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Abstract

Epithelial cell adhesion molecule (EpCAM)-targeted capture remains the most common isolation strategy for circulating
tumor cells (CTCs). However, epithelial-to-mesenchymal transition (EMT) leads to decreased epithelial EpCAM
expression affecting the optimal CTC capture. In this study, we tested a cohort of ovarian cancer cell lines using flow
cytometry to identify N-cadherin as the additional immunomagnetic cell surface target for ovarian cancer cell isolation.
Combined immunomagnetic targeting of mesenchymal N-cadherin and epithelial EpCAM enriched CTCs from advanced
ovarian cancer patient blood approximately three times more efficiently than targeting of EpCAM alone. We also show
that more EMT-phenotype CTCs are captured by including N-cadherin targeting into CTC isolation protocols. However,
after N-cadherin-based CTC isolation, in some blood samples of healthy individuals, we also observed the presence of
cells expressing markers common to CTCs. Our data show that these “false positives” can be largely distinguished from
CTGs as circulating endothelial cells (CECs) by vascular endothelial-cadherin co-staining. CEC counts are highly variable
in patients and healthy controls. Our data demonstrate that a combination of EpCAM with N-cadherin-targeted isolation
can improve CTC detection and widen the EMT-phenotype spectrum of captured CTCs.
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Introduction

Ovarian cancer is the fifth leading cause of cancer in
women and the leading cause of gynecological cancer
death worldwide. While 70-80% of patients initially
respond to first-line platinum-based chemotherapy, others
have intrinsically resistant tumors. Further, the majority
(70%) of advanced-stage patients will eventually develop
treatment resistance.'”

The analysis of circulating tumor cells (CTCs) is emer-
ging as a promising way to monitor cancer progression and
the effectiveness of therapy. CTCs are cells that have shed
from the primary or metastatic tumor and intravasated into
the blood stream. CTC isolation and analysis can give an
insight into the disease biology and its behavior. Expect-
edly, high CTC counts have been correlated with disease
progression and poorer prognosis in colorectal, breast, and
prostate cancers (reviewed by Caixeiro et al.®). A compre-
hensive study in ovarian cancer patients (n = 216) showed
that CTC counts above two at therapy commencement cor-
related with poorer progression-free and overall survival.*
Another study found that enhanced CTC counts predicted
relapse or progression in 31 epithelial ovarian cancer
patients.” Although some smaller studies found no correla-
tion of CTCs with disease progression, four recent meta-
analyses showed that CTC positivity in ovarian cancer
patients was significantly associated with shorter overall,
disease-free, and progression-free survival as well as
advanced stage in ovarian cancer.®”’

Potential diagnostic application of ovarian cancer
patient CTCs include CTC ERCCI transcript detection
associated with platinum resistance, detection of CTC clus-
ters associated with platinum resistance, and in vitro assay-
ing of platinum sensitivity in cultured CTCs which
correlated with patient response.'®'? Thus, although CTCs
are often considered of minor relevance in ovarian cancer
because it metastasizes mainly throughout the peritoneum,
a view that was challenged by data using an elegant para-
biosis mouse model, ovarian cancer CTCs appear to have
value as biomarkers.'>'*

Currently, the most common method of CTC isolation
relies on immunomagnetic cell capture by targeting the
epithelial cell adhesion molecule (EpCAM). However,
with EpCAM expression lost or reduced, CTC detection
may be difficult,'>'® and there is evidence for EpCAM
heterogeneity in ovarian cancer cells.'” Moreover, EpCAM
is downregulated during epithelial-to-mesenchymal transi-
tion (EMT), a process that is implicated in the metastatic
spread of cancer and especially the egress of CTCs into the
circulation.'® A recent study evaluating epithelial and
mesenchymal gene expression of ovarian cancer patient
CTCs before and after chemotherapy suggested that
platinum-based therapy enriches EMT-like CTCs."? Simi-
larly, EMT-phenotype changes may be a marker of resis-
tance to platinum therapy as shown for ovarian cancer cell
lines,?® and gradual change towards EMT gene expression

signatures in ovarian cancer tissue during progression to
platinum resistance was correlated with poor prog-
nosis.>"**> Quite contrary, another study indicates that the
epithelial cell phenotype combined with high nuclear factor
kB activity is associated with ovarian cancer platinum
resistance.>® Taking the evidence together, liquid biopsies
and CTC analysis may provide important predictive and
prognostic information, and heterogeneity in resistance
mechanisms suggest that both epithelial and mesenchymal
cells need to be investigated to follow changes of disease
progression biomarkers in a representative population of
CTCs.

