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Abstract: High-risk non-metastatic prostate cancer (PCa) has the potential to progress into lethal
disease. Treatment options are manifold but, given a lack of surrogate biomarkers, it remains
unclear which treatment offers the best results. Several studies have reported circulating tumor cells
(CTCs) to be a prognostic biomarker in metastatic PCa. However, few reports on CTCs in high-risk
non-metastatic PCa are available. Herein, we evaluated CTC detection in high-risk non-metastatic
PCa patients using the in vivo CellCollector CANCERO1 (DC01) and CellSearch system. CTC counts
were analyzed and compared before and after radiotherapy (two sampling time points) in 51 high-risk
non-metastatic PCa patients and were further compared according to isolation technique; further,
CTC counts were correlated to clinical features. Use of DCO1 resulted in a significantly higher
percentage of CTC-positive samples compared to CellSearch (33.7% vs. 18.6%; p = 0.024) and
yielded significantly higher CTC numbers (range: 0-15 vs. 0-5; p = 0.006). Matched pair analysis of
samples between two sampling time points showed no difference in CTC counts determined by both
techniques. CTC counts were not correlated with clinicopathological features. In vivo enrichment
using DCO01 has the potential to detect CTC at a higher efficiency compared to CellSearch, suggesting
that CTC is a suitable biomarker in high-risk non-metastatic PCa.
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1. Introduction

Prostate cancer (PCa) remains the most commonly diagnosed malignancy and one of the top
leading causes of cancer-related death in men in developed countries [1]. In localized disease, PCa is
slow-growing cancer with a 5-year survival rate of >99% [1]; yet, once the disease has progressed,
the overall survival is dismal, with a 5-year survival rate of only 30% [1]. A high-risk group of PCa,
defined by stage T2c or prostate-specific antigen (PSA) levels > 20 ng/mL or Gleason score > 8 [2],
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has the most potential to develop biochemical progression, local recurrence, or even metastatic disease.
Treatment of high-risk non-metastatic PCa patients includes androgen deprivation therapy, radical
prostatectomy, and/or radiotherapy, but there remains uncertainty as to which approach is superior
due to the absence of surrogate biomarkers [3]. Thus, there is an urgent clinical need to define an early
detection biomarker for the identification of high-risk non-metastatic PCa patients with the highest
probability of developing disease progression. PSA level is one of the most widely used markers
for the initial screening and therapy monitoring of PCa in routine clinical practice. However, PSA is
not cancer-specific, as its level may also be elevated in men with benign prostatic hyperplasia [4].
Furthermore, some PCa patients were found not to have an elevated PSA [5]. Thus, given the limited
specificity and sensitivity of PSA, research on the improvement of other suitable biomarkers is ongoing.

Circulating tumor cells (CTCs), a group of cancer cells escaping from the primary tumor or
metastases into the peripheral circulation, are thought to be precursors for neoplasm metastasis [6,7].
The predictive and prognostic roles of CTC numbers in the setting of metastatic castration-resistant
prostate cancer (mCRPC) has been standardized and validated. Data from several clinical trials
suggested that a pretreatment CTC count of >5 may be an independent predictor of poor prognosis
and be related to higher PSA levels, anemia, more liver disease, higher alkaline phosphatase levels,
and bone pain symptoms in mCRPC patients [8-11]. However, CTC enrichment from peripheral
blood has long proven a major challenge, given that they are extremely rare, with an estimated
abundance of one CTC per mL of blood [9]. Thus, an increasing number of technological platforms
have been developed to capture CTCs from blood samples of cancer patients for enumeration based
on their physical and/or biological features [12,13]. To date, the CellSearch system (Menarini-Silicon
Biosystems, San Diego, CA, USA) is the only Food and Drug Administration (FDA)-approved device
for CTC enumeration in clinical use. This system enriches CTCs by epithelial cell adhesion molecule
(EpCAM) antibody-coated ferromagnetic beads and identifies CTCs of epithelial origin (CD45~, DAPI*,
and cytokeratin 8/18/19%) [14]. To overcome the low abundance of CTCs, an in vivo enrichment
approach was reported using the CellCollector CANCERO1 (DCO01) [15]. Unlike other methods, which
are limited by the volume of the blood sample, the DC01 device allows the in vivo isolation and
enumeration of CTCs directly from the bloodstream by placing the detector via a cannula into the
peripheral vein of cancer patients, thus capturing EpCAM-positive CTCs (Figure 1). In a study on
lung cancer, 58% and 27% of patients were detected positive for CTCs (>1 CTC) using the DCO01
and CellSearch systems, respectively, showing that DCO1 is more sensitive and efficient for CTC
detection [16]. In prostate cancer, Kuske et al. [17] reported that the DCO01 device enabled CTC
detection in high-risk non-metastatic PCa patients treated with surgery, but data on patients treated
with radiotherapy is currently lacking.
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Figure 1. Schematic drawing of the CellCollector CANCERO01 (DCO01) and the application procedure.
(a) Working principles of DCO01 viewed from its cross section. A medical wire coated with hydrogel
is functionalized with antibodies against epithelial cell adhesion molecule (EpCAM). Cancer cells
expressing EpCAM antigen are targeted and captured onto the functional part. (b) Demonstration of
application procedure of DC01 in vivo. The DCO01 is applied into the cubital vein of the patient via a
20-gauge intravenous cannula fixed with a yellow IN-Stopper. The functional part is exposed to the
blood flow for 30 min allowing the efficient detection of potential circulating tumor cells (CTCs).



Cancers 2019, 11,933 30f17

The aim of the present study was to evaluate whether CTCs can be detected in high-risk
non-metastatic PCa patients before and after radiotherapy and to evaluate baseline CTC status with
respect to pretreatment clinical-pathological features, including clinical T stage, PSA value, and Gleason
score. We present a single center study designed to analyze CTCs using the DC01 and CellSearch
system. We further compared the performance of both CTC detection platforms in CTC detection.

2. Results

2.1. Patient and Sample Characteristics

The study was conducted from November 2013 to April 2017 and involved 51 patients with
high-risk non-metastatic PCa aged 55-80 years (median, 74 years) at entry. The patients’ median
PSA level was 12.0 ng/mL, and their median Gleason score was 8. A summary of the clinical
features of all 51 patients at baseline is shown in Table 1. CTC status was evaluated 1 day before
commencing neoadjuvant hormonal therapy (first sampling); 44 patients underwent a second sampling
3 months after completion of radiotherapy (Figure 2). Of the patients who didn’t visit the radiotherapy
department for the second sampling, two left the study after radiotherapy, four canceled radiotherapy
(one due to the development of bone metastasis), and one patient developed second cancer and
received a different treatment. Till now, none of the patients included in the present investigation has
developed biochemical or clinical relapse at the follow-up visit.

Table 1. Summary of clinical characteristics of high-risk PCa patients stratified by circulating tumor
cell (CTC) status at first sampling time points based on the two CTC detection methods.

DCo01 CellSearch
P t CTC Status CTC Status
arameter Category Total Total
m=51) Positive Negative  p-Value (n=46) Positive Negative  p-Value
(n =20) (n =31) n=9 (n=37)
T1 24 10 14 21 7 14
T stage T2 15 3 12 0.121 14 1 13 0.097
T3 12 7 5 11 1 10
<10 19 5 14 18 4 14
PSA val
(Sn g/‘r’jﬂ;e 10-20 16 8 8 0.896 15 3 12 0424
>20 16 7 9 13 2 11
al 6 1 0 1 1 0 1
cason 7 2 1 1 0.579 2 0 2 0.508
score 8-10 48 19 29 43 9 34

PSA: prostate specific antigen.

Among the 44 patients who underwent the second sampling, all of them had paired samples for
DCO01 analysis. CellSearch analysis of four blood samples at the second sampling time point was failed
due to the blood coagulation. Among the remaining 40 patients, four patients didn’t have CTC status
detected by CellSearch at the first sampling time point due to the blood coagulation. Thus, 36 of them
had paired blood samples for CellSearch analysis.
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Figure 2. Illustration of study design and patient recruitment. CTC: circulating tumor cell.

