www.impactjournals.com/oncotarget/

Oncotarget, 2017, Vol. 8, (No. 49), pp: 86143-86156

Research Paper

Isolation of circulating tumor cells from pancreatic cancer by
automated filtration

Nora Brychta'*, Michael Drosch'¢”, Christiane Driemel?, Johannes C. Fischer?, Rui
P. Neves?, Irene Esposito3, Wolfram Knoefel?, Birte Mohlendick?, Claudia Hille'5,
Antje Stresemann?!, Thomas Krahn!, Matthias U. Kassack*, Nikolas H. Stoecklein?
and Oliver von Ahsen*

1Bayer AG, Biomarker Research, 13353 Berlin, Germany

2Department of General, Visceral and Pediatric Surgery, Medical Faculty, University Hospital of the Heinrich-Heine-University
Duesseldorf, 40225 Duesseldorf, Germany

3Institute of Pathology, Heinrich-Heine-University of Duesseldorf, 40225 Duesseldorf, Germany
“Institute of Pharmaceutical & Medicinal Chemistry, University of Duesseldorf, 40225 Duesseldorf, Germany

5Current/Present address: University Medical Center Hamburg-Eppendorf, Department of Tumor Biology, 20246 Hamburg,
Germany

6Current/Present address: JPT Peptide Technologies GmbH, 12489 Berlin, Germany
“These authors have contributed equally to this work

Correspondence to: Oliver von Ahsen, email: oliver.vonahsen@bayer.com

Nikolas H. Stoecklein, email: nikolas.stoecklein@uni-duesseldorf.de
Keywords: pancreatic cancer, circulating tumor cells, KRAS, diagnostic leukapheresis, EMT
Received: March 24, 2017 Accepted: August 07, 2017 Published: September 16, 2017
Copyright: Brychta et al. This is an open-access article distributed under the terms of the Creative Commons Atftribution License
3.0 (CC BY 3.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and
source are credited.

ABSTRACT

It is now widely recognized that the isolation of circulating tumor cells based
on cell surface markers might be hindered by variability in their protein expression.
Especially in pancreatic cancer, isolation based only on EpCAM expression has
produced very diverse results. Methods that are independent of surface markers
and therefore independent of phenotypical changes in the circulating cells might
increase CTC recovery also in pancreatic cancer. We compared an EpCAM-dependent
(IsoFlux) and a size-dependent (automated Siemens Healthineers filtration device)
isolation method for the enrichment of pancreatic cancer CTCs. The recovery rate
of the filtration based approach is dramatically superior to the EpCAM-dependent
approach especially for cells with low EpCAM-expression (filtration: 52%, EpCAM-
dependent: 1%). As storage and shipment of clinical samples is important for
centralized analyses, we also evaluated the use of frozen diagnostic leukapheresis
(DLA) as source for isolating CTCs and subsequent genetic analysis such as KRAS
mutation detection analysis. Using frozen DLA samples of pancreatic cancer patients
we detected CTCs in 42% of the samples by automated filtration.

INTRODUCTION

Pancreatic cancer is among the most lethal cancer
diseases worldwide and the cases of newly diagnosed
patients will raise further in the following years due to the
demographic changes in the developed countries [1]. The
5-year survival rate of patients diagnosed with pancreatic

cancer is still below 10% [2]. Major reason for this is the
lack of effective screening for early detection and the
usually late diagnosis due to nonspecific symptoms late
in the progress of the disease. Nowadays, resection of the
tumor is the only curative treatment. As metastasis occurs
after initial tumor progression [3], early detection is of
utmost importance for successful treatment. Pancreatic
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cancer seems to disseminate tumor cells relatively early as
it has been shown that patients undergoing pancreatectomy
for tumors smaller than 2 cm have less than 18% 5 years
survival [4]. Even some patients after pancreatectomy
for chronic pancreatitis develop disseminated pancreatic
ductal adenocarcinoma (PDAC) although no tumors were
found in the primary resectate [5]. However, until today
no early screening tests are in routine clinical use [6].
CA19.9 is the only biomarker used to support diagnosis
and response monitoring but is not sensitive enough for
early detection [7].

One alternative diagnostic tool might be blood-
based biomarkers like circulating tumor cells (CTCs).
The relevance of CTCs in pancreatic cancer has recently
been reviewed [8, 9]. CTCs originate from the tumor,
are shed from tissue into the blood stream and may be
representative of the systemic disease [10]. On the
other hand, CTCs are rare cells occurring in very low
concentration in the peripheral blood which makes their
detection challenging [11]. Several methods for isolation
of CTCs have been used to isolate these cells utilizing
different characteristics of the tumorous cells like surface
marker or size [12]. One widely used surface marker is
the epithelial cell adhesion molecule (EpCAM). EpCAM
is expressed on cells derived from epithelial tumors
including CTCs but not on regular blood cells such as
leukocytes [13]. Since the EpCAM-based isolation of
CTCs (CellSearch) is FDA-cleared for metastatic breast,
prostate and colorectal cancer, it is the gold standard
for CTC research and the number of CTCs was already
described as prognostic for survival in these indications
[14-16].

