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Abstract

Purpose Circulating tumor cells (CTCs) hold promise to be a non-invasive measurable biomarker in all cancer stages.
Because the analysis of CTCs is still a technical challenge, we compared different types of microfluidic enrichment protocols
to isolate these rare cells from the blood.

Methods Blood samples from patients with early and metastatic breast cancer (BC) were processed using the microfluidic
Parsortix® technology employing (i) a single-step cell separation using the standard GEN3D6.5 microfluidic cassette, (ii)
a two-step separation with an upfront pre-enrichment, and (iii) a two-step separation with a different type of cassette. In the
enriched cells, the gene expression levels of CTC-related transcripts were assessed using quantitative real-time PCR (qPCR)
by Tagman® and Lightcycler (LC) technology.

Results 23/60 (38.3%) BC samples were assigned as positive due to the presence of at least one gene marker beyond the
threshold level. The prevalence of epithelial markers was significantly higher in metastatic compared to early BC (EpCAM:
31.3% vs. 7.3%; CK19: 21.1% vs. 2.4%). A high level of concordance was observed between CK19 assessed by Tagman® and
LC technology, and for detection of the BC-specific gene SCGB2A2. An upfront pre-enrichment resulted in lower leukocyte
contamination, at the cost of fewer tumor cells captured.

Conclusion The Parsortix® system offers both reasonable recovery of tumor cells and depletion of contaminating leukocytes
when the single-step separation using the GEN3D6.5 cassette is employed. Careful selection of suitable markers and cut-off
thresholds is an essential point for the subsequent molecular analysis of the enriched cells.

Keywords Liquid biopsy - Gene expression analysis - Microfluidic enrichment - Density gradient centrifugation - Early
breast cancer

Introduction

The analysis of circulating tumor cells (CTCs) is usually a
two-step procedure, consisting of enrichment and detection,
both being critical for the specificity and sensitivity of the
overall approach. Regardless of whether CTCs are detected
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and further characterized by their intracellular proteins, gene
expression pattern or genetic make-up, the background of
benign cells may interfere with the analysis and thus needs
to be substantially reduced.

The number of residual white blood cells (WBC) is of par-
ticular relevance when CTCs are detected at the transcriptional
level, because a number of genes may also be expressed in
leukocytes, although to a very small extent. In this regard, the
Parsortix® technology (Angle plc., UK), which relies on the
microfluidic separation of cells due to their larger size and/
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or limited deformability as compared to blood cells, proved
to reduce the cellular background to a sufficient extent [4].
Only recently, the Parsortix® technology was cleared by the
US Food and Drug Administration for the diagnosis of CTCs
in metastatic breast cancer. Important features are preserved
viability of the enriched cells, high depletion of WBC, inde-
pendence from antigens on the cell surface, and automated
and fast processing of large blood volumes up to 50 ml. The
microfluidic separation of cells of interest takes place in a
microscope slide-sized disposable cassette which is mounted
in the Parsortix® PR1 device that generates controlled fluid
flow during separation. The sample (e.g., whole blood) passes
through a fluidic path over a stepped separator, and cell capture
is defined by the geometry (height) of the final step. Thus this
so-called “critical gap size” is a relevant parameter of the spe-
cific cassette types, impacting cell recovery and residual WBC
count, and finally duration of the entire separation process.

Recently, it was shown that Parsortix® enabled specific
detection of CTC-related transcripts with a rate of nearly
100%; however, improvements of tumor cell recovery rate
should be sought [10]. Meanwhile, the manufacturer modified
the microfluidic cassette by reducing the critical gap size from
10 um (GEN3D10 separation cassette) to 6.5 um (GEN3D6.5
separation cassette), claiming to enable detection of smaller
cells of interest, and consequently increase overall recovery of
target cells. Thus, due to its’ smaller gap size, the GEN3D6.5
cassette could allow for isolation of smaller CTCs; however,
with the potential caveat of higher numbers of residual WBCs.

In the present study, the transcript levels of a 6-gene panel
(CCNE2, PPIC, MAL2, EMP2, HIURP, and SCL6AS) pre-
viously published as candidate CTC markers [11], and of
epithelial cell lineage-specific (EpCAM, CK19) and breast
cancer-specific (SCGB2A2) markers were assessed. Blood
samples from patients with early and metastatic breast can-
cer (BC) after single-step enrichment using the Parsortix®
GEN3D6.5 separation cassette were processed. Further-
more, the performance of the single-step separation with
a previously developed two-step protocol, employing the
GEN3DI10 cassette with a larger critical gap of 10 um and
an upfront density gradient (DG) pre-enrichment at a lower
flow rate was assessed [10]. Finally, the question was asked
whether another two-step enrichment, namely combining
DG and the GEN3D6.5 microfluidic cassette, would suf-
ficiently reduce the number of WBCs without relative loss
of cells within the target cell population.

Materials and methods
Patients

Blood samples were taken from treatment-naive BC patients
at the Department of Obstetrics and Gynecology and at the
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Division of Oncology, Department of Medicine I (both at
Vienna General Hospital, Austria). Patient samples were
defined as early (stage I and II) and metastatic (stage [V) BC
based on the Tumor Node Metastasis (TNM) classification.
Control blood samples were collected from female healthy
donors (HD) without known history of cancer.

