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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 

Menno_Binnenwerk_V4.indd   10 8-8-2020   21:00:58



11

Introduction

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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13

Introduction

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

Menno_Binnenwerk_V4.indd   13 8-8-2020   21:00:58



14

Chapter 1

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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Abstract

The need for a liquid biopsy in non-small cell lung cancer (NSCLC) patients is 
rapidly increasing. We studied the relation between overall survival (OS) and the 
presence of four cancer biomarkers from a single blood draw in advanced NSCLC 
patients: EpCAMhigh circulating tumour cells (CTC), EpCAMlow CTC, tumour derived 
extracellular vesicles (tdEV) and cell-free circulating tumour DNA (ctDNA). Ep-
CAMhigh CTC were detected with CellSearch, tdEV in the CellSearch images and 
EpCAMlow CTC with filtration after CellSearch. ctDNA was isolated from plasma 
and mutations present in the primary tumour were tracked with deep sequencing 
methods. In 97 patients, 21% had ≥2 EpCAMhigh CTC, 15% had ≥2 EpCAMlow CTC, 
27% had ≥18 tdEV and 19% had ctDNA with ≥10% mutant allele frequency. Either 
one of these four biomarkers could be detected in 45% of the patients and all 
biomarkers were present in 2%. In 11 out of 16 patients (69%) mutations were de-
tected in the ctDNA. Two or more unfavourable biomarkers were associated with 
poor OS. The presence of EpCAMhigh CTC and elevated levels of tdEV and ctDNA 
was associated with a poor OS; however, the presence of EpCAMlow CTC was not. 
This single tube approach enables simultaneous analysis of multiple biomarkers 
to explore their potential as a liquid biopsy.
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Introduction

Advanced non-small cell lung cancer (NSCLC) patients are characterized by grad-
ual growing metastases in different organs, increasing tumour load and comor-
bidities that grimly determines their fate. Invasive diagnostics are often difficult 
by inability to perform invasive procedures or due to inaccessible metastases. 
Liquid biopsies may provide a convenient and patient-friendly approach to obtain 
information on prognosis and prediction of the best treatment management (1). 
Liquid biopsy approaches include the sampling and analysis of circulating com-
ponents from blood and other body fluids (2). While the clinical utility of circu-
lating tumour cells (CTC) and cell-free circulating tumour DNA (ctDNA) has been 
extensively investigated in recent years, other components such as tumour de-
rived extracellular vesicles (tdEV) have only recently been put to the focus of 
research (3–7).

CTC are epithelial cells disseminated into the blood from primary or metastat-
ic sites. The presence of CTC is predictive of relatively short survival in several 
types of cancer, including breast, prostate, colon, small and non-small cell lung 
carcinoma (8–14). CTC are rare events; they are surrounded by ~5·106 white blood 
cells and ~5·109 red blood cells per mL (15,16). For this reason the appropriate 
marker selection for enrichment is a crucial factor. In most cases, CTC detection 
is based on the expression of the cell surface epithelial cell adhesion molecule 
(EpCAM), as it is expressed by the majority of epithelial derived cancers, while 
hematopoietic cells show no or only very little expression (17,18). However, the sole 
use of EpCAM for CTC isolation might lead to an underestimation of CTC num-
bers because tumour cells expressing low amounts of EpCAM might be missed 
by the system. While EpCAM expressing CTC have shown to be highly clinically 
relevant, recently, the relevance of the presence of CTC expressing no or low 
EpCAM in cancer patients, is the subject of debate. While many subpopulations 
can be described, the clinical utility of these cells is barely addressed (19–23).

The use of ctDNA as a clinical response marker for NSCLC patients has already 
moved into the clinical routine and EGFR T790M testing from plasma has been 
proven to complement tissue-based testing (5). However, this can be applied to 
only a subset of patients harbouring an activating EFGR mutation, while an untar-

2
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geted approach, which does not require prior knowledge of the mutation status 
the tumour, would facilitate a more widespread application.

Tumour derived Extracellular Vesicles (tdEV) comprise of a variety of vesicles se-
creted or budded of from cancer cells and are known to play an important role in 
many tumour biological processes (7,11,24,25). In a previous work we have demon-
strated that a subset of tdEV, which expresses both EpCAM and cytokeratin but 
not CD45 or DNA, can be enriched and enumerated using the CellSearch and their 
presence was strongly associated with poor overall survival (26).

While all of these biomarkers are promising for predicting survival, the predictive 
ability of the combined biomarkers may yield complementary information and 
thereby improve diagnostic sensitivity. We hypothesized that a comprehensive, 
multi-parameter approach with different highly specific tumour shedding prod-
ucts will predict those patients with a relative good prognosis from those with 
a poor prognosis. Therefore, we determined the presence of four biomarkers in 
one tube of blood in advanced NSCLC patients. Two CTC subpopulations were 
discriminated: EpCAM expressing CTC (referred to as EpCAMhigh CTC) detected 
using the CellSearch® system and no or low EpCAM expressing CTC (referred to as 
EpCAMlow CTC) detected on microsieves after filtration (21). The tdEV were iden-
tified in the images from the CellSearch using the open source imaging program 
ACCEPT, whereas plasma from the same tube was used for cell-free ctDNA ex-
traction followed by an untargeted tumour allele fraction analysis (27–29). More-
over, for a subset of patients tumour-specific mutations were tracked in plasma 
DNA using deep sequencing or Safe-SeqS (30). In total 97 NSCLC patients were 
included and the presence of these different biomarkers in an all-in-one liquid 
biopsy was explored.

Methods

Patients and healthy donors

Patients with stage IIIB and IV NSCLC were staged according to IASLC staging 
system (7th Edition) and diagnosed using FDG-PET/CT imaging and different tech-
niques to procure tumour tissue. In total 97 patients were processed: 60 patients 
were enrolled at University Medical Centre Groningen (The Netherlands) and 37 
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patients at Veneto Institute of Oncology IOV – IRCCS, Padua (Italy). All patients 
provided written informed consent and the study protocol was approved by the 
medical ethical committees. In total 12 different healthy donors donated 35 blood 
samples, which were used as controls and provided informed consent prior to 
blood donation, in accordance to the study protocol approved by the METC Twente 
ethics committee.

Blood and plasma collection

Peripheral blood samples were drawn by vena puncture into 10 mL CellSave blood 
collection tubes (Menarini Silicon Biosystems, Huntingdon Valley PA, USA) and in 
an additional EDTA blood collection tube. EDTA blood collection was performed 
routinely as part of the diagnostic process that included tumour tissue procure-
ment. For CellSearch analysis, the blood from patients was processed within 
96 hours, whereas blood samples from healthy donors were processed within 
24 hours. Blood from the CellSave tube was transferred to a CellSearch conical 
tube and centrifuged for 10 minutes at 800g without using the brake. Thereafter, 
plasma was aspirated without disturbing the buffy coat into a sterile 2 mL Eppen-
dorf tube and stored at -80°C. For CellSearch CTC enumeration the same volume 
of plasma was replaced with CellSearch Dilution buffer and again centrifuged at 
800g for 10 minutes without using the brake. Finally, the sample was placed on 
the CellTracks Autoprep for CTC analysis. Plasma from EDTA blood was removed 
immediately after sampling. Blood from EDTA collection tubes was transferred 
to 15 mL Falcon polypropylene tubes. Samples were centrifuged for 10 minutes 
at 200g at room temperature with both brake settings set to slow and followed 
by a second centrifugation step at 1,600g for 10 minutes. The upper plasma layer 
was transferred to a Falcon polypropylene tube, avoiding contact with the buffy 
coat layer and again centrifuged at 1,600g for 10 minutes. Afterwards, the super-
natant was transferred to Eppendorf tubes without disturbing the cell pellet and 
stored at -80°C. Circulating DNA from EDTA tubes was extracted within 96 hours.

Plasma DNA extraction

A total of 97 patients were included in the study. Plasma from 31 patients was 
available from two different tubes: CellSave tubes and EDTA tubes. These paired 
samples were used to evaluate differences in ctDNA recovery. For the remaining 
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66 patients plasma was only available from either CellSave (n=23) or EDTA tubes 
(n=43), respectively. Taken together, plasma DNA was extracted from 128 plasma 
samples using the QIAamp Circulating Nucleic Acid Kit (Qiagen) including EDTA 
plasma (n=74) (mean 1.0 mL, range 0.5-2.0 mL) or CellSave plasma (n=54) (mean 1.7 
mL, range 0.8-2.0 mL) and eluted in 60 µL to 90 µL nuclease-free H2O, depend-
ing on the input volume of plasma. Plasma DNA was quantified using the Qubit 
dsDNA HS Assay Kit (ThermoFisher Scientific, Waltham MA, USA).

Stratification of plasma DNA samples based on tumour fraction using 
mFAST-SeqS

Tumour fractions were assessed using the mFAST-SeqS assay, which is based 
on the selective amplification of uniquely mappable LINE1 (L1) sequences and 
can be used as an overall measure of aneuploidy and therefore corresponds to 
the plasma tumour fraction. L1 amplicon libraries were prepared as previously 
described (29). Briefly, using target-specific L1 primers, 5 µL plasma DNA was 
amplified with Phusion Hot Start II Polymerase for 8 PCR cycles. PCR products 
were purified with AMPure Beads (Beckman Coulter, Brea CA, USA), and 10 µL 
was directly used for a second PCR with 18 cycles to add Illumina specific adap-
tors and indices. L1 amplicon libraries were pooled equimolarly and sequenced 
on an Illumina MiSeq generating 150 bp single reads aiming for at least 100,000 
reads. Aligned sequence reads were counted and normalized using an in-house 
script. In order to assess over- and under-representation of read counts of each 
chromosome arm, a z-score statistic was applied by comparing read counts to a 
set of healthy individuals. In order to get a general overview of aneuploidy, a ge-
nome-wide z-score was calculated by normalizing read counts per chromosome 
arms and squaring and summing them up. Based on previous comparisons with 
genome-wide z-scores and mutant allele frequencies of somatic mutations, a 
z-score of 5 correlated with a tumour allele frequency of approximately 10% (29). 
Plasma DNA-samples were stratified based on genome-wide z-scores with high 
tumour allele frequency (z-score ≥5) and low tumour allele frequency (z-score <5).

Tracking primary tumour mutations in of plasma DNA

In 16 patient samples, in which the mutational status of the primary tumour was 
available, mutations identified in BRAF, EGFR, KRAS and NRAS were tracked in 
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plasma DNA using two deep sequencing approaches: conventional deep-Seq 
and Safe-SeqS. Validation with respect to analytical sensitivity was done with 
reference material harbouring pre-defined variant allele frequencies. To assess 
specificity we additionally sequenced a set of healthy control samples. Since the 
average error rates of the respective EGFR sequence regions were much lower 
compared to the other hotspots (e.g. 0.02 for EGFR mutations in codons T790 and 
L858 versus 1.36 for KRAS codons 12 and 13), we achieved a maximal sensitivity 
of 0.1% for conventional deep sequencing of EGFR without molecular barcodes 
for error correction. However, due to the error prone sequence context of BRAF 
and KRAS, a sensitivity of 0.1% was only achieved when using Safe-SeqS, which 
employs molecular barcoding of individual DNA template strands to track all se-
quencing reads back to a single original templates and correct for PCR errors 
during library preparation after error correction. For Safe-SeqS, on average 11.7 
ng plasma DNA (range 7.9-20.0 ng) was amplified by Phusion polymerase (Thermo 
Fisher) using amplicon specific primers whereby the sense primer contains a 
12-base unique molecular identifier (UMI). After 12 cycles of PCR, products were 
purified using Ampure XP beads (Beckman Coulter) and eluted in nuclease-free 
H2O. In a second PCR with 35 cycles, Illumina specific adapters and indices were 
added. Products were again purified and subjected to quality control and quanti-
fication on an Agilent Bioanalyzer DNA 7500 chip (Agilent Technologies). All sam-
ples were pooled equimolarly and sequenced on an Illumina MiSeq in a 2x 150 bp 
paired-end run. Generated reads were then grouped to read families according 
to the UMI. A consensus sequence of each read family and a FastQ-file from this 
sequence was generated and aligned to the human reference genome (hg19) using 
Burrows-Wheeler transformation, SAMtool and alignments visualized in the “In-
tegrative Genomes Viewer” to detect variants. For Deep-Seq, on average 5.2 ng 
(range 3.3-9.6 ng) was used for a target-specific PCR and amplified in 25 cycles 
using FastStart HiFi Polymerase (5 U/µL) followed by a Ampure XB beads (Beck-
man Coulter) purification. Illumina specific adapters and indices were added in a 
second PCR for 25 cycles. Analysis was performed as described above but with-
out collapsing the read to a consensus sequence.

EpCAMhigh CTC detection by CellSearch

CTC were enumerated in aliquots of 7.5 mL of blood with CellSearch® Circulat-
ing Tumour Cell Kit (Menarini Silicon Biosystems). Blood samples were enriched 
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for EpCAMhigh cells and stained with DAPI, Cytokeratin-PE and CD45-APC on the 
CellTracks Autoprep. Image acquisition of the stained cartridges was performed 
on the CellTracks Analyzer II and all images were stored for review by an inde-
pendent trained operator.

EpCAMlow CTC detection by filtration after CellSearch

After immunomagnetic selection of EpCAMhigh cells, the CellTracks Autoprep 
transports the remaining blood sample to a waste container. These samples can 
be used for identification of residual tumour cells, as described previously (21). In 
short, microsieves (VyCAP, Deventer, The Netherlands) were used to filter tumour 
cells from these samples, containing mostly leukocytes and EpCAMlow CTC. The 
microsieves contain 111,800 pores of 5 μm in diameter and are spaced 14 μm 
apart on a total surface area of 8 by 8 mm. After filtration, the microsieve was 
washed once with a permeabilization buffer containing PBS, 1% bovine serum 
albumin (Sigma-Aldrich, St. Louis MO, USA) and 0.15% saponin (Sigma-Aldrich) 
and was incubated in this buffer for 15 min at room temperature. Subsequently, 
a cocktail of fluorescently labelled antibodies was used to stain the cells on the 
sieve for 15 min at 37°C. The staining solution consisted of the following mon-
oclonal antibodies: three CK antibody clones targeting CK 4, 5, 6, 8, 10, 13, 18 
(clone C11) conjugated to PE (not commercialized), CK 1-8 (clone AE3) and CK 10, 
14, 15, 16 and 19 (clone AE1), both conjugated to eFluor570 (ThermoFisher Scien-
tific, Waltham, MA, USA), and one antibody targeting CD45 (clone HI30) labelled 
with PerCP (Themo Fisher Scientific). After removal of the staining cocktail, the 
microsieve was washed once and then incubated for 5 min at room temperature 
with PBS/1%BSA and fixed using PBS with 1% formaldehyde (Sigma-Aldrich) for 
10 min at room temperature. Removal of the fluid during each of the staining and 
washing steps was performed by bringing the bottom of the microsieve in con-
tact with an absorbing material using a staining holder (VyCAP). The microsieve 
was subsequently covered with ProLong® Diamond Antifade Mountant with DAPI 
(Thermo Fisher Scientific). A custom cut glass coverslip of 0.85 by 0.85 cm2 (Men-
zel-Gläser, Saarbrükener, Germany) was placed on both sides of the microsieve 
for immediate analysis or stored at -30°C awaiting further analysis.

Images covering the entire 0.64 cm2 surface of the microsieves were acquired 
on a Nikon fluorescence microscope equipped with computer controlled X, Y, Z 
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stage, a 20X microscope objective with a NA of 0.45 and a LED as a light source. 
The following filters were used: DAPI (DAPI-50LP-A-NQF) with excitation 377/50 
nm, dichroic 409 nm LP, emission 409 nm LP; PE (TRITC-B-NQF) with excitation 
543/22 nm, dichroic 562 nm LP, emission 593/40 nm and PerCP (FF02-435/40, 
FF510-Di02 and FF01-676/29 (customized filter cube)) with excitation 435/40 nm, 
dichroic 510 nm LP, emission 676/29 nm. All cubes were acquired via Nikon (Sem-
rock, Rochester, NY, USA).

Scoring of CTC by CellSearch and on microsieves

Analysis of the fluorescent images generated from the CellSearch cartridges was 
performed according the instructions of the manufacturer. Images of EpCAMhigh 
CTC candidates were identified by the CellTracks Analyzer II and presented to 
an operator for CTC classification. Cell candidates were assigned as “CTC” when 
the objects were larger than 4 µm in diameter, stained with DAPI and CK, lacked 
CD45 staining and had morphological features consistent with that of a cell (18). 
The fluorescent images from the microsieves were analysed for identification 
of EpCAMlow CTC using a plugin for the open-source software ICY (31). Operators 
were asked to annotate every DAPI+/CK+/CD45– event and classify the event as 
a CTC when morphological features were consistent with that of a cell.

Analysis of tdEV with ACCEPT

The CellTracks images from every cartridge were analysed with the open source 
image analysis program ACCEPT (www.github.com/LeonieZ/ACCEPT) (27,28,32). 
The ACCEPT toolbox detects all events present in the images by an advanced 
multi-scale segmentation approach and extracts several fluorescence intensities 
and shape measurements for every event it has found. The tdEV identified here 
are relatively large as they have been pelleted with the blood cell fraction after 
centrifugation at 800g. The selection criteria used for tdEV were: CK mean in-
tensity ≥60, CK maximum intensity ≥90, CK standard deviation of intensity ≥0.15, 
CK size <150 µm2, CK perimeter ≥3.2 µm (≥5 pixels), CK roundness <0.80 (where 
0 is perfectly round and 1 is a perfect line), CK perimeter to area <1.1, DNA mean 
intensity <5, CD45 mean intensity <5. Objects that fit the selected definition are 
depicted in blue, whereas all other objects present in the cartridge are depicted 
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in grey. Scatter plots of all parameters for tdEV are presented in Supplementa-
ry Figure 1.

Statistical analysis

Patient variables and EpCAMhigh CTC, EpCAMlow CTC, tdEV and ctDNA data were 
gathered in an independent way and blindly merged into one data set. For Ep-
CAMhigh and EpCAMlow CTC a cut-off of 2 CTC was used as threshold (18,33). For 
tdEV the cut-off threshold was set at 18 (see results). A previously established 
cut-off of 5 was used for the genome-wide mFAST-SeqS z-score to estimate high 
versus low tumour allele frequency (29). To determine associations between bi-
omarkers the non-parametric Spearman’s Rho correlation coefficient was used. 
Kaplan-Meier curves for overall survival (OS) were constructed and differences 
between groups were tested by the log-rank test. OS was defined from the first 
diagnosis to death or loss of follow-up. Subsequently, a multivariable Cox regres-
sion analysis was used to evaluate the discriminative power of favourable (above 
cut-off threshold) versus unfavourable (below cut-off threshold) biomarkers. To 
analyse the added predictive value of the biomarkers a multivariable analysis of 
changes in concordance index (C-index) was used (34). Statistical analysis was 
performed in SPSS (version 24, SPSS Inc., Chicago IL, USA) and R (R Foundation, 
Vienna, Austria). A nominal p-value <0.05 was considered to be significant.

Results

Patients and healthy donors

In this study, 97 patients with advanced NSCLC, median age of 65 years, with 
91% ECOG performance score 0-1 and 20% non-smokers were included (Table 
1). No difference in survival was found between the two locations; the median 
survival of IOV was 10.2 months and the median survival of UMCG was 9.9 months 
(p=0.693). Healthy donors (n=35) aged 20–55 years and without prior history of 
cancer or blood transmittable disease were used as controls.
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Table 1 – Advanced NSCLC patient demographics (n=97)

Site location

UMCG, the Netherlands
Veneto Institute of Oncology IOV, Italy

60 (62%)
37 (38%)

Age (years)

Median (range) 65 (40-82)

Gender

Male
Female

47 (48%)
50 (52%)

Smoking

Never
Smoker
Unknown

19 (20%)
59 (60%)
19 (20%)

ECOG Performance Status

0
1
2
3
4

54 (56%)
34 (35%)
6  (6 %)
2  ( 2 %)
1  ( 1 % )

Therapy type

Chemotherapy
Targeted therapy
Immunotherapy
Unknown

41 (42%)
23 (23%)
24 (25%)
10 (10%)

Cancer type

Adenocarcinoma
Squamous cell carcinoma

59 (61%)
38 (39%)

Mean follow-up time in months (min-max)

Alive
Dead

16 (4-30)
7 (1 -25)

Status at last follow-up

Alive
Dead

36 (37%)
61 (63%)

2

Menno_Binnenwerk_V4.indd   41 8-8-2020   21:01:00



42

Chapter 2

Classification of EpCAMhigh CTC, EpCAMlow CTC and tdEV

EpCAMhigh CTC were identified in the thumbnail images presented to the operator 
by the CellTracks Analyzer II. The EpCAMlow CTC were manually identified in the 
images scanned from the microsieves with the open source imaging ICY soft-
ware. Three typical images of EpCAMhigh CTC (panel A), EpCAMlow CTC (panel B) 
and tdEV (panel C) are displayed using the ACCEPT software in Figure 1. In this 
patient sample a total of 40,094 events were detected by ACCEPT. After appli-
cation of the criteria for an event to be assigned as a tdEV, in total 113 objects 
were identified as a tdEV (panel D).

Figure 1 – Gallery of CTC and tdEV

Thumbnail gallery of EpCAMhigh CTC from CellSearch (A), EpCAMlow CTC from microsieves 
(B) and EpCAMhigh tdEV from CellSearch (C), showing fluorescent signal for DAPI and/or CK 
(red circle drawn by the ACCEPT software). The scale bar in the overlay thumbnails is 6.4 
µm. Panel D shows a scatter plot of every object present in the cartridge for characteristics 
in size (y-axis) and fluorescent mean intensity (x-axis). The tdEV are identified with a multi 
parameter gate and are visualized as blue dots. The remaining objects that do not fit the 
multi parameter gate are visualized as grey dots.
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Presence of CK positive EpCAMhigh and EpCAMlow cells and tdEV in 
healthy donors

In order to assess the specificity of our classification system, blood of 35 healthy 
donor samples were processed for the detection of CK positive EpCAMhigh and 
EpCAMlow cells and tdEV. While only one EpCAMhigh cell was found in a single con-
trol sample (2.9%), EpCAMlow cells were detected in five of the 35 samples (14.3%) 
(mean 0.2, ±0.5 SD, range 0-2), and of these samples, two samples (5.7%) were on 
the ≥2 CTC threshold. The mean tdEV count in these samples was 5.1 (median 3, 
range 0-36) with a standard deviation (SD) of 6.7. For tdEV, the cut-off threshold 
was established at 18; based on the mean tdEV plus two standard deviations (5.1 
+ 2*(6.7) = 18.4). One sample was above the ≥18 tdEV threshold.

Presence of EpCAMhigh CTC, EpCAMlow CTC, tdEV and ctDNA in NSCLC 
patients

In 20 patients (21%) ≥2 EpCAMhigh CTC were detected, in 15 patients (15%) ≥2 Ep-
CAMlow CTC, in 29 patients (30%) ≥18 tdEV and 18 patients (19%) showed high (>10%) 
tumour allele frequency with genome-wide mFAST-SeqS. EpCAMhigh CTC, tdEV 
and ctDNA were significantly correlated with each other, but not with EpCAMlow 
cells. The frequency distribution is illustrated in Figure 2 and in more detail in 
Supplementary Table S1. ctDNA fraction was determined in the plasma from either 
the CellSave tube (n=23) used for CTC enumeration or from an additional EDTA 
tube (n=74). Concentration of plasma total DNA ranged from 11.9 to 407 ng per mL 
plasma (mean 69.87 ng/mL) for CellSave tubes and 4.6 to 780.3 ng per mL plasma 
(mean 98.7 ng/mL) for EDTA tubes. To determine if CellSave plasma yields differ-
ent ctDNA levels as conventional EDTA plasma, we evaluated the concordance 
of ctDNA fractions from 31 patients, of which both tubes were available. Due to 
the fact that z-scores below 3 cannot be used as quantitative measures, only a 
moderate but significant correlation (r=0.493, p=0.005) was observed when all 
samples were considered. However, after assigning samples into various z-score 
categories (low: 0-5, elevated: 5-10, and high: 10-50), all samples fell into the same 
category indicating a high consistency between the two tubes.

2
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High resolution analysis of tumour mutation in plasma

Molecular analysis of the primary tumour was performed in 46 of the 97 (47%) of 
the patients; however, only in 16 patients a specific mutation was detected. Due 
to the limited sensitivity of mFAST-SeqS and to test whether high-resolution se-
quencing methods can also be applied to CellSave plasma we searched for these 
mutation in plasma. We were able to tracked tumour-specific mutations with 
ultra-deep sequencing in 11 of these 16 patients (69%). Consistent with the low 
mFASt-SeqS z-scores for these patients (range 0.47-3.99) the detected variant 
allele frequencies (VAF) detected were also low ranging from 0.1-5.3%. Detailed 
information on the mutations and their VAFs, as wells as CTC and tdEV counts, 
for these patients are shown in Table 2.

Figure 2 – Frequency distribution of all biomarkers in NSCLC patients
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Frequency distribution of EpCAMhigh CTC, EpCAMlow CTC, tdEV and z-score for ctDNA of 97 
NSCLC patients. Percentages displayed above the black bar represent the patients that 
score above the threshold for that biomarker. Thresholds are: two CTC for EpCAMhigh and 
EpCAMlow, 18 vesicles for tdEV and a z-score of 5 for ctDNA, representing approximately 
10% mutant DNA alleles. z-score was determined in 74 samples from EDTA tubes (open 
circle) and in 23 samples from CellSave tubes (filled circle).

Table 2 – Tumour mutations located in 16 NSCLC patients

Pt Mutation primary 
tumor

EpCAMhigh 
CTC

EpCAMlow 
CTC

tdEV Z-score Wild 
type 

reads

Mutated 
reads

VAF 
%*

Method

1 KRAS: c.37 G>T; 
p.G13C

3 0 52 0.91 16,577 476 2.79 SS

2 EGFR: p.L747_
P753delinsS

1 6 9 2.06 179,591 0 0.00 DS

EGFR: c.2369 C>T; 
p.T790M

3 KRAS: c.38 G>A; 
p.G13D

1 3 33 3.99 60,274 2,911 4.61 SS

4 KRAS: c.35 G>C; 
p.G12A**

0 5 5 1.95 48,546 151 0.31 SS

5 ALK: c.3616 T>G;p.
S1206A

0 3 2 2.23 410,108 1,179 0.29 DS

6 EGFR: 
c.2315_2316insGTT; 
p.P772_H773insF

0 3 0 1.15 430,091 611 0.14 DS

7 BRAF: c.1406 G>T; 
p.G469V

0 1 17 0.49 45,137 459 1.01 SS

8 NRAS: c.182 A>G; 
p.Q61R

0 1 1 1.23 36,371 52 0.14 SS

9 KRAS: c.34 G>T; 
p.G12C

0 1 0 2.18 203,64 177 0.09 SS

EGFR: c.2305 G>T; 
p.V769L

10 KRAS; c.34 G>T; 
p.G12C

0 0 14 2.96 166 0 0.00 SS

11 EGFR: c.2573 T>G; 
p.L858R

0 0 14 0.57 37,493 0 0.00 SS

EGFR: c.2369 C>T; 
p.T790M
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Pt Mutation primary 
tumor

EpCAMhigh 
CTC

EpCAMlow 
CTC

tdEV Z-score Wild 
type 

reads

Mutated 
reads

VAF 
%*

Method

12 EGFR: c.2126 A>C; 
p.E709A

0 0 10 2.00 619,082 1,489 0.24 DS

EGFR: c.2156 G>C; 
p.G719A

620,329 474 0.10

13 KRAS: c.183 A>C; 
p.Q61H

0 0 5 2.63 10,98 0 0.00 SS

14 EGFR: 
c.2236_2250del15; 
p.E746_A750del

0 0 5 0.54 514,839 29,039 5.34 DS

15 EGFR: 
c.2236_2250del15; 
p.E746_A750del

0 0 3 0.96 527,145 3,715 0.70 DS

16 EGFR: 
c.2240_2254del15; 
p.L747_
T751delLREAT

0 0 2 0.47 503,499 5 0.00 DS

* VAF (%) indicates the percentage of variant allele frequency found among the wild 
type alleles in ctDNA; ** Additional KRAS mutation: c.35G>T; p.G12A was found with 2.50 
VAF%; SS = Safe-SeqS; DS = Deep Sequencing.

Single blood biomarkers and overall survival of NSCLC patients

To study the discriminative value of the biomarkers NSCLC patients were strat-
ified in those with favourable and unfavourable biomarker status according to 
the threshold cut-off values (Figure 3). EpCAMhigh CTC was associated with pro-
longed overall survival (HR 2.1, 95% CI 1.2-3.7; p=0.014) with a median OS of 4.2 
months (range 1-21) for the unfavourable group (≥2 CTC) and 12.2 months (range 
1-30) for the favourable group (<2 CTC) (panel A). Secondly, tdEV was associat-
ed with overall survival (HR 2.0, 95% CI 1.2-3.5; p=0.014) with a median OS of 4.2 
months (range 1-19) for the unfavourable group (≥18) versus 12.2 months (range 
1-30) for the favourable group (<18) (panel C). Thirdly, ctDNA was associated with 
overall survival (HR 1.9, 95% CI 1.1-3.4; p=0.032) with a median OS of 5.2 months 
(range 1-26) for the unfavourable group with high tumour allele frequency (≥10%) 
versus 11.5 months (range 1-30) for the favourable group (tumour allele frequency 
<10%) (panel D). However, the presence of EpCAMlow CTC did not associate with 
overall survival (HR 1.2, 95% CI 0.6-2.3, p=0.579) with a median OS of 6.8 months 
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(range 1-30) for the unfavourable group (≥2 CTC) versus 11.0 months (range 1-29) for 
the favourable group (<2 CTC) (panel B). To study the predictive ability of the four 
biomarkers, the concordance index was calculated. For EpCAMhigh CTC the C-index 
was 0.561, for EpCAMlow CTC 0.512, for tdEV 0.565 and for ctDNA 0.551 (Table 3).

Table 3 – C-index for all biomarkers

Biomarker (univariate) C-index Biomarkers (multivariate) C-index

EpCAMhigh CTC 0.561 EpCAMhigh CTC & tdEV & ctDNA 0.575

EpCAMlow CTC 0.512 EpCAMhigh CTC & tdEV 0.570

tdEV 0.565 EpCAMhigh CTC & ctDNA 0.575

ctDNA 0.551 tdEV & ctDNA 0.573

Comprehensive multi-parameter blood biomarker

The significant biomarkers from the univariate analysis were EpCAMhigh CTC, tdEV 
and ctDNA, but not EpCAMlow CTC. The values of EpCAMhigh CTC were correlated 
with those of tdEV (0.66), ctDNA (0.35) but not with EpCAMlow CTC (0.08). The cor-
relation between tdEV and ctDNA was low (0.25). EpCAMlow CTC was not correlated 
with tdEV (0.05) or ctDNA (-0.02). To study the discriminative power of the three 
significant biomarkers from the univariate regressions, all were simultaneously 
included as categorical values (favourable and unfavourable) in a multivariable 
Cox proportional regression model. In the model none versus one unfavourable 
biomarker was not significantly different from each other (HR 1.0, 95% CI 0.4-
2.1, p=0.909), whereas two (HR 2.3, 95% CI 1.0-5.0, p=0.038) or all three (HR 2.9, 
95% CI 1.4-6.0, p=0.005) unfavourable biomarkers were significantly different 
compared to none unfavourable biomarkers (panel A in Figure 4). Therefore, we 
stratified the patients based on the presence of none and one unfavourable bi-
omarker versus two and three unfavourable biomarkers and determined the OS 
of these two groups (panel B). The patients with none and one unfavourable bi-
omarker had a median OS of 12 months (range 1-30) versus 6 months (range 1-19) 
for the patients with two and three unfavourable biomarkers (HR 2.6, 95% CI 1.5-
4.6, p=0.001). The predictive ability of all three biomarkers in the multivariable 
C-index model provides a significant contribution of 0.575 (p=0.047), but the bio-
markers themselves become non-significant. When each of the biomarkers were 
taken of the model, the drop in C-index was extremely small (Table 3). Moreover, 
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the effect size of each biomarker in the combined model became smaller and 
non-significant (EpCAMhigh CTC HR 1.4; tdEV HR 1.5 and ctDNA HR 1.5).

Figure 3 – Survival plots for each biomarker in NSCLC patients

Kaplan-Meier plots of probabilities of overall survival of 97 advanced NSCLC patients with 
favourable or unfavourable EpCAMhigh CTC (A), EpCAMlow CTC (B), tdEV (C) and ctDNA (D). To 
separate between favourable and unfavourable groups, the threshold for CTC was 2, for 
tdEV 18, and for ctDNA 10% mutant alleles (z-score of 5).
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Figure 4 – Survival plots for grouped biomarkers in NSCLC patients

Kaplan Meier plot of probabilities of overall survival of 97 advanced NSCLC patients strat-
ified for the amount of unfavourable biomarkers (EpCAMhigh CTC ≥2, tdEV ≥18 and ctDNA 
≥10%). Group 0 includes patients with no unfavourable biomarkers, group 1 with one unfa-
vourable biomarker, group 2 with two unfavourable biomarkers, and group 3 with all unfa-
vourable biomarkers (A). Two groups stratified for the presence of zero/one unfavourable 
biomarker and two/three unfavourable biomarkers (B).

Discussion

Blood may contain different tumour derived cells, vesicles and DNA molecules 
that offer a simple, patient friendly approach, to study clone diversity that may be 
most relevant to determine treatment options for patients with advanced NSCLC. 
In the CANCER-ID consortium (www.cancer-id.eu) CTC and tumour related nu-
cleic acids in blood are being extensively explored for their potential to serve as 
a predictive or prognostic factor in advanced NSCLC. In this study, members of 
this consortium explored CTC, tumour derived extra cellular vesicles (tdEV) and 
plasma nucleic analysis of 97 NSCLC patients whether a combined analysis of 
multiple liquid biopsy components is feasible on the same tube of blood and what 
information could be obtained from such analysis. From the blood collected in 10 
mL CellSave tubes for subsequent CTC analysis, on average 1.7 mL (0.8-2.0 mL) 
of plasma could be harvested and stored for ctDNA analysis before processing 
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the samples on the CellSearch system. Comparison of the CellSave plasma for 
ctDNA analysis with plasma from EDTA blood showed a strong correlation, indi-
cating that all tests can be reliably obtained from CellSave tubes, thereby facil-
itating a single tube liquid biopsy approach.

For CTC analysis, the FDA cleared CellSearch system was used and in 21% of 
the advanced NSCLC patients CTC were detected. These CTC are referred here 
as EpCAMhigh CTC and their presence has been reported to be associated with 
poor survival which was confirmed in this study (14,21). We also confirmed previ-
ous findings that the presence of EpCAMlow CTC, present in 15% of the patients, 
after filtration of the EpCAM depleted blood was not significantly associated with 
survival (21). This may question the cancerous origin of the EpCAMlow CTC. For 
single cell analysis of these EpCAMlow CTC, technology will need to be developed 
that can determine the molecular composition of these CTC on the microsieves.

In metastatic prostate cancer, objects smaller than cells expressing cytokeratin 
and lacking CD45 in the EpCAM enriched cell suspensions were associated with 
poor survival, similarly with CTC in these patients (26). Using the recently intro-
duced open source imaging program ACCEPT, the identification of these objects 
in CellSearch image sets was automated and in our NSCLC cohort these objects 
were identified with a relatively high density, with elevated levels in 27% of the 
patients. Moreover, patients with elevated tdEV numbers showed significantly 
worse survival, confirming the earlier observations of a strong relation between 
poor outcome and the presence of tdEV (35).

For ctDNA analysis we determined the tumour allele frequency in plasma DNA 
using mFAST-SeqS assay, which measures the aneuploidy fraction of circulating 
DNA (29). It is of note that mFAST-SeqS has a limited analytical sensitivity and 
a correlation of z-scores with tumour allele frequency can only be provided in 
patients with high tumour allele frequency (≥10%). mFAST-SeqS z-scores in the 
lower range are not informative, but indicate a low tumour DNA content. Never-
theless, the intent of this study was not an absolute quantification of tumour-de-
rived fragments in plasma but rather the assessment of a fast and cost-effective 
method to stratify patients into groups of high and low tumour allele frequencies 
and to combine these data with other liquid biopsy components. Patients with 
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high tumour allele frequencies (19%) had significantly poor survival, similar to 
elevated EpCAMhigh CTC and tdEV.

Blood derived tumour markers EpCAMhigh CTC, tdEV and ctDNA in advanced NSCLC 
were each associated with poor survival. Two or three unfavourable biomarkers 
– all shedding from the tumour – discriminates poor prognosis better than one 
biomarker, but the predictive contribution of each biomarker is small, as was 
shown by the drop in C-index after removing each biomarker from the model. We 
questioned whether there is still room for their own contribution to survival since 
serious collinearity arises with higher correlations between biomarkers. In other 
words, these biomarkers come from the same underlying biological processes 
but still may have their own dynamics that may influence survival. However, the 
lack of power – that is the low number of patients where all three biomarkers 
were present – prohibited significance for the predictive accuracy.

Although EpCAMhigh CTC, tdEV and ctDNA may be useful to identify a subset of 
NSCLC patients with a relatively poor prognosis, it does not address the ques-
tion whether information can be retrieved to predict whether patients are eli-
gible for targeted therapy. Expression of mutated proteins, such as EGFR, can 
be assessed on CTC and tdEV, but only in those harbouring such mutations (i.e. 
~20% of patients with advanced NSCLC). In this cohort of patients, mutations 
in the primary tumour were identified in 16 of the 46 NSCLC patients (34%), of 
whom molecular profiling of the tumor was performed. Based on mFAST-SeqS 
the ctDNA fractions of these patients were very low. The z-scores ranged from 
0.47-3.99 and were therefore below the dynamic range of this method. However, 
specific mutations can easily be tracked in ctDNA with a much higher analytical 
sensitivity (36–38). To test whether such ultra-deep sequencing methods can also 
be applied to CellSave plasma, we tracked tumour-specific mutations in these 
patients. In 11 of the 16 patients (69%) mutations could be identified in plasma 
with variant allele frequencies ranging from 0.1 to 5.3%, which is consistent with 
the respective low z-scores. Yet, our concordance rate was slightly lower than 
those reported for metastatic NSCLC patients that range between 74-85% (39). 
However, given our small samples size and the low amount of DNA input (which 
might lead to sampling errors at low variant allele frequencies), our data might 
not be representative. Nevertheless, these data show that the high-resolution 
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assessment of mutations might yield in increased ctDNA detection rates, and 
therefore improve patients stratification based on tumour fraction.

The true potential of a liquid biopsy lies in determining genetic alterations asso-
ciated with therapy resistance or new mutations occurring during the course of 
the disease. A variety of different liquid biopsy approaches have been evaluat-
ed for their clinical potential in NSCLC. Due to the low efficiency to retrieve high 
CTC numbers (30% of the patients have 1 or more CTC; 8% with >5 CTC per 7.5 
mL blood) and elevated plasma DNA tumour fractions all fall short when it comes 
to a broad patient coverage (33,40–42). In this study we detected one of the bio-
markers in 45% of the patients, whereas each individual biomarker was detect-
ed in 15-27% of the patients. A potential solution to increase these percentages 
even further is to increase the blood volume that can be analysed which can be 
obtained through a diagnostic leukapheresis (43). Studies in advanced NSCLC 
are currently being conducted in the CANCER-ID consortium to evaluate whether 
this approach can yield sufficient number of CTC or ctDNA to yield a liquid biopsy 
for the majority of NSCLC patients (44).