Although most pancreatic tumors are EpCAM-
positive (96%) [17], the expression levels of EpCAM
are heterogenous with only half of the tumors showing
strong expression [18, 19]. This may explain why both the
number of EpCAM-captured CTCs and also the number
of CTC-positive patient cases is low [13, 20, 21]. The
original publication on the CellSearch-Device describes
the CTC-numbers in PDAC as among the lowest of all
indications even in samples from metastatic patients
compared to breast, colorectal or prostate cancer [13].
Although most studies showed comparably low numbers
of CTCs in pancreatic cancer, the reported detection rates
range from 5-100% depending on the volume of blood,
isolation method and staining technique [20, 22—24]. This
strong variability in the results hints to the strong need of
better definition of CTC properties and careful validation
of the technologies used.

A major obstacle for EpCAM-based CTC isolation
is the epithelial-mesenchymal-transition (EMT) often
observed with CTCs [25-27]. For pancreatic cancer
this has already been described in vivo showing the loss
of epithelial markers at an early stage of development
[28]. Therefore, an antigen-dependent approach for CTC
isolation is especially difficult in pancreatic cancer [23,

29]. In addition to EMT other mechanisms of EpCAM
downregulation such as internalization, proteolysis and
promotor methylation have been described that may
reduce the success rate of CTC isolation, as reviewed by
Gires and Stoecklein [30].

Consequently, antigen-independent capturing
strategies of CTCs emerged to overcome the challenge of
detecting all phenotypic variants of CTCs. One possible
alternative to the immune-affinity purification might be the
filtration of CTCs. A pilot study by Khoja et al. already
showed very promising results by using a filtration method
(ISET) in pancreatic cancer [31]. In order to increase
throughput and standardize handling, automation is the
ultimate goal for clinical devices. Therefore we tested
an automated filtration-platform produced by Siemens
Healthineers [32].

Since the enumeration of CTCs solely based on
EpCAM expression (or that of other epithelial markers
like cytokeratins) may not be sufficient for unequivocal
identification of cancer cells due to EMT, downstream
analysis becomes important for defining truly tumor-
derived cells. In pancreatic cancer, KRAS mutations are
commonly used to detect malignant cells, because of their
high prevalence of 57% [33]. This has been successfully
used for CTCs isolated by other techniques [22] but one
group also reported non-matching KRAS status between
tumor and CTCs in some cases [34].

In this work, we compare two different isolation
techniques with automated devices (EpCAM-dependent
immune-affinity purification versus filtration) for
capturing of CTCs in whole blood. A proof of concept
study with frozen diagnostic leukapheresis samples (DLA)
was performed to determine the possibility of improved
CTC detection in stored frozen patient samples followed
by KRAS-mutational analysis.

RESULTS

Here we compared two methods for isolation of
circulating tumor cells from pancreatic cancer. Cultured
cells spiked in whole blood were used to test the
performance of the methods. As EpCAM expression is
highly variable within CTC-populations we selected three
different pancreatic cancer cell lines that express different
levels of EpCAM for the required spike-in experiments
(Figure 1): Capanl as high, BxPc3 as medium and Pancl
as low EpCAM expressing cell lines. The breast cancer cell
line SkBr3 was additionally used as reference cell line as it
was frequently used for the evaluation of analytical devices
[32, 35]. Detection of CTCs is routinely performed by
cytokeratin staining as marker for the epithelial origin of the
cells. Therefore, we also included cytokeratin stainings in
Figure 1. In addition to differences in EpCAM expression,
cytokeratin levels also vary between cell lines. Pancreatic
cancer cells express predominantly cytokeratins 7, 8, 13,
18 and 19 (Supplementary Table 1). Most pan-cytokeratin
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antibodies like AE1/AE3 miss one or more of these
cytokeratins. Therefore we developed an antibody mix that
covers all the cytokeratins expressed in pancreatic cancer
(Supplementary Table 2). By using this panel of cytokeratin
antibodies, we enhanced the signal for all 4 cell lines tested
to a similar fluorescence intensity level independent of the
cytokeratin isoforms expressed (Figure 1).

