive index 58,59, which complicates EV isolation, detection, and enumeration. Most 
groups worldwide have focused on the smaller-sized EV populations and their biological 
functions as they are considered to be actively secreted by their cells of origin in contrast 
to the larger EVs. However, the Cancer-ID project was interested in all classes of tdEVs 
and the evaluation of the sensitivity and specificity of several techniques to isolate and 
characterize them, as they could provide insights on the status of the tumor and be used 
as a real-time liquid biopsy. Whereas small tdEVs (<1 μm) are likely to outnumber their 
larger counterparts, thereby offering better statistical significance, their identification 
and quantification is more challenging.

Figure 1.5. Concentration, size and density of plasma particles. 3D representation of concentration, 

size and density of extracellular vesicles (dark green circle), platelets (blue) and the High-Density 

Lipoproteins (HDL, grey circle), Low-density Lipoproteins (LDL, grey triangle), Very Low-Density 

Lipoproteins (VLDL, grey star) and Chylomicrons (CM, grey square) during fasting in blood. The average 

and standard deviation (lines) of the three parameters are indicated in the figure. Values are derived 

from literature 43,44,46,47,49,50. The frequency of the large tumor derived extracellular vesicles (large tdEVs, 

light green circle) determined in the Cancer-ID program60 and the small tdEVs (small tdEVs, light green 

square) estimated after extrapolation using the frequency of large tdEVs. Adapted from Rikkert et al61.
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1.6 Thesis outline

In the present thesis, the clinical relevance of large EpCAM+ tumor-derived 
Extracellular Vesicles (tdEVs) was investigated. Clinical studies consisting of patient 
cohorts of different cancer types (metastatic breast, prostate, colorectal and non-small 
cell lung cancer) had been conducted to study the prognostic potential of Circulating 
Tumor Cells (CTCs) using the only FDA-cleared isolation technique for CTCs, the 
CellSearch system. Since the technique isolates CTCs based on their EpCAM expression 
on their surface (which is not expected to be found on blood cells), also large tdEVs 
with the same biomarker on their surface were co-isolated. The immunofluorescence 
images of all these studies were digitally stored. The availability of the open-source 
ACCEPT software that was developed in the frames of the PhD of L.L. Zeune62 allowed 
the enumeration of these tdEVs in an automated manner and the investigation of their 
prognostic utility and potential superiority to CTCs due to their presence in higher 
frequencies (Chapters 2 and 3). 

To get some first insights whereas these tdEVs are a by-product of the CellSearch 
procedure or they pre-exist in the blood samples, we checked the frequencies of 
leukocyte-derived EVs in blood samples of healthy individuals with and without EpCAM 
enrichment and found that their relative frequencies to leukocytes were very similar in 
both cases supporting our hypothesis that tdEVs pre-exist in blood samples (Chapter 4).

A protocol to allow Scanning Electron Microscopy of the isolated CTCs and tdEVs was 
developed and it was realized that not all objects isolated are detectable using the 
current staining included in the CTC kit used at the CellSearch system (Chapter 5).

The inclusion of an antibody recognizing the human epidermal growth factor receptor 
2 (HER2), which is a therapeutic target in breast cancer revealed the presence of CK- 
CTCs and tdEVs that were not reported so far when using the CellSearch system. 
Importantly, the majority of patients had all different subclasses of CTCs and tdEVs 
present and tdEVs could better reflect the HER2 status of the tumor due to their 
increased abundance compared to CTCs. That finding is very important in clinical 
practice since it could allow clinicians to decide more objectively on the treatment 
of their patients and follow the tumor phenotype in real-time by a simple blood test 
without the need of additional invasive biopsies (Chapter 6).

The use of tdEVs as a surrogate biomarker of treatment responses, similarly to 
previously reported CTCs, was investigated (Chapter 7). Our hypothesis was that the 
increased numbers of tdEVs in the blood circulation could lead to more confident 
conclusions regarding their true changes compared to CTCs. That would allow 
clinicians to better decide for continuation with the same line of treatment (in case of 
response) or a switch to a different treatment (in case of progression). 
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The investigation of a different origin of extracellular vesicles, the so-called 
endothelium-derived extracellular vesicles (edEVs) showed that edEVs are indicators 
of prognosis in metastatic colorectal cancer patients (Chapter 8). Further research 
would reveal whereas they could potentially be used as markers to assess the response 
of patients to anti-angiogenic treatments. Importantly, their use could be expanded as 
diagnostic markers of individuals having an increased risk of cardiovascular diseases.

Last but not least, we were planning to use biotinylated liposomes to biotinylate the 
surface of EVs in plasma and isolate them using streptavidin columns. It soon became 
evident that there were 2 main limitations in regards to the biotinylation of EVs: 1. The 
biotinylation was proportional to the surface of cells; hence, in case of EVs, it yielded 
much lower scores and 2. our existing flow cytometer (FACSaria II) was only able to 
evaluate the biotinylation of the larger EV population. However, we realized that the 
results were very useful to understand the uptake mechanism of liposomes by cells. 
The fusion of cells with liposomes implies the load of liposome cargo to the cells that 
can be extremely useful in case of efficient drug administration. Different liposome 
systems were compared and the results are reported in Chapter 9.
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Abstract

The presence of Circulating Tumor Cells (CTCs) in Castration-Resistant Prostate 
Cancer (CRPC) patients is associated with poor prognosis. In this study, we evaluated 
the association of clinical outcome in 129 CRPC patients with CTCs, tumor-derived 
Extracellular Vesicles (tdEVs) and plasma levels of total (CK18) and caspase-cleaved 
cytokeratin 18 (ccCK18). CTCs and tdEVs were isolated with the CellSearch system and 
automatically enumerated. Cut-off values dichotomizing patients into favorable and 
unfavorable groups were set on a retrospective data set of 84 patients and validated on 
a prospective data set of 45 patients. Plasma levels of CK18 and ccCK18 were assessed 
by ELISAs. CTCs, tdEVs and both cytokeratin plasma levels were significantly 
increased in CRPC patients compared to healthy donors (HDs). All biomarkers except 
for ccCK18 were prognostic showing a decreased median overall survival for the 
unfavorable groups of 9.2 vs 21.1, 8.1 vs 23.0 and 10.0 vs 21.5 months respectively. In 
multivariable Cox regression analysis, tdEVs remained significant. Automated CTC 
and tdEV enumeration allows fast and reliable scoring eliminating inter- and intra- 
operator variability. tdEVs provide similar prognostic information to CTC cell counts. 
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2.1 Introduction

The presence of Circulating Tumor Cells (CTCs) in Castration-Resistant Prostate 
Cancer (CRPC) as detected by the CellSearch system is associated with poor outcome 
compared to patients without detectable CTCs 1-6. Previously, we showed that the 
presence of small and large tumor microparticles with or without nucleus, positive 
for Epithelial Cell Adhesion Molecule (EpCAM) and Cytokeratin (CK) and negative for 
the leukocyte marker CD45 are also associated with poor outcome in CRPC patients 7. 
These tumor microparticles can also be measured using the CellSearch system but do 
not meet the strigent criteria for CTCs. In the present study, we investigate the clinical 
relevance of both EpCAM+ CK+ CD45- tumor microparticles without a nucleus in blood, 
defined here as tumor-derived Extracellular Vesicles (tdEVs) and soluble cytokeratins 
in plasma of CRCP patients. Our interest in cytokeratin plasma levels arises from the 
fact that one of the prerequisites for a cell and an EV isolated by the CellSearch system 
in blood to be defined as Circulating Tumor Cell (CTC) and tdEV respectively is their 
cytokeratin expression because of their epithelial origin. Therefore, we additionaly 
investigated whether soluble cytokeratins present in plasma may be associated with 
clinical outcome and applied as a surrogate biomarker. Measurements of plasma levels 
of cytokeratin 18 (CK18) and caspase-cleaved cytokeratin 18 (ccCK18) were performed 
using M65 and M30 ELISAs respectively 8. CTCs and tdEVs were imaged with the 
CellSearch system 9 and automatically enumerated with ACCEPT software to avoid 
interoperator variability 10. Association of CTCs, tdEVs, CK18 and ccCK18 in advanced 
CRPC patients with clinical outcome was assessed by Kaplan-Meier plots of Overall 
Survival (OS), uni-, and multi- variable Cox regression analyses. In this study, two 
data sets were used: a retrospective data set of 84 patients to determine the cut-off 
values of CTCs and tdEVs for favorable and unfavorable prognosis and a prospective 
data set of 45 patients to validate the selected cut-off values. The plasma samples of 
the two data sets were collected in a different way; hence, different cut-off values for 
CK18 and ccCK18 were used for each one of them.

2.2 Materials and Methods

2.2.1 Patients and healthy donors 
Blood from 16 anonymous HDs was obtained after written informed consent. These 
samples were used to determine the baseline values of CTCs, tdEVs, CK18 and ccCK18. 
All patients had histologically confirmed metastatic prostate cancer progressing 
despite castrate levels of testosterone and had provided written informed consent 
to trial protocols approved by the institutional review boards at each participating 
center. Two patient cohorts enrolled in different studies and during different time 
periods were included in the present study. More specifically, the retrospective data 
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set consisted of 84 CRPC patients who were starting a new line of therapy and were 
enrolled in the IMMC-38 study 1 out of the 231 evaluable patients of IMMC38 study, 
because stored EDTA plasma of only these patients was available for further (cc)CK18 
assessment. The digitally stored CellSearch images were also available. 

The prospective data set consisted of 45 CRPC patients who were starting a new line 
of therapy at the Royal Marsden Hospital, and from whom stored plasma samples in 
CellSave and digitally stored CellSearch images were available.  

2.2.2 Sample collection and preparation
For the retrospective data set, 7.5 mL of blood was collected in CellSave blood 
collection tubes (Menarini, Huntingdon Valley, PA, USA) and 5-10 mL of blood in an 
EDTA tube. For CTC and tdEV assessment, CellSave tubes were processed with the 
CellSearch Autoprep within 96 hours from the time of blood draw. For CK18 and 
ccCK18 assessment, 5-10 mL EDTA blood was centrifuged for 10 minutes at 1710 g 
without brake within 24 hours from the time of blood draw and plasma was collected 
and stored at -80°C until further use. The plasma samples of the retrospective data set 
were assessed for CK18 and ccCK18 within 5 years from their collection.

For both the prospective data set as well as the healthy donors, 7.5 mL of blood was 
collected in CellSave tubes, and was processed within 96 hours after collection. More 
specifically, the blood samples were centrifuged for 10 minutes at 800 g without brake and 
0.5 - 2.0 mL of plasma was collected without disturbing the buffy coat, and stored at -80°C 
directly after collection until further use. The remaining blood sample was processed with 
the CellSearch system. The plasma samples of the HDs and the prospective data set were 
assessed for CK18 and ccCK18 levels within 1 year from their collection. 

2.2.3 Isolation and detection of CTCs and tdEVs
The CellSearch system (Menarini, Huntingdon Valley, PA, USA) was used to isolate 
and detect CTCs and tdEVs. The system consists of the CellTracks Autoprep® and the 
CellTracks Analyzer II®. The CellTracks Autoprep® immunomagnetically enriches 
EpCAM+ objects from blood and stains the enriched objects with the nuclear dye 
DAPI, phycoerythrin conjugated antibodies against cytokeratin 8, 18 and 19 (CK-PE) 
and allophycocyanin conjugated antibody against the leukocyte specific marker CD45 
(CD45-APC). The enriched labeled objects are contained in a cartridge, which is placed 
in a CellTracks Magnest. The CellTracks Analyzer II® captures digital images with four 
different fluorescent channels using a 10×/0.45 NA objective and a charge-coupled 
device camera with 6.7×6.7 µm sized pixels. For each cartridge, 144-180 4-layer tiff 
images of DAPI, FITC, CK-PE, CD45-APC are saved. 
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2.2.4 Enumeration of CTCs and tdEVs
The CTCs and tdEVs, were enumerated using the open-source ACCEPT software 
(http://github.com/LeonieZ/ACCEPT) developed in the frames of CTCTrap (www.
utwente.nl/en/tnw/ctctrap/) and CANCER-ID EU (www.cancer-id.eu) programs. 
Briefly, the digitally stored CellSearch fluorescence images are processed by ACCEPT 
to identify objects using multiscale segmentation 10. Objects can be categorized using 
configurable criteria, and objects within a category are shown in a gallery of images 
as well as in scatter plots using the various parameters measured from the objects. An 
example of the scatterplots and images of CTCs is shown in Figure 2.1. The scatterplots 
and images of tdEVs are shown in Supplemental Figure S2.1. Both gates used for CTC 
and tdEV enumeration are mentioned in the legends of Figure 2.1 and Supplemental 
Figure S2.1 respectively. 

2.2.5 Measurement of CK18 and ccCK18 concentrations
CK18 present in epithelial cells is cleaved by caspases during apoptosis. Thus, the amount 
of caspase cleaved CK18 is related to apoptosis, while the total amount of CK18 is related to 
the sum of CK18 due to apoptosis, necrosis and present in viable cells. Two commercially 
available ELISA kits, namely M65 and M30-Apoptosense (VLVBio, Nacka, Sweden) were 
used to measure the levels of soluble ccCK18, and CK18 respectively in plasma samples of 
healthy donors and CRPC patients. The aforementioned ELISA assays have been already 
used for clinical assays 11-15. The M65 assay uses two different monoclonal antibodies to 
recognize intact and caspase-cleaved CK18. The M30 assay uses a monoclonal antibody 
to recognize the neo-epitope M30, which is exposed after caspase-cleavage of CK18. 
Both assays have a 96-well plate format and include 7 standards of defined antigen 
concentrations and both a low and a high concentration quality control (QC). The 
assays were performed according to manufacturer’s instructions. Briefly, technical 
duplicates of 25 ml were added to wells coated with a mouse monoclonal capture 
antibody. Next, 75 ml of Horse Radish Peroxidase HRP-conjugated detection antibody 
solution was added. After a 2 hour incubation at room temperature (RT) with constant 
shaking, five sequential washing steps were performed to remove unbound antibody. 
Next, 20 minutes incubation in the dark with 200 ml of ≤ 2 mM 3,3’5,5’-tetramethyl-
benzidine (TMB) solution resulted in color development proportional to the antigen 
concentration. The reaction was stopped by the addition of 50 ml of 1M sulfuric acid and 
the 450 nm absorbance was measured within 5-30 minutes using a microplate reader. All 
values were corrected for the blank (background) absorbance. After calibration with the 
standards of defined antigen concentrations, the average of the technical duplicates was 
converted to concentration in U/L. 

2.2.6 Statistical Analysis
Statistical analysis was performed in SPSS 23.0 (SPSS Inc., Chicago, IL, USA) and 
Stata v15.1 (StataCorp, College Station, Texas, USA). To determine whether CTCs, 
tdEVs, CK18 and ccCK18 can be related to each other through a monotonic function, 
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we performed a two-tailed Spearman’s Rho test. To assess if there were significant 
differences between groups (healthy donors vs CRPC patients and retrospective vs 
prospective data sets) in the examined continuous variables (namely CTCs, tdEVs, CK18 
and ccCK18), we performed the nonparametric Mann-Whitney U test. To determine the 
cut-off values to dichotomize the retrospective data set into favorable and unfavorable 
groups we used Receiver Operating Characteristic (ROC) curves treating survival time as 
the reference value dichotomized by the median survival time. We set dichotomization 
cut-off values for CTCs, tdEVs, CK18, and ccCK18 on the value that led to equal sensitivity 
and specificity (minimum |sensitivity-specificity|). Overall Survival (OS) was defined 
as the elapsed time in months between blood draw and death. The patients who were 
lost to follow-up were censored. Median OS was determined by Kaplan-Meier survival 
curves, and Kaplan-Meier survival curves were compared using the log-rank test. Cox 
regression models, with each dataset included as a shared frailty parameter,  were 
used to determine univariable and multivariable hazards ratios (HR) for OS with 95% 
confidence intervals (CI) for each dichotomized variable. 

A final multivariable Cox model with each dataset included as a shared frailty 
parameter was fit including all characteristics as continuous variables. CK18 and 
ccCK18 were included with an interaction term for each dataset to account for the 
different methods in plasma collection. CTC, tdEV, ALP and LDH were log transformed 
to achieve better model fit. Due to correlation between variables the final model was 
selected using forward stepwise elimination (pin=0.05 and pout=0.10). The value of 
tdEV in the model was assessed by calculating Uno et al’s C-Index 16. Bootstrapping 
(n=1000) was used to calculate the 95% confidence interval and the difference, delta, 
between c-indeces of each of the models.

2.3 Results

2.3.1 Patient characteristics 
Blood draws of the CRPC patients consisting the retrospective data set (IMMC 38 
study) were performed between October 2004 and February 2006. Their average age 
was 70 years (range 49 - 87 years). Blood draws of the CRPC patients consisting the 
prospective data set were performed between March 2015 and August 2015. Their 
average age was 68 years (range: 49 – 83 years). The values of serum markers (PSA, 
LDH, ALP, Alb, Hb), age, Gleason score and ECOG performance status for all patients 
of both data sets are shown in Supplemental Table S2.1. The site of metastases, prior 
radiation, surgery and treatment of both data sets are summarized in Supplemental 
Table S2.2. The prospective data set seem to have more advanced disease compared to 
the retrospective data set, since significantly more patients underwent chemotherapy 
(91.1% versus 35.7%). Furthermore, 82.2% and 46.7% of the patients of the prospective 
data set were already resistant to abiraterone and enzalutamide respectively, 
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indicating more progressed disease compared to the retrospective dataset, where 
some patients were still undergoing hormone therapy.

2.3.2 Number of CTCs and tdEVs in 7.5 mL of blood 
CTCs and tdEVs were enumerated from the stored digital images using ACCEPT 
software. We compared manually defined CTCs by a human operator using standard 
CellSearch criteria for recognition (CK+, CD45-, DAPI+, >4mm) versus the automated 
CTCs defined by a preconfigured quantitative ACCEPT gate (Figure 2.1) for 129 CRPC 
patients and 16 healthy controls, see Supplemental Figure S2.2. Linear regression 
resulted in “automated CTCs” = 0.82 “manual CTCs” + 0.49 (R2 = 0.882). 

Figure 2.1. ACCEPT display of CTCs identified in a CRPC patient. Three scatterplots (panels A, B, 

C), where the objects that fall within the definition of the CTC gate (Mean Intensity CD45 ≤ 5, Mean 

Intensity DNA > 45, Mean Intensity CK > 60, Mean Intensity Marker 1 ≤ 5, Mean Intensity Marker 2 

≤ 5, 16 ≤ Size CK ≤ 400, DNA overlay CK > 0.2), are shown as blue dots and those that fall outside of 

the gate are shown as grey dots. The total number of objects (115,344) identified and the number of 

objects within the gate (325) are shown on top of Panel A. Panel D shows the thumbnail images of 

five objects that fall within the gate. The red lines in the thumbnail identifies the area in the image 

in which ACCEPT identifies contours of the object in each channel. Thumbnails that do not show red 

contours indicate that no object in this channel could be detected. In the overlay thumbnails, DNA 

is represented in blue, cytokeratin (CK) in green and CD45 in red. As no CD45 is detected in these 

images, no red is shown in the overlay. Scale bar indicates 6.4 μm.
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The median, min, max, 25 and 75 percentiles (p25, p75 respectively) and InterQuartile 
Range (IQR) values of CTCs and tdEVs detected in the 16 healthy controls, the 
retrospective data set of 84 and the prospective data set of 45 CRPC patients are 
depicted in Figure 2.2. The number of CTCs and tdEVs were significantly higher in the 
CRPC patients as compared to HDs (both p<0.001, Mann-Whitney U test). There were 
no significant differences for CTCs nor for tdEVs between the two data sets (p=0.81 for 
CTCs and p=0.32 for tdEVs, Mann Whitney U test). 

Spearman’s rho correlation test showed that CTCs and tdEVs of the full data set of 129 
CRPC patients were correlated (Spearman’s R = 0.856, p<0.01). The scatterplot of that 
data is shown in Supplemental Figure S2.2. 

2.3.3 CK18 and ccCK18 concentrations in plasma samples
The determined CK18 and ccCK18 concentrations of 16 HDs, 84 retrospective and 45 
prospective CRPC patients are illustrated in Figure 2.2. The concentrations of CK18 
and ccCK18 were significantly higher in the CRPC patients compared to the healthy 
controls (p<0.001, Mann-Whitney U test). Unexpectedly, the concentrations of CK18 
and ccCK18 were also significantly higher in retrospective data set as compared to the 
prospective one (p<0.001, Mann-Whitney U test). Further investigation (Supplemental 
Figure S2.4) revealed that the main contributor was the use of EDTA plasma in IMMC38 
study versus the CellSave plasma samples in the prospective study. 

Given the different values obtained in the two data sets, correlations between CTCs, 
tdEVs, CK18, ccCK18 and the serum markers of the patients were evaluated within 
each data set and not in the full data set, Supplemental Table S2.3. Using Spearman’s 
Rho test, CTCs and tdEVs were strongly correlated. 

2.3.4 Determination of cut-off values for CTCs, tdEVs, CK18 and ccCK18
ROC curves were generated on the retrospective data set to determine the cut-
off values for CTCs, tdEVs, CK18, and ccCK18 dichotomization into favorable and 
unfavorable patient groups for graphical representation. We set dichotomization cut-
off values for CTCs, tdEVs, CK18, and ccCK18 on the value that led to equal sensitivity 
and specificity (value of biomarker for which absolute(sensitivity-specificity) was 
minimum), Supplemental Figure S2.3. The cut-off values were 5 for CTCs, 105 for 
tdEVs, 576 U/L for CK18 and 265 U/L for ccCK18. tdEVs performed the best in terms of 
sensitivity and specificity to predict OS of CRPC patients (having the largest AUC and 
the highest significance), followed by CTCs and CK18.

Because of the large differences of CK18 and ccCK18 concentrations between the two 
data sets, we also determined dichotomization cut-off values on the prospective data 
set, these were 232 U/L for CK18 (was 576 U/L) and 81 U/L for ccCK18 (was 265 U/L). 
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Figure 2.3. Kaplan-Meier plots of overall survival of retrospective, prospective and full data set 

of CRPC patients for automated CTCs and tdEVs. Kaplan-Meier plots of overall survival of CRPC 

patients before initiation of therapy for automated CTCs (Panels A-C) and tdEVs (Panels D-F). The 

retrospective (n=84), prospective (n=45), and full (n=129) data sets are shown in panels A/D, B/E, and 

C/F respectively. Patients were dichotomized into unfavorable (grey lines) and favorable groups (black 

lines) on a cut-off value of 5 for CTCs and 105 for tdEVs in 7.5 mL of blood. Vertical tick marks indicate 

censored patients. The number of patients at risk in each group is shown under the horizontal axis. 

The median overall survival for each group, the Cox hazard ratio (HR), and significance (log-rank p) 

are indicated in each panel.
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Figure 2.4. Kaplan-Meier plots of overall survival of retrospective, prospective and full data set of 

CRPC patients for plasma levels of CK18 and ccCK18. Kaplan-Meier plots of overall survival of CRPC 

patients before initiation of therapy for total plasma cytokeratin 18 (CK18, Panels A-C) and caspase-

cleaved plasma cytokeratin 18 (ccCK18, Panels D-F) in retrospective (n=84, Panels A, D), prospective 

(n=45, Panels B, E) and full (n=129, Panels C, F) data sets. Patients were dichotomized into favorable 

(black line) and unfavorable (grey line) on a cut-off value of 576 U/L CK18 and 265 U/L ccCK18 for 

panels A, D. Patients were dichotomized on a cut-off value of 232 U/L CK18 and 81 U/L ccCK18 for 

panels B,E. Dichotomization on the full data set (Panels C,F) was done using the different cut-off 

values for each data set. Vertical tick marks indicate censored patients. The number of patients at 

risk in each group is shown under the horizontal axis. The median overall survival for each group, 

the Cox hazard ratio (HR), and significance (log-rank p) are indicated in each panel. 
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2.3.5 CTCs, tdEVs, CK18, and ccCK18 versus overall survival of CRPC 
patients 
Kaplan-Meier plots for patients with favorable and unfavorable CTC and tdEV counts 
are shown in Figure 2.3. Median OS of patients in the unfavorable CTC group was 9.2 
months, versus 21.1 months in the favorable CTC group (p<0.001). Similarly, for tdEVs, 
median OS of patients in the unfavorable tdEV group was 8.1 versus 23.0 months in 
the favorable tdEV group (p<0.001).

Kaplan-Meier plots for CK18 and ccCK18 are shown in Figure 2.4. The retrospective data 
set is shown in panels A/D. The prospective data set is shown in panels B/E, and the full 
data set is shown in panels C/F. The two data sets were dichotomized using different 
cut-off values, because the plasma samples were collected in a different way. However, 
in both data sets CK18 was prognostic of OS with the HRs as well as the relative number 
of patients in favorable and unfavorable groups very similar between the two data sets. 
For the retrospective data set, the median OS of patients with unfavorable CK18 was 
11.9 months, compared to 24.2 months in the favorable group (p=0.001) with a HR of 
2.2. Similarly, for the prospective data set, the patients in the unfavorable CK18 group 
had significantly lower survival (8.1 versus 15.4 months in the favorable group, p=0.001) 
with a HR of 3.5. For ccCK18 no significant difference (p=0.48) in OS could be observed 
between the two groups regardless the cut-off value used. The summarized HRs of all 
variables are summarized in Supplemental Table S2.4.

2.3.6 Multivariable Cox proportional hazards regression analyses
Table 2.1 shows the final multivariable Cox model selected which included variables 
CTCs, tdEVs, CK18, prostate specific antigen (PSA), alkaline phosphatase (ALP), 
lactate dehydrogenase (LDH), albumin (Alb), hemoglobin (Hb) and age. Of the 
known prognostic variables, LDH, albumin and hemoglobin were all selected in 
the final model. There was no evidence that either CK18 or ccCK18 were predictive 
of overall survival after LDH was included in the multivariable model. CTCs were 
highly correlated with tdEV (Pearson’s rho=0.79 for the transformed variables) and 
were not included in the final multivariable model after tdEV was the first variable 
selected. At 24 months, Uno’s C-Index was significantly higher in the multivariable 
model with tdEV (C-Index=0.77) compared to the multivariable model which included 
LDH, albumin and hemoglobin (C-Index=0.73; Difference=0.04; 95% CI=0.01 to 0.06; 
p=0.006) suggested that tdEV improved prognostic prediction. There was no evidence 
of a difference in the prognostic abilities of the model which included CTCs, LDH, 
albumin and hemoglobin (C-Index=0.77) compared to the model which included 
tdEVs (Difference=-0.002; 95% CI: -0.02 to 0.01; p=1.00).
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Table 2.1. Multivariable Cox proportional Hazards Regression analysis for full data set of CRPC 

patients (N=118, 11 cases were dropped due to missing values). 

Variables in equation HR 95% CI p-value

Albumin (g/dl) 0.38 0.21 0.67 0.001

Hemoglobin (g/l) 0.81 0.69 0.94 0.006

tdEV (ln(0.0001+count/1000)) 1.30 1.11 1.51 0.001

LDH (ln(0.001+U/L/100)) 1.84 1.09 3.12 0.023

 
2.4 Discussion 

Rapid advances in drug development and treatment of cancer patients increase 
the necessity for new biomarkers to assess their prognosis and response to therapy 
accurately and in a timely fashion. In the management of CRPC patients, adequate 
response to therapy is challenging as the traditional Response Evaluation Criteria 
in Solid Tumors 17 frequently cannot be applied. The presence or absence of CTCs 
has emerged as a powerful biomarker to assess prognosis and therapy response 1-5. 
Although the CTC numbers measured are extremely low, several ring studies have 
been conducted and demonstrated the robustness of the test, though a certain level of 
operator bias cannot be completely eliminated 18-21. In the original studies conducted 
with the CellSearch system, patient groups were divided in those with less or more 
than 5 CTCs per 7.5 mL of blood and shown to have different clinical outcomes 1-5. 
However, recently it was demonstrated that the actual number of CTCs -and not just 
a count above or below a selected cut-off value- is of importance in order to assess 
response to therapy 4,5,21. That fact makes the need for accuracy of the actual CTC count 
more imperative. 

Towards that direction, we previously reported the use of image analysis algorithms 
to eliminate the operator bias and automatically identify CTCs in the CellSearch 
generated images 22. Efforts to improve these algorithms have continued and have led 
to the image analysis program ACCEPT. ACCEPT enables a quantitative definition of 
objects, such as CTCs and tdEVs, derived from the images using specific parameters. 
In the present study, an excellent correlation (R2 = 0.88) was found (Supplemental 
Figure S2.2) between the manual (obtained by the operator) and the automated CTC 
counts (obtained by ACCEPT). 

To define the cut-off values dichotomizing patients into groups of higher and lower 
risk by ACCEPT automated CTC and tdEV counts, a retrospective data set of 84 CRPC 
patients from the original IMMC38 study was used. ROC analysis in that data set 
(Supplemental Figure S2.3) showed a cut-off value of 5 CTCs in 7.5 mL of whole blood 
that stratified patients into favorable and unfavorable groups (Figure 2.3). The CTC 
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cut-off was validated in a prospective data set of 45 newly enrolled CRPC patients. In 
the full data set, patients of the unfavorable group (with ≥5 CTCs) had significantly 
shorter median OS compared to patients of the favorable group (p<0.001) with a HR 
of 2.8 (95% CI: 1.8 to 4.4).

In the CellSearch image analysis algorithms, objects expressing both Cytokeratin as 
well as DAPI are presented to the operator, whereas the majority of tdEVs is missed, as 
the latter ones do not have DAPI signal. Using the automated ACCEPT identification 
of tdEVs however, the labor-intensive manual review of the original stack of 144-180 of 
fluorescence images for each patient sample 7 can be replaced by a process with perfect 
repeatability. In our study, there was a strong correlation between automated CTC and 
tdEV counts (Supplemental Figure S2.2) and their presence in higher amounts was 
strongly correlated with poor clinical outcome (Figure 2.3). 

Since tdEVs were isolated with the CellSearch system, they were enriched from 
the blood fraction centrifuged at 800 g based on their EpCAM expression and were 
detected by the expression of Cytokeratins. However, the  tdEV number in the plasma 
should be much higher because the vast majority of these EVs have a diameter below 
4 µm 23. Moreover, the CellSearch Analyzer was not designed for the detection of small 
particles, and the fraction of tdEVs below the CellSearch detection limit is unknown. 
Further investigation is recommended for the isolation and detection of tdEVs from 
plasma of patients and their correlation with clinical outcome.

To assess the clinical relevence of soluble Cytokeratins in plasma, CK18 and ccCK18 
were determined by M65 and M30 ELISAs respectively. Several studies have shown 
the significantly elevated (cc)CK18 levels in serum/plasma of different cancer patients 
compared to the respective values of healthy donors 12,14,24. Moreover, CK18 and ccCK18 
have been used in several studies to evaluate the induced cell death modes and 
antitumor activity of different drug treatments 8,11,13,25,26. Interestingly, in a previous 
study, both ccCK18 and CK18 levels in plasma were predictive of the clinical outcome 
of small cell lung cancer patients 15. In another study on both small and non-small cell 
lung cancer patients, the serum levels of ccCK18 were prognostic for OS 27. A third 
study demonstrated significantly increased levels of ccCK18 in the sera of breast 
cancer patients compared to HDs but without any association of ccCK18 with the OS of 
these patients 24. In our study in CRPC patients, we found that both CK18 and ccCK18 
are elevated in patients compared to HDs, but only CK18 is prognostic for OS (Figure 
2.4). It is worth mentioning that the ELISA assays we applied for CK18 and ccCK18 do 
not involve a detergent and thus measure only the soluble proteins and do not detect 
CK18 or ccCK18 inside tdEVs. Adding a detergent to the plasma may solubilize the 
tdEVs, and potentially result in a prognostic ccCK18 because a portion of cytokeratins 
in CTCs and tdEVs is caspase-cleaved as shown by M30 expression 28. 
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In summary, our findings suggest that ACCEPT software allows fast enumeration 
of well-defined objects as CTCs and tdEVs eliminating interoperator bias. The 
enumeration of tdEVs in CRPC patients can provide prognostic information 
equivalent to CTCs in CRPC disease. tdEVs were typically detected at a 20-times 
higher frequencies in 7.5ml of blood compared to CTCs so tdEVs may offer increased 
utility. The association between OS and CK18 in CRPC is not as strong as CTCs and 
tdEVs based on the respective HRs. The multivariable analysis of the full data set of 
CRPC patients including CTCs, tdEVs, CK18 and ccCK18 and traditional biomarkers 
such as age, PSA, ALP, LDH, Alb and Hb resulted in a final model with LDH, albumin, 
hemoglobin and tdEVs. tdEVs improved significantly the prognostic prediction of 
the patients. Neither CK18 nor ccCK18 were predictive of OS after LDH inclusion. 
CTCs were highly correlated with tdEVs so were not present in the final multivariable 
model but provided equivalent prognostic information. To predict whether a certain 
treatment will be effective, assessment of the treatment target will need to be assessed. 
Preferably one would examine tumor cells representing the various metastatic sites, 
but as that is practically not feasible, CTCs can provide this information provided that 
one can isolate them in sufficient quantity 29,30. Due to the fact that most patients have 
single-digit CTC counts, the higher number of tdEVs could render them to a promising 
surrogate biomarker for the assessment of changes of tumor load (through their rises 
and declines) in response to therapy over time and even in personalized therapeutics 
by proceeding with the downstream analysis of their protein and RNA cargo. 
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Supplementary data

Supplemental Figure S2.1. ACCEPT display of tdEVs identified in a CRPC patient. Same display as 

used in Figure 2.1 with the difference that the gate for tdEV definition (Mean Intensity CD45 ≤ 5, 

Mean Intensity DNA ≤ 5, Mean Intensity Marker 1 ≤ 5, Mean Intensity Marker 2 ≤ 5, Mean Intensity CK 

> 60, Max Intensity CK > 90, Size CK ≤ 150, Perimeter CK > 5, Eccentricity CK ≤ 0.8, Perimeter to Area 

CK ≤ 1) was used on this CRPC patient. The total number of 115,344 objects is the same but the number 

of objects within the gate is now 1,055 as shown on top of Panel A. Panel D shows the thumbnail 

images of five objects that fall within the tdEV gate. Scale bar indicates 6.4 μm.
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Supplemental Figure S2.2. Correlation of manual with automated CTCs and automated CTCs with 

tdEVs using scatterplot and Bland-Altman plot. Scatterplot (panel A) and Bland-Altman Plot (panel 

B) of manual CTCs (detected by operator definition) and automated CTCs (by ACCEPT enumeration). 

The scatterplot of the enclosed by square data points of panel A is shown in higher magnification. 

Scatterplot (panel C) of automated CTCs and tdEVs of 129 CRPC patients. The amount of CTCs is 

significantly correlated with the amount of tdEVs (Spearman’s rho test R= 0.856, p < 0.01). The 

scatterplot of the enclosed by square data points is shown in panel D.
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Supplemental Figure S2.3. ROC curves to determine the dichotomization cut-off values for CTCs, 

tdEVs, CK18 and ccCK18 in the retrospective data set. The x and the respective number indicates 

the value where the sensitivity is equal to the specificity for each biomarker. (value of biomarker for 

which |sensitivity-specificity| is minimum).
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Supplemental Figure S2.4. The concentration of plasma CK18 measured by M65 and ccCK18 measured 

by M30 was significantly lower in the prospective data set compared to the retrospective data set. 

Parameters that could explain this difference were the blood collection tube EDTA versus CellSave 

(Panels A1 and A2), the applied centrifugation force of 800xg versus 1710xg (Panels B1 and B2) for the 

plasma collection and the time between blood draw and plasma collection (Panels C1 and C2). Blood 

samples of 16 healthy donors were collected in both EDTA and CellSave tubes and the three different 

parameters were tested on the resulting measured CK18. The largest influence was contributed to the 

blood collection tube.
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Supplemental Table S2.1.  Values of prognostic serum markers (PSA, LDH, ALP, Alb, Hb), age, Gleason 

score and ECOG performance status of included patients in both retro- and pro- spective data sets. 

Descriptive statistics (median, mean, SD, min and max) are included for each data set.