Taken together, here we report for the first time a single tube approach enabling 
a simultaneous analysis of EpCAMhigh CTC, EpCAMlow CTC, tdEV and ctDNA. Except 
for EpCAMlow CTC, the presence of each component was associated with a poor 
clinical outcome in advanced NSCLC patients. Two or more biomarkers discrim-
inated an unfavourable subgroup of advanced NSCLC.
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Supplementary data

Supplementary Table S1 – Biomarkers in NSCLC patients

EpCAMhigh CTC EpCAMlow CTC tdEV ctDNA NSCLC patients

- - - - No biomarker: 53

+ - - - 2

- + - - 8

- - + - 6

- - - + 4

One biomarker: 20

+ + - - 0

+ - + - 7

+ - - + 0

- + + - 2

- + - + 2

- - + + 2

Two biomarkers: 13

+ + + - 1

+ + - + 0

+ - + + 8

- + + + 0

Three biomarkers: 9

+ + + + Four biomarkers: 2

2
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Supplementary Table S2 – Univariate analysis

Variable Categories OS risk Patients (n)

Positive Negative HR (95% CI) P

EpCAMhigh CTC ≥ 2 < 2 2.1 (1.2-3.7) 0.014 97

EpCAMlow CTC ≥ 2 < 2 1.2 (0.6-2.3) 0.579 97

EpCAMhigh tdEV ≥ 18 < 18 2.0 (1.2-3.5) 0.014 97

ctDNA z-score ≥ 5 < 5 1.9 (1.1-3.4) 0.032 97

Age Continuous 1.0 (1.0-1.1) 0.116 93

Gender Male vs Female 1.6 (0.9-2.7) 0.090 93

ECOG performance 
status

Continuous (0-4) 0.9 (0.6-1.3) 0.490 92

Smoking 2 vs 1 vs 0 1.1 (0.7-1.6) 0.777 92

Therapy Continuous (0-4) 1.1 (0.9-1.4) 0.457 92

Mutation status Continuous (0-10) 1.0 (1.0-1.1) 0.123 92
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Supplementary Figure S1 – ACCEPT plots for tdEV

ACCEPT plots of each parameter for defining tdEV. Events that fit the definition of tdEV 
are depicted as blue dots and all other events present in the sample are depicted as grey 
dots. A pink bar represents the restriction value for that parameter, whereas the green bar 
represents the minimal value for that parameter.
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Abstract

Background
It is unknown whether the presence of circulating tumor cells (CTC), a known prog-
nostic factor, influences treatment outcome. We investigated whether baseline 
CTC in non-small cell lung cancer (NSCLC) patients treated with tyrosine kinase 
inhibitors (TKI) or chemotherapy was associated with response to therapy.

Materials and Methods
We included consecutive advanced NSCLC patients, stratified by therapy. Before 
treatment the number of CTC was measured by CellSearch. Tumor response rates, 
progression free (PFS) and overall survival (OS) in patients with and without CTC 
at baseline were compared.

Results
We included 86 patients (34 treated by TKI). Response rates of patients with CTC 
were lower than in patients without CTC (OR=0.22, p<0.01, adjusted for perfor-
mance score and smoking status). In both treatment groups, the difference in 
response rates between patients with and without CTC was similar (TKI response: 
25% with CTC versus 73% without CTC, chemotherapy response: 35% versus 51% 
respectively, interaction p=0.17).

CTC was associated with a worse PFS (Hazard Ratio [HR]=2.0, 95% confidence 
interval [CI]= 1.2-3.2, p=0.01) and OS (HR=1.7, 95% CI=1.1-2.8, p=0.03) after adjust-
ment for performance score and stage. The association remained significant 
after adding tumor response to the model (PFS: HR=1.9, 95% CI=1.0-3.0, p=0.01, 
OS: HR=1.6, 95% CI=1.0-2.6, p=0.05). No significant interaction between CTC pres-
ence and therapy was observed (p=0.42 for PFS and p=0.83 for OS).

Conclusion
Presence of CTC in advanced NSCLC patients is associated with low response 
rates, shorter PFS and OS, independent of the received therapy.
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Background

Lung cancer accounts for 13% of new cancer cases diagnosed and is responsible 
for 19% of all cancer related deaths, partly explained by the fact that most lung 
cancer have advanced disease at the time of diagnosis (1). New cancer drugs, 
such as tyrosine kinase inhibitors (TKI) targeting EGFR, ALK, ROS-1, RET and BRAF 
mutations, and checkpoint inhibitors have markedly improved the prognosis for 
a select group of non-small cell lung cancer (NSCLC) patients (2,3). Unfortunate-
ly, resistance towards targeted therapies usually emerges within one year (4,5). 
Therefore it becomes of great value to monitor the disease via minimally invasive 
techniques such as circulating tumor cells (CTC) derived from the bloodstream, 
as treatment may be adjusted at the earliest moment.

CTC have been proven to be an important and independent prognostic marker 
in several cancers, including lung cancer (6–14). The presence of CTC may be a 
reflection of the metastatic tumor burden or tumor invasiveness, explaining the 
strong association with overall survival (OS) (10,12,13). However, whether baseline 
CTC may predict tumor responses to therapy, irrespective of their prognostic 
value has not been investigated.

We hypothesized that CTC at baseline is an indicator for worse tumor response 
in advanced NSCLC patients treated with tyrosine kinase inhibitors or chemo-
therapy. In addition, response rates to chemotherapy and targeted therapy were 
compared between patients with and without CTC to determine whether there 
are differences in treatment efficacy.

Materials and Methods

Patient inclusion

Consecutive patients with histologically proven bulky stage III or stage IV NSCLC, 
treated with chemotherapy or TKI, were eligible for inclusion in this exploratory 
prospective single center cohort study. The study was approved by the Medical 
Ethical Committee (NTR5540) and informed consent was obtained from all pa-
tients.

3
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Enumeration and scoring of CTC

Before the start of treatment (baseline) 7.5 mL of whole blood was drawn into a 
CellSave blood collection tube (Menarini Silicon Biosystems, Huntingdon Valley PA, 
USA) and processed for CTC enumeration by the CellSearch® Circulating Tumor 
Cell Kit within 96 hours. CTC were determined according to previously published 
protocols (11,14). In short, cells were separated based on the expression of the ep-
ithelial cell adhesion molecule (EpCAM), by means of magnetic beads. Afterwards 
cells that did not express CD45 and were positive for the expression of EpCAM, 
cytokeratin (8/18/19) and DAPI were considered to be CTC.

For NSCLC there is no predefined cut-off for CTC counts. Previous studies in 
NSCLC have used a value of 1 or 2 CTC per 7.5mL (8,9,15). We decided to use the 
lowest cut-off value of 1 CTC per 7.5mL blood (CTC presence).

Clinical assessment and retrievement of clinical data

Clinical assessments were done by the treating physician blinded for CTC scores. 
Molecular predictive testing was performed on pretreatment tissue biopsies using 
an in-house panel (version PGMv001) on the IonTorrent platform covering 11 clini-
cally relevant genes (namely ALK, BRAF, EGFR, ERBB2, GNA11, GNAQ, KIT, KRAS, 
NRAS, PDGFRA and PIK3CA), and by means of FISH and immunohistochemistry 
on ALK, ROS1 and RET for adenocarcinoma patients, while amplification of FGFR1 
was measured in squamous cell carcinoma patients (16,17). Molecular profiles of 
late-stage adenocarcinoma of the lung were retrieved from the database of the 
Laboratory of Molecular Pathology at the UMCG.

Therapy response:

The response to treatment was measured after 6 weeks according to the Re-
vised Response Evaluation Criteria In Solid Tumors version 1.1 (RECIST 1.1) denoting 
tumor response as progressive disease (PD), stable disease (SD), partial response 
(PR) and complete response (CR) (18). Patients with a PR or CR were classified as 
responders, while PD and SD were denoted as non-responders in the analyses. 
Progression free survival (PFS, time from start of treatment until disease pro-
gression occurred as defined by RECIST 1.1), and OS (time until death after start 
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of treatment) were retrieved from the patients file. Follow up was completed in 
November 2018, at which time 9 patients were still alive, all having a follow up of 
at least 42 months.

Statistical analysis

Descriptive analyses were performed for all patients and by therapy group (TKI 
versus chemotherapy). Differences between treatment groups were tested by 
means of Fisher’s exact and Mann-Whitney U tests. Logistic regression was used 
to determine differences in response rates between patients with and without 
CTC, while Cox regression analysis was used to assess differences in survival. 
Multivariable models were used, with covariables selected in a backward condi-
tional method. In short, all clinical parameters (age, gender, PS, smoking status, 
stage, mutations and therapy line) were included in the original model, after which 
a selection was made. Covariables with p>0.157 (based on the Akaike information 
criterion) were excluded, starting with the highest p value. When CTC were signif-
icantly related to tumor response and survival, response would be incorporated 
as a covariable in the survival model to evaluate whether the relationship with 
response explained the difference in survival. A sensitivity analysis (i.e. repeat-
ing the logistic regression and Cox regression analyses with a more homogenous 
population by using more stringent inclusion criteria) was performed including 
only adenocarcinoma patients. This was done to exclude disproportionate effects 
of other histological subtypes, considering that TKI treatment is mostly given 
to patients with adenocarcinoma. If CTC were significantly associated with re-
sponse or survival, the same model would be repeated, with the inclusion of an 
interaction term, composed of CTC presence and therapy group. This was done 
to evaluate whether the correlation of CTC with response or survival differed 
depending on the treatment that was given. If the interaction term was signifi-
cant, the response rates or survival time for patients with and without CTC were 
different depending on the given therapy.

Outcomes are given as odds ratio (OR) for the logistic regressions (a value below 
1 corresponds to a worse response rate), and hazard ratios (HR) for the Cox re-
gression analyses (a value above 1 corresponds with a shorter survival). An effect 
is considered significant when p<0.05 in a two sided test. All analyses are per-
formed using SPSS version 23.

3
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Power analysis:

As this is the first study exploring the possibility that the presence of CTC lowers 
tumor response rates, we assumed that response rates would be twice as high 
for patients without CTC as they would be for patients with CTC.

For targeted therapy the response rate for patients without CTC was assumed to 
be 70%, and for patients with CTC 35%. Assuming α=0.05 and α=0.8, we would 
need to include 32 patients in the targeted therapy group. For the patients treat-
ed with chemotherapy we assumed that 60% would have a partial or complete 
response when no CTC were detected. Therefore we would need 56 patients in 
the chemotherapy group.

Results

Patient characteristics

Eighty-six patients were included in this prospective study. Thirty-four received 
TKI. Baseline patient characteristics show that stage of disease, smoking, his-
tology and DNA aberrations differed between the TKI and chemotherapy group 
(table 1).
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Table 1. Baseline characteristics of 86 advanced NSCLC patients who were treated with 
either chemotherapy or tyrosine kinase inhibitors

Characteristic Total 
population 

(N=86, 100%)

Chemotherapy 
(N=52, 58%)

TKI therapy
(N=34, 42%)

Age Mean (sd) 62 (11) 62 (10) 61 (12)

Gender Female
Male

47 (55)
39 (45)

25 (48)
27 (52)

22 (65)
12 (35)

ECOG 1 PS 0
PS 1
PS 2

50 (58)
29 (34)
7  (8 )

25 (48)
21 (40)
6  ( 1 2)

25 (74)
8 (24)
1 (2)

Smoking 
status*

Smoker 62 (72) 44 (85) 18 (53)

Stage* III
IV

10 (12)
76 (88)

9  ( 1 7 )
43 (83)

1 (3)
33 (97)

Histology* Adenocarcinoma
Squamous cell
other

75 (85)
9 (10)
4  ( 5 )

39 (75)
9  ( 1 7 )
4  ( 8 )

3 6 
( 1 0 0 )
0 (0)
0 (0)

Treatment line First
Second
Third or higher

60 (70)
18 (21)
8  (9)

39 (75)
10 (19)
3  ( 6 )

21 (62)
8 (23)
5 (15)

DNA 
aberrations* 2

None identified
EGFR
KRAS
ALK/ROS
BRAF
FGFR
Other

38 (44)
22 (26)
9 (1 1)
7  (8 )
8  (9)
1  ( 1 )
1  ( 1 )

38 (7 3)
2  ( 4 )
9  ( 1 7 )
1  ( 2 )
0  ( 0 )
1  ( 2 )
1  ( 2 )

0 (0)
20 (59)
0 (0)
6 (18)
8 (23)
0 (0)
0 (0)

1 Eastern Cooperative Oncology Group Performance Score
2 Molecular profiling performed on tissue biopsy of adenocarcinoma using a NGS 
multigene panel including TKI-targetable mutations, FISH for ALK, ROS1 and RET 
rearrangements and IHC for ALK expression on adenocarcinoma. Squamous cell 
carcinoma was tested for FGFR1 amplifications.
*Covariable was significantly different between treatment groups (P<0.05)
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Patients in the chemotherapy group received cisplatin (n=30, 58%) or carboplatin 
(N=22, 42%) combined with either pemetrexed, gemcitabine or paclitaxel. Patients 
receiving TKI were mostly treated with erlotinib for EGFR mutations (N=11, 32%) or 
dabrafenib for BRAF mutations (N=7, 21%). Specific information on TKI treatment 
and respective DNA aberrations is provided in supplementary table S1. Tumor re-
sponse and survival were not different between both groups. (table 2). Patients 
in the chemotherapy group mostly had immunotherapy on disease progression, 
while TKI patients did not. The presence of CTC and their number did not differ 
between treatment groups. No significant differences were identified between 
patients with and without CTC (supplementary table S2).

There were seven patients with ≥5 CTC /7.5mL blood (4 received TKI and 3 chemo-
therapy). All of these patients had progressive disease at 6 weeks and died within 
3 months.

Table 2. Response, survival and circulating tumor cell counts of 91 advanced NSCLC 
patients. treated with either chemotherapy or tyrosine kinase inhibitors

Characteristic Total 
population 

(n=86, 100%)

Chemotherapy 
(n=52, 60%)

TKI therapy
(n=34, 40%)

CTC detected Median (range) 
Patients with CTC
CTC=1
CTC=2-4
CTC>5

0 (0-151)
29 (34)
7  ( 8 )
1 5 (1 7 )
7  ( 8 )

0 (0-29)
17 (33)
5 (10)
9 (1 7 )
3  ( 6 )

0 (0-151)
12 (35)
2  ( 6 )
6 (1 7 )
4 (12)

Tumor 
response 1

Complete response
Partial response
Stable disease
Progressive 
disease

6  ( 7 )
3 7 (4 3)
1 3 (1 5)
30 (35)

3  ( 6 )
21 (40)
10 (19)
18 (35)

3  ( 9 )
16 (47)
3  ( 9 )
12 (35)

Median PFS2 Months (range) 5 (0-55) 5 (0-55) 8 (0-45)

Median OS3 Months (range) 11 (0-55) 9 (1-55) 11 (0-53)

1 Revised Response Evaluation Criteria In Solid Tumor v1.1
2Progression free survival
3Overall survival
No significant differences between patient groups were observed
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Tumor response rates

Tumor response rates at six weeks were signifi cantly lower in patients who had 
CTC detected in 7.5mL of blood (31% responding) compared to patients without 
CTC (61% responding, p=0.01). After adjustment for PS and smoking status, the 
presence of CTC remained signifi cantly associated with worse tumor response 
(OR=0.22, 95% confidence interval [CI]=0.07 - 0.65, p<0.01). The sensitivity 
analysis including only patients with adenocarcinoma showed a similar relation 
(OR=0.16, CI= 0.05 - 0.6, p<0.01).

Stratifi ed for treatment group CTC were predictive of lower response rates for 
both TKI treatment (OR=0.04, CI= 0.00 - 0.62, p=0.02) and chemotherapy (OR=0.23, 
CI= 0.05 - 0.97, p=0.05) in a multivariable analysis.

The interaction term between presence of CTC and treatment was not signifi cant 
(TKI response: 25% with CTC versus 73% without CTC, chemotherapy response: 
35% versus 51% respectively, interaction p=0.27. Figure 1).

Figure 1. Percentage responders of non-small cell lung cancer patients stratifi ed for their 
given treatment (chemotherapy or tyrosine kinase inhibitors [TKI]) and circulating tumor 
cell (CTC) presence at baseline.

3
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Survival and CTC

As shown in figure 2, patients with CTC had a median PFS of 3.3 months (TKI: 2.3, 
chemotherapy: 4.2), and an OS of 5.2 months (TKI: 2.5 months, chemotherapy: 6.1 
months). For patients without CTC median PFS was 8.0 months (TKI: 8.4, chemo-
therapy: 5.7) and OS was 12.1 months (TKI: 12.1, chemotherapy: 11.8).

The presence of CTC was associated with a worse PFS (HR=2.0, [95 %CI=1.2 - 
3.2], p=0.01) and OS (HR=1.7, [95% CI=1.1 - 2.8], p=0.03). The difference in survival 
caused by the presence of CTC did not differ between treatment groups (inter-
action p=0.56 for PFS and p=0.65 for OS). PS and stage remained significant co-
variables in the model.

When correcting for response to treatment in the multivariable model, the pres-
ence of CTC remained significantly associated with worse PFS (HR CTC=1.9, [95% 
CI=1.0 - 3.0], p=0.01) and OS (CTC HR=1.6, [95% CI=1.0-2.6], p=0.05).

The sensitivity analyses with only adenocarcinoma patients showed similar re-
sults (PFS: HR=1.9, [95% CI=1.1 - 3.3], p=0.02, OS: HR=2.1, [95% CI=1.2-3.6], p<0.01), 
even when taking response into account (PFS: HR=1.8, [95% CI=1.0 - 3.0], p=0.04 
OS: HR=1.8, [95% CI=1.1 – 3.1], p=0.03).

Figures show progression free survival (PFS, A) and overall survival (OS, B). Patients were 
stratified for the presence of circulating tumor cells (CTC) at baseline (whole line: CTC=0, 
dashed line: CTC≥1 ) and for given therapy (chemotherapy: black, tyrosine kinase inhibitor 
[TKI]: grey). Patients with CTC had significantly shorter PFS and OS compared to patients 
without CTC (median PFS of 3.3 versus 8.0 months respectively, log rank test p<0.01, and 
median OS of respectively 5.2 and 12.6 months, log rank test p<0.01). CTC decreased surviv-
al in both treatments groups. Median PFS and OS of patients without CTC receiving TKI was 
9.6 and 16.1 months respectively, while for patients without CTC receiving chemotherapy 
it was 5.7 and 11.8 months respectively. Median PFS and OS of patients with CTC receiving 
TKI was 1.8 and 2.5 months respectively and for patients with CTC receiving chemotherapy 
it was 4.2 and 6.1 months respectively.
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Figure 2. Progression-free and overall survival of 86 advanced non-small cell lung cancer 
patients, stratifi ed for circulating tumor cell presence at baseline and therapy.

3
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Discussion

In this study we showed that the presence of CTC before therapy is a risk factor for 
worse tumor response rates and survival in advanced non-small cell lung cancer, 
irrespective of treatment. The response rate to TKI treatment is severely lowered 
in patients with CTC.

CTC have shown to be prognostic for lung cancer previously (6–14). Additionally, 
an increase in CTC numbers during treatment is associated with worse response 
and shorter PFS and OS (7,19,20). However, this is the first study reporting that the 
presence of CTC at baseline in advanced NSCLC patients is associated with worse 
response to therapy, and that this is independent of the given therapy.

The lower response rate in those with CTC could be due to epithelial to mesenchy-
mal transition (EMT) that tumor cells and CTC may undergo, inducing increased 
expression of genes related to resistance to chemotherapy, as seen in possible 
cancer stem cells (21,22). Other possibilities are that CTC indicate more tumor 
burden influencing the physical state of a patient, causing a decreased drug tol-
erability, and/or that CTC are associated with a more aggressive tumor, leading to 
less responsiveness to treatment and shorter survival (10,12,13).

Alternative liquid biopsies which can predict the response to targeted therapy have 
been investigated. Circulating tumor DNA (ctDNA), may be shed from the original 
tumor or its metastases and is another option besides CTC as a liquid biopsy (23–26). 
As TKI’s target aberrant proteins or receptors, their corresponding DNA mutations 
can be detected in the plasma, foregoing invasive biopsies.

While mutations can also be identified in CTC, ctDNA can be detected in a larger pro-
portion of patients and outperforms mutation detection in CTC (26,27). Yet ctDNA 
has been shown to have no additional predictive value compared to mutations de-
tected in the tumor biopsy like CTC in our study (28–30). Additionally, when enough 
CTCs are isolated functional testing can be performed. Moreover, one can measure 
the tumor heterogeneity and the potential propensity characteristics of the tumor.

Currently, CTC are detected in only 30-35% of patients with advanced NSCLC. How-
ever, they can be obtained in a larger proportion of patients in greater numbers 
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when an increased blood volume obtained through leukapheresis is analyzed (31,32). 
In the apheresis product CTC are more concentrated, allowing easier detection and 
further functional analysis. Already, differences in the expression of programmed 
death ligand 1 (PD-L1) and epithelial cell adhesion molecule (EpCAM) have been iden-
tified on CTC, with different consequences for prognosis (11,15,33,34). But whether 
this can be used to improve the association of CTC with response is still unknown.

For our study, we used a real life patient cohort of 86 patients with advanced NSCLC. 
Despite the small number and heterogeneity, CTC were still significantly associated 
with lower response, even with a cut off value of CTC≥1, indicating their profound 
influence on outcome.

While for other tumors a cut off value of ≥5 CTC is recommended, in NSCLC a 
lower cut off is used due to the low CTC counts identified (7). While cut off values 
for NSCLC differ between investigators, they are often 1 or 2 CTC in 7.5mL of blood 
(8,9,11,15,20). We decided to use CTC≥1 as a cut off based on previous studies and 
to maximize the amount of patients that were CTC positive (8,9).

Conclusions

Patients who had targetable mutations and were treated with tyrosine kinase in-
hibitors had CTC present in similar proportions to patients without targetable mu-
tations treated with chemotherapy (31% and 35% respectively). The presence of 
CTC was associated with worse tumor response rates and survival for both TKI 
and chemotherapy.
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Supplementary table 1: NSCLC patients treated with TKI, response and CTC counts

Gender Therapy 
line

Treatment 
given at 

CTC date

Mutation present Response CTC 
detected

male 1 erlotinib EGFR E746_A750del PR CTC=0

male 1 erlotinib EGFR L858R PR CTC=0

female 1 erlotinib EGFR L858R and PIK3CA E542K PR CTC=0

male 1 erlotinib EGFR G719S and E709A PR CTC=0

male 1 erlotinib EGFR L858R PR CTC=0

male 1 erlotinib EGFR E746_A750del, KIT M425K PR CTC=0

female 2 erlotinib EGFR E746_A750del PR CTC=0

male 1 erlotinib EGFR L858R PD CTC=0

female 1 erlotinib EGFR G719A and S768I PD CTC=0

female 1 erlotinib EGFR G719A, EGFR R776H PD CTC=0

male 1 gefitinib EGFR E746-T751del PR CTC=0

male 1 gefitininb EGFR E746_A750del PR CTC=0

female 2 afatinib EGFR E709A, EGFR G719A PR CTC=0

female 3 afatinib EGFR L858R and EGFR T790M SD CTC=0

male 3 afatinib EGFR D770-N771insSVD SD CTC=0

female 2 osimertinib EGFR G719S en T790M SD CTC=0

female 1 dabrafenib BRAF V600E PR CTC=0

male 2 dabrafenib/
trametinib

BRAF V600E PR CTC=0

female 2 dabrafenib/
trametinib

BRAF V600E PR CTC=0

female 2 dabrafenib/
trametinib

BRAF V600E, PR CTC=0

male 1 dabrafenib/
trametinib

BRAF V600E PD CTC=0

female 1 crizotinib ROS1 rearrangement 58%, IHC ND PR CTC=0

female 3 osimertinib EGFR L747_p753delinsS and T790M CR CTC≥1

female 2 brigatinib ALK S1206A CR CTC≥1

female 1 erlotinib EGFR E746_A750del PD CTC≥1

3
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Gender Therapy 
line

Treatment 
given at 

CTC date

Mutation present Response CTC 
detected

female 2 afatinib EGFR p.L747_749del PD CTC≥1

female 6 rociletinib EGFR E709A en G719S PD CTC≥1

female 1 dabrafenib BRAF V600E PR CTC≥1

female 1 dabrafenib BRAF V600E PD CTC≥1

male 1 vemurafenib BRAF V600E PD CTC≥1

female 1 crizotinib ALK rearrangement 35%, IHC 
positive

PD CTC≥1

female 1 crizotinib ALK rearrangement, 46%, IHC 
positive

PD CTC≥1

female 1 crizotinib ALK rearrangement 74%, IHC 
positive, ROS1 rearrangement 22%

PD CTC≥1

male 3 alectinib ALK rearrangement 41% IHC negative PD CTC≥1

Response was based on the RECIST 1.1 criteria and denoted as progressive disease 
(PD), stable disease (SD), partial response (PR), complete response (CR) depending on 
the tumor size changes after therapy and the development of new metastatic sites. 
IHC=Immunohistochemistry. ND=Not done.
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Supplementary table 2: Characteristics of advanced non-small cell lung cancer patients 
stratified for the presence of circulating tumor cells (CTC)

Characteristic Total 
population 

(n=91, 100%)

Patients with 
CTC=0

(n=61, 67%)

Patients with 
CTC≥1

(n=30, 33%)
Age Mean (sd) 6 2 (11) 62 (9) 62 (13)
Gender Female

Male
49 (54)
42 (46)

30 (49)
31 (51)

19 (6 3)
11 (3 7 )

ECOG 1 PS 0
PS 1
PS 2

53 (58)
31 (3 4)
7  ( 8 )

37 (61)
19 (31)
5  (8)

16 (5 3)
12 (40)
2  ( 7 )

Smoking status Smoker 65 (70) 44 (72) 21 (70)
Stage III

IV
1 0 (1 1)
80 (89)

9 (1 7 )
43 (83)

1  ( 3 )
3 7 (97)

Histology Adenocarcinoma
Squamous cell
other

76 (84)
1 1  (1 2)
4  ( 4 )

51 (83)
8 (13)
2  (8)

25 (83)
3  ( 1 0)
2  ( 7 )

Treatment line First
Second
Third or higher

64 (70)
19 (21)
8  ( 9 )

43 (71)
13 (21)
5  (8)

21 (70)
6  (2 0)
3  ( 1 0)

DNA aberrations 2 None identified
EGFR
KRAS
ALK/ROS
BRAF
FGFR
Other

38 (43)
22 (23)
9  ( 1 0)
9  ( 1 0)
8  ( 9 )
3  ( 3 )
2  ( 2 )

26 (43)
17 (28)
6 (10)
4  (6)
5  (8)
2  ( 3 )
1  ( 2 )

12 (40)
5  ( 1 7 )
3  ( 1 0)
5  ( 1 7 )
3  ( 1 0)
1  ( 3 )
1  ( 3 )

Tumor response 3 Complete 
response
Partial response
Stable disease
Progressive 
disease

5  ( 6 )
37 (40)
15 (1 7 )
34 (38)

3  ( 5 )
30 (49)
12 (20)
16 (26)

2  ( 7 )
7  ( 2 3 )
3  ( 1 0)
18 (60)

Therapy given TKI4

Chemotherapy
39 (42)
52 (57)

26 (43)
35 (57)

13 (4 3)
17 (5 7)

Progression free 
survival

months (range) 5 (0-55) 8 (0-55) 3 (0-37)

Overall survival Months (range) 11 (0-55) 12 (1-55) 5 (0-46)

1 Eastern Cooperative Oncology Group Performance Score
2 Molecular profiling performed in tissue biopsy of adenocarcinoma using a NGS 
multigene panel including TKI-targetable mutations, FISH for ALK, ROS1 and RET 
rearrangements and IHC for ALK expression on adenocarcinoma. Squamous cell were 
tested for FGFR1 amplifications.
3 Revised Response Evaluation Criteria In Solid Tumor v1.1
*Covariable was significantly different between treatment groups (P<0.05)

3
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Abstract

Background
Non-small cell lung cancer (NSCLC) patients treated with checkpoint inhibitors 
show long lasting responses, but it is hard to predict which patients will profit from 
this treatment with the currently used marker, programmed death ligand 1 (PD-L1). 
We hypothesized that circulating tumor cells (CTC) or tumor derived extracellular 
vesicles (tdEV) are markers of treatment efficacy.

Methods
Patients with advanced NSCLC treated with checkpoint inhibitors were includ-
ed. Blood was drawn at baseline (T0) and at 4 weeks of treatment (T1) for analysis 
of CTC and tdEV using CellSearch®. Tumor response was classified as partial or 
complete response based on the response evaluation criteria in solid tumors (RE-
CISTv1.1) measured 4-6 weeks after start of treatment. Durable response was de-
fined as stable disease, partial or complete response without disease progression 
at 6 months. Analyses were adjusted for covariables including PD-L1 expression.

Results
We included 104 patients (30 with a tumor response, 74 non-responders, 2 respons-
es not evaluable due to early death); 63 patients provided T1 samples. All patients 
were treated with PD-L1 inhibitors. The majority of patients received second (85%) 
or third line (treatment with nivolumab monotherapy (89%). CTC were present in 
33/104 patients at T0 (32%) and 17/63 at T1 (27%), 9/63 patients had CTC (14%) at both 
time points. The presence of CTC, both at T0 (OR=0.28, p=0.02,) and T1 (OR=0.07, 
p<0.01), was an independent predictive factor for a lack of durable response and 
was associated with worse progression free and overall survival. More tdEV were 
associated with shorter survival but not with response rate.

Conclusion
CTC occur in one third of advanced NSCLC patients and their presence is a pre-
dictive factor for a worse durable response rate to checkpoint inhibitors. tdEV are 
associated with shorter survival but not with response.
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Introduction

Lung cancer accounts for 13% of newly diagnosed cancer cases and is responsible 
for 19% of cancer related deaths, translating to over a million deaths worldwide 
annually (1,2). While checkpoint inhibitors have been able to ensure long-lasting 
survival, this is only achieved in approximately 20% of non-small cell lung cancer 
(NSCLC) patients, whereas the remainder experiences little or no benefit from 
this treatment (3,4). Some patients have responses that are remarkable durable 
(>6 months), but these are a subset of the patients who have an initial response. 
Imaging does not identify these patients, as even patients with stable disease 
can remain stable for a prolonged time.

A biomarker that can accurately predict the response to checkpoint inhibitors 
would therefore be of great clinical benefit. At present the expression of pro-
grammed death-ligand 1 (PD-L1) measured by immunohistochemistry (IHC) on 
tumor biopsies predicts tumor response to a certain extent, but is not a robust 
predictor for an individual patient (5).

Possible early markers of response to checkpoint inhibitors are circulating tumor 
cells (CTC) and tumor-derived extracellular vesicles (tdEV) (6–9). Both are derived 
directly from the original tumor or metastatic sites. CTC are epithelial tumor 
cells that have been expunged into the bloodstream and can settle at a second-
ary site to form metastases. Their presence has been reported to be an inde-
pendent prognostic marker of relative short overall survival (OS) in several types 
of cancer, including NSCLC (10–16). It is possible that the presence of CTC is a 
reflection of the tumor burden or invasiveness causing them to be associated 
with worse survival (10,13,17). These characteristics allow them to be used as a 
liquid biopsy in a less invasive approach to obtain information on prognosis and 
treatment management.

Similar to CTC, tdEV are derived from the tumor and associated with worse sur-
vival in NSCLC and hormone refractory prostate cancer (8,18). They are vesicles 
expressing epithelial cell adhesion molecule (EpCAM) and cytokeratin, but in con-
trast to CTC, do not have a nucleus. Recently, de Wit et al showed that tdEV can 
be found in NSCLC and are associated with survival, using tdEV≥18 per 7.5mL 
blood as a cut off, based on healthy controls (8).
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Considering their value as a prognostic marker, we hypothesized that the presence 
of CTC and higher tdEV counts (≥18 tdEV /7.5mL) are associated with a worse early 
and durable tumor response rate to checkpoint inhibitors in advanced NSCLC 
patients. For this purpose we determined CTC and tdEV counts in a prospective 
exploratory cohort of real life NSCLC patients treated with checkpoint inhibitors.

Methods

Patients

Patients with advanced NSCLC (stage IIIB and IV), eligible for treatment with 
checkpoint inhibitors towards PD-L1 or PD-1 receptors were asked to participate 
in this prospective exploratory cohort study. Patients received routine checkpoint 
inhibitors intravenously. Blood samples were drawn in the week before the start 
of checkpoint inhibitor therapy (T0) and four to six weeks after start of therapy 
(T1). All assessments were performed by the treating physician and occurred 
without knowledge of CTC and tdEV counts. Measured variables included: age; 
gender; Eastern Cooperative Oncology Group Performance Score (PS); smok-
ing status; stage; histology; treatment lines; tumor size; number of locations 
of metastases; PD-L1 expression detected with the 22C3 antibody; checkpoint 
inhibitor medication; tumor response, time to progression and overall survival.

Additionally for adenocarcinoma patients tumor DNA mutations were detected by 
next generation sequencing with the Ion Torrent using an in-house panel (IonP-
GM-v002) targeting hotspots in 24 genes with 82 amplicons (targeted genes are: 
AKT, ALK, BRAF, EGFR, ERBB2, ESR1, GNA11, GNAQ, GNAS, H3F3B, HRAS, IDH1, 
JAK2, KIT, KRAS, MAP2K1, MET, NRAS, PDGFRA, PIK3CA, POLE and ROS1), while 
FISH was used to detect rearrangements of the ALK, ROS1 and RET genes (Vysis 
Break Apart FISH probes). ALK rearrangements were confirmed with immuno-
histochemistry. For squamous cell carcinoma patients amplifications of FGFR1 
were detected with FISH (19,20).

The study was approved by the Medical Ethical Committee and informed consent 
was obtained from all patients (METc nr. 2017/217).
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Tumor Response

Early tumor response was measured 4-6 weeks after start of treatment using 
the revised Response Evaluation Criteria In Solid Tumors (RECIST) v1.1 (21). Pa-
tients with stable disease (SD), progressive disease (PD) and patients who had a 
non-evaluable response (NE) due to early death were deemed as having no early 
tumor response, while patients with a partial response (PR) or complete response 
(CR) were seen as responders. Durable response was defined as patients who had 
either SD, PR or CR, with no progression measured by RECIST v1.1 for at least 6 
months (3,4).

Enumeration of EpCAMhigh CTC and tdEV with CellSearch

Aliquots of 7.5 mL whole blood were enumerated for CTC and tdEV with the Cell-
Search® Circulating Tumor Cell Kit within 48 hours after blood draw in a CellSave 
tube (Menarini Silicon Biosystems, Huntingdon Valley PA, USA). Blood from the 
CellSave tube was transferred to a CellSearch conical tube and centrifuged for 
10 minutes at 800g without using the brake, after which the sample was placed 
in the CellSearch Autoprep for analysis. The blood samples were immunomag-
netically enriched for cells and tdEVs expressing EpCAM and stained with DAPI, 
CK-PE and CD45-APC. Image acquisition of the CellSearch cartridges contain-
ing the enriched and stained cell suspension was performed on the CellTracks 
Analyzer II.

Scoring of CTC and tdEV

CTC candidates in the images from the cartridges were identified by the Cell-
Tracks Analyzer II and presented to a trained operator for CTC classification per 
manufacturer instructions. CTC were defined as objects larger than 4 µm in di-
ameter, stained with DAPI and CK, lacked CD45 staining and had morphological 
features consistent with that of a cell(22). All CellTracks images from all cartridges 
were analyzed using the open source imaging program ACCEPT (23–25). In short, 
the ACCEPT toolbox uses an advanced multi-scale segmentation approach and 
extracts fluorescence intensity and shape measurements for every event found. 
Based on selection criteria selected by the user, the program can present all 
events conforming to the criteria. The selection criteria used for tdEV were: CK 
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mean intensity ≥60, CK maximum intensity ≥90, CK standard deviation of intensi-
ty ≥0.15, CK size <150 µm2, CK perimeter ≥3.2 µm (≥5 pixels), CK roundness <0.80 
(where 0 is perfectly round and 1 is a perfect line), CK perimeter to area <1.1, DNA 
mean intensity <5, CD45 mean intensity <5. As the blood was centrifuged at 800g 
and the plasma discarded before processing on the CellSearch system, the de-
tected tdEV were relatively large vesicles (>1 μm) (26).

Statistical analysis

Descriptive statistics were used for clinical characteristics. Patients were sep-
arated in favorable and unfavorable groups based on the presence of CTC, and 
for 18 or more tdEV. The cut off value of 18 tdEV was used previously by de Wit 
et al and is based on the mean tdEV count in 35 healthy donors (tdEV=5.1), with 
two standard deviations (6.7) (8).

The change in CTC and tdEV over time was calculated. This variable was subse-
quently dichotomized into patients with 0 CTC at both time points or decreas-
ing CTC/tdEV counts (favorable group) and patients with increasing CTC or tdEV 
counts (unfavorable).

Differences between patients in the favorable and unfavorable group were com-
pared by means of T-tests and Mann-Whitney U tests for continuous variables 
and X2 tests or Fishers exact test for categorical variables.

The primary endpoints were differences in early tumor and durable response 
rates between patients with and without CTC and elevated or not elevated tdEV. 
If the X2 or Fishers Exact test were significant, binary logistic regression was 
used corrected for clinical parameters and expressed as odds ratios (OR) for re-
sponse (>1 indicates response benefit). In this multivariable model, covariables 
were selected in a backward conditional method, with p=0.1 as a cutoff. In short, 
all previously mentioned variables were included in the base model. Covariables 
with a p>0.1 were one by one removed from the model, starting with the highest 
p value, until all variables in the model had p<0.01. The covariables in the final 
model are reported.
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Secondary endpoints, PFS and OS, were investigated using Cox regression analy-
ses. Covariables for these multivariable models were selected in the same way as 
for the logistic regression analyses. Corrected Hazard ratios (>1 indicates shorter 
survival) and p-values were provided for CTC and tdEV independently. In all anal-
yses, a p value of 0.05 or smaller was deemed significant. Outcomes from the 
logistic regressions, indicating an association with response rates were deemed 
predictive, while associations from the Cox regression analyses, indicating an 
association with survival, were seen as prognostic.

Results

A total of 104 patients with advanced NSCLC who started checkpoint inhibitors 
were included. T1 samples (obtained between four and six weeks after start 
treatment) were obtained in 63 of these cases. Of 41 patients no T1 sample was 
obtained: 24 had progression or deceased before the second sample could be 
taken, one patient refused a second sample and 16 cases could not be obtained 
or processed. Mutations were detected in 47/104 patients (45%), mostly KRAS 
mutations (n=33/104; 32%). These mutations were not significantly associated 
with tumor response.

Early tumor responses (PR or CR measured at 4-6 weeks by RECISTv1.1) were ob-
served in 30/104 patients (29%), with 4 CR, 26 PR, 24 SD and 48 PD. Two patients 
had a non-evaluable response due to early death (denoted as PD). Durable re-
sponses (SD, PR or CR measured at 6 months) were observed in 40/104 patients 
(38%). Patient characteristics are described in Table 1, with an overview of CTC 
and tdEV counts in Table 2.

PD-L1 expression could not be determined in 23 patients (22%) as the tumor ma-
terial was of insufficient quality or quantity for PD-L1 analysis. From the remaining 
81 patients, 44 (54%) had no PD-L1 expression (<1%), 19 (23%) had PD-L1 expression 
between 1-49% and 18 (22%) had PD-L1 expression ≥50% (table 1).

