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Abstract: Even though more than 350,000 men die from prostate cancer every year, broad-based
screening for the disease remains a controversial topic. Guidelines demand that the only commonly
accepted screening tool, prostate-specific antigen (PSA) testing, must be followed by prostate biopsy
if results are elevated. Due to the procedure’s low positive predictive value (PPV), however, over 80%
of biopsies are performed on healthy men or men with clinically insignificant cancer—prompting
calls for new ways of vetting equivocal PSA readings prior to the procedure. Responding to the
challenge, the present study investigated the diagnostic potential of tumour-associated circulating
endothelial cells (tCECs), which have previously been described as a novel, blood-based biomarker for
clinically significant cancers. Specifically, the objective was to determine the diagnostic accuracy of a
tCEC-based blood test to detect clinically significant prostate cancer (defined as Gleason score ≥ 3 + 4)
in high-risk patients. Performed in a blinded, prospective, single-centre set-up, it compared a novel
tCEC index test with transrectal ultrasound-guided biopsy as a reference on a total of 170 patients
and found that a tCEC add-on test will almost double the PPV of a standalone PSA test (32% vs. 17%;
p = 0.0012), while retaining a negative predictive value above 90%.

Keywords: clinically significant prostate cancer; diagnostic accuracy; grey zone; liquid biopsy; PSA;
tCEC; tumour-associated circulating endothelial cells; prostate cancer screening

1. Introduction

Despite a five-year survival rate of nearly 100%, prostate cancer (PCa) continues to be a serious
threat to men’s health. In 2018 alone it caused more than 350,000 deaths worldwide, with both the
United States and Europe reporting a 10% year-on-year rise in mortality [1,2].

PCa screening relies heavily on prostate-specific antigen (PSA) testing, an affordable and widely
accessible solution that continues to divide the urology community due to a series of shortcomings
that could put patients at risk without any clinical benefit.

One of the most frequently cited deficiencies of PSA screening is the test’s inherent “diagnostic
grey zone”—a range of PSA values that do not allow for an unequivocal diagnosis due to a low
positive predictive value (PPV). Often described as ranging from 4 to 10 ng/mL (with some studies
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expanding the range to 4–20 ng/mL), it leads to at least half of all prostate biopsies being performed on
healthy men.

A second, much-debated shortcoming of PSA-driven diagnostics is the risk of exposing clinically
insignificant cancers that remain asymptomatic during the patient’s lifetime, causing a significant
portion of patients to face the potential complications of a prostate biopsy—most prominently bleeding,
infection, and sepsis—without experiencing a difference in life expectancy or quality of life [1,3,4].

In a move to overcome these limitations, research has recently focused on finding adjunct tests
to slot in between PSA and tissue biopsy. Ideally, they would improve PSA’s low PPV to rule in the
disease more confidently, while also offering a high negative predictive value (NPV) to assertively rule
out unnecessary tissue biopsies.

Well-published attempts to create such a tool include the prostate health index (PHI) assay and the
4Kscore Test, both relying on combinations of PSA and PSA precursors as well as clinical information.
Circulating DNA and miRNA, as well as urine tests for various analytes, are reportedly also under
development. To date, however, none of these alternatives has gained notable traction in clinical
routine [5–10].

Multi-parametric magnetic resonance imaging (mpMRI), on the other hand, continues to gain
acceptance as a potential PSA add-on and has even been incorporated into the European guidelines
as a first-line investigation. The much-cited PROMIS trial from the United Kingdom, however,
reported a relatively low NPV of 76% for clinically significant prostate cancer (csPCa), meaning it
might be well-suited as a rule-in test positioned between PSA and biopsy, but not necessarily as a
safe rule-out option. Other down sides include high cost, limited accessibility, and reliance on the
Prostate Imaging-Reporting and Data System (PI-RADS), which suffers from significant inter-observer
variability [11–13].

With that in mind, the present 170-patient study explores the potential of tumour-associated
circulating endothelial cells (tCECs)—as blood-based biomarkers for csPCa that make full use of existing
pathology practices and workflows—to fill the gap between PSA and biopsy with an easy-to-use and
broadly scalable solution.

