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CK-coated magnetic-based beads as a tool to isolate circulating
tumor cells (CTCs) in human tumors

Clara Mayo', Francisco G. Ortega’, Ana Giménez-Capitin', Miguel A. Molina-Vila', Maria José Serrano’,
Santiago Viteri', Carlota Costa', Amaya Gascé', Jordi Bertran-Alamillo', Niki Karachaliou', José Antonio

Lorente’, Miquel Tar6n"’, Rafael Rosell"”

'Breakthrought Cancer Unit, Laboratory of Oncology, Pangaea Biotech, Dexeus University Hospital, Barcelona, Spain; ‘GENYO, Centre for

Genomics and Oncological Research, Pfizer-University of Granada-Andalusian Regional Government, Granada, Spain; *Catalan Institute of

Oncology, Hospital Germans Trias i Pujol, Badalona, Spain

Corresponding to: Miguel A Molina-Vila. Breakthrought Cancer Unit, Laboratory of Oncology, Pangaea Biotech, Dexeus University Hospital,

Barcelona, Spain. Email: mamolina@pangaeabiotech.com.

Abstract: Circulating tumor cells (CTCs) can be detected in the blood of many cancer patients and play a
key role in metastasis. In addition, after the development of technologies with the necessary sensitivity and
reproducibility, the diagnostic potential of these cells is being actively explored. Recently, the U.S. Food and
Drug Administration has approved the CellSearch® System, based on magnetic beads coated with epithelial
cell-adhesion molecule (EpCAM) antibody. Despite its usefulness, this system can miss CTCs that lose
epithelial antigens due to the epithelial-mesenchymal transition and, in the case of advanced NSCLC, CTCs
positivity can be demonstrated only in 30-50% of patients. In an effort to overcome these drawbacks, new
methods are being developed. In this study, we have evaluated CK-coated beads as a system to isolate CTCs
from lung cancer patients in the clinical setting, and have evaluated if they can be a useful source of material
for genetic testing. We were able to identify CTCs in 17 of the 30 patients included in the study (57%),
with a range of 1 to 7 cells. In two of them, we found only CTCs with an EMT pattern. CTC positivity
seemed to correlate with the clinical history of the malignancy. CTCs could be detected in more than 80%
of stage III-IV lung cancer patients at presentation or in blood samples taken immediately after surgery. The
percentage dropped to 13% in patients responding to chemotherapy or TKIs, raising again to 57% after
tumor progression. Finally, we tested the CTCs isolated from 8 patients for EGFR and k-ras mutations, but

gene amplification was successful only in the 3 patients with 4 or more CTCs.
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Introduction

Circulating tumor cells (CTCs) were first described in
1869 by Thomas Ashworth, an Australian physician. When
observing under the microscope the blood of a man with
metastatic cancer, he discovered “cells identical with those
of the cancer itself” and postulated that they “may tend
to throw some light upon the mode of origin of multiple
tumors existing in the same person” (1). In the following
150 years, researchers have demonstrated the presence
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of CTCs in the blood of most cancer patients and play a
key role in the metastatic dissemination of carcinomas. In
addition, after the development of technologies with the
necessary sensitivity and reproducibility, the diagnostic
potential of these cells is beginning to be exploited (2).

Two main issues complicate successful development of
new therapies or therapeutic combinations in many types
of tumors. One is the lack of surrogate, pharmacodynamic
markers that could provide an early indication of response
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to treatment and help guide clinical decision making (3). The
second issue is the difficulty of obtaining serial biopsies,
which are essential to explore predictive biomarkers,
to understand acquired resistance mechanisms and to
select appropriate therapies upon progression (4,5).
CTC enumeration and characterization have potential to
address these problematic issues. Monitoring the number
of CTCs of patients in treatment strongly suggest that, in
several tumor types, CTC detection and enumeration has
prognostic value and may serve as an surrogate response
biomarker. In addition, research in the field of CTC
characterization could reveal novel drug targets and inform
on the mechanisms of metastasis. CT'Cs may be considered
as a sort of “liquid biopsy” that can be analyzed to provide
real-time information on patient’s disease status (6). As
CTCs are involved in the establishment of metastasis,
such analyses could be more relevant for certain purposes
than those performed on tumor samples at presentation.
For instance, CTCs could be especially useful to identify
emergent treatment resistance (7-9).