Patients with PD-L1 >50% responded in 9/18 (50%) cases, significantly higher than 
patients with lower PD-L1 expression wo responded in 17/63 (27%) cases (OR=3.0, 
p=0.06 for early tumor response and OR=2.9, p=0.05 for durable tumor response).
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Table 1: Characteristics of advanced NSCLC patients treated with checkpoint inhibitors

Total 
population

(n=104)

Patients with
CTC at T0 

(n=33)

Patients 
without CTC at 

T0 (n=71)

n (%) n (%) n (%)

Age Median (range) 65 (29-83) 67 (41-83) 65 (29-80)

Gender Male
Female

5 8 (4 4)
4 6 (5 6)

1 7  ( 5 1 )
1 6  (4 9)

41  ( 5 8 )
3 0  (4 2 )

ECOG PS* 0
1
2

5 0 (4 8)
52 (5 0)
2  ( 2 )

9  ( 2 7 )
23 ( 7 0)
1  ( 3 )

41  ( 5 8 )
2 9  ( 41 )
1  ( 1 )

Smoking 
status

Smokers
Non smokers
Unknown

9 4 (9 0)
3  ( 3 )
7  ( 7 )

2 8 (8 5)
2  ( 6 )
3  ( 9 )

6 6  (9 3 )
1  ( 1 )
4  ( 6 )

Stage III
IV

1 2  ( 1 1 )
9 2 (8 9)

1  ( 3 )
32 (9 7 )

1  ( 1 6 )
6 0  (8 4)

Histology Adenocarcinoma
Squamous cell 
carcinoma
carcinosarcoma

7 6 ( 7 3)
2 7 (2 6)
1  ( 1 )

24 ( 7 2)
8  ( 2 4 )
1  ( 4 )

5 2  ( 7 3 )
1 9  ( 2 7 )
0  ( 0 )

Therapy line 1
2
≥3

4  ( 4 )
8 7 (8 4)
1 3  ( 1 2 )

3  ( 4 )
5 9 (8 3)
9  ( 1 3 )

1  ( 3 )
2 8  (8 5 )
4  ( 1 2 )

Metastatic 
sites

0
1
2
3
>3

1 5  ( 1 4)
3 7 (3 6)
3 5 (3 4)
1 0  ( 1 0)
6  ( 6 )

2  ( 6 )
1 3  (41 )
1 2 ( 3 8)
4  ( 1 3 )
1  ( 3 )

1 3  ( 1 8 )
24  ( 3 4)
2 3  ( 3 2 )
6  ( 9 )
5  ( 7 )

Mutations** None identified
KRAS
Other

4 6 (4 4)
3 3 (32)
1 4  ( 1 3 )

1 8  ( 5 5)
9  ( 2 7 )
6  ( 1 8 )

3 9  ( 5 5 )
24  ( 3 4)
8  ( 1 1 )

PD-L1*** < 1%
1-49% expression
≥50% expression
Not evaluable****

4 4 (4 3)
1 9  ( 1 8)
1 8  ( 1 7 )
23 (2 2)

1 6  (4 9)
7  ( 2 1 )
5  ( 1 5 )
5  ( 1 5 )

2 8  ( 3 9)
1 2  ( 1 7 )
1 3  ( 1 8 )
1 8  ( 2 5 )
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Total 
population

(n=104)

Patients with
CTC at T0 

(n=33)

Patients 
without CTC at 

T0 (n=71)

n (%) n (%) n (%)

Therapy Nivolumab
Pembrolizumab
Atezolizumab
Ipilimumab/
Nivolumab

8 9 (8 5)
8  ( 8 )
5  ( 5 )
2  ( 2 )

2 9 (8 5)
2  ( 6 )
1  ( 3 )
1  ( 3 )

6 0  (8 3 )
6  ( 9 )
4  ( 7 )
1  ( 1 )

Response**** Complete 
Response
Partial Response
Stable Disease
Progressive 
Disease

4  ( 4 )
2 6 (2 5)
24 (2 3)
5 0 (4 8)

0  ( 0 )
7  ( 2 1 )
5  ( 1 5 )
2 1  (6 1 )

4  ( 6 )
1 9  ( 2 7 )
1 9  ( 2 7 )
2 9  ( 3 9)

Durable *****
response

>6 months
<6 months

6 4 (6 2)
4 0 (3 8)

7  ( 2 1 )
2 6 ( 7 9)

3 3  (4 6)
3 8  ( 5 4)

* Eastern Cooperative Oncology Group Performance Score, patients with CTC had 
significantly more often PS ≥1 than patients without CTC (p=0.02)

** Mutations were identified by NGS, specifically the Ion Torrent using an in-house 
panel (IonPGM-v002) (adenocarcinoma). DNA amplifications and rearrangements 
were detected by means of FISH (adenocarcinoma and squamous cell 
carcinoma). 

*** PD-L1 expression was measured by certified pathologists on at least 100 tumor 
cells with 22C3 antibodies 

**** PD-L1 could not be evaluated in 23 patients as biopsied material was of 
insufficient quality or quantity. 

***** Revised Response Evaluation Criteria In Solid Tumor v1.1, Non evaluable was due 
to early death of the patient 

****** Durable response was defined as SD, PR or CR for at least 6 months. Those who 
had a shorter tumor response duration had more often CTC (p=0.01)
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Table 2: Circulating tumor cells and tumor derived extracellular vesicles

Biomarker Descriptive Median (range) /
number of patients (%)

CTC at T0
(n=104)

Median (range)
Patients with CTC
Patients with CTC>5

0 (0-141)
33 (32)
10 (10)

CTC at T1
(n=63)

Median (range)
Patients with CTC
Patients with CTC>5

0 (0-85)
17 (27)
2 (3%)

Change in CTC
(between T0 and T1)
(n=63)

Median (range)
Pts with decrease
Pts with increase
Pts with no change

0 (-8 – +39)
11 (16)
11 (17)
41 (65)

tdEV at T0
(n=104)

Median (range)
Pts with tdEV≥18

6.5 (0 - 1753)
27 (26)

tdEV at T1
(n=63)

Median (range)
Pts with tdEV≥18

5 (0 - 1975)
11 (17)

Change in tdEV
(between T0 and T1)
(n=63)

Median (range)
Pts with decrease
Pts with increase
Pts with no change

-1 (-46 - +222)
33 (52)
29 (46)

1 (2)

Circulating tumor cell (CTC) and tumor derived extracellular vesicle (tdEV) count 
measured by CellSearch in 7.5mL of blood aided by automated imaging. For automated 
imaging the Accept program was used, an open source program introduced by Zeune et 
al (20-22)

Presence of CTC

CTC were present in 33/104 T0 samples (32%), of whom most had 1 CTC (n=11/104; 
11%). Ten out of all 104 patients (10%) had more than 5 CTC detected. At T1, 17/63 
patients (27%) had CTC; of these patients 8 (47%) did not have CTC at T0. Six pa-
tients who did have CTC at T0 had no CTC detected at T1. Patients with CTC at both 
time points showed an increase in three cases, and a decrease in five cases. One 
patient had 1 CTC per 7.5 mL blood at both time points.

Out of the four patients who had a complete response, 3 had 0 CTC at both T0 and 
T1. Of the ten patients with CTC>5 at T0, two patients had a tumor response (PR), 
with durable responses being observed in three patients (the two aforementioned 
patients and one patient with SD).
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CTC and early tumor response

Patients with CTC at T0 did not respond differently from those without CTC, with 
7/33 (21%) versus 23/71(32%) responding respectively (p=0.2, fi gure 1).

Patients with CTC at T1 less often had a tumor response (2/17, 12%) compared to 
those without CTC at T1 (19/46, 41%; p=0.04), but this difference was not signif-
icant after adjustment for other factors (PD-L1, PS, number of organs with me-
tastases and histological subtype) (OR=0.22, p=0.08).

Patients who had no CTC at either time point (n=40) or decreasing CTC counts (n=11) 
had a tumor response in 20/51 cases (39%) while patients with increased or stable 
CTC counts at T1 only responded in 1/12 cases ((8%; p=0.04). In the multivariable 
analysis this difference in response was no longer signifi cant (OR=0.13, p=0.08).

Figure 1: Percentage of early and durable responders by CTC presence at baseline and 
change after therapy.
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Percentage of advanced non-small cell lung cancer (NSCLC) patients with an early response 
(partial and complete response according to the revised response evaluation criteria in 
solid tumors v1.1 [RECIST 1.1],) and durable response (stable disease, partial response and 
complete response according to RECIST 1.1 without progression in 6 months) to checkpoint 
inhibitors with and without circulating tumor cells (CTC) at T0 (A) and by increased or stable 
(ΔCTC) CTC counts when measured at 4 to six weeks of therapy (B). Early response rates 
were not signifi cantly different (T0: OR=0.67, p=0.56; ΔCTC OR=0.13, p=0.08) but durable 
response rate was signifi cantly lowered in patients with CTC (T0 OR=0.28, p=0.02; ΔCTC 
OR=0.04, p=0.01).

CTC and durable response

Patients with CTC at T0 had a durable response in 7/33 cases (21%), which was 
signifi cantly lower compared to patients without CTC at T0, who responded in 
33/71 patients (46%; p=0.03). This relation remained signifi cant after adjustment 
for covariables (age, PS, histological subtype, PD-L1, number of organs with me-
tastases, OR=0.28, p=0.02).

The presence of CTC at T1 was also predictive for lower durable response rates. 
Patients with CTC at T1 had a durable response in 1/12 cases (12%) compared to 
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25/46 cases (54%) without CTC at T1 (p<0.01), which remained significant in the 
multivariable analysis (OR=0.07, p<0.01).

Patients with either no CTC at both time points or decreasing CTC, had a durable 
response in 25/51 cases (51%) versus 1/12 cases (8%) with increased CTC (p<0.01). 
This association remained significant after adjustment for the selected factors 
(OR=0.04, p=0.01).

Association of CTC with PFS and OS

Presence of CTC, adjusted for PS and histological subtype, was correlated with 
PFS and OS at T0 (HR=1.6, p=0.05; HR=2.2, p<0.01 respectively, figure 2), T1 
(HR= 3.2, p<0.01; HR=3.2, p<0.01 respectively). An increase in CTC also corre-
sponded with shorter PFS and OS (increased CTC HR=3.4, p<0.01; HR=3.7, p<0.01 
respectively).

After adding tumor response as a dichotomous variable to the multivariable model, 
CTC were no longer significantly correlated to a worse PFS at T0 (HR=1.5, p=0.13), 
but remained associated with a worse OS at T0 (HR=1.89, p=0.02) , and worse PFS 
and OS at T1 (PFS HR=3.6, p<0.01; OS HR=2.2, p=0.03) and when CTC counts in-
creased after therapy (PFS HR= 4.46, p<0.01; OS HR=2.4, p=0.04).

Presence of tumor derived extracellular vesicles (tdEV)

At T0, tdEV were present in 94 patients (90%, median 7, range 0-1752), and at 
T1 in 66 patients (94%, median 5, range 0-1975). There were 26 patients (25%) at 
T0 who had tdEV≥18, and 10 patients (16%) at T1. In 33 patients (52%) there was 
a decrease of tdEV while in 29 cases (46%) there was an increase, with only one 
patient having the same number of tdEV at both measurements (tdEV=4).
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Figure 2: Progression-free and overall survival of NSCLC patients treated with checkpoint 
inhibitors stratifi ed for baseline CTC

Progression-free survival (PFS, A) and overall survival (OS, B) of patients with advanced 
non-small cell lung cancer (NSCLC) treated with checkpoint inhibitors, stratifi ed for base-
line circulating tumor cells (CTC). Median PFS and OS of patients with baseline CTC was 
signifi cantly shorter than that of patients without CTC (PFS: 1.4 months versus 4.8 months, 
log rank p<0.01, OS: 4.5 months versus 12.1 months, log rank p<0.01).
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Tumor derived extracellular vesicles (tdEV) and early tumor response

Patients with tdEV<18 and tdEV≥18 did not respond differently, with respectively 
7/27 (26%) and 23/77 (30%) early responders at T0 (p=0.70, supplementary figure 
1), and 18/52 (35%) and 3/11 (27%) early responders at T1 (p=0.64).

Tumor derived extracellular vesicles (tdEV) and durable tumor response

No significant difference in durable response rate was observed between pa-
tients with tdEV<18 and patients with tdEV≥18 at both time points. At T0, 8/27 
patients (30%) with tdEV<18 and 31/77 patients (40 %) with tdEV≥18 had a dura-
ble response (p=0.33). At T1, 24/52 patients (46%) with tdEV<18 and 3/11 patients 
(27%) with tdEV≥18 had a durable response (p=0.25).

Association of tdEV with PFS and OS

Patients with elevated tdEV were associated with a shorter PFS (T0: HR=1.8, 
p=0.03; T1: HR=2.5, p=0.02; DtdEV: HR=1.02, p<0.01) and shorter OS (T0:HR=2.4, 
p<0.01, T1: HR=2.8, p=0.02; DtdEV HR=1.01, p<0.01) in a multivariable model cor-
rected for PS, histology, number of organs with metastases and PD-L1 (supple-
mentary figure 2).

Discussion

The currently clinically used biomarker for checkpoint inhibitors is PD-L1 expres-
sion, but it is not robust enough to predict therapy response on a per patient 
basis. Tumor mutational burden likely predicts response as well, but is not (yet) 
routinely used (4,27–29).

We investigated the role of CTC and tdEV in patients with advanced NSCLC treated 
with checkpoint inhibitors in a real life patient population and observed that CTC 
were an independent predictive factor for durable tumor response rates, even 
after adjusting for other factors (21,30,31). Durable response rates were twice as 
high for patients without CTC at baseline compared to patients with CTC (OR=0.28) 
and even six times as high for patients with decreased CTC counts after therapy 
compared to increased CTC counts (response OR=0.04).
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CTC were not associated with early tumor response, and tdEV were not associat-
ed with either early tumor or durable tumor response, but were associated with 
worse progression free and overall survival.

The association of CTC with durable response were more pronounced compared 
to early tumor response, mostly due to stable diseases which remained stable for 
a long period of time (no early tumor response converting to durable response), 
and responders progressing within 6 months. It appears that even patients who 
have an early tumor response or have a stable tumor can continue to disseminate 
CTC, but these patients are at a high risk for early tumor progression. Therefore 
CTC could be a reflection of the metastatic potential and aggressiveness of the 
tumor as postulated by De Wit et al and others, and determines how fast the 
tumor can return after an observed tumor response (10,13,17). Another possibility 
is that CTC may undergo endothelial to mesenchymal transition (EMT), inducing 
increased expression of genes related to resistance to chemotherapy, which are 
also seen in possible cancer stem cells (32–35). Vesicles also continue to be dis-
seminated from patients with early tumor responses, possibly due to apoptosis 
of tumor cells.

Unfortunately, the clinical applicability of CTC in advanced NSCLC is limited by 
the low number of CTC that can be found in 7.5mL of blood. CTC are only observed 
in around 30% of patients and their absence could be due to the low volume of 
blood screened, explaining their high specificity but low sensitivity. Methods to 
yield higher numbers of CTC are being developed, for example by exploring larger 
blood volumes such as is observed with diagnostic leukapheresis (36–39). Ad-
ditionally, when more CTC are available functional analysis can be performed, 
which could further improve predictive values.

Despite the low detection rate, the presence of CTC, when detected, has clinical 
implications for survival and response rates. As it is a marker of decreased re-
sponse when detected, the low detection rate is less of a concern. If our results 
are confirmed in a larger cohort, CTC could be useful for monitoring disease, al-
lowing for early cessation of treatment with checkpoint inhibitors, omitting CT 
scans and preventing patients being treated with inferior and aggressive treat-
ment at the end of life.
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It is known that CTC are related with survival in NSCLC and several studies have 
shown that the presence of CTC are predictive of worse tumor response to chemo-
therapy and targeted therapies (6,9,11,15,16,40–46). CTC in advanced NSCLC are 
not a homogeneous population. PD-L1 expressing tumors can shed PD-L1+ CTC 
and these cells are associated with a lower tumor response to checkpoint inhib-
itors when measured at start of therapy and after 3 months (47–49). In one study, 
it was found that patients who had PD-L1 negative CTC six months after the start 
of checkpoint inhibitors benefitted from immunotherapy in most cases, while 
patients who had PD-L1 positive CTC at that time all progressed. These studies 
show that subtyping of CTC is possible but their meaning without correction for 
clinical factors is not known and warrant further analysis.

Conclusion

We observed CTC in one third of advanced NSCLC patients, who on the long 
term respond worse towards checkpoint inhibitors. This provides an addition-
al tool for the prediction of checkpoint inhibitor responsiveness, which may be 
of particular interest for patients in whom no tumor tissue is available for other 
predictive analysis.
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Supplementary data

Supplementary figure 1: Percentage or early and durable responders by tdEV count ≥18 
at baseline

Percentage of advanced non-small cell lung cancer (NSCLC) patients with an early response 
(A: partial and complete response according to the revised response evaluation criteria in 
solid tumors v1.1 [RECIST 1.1]) and durable response (B: stable disease, partial response and 
complete response according to RECIST 1.1 without progression in 6 months) to checkpoint 
inhibitors with tumor derived extracellular vesicles (tdEV) ≤17 and ≥18 at baseline. Response 
rates were not significantly different between groups (early response OR=0.89, p=0.58, 
durable response OR=0.67, p=0.46).

Supplementary figure 2: PFS and OS of NSCLC patients treated with checkpoint inhibitors 
by baseline tdEV

Progression-free survival (PFS [A]) and overall survival (OS [B]) of patients with advanced 
non-small cell lung cancer (NSCLC) treated with checkpoint inhibitors, stratified for tumor 
derived extracellular vesicels (tdEV) count of at least 18 and higher at baseline (tdEV≥18). 
Median OS of patients with tdEV≥18 was significantly shorter than that of patients with 
tdEV<18 (OS: 3.8 months versus 9.7 months, log rank p=0.02). PFS was significantly shorter 
for patients with tdEV≥18 in the multivariable Cox regression analysis (median PFS 1.38 
versus 4.1, log rank=0.07, HR=1.8, p=0.03)
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Abstract

Purpose

Tumor cells from lung cancer patients are expelled from the primary tumor into 
the blood, but difficult to detect in the peripheral circulation. We studied the re-
lease of circulating tumor cells (CTC) during surgery to test the hypothesis that 
CTC counts are influenced by hemodynamic changes (caused by surgical approach) 
and manipulation.

Experimental Design

Patients undergoing video-assisted thoracic surgery (VATS) or open surgery for 
(suspected) primary lung cancer were included. Blood samples were taken before 
surgery (T0) from the radial artery (RA), from both the RA and pulmonary vein (PV) 
when the PV was located (T1) and when either the pulmonary artery (T2 open) or 
the PV (T2 VATS) was dissected. The CTC were enumerated using the CellSearch 
system. Single-cell whole genome sequencing was performed on isolated CTC for 
aneuploidy.

Results

CTC were detected in 58/138 samples (42%) of 31 patients. CTC were more often 
detected in the PV (70%) compared to the RA (22%, p<0.01) and in higher counts 
(p<0.01). After surgery, the RA but not the PV showed less often CTC (p=0.02). Type 
of surgery did not influence CTC release.

Only 6/496 isolated CTC showed aneuploidy, despite matched primary tumor tissue 
being aneuploid. Euploid so-called CTC had a different morphology than aneuploid.

Conclusion

CTC defined by CellSearch were identified more often and in higher numbers in 
the PV compared to the RA, suggesting central clearance. The majority of cells in 
the PV were normal epithelial cells and outnumbered CTC. Release of CTC was not 
influenced by surgical approach.
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Purpose

Circulating tumor cells (CTC) can be detected in the peripheral blood with the FDA 
cleared CellSearch system. The system identifies cells as CTC when they have 
a morphology resembling a cell with a nucleus identified by DAPI, expression of 
EpCAM and cytokeratins, but not CD45. CTC have been shown an independent 
prognostic marker of survival for NSCLC patients (1–6). In early stage NSCLC, the 
presence of CTC detected in the peripheral blood after surgery has been asso-
ciated with a shorter time to recurrence (7–11). Of note, in advanced disease CTC 
are only observed in around 30% of NSCLC patients. Patients without detecta-
ble CTC by CellSearch in 7.5mL of blood may still have CTC in the bloodstream, 
however these are not detected due to the low blood volume screened or the 
lack of expression of EpCAM or the cytokeratins identified by the C11 and A53B/
A2 clones (12).

During surgery, we have the unique opportunity to draw blood from the pulmo-
nary vein (PV) draining the lobe containing the primary tumor. As the PV is closer 
to the source, we hypothesized that the blood in this vein would contain more 
CTC. The number of CTC in the PV may be influenced by several factors. For ex-
ample, the type of surgery (video assisted thoracic surgery [VATS] or open thor-
acotomy) and their associated differences in vessel dissection (pulmonary vein 
or pulmonary artery) and manipulation of the tumor while the surgery is ongoing 
may influence CTC counts.

In this study we investigated the release of CTC in the pulmonary vein and the 
radial artery at the start of and during surgery. As a secondary goal we evalu-
ated differences in CTC counts between VATS (pulmonary vein ligated before 
pulmonary artery) and open thoracotomy (vice versa, pulmonary artery ligated 
first). To evaluate the malignant origin of CTC we performed low coverage single 
cell whole genome sequencing (scWGS) to detect copy number alterations (CNA).

5
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Methods

Patient inclusion and acquisition of blood samples

We prospectively included consecutive patients who were eligible for surgery 
due to primary NSCLC or a suspected lung malignancy by fast growing pulmo-
nary nodules after they gave informed consent. Patients undergoing lobectomy, 
bilobectomy or pneumonectomy were eligible for inclusion. An important differ-
ence between VATS and open surgery is that during open surgery the pulmonary 
artery is dissected and closed first, while during VATS the pulmonary vein is the 
first large vessel to be dissected. For patients undergoing an open thoracotomy, 
7.5 mL of blood was drawn from the radial artery at the start of surgery (baseline, 
T0), followed by blood draws from both the radial artery and the pulmonary vein 
that drained the lobe which contained the tumor at two time points: when the 
draining pulmonary vein was identified (T1) and after dissection of the pulmonary 
artery but before the pulmonary vein was dissected (T2) [Figure 1].

Figure 1: Order of blood sampling for CTC enumeration from the Pulmonary Vein (PV) and 
Radial Artery (RA) during either open or video assisted (VATS) surgery for (suspected) non-
small cell lung cancer

PA= Pulmonary artery, PV=Pulmonary vein, RA=Radial artery. Surgical approach differed 
between open surgery and video assisted thoracic surgery (VATS). The main difference 
being the order of vessel ligation: During open surgery the pulmonary artery is dissected 
first, while during VATS the pulmonary vein is dissected first.
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For VATS patients, blood samples were obtained at the start of surgery from the 
radial artery (T0). Blood samples were obtained from both the radial artery and 
the pulmonary vein directly after identification of the draining pulmonary vein 
(T1) and after closure of the pulmonary vein (T2). No sample was obtained after 
the pulmonary artery was closed.

At all time-points, the diseased lobe was still inside the patient with blood circu-
lation in the tumor. Only at T2 would, depending on surgery type, either the pul-
monary vein or artery be dissected and would influence intravenous pressures.

The study was performed according to the Helsinki declaration. It was reviewed 
and approved by the local medical ethical committee (METc 2015/602) and reg-
istered at the Dutch study register (NL55754.042.15).

CTC enumeration

Blood samples were processed within 96 hours and analyzed blinded to clinical 
outcomes, as described previously (1,2). Cells were presumed to be CTC when 
identified by CellSearch, according to the FDA approved definition, as cells posi-
tive for the epithelial cell adhesion molecule (EpCAM), cytokeratins (CK) identified 
by the clones C11 and A.53B/A2 and nuclear stain DAPI, but negative for leukocyte 
marker CD45 in the blood. CTC numbers are reported as the number per 7.5mL 
of blood. Clusters of CTC (i.e. ≥2 CTC clustered together) are counted as 1 CTC 
/7.5mL. The presence of clusters was noted.

CTC isolation by FACS

CellSearch cartridges were stored at 4°C up to 24 months before further process-
ing. When a sample had CTC counts ≥4/7.5mL, the content of the cartridges was 
transferred to a 1.5mL tube and washed twice with 300 μL PBS to ensure removal 
of the majority of cells from the cartridge. Single CTC were subsequently iso-
lated by fluorescent-activated cell sorting (FACS). Pre-defined gates were used 
for isolation of DAPI+/CK+/CD45- CTC. White blood cells were sorted based on a 
DAPI+/CK-/CD45+ phenotype and served as controls for single cell sequencing. 
Cells were collected in a 1x ProFreeze solution as single cells or in groups of 10 
cells and stored at -80⁰C before copy number aberration (CNA) analysis.

5
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CTC isolation by puncher

After the first CNA analysis results, CTC ≥4/7.5mL from four patients were iso-
lated by the puncher system of Vycap (Vycap, Enschede, the Netherlands) (13). 
This allowed direct comparison of the morphology of the CTC to the single cell 
sequencing result. Cells were removed from the CellSearch cartridge in the same 
manner as for FACS isolation and transferred to a 1.5mL tube.

Microwell chips (VyCAP, Deventer, the Netherlands) were degassed in a vacuum 
chamber at −1.0 bar for 15 minutes in PBS. After degassing, the microwells were 
placed in a filtration holder. The cells were then transferred and seeded into a 
microwell chip according to manufacturer’s instructions.After seeding, the mi-
crowell chip was transferred to the VyCAP Puncher system. The entire chip was 
scanned using a 20x objective. Images were acquired using the following settings: 
100ms DAPI, 200ms PE, 600ms APC. Cells of interest were selected using the 
Puncher Software (VyCAP, 64 bit, version 5.3) by using the automatic selection 
tool. All events with a signal intensity of >2000 DAPI and >1500 PE were reviewed 
by the operator and CTC were manually selected. Cells of interest were subse-
quently punched into a 96 wells plate containing 95uL mineral oil (Sigma). After 
punching 5uL of freeze buffer (1XPBS/42,5% freeze buffer/7,5% DMSO (Sigma)) 
was added. Plates were spun down for 5 min at 500 g and subsequently stored 
at -80°C until further processing.

Genomic Analysis of CTC

Single cells and mini bulk cells (n=10 cells) were stored in freeze buffer after iso-
lation, followed by scWGS as previously described with some minor modifica-
tions (14). In short, DNA was fragmented with MNase, after which decrosslink-
ing was performed by incubation at 65°C for 1 h in the presence of proteinase K 
(0.025 U) and NaCl (200 mM) followed by Ampure XP bead purification. Hereafter, 
End-repair, A-tailing, adapter ligation and PCR amplification were performed as 
described before (14). During PCR indexes are introduced to each DNA fragment 
allowing multiplexing of the libraries for sequencing. All libraries were sequenced 
on Illumina NextSeq 500. Data analysis was performed with the AneuFinder soft-
ware package (15).
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Matched primary tumor tissue

All patients had tissue of the (suspected) primary tumor frozen (-80C). Of those 
patients who had successfully CTC isolated for CNA analysis, tissue sections 
were sliced (50 μm) and used to isolate tumor nuclei. These were subjected to 
scWGS in the same manner as the CTC and control cells in mini bulk (30 nuclei).

Statistical analysis

Differences in samples with CTC present between open thoracotomy and VATS 
were evaluated by Fishers Exact tests. Paired analyses were performed by Mc-
Nemar’s and Wilcoxon tests. Correlations were tested by Spearman’s rho, and if 
significant further investigated with logistic regressions. Differences were con-
sidered significant when p<0.05.

Systematic differences in CTC counts between different time points, PV versus 
RA, and type of surgery were evaluated using a longitudinal marginal mixed model, 
with a variable slope and intersect using type of surgery and location of blood 
draw as covariables with the repeated measurements in an unstructured matrix. 
Interaction terms were tested for type of surgery, time point and location of meas-
urement. All analyses were performed using SPSS version 23.

Results

Patient characteristics

Thirty-one patients were included (18 open thoracotomy and 13 VATS, table 1). 
Patients undergoing VATS were significantly more often female, but showed no 
other significant differences. Three patients presenting with fast growing pul-
monary nodules had benign disease (2 in the open and 1 in the VATS group), these 
patients served as a benign control group. Open surgery patients provided 82 and 
VATS patients 56 blood samples that were successfully processed by CellSearch.
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Table 1: Baseline characteristics and outcomes of patients with non-small cell lung cancer 
or growing pulmonary nodules undergoing open or video assisted thoracic surgery

Open 
thoracotomy

n=18 (58%)

VATS
n=13 (42%)

All
n=31 (100%)

Age Median (range) 64 (45-83) 66 (56-81) 65 (45-83)

Gender# Female
Male

5  ( 2 8 )
1 3  ( 7 2 )

10 ( 7 7 )
3  ( 2 3 )

1 5  ( 4 8 )
1 6  ( 5 2 )

ECOG PS 0
1

1 7  (9 4)
1  ( 6 )

1 1  (8 5)
2  ( 1 5 )

2 8  ( 9 1 )
3  ( 9 )

Smoking status (ex) Smokers
Non smokers

1 5  (8 3 )
3  ( 1 7 )

12 (9 2)
1  ( 8 )

2 7  ( 8 7 )
4  ( 1 3 )

Clinical Stage 1
2
3

Oligometastatic 
disease*

3  ( 1 8 )
7  ( 4 1 )
4  ( 2 9 )
2  ( 1 2 )

5  (4 2 )
5  (4 2 )
2  ( 1 6 )
0  ( 0 )

8  ( 2 6 )
1 2  ( 3 9 )
6  ( 1 9 )
2  ( 6 )

Histology Adenocarcinoma
Squamous cell

Other
Granulomatous 

nodule

6  ( 3 3 )
7  ( 3 9 )
3  ( 1 7 )
2  ( 1 1 )

5  ( 3 8)
6  (4 6 )
1  ( 8 )
1  ( 8 )

1 1  ( 3 5 )
1 3  ( 4 2 )
4  ( 1 3 )
3  ( 1 0 )

Tumor Location Left upper lobe
Left lower lobe

Right upper lobe
Right middle lobe
Right lower lobe

5  ( 2 6 )
2  ( 1 1 )
2 * *  (1 1)
3 * * (1 6)
7  ( 3 6 )

1  ( 8 )
3  ( 2 3 )
5  ( 3 8)
1  ( 8 )
3  ( 2 3 )

6  ( 1 9 )
5  ( 1 6 )
7 * *  (2 2)
4 * *  ( 1 2 )
1 0  ( 3 1 )

Size tumor Median (cm)
range

4.2
0.8 - 10.5

2.7
1.2 - 5.5

3.6
0.8 - 10.5

Resection 
borders***

R0
R1

1 6  (8 9)
2  ( 1 1 )

12 (9 2)
1  ( 8 )

2 8  ( 9 1 )
3  ( 9 )

Samples 
obtained

RA T0
RA T1
RA T2
PV T1
PV T2

1 4  ( 7 8)
1 7  (9 4)
1 7  (9 4)
17 * * (89)
17 * * (89)

10 ( 7 7 )
13 (100)
10 ( 7 7 )
1 1  (8 5)
12 (9 2)

2 4  ( 7 7 )
3 0  ( 9 7 )
2 7  ( 8 7 )
2 8 * * ( 8 8 )
2 9 * * ( 9 1 )
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Open 
thoracotomy

n=18 (58%)

VATS
n=13 (42%)

All
n=31 (100%)

Number of 
patients with 
CTC detected

RA T0
RA T1
RA T2
PV T1
PV T2

5  ( 3 6 )
3  ( 1 8 )
2  ( 1 2 )
1 2  ( 7 1 )
1 1  ( 6 5 )

4  (4 0)
4  ( 3 1 )
0  ( 0 )
6  ( 5 5 )
1 1  (9 2)

9  ( 3 8 )
7  ( 2 3 )
2  ( 7 )
1 8  ( 6 4 )
2 2  ( 7 6 )

CTC median 
(inter quartile 
range)

RA T0
RA T1
RA T2
PV T1
PV T2

0  (0 –1 )
0 (0 – 0)
0 (0 – 0)
2 (0 –18)
1 (0 – 40)

0 (0 –1)
0 (0 –1)
0 (0 – 0)
0 (0–23)
10 (1–51)

0  ( 0 – 1 )
0  ( 0 – 0 )
0  ( 0 - 0 )
2 (0 -2 0)
4  ( 1 - 3 8)

VATS is video assisted thoracic surgery; RA is radial artery; PV is pulmonary vein; T0 is 
at baseline, before opening the chest cavity; T1 is during surgery when the pulmonary 
vein is identified; T2 is after ligation of the pulmonary artery, right before dissection of 
the pulmonary vein (open surgery), or immediately after dissection of the pulmonary 
vein when the pulmonary artery is still intact (VATS); ND is not done
* Two patients had oligometastatic disease, with metastatic sites removed before 

lobectomy. One patient had a brain metastasis, the other patient a scapula 
metastasis.

** One patient had two pulmonary lobes affected by one tumor mass. We took blood 
samples from the pulmonary veins draining both lobes.

*** Evaluation on completeness of resection: R0, no evidence of tumor remains, R1, 
microscopic evidence of tumor.

CTC were not significantly correlated to any described clinical parameter.
# Patients undergoing VATS compared to thoracotomy were more often female 

(p=0.01), no other significant differences were observed.

For 28 patients paired PV and RA T1 samples were collected, and for 25 patients 
paired samples were collected at T2. CTC were detected in 58/138 blood samples 
(42%). The PV had CTC in 40/57 samples (70%) and the RA 18/81 blood samples 
(22%). Combined we identified CTC in any of the two PV samples in 25/31 patients 
(81%) and in any of the three RA samples in 13/31 patients (42%). Remarkably, all 
three patients with benign disease had CTC (as defined by CellSearch) detected 
in the pulmonary vein, but not in the radial artery, indicating a misinterpretation 
of malign character of the epithelial cells.
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Presence of CTC

Using the matched samples at T1 and T2 (28+25=53), CTC were more often detect-
ed in the PV (70%) than in the RA (22%, p<0.01), and in higher counts (p<0.01). This 
difference was also significant when testing was performed in a non-matched 
manner, or when comparing only NSCLC samples (71% versus 25%, p<0.01). When 
stratifying by time point, CTC were present more often in blood samples derived 
from the PV compared to the RA (T1: 64% versus 23%, p<0.01; T2: 76% versus 7%, 
p<0.01, table 1, figure 2). The type of surgery, comparing video assisted surgery 
versus open surgery, was not significantly associated with either the presence 
of CTC (RA: OR=1.5, p=0.45; PV: OR=0.63, p=0.43) or their number (RA: ρ=-0.01, 
p=0.91, PV: ρ=0.17, p=0.21).

CTC derived from the PV showed morphological differences from those detect-
ed in the radial artery (figure 3A). In general, cells identified in the pulmonary 
vein were larger and expressed cytokeratin more strongly than those detected 
in radial artery (figure 3B).

CTC clusters

Clusters of CTC were detected in 19 blood samples. Eighteen of these blood sam-
ples were taken from the PV. CTC clusters were more often detected when CTC 
counts were high (ρ=0.48, p<0.01; OR=1.02, p=0.01). The presence of clusters was 
not associated with any other factors (type of surgery, location of tumor, tumor 
size, performance status, histology).
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Figure 2: Change in circulating tumor cells of non-small cell lung cancer patients (n=27) 
and three control patients with fast growing granulomatous nodules during surgery.
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CTC were identifi ed in samples from the radial artery and from the draining pulmonary vein 
in patients undergoing open surgery (A, B respectively) and video assisted thoracic surgery 
(VATS) . Measurements were performed at the start of surgery in the radial artery (T0) and in 
both the radial artery and the pulmonary vein during surgery when the draining pulmonary 
vein was identifi ed (T1) and either right before clamping the draining vein after dissection of 
the pulmonary artery (T2 open surgery) or immediately after closure of the pulmonary vein 
with the pulmonary artery intact (T2 VATS). CTC were identifi ed by CellSearch and defi ned 
as EpCAM/Cytokeratin/DAPI positive cells without the expression of CD45.
In the radial artery, 19 patients (12 open and 7 VATS) had no CTC at any timepoint. In the pul-
monary vein 6 patients (4 open and 2 VATS) had no CTC at either timepoints. CTC counts 
and changes in CTC counts did not differ between surgical approaches. CTC count in the 
pulmonary vein was higher than in the radial artery (p<0.01).The proportion of patients with 
CTC in the radial artery was decreased at the end of surgery (p=0.05), but CTC presence and 
count remained the same in the pulmonary vein.
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CTC in the radial artery

The proportion of patients with CTC was lower at the end of surgery when blood 
circulation through the primary tumor was ended (T0: 9/24 [38%], T2: 2/27 [7%], 
p=0.02), with matched samples having significantly lower counts (p=0.03).

CTC in the draining pulmonary vein

There was no difference in the proportion of patients with CTC before and after 
clamping the tumor vessels (T1: 64% versus T2: 76%, p=0.16), nor was there a 
difference in the number of CTC measured (p=0.54).

Mixed model analyses

To evaluate patterns in the change of CTC influenced by manipulation during 
surgery (difference in CTC between time points) and type of surgery, we used a 
mixed model. Changes in CTC in the PV were significantly higher than those in the 
RA (p=0.01). CTC counts were not associated with any clinical parameter. There 
was no difference between CTC measured in VATS patients and those undergo-
ing open surgery (p=0.48). No systematic change in CTC counts was observed in 
the pulmonary or radial artery (figure 2).

Copy number aberrations in so-called CTC and primary tumor cells

Matched primary tumor samples from all NSCLC patients showed aneuploidy. 
As expected, normal tissue taken from the controls only showed euploid cells. 
From 12 blood samples (11 from the PV and 1 from the RA) obtained from 10 dif-
ferent patients, containing at least 4 CTC, CTC were successfully extracted from 
the CellSearch cartridges and isolated by FACS for single cell whole genome se-
quencing (scWGS) (table 2)

In three NSCLC patients CTC were aneuploid. In two of these patients, only one 
circulating cell was successfully extracted and analyzed, which was aneuploid 
(figure 3D). The third patient had 81 CTC that were extracted successfully from 
3 different samples. Of these extracted CTC, only two showed aneuploidy, both 
derived from the same sample. The other extracted cells were euploid.  
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Table 2: CTC enumerated by CellSearch and extracted for copy number analysis by single 

cell whole genome sequencing

Patient Blood 
draw

#CTC/7.5mL 
Enumerated

#CTC isolated 
for CNA (%)

#CTC 
aneuploid

Primary 
tumor 

aneuploid

Diagnosis

4 PV T2 4 1 (25) 1 Yes Squamous

5 PV T2 7 1 (14) 1 Yes Adeno

6 RA T1 27 14 (52) None Yes Squamous

7 PV T1 >1000 34 (3) None Yes Adeno

8 PV T2 >1000 40 (4) None No Control

10*

PV T1 204 26 (13) None Yes

SquamousPV T2 260 38 (15) 2 Yes

PV T2 73 17 (23) None Yes

14 PV T1 20 14 (70) None No Control

21 PV T2 20 1 (5) None Yes Adeno

22 PV T2 13 5 (38) None Yes Adeno

23 PV T1 >1000 76 (8) None Yes Adeno

RA= Radial Artery, PV=Pulmonary vein. T1=sample taken at localization of pulmonary 
vein during surgery, T2= Sample taken after either ligation of pulmonary artery or 
pulmonary vein.
* Patient had two lobes affected.

The remaining 184 extracted CTC from the other 7 patients (including two pa-
tients with fast growing benign nodules) were all euploid. The structural changes 
of aneuploid CTC closely resembled those identified in the primary tumor cells 
(figure 3D). Additionally, of two other patients samples from the PV at T1 were 
analyzed for CNA by FISH after being passed over a microsieve. The first sample 
had 85 CTC detected by CellSearch, yet all were euploid for chromosomes 1, 8 
and 17. The second sample contained 19 CTC as detected by CellSearch. In two 
CTC aneuploidy was detected with loss of chromosome 1 and one had a trisomy 
of chromosome 8, changes that were similar to those in the primary tumor (figure 
3C). No other aneuploidy cells were found. In total, 4 out of 12 (33%) patients had 
CTC with proven genomic aberrations.
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Figure 3 - Part 1: Morfological differences of CTC depending on location of blood draw 
(A&B), with genomic aberations detected with FISH (C)
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Copy number aberrations in chromosome
1(red), 8 (green) and 17 (light blue) were
detected with FISH on the original tumor
(top) and CTC (bottom) Additional staining
for cytokeratin (yellow) and DAPI (blue)

Patient had a (metabolic active) mass in left upper lobe
observed on PET-CT (left) and CT (right). The mass was
confirmed to be adenocarcinoma of the lung by biopsy
and subsequently excised by open thoracotomy.
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Copy number aberrations in chromosome
1(red), 8 (green) and 17 (light blue) were
detected with FISH on the original tumor
(top) and CTC (bottom) Additional staining
for cytokeratin (yellow) and DAPI (blue)

Patient had a (metabolic active) mass in left upper lobe
observed on PET-CT (left) and CT (right). The mass was
confirmed to be adenocarcinoma of the lung by biopsy
and subsequently excised by open thoracotomy.
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Copy number aberrations in punched CTC
Another 125 CTC from four different patients were isolated for genomic analysis 
by the punching system. We aimed to include both subsets of so-called CTC with 
different morphology, but were only able to successfully extract two CTC from 
the radial artery at T1.The other three samples were from the pulmonary vein. 
Two samples were derived from the PV at T1 (42 CTC and 2 CTC respectively), one 
from the PV at T2 (79 CTC). All punched CTC from the pulmonary vein showed no 
structural genomic changes (figure 3E), indicating that they are circulating epi-
thelial cells rather than tumor cells.

Of one of these patients primary tumor tissue was frozen and used for genomic 
analysis by minibulk (2 × 30 cells). The primary tumor showed structural abnor-
malities (figure 3F).

Discussion

CTC enumerated with the CellSearch system were present in higher counts in 
samples obtained from the PV compared to samples from the RA. Most of them 
are epithelial cells, few are circulating tumor cells with genomic aberrations. 
Release of these so-called CTC did not appear to be influenced by manipulation 
during the course of surgery. The different surgical approaches and their asso-
ciated differences in vessel ligation also did not influence CTC counts. It appears 
that large numbers of CTC disappeared during their travel from the PV through 
the heart to the RA. CTC numbers in the RA were low and did not differ substan-
tially from those reported in the peripheral venous system. That means that these 
CTC are lost in the central compartment (heart and large blood vessels) and not 
so much in the peripheral microcirculation as has been previously theorized (16).