Recently discovered among a high percentage of colon cancer patients, tCECs form a distinct
link between primary tumour and systemic circulation [14]. Based on the well-established correlation
between angiogenesis and tumour growth, we hypothesised that the presence of tCECs may be
associated with the presence of PCa. We also theorised that tCECs may be prognostic, as the
microvessel density in prostatectomies was found to correlate with Gleason score [15–20].

Previous studies into circulating tumour cells (CTCs) made similar assumptions, hypothesising that
tCECs may serve useful as additional prognostic biomarkers in patients diagnosed with cancer. These
studies relied on single-marker (CD146) positive isolation and single-marker immunostaining [21,22].

The present study is a distinct evolution from previous research on circulating cancer cells,
combining a negative cell isolation approach not dependent on the expression of a single antigen with
highly multiplexed immunostaining on standard laboratory slides [23,24]. In addition, the present
study introduces a pre-defined immunocytopathological classification combining well-established
morphological hallmarks of tumour-endothelial cells, such as nuclear aneuploidy, with well-established
immune phenotypes on endothelial cells observed in the microvessels of prostate cancer [16].

To our knowledge, this is the first prospectively blinded screening study investigating whether a
tCEC-based screening assay could distinguish between men with and without csPCa and assist in
ruling out unnecessary biopsies.

2. Results

Patients were recruited for the study at Siriraj Hospital in Bangkok between July 2016 and October
2017, with a total of 170 patients enrolled. Three men were excluded due to inconclusive biopsy results
(no prostatic acini obtained), three because of clotted blood samples, and 18 because of technical failure
during tCEC analysis (Figure 1).
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All blood was drawn from the cubital vein immediately before biopsy and processed locally in
Bangkok within 48 h (Figure 2).
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Of 146 men included in the study, 69 men showed PSA readings in the classic diagnostic grey zone
below 10 ng/mL, 34 men had readings between 10 and 20 ng/mL, 23 men between 20 and 100 ng/mL,
and 20 men over 100 ng/mL (Table 1).

Table 1. Baseline characteristics of 170 men enrolled. PSA: prostate-specific antigen. NA: not applicable.

PSA Level
146 Men Included 24 Men Excluded

Men, n Mean
Age SD Mean

PSA SD Men, n Mean
Age SD Mean

PSA SD

<10 69 61.4 20.1 6.5 2.2 12 69.9 8.6 5.9 2.2
10–20 34 66.2 13.4 14.0 2.7 7 64.4 3.0 12.1 6.5
20–40 13 64.5 21.1 30.3 7.3 3 68.7 3.2 28.2 6.2
40–60 5 65.8 9.8 51.0 7.0 0 NA NA NA NA
60–80 5 69.8 7.5 69.8 4.4 1 76.0 NA 60.7 NA
80–100 0 NA NA NA NA 0 NA NA NA NA
>100 20 69.9 8.6 1271.9 1188.8 1 73.0 NA 1114.0 NA
Total 146 24

Seventeen of 146 men with negative first TRUS biopsy received a second biopsy during follow-up.
The median time between first and second TRUS biopsy was 9 months (2–20 months). As illustrated
in Table 2, overall results of first and second TRUS biopsy showed that 24 (34%) of 71 patients with
PSA <10 ng/mL, 15 (47%) of 32 patients with PSA 10–20 ng/mL, and 36 (84%) of 43 patients with PSA
>20 ng/mL were positive for any cancer. Clinically significant cancer with Gleason score 3 + 4 or higher
was found in 15 of 71 (21%) patients with PSA <10 ng/mL, 12 of 32 (38%) patients with PSA 10–20 ng/mL,
and 36 of 43 (84%) patients with PSA >20 ng/mL, while csPCa with Gleason score 4 + 3 or higher was
found in 9 of 71 (13%) patients with PSA <10 ng/mL, 8 of 32 (25%) patients with PSA 10–20 ng/mL,
and 31 of 43 (72%) patients with PSA >20 ng/mL. Definition of clinically significant and clinically
non-significant prostate cancer cases was based on the patients’ clinicopathologic factors, following
the joint guidelines of the European Association of Urology, the European Society for Radiotherapy
& Oncology and the International Society of Geriatric Oncology (EAU-ESTRO-SIOG Guidelines) as
further detailed in Patients and Methods [25].