A variety of techniques to detect CTCs in peripheral
blood have been available for a number of years, based on
immunomagnetic bead separation, filtration based size
separation, antigens cell sorting using flow cytometry
and density gradient centrifugation (10). However, these
methods have been hard to reproduce across laboratories,
making data comparison difficult. Recently, the U.S. Food
and Drug Administration has approved the CellSearch®
System (Veridex LLC, Raritan, NJ), to predict progression-
free survival (PFS) and overall survival (OS) in patients
with metastatic breast (11), colorectal (12), gastric (13),
prostate (14), small cell lung (SCLC) (15,16) and non-small
cell lung cancer (NSCLC) (17). This has facilitated a more
reliable and reproducible CTC counting across multiple
sites and the CellSearch® System is currently considered the
standard method for detecting CTCs in the clinical setting.
In this platform, magnetic beads coated with epithelial cell-
adhesion molecule (EpCAM) antibody are used to isolate
CTCs from the background of billions of peripheral white
blood cells. With this system it is possible to reproducibly
find a single circulating tumor cell in a 7.5 mL blood
sample. In most studies, values of 2 to 5 CTCs per 7.5 mL
blood have been reported to be the optimal cutoff value
discriminating poor prognosis.

Despite its usefulness, the CellSearch® System has
also some drawbacks. Epithelial, EpCAM positive cells
can also be found in healthy donors (18), EpCAM-based
assays are not able to detect normal-like tumor cells (19), a
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precise cytological analysis of isolated cells is not possible
due to technological limitations and some data suggest
that epithelial antigens are lost in some CTCs due to the
epithelial-mesenchymal transition (EMT), a crucial event
in metastases (19-21). Finally, in the case of advanced
NSCLC, CTCs can be demonstrated in only around 30%
of patients. In an effort to overcome these drawbacks,
new methods of isolation by size have been developed
and are commercially available, based on filtration (22).
They are low-cost technologies that do not require large
or expensive apparatus. Blood flow passes through a micro
porous membrane filter allowing size-selective isolation
of rare tumor cells under standardized conditions. The
device is completely accessible and it has been reported
that cells isolated onto the filter, that are well preserved
morphologically, can be analyzed using a variety techniques
such as IHQ, FISH or molecular biology techniques (22).
Finally, the system allows isolation of live cells that can
be grown in culture. Another alternative to CellSearch®
is the use of magnetic beads coated with a mixture of
cytokeratines (CKs) instead of EpCAM, that can lead a
more specific isolation of CTCs and allows for cytological
analysis of the resulting cells (23,24).

In this study, we evaluated the feasibility of using CK-
coated magnetic-based beads (MACS technology) to
isolate CTCs in the clinical setting, as well as its usefulness
as a source of genetic material for testing mutations in
relevant genes such as EGFR or K-ras. MACS technology are
50-nm super paramagnetic particles conjugated to specific
antibodies against a particular antigen on the cell surface.
Due to the small size, they do not activate cells and they
will not saturate cell surface epitopes. Columns contain a
matrix composed of ferromagnetic spheres covered with a
cell-friendly coating. When placed on a magnetic separator,
the spheres amplify the magnetic field by 10,000-fold, thus
inducing a high gradient within the column. This is crucial
for isolation of cells which are only minimally labeled,
leaving enough epitopes free for concurrent antibody
staining.

Methods
Study design

This was a study conducted with patients at the Dexeus
University Hospital (Barcelona, Spain). Patients with a
confirmed, histologically proven lung cancer were eligible;
some patients with other malignancies were also enrolled
(Table 1). All patients gave written, informed consent.
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Table 1 Characteristics of the patients included in the study
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Patient code Sex Age Histology Stage Number of Clinical status at the moment of
CK' CTCs CTC collection

DX736 F 39 Breast adenocarcinoma 1\ 0 Presentation

DX124 F 47 Breast carcinoma 1\ 0 Stable disease to eribulin

DX755 M 56 Lung adenocarcinoma I 0 Presurgery. After neoadjuvant therapy

DX753 F 69 Lung adenocarcinoma \Y 0 Major partial response to chemotherapy

DX138 F 47 Lung adenocarcinoma \Y 0 Progression to erlotinib (cerebellum)