Next we determined the performance of two
different CTC isolation methods by spiking cells into
whole blood. We used an EpCAM-dependent immune-
affinity approach and a filtration method to examine if
the variable EpCAM expression in pancreatic cancer cells
has an impact on the recovery rate. One, 3, 10 and 30
cells each were spiked in whole blood and subjected to
the respective isolation procedures. The average recovery
rate in the IsoFlux device is highly dependent on EpCAM
expression (Figure 2A shows the result for 10 spiked cells
and Supplementary Figure 1 for all numbers of spiked
cells) compared to the size-dependent method which
recovered in average more than 50% of the spiked cells
independent of the EpCAM expression (Figure 2B shows
the results for 10 spiked cells and Supplementary Figure
1 for all cell numbers tested). Therefore filtration gives a
much more robust result throughout the variety EpCAM-
expression in cell lines. Before subjecting the sample
to the IsoFlux device, whole blood has to be separated
by a Ficoll density gradient. This is part of the standard
procedure recommended by Fluxion, but might result in
a loss of CTCs which has been previously reported [13,
36]. We also tested the potential loss of CTCs in the Ficoll
gradient and observed losses compared to spiking after
the Ficoll gradient (data not shown). As the used beads
are rather big, even the staining might be obscured by
the beads (Figure 2C and Supplementary Figure 3) and
hinder the detection. Figure 2C displays representative

pictures of Capanl cells isolated by the two different
methods (see also Supplementary Figures 2 and 3 for all
cell lines). Cells on the filters show better visual quality
compared to the cells covered with magnetic beads which
disturb the imaging. The detection rate of the breast cancer
cell line SkBr3 was higher in both methods (mean IsoFlux:
49%, mean filtration: 80%) owing to the very high
EpCAM expression and the large cell size compared to
the pancreatic cancer cell lines. We conclude that filtration
is superior to surface antigen-dependent isolation of CTCs.

As whole blood samples cannot be stored and
shipped easily and also to increase the amount of input
material, we examined another clinical sample type, frozen
apheresate, originating from diagnostic leukapheresis
(DLA). DLA is a blood preparation highly enriched in
mononuclear cells. It has been shown that CTCs co-enrich
in the mononuclear fraction [11]. In the present study 2mL
of DLA product correspond to SOmL whole blood sample
in terms of white blood cell counts. The DLA-product can
be frozen and is therefore ideal for potential use in larger
clinical studies. To test the performance of filtration after
freezing and thawing of the DLA product we tested the
recovery rate of Capanl and Pancl cells spiked in healthy
donor DLA product. The detection rate of the isolated
cells was similar to those isolated from whole blood
(Figure 3A for 10 spiked cells and Supplementary Figure
4 for different cell numbers). When cultured cells were
spiked in freshly prepared buffy coat, frozen, stored for
several weeks and thawed using our established protocol
the cell recovery was similar (Supplementary Figure 5).
Representative pictures also show that cells stay intact
during thawing (Figure 3B) as the morphology is similar
to the cells isolated from whole blood (Figure 2C).
Therefore the use of frozen DLA product as a source for
CTC isolation is feasible.

Cell line

EpCAM ++
Capan 1

staining

EpCAM

Cytokeratin

Cytokeratin-
panel

EpCAM +
BxPc3

Reference
SkBr3

EpCAM +/-
Panc 1

Figure 1: Cytokeratin expression in pancreatic cancer. Pancreatic cancer cell lines Capanl, BxPc3, Pancl and breast cancer cell
line SkBr3 were characterized by immunofluorescence staining with anti-EpCAM (Alexa Fluor 555, orange) and anti-Cytokeratin (Alexa
Fluor 488, green). Nucleus was stained by Hoechst 33342 (blue). Scale bars represent 20um.
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After validation of input material and the pre-
analytical procedures we next used the filtration method
to analyze DLA samples of pancreatic cancer patients.
We detected CTCs in 42% (8/19) of the patient samples.
We did not find a higher prevalence of CTC positivity in
metastatic cases: 44% in M1 (4/9) and 40% in MO (4/10)

A

Overall recovery rate by EpCAM dependent capture
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Recovery rate [%]

Capan 1 BxPc3 Panc 1 SkBr3
Cell lines

(Table 1). However, higher numbers of CTCs were found
in patients diagnosed with distant metastasis.

In order to confirm the identity of the isolated
cells as cancer derived CTCs we developed a method for
mutational analysis of isolated CTCs picked from the filter
(Figure 4). Pancreatic cancer cells were spiked into whole
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Figure 2: Recovery rates by filtration and EpCAM-dependent isolation method of spiked cells in whole blood (10
cells of each cell line in triplicates). (A) Recovery rates by EpCAM-dependent magnetic bead isolation is lower in pancreatic cancer
cells compared to SkBr3. (B) The filtration method shows high recovery rates independent of the EpCAM-expression. (C) Representative
pictures of Capanl. The filtration also helps to identify morphology whereas the beads overshadow the signal of the immunofluorescence
staining. Cells were stained by anti-Cytokeratin (green), anti-leukocyte panel (magenta) and nucleus (blue). Scale bars represent 20um.
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blood and DLA of healthy donors, filtered and stained.
After enumeration of the cells by fluorescence microscopy,
we punched out single cells and subjected them to whole
genome amplification (WGA) followed by digital PCR
analysis for KRAS G12D and G12V. KRAS mutations
were detected in both punches of whole blood and punches
of DLA spiked with Capanl (G12V homozygous) or

