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Abstract

Circulating tumor cells (CTCs) are an established prognostic marker in metastatic prostate cancer (PrC) but have received
little attention in localized high-risk disease. Peripheral blood was obtained from patients with early intermediate and high-
risk PrC (n=15) at baseline, after radiotherapy, and during follow-up, as well as from metastatic PrC patients (n=23).
CTCs were enriched using the microfluidic Parsortix® technology. CTC-related marker were quantified with qPCR and
RNA in-situ hybridization (ISH). Positivity and associations to clinical parameters were assessed using McNemar test,
Fisher Exact test or log-rank test. The overall positivity was high in both cohorts (87.0% metastatic vs. 66.7% early at
baseline). A high concordance of qPCR and RNA ISH was achieved. In metastatic PrC, PS4 and PSMA were prognostic
for shorter overall survival. In early PrC patients, an increase of positive transcripts per blood sample was observed from
before to after radiation therapy, while a decrease of positive markers was observed during follow-up. CTC analysis
using the investigated qPCR marker panel serves as tool for achieving high detection rates of PrC patient samples even
in localized disease. RNA ISH offers the advantage of confirming these markers at the single cell level. Employing the
clinically relevant marker PSMA, our CTC approach can be used for diagnostic purposes to screen patients profiting from

PSMA-directed PET-CT or PSMA-targeted therapy.
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Introduction

Prostate cancer (PrC), the most frequent cancer and third
cause of cancer death in men in Europe, accounted for
22.3% of all new cancer cases and 10.0% of all cancer-
related deaths in 2020 [1]. The 5-year relative survival rate
of localized or regional disease at presentation is more than
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99%; however with distant metastases just about 34% of the
patients will survive five years [2].

The development of distant metastases is facilitated by
the dissemination of tumor cells into the blood stream,
known as circulating tumor cells (CTC). CTCs have prog-
nostic relevance in different tumor types including PrC.
The CellSearch® assay (Menarini Silicon Biosystems) is
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currently the only US Food and Drug Administration (FDA)
approved system for the detection of CTCs in metastatic
PrC. This assay relies on the presence of epithelial character-
istics such as the expression of EpCAM on the cell surface
and intracellular cytokeratins. Using the CellSearch® assay,
an unfavorable pretreatment count of at least five CTCs per
7.5 ml blood was observed in 57% of patients with meta-
static (castration-resistant) PrC and predicted shorter overall
survival [3]. At early PrC stages CTCs were observed in
just 8-33% of the cases, and the CTC numbers were lower
than in patients with metastatic disease, ranging from 1 to
15 CTCs (per 7.5 ml blood) depending on the method used
[4-7]. Although the presence of a single CTC detected by
the CellSearch® assay was shown to be linked to shorter
overall survival of the patients with localized PrC [8], the
clinical value of CTCs in this patient group has remained
less conclusive than in patients with metastatic disease.

The detection of such rare numbers of CTCs depends
on highly sensitive methods. In order to thrive the clinical
applicability of CTC analysis in early PrC, significant prog-
ress is necessary on the technological side. One approach
is the combination of different cell based assays (the Cell-
Search®, the CellCollector® (GILUPI), and the EPISPOT),
which have been shown to more than double the CTC posi-
tivity rate, reaching a cumulative positivity of 79% [9].

Molecular assays for CTC analysis based on gene
expression of epithelial, neuroendocrine and PrC specific
marker represent an interesting alternative to conventional
immunofluorescent (IF) based assays and may lead to a
higher sensitivity. In addition, qPCR allows the analysis of
multiple genes of interest in a single sample. A multiplex
gene expression analysis has achieved a higher positivity
rate compared to cell-based assays in non-metastatic PrC
patients and furthermore revealed a substantial heterogene-
ity in the captured CTCs from each patient [10]. Recently,
a tailored PrC gene panel allowed the stratification of met-
astatic PrC patients’ survival and therapy response [11].
The hereby used label-free Parsortix® (Angle plc.) CTC
isolation technology, based on size and deformability was
approved by the FDA for the capture and harvest of CTCs in
metastatic breast cancer [12] and offers great potential also
for PrC CTC analysis.