Table 2. Number of men with no cancer and clinically significant prostate cancer (primary and
secondary definition) on TRUS biopsy. Clinically significant prostate cancer was defined based on
the patients’ clinicopathologic factors as described in patients and methods. PCa: prostate cancer;
csPCa: clinically significant prostate cancer; PSA: prostate-specific antigen; TRUS biopsy: transrectal
ultrasound-guided biopsy.

PSA ng/mL All PCa csPCa, Gleason ≥ 3 + 4 csPCa, Gleason ≥ 4 + 3

TRUS
Biopsy+

TRUS
Biopsy− % TRUS

Biopsy+
TRUS

Biopsy− % TRUS
Biopsy+

TRUS
Biopsy− %

<10 24 47 34 15 56 21 9 62 13
10–20 15 17 47 12 20 38 8 24 25
20–40 7 6 54 7 6 54 4 9 31
40–60 4 1 80 4 1 80 4 1 80
60–80 5 0 100 5 0 100 3 2 60
80–100 0 0 0 0 0 0
>100 20 0 100 20 0 100 20 0 100
Total 75 71 63 83 48 98

We then compared the outcome of the tCEC test to the results of the TRUS biopsy and computed
diagnostic accuracies, as shown in Figure 3. In the classic diagnostic grey zone (PSA < 10 ng/mL),
sensitivity of the tCEC assay for csPCa according to the primary definition was 75% (95% confidence
interval (CI) 43–95), with a specificity of 67% (53–79). The PPV was 32% (16–52) with an NPV of 93%
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(80–98). According to the secondary definition, the sensitivity was 71% (29–96) with a specificity of
63% (50–75). The PPV was 18% (6–37), with an NPV of 95% (83–99).

Following the primary definition, only three of 41 men who had a negative tCEC test showed
csPCa on TRUS biopsy. One of these had Gleason score 4 + 5/4 + 3 (left/right prostate) and T2cNxMx
on clinical staging, the second had Gleason score 4 + 4/4 + 4 and T3aN0M0, and the third showed
Gleason score 3 + 4 and T2bN0M0.

In two other men, the tCEC test predicted the presence of cancer in spite of a negative first TRUS
biopsy. One man had a positive tCEC test, a first negative biopsy, and a second positive biopsy two
months later that revealed Gleason score 4 + 3. He was then lost to another hospital for prostatectomy.
A second man positive for tCEC but negative on first TRUS biopsy received an mpMRI scan 17 months
later that revealed bladder cancer without any visible lesion in the prostate. Results for patients with
PSA outside the diagnostic grey zone (PSA > 10 ng/mL) are shown in Table S1.
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Figure 3. Diagnostic accuracy of the tCEC test for detection of clinically significant cancer in men with
PSA readings <10 ng/mL on TRUS biopsy. tCEC: tumour-associated circulating endothelial cells, TRUS
biopsy: transrectal ultrasound-guided biopsy. Primary definition: Sensitivity 75% (95% confidence
interval (CI) 43–95), specificity 67% (53–79), positive predictive value 32% (16–52), negative predictive
value 93% (80–98). Secondary definition: Sensitivity 71% (29–96), specificity 63% (50–75), positive
predictive value 18% (6–37), negative predictive value 95% (83–99).

Among the 17 men who received a second TRUS biopsy after a first negative result, five cases of
PCa were detected. Of these, a Gleason score 3 + 4 or higher was found in four and Gleason score 4 + 3
or higher in three. All had been cases with positive tCEC test. On the other hand, all second TRUS
biopsies in men with originally negative tCEC tests were PCa negative (Table S2).