Processing of the blood samples

Thirty ml of blood was collected in Vacuette K3EDTA tubes
(Greiner Bio-One) and processed on the same day in accord-
ance with a recently published protocol [10]. In short, the
blood was divided into two equal parts to enable compari-
son of single-step and two-step enrichment of CTCs. Using
the single-step protocol (PX6.5), Parsortix® was the sole
enrichment step employing the GEN3D6.5 microfluidic cas-
sette with the critical gap size of 6.5 um. With the two-step
protocols, the blood samples were first enriched by DG cen-
trifugation using 15 ml Percoll (GE Healthcare; d=1.065 g/
ml, 305 mOsm/kg), and then, the cell suspensions were fur-
ther processed with GEN3D10 cassettes applying 23 mbar
pressure (DG10), or GEN3D6.5 cassettes applying 99 mbar
pressure (DG6.5). An overview on the respective protocols
is given in Fig. 1. After the microfluidic separation, the cap-
tured cells were harvested and immediately lysed by adding
350 ul RLT lysis buffer (Qiagen).

Spiking experiments

The breast cancer cell line SKBR-3 and the ovarian cancer
cell line CaOV-3 were grown in RPMI-1640 supplemented
with 10% fetal bovine serum and 1% penicillin—streptomy-
cin—gentamicin (Invitrogen) in a humidified atmosphere
at 37 °C and 5% CO2. At about 70% confluence, the cells
were trypsinized and stained with CellTrace Violet (Inv-
itrogen). One-hundred stained cells were manually picked
under a microscope and added to a 15 ml HD blood sample,
which was then processed using the respective protocol as
described above. In order to assess the capture rate of the
microfluidic enrichment, the fluorescently labeled tumor
cells trapped within the microfluidic cassette were counted
by two independent observers. The amount of residual
WBC in the harvest was assessed using a Neubauer count-
ing chamber. Then, as described above, the harvested cells
were lysed for subsequent RNA extraction.

The efficiency of the single-step microfluidic protocol
PX6.5 to capture SKBR-3 cancer cells was assessed in 12
replicate sample and six Parsortix® PR1 devices (two sam-
ples per device). The performance of PX6.5 and two-step
enrichment protocols DG6.5 and DG10 was compared by
processing each five replicate HD blood samples spiked with
the CaOV-3 cell line.
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Fig.1 Flow diagram of the protocols applied for the enrichment of
circulating tumor cells (CTCs) and the detection of CTC-related gene
transcripts. CTCs were enriched using the microfluidic Parsortix®

RNA extraction and reverse transcription

Total RNA was extracted from the cell lysates using the
RNeasy Micro Kit (Qiagen) without DNase treatment. The
total amount of RNA was converted into cDNA using the
SuperScript VILO Mastermix (Invitrogen), half of which
was further analyzed using gene-specific pre-amplification
and Tagman®-based qPCR. The other half was analyzed
using CK19-specific primers and hybridization FRET (Fluo-
rescent Resonance Energy Transfer) probes.

Gene expression analysis with qPCR

Following gene-specific pre-amplification, qPCR was
performed in duplicates using TagMan® Universal Mas-
termix II and exon spanning TagMan® assays (EpCAM,
CCNE2, PPIC, MAL2, EMP2, HIURP, SCGB2A2, and
SCL6AS; Life Technologies). CDKNIB was chosen as
reference gene to control for sample quality and quan-
tity. qPCR was performed on the ViiA7 Real-Time
PCR System with standard thermal cycling parameters.
CK19-specific qPCR was done using published primer
sequences [16] and with a FAM-labeled hydrolysis
probe (5'-TgTCCTgCAgATCgACAACgCCC-37). Raw

enrichment alone and in combination with an upstream density gradi-
ent centrifugation. CTC-related gene transcripts were detected using
Tagman® and Lightcycler technology (LC)

data were analyzed using ViiA7 Software (v1.1) with
automatic threshold setting and baseline correction. In
addition to the Tagman®-based qPCR, CK19 transcripts
without prior pre-amplification were assessed using
primers and hybridization FRET probes according to
Stathopoulou et al. [16] on a Lightcycler 480 instrument
(Roche).

Calculation of cut-off threshold values

If the amplification curve did not reach the threshold line
in both duplicate reactions, the sample was regarded as
negative for that respective transcript. Similarly, mean Ct
values > 35.0 were set to “undetermined” and regarded as
absent gene expression. For every marker with undetect-
able gene expression in HD samples, any mean Ct-value in
patient samples < 35.0 was assigned as positive.

In contrast, for every marker with gene expression
detected in HD samples (i.e. Ct-value < 35), a cut-off value
was calculated by adding the x-fold standard deviation (SD)
to the mean of the positive HD samples, so that the overall
false positive rate in the HD group became lower than 10%
[2]. This calculation was done for each gene marker sepa-
rately. A patient sample was then assigned positive for the
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respective gene marker if the Ct-value was below the cal-
culated threshold and negative if the Ct-value was beyond
the threshold.

