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In this thesis, biomarkers in blood (liquid biopsies) and tumor tissue of non-small 
cell lung cancer (NSCLC) patients were studied in order to better understand 
underlying processes and predict tumor responses to treatment. In liquid biop-
sies different tumor elements are recognized. Circulating tumor cells (CTC), cir-
culating tumor DNA (ctDNA) and tumor derived extracellular vesicles (tdEV) are 
used as prognostic biomarkers. CTC are often identified by the presence of the 
epithelial cell adhesion molecule (EpCAM). However, in NSCLC, EpCAM-positive 
(EpCAM+) CTC are rarely detected. To increase CTC detection, methods to detect 
EpCAM-negative (EpCAM-) CTC have been developed. An example are microsieves 
which detect CTC by their larger sizes. In chapter 2 we compared EpCAM+ CTC, 
EpCAM-CTC, ctDNA and tdEV to see which biomarker outperforms the others in 
predicting prognosis. With the exception of EpCAM- CTC, all biomarkers identified 
a similar number of at risk patients (tdEV n=26, CTC n=20, ctDNA n=18). Except for 
EpCAM- CTC, the biomarkers correlated strongly with each other. Their combina-
tion therefore resulted in only a slight increase in prognostic value. This is to be 
expected as all these biomarkers are derived from the tumor and are represent-
ative of tumor growth, aggressiveness and size (1). EpCAM- CTC were previously 
reported to be prognostic by Hofman et al, conflicting with our findings (2). This 
might be due to our detection method. We detected EpCAM- CTC in the CellSearch 
waste after processing for EPCAM+ CTC was completed. In this manner EpCAM- 
CTC might have been lost, which would have influenced our results.

Studies comparing different entities within liquid biopsies are rare. Sundaresan 
et al compared detection rates of resistant mutations by conventional biopsies, 
ctDNA and CTC in NSCLC patients (3). Each method individually detected the 
resistant mutation in similar proportion of the patients (roughly 50%). Howev-
er combining all three methods, 73% of patients had resistant mutations. Each 
method was able to identify mutations in patients who were negative for all other 
methods, highlighting that the information is complementary. We know that TKI 
treatment has a large chance of success when the corresponding mutation is 
detected in conventional tissue biopsies and that mutations detection by liquid 
biopsies correspond well with outcomes from the primary tumor (3–10). Unfor-
tunately no study has investigated whether TKI response in patients with muta-
tions detected in CTC or ctDNA are comparable. Compared to CTC, studies using 
ctDNA are from more recent times, yet ctDNA has already been implemented in 
several clinical settings (3,8). CTC would need to provide more information than 
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today can be gleaned from ctDNA or the presence of a single mutation before 
clinical adaptation can be considered.

In chapter 3 and 4 we report the predictive value of CTC. Advanced NSCLC pa-
tients treated with either chemotherapy (n=54), targeted therapy (n=34) or immu-
notherapy (n=104) had significantly worse tumor response rates when CTC were 
detected in their peripheral blood. Responses were measured according to the 
response evaluation criteria in solid tumors (RECIST v1.1). Objective response rate 
at time of treatment evaluation, often after 6 weeks of treatment was the main 
clinical endpoint. For patients treated with immunotherapy, durable responses 
(measured as objective response or stable disease longer than 6 months) were 
also used. This choice was made, as responses to immunotherapy can be long 
lasting, even when a patient has only stable disease, which would otherwise be 
denoted as a non-responder.

The presence of CTC was demonstrated at baseline in 32 % of advanced NSCLC 
patients and was associated with a lower response rate to all therapies (chemo-
therapy≈1.5 times; targeted≈3 times lower; immunotherapy≈2 times lower) com-
pared with patients who had no CTC detected. A possible explanation for the 
decreased response rates is the expression of genes related to chemotherapy 
resistance (11–14). A subset of CTC had characteristics involved with an immune 
escape mechanism that may be relevant (15,16). Finally, CTC might represent a 
more aggressive type of tumor and are therefore associated with faster disease 
progression and lower response rates (17–19).