The majority of the CellSearch identified and extracted CTC did not have any 
structural genomic changes when analyzed by scWGS. This was surprising since 
all primary lung cancer samples were characterized by a complex karyotype with 
many structural aberrations, a typical finding in lung cancer. This might be due 
to the FACS, a method that is less reliable in isolating rare cells (17,18). Genomic 
analysis on a limited number of cells isolated by the more reliable cell puncher 
method showed however similar findings. Given these technical constraints we 

5
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concluded that in the pulmonary vein during surgery many normal epithelial cells 
are observed and only limited numbers of CTC with abnormal genomic patterns.

When examining the images from the CellSearch analyzer, two populations of 
CTC could be discerned based on their morphology. The one more closely resem-
bling CTC found in the peripheral blood for enumeration by CellSearch, probably 
real CTC. The other population analyzed in this study did not have any structural 
abnormalities. This implies that these cells, though defined as CTC according 
to the CellSearch protocol, are more likely to be non-malignant epithelial cells. 
Other methods often isolate CTC by their larger size, sometimes in combination 
with their expression of cytokeratin and EpCAM (19,20). Therefore it is likely that 
they would also have isolated these cells. However using different markers than 
cytokeratin or EpCAM, e.g. markers used pathology like p40 or TTF-1, might be 
able to distinguish malign CTC more accurately (21).

The exact mechanism by which these non-malignant epithelial cells enter the 
bloodstream is as yet unclear and deserves further exploration. Endothelial cells 
occasionally can express cytokeratin and may be released into the bloodstream 
during surgery influencing measured CTC counts by CellSearch (22). However en-
dothelial cells should be excluded by the EpCAM based separation. Additionally 
high numbers of CTC were identified even when the blood vessels were intact. 
Therefore it seems unlikely that contamination by endothelial cells can explain 
the high number of identified (euploid) CTC by itself. Probably a spectrum of ep-
ithelial cells are released into the blood stream from normal and premalignant 
to malignant epithelial cells. Their presence could explain the large difference 
between CTC counts as defined by CellSearch in the PV and the RA. Benign epi-
thelial cells are less able to survive in the circulation because of lower tolerance 
of shearing forces and the mesenchymal environment, leading to a fast clearance 
or destruction. Therefore, benign cells are not (often) detected in the peripher-
al bloodstream. That so-called CTC may be present in the peripheral blood of 
healthy individuals, even without surgery, has been shown by Allard et al, albeit 
in very low numbers (23). The large decrease in CTC count between PV and RA 
cannot be explained by the dilution from the four other pulmonary veins as the 
difference is too large. However, the high numbers in the PV could represent a 
short-lasting peak that was missed in the RA. Other possible explanations are 
the destruction of (suspected) CTC by physical forces from the moment these 
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cells enter the bloodstream. The benign epithelial cells maybe more susceptible 
to such forces than malignant cells.

That epithelial cells are misidentified as CTC by CellSearch when measured in the 
pulmonary vein during surgery would explain previous findings summarized in 
table 3. The CTC presence during or shortly after surgery in the peripheral circu-
lation is strongly associated with disease recurrence and recurrence free survival 
(7,9,10,24–28). Suspected CTC identified in the pulmonary vein were also shown 
to be associated with survival but the association is less well defined (16,29–31). 
Studies comparing both measurements like Crobie et al and Li et al, show that 
despite higher cut off values, the association of suspected CTC in the PV with 
disease recurrence is not stronger than the association of CTC identified in the 
peripheral system (16,31). Possibly, CTC in the PV are a mix of true CTC with other 
epithelial cells released into the bloodstream, explaining the high counts in the 
PV, and are therefore not representative of tumor burden. A large part of these 
cells, primarily the benign cells are unable to survive in the bloodstream, explain-
ing the low CTC counts peripherally, which are associated with survival (32–36).

Table 3: Overview of surgical studies where CTC were measured in pulmonary and/or 
peripheral veins

Author/
Journal/
Year

Surgery/
CTC detection

Blood draws Outcome

Okumura
Ann Thorac 
surg 
2009*(29)

30 thoracotomy
CTC detection by 
CellSearch

PV: 2.5 mL after resection. 
Peripheral: 7.5mL just 
before surgery

CTC were more often detected in 
the PV than in the RA. CTC in the PV 
and peripheral samples were not 
associated with worse outcome

Hashimoto
Int. 
Cardiovasc 
and Thorac 
Surgery, 
2014*(42)

30 thoracotomy
CTC detection by 
CellSearch

PV: 2.5mL before and after 
lobectomy.
Peripheral: RA before 
surgery

CTC were more often detected in 
the PV than in the RA. CTC were 
more often detected in the PV after 
resection.

Crosbie
JTO
2016(16)

30 thoracotomy
CTC detection by 
CellSearch

PV: 10mL before 
dissection. Peripheral: 
10mL venous sample 
before surgery

CTC were more often detected 
in the PV than in the peripheral 
sample

5
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Author/
Journal/
Year

Surgery/
CTC detection

Blood draws Outcome

Hashimoto
JTD
2018

30 thoracotomy
CTC detection by 
CellSearch

PV: 2.5mL before and after 
lobectomy
Peripheral: ND

Most patients had an increase in 
CTC, large increase was associated 
with more post-operative 
metastases within 5 years

Lv
Oncol letters 
2018(37)

32 thoracotomy
CTC detection by 
CellSearch

PV: 7.5mL after lobectomy
Peripheral: 7.5mL during 
lobectomy

CTC count was associated with 
size and vessel invasion. CTC count 
in PV significantly higher than in 
peripheral samples

Chudasama
Oncol Letters 
2016(39)

8 thoracotomy,
2 VATS
CTC detection by 
SceenCell

PV: 3mL before dissection 
and after lobectomy.
Peripheral: 3mL venous 
sample before and 3 days 
after surgery

More CTC detected in PV at the 
start of surgery

Sawabata
Surg Today
2016(41)

23 thoracotomy
CTC detection by 
ScreenCell

PV: 3mL after lobectomy
Peripheral: 3mL before 
and after surgery

CTC were more often detected in 
the PV than in peripheral samples. 
CTC were more often detected in 
peripheral samples taken during 
surgery and less often after 
surgery.

Li
Scientific 
Reports
2017(31)

25 thoracotomy
CTC detection by 
AutoMACS

PV: 15mL before 
dissection. Peripheral: 15 
mL before surgery

CTC were more often detected in 
the PV than in peripheral samples. 
Both peripheral and central 
samples were associated with 
shorter disease free survival.

Murlidhar
Cancer Res
2017(40)

35 thoracotomy/
VATS
 CTC detection 
by OncoBean 
chip

PV: 3mL blood before 
dissection.
Peripheral: venous 
samples before surgery, at 
PV sample and 3 days after 
surgery

PV samples had significantly more 
CTC than peripheral samples. In 
samples with higher CTC count 
gene expression of genes related to 
resistance was increased.

Reddy
J. Thorac 
Cardiovasc 
Surg
2016(38)

32 thoracotomy/
VATS
CTC detection by 
microfluidic chip

PV: 5mL before resection. 
Peripheral: 7.5mL pre, 
during and post lobectomy

more CTC in pulmonary vein 
compared to peripheral samples

Hofman
IJC
2010*(7)

210 thoracotomy
CTC detection by 
CellSearch and 
ISET

PV: ND.
Peripheral: 7+10 mL before 
surgery

CTC presence was associated with 
shorter disease free survival
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Author/
Journal/
Year

Surgery/
CTC detection

Blood draws Outcome

Hofman
Clin Cancer 
Research 
2010*(24)

208 thoracotomy
 detection by 
ISET

PV: ND
Peripheral: 10 mL before 
surgery

CTC presence was associated with 
shorter disease free survival

Bayarri-Lara
Plos one
2016(10)

36 thoracotomy
20 VATS
CTC detection by 
microscopy after 
enrichment

PV: ND.
Peripheral: 10mL venous 
samples before surgery 
and 1 month after

CTC were less often detected 
after surgery. CTC presence 
after surgery was significantly 
associated with early recurrence 
and shorter disease free survival

Dandachi
Lung Cancer 
2017(9)

50 thoracotomy
CTC detection 
by size-based 
microfilter

PV: ND.
Peripheral: 7.5mL before 
surgery

CTC presence was associated with 
shorter disease free survival

Matsutani
JTD
2017(8)

29 thoracotomy
CTC detection by 
ScreenCell

PV: ND.
Peripheral: 3mL RA 
before and directly after 
lobectomy

CTC more often detected after 
surgery and in more advanced 
stage tumors

*overlap of patients possible; CTC=Circulating tumor cells; PV= Draining pulmonary 
vein. ; RA= Radial artery; ND= not done

In line with previous studies, higher CTC counts in the PV were found compared 
to the peripheral measurements (16,29,31,37–42). Also, significantly lower CTC 
counts after surgery are observed when measured in the peripheral circulation 
(10,38–41,43). However, together with Hashimoto et al, we are the only ones that 
have performed sequential measurements in the PV (42). Hashimoto et al found 
significantly higher numbers in the second sample taken from the PV, but they 
took the sample after the lobe had been completely removed from the body, al-
lowing stagnation of the blood. Hashimoto et al also explored whether sequence 
of vessel ligation influenced CTC release and found no difference. They also found 
no difference between VATS and open surgery, where the order of vessel ligation 
differs. It is also in line with the fact that the outcome of both surgical techniques 
is comparable and release of CTC is associated with worse outcome (44,45). More-
over, no significant differences in survival or disease recurrence were observed 
between patients who had the pulmonary vein or artery clamped and dissected 
first (42,46–48).
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CellSearch is originally developed for measuring CTC in peripheral blood samples 
expressing both EpCAM positive and cytokeratins but lacking CD45 and with mor-
phology features consistent with a cell containing a nucleus (DAPI). CTC detected 
in this way have been associated with survival many times over, making them a 
well validated biomarker. It is known that the CTC identified by CellSearch in the 
peripheral bloodstream do exhibit a large variation of genomic abnormalities when 
analyzed by FISH, scWGS or NGS (49–55). Our findings do not contradict these 
previous reports, but do indicate that care should be taken when implementing 
the CellSearch in different blood compartments, like the pulmonary vein.

The definition of a CTC, currently described as an EpCAM+, cytokeratin+, DAPI+, 
CD45- cell identified by CellSearch, may need the addition that the measurement 
should be performed in peripheral blood. Furthermore, manual classification of 
CTC is currently being replaced by automated classification using the ACCEPT 
imaging analysis program, which could further improve the definition of a CTC 
(56,57). CTC from peripheral blood measured with CellSearch remain, in our stud-
ies and many other clinical trials, a strong biomarker and especially a sensitive 
test for low numbers of CTC (1–6).

In short, a spectrum of epithelial cells are released into the circulation during 
surgery. The number of CTC was higher in the pulmonary vein compared to the 
radial artery. Release of CTC was not influenced by the type of surgical approach 
and the difference in vessel ligation, or by manipulation during surgery. In the 
peripheral blood, CTC were less often detected at the end compared to the start 
of the surgical procedure. Two morphologically distinct circulating epithelial pop-
ulations were observed. the majority of these cells were euploid epithelial cells 
released during surgery, a small minority were CTC with structural genomic ab-
normalities. Normal epithelial cells were likely filtered away during their passage 
in the central blood compartment. We recommend to include genomic tests to 
verify the malignant character of circulating cells further than by morphology and 
fluorescence features, especially when using CellSearch in a manner for which 
it is not validated.
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Abstract

Introduction:

Circulating tumor cells (CTC) can be used to monitor malignant disease longitu-
dinally, but their use in non-small cell lung cancer (NSCLC) is limited due to low 
numbers in peripheral blood. Through Diagnostic leukapheresis (DLA) CTC can be 
obtained from larger blood volumes. We studied CTC in DLA product of NSCLC 
patients before and after treatment.

Methods:

One total blood volume was screened by DLA before and 1-3 months after treat-
ment. Peripheral blood was drawn pre and post DLA for CTC enumeration by 
CellSearch. CTC were detected in DLA product directly (volume equaling 2×10^8 
leukocytes) and after leukocyte depletion (RosetteSep, 9mL DLA product). Single 
cell whole genome sequencing was performed on isolated CTC.

Results:

Before treatment, CTC were more often detected in DLA (32/55, 58%) compared to 
blood (pre: 18/55, 33%, p<0.01, post: 13/55, 23%, p<0.01). After treatment, number 
of patients with CTC were similar in DLA (DLA: 14/34 ,41%) and peripheral blood  
(pre: 9/34, 26%, p=0.18, post: 7/34, 21%, p=0.02). CTC counts normalized to 7.5mL 
fluid remained higher in DLA (p<0.01).

RosetteSEP non-significantly increased CTC detection (pretreatment: 34/55, 
62%, post-treatment: 16/34, 47%) and counts per mL decreased (RosetteSEP 
T0 median=0.8 CTC per 7.5mL) compared to direct DLA measurement (median 
T0=2.0 CTC per 7.5mL DLA, p=0.04).

Change in DLA-CTC after treatment corresponded to response in 23/24 advanced 
stage patients (96%) and was associated with shorter progression free survival 
(median PFS=2 versus 12 months, p=0.02). All 22 isolated CTC from nine different 
patients showed aneuploidy .
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Conclusions:

DLA-CTC in NSCLC patients are associated with response to treatment and sur-
vival and numbers suffice for clinical use.

Introduction

Circulating tumor cells (CTC) isolated from the peripheral blood are a candidate 
for liquid biopsy (1,2). The FDA cleared CellSearch systems identifies CTC by their 
expression of the epithelial cell adhesion molecule (EpCAM), cytokeratins 8,18, 19 
and lack of CD45. CTC are strongly associated with poor prognosis, and worse 
tumor response to therapy (1,3–7). Their clinical use in non-small cell lung cancer 
(NSCLC) patients is hampered by the low detection rate of CTC in the peripheral 
blood. They are detected in merely 30% of NSCLC and in low numbers, often only 
1-2 CTC per 7.5mL blood.

Extrapolation of CTC distributions in 7.5mL blood of prostate, colon and breast 
cancer patients showed that likely all patients have CTC in circulation, but that 
the volume of blood screened for CTC (7.5mL) was insufficient for reliable detec-
tion (8). For NSCLC patients it was calculated that it is necessary to screen 0.75L 
of blood in order to detect 10 CTC in 78% of patients (8).

CTC have a similar density as the mononuclear cell (MNC) fraction, allowing for 
their separation from the red blood cells and plasma by leukapheresis (9–11). The 
separated cells are concentrated allowing screening of a larger volume of blood 
without detrimental consequences to the patients. This leukapheresis to obtain 
CTC, known as diagnostic leukapheresis (DLA), has shown to further increase 
CTC counts and detection rates in breast and prostate cancer (9–11). Unfortu-
nately, the volume of DLA product that can be screened with the CellSearch is 
limited, as the enriched leukocytes in the DLA product non-specifically bind the 
immunomagnetic particles targeting EpCAM, causing the number of cells in the 
cartridge to be too high for reliable detection of CTC (9,10). A leukocyte count of 
2×108 was shown to be the maximum that can be analyzed in one CellSearch test.

We hypothesized that in NSCLC patients the yield of CTC can be increased when 
measured in DLA (as a higher volume of blood can be screened) compared to the 

6
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peripheral blood. By depletion of leukocytes in the DLA product an even greater 
volume of DLA product can be processed with CellSearch to increase CTC counts. 
By applying this procedure before and after treatment, we hypothesized that the 
detected changes in CTC counts would accurately reflect the measured response 
to treatment. To provide proof of the malign origin of the detected cells, CTC were 
isolated when possible followed by single cell whole genome sequencing (scWGS) 
to assess copy number alterations (CNA).

Methods

Patient inclusion and clinical data

Consecutive patients with proven NSCLC were prospectively included in an ex-
ploratory cohort study. Eligibility criteria were an Eastern cooperative oncology 
group performance status (PS) of 0-2, no use of anticoagulation and no clotting 
disorders. All patients had to start with a new treatment at time of inclusion, 
either as a new patient or as a known patient with progression. Informed consent 
was obtained from all patients.

Patients were stratified for stage (early: stage I-IIIA, advanced stage: IIIB-IV) 
and were treated with surgery/stereotactic ablative radiotherapy, chemother-
apy, immunotherapy or targeted therapy. Baseline clinical characteristics were 
registered by their treating physician. For patients with advanced stage disease, 
response to treatment was measured after 3 courses of therapy, between 1-6 
months after start of therapy. Tumor response to treatments was measured ac-
cording to the Revised Response Evaluation Criteria In Solid Tumors version 1.1 
(RECIST 1.1) and denoted as progressive disease (PD), stable disease (SD), partial 
response (PR) and complete response (CR). Patients with PR or CR were clas-
sified as responders, while PD and SD were denoted as non-responders in the 
analyses. All clinical data were gathered blinded to CTC outcomes. The study was 
approved by the Medical ethical Committee (NL55754.042.15) and was registered 
in the Dutch trial register (NL5423).
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Diagnostic leukapheresis procedure

After patient inclusion the first DLA procedure was planned before start of the 
new line of therapy. A second procedure was planned after treatment. For patients 
with early stage disease the second procedure would be performed as soon as 
possible after end of therapy, up to a maximum of one month later. For patients 
with advanced stage disease, the second procedure was planned six weeks to 
three months after start of the new therapy, but could be postponed depending 
on interruption of therapy or patient performance.

DLAs were carried out with the Spectra Optia® Apheresis System using an inter-
mediate density layer set (IDL) and software version 11 (Terumo BCT inc, Lakewood, 
CO, USA). The procedure was performed according to the standard continuous 
MNC protocol with a packing factor of 4.5, the collection pump set to 1 mL per 
minute, hematocrit minus 3 percent points and a flexible inlet flow. Acid citrate 
dextrose formula A (ACDA) was used as anticoagulation in a concentration of 1:11, 
but was further adjusted depending on aggregate formation.

Prior to each procedure, weight, height and gender were used to estimate the 
total blood volume (TBV) of the patient according to the formula of Nadler (12). 
After insertion of the first needle, blood would be collected in one tube with EDTA 
(Becton Dickinson, Etten Leur, The Netherlands) and in one CellSave CTC tube 
(Menarini siliconbiosystems, Bologna, Italy). The EDTA tube was used for a full 
blood count (FBC) and the CellSave tube for CTC enumeration (pre-DLA sample 
[pre]). DLA collection would be performed at a hematocrit around 5%. We aimed 
to process the total blood volume as calculated beforehand. Additionally, plasma 
for ctDNA analysis was obtained from several patients, at the end of the cMNC 
procedure.

After the procedure, blood was drawn into two blood collection tubes with EDTA 
tubes and one CellSave CTC tube. A sample of the DLA product was drawn in an 
EDTA tube as well (1mL). The DLA aliquot and one blood sample with EDTA were 
used for a full blood count. The CellSave CTC tube was used for CTC enumeration 
by CellSesarch (post-DLA sample [post]). The second EDTA tube was used in the 
RosetteSEP depletion described later.

6
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Procedure efficacy was evaluated by calculating the number of lymphocytes in 
the total DLA product divided by the number of lymphocytes that had passed the 
machine while DLA product was collected. Lymphocytes were chosen in consid-
eration of their density, which resembles CTC the most of the MNC cells, and is 
one of the cells for which the continuous MNC procedure we performed is opti-
mized for (13,14).

DLA product processing

The DLA product was divided into two parts and further processed.

1. A DLA aliquot containing 2×10^8 leukocytes was diluted with CellSearch Cir-
culating Tumor Cell Kit Dilution Buffer (Menarini Silicon Biosystems, Huntingdon 
Valley, PA, USA) to 7.5mL and placed in a CellSave tube. The sample was stored at 
least overnight at room temperature, and was subsequently processed according 
to manufacturer’s instructions.

2. Nine mL of DLA was mixed with 200μL Cellsave preservative and stored at 
least overnight at room temperature until leukocyte depletion by means of the 
RosetteSep CD45 depletion Cocktail (Stemcell Technologies, Catalog# 15162). The 
RosetteSEP crosslinks leukocytes and erythrocytes, increasing the density gra-
dient of the MNC’s, allowing their removal by centrifugation.

First, erythrocytes were isolated by centrifugation (800g for 10 min) from the 
EDTA tube taken after DLA. The erythrocytes were added to the DLA product 
to reach a final MNC to erythrocyte ratio of 1:40. Fifty μL of the RosetteSep de-
pletion cocktail was added for each 1 mL of sample and incubated for 20 min at 
room temperature. After incubation, the sample was diluted with an equal volume 
of PBS/2%FBS. The solution was then carefully layered on top of a Ficoll-Paque 
PLUS density gradient (GE Healthcare, Chalfont St.Giles, UK) and centrifuged at 
800g for 30 min at room temperature without brake. The enriched cells were 
collected and washed by adding 2 volumes of PBS/2% FBS and centrifuging for 
8 min at 800g. For CellSearch analysis after leukocyte depletion, isolated cells 
were diluted with CellSearch dilution buffer to a final volume of 14 mL. This sample 
was then processed using CellSearch according to manufacturer’s instructions.
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Circulating tumor cell detection

CTC from the DLA product (DLA-CTC and RosetteSEP-CTC) and from the blood 
samples (blood CTC pre and post) were enumerated within 72 hours after the DLA 
procedure by CellSearch. Both whole blood samples, preserved in CellSave, were 
run with CellTracks Autoprep using the CTC kit (Menarini) according to standard 
protocol. DLA product samples were prepared as described above. Black tape 
was placed where the red blood cell layer would be located when running a blood 
sample. This black tape allows the CellSearch system to detect a red blood cell 
layer even when it is missing, allowing the DLA sample to be processed as if it 
were a blood sample.

CellSearch cartridges were scanned using the CellTracks Analyzer II (Menarini). 
The stored CTC images were analyzed with CellTracks Analyzer software and 
subsequently assessed by a trained operator

CTC isolation by puncher

CTC from patients with ≥4 CTC enumerated with CellSearch in the DLA product 
were isolated by the puncher system of VyCAP (VyCAP, Enschede, The Nether-
lands) (15). Thus the morphology of CTC could be correlated to sequencing out-
comes. The content of the CellSearch cartridges was transferred to a 1.5mL tube 
and the emptied cartridge was washed twice with 300 μL PBS to ensure removal 
of the majority of cells from the cartridge.

Microwell chips (VyCAP, Deventer, The Netherlands) were degassed in a vacuum 
chamber at −1.0 bar for 15 minutes in PBS. After degassing, the microwells were 
placed in a filtration holder. The cells were then seeded into a microwell chip 
according to manufacturer’s instructions. After seeding, the microwell chip was 
transferred to the VyCAP Puncher system. The entire chip was scanned using a 
20x objective. Images were acquired using the following settings: 100ms DAPI, 
200ms cytokeratin (PE), 600ms CD45 (APC). Cells of interest were selected using 
the Puncher Software (VyCAP, 64 bit version 5.3) by using the automatic selec-
tion tool. All events with a signal intensity of >2000 DAPI and >1500 PE were re-
viewed by the operator and CTC were manually selected. Cells of interest were 
subsequently punched into a 96 wells plate containing 95uL mineral oil (Sigma). 
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After punching, 5uL of freeze buffer (1XPBS/42,5% ProFreeze (Lonza)/7,5% DMSO 
(Sigma)) was added. Plates were spun down for 5 min at 500xg and subsequently 
stored at -80°C until further processing.

Single cell whole genome sequencing

Single CTC and controls with single WBCs and 10 cell controls were stored in the 
freeze buffer after isolation, followed by scWGS as previously described with some 
minor modifications (16). In short, after MNase treatment, decrosslinking was per-
formed by incubation at 65°C for 1 h in the presence of Proteinase K (0.025U) and 
NaCl (200 mM), followed by AMPure XP bead purification and subsequent End-re-
pair and A-tailing as described before.

Power analysis

We expect that about 30% of patients will have CTC in the peripheral blood. Assum-
ing that the DLA will increase CTC detection to 80% of patients, a sample size of 
19 patients per stage group was calculated at α=0.05 and β=0.8. For the dynamic 
changes of CTC, we estimated that CTC will only be detected in 26% (effect size 
0.67) after treatment. This difference can be detected with α=0.05 and β=0.8 when 
20 patients undergo two procedures.

Statistical analysis

Patients were divided by stage. Specifically, patients with early stage disease un-
dergoing curative treatment (stage I-IIIA) and patients with advanced stage disease 
(III-IV) were grouped.

Comparisons between percentage of patients with CTC detected in DLA product 
and peripheral blood samples were performed by McNemars test. CTC counts per 
7.5mL DLA and 7.5mL of blood were compared by Wilcoxon’s matched analysis.

CTC counts in DLA were corrected for lymphocyte counts since their sorted weight 
resembles that of CTC the most (17,18). CTC per 1×109 lymphocytes were calculat-
ed. Using the expected blood volume and the number of lymphocytes in the pe-
ripheral blood before DLA we could estimate the expected CTC count in the whole 
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blood volume of the patient. These extrapolated counts would be compared to CTC 
counts measured in the peripheral blood samples by Wilcoxon’s matched analysis.

ROC curves for predicting non-response to therapy were fitted for advanced stage 
NSCLC patients treated with systemic treatment for (change of) CTC in blood and 
DLA (standardized and real measurement). Early stage patients were not included 
due to the difference in treatment and outcome. Area under the curve (AUC) values 
are provided as well as sensitivity and specificity values. Cox regression analyses 
were used to determine prognostic effects measured by hazard ratios (HR>1 det-
rimental to survival).

Multivariable models were used, with covariables selected in a backward condi-
tional method. In short, all clinical parameters (age, gender, Eastern Cooperative 
Oncology Group performance score [PS], smoking status, stage, tumor type, ther-
apy group, mutations and therapy line) were included in the original model, after 
which a selection was made. Covariables with p>0.157 (based on the Akaike in-
formation criterion) were excluded, starting with the highest p value. An effect is 
considered significant when p<0.05 in a two-sided test. All analyses are performed 
using SPSS version 23.

Results

Patient inclusion

A total of 88 DLA procedures were performed in 56 patients (11 early stage disease, 
45 advanced stage disease, table 1). Fifty-four pretreatment (T0) and 34 post-treat-
ment (T1) procedures were performed. One patient underwent both the T0 and T1 
procedure twice, as he switched to immunotherapy with chemotherapy after pro-
gression to tyrosine kinase inhibitors (TKI). Another patient had progression at T1 
and immediately started a different TKI. She underwent a second T1 measurement, 
providing two matched pre and post treatment procedures (T0-T1, T1-second T1). 
In total, 31 matched T0 and T1 measurements were obtained from 29 patients, in-
cluding the two aforementioned patients (7 early stage, 24 late stage). The seven 
patients with early stage had their second procedure between 1 and eight weeks 
(median=5 weeks) after inclusion. The 24 patients with advanced stage had their 
second procedure between 1 and four months (median=8 weeks) after the first 
procedure.

6

Menno_Binnenwerk_V4.indd   143 8-8-2020   21:01:10



144

Chapter 6

Table 1: Baseline characteristics of 56 NSCLC patients who underwent apheresis

Stage I-IIIA
n=11 (20%)

Stage IIIB-IV
n=45 (80%)

Total
(n=56)

Age Mean (standard deviation) 70 (9) 64 (10) 65 (10)

Gender Male
Female

6 (55)
5 (45)

29 (64)
16 (36)

35 (63)
21 (37)

ECOG PS* 0
1
2
3

8 (73)
2 (18)
1  (9)
X

23 (51)
15 (33)
6 (13)
1  (2)

31 (55)
17 (30)
7  (1 3)
1  ( 2 )

Smoking 
status

Smokers
Previous
Non smokers

5 (46)
4 (36)
2 (18)

25 (56)
7 (15)
13 (29)

30 (53)
11 (20)
15 (27)

Stage* I
II
III
IV

5 (46)
3 (27)
3 (27)
X

X
X
6 (13)
39 (87)

5  ( 9 )
3  ( 5 )
9 (1 6)
39 (70)

Histology Adenocarcinoma
Squamous cell carcinoma
Other

7 (64)
1  (9)
3 (27)

35 (78)
9 (20)
1  (2)

42 (75)
10 (16)
4  ( 9 )

Mutations* None identified
KRAS
ALK
Other

8 (73)
2 (18)
X
1  (9)

17 (38)
15 (33)
5 (11)
8 (18)

25 (45)
17 (30)
5  ( 9 )
9 (1 6)

Therapy 
line*

0
1
2
≥3

9 (82)
2 (18)
X
X

2 (4)
19 (42)
19 (42)
5 (12)

11 (20)
21 (37)
19 (34)
5  ( 9 )

Treatment Surgery
Chemo(radio)therapy
Immunotherapy
Targeted therapy

8 (73)
3 (27)
X
X

1  (2)
6 (13)
27 (56)
11 (24)

9 (1 6)
9 (1 6)
27 (48)
11 (20)

*PS, stage and therapy line were significantly lower for patients in the localized therapy 
group compared to the advanced disease group. Mutations were also less often 
detected in the localized treatment group.
Within patients with advanced disease, no significant differences between clinical 
characteristics (except targetable mutations) were observed.
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Early stage disease patients were treated with surgery (n=8) or with chemo/radio-
therapy with curative intent (n=3). Advanced stage disease patients were treated 
with chemo (n=6), tyrosine kinase inhibitors (n=11) and immunotherapy (n=27) of 
whom 3 with combined chemotherapy, while one patient with advanced (oligomet-
astatic) disease was operated for both the metastatic site (adrenal) and the prima-
ry tumor. This patient was included in the early stage disease group for response 
and survival analyses.

Apheresis procedure

The median procedure time was 91 minutes (T0: 96, T1: 87). During this time median 
82% of the patients’ blood volume was processed resulting in a median of 76mL of 
DLA product (inter quartile range[IQR]=54-94), including 11 mL of ACDA (IQR=8-13) 
for anticoagulation (table 1). The volume representing 2×10^8 white blood cells was 
median 1.8mL (IQR=1.1-2.6), constituting 2.5% of the whole DLA product. This would 
equal around 57mL of whole blood (IQR=39-81). Using lymphocytes as a standard, 
we had a mean efficacy (percentage of lymphocytes that passed the machine and 
were isolated in the DLA product) of 66%, with none of the procedures having an 
efficacy below 33%. DLA product contained strongly concentrated leukocytes and 
lymphocytes compared to normal blood (supplementary table 1). During apheresis, 
blood values decreased partly due to removal of the cells and in part due to dilu-
tion: values of leukocytes (median -1.3 ×10^9/L), erythrocytes (median -0.4×10^12/L) 
and platelets (median -36 ×10^9/L) decreased, leading to a mean hemoglobine de-
crease of -0.8 and a hematocrit decrease of -4% (supplementary figure 1, supple-
mentary table 2).

Minor adverse events that occurred during the 88 DLA procedure were paresthesia 
(n=6), nausea (n=1), hematoma (n=1), hypoglycemia (n=1) and one patient had a tem-
porarily decrease in blood pressure (-20mmHg). All events were easily solved by 
administrating calcium for the paresthesia, fructose for hypoglycemia or decreas-
ing the speed of the procedure. All patients separately reported that the procedure 
was easily tolerable. When approached for a second procedure after treatment, 27 
patients refused. Five patients encountered complications (brain infarction, fis-
tula formation, recurrent infections, hematological malignancy) preventing them 
from proceeding within the study. Three patients within the surgery group could 
not be processed for a second time due to logistical reasons. The follow up was 
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performed at a different location that our hospital or the procedure could not be 
organized within the specified time frame. Nineteen patients progressed too rap-
idly to organize a second procedure. Of these nineteen five died before one could 
be organized. patients never refused because the DLA was too demanding. 

CTC detection

Blood-CTC were detected at T0 pre DLA in 18/55 (33%) and post DLA in 12/55 
(21%) procedures, and at T1 in 9/34 (26%) and 7/34 (21%), respectively (figure 1). 
We found no significant decrease in the presence of blood-CTC detection (p=0.13) 
or their counts (p=0.11) after DLA.

Figure 1: Proportion of non-small cell lung cancer patients with CTC detected in either 
blood or apheresis product

Proportion of patients with CTC before treatment (T0, figure A) and after treatment (T1) split 
for patients with early (stage I-IIIA) and advanced stage (IIIB-IV) non-small cell lung cancer. 
CTC detection was performed by CellSearch in 7.5mL of peripheral blood (pre and post 
apheresis), apheresis product measured directly (2×109 white blood cells) and after leuko-
cyte depletion by RosetteSEP (9mL DLA product). All measurements compared, CTC were 
significantly more often detected in the DLA product compared to the peripheral blood (vs 
pre: p<0.01, vs post<0.01). RosetteSEP did not increase CTC detection significantly (p=0.3).

DLA-CTC were detected at T0 in 31/55 (56%) and at T1 in 14/34 (42%) procedures. 
DLA-CTC were detected significantly more often (p<0.01) and in higher counts 
per 7.5mL (p<0.01) compared to blood-CTC pre and post DLA (figure 1). DLA-CTC 
per 7.5mL DLA were median 9.2 times (IQR=5.6-24.0) higher than blood-CTC in 
7.5mL blood (figure 2).
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Using RosetteSEP 9 mL of DLA was successfully processed. Rosette-CTC were 
detected in the DLA product at T0 in 31/55 (56%) and at T1 in 14/34 (44%) of pro-
cedures. This was a non-significant difference compared to DLA-CTC (p=0.30). 
Rosette-CTC counts per 7.5mL DLA product were decreased compared to DLA-
CTC, indicating loss of CTC during the leukocyte depletion by RosetteSEP (p<0.01, 
figure 2).

Figure 2: Circulating tumor cells in blood and diagnostic leukaphersis product of non-small 
cell lung cancer patients.

6
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CTC per 7.5mL diagnostic leukapheresis (DLA) product or blood before and after treatment 
(A&C) and CTC extrapolated to the total blood volume (TBV) of the patient after correction for 
the number of lymfocytes (B&D). Estimates are stratified for stage of disease (early versus 
advanced). Counts are given for measurements in blood, pre and post DLA, and in DLA prod-
uct directly and after. CTC counts per 7.5 mL DLA were significantly higher than those per 
7.5mL of blood (p<0.01). RosetteSEP allowed for the processing of larger volumes of DLA 
product, but CTC per 7.5mL DLA product decreased.

DLA-CTC extrapolated to the total blood volume

Extrapolating enumerated DLA-CTC corrected for lymphocyte counts to the total 
DLA product (representing 100% of the total blood volume) gave an expected 

Menno_Binnenwerk_V4.indd   148 8-8-2020   21:01:10



149

DLA in NSCLC increases CTC yield

median number of 56 CTC in the DLA product (IQR= 0-233, T0: 113 CTC, IQR=0-
300, T1: 0 CTC, IQR=0-179). These counts closely resembled those obtained when 
extrapolating blood-CTC to the total blood volume (figure 2B). Corrected DLA-CTC 
and blood-CTC counts were strongly correlated (ρ=0.5, p<0.01). 

Copy number alterations in CTC

From 9 patients we were able to extract DLA-CTC from the CellSearch cartridge 
for CNA analysis by scWGS. CNA analysis showed several copy number changes in 
all detected CTC (n=22, 100%) when libraries were of sufficient quality (figure 3).

CTC at T1 and response

We have performed 34 T1 procedures, 7 in patients with early stage disease and 
27 in patients with advanced stage disease. All patients with early disease were 
followed for at least six months, up to a maximum of 18 months. In the early stage 
disease group 2/7 patients had recurrent disease during the study. Both of these 
patients had DLA-CTC detected at T1, but no blood-CTC (supplementary figure 2).

Of the patients with advanced stage disease 11/27 had DLA-CTC at T1. DLA-CTC 
detected at T1 in patients with advanced stage disease were strongly correlat-
ed with response (figure 4).Of the eleven patients with DLA-CTC detected, eight 
had progression within 3 months after T1. ROC curves showed that ≥1 CTC/7.5 
mL DLA and ≥3 CTC/ 1×109 lymphocytes in DLA were most capable of predicting 
a non-response (AUC=80 and 79 respectively, both with sensitivity=87%, speci-
ficity=77%, supplementary figure 3). Groups of patients based on these cut-offs 
(≥1 CTC/7.5mL or ≥3CTC/1×109 lymphocytes) showed significantly lowered chances 
to respond (both OR=0.1, p=0.02).

Advanced stage disease patients with DLA-CTC at T1 showed significantly shorter 
PFS than those without DLA-CTC (median PFS=2.0 vs 12.0 months, p<0.01). In a 
multivariable Cox regression DLA-CTC presence at T1 remained significantly as-
sociated with shorter PFS (HR=5.8, 95% confidence interval [CI]=1.4-35.5, p=0.02).
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Figure 3: Single cell whole genome sequencing of isolated circulating tumor cells from 
non-small cell lung cancer patients derived from leukapheresis product

Circulating tumor cells (CTC) were isolated by the punching system of VyCAP (Enschede, 
the Netherlands), allowing for direct comparison of copy number changes (CNA) by single 
cell whole genome sequencing (scWGS) and morphology. Depicted are three CTC and one 
white blood cell immunofluorescently stained for cytokeratin (=green), CD45 (=red) and 
nuclei (=blue), which were isolated from the apheresis product of one patient. In total 22 
CTC from nine different patients were isolated for scWGS. All successful libraries showed 
aneuploidy.
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Figure 4 - Part 1: Circulating tumor cell counts after treatment in advanced stage non-
small cell lung cancer patients, relation with response and survival.

Response of advanced stage NSCLC patients (n=27)
with and without CTC in DLA product after treatment
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Response by RECIST v1.1 of advanced non-small cell lung cancer patients (NSCLC) by the 
presence of CTC in the diagnostic leukapheresis product (DLA product) after treatment 
(T1, figure A). Patients with CTC at T1 had significant shorter progression free survival time 
(median PFS measured from T1=2.0 vs 12.0 months, p<0.01, figure B).
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Figure 4 - Part 2: Circulating tumor cell counts after treatment in advanced stage non-
small cell lung cancer patients, relation with response and survival.

Response of advanced stage NSCLC patients (n=27)
with and without CTC in DLA product after treatment
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Response by RECIST v1.1 of advanced non-small cell lung cancer patients (NSCLC) by the 
change in lymphocyte corrected CTC counts in the DLA product (figure C). Patients  with 
increased CTC counts had signficant shorter progression free survival time (median PFS 
from T0=1.4 vs 19.1 months, p<0.01, figure D).
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Treatment response and paired DLA procedures

In total 31 matched procedures were obtained. Seven from patients with early 
stage disease and 24 from patients with advanced stage disease. Two patients 
with advanced disease progressed during the study and agreed to again undergo 
the procedures. One of these patients progressed 18 months after start of TKI 
treatment and underwent a T2 and T3 procedure (receiving immunotherapy). The 
second patient had progression at T1 on TKI treatment. This procedure served 
as both a T1 (to the previous T0), and as a T0 for a third procedure (second T1) 
performed after being treated for two months with another TKI (figure 5).

Patients with early stage disease were treated with surgery and one with radio- 
and chemotherapy. All had the tumor completely removed. Two patients had dis-
ease recurrence within 6 months after surgery. Both had an increase in DLA-CTC. 
Blood-CTC count was decreased in one patient, while the other had no blood-
CTC detected at either time point. Follow-up for all these patients was at least 
six months after treatment.

Of the 25 matched procedures performed in advanced stage disease patients 
15 (60%) had a PR, 4 had SD (16%) and 6 patients had PD (24%) at first response 
measurement according to RECIST(figure 4). Lymphocyte corrected DLA-CTC 
increased in 6 patients (24%), decreased in 13 patients (52%) and could not be 
detected at either time point in 6 patients (24%). The change in DLA-CTC (cor-
rected for lymphocytes) was best for predicting a non-response, shown by the 
highest AUC in the ROC curve (AUC=0.90, sensitivity=71%, specificity=100%, sup-
plementary figure 4). All patients with increased DLA-CTC counts had progres-
sive or stable disease at measurement of therapy efficacy (6 weeks to 5 months 
after treatment started). Patients without CTC detected responded in 5/6 cases 
(83%), and patients with decreased CTC responded in 11/13 cases (85%), while 
patients with increased CTC either had progression (4/5), or stable disease (1/5).