Statistics

Residual WBCs, recovery of spiked tumor cells, and
duration of microfluidic enrichment by the respective
protocols are presented as mean and standard devia-
tion (SD) from replicate experiments. An ordinary one-
way ANOVA was performed to evaluate differences
between respective enrichment protocols. The associa-
tion between captured and harvested tumor cells was
assessed using Pearson correlation. The Fisher Exact
test was performed to examine the relation between
marker positivity and stage of disease at time of blood
draw (early vs. metastatic BC). Differences in positiv-
ity rates between the respective enrichment protocols
were assessed using McNemar test. To evaluate the level
of concordance between the single-step (PX6.5) and
two-step enrichment (DG6.5 and DG10) the Kappa test
adjusted for low prevalence and bias was used [14], and
the positive negative percent agreement (PPA and NPA)
was calculated. Statistical analyses was performed using
GraphPad Prism (vs. 9.3.1). The level of significance
was set at p <0.05.

Results

Performance of microfluidic enrichment
as a single-step process and in combination
with density gradient centrifugation

With the single-step approach PX6.5 the overall mean cap-
ture rate of SKBR-3 was 59.9% (n=12, SD+7.06; 95% CI
55.4-64.4), and all six devices performed similarly (two-
way ANOVA, p=0.054). A strong correlation was observed
between the number of captured and harvested cells (Pear-
son’s ¥=0.8115; p=0.001).

The standard procedure PX6.5 starting from whole blood
was characterized by largest number of WBCs in the har-
vest (mean 9644 WBCs, SD +2191; Fig. 2a) and the highest
capture rate (mean 77.4 CaOV-3 cells, SD +21.9; Fig. 2b).
However, PX6.5 took significantly longer than the separation
of pre-enriched samples, which in turn took significantly
longer with DG10 than with DG6.5 (Fig. 2¢). The differ-
ences in WBC content and tumor cell recovery between the
respective protocols was further reflected by gene expression
levels of the leukocyte-specific gene CD45 and the epithelial
cell marker gene CK19 (Fig. 2d).
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CTC-related markers following the single-step
microfluidic approach PX6.5

To answer the question, whether the number of residual leu-
kocytes after the single-step PX6.5 protocol was still suit-
able for subsequent qPCR, and whether the discrimination
of blood samples potentially harboring CTCs is feasible, the
gene expression levels of selected markers in blood samples
from 26 female HD and 60 BC patients were assessed. In
none of the control samples, CK19, MAL2 and SCGB2A2
transcripts were observed; thus, any BC samples with a
Ct-value < 35 was assigned as positive for the respective
marker. EpCAM and PPIC were detected in six (23.1%)
samples each, EMP2 in ten (38.5%), and H/IURP, SLC6AS,
and CCNE?2 in all HD samples. For each of these genes, a
cut-off threshold value was calculated in order to identify
BC blood samples with transcript levels beyond background
due to contaminating leukocytes.

In BC patient samples, transcript levels of at least one
gene beyond the calculated threshold value were observed
in 23/60 (38.3%) of clinical specimen (Table 1 and
Fig. 3). Pre-amplified gene expression levels of EpCAM
and CK19 exhibited significantly higher prevalence in
metastatic BC when compared with early BC (EpCAM:
31.3% vs. 7.3%; CK19: 21.1% vs. 2.4%). Among healthy
controls, 1/26 samples had a gene expression level (of
EMP?2) beyond the selected cut-off (Fig. 3), indicating a
high specificity.

Using a published protocol employing highly specific
CK19 primers and FRET probes without prior pre-ampli-
fication, CK19 transcripts were detected in none of the
26 HD samples, but in 5/60 BC samples (4/19 (21.1%)
metastatic BC, 2/41 (4.9%) early BC). A substantial level
of concordance of Tagman® and LC technologies was
observed (Cohen’s k=0.74; 95% CI 0.34-1.16), as well as
of CK19- and SCGB2A2-positivity (Cohen’s k=0.86; 95%
CI 0.46-1.27).

CTC-related markers following the combined
enrichment (DG6.5) using density gradient
centrifugation and the GEN3D6.5 microfluidic
cassette

To find out whether further depletion of WBCs would
increase the specificity of qPCR-based detection of the
selected markers compared to single-step enrichment, the
single-step microfluidic enrichment using a GEN3D6.5
cassette was compared with two-step enrichment using
preceding DG centrifugation in paired blood samples
from 24 BC patients (early BC n =8, metastatic BC
n=16).
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Fig.2 Characteristics of single-
step and two-step enrichment
protocols. a Number of residual
WBCs after enrichment; b
CaOV-3 tumor cell recovery;

¢ duration of the respective
protocols. Bars depicting mean
and the error bar standard
deviation of replicate spiking
experiments, with a one-way
ANOVA assessing the differ-
ence of the respective protocols.
d Violin plot showing Ct-values
of leukocyte-specific CD45 and
of epithelial cell-specific CK19
of harvested cells enriched by
respective protocols. Statisti-
cal comparisons are expressed
with asterisks (¥*p <0.05,

#*k%%p <0.0001). ns non-
significant
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Table 1 Prevalence of gene expression levels beyond the calculated
threshold in samples from BC patients and healthy donors