A well-characterized central step during EMT is the
expression switch of the epithelial cell-cell adhesion mole-
cule E-cadherin to the mesenchymal cell-cell adhesion
molecule N-cadherin (reviewed by Lamouille et al.**), and
an E-cadherin-to-N-cadherin switch was shown in ovarian
cancer tissue at progression from stage II to stage II1.%
Therefore, in this study, we assessed E-cadherin, EpCAM,
and N-cadherin expression on the surface of ovarian cancer
cell lines to identify N-cadherin, in addition to EpCAM, as
a useful target for immunomagnetic CTC isolation. We
demonstrate that additional CTCs are isolated by combin-
ing EpCAM with N-cadherin-targeted CTC isolation by
establishing a method to identify EMT-phenotype CTCs.

Materials and methods

Patients

Patients were recruited from Liverpool Cancer Therapy
Centre and The Crown Princess Mary Cancer Centre West-
mead. Clinical information was sourced from patient med-
ical records. Information at the time of blood sampling was
collected including age and primary cancer site. Treatment
information was collected including chemotherapy regi-
men, previous lines of therapy prior to CTC isolation,
serum CA-125 levels, and radiological assessments (Online
Supplementary Table S1). Blood samples from healthy
individuals were analyzed as controls.

Cell culture

Ovarian cancer cell lines A2780, CAOV3, COLO316, ES2,
OVCAR3, PEOI, PEO4, PEO14, SKOV3, and the WME-
099 EBV-transformed human B-lymphocyte cell line were
maintained in RPMI 1640 media (Lonza, Basel, Switzer-
land) supplemented with 10% fetal bovine serum (FBS)
(Interpath, Melbourne, Australia) in a humidified incubator
with 5% atmospheric carbon dioxide at 37°C. All cell lines
were authenticated by Short Tandem Repeat (STR) Profil-
ing (Australian Genome Research Facility, Melbourne,
Australia) and tested negative for mycoplasma. Cells were
seeded at 15-20% confluency and cultured for 3 days.
Adhered cells were harvested with 0.2 mM ethylenediami-
netetraacetic acid (EDTA) in phosphate-buffered saline
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(PBS) at 37°C to maintain cell surface protein integrity.
Cell scrapers were used to help detach any cell adhering
beyond 5-10 min of PBS/EDTA incubation.

Flow cytometry

Detached cells were pelleted, resuspended, and aliquoted at
1-5 x 10° cells. Cells were blocked with 10% FBS in PBS
and probed sequentially with primary and secondary anti-
bodies for 30 and 20 min, respectively (Online Supplemen-
tary Table S2) and resuspended in 300 pl of PBS for
fluorescence-activated cell sorting (FACS) analysis (FACS
Canto II Cell Analyzer, BD Biosciences, North Ryde, Aus-
tralia). Flowing Software 2.5.1 was used for analysis
(Turku Centre for Biotechnology, Turku, Finland).

Immunocytostaining

Cells were seeded on sterile 18-mm diameter coverslips in
12-well plates at 2.5 x 10* cells/well and grown for 3 days.
Non-fixed cells were blocked with 10% FBS in PBS for 10
min and sequentially incubated with primary and second-
ary antibodies for 45 and 30 min, respectively (Online
Supplementary. Table S2). ProLong Gold Antifade
reagent with 4',6-diamidino-2-phenylindole (DAPI) (Life
Technologies, Melbourne, Australia) was used for mount-
ing. Fluorescent microscopy cell images were taken with a
BX53 microscope (Olympus, Notting Hill, Australia) with
20x objective using the CellSens Dimension imaging
software.