Retrospective data set

Patient # Age Gleason 
score

ECOG ps PSA 
(ng/mL)

LDH 
(U/mL)

ALP 
(U/mL)

Alb 
(g/dL)

Hb 
(g/dL)

R1 67 9 0 62 146 228 14.4

R2 56 7 0 17.7 175 90 12.8

R3 69 6 0 3796 232 82 4.4 10.4

R4 62 7 62.9 467 179 4 10.6

R5 60 9 1 29.7 215 78 12.4

R6 58 7 2 1443 361 409 4 9.7

R7 79 2 320 939 252 3.4 8.6

R8 74 9 1 175 384 917 3.9 12.4

R9 65 8 2 527 324 230 3.6 8.2

R10 77 8 1 247 243 103 3.7 11.6

R11 70 8 1 122 285 99 4.4 11.8

R12 82 5 1 1634 237 130 3.9 9.5

R13 66 8 0 33.3 248 96 4.4 13.7

R14 81 8 1 129 198 89 4 12.7

R15 72 7 2 88 614 83 4.4 11.9

R16 72 9 1 80 214 129 4 11.5

R17 61 8 1 64 225 145 4.3 13.6

R18 70 7 0 219 411 387 3.5 9.8

R19 70 7 0 756 224 104 3.6 11.3

R20 76 7 0 60 220 97 3.4 11.5

R21 58 7 1 18.5 182 126 3.8 12.3

R22 59 8 0 29.8 644 68 3.3 11.9

R23 58 7 0 76 258 125 3.8 13.7

R24 78 4 0 268 272 94 3.5 15

R25 74 9 1 135 1117 696 3.9 11.6

R26 64 9 0 73 193 102 3.9 13.6

R27 64 7 0 64 298 135 4.5 13.4

R28 63 9 0 24.7 229 63 4.1 13

R29 87 7 1 241 305 219 4.2 11.1

R30 81 8 0 61 188 450 3.8 11.1

R31 70 7 1 965 659 321 4 9.2
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Patient # Age Gleason 
score

ECOG ps PSA 
(ng/mL)

LDH 
(U/mL)

ALP 
(U/mL)

Alb 
(g/dL)

Hb 
(g/dL)

R32 76 9 1 47 115 127 4.1 13.2

R33 72 7 0 481 235 337 3.9 14

R34 53 6 2 107 348 136 3.2 13.2

R35 67 7 0 39.3 258 223 3.4 13.4

R36 77 9 1 36 157 144 4 13.2

R37 86 2 1 26.5 200 67 3.5 12

R38 75 7 0 18.2 177 92 4.2 13.2

R39 82 6 1 49 264 170 3.5 12

R40 85 8 2 127 660 180 3.5 10.3

R41 65 10 0 580 533 51 3.9 11.5

R42 79 8 1 82 270 169 3.8 13.7

R43 81 6 0 90 3.5 11.1

R44 63 7 0 28.7 159 47 3.8 13

R45 81 5 1 285 114 205 4.1 12.1

R46 72 2 0 107 158 65 4.1 12.7

R47 75 9 0 786 188 86 3.5 11.7

R48 56 9 0 36.1 169 81 3.6 11

R49 68 9 1 114 206 186 3.7 12

R50 74 8 1 178 222 99 4.3 14.3

R51 79 7 1 1118 272 165 12.3

R52 87 7 1 3630 311 227 3.6 13.6

R53 63 9 0 37.8 247 385 3.6 12.2

R54 68 8 1 227 182 585 9.5

R55 85 7 1 604 1040 352 2.8 8.7

R56 80 7 0 17.4 208 79 3.8 11.3

R57 76 9 1 69 146 87 3.3 13.5

R58 70 0 58 181 170 4 11

R59 71 7 0 23.6 237 124 4.4

R60 63 8 0 334 206 67 4.5 12.7

R61 81 8 0 11.3 234 85 4.7 15.6

R62 80 8 0 491 204 63 4.5 14.8

R63 77 6 1 86 205 85 4.3 13.1

R64 68 6 1 49 255 120 3.9 13.1

R65 60 7 0 210 168 182 3.7 13.6

R66 86 0 10.5 260 118 4.4 14.7

R67 75 0 186 138 250 3.9 14
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Patient # Age Gleason 
score

ECOG ps PSA 
(ng/mL)

LDH 
(U/mL)

ALP 
(U/mL)

Alb 
(g/dL)

Hb 
(g/dL)

R68 75 8 0 19.2 284 164 4.2 9.4

R69 69 0 435 263 103 3.8 13

R70 69 6 0 90 219 46 4.2 13.4

R71 60 9 1 29.2 347 45 4.5 11.3

R72 58 8 1 5842 436 495 3.5 12.1

R73 61 6 0 107 212 106 4.4 13.4

R74 60 9 0 10.1 203 103 4.4 13.1

R75 65 8 1 551 222 287 3.7 9.5

R76 49 8 1 27.3 210 118 3.7 11.9

R77 65 7 1 23.9 185 82 39 13.5

R78 58 7 0 73 167 144 4.2 14.2

R79 57 6 1 512 173 310 4 13.54

R80 75 475 244 240 3.2 11.5

R81 62 8 0 29.8 157 78 4.8 14.8

R82 56 7 1 683 2092 1801 3.1 10.7

R83 61 9 2 1162 234 181 4.3 11.4

R84 64 9 1 20.9 310 223 3.5 13.6

Mean 69.8 7.4 0.6 384.4 308.3 198.3 4.3 12.2

SD 9.1 1.5 0.6 868.7 271.5 231.5 4 1.6

Median 70 7.5 1 89 232 127 3.9 12.3

Min 49 2 0 10.1 114 45 2.8 8.2

Max 87 10 2 5842 2092 1801 39 15.6

Prospective data set

Patient # Age Gleason 
score

ECOG ps PSA (ng/
mL)

LDH (U/
mL)

ALP 
(U/mL)

Alb 
(g/dL)

Hb 
(g/dL)

P1 75 6 1 16 256 82 3.3 13

P2 68 7 1 220 356 93 3.9 10.9

P3 75 6 1 28 140 56 3.4 12.5

P4 83 8 1 280 146 75 3.1 11.1

P5 60 9 2 56 199 243 3.3 10.2

P6 69 8 1 623 160 93 3.5 10.4

P7 62 7 0 111 202 72 3.8 12.1

P8 71 9 1 23.4 207 93 3.9 12.4

P9 60 7 1 204 553 213 3.3 10.2

P10 70 7 1 11 156 64 3.3 11
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Patient # Age Gleason 
score

ECOG ps PSA (ng/
mL)

LDH (U/
mL)

ALP 
(U/mL)

Alb 
(g/dL)

Hb 
(g/dL)

P11 61 7 2 154 314 2130 3.3 10.7

P12 55 8 1 26 322 787 2.9 10.9

P13 71 9 2 152 209 115 3.1 10

P14 75 7 1 26 150 77 3.7 11.5

P15 76 6 1 5.9 514 103 3.3 11

P16 74 7 0 100 237 46 4.1 13.2

P17 68 9 1 6 155 64 3.6 9.5

P18 71 10 1 101 343 99 3.5 12.1

P19 72 9 1 15.4 215 162 2.9 10.1

P20 65 9 0 120 185 162 4.1 13.6

P21 75 7 0 17 219 75 4.1 15.8

P22 62 9 0 129 174 47 4.4 13.9

P23 73 10 1 70 176 123 3.2 9.6

P24 77 7 1 34 203 186 3.8 12.6

P25 63 6 1 73 148 52 3.7 8.6

P26 79 2 180 1786 1282 2.3 9

P27 67 9 1 70 391 146 3.7 11.1

P28 68 1 2510 140 166 3.3 12.7

P29 76 9 1 429 717 3.2 10.4

P30 53 1 8.8 201 73 3.6 9.9

P31 71 9 1 95 371 67 3.2 12.1

P32 75 1 234 236 3.6 11.5

P33 56 9 2 161 313 61 3.2 11.3

P34 69 9 2 130 508 1425 4 9.4

P35 62 1 32 257 305 4.3 12.3

P36 71 7 1 162 520 88 3.2 11.2

P37 56 7 0 86 173 59 3.3 11.4

P38 68 9 1 115 197 104 3.4 12.5

P39 71 10 1 5 188 79 3.3 8.6

P40 65 1 568 4027 3.7 11.5

P41 64 7 1 22 268 82 3.7 12.3

P42 61 9 750 170 54 3.9 12.5

P43 67 9 1 338 395 81 3.5 11.5

P44 54 8 0 214 169 272 3.8 13.7

P45 49 1 133 238 86 4 8.1

Mean 67.4 8 1 181.3 299 327.2 3.5 11.3
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Patient # Age Gleason 
score

ECOG ps PSA (ng/
mL)

LDH (U/
mL)

ALP 
(U/mL)

Alb 
(g/dL)

Hb 
(g/dL)

SD 7.6 1.2 0.5 397.6 257.3 697.3 0.4 1.6

Median 68 8 1 97.5 215 93 3.5 11.3

Min 49 6 0 5 140 46 2.3 8.1

Max 83 10 2 2510 1786 4027 4.4 15.8

SD: Standard Deviation, min: minimum, max:  maximum, PSA: Prostate Specific Antigen, LDH: 

Lactate DeHydrogenase, ALP: ALkaline Phosphatase, Hb: Hemoglobin, Alb: Albumin, ECOG ps: 

Eastern Cooperative Oncology Group performance status

Supplemental Table S2.2. Site of metastases and prior treatments of patients of each data set. 

Percentages of patients with bone, visceral metastases and prior radiation, surgery and chemotherapy are 

included at the end of each data set 

Retrospective data set

Patient # Site of 
metastases

Prior 
radiation

Prior 
surgery

Prior 
chemotherapy

Abiraterone Enzalutamide

R1 bone no yes no no no

R2 bone and visceral yes yes no no no

R3 bone and visceral yes no yes no no

R4 bone and visceral yes yes no no no

R5 visceral yes yes no no no

R6 bone and visceral yes yes no no no

R7 bone and visceral yes no yes no no

R8 bone yes yes yes no no

R9 bone and visceral yes yes yes no no

R10 bone no yes yes no no

R11 visceral yes yes no no no

R12 bone yes yes no no no

R13 bone yes yes no no no

R14 bone and visceral yes no no no no

R15 bone and visceral yes yes no no no

R16 bone no no yes no no

R17 bone yes yes yes no no

R18 bone and visceral yes yes yes no no

R19 bone no no yes no no

R20 bone yes yes yes no no

R21 bone and visceral yes yes no no no



49

Chapter 2

2

Patient # Site of 
metastases

Prior 
radiation

Prior 
surgery

Prior 
chemotherapy

Abiraterone Enzalutamide

R22 bone and visceral yes yes yes no no

R23 bone yes yes yes no no

R24 bone and visceral yes yes yes no no

R25 bone yes yes yes no no

R26 bone and visceral no yes yes no no

R27 bone no yes no no no

R28 no no no no no no

R29 bone no yes no no no

R30 bone no no no no no

R31 bone no no no no no

R32 bone yes yes no no no

R33 bone no yes no no no

R34 bone yes yes yes no no

R35 bone and visceral yes no yes no no

R36 bone no no no no no

R37 no yes yes no no no

R38 bone no yes no no no

R39 bone yes yes yes no no

R40 bone and visceral yes yes yes no no

R41 bone no no yes no no

R42 ?/visceral yes no no no no

R43 bone no yes no no no

R44 bone no yes yes no no

R45 bone yes yes no no no

R46 bone yes yes yes no no

R47 bone and visceral yes no no no no

R48 visceral yes yes no no no

R49 bone no no no no no

R50 bone yes no yes no no

R51 bone no yes no no no

R52 bone no yes no no no

R53 bone yes yes no no no

R54 bone yes yes no no no

R55 bone yes no no no no

R56 bone no yes no no no

R57 bone and visceral no yes yes no no
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Patient # Site of 
metastases

Prior 
radiation

Prior 
surgery

Prior 
chemotherapy

Abiraterone Enzalutamide

R58 bone no yes yes no no

R59 bone yes no no no no

R60 bone yes yes yes no no

R61 no no no no no no

R62 bone yes yes no no no

R63 bone yes yes no no no

R64 bone yes no no no no

R65 bone and visceral no no no no no

R66 bone no yes no no no

R67 bone no yes no no no

R68 bone yes yes no no no

R69 bone and visceral no yes no no no

R70 bone yes yes no no no

R71 visceral yes yes yes no no

R72 bone and visceral no no no no no

R73 bone no yes no no no

R74 bone and visceral no no yes no no

R75 bone and visceral yes no no no no

R76 bone and visceral yes no yes no no

R77 ?/no visceral yes yes no no no

R78 bone yes yes no no no

R79 bone no yes no no no

R80 no yes yes no no no

R81 bone and visceral no yes no no no

R82 bone no yes no no no

R83 bone yes no yes no no

R84 bone yes yes no no no

Summary 88.1% bone 
metastases

60.7% yes 70.2% yes 35.70% 0% yes 0% yes

34.5% visceral 
metastases
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Prospective data set

Patient # Site of metastases Prior 
radiation

Prior 
surgery

Prior 
chemotherapy

Abiraterone Enzalutamide

P1 bone yes no yes yes yes

P2 bone no no yes yes yes

P3 bone and visceral yes no yes yes yes

P4 bone no no yes yes no

P5 bone no no yes yes no

P6 bone yes no yes no yes

P7 no yes no no yes no

P8 bone yes no yes yes no

P9 bone and visceral no no yes yes no

P10 bone yes no yes yes no

P11 bone no no yes yes no

P12 bone yes no yes yes no

P13 bone yes no yes yes no

P14 bone yes no yes yes no

P15 bone yes no yes yes yes

P16 bone yes no no yes no

P17 bone yes no yes yes no

P18 bone yes no yes no yes

P19 bone no no yes yes no

P20 bone no no yes yes yes

P21 bone yes no yes yes no

P22 no no no yes yes no

P23 bone no no yes yes no

P24 bone no no yes yes yes

P25 bone yes no yes yes no

P26 bone and visceral no no yes yes no

P27 bone and visceral yes no yes no yes

P28 bone no no yes yes yes

P29 bone and visceral no no yes yes yes

P30 bone and visceral no no yes no yes

P31 bone no no yes yes yes

P32 bone yes yes yes no yes

P33 visceral no no yes yes no

P34 bone no yes yes yes no

P35 bone no no yes yes yes
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Patient # Site of metastases Prior 
radiation

Prior 
surgery

Prior 
chemotherapy

Abiraterone Enzalutamide

P36 bone yes no yes yes yes

P37 visceral yes no yes no yes

P38 bone and visceral no no yes yes no

P39 bone and visceral yes no yes yes yes

P40 bone no yes ? ? ?

P41 visceral yes no no no yes

P42 bone yes no yes yes yes

P43 bone yes no yes yes no

P44 bone yes no yes yes no

P45 bone no no yes yes yes

Summary 88.9% bone 
metastases

53.3% yes 6.7% yes 91.1% yes 82.2% yes 46.7% yes

24.4% visceral 
metastases
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Supplemental Table S2.4.Univariable Cox proportional Hazards regression analysis of age, PSA, ALP, 

LDH, Hb, Alb, CK18, ccCK18, tdEVs and CTCs for retrospective, prospective and full data sets (Enter 

method)

Variable Data set Cut-off HR 95% CI for HR p

lower upper

tdEVs retrospective 105 3.6 2.1 6.3 < 0.001

prospective 105 5.0 2.2 11.1 < 0.001

full 105 3.8 2.4 5.9 < 0.001

CTCs retrospective 5 2.6 1.5 4.3 < 0.001

prospective 5 4.0 1.8 9.1 < 0.001

full 5 2.8 1.8 4.4 < 0.001

Hemoglobin (Hb) retrospective 12.55 0.3 0.2 0.6 < 0.001

prospective 12.55 0.8 0.3 2.0 0.566

full 12.55 0.4 0.2 0.6 < 0.001

CK18 retrospective 576 2.4 1.4 4.0 0.001

prospective 232 3.5 1.6 7.8 0.001

full both 2.5 1.6 3.8 < 0.001

Prostate specific antigen (PSA) retrospective 87 2.3 1.4 3.8 0.002

prospective 87 1.7 0.8 3.7 0.192

full 87 2.0 1.3 3.0 0.002

Alkaline phosphatase (ALP) retrospective 126 2.2 1.3 3.6 0.004

prospective 126 2.7 1.2 6.0 0.017

full 126 2.1 1.4 3.3 0.001

Albumin (Alb) retrospective 3.95 0.5 0.3 0.9 0.009

prospective 3.95 0.8 0.3 2.122 0.658

full 3.95 0.6 0.3 0.9 0.010

Lactate dehydrogenase (LDH) retrospective 230 1.9 1.1 3.1 0.015

prospective 230 2.7 1.2 5.8 0.014

full 230 2.0 1.3 3.0 0.002

Age (per 10 years) retrospective 1.2 0.9 1.6 0.407

prospective 1.0 0.6 1.6 0.889

full 1.1 0.9 1.4 0.484

ccCK18 retrospective 265 1.2 0.7 2.0 0.483

prospective 81 1.3 0.6 2.8 0.484

full both 1.2 0.8 1.8 0.460
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Tumor-derived extracellular vesicles in blood of 

metastatic cancer patients associate with  
overall survival
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Harry J.M. Groen, Daniel F. Hayes, Johann S. de Bono, Leon W.M.M. Terstappen

British Journal of Cancer 2020

Abstract

Circulating tumor cells (CTCs) in blood associate with Overall Survival (OS) of cancer 
patients, but they are detected in extremely low numbers.  Large tumor-derived 
extracellular vesicles (tdEVs) in castration-resistant prostate cancer (CRPC) patients 
are present at around 20 times higher frequencies than CTCs and have equivalent 
prognostic power.  In this study, we explored the presence of tdEVs in other cancers 
and their association with OS. The open-source ACCEPT software was used to 
automatically enumerate tdEVs in digitally stored CellSearch® images obtained from 
previously reported CTC studies evaluating OS in 190 CRPC, 450 metastatic colorectal 
cancer (mCRC), 179 metastatic breast cancer (MBC) and 137 non-small cell lung cancer 
(NSCLC) patients before the initiation of a new treatment. Presence of unfavorable 
CTCs and tdEVs is predictive of OS, with respective Hazard Ratios (HRs) of 2.4 and 2.2 
in CRPC; 2.7 and 2.2 in MBC; 2.3 and 1.9 in mCRC; and 2.0 and 2.4 in NSCLC. tdEVs 
have equivalent prognostic value as CTCs in the investigated metastatic cancers. 
CRPC, mCRC, and MBC (but not NSCLC) patients with favourable CTC counts can be 
further prognostically stratified using tdEVs. Our data suggests that tdEVs could be 
used in clinical decision making.
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3.1 Introduction

Characterization of a patient’s tumor is frequently assessed on the primary tumor. 
However, it is well recognized that the phenotype of a tumor is highly heterogeneous; 
hence, a biopsy in a selective area is very restrictive in representing the whole tumor1,2. 
Moreover, the lesions in metastatic sites further complicate the tumor pattern as they 
can have substantially different features than the primary tumor3-5. Additionally, 
tumors evolve over time and treatments while developing drug resistance mechanisms6. 
These observations emerge the importance of a biopsy that could provide clinicians 
with real-time data to facilitate treatment-decision making. In theory, subsequent 
collections of solid biopsies from multiple sites could be a solution; however, in 
practice, not all sites are accessible by surgery and such a procedure is highly invasive 
leading to patient discomfort and health complications. On the other hand, liquid 
biopsies require a minimally invasive biofluid sampling; consequently, they can be 
performed in short time intervals providing clinicians with a real-time snapshot of 
the disease7. Importantly, the detected tumor material in biofluids, namely circulating 
tumor cells (CTCs), tumor-derived extracellular vesicles (tdEVs) and circulating tumor 
DNA (ctDNA), is clinically relevant and can better reflect the characteristics of the 
metastatic sites8. 

Specifically, the field of tdEVs has gained a lot of attention during the last few years, 
mainly because of their increased prevalence and promise as potential biomarkers to 
aid in the disease management of cancer patients 9-15. The reported size range of tdEVs 
varies between 30 – 10,000 nm, with the diameter of exosomes being 30 to 300 nm, of 
microvesicles <1,000 nm and of large oncosomes between 1,000 and 10,000 nm 16-18 . 
All different tdEV subclasses have been reported to play various roles directly related 
to the disease progression and metastatic processes 19-25. However, the isolation, 
enumeration, differentiation and molecular profiling of pure tdEVs from the blood 
of cancer patients is challenging because of all the contaminants present, including 
proteins, protein aggregates, free nucleic acids (RNA and DNA), platelets and EVs 
of different cell origins 26,27. Hence, enrichment and/or depletion techniques are 
necessary for the specific isolation of tdEVs and their downstream characterization. 

Previously, our group reported the presence of EpCAM+, CK+, DNA-, CD45- “tumor 
microparticles” and “CTC fragments” that were considered by-products of cancer 
apoptosis 28,29. These particles have relatively large sizes (>1 μm) and can be isolated 
together with CTCs from 7.5 mL of peripheral blood after immunomagnetic selection 
targeting the epithelial cell adhesion molecule (EpCAM) expressed on their surface 
membrane. We used the term tumor-derived EVs (tdEVs) to describe these objects. 
The isolation and labeling of the EpCAM enriched sample is performed using the 
FDA-cleared CellSearch® system. For the automated enumeration of tdEVs, the open-



59

Chapter 3

3

source ACCEPT software (http://github.com/LeonieZ/ACCEPT) was used. ACCEPT 
segments all detected objects in the fluorescence images and measures 10 parameters 
in each fluorescence channel regarding their morphology and fluorescence intensity. 
By defining and applying linear gates, different classes of objects (leukocytes, 
CTCs, tdEVs) found in the fluorescence CellSearch images can be enumerated in an 
automated manner. Following that approach, we previously reported that these large 
tdEVs are present in the blood of castration-resistant prostate cancer (CRPC) patients 
in approximately 20 times higher frequencies compared to circulating tumor cells 
(CTCs) and have a significant association with poor prognosis 14.  Here, we explore 
whether the presence of EpCAM+, CK+, DNA-, CD45- tdEVs in metastatic breast 
cancer (MBC), metastatic colorectal cancer (mCRC), and non-small cell lung cancer 
(NSCLC) patients is associated with overall survival (OS) and we determine whether or 
not tdEVs can further improve prognostication of cancer patients. 

3.2 Materials and Methods

3.2.1 Patient samples
190 CRPC (IMMC38 clinical trial, NCT00133900) 30, 450 mCRC (CAIRO II clinical trial, 
NCT00208546) 31,32, 179 MBC (IMMC01 clinical trial) 33, and 137 NSCLC patient samples 
34-36, along with 93 healthy control samples (IMMC06 clinical trial, NCT00133913) 37, 
were included.  The included samples corresponded to patients before the initiation 
of a new treatment. Patient characteristics are provided in Table 3.1.  All individuals 
provided written informed consent prior to participation in the trial protocols 
approved by institutional review boards at the participating centers of the studies 31-38. 

Table 3.1. Patient characteristics 

Metastatic cancer patients CRPC* MBC mCRC NSCLC
Number of patients 190 179 450 137
Age (years)
Median (range) 70 (49-92) 59 (27-86) 63 (27-83) 65 (29-83)
Gender
Male 190 (100%) 0 (0%) 271 (60%) 74 (54%)
Female 0 (0%) 179 (100%) 179 (40%) 63 (46%)
unknown 0 (0%) 0 (0%) 0 (0%) 0 (0%)
ECOG Performance Status
0 87 (46%) 83 (46%) 286 (64%) 78 (57%)
1 80 (42%) 73 (41%) 153 (34%) 49 (36%)
2 17 (9%) 17 (10%) 2 (0%) 5 (4%)
3 0 (0%) 1 (1%)
4 0 (0%) 0 (0%)
unknown 6 (3%) 5 (3%) 9 (2%) 5 (4%)
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Line of therapy
1 132 (70%) 75 (42%) 450 (100%) 36 (26%)
2 29 (15%) 27 (15%) 21 (15%)
3+ 29 (15%) 75 (42%) 80 (59%)
unknown 2 (1%)
Therapy type started after blood draw
Chemo- 11 (6%) 75 (42%) 32 (23%)
Hormone 45 (25%)
Molecular 8 (4%) 20 (15%)
Immuno- 80 (58%)
Other 1 (1%)
Chemo-/Hormone 126 (66%) 11 (6%)
Chemo-/Molecular 23 (13%) 450 (100%)
Chemo-/Other 7 (4%) 1 (1%)
Hormone/Molecular 8 (4%)
Chemo-/Molecular/Hormone 2 (1%)
Chemo-/Hormone/Other 45 (24%)
Unknown 1 (1%) 5 (3%) 5 (4%)
Follow-up time (in months) Median (min-max)

Alive
30.4
(1.9-39.0)

20.6  
(1.3-48.8)

20.2  
(0.0-34.0)

8.8  
(0.7-30.1)

Dead
11.6  
(0.7-39.3)

9.9 
(0.4-31.7)

12.2  
(0.4-32.3)

4.6  
(0.7-25.3)

Status at last follow-up
Alive 53 (28%) 77 (43%) 194 (43%) 68 (50%)
Dead 137 (72%) 102 (57%) 256 (57%) 69 (50%)

3.2.2 Isolation and identification of CTCs and tdEVs 
Digitally stored CellSearch® (Menarini Silicon Biosystems, Huntingdon Valley PA, 
USA) image files from the abovementioned CTC studies were re-analysed. Briefly, 
CTCs and tdEVs were immunomagnetically isolated from 7.5 mL of peripheral blood 
collected in Cell Save tubes using the CellSearch system. The EpCAM enriched cells 
were stained with the nucleic acid dye DAPI and the staining reagent of the CTC kit 
including mouse monoclonal antibodies against CD45 (clone HI30) conjugated to 
APC and mouse monoclonal antibodies against Cytokeratins 8, 18 and 19 (CK) (clones 
C11 and A53-B/A2) conjugated to PE. In case of CRPC, MBC and mCRC, no extra 
markers were used in the FITC and PerCP channels.  In case of NSCLC, the EpCAM 
enriched cells had been additionally labeled with mouse monoclonal antibodies 
against CD16 (clone 3G8) conjugated to PerCP (Marker 2) and in some of the cases 
with the wheat germ agglutinin conjugated to Alexa 488 (Marker 1) or with mouse 
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monoclonal antibodies against CK 1-8, 10, 14, 15, 16, 19, 20 (clones LP5K, Ks20.10, 
and AE1/AE4) conjugated to FITC (Marker 1) to address research points of previously 
reported studies. The subsets of patient samples with additional Marker 1 or/and 2 
labeling can be found in Supplementary Table S3.1. The immunofluorescently stained 
suspension was placed in a cartridge contained within a Magnest® as previously 
described 37. The image acquisition was performed on the CellSpotterTM Analyzer for 
the older IMMC01 study (MBC) and the healthy donors included in the IMMC06 study. 
The image acquisition of the IMMC38 (CRPC), CAIRO II (mCRC) and NSCLC studies 
was performed on the CellTracks® Analyzer IITM.  Both systems are semi-automated 
fluorescence microscopes equipped with computer controlled X, Y, Z stages, a NA 0.45 
10x objective, a Mercury Arc lamp, a 12-bit CCD camera and filter cubes for DAPI, PE, 
APC and FITC.  Typically, 175 images per channel are taken to cover the entire surface 
of the cartridge 39.

3.2.3 CTC counts and automated enumeration of tdEVs with ACCEPT
To obtain accurate counts of CTCs and tdEVs, the manual CTC counts were extracted 
from the CellTracks Analyzer II. For tdEV enumeration, the digitally stored 
fluorescence image files were re-analyzed with the open-source ACCEPT software 
v1.1 (http://github.com/LeonieZ/ACCEPT) using the “Full Detection” function.  After 
that analysis, 10 morphological and fluorescence signal intensity measurements, for 
each object found in the images, are extracted per channel. These measurements can 
be used to design linear gates to identify different classes of objects in the images 
14,34. The definition of tdEVs in case of CRPC, MBC, mCRC was EpCAM+, CK+, DAPI-, 
CD45- particles of a diameter < 14 μm. The background PE fluorescence in the images 
acquired on the CellSpotter Analyzer was higher compared to the CellTracks Analyzer 
II, resulting in the use of a different tdEV gate for each platform.  The applied tdEV 
gate for images acquired on CellTracks Analyzer II was: Mean Intensity CD45 ≤ 5, 
Mean Intensity DNA ≤ 5, Mean Intensity CK > 60, Mean Intensity Marker 1≤ 5, Mean 
Intensity Marker 2 ≤ 5, Max Intensity CK > 90, Size CK ≤ 150 μm2, Perimeter CK > 5 
pixels, Eccentricity CK ≤ 0.8, and Perimeter to Area CK ≤ 1 14. For the images acquired 
on the CellSpotter, the setting of Standard Deviation for CK > 40 was implemented 
in the tdEV gate instead of the CK Max Intensity. In case of NSCLC, tdEVs should 
be additionaly CD16- (an already included criterion in the aforementioned tdEV gate 
as Mean Intensity Marker 2 ≤ 5). However, tdEVs could be either positive or negative 
for Marker 1 (wheat germ agglutinin or CK 1-8, 10, 14, 15, 16, 19, 20). In order to be 
able to compare among different NSCLC patient samples, we did not include any 
requirements for the Mean Intensity Marker 1.

3.2.4 Statistical analysis
Statistical analysis was performed using SPSS 23.0 (SPSS Inc., Chicago, IL, USA).  
For each cancer type, a two-tailed Spearman’s Rho test was performed to evaluate the 
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relation between the CTC and tdEV counts.  The non-parametric Wilcoxon Signed 
Ranks test was used to test the equality of the distributions for the matched CTC 
and tdEV counts within each cancer type.  The non-parametric Mann-Whitney U test 
was used to test the equality of the distributions for the CTC and tdEV counts in the 
healthy donors compared to each patient cohort as well as all patients together. Overall 
Survival (OS) for each patient was defined as the elapsed time in months between the 
baseline blood draw date and the date of death or the date of last follow-up. Patients 
alive at the end of the study or lost during the follow-up period were censored.  Median 
OS was estimated by Kaplan Meier survival curves and survival curves for favorable 
and unfavorable groups based on CTC and/or tdEV counts were compared using the 
non-parametric log-rank test. Cox proportional-hazards regression analysis was 
used to determine the univariable hazard ratios (HRs) for OS with 95% confidence 
intervals (CIs). A final multivariable Cox model for each cancer type was fit including 
the significant variables from the univariable Cox proportional hazards regression 
analysis. Due to correlation between some of the included variables, the final model 
was selected using forward stepwise elimination (pin=0.05 and pout=0.10). The open-
source web application Cutoff Finder (http://molpath.charite.de/cutoff) was used 
to calculate the HRs for OS with 95% CIs over a wide range of cut-off values for the 
CTC and tdEV counts for the full data sets as well as for tdEV counts in the subset of 
patients with favorable CTC counts.  The optimal cut-off values of tdEVs for patients 
with favorable CTCs were defined as the points with the most significant split (log-
rank test). Cutoff Finder uses the R code to provide optimization and visualization 
tools for cut-off determination 40. Receiver Operating Characteristic (ROC) Curves 
were used for each cancer type to assess the performance of CTCs and tdEVs in 
classifying patients based on shorter than median OS or death. 

3.3 Results

3.3.1 ACCEPT display of CTCs and tdEVs 
All objects found in the fluorescence images are visualized using the quantitative 
display of the ACCEPT toolbox. Figure 3.1 shows examples of manually scored CTCs 
and automatically scored tdEVs found in the CellSearch images. 

3.3.2 CTC and tdEV frequencies in CRPC, MBC, mCRC and NSCLC
The frequencies of EpCAM+ CTCs and tdEVs identified in blood samples obtained from 
CRPC, MBC, mCRC and NSCLC patients are provided in Figure 3.2.  Samples from 93 
healthy donors were included as a reference. The CTC distribution of healthy donors was 
highly significantly different compared to the respective distribution of CRPC, MBC and 
NSCLC (p<0.001, Mann-Whitney U test) but not mCRC (p>0.05, Mann-Whitney U test). 
In case of tdEVs, the distribution of healthy donors was highly significantly 
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Figure 3.1. Examples of objects manually classified as CTCs by individual users (Panel A) or 

automatically classified as tdEVs using the open-source ACCEPT software (Panel B) on images 

obtained from CRPC, MBC, mCRC and NSCLC cancer patients.  The red contours around the objects 

indicate the contours as detected by the ACCEPT image analysis algorithm.  All objects were isolated 

from 7.5 mL of blood using the CellSearch system.  Scale bars indicate 6.4 μm. 

Figure 3.2. Dot plots of manual CTC counts (in black) and automated tdEV counts (in gray) in the 

blood of individuals with different cancer types. Horizontal black lines indicate median values. tdEV 

counts are significantly higher compared to the respective CTC counts in CRPC, MBC, mCRC and 

NSCLC cancer patients (p<0.05 for all 4 comparisons, Wilcoxon Signed Ranks test). CTC and tdEV 

counts of 93 healthy donors were used as a reference. 
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different compared to the respective distribution of CRPC, MBC and mCRC, but not 
NSCLC. Comparison of the pooled patient CTC and tdEV dataset to the reference 
dataset of healthy donors resulted in a highly significantly different distribution of only 
tdEVs. Notably, the median and average tdEV counts are an order of magnitude higher 
compared to the respective CTC counts (p<0.01, Wilcoxon Signed Ranks test), with 
96.4% of all patients (186/190 CRPC, 169/179 MBC, 448/450 mCRC and 119/137 NSCLC 
patients) having higher tdEV counts.  CRPC patients had the highest median CTC and 
tdEV counts, followed by MBC, mCRC and NSCLC patients.  CTC and tdEV counts were 
significantly correlated in all cancer types, as illustrated in Supplementary Figure S3.1. 
The correlation coefficient between CTC and tdEV counts in these cancer types were 
tested using Spearman’s Rho test and was found to be 0.87 for CRPC (p<0.001), 0.70 for 
MBC and mCRC (p<0.001), and 0.44 for NSCLC cancer  (p<0.001).

Due to skewed distribution, we chose to use the median value plus 2 standard deviations 
(SD) of tdEV counts detected in the 93 healthy donors as a normal reference range.  This 
resulted in a normal range of 0 to 20 tdEVs per 7.5 mL of blood.

3.3.3 Association of CTCs and tdEVs with OS in cancer patients
The association of CTCs and tdEVs in CRPC, MBC, mCRC and NSCLC with OS was 
evaluated using Kaplan Meier (KM) plots (Figure 3.3). For CTCs, the same cut-offs 
established in the original studies (5 for CRPC and MBC and 3 for mCRC) were used to 
dichotomize patients into favorable and unfavorable CTC groups.  For NSCLC patients, 
1 CTC was used as a cut-off.  For tdEVs, the cut-off value used to dichotomize patients 
into groups with favorable and unfavorable tdEVs was defined as the upper bound of the 
normal reference range (≥20 tdEVs). Univariable Cox proportional-hazards regression 
analysis was used to estimate the HR for OS between the favorable and unfavorable CTC 
and tdEV groups.  As shown in Figure 3.3, cancer patients with ≥20 tdEVs/7.5 mL have an 
approximately 2-fold higher risk of death compared to patients with <20 tdEVs (p<0.05, 
log-rank test).  The stratification of the same patients based on their CTC counts resulted 
in slightly higher HRs for OS in all cancer types, except for NSCLC, where the HR was 
slightly higher for tdEVs (p<0.05, log-rank test, Figure 3.3). 

To demonstrate the association between increasing CTC and tdEV load and OS, KM plots 
were generated.  For this analysis, CTCs and tdEVs for each cancer type were binned into 
four groups, except for the CTC analysis of mCRC and NSCLC, where the CTC counts 
were binned into only three groups because the majority of patients did not have CTCs.  
As shown in Figure 3.4, increasing tdEV load in the blood of cancer patients (Panel B) 
is significantly associated with worsening OS. The same pattern can be seen for CTCs 
(Panel A), although the narrower range of CTC values leads to more unequal numbers of 
patients in each risk group compared to their stratification based on tdEV values.
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Figure 3.3.  Kaplan Meier plots for overall survival in CRPC, MBC, mCRC and NSCLC patients with 

favorable and unfavorable CTC (Panel A) and tdEV (Panel B) counts using different cut-off values for 

CTCs (5 for CRPC and MBC, 3 for mCRC and 1 for NSCLC) and the same cut-off value of 20 for tdEVs.
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Figure 3.4.  Kaplan Meier plots for overall survival in CRPC, MBC, mCRC and NSCLC patients with 

increasing levels of CTCs (Panel A) and tdEVs (Panel B).  Increasing tdEV counts are associated with 

worse OS in all cancer types, similarly to CTCs. 
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To investigate the dependence of HR for all four different cancer types on different 
cut-off values for both CTCs and tdEVs, overview plots of HR (including 95% CIs) for 
OS were generated by the open-source Cutoff Finder web application (Supplementary 
Figure S3.2).  For CRPC, MBC and mCRC cancer, more than 94% of all possible cut-off 
values for both CTCs and tdEVs lead to a significant dichotomization of patients for OS.  
For NSCLC, all of the possible CTC cut-off values and 67% of possible tdEV thresholds 
resulted in patient stratification with a significant HR.  Based on the same overview 
plots, it is clear that HRs for both CTCs and tdEVs in all different cancer types are similar.

The overlap of ROC curves that were generated to evaluate the performance of 
CTCs and tdEVs in classifying patients based on their OS and experiencing death 
(Supplementary Figure S3.3), further supports the finding that CTCs and tdEVs are 
equivalent prognostic biomarkers of OS.

3.3.4 Stratification of patients with favorable CTC counts based on tdEVs 
To evaluate whether patients with favorable CTC counts could be further stratified 
using tdEVs, the Cutoff Finder web application was used to plot the resulting HRs 
(with 95% CI) against the different cut-off values of tdEVs for each cancer type (Figure 
3.5A-C).  For CRPC, the optimal tdEV cut-off (i.e. the cut-off leading to the highest HR 
with a p-value <0.001, log-rank test) was ≥89, with 13% of the patients with favorable 
CTC counts having elevated (unfavorable) tdEV counts.  For MBC, the optimal tdEV 
cut-off was ≥80, with 11% of the patients with favorable CTC counts having elevated 
tdEVs.  For mCRC, the optimal tdEV cut-off was ≥40, with 24% of the patients with 
favorable CTC counts having unfavorable tdEV counts.  For NSCLC, no cut-off value 
for tdEVs was found that led to a significant dichotomization of patients with favorable 
CTC counts.  KM plots were generated for patients with favorable CTC counts based 
on the aforementioned optimal tdEV cut-off values for each cancer (Figure 3.5D-F).  
Patients with unfavorable tdEV counts had significantly worse OS in comparison to 
patients with favorable tdEV counts, with a 4.7-fold higher risk of death (95% CI: 2.2-
10.3) in CRPC; a 4.9-fold higher risk (95% CI: 2.2-11.2) in MBC, and a 2-fold higher risk 
(95% CI: 1.5-2.9) in mCRC. 

3.3.5 Univariable and multivariable associations between potential risk 
factors and OS of CRPC, MBC, mCRC and NSCLC patients
Different variables for each cancer type were evaluated as potential risk factors of OS 
using univariable cox proportional hazards regression analysis (Supplementary Table 
S3.2). For the multivariable analysis, the significant predictors of the univariable 
analysis were included (Supplementary Table S3.3). 

In case of CRPC, the tested variables were age, ECOG status, haemoglobin and 
the log transformed CTCs, tdEVs, PSA, LDH, ALP, albumin and testosterone. All 
variables, except for testosterone, were significant and used as input variables in 
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the multivariable regression analysis. The final multivariable model included ECOG 
status, age, haemoglobin, tdEVs and LDH. 