All BC early BC  metastatic p HD
(n=60) (n=41) BC (n=26)
(n=19)
Overall 23 (38.3%) 14 (34.1%) 9(47.4%) 0.397 1(3.8%)
EpCAM 9(15.0%) 3(73%) 6(31.6%)  0.023 0
CK19 583%) 124%) 4@21.1%) 0.031 0
CK19- 5(83%) 24.8%) 3(158%) 0314 0
FRET
SCGB2A2  4(6.7%) 124%) 3(158%) 0.089 0
MAL2 14 (23.3%) 10(24.4%) 4(21.1%) 1 0
EMP2 9(15.0%) 6(14.6%) 3(158%) 1 1(3.8%)
PPIC 8(13.3%) 6(14.6%) 2(10.5%) 1 0
HJURP 9(15.0%) 5(122%) 4(@21.1%) 0445 0
SCL6AS8 5@83% 3(7.3%)  2(10.5%) 0.648 0
CCNE2 10 (16.7%) 6 (14.6%) 4(21.1%) 0.711 0

Absolute and relative numbers of positive findings are shown for the
total study population of 60 patients, and stratified by stage of dis-
ease. The Fisher Exact Test was performed to examine the relation
between marker positivity and stage of disease at time of blood draw
(early vs. metastatic)

Overall, 10 of 12 PX6.5-positive samples remained
positive after combined enrichment (PPA 83.3%). EpCAM,
CK19, and SCGB2A?2 are characterized by high negative and
only a moderate positive agreement (NPA 88.2-100.0%;
PPA 42.9-66.7%) of single-step and two-step enrichment,
suggesting high specificity of the markers used and bet-
ter enrichment of CTCs using the PX6.5 standard proto-
col (Table 2). In three samples taken from metastatic BC
patients (Fig. 4, highlighted by arrows), the presence of
all epithelial markers may indicate a substantial number

early BC

of CTCs, which may also be the reason for high concord-
ance between the two enrichment methods in these cases.
The co-emergence of EpCAM, CK19, and MAL?2 in just a
single patient with early BC (Fig. 4, highlighted by an aster-
isk) may indicate a lower number of CTCs that can only
be detected after single-step enrichment. EMP2-, PPIC-,
HJURP-, and SCL6AS-positive samples are more likely to
be observed after combined enrichment, thus suggesting
that a higher number of residual WBCs after single-step
enrichment affects cut-off threshold values and detection
of CTCs.

Comparison of the previously employed combined
protocol (DG10) and single-step microfluidic
approach (PX6.5)

In a subset of 24 paired blood samples from early BC
patients, the standard single-step PX6.5 enrichment was
compared to the previously used DG10 two-step protocol
[10]. However, the small number of positive samples made
it difficult to compare the approaches used (Table 3). None
of the three EpCAM-positive samples enriched by DG10
was positive for SCGB2A2 or CK19, which may indicate
a low number of CTCs in these samples (Fig. 5). In con-
trast, employing the PX6.5 standard protocol, a single sam-
ple (Fig. 5, highlighted by an arrow) was positive for all
epithelial markers and MAL2. The presence of epithelial
CTCs in that specific sample was further indicated by CK19
transcripts detected by highly specific CK19 primer/FRET
probes. These results endorse the higher sensitivity of the
PX6.5 protocol. Overall, a poor concordance between the
approaches was observed, with just 4/24 samples assigned as
positive in both approaches due to transcript levels of at least

metastatic BC HD

EpCAM
CK19
CK19-FRET
SCGB2A2
MAL2
EMP2

PPIC
HJURP
SLC6AS8

CCNE2

Fig.3 Heat map showing the prevalence of transcripts. Red squares indicate gene expression beyond calculated threshold level per tested sample

in patients with early and metastatic BC, and in HD
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Table 2 . Prevalence of gene PX6.5 DG6.5 Concordance
expression levels beyond the
calculated threshold in paired Pos Neg P PPA NPA K
BC blood samples (n=24)
enriched by single-step (PX6.5) Overall Pos 10 2 0.114 83.3 333 0.17
and two-step approaches using Neg 8 4
upfront DG centrifugation EpCAM Pos 3 4 0.683 429 88.2 0.50
(DG6.5) Neg 2 15
CKI19 Pos 2 2 0.480 50.0 100.0 0.83
Neg 0 20
CKI9-FRET Pos 2 2 0.480 50.0 100.0 0.83
Neg 0 20
SCGB2A2 Pos 2 1 1 66.7 100.0 0.92
Neg 0 21
MAL2 Pos 3 4 0.134 429 100.0 0.67
Neg 0 17
EMP2 Pos 2 0 0.008 100.0 59.1 0.25
Neg 9 13
PPIC Pos 2 0 0.074 100.0 71.3 0.58
Neg 5 17
HJURP Pos 5 2 0.683 71.4 76.5 0.50
Neg 4 13
SCL6AS8 Pos 2 2 0.027 50.0 45.0 -0.08
Neg 11 9
CCNE2 Pos 4 3 1 57.1 76.5 0.42
Neg 4 13

Differences in positivity were assessed using the McNemar test. Additionally, the percent positive and neg-
ative agreement (PPA and NPA) of DG6.5 are shown (with the PX6.5 as reference), as well as the preva-

lence-adjusted bias-adjusted kappa

one gene marker beyond the threshold (prevalence-adjusted
bias-adjusted k=0.33).