Pancl (G12D heterozygous) (Figure 4). It is evident that
the increased number of white blood cells in the DLA-
product causes more background on the filter stained for
cytokeratin (Figure 4A) as well as in the dPCR analysis
(Figure 4B). The large input of wild-type alleles from
the white blood cells dominates the result. Nevertheless,
mutant cells can be detected. The analysis of punches

A Overall recovery rate by filtration of whole blood and frozen DLA
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Figure 3: Recovery rates by filtration of spiked cells in frozen DLA. (A) Recovery rates of the thawed DLA are similar to the
results of filtration of whole blood (n=12). (B) Representative pictures of Capanl isolated from frozen DLA by filtration. Cells were stained
by anti-Cytokeratin (green), anti-leukocyte panel (magenta) and nucleus (blue). Scale bars represent 20pm.
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Table 1: Number of detected CTCs isolated from frozen DLA of pancreatic cancer patients in sample set A (2 vials,
2 x 108 cells/mL). Overall detection rate of CTCs was 42% (44% M1, 40% MO0). No significant correlations with any

clinical parameter were found

ISIz;mple Tumor type Stage Grade CTCs Histology Age Sex

5031 pancreatic 74 ) 0 moderately differenciated ductal 57 m
adenocarcinoma

5804 pancreatic 2b 2 2 moderately differenciated adenocarcinoma 69 m

5549 pancreatic b ) ) moderately differenciated ductal 59 ¢
adenocarcinoma

5714 pancreatic 2b 3 0 poorly differenciated adenocarcinoma 86 m

5751 pancreatic o ) 0 moderately differenciated ductal 54 m
adenocarcinoma

5002 pancreatic % ) 0 moderately differenciated ductal 73 m
adenocarcinoma

6033 pancreatic 2b 3 1 poorly differenciated ductal adenocarcinoma 63 m

6104 pancreatic % ) 0 moderately differenciated ductal 55 ¢
adenocarcinoma

5639 pancreatic o 3 ) moderately differenciated ductal 55 m
adenocarcinoma

6017 pancreatic 3 ) 0 moderately differenciated ductal 70 ¢
adenocarcinoma

5447 pancreatic 4 ) 0 moderately differenciated mucinous ductal 7 m
adenocarcinoma

5530 pancreatic 4 ) 0 moderately differenciated ductal 51 ¢
adenocarcinoma

5792 pancreatic 4 3 1 poorly differenciated ductal adenocarcinoma 72 f

6012 pancreatic 4 3 0 poorly differenciated ductal adenocarcinoma 66 f

6098 pancreatic 4 ) 0 moderatel}./ differenciated ductal 54 ¢
adenocarcinoma

6016 pancreatic 4 3 0 poorly differenciated adenocarcinoma 58 f

5539 pancreatic 4 3 7 poorly differenciated adenocarcinoma 85 m

5803 pancreatic 4 3 2 poorly differenciated ductal adenocarcinoma 72 f

5004 pancreatic 4 ) 7 moderately differenciated ductal 73 ¢

adenocarcinoma

derived from healthy blood or DLA without spiked cancer
cells showed no evidence for KRAS mutations proving the
specificity of the assay (data not shown).

After establishing the dPCR analysis for isolated
CTCs, we then used another aliquot of the same frozen
pancreatic patients DLA to test the mutational analysis
in patients CTCs. In this second round of analysis using
only half of the input material, we detected CTCs in
only 10% of the samples (2/19; M1 (22% (2/9)), MO
(0%, 0/10)). However, in the two samples of metastatic
patients that gave the highest number of CTCs during the

first test run, the presence of CTCs could be confirmed
in similar numbers. In mutational analysis, both patients
were KRAS negative while internal performance control
for the mutation assays were positive (Table 2). For
both patients, we sequenced the KRAS gene in primary
tumor samples. Both tumors were wild-type for KRAS
consistent with the CTC result (Supplementary Figure
7). In the samples of both patients we detected CTCs that
were EpCAM-positive and EpCAM-negative showing
the heterogeneity of CTC populations (Figure 5 and
Supplementary Figure 6).
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DISCUSSION

In this study we show the superiority of filtering
CTCs in comparison to EpCAM-dependent capturing
of CTCs. Using spike-in samples of well characterized
cultured cells, we obtained very clear results showing that
filtration is superior to EpCAM-dependent enrichment
especially for EpCAM low expressing cells. However,
using this approach for clinical samples we still obtained
a relatively low frequency of CTC positive patients.
We detected CTCs in 8/19 cases in the first round of
analysis. In the second analysis with less available input
material, we could confirm the presence of CTCs in
the two metastatic disease cases that also showed high
CTC counts in the first analysis. The low frequency and
number of CTCs despite the use of large amount of input
material shows the limited clinical utility of this system in
pancreatic cancer. Isolation of CTCs in pancreatic cancer
has been recently reviewed [9]. This comprehensive
overview reported a remarkable variation in detection
rates and numbers of CTCs per ml between the different
approaches tested. The reported detection rates range from
5% to 100% with a huge variability, essentially allowing
no conclusion on the most suitable method. Interestingly,
the highest detection rates were reported using EpCAM-
based methods.