An increase in lymphocyte corrected DLA-CTC (increase versus lowered/no CTC 
at either time point) was associated with significantly shorter survival (median 
PFS=1.4 vs 19.1, p<0.01, figure 4). After correction for clinical variables, this asso-
ciation remained significant (HR=5.9, CI=1.6-21.7, p<0.01, figure 4). Patients with 
no DLA-CTC detected at either time point seemed to survive longer than those 
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with a decrease in DLA-CTC counts (supplementary figure 5), but numbers were 
too few for definitive conclusions.

Figure 5: Two non-small cell lung cancer cases showing association between measured 
CTC counts and response by imaging.
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A: Female patient presenting at our center after treatment with cisplatin/pemexed, crizo-
tinib and ceritinib for stage IV adenocarcinoma with an ALK-translocation. Fourth line 
treatment was started with alectinib (T0-T1), but patient had progressive disease after 
1 month so medication was changed to loratinib (T1-T2). Lymphatic metastatic sites re-
sponded well as observed by CT (T2), however 3 months later an increase of bone metas-
tases was seen on PET-CT.
CTC count in DLA (8-15-7) accurately reflected response by imaging. CTC counts in the 
blood remained stable (0-0-1).
B: Male patient, arrived after lobectomy with several bone metastases and multiple af-
fected lymph nodes. Patient had an ALK translocation and a mutation in HRAS (p. R123P). 
Treatment was started with loratinib at T0, with a partial response at T1. One year later 
PET-CT scan showed minimal tumor activity. One and a half year after start of treatment 
patient developed complaints of pain in his shoulder, suspect for metastases on PET-CT 
scan. Biopsy confirmed presence of the original two mutations. Treatment with immuno-
therapy in combination with chemotherapy was started (T2). At T3 patient showed a partial 
response. CTC counts in blood (1-0-1-0) and DLA (12-0-7-1) accurately reflected response 
measured by PET-CT.
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Discussion

In this study we show that CTC can be detected in larger numbers and in a larger 
proportion of NSCLC patients when measured in DLA product compared to pe-
ripheral blood. DLA-CTC were more strongly associated with response and sur-
vival than blood-CTC. Isolated DLA-CTC showed several CNA when assessed with 
single cell whole genome sequencing, indicating their malign origin. The whole 
DLA product was expected to contain over 100 DLA-CTC in the majority of pa-
tients, which would suffice for more advanced genomic and functional tests if 
the whole DLA product could be processed. Of course our study was conducted 
in a small cohort, limiting generalization of these observations. We also have 
to be aware of possible bias (e.g. selection bias, mostly responders underwent 
a second procedure with 35% responders at T0 and 65% responders at T1). For 
better assessment of association with response and survival and the appropriate 
cut-off values, the study will need to be repeated with a larger study population.

Using the RosetteSEP we were able to process a larger volume of DLA product. 
RosetteSEP-CTC were detected in a larger proportion of patients. However, Ro-
sette-CTC counts per 7.5mL DLA and per lymphocyte decreased compared to 
DLA-CTC. This indicates further loss of CTC during the RosetteSEP procedure, 
besides the DLA procedure, making the RosetteSEP a suboptimal solution for 
processing a larger volume of DLA.

The efficacy of DLA, measured as captured number of lymphocytes compared 
to the number of lymphocytes passing through during the apheresis machine, 
was comparable to those reported previously in other tumor types and contin-
uous MNC procedures in donors (10,18). All procedures had an efficacy of more 
than 30%. We noticed that DLA-CTC corrected for lymphocytes approached CTC 
measured in the blood well, but were not equal. Especially when high blood-CTC 
counts were measured in the peripheral blood there was a difference in DLA-
CTC and blood-CTC after correction. This indicates that CTC are less efficiently 
captured than lymphocytes. Most likely, this is due to the more heterogeneous 
density distribution of CTC compared to lymphocytes. It could also be that when 
CTC are measured in high numbers in the peripheral blood of NSCLC patients, 
they represent a CTC ‘spike’ and not the real concentration of CTC in the blood. 
It is known that CTC may cluster which could explain such a CTC ‘spike’, and it is 

6

Menno_Binnenwerk_V4.indd   155 8-8-2020   21:01:11



156

Chapter 6

also known that repeated measurements within patients might differ. Apheresis, 
which allows us to screen a larger volume of blood would therefore also allow for 
a more accurate estimation of the concentration of CTC in the peripheral blood.

CTC have been a topic of interest in cancer for many years. They have consist-
ently been associated with shorter survival and to be of use to monitor treatment 
efficacy by sequential measurements (4,5,22–30). Recently, we showed that CTC 
at baseline were predictive of lower tumor responses to therapy for immunother-
apy (31). The predictive value could be increased when using sequential meas-
urements, but remained too low for clinical use, mainly due to the low detection 
rate, which might be solved with DLA.

Our study has been performed in a range of NSCLC stages. This reflects the pa-
tient population of our clinical center very well and allowed us to access the value 
of DLA in all disease stages. This heterogeneity poses no issue for the tests as-
sessing the difference between CTC counts in DLA product and peripheral blood 
as each patient serves as their own control.  For outcome we restricted our anal-
ysis to the advanced NSCLC patients. Additionally, CTC counts have been shown 
several times to an independent factor from the presence of mutations, histolog-
ical subtype, gender, age, therapy group, therapy line or smoking status (1,3–7).

Our results are in line with previous studies. Apheresis is known to be a tolerable 
procedure (32–35). And recently, DLA was shown to increase CTC detection in 
prostate and breast cancer, even when patients had early stage disease (9–11,36).

A mayor limitation remains that the complete DLA product cannot be used for 
CTC enumeration by CellSearch (limitation to 2×108 leukocytes). If the whole DLA 
product could be screened, detection of CTC will be further increased. Thereby 
the DLA product might contain enough cells for functional testing. Immunohisto-
chemistry staining on these cells would allow for diagnoses to be made with CTC, 
and may be used to guide therapy based on the presence of therapeutic markers 
(e.g. EGFR or ALK or PD-L1). While it might be too expensive to perform DLA in 
all NSCLC patients, it could provide a welcome alternative in those patients in 
whom therapy is delayed because conventional biopsies have failed several times.
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Conclusions

DLA can be used to increase CTC detection in NSCLC patients, allowing for CTC 
detection in a larger number of patients and in higher numbers. Even in patients 
with lower disease stages, CTC could be detected in the DLA product of the ma-
jority of patients. CTC in DLA product seemed to be associated stronger with both 
response and survival than CTC in the peripheral blood. However, this needs to 
be proven in other (larger) studies.
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Supplementary data

Supplementary figure 1: Change in blood values after DLA

Supplementary table 1: blood values in blood and DLA

Blood pre DLA DLA Blood post DLA

Red blood cells ×1012 4,6 0,5 4,2

Leukocytes ×109 10,1 133 8,5

Lymphocytes ×109 1,7 47 1,3

Monocytes ×109 0,9 31 0,6

Granulocytes ×109 7,3 69 6

Platelets ×109 281 2375 238

Hemoglobin Mmol/L 8,1 0,9 7,4

Hematocrit % 40,4 4 37,1
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Supplementary figure 2:

Supplementary figure 3:
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Supplementary figure 4

Supplementary figure 5: Survival of advanced non-small cell lung cancer patients with no 
CTC at either time point (blue), and with increased (red) or decreased CTC detected after 
treatment (green) in the DLA product.

Median progression free survival was 1.4 months for patients with increased, versus 9.4 
months for patients with decreased CTC counts (p<0.01). Of the six patients with no CTC 
at either time point 2 patients progressed.
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Abstract

Introduction
Circulating tumor cells (CTC) in non-small cell lung cancer (NSCLC) patients are 
a prognostic and possible therapeutic marker, but have a low frequency of ap-
pearance. Diagnostic leukapheresis (DLA) concentrates CTC and mononuclear 
cells from the blood. We evaluated a protocol using two VyCAP microsieves to 
filter DLA product of NSCLC patients and enumerate CTC, compared with Cell-
Search as a gold standard.

Methods
DLA was performed in NSCLC patients before starting treatment. DLA product 
equaling 2×108 leukocytes was diluted to 9 mL with CellSearch dilution buffer in 
a Transfix CTC tube. Within 72 hours the sample was filtered with a 7μm pore 
microsieve and subsequently over a 5µm pore microsieve. CTC were defined as 
nucleated cells which stained for cytokeratin, but lacked CD45 and CD16.

CellSearch detected CTC in the same volume of DLA.

Results
Of 29 patients a median of 1.4 mL DLA product (range, 0.5-4.1) was filtered (2% of 
total product) successfully in 93% and 45% of patients using 7 and 5 μm pores, 
respectively. Two DLA products were unevaluable for CTC detection. Clogging of 
the 5 µm but not 7 µm microsieves was positively correlated with fixation time 
(ρ=0.51, p<0.01). VyCAP detected CTC In 44% (12/27) of DLA products. Median CTC 
count per mL DLA was 0 (inter quartile range[IQR]=0-1).

CellSearch detected CTC in 63% of DLA products (median=0.9 CTC per mL DLA, 
IQR=0-2.1). CTC counts detected by CellSearch were significantly higher com-
pared with VyCAP (p=0.05).

Conclusions
VyCAP microsieves can identify CTC in DLA product, but workflows need to be 
optimized.
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Introduction

Circulating tumor cell (CTC) have prognostic value in non-small lung cancer 
(NSCLC) (1–5). However, in non-small cell lung cancer (NSCLC) CTC are detected 
in only 30% of metastatic NSCLC patients and in low frequencies of 1-2 CTC per 
7.5mL of blood (1–6). CTC are likely present in the majority of metastatic patients 
but the current available methods are only capable of screening limited volumes 
of blood (7,8). As CTC have a similar density as mononuclear cells they can be ex-
tracted from the blood by means of a diagnostic leukapheresis (DLA), allowing 
the screening of a large volume of blood for CTC (8–11).

In the DLA product the CellSearch platform identifies CTC in higher frequencies 
and in more patients compared to peripheral blood (9–11). CellSearch uses posi-
tive immunomagnetic selection to extract the epithelial cell adhesion molecule 
(EpCAM) positive CTC. Due to the high numbers of leukocytes in the DLA product, 
which have non-specific interaction with the immunomagnetic particles targeting 
EpCAM, usage of the CellSearch platform in processing DLA is limited (9). VyCAP 
microsieves collect CTC by their relative size and rigidity, allowing for the detec-
tion of both EpCAM positive and negative cells (1–3). In addition, modified ver-
sions of these filters may allow isolation of single CTC for genomic analysis, or to 
perform functional tests in captured CTC (12–16). In this study we looked into the 
capability of VyCAP microsieves to filter the DLA product of NSCLC patients to 
enumerate CTC and compare the CTC counts per patient with those of CellSearch.

Methods

Patient inclusion and clinical data

Consecutive patients with proven NSCLC starting their treatment were prospec-
tively included in an exploratory cohort. Patients who had an Eastern Coopera-
tive Oncology Group Performance Status (PS) of 0-2 and did not use anticoag-
ulation medication or suffer from clotting disorders were selected. All patients 
gave informed consent. The study was approved by the regional Medical Ethical 
Committee (NL55754.042.15) and registered in the Dutch trial register (NL5423).

7
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Diagnostic leukapheresis procedure

DLAs were performed with the Spectra Optia® Apheresis System using an inter-
mediate density layer set (IDL) and software version 11 (Terumo BCT inc, Lake-
wood, CO, USA). The standard continuous MNC protocol was used with a packing 
factor of 4.5, collection pump set to 1 mL per minute, hematocrit minus 3 percent 
points and a flexible inlet flow. Anticoagulant Citrate Dextrose Solution A (ACDA) 
was used for anticoagulation in a dilution of 1:11, further adjusted when aggregate 
formation was observed in the collection chamber. We aimed to process the total 
blood volume (TBV) of the patient, as estimated with the formula of Nadler (17). 
DLA collection would be performed at a hematocrit around 5%.

DLA procedure efficacy was measured by determining the percentage of lym-
phocytes that were captured compared to the number that passed through the 
machine (lymphocytes in DLA product divided by lymphocytes in blood that was 
processed).

DLA product processing

A DLA aliquot with a volume equaling that of 2×10^8 leukocytes was diluted with 
CellSearch Circulating Tumor Cell Kit Dilution Buffer (Menarini Silicon Biosystems, 
Huntingdon Valley, PA, USA) to 9 mL and transferred to a CTC-TVT Transfix tube 
(Cytomark, Buckingham, United Kingdom) and stored at room temperature for at 
least 24 hrs. The sample was filtered within 72 hrs after completion of the DLA 
procedure using two VyCAP microsieves. This filtration in two steps was because 
of the experiences in the CTC-Trap study, where CTC were lost and only a small 
volume of DLA could be filtered (11). Filtration and CTC detection occurred ac-
cording to manufacturer instructions (version 2.1, September 2017 (18)). Firstly, 
the whole DLA sample is filtered using a microsieve with pores of 7 µm using a 
pressure of 30-250 mbar. Subsequently, the 7 µm microsieve filtrate, collected 
in the waste compartment of the VyCAP disposable, was passed through a mi-
crosieve with 5 µm pores at a pressure of 150-250 mbar. Immediately after fil-
tration, the cells on the filter are stained with immunofluorescent labels using 
a permeabilization buffer, followed by the addition of a staining cocktail con-
taining pan-cytokeratin CK-11 (PE, Cell Signaling Technology, #5075S, clone C11), 
pan-cytokeratin AE1/AE3 (eFluor 570, eBioscience, 41-9003-82, clone AE1/AE3), 
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CD45 (APC, eBioscience, 17-0459-41 / 42, clone HI30) and CD16 (APC, BioLegend, 
#302011, clone 3G8). Mounting medium containing DAPI was added followed by the 
addition of a cover slip. The microsieves were scanned and images of the cells 
on the microsieves were acquired. CTC, defined as cells expressing cytokeratins 
and containing a nucleus, but lacking CD45 and CD16 were counted. CTC counts 
are reported per mL DLA product.

Two samples which clogged were additionally labeled with CD41 (FITC, BD Pharm-
ingham, cat#557296) to detect platelets. In two patients a second DLA sample, in 
which ACDA was used to dilute the sample to 9mL instead of CellSearch dilution 
buffer, was used to determine the influence of anticoagulants on the formation 
cell clusters and cell clumps in the DLA product.

Comparison with CellSearch

We detected CTC in DLA product with CellSearch as previously described (11). In 
short, a DLA product volume containing in total 2×108 leukocytes was diluted to 
7.5 mL with CellSearch dilution buffer in a CellSave CTC tube (Menarini siliconbio-
systems, Bologna, Italy). CellSearch would then be used to identify CTC according 
to manufacturer’s instructions.

Spiking tumor cells in DLA product

To determine the recovery of tumor cells in DLA product, DLA products of two 
patients were spiked with 384 and 135 MCF-7 cells that were manually counted 
before transferring these to the DLA sample. MCF-7 cells were exposed to the 
sample concentration of transfix for the same times as the DLA samples.

Results

NSCLC patients and apheresis

Twenty-nine NSCLC patients underwent an apheresis (supplementary table 1 
and 2). The median estimated patient total blood volume was 5.2 L (interquartile 
range [IQR]=4.7-5.8), of which 4.6 L (IQR=3.9-5.5 L) was processed in 102 minutes 
(IQR=87-110). DLA procedures had a median efficacy (%lymphocytes captured that 

7
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passed through the machine) of 57% (IQR=55-65).The median volume of DLA prod-
uct was 88 mL (IQR=70-96), including 12 mL ACDA (IQR=11-13) for anticoagulation. 
The total number of cells used for filtration was 2 x 108, which equaled a median 
volume of 1.4 mL (IQR=1.1-2.3) of DLA product, constituting 2.1% (IQR=1.3-3.0) of 
the total DLA product. CTC counts were determined using VyCAP filtration with 
7µm followed by 5µm microsieves (figure 1).

Figure 1: Processing DLA samples for CTC filtration

DLA filtration through 7μm sieves
Out of 29 DLA products (table 1) that were filtered with the 7μm pore microsieves, 
93% (27) succeeded. One sample failed to filtrate due to a technical issue and one 
due to clogging (processed at 72 hours after DLA). Failure of the sample to fil-
trate could not be associated with time between the DLA procedure and filtration 
(exposure time to fixative) or to cell counts in the DLA product (white blood cells, 
monocytes, lymphocytes, granulocytes, platelets, hematocrit). CTC were detected 
in 33% (9/27) successfully filtered samples. CTC counts ranged from 0-3 CTC per 
mL DLA product (median=0, interquartile range [IQR]=0-0.7).
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DLA filtration through 5μm filters

Only 45% (13/29) of filtrations through the 5μm pore microsieves were success-
ful, the others failed due to clogging of the filter. Neither cell counts in the DLA 
product nor DLA volume correlated to filtration failure. Only the time that DLA 
product was exposed to the fixative in the Transfix tube correlated positively with 
filtration failure (ρ=0.51, p<0.01). Out of 29 samples filtered with 5μm pore micro-
sieves, 19 were processed 24 hours after DLA. Seven of these nineteen failed 
(36%). Seven samples were processed 48 hours after DLA, of which 6 failed (86%). 
Two samples were processed at 72 hours and both clogged. CTC were detected 
in 38% (5/13) of successfully filtered samples. CTC count ranged from 0-1.8 CTC 
per mL DLA product (median=0, IQR=0-0,9).

CD41 staining

On several filters cellular aggregates were observed (figure 2A). To study the 
presence of platelets immunofluorescent staining with CD41 was performed. Ac-
cumulation was observed in the pores of the filters (figure 2B), indicating aggre-
gation of platelets.

Additional anticoagulant

For two patients 2 DLA product samples of 2×108 leukocytes were investigat-
ed. Each patient had one sample diluted with CellSearch dilution buffer and one 
sample with ACDA for additional anticoagulation. The samples were processed at 
24 hours after the DLA procedure. Both samples, with and without extra ACDA, 
could only be filtered using the 7µm pore microsieves. The 5μm pore filters 
clogged. The number of detected CTC did not differ. The additional ACDA did 
not prevent the formation of clumps and clusters (figure 2C).

Spiked CTC

For both spiked samples, only the filtration with the 7μm microsieves was suc-
cessful at 24 hours after DLA. Recovery percentage of MCF-7 cells was 73% and 
99%.
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Figure 2: Clogged VyCAP microfilters: Aggregates of cells (A), accumulation of CD41(plate-
let marker) staining in pores of a sample processed without aditional ACDA (B) and with 
additional ACDA (C)
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CTC detection

In 27 out of 29 patients the DLA product was successfully filtered; in 2 patients 
filters could not be evaluated. Out of 27 filtered DLA products, 44% (12) contained 
CTC (figure 3A&B). The 7μm pore microsieves identified CTC in 33% (9/27) filtered 
DLA products. The 5μm pore microsieve successfully processed 13 samples, of 
which 38% (n=5) contained CTC. In the whole population, 41% had CTC detected 
(12/27). The combined CTC count from both filters in all patients ranged from 0-3 
CTC per mL DLA product (median=0, IQR=0-1). Out of the 13 samples filtered by 
both filters, CTC were detected in 54% (7/13).

Comparison with CellSearch

CellSearch detected CTC in 63% (17/27) of the matched samples that successfully 
filtered with VyCAP (supplementary table 3); Both samples that failed to filter 
had CTC detected by CellSearch. There was a low concordance between both 
methods. CellSearch detected CTC in 10 patients who were negative when pro-
cessed by VyCAP, while VyCAP detected CTC in 5 patients that did not have CTC 
detected by CellSearch (Supplementary Table 3). The proportion of patients with 
CTC detected did not differ significantly between CellSearch (63%) and VyCAP 
(44%, p=0.3). Combining the CellSearch and Vycap results, CTC were identified 
in 81% (22/27). Median CTC count detected by CellSearch was 0.9 per mL DLA 
product (IQR=0-2.1).This was significantly higher than CTC counts detected by 
VyCAP (p=0.05).
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Figure 3: Circulating tumor cells identified on VyCAP filters
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Discussion

The VyCAP microsieve filtration system is developed for 7.5mL blood samples 
to enumerate CTC. However, CTC are hardly detected in the peripheral blood 
of even advanced stage NSCLC patients. DLA has been shown to increase CTC 
yield (9–11). The current golden standard for CTC detection, the FDA cleared Cell-
Search system, is limited by the number of leukocytes it can process (9). In blood 
this poses no limitation, but in DLA product it severely restricts the volumes of 
DLA product that can be screened for CTC. Therefore, we attempted to use the 
VyCAP system to filter CTC from DLA product, which differentiates CTC based 
on their size and rigidity. We expected it to be less limited in the volume of DLA 
that could be processed. However, while the 7 μm microsieves filtered the ma-
jority of samples, the 5 μm VyCAP microsieves had problems with the formation 
of cell aggregates and the different composition of the DLA product, resulting 
in clogging of the microsieves. Fixation time was the only factor found to be as-
sociated with failure of samples to filter. The fixative is necessary to avoid the 
necessity to process the samples immediately after the DLA procedure. Although 
the underlying fixation process of the used fixative (Transfix) is unknown, it was 
demonstrated that the time the DLA samples was exposed to the fixative influ-
ences the ability of VyCAP microsieves to filtrate DLA product and detect CTC. 
Other parameters may also be of influence as well, e.g. the presence of debris 
in the Vycap disposable waste compartment, or temperature and leukapheresis 
composition. Though we found no association of filtration failure with platelet 
counts, we did observe platelets in the microsieves. Therefore other anticoagu-
lants may have beneficial effects on clogging. However, increasing the amount of 
ACDA for anticoagulation did not improve filtration. We believe that more research 
is required to optimize the protocol for processing DLA product with VyCAP mi-
crosieves before they can be effectively used.

While not yet optimized, we did observe a high recovery percentage of the spiked 
MCF-7 cells using only the 7µm microsieve. Yet CTC were detected in less pa-
tients with the microsieves (44%) compared to CellSearch (63%). The number of 
detected CTC was also significantly lower by VyCAP, reinforcing results found by 
Andree et al (11). When combining CTC counts from CellSearch and VyCAP, CTC 
detection increased to 81% of patients.
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In conclusion, the used VyCAP filtration is not suitable for DLA product due to 
clogging of the 5µm microsieves. This appears to be caused by the time the DLA 
product is exposed to the fixative in the Transfix tubes. Workflows need to be 
optimized to be able to process DLA product and adjustments are necessary for 
filtration of larger DLA product volumes.
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Supplementary data

Supplementary Table 1: Characteristics of non-small cell lung cancer patients (n=29) 
undergoing apheresis

Age Mean (sd) 64 (11)

Gender Male
Female

19 (66)
10 (34)

ECOG PS 0
1
2
3

16 (55)
8 (28)
4 (14)
1 (3)

Smoking status Smokers
Previous
Non smokers

15 (52)
8 (21)
6 (27)

Stage I
II
III
IV

2 (7)
1 (3)

4 (14)
22 (76)

Histology Adenocarcinoma
Squamous cell

23 (79)
6 (21)

Therapy line 0
1
2
≥3

5 (16)
10 (35)
10 (35)
4 (14)

Treatment Surgery
Chemo(radio)therapy
Immunotherapy
Targeted therapy

3 (10)
3 (10)

17 (59)
6 (21)

Blood TBV (L) (IQR)
Processed volume (L) (IQR)
Percentage processed (median, 
IQR)

5.2 (4.7-5.8)
4.6 (3.9-5.5)

97% (46-100)

DLA product mL
ACDA
mL DLA processed

88 (70-96)
12 (11-13)

1.4 (1.1-2.3)

ECOG PS= Eastern Cooperative Oncology Group Performance Score
DLA= Diagnostic leukapheresis procedure
sd= Standard deviation
TBV= Total blood volume 
IQR= inter quartile range 
ACDA= Anticoagulant Citrate Dextrose Solution A (ACDA)
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Supplementary Table 2: Blood cell counts in DLA product per liter

Mean SD

Red blood cells ×1012/L 0.6 0.28

Leukocytes ×109/L 135 76

Lymfocytes ×109/L 51.8 22

Monocytes ×109/L 29 10

Granulocytes ×109/L 62 30

Platelets ×109/L 1540 377

Hemoglobin Mmol/L 0.91 0.28

Hematocrit % 0.07 0.04
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Supplementary Table 3: Number of circulating tumor cells detected on Vycap microsieves 
and by CellSearch in non-small cell lung cancer patients (n=29)

Patient mL DLA CellSearch Vycap total Vycap 7μm pore Vycap 5μm pore

1 2,17 2 4 0 4

2 1,00 12 3 3 NA

3 2,99 0 3 2 1

4 1,16 0 3 1 2

5 1,03 1 2 2 NA

6 1,09 1 2 2 NA

7 1,40 3 1 1 0

8 1,24 0 1 1 NA

9 1,88 2 1 1 NA

10 0,75 0 1 0 1

11 1,53 11 1 1 0

12 2,41 0 1 0 1

13 0,98 0 0 0 0

14 1,37 0 0 0 0

15 1,86 1 0 0 0

16 2,52 3 0 0 0

17 0,54 2 0 0 0

18 0,56 2 0 0 0

19 1,09 0 0 0 NA

20 2,59 13 0 0 NA

21 1,67 0 0 0 NA

22 1,09 2 0 0 NA

23 1,31 1 0 0 NA

24 4,10 0 0 0 NA

25 2,16 6 0 0 NA

26 1,23 2 0 0 NA

27 2,37 4 0 0 NA

28 2,17 26 NA NA NA

29 2,74 1 NA NA NA
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Abstract

Background
Circulating tumor cells (CTC) are prognostic in non-small cell lung cancer (NSCLC), 
but their detection is a challenge. CTC can be extracted from the blood together 
with the mononuclear cell populations by diagnostic leukapheresis (DLA), con-
centrating them. CTC detection usually occurs with CellSearch which can only 
process limited DLA volumes (≈2 mL). Therefore, we established a protocol to 
enumerate CTC with ISET (Isolation by SizE of Tumor cells) in DLA product, and 
compared CTC counts between CellSearch and ISET.

Methods
DLA was performed in NSCLC patients who started a new therapy. With an adapt-
ed fixed cell protocol, ISET could process 10 mL DLA. CellSearch detected CTC 
in a volume equaling 2×10^8 leukocytes (mean 2 mL). CTC counts per mL were 
compared. Furthermore, the live cell protocol of ISET was tested in 8 patients. 
10-20 mL DLA was processed.

Results
ISET successfully processed all DLA products, 16 with the fixed cell protocol and 
8 with the live cell protocol. ISET detected CTC in 88% (14/16), compared to 69% 
(11/16, p=0.05) with CellSearch and in higher numbers (ISET median CTC/mL=4, 
interquartile range [IQR]=2-6, CellSearch median CTC/mL=0.9, IQR=0-1.8, p<0.01). 
EpCAM+ cells per mL were detected in similar counts by both methods. Eight 
patients were processed with the live cell protocol. All had EpCAM+CD45-CD235 
cells isolated by FACS.

Conclusions
ISET could process large volumes of DLA product to obtain fixated or alive tumor 
cells. Overall, CTC detection by ISET was higher compared to CellSearch. EpCAM+ 
CTC were detected in comparable rates.
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Background

Circulating tumor cells (CTC) isolated from the peripheral blood of non-small cell 
lung cancer (NSCLC) patients are associated with worse prognosis and worse 
tumor response to therapy (1–4). When detected in sufficient numbers they can 
be used for molecular analysis. Unfortunately, CTC are only detected in 30% of 
NSCLC patients and usually in low numbers, hampering their clinical application 
(5,6). It is likely that the majority of metastatic patients have CTC in circulation, 
but that the volume of blood screened for CTC (7.5mL) is insufficient for a reliable 
detection (7). For NSCLC it was calculated that 10 CTC could be detected in 78% 
of patients if 0.75 L of blood would be screened (8).

Due to their similar densities, CTC and mononuclear cells (lymphocytes and mono-
cytes) can be extracted from the blood by means of a diagnostic leukapheresis 
(DLA). In this way, larger blood volumes can be screened for the presence of 
CTC, e.g. 5 L instead of 10 mL, with little burden for the patient (8). In breast and 
prostate cancer significantly higher CTC counts are detected in the DLA prod-
uct compared to peripheral blood by CellSearch (9–11). CellSearch uses the ex-
pression of the epithelial cell adhesion molecule (EpCAM) to identify CTC and is 
currently the only FDA approved method. A drawback of the CellSearch is that 
the number of white blood cells that can be processed is limited to 2×108 leuko-
cytes. Consequently the volume of DLA product that can be screened for CTC 
is restricted to a few milliliter (9–11). We envisaged that a marker-independent 
CTC detection method could process larger volumes of DLA. The Isolation by 
SizE of Tumor cells (ISET) (Rarecells Diagnostics, Paris, France), uses filtration to 
identify CTC by their size. The ISET can identify both EpCAM+ and EpCAM- CTC. 
Although some EpCAM+ CTC may be lost, it identifies higher CTC counts in the 
peripheral blood which are also associated with survival (12–15). We thus aim to 
compare CTC counts of NSCLC patients by ISET with an optimized protocol for 
DLA product and CellSearch.

8
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Methods

Patient inclusion and clinical data

Patients with proven NSCLC were prospectively included in an exploratory cohort. 
Eligibility criteria were an Eastern Cooperative Oncology Group performance 
status (PS) of 0-2, no use of anticoagulation and no clotting disorders. All pa-
tients started (a new line of) treatment at time of inclusion. Informed consent was 
obtained from all patients. The study was approved by the Medical Ethical Com-
mittee (NL55754.042.15) and was registered in the Dutch trial register (NL5423).

Diagnostic leukapheresis procedure

DLAs were carried out with the Spectra Optia® Apheresis System 11 (Terumo BCT 
inc, Lakewood, CO, USA) as previously described (10). We aimed to process the 
total body blood volume (TBV) as calculated by the formula of Nadler (16). Before 
and after this procedure an EDTA tube was taken for a full blood count. Procedure 
efficacy was calculated by dividing the number of lymphocytes in the total DLA 
product by the total number of lymphocytes which passed through the machine 
while DLA product was collected.

The adapted ISET protocol for fixated cells

First we processed different volumes of DLA product according to the protocol 
for fixed cells in blood (supplementary material 1, supplementary figure 1&2, sup-
plementary table 1). The protocol was adapted as too many DLA products could 
not be filtered efficiently. Filtration failure was correlated with the volume of 
processed DLA product (ρ=0.69, p<0.01) and platelet count in the DLA product 
(ρ=0.75, p<0.01). Consequently, we used additional anticoagulation in the adapted 
protocol. DLA product was diluted 1:1 with ACDA and placed in blood collection 
tubes coated with EDTA (Becton Dickinson, Etten Leur, the Netherlands). No fil-
tration problems were encountered anymore and we filtered 10 mL DLA product, 
diluted with 10 mL ACDA in EDTA tubes according to standard ISET protocol (17). 
In short this means that the 20 mL of DLA and ACDA mixture was further dilut-
ed with 90 mL of fixed ISET buffer and mixed for 10 minutes. Afterwards the 
sample would be transferred to the (prehydrated) ISET block and filtered using 
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pressures between -10 to -25 kPA. After filtering the sample CTC were detected 
with immunocytochemistry (ICC) staining. As a positive marker, the membrane 
staining of EpCAM (Ventana ReadyToUse 760-4383, Roche Diagnostics, Almere, 
the Netherlands) or a nuclear marker was used (either TTF1 [Ventana ReadyToUse 
790-475, Roche Diagnostics, Almere, the Netherlands] recognizing the majority 
of adenocarcinomas or p40 [Venta ReadyToUse 790-4950, Roche Diagnostics, 
Almere, the Netherlands] detecting the majority of squamous cell carcinomas, 
depending on which one was positive in the primary tumor biopsy). As a negative 
marker, combined with either of the two positive markers, we used the mem-
brane staining of CD45 (DAKO M0701, Stevens Creek, USA). Of each ISET filter, 
3-6 spots were evaluated for CTC, following procedure of Krebs et al (12). Two 
DLA products were spiked before filtration with 100 H292 cells. Afterwards the 
capture efficacy was calculated.

Live cell protocol

Next to fixed cells, we wanted to explore the protocol for live cell isolation by 
ISET, as these live cells can be cultured and later analyzed by different molec-
ular methods. Live cells were isolated from 10-20 mL of DLA product, diluted 
1:1 with ACDA and placed in EDTA tubes after ISET live buffer was added (4:1). 
Subsequently, the standard live cell protocol of ISET was followed (17). In short, 
10-20 mL of DLA with ISET buffer was filtered with pressures between -4 to -10 
kPa. During this process the filter was washed and always remained submerged 
in DPBS until the liquid was clear. A 1 mL pipette was used to wash cells of the 
filter and aspirate 1 mL fluid, which was placed in a 15 mL tube. This was repeated 
5 times. Afterwards the tube was centrifuged at 120g for 10 min. Live cells were 
stored for further experiments such as single cell whole genome sequencing 
(scWGS). Filtered cells were fixated with formaldehyde 1% (end concentration 
0.1%). FACS (BD FACSJazz, BD biosciences, Allschwil, Switzerland) was used to 
isolate EpCAM+ cells containing a nucleus but which were negative for CD235A 
(erythrocyte marker) and CD45 (leukocyte marker).

CTC recognized by CellSearch

CellSearch identified CTC in a DLA aliquot of 2×10^8 leukocytes, diluted with Cell-
Search Circulating Tumor Cell Kit Dilution Buffer (Menarini Silicon Biosystems, 
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Huntingdon Valley, PA, USA) to 7.5mL and placed in a Cellsave tube (Menarini). After 
the tube was stored at least overnight at room temperature, the sample was cen-
trifuged at 800g for 10 min before analysis. Sample processing occurred within 
72 hrs using CellSearch according to manufacturer’s instructions (11). CellSearch 
cartridges were scanned using the CellTracks Analyzer II (Menarini) and analyzed 
by a trained operator. Cells were classified as CTC when they were EpCAM+ cyto-
keratin+ and CD45-, while having a morphology consistent with a nucleated cell.

Single cell whole genome sequencing

Single isolated CTC were stored in freeze buffer after isolation. We performed 
scWGS as described previously with some minor modifications (18). In short, upon 
MNase treatment, de-crosslinking was performed by incubation at 65°C for 1 h in 
the presence of Proteinase K (0.025U) and NaCl (200 mM), followed by AMPure XP 
bead purification and subsequent End-repair and A-tailing. During PCR indexes 
are introduced to each DNA fragment allowing multiplexing of the libraries for 
sequencing. All libraries were sequenced with the Illumina NextSeq 500. Data 
analysis was performed using the AneuFinder package (18,19).

Statistical analysis

From the DLA product the number of CTC identified with ISET were compared 
with those from CellSearch. Comparisons were performed using nonparametric 
matched analyses. Differences in proportion of patients with CTC were evalu-
ated with McNemars test. CTC counts per mL DLA product were compared with 
Wilcoxon’s matched analysis.

We estimated that the CellSearch would detect CTC in 50% of patients, while 
the filtration methods would detect CTC in 90% of patients. Assuming a good 
association between both measurement types (ρ=0.66) with β=0.2 and α=0.05, 
15 matched comparisons were required.
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Table 1: Sample and dilution volumes with cell counts processed by CellSearch and ISET 
for CTC enumeration

CellSearch (n=16) ISET (n=16)

Sample volume DLA product 
(mL)

1.5 (1.1-2.5) 10

Absolute 
number of 
processed 
blood cells (×108)

Leukocytes 2 10 (7.1-15.9)

Lymphocytes 0.8 (0.6-1.1) 4.3 (3.7-6.9))

Monocytes 0.4 (0.3-0.5) 2.1 (1.3-3.7))

Granulocytes 0.9 (0.7-1.1) 5.3 (2.1-7.6)

Platelets 26.3 (19.3-44.7) 152.6 (91.4-172.7)

Erytrocytes 9.6 (5.6-1.4) 65.0 (45.5-91.8)

Dilution and 
total volumes

Total sample 
(mL)

7.5 110

Dilution 
material

CellSearch buffer ACDA / ISET buffer

Dilution volume 6 (5.0-6.4) 10/90

Concentrations 
per mL sample 
(×106/mL)

Leukocytes 26.7 9.0 (6.4-14.5)

Lymphocytes 10.4 (8.1-14.4) 4.0 (3.4-6.2)

Monocytes 5.7 (4.4-6.5) 1.9 (1.2-3.4)

Granulocytes 12.6 (9.5-14.3) 4.8 (1.9-6.9)

Platelets 350.6 (257.2-596.5) 138.7 (83.1-157.0)

Erytrocytes 0.1 (0.1-0.2) 0.1 (0.1-0.1)

Limiting factor Number of 
leukocytes

NA
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Results

NSCLC patients and filtration

First, we used 18 filtrations of DLA product to optimize the ISET protocol (supple-
mentary material 1). With the adapted protocol, the DLA products of 16 patients 
were successfully processed (supplementary table 1). The mean DLA procedure 
time was 95 minutes (standard deviation [sd]=20 minutes). During this time an av-
erage 86% of the patients’ blood volume was processed resulting in 80mL of DLA 
product (including 12 mL of ACDA for anticoagulation). The vast majority of cells 
in the DLA product were concentrated leukocytes and platelets (supplementary 
table 2). Using lymphocytes as a reference, the mean efficacy of the procedure 
reached 65% (IQR=59-71). Blood cell values decreased during apheresis, partly 
due to removal of the cells and in part due to dilution (supplementary table 3). 
DLA procedures were tolerated well and without adverse events, except minor 
paresthesia in two patients (classified as grade I, not requiring any intervention, 
or II, requiring medication) that were either resolved by administering oral cal-
cium or decreasing the speed of the procedure. These paresthesia are a known 
side effect of ACDA.

Spiking efficacy and immunostaining control

Two samples were spiked with 100 H292 cells. These were subsequently filtered 
according to the adjusted protocol. The filters were stained with EpCAM and 
CD45 in two spots. We identified respectively 65% and 80% of expected H292 
cells. Two other spots were stained with TTF1 and CD45, and (as expected) no 
cells were identified.

CTC identification by ISET

All 16 DLA products processed with the adapted protocol filtered successfully. 
Cellcounts CTC were identified in in 88 % (14/16, figure 1A) of the patients with 
ISET. EpCAM+ CTC were detected in 75% (12/16) and TTF1+ CTC in 75% (12/16, 
figure 1B). Total median CTC count detected by ISET was 3.8 CTC per mL DLA 
product (IQR=1.3-4.0, figure 2A). Median EpCAM+ CTC count was 1.0 per mL DLA 
(IQR= 0.3-2.8), while median TTF1+ CTC count was 2,5 per mL DLA (IQR=1.3-3.0). 
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Highest count on one spot was a cluster of 18 CTC. In two patients, we observed 
only EpCAM+ CTC (figure 3A) and in two other patients only TTF1+ CTC (Figure 
3B). IHC staining for both TTF-1 and EpCAM showed TTF1+ CTC that were nega-
tive for EpCAM and vice-versa (figure 3C).

Comparison to CellSearch

ISET processed significantly more cells and volume of DLA product compared 
to CellSearch, but in lower concentrations (table 1). CTC were detected in 69% 
(11/16) by CellSearch and in 88% (14/16) by ISET (p=0.05, figure 1A). In one patient 
no CTC were detected by any method. CellSearch detected a median CTC count 
of 0.9 per mL (IQR=0-1.8), while ISET detected a median count of 3.8 (IQR=1.3-4.0, 
p<0.01, figure 1B).

The EpCAM+ CTC detection rate of ISET (75%) and CellSearch (69%) was similar 
(p=0.5, figure 1B), as were the counts per mL (median 1.0, IQR=0.3-2.8, median=0.9, 
IQR=0-1.8, respectively p=0.2). Absolute detected counts by ISET remained sig-
nificantly higher compared to CellSearch (median=5.0, IQR=1.3-13.8, median=1, 
IQR=0.2-2.8, respectively p<0.01).
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Figure 1: CTC detection in non-small cell lung cancer patients

Percentage of 16 advanced non-small cell lung cancer (NSCLC) patients who had circulating 
tumor cells (CTC) detected by ISET (black) or with CellSearch (gray) [A]. And percentage 
of patients who had CTC detected which expressed the epithelial cel adhesion marker 
(EpCAM) by ISET (black) or CellSearch (gray) [B].
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Figure 2: Number of circulating tumor cells per mL apheresis product by ISET and Cell-
Search

Number of total circulating tumor cells (CTC) [A], and those expressing the epithelial cel 
adhesion marker (EpCAM) [B] as detected by ISET (dark grey) and CellSearch (light gray) per 
mL of diagnostic leukapheresis product (DLA).