With NPVs over 90% for men with PSA values in the diagnostic grey zone for both the primary
and the secondary definition of csPCa, we next compared the PPV of the tCEC test with the PPV of
PSA alone. The difference between the PPVs of PSA and tCEC test was significant for the primary
endpoint (all PCa) (32% vs. 54%, general estimating equation (GEE) model odds ratio 2.47 (95% CI
1.43–4.24); p = 0.0011), as well as the secondary endpoint, primary definition (Gleason 3 + 4) (17% vs.
32%, GEE model odds ratio 2.25 (95% CI 1.38–3.68); p = 0.0012) and secondary definition (Gleason 4 +

3) (10% vs. 18%, GEE model odds ratio 1.93 (95% CI 1.09–3.40); p = 0.0012).
In contrast, alongside smaller cancer-positive patient numbers for men above the diagnostic grey

zone, differences between the PPV of the tCEC test and PSA were not significant (all p > 0.05) (Table 3).
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In general, for patients with PSA values above the diagnostic grey zone, the diagnostic benefit seemed
less pronounced: the NPV of the tCEC test decreased while the PPV of PSA increased (Table S1 and
Figure S1).

Table 3. Comparison of PPV of PSA and tCEC test for all prostate cancer and clinically significant
cancer in men with PSA readings <10 ng/mL (A) and 10–20 ng/mL (B) according to the primary and
secondary definitions. PPV: positive predictive value; PSA: prostate-specific antigen; CI: confidence
interval; tCEC: tumour-associated circulating endothelial cells

A

PSA < 10 ng/mL

PSA, % (95% CI) tCEC, % (95% CI) Test Ratio * (95% CI) p Value *

Primary endpoint, prevalence of all cancer: n = 22

PPV 32 (21–44) 54 (34–73) 2.47 (1.43, 4.24) 0.0011

Secondary endpoint, primary definition, prevalence of clinically significant cancer with
Gleason score 3 + 4 or higher: n = 12

PPV 17 (9–28) 32 (16–52) 2.25 (1.38, 3.68) 0.0012

Secondary endpoint, secondary definition, prevalence of clinically significant cancer with
Gleason score 4 + 3 or higher: n = 7

PPV 10 (4–20) 18 (6–37) 1.93 (1.09, 3.40) 0.0242

B

PSA 10–20 ng/mL

PSA, % (95% CI) tCEC, % (95% CI) Test Ratio * (95% CI) p Value

Primary endpoint, prevalence of all cancer: n = 16

PPV 47 (30–65) 60 (32–84) 1.69 (0.77, 3.69) 0.1904

Secondary endpoint, primary definition, prevalence of clinically significant cancer with
Gleason score 3 + 4 or higher: n = 12

PPV 35 (20–53) 46 (21–73) 1.60 (0.77, 3.33) 0.2050

Secondary endpoint, secondary definition, prevalence of clinically significant cancer with
Gleason score 4 + 3 or higher: n = 8

PPV 24 (11–42) 28 (9–56) 1.18 (0.52, 2.70) 0.6917

* General estimating equation (GEE) logistic regression model used to compare PPV. Ratios are presented as tCEC
results relative to PSA results.

Based on these findings, we estimated the clinical utility of using tCEC testing as an add-on triage
test in patients with elevated PSA, assuming that only men with a positive tCEC test would go on to
biopsy (Figure S2).

Under such a scenario—both following the primary and secondary definition—41 (59%) of 69
of total primary biopsies (95% CI 47–71), or 34 (72%) of 47 negative primary biopsies (57–84) in the
diagnostic grey zone would have been avoided. In turn, this could lead to a relative reduction of
four (40%) in 10 men (12–74) and five (33%) in 15 (12–62), respectively—avoiding over-diagnosis of
clinically insignificant cancer for both primary and secondary definition. The complete calculation for
this scenario including patients above the diagnostic grey zone is shown in Table S3A–C.

3. Discussion

To our knowledge, this is the first study to present prospective, blinded data on the diagnostic
accuracy of tCEC in biopsy-naïve men both within and above the diagnostic grey zone. While relatively
small in patient numbers and single-centre, it represents the first level-2 evidence for this biomarker in
prostate cancer [26].