DX288 M 68 Lung adenocarcinoma \Y 0 Complete response to erlotinib

DX295 M 69 Lung adenocarcinoma \Y, 0 Major partial response to crizotinib

DX828 M 43 Lung adenocarcinoma \Y, 0 Stable disease to chemotherapy

DX790 M 52 Small cell carcinoma vV 0 Major partial response to chemotherapy

DX814 M 67 Small cell carcinoma \Y 0 Progression to chemotherapy

DX768 F 67 Squamous lung carcinoma 1] 0 Partial response to chemotherapy

DX762 F 54 Squamous lung carcinoma \Y 0 Progression to chemotherapy

DX826 M 59 Tiroid anaplastic carcinoma I 0 Postsurgery. No adjuvancy

DX785 F 58 Lung adenocarcinoma A 1 Postsurgery. No adjuvancy

DX781 F 52 Lung adenocarcinoma I 1 Postsurgery. No adjuvancy

DX839 M 66 Squamous lung carcinoma 1B 1 Postsurgery. No adjuvancy

DX166 F 44 Breast carcinoma 1]l 2 Evaluation pending

DX516 F 48 Lung adenocarcinoma 1\ 2 Stable disease to chemotherapy

DX743 M 74 Lung adenocarcinoma \Y 2 Progression to erlotinib

DX665 M 62 Lung adenocarcinoma \Y 2 Progression to chemotherapy

DX759 M 67 Small cell carcinoma 1\ 2 Presentation

DX787 F 57 Small cell carcinoma 1\ 2 Presentation

DX841 M 54 Prostate carcinoma 1l 3 Presentation

DX568 M 45 Small cell carcinoma \Y, 8 Progression to chemotherapy

DX776 M 41 Lung adenocarcinoma | 4 Postsurgery. No adjuvancy

DX748 F 53 Squamous lung carcinoma \Y, 4 Presentation

DX797 M 67 Lung adenocarcinoma \Y, 5 Presentation

DX801 M 65 Lung adenocarcinoma I 6 Postsurgery. No adjuvancy

DX783 M 50 Small cell carcinoma 1\ 6 Presentation

DX792 M 49 Lung adenocarcinoma 1\ 7 Progression to erlotinib

Enrichment, detection and microdissection of all samples
was performed in GENYO (Granada, Spain).

Enrichment and detection of CTCs

A total of 10 mL of heparinized peripheral blood was
collected from each patient. Samples were processed within
24 hours with double density gradient (Histopaque 1077
over Histopaque 1119). For CTCs enrichment, we used
the Carcinoma Cell Enrichment and Detection kit, MACS
technology (Miltenyi Biotec) (23,24). Enrichment of cells
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of epithelial origin after ficoll gradient was performed by
positive immunomagnetic cell separation, utilizing magnetic
beads labeled with a multi-cytokeratin-specific antibody
(CK3-11D5) which recognizes cytokeratin 7, 8, 18 and
19. Cytokeratin positive cells were further identified by
immunocytochemical methods on Pen-membrane slides,
and contaminated WBC excluded by negative selection
for CD45. Additionally, cytokeratin-expressing cells were
revealed by incubation with freshly prepared Fast Red TR/
Naphthol AS-MX substrate solution for 15 minutes in a
humidity chamber at room temperature. Pen-membrane
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Figure 1 Examples of CTCs isolated from lung cancer patients. CTCs with epithelial features, isolated from a patent, CK positive and CD45
negative. A. no filter; B. red filter; C. CTC with epithelial features stained with CK antibody and #n situ mRNA hybridization for EGFR

slides were washed once with PBS and stained with Mayer’s
haematoxylin solution (Sigma) for 30 seconds at room
temperature. The epithelial tumor cells could quickly and
easily be identified and enumerated based on their strong
coloration.