8

Menno_Binnenwerk_V4.indd   197 8-8-2020   21:01:15



198

Chapter 8

Figure 3: Circulating tumor cells detected on the ISET filters after filtration of diagnostic 
leukapheresis product of non-small cell lung cancer patients 

Filtered cells detected with three different immunocytochemistry techniques. Epithelial 
cell adhesion molecule (red) with CD45 (brown) as a negative marker [A]; TTF1 or p40 (brown) 
as positive marker with CD45 as a negative marker (red) [B] and a combination of TTF1 
with EpCAM [C]. Aggregates were also observed with the new protocol, but less frequently 
(stained with pancytokeratin AE1/AE3) [D]. Images were taken with a focus of 200×. White 
arrow : 8 µm pores of the filter. Red arrow: two cells suspected to be EpCAM and TTF1 
positive; black arrow: TTF1 positve, EpCAM negative cell, blue arrow: EpCAM positive cell

Live cell protocol

In eight patients the live cell protocol was used. FACS identified populations of 
EpCAM+ cells, which did not express an erythrocyte (CD235A) or leukocyte marker 
(CD45). In the patients we isolated respectively 474, 188, 126, 47, 32, 30, 5 and 2 
EpCAM+CD45-CD235A- cells from 5-10 mL DLA product.

Genomic analysis

Single cells (42 EpCAM+CD45-CD235A-, 4 white blood cell controls and 2 blank 
controls) of the patient with the highest cell counts were used for scWGS for anal-
ysis of copy number alterations. Sequence analysis revealed seven successful 
libraries. In one EpCAM+CD45-CD235A- cell, aneuploidy compatible with a malig-
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nant cell was observed (Figure 4A). However, the other six EpCAM+CD45-CD235A- 
cells showed a normal euploid pattern, similar to that in the white blood cell con-
trols (figure 4B).

Figure 4: single cell whole genome sequencing of EpCAM+ cells isolated by ISET

Single-cell whole genome sequencing result of EpCAM+ cells isolated by FACS after en-
richment with the live cell ISET protocol. Sequencing analysis of one cell with copy number 
alterations (A) and a representative cell with an euploid pattern, representing six single 
cells (B) are shown.

Discussion

The ISET filtration system was capable of processing a volume of 10 mL DLA 
product for fixated cells. With the live cell protocol the DLA product volume pro-
cessed was between 10 and 20 mL using half of the ISET filter. The FDA cleared 
CellSearch system is widely used for CTC detection and the current gold stand-
ard, but the volume of DLA product that can be processed is restricted. The 
CellSearch uses positive immunomagnetic selection to extract cells expressing 
the epithelial cell adhesion molecule (EpCAM) from the processed sample. Leu-
kocytes are also extracted by nonspecific interactions with the EpCAM immuno-
magnetic particles. Therefore the CellSearch system can only process samples 
with a limited number of white blood cells, estimated to be 2×108 leukocytes (9–
11). While this poses no issue for peripheral blood samples, since DLA products 
contain a high concentration of leukocytes, this limitation restricts the volume 
of DLA product (1-4 mL) that can be processed. After using additional anticoag-
ulant in the fixed cell protocol, ISET was capable of processing up to 10 mL DLA 
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product, which contained between 3 and 8 times as many leukocytes as could 
be handled by CellSearch.

With immunohistochemistry we identified both EpCAM- and EpCAM+ CTC, in 
agreement with previous findings when investigating CTC in the peripheral blood 
(12,20,21). EpCAM+ CTC still were identified in the DLA product, despite a previous 
report that some of these cells might be lost by ISET when examined in prostate 
cancer patients (15). Whether the size of CTC in patients with prostate cancer is 
smaller than in patients with NSCLC and responsible for this difference is un-
known and has to be further investigated.

The larger volume that was screened for CTC with ISET resulted in a significantly 
increased CTC detection rate and CTC yield. The Cellsearch was very sensitive 
in detecting the presence of EpCAM+ CTC even in small volumes. EpCAM+ CTC 
were detected in similar proportions of patients and in similar concentrations 
by CellSearch and ISET. As EpCAM+ CTC are possibly more strongly associated 
with clinical outcome, both the CellSearch and ISET function well for CTC which 
have been proven to be both predictive and prognostic (5). However, due to the 
larger volume processed by ISET, this procedure is able to isolate larger numbers 
of CTC for further functional or genomic analysis.

Cells obtained with the live cell protocol were analyzed by FACS, which was capa-
ble of identifying populations of EpCAM positive cells. The FACS lacks sensitivity 
to capture rare cells efficiently, but was was able to identify EpCAM+ cells, and 
extracted some for genomic analysis (22). We observed that the isolated cells 
were a mixture of epithelial and malignant cells. However, a limited number of 
individual cells were analyzed with most having low quality DNA. The cells were 
isolated by FACS, which might not be sensitive enough for these low number 
of cells. additionally, it is unknown whether these cells did exhibit TTF-1, which 
was used to identify CTC on the filters. On the filters, rearrangements have been 
identified using FISH before by other groups, proving malign origin (23). Still, this 
is a matter of concern which has to be further investigated.

Due to the association of CTC with shorter survival and their use to monitor dis-
ease status longitudinally, the detection of CTC has been a topic of interest for 
years (2,12,20,24–31). Just their presence at baseline is associated with lower 
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tumor responses to immunotherapy, chemotherapy and targeted therapy (1). But 
if CTC cannot be reliably detected, their clinic application is limited.

CTC detection has been increased by DLA in prostate and breast cancer patients 
before, but only small volumes of DLA product were processed (9–11,32). DLA is a 
well tolerable procedure, even in our NSCLC population, and has few complica-
tions (33–36). The efficacy of isolating MNCs is also comparable with those ob-
taining stem cells, and DLAs in breast cancer patients (8–11,37). In the evolving 
area of immunotherapy this method can also be used to study different T-cell 
populations. Here we show that a larger volume of DLA product can be processed 
with ISET, allowing for more reliable CTC detection. These results indicate that 
in patients whose biopsies failed or where the tumor is inaccessible, DLA could 
be used to isolate sufficient CTC, allowing diagnostic tests and tumor typing to 
be performed. As shown in our study and others, complications associated with 
DLA are mild and rare, making it an easily tolerable procedure even for NSCLC 
patients (33–36).

Conclusions

ISET was capable of processing 10 mL volumes of DLA product with an adjusted 
fixated cell protocol. CTC were detected in the majority of patients (88%). The 
adjusted live cell protocol could be used to process up to 20 mL of DLA product 
on half an ISET block, allowing to capture sufficient numbers of CTC for tumor 
typing not only by IHC but also for single cell genomics.
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Supplementary data

Supplement 1: Protocol establishment

Standard ISET protocol for fixed cells

The ISET instruction manual for processing CTC obtained from venous blood was 
followed. The ISET filters the samples through a disposable block, which consists 
of six compartments. One compartment leads to five filtration spots (locations 
where cells pass through the filter) and can contain up to 50 mL (intended 5 mL 
sample and 45 mL ISET buffer). The other five compartments each lead to one 
spot, and can contain up to 10 mL (1 mL sample and 9 mL ISET buffer) (Figure 1).

We used the five small compartments to filter different volumes of DLA prod-
uct (0.1-0.25-0.5-0.75-1 mL), diluted to 1 mL with Dulbecco’s Phosphate-Buff-
ered Saline (DPBS, ThermoFisher, Waltham, Massachusetts, USA) (supplemen-
tary figure 1). The filter procedure was according to the protocol as provided by 
Rarecells diagnostics and previously described [17]. In short, after prehydration 
of all compartments, 10 mL (sample with ISET buffer) was deposited into each 
small compartment. The pump was set at -10 kPA and the valve was opened al-
lowing for filtration of the sample. If the sample did not filter, the pressure was 
adjusted up to a maximum of -25 kPA. The largest volume of DLA product which 
filtered successfully within 5 minutes at -20 kPa was further on used for the large 
compartment (volume × 5). The same procedure would be followed then.

CTC detection standard protocol

The filters were stained with a Giemsa staining (hemacolor, Merck, Darmstadt, 
Germany) according to manufacturer’s instructions [38].

Adjustment of the ISET protocol for fixed cells

The protocol was adjusted after filtering 18 DLA samples when twelve samples 
failed; they could not be evaluated (six due to coagulation and clogging of the 
filter, six having too much cellular material on the filter for evaluation). In 4 out 
of six DLA products that were successfully filtered, we identified CTC (66%, sup-

8

Menno_Binnenwerk_V4.indd   207 8-8-2020   21:01:15



208

Chapter 8

plementary figure 2). Failure to filter and filtration time were associated with 
volume of processed DLA product (ρ=0.69, p<0.01) and platelet count in the DLA 
product (ρ=0.75, p<0.01). Thus, additional anticoagulation was used and the DLA 
product was diluted 1:1 with ACDA and placed in blood collection tubes coated 
with EDTA (Becton Dickinson, Etten Leur, the Netherlands). Two DLA products 
were filtered with different volumes as before in the five small compartments (0.1-
0.25-0.5-0.75-1mL pure DLA product per respective spot). No filtration problems 
were encountered anymore, both samples filtered the largest volume of DLA (1 
mL per spot, 5 mL for the large compartment). From then on, we filtered 10 mL 
DLA product, diluted with 10 mL ACDA and placed in EDTA tubes according to 
standard ISET protocol [17].

Adjustment for CTC detection

While originally Giemsa staining was used for CTC detection on ISET filters, the 3 
dimensional plane of the cells on the ISET filters hampered identification by our 
pathologist (WT). In order to provide more evidence that cells were CTC we used 
additional immunohistochemical (IHC) staining. Three different combinations of 
antibodies were used. EpCAM (Ventana ReadyToUse 760-4383, Roche Diagnos-
tics, Almere, the Netherlands) or a nuclear marker was used as a positive marker 
(either TTF1 [Ventana ReadyToUse 790-475, Roche Diagnostics, Almere, the Neth-
erlands], recognizing the majority of pulmonary adenocarcinomas or p40 [Venta 
ReadyToUse 790-4950, Roche Diagnostics, Almere, the Netherlands], recognizing 
squamous cell carcinomas, depending on which one was positive in the primary 
tumor biopsy). This staining was combined with EpCAM (Ventana ReadyToUse 
760-4383, Roche Diagnostics, Almere, the Netherlands) and CD45 (DAKO M0701, 
Stevens Creek, USA), the latter as a negative marker for CTC. Of each filter 3-6 
spots were evaluated for CTC, following procedure of Krebs et al [12].
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Supplementary figure 1

Figure showing the top view of the compartments (five small and one large). In the five small 
compartments the sample would be added as shown in the table. The large compartment 
would process either the maximum volume (times five) that filtered successfully, or 5 mL 
of pure DLA product, diluted according to the adjusted filtration protocol.

8
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Supplementary table 1: Characteristics of filtered diagnostic leukapheresis samples by 
ISET, according to the original protocol (cohort 1), adjusted protocol (cohort 2) and the live 
cell protocol by half the ISET filter.

ISET cohort 1 
(n=18) *

ISET cohort 2
(n=16) **

ISET live cell
(n=8) ***

Sample 
volume (mL)

DLA product 0,5-5 5 10-20

Absolute blood 
cell counts 
processed
(×108)

Leukocytes 4.6 (3.7-7.3) 5  (3.6-8.0) 18.6 (9.6-33.9)

Lymphocytes 1.9 (1.5-2.7) 2.2 (1.9-3.5) 7.7 (4.8-12.0)

Monocytes 0.8 (0.6-1.2) 1.1 (0.7-1.8)) 2.4 (1.6-4,7)

Granulocytes 1.9 (0.9-3.5) 2.6 (1.1-3.8) 8 (3.3-17.5)

Platelets 78.7 (69.5-94.8) 76.3 (45.7-63.9) 319.4 (199.1-500.8)

Erythrocytes 19.8 (15.7-32.1) 32.5 (22.8-45.9) 76.5 (50.5-219.0)

Dilution 
and total 
processed 
sample (mL)

Dilution 
material

DPBS & fixed 
ISET buffer

ACDA & fixed 
ISET buffer

ACDA & live ISET 
buffer

Dilution 
volume

0-4.5 & 45 5 & 45 10-20 & 80-160

Total sample 50 55 100-200

Concentrations 
per mL sample 
(×106/mL)

Leukocytes 9.2 (7.4-14.6) 9.0 (6.4-14.5) 9.3 (7.6-26.2)

Lymphocytes 3.8 (2.9-5.5) 4.0 (3.4-6.2) 4.1 (3.9-7.8)

Monocytes 1.6 (1.3-2.4) 1.9 (1.2-3.4) 1.4 (1.2-3.5)

Granulocytes 3.8 (1.9-7.0) 4.8 (1.9-6.9) 4.0 (2.5-15.0)

Platelets 157.3 (139.1-189.6) 138.7 (83.1-157.0) 268.9 (142.7-314.5)

Erythrocytes 0.04 (0.03-0.06) 0.1 (0.1-0.1) 0.1 (0.1-0.1)

Limiting factor Platelets None None

* Description of material filtrated by the large compartment of the ISET filtration 
block is shown 

** Total filtered volume has been divided by two, for comparison with other two 
protocols.

*** Description of the material filtrated by the small compartment of the ISET filtration 
block is shown.
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Supplementary figure 2: Aggregates (A) and identified circulating tumor cells observed 
on ISET filters after the filtration of diagnostic leukapheresis product obtained from non-
small cell lung cancer patients

8
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Supplementary table 2: Characteristics of non-small cell lung cancer patients undergoing 
apheresis and ISET filtering

Original 
protocol

(n=18)

Adjusted 
protocol* 

(n=16)

Live cell 
protocol*

(n=8)
Age Mean (sd) 6 4 (7) 6 8 (11) 6 7 ( 7 )
Gender Male

Female
12 (67)
6 (33)

10 (62)
6 ( 3 8)

4 (8 0)
1  ( 2 0)

ECOG PS 0
1
2
3

8 (44)
7 (39)
3 (1 7 )
0  (0)

9 (5 6)
4 (2 5)
2  ( 1 3 )
1  ( 6 )

5  (6 3)
2 (24)
0  ( 0 )
1  ( 1 3 )

Smoking status Smokers
Previous
Non smokers

14 (78)
1  ( 6 )
3 (1 7 )

7  (4 4)
5  ( 3 1)
4 (2 5)

3 ( 3 8)
3 ( 3 8)
2 (24)

Stage I
II
III
IV

1  ( 6 )
1  ( 6 )
0  (0)
16 (89)

2  ( 1 3 )
1  ( 6 )
3  ( 1 9)
10 (62)

0  ( 0 )
0  ( 0 )
0  ( 0 )
8 (100)

Histology Adenocarcinoma
Squamous cell
other

14 (78)
4 (22)
0  (0)

9 (5 6)
4 (2 5)
3  ( 1 9)

6 ( 7 5)
2 (2 5)
0  ( 0 )

Mutations None identified
KRAS
ALK
Other

7 (39)
7 (39)
3 (16)
1  ( 6 )

6  ( 3 8)
5  ( 3 1)
0  ( 0 )
5  ( 3 1)

4 (5 0)
2 (2 5)
0  ( 0 )
2 (2 5)

Therapy line 0
1
2
≥3

2 (11)
6 (33)
7 (39)
3 (1 7 )

5  ( 3 1)
7  (4 4)
4 (2 5)
0  ( 0 )

3 ( 3 7 )
2 (2 5)
3 ( 3 7 )
0  ( 0 )

Treatment Surgery
Chemo(radio)therapy
Immunotherapy
Targeted therapy

2 (11)
1  ( 6 )
11 (61)
4 (22)

3  ( 1 9)
2  ( 1 3 )
9 (5 6)
2  ( 1 2 )

0  ( 0 )
0  ( 0 )
7  (8 7 )
1  ( 1 3 )

Blood Total blood volume (L)
Processed volume (L)
Percentage processed 
(sd)

5.2 (0.8)
4.8 (1.1)
89 (21)

5,1 (0.9)
4.2 (1.0)
84 (16)

5.3 (0.8)
5.0 (0.6)
9 6 (5)

DLA product mL (sd)
ACDA (sd)

83 (21)
12 (3)

7 5 (17)
1 2  (4)

8 5 ( 7 )
1 1  ( 1 )

*Patients undergoing the live cell protocol are also included in the adjusted protocol 
population (half the ISET block was used for the adjusted protocol, half for the live cell 
protocol)
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Supplementary table 3: Blood cell counts in peripheral blood and DLA product

Peripheral blood DLA product

Mean SD Mean SD

Red blood cells ×1012/L 4.5 0.6 0.6 0.28

Leukocytes ×109/L 10.1 3.8 135 76

Lymphocytes ×109/L 1.7 0.8 51.8 22

Monocytes ×109/L 0.9 0.4 29 10

Granulocytes ×109/L 7.4 3.3 62 30

Platelets ×109/L 298 127 1540 377

Hemoglobin Mmol/L 8.2 1.3 0.91 0.28

Hematocrit % 41 5.6 0.07 0.04

Supplementary table 4: Mean cell counts (pre and post apheresis) in blood and in diagnostic 
leukaphersesis product

Blood pre DLA DLA Blood post DLA

Red blood cells ×1012 4,6 0,5 4,2

Leukocytes ×109 10,1 133 8,5

Lymfocytes ×109 1,7 47 1,3

Monocytes ×109 0,9 31 0,6

Granulocytes ×109 7,3 69 6

Platelets ×109 281 2375 238

Hemoglobin Mmol/L 8,1 0,9 7,4

Hematocrit % 40,4 4 37,1

8
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Abstract

Introduction
Non-small-cell lung cancer exhibits a range of transcriptional and epigenetic 
patterns that not only define distinct phenotypes but may also govern immune 
related genes, which have a major impact on survival.

Methods
We used open-source RNA expression and DNA methylation data of the Cancer 
Genome Atlas with matched non-cancerous tissue to evaluate whether these 
pretreatment molecular patterns also influenced genes related to the immune 
system and overall survival.

Results
The distinction between lung adenocarcinoma and squamous cell carcinoma are 
determined by 1083 conserved methylated probes and RNA expression of 203 
genes which differ for >80% of patients between the two subtypes. Using RNA 
expression of 6 genes, more than 95% of patients could be correctly classified 
as having either adeno or squamous cell lung cancer.

Comparing tumor tissue with matched normal tissue, no differences in RNA ex-
pression were found for costimulatory and co-inhibitory genes, nor genes in-
volved in cytokine release. Genes involved in antigen presentation had a lower 
expression and a wider distribution.

Discussion
Only a small number of genes, influenced by methylation, determine the lung 
cancer subtype. The antigen presentation of cancer cells is dysfunctional, while 
other T cell immune functions appear to remain intact.
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Introduction

Smoking induced lung cancer has a large number of DNA aberrations while other 
environmental factors, such as air pollution, may cause a different distribution in 
DNA mutations, often observed in non-smokers in EGFR, BRAF, HER2 and ALK 
genes(1). Lung cancer is traditionally subdivided into small-cell lung cancer and 
non-small-cell lung cancer (NSCLC) with the latter being subdivided into two main 
subtypes, adenocarcinoma and squamous cell carcinoma (SCC).

It is known that DNA methylation is affected by age, smoking, emphysema and his-
tological subtype (2). Changes in methylation pattern affects RNA expression, not 
only leading to different phenotypes, but also to a different effect on the immune 
activation. This may not only be reflected in expression of human leukocyte anti-
gen (HLA) or PD-L1 on tumor cells, but also in the tumor microenvironment. The 
Cancer Genome Atlas group (TCGA) performed molecular studies on lung adeno-
carcinoma and SCC identifying driver oncogenes and loss-of-function mutations 
in the HLA-A class I major histocompatibility gene (3,4). Molecular classification 
approaches were made by clustering phenotypes on different platforms (5). In a 
more recent study using a “cluster-of-clusters” analytic approach on differential 
DNA expression showed that there were three subtypes within SCC and six within 
adenocarcinomas (6). Three adenocarcinoma subtypes had high expression of 
several immune related genes including PD-L1, PD-L2, CD3 and CD8.

To date, the role of epigenetic modifications in relation to tumor responses in 
NSCLC remain to be clarified. Global DNA hypomethylation at repeated sequences 
has been identified in tumor cells in combination with DNA hypermethylation at 
specific loci (7). CpG dinucleotides are highly represented in repeated sequenc-
es of the genome (LINE, SINE) and in the promotor regions of about 65% of the 
human genome. Both adenocarcinoma and SCC show differences in methylation 
and in immune infiltrate in biopsies (8). Although their tumor response to check-
point inhibitors is similar (1 year progression-free survival of 21% and 19% for re-
spectively SCC and non-SCC in the Checkmate studies), different determinants 
driving tumor response and resistance may be involved (9).

We hypothesized that firstly, a clear separation based on DNA methylation and 
RNA expression can be made that distinguishes adenocarcinoma from SCC. Sec-

9
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ondly, that in the tumor DNA, methylation controls immune modulating genes and 
tumor-intrinsic defects must be present.

Methods

Study cohort and data acquisition

Patients with treatment naive NSCLC, adenocarcinoma and SCC, whose DNA 
methylation and RNA expression data from the resected tumor was available 
in the public domain, were selected from two different profiling platforms (RNA 
sequencing resulting in 60,483 mRNA expression values and methylation profil-
ing by Infinium HM450 platform resulting in 485,577 DNA methylation β-values)
at the TCGA Research Network (http://cancergenome.nih.gov/). Duplicate sam-
ples, those with missing histological diagnosis, and those with disease recur-
rences were removed. In total, 1024 unique NSCLC patients with tumor tissue 
were selected of whom 154 patients provided additional normal tissue. Patients 
with normal tissue provided 108 samples for the normal RNA expression dataset 
and 74 samples for the normal DNA methylation dataset; 28 patients provided 
samples for both methods. The tumor RNA expression dataset consisted of 1014 
tumor samples (513 adenocarcinoma and 501 SCC) and the tumor methylation 
dataset consisted of 828 tumor samples (458 adenocarcinoma and 370 SCC). 
We extracted clinical and pathological data on age, gender, histology, stage of 
disease, tumor cell percentage and survival calculated from time of diagnosis to 
time of death or last follow-up (Extended Data Table 3). The dataset was analyzed 
during a hackathon session, in which data scientists in collaboration with physi-
cians competed to create a “functioning” product by the end of the 3-day event.

Data curation and statistical methods

All datasets were filtered and curated for non-significantly associated features 
after preprocessing of the files. ComBat, an empirical Bayes location/scaling 
method was applied to rule out potential cohort bias in the RNA expression data 
as a consequence of different study sites and laboratories, whereas BEclear was 
used in the DNA methylation data (Supplementary Information). As co-variant 
we used gender, because this factor has a high variance over the batches and 
its value is known for all samples. We started with principal component analysis 
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(PCA) to discern underlying structure of the database, e.g. the total gene expres-
sion versus the immune modulating gene groups expressions.

For RNA expression and DNA methylation data we used non-parametric tests. The 
separation of the cancer types was compared before and after bias correction 
with both the Kolmogorov-Smirnov test and Mann-Whitney U test The Kolmogo-
rov-Smirnov tests provides a ks-score, which determines whether the given dis-
tributions of two groups are the same or different with a probability of 1-ks-score 
(Supplementary Information). After we determined differences in distributions of 
methylation probes, an algorithm was developed using separate cut-off values 
for DNA methylation and RNA expression to identify the most predictive genes 
to classify the NSCLC subtypes. This best split analysis determined whether a 
cut-off value could provide a split of at least 85 % of patients into the correct 
subtype with a certainty of more than 80 %, starting with probes or genes that 
had the highest differences (fold change). Differences between tumor subtypes 
based on DNA methylation β value had to be at least 0.1 to increase the probability 
of biological relevance. Loci with the largest differences for both DNA methyla-
tion and RNA expression respectively were determined after the annotating the 
probes into corresponding genes, an overlap in genes of both lists was estab-
lished for biological interpretation.

Different immune modulatory genes were selected and grouped according to their 
function (Extended Data Table 5). These include co-stimulatory genes (COSTIM), 
co-inhibitory genes (COINHIB), antigen presenting genes (AGPRES) and immune 
modulatory/ inflammatory cytokines and chemokines (CYTCHEM). The co-stim-
ulatory immune modulatory gene group included genes that are known to be 
expressed in tumor cells (e.g. ICOSL, OX40 L, SLAM), as reviewed by Chen and 
Flies (17). Similarly, co-inhibitory genes were included in the analysis (e.g. VTCN1, 
CD113, CD48). HLAE was included for its protein function as inhibitor ligand for 
immunocompetent (NK) cells (18,19). For antigen presentation, genes were se-
lected involved in antigen presentation (e.g. classical HLA) and genes involved 
in antigen processing (e.g. TAP1, CIITA, HLAA) were selected for inclusion in the 
antigen presentation genes group (20). Genes coding for cytokines and chemok-
ines (e.g. IL10, IDO, IFNG) were selected based on their implication in immune 
tolerance of cancer through pleiotropic effects in immune regulation and in-
flammation (21,22,23).

9
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Gene densities of all AGPRES genes were calculated within R using a kernel den-
sity estimate from the distribution of RNA expression of NSCLC and non-can-
cerous tissue.

To study the relationship between expression of immune related gene groups 
(AGPRES, COSTIM, COINHIB, CYTCHEM) and overall survival, a multivariate Cox 
regression analysis was used with age, gender, smoking (pack years), tumor type 
and stage of disease as covariates (patient factors with p < 0.1 from univariate 
analysis included). The expression of pretreatment immune related gene groups 
was used as a categorical variable with two levels divided by the median (high 
and low overall expression of all involved genes). Hazard ratios (HR) and 95 % 
confidence intervals (CI) are reported.

To investigate the biological pathways, Ingenuity Pathway Analysis (Qiagen, Hilden, 
Germany) was used to perform gene enrichment analyses on these gene lists.

Results

Methylation in NSCLC

We used 1024 unique patients samples from the non-small cell lung cancer TCGA 
dataset. Based on DNA methylation a PCA analysis appeared to be capable of 
separating adenocarcinoma and SCC (Fig. 1a). The prediction model based on the 
PCA outcomes correctly identified all but one of the included patients as either 
adenocarcinoma or SCC. Importantly, stratification for high and low purity (indi-
cated as the proportion of tumor cell content) of the processed samples did not 
influence the findings. Remarkably, of all methylation probes with a ks-score ≥ 
0.95, the mean corrected differences ranged from +0.02 to +0.15 (scale -1 - +1), 
implicating a very small variation in methylation for these highly conserved loci 
in both phenotypes and a consistent stronger methylation of adenocarcinoma 
compared to SCC (Fig. 2).
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Figure 1. Clustering of main lung cancer phenotypes based on DNA methylation and RNA 
expression

A) Pulmonary adenocarcinoma is distinguished from squamous cell carcinoma by DNA meth-
ylation and B) to a slightly lesser extent by RNA expression.

After we observed significant differences in methylation probe distribution be-
tween the subtypes, we continued with a best split analysis. The algorithm iden-
tified 1083 methylation probes (out of a total of 485,000 probes) which individually 
could be used to correctly classify at least 85% of patients.

9
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Figure 2. Higher DNA methylation in adenocarcinoma compared to squamous cell carcinoma

A) Adenocarcinoma contains consistently higher methylated DNA than squamous cell lung 
carcinoma mainly due to a relative small number of probes at conserved loci compared to B) a 
theoretical at random model. Overall difference in methylation is 0.017 (positive values on the 
y-axis indicate higher DNA methylation of adenocarcinoma, negative values indicate higher 
DNA methylation of squamous cell carcinoma). X-axis ranks the probes according to the ks-
score for differentiation between both histological subtypes. Y-axis is the difference between 
the mean methylation (0 is low methylation and 1 is high methylation) between both subtypes.

Next, we looked into the chromosomal position of the different methylated loci. 
An even distribution along the genome was determined at increasingly stringent 
ks-scores (Fig. 3a,b).
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Figure 3. Location of methylation probes along 23 chromosomes that separates adeno-
carcinoma from squamous cell lung carcinoma at ks ≥ 0.95 and ks ≥ 0.97 level.

A) Methylation pattern for each chromosome characterized by their individual probes A) with 
ks-score for separability between histologic subtypes over 95% are evenly distributed over 
chromosomes with an exception for the x-chromosome. B) Probes with ks-score over 97% 
show the conserved methylated areas that preserve the difference between subtypes. Mostly 
they are related to CpG islands located along chromosomes. X-axis and y-axis refer to re-
spectively the chromosome number and individual probe localization on the chromosome 
according to ks-score for separability. Green dots represent differential probes. Antigen 
presentation and costimulation genes are flagged for chromosome location.

The higher score indicates a better separability between histologic subtypes 
(Supplementary Information). The methylation pattern for each chromosome 
characterized by individual probes with ks-score ≥ 95% was distributed over all 
chromosomes except the X-chromosome. Probes with high ks-score over 97% 

9
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for separability represented conserved methylated loci that preserve the differ-
ence between phenotypes.

To address morphological differences between adenocarcinoma and SCC based 
on DNA methylation, enrichment analysis was performed on genes that are most 
distinct for phenotype (ks-score >0.95; n=2,101 mapped genes). Remarkably, these 
and other genes showed a low methylation rate compared to normal tissue. The 
main canonical pathways that are most distinct for NSCLC subtypes are DNA 
repair pathways (Extended Data Fig. 1). However, based on the relative meth-
ylation of these genes, mechanisms involved in response to the category “viral 
infections” (z-score 10.7, p<0.001;) were more activated in SCC compared to ade-
nocarcinoma, whereas mechanisms involved in cell death (z-score -17.8, p<0.001) 
were inhibited. Central genes involved in “viral infection” that are found to be dif-
ferential in SCC compared to adenocarcinoma include IRF3, NFKB1, RELA (also 
known as NFKB3), STAT3, SRPK1 and TRIM.

Expression in NSCLC

The next question was to what extent methylation influences RNA expression 
levels. We observed that DNA methylation explains approximately 40 - 55% of 
the inversely correlated variation in the RNA expression. This percentage how-
ever is not only dependent on the β-value level that would biologically lead to 
effective epigenetic gene suppression but also on the correlation between gene 
expression and methylation (Fig. 4e). Approximately 60% of methylation probes 
(different than the random 50%) are inversely correlated with RNA expression by 
selecting only those methylation probes that are assumed to have an epigenetic 
suppressive effect (average β-value > 0.25) on DNA transcription and with a sig-
nificant correlation (correlation coefficient >0.5 or <-0.5). Of note, methylation 
probes with a negative, positive, or no relationship with gene expression could 
be determined as illustrated in Fig. 4b-d (Supplementary information, sub 5). In 
general, genes that were heavily methylated showed a lower RNA expression than 
genes that had a moderate or low methylation rate.

Unsupervised principal component analysis of the transcriptome led to a slightly 
less accurate separation of NSCLC phenotypes (Fig. 1b) than that based on DNA 
methylation data (Fig. 1a). Comparing tumor with non-cancerous tissue confirms 
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that the RNA expression pattern is specific for NSCLC (Fig. 1b). The best split 
analysis identified 203 genes, of which the expression was different in 85% of 
cases between SCC and adenocarcinoma. Of these, differences in RNA expres-
sion of five genes (KRT5, DSC3, DSG3, TP63, CALML3), and one miRNA (MIR205HG) 
combined could separate both subtypes with an accuracy of 95%.

Bilevel molecular analysis in NSCLC

We selected the top 500 methylation probes with their corresponding genes and 
the top 500 genes based on RNA expression and found an overlap of 41 genes re-
lated to the separation of the NSCLC phenotypes based on both DNA methylation 
and RNA expression (Extended Data Table 1). Gene enrichment analysis revealed 
that TP63 was an important upstream regulator, with elevated expression in SCC 
compared to adenocarcinoma. Target molecules in the list of 41 genes included 
CSTA, SNAI2, DST, ACTL6A, KRT7 and the miRNA MIR205HG, and their expression 
was in the same predicted direction as the TP63 activation in SCC.

9
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Figure 4. Relation between DNA methylation for immune modulating genes determined by 
one probe and gene expression at four quartile levels.

A) Immune modulating genes identified by probes with ks-score ³ 70% (adenocarcinoma vs. 
SCC) show an inverse relationship between expression and methylation for most genes. In 
this example, LAG3 and B3GAT1 show the opposite expression effect at low and moderate 
methylation, respectively. Examples are shown of probes with B) the highest negative cor-
relation, C) highest positive correlation and D) no correlation between DNA methylation and 
RNA expression. E) The percentage of methylation probes that are inversely correlated with 
RNA expression depends on the cut-off of the correlation between methylation and gene 
expression of a probe and minimal average methylation.
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Immune modulating genes and methylation

As expected, methylation was inversely correlated for most methylation probes, 
e.g. higher level of HLA-B, TAP1, CD2 methylation leads to lower RNA expression 
(Fig. 4a). Of note, none of the 1083 methylation probes identified by the best 
split analysis for histological subtype included any of the selected immune re-
lated genes.

We performed a principal component analysis including all RNA expressing 
genes and determined the weight of each component of immune modulatory 
gene groups, T cell co-inhibitory (COINHIB), T cell co-stimulator (COSTIM), T cell 
antigen presentation (AGPRES) and T cell cytokines/chemokines (CYTOCHEM)) 
(Fig. 5 and Extended Data Fig. 2). Genes in the immune related groups were gath-
ered in two clusters, in PC3 and PC6-9. Antigen presenting gene expression was 
positively associated with co-stimulatory gene expression, not only in tumor but 
also non-cancerous tissue (Extended Data Fig. 2b,c).

Genes involved in the immune response towards endogenous retroviral sequenc-
es also were also more methylated in adenocarcinoma compared to SCC, but we 
did not study the repetitive DNA areas with high versus low methylation.

Antigen presenting gene expression in tumor

Average RNA expression of genes in the antigen presenting gene group was lower 
in tumor than in non-cancerous tissue and showed a larger variation (SD) in ex-
pression (Fig. 6). HLAA, HLAB and TAP2 RNA expression showed a decreased den-
sity, suggesting suppression of antigen presentation and processing. The other 
immune related gene groups in tumors also showed variation, but median values 
were not significantly different from non-cancerous tissue. At last, we asked 
ourselves what impact the different immune components have on survival. Inter-
estingly, we were unable to identify survival benefit in a adjusted Cox regression 
for high expression of genes involved in antigen presentation or costimulatory 
function (Extended Data Table 2). Genes involved in the inhibition of the immune 
system also were not associated with survival.

9
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Figure 5. Four immune modulatory gene groups as compared with all gene expressions in 
non-small cell lung cancers shows two clusters of increase (PC3 and PC6-9).

Four main immune modulatory gene groups were distinguished, involved in T cell antigen 
presentation (AGPRES), T cell co-inhibitory (COINHIB), T cell co-stimulator (COSTIM) and T cell 
cytokines/chemokines (CYTOCHEM). The influence of these gene groups were investigated 
on the individual principle components. The y-axis represents the loading of a gene in the 
DNA expression dataset to a principle component. The red boxes indicate all genes in the 
DNA expression dataset, whereas the other boxes represent the genes of selected immune 
modulating gene groups. All immune modulating gene groups are most pronounced in PC7, 
PC8 and PC9. The midline in the boxplot is the median of data in that component, with the 
lower and upper limits of the box being the first and third quartile, respectively. By default, 
the whiskers will extend up to 1.5 times the interquartile range from the top (bottom) of the 
box. If there are any data beyond that distance, they are represented individually as black 
dots (‘outliers’).
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Figure 6. RNA expression of immune modulating genes in tumor and their matched 
non-cancerous tissue.

9
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Density distribution of immune modulating gene expressions in 106 NSCLC tumors and their 
matched non-cancerous tissue. The antigen presenting gene expressions show a different 
density distribution compared to non-cancerous expressions, while the density of coinhibi-
tory, costimulatory, and cyto- and chemokine gene expressions were largely similar.
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Discussion

We identified epigenetic and RNA expression patterns in tumor tissue from NSCLC 
patients, that distinguished squamous cell lung cancer from adenocarcinoma. 
Especially the conserved loci with hardly variation in DNA methylation between 
hundreds of patients were responsible for the distinction between the subtypes. 
Adenocarcinoma was globally more methylated than squamous cell carcinoma. 
Immune adaptive mechanisms have also been described such as gene hyper-
methylation targeting the interleukin-6/Stat3 pathway (17).

Not only methylation but also differences in the expression of only six genes 
could explain the difference between the subtypes in 97% of patients. Involved 
genes were keratine 5 (KRT5), tumor protein p63 (TP63), DSC3, desmoglein 3 (DSG3), 
calmodulin like 3 (CALML3), and the miRNA MIR205HG. All are directly or indirectly 
involved in tissue morphogenesis, differentiation cell adhesion, and proliferation. 
The predominant isoform ΔNp63α is overexpressed in SCC and may influence 
tissue microenvironment by recruiting a proinflammatory cells. TP63 is commonly 
used in immunohistochemistry to differentiate SCC from adenocarcinoma. This 
finding supports the robustness of our analysis (18,19,20). All analyses except 
the enrichment analysis were performed on an individual probe basis. However, 
any smaller signals, e.g. those arising from several genes in the same pathway 
that have an additional effect could be missed as these would only be visible on 
the protein level or by combining the effect of genes within the same pathway.

Next we have shown that immune regulatory genes were included in regions 
marked by methylation probes with ks-score>95%; this methylation was asso-
ciated with differential expression in immune modulatory genes before therapy. 
These genes were located in methylation regions distinguishing pretreatment 
NSCLC phenotypes by distribution, but were not identified by the best split analy-
sis, indicating that genes involved in subtype morphology and immune regulation 
are both regulated by methylation but belong to completely distinct gene groups.

Now we have established the relation between methylation and immune expression 
status, we asked ourselves whether the pretreatment expression of the immune 
modulating gene groups of early NSCLC patients had survival consequences. We 
were unable to identify any survival benefit. Compared to non-cancerous tissue 
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we observed in NSCLC a much broader distribution of the expression of immune 
modulating genes, while the median expression of T cell co-inhibitory, co-stim-
ulatory, and cyto- and chemokine genes remained similar. Only the antigen pre-
senting gene expression in NSCLC was decreased. This group consisted not only 
of the classical HLAA, HLAB and HLAC whose expression depends on methylation 
but also B2M and TAP genes. By multiplexed quantitative immunofluorescence 
loss of expression of B2M, HLA-I heavy chains and HLA-II was observed in less 
than 23% of NSCLC patients (21). Loss of B2M expression resulted in decreased 
or no cell surface expression of MHC class I, which impairs antigen presentation 
to cytotoxic T cells (22,23). In melanoma loss of B2M and TAP1 expression reduced 
overall survival when treated with ipilimumab (24). Limiting the expression of 
genes involved in antigen presentation is an important mechanism of tumor cells 
to evade the immune system (25). In early NSCLC tumors that have an activat-
ed immune system, extensive immune editing is present in order to fit with the 
tumor microenvironment, as indicated by the relative depletion of neoantigens 
in tumors and loss of heterozygosity in HLA genes (26). This allele-specific HLA 
loss may occur in about 40% of NSCLC patients (25). We observed that in tumor 
and non-cancerous tissue antigen presenting and co-stimulatory gene expres-
sion was positively associated, suggesting that a higher expression of antigen 
presenting genes goes with more inflammation. Although our analysis does not 
provide information on cell types, it suggests that the higher dosage of antigen 
presenting gene expression in (any) tissue associates with more co-stimulatory 
gene expressions from T cells. Overall, it may be concluded that the antigen pre-
senting gene group harbors the main immune related defect in NSCLC patients.

Finally, our analysis revealed that higher methylation was observed in genes 
involved in the immune response towards endogenous retroviral sequences in 
adenocarcinoma compared to SCC. Disruption of methylation in both subtypes 
leads to different retroviral expressions. Moreover, analyzing a wide spectrum 
of over 2000 involved genes with the highest subtype separability revealed viral 
involvement, likely retroviral or transposon loci. As we know, human endogenous 
retroviruses are under epigenetic control and rarely expressed in normal tissue 
(27,28). Hypomethylation of the LINE family member L1 occurs in multiple solid 
cancers and cell lines (29,30). Lung squamous cell carcinoma has elevated ERVH-5 
and other RNA derived endogenous retrovirus expression that were associated 
with low cytolytic activity (31). We observed IRF3, NF-κB and STAT pathways are 
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critical in the production of type I interferons downstream of pathogen recognition 
receptors. They detect viral RNA and DNA (32). SRPK1 and TRIM4 found to regulate 
these virus-induced IFN induction pathways (33,34). This provides further molecu-
lar evidence of the presumed importance of (retro)viral infection in predominantly 
squamous cell carcinoma as previously observed in squamous cell carcinomas that 
contained viral DNA (35). Importantly, a significant proportion of the differentiat-
ing methylation probes suppresses viral and retroviral associated genes. This area 
needs further investigation which repetitive areas are hyper- or hypomethylated.