Sequential CTC measurements during treatment could further improve the pre-
dictive value of CTC. In chapter 4 the change of CTC counts corresponded well 
with tumor response and survival, as reported previously (15,16,20,21). Hiltermann 
et al showed that the change in CTC counts was the best predictor for survival, 
outperforming even the conventionally used computed tomography scans (19). 
When CTC can still be detected after several weeks of treatment with, they in-
dicate therapy failure.

The cohorts treated with different therapies were too small to define whether CTC 
could be used to differentiate which therapy has the highest chance of success. 
Larger cohorts with more homogenous populations are essential for a definitive 
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answer. Additionally, surface markers on CTC, and mutations identified in CTC 
might further increase the value they can offer to the clinic (16,20). However, 
single cell sequencing is still new, and a long way off from clinical application. 
And as NSCLC are highly heterogeneous, predictions based on a single cell are 
not always reliable (22). To investigate whether CTC can be used as an alternative 
for conventional biopsies and reflecting the heterogeneity of the whole tumor, 
larger amounts of CTC are needed. And larger numbers of CTC could increase 
their prognostic and predictive value.

In chapter 5 we investigated the origin and release of CTC from the primary tumor 
in the lung and the natural filtering of CTC in the blood circulation. CTC detect-
ed in the peripheral veins by CellSearch have consistently been associated with 
survival and recurrence of disease after surgery for several cancer types, in-
cluding lung cancer (2,23–26). Measuring CTC closer to the original tumor, e.g. 
the draining pulmonary vein, CTC can be detected in high numbers (14,27–34). 
Crosbie et al suggested that the location of removal might be the microcircula-
tion (34). We identified that removal of CTC occurs in a more central location as 
CTC counts were already strongly decreased in the radial artery (so before the 
microcirculation). CTC frequencies in the radial artery closely resembled those 
found in the peripheral veins. As such it appears that the central compartment 
plays a major role in CTC clearance, and it is unlikely that the microcirculation is 
involved therein. Possibly the blood environment combined with shearing forces 
of the circulation (and heart) destroy the majority of newly released CTC.

We also observed in chapter 5 that during surgery most of the epithelial like cells 
in the pulmonary vein were non-malign. The majority of circulating epithelial cells 
showed no structural genetic changes (copy number alterations of the number of 
chromosomes). Morphologically there were also differences between CTC ‘nor-
mally’ detected in NSCLC patients and the cells identified in the pulmonary vein. 
CTC identified in the pulmonary vein often were larger, with stronger expression 
of cytokeratin. Apparently most of these non-malign epithelial cells are eliminated 
in the central compartment because the counts in the radial artery were already 
strongly diminished and morphologically resembled ‘normal’ CTC more strongly.

The CellSearch is a very sensitive system which can identify a few epithelial cells 
in a background of millions of normal blood cells. For peripheral blood it is a well 
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validated system. The CTC detected in the peripheral blood of patients are an 
important predictor of survival and many studies have reported that these cell 
(when not detected during surgery) harbor mutations (35–41). However, our find-
ings would explain that even in healthy patients CTC can occasionally be found 
(42). The presence of non-malign cells in the pulmonary vein also explains why 
previous studies found that CTC measured in the pulmonary vein were not supe-
rior in predicting recurrence of disease after surgery compared to those isolated 
from a peripheral vein (29,32,34).

Our findings indicate that care has to be taken when using the CellSearch beyond 
the limits of its validation for which the FDA clearance was given. The CellSearch 
system is a very sensitive and reliable method to identify CTC in the peripheral 
blood when the patient is not undergoing surgery, but can falsely identify cells 
as CTC in the pulmonary circulation. This might also explained why CTC identi-
fied in the peripheral vein have a stronger association with survival than those 
detected in the pulmonary vein (2,26).