2.2. Detection of CTCs and CTC Clusters Using DCO1

The short-term application of DC01 in vivo for 30 min was well tolerated in all patients without any
side effects. Representative images of collector-captured CTCs are depicted in Figure 3a. All verified
CTCs were positive for the expression of pan-cytokeratin (pan-CK; green) and negative for CD45 (red),
with an intact nucleus (Figure 3a); LNCaP (human prostate cancer cell line) cells were used as a positive
control for the staining (Figure 3b, upper panel). Additionally, lymphocytes not specifically bound on
the collector were used as an internal negative control (Figure 3b, lower panel, Figure 3c). The size
of CTCs varied from 4 um to 20 um. We identified three CTC clusters, each containing 2-3 CTCs,
in samples from two patients, with total CTC counts of 10 and 15, respectively (Figure 3d).

2.3. Analysis of CTC Status at Baseline

Evaluation of the DCO01 revealed that 39.2% (20/51) of patients were positive for CTCs (Table 2).
Clinical features (i.e., T stage, Gleason score, and baseline PSA level) were stratified by CTC
status (Table 1). The Mann-Whitney U test showed that there was no significant difference in
clinicopathological factors (T stage, PSA value, Gleason score) between CTC-positive and CTC-negative
patient groups (Table 1). Clinical parameters and CTC counts of the CTC-positive patients are compiled
in Table 3. Importantly, application of DC01 in two healthy individuals did not show the capturing of
EpCAM-positive cells, as also reported by others [16].

Table 2. CTC (circulating tumor cell) status detected by the two methods before and after radiotherapy.

Time Point CTC Positivity (>1 CTC) DCo1 CellSearch

% of positive samples 392 (20/51)  19.6 (9/46)

first visit (positive #/total #) :

(1 = 51) range 0-15 0-3
75th percentiles 1 0
median 0 0
% of positive samples

. . (positive #/total #) 2 ) s i)
second visit

(1 = 44) range 0-14 0-5
75th percentiles 1 0
median 0 0

#: number of CTC.
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Figure 3. Circulating tumor cells (CTCs) and CTC clusters were detected by the DCO01 device in
patients with high-risk non-metastatic prostate cancer (PCa). (a) Micrographs of five CTCs on the DCO01
detected from three patients; CTCs were defined as being positive for nucleic staining and pan-CK
(pan-cytokeratin), and negative for CD45 by immunofluorescence staining (DNA (blue) and pan-CK
(green)). Scale bar: 20 pm. (b) Images of control samples for CTC staining panel, upper panel: LNCaP
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cells captured on the DCO1 as positive control for CTC staining panel by immunofluorescence staining
(DNA (blue) and pan-CK (green)); lower panel: leukocytes attached to the DCO01 served as negative
controls for the CTC staining panel by immunofluorescence staining (DNA (blue) and CD45 (red)).
Scale bar: 20 um. (c) Scanning electron microscope image showing the surface of DC01 and blood
components, including unspecific binding of leucocytes onto DC01. Scale bar (from left to right): 90 um,
30 um, and 9 um. (d) Three CTC clusters on the DCO01 detected from two patients; CTC clusters were
found as a cluster of CTCs being positive for nucleic staining and pan-CK, and negative for CD45 by
immunofluorescence staining (DNA (blue) and pan-CK (green)). All CTCs were negative for PSA,
so this channel is not shown. Exposure time for each channel: nucleus DNA, 800~1000 ms; pan-CK,
3000 ms; CD45, 6000 ms. Scale bar: 20 um.

Table 3. Clinical features of circulating tumor cell (CTC)-positive patients grouped by CTC count
detected by DCO1 at first sampling time point before radiotherapy.

Total # of Patients Clinical Features in Detail
CTCs Counts ]
with CTC Clinical T Stage  PSA Value (ng/mL) Gleason Score
1 12 1 10.70 8 (4+4)
1c 51.44 8 (4+4)
1c 21.90 7 (3+4)
1c 14.01 10 (5+5)
2 11.21 9 (4+5)
2 27.70 8 (4+4)
3a 12.90 8 (4+4)
3a 2.90 8 (4+4)
3a 18.73 8 (4+4)
3a 10.50 8 (4+4)
3b 9.00 8 (4+4)
3b 65.00 8 (4+4)
2 4 1c 6.22 8 (4+4)
1c 5.62 10 (5+5)
1c 34.60 8 (4+4)
1c 17.70 8 (4+4)
4 1 2 12.00 8 (4+4)
5 1 2b 492 8 (4+4)
10 1 1c 52.10 8 (4+4)
15 2 1c 10.12 9 (4+5)
3a 30.20 8 (4+4)

#: number, PSA: prostate specific antigen.

2.4. Analysis of Paired Blood Samples Before and After Radiotherapy Using the Two Methods

We analyzed CTC counts of paired samples before and after radiotherapy using both detection
methods (for DCO01, n = 44; for CellSearch, n = 36). For DCO01, although the percentage of CTC-positive
samples decreased from 39.2% to 27.3% (Table 2), McNemar’s test indicated that no statistically
significant reduction in the percentage of CTC-positive samples detected after treatment (p = 0.424)
(Figure 4, upper panel). Similarly, no reduction in CTC-positive samples was observed after treatment
in samples processed with CellSearch (p = 1.000) (Figure 4, lower panel).
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Figure 4. Distribution of circulating tumor cell (CTC) counts detected by DC01 and CellSearch at two
sampling time points (i.e., 1 day before commencing radiotherapy and 3 months after completion of
radiotherapy) (p < 0.05 statistically significant, two-tailed, McNemar’s test).

2.5. DCO01 Improves CTC Enrichment Efficiency in A Cohort of High-Risk Non-Metastatic PCa Patients

We assessed the baseline CTC status of patients by comparing CTC detection using DCO01 (n = 51)
and CellSearch (n = 46). DCO01 reported almost twice as many patients to be CTC positive (39.2%,
20/51) compared to CellSearch (19.6%, 9/46). In addition, the number of CTCs per patient detected by
DCO1 (range 0-15; median = 0; 75th percentile = 1) was higher compared to that detected by CellSearch
(range 0-3; median = 0; 75th percentile = 0) (Table 2). From the 44 samples collected on the second
measurement after radiotherapy, four samples could not be analyzed by CellSearch due to blood
coagulation (1 = 4). On the second measurement, 27.3% (12/44) and 17.5% (7/40) of patients were CTC
positive using DC01 and CellSearch, respectively; similarly, the number of CTCs detected by DC01
(range 0-14; median = 0; 75th percentile = 1) were higher compared to those detected by CellSearch
(range 0-5; median = 0; 75th percentile = 0).

Paired analysis across all 86 samples by combining the results of CTC count from the two sampling
points showed that DCO01 detected higher CTC counts than CellSearch (Wilcoxon matched-pairs
signed-rank test, two-tailed, p = 0.0062) (Table 4, Figure 5a). Additionally, the percentage of CTC-positive
patients identified by DC01 was higher compared to that identified by CellSearch (33.7% vs. 18.6%,
McNemar’s test, p = 0.024) (Figure 5b,c).

Table 4. CTC (circulating tumor cell) counts of all samples (from both sampling time points) explored

by the two methods.
DCo01
Detection Method Total
Negative Positive

Count 49 21 70
negative % within CellSearch 70.0 30.0 100.0
CellSearch % within CellCollector 86.0 72.4 81.4

Count 8 8 16
positive % within CellSearch 50.0 50.0 100.0
% within CellCollector 14.0 27.6 18.6

Count 57 29 86
Total % within CellSearch 66.3 33.7 100.0

% within CellCollector 100.0 100.0 100.0
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Figure 5. Comparison of circulating tumor cell (CTC) positivity and CTC counts examined by the two
CTC detection methods. (a) Comparison of CTC numbers by parallel analysis of patient samples using
DCO01 and CellSearch. The plot links the number of CTCs detected by means of parallel enumeration
using DCO1 and CellSearch. DC01 detected significantly higher numbers of CTCs than CellSearch
(Wilcoxon matched-pairs signed-rank test, two-tailed, p = 0.0062). (b) Comparison of CTC positivity of
both methods (p < 0.05 statistically significant, McNemar's test). (c) Percentage of CTC-positive patients
(bars, 33.7% and 18.6%) and number of CTCs detected per patient (dots, squares) listed for the parallel
analysis in 51 patients using DC01 and CellSearch, respectively. (d) Concordance between the two CTC
detection methods. Assays were not concordant if CTC status of one sample was differently detected
by each method, meaning one assay was positive and the other negative (orange/green). Assays were
assumed as concordant when CTC status was the same for one sample detected by both techniques
(all positive <red> or all negative <blue>).

Finally, concordant between the two methods in detection of CTC-positive samples were obtained
in eight samples (9.3%), while 49 samples lacked CTCs through both analysis methods (57.0%)
(Figure 5d).