Discussion

Previously, it was shown that microfluidic enrichment of
blood samples using the Parsortix® technology is compat-
ible with gene expression analysis of enriched cells due to
the highly efficient depletion of WBCs by the GEN3D10
cell separation cassette [10]. The question addressed by this
study is whether reducing the critical gap size of the Par-
sortix® cell separation cassette from 10 to 6.5 um would
have an impact on subsequent molecular analyses using
gPCR. In addition to established CTC markers (EpCAM,
CK19, and SCGB2A2), a 6-gene panel potentially related to
CTCs (CCNE2, PPIC, MAL2, EMP2, HIURP, and SCL6AS)
was chosen. These genes were differentially expressed in 40
human cancer cell lines as compared to healthy donor blood
samples and had been evaluated as candidate markers for the

identification of CTCs in density gradient enriched patient
samples [11].

The main finding of the present study is that the sin-
gle-step microfluidic enrichment of whole blood using
a critical gap of 6.5 um represents a balanced compro-
mise between tolerable loss of target cells and reason-
able amount of residual WBCs. While the detection of
highly specific transcripts such as CK19 and SCGB2A2
remains unaffected by the amount of WBC in the given
setting, other CTC-related markers, such as MAL2, EMP2,
and PPIC require a thorough evaluation of appropriate
threshold values, which may then justify the association
of elevated transcript levels and the presence of CTCs.
The association of the gene markers comprised in the
6-gene panel with tumor cells was demonstrated in tissue
specimen of cancer patients in an earlier study; however,
the large number of residual WBC after density gradient
enrichment compromised the association with CTCs in
patient blood samples [11].

In addition to gene expression analysis using Tagman®-
based qPCR following target-specific pre-amplification, a
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early BC  metastatic BC

EpCAM

CK19

CK19-FRET

SCGB2A2

MAL2

EMP2

PPIC

HJURP

SLCG6AS8

CCNE2

Fig.4 Prevalence of transcripts in BC patients with early (left panel)
and metastatic (right panel) disease. Gene expression beyond the cut-
off is indicated in red, below the cut-off in green. For each marker,
the prevalence obtained by the single-step enrichment is shown in the
upper row (PX6.5), whereas the bottom row the prevalence after an
additional pre-enrichment (DG6.5) is shown. Arrows and the asterisk
point to patients with a high number of positive gene markers

highly specific assay for the detection of CK/9 transcripts
in CTCs using the hybridization probe-based Lightcycler
technology was employed [16]. In line with Strati et al. and
using their set of primers and probes in metastatic BC [17],

@ Springer

21.1% CK-positive cases in the same setting were observed.
Moreover, the results from the Lightcycler qPCR reason-
ably agree with the Tagman® hydrolysis probe-based com-
mon qPCR in detecting CK19 transcripts (Cohen’s k=0.74),
alleviating concerns regarding a potential bias and lower
specificity introduced by the target-specific pre-amplification
step preceding Tagman® qPCR.

Furthermore, the presence of CK19 was accompanied
by SCGB2A?2 transcripts in 4/5 cases (Cohen’s k=0.86),
providing further evidence for the validity of the findings
obtained by a target-specific pre-amplification prior to
qPCR. SCGB2A2 is considered to be a mammary-specific
epithelial marker that was found to be a valuable diagnos-
tic tool to identify BC micrometastases in lymph nodes
[20]. Bredemeier et al. showed that about one third of
CK19-positive CTCs were characterized by SCGB2A2 co-
expression [1], while an inverse ratio was found by Van der
Auwera et al., who further demonstrated the superiority of
a multi-marker qPCR assay over EpCAM-based AdnaT-
est or CellSearch Assay [19]. The higher sensitivity of a
multi-marker approach postulated in the latter study may
be of relevance especially in early stages of cancer. Here,
not only the overall sensitivity may be higher than with a
single marker alone but also a score calculated based on
the number of markers beyond the cut-off threshold may
permit conclusions on CTC numbers or may be associated
with outcome [5, 9, 15].

While numerous studies have described the clinical rel-
evance of CTCs in metastatic BC, their role has yet to be
established in early BC. In patients with surgically resect-
able disease, CTC counts and incidence are even lower
than in patients with metastasized tumors, usually less than
1 CTC per 10 ml of blood [18]. These low numbers repre-
sent a major technical difficulty in CTC detection, and may
make comparative studies more difficult or even impossible
due to Poisson distribution of rare events. Similar to Poli-
taki et al. [12], a higher concordance of different technolo-
gies was observed in the subset of metastatic BC samples,
which had been processed using the same type of microflu-
idic cassette (GEN3D6.5) in both single-step and two-step
enrichment. In contrast, none of the paired early BC sam-
ples processed by different types of cassettes (single-step
GEN3D6.5 or two-step GEN3D10) was assigned positive
by both methods: Here, only the single-step enrichment
using GEN3D6.5 was able to yield a qPCR-positive result
indicating higher transcript levels of epithelial markers in
a single sample (arrow in Fig. 4, Table 3). However, these
observations should be interpreted with caution because of
small sample size and heterogeneity of blood samples used
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Table 3 Prevalence of gene PX6.5 DG10 Concordance
expression levels beyond the ’
calculated threshold in paired Pos Neg p PPA NPA K
BC blood samples (n=24)
enriched by standard (PX6.5) Overall Pos 4 1 0.077 36.4 92.3 0.33
and combined approach using Neg 7 12
an upfront DG centrifugation EpCAM Pos 0 1 0.617 0 95.0 0.67
and a different type of Neg 3 20
microfluidic cassette (DG10) CKI9 Pos 0 1 1 na 95.8 0.92
Neg 0 23
CKI19-FRET Pos 0 1 1 na 95.8 0.92
Neg 0 23
SCGB2A2 Pos 0 1 1 n.a 95.8 0.92
Neg 0 23
MAL2 Pos 1 2 0.480 100.0 91.3 0.83
Neg 0 21
EMP2 Pos 3 2 0.289 333 87.5 0.36
Neg 6 14
PPIC Pos 2 1 0.221 28.6 94.1 0.50
Neg 5 16
HJURP Pos 0 0 0.248 0 100.0 0.75
Neg 3 21
SCL6AS Pos 0 1 1 0 95.8 0.92
Neg 0 23
CCNE2 Pos 0 0 0.248 0 100.0 0.75
Neg 3 21