CTC capture

Immunomagnetic beads, Rare Cell Isolation Kit (Fluxion,
San Francisco, California, USA), were incubated with anti-
EpCAM or anti-N-cadherin antibodies for conjugation
according to the distributer’s protocol (Online Supplemen-
tary Table S2). Conjugated beads were stored at 4°C and
used within 4 weeks.

At each blood collection, three 9 ml peripheral blood
tubes were drawn per patient into EDTA vacutubes (Grei-
ner Bio-One, Frickenhausen, Germany) and processed
within 24 h. A total of 26 blood collections from 22 patients
were analyzed.

Lymphoprep and Sepmate tubes (Stemcell Technolo-
gies, Vancouver, Canada) were used to separate the periph-
eral blood mononuclear cells (PBMCs), containing CTCs,
according to the manufacturer’s instructions. PBMCs
derived from 9 ml blood each were washed once in PBS
and resuspended in 800 pl binding buffer; then, 40 pl FC
buffer (Fluxion) and either 30 pl anti-EpCAM antibody-
coupled beads or 30 pl anti-N-cadherin antibody-coupled
beads or 30 pl of each were added. Cells were incubated for
90 min at 4°C on a rotating platform and then loaded into
primed IsoFlux cartridges for CTC enrichment using the
IsoFlux standard isolation protocol (Fluxion). Enriched

CTCs samples were fixed with 3.7% formaldehyde in PBS
before immunocytostaining.

CTC immunocytostaining

Enriched CTC samples were washed with binding buffer
and blocked with 25 pl of 10% FBS in binding buffer,
followed by 15-min incubation with 25 pl of anti-CD45
antibody (Fluxion), 1:100 in 10% FBS/binding buffer.
After a binding buffer wash, cells were incubated with
25 ul Cy3-conjugated donkey anti-rabbit immunoglobulin
G (IgG) antibody (Fluxion), 1:200 dilution in 10% fetal calf
serum (FCS)/binding buffer for 15 min, washed again, then
permeabilized with 25 pul 0.2% Triton X-100, and incubated
with 25 pl of fluorescein isothiocyanate (FITC) conjugated
anti-cytokeratin antibody diluted in 10% FCS/binding buf-
fer (Online Supplementary Table S2) for 30 min. After
final wash steps, samples were transferred to glass slides
and mounted with ProLong Gold Antifade reagent with
DAPI (Life Technologies, Melbourne, Australia). Cells
were imaged as outlined above. Initially, CTCs from the
blood samples of 10 patients and 10 healthy blood donors
were detected and enumerated in this standard way by
establishing nuclear DAPI (Nuc+), cytokeratin (CK+),
and CD45— cells.

VE-cadherin quadruple immunocytostaining

For quadruple staining, enriched CTC samples were pre-
blocked with mouse immunoglobulins as above. After fix-
ing in 3.7% formaldehyde, the CTC immunocytostaining
protocol was followed by the Cy3-conjugated donkey anti-
rabbit IgG antibody probing. Sample was then washed in
binding buffer and incubated with VioBlue-conjugated
antihuman vascular endothelial (VE) -cadherin (cad) anti-
body for 30 min (Online Supplementary Table S2), fol-
lowed by cytokeratin probing. Sample mounting media
included DRAQS nuclear dye (Abcam, Melbourne, Austra-
lia) instead of DAPI. Imaging was performed as outlined
above. VioBlue VE-cad staining was scored immediately
in Nuc+/CK+/CD45— cells to avoid background associ-
ated with slide storage. Blood samples from six patients
and nine healthy donors were analyzed this way.

Finally, blood samples from six patients were com-
pared using quadruple staining with either antihuman
vimentin or VE-cad antibodies (as described above) ana-
lyzing CTC isolations based on targeting either the cell
surface marker EpCAM or the combination of EpCAM
and N-cadherin.