2.6. Conwversions of CTC Status after Radiotherapy

A total of 44 patient samples were analyzed with DC01 before and after therapy. The CTC status
of 19 patients did not change, with 17 patients remaining CTC negative and two patients remaining
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CTC positive. Of the remaining 25 patients for whom CTC status changed, 10 switched from negative
to positive (range 1-14 CTCs) and 15 from positive to negative status (Table 5).

Table 5. Summary of circulating tumor cell (CTC) status detected by both methods before and after
radiotherapy in paired blood samples.

# of Patients of Different CTC Status during the Sampling Period

Detection Method
Consistently neg. neg.—pos. Consistently pos. pos.—neg.
DCO01 (n = 44) 17 (39%) 10 (23%) 2 (4%) 15 (34%)
CellSearch (n = 36) 24 (67%) 6 (17%) 0 6 (17%)

#: number of CTC, neg.: negative, pos.: positive.

Among the 36 paired samples available for CellSearch analysis, no change in CTC status was
observed for 24 patients, all of whom remained CTC negative. Further, all six CTC-positive patients
changed to CTC-negative status after therapy, whereas six CTC-negative patients changed to positive
CTC status (range 1-5 CTCs) after therapy (Table 5).

3. Discussion

We evaluated the feasibility of detecting CTC numbers and monitoring these in high-risk
non-metastatic PCa patients undergoing radiotherapy. Our data show that CTCs can be detected
using both the in vivo DC01 and the CellSearch system before and after radiotherapy. This feasibility
study demonstrates that CTCs in PCa can be detected even without metastatic disease and, therefore,
that CTC monitoring has the potential to support early detection of disease progression in high-risk
non-metastatic PCa.

Despite major advances in the treatment of metastatic cancer, the most effective way to reduce
cancer mortality is early detection prior to progression when cancer remains localized within the
primary site. There is considerable evidence that early detection of cancer relapse or progression is
associated with greater treatment options and better prognosis [18-20]. Implementation of liquid
biopsies for the early detection of localized cancer is highly challenging as CTCs and circulating
tumor DNA are less abundant than in metastatic disease and require highly sensitive methods [21-23].
A promising approach to increase the likelihood of CTC detection is tumor-derived extracellular
vesicles, which show a 20 times higher frequency in blood compared to CTCs and provide similar
prognostic information to CTC counts [24]. Similarly, Lambros et al. [25] developed an apheresis
protocol to increase the CTC yield by up to 100-fold, which may permit the isolation of CTCs in a
localized disease stage where a low number of CTCs are present in the blood. In our study, we employed
the in vivo DCO01 device for CTC detection, which substantially increases the chance for CTC isolation
compared to other technologies based on ex vivo analysis in a limited volume of sampled blood.
During the 30 min of in vivo application, it is estimated that 1.5 to 3 L of blood pass by DC01, enabling
the capture of CTCs [15]. The presence of CTCs detected by DCO01 in high-risk non-metastatic PCa
was consistent with previous studies in early-stage cancer disease [26-29] and supports findings that
metastatic dissemination is an early event in tumor progression [30].

Compared to single CTCs, CTC clusters may be more aggressive in forming distal metastasis [31,32].
Previous studies have demonstrated that patients with detectable CTC clusters have significantly worse
prognosis or develop resistance to therapy [31]. Several specialized platforms have been developed
to isolate CTC clusters [33-35]. Despite DC01 not having been designed to capture CTC clusters,
we observed three CTC clusters, each comprised of two to three CTCs, in two patients who also
presented with higher CTC numbers. Similarly, using DC01, Gorges et al. [36] identified CTC clusters
(range 3-7 cells) in 20 out of 185 lung cancer patients. The low incidence of CTC clusters in our study
might be ascribed to the fact that all patients had non-metastatic localized cancer.

The detection of CTCs as a prognostic marker has been widely studied in metastatic PCa [8,9,24,37].
However, in localized PCa, only a few studies have been performed, with practically all using CellSearch.
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Using the cut-off value of one cell, a CTC positivity rate of within 5% and 27% was observed [17].
As CellSearch and DCO01 identify CTCs based on EpCAM and cytokeratin expression, we performed a
direct comparison of both methods. Our data showed that the incidence of CTC positivity at baseline
using CellSearch was 19.6%, which was within the range of published data by other studies assessing
non-metastatic PCa [17,38—42]. Our data show higher pretherapy CTC detection rates of up to 39.2%
(20/51 patients, range 1-15 CTCs) compared to published data, with the gold standard CTC isolation
method CellSearch showing a rate of 19.6% positivity (9/46 patients, range 1-3 CTCs). We further
combined the results of CTC counts from both sampling time points and revealed that DC01 showed a
significantly increased detection rate compared with CellSearch (33.7% vs. 18.6%; p = 0.024). Besides a
higher percentage of CTC-positive samples, paired analysis displayed a significantly higher number of
CTC counts using DC01 compared to CellSearch (Wilcoxon matched-pairs signed-rank test, two-tailed,
p = 0.0062), showing that DC01 may be a more effective tool for CTC isolation. A similar comparison
was performed by Gorges et al. in 2015 [36], who demonstrated a higher CTC detection efficiency
using DCO1 in lung cancer patients. For the purpose of using CTC as a potential biomarker in localized
PCa, larger patient cohorts and long-term follow-up information are critical with respect to PSA
response, PSA progression-free survival, progression-free survival, and overall survival. Furthermore,
comparative studies are also necessary to assess each potential valuable platform for capturing CTC
with high sensitivity and specificity. Nevertheless, the prognostic relevance of the DC01 device needs
to be further evaluated with long- term patient data.

We observed no statistical correlations between the presence of CTCs at baseline and a series of
clinicopathological features typically used to predict cancer disease outcome. This is in line with the
currently limited literature that demonstrates low CTC numbers detected using the CellSearch system
in high-risk non-metastatic PCa [16,41-44], suggesting that CTC provides prognostic information
independent of currently used parameters for evaluating cancer status. We did not find any clinical
features indicating the worse status of cancer progression in CTC-positive patients. Furthermore,
we found no statistical difference with respect to clinical characteristics between CTC-positive and
CTC-negative patient groups. Notably, several patients showed very high-risk of cancer status based
on conventional pathological features; they all had either a T stage of three, and/or PSA value more
than 60 ng/mL, and/or Gleason score of >9. However, they were all found to be negative for CTC using
both detection methods. Several studies have reported that CTC-negative patients have better clinical
outcomes. Thus, further follow-up of clinical outcomes is crucial to explore whether these patients can
be more successfully treated with radiotherapy compared to CTC-positive patients.

Due to the increased potential of high-risk non-metastatic PCa to develop recurrence and metastasis,
it is crucial to take effective action to confine disease. At present, the most important treatment for
high-risk non-metastatic PCa is radical prostatectomy and radiotherapy, but no consensus has yet been
reached on the best course of treatment. Recently, Parker et al. [45] reported a randomized trial on the
effect of radiotherapy to the metastatic PCa. They concluded that radiotherapy should be a standard
treatment option for men with a low metastatic burden [45], although some researchers suggested
that the definition of a low metastatic burden in their study is not standard and should be further
modified [46]. Additionally, it is still unknown whether radical prostatectomy can be a comparable
treatment option [47]. For PCa patients in whom micrometastases are failed to be detected by current
imaging tools, radiotherapy may not provide enough benefit to each of them due to the existence of
the minimal residual disease, and a proportion of patients will develop biochemical recurrence by an
increasing PSA level [48]. Therefore, it is crucial to identify those patients who would benefit from
more aggressive treatment using liquid biopsies able to predict response to radiotherapy. A pilot
study by Lowes et al. [49] demonstrated that CTC enumeration by CellSearch might be valuable in the
stratification of patients regarding the level of treatment benefit before the initiation of radiotherapy.
Further follow-up studies are necessary to evaluate the potential of CTC as a surrogate prognostic
marker for cancer progression as well as a predictive marker of response to radiotherapy.
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PCa has been shown to be a highly heterogeneous cancer with complex clinical and molecular
behaviors [50-52], which largely determine the status and treatment options [53-56]. Thus, beyond
CTC enumeration, CTC molecular characterization provides an additional approach to monitor disease
progression and optimize therapeutic care in individual cancer patients for personalized medicine.
Several genetic alterations have been reported as driver event of cancer progression, drug resistance,
and relapse, including androgen receptor (AR) variants [57,58], Phosphatase and tensin homolog
(PTEN) loss [59,60], and E26 transformation—specific (ETS) gene rearrangement [61,62], among others,
as assessed mainly based on tissue samples from tumor entities. Undoubtedly, using conventional
tumor biopsies to detect and characterize cancer remains the golden standard. However, for monitoring
purposes, tissue biopsies by fine-needle aspiration remain unfeasible due to the invasiveness of the
procedure. Therefore, liquid biopsy offers an alternative resource wherein samples can be rapidly
acquired non-invasively with less pain, risk, and expense [63].