Microdissection and genetic analyses of CTCs

CTCs were captured from the pen-membranes by laser
microdissection into 10 pL. of PCR buffer (Ecogen,
Barcelona, Spain) plus proteinase K and incubated 4 hours
to overnight at 60 °C. Proteinase was inactivated at 95 °C
for 10 minutes, and the cell extract submitted to PCR.
EGFR mutations were determined as described (25).
Basically, a first round of PCR amplification was performed
for EGFR exons 19 and 21. EGFR exon 19 status was
determined by a second round of PCR amplification with
use of a carboxyfluorescein (FAM)-labelled primer, followed
by length analysis in an ABI prism 3130 DNA Analyzer
(Applied Biosystems, Foster City, CA, USA). Exon 21 point
mutations were detected with a 5'-nuclease PCR assay
(TagMan assay; Applied Biosystems) using FAM and VIC
minor groove binder (MGB)-labelled probes for the wild-
type and mutant sequence, respectively. Mutations in the
K-ras gene were determined by standard methods: PCR
followed by agarose gel electrophoresis and sequencing.

Results
Isolation of CTCs

The CTCs isolation criteria were intact cells positive
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both for DAPI staining and CKs but negative for CD45
by immunofluorescence (IF). An example of a positive
cell is shown in Figure 1. The expression of vimentin, an
epithelial-to-mesenchymal marker, was also determined.
In two patients, circulating cells positive for vimentin were
discovered.

CTC positive and negative cases

The clinical characteristics of the 30 patients analyzed,
together with the results obtained are summarized in Table 1.
CTCs were identified 17 of the 30 patients included in the
study (57%). In 11 patients the number of CTCs detected
was 1 to 3, in 5 patients 4 to 6 and only in one sample more
than 6 CTCs could be isolated (Figure I). In the case of
surgically resected NSCLC, the percentage of patients
where CTCs were identified raised to 71% with an average
of 3 CTCs per positive sample (Table 2). In contrast, it was
only 50% in stage IV, unresectable NSCLC, with the same
average number of CTCs per positive patient. Regarding
other pathologies, CTCs were isolated in 71% of the
SCLC patients analyzed, and in 40% of samples from other
malignancies.

CTC status and outcome

The successful detection of CTCs seemed to correlate
with the clinical outcome of the patient. More than 80% of
patients were positive at presentation or after surgery (no
adjuvance). The percentage dropped to 57% in patients
progressing upon chemotherapy, and was only 13% (1 of 8)
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Table 2 Number of CTCs in the patients included in the study, according to histology and grade of disease
Type of patients Total nljlmber of Patients positive for % Number of CTCs. Number of CTCs.
patients CTCs Range Average*
Unresectable NSCLC 12 6 50 1to7 &
Unresectable SCLC 6 4 67 1to6 3
Surgically resected 7 5 71 1to6 3
NSCLC
Other malignancies 5 2 40 2t03 2.5
*Considering only CTC positive patients
Table 3 Number of CTCs in the patients included in the study, according to clinical history
Type of patients Total number of patients Patients positive for CTCs %
Presentation 7 6 86
Postsurgery. No adjuvancy 6 ® 83
Progression 7 4 57
Response (SD+PR+CR) 8 1 13
Other 1 2 50
Table 4 Results of EGFR and k-ras mutation testing in isolated CT'C lysates
Patient . Number of  Clinical status at the moment of Tissue CTCs
code Histology Stage o cros CTC collection EGFR Kras EGFR  K-ras
DX166 Breast carcinoma 1l 2 Evaluation pending WT WT NA NA
DX516 Lung adenocarcinoma \Y 2 Stable disease to chemotherapy WT MUT NA NA
DX743 Lung adenocarcinoma v 2 Progression to erlotinib MUT WT NA NA
DX665 Lung adenocarcinoma v 2 Progression to chemotherapy WT WT NA NA
DX568 Small cell carcinoma \Y 3 Progression to chemotherapy WT WT NA NA
DX748 Squamous lung v 4 Presentation WT WT NA WT
carcinoma
DX797 Lung adenocarcinoma \Y 5 Presentation WT WT WT WT
DX783 Small cell carcinoma v Presentation WT WT WT WT

NA, not amplified; WT, wild type; MUT, mutated

in those responding to treatment (7able 3).