In case of MBC, ECOG status, age, ER, HER2 and PR status of the tumor, time to 
metastasis, number of metastatic sites, line of therapy, type of therapy, log transformed 
CTCs and tdEVs were evaluated as potential risk factors. ECOG status, PR status, 
number of metastatic sites, type of therapy, CTCs and tdEVs were significant and used 
as input variables in the multivariable regression analysis. The final multivariable 
model included the number of metastatic sites, ECOG status and CTCs.

In case of mCRC, the tested variables were the treatment arm, ECOG status, age, LDH 
(normal versus abnormal), gender, prior adjuvant therapy, more than 1 affected organs 
and the log transformed CTCs and tdEVs. All variables apart from the treatment arm, 
the prior adjuvant therapy and the gender were significant predictors of OS and were 
used as input variables in the multivariable regression analysis. The final multivariable 
model included the ECOG status, age and both CTCs and tdEVs.

In case of NSCLC, the tested variables were the ECOG status, type of treatment, age, 
gender and the log transformed CTCs and tdEVs. Except for the type of treatment, 
all variables were significant predictors of OS and used as input variables in the 
multivariable regression analysis. The final multivariable model included the ECOG 
status, age and CTCs. 

3.4 Discussion

The FDA-cleared CellSearch® system presents thumbnail images containing CK-PE 
and DAPI signals to the operator for manual classification of CTCs 39. The operator 
bias in CTC classification can be improved by providing quantitative information 
of the objects in the thumbnails and can be eliminated by the use of gates with the 
open-source ACCEPT software (http://github.com/LeonieZ/ACCEPT) 14,41-43. Further 
improvements in the classification of CTCs can be obtained through the use of 
deep learning 44; however, for its implementation on larger datasets, significant 
improvements in the software are still needed. Therefore, in this study, we elected to 
use the original CTC scores of the studies. The introduced operator bias together with 
the assay variations and the low cut-off values of 1, 3 and 5 CTCs per 7.5 mL of blood, 
make an accurate assessment impossible.  As an  example, two separate tubes of blood 
drawn from the same patient at the same time could very likely show that one tube had 
4 CTCs, while the other tube had 6 CTCs, resulting in the assignment of the patient 
into a different risk group 45. 
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Figure 3.5. Overview plots of HRs (with 95% CIs) for all possible cut-off values for tdEV counts in 

CRPC (Panel A), MBC (Panel B) and mCRC (Panel C) patients with favorable CTC counts (<5 for CRPC 

and MBC and <3 for mCRC), as generated by the Cutoff Finder software. The optimal cut-offs, 

determined as the point that resulted in the most significant split (log-rank test), are indicated by a 

vertical line in each plot.  Kaplan Meier plots for overall survival in CRPC (Panel D), MBC (Panel E), 

and mCRC (Panel F) patients with favorable CTC counts by farovable and unfavorable tdEV counts 

were generated based on the optimal tdEV cut-off values.  Favorable CTC patients with unfavorable 

(elevated) tdEV counts had significantly worse OS compared to favorable CTC patients with favorable 

(below the selected cut-off values) tdEV counts. 
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For tdEVs, no manual scores can be obtained as the CellSearch generated thumbnails 
do not include objects with only CK-PE. Whether or not deep learning can be also 
used to improve detection and classification of tdEVs remains, as of yet, unanswered. 
Notably, ACCEPT tdEV counts are found in at least one order of magnitude higher 
frequencies compared to CTCs in all different cancer types, thereby confirming our 
previous findings in CRPC 14.  The high degree of correlation between CTCs with tdEVs 
that we found in CRPC, MBC and mCRC (Supplementary Figure S3.1) can likely be 
attributed to a similar shedding of tdEVs from the primary and metastatic sites as 
with the CTCs.  Origin of tdEVs by degradation of CTCs after blood draw is unlikely, 
as the blood samples were collected in CellSave tubes, which stabilizes the cells in the 
blood, preventing their degradation 46. 

One way for the clinicians to bring our findings into patient care is by automatically 
extracting tdEV counts of the already processed samples for CTCs; the tdEV count can 
serve as a second biomarker to confirm the initial prognosis of the patient based on their 
CTC counts. However, for the additional stratification of patients with low (favorable) 
CTC counts reported here, the tdEV cut-off values with the most significant correlation 
to OS were chosen for each patient cohort. It is recommended that the selected tdEV cut-
off values be confirmed in additional studies to derive more unequivocal conclusions. 

In case of NSCLC patients, tdEVs are unable to further stratify patients with favorable 
CTC counts. Moreover, both CTC and tdEV counts, as defined by the CellSearch system, 
are very low regardless the particular aggressiveness of the specific cancer type. The 
question why remains open and has been discussed elsewhere 47. Low expression 
of EpCAM and/or cytokeratin have been suggested as possible explanations. The 
CellSearch yields a CTC recovery of 87-91% when cells express 1.5 - 2.3 *106 EpCAM 
molecules 35. However, when EpCAM expression falls to 4.9 - 2.0 *103 EpCAM 
molecules, the respective CTC recovery drops to as low as 2% 35. In case of the smaller 
tdEVs, lower magnetic forces and subsequently EpCAM expression is required for 
their immunomagnetic isolation. Another critical point is the detection of isolated 
EpCAM+ CTCs by the expression of CK8, 18 and 19. Colleagues have previously 
demonstrated that AR+ CTCs isolated by the CellSearch system were not detectable 
by the CellTracks Analyzer II due to insufficient CK expression 48. De Wit et al. also 
reported that in case of NSCLC patients, the inclusion of antibodies targeting more 
cytokeratins increased the detection of CTCs within the CellSearch cartridges from 41 
to 52% 35. Therefore, the use of additional antibodies recognizing membrane (EpCAM, 
VAR2CSA, HsP70, PSMA, HER2, EGFR2) or cytoplasmic (vimentin) markers could lead 
to increased detection of CTCs and tdEVs that have been already positively selected 
based on their EpCAM expression.

The inclusion of more specific antibodies in the staining mixture could also aid in 
the discrimination of tdEVs from EVs secreted from non-tumor epithelial cells in 
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the bloodstream of healthy individuals. The reason why only some of the healthy 
individuals have detectable EVs defined as tdEVs (Figure 3.2) could be explained by 
a condition of liver inflammation/fibrosis that would result in increased secretion of 
epithelial EVs. In alignment with that hypothesis, Julich-Haertel et al. demonstrated 
that individuals with cirrhosis have detectable EpCAM+ AnnexinV+ EVs in similar 
frequencies to individuals with NSCLC and CRC 49. 

Genotypic characterization of tdEVs in healthy individuals and cancer patients 
would further confirm their origin. Molecular profiling of the isolated tdEVs could 
provide us with a mutational snapshot of the tumor during therapies and lead to a 
better understanding of the underlying pathways and mechanisms that promote 
progression. Jiang et al. identified AR mutations in CellSearch enriched blood samples 
of CRPC patients that did not have any CellSearch defined CTCs; some of the AR 
mutations that were indicating resistance to AR-targeted therapies had been found 
also in biopsies or autopsies of the respective patients 50. Furthermore, Marchetti 
et al. also reported EGFR mutations in CellSearch enriched blood samples of 84% 
NSCLC patients, whereas only 41% of them were positive for CellSearch defined CTCs 
51. These findings raise the question whether specific gene mutations are present in 
EpCAM+ CTCs isolated by CellSearch, but missed by the system as CK- or whether 
these mutations are encapsulated within the EpCAM+, CK+, CD45-, DNA- tdEVs that 
we report here.  Both hypotheses are likely to be true as supported by the presence of 
CK- CTCs in the CellSearch cartidges 48 and the presence of most tumor DNA in large 
CK+ tdEVs found in the plasma of cancer patients 52. In addition, it has been reported 
that relevant gene mutation information is present in the plasma fraction of blood 
samples, either encapsulated within EVs or as cell-free tumor DNA 53,54. 

Our study has the limitation that all blood samples were centrifuged at 800 g for 10 min 
and the plasma was aspirated before being processed by the CellSearch system; hence, 
the EpCAM+, CK+, DAPI-, CD45- fraction of tdEVs that we report here was isolated 
from the blood cell pellet and it has a size range between 1 and 14 μm. These large 
tdEVs constitute only a small subset of probably less than 1% of the total tdEVs that are 
present in the blood sample before centrifugation, based on the size estimations of 
secreted EVs from model cancer cell lines 55-57. 

An approach to enrich and further investigate the smaller tdEVs is to run plasma 
through the CellSearch system. A first attempt indeed showed many CK+ tdEVs isolated 
from the plasma of a CRPC patient by the CellSearch system, but improvements 
need to be made for their detection and identification. Further characterization 
and downstream analysis of the EpCAM enriched tdEVs using gold standard 
techniques58,67, also recommended by the International Society of Extracellular 
Vesicles59, can further elucidate their biophysical properties.  Towards that direction, 
the Cancer-ID consortium was formed to identify and characterize tdEVs and 



72

tdEVs in metastatic cancers

elucidate their differences from EVs of different origins. Electron microscopy60,61, 
nanoparticle tracking analysis, flow cytometry62,63, Raman spectroscopy 64, surface 
plasmon resonance56 and atomic force microscopy65 have been investigated for 
the characterization of tdEVs with or without EpCAM pre-enrichment. Principal 
component analysis of Raman spectra shows clear discrimination between EVs of 
cancerous cell- and healthy blood cell- origin 66. 

In conclusion, this study shows the simultaneous isolation and detection of CTCs 
and large (1-14 μm) tdEVs in a single assay (CellSearch) maximizing the available data 
from individual peripheral blood samples of metastatic cancer patients. Importantly, 
tdEVs have an equivalent prognostic power to CTCs in CRPC, MBC, mCRC and NSCLC 
patients and can further stratify patients with low/favorable CTC counts. Furthermore, 
the non-stringent criteria used to classify an object as a tdEV allows for their reliable 
and fast automated enumeration using the ACCEPT software without the necessity 
of time-consuming training and manual scoring by individual users. The presence 
of tdEVs in higher frequencies, when compared to CTCs, may better reflect the 
phenotypic heterogeneity of the tumor. That fact together with the increased stability 
of EVs in circulation render tdEVs to a promising biomarker for clinicians to evaluate 
the mutational status, transcriptome and proteome of the tumor and the presence 
of therapeutic targets that could predict treatment responses of patient subsets with 
or without CTCs. Last but not least, future research of EVs could contribute in the 
comprehension of the underlying mechanisms of the tumor to develop resistance to 
treatments and open the path towards the development of new therapies. 
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Supplementary Data

Supplementary Figure S3.1. Scatter plot showing the correlation between manual CTC and automated 

tdEV counts in four cancer types and healthy donors.  Each group is indicated in a different color as 

shown in the legend.



78

tdEVs in metastatic cancers

Supplementary Figure S3.2. Overview plots of Hazard Ratios (HRs), including 95% CIs, for overall 

survival (OS) for all possible cut-off values for CTC counts (A) and tdEV counts (B) in each cancer type.  

These plots were generated using the web application Cutoff Finder. CTCs and tdEVs were significant 

for a wide range of cut-off values in CRPC (Panels 1A and 1B), MBC (Panels 2A and 2B), mCRC (Panels 

3A and 3B), and NSCLC (Panels 4A and 4B).
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Supplementary Figure S3.3. Receiver Operating Characteristic (ROC) curves of CTCs (in black) and 

tdEVs (in grey) treating as a classification variable A. survival time dichotomized by the median OS 

time of the respective patient cohort and B. death. 
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Supplementary Table S3.1. 137 NSCLC patient samples included in the present study

N patients Additional labeling Additional staining Previously reported

45 Marker 1
Marker 2

Wheat-germ agglutinin- Alexa 488
CD16-PerCP

(de Wit et al., 2018b)

12 Marker 2 CD16-PerCP not

24 Marker 1
Marker 2

CK1-8, 10, 14, 15, 16, 19, 20-FITC
CD16-PerCP

(de Wit et al., 2015)

56 Marker 2 CD16-PerCP (de Wit et al., 2018a)
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Supplementary Table S3.2. Univariable cox proportional hazards regression analysis

Variables in equation HR (95% CI) p-value
CR

PC

age 1.02 (1.00-1.04) 0.025

ECOG 2.33 (1.75 - 3.10) <0.001

CTCs, per log unit 1.72 (1.48 - 2.00) <0.001

tdEVs, per log unit 2.42 (1.90-3.07) <0.001

haemoglobin , per g/dL 0.69 (0.62 - 0.77) <0.001

PSA, per log unit 1.27 (1.00- 1.62) 0.050

ALP, per log unit 3.70 (2.31 - 5.93) <0.001

albumin, per log unit 0.01 (0.00 - 0.02) 0.002

testosterone, per log unit 0.71 (0.35 - 1.42) 0.328

LDH, per log unit 26.54 (11.28 - 62.48) <0.001

M
BC

age 1.00 (0.98 - 1.01) 0.526

ECOG 1.81 (1.39 - 2.36) <0.001

CTCs, per log unit 1.62 (1.38 - 1.90) <0.001

tdEVs, per log unit 1.92 (1.53 - 2.40) <0.001

ER status 1.48 (0.97 - 2.24) 0.068

PR status 1.57 (1.06 - 2.34) 0.025

HER2/neu status 1.43 (0.89 - 2.30) 0.136

number of metastatic sites 1.24 (1.07 - 1.43) 0.003

time to metastasis 0.97 (0.93 - 1.00) 0.067

line of therapy 1.06 (1.00 - 1.12) 0.052

type of therapy 0.81 (0.67 - 0.97) 0.021

m
CR

C

age 1.01 (1.00 - 1.03) 0.039

ECOG 1.51 (1.18 - 1.92) 0.001

gender 0.99 (0.77 - 1.27) 0.936

treatment arm 1.14 (0.90 - 1.46) 0.284

prior adjuvant chemotherapy 1.34 (0.93 - 1.93) 0.117

> 1 affected organs 0.76 (0.59 - 0.98) 0.035

abnormal LDH 0.59 (0.46 - 0.75) <0.001

CTCs, per log unit 1.65 (1.44 - 1.90) <0.001

tdEVs, per log unit 2.53 (1.99 - 3.20) <0.001

N
SC

LC

age 1.03 (1.00 - 1.06) 0.024

ECOG 2.04 (1.36 - 3.04) 0.001

gender 0.59 (0.36 - 0.95) 0.030

type of therapy 0.98 (0.74 - 1.31) 0.907

CTCs, per log unit 1.66 (1.24 - 2.23) 0.001

tdEVs, per log unit 1.52 (1.06 - 2.19) 0.024
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Supplementary Table S3.3. Multivariable cox proportional hazards regression analysis

Variables in equation HR (95% CI) p-value
CR

PC

LDH, per log unit 7.01 (2.47 - 19.96) <0.001

tdEVs, per log unit 1.87 (1.42 - 2.47) <0.001

ECOG status 1.62 (1.19 - 2.20) 0.002

haemoglobin, per g/dL 0.80 (0.70- 0.90) <0.001

age 1.03 (1.01 - 1.05) 0.003

M
BC

ECOG status 1.76 (1.34 - 2.30) <0.001

CTCs, per log unit 1.62 (1.37 - 1.92) <0.001

number of metastatic sites 1.22 (1.05 - 1.41) 0.008

m
CR

C

tdEVs, per log unit 1.92 (1.37 - 2.68) <0.001

ECOG status 1.36 (1.06 - 1.74) 0.016

CTCs, per log unit 1.23 (1.01 - 1.49) 0.041

age 1.02 (1.01 - 1.04) 0.005

N
SC

LC

ECOG status 1.90 (1.26 - 2.86) 0.002

CTCs, per log unit 1.47 (1.05 - 2.07) 0.026

age 1.04 (1.01 - 1.06) 0.010
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Abstract

Large tumor-derived Extracellular Vesicles (tdEVs) in EpCAM enriched blood 
fluorescently labelled with DAPI, Cytokeratin-PE and CD45-APC of metastatic prostate, 
breast, colorectal and non-small cell lung cancer patients are negatively associated 
with the overall survival of the patients. Here, we investigated whether, similarly to 
tdEVs, also leukocyte-derived EVs (ldEVs) can be detected in EpCAM enriched blood. 
Presence of ldEVs and leukocytes in image data sets of EpCAM enriched samples of 25 
healthy individuals and 75 metastatic cancer patients was evaluated using the ACCEPT 
software. Large ldEVs could indeed be detected, but in contrast to the 20-fold higher 
frequency of tdEVs as compared to Circulating Tumor Cells (CTCs), ldEVs were present 
in a 5-fold lower frequency as compared to leukocytes. To evaluate whether these ldEVs 
pre-exist in the blood or are formed during the CellSearch procedure, blood of healthy 
individuals without EpCAM enrichment was labelled with the nuclear dye Hoechst and 
fluorescently tagged monoclonal antibodies recognizing the leukocyte- specific CD45, 
platelet- specific CD61 and red blood cell- specific CD235a. Fluorescence microscopy 
imaging using a similar setup as the CellSearch was performed and demonstrated 
the presence of a similar population of ldEVs present at a 3-fold lower frequency as 
compared to leukocytes.
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4.1 Introduction

During the last decades, Extracellular Vesicles (EVs) have emerged as promising disease 
biomarkers bearing similar membrane and cargo composition as their originating 
cells 1-3. Importantly, for nucleic acid analysis, the membrane encapsulated nucleic 
acid cargo is protected from enzymatic degradation and consequently, it can circulate 
for longer time compared to cell free DNA (cfDNA) 4,5. In case of cancer, the presence 
of nucleic acids (DNA, mRNA and miRNA) within tumor-derived EVs (tdEVs) and 
proteins within or on tdEV membranes can provide information of the predisposition 
of the tumor to metastasize in specific organs and guide treatment monitoring of the 
patients to block metastasis and cancer progression 5-9. It has been demonstrated that 
EVs in biofluids of cancer patients are significantly elevated when compared to the 
respective numbers of healthy individuals 10,11. However, to our knowledge, there is no 
data available in regards to the composition of the redundant EVs in blood of cancer 
patients. The recent in vivo studies of Ricklefs et al. using GFP-labeled brain tumors in 
mice showed that less than 0.5% of the total circulating EVs were GFP+ 10. That finding 
implies that more cell types secrete EVs in response to the present tumor contributing 
to the final EV pool detected in biofluids of cancer patients. Furthermore, the pre-
analytical steps of sample processing determine the EV populations to be analyzed and 
could lead to biased conclusions. The majority of research groups is only interested in 
exosomes that constitute the smallest subclass of EVs as they consider them products 
of active cell secretion; therefore, they are using differential centrifugation steps 
to get rid of other EV subclasses, collect the exosome fraction as a pellet from the 
final ultracentrifugation step and label them with antibodies recognizing generic 
exosome-enriched biomarkers, mainly tetraspanins, such as CD81, CD9 and CD63 
to identify them 10,12. Nevertheless, EV subclasses of larger size (microvesicles, 
oncosomes and apoptotic bodies) 13 have been reported to be bioactive with a wide 
spectrum of functions depending on their cells of origin 14. Importantly, Vagner et 
al. reported the presence of DNA in large tdEVs reflecting the genetic aberrations of 
the tumor; a finding that highlights their promising potential in the liquid biopsy 
field 15. Padda et al. also demonstrated that the majority of PSMA+ EVs in plasma 
of prostate cancer patients derive directly from the plasma membrane and have a 
larger size 16 ; hence, these clinically important populations are missed by solely the 
exosome analysis. Very few studies have investigated the isolation and downstream 
characterization of specifically tdEVs from patient samples using immuno-affinity 
techniques 17,18. Recently, we showed that large tdEVs, immunomagnetically isolated 
based on their EpCAM expression together with Circulating Tumor Cells (CTCs) by 
the CellSearch system from blood of metastatic prostate, breast, colorectal and non-
small cell lung cancer patients have equivalent prognostic power to CTCs 18,19. These 
observations were enabled through the availability of the open-source ACCEPT image 
analysis program, which allows for the exploration and enumeration in a single level 
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of all different classes of objects detected in the fluorescence images in an automated, 
fast and reproducible manner, free of the subjectivity and bias of different operators 
20,21. However, it is not clear whereas our previously reported large tdEVs are a result of 
fragmentation of CTCs during the immunomagnetic EpCAM enrichment and washing 
steps that the CellSearch system is using or whether they pre-exist in the blood 
samples of cancer patients. Their rare frequency in combination with the abundance 
of blood cells and EVs of different origins prevent us from addressing that question 
by labeling of blood samples without any pre-enrichment steps and subsequent 
enumeration from fluorescence images. In this study, we identified in the digitally 
stored CellSearch images some CD45+, DAPI-, CK- objects of similar size to tdEVs 
that we baptized leukocyte-derived Extracellular Vesicles (ldEVs). We addressed the 
question of whether large ldEVs pre-exist in the blood of individuals without EpCAM 
enrichment or they are by-products of cell fragmentation by the CellSearch procedure. 
Towards that direction, we labeled blood samples of healthy individuals with the 
nuclear dye Hoechst and fluorophore-conjugated antibodies against the leukocyte-
specific CD45, the platelet-specific CD61 and the red blood cell- specific CD235a 
without any pre-enrichment or pre-analytical steps. The samples were imaged using 
a fluorescence microscope with a 10x/0.45 NA objective to enable fair comparison of 
the image datasets acquired by the CellTracks Analyzer II of the CellSearch system 22.

4.2 Materials and Methods 

4.2.1. Immunofluorescence image data sets of EpCAM enriched cells 
and extracellular vesicles of 25 healthy individuals and 75 metastatic 
cancer patients
100 digitally stored CellSearch image data sets corresponding to EpCAM enriched 
blood samples of 25 healthy individuals, 25 metastatic prostate (CRPC), 25 colorectal 
(mCRC) and 25 non-small cell lung (NSCLC) cancer patients before the initiation of a 
new therapy, were used for this analysis. The EpCAM enriched leukocytes and large 
leukocyte-derived EVs present in these fluorescence images were enumerated. The 
CRPC and mCRC patients had participated in the retrospective IMMC38 and CAIRO 
II clinical studies respectively.

Briefly, the EpCAM+ CTCs and tdEVs were positively selected by ferrofluids conjugated 
to an antibody regognizing the extracellular epitope of EpCAM (clone VU1D9) from 
7.5 mL of blood of cancer patients using the CellSearch system (Menarini Silicon 
Biosystems, Huntingdon Valley PA, USA), as previously described 23. Following EpCAM 
immunomagnetic enrichment, the suspension was incubated with the nuclear dye 
DAPI and antibodies against the epithelial-specific cytokeratins 8, 18 and 19 (clone 
C11) conjugated to phycoerythrin (PE) and an antibody against the leukocyte-specific 
cluster of differentiation CD45 conjugated to allophycocyanin (APC). The suspension 
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was transferred to a cartridge placed within a magnest that allowed for a homogeneous 
distribution on a focal plane of the ferrofluids and the EpCAM enriched objects 24. The 
cartridges were imaged using a semi-automated 10x/0.45 NA objective fluorescence 
microscope, the CellTracks Analyzer II, as previously described 23.

4.2.2. Blood samples of 10 healthy individuals
EDTA blood samples from 10 anonymous healthy individuals were obtained after 
written informed consent from the TNW-ECTM-donor service (University of Twente, 
Enschede, The Netherlands). The frequencies of white blood cells, red blood cells and 
platelets were assessed using a hematology analyzer (Beckman Coulter, California, 
USA). The samples were processed at the same day of the drawing. 

4.2.3. Immunofluorescence imaging of cells and extracellular vesicles in 
whole blood samples 
10-20 μl of EDTA blood samples of 10 different healthy individuals were 10x diluted in 
0.2 μm filtered 1% w/v bovine serum albumin (BSA) in phosphate buffered saline (PBS) 
solution. Blood was incubated with the nuclear dye Hoechst 33342 (Invitrogen, cat. 
# H3570), the fluorescently tagged monoclonal antibodies CD45-PerCP (clone HI30 
Invitrogen, cat. # MHCD4531) recognizing leukocytes, CD235a-Alexa Fluor® 647 (clone 
YTH89.1, bio-rad, MCA506A647) antibodies recognizing erythrocytes and CD61-Alexa 
Fluor® 488 (clone Y2.51, bio-rad, cat. # MCA 2588A488) antibodies recognizing platelets. 
The final concentrations used were 4.0 μg/ml Hoechst, 0.5 μg/ml CD45-PerCP, 2.5 μg/
ml CD235a-Alexa 647 and 0.6 μg/ml CD61-Alexa 488. The samples were incubated with 
the antibodies at 37°C for 1-2 h and stored at 4°C until further processing. Subsequently, 
the samples were further diluted to a final dilution of 500x. 10 μl of the diluted sample 
(corresponding to 0.02 μl of undiluted blood) were loaded in a well of EasyCountTM 
Slide-6TM (Immunicon Corp., Huntingdon Valley, PA). 4-6 technical replicates of 
samples were used to assess reproducibility of the measurements. Image data sets 
of 55-65 frames/channel were acquired to cover the whole surface of each well using a 
semi-automated inverted fluorescence microscope (Eclipse Ti-E, Nikon Instruments, 
Amsterdam, The Netherlands) equipped with a 10x/0.45 NA objective, a camera (Orca 
flash 4.0 LT, C11440, Hamamatsu, Almere, The Netherlands) and fluorescence filter 
cubes (DAPI, FITC, PerCP, APC filter sets for the detection of Hoechst, CD61-Alexa 488, 
CD45-PerCP and CD235a-Alexa 647, respectively). The operator determined 3 corners 
of the surface to be scanned and adjusted the focus in 4 points distributed throughout 
each well. The exposure times used for the imaging were 20 msec for DAPI, 400 msec 
for PerCP, 500 msec for FITC, 1000 msec for APC and 500 msec for brightfield. Few 
images were obtained using a 60x/0.70 NA objective and the same exposure times for 
comparison. However, only the images obtained with the 10x objective were used as an 
input for the enumeration of the different populations to allow a fair comparison with 
the images of the CellTracks Analyzer II. An example of a frame acquired with the 10x 
and 60x objectives is shown in Supplementary Figure S4.1.
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4.2.4. Automated enumeration of objects in immunofluorescence 
images using the open-source ACCEPT software
All immunofluorescence image data sets, obtained with the 10x/0.45 NA objective 
microscopes, were processed with the open-source ACCEPT software (http://github.
com/LeonieZ/ACCEPT). The software detects all present objects, larger than 4 pixels, 
and extracts for each of them 10 morphological and fluorescence signal intensity 
measurements per fluorescence channel 20. The user can design linear gates based on 
these features to define the classes of their interest and enumerate the objects falling 
within them 18,25. The application of the same gates for all different samples allows 
elimination of inter- and intra- operator variations leading subsequently, to a more 
objective consensus 26. 

For the CellSearch generated images, gates for the enumeration of leukocyte-derived 
Extracellular Vesicles (ldEVs) and leukocytes were applied. The gates are summarized 
in Table 4.1. For the image data sets corresponding to the EasyCount Slides-6, gates 
for the enumeration of red blood cells, leukocytes, platelets and ldEVs were used and 
are summarized in Table 4.1.

4.3 Results

4.3.1. Detection of ldEVs in EpCAM enriched blood samples of healthy 
individuals and metastatic cancer patients
After careful examination of the immunofluorescence images of the CellSearch 
cartridges, CD45+, DAPI-, CK- objects, that resemble in size our previously reported 
CD45-, DAPI-, CK+ tdEVs 18,27, can be observed. We baptized these objects leukocyte-
derived Extracellular Vesicles (ldEVs). Examples of single ldEV events in EpCAM 
enriched samples by the CellSearch system are shown in Figure 4.1 next to some 
examples of leukocytes as a reference to their size and CD45 phenotype. The observation 
of the presence of these ldEVs in the CellSearch cartridges raised questions about their 
formation: are they fragments of leukocytes formed during the CellSearch procedure 
or do they pre-exist in the blood circulation?
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Figure 4.1. Thumbnails of I. leukocytes and II. ldEVs detected in EpCAM enriched blood samples. Red 

color represents CD45 and blue DAPI. Scale bars indicate 6.4 μm.

Figure 4.2. Bright field and immunofluorescence images of leukocytes, ldEVs, platelets and red blood 

cells in blood samples without EpCAM enrichment. Scale bars in the merged IF images indicate 10 μm.
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4.3.2. Detection of cell and extracellular vesicle classes in blood of 
healthy individuals without EpCAM enrichment 
In order to address the aforementioned question, blood samples of healthy individuals 
were labeled with Hoechst, CD45-PerCP, CD61-Alexa 488 and CD235a-Alexa 647 and 
were imaged with a similar fluorescence microscope as the CellTracks Analyzer II. No 
pre-enrichment or washing steps were used in order to minimize cell fragmentation or/
and activation. The inclusion of the aforementioned antibodies allowed the detection 
of four different classes of objects in whole blood of healthy individuals, namely 
leukocytes, platelets, red blood cells and ldEVs, as shown in Figure 4.2. Leukocytes 
are defined as nucleated CD45+, CD61-, CD235a- cells of a size between 7 and 20 μm 
(Panel A); leukocyte-derived Extracellular Vesicles (ldEVs) as CD45+, CD61-, CD235- 
objects without a nucleus and of undefined size as shown in the respective brightfield 
image (Panel B); platelets as CD45-, CD61+, CD235a- objects without a nucleus of size 
between 2 and 5 μm (Panel C) and red blood cells as CD45-, CD61-, CD235a+ cells without 
a nucleus and a size range between 6 and 10 μm (Panel D). In Panel C, three platelets 
are shown, of which the middle one is clearly smaller and with a lower expression of 
CD61; examination at higher magnification would allow for a better identification of 
the smaller size platelets but no discrimination could be made between small platelets 
and larger platelet-derived EVs. The presence of ldEVs in blood samples without pre-
enrichment (Panel B) confirmed their pre-existence in whole blood

4.3.3. ACCEPT gates for the automated enumeration of different classes 
in blood with and without EpCAM enrichment.
In order to acquire the absolute counts of the different classes from each data set of 
the healthy individuals in a fast and unbiased manner, we processed all data sets with 
the open-source ACCEPT software. Based on the aforementioned characteristics of 
the different classes, we developed linear gates to automatically enumerate the objects 
falling within each class. The gates are summarized in Table 4.1. Three examples of 
objects per class are shown in Figure 4.3 (Panel A). The objects that fall into each class are 
depicted in blue dots in the scatter plots (Panel B) showing the mean Hoechst intensity 
versus the mean CD45-PerCP intensity and the mean CD61-Alexa 488 intensity versus 
the mean CD235a-Alexa 647 intensity. Objects falling in the “leukocyte” gate are double 
positive for CD45 and Hoechst and negative for CD61 and CD235a, (Panel B1); ldEVs are 
positive only for CD45 (Panel B2); platelets are only positive for CD61 (Panel B3) and 
red blood cells are only positive for CD235a (Panel B4). 

In order to achieve a fair comparison between the leukocyte and ldEV counts detected 
in blood with and without EpCAM enrichment, very similar ACCEPT gates were 
developed for the automated enumeration of the two classes applied in the different 
image data sets. The gates can be found in Table 4.1. 
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Figure 4.3. Examples of objects detected in the immunofluorescence image data sets of blood samples 

without EpCAM enrichment. The objects fall in the ACCEPT gates, the names of which are indicated 

vertically. Panel A shows examples of ACCEPT thumbnails. Scale bars indicate 6.4 μm. Panel B shows 

scatter plots of Mean Intensity of Hoechst versus Mean Intensity of CD45-PerCP and Mean Intensity 

of CD61-Alexa 488 versus Mean Intensity of CD235a-Alexa 647. Blue dots represent single events 

falling in the respective gate.

The size threshold of 20x20 μm2 in case of the “leukocyte” gate that was applied in blood 
samples with no enrichment was removed in the respective gate of EpCAM enriched 
samples because within the CellSearch cartridges, there are many leukocytes present in 
close proximity to each other, as shown in Figure 4.1, that are segmented as one object by 
the ACCEPT software. Therefore, the inclusion of such a parameter in EpCAM enriched 
samples would lead to an even higher underestimation of this population compared to 
the underestimation already introduced by cell clusters counted as one object. On the 
other hand, the removal of that parameter in case of blood samples with no enrichment 
(Figure 4.3), where it is very rare to find 2 or more leukocytes in close proximity, leads to 
the inclusion of artefacts and an overestimation of leukocytes. 



91

Chapter 4

4

Table 4.1. ACCEPT gates used for the automated enumeration of leukocytes, leukocyte-derived EVs 

(ldEVs), platelets and red blood cells in blood A. with and B. without EpCAM enrichment.

EpCAM enrichment No enrichment

Leukocytes DAPI/
Hoechsta

Mean Intensity >30 Mean Intensity >30

Max Intensity >50 Max Intensity >50

Size >16 μm2 Size >16 μm2

CD45 Mean Intensity >30 Mean Intensity >30

Max Intensity >50 Max Intensity >50

Size ≤400 μm2

CK Standard Deviation ≤5 n/ab

CD61 n/ab Standard Deviation ≤5

CD235a n/ab Standard Deviation ≤5

Extra channel Standard Deviation ≤5 Standard Deviation ≤5

ldEVs DAPI/
Hoechsta

Standard Deviation ≤5 Standard Deviation ≤5

CD45 Mean Intensity >30 Mean Intensity >30

Max Intensity >50 Max Intensity >50

Perimeter >5 pixels Perimeter >5 pixels

Size ≤150 Size ≤150 μm2

Eccentricity ≤0.85 Eccentricity ≤0.85

CK Standard Deviation ≤5 n/ab

CD61 n/ab Standard Deviation ≤5

CD235a n/ab Standard Deviation ≤5

Extra channel Standard Deviation ≤5 Standard Deviation ≤5

Platelets CD45 n/ab Standard Deviation ≤5

CD61 Mean Intensity >30

Max Intensity >50

Perimeter >5 pixels

Size ≤150 μm2

Eccentricity ≤0.85

CD235a Standard Deviation ≤5

Standard Deviation ≤5

Extra Channel Standard Deviation ≤5
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EpCAM enrichment No enrichment

Red blood 
cells

Hoechst n/ab Standard Deviation ≤5

CD45 Standard Deviation ≤5

CD61 Standard Deviation ≤5

CD235a Mean Intensity >30

Max Intensity >50

Perimeter >5 pixels

Extra Channel Standard Deviation ≤5

a DAPI was used in EpCAM enriched blood and Hoechst in blood without pre-enrichment, b n/a: not 

applicable.

For the acquisition of the fluorescence images of cells and EVs in blood without any 
pre-enrichment, the focus was set on 4 points distributed throughout each well to 
achieve optimal visualization of the cells and the surface was afterwards automatically 
scanned. Since the objects were in suspension and not attached on a surface, most 
ldEVs and platelets, were out-of-focus with their blurring pattern influencing 
their perceived size, that seems much larger in the respective fluorescence images 
than it actually is. Hence, the size of ldEVs cannot be accurately derived using the 
immunofluorescence images (Figure 4.2). In case of EpCAM enriched samples, EVs 
are aligned on the same focal plane as the cells due to the design of the CellSearch 
magnest that results in an homogeneous cell distribution along the applied magnetic 
field 24. Even in that case, however, the use of immunofluorescence images can lead 
to erroneous conclusions about the size of EVs. That is even more profound when 
low magnification objectives are used in the fluorescence microscopes as in our case 
(10x/0.45 NA) limiting the determination of the size of EVs with confidence since 
each pixel of the acquired images corresponds to 0.64 x 0.64 μm2. More examples 
of correlated bright field and immunofluorescence images of ldEVs in whole blood 
samples can be found in Supplementary Figure S4.2.

4.3.4. Absolute and relative frequencies of leukocytes and ldEVs in 7.5 
mL of EpCAM enriched blood of healthy individuals and metastatic 
cancer patients.
The numbers of ldEVs and leukocytes in EpCAM enriched 7.5 ml blood samples of 
25 healthy individuals, 25 metastatic prostate, 25 colorectal and 25 non-small cell 
lung cancer patients were determined and are presented in box plots (Figure 4.4). In 
addition, the number of ldEVs and leukocytes present in 0.02 μl of blood of 10 healthy 
individuals with no enrichment was determined and extrapolated to 7.5 mL of blood 
for comparison (Figure 4.4). As it was expected, the leukocyte and ldEV frequencies 
are significantly depleted in the EpCAM enriched blood samples of individuals, since 
EpCAM is an epithelial marker that is not expected to be expressed on the surface of 
leukocytes and ldEVs; therefore leukocytes and ldEVs are not positively selected by 
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the EpCAM ferrofluid. For each sample (with or without EpCAM enrichment), the 
relative frequencies of ldEVs over leukocytes were calculated. In the blood of healthy 
individuals with no enrichment, 1 ldEV was detected for every 3 leukocytes. In the 
EpCAM enriched blood of both healthy individuals and metastatic cancer patients, the 
relative frequencies of ldEVs over leukocytes was found to be approximately half, with 
1 ldEV being detected for every 5 (in case of samples from healthy individuals, prostate 
cancer and non-small cell lung cancer patients) to 6 (in case of samples from colorectal 
cancer patients) leukocytes. The presence of ldEVs in higher relative frequencies in 
whole blood of individuals compared to EpCAM enriched samples can be attributed 
to three reasons. Firstly, the blood samples are centrifuged at 800xg for 10 min and 
the plasma fraction containing the majority of extracellular vesicles is not processed 
by the CellSearch system implying that half of the ldEVs detected in the blood 
samples without EpCAM enrichment end up in the plasma fraction. Secondly, the 
Fcγ receptors of leukocytes and ldEVs are expected to bind to the heavy chains rather 
than the antigen binding sites of the antibodies against EpCAM that are conjugated 
to the ferrofluid. As ldEVs have fewer receptors due to their smaller surface, their 
carryover in the EpCAM enriched sample should be lower than leukocytes. The third 
reason for that observation might be the lower CD45 signal of leukocytes and ldEVs 
in the images of the CellTracks Analyzer II compared to the imaging setup used in 
case of the blood samples without EpCAM enrichment; the CellTracks Analyzer II 
uses a mercury arc lamp that results in a suboptimal excitation of the APC-conjugated 
antibody against CD45 in contrast to the other imaging setup that uses a LED light 
source. In combination with the smaller size of ldEVs, this could lead to ldEVs with 
a CD45 signal close to the background intensity not being considered as true events; 
thereby underestimating the ldEV frequencies. In any case, the relative frequencies 
of ldEVs to leukocytes in blood samples with and without EpCAM enrichment are of a 
similar order of magnitude (1:3 and 1:5 respectively) supporting their pre-existence in 
blood circulation of individuals and rejecting a possible hypothesis of their formation 
during the CellSearch procedure.

