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Chapter 1

Epidemiology of lung cancer

Desite novel treatment options, lung cancer still has a high mortality rate and 
short survival time, making it a devastating diagnosis for patients. Less than 
20% survive longer than 5 years, thereby it is the leading cause of cancer related 
death for both males and females (figure 1) (1–3). 

Figure 1: Estimated ten leading cancer diagnoses and deaths in 2019 Siegel et al, CA: A 
Cancer Journal for Clinicians 2019 (1)

In the Netherlands alone, 13,300 new lung cancer cases were diagnosed in 2018, 
12% of all new cancer cases (2). Lung cancer can be divided in non-small cell 
lung cancer (NSCLC) and small cell lung cancer (SCLC). NSCLC makes up the ma-
jority of lung cancer cases (85%) and can be further divided in adenocarcinoma 
(60%), squamous cell carcinoma (35%) and several other modalities making up 
the remainder.
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Most patients are (former) smokers. It is estimated that about 80% of lung cancer 
cases are attributable to smoking. Heavy smokers even have a life time risk of 
24% to develop lung cancer (4). By smoking, at least 70 different strong carcino-
gens in tobacco are inhaled that interact with the DNA of endobronchial epithelial 
and distantly located alveolar cells (5). Additionally, smoking causes continuous 
bronchial and parenchymal inflammation and is associated with increased risk 
of infections (4,6–11). Lung cancers in smokers have a high mutational burden 
(about 10.5 mutations/Mb) compared to non-smokers (0.6 mutations/Mb) (12,13).

Figure 2: Pathways for molecular targeted therapy in non-small cell lung cancer

Whether other environmental factors such as air pollution with fine-particle is 
responsible for NSCLC in non-smokers remains to be proven (14). The number 
of NSCLC patients that have never smoked is increasing. They may have only a 
few genomic aberrations (mostly single nucleotide mutation, rearrangements or 
deletions) in a tumor driver or tumor suppressor gene. These genes, such as an 
epidermal growth factor receptor (EGFR), are by themselves capable of driving 
a cell to survive and proliferate (figure 2).

1
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Survival of non-small cell lung cancer patients

Survival is determined mostly by stage of disease and which treatments are pos-
sible. Staging of NSCLC depends on the size of the tumor (T), (extent of) the in-
volvement of lymph nodes (N), and the presence of distant metastases (M). Based 
on these TNM characteristics, a tumor is classified as stage I-IV. Early stage 
lung cancer (stage I-IIIA) can be curatively treated with surgery or radiotherapy, 
sometimes combined with chemotherapy. Advanced stage lung cancers (IIIB-IV) 
receive palliative treatment with systemic therapy, e.g. chemotherapy, targeted 
therapy and immunotherapy. Median survival (time until 50% of patients have 
passed away) of patients with early stage disease is longer than five years, while 
patients with advanced stage disease on the other hand have a median survival 
shorter than 1-2 years (figure 3B). And as physical complaints occur either with 
considerable tumor burden or when the tumor infiltrates specific locations such 
as bronchus, brain or nerves, most patients present themselves when the dis-
ease is already in an advanced stage (figure 3A).

Figure 3: Stage and corresponding survival of NSCLC patients presenting at diagnosis, 
adapted from IKNL and based on the Dutch cancer registration (NKR) (3)

For those patients who present with advanced disease, prognosis is largerly de-
pendent on tumor characteristics. The tumor characteristics determine which 
treatments are effective when administered and so play a great role in prolonging 
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survival. Chemotherapy can be given to all patients but is infamous for its side 
effects. It is an intracellular poison which inhibits mitosis, or interacts with the 
DNA during cell division. Its mechanism of action affects not only tumor cells but 
also tissues which are reliant on a high turnover of cells like the intestinal lining. 
Chemotherapy in NSCLC has limited efficacy, but is often the only option to sup-
press symptoms and improve quality of life. Other therapies, i.e. targeted therapy 
and immunotherapy, which can have long lasting effects, have become available 
for NSCLC, but are only effective in a small proportion of patients. Patients with 
certain predictive genomic aberrations (figure 2), which are more often present 
in non-smoking patients, are treated with targeted therapy (12,13,15,16). When a 
targetable mutation is present, specific tyrosine kinase inhibitors (TKI’s) are an 
effective treatment, but not when the mutation is absent (15,17). TKI’s are capa-
ble of disturbing the kinase activity necessary for signal transmissions, inhibiting 
specific pathways and thereby tumor growth. While many tumors develop resist-
ance within about 2 years, many of these tumors contain secondary, resistent 
mutations for which new TKI’s are (becoming) available (15,17–19). Therefore, it has 
become important to sequentially obtain tumor biopsies to monitor the presence 
of resistant mutations and tumor evolution.