Additionally, since CTCs carry genetic information from either the primary tumor or the metastasis
site, further molecular analysis can be performed [64-66]. Recent studies on mCRPC demonstrated
that molecular analysis of CTCs could serve as predictive biomarkers for clinical response to hormonal
therapies. One of such targets is the androgen receptor splice variant- 7 (AR-V7) mRNA of CTCs
in mCRPC. It has been shown that detectable AR-V7 mRNA or protein in CTCs are associated with
resistance to enzalutamide- and abiraterone-based anti-androgen therapy [67-69]. Antonarakis et al.
further characterized the prognostic significance of CTC-based AR-V7 mRNA detection by expanding
the analysis in a cohort of 202 mCRPC patients receiving first-line and second-line novel hormonal
therapies [70]. Their study confirmed that patients categorized as CTC*/AR™V7* had worse clinical
outcomes compared to those categorized as CTC™ and CTC*/AR™V7~ [70]. Recently, our group
developed a padlock probe approach with the ability to visualize specific mRNA transcripts, such as
AR-V7,in CTCs [71]. Using the padlock probe approach, we visualized heterogeneity among CTCs,
which may be able to provide a suitable approach to quantify AR-V7 expression and CTC numbers.
The importance of molecular characterization led to the development of a new type of CellCollector
CANCERO3 (Catch & Release, C&R) [72,73], which showed promising results in CTC detection and
single CTC analysis. However, the C&R has not yet been CE certified and is currently only available
for in vitro studies.

Our study aimed to evaluate the feasibility of CTC detection in high-risk non-metastatic PCa
patients undergoing radiotherapy. However, a major limitation to our study is the long time required
to investigate the prognostic relevance of our findings as the cancer-specific outcomes need to be
evaluated for 3-5 years in high-risk non-metastatic PCa to draw feasible conclusions [74]. Nevertheless,
we showed herein that the CellCollector DCO01 constitutes an efficient CTC detection technology,
which might enable a noninvasive tool for monitoring cancer relapse in localized disease as well as
evaluation of treatment response.

4. Materials and Methods

4.1. Patient Recruitment

This study was approved by the ethics committee of the Medical University of Graz (25-240
ex 12/13). Written informed consent was obtained from all patients. We enrolled 51 high-risk
non-metastatic PCa patients according to the D’Amico risk classification [2]. High-risk status was
defined as PSA > 20 ng/mL and/or Gleason score > 8 and/or clinical T stage > T2c. The patient staging
was performed according to the seventh edition of the Tumor, Node, Metastasis (TNM) Classification
of Malignant Tumors [75]. Before the start of treatment, all patients underwent abdominal/pelvic MRI
and a bone scan to exclude metastatic disease. Patients first received neoadjuvant hormone therapy
for 6-9 months followed by radiotherapy (doses of 78 Gy each time) with volumetric modulated arc
therapy five times a week for 7-9 weeks plus long-term concomitant/adjuvant androgen deprivation
for 2-3 years. PSA relapse was defined as a rise by >2ng/mL above the nadir PSA according to
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international guidelines [76]. In case of PSA relapse, patients are regularly evaluated with a battery
of diagnostic tests, including isotope bone scan, chest X-ray, and abdominal and pelvic computed
tomography, as well as pelvic magnetic resonance imaging studies, in order to detect local and/or
distant recurrences. Peripheral blood samples for CTC isolation were taken at two time points (before
starting radiotherapy and 3 months after completion of radiotherapy). Enumeration of CTCs was
performed using DCO01 and CellSearch. Two healthy individuals were subjected to CTC analysis using
the DCO1. The study design and information on sample collection and processing are summarized in
Figure 2.

4.2. Sample Collection for CTC Enumeration Using Two Methods

CTCs were enumerated before and after radiotherapy (first and second sampling) using DC01
and CellSearch. For CTC detection by means of DC01, medical wires were placed into patient’s
cubital vein via an intravenous catheter (20-gauge, BD Venflon™, Helsingborg, Sweden) as previously
described [71]. After 30 min of incubation at room temperature, the functional part of DC01 was
removed from the patients, immediately washed three times in 1x PBS (pH 7), fixed in 100% acetone
for 10 min, air-dried for 5 min, and stored at —20°C until further use for CTC enumeration.

For CellSearch analysis, 7.5 mL of peripheral blood were collected in CellSave (Veridex LLC,
Raritan, NJ, USA) preservative tubes and batch-shipped at room temperature to our cooperation
partner (Department of Tumor Biology, University Medical Center Hamburg-Eppendorf, Hamburg,
Germany) for CTC enumeration within 96 h, as previously described [17].

Patient samples were assigned a CTC-positive status when at least one CTC was
detected [17,36,38,41,42].

4.3. Sample Processing and Enumeration of CTCs Using DCO1

Cells attached to the DC01 were permeabilized in 1x PBS/0.1% Triton X-100 (Sigma, St. Louis, M1,
USA) for 10 min, washed three times in 1x PBS, and blocked with 1x PBS/3% BSA (w/v, Sigma) for 30 min.
Immunolabeling was performed in 300 pL of PBS/3% BSA for 1 h containing the following antibodies:
anti-CD45 (MEM-28, AlexaFluor647-conjugated, Exbio, dilution 1:25), anti-pan-CK (AE1/AE3
(eBiosience, San Diego, CA, USA) and C11 (Exbio, Praha, Czech Republic); AlexaFluor488-conjugated,
dilution 1:50 (both)), and anti-PSA antibody (H117, AlexaFluor555-conjugated, dilution 1:80, University
of Turku, Finland). Cells were counterstained with Hoechst 33342 (Sigma, 1:10,000 in 1x PBS), rinsed,
and air-dried for 5 min each. Images of stained cells were acquired using a fluorescent microscope
(Observer Z1, Carl Zeiss, Jena, Germany) and identified cells positive for nucleic staining/pan-CK and
negative for CD45 as CTCs. Additionally, allimages of candidate CTCs were re-evaluated independently
by the panel of experts involved in the multi-center clinical study CTC-SCAN. All patients showing
one or more CTCs were assigned to the CTC-positive patient group.

4.4. Statistical Methods

The association of CTC positivity with clinicopathological variables was evaluated using the x>
(likelihood) test. To compare CTC counts at both sampling time points, McNemar’s test was used.
To compare the efficacy of the two methods (DC01 and CellSearch) for CTC detection, the x? (likelihood)
test was used. Analyses were performed by IBM SPSS Statistics version 21.0 (IBM Corp., Armonk, NY,
USA). The Wilcoxon matched-pairs signed-rank test (CTC) and Mann-Whitney U test were performed
using GraphPad Prism version 6.0 (GraphPad Software, La Jolla, CA, USA). All tests were two-sided,
and a p-value of less than 0.05 was considered statistically significant.

5. Conclusions

We reported an in vivo isolation approach using an anti-EpCAM coated device (DCO01),
thus circumventing limitations due to batch sampling. This method proved more efficient in CTC
detection from high-risk non-metastatic PCa patients compared to CellSearch. The DCO01 thus has
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potential clinical applications, such as in non-invasive screening for monitoring of cancer relapse in
localized disease and evaluation of treatment response. Nevertheless, the use of CTC, as a surrogate
biomarker, to indicate cancer recurrence and response to treatment needs to be further evaluated.

Author Contributions: Conceptualization, K.P,, PS,, S.C., and T.K.; methodology, TK., P.S., and K.P,; validation,
S.C,TK,PS, GT,TL,LMS., MP, SR, AK, and K.P; formal analysis, S.C. and T.K,; investigation, S.C., TK.,
and G.T.; resources, T.K., PS.,, G.T,, T.L., LM.S.,, M.P, G.L., K.K., Z.T.C., and B.P.; data curation, S.C., S.R., and
A K.; writing—original draft preparation, S.C., A.E.-H., TK,, and P.S.; writing—review and editing, S.C., G.T.,
TL,SR,GL,KK,ZTC,BP,PS, TK, and A.E.-H,; visualization, S.C. and T.K; supervision, P.S. and TK.;
project administration, T.K., P.S., S.C., and K.P,; funding acquisition, P.S., TK., and K.P. All authors reviewed and
approved the manuscript.