Differences in positivity were assessed using the McNemar test. Additionally, the percent positive and neg-
ative agreement (PPA and NPA) of the standard approach are given (with DG10 as reference), as well as
the prevalence-adjusted bias-adjusted kappa

to compare standard microfluidic enrichment with modi-
fied protocols.

Despite these limitations, the present study highlights
the significance of cut-off thresholds. The choice of an
optimal cut-off may not only be relevant in studies eval-
uating CTC counts [3, 6, 12], but even more in those
assessing expression levels of CTC-related genes [7-9,
15]. In the present study, transcript levels of the previ-
ously investigated 6-gene panel [11] in residual WBC
and the selection of a cut-off threshold led to potentially
false negative results in blood samples enriched by the
single-step protocol using the GEN3D6.5 microfluidic
cassette. In paired samples with a more efficient deple-
tion of WBCs—as achieved by additional DG centrifu-
gation or by increasing the critical gap size of the sepa-
ration cassette—more patient samples were assigned as
EMP?2- or PPIC-positive, because no gene expression in
HD was observed and the calculation of a threshold was

not necessary. These results may indicate smaller differ-
ential gene expression levels of EMP2 and PPIC in CTCs,
as—for example—of CK19 or SCGB2A2. However, con-
sidering the heterogeneous biological and physical char-
acteristics of CTCs, a reasonable compromise has to be
found between WBC depletion and recovery of CTCs.
Novel normalization strategies taking the individual WBC
background into account [13] may be worth further inves-
tigation in future studies.

To summarize, the Parsortix® technology using the
GEN3D6.5 separation cassette represents a valuable tool for
subsequent gene expression analyses of multiple markers.
Nevertheless, appropriate gene expression markers, assays
and of cut-off threshold values need to be used and vali-
dated to enable correlation with clinical outcome in specified
patient populations.
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CK19

CK19-FRET

SCGB2A2
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Fig.5 Prevalence of in BC patients with early disease. For each
marker, the prevalence obtained by the standard enrichment using
the GEN3D6.5 microfluidic cassette (PX6.5) is shown in the upper
row, whereas the bottom row the prevalence after the previously
established protocol using a 10 pm cassette and an additional pre-
enrichment (DG10) is shown. Transcript levels beyond threshold cut-
off level are marked in red. The arrow points to a patient with a high
number of positive gene markers

@ Springer

Author contributions Conceptualization, EO, CS and RZ; methodol-
ogy, ES, BH, and SP; software, EO; formal analysis, EO, CS and MH.;
investigation, EO, MM, and RZ; resources, CD, MM and CS; writing—
original draft preparation, CS and EO; writing—review and editing,
MM, MK, CD and SP; visualization, EO; supervision, RZ; project
administration, EO, and RZ; funding acquisition, RZ All authors have
read and agreed to the published version of the manuscript.

Funding Open access funding provided by Medical University of
Vienna. This study received support from Angle plc in the form of
an in-kind contribution of Parsortix® PR1 devices and microfluidic
separation cassettes.

Data availability The datasets generated during the current study are
available from the corresponding author on reasonable request.

Declarations

Competing interests C.D. received a travel grant from Motiva and
honoraria from Roche. S.P. is an employee of ANGLE Europe Lim-
ited, Guildford, UK. ANGLE had no influence on the design of the
study and on the interpretation of the results. M.M. received hono-
raria from Roche, Eli Lilly, Novartis, Astra Zeneca, Daiichi Sankyo,
Pfizer, MSD, and Medmedia, and travel support from Amgen, Roche,
Novartis, Pierre Fabre, Daiichi Sankyo, and Eisai. R.Z. and E.O. hold
patents on novel markers for the detection of CTCs comprising CCNE2
and PPIC. C.S., E.S., B.H., M.K. declare no conflict of interest.

Ethical approval and consent All patients and donors had signed a
written informed consent form. This study was approved by the Ethics
Committee of the Medical University of Vienna, Austria (EK366/2003
and EK2266/2018).