4.3.5. Reproducibility of measurements by fluorescence imaging and 
correlation with frequencies of blood cells by hematology analyzer
The technical variability (N= 4-6 technical replicates) of measuring cell populations 
in 0.02 μl of blood of healthy individuals without any pre-enrichment was assessed 
by performing 4-6 replicates of 0.02 μl blood from 10 healthy individuals. An average 
standard error of 25, 18 and 23% was obtained for respectively leukocytes, red blood 
cells and platelets. The respective standard error for ldEVs from the technical replicates 
was found to be 50% because of the very low frequency of ldEVs in 0.02 μl of blood 
processed, that was found to be 18 ± 5 (mean value ± SD). We expect that processing 
larger blood volumes would lead to lower technical variations.
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Figure 4.4. Absolute frequencies of leukocytes and large ldEVs in 7.5 mL of blood of individuals with 

and without EpCAM enrichment. The interquartile range of absolute frequencies of leukocytes (data 

in black dots) and ldEVs (data in grey dots) in whole blood of 10 healthy individuals and EpCAM 

enriched blood samples of 25 healthy individuals (HDs) and 75 EpCAM enriched blood samples of 

metastatic prostate (CRPC), colorectal (mCRC) and non-small cell lung (NSCLC) cancer patients are 

shown in box plots. Whiskers indicate max and min values as estimated by Q3+1.5*IQR and Q1-

1.5*IQR respectively. Each dot in case of blood of healthy individuals without EpCAM enrichment 

corresponds to the mean values of 4-6 technical replicates.

The averaged counts of the blood cell classes as estimated by the immunofluorescence 
imaging were extrapolated to 1 μl of blood and compared to the respective frequencies 
obtained by the hematology analyzer. The measurements of the fluorescence imaging 
were moderately correlated (R2 ≈ 0.7) with the counts from the hematology analyzer 
as shown in Figure 4.5. However, all cell populations were underestimated by the 
fluorescence imaging approach when compared to the hematology analyzer. That can be 
justified by the low CD45 expression of neutrophils that comprise 60-70% of the whole 
leukocyte population, the overlap and aggregation of red blood cells (Supplementary 
Figure S4.1) that are considered as one when enumerated using the ACCEPT software 
and the detection limit of fluorescence imaging in case of smaller size platelets.
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Figure 4.5. Scatter plots of leukocyte (Panel A), platelet (Panel B) and red blood cell frequencies (Panel 

C) in 1 μl of whole blood of 10 healthy individuals as estimated by fluorescence imaging and ACCEPT 

enumeration (x-axis) and by hematology analyzer (y-axis). Correlation between the measurements of 

the 2 techniques was found as indicated by the R2. The mean counts of each population of 4-6 technical 

replicates were used in case of the fluorescence imaging approach.

4.4 Discussion

The Extracellular Vesicle field has focused so far on the biogenesis and functions of 
EVs with a size smaller than 1 μm secreted by various cells 28, including platelets 29, 
neutrophils 30, T and B lymphocytes 31, red blood cells 32, endothelial cells 33,34 and tumor 
cells 35. However, the existing literature on the formation and frequencies of EVs larger 
than 1 μm in healthy individuals is very sparse, as they are considered to be apoptotic 
bodies, and as such not actively contributing in the intercellular communication. 
Nevertheless, recent findings in the cancer field, shows the promising potential of 
large tdEVs as their load associates with clinical outcome in metastatic cancer patients 
18,27 and their molecular cargo represents the mutational status of the tumor 9. Our 
previous research on scanning electron microscopy imaging of CellSearch cartridges 
of castration-resistant prostate cancer patient samples after EpCAM enrichment 36 and 
the development of the open-source ACCEPT software for the automated enumeration 
of all fluorescently labeled objects from image data sets led to our first observations 
of the presence of DAPI-, CD45+, CK- objects 21. We baptized these objects leukocyte-
derived Extracellular Vesicles (ldEVs) and investigated their presence in digitally stored 
fluorescence images of CellSearch cartridges. The ldEVs had a similar size range to our 
previously reported DAPI-, CD45-, CK+ tumor-derived Extracellular Vesicles (tdEVs), 
that were detected after EpCAM enrichment in metastatic cancer patients 18,19. Their 
detection raised questions regarding the pre-existence of these large ldEVs and tdEVs 
in blood circulation of individuals or their formation as fragmentation by-products of 
leukocytes and CTCs respectively during the CellSearch procedure. 

Therefore, we decided to address the question of whether these EVs pre-exist in blood 
circulation of individuals. Towards that direction, we enumerated ldEVs in blood 
samples of 10 healthy individuals without any pre-analytical or pre-enrichment steps 
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and compared the frequencies of ldEVs and leukocytes in whole blood to the frequency 
in EpCAM enriched blood samples of 25 healthy individuals and 75 metastatic cancer 
patients. ldEVs and leukocytes were detected in a ratio of 1:3 in blood of healthy 
individuals without any pre-enrichment and in 1:5 to 1:6 in EpCAM enriched blood 
of healthy individuals and metastatic cancer patients (Figure 4.4) supporting the 
pre-existence of these ldEVs in blood circulation instead of their formation during 
the EpCAM enrichment. The lower relative frequencies of ldEVs to leukocytes in the 
EpCAM enriched blood samples compared to the samples without EpCAM enrichment 
can be mainly explained by the blood fraction that is processed by the CellSearch 
system: blood samples are centrifuged at 800xg for 10 min and the plasma fraction 
is discarded and not processed by the system. Using that centrifugation force, only 
EVs with a diameter above 1 μm will be in the blood fraction and will have the chance 
to come into contact with the EpCAM ferrofluid 37. The measurements in the blood 
of healthy donors without EpCAM enrichment were reproducible, as confirmed by 
the standard deviations of the technical replicates, with a mean ± SD of 900 ± 254 
ldEVs in 1 μl of blood of healthy individuals. These results do not deviate a lot from 
the previously reported ldEV frequencies (median value: 356, interquartile range: 
268 – 529) of Simak et al. in the plasma of healthy donors; ldEVs were larger than 
200 nm and were defined as CD45+, CD105-, CD235a- by flow cytometry38. The use 
of solely one specific but weakly expressed inclusion marker, namely CD45 to define 
them using either approaches, results in the underestimation of the whole circulating 
ldEV population; a point stressed out also by Lacroix et al.39. Further investigation 
of ldEVs in terms of their size distribution and surface marker expression using 
established techniques in the EV field, such as nanoparticle tracking analysis, electron 
microscopy, flow cytometry and surface plasmon resonance imaging, would lead to 
their better profiling 10,40,41. Eventually, a similar test to hematology analyzer having 
as an output the EV populations (of platelet, erythrocyte, leukocyte, endothelial and 
epithelial origin) in biofluids of individuals could serve as an important diagnostic tool 
in clinical practice, since EVs have been associated with numerous pathophysiological 
conditions, such as thrombogenicity, inflammation, angiogenesis and cancer 28,42-45.

Our study has several limitations. Although the extrapolated counts of leukocytes, 
platelets and red blood cells per μL of blood correlated to the respective values of the 
hematology analyzer (Figure 4.5), the detected frequencies of all cell populations were 
consistently lower as compared to the respective ones measured by the hematology 
analyzer. The particularly lower detection of red blood cells can be explained by the 
overlap or/and aggregation of more than 1 red blood cells segmented as one object 
by the open-source ACCEPT software and the large range in the distribution of the 
fluorescence intensity of CD235-APC in the fluorescence images (Supplementary 
Figure S4.1, Panel A) through which part of the red blood cells fall outside the applied 
gate. The underestimation of leukocytes can be explained by the lower expression of 
CD45 by the granulocytes that consist to 60-70% of white blood cells. Τhe detection 
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of the smaller platelet population and their secreted EVs is limited by our approach, 
because of the use of a 0.45 NA objective that results in a resolution of 0.64 μm/pixel. 
The abundance and high signal of red blood cells prevented us also from the detection 
and enumeration of low signal-to-background ratio red blood cell- derived EVs. 
Importantly, the Hoechst 33342 labelled nucleic acids in platelets could be detected 
by flow cytometry but not with our microscopy set-up. This observation implies that 
the zero DAPI signal detected with ACCEPT inside our previously reported tdEVs does 
not rule out the presence of nucleic acids within them. This is an important finding 
encouraging the further characterization of tdEVs that are immunomagnetically 
isolated based on their EpCAM expression 18,19,27. That would come into agreement with 
the findings of Vagner et al. that the DNA cargo of large EVs reflect the genotype of 
prostate cancer patients 9. The use of a membrane permeable dye, binding to both DNA 
and RNA, with a higher sensitivity, like SYTO13 46 could also facilitate the detection of 
nucleic acids within the isolated EVs.

Interestingly, platelets have a similar size to ldEVs based on the immunofluorescene 
images of CD61 and CD45 respectively with a minimum area of the detected objects 
being 9 μm2 based on our observations from the ACCEPT scatter plots. That area 
corresponds to a circular object of an approximate radius of 1.7 μm. However, it was not 
possible to confirm the size of ldEVs from the respective bright field images, because 
oppositely to platelets, the contrast between the background and ldEV intensity was 
inadequate to detect them (Figure 4.2 and Supplementary Figure S4.2) suggesting that 
their physical properties (absorption coefficient, scattering coefficient, scattering 
anisotropy, refractive index) differ from the ones of platelets. 

It is worth mentioning that ldEVs were found in 5-6 lower frequencies compared to 
leukocytes in EpCAM enriched samples, whereas tdEVs in our previous studies were 
detected in 10-20 times higher frequencies compared to CTCs 18. That observation 
can be explained after taking into consideration some technical and biological facts. 
From a technical perspective, our study was limited by the resolution of a 10x/0.45 
NA objective fluorescence microscope, implying that only the larger EVs with a larger 
than 1 μm diameter or the ones with a high expression of inclusion markers could 
be detected. CK is the inclusion marker used for the detection of tdEVs, whereas the 
detection of ldEVs is accomplished by the inclusion of CD45. Since the CK expression 
is intracellular and proportional to the volume instead of the surface as in the case 
of the CD45 expression of ldEVs, CK will be easier to detect in smaller tdEVs than 
CD45 in similar size ldEVs. Consequently, the CD45 expression may be present in 
more particles in blood samples but not exceeding the detection limit to be considered 
positive. Further characterization of the size distribution and the surface marker 
expression profile could elaborate on the detection limits of our technique. From a 
biological perspective, tdEVs could be found in higher frequencies either because of 
the increased apoptosis and fragmentation of CTCs in the blood circulation or because 
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of different EV secretion pattern between normal and cancerous cells. Regarding the 
first hypothesis, the lifespan of neutrophils is around 24 h 47, whereas the circulation 
lifetime of CTCs has been estimated to be 1 to 2.4 h 48; that however, does not imply 
that CTCs are fragmented and cleared by the blood. On the contrary, in vivo animal 
studies showed the trap of more than 80% of viable CTCs by the liver and lung, that 
serve as “filter” organs, and the survival of CTCs for prolonged time in a dormant 
state 49,50. The survival of CTCs in the blood stream is further supported by studies on 
their mechanical phenotype. Atomic force microscopy studies on cell lines, suggest 
that cells with increased metastatic potential are more deformable (as expressed by 
Young’s modulus), compared to less metastatic or non-malignant cells 51,52. These 
results were further confirmed on clinical samples from pleural effusions, where 
metastatic cells had lower stiffness compared to benign cells from the same effusions 
and leukocytes 53,54. Interestingly, Sun et al. demonstrated that deformable cancer 
cells engulf neighboring ones with higher stiffness via entosis further encouraging 
the increased survivorship of CTCs 55. Regarding the second hypothesis of different 
EV secretion pattern of CTCs and leukocytes, it is well known that cancer cells have 
reprogrammed metabolism and acquired traits that promote their survival and 
growth 56,57. Recent findings of independent research groups converge into the survival 
of tumor cells regardless their phenotypic characteristics of a possible apoptosis, such 
as caspases activation, amoeboid phenotype and membrane blebbing 58,59. Instead of 
undergoing apoptosis, cells with such traits have a more tumorigenic and invasive 
phenotype 60,61. Hence, tumor cells may actively secrete EVs similar in size to apoptotic 
bodies, but without special receptors on their surface to be recognized and ingested 
by macrophages for their clearance as in case of healthy cells (eg white blood cells). 

In conclusion, the relative frequencies of large (above 1 μm) leukocyte-derived 
Extracellular Vesicles (ldEVs) to leukocytes are similar in EpCAM enriched blood 
samples of healthy individuals and cancer patients (1:6 to 1:5) as in blood of healthy 
individuals without EpCAM enrichment (1:3), implying their pre-existence in blood 
circulation rather than their formation from activated or apoptotic leukocytes using 
the CellSearch system. Furthermore, the Hoechst signal of platelets could not be 
detected using a similar fluorescence microscope as the CellTracks Analyzer II. These 
two findings have important implications for our previously reported tumor-derived 
Extracellular Vesicles (tdEVs), that were immunomagnetically co-isolated with CTCs 
based on their EpCAM expression from metastatic cancer patients19. Firstly, tdEVs are 
most likely not a result of CTC fragmentation during the CellSearch procedure and 
secondly, the presence of undetectable nucleic acids within ldEVs and tdEVs should 
not be excluded but instead further investigated. No conclusions can be drawn in 
regards to the smaller ldEV population, namely exosomes, since they are not expected 
to be detected with our imaging setup. Last but not least, our results do not allow 
for comparison of ldEVs between healthy individuals and cancer patients, since the 
available image data sets of patients corresponded to only EpCAM enriched samples.
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Supplementary Data

Supplementary Figure S4.1. Examples of composite immunofluorescence images of blood samples 

without EpCAM enrichment, obtained with an inverted scanning fluorescence microscope using a 

10×/0.45 NA (Panel A) and a 60×/0.7 NA objective (Panel B). The images that were obtained with the 

10× objective were used as an input in the open-source ACCEPT software for the automated 

enumeration of the different cell and EV populations. 
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Supplementary Figure S4.2. Examples of brightfield and immunofluorescence images of leukocyte-

derived Extracellular Vesicles, enclosed within circles. Scale bars indicate 10 μm. 
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Abstract

To explore morphological features of circulating tumor cells (CTCs) and tumor-derived 
extracellular vesicles (tdEVs), we developed a protocol for scanning electron microscopy 
(SEM) of CTCs and tdEVs. CTCs and tdEVs were isolated by immunomagnetic 
enrichment based on their Epithelial Cell Adhesion Molecule (EpCAM) expression or by 
physical separation through 5 μm microsieves from 7.5 mL of blood from Castration-
Resistant Prostate Cancer (CRPC) patients. Protocols were optimized using blood 
samples of healthy donors spiked with PC3 and LNCaP cell lines. CTCs and tdEVs 
were identified among the enriched cells by fluorescence microscopy. The positions of 
DNA+, CK+, CD45− CTCs and DNA−, CK+, CD45− tdEVs on the CellSearch cartridges 
and microsieves were recorded. After gradual dehydration and chemical drying, the 
regions of interest were imaged by SEM. CellSearch CTCs retained their morphology 
revealing various shapes, some of which were clearly associated with CTCs undergoing 
apoptosis. The ferrofluid was clearly distinguishable, shielding major portions of all 
isolated objects. CTCs and leukocytes on microsieves were clearly visible, but revealed 
physical damage attributed to the physical forces that cells exhibit while entering one 
or multiple pores. tdEVs could not be identified on the microsieves as they passed 
through the pores. Insights on the underlying mechanism of each isolation technique 
could be obtained. Complete detailed morphological characteristics of CTCs are, 
however, masked by both techniques.
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5.1 Introduction

Circulating Tumor Cells (CTCs) play a crucial role in the formation of metastases1,2 
and the CTC peripheral blood load is directly associated with the overall survival of 
cancer patients3-9. Many groups have focused their research on the development of 
different technologies10-13 to increase capture efficiency of CTCs from blood samples. 
Understanding the biophysical features of CTCs by scanning electron microscopy 
(SEM) could contribute to the future improvement of the existing or the development 
of new CTC isolation techniques. A detailed morphological characterization of isolated 
CTCs with this technology has not been studied so far. SEM has been used to visualize 
cells from cancer cell lines mainly on microfluidics devices or filters14,15. SEM images 
of CTC clusters from patient samples have also been shown previously16. However, to 
our knowledge, cell lines captured after being spiked into blood samples of healthy 
donors as well as single CTCs from the blood of cancer patients have not been studied 
using SEM imaging. To obtain SEM images of CTCs, we chose to isolate CTCs from the 
blood of Castration-Resistant Prostate Cancer (CRPC) patients by physical separation 
and immunomagnetic selection. For both approaches, a preparation protocol for SEM 
imaging needed to be developed for the optimal morphological preservation of cells 
once in the vacuum. Therefore, preceding the SEM imaging of CTCs, the preparation 
protocol was first developed and optimized on cells from tumor cell lines spiked in 
blood samples of healthy donors that were EpCAM enriched using the CellSearch 
system or isolated based on their size and deformability by the passage of blood 
through 5 μm microsieves. The developed protocol was applied on the enriched 
samples from CRPC patients. 

In an earlier report, we showed that CTCs have a large range of morphological 
appearances and proved that a large portion of them are undergoing apoptosis17. In a 
later study, we subdivided them into morphological subclasses, including “intact CTC”, 
“tumor cell fragments”, and “tumor microparticles”, and showed that they all strongly 
correlated with clinical outcomes18. These EpCAM+, CK+, CD45− objects, baptized 
tumor-derived extracellular vesicles (tdEVs), can now be classified with objective 
criteria using the open-source image analysis software, Automatic CTC Classification, 
Enumeration and PhenoTyping (ACCEPT) (http://github.com/LeonieZ/ACCEPT), and 
are equivalent to CTCs in terms of prognosis of CRPC patients19. Here, we used SEM 
imaging to gain more insights in the morphological features of CTCs and tdEVs. 
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5.2 Materials and Methods

5.2.1. Cell Culture
PC3 and LNCaP prostate cancer cell lines were provided by the ATCC. 10,000 cells/cm2 
of PC3 and LNCaP prostate cancer cell lines were cultured in DMEM culture medium 
supplemented with 100 Units/mL penicillin and 100 μg/mL streptomycin (Lonza, cat 
# 16-602E) and 10% (v/v) FBS (Sigma-Aldrich Chemie BV, cat # F7524, Zwijndrecht, 
the Netherlands). When cells reached 80% confluence, they were washed with sterile 
Phosphate Buffered Saline (PBS) and trypsinized using 0.05% trypsin EDTA (Gibco, cat 
# 25300-062) for 2–3 min at 37 °C. After cell detachment, the trypsin was deactivated by 
an excess of FBS-containing culture medium. The cells were mixed to a homogenous 
cell suspension and kept in ice until further processing and spiking in blood samples.

5.2.2. CRPC Patient and Healthy Donor Blood Samples 
10 mL of CellSave blood samples from 12 anonymous healthy donors (HDs) were obtained 
after written informed consent from the TNW-ECTM-donor services (University of 
Twente, Enschede, The Netherlands) and were used as positive controls after spiking 
prostate cancer cells from tumor cell lines. More specifically, 6 samples were used to 
spike 300–500 PC3 and 6 more to spike 300–500 LNCaP cells, and used to develop 
and optimize the preparation protocol after CTC isolation for SEM imaging. Half of 
the samples from each condition were processed by the CellSearch system (Menarini, 
Huntingdon Valley, PA, USA) and the other half by filtration through 5 μm microsieves 
(VyCAP, Deventer, the Netherlands) within 2 days from the drawing day. 

CellSave blood samples of 9 patients were provided by the Royal Marsden Hospital and 
processed within 2–3 days from the drawing day with either the CellSearch system (5 
samples) or filtered through 5 μm pore microsieves (4 samples). The trial CCR2472 was 
approved by the Royal Marsden Research Ethics Committee (ethics reference number: 04/
Q0801/60). Patients had metastatic prostate cancer progressing despite castrate levels of 
testosterone after histological confirmation and had provided written informed consent 
to trial protocols approved by the institutional review boards at each participating center. 

5.2.3. Immunomagnetic CTC and tdEV Isolation 
7.5 mL of blood samples were centrifuged at 800× g for 10 min without breaks. The 
plasma (x volume) 1 cm above the buffy coat was removed and (5.5 + x) mL of dilution 
buffer was added to the samples, mixed gently, and centrifuged again at 800× g 
for 10 min without breaks. The EpCAM+ CTCs and EpCAM+ tdEVs were positively 
selected by immunomagnetic beads (ferrofluid) conjugated with αEpCAM from 7.5 mL 
of blood of cancer patients using the CTC kit in the CellSearch system as previously 
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described20. Briefly, the centrifuged samples were added in the fully automated 
CellTracks Autoprep. Once the interface between the red blood cells and the remaining 
diluted plasma was detected, the diluted plasma was discarded. aEpCAM ferrofluid of 
the CTC kit together with a capture enhancement reagent were added in the samples. 
Cells within the tube were surrounded by 3 magnets moving backwards and forwards 
to increase the collisions between the ferrofluid and the cells. When the bound to 
ferrofluid cells were accumulated at the bottom of the tube, ferrofluid-free cells were 
discarded. The enriched objects (CTCs, leukocytes, and EVs) were permeabilized with 
saponin and incubated with the staining solution of the CTC kit containing the nuclear 
dye DAPI, antibodies against epithelial-specific cytokeratins αCK-PE (clones C11 and 
A53-B/A2), and an antibody against the leukocyte-specific cluster of differentiation 
CD45, αCD45-APC. Following some incubation and washing steps, cells were fixed 
and loaded into a cartridge placed within a magnest for their imaging using a semi-
automatic 10× objective fluorescence microscope, the CellTracks Analyzer II. The 
CellSearch definition of a CTC was to have a cell-like morphology, have a nucleus 
(DAPI+), express cytokeratin (CK+), have a size bigger than 4 μm, and do not express 
CD45 (CD45−). tdEVs were defined as particles expressing only cytokeratin (DNA−, 
CK+, CD45−) as previously described19. 

5.2.4. Size-Based CTC Isolation
7.5–10 mL of CellSave blood samples of CRPC patients and healthy donors spiked with 
prostate cancer cell lines were filtered through 5 μm microsieves provided by VyCAP. 
100 mbar was applied to the filters using a pump unit. Once the whole volume of blood 
was filtered, cells were washed once with 0.15% (w/v) saponin in 1% (w/v) BSA in PBS. 
Permeabilization using 0.15% (w/v) saponin in 1% (w/v) BSA in PBS for 15 min at room 
temperature (RT) was followed. A staining solution containing 1 μg/mL αCKs (clone 
C11) -PE (Veridex, cat #PN6030), 2 μg/mL α-Pan CK-efluor 570 (eBioscience, cat #41-
9003-80, clone AE1/AE3), 4 μg/mL Hoechst 33342 (Invitrogen, cat # H3570, Burlington, 
Canada), and 4 μL of αCD45-PerCP (Invitrogen, cat #MHCD4531) in a final volume of 
50 μL of 0.05% (w/v) saponin in 1% BSA in PBS was applied in each sample for 15 min 
at 37 °C in a humidified environment. Two washing steps were followed. The cells were 
finally fixed with 1% (v/v) formaldehyde in PBS for 10 min at RT. One more washing 
step using 1% (w/v) BSA in PBS was used. The cells on the microsieves were further 
prepared as described in section 5.2.5 before being imaged using a 20× objective 
fluorescence microscope. 

5.2.5. Specimen Preparation for Scanning Electron Microscopy (SEM)
Isolated objects in the CellSearch cartridges or on the microsieves were fixed with 
4% formaldehyde for 15 min at RT to better retain their morphology in the following 
preparation steps. Subsequent dehydration was required to exchange the high water- 
content of cells and EVs with ethanol (that has lower surface tension to air than water 
to air) and hinder cell deformation and corruption when in the vacuum chamber of 
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the SEM. Therefore, gradual dehydration from 70% (v/v) ethanol in milliQ up to 100% 
ethanol with a 10% (v/v) ethanol concentration increment step (70%, 80%, 90%, 100% 
(v/v) ethanol) took place at RT. Each dehydration step lasted for 5–10 min at RT. After 
100% ethanol, 1:1 ethanol:hexamethyldisilazane (HMDS) was added to the cells for 3–5 
min at RT followed by a final step of 3–5 min incubation in HMDS and air drying. 

In the case of CellSearch cartridges, the glass slides were removed from the cartridges. 
All specimens were left overnight at RT for the HDMS residual to be evaporated. 

Since SEM is based on the electrons passing through the material of interest, an electrically 
conductive sample is required. Cells and tdEVs as well as glass slide and microsieve 
substrates have a low electron density, resulting in reduced electron scattering and low 
quality images, sample charging, damage and carbon deposition; hence, a metal coating 
is required. Herein, 10 nm gold coating was applied using the JEOL JFC-1300 Auto Fine 
Coater (10 times of 1 nm thickness gold was applied using 10 mA for 30 s).

5.2.6. Scanning Electron Microscopy (SEM)
The dehydrated and dried specimens were mounted on silicon holders with a both 
sided glue carbon tab and placed in the vacuum chamber of SEM (JEOL JSM-6610LV) 
for further analysis. A region of interest (ROI) containing single or multiple cells was 
first localized with SEM using relatively low magnification (~350×). The SEM was 
operated at 4–5 kV acceleration voltage using secondary electron (SE) detection. Once 
the regions of interest were relocated following the cell patterns of the respective 
fluorescence images, SEM images of CTCs and tdEVs were recorded using a higher 
magnification (3000× to 10,000×). 

5.3 Results

5.3.1. Cell Preparation for SEM Imaging
A preparation protocol of cells for their subsequent SEM imaging was developed 
as described in section 5.2.5. PC3 and LNCaP cells in suspension were used for the 
optimization of the protocol. A diagnostic leukapheresis (DLA) sample of a prostate 
cancer patient sample was used to obtain SEM images of the leukocytes (Figure 5.1, 
Panels A and D). The protocol preserved cell shape, morphology, and distinct surface 
features distinguishing leukocytes, PC3, and LNCaP cells (Figure 5.2, Panel A). The 
sizes of PC3 and LNCaP cells were much larger as compared to the sizes of leukocytes.
 
5.3.2. Overview of Cells by SEM Imaging on Glass Slides, CellSearch 
Cartridges, and 5 μm Pore Microsieves
Figure 5.1 shows the SEM images of leukocytes on a glass slide (Panels A and D), after 
immunomagnetic enrichment on a CellSearch cartridge (Panels B and E) and on 
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microsieves with 5 μm pores (Panels C and F). Panels A– C are shown in lower (330–
350×) magnification and panels D–F at a higher (3300–3500×) magnification. Cells 
were found mainly in aggregates when prepared in cell suspension for SEM imaging; 
however, their surface features were very clear. On the other hand, the isolated cells on 
the CellSearch cartridge were in a monolayer and fully covered by the ferrofluid that 
is aligned according to the magnetic field lines21. Many cells on the microsieves were 
damaged. Some cells kept their spherical shape, without, however, keeping their cell 
surface features, probably due to the stress they experienced while entering the pores.
 

Figure 5.1. Scanning Electron Microscopy Images of cells in suspension and after size- and EpCAM- 

based enrichment. Overview of cells by SEM on a glass slide (Panel A), a CellSearch cartridge (Panel 

B) and a 5 μm pore microsieve (Panel C). A higher magnification of the isolated cells is shown at the 

right of each technique (Panels D–F). The vertical lines in panels B and E is the αEpCAM ferrofluid 

covering the surfaces of all isolated objects and are perfectly aligned with the magnetic field lines21.
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5.3.3. SEM Imaging of Isolated PC3 and LNCaP Cells Spiked in Blood by 
the CellSearch System and Microsieves
SEM images of PC3 and LNCaP cells in suspension were compared to the PC3 and 
LNCaP cells, which were isolated by CellSearch or on microsieves after being spiked 
in blood samples (Figure 5.2). In most of the cases, the PC3 and LNCaP cells that were 
isolated by CellSearch were fully covered by ferrofluid. The images shown in panel B 
of Figure 5.2 reveal small parts of their surfaces. In these minor exposed parts, PC3 
and LNCaP cells seem to have retained their distinctive morphological features, with 
PC3 having more heterogeneous surface with very smooth portions and elongated 
microvilli in some parts whereas LNCaP was more homogeneous with microvilli 
covering all their surface. Nonetheless, in the case of microsieves, apart from few 
LNCaP cells that seemed to have some well-preserved their surface characteristics, 
most of the isolated cells lost their distinctive microvilli that were found when cells 
were in suspension. Moreover, many DNA+ cells after being relocated and SEM 
imaged, were flattened with surface defects, implying that their nucleus was inside 
the pores and only the membrane was left on the top. Other cells were within more 
than one pore, indicating that cells underwent a lot of stress during their filtration. 
Stripes connecting the neighboring pores could also be observed (Figure 5.2, Panel C, 
PC3 cells), implying the fragmentation of formerly passed cells through the 5 μm pore 
microsieves or the cell tearing of the imaged ones. 

5.3.4. Relocation and Correlated SEM-Fluorescence Images of CTCs and 
tdEVs of CRPC Patients Isolated by the CellSearch
After immunomagnetic enrichment by CellSearch, all objects are covered by ferrofluids, 
shielding a major portion of the cell surfaces. Hence, to ensure which of the enriched 
cells were CTCs, the region of interest containing the CTCs from the fluorescence 
images were found using SEM. Figure 5.3 shows an example: In Panel A, one of the 
fluorescence images of a cartridge of a CRPC patient is shown, with nucleus (DNA) 
shown in blue, CD45 (membrane marker of leukocyte) shown in red, and cytokeratin 
CK (intracellular marker of epithelial cell) shown in green. The corresponding SEM 
image is shown in Panel B, and the position of individual cells in both fluorescent and 
SEM images is indicated with numbers. Sometimes, cells (#14 is an example) could not 
be relocated in the SEM image and were most likely removed through the dehydration/
drying procedure. The yellow square in Panels A and B encloses two cells, one of which 
is clearly a CTC and the other one is of unknown lineage of origin as no CD45 or CK 
staining could be discerned. Both cells are shown at higher magnification in Panels C 
and D. The cytokeratin of the CTC shows a punctuated pattern that is characteristic 
for CTC undergoing apoptosis17,22. This punctuated pattern cannot be seen in the SEM 
image either because the CTC is covered by the ferrofluid or because this pattern is 
only intra-cytoplasmatic. The lineage of origin of the other cell is not known, the 
nucleus does not show the typical shape of a granulocyte that can be seen in other 
nuclei and there is no staining with CD45. Big vesicles at the surface, as indicated 
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with the arrows in Panel D (Figure 5.3), were seen in 55% of the imaged leukocytes (47 
out of 85) as shown in Panel A, Figure S5.5. 15% of leukocytes (13 out of 85) had smaller 
vesicles on their surfaces (Panel B, Figure S5.5) similar to the ones observed on 52% of 
the imaged CTCs (11 out of 21) we identified (Figures 5.4 and S5.1). Hence, the finding 
of vesicles solely on the surface of an isolated cell without CK (or any other epithelial/
tumor-specific) staining is not sufficient to suggest that this is indeed a CTC.

Figure 5.2. SEM images of leukocytes, PC3, and LNCaP cells on a glass slide (Panel A) and after being 

spiked in blood and isolated by the CellSearch (Panel B) and on 5 μm pore microsieves (Panel C). The 

arrows (Panel B) are pointing at spherical vesicles on the surface of a leukocyte isolated by the CellSearch.

Following the same procedure, CTCs of CRPC patients identified by the CellSearch 
system were relocated using SEM and a gallery of correlated fluorescence and SEM 
images of CTCs was constructed (Figures 5.4 and S5.1). 

Most of the CTCs have a comparable size to the leukocytes isolated by the CellSearch 
system as shown in Figure 5.3, supporting the previous findings of Ligthart et al. that 
20–40% of CTCs in breast, prostate, and colorectal cancer patients have a diameter 
close to 10 μm similar to the diameter of leukocytes23. On the contrary, PC3 and LNCaP 
cells that were used as controls for the optimization of the protocols were clearly 
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bigger than leukocytes and easily distinguishable from the rest of the leukocytes even 
when low magnification was used with SEM. 

Figure 5.3. Relocation of an identified CTC of a CRPC patient by fluorescence (CellTracks Analyzer II) 

imaging (Panels A and C) after immunomagnetic enrichment using the CellSearch system and SEM 

imaging (Panels B and D). Magnified fluorescence and SEM images of the enclosed by the yellow 

square CD45−, CK− nucleated cell (left), and CD45−, CK+ apoptotic CTC (right) are shown at Panels B 

and D, respectively. Nucleus (DNA) is represented by blue, CK by green, and CD45 by red. The arrows 

of Panel D are pointing at vesicles on the surface of a cell of unknown lineage (DNA+, CK−, CD45−).

Different shapes of CTCs were found in the CellSearch cartridges as shown in Figures 
5.4 and S5.1. 67% of CTCs (14 out of 21) were spheroid to ovoid (Panels C, D of Figure 
5.3, Panels A,E–F,H of Figure 5.4, Panels A–C,E–F,H,J–L of Figure S5.1). Interestingly, 
19% of CTCs (4 out of 21) bore a protrusion from one side (Panels B, C of Figure 5.4, 
Panel D of Figure S5.1) or from both sides, resembling a sigmoidal shape (Panel I, Figure 
S5.1), which was not expected from the respective fluorescence image. 19% of CTCs (4 
out of 21) were eight-shaped (Panels C, D, G of Figure 5.4, Panel G of Figure S5.1) likely 
corresponding to different phases of a CTC cycle, such as telophase (Panel D of Figure 
5.4) and anaphase (Panel G of Figure S5.1). On the contrary, PC3 and LNCaP cells (Panel 
A, Figure S5.4) appeared larger and more homogeneous with a spheroid to ovoid shape. 
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Figure 5.4. Gallery of correlated fluorescence and SEM images of CTCs of a CRPC patient isolated by 

the CellSearch system. Nucleus (DNA) is represented by blue and CK by green. The arrows are 

pointing at spherical vesicles on the surface of CTCs (Panels D–G), single or aggregated vesicles on 

top of the ferrofluid covering the CTCs (Panels B and F), and bigger CK+ particles or membrane 

fragments of a not well defined shape (Panel H). Scale bars on fluorescence images indicate 3 μm.

The surface of CTCs appeared to be smooth and sponge-like because of some holes 
they seem to have on their surface regardless of their speckled cytokeratin, as denoted 
by arrows on Panels G,I,J of Figure S5.1. In addition, the 21 CTCs that were imaged 
from two different patients did not have distinctive microvilli as PC3 and LNCaP cells 
(Panels A and B of Figure 5.2, Panel A of Figure S5.4); it is expected that once tumor cells 
intravasate and circulate in the bloodstream, they undergo epithelial to mesenchymal 
transition (EMT), obtaining a more mesenchymal phenotype. During that process, it 
is expected that they will not need specific receptors to grow as while adherent.

In many cases, CTCs had vesicles, as indicated by arrows in Figures 5.3, 5.4 and 
S5.1. The CTC of Panel E, Figure 5.4 has a vesicle on its surface that corresponds to a 
cytokeratin speckle in the respective immunofluorescence image, implying that the 
secreted vesicles of CTCs express also cytokeratin. The ferrofluid covering all the cells, 
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however, hinder their morphological characterization in depth.
In Panels B and C of Figure S5.1, the speckled cytokeratin pattern of the apoptotic 
CTCs corresponds to extra-cytoplasmatic vesicles. Some of these vesicles are clearly 
above the ferrofluid, raising questions about their origin. Are they vesicles extruded 
from the CTCs’ surface during their capture by the αEpCAM ferrofluid or vesicles 
not related to the specific CTCs that were present in the enriched cell suspension? 
The hypothesis that they are vesicles derived from the CTC can be supported by the 
observation that similar structures are seen on some CTCs found on the microsieves 
(Figure S5.2, Panels D,H,J,N,O,S,T). On the other hand, the fact that these particles 
were not only found in the close vicinity of the specific CTCs, but also spread in a 
part of the cartridge also covering leukocytes, would support the second hypothesis. 
However, both cases could be true.

5.3.5. Relocation and Correlated SEM-Fluorescence Images of tdEVs of 
CRPC Patients Isolated by the CellSearch
The same procedure that was described for the SEM imaging of the CTCs was followed 
in the case of EpCAM+ tdEVs isolated from the blood of CRPC patients by CellSearch. An 
example is shown in Figure 5.5. A DNA−, CK+, CD45− tdEV is surrounded by leukocytes 
(Panel A). The same tdEV can be hardly distinguished at 1000× magnification in the 
respective SEM image (Panel B) in contrast to the easily recognizable cells. The small 
size of tdEVs in combination with the ferrofluid covering them as well as the rest of the 
surface of the cartridge hinders their 3D shape and makes their relocation laborious. 
Due to that, a limited number of tdEVs (only six) were SEM imaged. However, as we 
have demonstrated previously, tdEVs can be found in significantly elevated numbers 
in CRPC patients (median value of 116 tdEVs in 84 CRPC patients) compared to healthy 
donors (median value of 8 tdEVs in 16 healthy donors)19. The correlated fluorescence 
and SEM images of tdEVs of CRPC patient blood samples are summarized in Figure 
5.6. Isolated tdEVs are much smaller compared to leukocytes, nucleated cells, or 
CTCs, with the majority of them having a size range of 1–2 µm based on the SEM 
images of Figure 5.6. The shape of all tdEVs shown here is spheroid to ovoid; however, 
digitally stored fluorescence images of CRPC patients imply also a subpopulation of 
tdEVs with a tubular shape. However, this shape is less frequent (5–10% of the total 
tdEV population, data not shown). Different CK intensities can be recorded in the 
fluorescence images of tdEVs, with some of them having very dim CK signals (Panels 
E and F). Nevertheless, the SEM images confirm that they are not just image artefacts, 
but actual particles isolated by the blood samples of the patients in the same manner 
as CTCs as shown by the ferrofluid covering them. The parts of tdEVs that are shielded 
by the ferrofluid have lower CK signals, denoting that the ferrofluid is reducing the 
resulting fluorophore signals, which can be crucial in the case of small EVs to be 
detected by solely one biomarker.
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Figure 5.5. Relocation of an identified tdEV of a CRPC patient by fluorescence (CellTracks Analyzer II) 

imaging (Panels A and C) after immunomagnetic enrichment using the CellSearch system and SEM imaging 

(Panels B and D). Magnified fluorescence and SEM images of the enclosed by the yellow square DNA−, CK+, 

CD45− tdEV are shown at Panels B and D, respectively. Nucleus (DNA) is represented by blue, CK by green, 

and CD45 by red. The white arrows (Panel B) are pointing at vesicles of not defined origin (DNA−, CK−, 

CD45−). The red arrow (Panel B) is pointing at a leukocyte derived- extracellular vesicle (DNA−, CK−, CD45+).