Funding: This study was funded by the Austrian Science Fund (FWF), project no. 1 1220-B19 (to P.S.) as part of
the ERA-NET project in Translational Cancer Research (TRANSCAN) “Circulating Tumor Cells as Biomarker for
Minimal Residual Disease in Prostate Cancer (CTC-SCAN)”, coordinator: Klaus Pantel (University Medical Center
Hamburg-Eppendorf) and was financially supported in part by grant #394 (S.C.) from the Franz Lanyar-Stiftung
at the Medical University Graz, Graz, Austria. Ph.D. candidate S.C. received funding from FWF project I 1220-B19
and was trained within the frame of the Ph.D. Program Molecular Medicine of the Medical University of Graz.

Acknowledgments: The authors thank the patients who participated in this study. The authors gratefully
acknowledge Nina Schlogl and Elisabeth Pritz for their expert technical assistance and support. The authors also
thank the project collaborators of CTC-SCAN for their advice and experience on CTC identification.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2019. CA Cancer J. Clin. 2019, 69, 7-34. [CrossRef]
D’amico, A.V.; Whittington, R.; Malkowicz, S.B.; Schultz, D.; Blank, K.; Broderick, G.A.; Tomaszewski, J.E.;
Renshaw, A.A.; Kaplan, I; Beard, C.J. Biochemical outcome after radical prostatectomy, external beam
radiation therapy, or interstitial radiation therapy for clinically localized prostate cancer. JAMA 1998, 280,
969-974. [CrossRef]

3. Prekovic, S.; Van den Broeck, T.; Moris, L.; Smeets, E.; Claessens, F.; Joniau, S.; Helsen, C.; Attard, G.
Treatment-induced changes in the androgen receptor axis: Liquid biopsies as diagnostic/prognostic tools for
prostate cancer. Mol. Cell. Endocrinol. 2018, 462, 56—63. [CrossRef]

4. Nadler, R.B.; Humphrey, P.A.; Smith, D.S.; Catalona, W.]J.; Ratliff, T.L. Effect of inflammation and benign
prostatic hyperplasia on elevated serum prostate specific antigen levels. J. Urol. 1995, 154, 407-413. [CrossRef]

5. Toktas, G.; Demiray, M.; Erkan, E.; Kocaaslan, R.; Yucetas, U.; Unluer, S.E. The effect of antibiotherapy on
prostate-specific antigen levels and prostate biopsy results in patients with levels 2.5 to 10 ng/mL. J. Endourol.
2013, 27, 1061-1067. [CrossRef]

6. Pantel, K.; Alix-Panabieres, C.; Riethdorf, S. Cancer micrometastases. Nat. Rev. Clin. Oncol. 2009, 6, 339-351.
[CrossRef]

7. Yu, M,; Stott, S.; Toner, M.; Maheswaran, S.; Haber, D.A. Circulating tumor cells: Approaches to isolation
and characterization. J. Cell Biol. 2011, 192, 373-382. [CrossRef]

8.  Danila, D.C.; Heller, G.; Gignac, G.A.; Gonzalez-Espinoza, R.; Anand, A.; Tanaka, E.; Lilja, H.; Schwartz, L.;
Larson, S.; Fleisher, M. Circulating tumor cell number and prognosis in progressive castration-resistant
prostate cancer. Clin. Cancer Res. 2007, 13, 7053-7058. [CrossRef]

9. De Bono, ].S.; Scher, H.I,; Montgomery, R.B.; Parker, C.; Miller, M.C; Tissing, H.; Doyle, G.V.; Terstappen, L.W.,;
Pienta, K.J.; Raghavan, D. Circulating tumor cells predict survival benefit from treatment in metastatic
castration-resistant prostate cancer. Clin. Cancer Res. 2008, 14, 6302-6309. [CrossRef]

10. Goldkorn, A.; Ely, B.; Quinn, D.I,; Tangen, C.M.; Fink, L.M.; Xu, T.; Twardowski, P.; Van Veldhuizen, P]J.;
Agarwal, N.; Carducci, M.A. Circulating tumor cell counts are prognostic of overall survival in SWOG S0421:
A phase III trial of docetaxel with or without atrasentan for metastatic castration-resistant prostate cancer.
J. Clin. Oncol. 2014, 32, 1136-1142. [CrossRef]

11. Bitting, R.L.; Healy, P; Halabi, S.; George, D.J.; Goodin, M.; Armstrong, A.J. Clinical phenotypes associated
with circulating tumor cell enumeration in metastatic castration-resistant prostate cancer. Urol. Oncol. 2015,
33, 110.e1-110.€9. [CrossRef]


http://dx.doi.org/10.3322/caac.21551
http://dx.doi.org/10.1001/jama.280.11.969
http://dx.doi.org/10.1016/j.mce.2017.08.020
http://dx.doi.org/10.1016/S0022-5347(01)67064-2
http://dx.doi.org/10.1089/end.2013.0022
http://dx.doi.org/10.1038/nrclinonc.2009.44
http://dx.doi.org/10.1083/jcb.201010021
http://dx.doi.org/10.1158/1078-0432.CCR-07-1506
http://dx.doi.org/10.1158/1078-0432.CCR-08-0872
http://dx.doi.org/10.1200/JCO.2013.51.7417
http://dx.doi.org/10.1016/j.urolonc.2014.09.002

Cancers 2019, 11,933 14 of 17

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Alix-Panabieres, C.; Pantel, K. Challenges in circulating tumour cell research. Nat. Rev. Cancer 2014, 14,
623-631. [CrossRef]

Ferreira, M.M.; Ramani, V.C.; Jeffrey, S.S. Circulating tumor cell technologies. Mol. Oncol. 2016, 10, 374-394.
[CrossRef]

Riethdorf, S.; Fritsche, H.; Miiller, V.; Rau, T.; Schindlbeck, C.; Rack, B.; Janni, W.; Coith, C.; Beck, K.; Janicke, E.
Detection of circulating tumor cells in peripheral blood of patients with metastatic breast cancer: A validation
study of the CellSearch system. Clin. Cancer Res. 2007, 13, 920-928. [CrossRef]

Saucedo-Zeni, N.; Mewes, S.; Niestroj, R.; Gasiorowski, L.; Murawa, D.; Nowaczyk, P.; Tomasi, T.; Weber, E.;
Dworacki, G.; Morgenthaler, N.G. A novel method for the in vivo isolation of circulating tumor cells from
peripheral blood of cancer patients using a functionalized and structured medical wire. Int. J. Oncol. 2012,
41, 1241-1250.

Gorges, T.M,; Stein, A.; Quidde, J.; Hauch, S.; Rock, K.; Riethdorf, S.; Joosse, S.A.; Pantel, K. Improved
detection of circulating tumor cells in metastatic colorectal cancer by the combination of the CellSearch®
System and the AdnaTest®. PLoS ONE 2016, 11, €0155126. [CrossRef]

Kuske, A.; Gorges, TM.; Tennstedt, P; Tiebel, A.-K.; Pompe, R.; Preifier, F.; Prues, S.; Mazel, M.; Markou, A.;
Lianidou, E. Improved detection of circulating tumor cells in non-metastatic high-risk prostate cancer
patients. Sci. Rep. 2016, 6, 39736. [CrossRef]

Cristofanilli, M.; Budd, G.T; Ellis, M.].; Stopeck, A.; Matera, J.; Miller, M.C.; Reuben, ].M.; Doyle, G.V,;
Allard, WJ.; Terstappen, L.W. Circulating tumor cells, disease progression, and survival in metastatic breast
cancer. N. Engl. |. Med. 2004, 351, 781-791. [CrossRef]

Hayes, D.F.; Cristofanilli, M.; Budd, G.T.; Ellis, M.].; Stopeck, A.; Miller, M.C.; Matera, J.; Allard, W.J.;
Doyle, G.V.; Terstappen, L.W. Circulating tumor cells at each follow-up time point during therapy of
metastatic breast cancer patients predict progression-free and overall survival. Clin. Cancer Res. 2006, 12,
4218-4224. [CrossRef]