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Bredemeier M, Edimiris P, Mach P, Kubista M, Sjoback R,
Rohlova E, Kolostova K, Hauch S, Aktas B, Tewes M, Kimmig
R, Kasimir-Bauer S (2017) Gene expression signatures in circulat-
ing tumor cells correlate with response to therapy in metastatic
breast cancer. Clin Chem 63:1585-1593. https://doi.org/10.1373/
clinchem.2016.269605

2. Bredemeier M, Edimiris P, Tewes M, Mach P, Aktas B, Schellbach
D, Wagner J, Kimmig R, Kasimir-Bauer S (2016) Establishment
of a multimarker qPCR panel for the molecular characterization
of circulating tumor cells in blood samples of metastatic breast


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1373/clinchem.2016.269605
https://doi.org/10.1373/clinchem.2016.269605

Breast Cancer Research and Treatment (2022) 196:75-85

85

10.

cancer patients during the course of palliative treatment. Onco-
target 7:41677-41690. https://doi.org/10.18632/oncotarget.9528
Deutsch TM, Stefanovic S, Feisst M, Fischer C, Riedel F, Fremd
C, Domschke C, Pantel K, Hartkopf AD, Sutterlin M, Brucker SY,
Schneeweiss A, Wallwiener M (2020) Cut-off analysis of CTC
change under systemic therapy for defining early therapy response
in metastatic breast cancer. Cancers (Basel). https://doi.org/10.
3390/cancers12041055

Hvichia GE, Parveen Z, Wagner C, Janning M, Quidde J, Stein A,
Muller V, Loges S, Neves RP, Stoecklein NH, Wikman H, Rieth-
dorf S, Pantel K, Gorges TM (2016) A novel microfluidic platform
for size and deformability based separation and the subsequent
molecular characterization of viable circulating tumor cells. Int J
Cancer 138:2894-2904. https://doi.org/10.1002/ijc.30007
Ignatiadis M, Kallergi G, Ntoulia M, Perraki M, Apostolaki
S, Kafousi M, Chlouverakis G, Stathopoulos E, Lianidou E,
Georgoulias V, Mavroudis D (2008) Prognostic value of the
molecular detection of circulating tumor cells using a multi-
marker reverse transcription-PCR assay for cytokeratin 19,
mammaglobin A, and HER?2 in early breast cancer. Clin Can-
cer Res 14:2593-2600. https://doi.org/10.1158/1078-0432.
CCR-07-4758

Janni WJ, Rack B, Terstappen LW, Pierga JY, Taran FA, Fehm
T, Hall C, de Groot MR, Bidard FC, Friedl TW, Fasching PA,
Brucker SY, Pantel K, Lucci A (2016) Pooled analysis of the
prognostic relevance of circulating tumor cells in primary breast
cancer. Clin Cancer Res 22:2583-2593. https://doi.org/10.1158/
1078-0432.CCR-15-1603

Josefsson A, Larsson K, Freyhult E, Damber JE, Welen K (2019)
Gene expression alterations during development of castration-
resistant prostate cancer are detected in circulating tumor cells.
Cancers (Basel). https://doi.org/10.3390/cancers12010039
Keup C, Mach P, Aktas B, Tewes M, Kolberg HC, Hauch S,
Sprenger-Haussels M, Kimmig R, Kasimir-Bauer S (2018) RNA
profiles of circulating tumor cells and extracellular vesicles for
therapy stratification of metastatic breast cancer patients. Clin
Chem 64:1054-1062. https://doi.org/10.1373/clinchem.2017.
283531

Miyamoto DT, Lee RJ, Kalinich M, LiCausi JA, Zheng Y, Chen
T, Milner JD, Emmons E, Ho U, Broderick K, Silva E, Javaid
S, Kwan TT, Hong X, Dahl DM, McGovern FJ, Efstathiou JA,
Smith MR, Sequist LV, Kapur R, Wu CL, Stott SL, Ting DT,
Giobbie-Hurder A, Toner M, Maheswaran S, Haber DA (2018)
An RNA-based digital circulating tumor cell signature is predic-
tive of drug response and early dissemination in prostate cancer.
Cancer Discov 8:288-303. https://doi.org/10.1158/2159-8290.
CD-16-1406

Obermayr E, Maritschnegg E, Agreiter C, Pecha N, Speiser P,
Helmy-Bader S, Danzinger S, Krainer M, Singer C, Zeillinger
R (2018) Efficient leukocyte depletion by a novel microfluidic
platform enables the molecular detection and characterization of
circulating tumor cells. Oncotarget 9:812—823. https://doi.org/10.
18632/oncotarget.22549

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Obermayr E, Sanchez-Cabo F, Tea MK, Singer CF, Krainer M,
Fischer MB, Sehouli J, Reinthaller A, Horvat R, Heinze G, Tong
D, Zeillinger R (2010) Assessment of a six gene panel for the
molecular detection of circulating tumor cells in the blood of
female cancer patients. BMC Cancer 10:666. https://doi.org/10.
1186/1471-2407-10-666

Politaki E, Agelaki S, Apostolaki S, Hatzidaki D, Strati A, Koinis
F, Perraki M, Saloustrou G, Stoupis G, Kallergi G, Spiliotaki
M, Skaltsi T, Lianidou E, Georgoulias V, Mavroudis D (2017)
A comparison of three methods for the detection of circulating
tumor cells in patients with early and metastatic breast cancer.
Cell Physiol Biochem 44:594—-606. https://doi.org/10.1159/00048
5115