In previous studies we established a workflow for the
detection and molecular characterization of CTCs in ovar-
ian, breast, and lung cancer employing Parsortix® and gPCR
for the detection of CTC-related transcripts [13—16]. In the
present study we investigated our approach in blood sam-
ples taken from patients with metastatic and localized PrC
and investigated a panel of transcripts potentially related to
the epithelial (EpCAM, CK19) and neuroendocrine (DLL3,
CHGA, SYP) cell lineage, or transcripts specific for pros-
tate (cancer) cells (PSA, PSMA, AR, ERG, ERCCI, AMACR,

@ Springer

ETV1, and KLK?). The primary aim of our study was to test
the feasibility of label-free (EpCAM independent) CTC
enrichment and qPCR-based detection of potentially clini-
cally relevant targets, as well as CTC detection using IF
staining in patients with localized disease, at baseline, after
radiotherapy and during follow-up until up to one year after
therapy completion. A secondary aim was to evaluate our
approach in a metastatic PrC cohort and confirm the assay
by RNA hybridization (ISH).

Materials and methods
Patients and blood samples

The study included patients with metastatic prostate can-
cer (PrC) (n=23) recruited at the Division of Oncology,
Department of Medicine I, Vienna General Hospital, Aus-
tria and patients with primary localized PrC with unfa-
vorable intermediate or high-risk (n=15) recruited at the
Department of Radiology, Vienna General Hospital, Austria
(patient characteristics see Supplementary Table S1 and S2).
Patients with unfavorable intermediate or high risk received
3D guided volumetric ac (VMAT) definitive radiotherapy
with 60 Gy to the prostate and 46 Gy to the pelvic lymph
nodes delivered in 20 fractions. Hormonal treatment was
administered based on risk stratification for 6 months up to
two years. The risk-stratification was done according to the
D’Amico risk stratification [17] and also using the corre-
sponding ISUP groups, especially for the Gleason Score 7
(4+3) [18]. Additionally, 10 healthy male volunteers with-
out any history of cancer were recruited at the Department
of Blood Group Serology and Transfusion Medicine, Medi-
cal University of Vienna, Austria as healthy blood donors
(HD). All patients and donors gave their written informed
consent for the analysis of their specimen. This study was
approved by the Ethics Committee of the Medical Univer-
sity of Vienna, Austria (EK366/2003, EK1966-2020, and
EK2266/2018).

Blood collection

Two different kind of blood collection tubes were used,
Vacuette® K;EDTA tubes (Greiner Bio-One, Austria) and
CellSave™ Preservative tubes (Menarini Silicon Biosys-
tems, US). The first milliliters of blood drawn after veni-
puncture were discarded in order to avoid contaminating
skin cells in the blood samples. From all patients and HD,
peripheral blood was drawn aseptically in three 9 ml Vacu-
ette® K;EDTA tubes for CTC enrichment with Parsortix®
and subsequent qPCR analysis. In addition, blood was taken
in 9 ml CellSave™ Preservative tubes for IF evaluation of
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the Circulating Epithelial cell nPAC™ RUO Kit (Axon Dx,
US). From the primary PrC patients, paired blood samples
were taken before radiotherapy, at completion and every
three months during follow-up for up to one year. From the
metastatic PrC patients, the blood was taken at the time of
progression between palliative treatment lines.

Microfluidic CTC isolation and RNA isolation

For subsequent molecular analyses, the blood samples col-
lected in Vacuette® K;EDTA tubes were processed within
four hours using the Parsortix® device (Angle plc., UK)
employing the microfluidic GEN3D6.5 cell separation cas-
sette at 99mbar pressure. After the separation was com-
pleted, the captured cells were harvested. Immediately after
cell harvest, the cells were partly transferred to poly-I-lysine
glass slides and partly lysed by adding RLT lysis buffer
(Qiagen, Germany). The lysates were stored at -80 °C until
RNA extraction with the RNeasy Micro Kit (Qiagen, Ger-
many) without DNase treatment according to manufactur-
er’s instructions. The total RNA was eluted in 14 ul RNase
free water.