Tol, J.; Koopman, M.; Miller, M.; Tibbe, A.; Cats, A.; Creemers, G.; Vos, A.; Nagtegaal, I.; Terstappen, L.;
Punt, C. Circulating tumour cells early predict progression-free and overall survival in advanced colorectal
cancer patients treated with chemotherapy and targeted agents. Ann. Oncol. 2009, 21, 1006-1012. [CrossRef]
Nakagawa, T.; Martinez, S.R.; Goto, Y.; Koyanagi, K.; Kitago, M.; Shingai, T.; Elashoff, D.A.; Ye, X,; Singer, ER;
Giuliano, A.E. Detection of circulating tumor cells in early-stage breast cancer metastasis to axillary lymph
nodes. Clin. Cancer Res. 2007, 13, 4105-4110. [CrossRef]

Garcia-Murillas, I; Schiavon, G.; Weigelt, B.; Ng, C.; Hrebien, S.; Cutts, R.J.; Cheang, M.; Osin, P.; Nerurkar, A.;
Kozarewa, I. Mutation tracking in circulating tumor DNA predicts relapse in early breast cancer. Sci. Transl.
Med. 2015, 7, 302ra133. [CrossRef]

Tie, J.; Wang, Y.; Tomasetti, C.; Li, L.; Springer, S.; Kinde, L; Silliman, N.; Tacey, M.; Wong, H.-L.; Christie, M.
Circulating tumor DNA analysis detects minimal residual disease and predicts recurrence in patients with
stage II colon cancer. Sci. Transl. Med. 2016, 8, 346ra92. [CrossRef]

Nanou, A.; Coumans, FA.; van Dalum, G.; Zeune, L.L.; Dolling, D.; Onstenk, W.; Crespo, M.; Fontes, M.S.;
Rescigno, P.; Fowler, G. Circulating tumor cells, tumor-derived extracellular vesicles and plasma cytokeratins
in castration-resistant prostate cancer patients. Oncotarget 2018, 9, 19283-19293. [CrossRef]

Lambros, M.B.; Seed, G.; Sumanasuriya, S.; Gil, V.; Crespo, M.; Fontes, M.; Chandler, R.; Mehra, N.; Fowler, G.;
Ebbs, B. Single-cell analyses of prostate cancer liquid biopsies acquired by apheresis. Clin. Cancer Res. 2018,
24, 5635-5644. [CrossRef]

Xenidis, N.; Ignatiadis, M.; Apostolaki, S.; Perraki, M.; Kalbakis, K.; Agelaki, S.; Stathopoulos, E.N.;
Chlouverakis, G.; Lianidou, E.; Kakolyris, S. Cytokeratin-19 mRNA-positive circulating tumor cells after
adjuvant chemotherapy in patients with early breast cancer. J. Clin. Oncol. 2009, 27, 2177-2184. [CrossRef]

Bidard, F.-C.; Mathiot, C.; Delaloge, S.; Brain, E.; Giachetti, S.; De Cremoux, P.; Marty, M.; Pierga, J.-Y. Single
circulating tumor cell detection and overall survival in nonmetastatic breast cancer. Ann. Oncol. 2009, 21,
729-733. [CrossRef]

Riethdorf, S.; Pantel, K. Advancing personalized cancer therapy by detection and characterization of
circulating carcinoma cells. Ann. N.Y. Acad. Sci. 2010, 1210, 66-77. [CrossRef]

Rack, B.; Schindlbeck, C.; Jiickstock, J.; Andergassen, U.; Hepp, P.; Zwingers, T.; Friedl, TW.; Lorenz, R;
Tesch, H.; Fasching, P.A. Circulating tumor cells predict survival in early average-to-high risk breast cancer
patients. J. Natl. Cancer Inst. 2014, 106, dju066. [CrossRef]


http://dx.doi.org/10.1038/nrc3820
http://dx.doi.org/10.1016/j.molonc.2016.01.007
http://dx.doi.org/10.1158/1078-0432.CCR-06-1695
http://dx.doi.org/10.1371/journal.pone.0155126
http://dx.doi.org/10.1038/srep39736
http://dx.doi.org/10.1056/NEJMoa040766
http://dx.doi.org/10.1158/1078-0432.CCR-05-2821
http://dx.doi.org/10.1093/annonc/mdp463
http://dx.doi.org/10.1158/1078-0432.CCR-07-0419
http://dx.doi.org/10.1126/scitranslmed.aab0021
http://dx.doi.org/10.1126/scitranslmed.aaf6219
http://dx.doi.org/10.18632/oncotarget.25019
http://dx.doi.org/10.1158/1078-0432.CCR-18-0862
http://dx.doi.org/10.1200/JCO.2008.18.0497
http://dx.doi.org/10.1093/annonc/mdp391
http://dx.doi.org/10.1111/j.1749-6632.2010.05779.x
http://dx.doi.org/10.1093/jnci/dju066

Cancers 2019, 11,933 15 0f 17

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Hiisemann, Y.; Geigl, ].B.; Schubert, E; Musiani, P.; Meyer, M.; Burghart, E.; Forni, G.; Eils, R.; Fehm, T.;
Riethmdiller, G. Systemic spread is an early step in breast cancer. Cancer Cell 2008, 13, 58-68. [CrossRef]
Aceto, N.; Bardia, A.; Miyamoto, D.T.; Donaldson, M.C.; Wittner, B.S.; Spencer, ].A.; Yu, M.; Pely, A,;
Engstrom, A.; Zhu, H. Circulating tumor cell clusters are oligoclonal precursors of breast cancer metastasis.
Cell 2014, 158, 1110-1122. [CrossRef]

Gkountela, S.; Castro-Giner, E; Szczerba, B.M.; Vetter, M.; Landin, J.; Scherrer, R.; Krol, I.; Scheidmann, M.C.;
Beisel, C.; Stirnimann, C.U.; et al. Circulating tumor cell clustering shapes DNA methylation to enable
metastasis seeding. Cell 2019, 176, 98-112.e14. [CrossRef]

Au, S.H.; Edd, J; Stoddard, A.E.; Wong, K.H.; Fachin, F.; Maheswaran, S.; Haber, D.A ; Stott, S.L.; Kapur, R.;
Toner, M. Microfluidic isolation of circulating tumor cell clusters by size and asymmetry. Sci. Rep. 2017, 7,
2433. [CrossRef]

Sarioglu, A.F,; Aceto, N.; Kojic, N.; Donaldson, M.C.; Zeinali, M.; Hamza, B.; Engstrom, A.; Zhu, H,;
Sundaresan, T.K.; Miyamoto, D.T. A microfluidic device for label-free, physical capture of circulating tumor
cell clusters. Nat. Methods 2015, 12, 685-691. [CrossRef]

Au, S.H,; Storey, B.D.; Moore, ].C.; Tang, Q.; Chen, Y.-L.; Javaid, S.; Sarioglu, A.E; Sullivan, R.; Madden, M.W.,;
O’Keefe, R. Clusters of circulating tumor cells traverse capillary-sized vessels. Proc. Natl. Acad. Sci. USA
2016, 113, 4947-4952. [CrossRef]

Gorges, T.M.; Penkalla, N.; Schalk, T.; Joosse, S.; Riethdorf, S.; Tucholski, J.; Lucke, K.; Wikman, H.;
Jackson, S.M.; Brychter, N. Enumeration and molecular characterization of tumor cells in lung cancer patients
using a novel in vivo device for capturing circulating tumor cells. Clin. Cancer Res. 2015, 22, 2197-2206.
[CrossRef]

Moreno, ].G.; Miller, M.C; Gross, S.; Allard, W.J.; Gomella, L.G.; Terstappen, L.W. Circulating tumor cells
predict survival in patients with metastatic prostate cancer. Urology 2005, 65, 713-718. [CrossRef]

Davis, ].W.; Nakanishi, H.; Kumar, V.S.; Bhadkamkar, V.A.; McCormack, R.; Fritsche, H.A.; Handy, B.;
Gornet, T.; Babaian, R.J. Circulating tumor cells in peripheral blood samples from patients with increased
serum prostate specific antigen: Initial results in early prostate cancer. J. Urol. 2008, 179, 2187-2191.
[CrossRef]

Folkersma, L.R.; Manso, L.S.J.; Romo, I.G.; Sierra, ] M.; Gémez, C.O. Prognostic significance of circulating
tumor cell count in patients with metastatic hormone-sensitive prostate cancer. Urology 2012, 80, 1328-1332.
[CrossRef]

Thalgott, M.; Rack, B.; Maurer, T.; Souvatzoglou, M.; Eiber, M.; Kre8, V.; Heck, M.M.; Andergassen, U.;
Nawroth, R.; Gschwend, J.E. Detection of circulating tumor cells in different stages of prostate cancer.
J. Cancer Res. Clin. Oncol. 2013, 139, 755-763. [CrossRef]

Thalgott, M.; Rack, B.; Horn, T.; Heck, M.M.; Eiber, M.; Kiibler, H.; Retz, M.; Gschwend, ].E.; Andergassen, U.;
Nawroth, R. Detection of circulating tumor cells in locally advanced high-risk prostate cancer during
neoadjuvant chemotherapy and radical prostatectomy. Anticancer Res. 2015, 35, 5679-5685.