Vimentin quadruple immunocytostaining

For quadruple CTC and vimentin staining, enriched CTC
samples were preblocked in 25 pl mouse immunoglobulins
(Abacus, Brisbane, Australia) at a final concentration of
1.2 pg/Wl in binding buffer for 20 min to saturate any
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remaining free anti-mouse antibody present on magnetic
beads. Samples were then washed briefly in binding buffer
and fixed in 3.7% formaldehyde for 10 min. Initially, the
CTC immunocytostaining protocol was followed. After the
cytokeratin probing, samples were washed in binding buf-
fer and incubated with Alexa Fluor 647-conjugated mouse
antihuman vimentin antibody for 1 h at room temperature
(Online Supplementary Table S2). After three washes (2 x
PBS, 1x H,0) mounting media included Hoechst nuclear
dye, and cells were observed and images were captured as
mentioned earlier. Nuc+/CK+/CD45— cells were scored
as EMT-CTCs when showing strong vimentin reactivity
(Vim+).

N-cadherin quadruple immunocytostaining

For N-cadherin quadruple CTC staining, enriched CTC
samples or PBMCs were preblocked with mouse immuno-
globulins and then washed, fixed, and blocked as
mentioned earlier. Samples were then incubated with
FITC-conjugated anti-CD45 (Biolegend, San Diego, CA,
USA) and FITC-conjugated anti-CD144 (Miltenyi Biotec,
NSW, Australia) for 30 min. Samples were washed in bind-
ing buffer and probed with rabbit anti-N-cadherin (Novus,
Biologicals, Litleton CO, USA) for 60 min and then its
AlexaFluor647-conjugated secondary donkey anti-rabbit
IgG antibody (Jackson ImmunoResearch, West Grove,
PA, USA) for 30 min. After permeabilization with
0.2% Triton-X in PBS, samples were probed with
AlexaFluor555-conjugated pan-cytokeratin (Cell Signaling
Technology, Beverly, MA, USA) for 30 min (see Online
Supplementary Table S2, for antibody dilutions). After
three washes (2x PBS, 1x H,0), cells were observed and
images captured as mentioned earlier.

Compliance with ethical research standards

The study was conducted in accordance with the Declara-
tion of Helsinki and approved by the South Western Syd-
ney Local Health District Ethics Committee (Ref: HREC/
13/LPOOL/158). All patients and healthy controls included
in this study gave informed written consent for blood col-
lection and subsequent CTC analysis.

Results

Epithelial and mesenchymal cell surface proteins on
ovarian cancer cells

To identify suitable ovarian cancer cell surface proteins for
evaluating immunomagnetic CTC isolation, a heterogene-
ity representative cohort of nine different ovarian cancer
cell lines was analyzed by FACS and immunocytostaining
for the expression of E-cadherin, EpCAM, and N-cadherin.
A human B-lymphocyte cell line (WME-099) was included
in the analysis to rule out antibody interaction with lym-
phocytes. As expected, EpCAM was heterogeneously

expressed and was never found on the entire cell population
of any ovarian cancer cell line. In all, 60-85% of cells
expressed detectable EpCAM levels, while in two cell
lines, ES-2 and A2780, EpCAM was undetectable.
E-cadherin expression was found in the same cell lines that
expressed EpCAM, although the proportion of cells expres-
sing detectable E-cadherin tended to be slightly lower,
ranging from 30% to 80%, again ES-2 and A2780 lacked
E-cadherin. N-cadherin expression, on the other hand,
tended to be inversely related to EpCAM expression, with
EpCAM-negative ES-2 cells expressing detectable
N-cadherin in approximately 80% of cells. Exceptions were
EpCAM and E-cadherin-positive PEO14 cells that also
expressed high N-cadherin levels in approximately 75%
of cells, while EpCAM/E-cadherin-negative A2780 cells
also lacked detectable N-cadherin in the majority (>60%)
of cells (Figure 1). Overall, N-cadherin emerged as a pos-
sible target for EMT-CTC isolation.