Preamplification and qPCR using hydrolysis probes

Half of the total RNA volume was reverse transcribed using
the SuperScript VILO Mastermix (Invitrogen, USA) (25 °C
for 10 min, 42 °C for 1 h, 85 °C for 5 min, 4 °C). A pre-
amplification was carried out on the 2720 Thermal Cycler
(Applied Biosystems, USA) (25 °C for 5 min, 95 °C for
10 min, 10 cycles with 95 °C for 15 s and 60 °C for4 min). The
targets of interest (EpCAM, CK19, PSA, PSMA, AR, CHGA,
SYP, DLL3, ERG, ERCC1, AMACR, ETV1, and KLK?2), as
well as the reference gene CDKNIB were quantified using
the TagMan Universal Mastermix II (ThermoFisher, USA)
and exon spanning TagMan assays (ThermoFisher, USA) in
duplicates after the target-specific pre-amplification step on
the QuantStudio™ 7 Flex Real-Time PCR System (Ther-
moFisher, USA) with standard thermal cycling conditions
(50 °C for 2 min, 95 °C for 10 min, 40 cycles of 95 °C for
15 s and 60 °C for 1 min).

RT-qPCR using hybridization probes

The remaining half of the total RNA volume was used to
determine CK/9 gene expression using FRET probes and
primers hybridizing to the CK/9 gene [19]. The one step
RT-gqPCR was carried out with the PrimeScript III Master-
mix (Takara) at the LightCycler 480 II (Roche) (52 °C for
5 min, 95 °C for 10 s, followed by 50 cycles of 95 °C for
5 s and 60 °C for 30 s and one cooling cycle with 40 °C for
30 ).

Cut-off values for qPCR analysis

Cut-off threshold values were calculated for transcripts
that were also detected in HD samples, in order to define
positive patient samples. For each transcript, the thresh-
old was calculated by subtracting an integer multiple of
the standard deviation from the mean Ct-value of the HD
samples. A patient sample with a Ct-value below the calcu-
lated threshold value was defined as positive for the respec-
tive transcript. If a transcript was not detected in any HD
sample, any amplification in patient samples showing a Ct-
value <35 (Cqg-value <45 for CK19 FRET probe assay) was
defined as positive.

RNA in-situ hybridization

The poly-I-lysine slide with spotted cells after Parsortix®
separation was used to visualize mRNA as described pre-
viously [20, 21] with in-situ padlock probe hybridization.
In short, cDNA was generated using target specific reverse
transcription primers. Padlock probes were then hybridized
to the cDNA. After ligation, circularized padlock probes
were amplified by rolling circle amplification and visual-
ized by hybridizing fluorescently labelled detection probes.
Divergent from previous publications, targets were labelled
with two-color combinations to increase specificity. All
genes were targeted by multiple reverse transcription prim-
ers and padlock probes for increased sensitivity, and addi-
tional transcripts were visualized: hematopoietic markers
((PTPRC(CD45),ITGAM (CD11B), FCGR34 and FCGR3B
(CD16), CD4, ITGB2 (CD18)), epithelial (EpCAM, KRTS,
KRTI18, KRT19) and prostate specific tumor markers (PS4,
PSMA, AR-FL, AR-V7), neuroendocrine-associated mark-
ers (SYP, CHGA, NCAM1, DLL3, SLFNI1), and VIM. Cells
without hematopoietic markers and at least one in-situ sig-
nal for epithelial, prostate specific, or neuroendocrine mark-
ers were identified as potential CTCs. The evaluated slides
were scanned in 40x magnification. A detailed method
description is given in [22].

Immunofluorescent staining of CTCs

6 ml peripheral blood drawn in a CellSave™ tube was
used for CTC enrichment and staining with the Circulating
Epithelial cell nPAC™ RUO Kit (Axon Dx, US) employ-
ing anti-panCK, anti-CK19, anti-CD45 and other antibod-
ies directed against proprietary white blood cell markers
(WBC) and DAPI (4',6-diamidino-2-phenylindole) for
nuclear staining. The procedure was performed according
to the manufacturer’s instruction. The stained cells were
scanned (40x magnification) with the nCyte Dx® platform
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(Axon Dx, LLC). Image acquisition and evaluation was per-
formed with the Al-based nCyte Dx nAble® software.

Statistics

Fisher’s exact test was used to evaluate the association
between the marker positivity and patients’ characteristics.
Survival outcomes were compared with Kaplan-Meier sur-
vival analyses and log-rank testing. The period of time in
months between blood draw and either death or the last date
the patient was seen alive was defined as overall survival
(OS). McNemar test was used to compare the individual
transcripts and CTC positivity of early PrC patients before
and after therapy. Two-sided tests were used at all analyses.
Statistical analysis was performed with IBM SPSS Statistics
21. Immunofluorescent images were evaluated and repre-
sented with Inkscape 1.2. Graphics design was carried out
with GraphPad (version 10.1.0) and R (version: 4.3.2).