A DNA-, CD45+ particle is indicated by a red arrow in Figure 5.5 (Panel B), suggesting 
that particles of leukocyte origin are co-isolated with the CellSearch system. Further 
investigation is required to answer the raised question of whether these particles are 
fragments as a result of the CellSearch procedure or actual extracellular vesicles (EVs) 
secreted by leukocytes. 

It is noteworthy to mention that more particles are suspected to be isolated by the 
CellSearch system that cannot be detected by fluorescence because either they do not 
express any CD45 or CK, or they express CD45 or CK at levels below the detection limits of 
our fluorescence microscopes. Some of these particles that have a very similar shape and 
morphology as the tdEV of Figure 5.5 are pointed out by white arrows in Figure 5.5 (Panel 
B); however, the highlighted particles were not SEM imaged with a higher magnification. 
A higher magnification of a different particle undetectable by the CellTracks Analyzer II 
(DNA−, CD45−, CK−) was SEM imaged and can be found in Figure S5.3. 
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Figure 5.6. Gallery of correlated fluorescence and SEM images of tdEVs of a CRPC patient isolated 

by the CellSearch system. CK is represented by green. The pixels with lower CK intensity (Panels 

A–C,F) correspond to being shielded from ferrofluid tdEV parts. tdEVs of different CK intensities 

can be observed (Panel D: High CK intensity, Panels A–C: Medium CK intensity, Panels E,F: Low CK 

intensity). Scale bars of fluorescence images indicate 2 μm.

5.3.6. Relocation and Correlated SEM-Fluorescence Images of CTCs of 
CRPC Patients Isolated by Microsieves
The recommended VyCAP protocol was first applied for the permeabilization, 
fixation, and staining of cells isolated by microsieves. However, that led to a lot of red 
blood cell background during their SEM imaging, most likely due to the fixation step 
that preceded the cell permeabilization step (Figure S5.6); hence, a different protocol 
that is similar to the protocol used by the CellSearch was eventually followed for both 
control and patient samples and is described in Section 5.2.4. 

Most spiked PC3 and LNCaP cells in blood, after being filtered through the microsieves, 
had lost their surface features (Figures 5.2 and S5.4). The loss of surface features was 
tested in 20–30 different spiked cells (PC3 or LNCaP) in three replicates. Therefore, 
the relocation of identified DNA+, CK+, CD45− CTCs based on the fluorescence images 
had to be relocated using SEM (Figure 5.7). The procedure was less time consuming 
compared to SEM imaging of the CTCs in the CellSearch cartridges thanks to the 
specific pore locations of the microsieves. Cells in Figure 5.7 with bright DNA signals 
(#2,3,7,9–11) seemed to be more intact compared to the cells with dim DNA signals 
(#1,4,6), which appeared to be damaged or within the pores. 
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By relocating the CTCs on microsieves from the whole blood of one CRPC patient, we 
constructed a gallery of correlated fluorescence and SEM images of 28 CTCs shown 
in Figures 5.8 and S5.2. CTCs were found on top, within, or between the pores of the 
microsieves.

Figure 5.7. Relocation of an identified CTC in a blood sample of a castration-resistant prostate cancer 

patient after microsieve filtration and fluorescence imaging (Panels A and C). Pores were relocated and 

the respective cells were SEM imaged (Panels B and D). Nucleus (DNA) is represented by blue and CK by 

green. Fluorescence and SEM images of the enclosed by the yellow square DNA+, CK+, CD45− CTC at 

Panels A and B are shown with higher magnification at Panels C and D, respectively. Arrows (Panel D) 

are pointing at the membrane or/and nucleus stripes of cells connecting the neighboring pores.

The SEM images showed some stripes connecting the neighboring pores (indicated 
by arrows on Panel D of Figure 5.7), implying that the cells were split into more than 
one pore during their passage through the microsieves. These stripes were either 
cell membranes or nuclei as indicated by the respective immunofluorescence images 
of CTCs (Figures 5.7, 5.8 and S5.2). More specifically, the CK staining of Panel C of 
Figure 5.8 corresponds to the membrane of a CTC reaching the pore, whereas the DNA 
signal of panel B of Figure 5.8 and Panel C of Figure 5.7 corresponds to the fragmented 
nuclei of previously passed cells through the microsieves. In some cases, it is not clear 
whether these stripes originate from the cells occupying a pore or from previous cells 
that passed during blood filtering (Panels A,H of Figure 5.8).  
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Figure 5.8.Gallery of correlated fluorescence and SEM images of CTCs of a CRPC patient isolated by 

whole blood filtration using 5 μm microsieves. Nucleus (DNA) is represented by blue and CK by green. 

Membrane (Panel C) or nucleus (Panel B) stripes connecting the neighboring pores indicate cell 

damage and were found throughout the whole microsieve. CTCs ended up on (Panels A–C, F, H), 

within (Panel D), or in between the pores (Panels E, G, H).

Besides “intact” CTCs, apoptotic CTCs with a punctuated cytokeratin pattern were 
found on the microsieves (Panels F,G of Figure 5.8). The vesicles on their cell surface 
suggest that the CK punctuated pattern is not just intra-, but also extra- cytoplasmatic.
No distinctive surface characteristics, like microvilli, could be found on CTCs after 
filtration, which is similar to the PC3 and LNCaP cell lines that were used as a control. 
Regarding their shape, 100% of CTCs from a single patient (28 out of 28) appeared to 
be spheroid to ovoid, probably due to the filtration procedure. Tubular or different 
shaped CTCs either passed through the filters together with the smaller CTCs or 
appeared to be spherical once captured on the microsieves.

5.4 Discussion

CTC load is associated with relatively poor prognosis in patients with metastatic 
cancer, and can be used to monitor the efficiency of a therapy5-9,24. CTC data has been 
generated mainly by the CellSearch platform, but new technologies are emerging for 
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CTC isolation10-13. Each technique has a different underlying principle, resulting in 
CTCs with selected characteristics. Consequently, the CTC identification can differ 
between the different existing techniques, raising the question whether phenotype 
differences matter. Size-based isolation techniques, like the microsieves, miss CTCs 
of sizes smaller than the selected pore diameter, whereas affinity-based techniques, 
such as the EpCAM-based CellSearch system, will miss the EpCAM- or EpCAMlow 
CTCs25. After immunomagnetic enrichment, the presence of not only CTCs with 
“intact” morphology, but also those undergoing apoptosis26-29 as well as tumor-
derived extracellular vesicles18,19 are associated with poor clinical outcome. Here, we 
investigated by SEM imaging the morphology of intact and apoptotic CTCs isolated 
by the CellSearch system and 5 μm microsieves from whole blood of CRPC patients. 
tdEVs were possible to be SEM imaged only when the CellSearch platform was used; in 
the case of microsieves, they ended up in the filtrate.

CellSearch enriched CTCs, and tdEVs had a well retained morphology and shape, but 
their surfaces were fully covered by the ferrofluid, hindering the study of their surfaces. 
The complete cell coverage can be explained by the underlying principle of CellSearch. 
Briefly, αEpCAM ferrofluid is incubated in blood samples of cancer patients and binds 
to EpCAM+ CTCs and tdEVs. The ferrofluid together with the bound cells are pulled 
out of the tube into the CellSearch cartridge by the application of magnetic forces. The 
enriched objects in the cartridge are perfectly aligned to the magnetic field lines of the 
magnets21. The excess of ferrofluid could partially explain the dim or negative signal 
of cells when stained for additional surface biomarkers, like the prostate-specific 
membrane antigen (PSMA)30. Interestingly, the size of CTCs was very similar to the 
rest of leukocytes that were enriched in the CellSearch cartridge, implying that a size-
based technique would miss many CTCs that fall in the same size range as leukocytes. 

On the other hand, CTCs and leukocytes found on the microsieves after whole blood 
filtration had either lost most of their distinct surface features or they had experienced 
major deterioration and membrane rupture that has not been reported before. The cell 
deformation and stretching could be attributed to the applied pressure of 100 mbar, 
the distance from the neighboring pores (9 μm in vertical and diagonal axes and 19 
μm in horizontal axis), and the pore size of 5 μm. Cote et al. have also highlighted 
the importance of a strong cell fixative before blood filtering15. The provider of the 
used microsieves, VyCAP, suggests that blood samples should be collected in Transfix 
preservative to ensure improved cell morphology, implying that that CellSave used 
here for one to two day(s) is probably inadequate for optimal cell preservation. 
Lower pressure, more pores, and longer distances between them are parameters that 
could also improve the final cell morphology. Their further investigation is highly 
recommended mainly in cases where CTCs are isolated from EDTA blood and need to 
remain viable or be expanded for studies of their secretome or drug screening. 



123

Chapter 5

5

It is noteworthy to mention that in case of the CellSearch isolated CTCs, when 
ferrofluid was not covering the cell surface, some granular structures could be 
observed on the CTC surfaces, as indicated by arrows in Figures 5.4 and S5.1. A 
speckled CK pattern in the respective immunofluorescence images would confirm the 
reorganization of their cytoskeleton and their early stage of apoptosis17,31,32, whereas 
a fragmented nucleus would even indicate advanced apoptosis31. However, in many 
CTCs where the punctuated CK is clearly distinguishable, the cells are fully covered by 
the ferrofluid, hindering the observation of blebs on the cells. In other cases, the cells, 
even if they had a homogeneous cytokeratin staining, had spheroid globules on their 
surfaces, raising the question of membrane blebbing preceding the reorganization of 
the keratin filament network. Alternatively, these globules could be secreted tdEVs or 
EVs that ended up by coincidence at the same location (Panels B and C of Figure S5.1). 
Interestingly, the SEM imaged blebbing of CTCs found on the microsieves corresponds 
to the condensed CK granular structures of the respective immunofluorescence 
images. That suggests that the membrane blebbing during apoptosis and the speckled 
CK occur simultaneously and that the observed cleaved CK pattern is not only intra-
cytoplasmatic, but also extra-cytoplasmatic.  

We here defined tdEVs in CRPC patients as EpCAM+, DNA−, CD45−, CK+ particles 
obtained after centrifugation of the blood samples of patients at 800× g for 10 min 
and their further processing on the CellSearch system. As a consequence of the blood 
centrifugation, the majority of isolated tdEVs have a diameter above 1–2 μm. Our 
previous results showed that the presence of these tdEVs isolated by the CellSearch 
are strongly associated with the clinical outcome of CRPC patients similarly to the 
CTCs18,19. Importantly, these tdEVs are rarely found in healthy donors and, in that 
case, their frequencies are significantly lower compared to the respective ones in 
CRPC patients (median value of 8 in 16 healthy donors and median value of 116 in 84 
CRPC patients)19. Vagner et al.33 and Minciacchi et al.34 have demonstrated that large 
oncosomes of a diameter above 1 μm can be found in the circulation of advanced 
prostate cancer patients, and constitute a separate subclass of tumor-derived 
extracellular vesicles that carry most of the circulating tumor DNA, reflecting the 
genetic aberrations of the tumor of origin. These large tdEVs do not express CD81 and 
CD63, which are common exosome markers, and they have a distinct protein cargo34. 
CK18 is one of the significantly increased proteins expressed in that class, which is also 
supported by our findings. Some of these tdEVs are expected to be apoptotic bodies 
secreted by either the CTCs undergoing apoptosis or the tumor itself. Larson et al.17 
categorized EpCAM+, CK+ events into three different categories after the inclusion of 
M30 staining, which binds to an epitope accessible after caspase-cleaved CK18. The 
three classes were “intact” CTCs, CTCs “undergoing apoptosis”, and “CTC fragments” 
(DAPI−, CK+, CD45−, M30+, or M30−). “CTC fragments” could nowadays be further 
classified to tumor-derived apoptotic bodies (DAPI−, CK+, CD45−, M30+) and tumor 
derived microvesicles (DAPI−, CK+, CD45−, M30−). Interestingly, no clear pattern 
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could be observed in the different patient samples shown: One patient had only 10% 
of big tdEVs positive for M30, while another one had 85% of them positive for M30. 
Nevertheless, EVs have a wide size range, with the majority of them constituting 
the exosome subclass with a diameter below 200 nm35,36; hence, most of the tdEVs 
are supposed to end up in the plasma fraction of the patient samples, which is not 
processed by the CellSearch system. Processing plasma of CRPC patients with the 
CellSearch system could reveal what the actual proportion of smaller tdEVs is. 
Preliminary results (data not shown) indicate that isolation of tdEVs from plasma of 
patients is indeed feasible using the CellSearch, but further investigation is needed. 
It should be taken into consideration that the smaller size tdEV populations may 
express very low amounts or even no EpCAM on their membranes depending on 
their biogenesis. Ferrofluid conjugated with multiple antibodies recognizing more 
than one tumor- or epithelial- specific surface biomarkers (e.g. αEpCAM together 
with αCaveolin-1 and αPSMA) and incubated in the plasma of patient samples and 
downstream characterization of the isolated EVs could provide higher tdEV capture 
yields and more insights about the cells of origin. There are some SEM images of EVs 
in the literature37,38; however, the identity of the depicted particles is always doubtful 
since no other correlative technique is being used to confirm the chemical composition 
or the surface marker expression of the imaged EVs in a single level.

Herein, the fluorescence imaging of tdEVs with αCK-PE staining and their capture 
by αEpCAM ferrofluid, which are both epithelial specific markers, with CK being 
expressed in the interior of epithelial cells and EpCAM on their surface, confirm their 
epithelial/tumor origin. Particles of a similar size as the ones shown in Figure 5.6, 
captured by the αEpCAM ferrofluid, were also found, but they were negative for CK, 
CD45, and DNA (Figure S5.3), and were not detected by the CellTracks Analyzer II. 
Further investigation using additional antibodies against generic membrane markers, 
like wheat germ agglutinin, or cell-specific antigens, such as HER2 (breast), PSMA 
(prostate), CD16 (leukocytes), or CD61 (platelets), could reveal the origin of these 
particles as already demonstrated by de Wit and Zeune39. 

In conclusion, our findings suggest that CTCs isolated by the CellSearch system retain their 
cell morphology and have different shapes and sizes. However, the coverage of most of their 
surfaces by the αEpCAM ferrofluid prevents their detailed morphological characterization, 
while at the same time, raises questions about the staining efficiency of additional surface 
markers expressed in low levels mainly after CTC isolation. Conversely, CTCs isolated 
purely by filtration through 5 μm microsieves experienced major cell deformation due to 
several factors, including the applied pressure, limited number of pores, and close pore 
proximity. In studies that CTCs need to be viable after their isolation and get expanded, 
e.g. studies of CTC secretome, drug efficiency testing, or for understanding the underlying 
biology of tumor growth and mutational status, the CTC profile kit is available from the 
CellSearch system, where CTCs can be immunomagnetically isolated from EDTA blood 



125

Chapter 5

5

samples without being further fixed, permeabilized and stained. In the case of filtration, 
less harsh handling is required to be further evaluated, such as lower applied pressure, or 
incorporated microsieves within microfluidics to ensure CTC viability.

Finally, the SEM imaging of the CellSearch cartridges also allowed imaging of EpCAM+, 
CK+, CD45−, DNA− tdEVs isolated from the blood cell fraction of the patient samples, 
confirming their three-dimensional shape and that these are not just cell membrane 
fragments or antibody artefacts. The existence of particles of similar size and shape that 
were not detected by immunofluorescence imaging because of the lack of nucleus and CK, 
CD45 expression requires further investigation to reveal their origin.
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Supplementary Data

Supplementary Figure S5.1. Gallery of additional correlated fluorescence and SEM images of CTCs of 

a CRPC patient isolated by the CellSearch system. Nucleus (DNA) is represented by blue, CD45 by red 

and CK by green. Arrows are pointing at vesicles found beneath (Panel F) or on top (Panels B and C) of 

the ferrofluid covering the CTCs. Some CTCs appear to have sponge-like surfaces with visible holes as 

pointed by arrows (Panels G, I and J). Few cells (like “x” in Panel A) could not be relocated by SEM, 

because they were lost during the dehydration/drying procedure. In other cases, additional objects 

(like “y” in Panel L) that were invisible by fluorescence could be visualized by SEM. Scale bars of 

fluorescence images indicate 2 μm.
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Supplementary Figure S5.2. Gallery of additional correlated fluorescence and SEM images of CTCs 

of a CRPC patient isolated by whole blood filtration using 5 μm microsieves. Nucleus (DNA) is 

represented by blue and CK by green. CTCs were found on (Panels A-D, F-K, M-P, R-T), inside (Panels 

J, L, Q) and in between (Panel E) the pores. Apoptotic CTCs with punctuated CK pattern appeared to 

have blebs on their surfaces (Panels H, J, N, O, T). Scale bars of fluorescence images indicate 2 μm.



131

Chapter 5

5

Supplementary Figure S5.3. SEM imaging (Panel C) of a CTC and an undetected by fluorescence 

(Panel A) particle isolated by the CellSearch from the blood of a CRPC patient. The particle has a 

similar size to tdEV, but does not express CK (represented by green). Nucleus (DNA) is represented by 

blue. Magnified fluorescence and SEM images of the enclosed by the yellow square particle are shown 

in panels B and D respectively.
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Supplementary Figure S5.4. Correlated fluorescence and SEM images of spiked 1. PC3 and 2. LNCaP 

cells isolated by the CellSearch system (Panel A) or whole blood filtration using 5 μm microsieves (Panel 

B). Nucleus (DNA) is represented by blue and CK by green. 20-30 different cells from each condition 

were SEM imaged, but only 4 are presented here. Scale bars in the fluorescence images indicate 4 μm.
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Supplementary Figure S5.5. SEM images of 15 leukocytes (out of 85 that were SEM imaged) isolated 

by the CellSearch from blood samples of 3 cancer patients. 15% (13/85) of the isolated leukocytes that 

were SEM imaged bore big vesicles (Panel A) on their surfaces that were not observable in case of 

CTCs. 55% (47/85) had smaller vesicles (Panel B) on their surfaces and 30% (25/85) had no vesicles 

(Panel C) at all on their surfaces. 
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Supplementary Figure S5.6. Comparison of A. manufacturer’s (VyCAP) and B. followed protocol for 

the permeabilization and fixation of the isolated cells/CTCs through 5 μm pore microsieves. Both 

protocols were applied using spiked samples (Panels 1-2) and CRPC patient (Panels 3-4) samples. 

VyCAP protocol resulted in higher cell background during the SEM imaging that hindered the 

imaging of individual CTCs. 
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Abstract

Tumor-derived extracellular vesicles (tdEVs) and circulating tumor cells (CTCs) in blood 
of metastatic cancer patients associate with poor outcome. In this study, we explored 
the human epidermal growth factor receptor 2 (HER2) expression on CTCs and tdEVs 
of metastatic breast cancer patients.  Blood samples from 98 patients were originally 
processed with the CellSearch® system using the CTC kit and anti-HER2 as an additional 
marker in the staining cocktail.  CTCs and tdEVs were automatically enumerated from 
the generated CellSearch image datasets using the open-source ACCEPT software. 
The inclusion of anti-HER2 increased the percentage of informative samples with 
≥1 detectable CTC and tdEV from 89% and 99% to 95 and 100%, respectively. CTCs 
and  tdEVs were subdivided based on their cytokeratin (CK) and HER2 phenotype 
into CK+HER2-, CK-HER2+ and CK+HER2+. Inter- and intra- patient heterogeneity 
was found regarding the phenotype of CTCs and tdEVs with the majority of patients 
having all different subclasses present. CK-  CTCs and tdEVs correlated equally well 
with clinical outcome as CK+ CTCs and tdEVs. Use of ≥7% HER2+CK+ tdEVs can 
predict HER2 expression of the tissue with 74% sensitivity and specificity, whereas the 
respective use of ≥23% HER2+CK+ CTCs leads to 65% sensitivity and 66% specificity. 
HER2 can be detected on CTCs and tdEVs not expressing CK, which have similar 
clinical relevance to CTCs and tdEVs expressing CK. tdEVs perform better than CTCs 
in predicting the HER2 status of the tissue.
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6.1 Introduction

The peripheral blood load of Circulating Tumor Cells (CTCs) is associated with poor 
outcome in metastatic cancers1,2. Once present, CTCs can be used as a real-time liquid 
biopsy through determination of the presence of treatment targets, such as the human 
epidermal growth factor receptor 2 (HER2)3. The reliability of such an assessment 
increases with the number of CTCs available. The development of the open-source 
ACCEPT software permitted the automated enumeration of objects in the fluorescence 
images and the assessment of treatment targets on CTCs4 eliminating inter- and 
intra- operator variations and leading to a more objective consensus5. In metastatic 
breast cancer, ~50% of patients have ≥5 CTCs detected with the CellSearch system and 
the percentage of patients with ≥10 and ≥100 CTCs decreases rapidly1. Large tumor-
derived Extracellular Vesicles (tdEVs) are co-isolated with CTCs and are present in 
an order of magnitude higher frequencies than CTCs 6,7; thus, they can increase the 
number of “readable” patient samples for the assessment of therapeutic targets. In this 
study, we evaluated the HER2 expression on CK+/- CTCs and tdEVs and its association 
with the HER2 expression on tissue biopsies.

6.2 Materials and Methods 

6.2.1 CellSearch images of breast cancer patients
Digitally stored CellSearch® (Menarini Silicon Biosystems, Huntingdon Valley PA, 
USA) image files from 98 metastatic breast cancer patients from a previously reported 
study (IC 2006-04 study) were re-analyzed3,8. The samples had been processed with 
the CellSearch using the CTC kit, as previously described6 including an additional 
fluorescein (FITC)-conjugated monoclonal antibody recognizing HER2 (clone Her81) 
in the staining mixture. 

6.2.2 Classification and automated enumeration of CTCs and tdEVs 
using ACCEPT
For the automated CTC and tdEV count enumeration, the digitally stored fluorescence 
image files were processed with the Automated CTC Classification, Enumeration and 
PhenoTyping (ACCEPT) software v1.1 (http://github.com/LeonieZ/ACCEPT) using the 
“Full Detection” function. 

6.2.3 Statistical analysis
Statistical analysis was performed in IBM SPSS Statistics v24.0 (SPSS Inc., Chicago, 
IL, USA) and MedCalc v19 (MedCalc Software, Ostend, Belgium).   For the matched 
CTC and tdEV counts of the same subclass, a two-tailed Spearman’s Rho test was 
performed to evaluate their relation through a monotonic function and the non-
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parametric Wilcoxon Signed Ranks test was used to test the equality of their 
distributions. The non-parametric Mann-Whitney U test was used to compare the 
distributions for the absolute and relative frequencies of CTCs and tdEVs with different 
immunophenotypes. The open-source web application Cutoff Finder (http://molpath.
charite.de/cutoff/) was used to calculate the hazard ratios (HRs) for overall survival 
(OS) including 95% confidence intervals (CIs), over a wide range of cut-off values for 
CK+/- CTCs and tdEVs.  Cutoff Finder uses the R code to provide optimization and 
visualization tools for cut-off determination9. Receiver Operating Characteristic 
(ROC) curves were used to evaluate the performance of %HER2+ CTCs (or tdEVs) 
in predicting HER2+ tissue as assessed by FISH (available data for 92/98 patients). 
The Areas Under the Curve (AUC) were compared using the non-parametric DeLong 
approach10. We determined a minimum threshold for %HER2+CK+ CTCs or tdEVs to 
predict a HER2+ tissue as the value that led to equal sensitivity and specificity (value 
that led to minimum |sensitivity-specificity|). OS was defined as the elapsed time 
between blood draw and death and it was available for 94/98 patients. The patients 
who were lost during the follow up were censored. Kaplan Meier (KM) survival curves 
of OS were used to compare (using the log-rank test) patients with favorable and 
unfavorable manual and automated CTC and tdEV counts. Cox proportional hazards 
regression analysis was used to determine the univariable HRs with 95% CIs of the 
categorical and continuous CTCs and tdEVs for OS. Continuous CTC and tdEV counts 
were log transformed to achieve better model fit.

6.3 Results

6.3.1 ACCEPT display and automated enumeration of CTCs and tdEVs
After the inclusion of the HER2-FITC antibody, 3 different subclasses of CTCs and 
tdEVs were detected in the CellSearch images (Supplementary Figure S6.1). Linear 
ACCEPT gates were designed (Supplementary Table S6.1) and applied in the image 
datasets for the automated enumeration of CTCs/tdEVs of each subclass.

The automated CTC and tdEV counts of the 98 breast cancer patients are shown in 
dot plots in Figure 6.1A. Comparison of the applied ACCEPT gates for CTC automated 
enumeration and the manual CK+ CTC counts scored by the operator in the original 
study showed a high correlation (rS = 0.83, p< 0.01) and similar association to the 
clinical outcome (Supplementary Figure S6.2). 

Whereas CK+HER- tdEVs are found in a ~15-fold higher frequency compared to 
CK+HER- CTCs (p<0.01, Wilcoxon Signed Ranks test), the distributions of CK+HER2+ 
and CK-HER2+ tdEVs are not significantly different compared to the respective 
distributions of CTCs (Wilcoxon Signed Ranks test). Furthermore, the correlation 
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between CTC and tdEV subclasses was very strong only in case of CK+HER2- 
populations (rS= 0.84, p<0.01), whereas in case of CK-HER2+ and CK+HER2+ 
populations, a moderate correlation was found (0.5<rS<0.6, p<0.01). 

Figure 6.1.  Presence and frequencies of CTC and tdEV subpopulations in metastatic breast cancer 

patients. in Panel A shows dot plots of different subclasses (indicated in the x-axis) of CTCs (in grey) 

and tdEVs (in black) in 98 metastatic breast cancer patients. Each dot corresponds to the counts of one 

patient. Horizontal black lines indicate median vaues. Panel B shows Venn diagrams of patients with 

one or more CTC (at the left) or tdEV (at the right) subclasses detected. The yellow circle corresponds 

to patients with CK+HER2+ CTCs (or tdEVs), the purple to patients with CK+HER2- CTCs (or tdEVs) 

and the cyan to patients with CK-HER2+ CTCs (or tdEVs). The overlaps of the different circles 

correspond to patients with 2 or more 3 CTC (or tdEV) subclasses detected. 98/98 patients had at least 

1 detectable tdEV, whereas 93/98 patients had at least 1 detectable CTC.

93/98 (95%) patients had ≥1 detectable CTCs and 98/98 (100%) of patients had ≥1 tdEV. 
Inter- and intra- patient heterogeneity was observed regarding the CK and HER2 
phenotype of CTCs and tdEVs. The Venn diagrams in Figure 6.1B show the number 
of patients with one or more subclasses (CK+HER2-, CK+HER2+ and CK-HER2+) 
of CTCs or tdEVs detected. Interestingly, the majority of patients had all three 
subclasses of CTCs or tdEVs present, whereas very few patients had solely one class 
of CTCs or tdEVs. More specifically, 56/93 (60%) of patients had CTCs of all three 
immunophenotypes, followed by 22/93 (24%) of patients with CTCs of 2 different 
immunophenotypes and only 15/93 (16%) of patients with only 1 class of CTCs present. 
In case of tdEVs, the immunophenotypic heterogeneity was even better reflected with 
68/98 (69%) of patients having all 3 subclasses of tdEVs present, 25/98 (26%) of them 
having 2 subclasses present and 5/98 (5%) of them having one class of tdEVs present.
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6.3.2 Association of CK+ and CK- CTCs and tdEVs with clinical outcome 
To determine whether CTCs and tdEVs lacking CK and expressing HER2 are actually 
cancer associated, we compared their prognostic power with CTCs and tdEVs 
expressing CK. For that comparison, KM plots for OS were generated (Figure 6.2) 
stratifying patients based on their CK+ CTCs (Panel A), CK+ tdEVs (Panel B), CK- 
CTCs (Panel C) or CK- tdEVs (Panel D). The selected cut-offs were the minimal values 
leading to a dichotomization of patients with significant HR of OS, indicated by the 
green vertical lines in the respective plots of HRs over the range of possible CK+/- CTC 
and tdEV cut-off values (Supplementary Figure S6.3). However, the univariable Cox 
regression of the log transformed CK+ and CK- CTC and tdEV counts (Supplementary 
Table S6.2) showed that only CK+ tdEVs are significant predictors of OS. 

Figure 6.2. Association of CK+ and CK- CTCs and tdEVs with the clinical outcome of metastatic breast 

cancer patients. KM curves for OS dichotomizing patients based on their automated CK+ CTCs (Panel 

A) and tdEVs (Panel B) and their CK- CTCs (Panel C) and tdEVs (Panel D). CK- CTCs (or tdEVs) perform 

similarly to CK+ CTCs (or tdEVs) in predicting the event of the patients as shown by the patient 

stratification and the resulting HR. 
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6.3.3 HER2 amplification of tissue versus HER2 expression on CTCs and 
tdEVs 
For 92 out of 98 patients, the HER2 status of the tissue was assessed by fluorescence in 
situ hybridization (FISH) with 39 patients (42%) having HER2+ and 53 (58%) HER2- tissue. 

When we compare these 2 groups of patients in terms of their automated CTC and 
tdEV counts of each subclass, only CK+HER+ tdEV distribution is significantly 
increased (p < 0.05, Mann-Whitney U test) in HER2+ patients (Supplementary 
Figure S6.4, Panel B). The rest of the CTC and tdEV distributions (Supplementary 
Figure S6.4, Panels A and B) are not significantly different. However, the differences 
become more profound when comparing the 2 groups in regards to % HER2+CK+/-, 
% HER2+CK+ and % HER2+CK- CTCs and tdEVs estimated over the total CTC and 
tdEV counts, respectively. Patients with HER2+ tissue have significantly lower % of 
CK+HER2- CTCs and tdEVs and significantly higher % of CK+HER2+ CTCs and tdEVs 
compared to patients with HER2- tissues (Supplementary Figure S6.4, Panels C and 
D). No statistically significant difference could be found concerning the % of CK-
HER2+ CTCs and tdEVs.

To evaluate which HER2+ population is in a better concordance with the HER2+ 
tissue, ROC curves of the different HER2+ CTC (Figure 6.3A) and tdEV (Figure 6.3B) 
proportions were constructed treating HER2+ tissue as the classification variable. % 
HER2+CK+ CTCs and tdEVs performed better as indicated by the larger AUCs (0.69 
for CTCs and 0.79 for tdEVs, which were not significantly different, DeLong test). 
The asterisks in panels A and B indicate the selected threshold of %HER2+CK+ CTCs 
and tdEVs, for which the test has sensitivity ≈ specificity. In case of CTCs, more than 
23% HER2+CK+ CTCs (Figure 6.3C), could predict a HER2+ tissue with a sensitivity 
of 65% and specificity of 66%. Likewise for tdEVs, more than 7% HER2+CK+ tdEVs 
(Figure 6.3D) could predict HER2+ tissue with a sensitivity and specificity of 74%. The 
influence of the increasing number of CTCs and tdEVs on the accuracy of the respective 
test, is summarized in Supplementary Table S6.3. The accuracy of ≥ 23% HER2+CK+ 
CTC test improved and reached 80% when ≥ 50 CTCs were detected; however, only 
27/98 (28%) patients accounted for that CTC load. In case of % HER2+CK+ tdEVs, the 
accuracy of the test was constantly above 70% and gradually improved from 74% up to 
91% with increasing tdEV counts. 



141

Chapter 6

6

Figure 6.3. Prediction of HER2 status of tissue from CTCs and tdEVs. ROC curves of % HER2+CK- 

(light grey lines), HER2+CK+ (dark grey lines) and total HER2+CK+/- (black lines) CTCs (Panel A) and 

tdEVs (Panel B) treating HER2+ tissue (as assessed by FISH) as the classification variable. %HER2+CK+ 

populations performed the best as shown by the largest AUCs. The asterisks indicate the points, 

where sensitivity≈specificity for CTCs and tdEVs (23% HER2+CK+ CTCs leading to 65% sensitivity 

and 66% specificity; 7% HER2+CK+ tdEVs leading to 74% sensitivity and specificity). Scatter plot of 

total CTCs (Panel C) and tdEVs (Panel D) for each patient (x-axis). Samples were sorted on the % of 

HER2+CK+ CTCs or tdEVs respectively indicated by the dark grey lines. On the top of the panels and 

along the x-axis, the HER2 status of the tissue is indicated as positive (+) or negative (-), as evaluated 

by FISH. The vertical black dashed lines indicate the 23% HER2+ CTCs (and 7% HER2+ tdEVs) 

threshold, right of which the tissue of the patient could be considered as HER2+. 
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6.4 Discussion

The HER2 is found overexpressed in around 15-30% of breast cancer cases mainly 
because of the HER2/neu oncogene amplification11,12. Randomized clinical trials have 
demonstrated its predictive and prognostic value with HER2+ breast cancer patients 
having a remarkably improved clinical outcome when treated with anti-HER2 therapy, 
such as trastuzumab or lapatinib next to chemotherapy, as compared to HER2+ 
patients treated with solely chemotherapy13-16. Furthermore, HER2- breast cancer 
patients randomized in two treatment arms with and without anti-HER2 therapy did 
not show any clinical benefits further supporting the predictive value of HER217. These 
observations necessitate the use of an accurate test to assess the HER2 tumor status 
and facilitate the clinician’s treatment-decision making. The current state-of-the-art 
evaluates HER2 status on solid biopsies (either tumor needle biopsy or whole tumor after 
resection) by immunohistochemistry or/and FISH. Several guidelines have improved 
the accuracy of HER2 evaluation18. Nevertheless, there are cases of discorcondant 
immunohistochemistry and FISH results or high HER2 heterogeneity of the tumor19,20 
preventing an objective consensus on HER2 status among different operators.

Non-invasive liquid biopsies have emerged to promising alternatives to solid 
biopsies providing clinically relevant tumor material in real-time. Increasing load 
of CK+ CTCs and tdEVs as identified by the CellSearch system is strongly associated 
with worsening progression-free and overall survival1,2,7,21,22. The CellSearch system 
immunomagnetically enriches CTCs targeting the Epithelial Cell Adhesion Molecule 
(EpCAM); consequently, all EpCAM negative or low expressing CTCs are missed by 
the system. Many approaches have been introduced to overcome this limitation by 
enrichment of CTCs based on their physical properties such as size, density and 
charge23, but no obvious advantages have been demonstrated in clinical studies so far. 
Importantly, EpCAMlow, CK+ CTCs identified after size-based separation of EpCAM 
depleted blood samples did not correlate with clinical outcome in metastatic non-
small cell lung, prostate and breast cancer 24,25. In the present study, we investigated 
whether expression of HER2 can be assessed through tdEVs and whether CTCs and 
tdEVs are missed by the system due to lack of CK expression. 

HER2 expression could be detected on CK+ tdEVs that were co-isolated with CTCs using 
the CellSearch system. The ACCEPT software allows the visualization and automated 
enumeration of CK- objects, which are not presented to the operator by the FDA-
cleared CellSearch image analysis algorithm (CellTracks Analyzer II). Interestingly, 
the inclusion of the HER2-FITC antibody allowed the detection of CD45-CK-HER2+ 
CTCs and tdEVs in the EpCAM enriched blood samples of metastatic breast cancer 
patients increasing the percentage of patient samples with detectable CTCs from 89 
to 95%. CK+ tdEVs were already present in 99% of patient samples, which increased to 
100% after the inclusion of anti-HER2. 
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Although we have not genetically proven that these CK- CTCs and tdEVs are indeed 
cancerous, their similar correlation with OS (Figure 6.2) tends to confirm that 
hypothesis. The observation of CK-HER2+ CTCs and tdEVs raises questions about other 
CK-HER2- CTC and tdEV populations present in the EpCAM enriched samples. The 
findings of Crespo et al. that aneuploid CD45-CK-AR+ CTCs in EpCAM enriched blood 
samples of castration-resistant prostate cancer patients are associated with worse 
OS further support our hypothesis26. The detection of CK- aneuploid cells in blood 
samples of ovarian, breast and colorectal cancer patients has been also described by 
Pecot et al.27. All aforementioned studies further encourage the inclusion of additional 
antibodies to detect nucleated events of unkown cell lineage in the EpCAM enriched 
samples and decrease false negative rates of CTCs.

Interestingly, all three immunophenotypes of CTCs and tdEVs (HER2+CK-, HER2-
CK+ and HER2+CK+) were present in the majority of EpCAM enriched patient 
samples (Figure 6.1). Our next question was whereas a minimum threshold of a HER2+ 
population could predict the HER2 status of the tissue as a real-time liquid biopsy. The 
%HER2+CK+ tdEVs performed the best achieving higher sensitivity and specificity 
than CTCs (Figure 6.3), most likely because of the higher frequencies of tdEVs better 
reflecting the tumor heterogeneity. Based on that test, a patient can be affirmed to 
have a HER2+ tumor with at least 74% accuracy if ≥7% of total EpCAM+ tdEVs are 
CK+, HER2+. The whole workflow from EpCAM enrichment to CTC and tdEV scoring 
can be done in a fully automated manner, once a blood sample of 7.5 mL is available. 
Consequently, the test is not subjected to the quality of the sample, the handling, 
staining methodology and the judgment of the technician. It can be performed in a 
timely fashion and can facilitate the treatment monitoring of the patient. Whether the 
HER2 assessment via a liquid biopsy (CTCs or/and tdEVs) can better predict response 
to anti-HER2 targeted therapies compared to the current assessment via a solid biopsy 
remains to be addressed. 