N-cadherin-targeted CTC isolation from advanced
ovarian cancer patients

CTC isolation was performed using the Isoflux microflui-
dic CTC isolation instrument. We confirmed in initial
experiments that the GC-4 anti-N-cadherin antibody is suit-
able for immunomagnetic cell capture of ES-2 cells (data
not shown). To validate that N-cadherin in addition to
EpCAM targeting improves CTC isolation, we compared
CTC isolation in 20-patient blood collections from 18
advanced ovarian cancer patients when analyzed according
to standard CTC identification (Nuc+/CK+/CD45—).
CTCs were captured in 90% (18 of 20) of the patient sam-
ples when EpCAM and N-cadherin were targeted together,
and slightly fewer (80%, 16 of 20) by directing isolation at
EpCAM alone (Figure 2(a), Table 1). CTC counts showed
high intra-patient variability in all antibody groups (0-376
for EpCAM—, 0-853 for N-cadherin—, and 0-1300 for
combined targeted isolation). N-cadherin-directed CTC
isolation outperformed EpCAM-based isolation by 2.1-
fold, based on median fold change of CTC capture, while
combined targeting of N-cadherin and EpCAM increased
CTC capture 3.0-fold (Table 1). In 10 healthy blood donor
control samples, we also observed a background of cells
that met the staining criteria for CTCs when N-cadherin
alone or in combination with EpCAM was targeted for
isolation. Importantly, these “false-positive CTCs” were
highly variable in number, and most healthy individuals
had only moderate counts. Howver, 40% (4 of 10) of
healthy individuals had >10 cells in 9 ml blood meeting
the CTC definition of Nuc+/CK+/CD45— (Figure 2(b)).

Distinguishing CECs from CTCs

Circulating endothelial cells (CECs) are rare cells in the
circulation, expressing N-cadherin and cytokeratin®® and
thus are likely to be co-enriched with our assay as “false-
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Figure . Cell surface proteins on ovarian cancer cells and lymphocytes. The nine indicated ovarian cancer cell lines and the

lymphocyte line WMM-099 were tested for the expression of EpCAM, E-cadherin (E-cad), and N-cadherin (N-cad) by FACS analysis
and immunocytostaining. (a) Representative FACS histograms and immunocytostaining for mesenchymal ES-2%¢ and epithelial PEO|
cells?” are depicted. (b) The proportion (gray columns) of cells from the indicated cell lines expressing the designated proteins with
mean expression level (red bars) is graphed (mean + SEM. n > 2). FACS: fluorescence-activated cell sorting; SEM: standard error of
mean.

Table I. Comparative CTC isolation approaches with indicated antibodies presented by common CTC identification (Nuc+/CK+/

CDA45-).

Patient EpCAM N-cadherin Fold change Combination Fold change
Pt | 20 38 1.9 24 1.2
Pt2 0 17 — 2 —
Pt 3 0 0 — 0 —
Pt 4 19 25 1.3 58 3.1
Pt 5% 8 288 36.0 82 10.3
Pt 6 48 82 1.7 125 2.6
Pt 7 376 853 23 1300 35
P 7*" 236 307 1.3 697 3.0
Pt 8 8 24 3.0 42 5.3
Pt 9% 16 162 10.1 68 43
Pt 10 4 7 1.8 9 23
Pt Il 0 0 — 0 —
Pt 12 51 530 10.4 465 9.1
Pt 13 7 47 6.7 29 4.1
Pt 137 20 38 1.9 74 37
Pt 14 6 46 77 8 1.3
Pt 15 0 2 — | —
Pt 16 5 21 42 8 1.6
Pt 17 4 6 1.5 9 2.3
Pt 18 4 3 0.8 | 0.3
Median fold change 2.1 Median fold change 3.0

CTC counts per 9 ml blood. Data from 20 blood collections (18 patients) with CTCs stained by the common identification stain (Nuc+/CK+/CD45—)
(n = 10) or relevant data from common stain plus Vim (n = 4) or VE-cadherin (n = 6) are combined. Pt: patient; EpCAM: epithelial cell adhesion
molecule; CTCs: circulating tumor cells.

?Recollection post >3 months.