The isolation of CTCs from patient samples faces
several challenges: 1) Pre-analytical conditions (blood
sampling, handling, storage and shipment), 2) Capturing of

A B

all phenotypical CTC subtypes, 3) Unequivocal definition
of true CTCs by subsequent downstream analysis.

Ad 1) Eight to ten milliliter whole blood is the
commonly used source for isolation of CTCs. The
question on how to store unprocessed patient samples for
later central analysis still remains unclear. One solution
is the use of frozen diagnostic leukapheresis product,
the enrichment of peripheral blood mononuclear cells.
Diagnostic leukapheresis was already described as
detection method for CTC as the number of CTCs and
cases of CTC-positive patients increased also in early
stages [37]. The use of DLA product as source for CTC
isolation has been described and was also validated in this
work (Figure 3). However, the way of blood sampling may
not be optimal for pancreatic cancer. We hypothesize that
peripheral blood from the cubital vein is not the optimal
source for CTC isolation especially for pancreatic cancer
because the CTCs from the pancreas will be transported
to the portal vein first and have to pass the liver and may
be filtered out already. This is supported by the fact that
the 92% CTC positive cases were observed by Gall ef al.
using portal vein blood and the CellSearch platform [38].
In line with these data, Catenacci et al. detected CTCs
in 100% of portal vein samples (18/18) but only in 22%
of the peripheral blood samples [39]. The fact that CTCs
originating from the pancreas have to pass one more
capillary system before entering the main circulation may
be a reason for lower CTC counts in pancreatic cancer.
Compared to other indications, pancreatic cancer showed
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Figure 4: Mutation detection of CTCs in whole blood and frozen DLA. Red dots represent wild-type, blue dots the mutation,
microwells with both signals are colored in green and microwells without signal yellow. (A) Detected cells were punched out from filter
and relocated on the punch before WGA. (B) Amplified DNA was analyzed by digital PCR for KRAS G12D and KRAS G12V. Note higher
background of leukocytes in DLA. Scale bars represent 200pm (filter) and 20pm (single cell).
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Table 2: Number of detected CTCs isolated from frozen DLA of pancreatic cancer patients for mutational analysis in
sample set B (1 vial, 1 x 10® cells/mL), overall detection rate of CTCs was 11% (22% M1, 0% M0)

Sample ID CTCs KRAS mutation in CTCs  KRAS mutation in tumor
5931 0 NA NA
5804 0 NA NA
5549 0 NA NA
5714 0 NA NA
5751 0 NA NA
5902 0 NA NA
6033 0 NA NA
6104 0 NA NA
5689 0 NA NA
6017 0 NA NA
5447 0 NA NA
5580 0 NA NA
5792 0 NA NA
6012 0 NA NA
6098 0 NA NA
6016 0 NA NA
5539 12 wildtype wildtype
5803 0 NA NA
5904 8 wildtype wildtype

the lowest CTC prevalence [13, 31]. Potentially the
liver is especially effective in filtering out CTCs. This is
supported by Bissolati and colleagues who found that CTC
counts in portal-vein blood predicted liver metastasis [40].
In addition to blood sampling, consistent fixation protocols
and preanalytics are necessary for optimal analytical
performance and comparability of the results.

Ad 2) EpCAM low expressing cells are missed
by EpCAM-dependent methods so that only the
subpopulation of EpCAM high expressing CTCs is
captured. In agreement with the earlier study of Akita et
al. who showed that half of the tumors express EpCAM
in low or non-detectable levels [18], expression of the
extracellular domain of EpCAM was found in only 79%
of pancreatic tumor samples [41] and a detailed analysis
in a different sample set showed that 29% of the tumors
were negative and 36% only weakly expressing EpCAM
[42]. The loss of epithelial antigens in a large fraction
of pancreatic tumors is supported by the finding that
E-Cadherin expression is lost in 53% of pancreatic tumors
[43]. Filtration is an alternative to enrich larger tumor cells
over the mostly smaller blood cells [44]. CTCs expressing

EpCAM at variable levels are isolated by a filtration
based method so that all CTCs with different surface
marker should be isolated. The used filter contains pores
with a size of 8um. The performance of such device is
also depending on cellular rigidity and applied pressure
which may explain differences between the two different
prototypes used in this study. Potentially the 8um pore
size may be too large for some pancreatic CTCs although
it seemed suitable during the validation with cell lines.
Spike-in cell lines do not reflect the patients CTCs but help
to determine the technical performance of the method [11].
Recovery of CTCs by filtration might also be hindered
by apoptosis as cells shrink during this process. This has
already been described in breast and prostate cancer [45].
Recently, isolation of pancreatic CTCs by both size and
EpCAM-independent negative selection was described
and showed very promising results [46].