Results

CTCs in primary localized PrC before and after
radiotherapy

Fifteen primary PrC patients were recruited to investigate
CTCs in serial blood samples taken before (baseline) and
after radiation therapy. A total of 58 samples were drawn
from the primary PrC cohort. Ten from these patients
received hormone therapy in addition to radiation therapy.
The baseline characteristics of the patients are given in the
Supplementary Table S1.

A panel of epithelial (EpCAM, CK19), neuroendocrine
(CHGA, SYP, DLL3) and PrC- specific (PS4, PSMA, AR,
ERG, ERCCI, AMACR, ETVI, and KLK2) CTC-related
transcripts were investigated by qPCR. We observed a high
positivity of transcripts in blood samples taken before and
after radiotherapy. Considering a threshold of one tran-
script, the overall positivity after treatment was 76.9%
and 66.7% at baseline (McNemar; p=1.000). In addition,
one out of 10 HD samples was positive for the transcripts
ERCC1 and SYP. Using a more stringent threshold of three
markers, the positivity was 14.3% before and 50.0% after
therapy (Mc Nemar; p=0.125). In this case none of the HD
samples was positive. Positivity of the highly specific tran-
scripts not detected in HD (e.g. CK79 LC and CHGA) were
observed after radiation therapy but not at baseline (Sup-
plementary Table S2). In the blood samples taken at serial
time points during follow-up, the number of positive tran-
scripts declined again (Fig. 1). The results of the two CK/9
based assays were concordant in 86.2% of all investigated
blood samples (Prevalence-adjusted bias-adjusted kappa
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PABAK =0.724). As the assay is highly specific (no expres-
sion in HD), CK19 LC positive samples (5.0%) will most
likely contain epithelial CTCs [23]; nevertheless, CK/9
TagMan™ qPCR achieved a higher positivity rate (15.5%)
due to the target-specific pre-amplification step.

In all samples from early PrC patients, low CTC counts
were detected by IF staining, ranging from 1 to 58 cells.
CTCs were found in just 20.0% (3/15) of the samples taken
before and 14.3% (2/14) of the samples collected after radio-
therapy. No statistical difference between the positivity rates
at the two time points was observed (McNemar p =1.000).
In addition, CTCs were detected in six follow-up samples.
Example images of IF stained cells are shown in Fig. 2.

Neither the analyzed markers nor the presence of epithe-
lial CTCs detected by IF was associated with Gleason score
or outcome of the patients at study end (see Supplemen-
tary Table S1). Within the observation period (range 17-28
months from baseline), no disease progression occurred in
any patient; therefore Kaplan-Meier analysis was not per-
formed. Nevertheless, as shown in the heatmap (Fig. 1),
CTC detection by IF staining and gPCR could have additive
value in terms of CTC positivity.

CTC detection by qPCR and clinical evaluation in
metastatic PrC

The same CTC-related markers were investigated in micro-
fluidic enriched blood samples from 23 patients with meta-
static PrC. The cohort comprised patients with advanced
prostate cancer, all of whom experienced recurrence follow-
ing local therapy, which included either radical prostatec-
tomy or definitive radiotherapy. All patients were recurrences
and the majority of patients were castration-resistant at the
time of analysis. Among the cohort, six patients presented
with biochemical recurrence only, and one patient had local
recurrence without distant spread. Nine patients exhibited
bone metastases exclusively, while two patients had isolated
lymph node metastases. Additionally, five patients had both
bone and lymph node involvement. Notably, none of the
patients in this cohort had developed visceral metastases.
Detailed patient characteristics are given in Supplementary
Table S3.

Overall, 87.0% of the patients were scored positive for at
least one marker. Similar to the blood sample cohort from
early PrC patients, the results of the two CK79 based assays
were concordant in 78.3% of the cases (PABAK =0.565).
The PrC specific transcripts PSA, PSMA and KLK?2, as well
as DLL3, were exclusively detected in blood samples from
patients with metastatic but not with localized disease (Sup-
plementary Table S2).