Molecular characterization of the EpCAM+ tdEVs of patients undergoing HER2 
targeted therapies at follow-up time points can contribute to better comprehend 
the underlying mechanism of tumor resistance to anti-HER2 treatment28, which is 
observed in more than 70% of HER+ breast cancer patients within a year from the 
initiation of the treatment29. Ciravolo et al. have already suggested a mechanism 
of anti-HER2 resistance by the increased binding efficiency of HER2+ exosomes to 
Trastuzumab in progressive HER2+ breast cancers as compared to earlier stages of 
breast cancer30. Another mechanism has been suggested by Al-Nedawi et al. with 
tdEVs transferring the oncogenic form of epidermal growth factor receptor EGFRvIII 
to cells without that immunophenotype31. 



144

HER2 on CTCs and tdEVs

In summary, the inclusion of anti-HER2 in the CellSearch assay allowed the detection 
of EpCAM+CK- CTCs and tdEVs with similar prognostic power as EpCAM+CK+ 
CTCs and tdEVs in metastatic breast cancer emerging the importance of including more 
detection antibodies next to CK for the identification of CK- CTCs and tdEVs. Our results 
enrich the already available data of “real-time” liquid biopsy and encourage the screening 
of tdEVs for treatment targets in clinics, since they seem to better reflect the HER2 
phenotype of the tumor than CTCs opening the path towards a more rational and objective 
choice of the patients who will or will not be subjected to HER2 targeting therapies. 
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Supplementary Table S6.2. Univariable Cox regression analyses of CK+ and CK- CTCs and tdEVs after 

log transformation.

Progression-free Survival Overall survival

HR (95% CI) p-value HR (95% CI) p-value

log (0.1 + CK- CTCs) 1.69 (0.94 – 3.03) 0.081 1.70 (0.94 – 3.08) 0.081

log (0.1 + CK+ CTCs) 1.41 (0.90 – 2.21) 0.131 1.41 (0.89 – 2.24) 0.140

log (0.1 + CK- tdEVs) 1.29 (0.75 – 2.23) 0.358 1.32 (0.75 – 2.32) 0.345

log (0.1 + CK+ tdEVs) 1.65 (1.01 – 2.70) 0.044 1.69 (1.03 – 2.79) 0.039

Supplementary Table S6.3. Sensitivity, specificity and accuracy of ≥ 23% CTCs and ≥ 7% tdEVs, double 

positive for CK and HER2, as tests to predict the HER2 status of the tissue. The accuracy increases 

with the total CTCs and tdEVs detected (≥ 1, 5, 10, 20, 50, 100) at the cost of number of eligible patients 

to be assessed.

HER2+CK+ CTCs / total CTCs Total CTCs Patients N (%) sensitivity specificity accuracy

≥ 23%

≥1 93 (95%) 65% 66% 66%

≥5 75 (77%) 59% 71% 65%

≥10 53 (54%) 47% 78% 63%

≥20 38 (39%) 46% 86% 66%

≥50 27 (28%) 60% 100% 80%

≥100 17 (17%) 67% 100% 84%

HER2+CK+ tdEVs / total tdEVs Total tdEVs Patients  N (%) sensitivity specificity accuracy

≥ 7%

≥1 98 (100%) 74% 74% 74%

≥5 92 (94%) 77% 74% 76%

≥10 85 (87%) 81% 75% 78%

≥20 69 (70%) 79% 77% 78%

≥50 48 (49%) 80% 89% 85%

≥100 36 (37%) 82% 100% 91%



150

HER2 on CTCs and tdEVs

Supplementary Figure S6.1. ACCEPT display of different subclasses of CTCs (left) and tdEVs (right) 

isolated by the CellSearch system from metastatic breast cancer patients. Examples of CK+HER2- 

(Panel A), CK-HER2+ (Panel B) and CK+HER2+ (Panel C) CTCs and tdEVs. The red contours around 

the objects in the respective channel indicate the detected and segmented signal by the ACCEPT 

image analysis algorithm.  All objects were isolated from 7.5 mL of blood using the CellSearch system. 

Scale bars indicate 6.4 μm.
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Figure S6.2. Correlation of manual with automated CK+ CTC counts and association with clinical 

outcome of patients. Scatter plot of CK+ manual CTCs (mCTCs) versus CK+ automated CTCs (aCTCs) 

showing strong correlation (Panel A). KM plots of OS (Panel B) for patients with < and ≥ 5 CTCs. The 

dichotomization of patients was done based on either manual (black and grey lines) or automated 

(red and green) CTC counts showing equivalent association to OS.
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Figure S6.3. Selection of CK+ and CK- CTC and tdEV cut-off values. The HR of OS including 95% 

CI was plotted in dependence of the cut-off values for CK+ CTCs (Panel A), CK+ tdEVs (Panel B), 

CK- CTCs (Panel C) and CK- tdEVs (Panel D). The green vertical lines indicate the minimal cut-off 

values that result in significant correlation with OS and were chosen. The rug plots at the bottom of 

Panels A-D correspond to the value distributions of CK+ CTCs, CK+ tdEVs, CK- CTCs and CK- tdEVs 

respectively. For CK+ CTCs, a larger percentage of cut-off values (31%, Panel A) could significantly 

dichotomize patients with a higher and lower risk as compared to CK- CTCs (13%, Panel C). The 

opposite was observed for tdEVs with a larger percentage of cut-off values for CK- tdEVs (30%, Panel 

D) leading to a significant dichotomization of patients as compared to CK+ tdEVs (14%, Panel B).
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Figure S6.4. Comparison of patients with HER2+ and HER2- tissues in regards to their relative and 

absolute frequencies of CTCs and tdEVs of different phenotypes. Box plots with data overlap 

depicting the automated CTC counts (Panel A), automated tdEV counts (Panel B), % of CTCs (Panel C) 

and % of tdEVs (Panel D) of the 3 different immunophenotypes (indicated in the x-axis) in metastatic 

breast cancer patients split based on the HER2 status of their tissue. Each dot corresponds to the 

counts of one patient (green dots: patients with HER2+ tissue (N=39), red dots: patients with HER2- 

tissue (N= 53), there was no available HER2 status for N=6 patients). Lower and upper bounds of box 

plots correspond to the 1st (Q1) and 3rd (Q3) quartile of data, horizontal black lines indicate median 

vaues. Whiskers indicate 1.5*(Q3-Q1). * indicates significant (p < 0.05) and ** highly significant (p < 

0.001) statistical difference (Mann-Whitney U test).
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Chapter 7
Monitoring responses to therapy with  

EpCAM+ CTCs and large tdEVs

Afroditi Nanou and Leon W.M.M. Terstappen

Abstract

Circulating tumor cell (CTC) and large tumor-derived extracellular vesicle (tdEV) 
loads are equally associated with poor overall survival (OS) in castration-resistant 
prostate cancer (CRPC), metastatic breast cancer (MBC) and metastatic colorectal 
cancer (mCRC). The frequency of tdEVs is an order of magnitude higher than CTCs 
and as such, tdEVs can potentially represent a more reliable measurement. Here, we 
compared the presence of CTCs and tdEVs before and after the first cycle of therapy 
in 190 CRPC, 179 MBC and 450 mCRC patients to evaluate the effect of therapy on 
CTCs versus tdEVs. The association of CTCs and tdEVs with OS was similar before 
the initiation of therapy but after the first cycle of therapy, CTC counts were superior 
to tdEV counts. Correlation between CTCs and tdEVs was  higher  before than after 
the first cycle of therapy. Sorting the patients into those that favorably responded to 
therapy based on declining CTCs versus those that did not, showed a more profound 
effect on declines of CTCs than tdEVs. One of the potential explanations is that effective 
therapy goes along with an increase in tumor-derived apoptotic bodies, which are 
included in the total tdEV counts. The distinction of different tdEV subclasses using a 
deep learning approach encourages us to determine the subclasses that rise or decline 
after the administration of an effective therapy in order to improve the evaluation of 
therapy responses and the patient treatment monitoring.
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7.1 Introduction

Circulating tumor cells (CTCs) and large tumor-derived extracellular vesicles (tdEVs), 
detected by the CellSearch system are associated with poor clinical outcome with patients 
with higher CTC and tdEV loads in their blood having worse survival1-8. Several studies 
have demonstrated the potential of CTCs as a surrogate marker of treatment efficacy9-15. 
A bottleneck of most of these analyses is the scarcity of CTCs and the dichotomization 
of patients into favorable and unfavorable prognostic groups using a very low static 
cut-off of 3 or 5 CTCs.   Assessment of response can only be determined in patients 
with unfavorable CTC counts before treatment, whereas conversion of patients to a 
group with lower/higher risk  when CTC counts before and after treatment are close 
to the CTC cut-off   (e.g. from 6 to 4 CTCs or vice versa) is not reliable16. Since large 
tdEVs are present at 20-fold higher frequency than CTCs, they are equally associated 
with poor outcome of patients as CTCs and they can further stratify patients with 
favorable CTCs into favorable and unfavorable groups7, we explored whether tdEVs 
could improve the accuracy of assessment of therapy response.

7.2 Materials and Methods 

7.2.1 CellSearch images of cancer patients
CellSearch image datasets from 190 CRPC, 179 MBC, and 450 mCRC patients from 
the previously reported IMMC388, IMMC014 and CAIRO 21 studies were used for this 
analysis. For CRPC, 190 samples before treatment (baseline, BL) and 166 samples after 
2-5 weeks from the initiation of the first cycle of therapy (follow up 1, FU1) were used.  
For MBC, 179 BL samples and 102 FU1 samples (3-5 weeks from BL) were used.  For 
mCRC, 450 BL samples, 332 FU1 and 317 FU2 samples after the first cycles of therapy 
(1-2 weeks and 3-4 weeks from BL, respectively) were used.  

7.2.2 Isolation and detection of CTCs and tdEVs
For CellSearch analysis, 7.5 mL of blood collected in CellSave tubes (Menarini, 
Huntingdon Valley, PA, USA) were used. Blood samples of all cancer patients were 
processed with the CellSearch system within 96 hours from the time of blood draw. The 
CellSearch system consists of the CellTracks Autoprep® and the CellTracks Analyzer 
II®. The CellTracks Autoprep is used to immunomagnetically enrich EpCAM+ objects 
from blood and stain the enriched objects with the nuclear dye DAPI, phycoerythrin-
conjugated antibodies against the epithelial-specific cytokeratins 8, 18 and 19 (CK-
PE) and an allophycocyanin-conjugated antibody against the leukocyte-specific 
marker CD45 (CD45-APC)17. The enriched labeled objects end up in a cartridge with 
an optically transparent cover slip. The cartridge is placed in a CellTracks Magnest, 
a device consisting of two magnets held together by an iron yoke. The shape and 



157

Chapter 7

7

configuration of both the Magnest and the cartridge allow all enriched objects align 
in a homogenous distribution on the cover slip following the magnetic field line 
trajectories of the specific shape and position of the magnets. The CellTracks Analyzer 
II acquires digital images of 0.65×0.65 µm2 sized pixels from the whole surface of the 
cover slip in four different fluorescence channels using a 10×/0.45 NA objective and a 
charge-coupled device camera. For each cartridge, 144-180 4-layer (DAPI, FITC, PE, 
APC) tiff images are saved. 

7.2.3 Enumeration of CTCs and tdEVs
Manual CTC scores were used and tdEVs were enumerated using the open-source 
ACCEPT software developed in the frames of CTCTrap (www.utwente.nl/en/tnw/
ctctrap/) and CANCER-ID EU (www.cancer-id.eu) programs. Briefly, the digitally 
stored CellSearch fluorescence images are processed by ACCEPT to identify objects 
using multiscale segmentation18. Objects are shown in a gallery of images as well as 
in scatter plots using the various parameters measured for each object and can be 
categorized configuring linear gates on the measured parameters. The gates used here 
for tdEV enumeration were the same as previously reported7.

7.2.4 Statistical analysis
Statistical analysis was performed using SPSS 23.0 (SPSS Inc., Chicago, IL, USA).  For 
each cancer type, the non-parametric two-tailed Spearman’s Rho test was performed 
to evaluate the relation between CTC and tdEV counts before the initiation of a new 
treatment (BL) and after a cycle of treatment (FU1 or FU2). The non-parametric 
Wilcoxon Signed Rank test was used to test the equality of distributions for the 
matched CTC (or tdEV) counts at BL and at FU1 and FU2 for the responders or the 
patients with progressing disease, for each cancer type. Overall Survival (OS) for each 
patient was defined as the elapsed time in months between the BL blood draw date 
and the date of death or the date of last FU.  Patients still alive or lost during the 
follow-up period were censored. The established CTC cut-off values were used in the 
present analysis (namely 5 for CRPC and MBC and 3 for mCRC)1,4,8, whereas the used 
tdEV cut-off values were the ones that further dichotomize patients with favorable 
CTC counts (namely 89 for CRCP, 80 for MBC and 40 for mCRC)7. Kaplan Meier OS 
curves for favorable and unfavorable prognostic groups based on CTC and/or tdEV 
counts were compared using the non-parametric log-rank test. Cox proportional-
hazards regression analysis was used to determine the univariable hazard ratios (HRs) 
for OS with 95% confidence intervals (CIs). 
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7.3 Results

7.3.1 CTCs and tdEVs versus overall survival before and after the 
initiation of therapy
Kaplan-Meier plots for CRPC, MBC and mCRC patients with favorable and unfavorable 
CTC and tdEV counts at BL and first FU time point(s) are shown in Figure 7.1. The 
dichotomization of patients becomes more explicit for all three cancer types when it is 
based on their CTC counts at FU compared to BL.

On the other hand, the association of tdEVs with the clinical outcome of patients 
before and after the initiation of a new treatment is dependent on the cancer type 
or/and the treatment. More specifically, in case of CRPC, similar observations to 
CTCs can be seen with patients with unfavorable tdEVs in their blood at FU having 
higher risk of experiencing an event than patients with unfavorable counts at just the 
BL, as reflected also by the estimated Cox HRs (Table 7.1). In case of MBC, patient 
stratification based on favorable and unfavorable tdEVs is similar for both CTCs and 
tdEVs at both time points with a tendency of CTCs performing slightly better at FU. 
The pattern is differing further for patients stratified based on their CTCs or tdEVs in 
case of mCRC. In particular, BL tdEV counts perform equally well as BL CTC counts; 
however, at both FU time points the survival curves based on the FU tdEV values tend 
to converge in contrast to the respective survival curves based on the FU CTC counts 
that diverge further than the ones at BL (also reflected by the estimated HRs, table 7.1). 

Table 7.1. Univariable Cox regression analyses of CTCs and tdEVs at BL and FU time points 

Cancer type CTCs HR (95% CI) p-value tdEVs HR (95% CI) p-value

CRPC
CTCs BL≥ 5 2.4 (1.7 - 3.5) < 0.001 tdEVs BL ≥ 89 2.8 (1.9 - 4.0) < 0.001

CTCs FU1≥ 5 3.6 (2.5 - 5.2) < 0.001 tdEVs FU1 ≥ 89 4.4 (3.0 - 6.5) < 0.001

MBC
CTCs BL≥ 5 2.7 (1.8 - 4.1) < 0.001 tdEVs BL ≥ 80 2.8 (1.9 - 4.2) < 0.001

CTCs FU1≥ 5 3.2 (1.9 - 5.4) < 0.001 tdEVs FU1 ≥ 80 2.7 (1.6 - 4.6) < 0.001

mCRC

CTCs BL≥ 3 2.3 (1.8 - 3.0) < 0.001 tdEVs BL ≥ 40 2.6 (2.0 - 3.4) < 0.001

CTCs FU1≥ 3 4.6 (2.9 - 7.2) < 0.001 tdEVs FU1 ≥ 40 2.2 (1.5 - 3.1) < 0.001

CTCs FU2≥ 3 6.7 (4.3 - 11.4) < 0.001 tdEVs FU2 ≥ 40 2.1 (1.5 - 3.1) < 0.001
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Figure 7.1. I. Kaplan Meier plots of Overall Survival of A. 190 CRPC patients (IMMC38), B. 179 MBC 

patients (IMMC01) and C. 450 mCRC patients (CAIRO 2) dichotomized based on their CTC counts (< 

or ≥ 5 in case of A. CRPC and B. MBC and < or ≥ 3 in case of C. mCRC) before the initiation of a new 

treatment (BL) and one or two time points after the initiation of a new treatment (FU1, FU2). II. 

Kaplan Meier plots of Overall Survival of the same patients dichotomized based on their tdEV counts 

(< or ≥ 89 in case of CRPC, 80 in case of MBC and 40 in case of mCRC) at BL, FU1 and FU2. The number 

of patients is reduced at FU time points.
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To further investigate potential causes of the less significant association of tdEVs with 
clinical outcome at FU as compared to BL, we assessed the association between CTC 
and tdEV counts (Figure 7.2) for all cancer types. In CRPC, rank correlation of CTCs and 
tdEVs was strongly positive at both BL and FU1, as estimated by the Spearman’s rank 
correlation coefficient rs (0.87 vs 0.81). In MBC, the rank correlation was found moderate 
at both BL and FU1 (0.71 vs 0.65), whereas in mCRC a moderate rank correlation was 
found at BL which rendered weak at FU1 and FU2 (0.70 vs 0.37 and 0.35).

It becomes apparent that the association between CTCs and tdEVs, mainly in case 
of mCRC, becomes weaker over the course of the treatment. Since CTCs perform 
better than tdEVs in the FU time point in predicting the clinical outcome of mCRC 
patients, we investigated the change in both CTCs and tdEVs from BL to FU for the 
most interesting subsets of patients (of all three cancer types), namely the treatment 
responders and the ones with progressing disease. For this analysis, responders were 
defined as the patients that had converted CTC counts in their blood at FU time point 
from unfavorable (≥5 CTCs in case of CRPC and MBC, ≥3 CTCs in case of mCRC) to 
favorable (<5 CTCs in case of CRPC and MBC, <3 CTCs in case of mCRC) prognostic 
group and those that progressed were defined as the ones with converted CTC counts 
from favorable to unfavorable group or with unfavorable CTC counts in both time 
points. The number of patients in each group is listed in Table 7.2. The CTC and tdEV 
counts at both time points are illustrated in Figure 7.3.

Table 7.2. Definition of patients responding to treatment (in green) or with progressing disease (in 

red) based on their CTC counts at BL and FU1 time points. *3 in case of mCRC

CTC counts Cancer type

BL* FU1* CRPC
(N=166)

MBC
(N=102)

mCRC
(N=317)

<5 <5 68 45 219

<5 ≥5 5
68

3
31

5
20

≥5 ≥5 63 28 15

≥5 <5 30 30 26 26 78 78

Individuals that responded to therapy (based on their CTC conversion to favorable 
group) had a significant (p<0.001, Wilcoxon Signed Ranks test) decrease of CTC and 
tdEV counts at FU compared to their respective BL values. However, the mean relative 
decrease of CTCs was always more profound as compared to the respective decrease 
of tdEVs, as shown in percentages above each line series. For progressing patients, no 
significant (Wilcoxon Signal Ranks test) changes were found in CTC and tdEV values 
at FU time point as compared to BL; although the relative CTC increases were again 
more pronounced than the respective tdEV increases (apart from the CRPC case, 
where similar changes were found).
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Figure 7.2. Scatter plots of CTCs and tdEVs before and after the initiation of a new treatment. The 

Spearman’s Rho correlation coefficient (rs) was used to evaluate the strength of relation between 

CTCs and tdEVs via a monotonic function.

Figure 7.3. CTC and tdEV counts at BL and FU1 or FU2 of treatment responders (left) and individuals 

with progressing disease (right). The green lines connect the BL and FU median values of CTCs or tdEVs 

for responders, whereas the red lines connect the median BL and FU median values of CTCs or tdEVs 

for individuals with progressing disease. The percentages on top of each graph corresponds to the mean 

relative change of CTC or tdEV counts: (counts FU –counts BL)/counts BL ± standard deviation.
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A reasonable explanation regarding the lesser relative decreases of tdEVs compared 
to CTCs in case of responders, is the pooled tdEV subpopulations that fall in our 
definition of tdEVs isolated with the CellSearch system (namely large EpCAM+, 
CK+, CD45-, DAPI- particles). In that definition, both oncosomes and tumor-derived 
apoptotic bodies have similar characteristics in terms of their membrane proteome 
(EpCAM) and size. Whereas before the initiation of treatment, active secretion of 
oncosomes is expected to indicate the metastatic potential of the tumor in a similar 
way as CTCs, at FU, an effect of the treatment is anticipated in the release of EVs 
from the tumor. A successful anti-cancer treatment would result in the apoptosis/
destruction of tumor cells and consequently, the passive release of apoptotic bodies 
in the blood circulation, whereas the active release of oncosomes should be reduced 
in a similar way as viable CTCs. Likewise, one would expect a relative large portion 
of apoptotic CTCs as an effect of therapy. A discrimination between apoptotic and 
viable CTCs should improve the ability to gauge the response to therapy. However, that 
hypothesis is difficult to be tested since the individuals that responded to treatments 
were by definition the ones with converted CTC counts from unfavorable to favorable 
prognostic groups with very few CTCs (<3 in case of mCRC or <5 in case of CRPC and 
MBC in 7.5 mL of blood).  In particular, 11/30 (37%) of CRPC, 10/26 (39%) of MBC and 
60/78 (77%) of mCRC responders had no detectable CTCs at FU time points (FU1 in case 
of CRPC and MBC and FU2 in case of mCRC).

Following the same rationale, the worse association of tdEVs with the clinical benefit of 
patients at FU is logical and points out the necessity of cautious interpretation of increases/
decreases of these large tdEVs over the course of a treatment, mainly in case of mCRC. 
A marker that could discriminate the subclasses of tdEVs into tumor-derived apoptotic 
bodies and actively secreted oncosomes would provide a solution to such a problem. 

Alternatively, artificial intelligence could detect differences that cannot be recognized 
by the human eye or a very generic automated gate. Application of a deep learning 
algorithm on a large dataset of CellSearch images of MBC patients already demonstrated 
superiority in the classification of CTCs of MBC patients compared to the manual CTC 
scoring from trained operators19. Importantly, at least 5 different tdEV subpopulations 
were identified by the network (Figure 7.4), all of which ending in the same pool of 
objects applying our ACCEPT tdEV gate (as depicted in light blue color)19. 

Our next step will be to investigate the association of each tdEV subclass identified 
by deep learning with the clinical outcome of cancer patients. It is possible that some 
of these subclasses (apoptotic bodies of tumor origin or EVs of healthy epithelial cell 
origin) are not associated to the overall survival of patients, whereas others (oncosomes 
or large tumor-derived microvesicles) predict much better the OS of patients than 
what we report in the present dissertation, where the different subpopulations were 
neglected. It is worth exploring the effect of different treatments (cytotoxic chemo-, 
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hormone, molecular and immuno- therapies) on the stimulation or hindrance of the 
secretion of each of these tdEV subclasses. Re-analysis of existing data sets at several FU 
time points after the course of different treatments together with the known response/
clinical outcome of the patients could lead to a deeper understanding of the underlying 
drug mechanisms as well as the developed resistance mechanisms of the tumor opening 
the pathway for the development of alternative and more efficient treatments. 

Figure 7.4. Classification and encoded representation of the 6-class data set in form of a two-

dimensional t-SNE map. Data points are colored based on their class label, as defined by the operator19.
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Abstract 

Elevated tumor-derived Extracellular Vesicle (tdEV) and Circulating Tumor Cell (CTC) 
load in patients with metastatic cancer is associated with poor clinical outcome. In 
this study, we investigated whether endothelium-derived extracellular vesicles (edEVs) 
can be detected in the blood of metastatic colorectal cancer (mCRC) patients and 
whether they associate with prognosis. The open-source ACCEPT software was used 
to enumerate edEVs, tdEVs and other objects from digitally stored CellSearch® images 
obtained after CTC and Circulating Endothelial Cell (CEC) enrichment from blood of 
395 mCRC patients before initiation of a new therapy. ACCEPT classified objects, CTC 
and CEC counts and patient information were used in univariable and multivariable 
analyses to determine their relation with Progression-Free Survival (PFS) and Overall 
Survival (OS). edEVs are present in blood of mCRC patients at 5- to 10-fold higher 
frequencies than CECs. A significantly shorter PFS and OS was observed for patients 
with ≥ 3 CTCs/ 7.5 mL, ≥ 40 tdEVs/ 7.5 mL and ≥ 287 edEVs/ 4.0 mL.  The Hazard Ratio HR 
(95% CI) of PFS for increased CTCs, tdEVs and edEVs was 1.4 (1.1-1.9), 2.0 (1.5-2.6) and 
1.7 (1.2-2.5), respectively. Similarly, the HR of OS for increased CTCs, tdEVs and edEVs 
was 2.2 (1.7-3.0), 2.7 (2.0-3.5) and 2.1 (1.5-2.8), respectively. There was no cut-off value 
for CECs leading to a dichotomization of patients with a significant HR. Both tdEVs and 
edEVs remained significant predictors of OS in the final multivariable model.
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8.1 Introduction

The necessity of non-invasive, disease-specific and reliable biomarkers in different cancers 
is becoming urgent for the administration of targeted therapies and the evaluation of 
their efficacy in a timely fashion. In approximately 30% of advanced colorectal cancer 
patients, 3 or more Circulating Tumor Cells (CTCs) in 7.5 ml of blood are detected and 
these patients have a significantly shorter progression-free (PFS) and overall survival (OS) 
1,2. Therapy monitoring through increases or decreases in the number of CTCs is therefore, 
only meaningful in these 30% of patients.  Recently, we have shown that tumor-derived 
extracellular vesicles (tdEVs) are co-isolated with the CTCs and can be automatically 
enumerated in the fluorescent images 3. These tdEVs are present in approximately 20-fold 
higher frequencies as compared to CTCs in patients with advanced prostate, breast, non-
small cell lung and colorectal cancer and their presence is also strongly associated with 
poor clinical outcome 3-5.  The presence of Circulating Endothelial Cells (CECs) in blood 
of cancer patients has also been investigated and has been found in higher frequencies in 
blood of patients with advanced cancer as compared to healthy donors 6.  The release of a 
portion of the detected endothelial cells can be attributed to their detachment from the 
blood vessel wall during the blood draw. As this varies between collected blood samples, 
it has a significant influence on the actual CEC counts and their reliability to follow 
disease processes 6.  We postulated that if endothelial cells produce extracellular vesicles 
in a similar way as tumor cells, we might be able to detect them and their count will most 
likely be more reliable since their formation will be independent of the blood draw and the 
damage of the vasculature. We used the open-source ACCEPT software (http://github.
com/LeonieZ/ACCEPT) to enumerate tdEVs and explore the presence of endothelium-
derived extracellular vesicles (edEVs). For this study, we used a digitally stored set 
of fluorescent images generated from blood samples of advanced colorectal cancer 
patients receiving first line chemotherapy and targeted agents before the initiation 
of a new therapy. The blood samples were processed with the CellSearch CTC kit for 
CTC and tdEV enumeration and the CellSearch Endothelial Cell kit for CEC and edEV 
enumeration. The CTC and CEC data have been reported earlier 2,7. 

8.2 Materials and Methods

8.2.1 Patients
All patients included in this study participated in the CAIRO 2 trial (ClinicalTrials.gov 
Identifier:  NCT00208546) of the Dutch Colorectal Cancer Group 8. The institutional 
review boards at each center approved the study protocol, and all patients provided 
written informed consent. Patients were randomly assigned to receive first-line 
treatment with capecitabine, oxaliplatin, and bevacizumab or the same schedule 
with the addition of weekly cetuximab. Tumor response was assessed every 9 weeks 
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using computed tomography (CT) imaging and evaluated according to the Response 
Evaluation Criteria in Solid Tumors (RECIST)9. Details of the study have been reported 
previously 8,10. From this multicenter phase III trial data, CTCs were enumerated 
before initiation of therapy in 467 of the 755 advanced colorectal cancer patients and 
CECs in 473 of the 755 patients using the CellSearch system and results have been 
reported earlier 2,7.  Fluorescence images of samples processed with the CTC and CEC 
kits were stored on DVDs and transferred to hard disks in 450 of the 457 CTC samples 
and 395 of the 473 CEC samples. We re-analyzed the stored images of 395 patients for 
both CTC and CEC samples using the Automated CTC Classification, Enumeration 
and Phenotyping (ACCEPT) open-source imaging program to identify leukocytes, 
nucleated cells and subpopulations of Extracellular Vesicles (EVs) co-isolated with 
both CTC and CEC kits.

8.2.2 Isolation of CTCs, tdEVs, CECs and edEVs
The CellSearch CTC assay (Menarini, Huntingdon Valley, PA, USA) was used to 
immunomagnetically isolate CTCs and tdEVs based on their epithelial cell adhesion 
molecule (EpCAM) expression from 7.5 mL of blood collected in CellSave (Menarini, 
Huntingdon Valley, PA, USA) tubes. The positively enriched objects were stained with 
the nuclear dye 4′,6-diamidino-2-phenylindole (DAPI), allophycocyanin-conjugated 
monoclonal antibodies against the leukocyte-specific cluster of differentiation 
45 (CD45-APC) and phycoerythrin-conjugated monoclonal antibodies against 
cytokeratins 8,18 and 19 (CK-PE). The suspension was placed in a cartridge contained 
within a Magnest as previously described 11. The CellSearch Endothelial Cell assay 
(Menarini) was used to immunomagnetically enrich for CECs and edEVs expressing 
CD146 from 4.0 mL of CellSave blood. The positively enriched objects were stained 
with with the nuclear dye DAPI and the fluorescently labeled monoclonal antibodies 
against CD45 (CD45-APC) and endoglin (CD105-PE). Image acquisition of both 
EpCAM and CD146 enriched and stained objects within cartridges was performed 
on the CellTracks Analyzer II, a semi-automated fluorescence microscope equipped 
with computer controlled X, Y, Z stages, a 10x objective with 0.45 numerical aperture, 
a Mercury Arc lamp, a 12-bit charge-coupled device (CCD) camera and filter cubes 
for DAPI, PE, APC and fluorescein isothiocyanate (FITC). Typically, 175 images per 
fluorescence channel are acquired to cover the surface of the whole cartridge 11.

8.2.3 Enumeration of tdEVs, edEVs, ldEVs and nucleated cells by 
ACCEPT 
For this study, the original CTC and CEC scores (manual counts) were used. To 
enumerate tdEVs, edEVs, leukocyte-derived extracellular vesicles (ldEVs), leukocytes 
and nucleated cells the digitally stored fluorescence image files were re-analyzed 
with the open-source ACCEPT software (http://github.com/LeonieZ/ACCEPT) using 
the “Full Detection” function. For the samples processed with the CEC kit, CD105+ 
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leukocytes and CD105+ ldEVs were also identified and enumerated. The gates for each 
of the abovementioned populations in the samples processed with the CTC and CEC 
kits are provided in the Supplemental Table S8.1.

8.2.4 Statistical analysis
Statistical analysis was performed using the IBM SPSS® platform for Windows, version 
23.0 (SPSS Inc., Chicago, IL, USA) and MedCalc® for Windows, version 18.0 (MedCalc 
Software, Ostend, Belgium). The primary objective was to assess the prognostic value 
of tdEVs and edEVs in mCRC patients. Eligible patients were assessable for these 
analyses if both a CTC and CEC sample was available prior to the start of a therapy. 
Patients were prospectively divided into patients with favorable and unfavorable CTC 
counts (<3 & ≥3, respectively). For tdEVs, the value of 40 was used as a cut-off based 
on our previous results supporting the additional dichotomization of patients with 
favorable CTC counts using that value5. Overall survival (OS) was defined as the elapsed 
time in months between the baseline blood draw date and the date of death or last 
follow-up. Progression-free survival (PFS) was defined as the elapsed time in weeks 
between the baseline blood draw date and the date of progression or death, whichever 
occurred first. Patients alive at the end of the study or lost during the follow-up were 
censored. Median PFS and OS were defined by Kaplan Meier survival curves. Kaplan 
Meier survival curves of favorable and unfavorable groups were compared using the 
non-parametric log-rank test. 

The open-source web application Cutoff Finder (http://molpath.charite.de/cutoff/) 
was used to calculate the HRs for PFS and OS, including 95% confidence intervals (CI), 
over a wide range of cut-off values for CECs and edEVs of the 395 patients before the 
initiation of a new treatment. The optimal cut-off value of edEVs was defined as the 
points with the most significant split (min p-value, log-rank). Cutoff Finder uses the 
R code to provide optimization and visualization tools for cut-off determination 12. 

Univariable Cox proportional hazards regression analysis was performed to determine 
the HR for PFS and OS with 95% CI for each continuous and categorical variable. 
Continuous complete blood count (CBC)-based parameters, counts of CECs, CTCs, 
leukocytes, nucleated events and EVs isolated with the CEC and CTC kits were log 
transformed to improve the model fit. In case of the isolated events with the CTC and 
CEC kits, a constant value of 0.1 was added to deal with 0 values. A final multivariable 
Cox model was fit including the significant variables from the univariable Cox 
proportional hazards regression analysis. Due to correlation between some of the 
included variables, the final model was selected using backward stepwise elimination 
(pin=0.05 and pout=0.10). 
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A two-tailed Spearman’s Rho test was used to assess the relation between CBC-based 
parameters and different classes of objects isolated with the CellSearch using the CTC 
and CEC kits. The non-parametric Wilcoxon Signed Ranks test was used to compare 
the distributions of the matched leukocytes, ldEVs and nucleated events isolated with 
the different kits. Receiver Operating Characteristic (ROC) Curves were used to assess 
the performance of a test using solely edEVs, CTCs, tdEVs or a combination of edEVs 
with either CTCs or tdEVs. The classification variable was the shorter patient survival 
compared to the median OS of the patient cohort used.  The Areas Under the Curve 
(AUC) were compared using the non-parametric DeLong approach 13.

8.3 Results

8.3.1 Identification of tdEVs, edEVs, ldEVs, leukocytes and nucleated 
cells by ACCEPT
Digitally stored fluorescent images, which were originated from the CellTracks 
Anayzer II, were analyzed by ACCEPT to identify tdEVs, edEVs, ldEVs, leukocytes and 
nucleated cells using the gates provided in Supplemental Table S8.1. Figure 8.1 shows 
an example of a scatter plot for tdEVs (Panel A), edEVs (Panel B), ldEVs (Panel C) and 
leukocytes (Panel D). The ldEVs and leukocytes presented in this example were co-
isolated using the CTC kit. For tdEVs, the CK-PE mean intensity is plotted against 
the DAPI mean intensity; for edEVs, the CD105-PE mean intensity is plotted against 
the DAPI mean intensity; for ldEVs and leukocytes the CD45-APC mean intensity is 
plotted against the DAPI mean intensity. Next to each scatter plot, four images of 
objects falling in each gate are shown and the position of each image in the scatter 
plot is indicated with numbers 1 through 4. Nucleated cells, of which the lineage of 
origin could not be determined due to lack of CD45 and CK / CD105 expression fall on 
the Y-axis of panel D. 

8.3.2 Frequencies of CTCs, tdEVs, CECs and edEVs in colorectal cancer 
patients before the initiation of a new therapy
CTCs, tdEVs, CECs and edEVs were enumerated in 395 mCRC patients after 
immunomagnetic enrichment using the CellSearch system. The results are 
summarized in Figure 8.2. CTCs ranged from 0-312 (median: 0, interquartile range 
(IQR): 0-3), tdEVs from 0-1268 (median: 30, IQR: 14-85), CECs from 0-1250 (median: 
27, IQR: 14-59) and edEVs from 1-1504 (median: 139, IQR: 82-238). 
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Figure 8.1. Different classes of objects, isolated with the CellSearch system, as identified by the 

ACCEPT software. Examples of tdEVs (Panel A), edEVs (Panel B), ldEVs (Panel C) and leukocytes 

(Panel D) found in single cartridges. The dots corresponding to the objects that fall within the defined 

gates are depicted in blue in the respective scatter plots, whereas all other objects are depicted in 

grey. For each class, examples of 4 objects with different fluorescence intensities (1-4) are shown. CK 

(Panel A) and CD105 (Panel B) are depicted in green, CD45 in red and DAPI in blue (Panels C and D). 

Scale bars indicate 6.4 μm. 

Figure 8.2. Frequencies of CellSearch isolated CTCs and tdEVs from 7.5 mL of blood and CECs 

and edEVs from 4.0 mL of blood of 395 mCRC patients before the initiation of a new therapy. The 

horizontal lines correspond to median values.
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In addition to tdEVs and edEVs identified in the image sets generated after processing 
the blood samples with the CTC and CEC kits nucleated cells of unknown cell lineage 
of origin, CD45 expressing leukocytes and ldEVs were enumerated. In case of samples 
processed with the CEC kit, a portion of isolated leukocytes co-expressed CD45 
and CD105 and were most likely monocytes in their differentiation transition to 
macrophages 14,15. To facilitate the comparison of the frequencies of the co-isolated 
events between the two different kits used, all counts were normalized to the initial 
blood volume processed (7.5 mL for samples processed with CTC kit and 4.0 mL for 
samples processed with the CEC kit) and the results are shown in Supplemental Figure 
S8.1. Noteworthy is the observation that in contrast to tdEVs and edEVs that appear in 
relatively higher frequencies than CTCs and CECs respectively, the number of ldEVs 
is lower than leukocytes in samples processed with either the CTC or CEC kits. The 
number of leukocytes and nucleated events isolated with the CEC kit are significantly 
higher as compared to the number of leukocytes and nucleated events isolated with 
the CTC kit (p<0.01, Wilcoxon Signed Ranks test). In case of the leukocytes, this 
observation can be attributed to the expression of CD146 (MCAM) on a T-lymphocyte 
subset which is enriched with the CD146 ferrofluid aimed to enrich for endothelial cells 
16-18. In order to evaluate whereas there is a leukocyte carry-over relative to the total 
leukocytes of the patients as counted by a complete blood count (CBC), the Spearman’s 
Rho correlation coefficients ρ among all different CBC-based parameters and CTC 
and CEC isolated events were estimated. The results are summarized in Supplemental 
Table S8.2. Even if many correlations were significant, most of them were very weak. 
Only CTCs were strongly associated with tdEVs. 