Checkpoint inhibitors (immunotherapy) act by inhibiting escape mechanisms of 
tumor cells. The most commonly used drugs inhibit the programmed death re-
ceptor 1 and its ligand (PD-L1). PD-L1 restrains the immune system as a negative 
immune regulator and inhibits the lytic activity of effector immune cells. Inhi-
bition of this receptor increases the recognition of tumor cells as foreign. In so 
doing, it increases the anti-tumor effect of the immune system. This therapy 
has recently been introduced and about 20-25% of NSCLC patients respond to 
single agent immune checkpoint inhibitors, which can be very long lasting (20). 
The presence of PD-L1 on tumor cells is a factor in determining whether a pa-
tient will respond, but is not a robust predictor. Even when PD-L1 is present on 
the majority of tumor cells, response rates only reach 40%, while up to 10% of 
patients will respond to therapy when PD-L1 is not detected. Other important 
factors might be the number of mutations (tumor mutational burden, TMB) and 
the number and type of leukocytes infiltrating the tumor. Unfortunately TMB was 
not a robust biomarker in recent clinical trials. 

1
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For immune cells there are indications that they also influence the chance to 
respond (21,22). Immune cell infiltrates have been linked to survival irrespective 
of the kind of treatment (23–25).Specific immune cells in the tumor microenvi-
ronment, associated with survival irrespective of the kind of treatment, have 
also been shown to influence the chances to respond to checkpoint inhibitors 
(21-25). As the immune system consists of interchanging parts that are highly de-
pendent on each other for their function, it is likely that the composition of the 
immune infiltrate also influences survival and response. Because of these many 
factors, we are still unable to accurately predict which patients will benefit from 
this (expensive) treatment, despite extensive research. Markers that can improve 
response prediction are therefore desperately required.

Tumor tissue obtained from primary tumors or metastases

For optimal treatment-decision-making, the histological classification, the pres-
ence of targetable mutations, immune cells and surface molecules (e.g. PD-L1) 
are important. This information is routinely obtained using formalin-fixed, par-
affin-embedded tissue blocks from tumor biopsies. However, 20 to 25% of endo-
scopic biopsies do not provide enough tumor cells to perform molecular predic-
tive testing or the DNA is of low quality (26). Sometimes they do not even contain 
enough tumor cells for well-established histo-pathological examination. Addition-
ally, biopsies are invasive for the patient and not without possible complications.

Circulating tumor cells

Possible alternatives for conventional biopsies are ‘liquid biopsies’. As the tumor 
grows, tumor cells enter the bloodstream, and disseminate throughout the body 
(figure 4). These so-called circulating tumor cells (CTC) can be identified in the 
bloodstream by their different morphology (larger and more rigid), cell surface 
markers and genomic aberrations.
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Figure 4: Different mechanisms that lead to the blood release of tumor cells and tumor 
DNA from the primary tumor.

CTC have been described as early as 1869 by Ashworth (27). Tumor cells can be 
identified from the blood cells by tumor-specific genomic alterations such as 
mutations or copy number changes (CNA) and/or the expression of different (sur-
face) markers reflected by their epithelial (tumor) origin. In 1994 development of 
magnetic nanoparticles allowed the isolation of CTC which appear in a very low 
frequency in the bloodstream. The epithelial marker used for CTC isolation was 
the epithelial cell adhesion molecule (EpCAM). This technique was first reported 
in 1999 as the CellTracks method which enumerated CTC in a blood sample (28). 
The technique has since been further developed and automated, resulting in the 
currently used CellSearch system (29). This system received FDA clearance in 
2004 and is the only FDA cleared technique to identify and enumerate CTC from 
a tube of blood (7.5mL) for metastatic prostate, breast and colon carcinoma (30). 
In these malignancies, and in lung cancer as well, the number of CTC is prognostic 
for shorter progression free and overall survival (31–33). CTC persistence after 
treatment is associated with therapy failure for many malignancies (31,34–41). In 
fact, their counts and change after therapy are stronger correlated to survival 
than response evaluation by computed tomography (CT) in metastatic breast and 
small cell lung cancer patients (32,33,42). Several morphological changes in CTC 
have been associated with chemotherapy resistance (43). And in small cell lung 
cancer, genomic analysis (assessment of copy number anomalies [CNA]) of CTC 
can be used to predict response to chemotherapy (44,45). In NSCLC, CTC are a 