The most prominent outcome is the NPV exceeding 90% for both the primary and the secondary
definition of csPCa. Given the fact that—depending on the clinical definition of csPCa—the PPV of
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PSA alone was found to be as low as 10% for csPCa, we calculated that a tCEC-based screening tool
could safely avoid more than 70% of all negative prostate biopsies on patients in the diagnostic grey
zone if used as a rule-out test between PSA and biopsy (Table S3A–C). Equally noteworthy is that
over-diagnosis of clinically insignificant cancers may be reduced by up to 40%.

Within the limited data available in this study, tCEC testing identified nearly as many false-negative
TRUS biopsies as it missed csPCa. Building on previous findings demonstrating the significance
of tCEC in PCa as well as in other cancer types and—for the first time—based on clearly defined
cytopathological criteria (Table 4), the results present further progress towards clinical routine use of
tCEC [14,27].

Table 4. Circulating endothelial cell (CEC)/ circulating tumour cell (CTC) cytopathological criteria. +

positive; − negative; = positive or negative.

Class Cytopathological Diagnosis Immunocytomorphology

I Negative for malignancy No CD45− cells

II Atypical cells but negative for
malignancy

CD45− cells without positive markers
(consider plasma cells)
CD31+ CD34− VIM− CK− CD45− cells with aneuploidy
(consider normal endothelial cells, see Lin et al. [27])
CD45+ cells with atypical nuclei

III Suspicious for malignancy

Less than five single cells: CD31= CD34+ VIM+ CK− CD45−
(angiogenic tip cell: tumour-associated vs. inflammatory)
More than one large cell: CD31− CD34= VIM+ CK− CD45−
(mesenchymal CTC vs. haematopoietic stem cell)
Both conditions with or without aneuploidy

IV Strongly suggestive for
malignancy

Less than five single cells:
CD31− CD34− VIM= CK+ CD45−
(epithelial CTC or cell in epithelial-mesenchymal transition)
One clump:
CD31= CD34+ VIM= CK= CD45−
More than one cell with aneuploidy:
CD31+ CD34+ VIM+ CK= CD45−
More than five single cells without aneuploidy:
CD31+ CD34+ VIM+ CK= CD45−
One or more large cell with aneuploidy:
CD45−

V Conclusive for malignancy

More than one clump:
CD31= CD34+ VIM+ CK= CD45−
More than five cells:
CD31− CD34− VIM= CK+ CD45−
(epithelial CTC or cell in epithelial-mesenchymal transition)
One or more CD45− cell in atypical mitosis (chromosome
missegregation)
One or more giant polyploidic cells, CD45−

Intriguingly, the number of tCEC cells observed did not correlate to clinicopathologic factors—in
other words, to the risk classification of patients. Given the limited size of the current study, however,
this observation will need confirmation in larger follow-up studies. Also, classical, epithelial CTCs
were observed in only four patients diagnosed positive for PCa. This detection rate seems to be lower
than reported from previous CTC detection studies. However, most CTC studies have focussed on
follow-up of late-stage PCa patients and are therefore difficult to compare. Another difference may
originate from the fact that CTC studies usually rely on an antibody panel detecting cytokeratins 8, 18,
and 19, while the present study employed an anti-pan-cytokeratin antibody targeting cytokeratins 4, 5,
6, 8, 10, 13, and 18, but not 19. Further studies will need to address and examine this observation in
greater detail [25,28].
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A number of limitations need to be considered. With a false-negative rate of over 30%, TRUS
biopsy is not an ideal reference test. Multi-parametric MRI (mpMRI) for detection of csPCa was not
routinely available at the clinical site when this study was initiated but has since been adopted in most
urology guidelines and gained wide-spread acceptance amongst clinicians. However, with recent
studies still reporting a 24% false-negative rate for mpMRI, results of the present study may only
have marginally benefited from this technology [13,29]. Nonetheless, with mpMRI now integrated
into clinical routine in many centres, follow-up studies putting both technologies into perspective are
certainly warranted.