8.3.3 Association of CTCs, tdEVs, CECs and edEVs with progression-free 
and overall survival of colorectal cancer patients before the initiation of 
a new therapy
To determine whether CECs and edEVs associate with PFS and OS, the HRs (95% CI) 
were calculated over a wide range of cut-off values for CECs and edEVs of 395 patients 
as illustrated in Supplemental Figure S8.2. Only 1.8% of the possible CEC cut-off 
values can significantly dichotomize patients based on the HR for PFS (Figure S8.2A), 
and none of these values can result in a patient dichotomization with a significant HR 
for OS. On the contrary (Figure S8.2B), significant HRs are obtained over a wide range 
of edEV values (76.9% and 69.8% of all possible cutoff points based on their PFS and 
OS, respectively). The optimal cut-off value of edEVs was defined as the one leading to 
the dichotomization of the patients with the most significant split (min p-value, log-
rank) based on their HR for OS, which was found to be 287.

Association of CTCs with PFS and OS and of tdEVs with OS has been reported 
earlier1,2,5. Here, we demonstrate the association of PFS (Figure 8.3) and OS (Figure 
8.4) of 395 mCRC patients with CTCs (Panels A), tdEVs (Panels B), CECs (Panels C) and 
edEVs (Panel D) generating Kaplan Meier survival plots. 
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Figure 8.3. Association of CTCs (Panel A), tdEVs (Panel B), CECs (Panel C) and edEVs (Panel D) with 

progression-free survival of 323 mCRC patients before the initiation of a new therapy.
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Figure 8.4. Association of CTCs (Panel A), tdEVs (Panel B), CECs (Panel C) and edEVs (Panel D) with 

overall survival of 395 mCRC patients before the initiation of a new therapy.
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Patients were dichotomized using a cut-off of 3 or more CTCs, 40 or more tdEVs, 
66 or more CECs (vertical line Supplemental Figure S8.2A) and 287 or more edEVs 
(vertical line Supplemental Figure S8.2B). It is clear that next to CTCs and tdEVs, 
also edEVs but not CECs are associated with relatively worse PFS and OS. To evaluate 
whether edEVs could aid in the prognostication of mCRC patients with favorable and 
unfavorable CTC and tdEV counts, we generated ROC curves for CTCs, tdEVs, edEVs 
and the combined use of CTCs or tdEVs with edEVs (Supplemental Figure S8.3) using 
as a claffication variable the survival of patients dichotomized by the median OS. The 
AUC of the combined use of CTCs or tdEVs and edEVs was significantly higher (p<0.05, 
DeLong) as compared to the AUC of solely one biomarker. Kaplan Meier survival 
curves of PFS and OS were generated stratifying patients in 4 different risk groups 
after combining their edEV and CTC (Figures 8.3E and 8.4E) or tdEV (Figures 8.3F and 
8.4F) counts. Importantly, patients with unfavorable edEV counts and favorable CTC 
or tdEV counts have significantly shorter PFS and OS compared to patients with both 
favorable their edEV and CTC or tdEV counts. In case of patients with unfavorable 
CTC or tdEV counts, edEV counts can further stratify patients only with respect to OS. 
 
8.3.4 Univariable and multivariable associations between potential risk 
factors and clinical outcome (PFS and OS) of mCRC patients
All parameters, including patient characteristics (age, gender, ECOG status, prior 
adjuvant therapy, more than 1 affected organs, treatment arm), baseline serum 
LDH, CBC-based parameters (absolute leukocyte counts, absolute platelet counts, 
haemoglobin) and all different classes isolated with the CTC and CEC kits (CTCs, 
tdEVs, CECs, edEVs, leukocytes, nucleated events, ldEVs, CD105+ leukocytes and 
CD105+ ldEVs) were evaluated as potential risk factors of PFS and OS using univariable 
cox proportional hazards regression analysis. Next to the continuous log transformed 
CTCs, tdEVs, CECs and edEVs, the dichotomized ones were also included in the 
analysis and shown in Table 8.1. 
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Table 8.1. Univariable cox proportional hazards regression analysis of 395 mCRC patients 

Variable Cut-off PFS risk OS risk

HR 95% CI p-value HR 95% CI p-value

Prior adjuvant therapy 0.7 0.4 1.0 0.043 0.7 0.4 1.0 0.046

More than 1 affected 
organs

1.3 1.0 1.8 0.039 1.3 1.0 1.7 0.065

BL serum LDH above 
normal

1.2 0.9 1.5 0.242 1.6 1.2 2.1 0.001

Treatment arm 1.1 0.9 1.5 0.397 1.2 0.9 1.5 0.313

ECOG status 1.4 1.1 1.8 0.012 1.4 1.1 1.9 0.006

age 1.013 0.999 1.028 0.078 1.008 0.993 1.022 0.290

gender 1.0 0.7 1.3 0.958 1.0 0.7 1.3 0.773

Cell Search

CTCs 
(log transformed)

- 1.2 1.1 1.4 0.004 1.6 1.4 1.9 <0.001

≥ 3 CTCs 3 1.4 1.1 1.9 0.012 2.2 1.7 3.0 <0.001

tdEVs 
(log transformed)

- 1.8 1.4 2.3 <0.001 2.5 2.0 3.2 <0.001

≥ 40 tdEVs 40 2.0 1.5 2.6 <0.001 2.7 2.0 3.5 <0.001

CECs 
(log transformed)

- 1.1 0.9 1.5 0.338 1.0 0.8 1.2 0.767

≥ 66 CECs 66 0.9 0.7 1.3 0.703 0.71 0.51 1.0 0.051

edEVs 
(log transformed)

- 1.7 1.2 2.5 0.004 1.9 1.3 2.8 0.002

≥ 287 edEVs 287 1.8 1.3 2.5 <0.001 2.1 1.5 2.8 <0.001

Other CellSearch 
populations

Leukocytesa 
(log transformed)

- 1.3 1.1 1.5 0.009 1.3 1.1 1.6 0.001

ldEVsa

 (log transformed)
- 1.1 0.9 1.4 0.437 1.2 0.9 1.5 0.219

Nucleateda 
(log transformed)

- 1.1 0.9 1.4 0.239 1.3 1.0 1.6 0.048

Leukocytesb 
(log transformed)

- 1.1 0.8 1.5 0.737 1.1 0.8 1.5 0.751

ldEVsb 
(log transformed)

- 1.0 0.7 1.4 0.976 1.1 0.8 1.6 0.608

Nucleatedb

(log transformed)
- 1.1 0.9 1.5 0.436 1.3 1.0 1.7 0.091
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Variable Cut-off PFS risk OS risk

HR 95% CI p-value HR 95% CI p-value

CD105+ leukocytesb 
(log transformed)

- 1.0 0.9 1.2 0.789 1.0 0.8 1.2 0.927

CD105+ ldEVsb 
(log transformed)

- 1.0 0.8 1.2 0.842 1.1 0.9 1.4 0.203

CBC-based 
parameters

Leukocytes
(log transformed)

- 6.0 2.1 16.9 0.001 9.5 3.5 25.9 <0.001

Platelets
(log transformed)

- 4.0 1.6 10.3 0.004 5.3 2.1 13.4 <0.001

Hemoglobin, per 1g/dL - 0.8 0.7 0.9 <0.001 0.7 0.6 0.8 <0.001
a refers to events co-isolated with the CTC kit, b refers to events co-isolated with the CEC kit

Surprisingly, leukocytes present in the cartridges after EpCAM enrichment showed a 
significant association with PFS and OS; the nucleated events after EpCAM enrichment 
were also significantly associated with OS (not PFS). In contrast to EpCAM enriched 
leukocytes and nucleated events, the respective populations after CD146 enrichment 
were not significantly associated with worse PFS or OS. For the multivariable analysis, 
the significant predictors of the univariable analysis were included. tdEVs, CBC-based 
leukocytes, haemoglobin and surprisingly, leukocytes of the EpCAM enriched samples 
remained significant predictors of both PFS and OS (Table 8.2). edEVs remained a 
significant independent predictor of OS, but not of PFS, in the final multivariable model. 

Table 8.2. Multivariable cox proportional hazards regression analysis of mCRC patients using 

backward stepwise elimination

Variables in equation Progression-free Survival Overall Survival

HR 95% CI p-value HR 95% CI p-value

≥ 40 tdEVs 1.6 1.2 2.2 0.001 2.2 1.6 2.9 <0.001

≥ 287 edEVs 1.4 1.0 2.0 0.059

Haemoglobin, per 1g/dL 0.9 0.8 1.0 0.022 0.9 0.7 1.0 0.024

Leukocytesa (log transformed) 1.2 1.0 1.5 0.058 1.2 1.0 1.5 0.044

CBC Leukocytes 
(log transformed)

3.3 1.1 9.9 0.033 3.6 1.3 10.3 0.015

More than 1 organ affected 1.3 1.0 1.7 0.056
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8.4 Discussion

Liquid biopsies have attracted the interest of many research groups thanks to their 
potential to improve disease management of cancer patients in a non-invasive and 
timely fashion. Circulating tumor cells and recently, tumor-derived extracellular 
vesicles have emerged as significant predictors of overall survival of castration-
resistant prostate, metastatic breast, metastatic colorectal and non-small cell lung 
cancer patients 1,3-5,19,20. Importantly, their phenotypic and genotypic characterization 
can shed light into new therapeutic targets and predict the treatments that will lead 
to the recession of specific patient groups 21,22. However, the scarceness of CTCs in 
blood, their frequently apoptotic status and the leukocyte carry-over after the chosen 
enrichment technique impedes their downstream genetic analysis 23,24. Therefore, 
complementary research is being conducted towards the discovery of additional 
biomarkers predictive of treatment benefit. 

Towards that direction, circulating endothelial cells hold great promise since their 
elevated counts could be an indicator of tumor angiogenesis and/or vascular damage 
due to the tumor growth; thus, it could predict patient response to anti-angiogenic 
treatments. A variety of assays for CEC enumeration have been reported; however, the 
lack of consensus on CEC phenotype and standardized techniques for their isolation and 
detection hinders the comparison of results among different studies and the drawing 
of incontrovertible conclusions 25. The CEC assay that we used in the present study, 
immunomagnetically enriched CD146+ CECs from 4 mL of whole blood and identified 
them based on DAPI, expression of CD105 and lack of CD45.  CEC frequencies in blood of 
cancer patients are elevated compared to CEC frequencies in healthy donors 6. However, 
no association with clinical outcome could be observed in metastatic prostate cancer 26 
and mCRC 7. One explanation is that CEC counts are biased due to the endothelial cells 
detached during the blood draw 6. A solution to eliminate that bias could be the use of 
antibodies targeting exclusively cancer-associated CECs 27.  However, in a study in which 
CECs were defined as DAPI+, CD34+, CD146+, CD45- and also expressed the immune 
check molecule CD276, which is frequently associated with cancer, no association could 
be found with poor outcome or treatment responses 28.

As tdEVs strongly correlate with CTCs and are similarly associated with clinical 
outcome, we asked ourselves whether edEVs could also be detected in blood samples 
enriched for CECs and whether their presence is associated with clinical outcome. 
In contrast to CEC counts, which are influenced by a portion of endothelial cells 
originating from the vascular wall due to the blood draw, edEV count is expected to 
be less biased. We investigated this by analysis of the fluorescence images of samples 
from 395 mCRC patients processed with both CEC and CTC CellSearch kits in a 
standardized manner. The recently introduced open-source ACCEPT software allowed 
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for the automated identification and enumeration of different classes of objects that 
were co-isolated with the two kits 29. This included the EVs derived from cancer cells, 
endothelial cells and leukocytes 3,30. 

Previous studies have reported the presence of edEVs in different pathophysiological 
conditions as analyzed mainly with flow cytometry 31-33. However, the need of a 
standardized isolation technique and a consensus on their definition has been stressed 
in several studies 34,35. Duval et al. compared different antibody combinations using flow 
cytometry and concluded that CD146+, CD105+, CD45- definition results in the most 
efficient detection of edEV population 31. In consistency to their probing, in our study, 
CD146 was used to immunomagnetically enrich for CECs and edEVs, CD105 was used as 
an inclusion marker and CD45 as an exclusion marker to discriminate from the leukocyte 
carry-over. However, only the large edEVs with a diameter larger than 1 μm are reported 
here, since the plasma fraction is by default discarded by the CellSearch system. 

The frequencies of all different classes isolated with both kits as well as the originally 
manual counts of CTCs and CECs, are summarized in Figures 8.2 and Supplemental 
Figure S8.1. It is noteworthy that EVs of tumor cell and endothelial cell origin were 
found at approximately an order of magnitude higher frequencies in the blood of 
mCRC patients compared to the respective CTC and CEC frequencies, whereas the 
frequencies of ldEVs were in both cases an order of magnitude lower frequencies 
compared to the respective leukocyte counts. In case of the EpCAM (CTC) enriched 
samples, a rational explanation could be that the leukocyte carry over is non-specific 
and possibly associated with increased Fc receptors on their surfaces that lead to 
their binding to the antibody against EpCAM conjugated to the ferrofluid. These 
receptors will be reduced since they should be proportional to the available surface 
of the EVs resulting to lower co-isolated ldEV counts. However, the leukocyte carry-
over in case of the CD146 (CEC) enriched samples is also specific, as CD146 is not only 
expressed on CECs but also on a subset of activated T lymphocytes 16-18. Notably, the 
ldEVs isolated with the CEC kit are also fewer compared to the co-isolated leukocytes 
suggesting a different underlying biology depending on the cell type. Either leukocytes 
secrete much fewer EVs compared to tumor and endothelial cells or EVs secreted by 
leukocytes have such a size and density that leaves them in the plasma fraction after 
centrifugation at 800 g for 10 min which is not processed with the CellSearch system. 
Further research is needed to elucidate the frequencies, density and size range of EVs 
of different origins found in the circulation of healthy donors and cancer patients. The 
relative frequencies of CTCs to the other blood cells in different cancer types is already 
known; however that is not the case for tdEVs 36. It may be that tdEVs outnumber EVs 
of different origins or at least their relative frequencies to the different EV origins are 
higher than CTCs because of their active role in metastasis 37.
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We assessed the association of all different classes co-isolated after CTC and CEC 
enrichment with the clinical outcome of patients. For edEVs, we surprisingly noticed 
that when plotting all possible cut-off values of edEV counts versus the HR, more 
than half of the values could significantly dichotomize the patients into a more and 
less favorable group of PFS (76.9% of cut-off values) and OS (69.8% of cut-off values) 
(Supplemental Figure S8.2). This was into contrast with CECs, for which only 1.8% of 
possible cut-off values were significant in case of only PFS. The cutoff value of 287 edEVs 
in 4 mL of peripheral blood was chosen as the value leading to the most significant split 
of the patients. The group of patients with elevated edEVs experienced significantly 
shorter median PFS and OS (Figures 8.3 and 8.4) compared to the patients with <287 
edEVs. Importantly, edEVs and tdEVs remained independent predictors of OS in the 
final multivariable model. That can be also visualized in the Kaplan Meier survival 
plots where patients were split by combining their tdEV and edEV counts (Figures 8.3 
and 8.4) as well as in the ROC curves (Supplemental Figure S8.3). This observation 
suggests that the metastatic process is associated with an active release of edEVs, 
which may be contributed to the penetration of cancer cells through the vasculature 
and/or the active growth of blood vessels in the primary and metastatic sites. In this 
study, both treatment arms received the angiogenesis inhibitor bevacizumab, which 
does not allow us to determine a possible effect of the drug on the edEV release. 
No difference in the edEV counts could be detected in patients in which the EGFR 
inhibitor Cetuximab was administered or not.

Previously, we reported the presence of a significantly larger number of leukocytes 
and nucleated cells of unknown origin after EpCAM enrichment in blood of NSCLC 
patients as compared to healthy donors 38. The majority of these nucleated cells are 
granulocytes which express less CD45 compared to lymphocytes and are not detected 
by the CellTracks Analyzer 38. Here, we unexpectedly noticed a significant association 
between PFS and OS of mCRC patients with increased counts of leukocytes co-isolated 
after EpCAM enrichment. In contrast, no association with clinical outcome could be 
found between the carried over leukocytes using the CD146 enrichment (Table 8.1). 
That observation raised questions about the subtype of leukocytes isolated with the 
CTC kit. Up to date, leukocytes were considered to constitute a non-specific carry 
over. When evaluating the relationship between the leukocyte counts in the EpCAM-
enriched samples and the leukocyte counts from the available complete blood counts 
(CBC), a weak correlation could be found using the Spearman’s Rho test (Supplemental 
Table S8.1). That finding rejects a reasonable explanation that the leukocyte carry-over 
reflects the total leukocyte count of the patients, which is already associated with their 
clinical outcome (Table 8.1); an observation, which is also consistent with findings of 
other studies in bladder, prostate and non-small cell lung cancer 39-42. Therefore, these 
clinically relevant leukocytes either overexpress Fcγ receptors that bind to the IgG 
immunoglobulins of the EpCAM ferrofluid, or they express EpCAM. 
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Fc receptors are expressed on all haematopoetic cells playing a key role on the 
immune modulation having both inhibitory and activating functions 43,44. The 
increased expression of Fcγ receptors on the monocytes of gastric cancer patients 
has been previously reported 45. However, the phenotypic characterization of not 
only monocytes but of all different leukocyte populations regarding the expression 
profile of their different classes of Fcγ receptors (FCγRI, FCγRII, FCγRIII and FCγRIV) 
and their roles on the immune responses of the cancer patients is emerging urgent. 
Depending on the affinity of  immunoglobulins IgG to the different Fc receptors, cells 
can have differentiated immune functions 46. With that as a basis, novel antibodies 
with a selectively high affinity with the activating Fc receptors of the immune cells can 
be designed and developed towards improved immuno-therapies 47. 

An alternative plausible explanation would be the expression of EpCAM on a subset 
of leukocytes and their specific isolation using the CTC kit. EpCAM belongs in the 
CAM families serving a diversity of cell functions 48. Its expression is known to be 
restricted only in epithelial cells in healthy humans. De novo expression of EpCAM 
has been reported in mature human hepatocytes during various inflammatory liver 
diseases and liver regeneration and repair 49,50. Furthermore, EpCAM is expressed also 
by a subset of thymocytes, B and T lymphocytes in mice facilitating their infiltration in 
inflammation sites 51,52. Similarly, the upregulation of integrins, which comprise a CAM 
family, by effector T lymphocytes also facilitate their targeted access to inflammatory 
sites 53. However, to our knowledge it has not been investigated whereas EpCAM is 
expressed in any subsets of leukocytes in cancer patients. The EpCAM expression 
on the surfaces of the leukocyte could originate/emanate either by the activation of 
originally silent molecular pathways or by the uptake of tumor-derived extracellular 
vesicles. Different mechanisms of EV internalization have been described with the 
cell-EV fusion resulting to the fusion of the two membranes 54; consequently, the 
antigens of the merged EV should end up in the cell membrane. Additionaly, the 
functional exchange of mRNAs between cells via EVs has been demonstrated 55. Last 
but not least, it has been demonstrated in murine models that tdEVs accumulate in all 
leukocyte subpopulations altering the phenotypes of the recipient cells 56,57.

In conclusion, this study shows that endothelial-derived extracellular vesicles isolated 
based on their CD146 expression and detected based on their CD105 expression are 
predictors of progression-free and overall survival in metastatic colorectal cancer and 
improve the risk stratification of patients based on solely their CTC or tdEV counts. 
Interestingly, the EpCAM-based co-isolated leukocytes remain an independent 
predictor in the final multivariable model suggesting further investigation on the 
phenotype of that population.
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Supplemental Figure S8.1. Frequencies of different populations co-isolated with the CTC (black dots) 

and CEC kits (grey dots), normalized to 1 mL of blood for comparison between the kits.

Supplemental Figure S8.2. Cut-off optimization of the baseline values for CECs (Panel A) and edEVs 

(Panel B) in mCRC patients. For each possible cut-off, CECs and edEVs were correlated with PFS (top) 

or OS (bottom). The HR including 95% CI was plotted in dependence of the cutoff. The vertical line 

indicates the cut-off that results in the most significant correlation with OS.  The value distribution 

of CECs and edEVs is shown as a rug plot at the bottom of the respective figure.
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Supplemental Figure S8.3. Receiver Operating Characteristic (ROC) curves treating survival time 

dichotomized by the median OS time of the patient cohort as the classification variable. The addition 

of edEVs to CTCs (Panel A) or tdEVs (Panel B) results in significantly (p < 0.05) higher area under the 

curve (AUC) compared to solely CTCs or tdEVs.
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Chapter 9
Fusion of functional liposomes with cells: a versatile 
method for the supramolecular functionalization of 

cell membranes in vitro

Afroditi Nanou*, Mark L. Verheijden*, Dodo Wasserberg, Anouk Mentink-Leusink, 
Pascal Jonkheijm, Leon W.M.M. Terstappen

*Both authors contributed equally

Manuscript in preparation.

Abstract

Cellular uptake of liposomes via membrane fusion ensures the molecular cargo 
delivery to the recipient cells. In the present study, we compared different (des)biotin 
liposomes in terms of their fusion with cells from cancer cell lines and blood from 
healthy individuals. DOPC liposomes of similar size distribution containing 20 mol% 
DOPE-desbiotin, 20 mol% DOPE-biotin or 5 mol% chol-EG3-biotin were prepared 
by extrusion. Their mean hydrodynamic diameter was around 100 nm. Leukocyte 
subpopulations, platelets and different cancer cell lines were incubated with the 
different liposome systems, stained with fluorophore-tagged streptavidin and their 
fusion with liposomes was assessed by flow cytometry and immunofluorescence 
microscopy. The chol-EG3-biotin liposomes achieved the highest biotin incorporation 
into the cell membrane, followed by DOPE-biotin liposomes. DOPE-desbiotin 
liposomes did not show considerable fusion with any cell type. The highest liposome 
uptake was found in cancer cells followed by the monocytes indicating a relationship 
between available cell surface and liposome uptake. Biotin-anchored liposomes can 
be used to evaluate cellular internalization by membrane fusion. Chol-EG3-biotin 
liposomes performed the best in fusing with the different cell types.
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9.1 Introduction 

The liposome field has experienced significant progress in the last decades with 
particularly promising applications in the biomedical field, where liposomes serve as drug 
or enzyme carriers1-6 as well as vehicles that allow for molecular engineering of the surface 
of the recipient cells7-9. The main feature of liposomes that renders them promising 
drug carriers, is their relatively higher stability in the bloodstream leading to prolonged 
circulation, lower cytotoxicity and higher treatment efficiency compared to the free active 
molecule administration5,10. Furthermore, their functionalization with specific ligands 
(peptides, antibodies and hormones) on their surface can lead to their selective uptake 
by target cells bearing the respective receptors increasing desired cellular uptake and 
reducing accumulation, cytotoxicity and side effects in undesired tissues11,12.

The effect of liposome size on the interaction with blood cells or cells in target tissue has 
been studied thoroughly in animal studies, in the case of intravenous administration. 
Liposomes of 100-500 nm diameter remain in the core of the bloodstream and follow 
the blood flow pattern together with the red blood cells with minimal adhesion to the 
wall13, allowing their longer circulation in blood and their interaction with blood cells; 
hence, they can be used for targeting the liver, spleen and lung, where they will end up 
eventually for their clearance14,15. Larger liposomes with a diameter range between 2-5 
µm have the tendency to localize to the vascular wall interacting mainly with leukocytes 
and endothelial cells composing the vascular wall13. Hence, they are good candidates as 
gene and drug carriers to treat cardiovascular diseases or blood vessel disruption16,17. 
Importantly, the accumulation of encapsulating anti-oncogenic agent liposomes 
in the tumor site due to the leaky vasculature, described as enhanced permeability 
and retention (ERP) effect18,19, leads to better treatment efficiency compared to the 
administration of the free agent20,21.

Although the biodistribution of liposomes to various tissues after intravenous 
administration has been well-studied, there are few studies exploring the uptake 
mechanism of liposomes by different cell types, with two main mechanisms being 
described namely the active and the passive cellular uptake. The former one is 
receptor-independent and includes micropinocytosis and incorporation of cholesterol 
and lipid domains in the plasma membrane, whereas the latter one is receptor-
dependent, including phagocytosis, caveolae- and clathrin-based endocytosis22,23. The 
cellular uptake of liposomes is a critical point in drug delivery, since the endocytosis of 
liposomes can lead to their transcytosis or degradation by lysosomes rendering cargo 
delivery to a very inefficient process24,25. On the other hand, fusion of liposomes with 
the cell membrane ensures drug delivery to the cell cytosol26.
In the present study, we explored three different liposome systems and compared 
their fusion with the plasma membrane of different cell types in suspension, namely 
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white blood cells and platelets of healthy individuals and cancer cell lines. We used 
liposomes doped with supramolecular handles, namely phospholipid- or cholesteryl- 
anchored biotin or phospholipid- anchored desthiobiotin (desbiotin) to enable the 
evaluation of their fusion with cells using fluorescently-labeled streptavidin. For this 
purpose, a desthiobiotin-functionalized lipid (DOPE-desbiotin) and a cholesteryl-
modified biotin molecule with a short peptide and triethylene glycol spacer (Chol-
EG3-biotin) were synthesized. The biotin-functionalized lipid (DOPE-biotin) was 
commercially available.

9.2 Materials and Methods

9.2.1 General methods
Chemicals were purchased from Sigma-Aldrich Chemie NV (Zwijndrecht, the 
Netherlands) or from Acros OrganicsTM B.V.B.A (Geel, Belgium). Protected amino 
acids were obtained from MultiSynTech (Witten, Germany) except for Fmoc-lys-
(biotin)-OH and Fmoc-NH-(PEG)2-COOH which were obtained from MERCK B.V. 
(Schiphol-Rijk, the Netherlans). Resin for solid phase peptide synthesis was obtained 
from Novabiochem®. Commercial lipids were obtained from Avanti® Polar Lipids, Inc. 
(Alabama, U.S.) unless stated otherwise. HEPES buffer contained 0.01 M HEPES and 
0.15 M sodium chloride was made using Milli-Q water (MQ, Millipore, 18.2 mΩ) and 
adjusted to pH 7.4 at 25 °C using sodium hydroxide. 

Mass spectra were recorded with a Waters electrospray ionization time of flight mass 
spectrometer operated in positive ion mode (ESI(+)-ToF , Micromass LCT). 

High performance liquid chromatography (HPLC) was performed using a C18 reverse 
phase column (Waters, Xbridge). 

Dynamic light scattering (DLS) analysis was carried out on an Anaspec particle 
analyser (Nanotrac operating with a Microtrac FLEX Operating Software). 

Zeta (ζ) potential measurements of the liposomes were performed at 20 ºC with a 
ZetaSizer instrument (NanoZS, Malvern). 

9.2.2 Synthesis procedures
DOPE-desbiotin. 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE, 24 mg, 
0.32 µmol) was dissolved in 1 ml chloroform and methanol in a 3:1 ratio. To this 
solution, N-hydroxysuccinimide-desthiobiotin (NHS-dtbiotin, 10 mg, 0.32 µmol) and 
N,N-diisopropylethylamine (DIPEA, 6.7µl, 0.39 µmol) were added under argon and 
stirred overnight at room temperature. The solution was then diluted with chloroform 
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and extracted with 5% aqueous ammonia. The aqueous layer was extracted again with 
chloroform and the combined layers were concentrated. Further purification using 
silica gel chromatography (1% aqueous ammonia, 10% methanol in dichloromethane) 
gave, after freeze drying, pure product as white powder. Yield: 8 mg (27%); 1H-NMR 
(400 MHz, CDCl3, Appendix 9.A): δ = 0.81 (t, 6H, CH3CH2), 1.10 (d, 3H, CH3CH) 1.2-1.82 
(m, 52H, CH3CH2CH2 + CH2CH2CH2 + NHCHCH2) 1.93 (m, 8H, CHCHCH2) 2.24 (m, 6H, 
OCOCH2) 3.42-3.75 (m, 4H, NHCH2CH2 + NHCH) 3.92-4.32 (m, 7H, POCH2 + CHCH2OP 
+ CHCH2OP + OCOCH2CH) 5.16-5.27 (m, 4H, CHCH), 7.6 (bs, 1H, CH2NHCO), 8.21 (bs, 
2H, CHNHCO). ESI(+)-ToF MS (Appendix 9.A): [M + 2H]+ = 940.6486 (calc. 940.6750), 
[M+H+Na]+ = 962.6315 (calc. 962.6569), [M+2Na]+ = 984.6144 (calc. 984.6388). 

Chol-EG3-biotin. Chol-EG3-biotin was synthesized using automated 
solid phase peptide synthesis (Syro II, MultiSynTech) following standard 
fluorenylmethyloxycarbonyl group (Fmoc) - based procedures on a Rink amide 
4-Methylbenzhydrylamine (MBHA) resin (100-200 mesh, loading 0.52 mmol/g) 
using hexafluorophosphate  benzotriazole  tetramethyl  uronium (HBTU), 
Hydroxybenzotriazole (HOBt) and DIPEA. The oligo ethylene glycol linker was 
introduced using Fmoc-NH-(PEG)2-COOH (MERCK) and biotin was introduced 
using Fmoc-lys(biotin)OH (MERCK). Cholesterol hemisuccinate (Chol) was coupled 
manually in the last step using benzotriazol-1-yl-oxytripyrrolidinophosphonium 
hexafluorophosphate (PyBOP), HOBt and DIPEA. Cleavage and deprotection of the 
peptide were performed by adding to the resin a solution of 2.5 vol% water and 2.5 
vol% triisopropylsilane in trifluoroacetic acid (TFA) and stirring for 4h. Purification 
was performed by repeated (3x) precipitation in cold diethyl ether and subsequent 
preparative HPLC using an XBridge C18 reverse phase column. The HPLC program 
consisted of 10 min flow with 1% acetonitrile in water and then a 40 min gradient up to 
100% acetonitrile, always in presence of 0.1% TFA and using a 7 ml/min flow rate. The 
functionalized peptide was characterized using ESI(+)-ToF.

9.2.3 Fabrication of liposomes 
1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(cap biotinyl) (DOPE-biotin) as well as the synthesized lipids 
DOPE-desbiotin and chol-EG3-biotin were stored in chloroform at -20ºC. Dissolved 
lipids were mixed in desired molar ratios before use and dried under a flow of nitrogen 
in a glass vial in order to create a film of lipid material at the glass wall. This film was 
further dried under vacuum for at least 1 h and subsequently, hydrated by vortexing 
with Milli-Q water to form multilamellar liposomes at 1 mg/mL. The lipid suspension 
was extruded 11 times through a polycarbonate membrane (Whatman) with 100 nm 
pore size, resulting in large unilamellar liposomes (LUVs) that were stored in the 
fridge and used within two weeks. 
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9.2.4 Biological samples and cells from cell lines  
Breast cancer cell lines MCF-7 and SKBR3 and melanoma cancer cell line A2058 were 
obtained from the American Type Culture Collection ATCC (Rockville, MD). The cell 
lines were cultured at 37 °C and 5% CO2 in Roswell Park Memorial Institute (RPMI) 
1640 with L-glutamine (Thermo Fischer Scientific, cat # 11875) medium, supplemented 
with 10% v/v fetal bovine serum (Lonza, lot # BCBT0730), 10 units/mL penicillin and 
10 μg/ml streptomycin (Lonza, lot # 7MB020). The medium was refreshed every two to 
three days. The initial cell density was 10-15,000 cells/cm2, as recommended by ATCC 
and cells were trypsinized and harvested for the conduction of the experiments or 
passaged when they reached 80% confluence. 

9.2.5 Blood samples
Blood samples from anonymous healthy donors were collected in 
ethylenediaminetetraacetic acid (EDTA) blood draw tubes from the Experimental 
Centre for Technical Medicine (ECTM) donor service (University of Twente, Enschede, 
The Netherlands). The donors provided informed consent prior to blood donation, in 
accordance to the study protocol approved by the METC Twente ethics committee.

9.2.6 Leukocyte collection
Two different ways were used for the collection of white blood cells from whole blood, 
namely density gradient separation using Ficoll-Paque Plus (GE Healthcare) to obtain 
only the mononuclear cell and red blood lysis using ammonium chloride to obtain 
all nucleated cells. The protocol suggested from the manufacturer of the Ficoll-Paque 
Plus was followed for the isolation of mononuclear cells from whole blood. In case of 
the red blood cell lysis, blood was diluted 20x in filtered with 0.2 μm freshly prepared 
ammonium chloride (155 mM ammonium chloride, 10 mM potassium bicarbonate, 0.1 
mM ethylene dinitrilo tetraacetic acid disodium salt, pH=7.25) and incubated in ice 
for 20 min until full red blood cell lysis. White blood cells were centrifuged at 300xg 
for 10 min, the pellet was washed twice in filtered 1% w/v bovine serum albumin (BSA) 
(Sigma Aldrich) in phosphate buffer solution (PBS) (Sigma Aldrich) and cells were 
re-suspended in 1% w/v BSA in PBS of the same volume as the whole blood volume 
used. The two protocols were compared in regards to their effect on the fusion of the 
differently isolated cells with the liposomes and no differences were observed. 

9.2.7 Collection of platelets
EDTA blood was centrifuged at 300 xg for 10 min without brake and platelet-rich plasma 
was collected without disturbing the buffy coat. Platelet-rich plasma was centrifuged 
at 1730xg for 7 min, the supernatant was discarded and the pellet containing most of 
the platelets was collected and re-suspended in 0.2 μm filtered 1% w/v BSA in PBS for 
further use.
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9.2.8 Fusion of (des)biotinylated liposomes with cells from cancer cell 
lines, white blood cells and platelets 
Different cell types were investigated regarding their fusion with the different liposome 
systems. In case of cancer cell lines (MCF7, SKBR3 and A2058) and white blood cells, 8 
aliquots of 150,000 - 200,000 cells were pipetted in flow cytometry tubes. In the case of 
platelets, 500,000 cells were pipetted. Cells were centrifuged at the correct centrifugation 
force (500xg for 5 min in case of cell lines and white blood cells and 1730 xg for 7 min in case 
of platelets) and their pellets were re-suspended in 180 μl of 0.2 μm filtered 1% w/v BSA 
in PBS. 20 μl of 1 mg/ml liposomes were added to the correct samples to a final liposome 
concentration of 0.1 mg/ml following 1 h incubation at room temperature. Cells were 
washed once with 1% w/v BSA in PBS and incubated for 30 min at room temperature with 
staining solution including 0.25 μg/ml phycoerythrin-conjugated antibody recognizing 
the leukocyte-specific cluster of differentiation 45 (CD45-PE) (HI30 clone, BioLegend, 
California, U.S.) or 0.25 μg/ml phycoerythrin-conjugated antibody recognizing the 
platelet-specific CD61 (CD61-PE) (VIPL2 clone, ExBio, Vestec, Czech Republic) or 5 μg/
ml phycoerythrin-conjugated antibody recognizing the epithelial cell adhesion molecule 
(EpCAM-PE) (HI30 clone, BioLegend), 4 μg/ml allophycocyanin-conjugated streptavidin 
(SAV-APC) (Southern Biotech, Birmingham, U.S.) or 10nM SAV-PE (Sigma)). One more 
washing step was followed and finally, cells were labeled with 4 μg/ml of the nuclear dye 
Hoechst 33342 (Life Technologies) for 10 min at 37ºC and kept afterwards in ice until 
measurement with flow cytometry.

9.2.9 Flow cytometry
Flow cytometry was carried out on a BD Biosciences flow cytometer (FACSAriaTM II) 
equipped with a 375 nm, a 488 nm and a 633 nm laser. For Hoechst detection, the 375 nm 
laser was used for excitation and a 450/40 nm emission filter; for PE detection, a 488 
nm laser was used for excitation and a 585/42 nm emission filter; for APC detection, a 
633 nm laser was used for excitation and a 660/20 nm emission filter.

9.2.10 Fluorescence microscopy
For the acquisition of fluorescence microscopy images, a Nikon E400 microscope 
equipped with a light-emitting diode (LED) source (SOLA light engine, Lumencore®), a 
charged-coupled device (CCD) camera (Orca flash 4.0 LT, C11440, Hamamatsu, Almere, 
The Netherlands), X-Y-Z stage and fluorescence filter cubes (DAPI, PE and APC filter 
sets for the detection of Hoechst, CD61 /CD45 /EpCAM and streptavidin, respectively). 
In microscopy images displayed in this work, contrast and brightness were adapted 
for clarity using ImageJ 1.51k (National Institutes of Health, USA).
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9.3. Results

9.3.1 Size distribution of liposome systems
Zwitterionic DOPC liposomes containing up to 20 mol% DOPE-biotin, 20% DOPE-
desbiotin or 5 mol% Chol-EG3-biotin were formed and their schematic presentation is 
illustrated in Figure 9.1.

All 3 liposome systems were nearly monodisperse with a hydrodynamic diameter of 
approximately 100 nm and were stable for more than one month, as supported by the 
DLS measurements shown in Figure 9.2. Note that DOPC liposomes with 5 mol% Chol-
EG3-biotin were used since 20 mol% Chol-EG3-biotin liposomes were polydisperse and 
not stable. The use of 20 mol% of the other biotin and desbiotin ligands was maintained 
in order to achieve the highest possible labeling efficiency. 

Figure 9.1. Supra-molecularly functionalized liposome systems used. Schematic presentation of the 

liposome-based systems used for the supramolecular cell functionalization. The structures of the 

main molecules are also shown. 
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9.3.2 Definition of cell populations used by flow cytometry 
Platelets and the white blood cell (WBC) subpopulations, lymphocytes, granulocytes 
and monocytes of healthy individuals and cells from the breast cancer cell line MCF7 
were incubated with liposomes and analyzed by flow cytometry. Cells were identified 
by their light scattering properties as well as the presence of nucleus (stained by 
Hoechst) and the expression of cell surface receptors characteristic for the target cells 
(CD61 for platelets, CD45 for white blood cells and EpCAM for cells from the carcinoma 
cell lines) by the respective PE-labeled antibodies, as shown in Figure 9.3. In the same 
figure, the histogram of APC intensity is shown to illustrate the non-specific binding 
of SAV-APC after incubation with cells but without pre-incubation with liposomes.