Unfortunately CTC detection in the peripheral blood is too often negative in NSCLC 
patients. Even in patients with CTC, the number of CTC in 10mL of blood is very 
low (1,2). To increase the number of detectable CTC, the screened volume of blood 
should be increased. As shown in chapter 6, diagnostic leukapheresis (DLA) can 
be used to process the total body blood volume in 1-3 hours. DLA separates the 
blood components from one another, allowing for the sequestering of CTC (to-
gether with the mononuclear cell fraction). Stoecklein et al and Fischer et al were 
the first to implement this method to increase CTC in metastatic breast cancer 
(43,44). Subsequently these findings have been confirmed in different cohorts of 
breast and prostate cancer patients (35,45,46). Our study is the first performed 
in a NSCLC population. CTC counts in DLA products corrected for lymphocytes 
approached counts detected in the peripheral blood. In our study DLA-CTC were 
stronger associated with survival than peripheral vein blood-CTC. A change in 
their counts after treatment correlated well with tumor response to therapy. As 
such, DLA can be used to increase CTC detection, and improves their predictive 
and prognostic value.

One of the current limitations is that only small volumes of DLA product can be 
screened with CellSearch. The CellSearch method can at most process 2×108 leu-
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kocytes. As the DLA products contain around 10 times as many leukocytes as the 
peripheral blood, CellSearch can only process a few milliliters. With a leukocyte 
depletion step, e.g. the Rosette-SEP, a larger volume of DLA product could be 
processed. Unfortunately, many CTC were lost with this procedure, and prog-
nostic and predictive values decreased. Therefore, this procedure was not de-
veloped further.

Systems using physical characteristics of CTC to distinguish them from other 
blood cells, specifically their size and rigidity, might be less restricted in the 
volume of DLA product that can be processed. Two such systems, the Vycap mi-
crosieves and the Isolation of Epithelial Tumor cells (ISET) were tested in chapter 
7 and 8, respectively. Vycap microsieves are capable of filtering the DLA product 
and could identify CTC, but were prone to clogging. Especially the 5μm pores mi-
crosieves could not process even a limited volume of DLA product (1.1-2.3 mL). 
Longer sample fixation times were a likely contributor. It seems that Vycap mi-
crosieves are only capable of processing the DLA product efficiently within 24 
hours after fixation. This requires laboratory procedures near the clinical setting, 
which is not always possible. This loss of CTC observed with the Vycap micro-
sieves using DLA was also reported from patients with breast cancer (45).

In chapter 8 we established a protocol for the ISET method to effectively filter 
DLA products. Up to 10 mL of DLA product could be processed after fixation. 
CTC were identified in the majority of patients with immunological staining and 
in higher counts per mL DLA compared to detection with CellSearch. Encourag-
ingly, EpCAM+ CTC were identified in similar proportions and concentrations for 
both ISET and Cellsearch. This implies two important findings: The CellSearch is 
highly efficient in identifying EpCAM+ CTC even in low volumes. And no relevant 
loss of EpCAM+ CTC by the ISET seemed to occur when processing DLA product 
of NSCLC patients (47).

Furthermore with an adapted live cell protocol up to 20 ml, DLA product could 
be processed with an ISET filter. The number of leukocytes within this volume of 
DLA product was around 10-15 times the number of leukocytes that can be han-
dled by CellSearch. All 8 processed samples had EpCAM+ cells. Six patients had 
30 or more CTC and with three over 100 CTC, resembling the numbers as extrap-
olated by Stoecklein et al (44,48). This means that using DLA, in 75% of patients 
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we identified sufficient CTC for genomic and functional testing, even though we 
only processed a part (15-25%) of the total DLA product.

Due to the costs of the DLA procedure, CTC enumeration and analysis, at this 
point of time implementation may be clinically viable in two situations: in patients 
undergoing curative surgery to identify patients likely at risk for recurrence; in 
patients in whom original (recurrent) biopsies failed to obtained enough material 
for a diagnosis.

Between 30 and 40 percent of patients undergoing surgery have recurrence of 
disease (49). Identification of patients at risk for recurrence is still difficult. CTC 
measured in the peripheral blood have been linked to recurrence and could there-
fore be used to stratify patients in high and low risk groups with therapeutic 
consequences (2,23–26).