Another filtration based system, the ISET method
has been compared to the CellSearch system [31]. In that
well designed study, ISET detected higher CTC counts
compared to CellSearch but the CTCs detected by ISET
were only characterized as CD45-negative larger cells.
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Although in this study, all tumors were EpCAM-positive,
the CTCs showed huge variability of EpCAM and even
the cytokeratin expression varied dramatically, showing
the difficult situation with the strong heterogeneity of
circulating tumor cells isolated from patient samples in
contrast to cultured cells. Although ISET detected more
CTCs than CellSearch, not even a trend for a correlation
with progression-free survival or overall-survival was
found. This is a strong argument against the clinical utility
of the approach at least for pancreatic cancer. The lack of
prognostic relevance together with the lacking consensus
definition of a true CTC underlines the need for better
characterization of CTCs in order to prove their tumor
origin.

Ad 3) Concerning the clear identification of CTCs, it
has to be pointed out that the majority of the CTC studies
still rely on the visual identification of cells as stained or
polymorph structures. Since staining intensity is highly
dependent on the antigen expression and the quality of the
used antibody there is no clear reference. Here, we tried
to overcome the variety on staining by the usage of an

antibody panel to increase staining and therefore facilitate
the enumeration of CTCs. Although these improved
methods showed benefits in studies with spiked cells,
the number of CTC-positive patient samples remained
low. EpCAM-independent methods should cope with
CTCs originating of EpCAM-negative tumors or the loss
of epithelial characteristics during EMT. However, also
Cytokeratin loss may occur during EMT. For example,
loss of Cytokeratin expression in Her2-FISH positive
CTCs was described in the literature [47]. Recently Gao
et al., used chromosome 8 polyploidy as marker for
pancreatic CTCs and found 96% of the isolated CTCs to
be Cytokeratin-negative [46].

Therefore the clear identification of circulating
tumor cells defined by other (more stable) features is
required. Rhim and colleagues isolated epithelial cells in
8 of 11 patients with PDAC but detected the pancreatic
specific Pdx-1 expression in only 29% of the cells isolated
by EpCAM-based microfluidics [48]. The identification of
KRAS mutations in pancreatic CTCs should be a sensitive
tool to prove at least their pancreatic origin although

DLA from pancreatic
cancer patient 5904

DLA from pancreatic

Filtration of cancer patient 5593

staining CTC 1 CTC 2 CTC 1 CTC 2

Cytokeratin panel

EpCAM

Leukocyte panel

Hoechst 33342

Merge

Figure 5: Detection of CTCs in frozen DLA samples from 19 pancreatic cancer patients. Representative pictures of isolated
cell from patient 5904 and 5593. Within one patient both EpCAM high and EpCAM low CTCs were detected (see also Supplementary
Figure 6). Cells were stained by anti-Cytokeratin (green), anti-EpCAM (orange), anti-leukocyte panel (magenta) and nucleus (blue). Scale

bars represent 20pm.
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these mutations can already be detected in intra-epithelial
neoplasias of the pancreas (Panln) and do not prove
the presence of cancer [49]. However, we did not find
evidence for KRAS mutations in the two samples that were
CTC-positive. This finding was confirmed by sequencing
primary tumor samples which turned out to be wild-type.
We conclude that the 57% prevalence of KRAS mutations
is already too low to use it as reliable marker for CTC
confirmation. The high detection rate of 88% recently
published for chromosome 8 polyploid CTCs [46] hints
towards use of cancer-specific biomarkers with higher
prevalence for the identification of CTCs in contrast to the
merely epithelial phenotype.

In conclusion, we showed the advantage of a size
based method in isolation of CTCs from pancreatic cancer
and the feasibility of frozen DLA for detection of CTCs
with subsequent downstream analysis in patient samples.
Clinical use of circulating tumor cells in pancreatic
cancer still needs a lot of efforts in ways of blood
sampling, standardization of the preanalytics, the isolation
procedures and definition of true CTCs with clear prove of
their tumor cell identity.

MATERIALS AND METHODS

Patients

Whole blood of healthy donors was collected in
EDTA-vacutainer (BD) by Clinical Research Services
Berlin GmbH, Berlin. Donors were clinically healthy
without any known neoplastic or infectious disease and
provided written informed consent to use their blood
samples for research purposes.