All studies have limitations. Importantly, the tumor samples have varying tumor 
content (at least 40%) tough, as shown by stratification, this had no consequenc-
es for our findings. In order to perform our enrichment analysis of the epigenetic 
background across NSCLC phenotypes on a gene level, methylation signals were 
averaged to allow enrichment analysis of the epigenetic background across NSCLC 
phenotypes on a gene level. Although this approach resulted in relevant and con-
sistent findings, it may lead to inevitable loss of information as its effect varies 
across different gene regions. For instance, hypermethylation of high density CpG 
regions has been recognized to strongly associate with gene expression regulation 
(36). Lastly, splicing variants and small cumulative effects within

several genes in the same pathway have not taken into consideration in the RNA 
expression analysis. Alternative splicing may have a functional impact and is in-
creased in cancer compared to normal tissue (36). Together these results show that 
NSCLC phenotypes are largely determined by epigenetic regulation of a small con-
served group of genes, involved in extracellular matrix and cell structure. Methyla-
tion controls immune related genes – also those involved in endogenous retroviral 
sequences - that show a larger expression diversity in tumor than in non-cancerous 
tissue. Decreased expression of genes involved in antigen presentation are the 
main immune related defect in NSCLC, highlighting their importance for immune 
invasion by the tumor.
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Supplementary data

Supplementary information:

1. Data preparation
During the three days of the hackathon sessions, data preparation was performed. 
Before analysis, a few steps were taken to make data clean and ready for anal-
yses. For the methylation dataset, 89.000 probe IDs with missing methylation 
value for every patient were removed. For the probe IDs that have missing values 
for some patients, an imputation method was used. To be specific, the missing 
values were replaced by the median value of methylation for the corresponding 
probe IDs on all patients.

For gene expression dataset, gene name and chromosome number and start posi-
tion are concatenated together to create unique “probe IDs”. Duplicated probe IDs 
are removed from the dataset (25 probe IDs). Similar method as for the methyla-
tion dataset was used to handle missing values. Further in the cleaning process, 
probe IDs with all gene expression values of 0 or with no variance are removed 
(2.123 probe IDs in total).

2. Cohort bias correction
ComBat, an empirical Bayes location/scaling method, was applied for cohort bias 
correction. No significant decrease in phenotype separation was observed. How-
ever, for the DNA methylation data ComBat correction qualitatively altered the 
probe wise distributions; basically by removing the bimodality and reducing the 
differential expression (1). This is further motivated by the fact that the means 
of the first principal components over the cohorts are approximately centered 
around the origin for adenocarcinoma and SCC, also the median and mean shift 
with respect to the median/mean of the entire set is centered around the origin 
(2). Applying the same statistical tests to separate groups of batches with either 
only adenocarcinoma or only SCC, a non-significant decrease in batch separation 
was observed. When looking to the main oncogene drivers in NSCLC and the top 
six genes that differentiate adenocarcinoma from squamous cell lung cancer, 
both were unaffected by ComBat correction (Fig. 1,2)

9
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BEclear uses inter-batch ks-scores to decide which probes should be corrected 
and subsequently uses a matrix factorization method to produce the new probe 
values. Although one loses signal in cohorts with between-array and within-ar-
ray corrections, the results for DNA expression data are very limited. If we look 
into the corrected data dimensions, the number of methylation probes reduced 
by 8% and gene expression data by 23%.

Figure 1. Top cancer genes of NSCLC are unaffected by ComBat correction.

Similarly, for the top 1% percentile of genes with a p-value <0.001, the six genes 
were found, which are slightly shifted for the non-parametric corrected data.
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Figure 2. Six top-genes KRT5, DSC3, DSG3, TP63, MIR205HG, CALML3 from DNA expression 
are non-significantly shifted after ComBat correction tested by Kolmogorov-Smirnov test.

In conclusion, our corrections were performed in such a way that important bi-
ological signals are not eliminated by batch and cohort corrections.

9
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3. Principal component analysis (PCA)
PCA is a statistical method, that will reduce the number of dimensions within 
a dataset. The extracted features, or principle components, have the following 
properties:

1. For p-dimensional data (x1,…,xp), a principle component PC is a linear combi-
nation of the original variables, hence PC=a1.x1+a2.x2+…+ap.xp, where |a|=1.

2. For principle component PCk, the loadings vector ak=a1,…,apk is obtained 
by finding the linear projection that maximizes the total amount of variance 
within the dataset.

3. Each new generated principle component is orthogonal to all of the previous 
principle components. Hence, for the kth principle component, we have ak.aj=0 
for each j<k.

By definition of these properties, from a p-dimensional dataset that consist of n 
observations, at most (n, p) principle components can be extracted.

The optimal number of principle components to select for the analysis is subjec-
tive to the application. We have used 10 dimensions. As, by definition of point 2 
and 3 above, all principle components are both independent of each other and 
decreasingly ordered in amount of variance they explain.

4. Separability of adenocarcinoma and squamous cell lung carcinoma
a. by ks-score
The Kolmogorov-Smirnov test (ks test) is a nonparametric test that compares two 
data samples. The goal of the ks test is to determine whether two data samples 
come from the same distribution, noting that it is not specified what that common 
distribution is. The ks-score quantifies a distance between the empirical dis-
tribution functions of two samples. The ks-score is mathematically defined by:

Dn,m=|F1,nx-F1,mx| ,

where F1,n and F2,m are the empirical distribution functions of the first and the 
second sample respectively, and the supremum function. If both samples comes 
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from the same distribution, then Dn,m converges to 0 almost surely in the limit. To 
conclude, the ks score lays in the interval [0,1], where a score closer to zero indi-
cates that both samples are more likely to be drawn from the same distribution.

We determined the ks-score for each gene 

The ks-score indicates the ability to separate between the subtypes of NSCLC 
(adenocarcinoma or squamous cell lung carcinoma), where 1 indicates high sep-
arability and 0 no separability.

b. Best Split method
To approximate the best split for histological subtypes we used the median for 
the global distributions for each methylation probe. A more sophisticated method 
for determining an approximation for the best split is Hartigan’s dip test but we 
found no qualitative difference when applied to a subset of probes. We also ap-
plied differential evolution to optimize the accuracy of the best RNA expres-
sion split, but this approach did not noticeably increase the accuracy. Because 
of the balanced presence of the subtypes adenocarcinoma and squamous cell 
carcinoma we used the medians of the methylation and RNA expressions distri-
butions. Given the approximate split, we established for each split the accuracy 
and recall in separating the two subtypes. We required a minimum precision of 
85% for both subtypes. This operation was performed over the probes, ordered 
by descending fold change, until the number of successive failures to meet the 
minimum precision exceeded a threshold (in this case 50).

5. Bridge between DNA methylation and RNA expression
Methylation values of the genes (β-value for a probe per sample ranged from 0 
to 1(0: unmethylated, 1: methylated) and the total RNA expression in tumor sam-
ples were studied. Methylation infl uences a change in gene expression. Samples 
in quantile 1 have the lowest RNA expression and samples in quantile 4 have 
the highest RNA expression. For each quantile and probe_ID the corresponding 
methylation distribution out of the methylation dataset is visualized by a boxplot.

9
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For combining DNA methylation and RNA expression data we obtained a list of 
overlapping differential genes and used the Wasserstein distance metric, a way 
to compare the probability distributions, where one variable is derived from the 
other by small, non-uniform random or deterministic perturbations. We defined 
three metrics that combine the statistical separability and the actual separation 
of the two subtype distributions. These metrics were first Wasserstein distance* 
ks score, second Wasserstein distance* ks score, and median fold change*ks 
score on the intersection of the top-500 probes for RNA expression and meth-
ylation that leads to 41 genes. Second, we merged the data for RNA expression 
and methylation probes on the genes level and took the multiplications of the 
aggregated values for the three metrics; the overlap of the top-100 gave 28 gene.

6. Survival analysis
Univariate and multivariate survival analysis were performed between the expres-
sion profiles of immune modulating gene groups (high vs. low expression), patient 
and tumor characteristics. Patient factors associated with overall survival (p<0.1) 
were included in the multivariate analysis. Age and the TNM tumor-stage (T1, T2 
or T3) reached the significance threshold (p<0.05) in the multivariate analysis. 
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Extended Data

Extended data table 1. Top 41 gene list for best separation of NSCLC subtypes.

Chromosome Gene Start Stop Strand Fold change

chr15 BNC1 83255903 83284716 - 15.04

chr10 CALML3 5524009 5526771 + 13.32

chr5 IRX4 1877413 1887236 - 12.64

chr18 DSC3 30990008 31042815 - 10.34

chr1 MIR205HG 209428820 209432838 + 4.79

chr3 TP63 189631416 189897279 + 3.89

chr2 DQX1 74518131 74526336 - 3.13

chr11 TRIM29 120111275 120185529 - 2.73

chr9 CEL 133061978 133087355 + 2.70

chr14 TGM1 24249114 24264432 - 2.47

chr7 SOSTDC1 16461481 16530580 - 2.42

chr3 CSTA 122325244 122341972 + 1.46

chr7 AKR1B10 134527592 134541408 + 1.37

chr17 RAPGEFL1 40177010 40195656 + 1.14

chr1 SLC16A1 112911847 112957013 - 0.98

chr18 KCTD1 26454910 26657401 - 0.97

chr8 SNAI2 48917690 48921740 - 0.89

chr1 VANGL2 160400586 160428678 + 0.84

chr14 FRMD6 51489100 51730727 + 0.82

chr6 DST 56457987 56954628 - 0.73

chrX EFNB1 68828997 68842147 + 0.51

chr7 FSCN1 5592823 5606655 + 0.45

chr19 FXYD3 35115879 35124324 + 0.44

chr3 DLG1 197042560 197299300 - 0.38

chr16 ABCC1 15949577 16143074 + 0.37

chr12 ZNF385A 54369133 54391298 - 0.36

chr3 ACTL6A 179562880 179588408 + 0.30

9
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Chromosome Gene Start Stop Strand Fold change

chr17 JUP 41754604 41786931 - 0.20

chrX ZDHHC9 129803288 129843909 - -0.22

chr12 DRAM1 101877351 102012130 + -0.28

chr12 KRT7 52232520 52252186 + -0.43

chr21 CLIC6 34669389 34718227 + -0.43

chr13 ATP11A 112690329 112887168 + -0.43

chr4 HOPX 56647988 56681899 - -0.46

chr6 SLC44A4 31863192 31879046 - -0.56

chr1 PLEKHA6 204218851 204377665 - -0.57

chr15 ALPK3 84816680 84873482 + -0.61

chr4 SLC4A4 71187286 71572087 + -0.67

chr14 NKX2-1 36516392 36521149 - -0.68

chr14 SFTA3 36473288 36513829 - -0.71

chr17 HNF1B 37686432 37745247 - -0.84
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Extended Data Table 2. Association of immune modulating groups with survival.

COX regression 
univariate

COX regression 
multivariate

Covariate Factor Comparison P HR 95% CI P HR 95% CI

Categorical COSTIM High vs. low 0.822 1.022 (0.847, 1.232) 0.834 1.041 (0.714, 1.517)

Categorical AGPRES High vs. low 0.966 1.004 (0.833, 1.210) 0.116 0.786 (0.583, 1.061)

Categorical COINHIB High vs. low 0.486 1.069 (0.886, 1.289) 0.754 1.069 (0.704, 1.624)

Categorical CYTOCHEM High vs. low 0.955 0.995 (0.825, 1.200) 0.890 1.020 (0.776, 1.340)

Categorical Tumor 
type

SCC vs. 
adeno

0.601 1.051 (0.872, 1.267)

Categorical Gender Female vs. 
male

0.270 1.114 (0.919, 1.351)

Continuous Age (years) 0.031 1.011 (1.001, 1.022) 0.005* 1.018 (1.006, 1.032)

Categorical Smoking Lifelong 
non-
smoker vs. 
current/ex- 
smoker

0.072 1.338 (0.975, 1.836) 0.099 1.374 (0.942, 2.002)

Continuous Pack years 0.893 1.000 (1.000, 1.000)

Continuous Tumor 
stage

0.000 1.487 (1.346, 1.646) 0.253 1.172 (0.893, 1.540)

Continuous T-stage* 0.000 1.440 (1.279, 1.622) 0.011* 1.266 (1.055, 1.532)

Continuous N-stage 0.000 1.416 (1.256, 1.597) 0.130 1.204 (0.947, 1.532)

Continuous M-stage 0.000 2.349 (1.535, 3.594) 0.401 1.351 (0.670, 2.723)

Abbreviations: hazard ratio (HR), 95% confidence interval (95% CI), adenocarcinoma 
(adeno).
Pretreatment immune status adjusted for clinical prognostic factors in 1026 patient 
with non-small cell lung cancer is not associated with overall survival. Univariate and 
multivariate analysis of the association between the expression profiles of immune 
modulating gene groups (high vs. low expression), (patient) factors and overall survival. 
Factors were incorporated as categorical or continuous variables. Patient factors 
associated with overall survival (p<0.1) were included in the multivariate analysis. Age 
and the TNM tumor-stage (T1, T2 or T3) reached the significance threshold (p<0.05) in the 
multivariate analysis.

9

Menno_Binnenwerk_V4.indd   245 8-8-2020   21:01:25



246

Chapter 9

Extended Data Table 3. Patient characteristics.

Age at tumor biopsy (years)
 Median (range)    67 (33 - 90)
Gender, M/F      614/410
Smoking status, n (%)
 Never smoker    93 (9)
 Former smoker > 15 years    219 (21)
 Former smoker ≤ 15 years    422 (41)
 Former smoker, unspecified duration 9 (1)
 Current smoker    256 (25)
 Unknown    26 (3)
 Total     1024 (100)
Follow-up (of censored patients; months)
 Median (range)    23 (0 - 242)
Tumor stage, n (%)
 I     524 (51)
 II     286 (28)
 III     169 (17)
 IV     33 (3)
 Unknown    12 (1)
 Total     1026 (100)
T stage, n (%)
 T1     286 (28)
 T2     574 (56)
 T3     118 (12)
 T4     43 (4)
 Tx     3
 Total     1024 (100)
N stage, n (%)
 N0     655 (64)
 N1     230 (22)
 N2     114 (11)
 N3     7 (1)
 Nx     17 (2)
 Unknown    1 
 Total     1024 (100)
M stage, n (%)
 M0     765 (74)
 M1     32 (3)
 Mx     219 (23)
 Unknown    8
 Total     1024 (100)

Abbreviations: number (n), squamous cell lung cancer (SCC).
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Extended Data Table 4. Immune modulating gene groups.

COSTIMULATORY COINHIBITORY AGPRES CYTOCHEM

Receptor Ligand Receptor Ligand

CD28
CD80, 
CD86

CD272 VTCN1 HLAA TGFB1

CD134 OX40L CD279
PDCD1LG1, 
PDCD1LG2

HLAB TNF

CD137 4-1BBL CD94, NKG2A HLAE HLAC IL6

CD40L CD40 CTLA4 CD80, CD86 CIITA IL10

CD278 ICOSL TIGIT
CD155, 
CD112, 
CD113

LMP2 IFNG

CD27 CD70 CD160 HVEM TAP1 IDO

HVEM LIGHT PD1HR PD1H LMP7

LIGHT HVEM 2B4 CD48 TAPBP

DR3 TL1A TIM3 LGALS9, PS

GITR GITRL

CD30 CD30L

TIM1 TIM4

SLAM SLAM

CD2
CD48, 
CD58

CD226
CD155, 
CD112

Extended Data Table 5: Four known clusters of genes involved in stimulating and inhibiting 
T lymphocyte responses, antigen presentation (AGPRES), and cyto- and chemokines 
(CYTOCHEM).
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Extended Data Figure 1. Main canonical pathways based on DNA methylation.

Main canonical pathways of 2,101 mapped genes with at least one probe and with ks-score ≥ 
0.95 that are most distinct for NSCLC subtypes based on DNA methylation.
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Extended Data Figure 2. Gene groups involved in antigen presentation and co-stimulation

(A) Principal component analysis of gene expression can distinguish antigen presentation and 
costimulatory genes from other genes. (B) In both NSCLC subtypes, the higher expression of 
antigen presenting genes is associated with higher expression of costimulatory genes; (C) 
and similar in non-small cell lung cancer tissue and non-cancerous tissue.
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Abstract

Introduction
In non-small cell lung cancer (NSCLC) the immune system and possibly its com-
position affects survival. In this in silico study, the immune infiltrate composition 
in NSCLC patients was evaluated.

Methods
Gene expression data of tumors from early NSCLC patients were obtained from 
Gene Expression Omnibus (GEO). With CIBERSORT 22 immune cell fractions pres-
ent in the tumor microenvironment were estimated.

Results
The immune infiltrate of 1430 pretreatment NSCLC patients contained mostly 
plasma cells, macrophages and CD8 T-cells. Higher fractions of resting mast and 
CD4 T-helper cells were associated with longer survival (HR=0.95, p<0.01; HR=0.98, 
p=0.04 respectively) and higher fractions of M2 macrophages and active dendritic 
cells with shorter survival (HR=1.02, p=0.03; HR=1.03, p=0.05, respectively). Adeno-
carcinoma patients with survival data (n=587) showed higher fractions of resting 
mast and resting CD4 T-cells, and lower M0 macrophages than squamous cell carci-
noma (n=254). These cell fractions were associated with survival (HR=0.95, p=0.04; 
HR=0.97, p=0.01; HR=1.03, p=0.01, respectively). Fractions of memory B-cells, neu-
trophils and naïve CD4 T-cells had different associations with survival depending 
on the subtype.

Smokers had lower fractions of resting mast cells, resting CD4 T-cells, and memory 
B cells. Smokers had higher fractions of regulatory T-cell, follicular helper T-cell 
neutrophil and M2 macrophage, which were associated with shorter survival (HR=1.3, 
p<0.01; HR=1.13, p=0.02; HR=1.09, p=0.03; HR=1.04, p=0.02, respectively).

Conclusion
Pretreatment differences in immune cell composition are associated with survival 
and depend on smoking status and histological subtype. Smokers immune com-
position associates with worse survival.
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Introduction

In NSCLC patients the immune system plays an important role in both the response 
to therapy and overall survival (1–5). The upregulation of programmed death-li-
gand 1 (PD-L1) on tumor cells in biopsies and the interaction of these tumor cells 
with T-cells is associated with tumor response to immune modulating therapies. 
Unfortunately, tumor response percentages only reach 20-40% even in the best 
studies (3,4,6–9).

Increased numbers of tumor infiltrating lymphocytes (TILS), especially cytotoxic 
CD8 T-cells and CD4 helper T-cells, have been associated with responding tumors 
and improved survival, while higher numbers of regulatory T-cells protect tumors 
against the native immune system (10–13). Other levels of complexity come from 
subtypes of lymphocytes which have a different effect on survival. Other cell types, 
like tumor associated macrophages and neutrophils (TAMs and TANs) and their 
subtypes, have their own prognostic effects (12,14–18).

Although larger studies differentiate between histological subtypes, many small 
studies investigating the effect of immune cells often pool all NSCLC patients in 
one group. NSCLC is predominantly characterized by two different histological 
subtypes, adenocarcinoma and squamous cell carcinoma. It is known that each 
subtype have different driver mutations and different immune genes that are acti-
vated (19–21). Although the tumor response on immune modulating therapy is similar 
in both subtypes, the underlying immune mechanism may be different. This may 
be reflected by different immune cell compositions. Another important prognostic 
factor is smoking status. Smoking is the major environmental event that causes 
lung cancer. Survival is decreased in smokers, however chances to respond to 
immune modulating therapy are increased. A possible explanation is that tumors 
of smokers have an increased mutational burden which has been associated with 
stimulation of the immune system by neoantigens (4,22,23).

While specific individual immune cells have been well studied, the role of the 
immune composition is less well investigated (10-20). Due to the often small number 
of patients in studies, differences between subtype and smokers/non-smokers 
could not be evaluated. In this in silico study, we evaluated the immune microenvi-
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ronment in mainly early pretreatment NSCLC patients. Differences in immune com-
position for subtype and smoking status, and implications for survival were studied.

Methods

Data acquisition

Publically available raw microarray expression data was obtained by querying the 
Gene Expression Omnibus (GEO)(supplementary table 1). The query was confined 
to samples hybridized to the Affymetrix HG-U133 plus 2.0 (Geo accession number 
GPL570). After automatic querying a second step was performed in which the 
identified samples were manually curated. Included samples had to be obtained 
by either biopsy or surgery so the whole tissue architecture was present. Sample 
exclusion occurred when sample description stated they were not derived from 
lung tissue; not from lung cancer; they were of fetal origin; cytological samples; 
cell lines; biopsies cultured or subjected to treatment before or after removal.

Clinical data such as gender, age, smoking status (current and past smoking versus 
non-smoking), stage of disease, histology, treatment of the patients, Eastern Co-
operative Oncology Group performance score, and survival data were collected 
when available. Missing data was requested from the corresponding authors. As 
reported previously, pre-processing and aggregation of raw data were performed 
with multi-array average algorithm in combination with quantile normalization 
(25). PCA quality control of the resulting expression data was performed.

Sample processing and quality control

CEL files were obtained and checked for quality as reported previously (25). 
Non-corrupted raw data CEL files were downloaded from GEO for the selected 
samples. To identify samples that have been uploaded to GEO multiple times 
we generated a MD5 (message-digest algorithm 5) hash for each individual CEL 
files. Before these MD5 hashes were generated we converted all CEL files to the 
GCOS XDA binary file format (version 4), which was done using the Affymetrix 
Power Tools (version 1.15.2) apt-cel- convert tool. A MD5 hash acts like a unique 
fingerprint for each individual file and duplicate CEL files will have an identical 
MD5 hash. After removal of duplicate CEL files, pre-processing and aggregation 
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of CEL files was performed with RMAExpress (version 1.1.0) by applying the robust 
multi-array average (RMA) algorithm, using the latest Affymetrix GeneChip Array 
CDF layout files REF. Principal Component Analysis (PCA) on the sample corre-
lation matrix was used for quality control. The first principal component (PCqc) 
of such an expression microarray correlation matrix describes nearly always a 
constant pattern that dominates the data, explaining around 80-90% of the total 
variance, which is independent of the biological nature of the sample being pro-
filed. The correlation of each individual microarray expression profile with this 
PCqc can be used to detect outliers, as arrays of lesser quality will have a lower 
correlation with the PCqc. We removed samples that had a correlation R < 0.8. 
All data was corrected using ComBat.

Estimation of immune cell fractions in tumor microenvironment

The immune infiltrate composition was estimated using CIBERSORT, which uses 
gene expression profiles to characterize immune cell compositions of complex 
tissues by means of the LM22 signature matrix. (26). The LM22 matrix contains 
547 genes that distinguish 22 human hematopoietic cell phenotypes described 
in detail by Newman et al. (supplementary table 2) (26).

Statistical analysis

Differences in the distribution of immune cell fractions were compared with 
Mann-Whitney U tests. Test results with a p<0.0022 (Bonferroni corrected) were 
considered significant. Associations with survival were assessed with multivari-
able Cox regression analyses. For the Cox regression variables an event was de-
fined as a death caused by lung cancer. Covariables were selected in a backwise 
model, with a stepwise exclusion of covariables with p values below 0.157 (based 
on Akaike Information criterion). Covariables remaining in the model were age, 
gender, histological subtype, smoking status (current and past smoker, missing 
information, never smoker) and disease stage. Associations with survival have 
been reported in hazard ratios (HR). A HR>1 indicates that a higher proportion of 
the immune cell is associated with worse survival, while a HR <1 is associated 
with better outcome. As we used continuous variables, HR appear to be small. 
However the provided HR is given for an increase of 1 percent point of the immune 
cell fraction in question, and stacks for every increment of 1 percent. Both crude 

10

Menno_Binnenwerk_V4.indd   255 8-8-2020   21:01:26



256

Chapter 10

and adjusted values have been reported in the summary data (supplementary 
table 3-8), associations with p≤0.1 have been provided for NSCLC, subtype, and 
smoking status.

Cox regression analyses were performed within a multivariate permutation test-
ing framework for controlling the proportion of false discovery. For each subset 
analysis, we applied the multivariate permutation testing framework with a 100 
permutations and a false discovery rate (FDR) of 25%.  An FDR of 25% indicates 
that the result is likely to be valid 3 out of 4 times.

To identify patient groups with comparable immune infiltrates, a k-means clus-
tering analysis was performed to identify those patients. All 22 immune cell frac-
tions were incorporated. Schwarz’s Bayesion Criterion was used to assess the 
fit of the model. Subsequently, grouping variables were incorporated in the Cox 
regression analyses.

All analyses were performed using IBM SPSS 23. In case of categorical variables, 
patients with missing data were grouped together (group=missing). Results were 
considered statistically significant when P values were below 0.05. No correction 
for multiple testing was performed as all immune cell fractions were parts of the 
immune infiltrate and correlated with each other.

Results

NSCLC patients

We evaluated a total of 1742 samples from 22 different studies (supplementary 
table 3). Among these 1430 samples from NSCLC patients were identified (figure 1). 
Adenocarcinoma made up the majority of patients  (n=1022, 71.5%). Patients had a 
median age of 64 (range: 30-93) years, were mostly male (62%) and smoker (76%) 
(supplementary table 4). The majority of patients had early stage disease (n=922, 
654 had stage I, 268 had stage II), with only 62 having advanced stages (stage 
III=54 and stage IV=8). For the remaining 446 patients no stage data were avail-
able. Survival data were available for 841 patients. These patients had a median 
survival of 7.2 years (95% confidence interval: 6.3-8.1 years). They primarily had 
early stage disease (stage I=398, stage II=143), with a minority having advanced 
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stages stage (26 stage Ill, and 4 stage IV). Stage of disease was missing for 270 
patients with survival data. The patients had a median age of 64 (range: 30-93) 
years, 62% were males and 76% were smokers. Patients with and without survival 
data did not differ in their characteristics from the whole population.

Figure 1: Flowchart of sample acquisition

Distribution of immune cell infiltrate in NSCLC tumors

The majority of the immune infiltrate in tumors of NSCLC patients was made up 
of plasma cells, and M2 macrophages (figure 2A, supplementary table 4), followed 
by M0/M1 macrophages, CD8 T-cells, resting CD4 T-cells, mast cells and memory 
B cells. The immune composition showed large inter patient variations, both in 
individual immune cell fractions and in the whole immune composition (figure 
2A, supplementary table 5).
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Figure 2: Immune infiltrate composition for non-small cell lung cancer patients (A), ade-
nocarcinoma and squamous cell carcinoma (B) and smokers and non-smokers (C)
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Immune cell fractions in NSCLC tumors and overall survival

A higher fraction of resting mast cells and resting CD4+ T-cells was significantly 
associated with a longer survival (HR= 0.95, p<0.01; HR 0.98, p=0.01, respectively), 
while a higher fraction of follicular helper cells and M0 macrophages was associ-
ated with shorter survival (HR=1.05, p=0.01; HR=1.02, p=0.02, respectively)  (figure 
3, figure 4, supplementary table 6). The plasma cell fraction was not associated 
with survival (HR 0.99, p=0.17).

When testing for an interaction of immune cell fractions between adenocarci-
noma and squamous cell carcinoma, significant interactions were observed for 
memory B cell fraction (HR=0.96 (for every percent point increase in memory B 
cell fraction, the HR of all NSCLC patients decreases by 0.04), interaction HR=1.07 
(for every percent point increase in memory B cell fraction the HR of squamous 
cell carcinoma patients increases by 0.07, p<0.01), neutrophil fraction (HR=1.09, 
interaction HR=0.91, p=0.01) and naïve CD4 T-cell fraction (HR=0.92, interaction 
HR=1.21, p=0.02). This shows that higher B cell and naïve CD4 T-cell fractions 
were associated with better survival in adenocarcinoma, while higher fractions 
in squamous cell carcinoma are associated with worse survival. The neutrophil 
fraction was not associated with survival in squamous cell carcinoma in any way, 
while in adenocarcinoma they were an unfavorable sign. For smoking status, 
only a stratified analysis was performed, as there were too few patients in the 
non-smoking group to accurately investigate any interactions.

Immune cell infiltrate by histological subtype

Twelve cell fractions differed significantly (p<0.0022) between adenocarcinoma 
and squamous cell carcinoma. In adenocarcinoma (compared to squamous cell 
carcinoma), the largest positive difference in percent points was observed in 
the resting CD4 T-cell (+2.4 percent point), resting mast cell (+1.5 percent point), 
memory B cell (+1.1 percent point) and active NK cell (+0.6 percent point) fractions. 
) fractions. The largest negative difference was observed for the M0 macrophage 
(-2.8 percent point), plasma cell (-1.5 percent point) and M1 macrophage cell (-1.2 
percent point), active mast cells (-0.8 percent point) and resting dendritic cell 
(-0.6 percent point) fractions. Fractions of naïve B cells, resting NK cells and 
monocytes differed significantly in their distribution.
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Figure 3. Association of different immune cell fractions with overall survival (A), stratifi ed 
for histological subtype (B,C) and smoking status (current and past smoking (D) versus 
never smoking (E)

HR>1 indicates a higher proportion of immune cells being associated with worse survival, 
while a HR <1 is associated with better outcome. The HR indicates the risk associated with 
an increase of 1 percent point of the immune cell fraction, and stacks for further changes.
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Figure 4. Survival curves of NSCLC (n=841) patients by high and low expression of different 
immune cell fractions 

Black depicts the patient group with a proportion of immune cells above the median, gray 
below the median.
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Survival impact of immune cell fractions by histological subtype

For adenocarcinoma patients (n=587), resting mast cell, memory B cell and rest-
ing CD4 T-cell fractions were associated with better survival (HR=0.96, p=0.01; 
HR= 0.97, p=0.01; HR=0.98, p=0.04, respectively), while the neutrophil, follicu-
lar helper cell, M0 macrophage, M2 macrophage fractions were associated with 
a shorter survival (HR=1.08, p<0.01; HR=1.07, p=0.01; HR=1.02, p=0.01; HR=1.02, 
p=0.03, respectively) (Figure 3, supplementary table 7). For squamous cell car-
cinoma patients (n=254), resting mast cells were associated with a better sur-
vival (HR=0.94, p=0.01, figure 3, figure 5, supplementary table 8), while a higher 
percentage of regulatory T-cells and naïve CD4 T-cells were associated with a 
marginally poorer overall survival (HR=1.12, p=0.06; HR=-1.1, p=0.06).

Immune cell infiltrate by smoking status

Between smokers and non-smokers eleven cell fractions differed significant-
ly (figure 2). Smoking was associated with higher fractions of plasma cell (+2.9 
percent point), M0 macrophage (+2.8 percent point), and CD8T-cell (+1.4 percent 
point) and follicular helper T cell (+0.9 percent point) fractions, while the rest-
ing CD4 T-cell (-4.1 percent point), the resting mast cell (-3.1 percent point), the 
memory B cell (-2.2 percent point) and resting dendritic cell (-1.7 percent point) 
fractions were lower compared to those in non-smokers (figure 2C). The naïve 
B cell, active CD4 T-cell and active mast cell fractions also differed significantly 
in their distribution. 

Survival impact of immune cell fractions by smoking status

For smokers (n=604) we found that the resting mast cell, resting CD4 T-cell and 
memory B cell fractions were associated with a better survival (HR=0.9, p=0.01; 
HR=0.92, p<0.01; HR=0.96, p=0.05, respectively), while the fractions of regulatory 
T-cells, follicular helper T-cells, neutrophils and M2 macrophages were associated 
with worse survival (HR=1.27, p=0.01; HR=1.12, p=0.02; HR=1.09, p=0.04; HR=1.04, 
p=0.02, respectively) (figure 3, figure 6, supplementary table 9). For non-smok-
ers (n=148) the resting mast cell and memory B cell fraction were associated 
with better survival (HR=0.9, p=0.07; HR=0.92, p=0.04, respectively) while an in-
creased proportion of plasma cells were associated with marginally worse sur-
vival (HR=1.05, p=0.05) (Figure 3, supplementary table 10).
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Figure 5. Survival curves of adenocarcinoma (A, N=587) and squamous cell carcinoma (B, 
N=254) NSCLC patients separated by the proportion of the cell fraction (above and below 
median)

The faded line represents the patients with cell fractions below the median.
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Clusters of immune cells

With different cluster analyses, no specific clusters of combination of immune 
cells or patients’ groupings were identified that were associated with survival.

Discussion

In this study we have compared the immune microenvironment of the different 
histiotypes of lung cancer and of NSCLC patients smoking behavior. We observed 
that in NSCLC samples the immune cells consist mainly of plasma cells, mac-
rophages, CD8 T-cells, resting CD4 T-cells and memory B-cells. All were associat-
ed with (cancer related) survival, except for plasma cells. Between patients, large 
variations in immune fractions were observed. Others have shown that mono-
nuclear phagocytes and T-cells, especially regulatory T-cells and non-functional 
T-cells, dominate in the early adenocarcinoma microenvironment (27–32). Sub-
types of NSCLC showed differences between immune fractions. Compared to 
squamous cell carcinoma, adenocarcinoma had higher fractions of memory B 
cells, resting mast cells and CD4 T-cells. These cell fractions were associated with 
longer survival. And adenocarcinoma had lower percentages of M0 macrophages 
and neutrophils which were associated with worse survival. For squamous cell 
carcinoma, regulatory T cells and naïve CD4 T-cells were associated with shorter 
survival, and both were lower compared to adenocarcinoma patients.

The subtype of NSCLC (adenocarcinoma vs squamous cell carcinoma) determines 
whether a specific cell fraction is associated with better or worse survival. Sev-
eral cell fractions (neutrophil, memory B, naïve CD4 T) are negatively associated 
with survival for one subtype and positively for the other. These differences are 
in line with previous observations (27–30,33). Whether intratumoral exposure to 
neoantigens (squamous cell carcinoma patients are smokers and have a high 
tumor mutational burden) plays a role in the explanation of this phenomenon is 
not clear. Patients that (had) smoked showed higher fractions of cell types asso-
ciated with immune regulatory functions like the M2 macrophages, regulatory T 
cells, neutrophils and follicular helper T-cells. Smokers also showed higher frac-
tions of plasma cells which were associated with shorter OS, concurring with the 
results of Alisoltani et al (34). The increased numbers of plasma cells could be 
due to the increased presence of neoantigens caused by the smoking behavior. 
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Plasma cells have an ambiguous role in cancer, as they have been both positive-
ly and negatively associated by different studies (27, 34, 35). Possibly smoking 
habits and histological subtype influence the survival outcomes, causing these 
different results. All of these cell fractions were associated with shorter survival 
in our study. Cell fractions associated with longer survival, specifically fractions 
of resting CD4 T-cells, resting mast cells and memory B cells, were clearly lower 
in smokers compared to non-smokers.

Clustering different proportions of immune cells does not show any groups of 
patients with similar immune infiltrate compositions. This may implicate that 
there are no fixed cohorts of infiltration types or that the population is too het-
erogeneous.

Increased proportions of regulatory T-cells are associated with poorer surviv-
al in smokers and squamous cell carcinoma patients. The cytotoxic activity of 
immune cells is negatively influenced by regulatory T-cells and can occur with-
out the actual presence of regulatory T-cells in the tumor biopsy (15, 36, 37). The 
presence of regulatory T-cells is an early event in the development of NSCLC 
(36). Together with neutrophils they protect tumor cells against immune modu-
lating effects (38). The infiltration of both neutrophils and regulatory T-cells is 
induced by smoking. Smoking itself is also associated with both an increased 
frequency of infections and tissue inflammation (38, 40-42). That means that 
the infiltrate in smokers is composed of immune related cells that are triggered 
by various stimuli. This adds a complexity that makes the micro-environment 
in NSCLC tissue difficult to decipher the role of each immune cell in the tumor. 
In non-smokers the regulatory T-cell population (and neutrophils) are less often 
present in the immune infiltrate, confirming that smoking is a confounding factor. 
Overall, smoking seems to induce an immune cell infiltrate that is less effective 
in suppressing tumor activity, because the differences in immune cell fractions 
in smokers compared to non-smokers are associated with worse survival.

Cytotoxic CD8 T-cells can be associated either with better or with worse survival, 
depending on the subtype of NSCLC (36, 43). Saito et al found that the infiltra-
tion of CD8+ T-cells throughout the tumor is associated with better survival, but 
their accumulation at one focal point is associated with the opposite, i.e. worse 
survival (44). This difference could have influenced our results, as it is likely that 
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both types of CD8+ T-cell invasion are present and cannot be distinguished in 
our study. Their opposing effects will diminish the association with survival. Fur-
thermore, the contribution of exhausted or non-functional CD8 T-cells cannot be 
differentiated with the LM 22 algorithm. The different CD8 T-cell functions are 
combined in our analysis and that may be an explanation that no overall survival 
differences are detected in our Cox-regression model.

In our study M2 macrophages (normally associated with wound healing and tissue 
repair) and neutrophils were significantly associated with worse survival. This indi-
cates that M2 macrophages and neutrophils either have a tumor protective effect 
or possibly represent an ultimate attempt to fight the malignant cells that after 
all fails. Posttreatment studies have shown that M2 macrophages induce resist-
ance to cisplatin therapy by means of activation of the JAK1/STAT1/NF-κβ/Notch-
1 and ERK1/2/FRA-1/slug signaling pathways, possibly explaining their negative 
association with survival (45-47). Their presence is believed to play an immune 
suppressive role, as it is associated with shorter survival and is negatively cor-
related to CD8+ T-cell and T-helper 1 cell infiltration (48). Neutrophils are associ-
ated with inactivated CD8 T-cells, leading to worse outcomes (49-52). However, 
their function remains ambiguous, as they have also been found to be capable of 
T-cell activation. It is likely that specific subsets of neutrophils, TANs, influence 
survival in different ways. This remains a topic of interest for further studies.

Follicular helper T cells have been shown to strongly express PD-1 and are im-
portant for the activation of effector cells in the lymph follicles (53). In NSCLC, 
studies found that follicular helper T cells present in tumor tissue were function-
ally impaired and associated with shorter disease free survival after resection 
(54,55). The subsets of follicular helper T-cells involved in NSCLC may be impaired 
in their normal function, causing less specific B-cell differentiation and indirect-
ly impaired humoral immune responses leading to tumor growth, explaining the 
worse survival association we found.

Resting mast cells are mostly known for their role in anaphylaxis by their release 
of histamine but also play a role in cancer immunity (56,57). Histamine itself has 
been shown to stimulate tumor proliferation, while also suppressing the immune 
system (56-58). However, histamine might have a tumor suppressing effect when 
combined with IL-6. Resting mast cells themselves are involved in tumorigenesis 
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through the release of pro-angiogenic factors and proteases involved in degener-
ation of the extracellular matrix (58,59). However, mast cells also are involved in 
antitumor activity (60-62). When cancer progresses, the mast cells have limited 
capability to filtrate throughout the tumor, limiting their anti-tumor capabilities, 
which would explain while several studies in advanced cancers have reported an 
association between tumor growth and mast cells (57,58).

The limitations of our study are the measurement at a single pretreatment 
moment, with no data available at later time points, incomplete clinical datasets, 
working with cell fractions rather than absolute cell numbers (CIBERSORT has 
a high correlation to FACS outcomes [Rho=0.97 in lung tissue]), a limited subset 
differentiation of cell types and functions, all inherent to our in silico approach. 
Additionally, the biopsy site (e.g. from the center of the tumor or the edge) could 
have influenced the composition of the immune infiltrate, due to tumor heter-
ogeneity. While most studies utilized similar guidelines to obtain biopsies and 
required a minimum number and percentage of tumor cells in the biopsy before 
they were processed for RNA, there remain considerable differences between 
patients. CIBERSORT resolved known mixture proportions over nearly the entire 
range of tumor content up to  about 95% and noise up to  about 70%. Since lung 
cancer often is composed of fewer than 50% infiltrating immune cells, the param-
eter range in which CIBERSORT outperformed other methods is highly relevant for 
bulk tumor analysis. By spike-in experiments, it detects rare cells in bulk tissues 
down to 0.5% in mixtures containing up to 50% tumor content and down to 1% 
in mixtures over 50% tumor content (26). Studies with RNA-seq and microarrays 
confirmed the robustness of CIBERSORT (63). In particular, we had limited data 
on smoking. Nevertheless, smoking has a major influence on the immune com-
position, but also on cell function. It is likely that cessation of smoking further 
modifies outcomes. Therefore, it is important for large prospective cohort studies 
to investigate the role of the immune system at several time points, focusing on 
cells suspected to be associated with survival and stratified for tumor subtype and 
smoking status. It could also be of interest to investigate differences in gender, 
as recently a study found survival differences depending on treatment (64).