DLA to obtain sufficient CTC could play a role in both these cases by increasing 
predictive and prognostic values. However, this would also increase costs. Eco-
nomic health care cost calculation are lacking today to evaluate the benefits and 
cost effectiveness.

DLA could prove useful in the patients whom have not enough tumor cells ex-
tracted by conventional biopsies. And up to 25% of NSCLC cannot be biopsied, or 
provide enough material for evaluation and diagnoses (50). Especially fine needle 
aspirations often do not obtain enough tumor cells for analysis. It is also less inva-
sive than a mediastinoscopy. Finally, CTC measurements might be useful for pa-
tients receiving hematopoietic stem cell transplants or cell products. In patients 
with breast cancer who received bone marrow transplants, only the presence of 
CTC in the apheresis product corresponded to recurrence of disease (51). With 
the increased popularity of cellular therapies, and the ease to simultaneously 
collect the CTC fraction, screening for CTC in the blood products might be new 
approach to further improve methods to prevent relapses.

Next to the circulating blood derived biomarkers we investigated the role of 
biomarkers in the tumor microenvironment of NSCLC. In chapter 9 and 10 we 
used publicly available data to explore the immune infiltrate and the expression 
of immune genes and associations with survival. The immune system and the 
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immune infiltrate in the tumor are of great importance for the response to im-
munotherapy (52–55). While data of patients treated with immunotherapy are at 
this moment available in insufficient quantities in the public domain, data about 
treatment naïve patients are available and can provide insight in immune com-
positions that are associated with survival. Gene expression differences of gene 
groups involved in antigen presentation, co-stimulation, inhibition and cytokine 
production between NSCLC samples and normal tissue can provide clues about 
the mechanisms employed by cancer to escape the immune system. In chapter 
9, we have focused on the differences in DNA methylation and RNA expression 
between the two major subtypes of NSCLC and whether these differences were 
involved in an effect on immune function. As shown before, the genome in NSCLC 
was hypomethylated when compared to normal tissue (56,57). Hypomethylation 
of cancer-related genes is a major factor in driving the tumor cells to proliferate. 
Adenocarcinoma showed a higher methylation than squamous cell lung carcino-
ma. These histological subtypes could be differentiated by methylation and by 
RNA expression. Expression differences in five genes (KRT5, DSC3, DSG3, TP63, 
CALML3) combined could correctly classify 95% of patients in adenocarcinoma 
or squamous cell carcinoma. Subtype differentiating genes were mostly involved 
in extracellular matrix and cell structure which are already clinically used by pa-
thologists to classify cancer subtypes, highlighting the robustness of the study. 
None of the genes or methylation probes that were involved in histological sub-
types were involved in immune functions. When comparing the RNA expression 
of tumor samples with matched non-cancerous tissue, we observed that NSCLC 
samples showed a large expression variation but a clearly decreased expression 
of antigen presenting and antigen processing genes. No changes were observed 
in co-stimulatory, co-inhibitory, and cytokine production gene groups. In NSCLC 
tumor cells the central immune defect is located in the antigen presenting gene 
group.

In chapter 10 the immune infiltrate composition in mostly early stage (pretreat-
ment) NSCLC patients was assessed by means of CIBERSORT, which has a high 
concordance with immune cells measured by FACS and histology examination 
(58). The immune microenvironment was mostly composed of macrophages, 
plasma cells, CD8 T-cells, resting CD4 T-cells and memory B-cells. The differ-
ences between the two major histological subtypes of NSCLC, adenocarcinoma 
and squamous cell carcinoma were minimal. However, cell fractions that show 
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significant differences between subtypes also showed differences in their asso-
ciations with survival. For instance, the neutrophil fraction was strongly associ-
ated with shorter survival for adenocarcinoma patients, but had no association 
with survival in squamous cell carcinoma. The fractions of memory B-cells and 
naïve CD4 T-cells were associated with better survival in adenocarcinoma, but 
worse survival in squamous cell carcinoma. These differences in survival were 
reflected in corresponding differences in the immune composition. Therefore, 
the pooling of NSCLC without stratification for histological subtype might con-
found associations with survival and should be avoided.