DNA amplification of CTCs

Finally, we analyzed the usefulness of the CTCs as a source
of genetic material in 8 CTC-positive patients. To do so, we
incubated the CTCs in PCR buffer plus proteinase K and
used the cell lysate to analyze mutations in EGFR (exons 19
and 21) and K-ras (exon 2). Successful amplification was only
observed in the three patients where the number of CTCs
was 4 or higher, in concordance with the previously published
sensitivity of our assay (25). In all cases, the mutational status
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of the CTCs and the primary tumor were coincident (Zible 4).

Discussion

To our knowledge, our study is the first to evaluate the
feasibility of using CK-coated magnetic-based beads to
isolate CTCs in lung cancer patients. Previous studies
have generally employed the FDA-approved CellSearch®
System (17,26,27) in which the magnetic beads are coated
with epithelial cell-adhesion molecule (EpCAM) antibody.
One of the drawbacks of this methodology is that it does
not detect those CTCs where epithelial antigens -such as
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EpCAM- get lost in due to the epithelial-mesenchymal
transition (EMT), a key event in the metastatic process
(19-21). In two patients of our study, we found CTCs
positive by immunofluorescence for vimentin and two
EMT markers. Of note, one of them was EML4-ALK
positive patient with a long-term response to crizotinib. In
this patient, no CTCs positive for epithelial markers could
be found. Our results are in line with those reported by
Krebs et al. [2012] (28). In a population of 40 chemonaive,
stages IITA-IV NSCLC patients, they detected CTCs in
32 of 40 (80%) patients using a filtration-based system,
compared to 9 (23%) using CellSearch®. A subpopulation
of CTGCs isolated by the filtration device did not express
epithelial markers. Taken together, these data suggest that
the CellSearch® technology should be complemented with
a mesenchymal-antigen or a filtration based system for
successful and complete isolation of CTCs in all patients.

We found that the percentage of CTC positive patients
correlated with the clinical history of the disease. In our
study, CTCs could be detected in more than 80% of stage
III-IV lung cancer patients at presentation, with a range of 1
to 6 cells. This percentage is higher than the 61% reported
in a study where CTCs were isolated by the CellSearch®
System in 34 advanced NSCLC patients (17), with a
range of 1 to 62. CTCs were also found in 12% of healthy
donors (1-2 cells). In another, more recent publication
the threshold was established at >2 CTCs, and 45% of
the 87 stage III-IV patients were considered positive at
presentation. In addition, patients with >5 CTCs after one
cycle of chemotherapy were found to have a significantly
worse overall survival (26). In contrast, a single-arm phase
IT clinical trial of erlotinib and pertuzumab after relapse to
chemotherapy, 78% of patients had CTCs and higher baseline
counts were associated with response to treatment by Response
Evaluation Ciriteria in Solid Tumors (RECIST) (27).

In our hands, the number of CTC-positive patients
remained high (again, more than 80%) when blood samples
were taken immediately after surgery, but it dramatically
dropped to 13% in patients responding to chemotherapy
or TKIs. In patients relapsing, it raised again to 57%. A
decrease in the number of CTCs in serial blood samples have
been described in advanced NSCLC after partial or complete
response to therapies, and it was associated with a with
positron emission tomographic (FDG-PET) and RECIST
responses, and longer progression-free survival (26,27).

Finally, we evaluated the feasibility of using the CTCs
isolated by CK-coated magnetic-based beads as a source of
material for genetic testing, specifically EGFR and k-ras
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mutation detection. At this respect, we tested 8 patients
by standard techniques: PCR followed by sequencing or
fragment analysis and 5’ nuclease assay. Only the three
samples that had 4 or more CTCs could be successfully
amplified, in line with the previously described sensitivity of
our technique. This compares poorly to the results obtained
with the CellSearch® System, where mutations could be
detected in a significant number of CTC positive patients,
probably due to a higher CTC count (27).

In summary, we have shown that CK-coated magnetic-
based beads allow for isolation of CTCs of with epithelial
and mesenchymal features, and CTC positivity by this
methodology might correlate with the clinical history of the
malignancy. However, the total number of cells isolated does
not seem to be sufficient for successful genetic testing by
standard techniques in a majority of patients. Therefore, more
sensitive approaches such as digital PCR or NGS are needed.
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