1
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clear prognostic factor, but a predictive value has not been confirmed (table 1) 
(36,46–48). However, in NSCLC the use of CTC is limited by their low detection rate 
(49). Even in advanced stage NSCLC, CTC are only detected in 30% of patients 
and in almost all cases in low numbers in a routinely collected 7.5ml blood tube 
(Table 1). Yet even in these small numbers, driver mutations and the expression 
of PD-L1 can be detected (47, 50-53).

When CTC are captured in sufficient numbers, the heterogeneity of tumors can 
be studied by analyzing these cells on an individual cell level. They could be used 
to study tumor development and evolution. Unlike conventional biopsies, which 
only contain tumor material from the local biopsie, CTC probably represent the 
most relevant tumor cells in the body (54). Other advantages of CTC, as compared 
with tumor biopsies, are that they can be obtained in a minimally invasive manner, 
and can be measured sequentially to assess tumor activity under therapy. 
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Table 1: Circulating tumor cells in non-small cell lung cancer by different filtration 
techniques and outcome

Author 
(year)

Measurement 
method

Population Outcome

Hofman 
(2011)
(55)

Cellsearch & 
ISET§

210 NSCLC patients 
undergoing surgery, 
stage I-IV

Cellsearch (≥1 CTC): 82/210 positive 
(39%)
ISET (≥1 CTC): 104/210 positive (50%)
Both methods independently 
associated with diminished DFS

Krebbs 
(2011)
(36)

Cellsearch 101 NSCLC patients 
untreated stage III/IV, 
samples before and 
after treatment

≥2 CTCs: 21 patients (21%)
CTC ≥5 CTCs baseline and treatment 
CTC correlated with OS*, PFS* and 
disease stage.

Krebbs 
(2012)
 (48)

Cellsearch & 
ISET

40 patients stage 
III/IV, paired 
blood samples for 
comparison

Cellsearch (≥2 CTC): 9/40 positive 
(23%)
ISET (>1 CTC): 32/40 positive (80%)
ISET: additionally CTC clusters and 
subpopulation of EpCAM- CTCs∆

Punnoose 
(2012)
(37)

Cellsearch 
method

41 patients NSCLC, 
stage III/IV
Treated with erlotinib 
and pertuzumab

≥1 CTC: 28/37 positive (78%)
CTC count decrease correlated with 
DFS

Lou (2013)
(56)

LT-PCR+ 
(folate 
α-receptors)

72 NSCLC patients, 
stage I-IV
20 benign patients
24 healthy donors

Threshold 8.5 CTU†: detection of 
NSCLC: sensitivity 82%; specificity 
93%

Nieva 
(2013)
(57)

HD-CTC IF# 28 NSCLC patients 
with metastatic 
disease, 66 blood 
samples during 
course study

≥1 CTC per mL : 45 out of 66 (68%) 
blood samples

CTC ≥5 per mL a HR* OS 4.0.

Wendel 
(2013)
(58)

HD-CTC 78 NSCLC patients, 
chemotherapy-naïve, 
stage I-IV

≥1 CTCs per 1 mL: 57/78 (73%)
No correlation disease stage

Yue Yu 
(2013)
(59)

LT-PCR 
(folate 
α-receptors)

153 NSCLC patients, 
stage I –IV,
64 benign disease,
49 healthy controls

Threshold 8.64 CTU: detection of 
NSCLC: sensitivity 73%;specificity 
84%

1
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Author 
(year)

Measurement 
method

Population Outcome

Juan 
(2014)
(60)

Cellsearch 37 NSCLC patients, 
stage IIIB/IV, 
measurements 
at baseline and 
after 2 months 
chemotherapy

≥ 2 CTC: 9/37 positive (24%)
≥ 1 CTC: 15/39 (%)

Muinelo-
Romoy 
(2014)
(61)