* <9ml blood available, data normalised to 9ml.
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Figure 2. Cell isolation from advanced ovarian cancer patients.
(2) Data from 20 blood collections (18 patients) are presented to
compare EpCAM, N-cadherin (N-cad), or the combination
(Combi) targeted CTC isolation efficiencies when applying the
standard CTC identification (Nuc+, CK+, and CD45-). (b)
False-positive “CTCs” in 10 healthy donor blood samples, when
using the standard CTC identification (Nuc+, CK+, and CD45-).
(c) CECs in healthy individuals and patients: the same cell isolation
method using a VE-cadherin (VE-cad) CEC staining protocol
identified co-isolated CECs in patients (n = 6) and healthy con-
trols (n = 9). Red symbols: patient-derived CTCs (a) or CECs (c);
black symbols: healthy control-derived false positive “CTCs” (b)
or CECs (c). All counts are presented as cells per 9 ml blood.
EpCAM: epithelial cell adhesion molecule; CTCs: circulating
tumor cells; CECs: circulating endothelial cells.

positive CTCs” when isolation is directed at EMT markers.
To identify CECs, a quadruple-staining identification strat-
egy, including probing for the endothelial marker VE-cad,
revealed that isolated CECs (Nuc+/CK+/VE-cad+/

CD45—) were enriched in blood collections from our
patients and healthy controls with comparable distribution
to the cells we identified as “false-positive CTCs” (Figure
2(b) and (c)). To help estimate how much of an issue false
positive (non-CTCs) are for this assay, we spiked SKOV3
cells into healthy donor blood and compared a small pro-
portion of pre-enrichment PBMCs with the major propor-
tion of blood after CTC enrichment using the same
staining. Mimicked CTCs (SKOV3) were found in the
pre-enrichment sample, consistent with the minor propor-
tion of PBMCs analyzed. Importantly, more cells met the
CEC criteria in the pre-enriched sample (5 from 1 ml blood
vs. 1 after N-cadherin-based CTC enrichment from 8.7 ml
blood). Together with the fact that no CECs were detected
after EpCAM or combined targeted CTC enrichment, this
indicates that the healthy donor had relatively low overall
CEC counts (Online Supplementary Figure S1).

The prevalence of CECs in ovarian cancer patients and
healthy controls confirmed that CEC co-isolation by
EpCAM targeting is rare, while N-cadherin targeting is
associated with increased identification of co-isolated
CECs. CEC counts are highly variable between individ-
uals and low (<5) in approximately 60% of assayed
healthy controls and patient samples. Strikingly though,
in patient 14, CECs (44 of 46) outnumbered CTCs
(2 of 46) (Figure 3(a)), highlighting the value of CEC
co-staining during CTC identification.

EMT-CTC detection and discrimination from CECs

To confirm that we can detect EMT-CTCs, we developed
another quadruple stain for Nuc+/CK+/CD45— CTCs by
including the EMT marker vimentin (Vim) into our immu-
nomagnetic CTC isolation method. Due to limitations of
our microscope (four-color detection only), we were unable
to include Vim and VE-cad detection in the same assay.

To determine whether contaminating CECs will affect
EMT-CTC detection, we decided to focus on CTCs isolated
by either EpCAM alone or in combination with N-cadherin
targeting. We performed a quadruple stain for VE-cad or
for Vim in CTCs of parallel samples from six patients, five
positive for CTCs (Figure 3(b)). EMT-CTCs were observed
at higher counts than CECs in the majority of patient sam-
ples regardless of isolation method. Only patient 22 dis-
played higher CEC counts than EMT-CTC counts
associated with CTC isolation by combination targeting.
Importantly, regardless of varying CEC co-purification,
true EMT-CTC counts were always higher in
combination-based CTC isolates in comparison to
EpCAM-alone—based isolation (Figure 3(b)).

To estimate how prevalent rare blood cell expression of
N-cadherin is and how well we are able to distinguish
EMT-CTCs from potential false positives, we took 27ml
blood from one patient. We then kept a small proportion of
the PBMCs pre-CTC enrichment to compare immunostain-
ing with staining after CTC enrichment using our different
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Figure 3. CEC and EMT-CTC capture by immunomagnetic isolation (a) top: representative quadruple staining of a CTC (VE-cad—,
CK+-, CD45—, and Nuc+) and CEC staining (VE-cad+, CK+, CD45—, and Nuc+). Bottom: ovarian cancer patient cells were isolated
by EpCAM, N-cadherin (N-cad), or combined targeting as indicated. The proportion of total CTCs and CECs captured with each

isolation strategy is displayed. All counts are presented as cells per 9 ml blood. (b) Top: representative quadruple staining of an epithelial
(EPI) and an EMT-phenotype CTCs. Bottom: comparison of EMT-CTC and CECs isolated from advanced ovarian cancer patients by
EpCAM or combined EpCAM plus N-cadherin (Combi) targeting. All counts are presented as cells per 9 ml blood. CECs: circulating
endothelial cells; EMT: epithelial-to-mesenchymal transition; CTCs: circulating tumor cells; CECs: circulating endothelial cells; EpCAM:

epithelial cell adhesion molecule.