Diagnostic leukapheresis samples

Diagnostic Leukapheresis (DLA) was exactly
performed as previously described [37]. Part of the DLA
product was spun at 200 x g for 10 min and the supernatant
was removed. The DLA product was adjusted to a white
blood cell (WBC) concentration of 1 x 10%/mL with 5%
human serum albumin (HSA, 20%, octopharma) in RPMI-
1640. Aliquots of ImL DLA product were mixed with ImL
freezing medium (4mL HSA, 4mL RPMI and 2mL DMSO),
frozen in a freezing container at -80°C over night and then
transferred to storage in vaporous phase of liquid nitrogen.

The use of DLA for CTC screening of an increased
blood volume was approved by the ethics committee of
the Heinrich-Heine-University Hospital Duesseldorf. All
participating patients and healthy donors gave written
informed consent.

Methods

Cell culture and spike-in of cells

Cell lines used for this study were obtained from
ATCC and DSMZ. Capanl was cultured in RPMI11640 +

20% FBS + 1% Glutamin, BxPc3 in RPMI1640 + 10%
FBS + 1% Glutamin, Pancl in DMEM + 10% FBS +
1% Glutamin and SkBr3 in McCoys 5a +10% FBS +1%
Glutamin at 37°C and 5% CO,. Prior spiking, cells were
washed once with 1x PBS (Gibco) and detached at 85%
confluence by Accutase solution (Sigma). Cells were spun
5 min at 127 x g, resuspended in 1 x PBS and strained
through a 35um strainer to enrich the amount of single
cells.

0, 1, 3, 10 and 30 cells were transferred manually
in triplicates into 10mL whole blood of healthy donors
collected in EDTA-vacutainer (BD) and processed. The
same number of cells was spiked in frozen healthy DLA
in the vial directly after thawing. Cells were also spiked in
freshly prepared buffy coat containing the same cell count
as DLA, frozen and thawed for analysis.

Fluorescence staining

Detached cells were counted by CASY (Innovatis)
and fixed by addition of Transfix (Caltag Medsystems)
at a ratio of 1:20 for 45 min. Cells were spun on slides
by cytospin Universal 320 (Hettich Lab). In brief, 1 x
10° cells were used per cytochamber (3 Chambers per
slide) and centrifuged for 7 min at 750 x g with break
on. Liquid was removed and then spun again at 100 x g
for 1 minute with break off. Slides were dried over night
at room temperature. Cells were permeabilized by 0.5%
Triton-X-100 for 15 min, washed with 1 x PBS, blocked
with 10% normal goat serum, 1% BSA, 0.05% Tween-20
and 0.5% blocking solution® (Candor) and stained for 45
min by either AE1-AE3 (1:100) or by the anti-Cytokeratin
Alexa Fluor 488 panel [Supplementary Table 2, (AE1/
AE3, C-11, A53B/A2, DC10, LPKS, each 1:100)] as well
as by anti-EpCAM-Alexa Fluor 555 (VU1D9, 1:50). Cells
were washed in 1 x PBS and nuclei were stained with
HOECHST 33342 for 1 min following a wash step. Slides
were dried at 60 °C for a maximum of 5 min and mounted
with Prolong Diamond antifade mountant (Thermofisher)
and examined by an epifluoresence microscope (Observer
7.1 Zeiss and AxioVision V 4.8.2.0 Software).

Isolation of cells from blood by filtration

Blood was processed according to the
manufacturer’s instructions as described in [32]. In short,
Transfix was added to 8-10mL whole blood (1:20) and
incubated for 1h. Prefixed whole blood was transferred
to a 50mL conical tube, EDTA-vacutainer was rinsed
with 1 x PBS twice to a final volume of 20mL and
subjected to the filtration device (Siemens Healthineers)
(pore size 8um). Diluted blood was filtrated and the
filter was rinsed with 1 x PBS. Cells on filter were fixed
with 4% paraformaldehyde in 0.1M phosphate buffer
(Electron Microscopy Sciences), permeabilized with
0.5% Triton-X-100 (Sigma) and blocked as previously
described. Cells were stained using the anti-Cytokeratin-
Alexa Fluor 488-panel (Supplementary Table 2), anti-
leukocyte-Alexa Fluor 647-panel [CD45 (MEM 28),
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CD66b (G10F5), CD3 (Sk7), CD14 (G1D3), CD68 (KP1),
each 1:50], anti-EpCAM-Alexa Fluor 555 (VUI1D?9,
1:50) and Hoechst 33342. Stained filters were analyzed
manually by Observer Z.1 (Zeiss) and AxioVision V
4.8.2.0 Software.

Isolation of cells from blood by IsoFlux (Fluxion
Biosystems)

Blood was processed according to the
recommendations by Fluxion Biosystems. Briefly,
whole blood was separated by overlaying onto Ficoll
(GE Healthcare). Blood and Ficoll were spun at 800 x g
for 30 min with breaks off. Buffy coat and plasma were
transferred to a new tube and centrifuged at 280 x g for 10
min. Supernatant was removed and the pellet was loosened
and transferred to a 2mL tube. EpCAM-coated beads were
added. Cells and bead mixture were incubated for 2 h with
overhead rotation. The bead suspension was then loaded
into the cartridge and cells were isolated automatically by
the device. After isolation cells were stained as previously
described.