Ring A, Campo D, Porras TB, Kaur P, Forte VA, Tripathy D, Lu
J, Kang I, Press MF, Jeong YJ, Snow A, Zhu Y, Zada G, Wagle N,
Lang JE (2022) Circulating tumor cell transcriptomics as biopsy
surrogates in metastatic breast cancer. Ann Surg Oncol. https://
doi.org/10.1245/s10434-021-11135-2

Sim J, Wright CC (2005) The kappa statistic in reliability stud-
ies: use, interpretation, and sample size requirements. Phys Ther
85:257-268

Singhal U, Wang Y, Henderson J, Niknafs YS, Qiao Y, Gursky A,
Zaslavsky A, Chung JS, Smith DC, Karnes RJ, Chang SL, Feng
FY, Palapattu GS, Taichman RS, Chinnaiyan AM, Tomlins SA,
Morgan TM (2018) Multigene profiling of CTCs in mCRPC iden-
tifies a clinically relevant prognostic signature. Mol Cancer Res
16:643-654. https://doi.org/10.1158/1541-7786.MCR-17-0539
Stathopoulou A, Ntoulia M, Perraki M, Apostolaki S, Mavroudis
D, Malamos N, Georgoulias V, Lianidou ES (2006) A highly spe-
cific real-time RT-PCR method for the quantitative determination
of CK-19 mRNA positive cells in peripheral blood of patients with
operable breast cancer. Int J Cancer 119:1654—1659. https://doi.
org/10.1002/ijc.22017

Strati A, Nikolaou M, Georgoulias V, Lianidou ES (2021) RNA-
based CTC analysis provides prognostic information in metastatic
breast cancer. Diagnostics (Basel). https://doi.org/10.3390/diagn
ostics11030513

Thery L, Meddis A, Cabel L, Proudhon C, Latouche A, Pierga
JY, Bidard FC (2019) Circulating tumor cells in early breast can-
cer. JNCI Cancer Spectr 3:pkz026. https://doi.org/10.1093/jncics/
pkz026

Van der Auwera I, Peeters D, Benoy IH, Elst HJ, Van Laere SJ,
Prove A, Maes H, Huget P, van Dam P, Vermeulen PB, Dirix
LY (2010) Circulating tumour cell detection: a direct comparison
between the Cell Search System, the AdnaTest and CK-19/mam-
maglobin RT-PCR in patients with metastatic breast cancer. BrJ
Cancer 102:276-284. https://doi.org/10.1038/sj.bjc.6605472
Wang Z, Spaulding B, Sienko A, Liang Y, Li H, Nielsen G, Yub
Gong G, Ro JY, Jim Zhai Q (2009) Mammaglobin, a valuable
diagnostic marker for metastatic breast carcinoma. Int J Clin Exp
Pathol 2:384-389

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.18632/oncotarget.9528
https://doi.org/10.3390/cancers12041055
https://doi.org/10.3390/cancers12041055
https://doi.org/10.1002/ijc.30007
https://doi.org/10.1158/1078-0432.CCR-07-4758
https://doi.org/10.1158/1078-0432.CCR-07-4758
https://doi.org/10.1158/1078-0432.CCR-15-1603
https://doi.org/10.1158/1078-0432.CCR-15-1603
https://doi.org/10.3390/cancers12010039
https://doi.org/10.1373/clinchem.2017.283531
https://doi.org/10.1373/clinchem.2017.283531
https://doi.org/10.1158/2159-8290.CD-16-1406
https://doi.org/10.1158/2159-8290.CD-16-1406
https://doi.org/10.18632/oncotarget.22549
https://doi.org/10.18632/oncotarget.22549
https://doi.org/10.1186/1471-2407-10-666
https://doi.org/10.1186/1471-2407-10-666
https://doi.org/10.1159/000485115
https://doi.org/10.1159/000485115
https://doi.org/10.1245/s10434-021-11135-2
https://doi.org/10.1245/s10434-021-11135-2
https://doi.org/10.1158/1541-7786.MCR-17-0539
https://doi.org/10.1002/ijc.22017
https://doi.org/10.1002/ijc.22017
https://doi.org/10.3390/diagnostics11030513
https://doi.org/10.3390/diagnostics11030513
https://doi.org/10.1093/jncics/pkz026
https://doi.org/10.1093/jncics/pkz026
https://doi.org/10.1038/sj.bjc.6605472

	Comparison of microfluidic platforms for the enrichment of circulating tumor cells in breast cancer patients
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Patients
	Processing of the blood samples
	Spiking experiments
	RNA extraction and reverse transcription
	Gene expression analysis with qPCR
	Calculation of cut-off threshold values
	Statistics

	Results
	Performance of microfluidic enrichment as a single-step process and in combination with density gradient centrifugation
	CTC-related markers following the single-step microfluidic approach PX6.5
	CTC-related markers following the combined enrichment (DG6.5) using density gradient centrifugation and the GEN3D6.5 microfluidic cassette
	Comparison of the previously employed combined protocol (DG10) and single-step microfluidic approach (PX6.5)

	Discussion
	References