The present study explored the utility of tCEC within and above the diagnostic grey zone.
The number of patients in the diagnostic grey zone below 10 ng/mL was 69, with an additional 34 with
PSA between 10 and 20 ng/mL. While this represents a relatively small cohort, most results for patients
in the diagnostic grey zone proved statistically significant, especially the reduction of biopsies while
maintaining an NPV above 90%.

Results from this relatively small single-centre study cannot be readily extrapolated to other
geographical settings. It should be noted, however, that the prevalence of cancer observed in our study
population is reflected well in other regional studies, and that so far cytopathology itself has been a
universal, ethnically unbiased diagnostic approach (Figure 1) [30,31].

Patients with negative PSA readings (<4 ng/mL) were excluded from our study. While this is in
line with current clinical practice at the study site, it precludes calculation of sensitivity, specificity, and
NPV of PSA alone and hence any comparison with the values obtained from the tCEC test.

Our single-laboratory setting did not allow any determination of inter-laboratory variations,
such as inter-operator variability during both the wet lab part and microscopic analysis of slides.
The relatively high failure rate with 18 patients lost due to technical issues can be traced back to the
fact that inter-operator validations needed improvement during the early days of the study. Multi-site
assay validation has since been initiated to avoid similar issues during follow-up studies.

Following best practice in set-up for diagnostic accuracy studies and in line with recent prostate
cancer screening landmark studies, such as the PRECISION and PROMIS trials, the study adopted a
single-gate, prospectively blinded design, not including any healthy controls. Adding healthy controls
as a second gate to diagnostic accuracy studies is well described to result in “inflated estimates of
diagnostic accuracy”; however, research into circulating rare cells in healthy donors in separate studies
may yield valuable additional insights on cells related to other (prostate) conditions, and may help to
explain the false-positives observed in the current study [13,32,33].

Clinical evidence obtained in the present study clearly demonstrates a statistically significant
association of tCECs with the presence of prostate cancer. However, in the absence of prostate-specific
markers on endothelial cells, it may be hypothesised that cells originate from endothelium elsewhere
in the body, potentially triggered systemically by the presence of prostate cancer. While it has already
been shown in colon cancer that the latter scenario is not the case—colon cancer-associated circulating
endothelial cells were found to originate from the primary tumour—further research is warranted to
answer this question for prostate cancer [14].

Finally, the current study focused exclusively on the biopsy-naïve patient, excluding patients with
known prostate cancer. The utility of tCEC detection as a therapeutic adjunct or for relapse monitoring,
however, may be a worthwhile consideration.

4. Patients and Methods

In the present single-centre, prospective, blinded, paired-cohort study, we included 170 men with
clinical suspicion of PCa and scheduled for prostate biopsy. Inclusion criteria were elevated serum
PSA (equal to or higher than 4 ng/mL) within the previous three months, suspicious digital rectal
examination, as well as critical age or family history. Patients were excluded if they were not able to
give informed consent, had already undergone biopsy within the past three months, or if they had
another known malignancy.
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Patients were enrolled at the Urology Department of Siriraj Hospital, Bangkok, Thailand between
July 2016 and October 2017 in convenience series. Procedures were approved by the hospital’s internal
review board, certificate of approval no. 402/2015, and complied with the Declaration of Helsinki.
All human participants gave written informed consent.

The blood required for tCEC analysis was drawn from the cubital vein immediately before a
scheduled TRUS prostate biopsy. All samples were processed within 48 h at our laboratory at the Faculty
of Science, Mahidol University, Bangkok, Thailand. Both equipment and reagents for high-gradient
magnetic cell separation (hMX) and cryo-immunostaining were provided by X-ZELL, Singapore.

Each sample underwent red blood cell lysis and CD45-based high-flow magnetic white blood cell
depletion. All materials and reagents employed for the following protocols are listed in Supplement
Part B.