Loh, J.; Jovanovic, L.; Lehman, M.; Capp, A.; Pryor, D.; Harris, M.; Nelson, C.; Martin, J. Circulating tumor
cell detection in high-risk non-metastatic prostate cancer. J. Cancer Res. Clin. Oncol. 2014, 140, 2157-2162.
[CrossRef]

Khurana, K.K.; Grane, R.; Borden, E.C.; Klein, E.A. Prevalence of circulating tumor cells in localized prostate
cancer. Curr. Urol. 2013, 7, 65—69. [CrossRef]

Kolostova, K.; Broul, M.; Schraml, J.; Cegan, M.; Matkowski, R.; Fiutowski, M.; Bobek, V. Circulating tumor
cells in localized prostate cancer: Isolation, cultivation in vitro and relationship to T-stage and Gleason score.
Anticancer Res. 2014, 34, 3641-3646.

Parker, C.C.; James, N.D.; Brawley, C.D.; Clarke, N.W.; Hoyle, A.P,; Ali, A.; Ritchie, AW.; Attard, G.;
Chowdhury, S.; Cross, W. Radiotherapy to the primary tumour for newly diagnosed, metastatic prostate
cancer (STAMPEDE): A randomised controlled phase 3 trial. Lancet 2018, 392, 2353-2366. [CrossRef]

Tilki, D.; Evans, C.P. Re: Radiotherapy to the Primary Tumour for Newly Diagnosed, Metastatic Prostate
Cancer (STAMPEDE): A Randomised Controlled Phase 3 Trial. Eur. Urol. 2019, 75, 535-536. [CrossRef]
Choudhury, A.; Chen, R.C.; Henry, A.; Mistry, H.; Mitin, T.; Pinkawa, M.; Spratt, D.E. STAMPEDE: Is Radiation
Therapy to the Primary a New Standard of Care in Men with Metastatic Prostate Cancer? Int. J. Radiat Oncol.
Biol. Phys. 2019, 104, 33-35. [CrossRef]


http://dx.doi.org/10.1016/j.ccr.2007.12.003
http://dx.doi.org/10.1016/j.cell.2014.07.013
http://dx.doi.org/10.1016/j.cell.2018.11.046
http://dx.doi.org/10.1038/s41598-017-01150-3
http://dx.doi.org/10.1038/nmeth.3404
http://dx.doi.org/10.1073/pnas.1524448113
http://dx.doi.org/10.1158/1078-0432.CCR-15-1416
http://dx.doi.org/10.1016/j.urology.2004.11.006
http://dx.doi.org/10.1016/j.juro.2008.01.102
http://dx.doi.org/10.1016/j.urology.2012.09.001
http://dx.doi.org/10.1007/s00432-013-1377-5
http://dx.doi.org/10.1007/s00432-014-1775-3
http://dx.doi.org/10.1159/000356251
http://dx.doi.org/10.1016/S0140-6736(18)32486-3
http://dx.doi.org/10.1016/j.eururo.2018.11.011
http://dx.doi.org/10.1016/j.ijrobp.2018.12.040

Cancers 2019, 11,933 16 of 17

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Cookson, M.S.; Aus, G.; Burnett, A.L.; Canby-Hagino, E.D.; D’Amico, A.V.; Dmochowski, R.R.; Eton, D.T,;
Forman, ].D.; Goldenberg, S.L.; Hernandez, J. Variation in the definition of biochemical recurrence in patients
treated for localized prostate cancer: The American Urological Association Prostate Guidelines for Localized
Prostate Cancer Update Panel report and recommendations for a standard in the reporting of surgical
outcomes. J. Urol. 2007, 177, 540-545.

Lowes, L.; Lock, M.; Rodrigues, G.; D’Souza, D.; Bauman, G.; Ahmad, B.; Venkatesan, V.; Allan, A.; Sexton, T.
The significance of circulating tumor cells in prostate cancer patients undergoing adjuvant or salvage
radiation therapy. Prostate Cancer Prostatic Dis. 2015, 18, 358-364. [CrossRef]

Shah, R.B.; Mehra, R.; Chinnaiyan, A.M.; Shen, R.; Ghosh, D.; Zhou, M.; MacVicar, G.R.; Varambally, S.;
Harwood, J.; Bismar, T.A. Androgen-independent prostate cancer is a heterogeneous group of diseases:
Lessons from a rapid autopsy program. Cancer Res. 2004, 64, 9209-9216. [CrossRef]

Klein, E.A.; Cooperberg, M.R.; Magi-Galluzzi, C.; Simko, J.P.; Falzarano, S.M.; Maddala, T.; Chan, ].M.;
Li, J.; Cowan, J.E.; Tsiatis, A.C. A 17-gene assay to predict prostate cancer aggressiveness in the context of
Gleason grade heterogeneity, tumor multifocality, and biopsy undersampling. Eur. Urol. 2014, 66, 550-560.
[CrossRef]

Boutros, P.C.; Fraser, M.; Harding, N.J.; De Borja, R.; Trudel, D.; Lalonde, E.; Meng, A.; Hennings-Yeomans, PH.;
McPherson, A.; Sabelnykova, V.Y. Spatial genomic heterogeneity within localized, multifocal prostate cancer.
Nat. Genet. 2015, 47, 736. [CrossRef]

Perner, S.; Demichelis, F.; Beroukhim, R.; Schmidt, EH.; Mosquera, J.-M.; Setlur, S.; Tchinda, J.; Tomlins, S.A.;
Hofer, M.D,; Pienta, K.G. TMPRSS2: ERG fusion-associated deletions provide insight into the heterogeneity
of prostate cancer. Cancer Res. 2006, 66, 8337-8341. [CrossRef]

Barry, M.; Perner, S.; Demichelis, F.; Rubin, M.A. TMPRSS2-ERG fusion heterogeneity in multifocal prostate
cancer: Clinical and biologic implications. Urology 2007, 70, 630-633. [CrossRef]

Aryee, M.],; Liu, W,; Engelmann, J.C.; Nuhn, P; Gurel, M.; Haffner, M.C.; Esopi, D.; Irizarry, R.A,;
Getzenberg, R.H.; Nelson, W.G. DNA methylation alterations exhibit intraindividual stability and
interindividual heterogeneity in prostate cancer metastases. Sci. Transl. Med. 2013, 5, 169ral0. [CrossRef]
Brocks, D.; Assenov, Y.; Minner, S.; Bogatyrova, O.; Simon, R.; Koop, C.; Oakes, C.; Zucknick, M.; Lipka, D.B.;
Weischenfeldst, J. Intratumor DNA methylation heterogeneity reflects clonal evolution in aggressive prostate
cancer. Cell Rep. 2014, 8, 798-806. [CrossRef]

Guo, Z; Yang, X,; Sun, F; Jiang, R.; Linn, D.E.; Chen, H.; Chen, H.; Kong, X.; Melamed, J.; Tepper, C.G.
A novel androgen receptor splice variant is up-regulated during prostate cancer progression and promotes
androgen depletion—resistant growth. Cancer Res. 2009, 69, 2305-2313. [CrossRef]

Sun, S.; Sprenger, C.C.; Vessella, R.L.; Haugk, K.; Soriano, K.; Mostaghel, E.A.; Page, S.T.; Coleman, I.M.;
Nguyen, H.M.; Sun, H. Castration resistance in human prostate cancer is conferred by a frequently occurring
androgen receptor splice variant. J. Clin. Investig. 2010, 120, 2715-2730. [CrossRef]

Li, J; Yen, C; Liaw, D.; Podsypanina, K.; Bose, S.; Wang, S.1.; Puc, ].; Miliaresis, C.; Rodgers, L.; McCombie, R.
PTEN, a putative protein tyrosine phosphatase gene mutated in human brain, breast, and prostate cancer.
Science 1997, 275, 1943-1947. [CrossRef]