By investigating the association of the analyzed mark-
ers to clinical parameters, we observed that PS4 and PSMA
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Fig. 1 Heatmap depicting positive and negative early PrC patients’
samples at time points before and after radiation therapy (RT), as well
as after 3, 6, 9 or 12 months after treatment completion determined by
qPCR CTC marker or CTC immunofluorescent (IF) staining. Patients
that additionally received hormone therapy are shown at the left side
(a) and patients that only received radiation therapy are shown on the
right side (b) of the graph. qPCR positive samples (blue) were defined

were positive in the same patients and that the positivity of
these markers (Fisher’s exact test; both p=0.014) and of 4R
(Fisher’s exact test; p=0.047) was significantly related to
the presence of metastasis in the bone (Supplementary Table
S3). Within the observation period (median 20 months from
blood draw), four patients died (Fig. 3, patients 8, 10, 20,
21). The concordant positivity of PS4 and PSMA (17.4%)
was associated to shorter overall survival of metastatic PrC
patients (log rank test; p=0.020, Fig. 4).
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after applying a cut-off threshold. The detection of minimum one CTC
was defined as detection limit for IF positive (green) samples. Nega-
tive samples by qPCR or IF are depicted in orange. Samples not avail-
able are marked with a cross (hydrolysis probe qPCR of patient 10
sample after radiotherapy could not be evaluated due to low expression
of reference gene)

Comparison of CTC detection methods in metastatic
PrC

In five of the initially recruited 23 metastatic PrC patients
(Fig. 3, patients 1-5), the presence of CTC-related tran-
scripts were additionally analyzed by ISH and CTCs were
visualized by IF staining.

Using ISH we were able to prove the presence of epithe-
lial, neuroendocrine and PrC- specific transcripts at a single
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Fig. 2 Example images of three different CTCs detected in early PrC
patients by immunofluorescent staining of panCK (red), white blood
cell (WBC) (green) and nuclear counterstaining using DAPI; A panCK

cell level (Fig. 5). A 100% concordance of gPCR and ISH
was achieved by evaluating neuroendocrine transcripts SYP,
CHGA or DLL3. For the epithelial transcripts CK/9 and/or
EpCAM a concordance of 80% was obtained. CTC IF stain-
ing resulted in a lower positivity than RNA based methods
(see Supplementary Fig. S1).

Discussion

Enumeration and characterization of CTCs offer a valuable
tool for disease monitoring of PrC. To implement the analy-
sis of CTCs into the clinical routine, still a significant prog-
ress has to be made on the technological side detecting low
CTC numbers occurring in early stages [4—6]. Compared to
conventional IF staining, qPCR offers higher CTC detec-
tion rates by investigating a broad spectrum of CTC-related
transcripts including epithelial, neuroendocrine and pros-
tate specific markers. Using our established qPCR marker
panel for CTC detection after microfluidic enrichment, we
were able to achieve a 66.7% positivity of early PrC patient
samples at baseline. After completion of radiotherapy an
increase of positive CTC markers — especially the epithelial
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(CK19, EpCAM) and neuroendocrine (SYP, CHGA) tran-
scripts was observed, which led us to the hypothesis of
increased CTC shedding due to the disruption of the tumor
by radiation therapy. Tumor disruption by radiotherapy was
previously proven by elevated levels of radiation-induced
DNA double strand break markers in CTCs [24]. During
follow-up a decrease of positive markers indicated response
to therapy. Longer follow-up data will enable clinical analy-
sis of longitudinal data and reveal more information based
on the CTC change during therapy.

The established qPCR transcript panel was also evalu-
ated in a cohort of metastatic PrC patients. We were able to
detect CTC related transcripts in 87.0% of peripheral blood
samples. In a subset of five metastatic PrC patient samples,
we confirmed the qPCR results with RNA ISH by visualiz-
ing the same transcripts on an individual cell level. Thereby,
we achieved a high concordance of qPCR and RNA ISH
regarding the positivity of epithelial and neuroendocrine
transcripts. In addition, the presence of CTCs was assessed
by IF staining. The lower CTC positivity rates obtained by
IF staining than by qPCR can be explained by the differ-
ence in RNA- and protein-based detection methods. Both
methods provide valuable information about patients’ CTC
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Fig. 3 Heatmap depicting positive (blue) and negative (orange) meta-
static PrC patient (n=23) for qPCR CTC marker. qPCR positive sam-
ples were defined after applying a cut-off threshold

status; nevertheless, qQPCR may have additive value because
multiple clinically relevant markers can be assessed simul-
taneously. An inclusion of RNA- and protein-based mes-
enchymal specific markers could further characterize the
phenotype of these CTCs at the molecular level in further
studies.