Cellsearch 43 NSCLC patients, 
stage IIIB or IV and 
undergoing first line 
chemotherapy

≥1 CTC: 18/43 positive (42%)
≥5 CTC: 10/43 positive (23%)
≥5 CTCs correlated with OS and PFS

Chen 
(2015)
(62)

LT-PCR 
(folate 
α-receptors)

Validation set:
237 NSCLC patients,
stage I-IV
114 benign patients, 
28 controls

Threshold 8.93 CTU: sensitivity of 
76%; specificity 82%

Correlated with disease stage

Wan 
(2015)
 (63)

LT-PCR 
(folate 
α-receptors)

50 patients NSCLC, 
stage I-IV
35 benign patients,
28 healthy subjects

CTU correlated to disease stage

Wit (2015)
(64)

Modified 
Cellsearch 
(+EPCAM- 
CTC)

27 patients (24 NSCLC 
patients)

≥1 EpCAM+ CTC: 11/27 (41%) ≥5: 4/27 
(15%)
≥1 EpCAM- or EpCAM+ CTC: 20/27 
(74%) ≥5: 11/27 (41%)
EPCAM+ Cells ≥1 correlated with OS
EPCAM- Cells no significant 
difference in OS

All CTC numbers are in 7,5 ml of whole blood, unless stated otherwise.
*: OS: Overall survival, PFS: Progression free survival, DFS: disease free survival, HR: 
Hazard Ratio
§: ISET: isolation by size of epithelial tumor method
∆: EpCAM- CTCs: epithelial cell adhesion molecule negative circulating tumor cells 
#: HD-CTC IF: High Definition- CTC Immunofluorescence
+: LT-PCR: Ligand targeted PCR
†CTU: Circulating Tumor Cell Unit (Designation of amount of CTCs per 3 mL blood by Yu Y. 
and Chen X.)
Adapted from Tamminga et al, JTD 2019 (65)
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However, due to the low number of CTC enumerated by CellSearch in 7.5ml blood 
of NSCLC patients, they cannot be used for functional tests. Therefore it is nec-
essary to increase the number of detected CTC. The CellSearch system detects 
CTC based on the expression of an epithelial cell marker called EpCAM (28,29). 
Unfortunately, it is known that CTC from epithelial tumors (like NSCLC), undergo 
extensive changes, sometimes resembling more a mesenchymal type (ref). This 
can cause CTC to lose EpCAM expression and gain other mesenchymal markers 
like vimentin (69). When EpCAM is lost, CTC are not detected with CellSearch. 
CTC of this more mesenchymal type have been linked in some studies to immune 
evasion and chemoresistance (70,71). As such, they could have important clinical 
consequences. Therefore, assays should be explored which are capable of iden-
tifying both CTC who do, and those who do not detect EpCAM. This would likely 
increase the number of CTC that can be identified in NSCLC patients.

Another way to isolate a larger number of CTC is to increase the screened blood 
volume. Currently, CTC are detected using 7.5mL of blood (one standard blood 
collection tube). Coumans and coworkers showed that CTC are likely present in 
the majority of advanced stage cancer patients, but in too low numbers to be 
reliably identified in 7.5mL of blood (72). When CTC frequencies in blood sam-
ples are extrapolated to larger volumes, Fisher and coworkers estimated that in 
NSCLC nearly 80% of patients would have about 10 CTC detected when 750ml 
blood was screened (see Figure 5) (73).

1
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Figure 5: CTC counts in blood extrapolated to larger volumes. Figure courtesy of prof. 
Stoecklein (73)

Depriving a patient of a liter of blood is undesirable, but it is possible to screen 
larger volumes of blood. By means of a diagnostic leukapheresis (DLA) cells in the 
blood are separated based on their density (sorted weight) by means of centrifu-
gation. Specific cells can thus be selectively removed from the bloodstream. CTC 
have a density resembling that of lymphocytes, monocytes and (CD34+) hemato-
poietic stem cells, together called the mononuclear cell fraction (MNC, figure 6) 
(73). Already, CTC can be detected in the apheresis product of breast and pros-
tate cancer patients (73,74). However, the volume that can be screened by the 
CellSearch is low due to the high number of leukocytes in the apheresis product. 
Therefore, we studied subsequent filtration steps in this thesis to try to increase 
the amount of (viable) CTC.
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Figure 6: Cell number in blood with their size and density. Figure courtesy of prof. Stoeck-
lein (73)