isolation strategies. To also evaluate N-cadherin expression
in that setting, we combined CD45 with VE-cad probing in
the green fluorescent channel. The patient evidently had
very low CTC numbers (Online Supplementary Table
S3). Thus, not surprisingly, we did not detect any CTC in
the pre-enriched sample from 1 ml blood but detected four
non-CTCs (Nuc+/(CD45, VE-cad)+/CK+). In total, more
non-CTCs were detected in the enriched CTC samples,
indicating that the patient had high CEC counts which
could be appropriately distinguished from CTCs (Online
Supplementary Table S3). However, normalized on the
blood volume (8.7 ml) only N-cadherin-alone isolation pro-
duced similarly high non-CTC numbers, further evidencing
that this enrichment strategy may also enrich potential false
positives most effectually (Online Supplementary Table
S3). The detected non-CTCs might be CECs, although with
some uncertainty, due to CD45 and VE-cad detection in the
same fluorescent channel in these experiments. Of note, N-
cadherin was detected in some but not all of these cells
(Online Supplementary Figure S2).

We set out to demonstrate increased isolation efficiency
with our method, and blood collections were not restricted
to specific time points throughout treatment. Thus, not
unexpectedly, no significant correlation between CTC

numbers and disease parameters was observed (data not
shown).

Discussion

The aim of this study was to establish a method to improve
immunomagnetic CTC isolation from ovarian cancer
patients by capturing both CTCs with epithelial and
mesenchymal phenotype. The EMT-phenotype change is
characterized by an E-cadherin-to-N-cadherin switch
(reviewed by Lamouille et al.>*), while expectedly the two
epithelial markers EpCAM and E-cadherin are closely co-
expressed in our large ovarian cancer cell line cohort. Thus,
well-established EpCAM-based CTCs isolation is likely
adequate to isolate epithelial cells. As expected, we con-
firmed increased levels of N-cadherin in our ovarian cancer
cell lines with low EpCAM levels, and these flow cytome-
try data informed our decision to add N-cadherin to our
immunomagnetic targeting assay using the Isoflux plat-
form. However, it is worth highlighting that N-cadherin
was not expressed on approximately 75% of EpCAM-
negative A2780 cells, implying that A2780-like CTCs are
likely to remain as poorly detectable with our method as
with established EpCAM-based CTC isolation methods.
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Notably, A2780 ovarian origin has been questioned previ-
ously as genetic clustering puts these cells closer to intest-
inal or lung cancer cells.>>*’

Our data show that targeting the EMT marker
N-cadherin with a commercially available anti-N-
cadherin antibody isolates 2.1-fold more CTCs from
advanced ovarian cancer patients than EpCAM-alone-
based isolation and 3.0-fold more when used together with
EpCAM targeting. Our CTC isolation efficiencies from 80%
to 90% of patients are comparable to other ovarian cancer
studies that detected CTCs from 14% to 85% of patients
dependent on disease stage and CTC detection methods.*
Notably, CTC counts when targeting EpCAM alone were
similar to those reported in a recent ovarian cancer study
using the Isoflux platform (range 0—1208; median 55).>° In
comparison to EpCAM-alone—targeted CTC isolation, CTC
counts were always higher when N-cadherin was targeted
alone or in combination with EpCAM, although some
co-purification of CECs was observed when including
N-cadherin targeting into isolation strategies.