Despite the advantages of the highly sensitive qPCR-
based CTC detection approach, it comes with some
drawbacks. For example, it is not possible to depict CTC
morphological differences or cell cluster, which can provide
additional information on the patient’s disease status. Also,
other cancer-associated cell types are not detected. In such
cases, RNA- and protein-based IF staining methods provide
benefits over qPCR-based methods. Nevertheless, it proves
useful in predicting patients’ survival and detecting therapy-
relevant transcripts.

In the present study, the PrC-specific markers PS4,
PSMA, and KLK?2 were only detected in blood samples from
patients with metastatic disease, but not with early localized
PrC. Although KLK2 positivity was not linked to any clinical
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Fig. 4 Kaplan-Meier plot for overall survival (OS) of metastatic pros-
tate cancer patients according to PS4 and PSMA positivity (blue) and
negativity (red) in CTCs; Log-rank testing was used for comparing the
patient’s outcome; p < 0.05 is defined as level of significance

parameter in our study, it has been previously associated
with poor survival [25]. KLK2 has already been shown to
have clinical utility and is used in the 4Kscore® Test to pre-
dict the risk of PrC aggressiveness [26]. KLK3 encodes the
PSA protein, which is commonly used as a serum marker in
PrC. In the present study, the two PrC specific marker PS4
and PSMA were associated to shorter overall survival. PS4
is an important diagnostic marker with high specificity used
in PrC monitoring [27]. The theranostically relevant marker
PSMA (prostate-specific membrane antigen, often referred
to as FOLHI) has been shown to be significantly higher
expressed in primary PrC than in benign tissue, and even
higher in distant metastases and metastatic lymph nodes
compared to primary tumors [28]. CTC analysis of PSMA
protein using IF was previously shown to be associated with
poor OS in metastatic PrC patients [29]. PSMA has diagnos-
tic potential, as it is used for the highly sensitive and specific
targeted PET-CT. FDA approved PSMA-targeting drugs,
such as the radioligand agent Lutetium-177 PSMA-617
(trade name: Pluvicto) offer personalized treatment of PrC
patients. The drug delivers a small amount of radioactive
Lutetium-177 attached to a molecule that specifically binds
to PSMA overexpressing PrC cells, thereby killing the cells
[30-32]. As these diagnostic and therapeutic procedures are
cost-intensive, a pre-screening of patients profiting from
PSMA-PET-CT and PSMA targeted therapy is necessary.
CTC-related analysis might be a promising and comparably
cheap tool for monitoring of PrC patients, in order to define
patient groups for targeted diagnosis and therapy.
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Fig. 5 Example images of two CTCs of metastatic PrC patient 2
detected by dual-color in-situ hybridization with (A-B) coexpres-
sion of cytokeratin (KRT) and neuroendocrine markers (NE (pool of
CHGA, SYP, NCAM1)), and (C-D) coexpression of cytokeratin (KRT),
prostate specific antigen (PSA4) and neuroendocrine marker DLL3.
In-situ signals were decoded based on their color code (e.g. colocal-
ized Atto425 and Cy5 signals are decoded as KRT). Pseudocolored

Conclusion

Our study points to the power of the cost-effective qPCR analysis
of various PrC type specific, epithelial and neuroendocrine tran-
scripts in liquid biopsies in order to detect CTCs at a high sensi-
tivity and to further allow the molecular characterization thereof.
RNA ISH offers the advantage of confirming qPCR results at a
single cell level. CTC analysis is a promising diagnostic tool for
early PrC patient cohorts. Disease recurrences might be detected
earlier by longitudinal monitoring of easily obtained liquid biop-
sies. The detection of the prognostic prostate specific transcripts
PSA and PSMA can be evaluated in CTCs to stratify patients
profiting from targeted diagnosis and therapy.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s10585-
024-10313-2.

Acknowledgements This study received support from Angle plc in the
form of an in-kind contribution of Parsortix® devices and microflu-
idic separation cassettes. The authors thank ANGLE plc and AxonDx,

@ Springer

images are depicted for each channel, followed by a DAPI image with
decoded in-situ signals and outlines of nucleus and cell border. Areas
marked by white rectangles (A, C) are shown with higher magnifica-
tion (B, D), grid lines for orientation help to identify and decode colo-
calized in-situ signals. The given scale bar in each individual image
marks the size of 5 um

LLC for their technical support, and all patients and voluntary donors
for providing blood samples, Markus Riedl, Department of Biotech-
nology, University of Natural Resources and Applied Life Sciences,
Austria, for his support with graphics design, and Robert Strassl,
Department of Laboratory Medicine, Medical University of Vienna
for providing the Lightcycler 48011 instrument.