In conclusion, our study demonstrated that the immune cell infiltrate composition 
in NSCLC is associated with histological subtype and smoking. Variation between 
patient’s tumors were large. Adenocarcinoma, as compared with squamous cell 
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carcinoma, showed increased resting CD4 T-cells and resting mast cells, both 
associated with longer survival, while having lower proportions of M2 macrophag-
es and follicular helper T-cells, associated with worse survival. Plasma cells in 
tumors had no impact on survival. For smokers, the resting CD4 T-cell, memory 
B cell and resting mast cell fractions were all lower compared to non-smokers 
and associated with longer survival, while neutrophils and regulatory T cell frac-
tion were higher and associated with a shorter survival.
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Supplementary data

Supplementary table 1: Search terms for GEO platform 571 and manual curation criteria

Search terms
(combined using OR)

Squamous
Adeno
NSCLC
SCLC
Lung
Non-small cell lung cancer
Long
Pulmonary

Manual selection criteria Human lung tissue from normal and/or 
tumor biopsy
Exclusion of diseases that may influence 
the expression profile: (IPS/Sarcoidosis/
COPD/HIV/Transplants)
Exclusion of all not-human tissue, amongst 
others cell lines
Exclusion of all tumor or normal tissue 
samples subjected to therapies
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Supplementary table 2: CIBERSORT defined cell type definitions

Markers used Subdivisions Identification

Naive B cells
CD3−, CD19+, CD20+, CD24−, 

CD38+

Memory B cells
CD3−, CD19+, CD20+, CD24+, 

CD38−

Plasma cells CD19+, CD20+, CD138+

CD8 T-cells CD3+, CD8+

Naive CD4 T-cells
CD3+, CD4+, CD45RA+, 

CD27+

Memory CD4 
T-cells

CD3+, CD4+, CD45RA−

Active CD3+, CD4+, HLA-DR+

Resting
Remaining memory 

cells

Follicular helper 
cells

CD3+, CXCR5high, ICOShigh

Regulatory T-cells CD3+, CD4+, FOXP3+

Gamma delta 
T-cells

TCRgd+

NK cells CD16+, CD56+, CXCR3+
Active CD69+

Resting CD69-

Monocytes/
Macrophages

CD14+

Monocytes
Divided based on 
morphology and 

phagocytic capacity

M0 macrophages

M1 macrophages

M2 macrophages

Dendritic cells
CD14 isolation and 

stimulation by GM-CSF

Active Lipopolysaccharides 
stimulationResting

Mast cells
CD 14 isolation and stem cell 

factor stimulation

Active IgE receptor 
activationResting

Eosinophils CD14+, CD15+, CD16-

Neutrophils CCR30-CD62+IgG
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Supplementary table 3: Available clinical data from 1430 NSCLC patients

Variable Group Samples Values

Age
All NSCLC (missing) 1202 (228)

Median (range)
64 (30-93)

NSCLC with survival data 777 (653) 64 (30-88)

Gender
All NSCLC 1361 (69)

Male/female
843 / 518

NSCLC with survival data 841 (589) 515 / 326

Smoking
All NSCLC 752 (678) Smokers/

Non-smokers

572 / 180

NSCLC with survival data 378 (1052) 239 / 139

Supplementary table 4: Studies with included samples 

Serie number GEO Number of included samples

GSE10245 58

GSE10799 19

GSE12667 69

GSE16538 6

GSE18842 45

GSE19188 137

GSE2109 98

GSE21369/GSE21411 5

GSE25251 2

GSE27716/GSE27719 40

GSE29013 2

GSE29133 3

GSE30219 206

GSE31210 246

GSE33532 76

GSE3526 3

GSE37745 172

GSE40791 194

GSE43580 148

GSE50081 171

GSE51024 39

GSE7307 3

Total 1742
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Supplementary table 5: Proportion of immune cells in non-small cell lung cancer tumors 
 (n=1430)

NSCLC

Median Minimum Maximum

M2 macrophages 17,52 0,00 53,75

Resting mast cells 3,55 0,00 38,10

Resting CD4 T-cells 5,39 0,00 31,64

Plasma cells 19,13 0,36 55,50

CD8 T-cells 6,85 0,00 34,06

Monocytes 0,00 0,00 23,34

Neutrophils 2,04 0,00 28,23

Active NK cells 3,65 0,00 17,00

M0 macrophages 5,21 0,00 45,09

B memory cells 5,36 0,00 32,01

Active dendritic cells 1,13 0,00 22,40

M1 macrophages 5,75 0,00 24,77

Follicular helper cells 2,97 0,00 13,65

Resting dendritic cells 2,52 0,00 31,65

Resting NK cells 0,00 0,00 16,99

Naive B cells 0,00 0,00 12,15

Naive CD4 T-cells 0,00 0,00 16,90

Active CD 4 T-cells 0,00 0,00 25,08

Regulatory T-cells 0,00 0,00 10,86

Active mast cells 0,00 0,00 30,76

Eosinophils 0,00 0,00 9,15

Gamma delta T-cells 0,00 0,00 21,60
10
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Supplementary table 6: Correlation of immune cell fractions with survival in NSCLC 
patients (n=841), depicted as hazard ratios (HR)

Crude HR Crude p value Adjusted HR Adjusted p value

Naive B cells 1.02 0.55 0.97 0.28

Memory B cells 0.97 0.01 0.99 0.44

Plasma cells 1.00 0.88 0.99 0.17

CD8 T-cells 1.02 0.04 1.01 0.31

Naive CD4 T-cells 1.00 0.94 1.02 0.53

Resting CD4 T-cells 0.96 0.00 0.98 0.01

Active CD 4 T-cells 1.04 0.07 1.04 0.10

Follicular helper cells 1.08 0.00 1.05 0.01

Regulatory T-cells 1.11 0.01 1.07 0.09

Gamma delta T-cells 0.98 0.47 0.99 0.70

Resting NK cells 0.99 0.83 1.03 0.46

Active NK cells 0.98 0.33 0.99 0.66

Monocytes 0.94 0.06 0.99 0.59

M0 macrophages 1.03 0.05 1.02 0.02

M1 macrophages 1.03 0.05 1.01 0.57

M2 macrophages 1.02 0.03 1.01 0.07

Resting dendritic cells 0.99 0.52 0.99 0.48

Active dendritic cells 1.03 0.09 1.03 0.05

Resting mast cells 0.93 0.00 0.95 0.00

Active mast cells 1.02 0.25 1.01 0.56

Eosinophils 0.98 0.78 0.90 0.19

Neutrophils 1.05 0.02 1.03 0.08
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Supplementary table 7: Correlation of immune cell fractions with survival in 
adenocarcinoma patients (n=587) depicted as hazard ratios (HR)

Crude HR Crude p 
value

Adjusted 
HR

Adjusted p 
value

Naive B cells 1.04 0.42 0.99 0.81

Memory B cells 0.96 0.00 0.97 0.01

Plasma cells 1.00 0.75 1.00 0.44

CD8 T-cells 1.01 0.53 1.01 0.37

Naive CD4 T-cells 0.91 0.16 0.92 0.18

Resting CD4 T-cells 0.97 0.01 0.98 0.04

Active CD 4 T-cells 1.03 0.22 1.04 0.14

Follicular helper cells 1.07 0.02 1.07 0.01

Regulatory T-cells 1.07 0.27 1.05 0.41

Gamma delta T-cells 1.01 0.88 1.01 0.69

Resting NK cells 0.95 0.52 1.00 0.97

Active NK cells 0.97 0.32 0.99 0.61

Monocytes 0.96 0.26 0.97 0.39

M0 macrophages 1.02 0.01 1.02 0.01

M1 macrophages 1.02 0.33 1.02 0.25

M2 macrophages 1.02 0.04 1.02 0.03

Resting dendritic cells 1.00 0.79 0.99 0.31

Active dendritic cells 1.04 0.16 1.04 0.10

Resting mast cells 0.94 0.00 0.96 0.01

Active mast cells 1.02 0.30 1.02 0.44

Eosinophils 1.05 0.72 0.99 0.95

Neutrophils 1.09 0.00 1.08 0.00
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Supplementary table 8: Correlation of immune cell fractions with survival in squamous 
cell carcinoma patients (n=254), depicted as hazard ratios (HR)

Crude HR Crude p 
value

Adjusted HR Adjusted p 
value

Naive B cells 0.95 0.27 0.95 0.24

Memory B cells 1.02 0.22 1.02 0.10

Plasma cells 0.99 0.29 0.99 0.30

CD8 T-cells 1.02 0.17 1.01 0.34

Naive CD4 T-cells 1.11 0.05 1.11 0.06

Resting CD4 T-cells 0.98 0.22 0.98 0.29

Active CD 4 T-cells 1.04 0.32 1.03 0.45

Follicular helper cells 1.03 0.36 1.02 0.59

Regulatory T-cells 1.16 0.01 1.12 0.04

Gamma delta T-cells 0.97 0.45 0.97 0.42

Resting NK cells 1.00 0.99 1.06 0.32

Active NK cells 1.02 0.51 1.01 0.81

Monocytes 1.01 0.85 1.05 0.47

M0 macrophages 0.99 0.38 1.00 0.90

M1 macrophages 1.00 0.86 0.99 0.64

M2 macrophages 1.01 0.32 1.01 0.36

Resting dendritic cells 1.02 0.37 1.01 0.62

Active dendritic cells 1.02 0.51 1.03 0.40

Resting mast cells 0.95 0.03 0.94 0.01

Active mast cells 0.99 0.61 0.99 0.96

Eosinophils 0.92 0.42 0.87 0.21

Neutrophils 0.99 0.70 0.99 0.61
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Supplementary table 9: Correlation of immune cell fractions with survival in smoking 
NSCLC patients (n=239), depicted as the hazard ratios (HR)

Crude HR Crude p 
value

Adjusted HR Adjusted p 
value

Naive B cells 0.97 0.66 0.96 0.61

Memory B cells 0.96 0.06 0.95 0.05

Plasma cells 1.00 0.79 1.00 0.72

CD8 T-cells 1.03 0.12 1.03 0.12

Naive CD4 T-cells 1.01 0.92 1.01 0.96

Resting CD4 T-cells 0.92 0.00 0.92 0.00

Active CD 4 T-cells 1.01 0.77 1.01 0.72

Follicular helper cells 1.12 0.02 1.12 0.02

Regulatory T-cells 1.27 0.01 1.27 0.01

Gamma delta T-cells 0.98 0.74 0.98 0.76

Resting NK cells 0.68 0.11 0.69 0.12

Active NK cells 0.99 0.85 0.99 0.81

Monocytes 0.90 0.21 0.91 0.24

M0 macrophages 1.02 0.10 1.02 0.13

M1 macrophages 1.03 0.23 1.04 0.14

M2 macrophages 1.04 0.03 1.04 0.02

Resting dendritic cells 0.98 0.50 0.98 0.43

Active dendritic cells 1.00 0.94 1.00 0.93

Resting mast cells 0.92 0.01 0.92 0.01

Active mast cells 0.99 0.79 0.99 0.81

Eosinophils 0.84 0.57 0.86 0.65

Neutrophils 1.10 0.02 1.09 0.04
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Supplementary table 10: Correlation of immune cell fractions with survival in non-smoking 
NSCLC patients (n=139)

crude HR crude p value adjuster HR adjusted p value

Naive B cells 1.24 0.01 1.15 0.09

Memory B cells 0.93 0.04 0.92 0.04

Plasma cells 1.02 0.28 1.05 0.05

CD8 T-cells 0.94 0.29 0.96 0.50

Naive CD4 T-cells 0.93 0.65 0.89 0.46

Resting CD4 T-cells 1.02 0.60 0.99 0.78

Active CD 4 T-cells 1.14 0.41 1.21 0.24

Follicular helper cells 0.96 0.70 1.04 0.75

Regulatory T-cells 0.69 0.23 0.83 0.52

Gamma delta T-cells 1.00 0.93 1.03 0.75

Resting NK cells 1.02 0.95 1.16 0.60

Active NK cells 0.93 0.38 0.94 0.48

Monocytes 0.89 0.33 0.80 0.09

M0 macrophages 1.01 0.58 1.03 0.22

M1 macrophages 1.04 0.39 1.02 0.72

M2 macrophages 1.00 0.84 0.98 0.52

Resting dendritic cells 1.04 0.31 1.00 0.95

Active dendritic cells 1.02 0.86 1.06 0.51

Resting mast cells 0.94 0.18 0.90 0.07

Active mast cells 1.02 0.80 1.07 0.32

Eosinophils 1.41 0.24 1.28 0.44

Neutrophils 1.07 0.41 1.1 0.27
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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 

Menno_Binnenwerk_V4.indd   290 8-8-2020   21:01:31



291

General discussion

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 

Menno_Binnenwerk_V4.indd   296 8-8-2020   21:01:31



297

General discussion

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.

11
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English summary

Treatment of non-small cell lung cancer (NSCLC) has become increasingly depend-
ent on tumor characteristics. Mutations, changes in the genome of the tumor, 
determine whether targeted treatments are effective. Other treatments have a 
higher or lower chance depending on the presence of certain molecules on the 
surface of the tumor cells. An example is immunotherapy, which is more often 
effective when tumor cells express a molecule called PD-L1.

Information about the presence of mutations and surface molecules is normally 
assessed by procuring tumor material. This tumor material is gained by a biopsy, 
where either tumor tissue or tumor cells are obtained. However, these biopsies 
can fail to gain tumor material of sufficient quantity or quality. Additionally, biopsy 
procedures are uncomfortable for the patient due to their invasiveness and as 
such cannot be performed too often. Therefore alternatives for these conven-
tional biopsies are sought, which are less invasive and can done repeatedly. A 
possible alternative are liquid biopsies, where tumor material is obtained from the 
blood. In the blood, circulating tumor cells (CTC), circulating tumor DNA (ctDNA) 
or vesicles with tumor material, called tumor derived extracellular vesicles (tdEV) 
can be found.

In this thesis we have investigated the potential of CTC. CTC are thought to be 
malignant cells which have entered the bloodstream. We are already capable 
of enumerating (counting) these CTC in the peripheral blood by the presence of 
certain characteristic markers or differences that tumor cells have compared to 
normal blood cells. Different methods of detecting CTC use different markers, 
making it difficult to compare them. However, an increased number of CTC in 
the peripheral blood is consistently associated with shorter survival (prognos-
tic value). Surface molecules like PD-L1 can also be identified on CTC. And while 
single cell DNA analysis is still very new and not clinically used, CTC can also be 
used to identify the presence of mutations important for targeted treatments. 
In this regard, ctDNA is an important competitor, as mutations are more easily 
identifiable. However, it has been shown that in CTC driver mutations can be de-
tected in 20-25% of patients that did not have them detected in the ctDNA. Even 
compared to the combination of conventional biopsies and ctDNA patients (≈10%) 
remained who only had resistant mutations identified in the CTC. This shows that 
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CTC may carry additional information that cannot otherwise be found, making 
them complementary to ctDNA. However, CTC are rarely detected in the blood 
of NSCLC patients. Using the FDA approved method of CellSearch, they are only 
found in 30% of NSCLC patients. In addition, when they are thus found their num-
bers are low, often only one or two in a blood draw of 10mL. As such, for CTC to 
be clinical used at this time, they need to provide additional clinical information 
and preferably need to be found in higher numbers for reliable detection of im-
portant mutations and surface markers.

CTC are normally measured in 10 mL of blood. To increase CTC yield and the clini-
cal value these cells hold, larger volumes of blood need to be screened. A possible 
method to increase the screened volume is apheresis. Apheresis is a procedure in 
which the different blood components are separated based on their density. This 
way, we can siphon off a specific layer and return the other blood components. 
CTC have a similar density to a subgroup of white blood cells. As such they can 
be sequestered from the blood in the apheresis product without much difficul-
ty or consequences to the patient as the other blood components are returned.

As shown in chapter 6, CTC can be detected in the apheresis product. In the DLA 
product, the absolute count as well as the number of CTC per mililiter was higher 
compared to the peripheral blood. Additionally, the numbers in the peripheral 
blood and the DLA product were strongly correlated, indicating they represent 
the ‘true’ number of CTC in a patient’s blood. This was further supported by the 
correlation of CTC in the DLA product with survival and disease response. This 
association was, as expected, even stronger than that of CTC measured in the 
peripheral blood. And we have shown that these CTC are really of malign origin 
based on the changes in their genomic makeup.

Unfortunately we can only process a small volume of the apheresis product. The 
apheresis product is composed of high numbers of white blood cells, platelets 
(and CTC) compared to the peripheral blood. The CellSearch which we use for CTC 
detection is intended to be used in peripheral blood. Because the high number 
of white blood cells the CellSearch can only process limited volumes of aphere-
sis product. Therefore in chapter 7 and 8 two sieves which identify CTC by their 
lager size were tested for processing the apheresis product. One (Vycap) could 
not reliably process the apheresis product. The other one, called ISET, was able 
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to process larger volumes of apheresis product compared to CellSearch. In this 
manner up to 25% of the apheresis product could be processed, allowing for 
identification of CTC in all patients. The number of detected CTC was sufficient 
for routine clinical diagnostic tests. But as this method is labour intensive, pro-
cessing of the apheresis product still requires several major technological ad-
vances before clinical implementation becomes feasible. Until then, CTC detec-
tion in the apheresis product could be an alternative to procure tumor material 
in those patients with difficult to reach tumors.

Alternative biomarkers to CTC which can be obtained from the blood are circu-
lating tumor DNA (ctDNA) and vesicles. In this dissertation (chapter 2) we com-
pared CTC with their competitors and observed that the combination of different 
biomarkers would increase their association with survival. In addition, in chapter 
3 and 4, we found that patients who had CTC detected in their peripheral blood 
before treatment was started had lower chances to respond to therapy compared 
to those who did not have CTC detected. This means that CTC can predict the 
response rate of patients, providing a predictive value. This predictive value was 
however quite limited. A possible explanation is that many people who do have 
CTC in their blood, don’t have CTC detected because the low volume of blood that 
is screened. Therefore many people who are supposed to be CTC positive are 
identified as CTC negative, lowering prognostic and predictive values.

In order to better understand the release of CTC, the release and clearance of 
CTC was studied in chapter 5. During surgery for (suspected) NSCLC blood sam-
ples would be taken from a peripheral artery and the pulmonary vein draining 
the lung containing the tumor. This would be done at several time points. At the 
start of surgery, in the middle and right before removal of the tumor from the 
chest cavity. Others have hypothesized that CTC would be removed from the 
bloodstream in the microvasculature, before the venous system from which blood 
would be drawn normally. However, we found that CTC were already significantly 
lowered in the radial artery when compared to CTC counts identified in the pul-
monary vein. This indicates that large numbers of these CTC are removed from 
the blood in a central compartment. Additionally, only a minority of cells that were 
identified as CTC by the CellSearch in the pulmonary vein had genetic changes 
associated with tumor cells. Indicating that most of the cells in the pulmonary 
vein sample that were labelled as CTC by CellSearch were of non-malignant origin. 
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Therefore depending on the situation, our detection method (CellSearch), is not 
always accurate or reliable.

Besides blood markers, we used genomic data to analyse differences between 
different subtypes of NSCLC, assessed the immune infiltrate composition and 
its association with survival, as well as genes involved in the immune regulation.

We found, as shown in chapter 9, that differences between different subtypes 
are regulated by a minor group of genes (203), and that with only five of them an 
accurate distinction could be made between the different subtypes (adenocarci-
noma vs squamous carcinoma). None of these genes was involved in the immune 
regulation. In NSCLC the major issue seems to be with presenting material to the 
immune cells, which could activate a response.

In chapter 10, the immune infiltrate was examined. In NSCLC patients the infiltrate 
is mostly composed out of plasma cells, macrophages, CD8 T-cells, resting CD4 
T-cells and memory B-cells. Both subtypes of NSCLC had a different composition 
of the immune infiltrate. Several cell types associated with longer survival for 
one lung cancer subtype were associated with shorter survival in the other. This 
highlights that NSCLC is a very diverse disease and that patients can’t easily be 
grouped together. Smokers were observed to have higher immune cell fractions 
of regulatory T cells (often inhibiting the immune response), M2 macrophages 
(mostly associated with tissue repair, and not with anti tumor activity) and neu-
trophils and follicular helper T cells (often exhausted in NSCLC and not having 
any anti-tumor activity any more). All these cell fractions were associated with 
shorter survival. Cell fractions associated with longer survival, being the resting 
CD4 T-cells, resting mast cells and memory B-cells, were lower in smokers than 
non-smokers. This shows that smoking might exhaust the immune system, low-
ering the effectiveness of the tumor immune response.

In conclusion, CTC show promise as a marker, especially when techniques are 
used to increase their yield. We show that apheresis is feasible in NSCLC pa-
tients, allowing for detection of CTC in all tested subjects. Apheresis therefore is 
a possible solution to the low CTC yield in NSCLC, although some hurdles remain 
to be taken in order to make it clinical accessible.

A
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Small number of genes differentiate the subtypes of lung cancer. None of these 
were associated with the immune response, yet we observed different immune 
infiltrates. Likely this is because immune cells that are effective in the tumor 
immune response differ between subtypes. Smokers had an immune infiltrate 
that is possibly exhausted and less effective in eliminating tumor cells. The major 
escape mechanism of those tumor cells, was in presenting aberrant proteins that 
could elicit a tumor response. This could be useful in future therapies.
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De therapie voor niet-kleincellig longcarcinoom (NSCLC) is de laatste jaren steeds 
afhankelijker geworden van de eigenschappen van de tumor. Mutaties, verand-
eringen in het genoom van de tumor, bepalen of een gerichte therapie effectief 
is. Andere behandelingen hebben een hogere of lagere kans om aan te slaan 
afhankelijk van moleculen die aan- of afwezig zijn op de tumorcellen. Een voor-
beeld hiervan is immunotherapie, welke vaker effectief is bij patiënten waarvan 
de tumorcellen een molecuul genaamd PD-L1 op de cel oppervlakte hebben.

Informatie over de eigenschappen van de tumorcellen wordt normaal verkregen 
door tumor materiaal te verkrijgen. Dit wordt gedaan door middel van een biopt. 
Hiermee kan weefsel of tumor cellen worden verkregen. Helaas is het niet altijd 
mogelijk om (voldoende) materiaal te verkrijgen van de primaire tumor. Bovendien 
is een biopt nemen vaak erg invasief, waardoor het moeilijker is om veranderin-
gen in de tumor in de tijd te vervolgen. Er kan niet elke week een biopt worden 
afgenomen. Hierdoor is er toenemend vraag naar alternatieven. Zulke biomark-
ers moeten op een minimaal invasieve manier kunnen worden verkregen waar-
door ze vaker te verrichten zijn. Een mogelijk alternatief zijn zogenoemde liquid 
biopsies. Bij liquid biopsies wordt tumor materiaal gehaald uit het bloed. In het 
bloed kunnen circulerende tumor cellen (CTC), circulerend tumor DNA (ctDNA) 
en vesicles met tumor materiaal, genaamd tumor derived extracellular vesicles 
(tdEV). In deze thesis hebben we onderzoek gedaan naar de waarde van CTC. CTC 
zijn cellen waarvan wordt gedacht dat ze van maligne oorsprong zijn en die in het 
bloed terecht zijn gekomen. We zijn in staat om deze cellen te detecteren in het 
bloed door de aanwezigheid van bepaalde kenmerken die normale bloedcellen 
niet hebben. Er zijn verschillende manieren om deze CTC te vinden. Elke manier 
gebruikt echter andere kenmerken, waardoor het moeilijk is de detectiemethoden 
met elkaar te vergelijken. Wel zien we dat een hoog aantal in het perifere bloed is 
geassocieerd met een slechtere overleving. En we zijn al in staat om oppervlakte 
moleculen zoals PD-L1 te detecteren op deze CTC. En hoewel het detecteren van 
mutaties in één enkele cel nog erg nieuw is, zijn al meerdere keren aangetoond 
dat deze CTC in het perifere bloed ook mutaties hebben. En zoals eerder gezegd 
zijn deze mutaties van belang voor de therapie keuze.
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Naast CTC is ctDNA ook goed in staat om mutaties waarvoor gerichte therapie 
bestaat aan te tonen. Klinisch wordt ctDNA ook al toegepast. CTC worden nog 
niet gebruikt in de kliniek, ondanks dat is aangetoond dat CTC en ctDNA elkaar 
aanvullen. In CTC kunnen mutaties worden aangetoond die niet kunnen worden 
gevonden in het ctDNA of in conventionele biopten. Helaas blijft het lastig om 
CTC te implementeren, aangezien ze in niet klein cellig longkanker (NSCLC) erg 
zeldzaam zijn. In 10 mL bloed vinden we slechts in 30% van alle patiënten CTC. En 
als deze cellen worden aangetoond zijn er vaak maar 1 of 2. Om CTC te gebruiken 
in de kliniek is het daarom van belang dat CTC meer informatie geven welke ge-
bruikt kan worden en liefst ook in hogere aantallen kan worden gevonden voor 
een meer betrouwbare uitslag tav oppervlakte moleculen en mutaties.

CTC worden normaal aangetoond in een bloedbuis van 10 mL. Als een groter 
volume wordt onderzocht op CTC kunnen er meer worden gevonden. Een mo-
gelijke methode hiervoor is aferese. Bij een aferese worden de verschillende 
bloedcomponenten (witte bloedcellen, rode bloedcellen, bloedplaatjes en plasma) 
gescheiden door de verschillende fysieke eigenschappen die ze hebben. Spec-
ifiek worden ze gescheiden gebaseerd op hun dichtheid. Als er een goede sc-
heiding is, kan er een specifieke laag worden afgeroomd. Aangezien CTC een 
vergelijkbare dichtheid hebben als de witte bloedcellen, kunnen deze zonder grote 
consequenties worden verwijderd, terwijl de andere componenten van het bloed 
worden teruggegeven. Op deze manier kan ongeveer 100 mL aferese product 
worden verkregen, waarin de CTC en een deel van de witte bloedcellen zitten. 
De procedure is niet erg invasief, maar duurt wel een langere tijd.

Zoals in hoofdstuk 6 is aangetoond, zijn in het aferese product de CTC sterk 
geconcentreerd, waardoor we in staat zijn ze in hogere aantallen per mL en in 
absolute aantallen te detecteren. Er kan worden teruggerekend van het aantal 
CTC in het aferese product naar de aantallen die in het bloed behoren te zitten. 
Deze berekende getallen kwamen goed overeen met de gemeten waarden in het 
bloed. Dit betekent dat de CTC in het aferese product de situatie in het bloed goed 
weerspiegelen. Dit is ook bevestigt door de uitkomsten die patiënten hadden. 
CTC in het aferese product kwamen beter overeen met de overleving en response 
dan CTC in het perifere bloed. Bovendien hebben we genomische veranderin-
gen aangetoond in de CTC die zijn gevonden, waardoor hun maligne oorsprong 
is bevestigt.

A
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Helaas kan met de gouden standaard voor CTC detectie, de CellSearch slechts 
een kleine hoeveelheid van het aferese product worden verwerkt. Dit komt omdat 
de CellSearch bedoeld is voor gebruik in het perifere bloed, waar het aantal witte 
bloedcellen en bloedplaatjes veel lager is. Door het hoge aantal witte bloedcellen 
en plaatjes kan de CellSearch niet een grote hoeveelheid aferese product aan. 
Daarom hebben we in hoofdstuk 7 en 8 twee verschillende soorten ‘zeefjes’ ge-
bruikt om het aferese product te verwerken. Deze zeefjes zijn ook gevalideerd 
om CTC aan te tonen. Omdat CTC gewoonlijk grotere cellen zijn en erg rigide, 
blijven deze vaak achter op de zeefjes terwijl bloedcellen erdoor heen kunnen 
worden geperst. Helaas was 1 soort zeefje (Vycap) niet goed in staat om het afer-
ese product te verwerken. De andere, de ISET, kon dit wel. Tot wel 25% van het 
totale aferese product (25mL) kon worden verwerkt. Omdat zo veel meer aferese 
product is verwerkt, kon in alle patiënten CTC worden aangetoond. En de aan-
tallen CTC waren voldoende voor diagnostische testen.

Omdat de ISET wel veel arbeid vergt om te verrichten, blijft het belangrijk dat er 
verscheidene technologische doorbraken worden gemaakt voordat dit gebruikt 
kan worden in de kliniek. Tot dan, zou deze methode om met aferese grote hoev-
eelheden CTC te verkrijgen een welkom alternatief zijn voor patiënten in wie geen 
materiaal kan worden verkregen middels de conventionele methoden.

Naast CTC zijn er verscheidene andere liquid biopsies. In deze thesis hebben we 
enkele alternatieve, specifiek ctDNA en tdEV vergeleken met CTC in het perifere 
bloed (zonder aferese). Zoals beschreven in hoofdstuk 2, vonden wij dat CTC en 
ctDNA/tdEV complementair waren aan elkaar. Elke methode identificeerde een 
vergelijkbaar aantal patiënten dat korter overleefde. Door de verschillende mark-
ers met elkaar te combineren was er echter een betere voorspelling mogelijk. Dit 
komt goed overeen met de uitslagen van het eerder beschreven artikel. Daarnaast 
hebben we aangetoond in hoofdstuk 3 en 4 dat patiënten die CTC hebben aange-
toond voor de start van hun behandeling, minder vaak reageren op therapie. En 
als CTC nog steeds konden worden aangetoond nadat de therapie gestart was, 
reageerde iemand eigenlijk niet. CTC konden dus gebruikt worden om de kans 
te berekenen of iemand zal gaan reageren op een ingezette behandeling of niet. 
Helaas was deze voorspellende waarde klein. Mogelijk is dat zo omdat onze detec-
tie methode in het bloed niet sensitief genoeg is en daardoor mensen missen die 
eigenlijk CTC ‘positief’ zijn, waardoor ze geclassificeerd worden als CTC ‘negatief’.
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Om beter te begrijpen hoe CTC vrijkomen van de originele tumor in de bloedstroom 
hebben we hun aantallen bestudeerd op verschillende momenten en locaties ti-
jdens een operatie voor longkanker in hoofdstuk 5. Gedurende de operatie zijn 
de CTC aantallen gemeten in een centraal vat dicht bij de longtumor en in een 
perifeer vat, namelijk een arterie in de arm. Dit werd gedaan aan het begin van de 
operatie, gedurende en vlak voor het verwijderen van de tumor uit de borstkas. 
Anderen dachten dat CTC aantallen zo laag zijn in het perifere netwerk omdat CTC 
uit de bloedstroom worden verwijderd in de kleine vaten. Wij observeerden echter 
dat zelfs in de arterie van de arm, voor de kleine vaten, de aantallen al erg laag 
waren. Dit betekent dat grote aantallen CTC worden verwijderd in het centrale 
compartiment. Bovendien merkten we op dat een groot aantal cellen die als CTC 
waren geclassificeerd in de longader gedurende de operatie geen genomisch ve-
randeringen hadden. Ook qua uiterlijk verschilden deze cellen ten opzichte van de 
CTC die ‘normaal’ worden aangetroffen in de perifere bloedstroom. Het bleek dat 
de detectie methode voor CTC, CellSearch, niet accuraat was onder deze speci-
fieke omstandigheden. De operatie en de meting in een pulmonale vene hebben 
waarschijnlijk gezorgd voor een onbetrouwbare inschatting van het aantal tu-
morcellen. Dit betekent niet dat andere resultaten hierdoor onbetrouwbaar zijn. 
Immers, de omstandigheden van deze metingen gedurende longoperaties zijn 
uniek. De CellSearch is goed gevalideerd voor metingen in het perifere vaatstelsel. 
En zowel wijzelf als vele anderen hebben mutaties aangetoond in CTC gevonden 
door de CellSearch wanneer gebruikt in de perifere venen. Wel is het belangrijk 
te onthouden dat de CellSearch minder betrouwbaar afhankelijk van de situatie.

Naast liquid biopsies, hebben we ook genomische data bestudeerd om andere 
markers te vinden die kunnen aantonen of iemand lang overleeft of niet. We 
hebben hiervoor publieke data gebruikt. Daarna hebben we specifiek verschillen 
tussen 2 types longtumoren en de genen betrokken bij het immuunsysteem bes-
tudeerd. Het bleek dat de verschillen tussen de 2 subtypen werden bepaald door 
de expressie van slechts 203 genen (hoofdstuk 9). Vijf hiervan konden worden 
gebruikt om de patiënten accuraat onder te verdelen in de twee groepen. Inter-
essant was dat geen van de genen met een verschil in expressie betrokken was 
bij regulering van het immuunsysteem. Beide subtypes verminderden de werking 
van genen die betrokken waren bij de presentatie van materiaal aan immuun cellen 
waardoor een immuunreactie op gang kan worden gebracht. Dit lijkt een belangrijk 
mechanisme te zijn voor tumorcellen om aan het immuunsysteem te ontkomen.

A

Menno_Binnenwerk_V4.indd   317 8-8-2020   21:01:33



318

Appendix

De compositie van het immuunsysteem was wel verschillend tussen beide sub-
types (hoofdstuk 10). Over het algemeen bestond het infiltraat uit plasma cellen, 
macrofagen, CD8+ T-cellen, rustende CD4+ T-cellen en geheugen cellen. Tussen 
de twee subtypes konden er verschillen worden aangetoond in hoe de verschil-
lende immuun cellen gerelateerd waren aan overleving. Zo was een celtype in het 
ene subtype geassocieerd met een langere overleving terwijl hij voor de andere 
was geassocieerd met een kortere overleving. Juist de celtypes die deze verschil-
len hadden qua overlevingsassociatie hadden verschillende aandelen tussen de 
twee subtypen. Juist in de subtypen waarbij ze zorgden voor een betere over-
leving was hun aandeel vergroot. Mogelijk dat het immuunsysteem probeert te 
zorgen voor een zo optimaal mogelijke response. De kleine verschillen, niet alleen 
tussen de twee subtypes maar voornamelijk tussen de patiënten zelf zorgen voor 
een andere immuun compositie.

 Ook tussen patiënten die roken en die niet roken waren grote verschillen. Rokers 
hadden hogere percentages van immuun cellen die geassocieerd zijn met een 
slechtere overleving en een verminderde immuun response. Zo waren de cel frac-
ties van regulator T-cellen (welke vaak het immuunsysteem remmen), M2 macrofa-
gen (geassocieerd met wond genezing en niet met anti tumor activiteit), neutrof-
ielen en folliculaire helper cellen (vaak uitgeput in NSCLC, waardoor ze geen anti 
tumor activiteit meer hebben) verhoogd. Mogelijk put roken het immuunsysteem 
uit, waardoor het immuun systeem minder goed kan reageren op de longkanker.

Concluderend kunnen we zeggen dat CTC een marker zijn met veel potentie, zeker 
als we goed in staat zijn om CTC goed te verkrijgen uit de bloedstroom. Aferese 
is hier een mogelijke methode voor. Het is weinig invasief en hiermee kunnen 
CTC in alle patiënten worden aangetoond. Wel is het zo dat de techniek stappen 
moet maken om de CTC detectie in het aferese product makkelijker te maken.

De verschillen tussen de twee subtypen longkanker worden bepaald door een 
klein aantal genen, welke niet betrokken zijn bij de immuun regulatie. Toch werden 
tussen de longkanker typen verschillen bemerkt in de immuun compositie. Waar-
schijnlijk is dit omdat sommige immuun cellen beter in staat zijn om een immuun 
reactie op te wekken tegen een bepaald subtype. Roken heeft tot gevolg dat het 
immuunsysteem meer bestaat uit cellen geassocieerd met slechtere overleving. 
Dit komt mogelijk omdat roken het immuunsysteem uitput, waardoor het minder 
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effectief is in de vernietiging van tumor cellen. Voor beide longkanker typen geld 
dat de voornaamste probleem ligt in het presenteren van aberrante eiwitten of 
peptiden aan het immuun systeem, waardoor geen goede immuun reactie op gang 
kan worden gebracht. Dit kan van nut zijn in toekomstige therapieën.

A
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Finally, while not involved in the research, or the fabrication of the booklet, I 
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personnel, nutritionists) of the haematology department, who have made me feel 
at home from the get go.  All of you deserve being mentioned and all of you have my 
gratitude, but special note would have to go to David, Maike, Jaap, Martijn, Manu, 
Carin and Gerwin. You ensured I learned about haematology and to function on the 
wards in a great environment, but also helped me during a difficult time with the 
assistance of several others (amongst whom Kevin, Paul, Asiye & Dianne). Chaniëlle 
your teaching in the first weeks was immeasurably important for me to understand 
everything. Freek, you were always very approachable and ready to assist when 
necessary. Marco, your teaching is always something to look forward to. Goda, 
thank you for your guidance and the chess games. I thank you all. 

Cooperation with each and every one of you has been my pleasure, privilege and 
honour.

A

Menno_Binnenwerk_V4.indd   323 8-8-2020   21:01:33



324

Appendix

Menno_Binnenwerk_V4.indd   324 8-8-2020   21:01:33



325

Curriculum Vitae

Curriculum Vitae

Menno Tamminga was born on 19th of May, 1989, in Hoogeveen, the Netherlands. 
After he finished his basic education at the Roelof van Echten college in the same 
town, he first proceeded with a year of history at the Rijksuniversiteit Groningen 
(2007-2008). He ended up in Maastricht because when given the opportunity he 
switched to study medicine at the University of Maastricht (2008-2014). As elec-
tives he opted for infectious diseases in Tanzania, and for internal medicine in 
Eindhoven as the mayor clinical internship. The science internship was followed 
at the haematology department of Maastricht. All of this earned him his medical 
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in Maastricht, as well as a minor healthcare law. 

Menno first started working as a clinical researcher for one year at the nuclear 
medicine department of the University Medical Centre Groningen in 2015. Subse-
quently he started his PhD at the pulmonology department of the UMCG, where 
he worked for four years (2015-2019) with prof. dr. Groen, prof. Schuuring and dr. 
Hiltermann, culminating in the booklet in front of you. During his PhD, he also 
endeavoured to earn his epidemiology certification, which he hopes will be re-
ceived this same year (2020). 

Currently Menno is employed at the haematology department of the UMCG. 

While being an enthusiastic field hockey player in Hoogeveen, he quit after going 
to Maastricht. Now he plays squash and tennis at a low level, and swims when 
it suits him.  
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et al. Detection of Circulating Tumor Cells in the Diagnostic Leukapheresis Product 
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Groen HJM. Circulating tumor cells in lung cancer are prognostic and predictive for 

worse tumor response in both targeted- and chemotherapy. Transl Lung Cancer Res. 
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Immune microenvironment composition in non-small cell lung cancer and its associ-

ation with survival. Clin Transl Immunology. 2020 jun 12;9(6)e1142.
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et al. Circulating tumor cells in advanced non- small cell lung cancer patients are as-

sociated with worse tumor response to checkpoint inhibitors. J Immunother cancer 
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clinical application. Ann Oncol. 2019;30(7):1031–1033.
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• Tamminga M, Groen HHJM, Hiltermann TJN. Investigating CTCs in NSCLC-a reaction to 
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Thorac Dis. 2016;8(6):1032–1036.
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Oral presentations at meetings and congresses:

• ACTC 2019: CTC detection in the DLA product of NSCLC patients: Increased counts 

compared to blood with clinical implications.

• ACTC 2019: Marker-independent CTC detection in diagnostic leukapheresis product 

from patients with non-small cell lung cancer.

• Apheresis meeting UKD 2019: CTC in DLA: CellSearch, ISET and Vycap.

• Apheresis meeting UKD 2018: CTC in apheresis: Groningen experience.

• Cancer-ID 2018: CTC and tdEV in NSCLC treated with checkpoint inhibitors.

• Cancer-ID 2017: CTC release during surgery.
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• ACTC 2019: CTC detection by size and by marker expression in the DLA product.

• ISMRC 2018: CTCs and tdEVs as predictors of tumour response to immune modulating 

therapy in non-small cell lung cancer.

• AACR 2018: CTCs and tdEVs as predictors of response to immune modulating therapy 

in non-small cell lung cancer.

• AACR 2018: Circulating tumor cells in the peripheral blood and leukapheresis products 

of non-small cell lung cancer patients.

• AACR 2017: Effect of smoking on tumor-infiltrating immune cell composition and prog-
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small cell lung cancer by histology 
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surgery of non-small cell lung cancer
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