We also investigated the cell composition in current smokers and (former) 
non-smokers. The immune composition of (former)smokers encompassed higher 
fractions of regulatory T-cells, follicular helper T-cells, neutrophils and M2 mac-
rophages. All these fractions were associated with a shorter survival. Around 80% 
of lung cancer cases can be attributed to smoking. It is believed that smoking 
induces inflammation and may influence the functionality of the immune system, 
as smokers suffer more often from (more serious) infections (59–61). Yet smok-
ing is associated with an increased chance to respond to immunotherapy. The 
exact cause is unknown, but it could be because of increased tumor mutational 
burden associated with high levels of neo-antigens, or because PD-L1 therapy 
is mostly effective in reactivating exhausted effector cells which might be more 
present in smokers (61–64).

Future prospects

In up to 25% of NSCLC no biopsies could be obtained, or the biopsies do not 
harbor enough material for evaluation and diagnoses (50). In a time where per-
sonalized treatment is becoming the norm, this lack of information can hamper 
treatment-decision-making. CTC could be a useful alternative to tumor biopsies. 
Their numbers provide additional information regarding the prognosis but also on 
the chance to respond to treatment. Studies in NSCLC comparing CTC to other 
liquid biopsies are still lacking, but CTC seem to be identified in similar proportion 
of patients and have similar prognostic value as ctDNA in our study (chapter 2).

DLA increases the number of patients with sufficient CTC detected for diagno-
sis, and increases their predictive and prognostic value. DLA based CTC analysis 
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can be considered if no tissue is available with routine diagnostic approaches. 
However it is unsuitable for sequential monitoring of CTC counts in the whole 
NSCLC population. Costs of DLA need to be decreased, or other methods to 
screen larger volumes of blood for CTC are needed. The current technology has 
not been developed to the state that it will be implemented in routine practice. 
Finally, currently we only enumerate CTC counts. We have shown that they can 
be used for single cell whole genome sequencing to detect copy number varia-
tions and structural DNA variations such as loss of chromosomal arms. Others 
have shown that specific mutations can be identified (65–67). However, for clin-
ical use it is important to evaluate the full spectrum of targetable mutations. 
Currently sequencing analyses on a single cell level is being developed at a rapid 
pace, and even RNA sequencing is becoming available, opening up more options 
in the future (68). These single cell analyses are not yet used clinically. However, 
when CTC can be isolated from larger volumes of DLA, or purified to a greater 
extent, sequencing can be performed on the DNA from pooled CTC cell suspen-
sions. Already the ISET is capable of isolating a large number of CTC, but it is a 
labor intensive method.

Surface markers can also increase the prognostic and predictive values of CTC 
as shown before (20,69). The microwell system of Vyap (which was not investi-
gated in this thesis) is capable of isolating single cells when only a small number 
of cells need to be processed (70–72). The isolated single CTC can then be used 
for genomic analyses, and even functional tests and protein production (70–72). 
Hopefully, CTC enumerations will be adapted to include genomic and functional 
analyses to provide all this information.

In tissue biopsies, neutrophils, memory B-cells, CD4 T-cells and regulatory T-cells 
should be assessed for their different functions depending on the histological 
subtypes and smoking behavior. Already, different immune scores based on cell 
counts on the peripheral blood have been developed but with limited efficacy (73). 
If these immune scores could be improved, they would provide another useful 
marker for treatment efficacy.

All in all, in the blood compartment CTC from NSCLC patients are a very prom-
ising biomarker with multiple applications. We have studied different methods 
to increase the number of CTC. However, currently we are still unable to utilize 
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them to their full potential in NSCLC. Technological advances have to be made 
first. Until then, CTC can be used for the patients in whom conventional biopsies 
did not provide the required genomic information.

In the tumor itself the primary defect is located in the decreased expression of 
antigen presenting and antigen processing genes involved in resistance. In its 
microenvironment different immune related cells are associated with survival. 
The predictive values of immune scores for the response to therapy will be fur-
ther developed.
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