Circulating cell-free DNA

Besides CTC, DNA also circulates in the bloodstream, either by active secretion 
or as a waste product from decaying or apoptotic cells. In the bloodstream circu-
lating cell-free DNA (cfDNA) from normal body cells is mixed with small amounts 
of circulating tumor DNA (ctDNA). Methods that are able to accurately measure 
ctDNA in plasma have become increasingly sensitive. Mutations in DNA detected 
in the plasma show a strong correlation with the presence of mutations in the 
primary tumor (53,76). When e.g. EGFR mutations are detected in plasma, this 
information can be used for the treatment decision without the need for a tumor 
biopsy. When the mutation is present in the plasma sample, outcome is similar 
compared to those measured from biopsies.

1
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Liquid biopsies have gained more attention in recent years due to the need to 
develop biomarkers for targeted therapy and immunotherapy. Specific mutations 
function as a (therapeutic) biomarker, making it the best biomarker for targeted 
treatments. For immunotherapy, PD-L1 expression, tumor mutational burden and 
tumor T-cell infiltration are biomarkers yet they are far less robust in predicting 
tumor responses.

Outline of the thesis

The goal of this thesis is:
(1) to explore the different liquid biomarkers available for use in NSCLC,
(2)  to explore the predictive value of CTC as a biomarkers for response to different 

treatments,
(3)  to increase CTC yield in NSCLC patients compared to the standard CellSearch 

in 7.5ml blood, and
(4)  to explore methylation patterns and RNA expression profiles as prognostic 

markers for survival in NSCLC tumors.

In chapter 2 the presence and meaning of four different biomarkers (EpCAM pos-
itive CTC, EpCAM negative CTC, circulating tumor DNA and tumor-derived extra-
cellular vesicles), as well as the added value of their combination, will be studied 
in a cohort of advanced NSCLC patients.

In chapter 3 and 4 novel clinical applications of CTC will be studied in two cohorts 
of advanced NSCLC patients, specifically the baseline predictive value of CTC. 
One cohort consists out of advanced NSCLC patients treated with chemotherapy 
or with TKI. The other cohort consists of patients treated with immunotherapy. 
In addition, from the second cohort treated with immunotherapy, the base line 
blood samples will be compared with data obtained from blood samples collected 
4-6 weeks after start of therapy. This will enable us to validate whether chang-
es in CTC numbers shortly after start of treatment can be linked to survival and 
disease recurrence in NSCLC patients.

The pathophysiology and release during surgery of CTC and other circulating 
epithelial cells is not well known. It has been suggested that the clearance of 
CTC occurs mostly in the microvasculature considering their low detection rate 
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in peripheral blood, but their disappearance from the blood circulation is greatly 
understudied. In chapter 5, the release of CTC during surgery at different time 
points in a central and peripheral blood vessel will be examined. Using sequential 
measurements, as well as comparing differences in dissection of the arteries and 
veins we attempted to shed more light on this fundamental issue.

To improve the clinical utility of CTC it is essential to increase their detection rate. 
In chapter 6 the possibility to use apheresis to increase the screened volume of 
blood for CTC by extracting CTC and mononuclear cells (monocytes, lymphocytes) 
from the blood of NSCLC patients is explored. Different methods to isolate and 
enumerate CTC in the DLA product will be compared to the golden standard, i.e. 
CellSearch (chapter 7 & 8).

In chapters 9 and 10, we used publically-available RNA expression data to screen 
for tumor and patient related factors determining survival of NSCLC patients. In 
chapter 9 data from the cancer genome atlas (TCGA) will be used to assess dif-
ferences between the different histiotypes of NSCLC on the level of methylation 
and RNA expression. Methylation and expression of immune related genes will be 
compared between NSCLC patients and matched control tissue to identify pos-
sible dysfunctional processes. In chapter 10 publically available RNA expression 
data from GEO will be downloaded in order to estimate 22 immune cell fractions 
in the immune infiltrate and how these immune cell fractions are associated with 
survival. Interactions between the immune cell fractions and smoking behavior 
and the two main NSCLC types (adenocarcinoma and squamous cell carcinoma) 
were of special interest.

Finally, chapter 11 is the general discussion of the dissertation.

1
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