9.3.3 Cellular uptake of liposome systems by different cell types
To compare the three different (des)biotin liposomes in terms of their ability to fuse and 
functionally display their (des)biotin ligands, cells were labeled with SAV-APC after their 
incubation with liposomes and evaluated by flow cytometry and fluorescence microscopy. 
From the SAV histograms of a representative experiment (Figure 9.4), the averaged results 
of all experiments (Figure 9.5 and Table 9.1), it follows that large differences exist in the 
labeling efficiency depending on both the cell type and the liposome type used.

Figure 9.2. Liposome size distributions. Overlay of size distribution of DOPC liposomes with 20 

mol% DOPE-biotin, 20 mol% DOPE-desbiotin or 5 mol% Chol-EG3-biotin (A) directly after extrusion 

and (B) after > 1 month storage at 4°C as measured by DLS.
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Figure 9.3. Flow cytometric definition of cell populations. Left column: Forward and side light scattering 

of white blood cells (Panel A), platelets (Panel B) and MCF-7 cells (Panel C). Middle column: Hoechst 

(DNA) staining versus CD45-PE antibody staining (Panel A), CD61-PE antibody staining (Panel B) and 

EpCAM-PE antibody staining (Panel C). Right column: negative control of non-specific binding of SAV-

APC to all cell types. 

The “labeling efficiency” is here defined by the amount of SAV-APC binding, which will be 
determined by the cellular uptake of the (des)biotin liposomes by fusion, the functional 
display of (des)biotin at the cell surface and the binding of SAV to (des)biotin anchors. 

Incubation with DOPE-desbiotin liposomes did not result in significant SAV labeling 
for any of the cell types; only monocytes and MCF7 cells showed some increase in the 
APC fluorescence signal. On the contrary, all cell types could be functionalized with 
biotin, indicating their fusion with the chol-EG3-biotin and DOPE-biotin liposome 
systems. Between the two biotin-anchored liposome systems, the Chol-EG3-biotin 
liposomes resulted in the highest labeling efficiency for all tested cell types. Both 
Chol-EG3-biotin and DOPE-biotin showed the highest labeling efficiency in MCF-7 
cells followed by the monocytes, granulocytes, lymphocytes and platelets. This relation 
may well be explained by the differences in available cell surface as MCF-7 cells are 
the largest (~16 μm) followed by monocytes (~12-20 μm), granulocytes (~10-18 μm), 
lymphocytes (~10-18 μm) and platelets (~1-3 μm)27,28. 
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Figure 9.4. SAV-APC histograms showing the (des)biotin tagging of different cell types. Distribution 

of the SAV-APC fluorescence intensity of granulocytes (Panel A), lymphocytes (Panel B), monocytes 

(Panel C), platelets (Panel D) and MCF-7 cells (Panel E) after incubation with (left column) DOPE-

desbiotin liposomes, (middle column) DOPE-biotin liposomes and (right column) Chol-EG3-biotin 

liposomes. Each histogram corresponds to 1,000-10,000 events. 
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Figure 9.5. Overview of (des)biotin labeling efficiency. Averages of SAV-APC fluorescence intensities of 2 

- 6 biological replicates of granulocytes, monocytes, lymphocytes, platelets and MCF-7 cells after 

incubation with liposomes displaying DOPE (des)biotin or Chol-EG3-biotin. For each experiment, at least 

1000-10,000 cells were measured. Error bars indicate standard deviations based on at least 2 

measurements.

To visualize the supramolecular functionalization of cells with des(biotin), white 
blood cells were labeled with SAV-APC and imaged by fluorescence microscopy (Figure 
9.6). SAV-APC intensity varied based on the liposome systems used with the chol-EG3-
biotin showing the highest labeling efficiency and DOPE-desbiotin liposome resulting 
in almost null fusion with the cells. The differential SAV-APC intensity based on the 
various white blood cell subpopulations (as indicated by their CD45 expression levels) 
can be clearly visualized with most cells fusing with the (des)biotin DOPE liposomes 
being CD45+. Interestingly, in case of chol-EG3-biotin liposomes, all cells are SAV+ 
regardless their CD45 expression implying a less selective fusion mechanism of 
these liposomes compared to (des)biotin DOPE ones. Moreover, smaller CD45- and 
Hoechst- objects, were also detected in the APC channel. These objects are most likely 
platelets or large Extracellular Vesicles. It is very unlikely that this signal comes from 
free liposomes, since all liposome systems had a similar size distribution and the 
same washing steps were included in the different conditions before cell imaging.
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Figure 9.6. Immunofluorescence images of white blood cell subpopulations after fusion with the 

investigated liposome systems. Scale bars in the composite images represent 100 μm.

9.3.4 Effect of cell size and surface morphology on fusion with 
liposomes
To further investigate the effect of available cell surface on the fusion with the biotin-
anchored liposomes, two additional cell lines with different size and tissue of origin 
were evaluated and compared, namely cells from the melanoma cancer cell line A2058 
(mean diameter of 16.3 μm) and cells from the breast cancer cell line SKBR3 (mean 
diameter of 17.7 μm). The summarized results of the two populations can be found 
in Appendix 9.D (Panel A shows the light scattering of cells, Panel B the SAV-APC 
intensity histograms after incubation with DOPE-biotin and Panel C the SAV-APC 
intensity histograms after incubation with chol-EG3-biotin). It is very clear from that 
figure that each liposome system fused with higher efficiency with the larger SKBR3 
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cells compared to the A2058 cells. Moreover, the chol-EG3-biotin liposome system 
performs again better than DOPE-biotin for both cell lines in consistency with our 
previous results on different cell types. It is worth mentioning that the relative SAV-
APC intensity of cells fused with chol-EG3-biotin liposomes to the respective intensity 
of cells fused with DOPE-biotin liposomes is not the same for all cell types (last 
column, Table 9.1) implying that an additional factor of cell membrane influences the 
fusion of the different liposomes with the cells. That observation can be attributed to 
several factors, such as the membrane biochemical composition and the membrane 
morphology (granulocytes have smoother surfaces compared to monocytes that have 
surface ruffles and blebs increasing the available surface). 

9.4 Discussion

Knowledge of the cellular uptake mechanism of liposomes is very important in the drug 
delivery field, because endocytosis does not ensure cargo delivery due to the endosomal 
pathway, whereas fusion with the plasma membrane does. In the former case, the design of 
more sophisticated systems is required for the active release of the encapsulated molecular 
cargo, such as activation of a tissue-specific enzyme 29 or the application of external 
heat source 30,31. Regardless the importance of the underlying cellular mechanism, most 
assays evaluate the liposome incorporation into cells based on their radio- or fluorescent 
labelling without clear discrimination between the cellular uptake mechanism. The 
loading of micelles with two fluorescence resonance energy transfer (FRET) probes allows 
for the assessment of their cellular uptake by either endocytosis or fusion 32. An alternative 
assay with the advantage of using a single fluorescent marker, namely the BODIPY tracer, 
has been also suggested. That is based on the two emission peaks at high concentrations 
(endocytosis) and only one in lower concentrations (fusion) 33.

In the present study, we suggest the presence of (des)biotin supramolecular handles on 
liposome membrane to evaluate their fusion with the recipient cells by labeling the latter 
ones with fluorophore-tagged streptavidin and measuring them by flow cytometry. 
Towards that direction, desbiotin (Appendix 9.A) and chol-EG3-biotin (Appendix 9.B) 
were synthesized and used for the formation of 20 mol% DOPE-desbiotin DOPC and 5 
mol% chol-EG3-biotin DOPC liposome systems respectively. The linker in case of chol-
EG3-biotin was chosen because of its hydrophilicity that aids the functional display of 
the cholesterol at the lipid membrane 34. 20 mol% DOPE-biotin DOPC was the third 
liposome system formed from commercially available phospholipids. All three liposome 
systems had a similar hydrodynamic diameter and were tested in terms of their fusion 
with different cell types, namely white blood cell types, platelets and cancer cell lines. 

There were noticeable differences in (des)biotin cell labeling using the different 
liposomes with Chol-EG3-biotin achieving the highest SAV intensity levels, followed by 
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DOPE-biotin, whereas DOPE-desbiotin did not show positivity in SAV signal. Taking 
into account that chol-EG3-biotin liposomes had a 4-fold lower molecular percentage 
of biotin compared to DOPE-biotin liposomes (5 mol% versus 20 mol% respectively), 
the conclusion that the fusion with cells is 4 times higher than what we report here 
would be fair. In both biotin liposome systems, the highest amount of biotin was 
incorporated in the membrane of MCF7 cells, followed by monocytes. Our findings 
that the highest liposome incorporation in human leukocytes occurs in monocytes, 
followed by granulocytes with almost null uptake by lymphocytes are consistent with 
the previously reported findings of Kuhn et al. 35, who also suggested a recipient cell 
surface-dependent fusion of liposomes. However, the observation that the relative 
SAV signal of the two different biotin liposomes is not constant among the different 
cell types (Table 9.1) suggests that additional factors play a role in their fusion with 
liposomes, such as the biochemical composition of the cellular membrane, the charge 
and the presence of cholesterol molecules in liposomes. 

The consistently more efficient biotin labeling of cells using Chol-EG3-biotin can be 
attributed mainly to the presence of cholesterol, which is known to play a dominant/
critical role in the fusion of membranes 36. More specifically, the relatively small 
polar (hydrophilic) head group compared to the disproportionately large apolar 
(hydrophobic) part of cholesterol leads to the formation of concave structures and a 
negative curvature of cholesterol- containing membranes 37,38. That effect of cholesterol 
has been accountable for reducing the required energy for the formation of structural 
lipid intermediates required for membrane fusion and the stabilization of fusion 
pores 37,39,40. The findings of Lee et al. showing that increasing cholesterol (up to 20 
mol%) results in increasing fusion further support the aforementioned hypothesis 41. 
The role of cholesterol in biological membrane fusion has been further confirmed by 
cholesterol depletion in viral membranes hindering virus entry into the target cells 42.

Another reason explaining the higher SAV signal could be again the longer linker 
between biotin and cholesteryl anchor (Figure 9.1) making biotin more accessible 
for SAV binding. Finally, Chol-EG3-biotin is overall neutral at physiological pH, 
while DOPE-(des)biotin displays a negative charge. The resulting negatively charged 
liposomes might bind and fuse less efficiently with cells 43,44. Nonetheless, preliminary 
data of two liposome systems with the same molecular desbiotin composition (100 
mol%), but different charge (Appendix 9.C) supports that the positively charged 
liposomes are more efficiently taken up by cells by endocytosis compared to the 
negatively charged ones; on the other hand, negatively charged liposomes are fused 
more efficiently with cells than positively charged liposomes. From the same data, 
it is clear that the main cellular uptake mechanism of cholesterol-free liposomes is 
endocytosis instead of fusion. Further research is recommended to investigate the 
main mechanism of cholesterol-containing liposomes. 
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DOPE-desbiotin and DOPE-biotin liposomes had similar size distribution, charge 
and molecular composition (20 mol%); hence, their fusion efficiency with the different 
cell types should be the same. The observation of almost null SAV positivity after 
incubation with DOPE-desbiotin liposomes suggests that the specific liposome system 
is not suitable for the evaluation of fusion with cells. Several reasons can explain 
the difference in SAV signal between DOPE-biotin and DOPE desbiotin fused cells. 
Desbiotin is expected to show less SAV binding as the affinity is about four orders of 
magnitude lower; however, that does not by itself explain that no significant binding 
is observed at all cells incubated with DOPE-desbiotin as the affinity of desbiotin 
for streptavidin is still very high (10-11 M) 45. An additional cause might be the slightly 
shortened linker that connects desbiotin to DOPE, possibly sterically hindering proper 
binding of desbiotin to the SAV binding pocket. The clearly positive SAV-APC signal of 
MCF-7 cells after incubation with 100 mol% desbiotin liposomes (Appendix 9.C, Panel 
E) indicates that the 20 mol% desbiotin-DOPE is inadequate to evaluate fusion of the 
liposomes with cells whereas 100 mol% is. 

Importantly, the incorporated (des)biotin handles into the membrane of liposomes can 
have several applications apart from the evaluation of their fusion with cells. Pereira et 
al. reported that purification of docetaxel-loaded liposomes from free docetaxel drug 
using size exclusion chromatography resulted to 3.6-fold decrease in drug loading 
46; the presence of (des)biotin of our liposome systems in a similar drug application 
could serve as reversible anchors for their purification from the free drug molecules. 
More specifically, the use of desbiotin as well as chol-EG3-biotin biotin provides the 
possibility of reversibility via the capture of drug-loaded liposomes using streptavidin 
(SAV-columns or SAV-ferrofluid) and release, by using β-cyclodextrin 47 or excess free 
biotin 48 respectively. Following the same approach, targeted isolation of cells having 
fused with the drug-loaded liposomes could be potentially isolated and analyzed to 
evaluate the effect of drug administration.

Last but not least, the chol-EG3-biotin liposomes could have an important application 
in the extracellular vesicle field. Extracellular vesicles-derived from mesenchymal 
stem cells have been reported to play a cardio-protective role 49  and have been 
suggested as therapeutic agents in liver 50 and myocardial 51 diseases. Their fusion 
with smaller size liposomes bearing desired receptors on their surface could increase 
their tropism to the target site. Furthermore, they could also be fused with liposomes 
loaded with a desired drug 52,53 to take advantage of their further increased circulation 
lifetime and lower immunogenicity compared to the artificially formed liposomes or 
other synthetic drug carriers 54. 
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Appendix 9.D. Effect of cell size and surface morphology on fusion with liposomes
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Chapter 10
Outlook

 

Cancer patient care could ameliorate tremendously by liquid biopsies, leading to 
prolonged survival of patients, improved quality of life and limited side effects by 
administrated drugs. More specifically, liquid biopsies can

• detect the presence of minimal residual disease after surgical removal of a 
primary tumor with ostensibly unaffected lymph nodes, 

• provide quantitative tools for a better reflection of the metastatic activity of the 
tumor, 

• provide a more objective tool for the evaluation of treatment responses 
• indicate the optimal treatment for the individual patient at any time during the 

disease.

When present in sufficient numbers, CTCs represent the ideal “liquid biopsy” as they 
contain proteins, RNAs and DNAs that characterize the tumor cells of the patient 
including the ones responsible for the metastasis. The large tdEVs, described in 
this thesis, are detected in frequencies higher by at least an order of magnitude as 
compared to CTCs. The observation that they are equally prognostic to CTCs implies 
a reflection of the metastatic activity/aggressiveness of the tumor; therefore, tdEVs 
can be very useful in the design of clinical trials for the evaluation of a new drug by 
properly balancing the two treatment arms (with patients of similar prognosis). 

Suggestions to improve the isolation and identification of CTCs and tdEVs are 
provided below.
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10.1 Increased sensitivity of CTC and tdEV detection
10.1.1 additional detection markers
Large EpCAM+ tdEVs were identified using phycoerythrin-conjugated antibodies against 
the intracellular CK8, 18 and 19 (CK-PE) as a detection marker. However, scanning electron 
microscopy (SEM) images revealed unidentified CK-, CD45-, DAPI- particles (Chapter 5). 
The number of undetected particles becomes even higher when diagnostic leukapheresis 
(DLA) samples are processed with the CellSearch assay (Figure 10.1) suggesting the need 
to include more antibodies in the staining mixture to increase the number of CTCs and 
tdEVs after EpCAM enrichment. Lack or low expression of Cytokeratin in EpCAM+ CTCs 
and tdEVs is the most likely explanation. The inclusion of additional detection antibodies 
expressed on these EpCAM+ cells or the addition of EpCAM antibodies identifying 
different epitopes than the one used on the ferrofluids could address this issue.

Figure 10.1.  Correlated (A) fluorescence microscopy and (B) SEM image of EpCAM enriched cells 

from a diagnostic leukapheresis (DLA) sample of a castration-resistant prostate cancer patient. 

Green indicates CK, red CD45 and blue nucleus.

The presence of CK-/CKlow particles is supported by our findings that HER2+, CK-, 
CD45-, DAPI- objects, isolated with the CellSearch assay, correlated strongly with the 
overall survival of metastatic breast cancer patients (Chapter 6). Moreover, staining of 
cancer cell lines with fluorescently labeled antibodies against EpCAM and CK (Figure 
2) supports that most secreting (or secreted) vesicles are EpCAM+ but CK-. 

Taking into consideration the extensive secretion of vesicles with a wide size range 
from a single cell as demonstrated by SEM (Figure 10.3), it becomes clear that the 
majority of EpCAM+ EVs will not be identified by the inclusion of solely fluorescent 
antibodies against CKs, since already a substantial portion of the large ones are not 
detectable by CK staining (Figure 10.2).
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Figure 10.2. Immunofluorescence images of LNCaP prostate cancer cells, labeled with the nuclear dye 

Hoechst, phycoerythrin-conjugated antibody against EpCAM and allophycocyanin-conjugated antibody 

against CKs 8, 18 and 19. EpCAM+, CK- (extracellular) vesicles are enclosed within red circles, whereas the 

single EpCAM+, CK+ vesicle is enclosed within a green circle (acquisition of images by N. Kamal).

Figure 10.3. SEM image of PC3 cells in the act of secreting vesicles. (A) SEM image of an aggregate of 

PC3 cells, (B) SEM image of higher magnification of the PC3 cell enclosed by the blue square of A, (C) 

SEM image of higher magnification of the PC3 cell membrane surface enclosed by the green square 

of B, showing substantial secretion of vesicles from the cell surface. 

Figure 10.4. One out of 700 frames of PE channel, corresponding to CK signal, after EpCAM 

enrichment of 1 mL of (A) plasma of healthy individual and (B) plasma of metastatic prostate cancer 

patient using the CellSearch system. The images were acquired with a 40x objective. If we extrapolate 

the counts of tdEVs for the 700 frames, around 5,600 CK+ events are expected to be found in 2 mL of 

metastatic cancer patient (corresponding to 7.5 mL of blood). The same patient had 65 CTCs and 1241 

tdEVs when 7.5 mL of centrifuged blood was processed with the CellSearch system. 
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10.1.2 label-free detection
Detection and identification of tdEVs with label-free technologies such as Raman1,2,3, 
tested in the frames of the Cancer-ID Perspectief program, identified some alternative 
features of tdEVs that can be further explored.  

10.2 Increasing efficiency of tdEV isolation 
10.2.1 analysis of the plasma fraction
Based on model cancer cell lines, less than 1% of the totally secreted EVs will have a size 
larger than 2 μm and as such, the majority of tdEVs will end up in the plasma fraction 
rather than the blood cell fraction. The number of isolated tdEVs can therefore increase 
around 100 times by running plasma samples of cancer patients with the CellSearch 
system or a similar EpCAM-based (immunomagnetic) enrichment.

Preliminary results (Figure 10.4) support that indeed CK+, DAPI-, CD45- tdEVs can be 
detected in plasma of cancer patients after positive selection based on EpCAM using 
the CellSearch system. Processing plasma of healthy donors does not result in similar 
detection of EpCAM+, CK+, CD45- events. The processing of plasma is of utmost 
importance, since it contains the majority of EVs and needs to be further investigated. 
An alternative approach tested within the frames of the Cancer-ID project, was the 
electrochemical detection and enumeration of EpCAM+ tdEVs, which allows easy 
quantification of tdEVs and relatively high throughput4. However, its performance 
remains to be demonstrated using blood samples from cancer patients.

10.2.2 targeting other markers present on the tdEVs but not on other 
blood components 
Not all tdEVs shed by carcinomas are expected to express EpCAM molecules on their 
surface and in amounts sufficient for their capture by anti-EpCAM ferrofluids. Some 
tdEVs will have very few molecules simply because of their small size and surface 
available or due to lower EpCAM expression of their cells of origin. 

Use of ferrofluids functionalized with multiple antibodies/proteins recognizing 
tumor-specific antigens, such as the heat shock protein HsP70 5,6, the oncofetal 
chondroitin sulfate recognized by the VAR2CSA malaria protein7,8 or tissue-specific 
membrane markers, such as the prostate-specific membrane antigen (PSMA) for 
prostate and mammoglobulin for breast cancer could increase the capture efficacy 
and may identify different subclasses of tdEVs. 
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10.3 Clinical utility/added value of tdEVs 
The presence of tdEVs in higher frequencies could aid in the characterization of cancer 
and the treatment monitoring of patients in cases, where insufficient CTCs are detected. 

The findings of Chapter 6 support that the phenotype of the human epidermal growth 
factor receptor 2 (HER2) of the resected tumor (as defined by fluorescence in situ 
hybridization, FISH) may be better reflected by tdEVs as compared to CTCs. Whether 
patients will have more clinical benefit or not from a treatment based on the original 
tissue, CTCs or tdEVs has yet to be addressed in prospective clinical trials. Probing 
for the presence of additional (membrane) therapeutic targets, such as the androgen, 
estrogen, progesterone, epidermal growth factor, G-protein coupled receptors or 
immune checkpoints, such as programmed death- ligand 1 (PD-L1) can further 
increase the potential clinical utility of CTCs and tdEVs. 

Apart from the phenotypic characterization of tdEVs, further investigation on the 
encapsulated DNAs and RNAs within the large tdEVs is needed. In our definition used 
for the large tdEVs, there was no positive signal for DAPI staining, which makes it 
unlikely that sufficient nucleic acids are present to provide molecular information. 
The tumor microparticles identified by manual review in the original study9 included 
subclasses of tdEVs with and without nucleic acid staining. To evaluate whether useful 
molecular information can be extracted from tdEVs, all different tdEV subpopulations 
(as defined by manual scoring9 as well as deep learning classification10) isolated from 
the blood cell fraction should be sorted –in a single or bulk level- and their nucleic 
acids quantified, amplified and analyzed for the detection of specific RNA or DNA 
aberrations. As suggested in the literature there are subclasses of tdEVs (exosomes, 
oncosomes) that are directly involved in the communication of tumor cells with their 
environment and may pave the environment for CTCs to nest and form metastases11-14. 
Whether or not the most clinically relevant tdEVs are present in the plasma fraction 
or the blood cell fraction is a question which cannot yet be answered. Towards that 
direction, sorting platforms of tdEVs should be established as the existing ones 
(VyCAP Puncher, Menarini DEPArray, ALS cellselector) have been developed for the 
sorting of only single cells. 

A promising technology that has been used for the identification of point mutations 
and mRNAs in CTCs and that can be easily applied in the clinics is the in-situ padlock 
probe technology. The technology has been applied successfully in several CTC isolation 
technologies, including the CellSearch system, demonstrating positivity of AR-v7 
mRNAs in CK+ and CK- (and otherwise undetectable) EpCAM+ CTCs15,16 and detection 
of point mutations, such as KRAS in pancreatic cancer patients16. The applicability of 
such a technology on tdEVs has yet to be demonstrated and show whereas patients 
that could not be screened for the aforementioned treatment selection markers by 
CTCs can be “readable” by tdEVs.
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10.4 Towards a more holistic approach of understanding cancer
Each living organism constitutes a natural miracle already from the onset of its 
formation, but also later on, in terms of its development and sustained functionality. 
From the early steps of embryogenesis, a single stem cell has the potential to lead 
eventually to a fully independent organism via tightly controlled cell divisions and 
differentiation. The vitality of the organism is dependent on the health of each 
organ/tissue as well as the balance of all subunits. A diversity of cell types with totally 
different functions contribute in the proper functionality of each tissue and eventually 
the development or/and maintenance of the organism. 

Likewise, tumor can be considered like a tissue, the growth and malignancy of 
which is not dependent solely on tumor cells but instead is tightly and dynamically 
interconnected with the tumor microenvironment. Tumor cells are stimulated 
by signals generated from a diversity of cell types, including endothelial cells, 
fibroblasts, inflammatory and dendritic cells. Via a network of signaling pathways, 
tumor malignancy and progression is promoted and regulated in a plethora of ways, 
described as hallmarks of cancer. 

Therefore, it becomes clear that one-dimensional approach to understand cancer, eg 
the study of solely circulating tumor material or just imaging techniques to evaluate 
the size of the tissue and the extent of inflammation, cannot lead to the complete 
comprehension of disease onset and progression/remission. Whatever is not fully 
understood cannot be solved and in case of cancer, eradicated. 

Quantitative assessment of markers in the clinics can ensure a more objective 
evaluation of the disease. At the same time, screening of a panel of markers will lead 
to a more holistic approach that is needed in the clinics for the better understanding 
of pathophysiological conditions. Extracellular vesicles hold a great promise as they 
serve as messengers of all eukaryotic cells, sending signals among them depending 
on the needs of each site. Therefore, eavesdropping the messages that have been 
sent from all contributing sites could identify the key factors pulling the strings of 
the disease. Signals from detected EVs can elaborate on the cell populations that act 
synergistically on disease progression by hyperactivity or abnormal silencing and 
pave the way for the direct or indirect eradication of diseases by the development of 
novel therapeutics. For instance, targeting the inflammation of the tumor instead the 
tumor burden itself has been proven to treat glioblastoma cases in animal models17. 
Furthermore, longitudinal measurements of EVs of different origins can shed light 
on EV dynamics over the course of treatments and help us comprehend underlying 
mechanisms of disease onset, progression and drug resistance. 
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After a general introduction in Chapter 1, we showed in Chapters 2 and 3, that large 
tdEVs in blood of metastatic prostate, breast, colorectal and non-small cell lung 
cancer patients have equivalent prognostic power as CTCs. Importantly, patients with 
metastatic prostate, breast and colorectal cancer with favorable CTC counts could be 
further stratified using tdEV counts implying that a subset of patients with favorable 
CTCs and unfavorable tdEV have a relatively poor outcome and may benefit from a 
more aggressive treatment similarly to the patients with unfavorable CTC counts. 

In Chapter 4, we identified large leukocyte-derived extracellular vesicles (ldEVs) in 
blood of healthy individuals and metastatic cancer patients after immunomagnetic 
EpCAM enrichment and fluorescent labelling with the CellSearch system. Whereas 
tdEVs were 20-fold more frequent as compared to CTCs in metastatic cancer patients, 
the frequency of ldEVs were 5-fold less frequent as compared to leukocytes coming 
along with the enrichment in both patients and controls. Fluorescence microscopy 
imaging of whole blood showed the presence of ldEVs in a 3-fold lower frequency as 
compared to leukocytes suggesting that the “fragmentation” of leukocytes into ldEVs 
is not caused by processing of blood samples in the CellSearch system and thus, are 
actually present in blood. 

In Chapter 5, protocols were developed to image CTCs and tdEVs of castration-
resistant prostate cancer patients isolated by the CellSearch system and CTCs isolated 
using 5 μm filters by scanning electron microscopy (SEM). SEM images of CellSearch 
enriched CTCs and tdEVs were obtained, but detailed morphologic information 
was obscured by the presence of ferrofluid, whereas in case of filtration the cells 
were clearly deformed by the pressure the cells undergo, while entering the filter 
holes. Interestingly, using SEM many microparticles were observed with similar 
morphology and size as large tdEVs (EpCAM+, CK+, CD45-, DAPI-) but not detected 
by fluorescence microscopy. Whether they originate from the tumor or not remains to 
be further investigated. 

In Chapter 6, the addition of the HER2 antibody in the CellSearch assay revealed the 
presence of HER2+, CK-, CD45- CTCs and tdEVs in the blood of breast cancer patients 
and had a similar association with poor clinical outcome as the CK+, CD45- CTCs. The 
larger frequency of tdEVs allowed the assessment of the presence of HER2 in a larger 
portion of patients and encourage the examination of more treatment targets on 
tdEVs. Importantly, these results pave the path towards a more rational and objective 
choice of patients who will or will not be subjected to HER2 targeting therapies. 
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In Chapter 7, we compared the presence of CTCs and tdEVs before initiation of therapy 
and after the first cycle of therapy in CRPC, mBC and mCRC patients to evaluate the 
effect of therapy on CTCs versus tdEVs. The association between CTCs and tdEVs 
with overall survival was similar before the initiation of therapy but after the first 
cycle of therapy, CTCs outperformed tdEVs in mCRC implying that tdEV secretion is 
dependent on the treatment and possibly the cancer type. The distinction of different 
tdEV classes using a deep learning approach encourages us to determine the ones that 
rise or decline after the administration of an effective therapy in order to improve the 
evaluation of therapy responses and the patient treatment monitoring.

In Chapter 8, we investigated whereas we can detect endothelium-derived EVs (edEVs) 
in the CellSearch image datasets acquired from the CD146 enriched blood samples of 
metastatic colorectal cancer (mCRC) patients. Circulating endothelial cells (CECs) are 
significantly elevated in the blood circulation of cancer patients compared to healthy 
individuals; their presence is however not associated with better or poorer clinical 
outcome. The CEC number is biased by venipuncture procedure as endothelial cells 
are released due to the vacuum and enter the collection tube. edEVs should not be 
influenced; so we explored their presence through ACCEPT analysis and revealed that 
edEVs are detected at 5- to 10- fold higher frequencies compared to CECs. Moreover, 
their counts correlated with the clinical outcome of the patients. Importantly, the 
final multivariate Cox regression model included both tdEVs and edEVs as significant 
independent prognostic markers of the overall survival of mCRC patients. The elevated 
edEV counts denote either their active role in promoting tumor angiogenesis or/and 
their passive secretion because of the growth of the tumor. If the former hypothesis 
is correct, then edEVs could serve as a promising biomarker to predict patients that 
could benefit from anti-angiogenic treatments. Whether edEVs could serve as a more 
informative diagnostic tool in cardiovascular diseases remains to be investigated.

In Chapter 9, three different (des)biotin liposomes were compared in terms of their 
fusion with cells from cancer cell lines and blood from healthy individuals. DOPC 
liposomes of similar size distribution containing 20 mol% DOPE-desbiotin, 20 mol% 
DOPE-biotin or 5 mol% chol-EG3-biotin were prepared by extrusion. Their mean 
hydrodynamic diameter was around 100 nm. Leukocyte subpopulations, platelets and 
different cancer cell lines were incubated with the different liposome systems, stained 
with fluorophore-tagged streptavidin and their fusion with liposomes was assessed by 
flow cytometry and immunofluorescence microscopy. The chol-EG3-biotin liposomes 
achieved the highest biotin incorporation into the cell membrane for all different cell 
types, followed by DOPE-biotin liposomes. DOPE-desbiotin liposomes did not show 
considerable fusion with any cell type. The highest liposome uptake was found in 
cancer cells followed by the monocytes indicating a relationship between available cell 
surface and liposome uptake. 
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Na een algemene inleiding in Hoofdstuk 1 hebben we in Hoofdstuk 2 en 3 laten zien dat 
grote tdEVs in bloed van metastatische prostaat-, borst-, darm-, en niet-kleincellige 
longkankerpatiënten vergelijkbare prognostische waarde hebben als CTCs. Van belang 
is dat patiënten met metastatische prostaat-, borst- en darmkanker met gunstige CTC 
aantallen verder onderverdeeld konden worden door gebruik te maken van tdEV aantallen 
wat inpliceert dat een gedeelte van de patiënten met gunstige CTC aantallen en ongunstige 
tdEV aantallen een relatief slechte afloop hebben en voordeel kunnen hebben van een 
aggressievere behandeling evenals de patiënten met ongunstige CTC aantallen.

In Hoofdstuk 4 hebben we grote leukocyt-gederiveerde extracellulaire vesicles (ldEVs) 
geïdentificeerd in bloed van gezonde individuen en metastatische kankerpatiënten na 
immunomagnetische EpCAM verrijking en fluorescente kleuring met het CellSearch 
systeem. Waar tdEVs 20 keer minder frequent waren in vergelijking met CTCs 
in metatstatische kankerpatiënten, was de frequentie van ldEVs vijf keer minder 
vergeleken met leukocyten die tijdens de verrijking meekwamen bij zowel patiënten als 
gezonde personen. Fluorescentie microscopie van bloed liet zien dat ldEVs in een drie 
keer lagere frequentie aanwezig waren vergeleken met leukocyten wat suggereert dat 
de “fragmentatie” van leukocyten in ldEVs niet veroorzaakt wordt door het verwerken 
van de bloedmonsters in het CellSearch systeem en dus aanwezig zijn in bloed.

In Hoofdstuk 5 hebben we protocollen ontwikkeld om CTCs en tdEVs van castratie-
resistente prostaatkankerpatiënten, geïsoleerd door het CellSearch systeem en CTCs 
geïsoleerd door gebruik te maken van 5 μm filters, in beeld te brengen door scanning 
electron microscopy (SEM). SEM afbeeldingen van CellSearch verrijkte CTCs en tdEVs 
werden verkregen, maar gedetailleerde morfologische informatie werd vertroebeld door 
de aanwezigheid van ferrofluid (CellSearch), waar in het geval van filtratie duidelijk was 
dat de cellen vervormd waren door de druk die de cellen ondervonden tijdens het betreden 
van de filtergaten. Opmerkelijk was dat door het gebruik van SEM vele micropartikels 
geobserveerd zijn met vergelijkbare morfologie en grootte als grote tdEVs (EpCAM+, CK+, 
CD45-, DAPI-) maar dat deze niet gedetecteerd zijn met fluorescentie microscopie. Of 
deze voortkomen uit de tumor of niet moet nog verder onderzocht worden.

In Hoofdstuk 6 hebben we door toevoegen van het HER-2 antilichaam aan het 
CellSearchprotocol, ontdekt dat de aanwezigheid van HER2+, CK-, CD45- CTCs en 
tdEVs in bloed van borstkankerpatiënten vergelijkbare ongunstige klinische afloop 
heeft als CK+, CD45- CTCs. De grotere frequentie van tdEVs gaf de mogelijkheid om de 
HER-2 aanwezigheid in een groter deel van de patiënten te bepalen en motiveert verder 
onderzoek naar therapiemarkers op tdEVs. Van belang is dat deze resultaten een weg 
banen naar een meer rationale en objectieve keuze van patiënten die HER-2 gerichte 
therapie kunnen krijgen.
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In Hoofdstuk 7 hebben we de aanwezigheid van CTCs en tdEVs vóór initiatie van de 
behandeling en na de eerste cyclus van behandeling vergeleken in CRPC, mBC en 
mCRC patiënten om het effect van de behandeling op CTCs en tdEVs te evalueren. 
De relatie tussen CTCs en tdEVs met betrekking tot de uiteindelijke overlevingskans 
was vóór initiatie vergelijkbaar maar na de eerste cyclus overtroffen CTCs de tdEVs in 
mCRC wat impliceert dat tdEV secretie afhankelijk is van de behandeling en mogelijk 
het type kanker. Het onderscheid tussen verschillende tdEV klassen, geëvalueerd met 
een deep learning aanpak, motiveert ons om te onderzoeken of bepaalde klassen af- 
of toenemen na het initiëren van een effectieve behandeling om op deze manier het 
monitoren van de behandeling te verbeteren.

In Hoofdstuk 8 onderzochten we of we endotheel-gederiveerde EVs (edEVs) konden 
detecteren in de CellSearch afbeeldingdatabase verkregen door de CD146 verrijkte 
bloedmonsters van metastatische darmkankerpatiënten (mCRC). Circulerende 
endotheelcellen (CECs) zijn significant verhoogd in de bloedcirculatie van 
kankerpatiënten vergeleken met gezonde personen maar de aanwezigheid van CECs 
is niet geassocieerd met een betere of slechtere klinische afloop. Het aantal CECs valt 
hoger uit vanwege het bloedprikken; tijdens de procedure komen endotheelcellen vrij 
die door het vacuüm in de buis gezogen worden. Het aantal edEVs zou niet beïnvloed 
mogen worden door het bloedprikken; deze aanwezigheid is bepaald door gebruik te 
maken van ACCEPT analyse en hierdoor werd duidelijk dat vijf tot tien keer meer edEVs 
gedetecteerd zijn dan CECs. Bovendien, de aantallen correleren met de klinische afloop 
van de patiënten. Van belang is dat het uiteindelijke multivariatie Cox regressiemodel 
beide tdEVs en edEVs includeert als significante onafhankelijke prognostische markers 
voor de uiteindelijke overlevingskans van mCRC patiënten. De verhoogde edEV aantallen 
duiden aan dat ze óf een actieve rol hebben in het bevorderen van de tumorangiogenese, 
óf een passieve secretie door de groei van de tumor. Als de eerste hypothese correct is 
dan zouden edEVs kunnen dienen als een veelbelovende biomarker om te voorspellen 
of patiënten voordeel kunnen hebben bij behandelingen die angiogenese tegengaan. 
Of edEVs kunnen dienen als een informatieve diagnostische tool bij cardiovasculaire 
aandoeningen moet nog verder worden onderzocht. 

In Hoofdstuk 9 hebben we drie verschillende (des)biotineliposomen vergeleken 
inzake hun fusie met cellen bij kankercellijnen en bloed van gezonde personen. 
DOPC liposomen met vergelijkbare grootteverdeling met als inhoud 20 mol% DOPE-
desbiotine, 20 mol% DOPE-biotine of 5 mol% chol-EG3-biotine werden geprepareerd 
door extrusie. Hun gemiddelde hydrodynamische diameter was ongeveer 100 nm. 
Leukocytsubpopulaties, bloedplaatjes en verschillende kankercellijnen werden 
geïncubeerd met de verschillende liposoomsystemen, gekleurd met fluorofoor-
gebonden streptavidine en hun fusie met liposomen werd bepaald door flowcytometrie 
en immunofluorescentie microscopie. De chol-EG3-biotine liposomen bereikten 
de hoogste biotine-incorporatie in de celmembraan bij alle verschillende celtypen, 
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gevolgd door de DOPE-biotine liposomen. DOPE-desbiotine liposomen lieten geen 
noemenswaardige fusie zien met enige cellijn. De hoogste liposoomopname werd 
gevonden in kankercellen gevolgd door monocyten wat wijst op een relatie tussen 
beschikbare celoppervlakte en liposoomopname.
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