Author contributions E.W.: Writing - original draft, Conceptualization,
Investigation, Methodology, Visualization, Formal analysis; L.B.: Meth-
odology, Validation, Visualization, Writing - review & editing; B.H.:
Methodology, Writing - review & editing; E.S.: Methodology, Writing
- review & editing; Es.W.: Methodology, Writing - review & editing;
AT.Z.: Resources, Writing - review & editing, Conceptualization, Data
curation; M.K.: Data curation, Resources, Writing - review & editing,
Conceptualization; M.B.F.: Writing - review & editing, Resources; A.E.:
Writing - review & editing, Methodology, Validation, Visualization;
R.Z.: Project administration, Supervision, Funding acquisition, Writing -
review & editing; E.O.: Writing - review & editing, Supervision, Project
administration, Conceptualization. All authors agreed to the final version
of the manuscript. The work reported in the paper has been performed by
the authors, unless clearly specified in the text.

Funding Open access funding provided by Medical University of Vi-
enna.


https://doi.org/10.1007/s10585-024-10313-2
https://doi.org/10.1007/s10585-024-10313-2

Clinical & Experimental Metastasis

Data availability The data underlying this article will be shared on rea-
sonable request to the corresponding author.

Declarations
Competing interest The authors have no competing interest to declare.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, 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. ECIS - European Cancer Information System European Union
https://ecis.jrc.ec.europa.eu 20.7.2023

2. American Cancer Society Cancer Statistics Center. http://cancer-
statisticscenter.cancer.org/ 28.07.2023

3. de Bono JS et al (2008) Circulating tumor cells predict survival
benefit from treatment in metastatic castration-resistant prostate
cancer. Clin Cancer Res 14 19:6302-6309

4. Davis JW et al (2008) Circulating tumor cells in peripheral blood
samples from patients with increased serum prostate specific anti-
gen: initial results in early prostate cancer. J Urol 179 6:2187—
2191 discussion 91

5. Loh J et al (2014) Circulating tumor cell detection in high-risk
non-metastatic prostate cancer. J Cancer Res Clin Oncol 140
12:2157-2162

6. Aragon-Ching JB et al (2015) Circulating Tumor cells in bio-
chemical recurrence of prostate Cancer. Clin Genitourin Cancer
13 5:e341-e345

7. Chen S et al (2019) In vivo detection of circulating Tumor cells
in high-risk non-metastatic prostate Cancer patients undergoing
Radiotherapy. Cancers (Basel) 11:7

8.  Cieslikowski WA et al (2023) Baseline CTC Count as a predictor
of long-term outcomes in high-risk prostate Cancer. J Pers Med
13:4

9. Kuske A et al (2016) Improved detection of circulating tumor
cells in non-metastatic high-risk prostate cancer patients. Sci Rep
6:39736

10. Markou A et al (2018) Multiplex gene expression profiling of in
vivo isolated circulating Tumor cells in high-risk prostate Cancer
patients. Clin Chem 64(2):297-306

11. Groen L et al (2023) Transcriptome profiling of circulating Tumor
cells to predict clinical outcomes in metastatic castration-resistant
prostate Cancer. Int J Mol Sci 24:10

12. Templeman A et al (2023) Analytical performance of the FDA-
cleared parsortix((R)) PC1 system. J Circ Biomark 12:26-33

13. Obermayr E et al (2019) Molecular characterization of circulating
Tumor cells enriched by a microfluidic platform in patients with
small-cell Lung Cancer. Cells 8:8

14. Obermayr E et al (2021) Cancer Stem Cell-Like circulating
Tumor cells are Prognostic in Non-small Cell Lung Cancer. J Pers
Med 11:11

15. Obermayr E et al (2018) Efficient leukocyte depletion by a novel
microfluidic platform enables the molecular detection and char-
acterization of circulating tumor cells. Oncotarget 9 1:812—-823

16. Sajdik C et al (2022) Comparison of microfluidic platforms for
the enrichment of circulating tumor cells in breast cancer patients.
Breast Cancer Res Treat 196(1):75-85

17. D’Amico AV et al (1998) Biochemical outcome after radical
prostatectomy, external beam radiation therapy, or interstitial
radiation therapy for clinically localized prostate cancer. JAMA
280 11:969-974

