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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
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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.

Menno_Binnenwerk_V4.indd   144 8-8-2020   21:01:10



145

DLA in NSCLC increases CTC yield

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).

Menno_Binnenwerk_V4.indd   146 8-8-2020   21:01:10



147

DLA in NSCLC increases CTC yield

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 
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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).

6

Menno_Binnenwerk_V4.indd   149 8-8-2020   21:01:10



150

Chapter 6

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 
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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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