In our study, N-cadherin-alone—based isolation of CTCs
always improved on EpCAM-alone-based isolation. Also,
the combined targeting always improved on EpCAM-alone
targeting; however, the combination strategy was only
superior to N-cadherin-alone—based CTC isolation in about
half of the samples. We speculate that immunomagnetic
beads with different antibodies in the same admixture can
cause interference with cell capture if only one of the tar-
geted antigens is predominantly expressed. Thus, an EMT-
CTC population predominantly expressing N-cadherin
would be expected to be more efficiently isolated with
N-cadherin-only targeting than by adding potentially inter-
fering beads coupled to, in the context less relevant, anti-
EpCAM antibodies. We, therefore, propose that antibody
cocktails used in CTC isolation should be considered
with caution, as antibodies that might only aid in excep-
tional cases to isolate relatively rare cells may interfere
in the appropriate isolation of the intended common cell
population. Nevertheless, we propose that combining
EpCAM with N-cadherin-based ovarian cancer CTC isola-
tion will ultimately be a more successful strategy, particu-
larly if also investigating early-stage patients, who would
be expected to have more epithelial CTC phenotypes.

Our data confirm that, similar to size filtration-based
CTC enrichment methods, CTC isolation strategies focus-
ing not only on EpCAM expressing CTCs lead to higher
total CTC counts.>"'> However, we confirm that EpCAM-
only—based CTC isolation yields purer CTC populations as
contamination with false positives is rare in comparison to
N-cadherin-based CTC isolation. Our data also confirm,
importantly, that CECs are an important cause of false-
positive CTC identification and are not distinguished by
the common CTC identification (Nuc+/CK+/CD45-).
Moreover, CECs not only express N-cadherin but also a
number of other markers that have been previously pro-
posed for CTC isolation, such as Epidermal growth factor

receptor (EGFR), vimentin, and fibronectin. With a cell
size ranging up to around 10 pm, they may also not be
filtered out sufficiently by size exclusion methods of CTC
isolation. Our data agree with studies that specifically tar-
geted CECs for isolation, where CEC counts were highly
variable in healthy individuals (0-29/ml blood) and tended
to be increased in some disease states including cancer
(reviewed by Po et al.?®). Therefore, it is important to
account for CECs when using any non-EpCAM-based CTC
isolation method. We developed quadruple-stain CTC
identification (Nuc+/CK+/CD45—/VE-cad—) that largely
diminishes the identification of false-positive CTCs by dis-
tinguishing them from co-isolated CECs. Importantly,
regardless of whether CECs might make up a varying pre-
dominantly smaller proportion of cells in a CTC isolate,
parallel samples confirmed that immunomagnetic CTC iso-
lation based on EpCAM plus N-cadherin does isolate more
EMT-phenotype CTCs than EpCAM targeting and any
CEC can be readily distinguished. This indicates that
although CECs can be considerable for a few individuals,
when isolating CTCs by other than EpCAM-based meth-
ods, they play mostly a minor role especially if a study only
analyses CTC numbers.

Our study was aimed to improve immunomagnetic CTC
isolation by also targeting EMT-CTCs, and we confirmed
our isolation strategy in predominantly advanced disease
ovarian cancer patients. Our patient recruitment did not
require liquid biopsies at specific times during a patient’s
disease progression or with regard to timing before and
after treatment cycles. In our small heterogeneous cohort
used for method validation, we, therefore, did not observe
any obvious correlation of CTC counts with disease stage
or outcomes. We did, however, capture a larger number of
CTCs in a higher proportion of advanced ovarian cancer
patients by combined targeting of EpCAM and N-cadherin
for immunomagnetic isolation. Therefore, our data also
support the notion that ovarian cancer CTCs are more het-
erogeneous with regard to EMT status, which agrees with
the findings that emerging EMT-phenotype CTCs might be
associated with response to therapy.'.

In conclusion, we established a combined EpCAM and
N-cadherin immunomagnetic targeting strategy to improve
on the overall CTC isolation. We suggest that non-
EpCAM-based CTC isolation methods should employ a
quadruple staining method to avoid false positives. The
significance of detecting more and a wider range of CTC
phenotypes is that they are more likely to accurately rep-
resent the biology of a patient’s ovarian cancer at that point
in time, thus improving their value as potential tumor bio-
markers. Finally, our combined antibody targeting
approach may also be useful in improving CTC capture
in other cancer types.
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