Isolation of cells from frozen DLA

Frozen DLA-product was thawed at 37°C in the
cryovial and transferred to a S0mL tube with 1000U of
Cyanase (Ribosolution) and ImL pre-warmed thaw-
solution (1:10 CTL-Wash Supplement in RPMI-1640)
added dropwise to the DLA sample. In total 15.8mL Thaw
Solution were added to a final volume of 20mL as follows:
First, 9mL Thaw solution were slowly added dropwise.
Cell suspension was incubated for 10 min at room
temperature and cells were counted by Tiirks-Staining
(Merck). Then, 6.8mL Thaw solution and 20uL cyanase
inactivating protein (Ribosolution) was added (see also
Supplementary Figure 8); tubes were incubated at room
temperature for 20 min. 2mM EDTA (Life Technologies)
and 1:20 Transfix was added. Tubes were incubated for 1h
and then directly subjected to the filtration unit. For the
first round of analysis (experimental setup A, 2 x 108 cells/
mL), an early prototype of the Siemens Device was used.
For experimental setup B (using 1 x 10® cells/mL), we had
to use a second-generation filtration device. The pore size
of the used filters was 8um for both devices. Cells were
filtered and stained as described above and in [32].

Mutational analysis of isolated cells by digital PCR

Isolated cells were analyzed manually by
fluorescence microscopy using a Zeiss Observer Z.1
and punched from filter with a 2mm Biopsy punch (pfim
medical). The punch was controlled for presence of the
CTC, transferred to a thin walled PCR tube and frozen
until further use. Once shortly thawed, cells on punshes
were subjected to whole genome amplification (Amplil
WGA Kit, Silicon Biosystems), 1-fold reaction mix for
whole blood samples and 5-fold reaction mix for DLA-
samples. WGA-DNA solution was purified by Amicon
Ultra 0.5mL centrifugal filter (Merck Millipore). In brief,
WGA solution was added to the filter, washed twice

with TE and eluted. Pure DNA was quantified by Broad
Range High sensitivity DNA Assay and Qubit (Life
Technologies). 50ng DNA was used for KRAS G12D and
G12V by digital PCR (Quantstudio 3D, Thermofisher) as
described in detail [50].

Tumor DNA preparation

Tumor tissues were marked on standard H&E-
stained histologic slides. Afterwards, unstained serial
sections of tumor tissues were mounted onto glass slides
and macro-dissected for DNA extraction. Every macro-
dissected tumor sample was cross-checked confirming
that the percentage of tumor tissue was at least 80%. The
extracted tumor cells were dissolved in a total volume of
190 pL digestion buffer (DNA tissue mini kit, Qiagen) and
were treated with proteinase K overnight at 56°C. DNA
purification was achieved using a nucleic acid robot device
(BIO 101, Qiagen).

Sequence analysis

For sample 5539, PCR amplification was done
in a total volume of 20yl containing 20ng genomic
DNA, 0.2 mmol/L deoxynucleotide triphosphates,
0.5 units of Taq polymerase (HotStar Tagq,
QIAGEN), and the following k-ras primers: Fwd 5'-
AGGCCTGCTGAAAATGACTGAA-3', Rev 5'-
AAAGAATGGTCCTGCACCAG-3'. Cycle sequencing
analysis of PCR fragments was done with the BigDye
Terminator system (PE Biosystems) using amplification
primers for bidirectional sequencing. The reaction
products were analyzed on an ABI PRISM 3700 sequencer
(PE Biosystems).

For sample 5903, sequencing was done at GATC
Biotech (Konstanz, Germany) using DreamTaqGreen
Master  Mix  (ThermoFisher).  Primers  used:
5'CCTTATGTGTGACATGTTCTAATATAGT, 3
TTGGATCATATTCGTCCACAA. (167 bp PCR product,
Tm 57.5°C). PCR conditions: 0.2uM Primers each, 0.5uL
DNA Template. Cycling conditions: 95°C for 3 min; 95°C
for 30 sec, 57.5°C for 30 sec, 72°C for 20 sec, repeat 30
times and final elongation at 72°C for 5 min.

Abbreviations

CTC, circulating tumor cells; DLA, diagnostic
leukapheresis; EpCAM, epithelial cell adhesion molecule;
Panln, pancreatic intraepithelial neoplasia; PDAC,
pancreatic ductal adenocarcinoma; PFS, progression-
free survival; OS, overall survival; EMT, epithelial
mesenchymal transition, KRAS, Kirsten rat sarcoma viral
oncogene homolog.
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