18. Epstein JI et al (2016) The 2014 International Society of Urologi-
cal Pathology (ISUP) Consensus Conference on Gleason Grad-
ing of Prostatic Carcinoma: Definition of Grading Patterns and
Proposal for a New Grading System. Am J Surg Pathol 40 2: pp
244-52

19. Stathopoulou A et al (2006) A highly specific real-time RT-PCR
method for the quantitative determination of CK-19 mRNA posi-
tive cells in peripheral blood of patients with operable breast can-
cer. Int J Cancer 119 7:1654-1659

20. El-Heliebi A et al (2018) In situ detection and quantification of
AR-V7, AR-FL, PSA, and KRAS Point mutations in circulating
Tumor cells. Clin Chem 64 3: pp 536—46

21. Hofmann L et al (2020) A Multi-analyte Approach for Improved
sensitivity of liquid biopsies in prostate Cancer. Cancers (Basel) 128

22. Bonstingl L et al (2024) Circulating tumor cell characterization
and classification by novel combinatorial dual-color (CoDuCo) in
situ hybridization and supervised machine learning. bioRxiv: pp
2024.05.08.592946

23. Welsch E et al (2023) Comparison of RNA marker panels for cir-
culating Tumor cells and evaluation of their prognostic relevance
in breast Cancer. Cancers (Basel) 154

24. Martin OA et al (2014) Mobilization of viable tumor cells into the
circulation during radiation therapy. Int J Radiat Oncol Biol Phys
88(2):395-403

25. Davies CR et al (2022) The potential of using circulating tumour
cells and their gene expression to predict docetaxel response in
metastatic prostate cancer. Front Oncol 12:1060864

26. Punnen S, Pavan N, Parekh DJ (2015) Finding the Wolf in
Sheep’s Clothing: the 4Kscore is a novel blood test that can accu-
rately identify the risk of aggressive prostate Cancer. Rev Urol
17(1):3-13

27. Danila DC et al (2014) Analytic and clinical validation of a
prostate cancer-enhanced messenger RNA detection assay in
whole blood as a prognostic biomarker for survival. Eur Urol 65
6:1191-1197

28. Queisser A et al (2015) Comparison of different prostatic mark-
ers in lymph node and distant metastases of prostate cancer. Mod
Pathol 28(1):138-145

29. Gupta S et al (2023) PSMA-positive circulating Tumor Cell
Detection and outcomes with Abiraterone or Enzalutamide Treat-
ment in men with metastatic castrate-resistant prostate Cancer.
Clin Cancer Res 29 10:1929-1937

30. Ramnaraign B, Sartor O (2023) PSMA-Targeted radiopharma-
ceuticals in prostate Cancer: current data and new trials. Oncolo-
gist 28 5:392-401

31. Tagawa ST et al (2023) Prostate-Specific Membrane Antigen-
Targeting Alpha Emitter via Antibody Delivery for Metastatic
Castration-Resistant Prostate Cancer: A Phase I Dose-Escalation
Study of (225)Ac-J591. J Clin Oncol: pp JCO2300573

32. Autio KA et al (2018) Safety and Efficacy of BIND-014, a
Docetaxel nanoparticle targeting prostate-specific membrane
Antigen for patients with metastatic castration-resistant prostate
Cancer: a phase 2 clinical trial. JAMA Oncol 4 10:1344-1351

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://ecis.jrc.ec.europa.eu
http://cancerstatisticscenter.cancer.org/
http://cancerstatisticscenter.cancer.org/

	﻿Multi-marker analysis of circulating tumor cells in localized intermediate/high-risk and metastatic prostate cancer
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Patients and blood samples
	﻿Blood collection
	﻿Microfluidic CTC isolation and RNA isolation
	﻿Preamplification and qPCR using hydrolysis probes
	﻿RT-qPCR using hybridization probes
	﻿Cut-off values for qPCR analysis
	﻿RNA ﻿in-situ﻿ hybridization
	﻿Immunofluorescent staining of CTCs
	﻿Statistics

	﻿Results
	﻿CTCs in primary localized PrC before and after radiotherapy
	﻿CTC detection by qPCR and clinical evaluation in metastatic PrC
	﻿Comparison of CTC detection methods in metastatic PrC

	﻿Discussion
	﻿Conclusion
	﻿References