Wang, S.; Gao, J.; Lei, Q.; Rozengurt, N.; Pritchard, C.; Jiao, J.; Thomas, G.V,; Li, G.; Roy-Burman, P;
Nelson, P.S. Prostate-specific deletion of the murine Pten tumor suppressor gene leads to metastatic prostate
cancer. Cancer Cell 2003, 4, 209-221. [CrossRef]

Tomlins, S.A.; Rhodes, D.R.; Perner, S.; Dhanasekaran, S.M.; Mehra, R.; Sun, X.-W.; Varambally, S.; Cao, X;
Tchinda, J.; Kuefer, R. Recurrent fusion of TMPRSS2 and ETS transcription factor genes in prostate cancer.
Science 2005, 310, 644—648. [CrossRef]

Petrovics, G.; Liu, A.; Shaheduzzaman, S.; Furasato, B.; Sun, C.; Chen, Y.; Nau, M.; Ravindranath, L.; Chen, Y.;
Dobi, A. Frequent overexpression of ETS-related gene-1 (ERG1) in prostate cancer transcriptome. Oncogene
2005, 24, 3847-3852. [CrossRef]

Chen, S.; El-Heliebi, A.; Kroneis, T. Biological and Molecular Characterization of Circulating Tumor Cells: A
Creative Strategy for Precision Medicine? Adv. Clin. Chem. 2017, 82, 71-103.

Markou, A.; Lazaridou, M.; Paraskevopoulos, P.; Chen, S.; Swierczewska, M.; Budna, J.; Kuske, A.;
Gorges, TM.; Joosse, S.A.; Kroneis, T. Multiplex gene expression profiling of in vivo isolated circulating
tumor cells in high-risk prostate cancer patients. Clin. Chem. 2018, 64, 297-306. [CrossRef]


http://dx.doi.org/10.1038/pcan.2015.36
http://dx.doi.org/10.1158/0008-5472.CAN-04-2442
http://dx.doi.org/10.1016/j.eururo.2014.05.004
http://dx.doi.org/10.1038/ng.3315
http://dx.doi.org/10.1158/0008-5472.CAN-06-1482
http://dx.doi.org/10.1016/j.urology.2007.08.032
http://dx.doi.org/10.1126/scitranslmed.3005211
http://dx.doi.org/10.1016/j.celrep.2014.06.053
http://dx.doi.org/10.1158/0008-5472.CAN-08-3795
http://dx.doi.org/10.1172/JCI41824
http://dx.doi.org/10.1126/science.275.5308.1943
http://dx.doi.org/10.1016/S1535-6108(03)00215-0
http://dx.doi.org/10.1126/science.1117679
http://dx.doi.org/10.1038/sj.onc.1208518
http://dx.doi.org/10.1373/clinchem.2017.275503

Cancers 2019, 11,933 17 of 17

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Markou, A; Strati, A.; Malamos, N.; Georgoulias, V.; Lianidou, E.S. Molecular characterization of circulating
tumor cells in breast cancer by a liquid bead array hybridization assay. Clin. Chem. 2011, 57, 421-430.
[CrossRef]

Lianidou, E.S.; Markou, A. Circulating tumor cells in breast cancer: Detection systems, molecular
characterization, and future challenges. Clin. Chem. 2011, 57, 1242-1255. [CrossRef]

Antonarakis, E.S.; Lu, C.; Wang, H.; Luber, B.; Nakazawa, M.; Roeser, ].C.; Chen, Y.; Mohammad, T.A;
Chen, Y.; Fedor, H.L. AR-V7 and resistance to enzalutamide and abiraterone in prostate cancer. N. Engl. |.
Med. 2014, 371, 1028-1038. [CrossRef]

Steinestel, J.; Luedeke, M.; Arndt, A.; Schnoeller, T.].; Lennerz, J.K.; Wurm, C.; Maier, C.; Cronauer, M.V,;
Steinestel, K.; Schrader, A.]. Detecting predictive androgen receptor modifications in circulating prostate
cancer cells. Oncotarget 2015, 6, 12035-12047.

Scher, H.I; Lu, D.; Schreiber, N.A.; Louw, J.; Graf, R.P; Vargas, H.A.; Johnson, A.; Jendrisak, A.; Bambury, R.;
Danila, D. Association of AR-V7 on circulating tumor cells as a treatment-specific biomarker with outcomes
and survival in castration-resistant prostate cancer. JAMA Oncol. 2016, 2, 1441-1449. [CrossRef]
Antonarakis, E.S.; Lu, C.; Luber, B.; Wang, H.; Chen, Y.; Zhu, Y; Silberstein, ].L.; Taylor, M.N.; Maughan, B.L.;
Denmeade, S.R. Clinical significance of androgen receptor splice variant-7 mRNA detection in circulating
tumor cells of men with metastatic castration-resistant prostate cancer treated with first-and second-line
abiraterone and enzalutamide. J. Clin. Oncol. 2017, 35, 2149-2156. [CrossRef]

El-Heliebi, A.; Hille, C.; Laxman, N.; Svedlund, J.; Haudum, C.; Ercan, E.; Kroneis, T.; Chen, S.; Smolle, M.;
Rossmann, C. In situ detection and quantification of AR-V7, AR-FL, PSA, and KRAS point mutations in
circulating tumor cells. Clin. Chem. 2018, 64, 536-546. [CrossRef]

Chen, S.; El-Heliebi, A.; Tauber, G.; Langsenlehner, T.; Potscher, M.; Kashofer, K.; Czyz, Z.T.; Polzer, B.;
Riethdorf, S.; Kuske, A. Catch and Release: Rare cell analysis from a functionalised medical wire. Sci. Rep.
2017, 7, 43424. [CrossRef]

Chen, S.; El-Heliebi, A.; Schmid, J.; Kashofer, K.; Czyz, Z.T.; Polzer, B.M.; Pantel, K.; Kroneis, T.; Sedlmayr, P.
Target Cell Pre-enrichment and Whole Genome Amplification for Single Cell Downstream Characterization.
J. Vis. Exp. 2018, 135, e56394. [CrossRef]

Sundi, D.; Wang, V.M,; Pierorazio, PM.; Han, M.; Bivalacqua, T.].; Ball, M.W.; Antonarakis, E.S.; Partin, A.W,;
Schaeffer, E.M.; Ross, A.E. Very-high-risk localized prostate cancer: Definition and outcomes. Prostate Cancer
Prostatic Dis. 2014, 17, 57-63. [CrossRef]

Sobin, L.; Gospodarowicz, W.C.; Wittekind, C. TNM Classification of Malignant Tumours, 7th ed.; Blackwell
Wiley: Chichester, UK, 2009.

Roach, M., III; Hanks, G.; Thames, H., Jr.; Schellhammer, P.; Shipley, W.U.; Sokol, G.H.; Sandler, H. Defining
biochemical failure following radiotherapy with or without hormonal therapy in men with clinically localized
prostate cancer: Recommendations of the RTOG-ASTRO Phoenix Consensus Conference. Int. |. Radiat Oncol.
Biol. Phys. 2006, 65, 965-974. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1373/clinchem.2010.154328
http://dx.doi.org/10.1373/clinchem.2011.165068
http://dx.doi.org/10.1056/NEJMoa1315815
http://dx.doi.org/10.1001/jamaoncol.2016.1828
http://dx.doi.org/10.1200/JCO.2016.70.1961
http://dx.doi.org/10.1373/clinchem.2017.281295
http://dx.doi.org/10.1038/srep43424
http://dx.doi.org/10.3791/56394
http://dx.doi.org/10.1038/pcan.2013.46
http://dx.doi.org/10.1016/j.ijrobp.2006.04.029
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Patient and Sample Characteristics 
	Detection of CTCs and CTC Clusters Using DC01 
	Analysis of CTC Status at Baseline 
	Analysis of Paired Blood Samples Before and After Radiotherapy Using the Two Methods 
	DC01 Improves CTC Enrichment Efficiency in A Cohort of High-Risk Non-Metastatic PCa Patients 
	Conversions of CTC Status after Radiotherapy 

	Discussion 
	Materials and Methods 
	Patient Recruitment 
	Sample Collection for CTC Enumeration Using Two Methods 
	Sample Processing and Enumeration of CTCs Using DC01 
	Statistical Methods 

	Conclusions 
	References