Twenty millilitres of hMX lysis buffer were briefly added to 5 mL of whole blood before incubating
the samples for 5–7 min (until clear) and washing them with phosphate buffered saline containing
ethylenediaminetetraacetic acid 5 mM and fetal bovine serum 1% (PBS/EDTA 5 mM/FBS 1%) at 400× g
for 10 min at the lowest centrifuge acceleration and deceleration at room temperature. The cells were
then re-suspended in 50 µL PBS/EDTA 5 mM/FBS 1% and counted in a haemocytometer.

Next, cells were blocked with Fc-receptor blocking reagent for 15 min at 4 ◦C before adding 1 µL
each of biotin-anti-CD45 antibody and biotin-anti-CD235 antibody and incubating them for 15 min
at 4 ◦C. They were then washed once in PBS/EDTA 5 mM/FBS 1% at 400× g for 10 min, with the
supernatant being discarded. One hundred microlitres of hMX anti-biotin nanobeads were added
before the cells were incubated for another 15 min. Finally, 1 mL of hMX buffer was added and
separation performed on gravity-fed hMX separation columns mounted in an hMX separator following
the manufacturer’s protocol. In summary, the cell suspension was applied to the inlet of the separation
column, the stopcock opened, and the column washed with 20 mL hMX buffer. The flow-through was
collected, centrifuged at 1000× g for 10 min, and the supernatant discarded. Cells recovered in the
flow-through were counted in a haemocytometer. All incubations were performed on ice.

The remaining cells were subjected to multiplexed cryo-immunostaining with antibodies directed
against CD31, CD34, CD45, Vimentin, pan-Cytokeratin, and EpCAM. Cryo-immunostaining was
chosen as a cost- and time-efficient alternative to flow cytometry, as it is capable of applying up to
nine antibodies to a slide-based sample at the same time without the need for downstream image
processing, as described previously [23,24].

Cells were re-suspended in 700 µL Cytocentrifugation buffer and spun onto gelatine-coated
slides in one-well concentrators of a StatSpin Cytofuge 2 (Beckman Coulter, Atlanta, GA, USA) for
10 min at 600 rpm at room temperature. Next, slides were fixed in Cryofixation Buffer I for 15 min
at −25 ◦C and re-hydrated in Cryofixation Buffer II for 20 min at −2.5 ◦C in a Cryofixation Station.
Subsequently, slides were mounted on CapGap clips. CapGap-slide assemblies were mounted in the
Cryostainer, which provided a staining temperature of −2 ◦C. Two microlitres of Fc-blocking reagent
in 100 µL blocking buffer were applied, followed by cocktails of primary-conjugated antibodies in
antibody binding buffer. Incubation times were 45 and 60 min for blocking and staining, respectively.
After each step, slides were washed with 200 µL antibody binding buffer. One hundred microlitres
of pre-mounting buffer were applied, slides unmounted and coverslipped with 25 µL MB I buffer
containing DRAQ5 DNA dye.

Finally, slides were analysed on a fully motorised DM6000B fluorescence microscope (Leica,
Wetzlar, Germany) equipped with excitation and emission filter wheels (Sutter, Atlanta, GA, USA),
a 9-colour zero-crosstalk fluorescence filter set (X-ZELL, Singapore, Singapore), and an Orca ER
monochrome digital CCD camera (Hamamatsu, Tokyo, Japan). The microscope assembly was
controlled from a computer running MicroManager 1.4 software (Open Imaging, San Francisco,
CA, USA).
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Atypical cells were classified according to pre-defined immunocytopathological criteria derived
from the literature and own data (see Table 4) [14,27,34,35]. All cases with cell class III (suspicious for
malignancy) or higher were considered positive for malignancy.

Following the blood draw, 10–12 core TRUS prostate tissue biopsies were performed following
international standards. In some cases, a second TRUS biopsy was carried out to verify inconclusive
findings of the first biopsy. Researchers and pathologists were blinded towards the tCEC test result as
well as tissue biopsy results, respectively.

For both tCEC assay and reference test, the primary endpoint was the presence of any kind of
prostate cancer on TRUS biopsy, while the secondary endpoint was the presence of csPCa only.

Following the EAU-ESTRO-SIOG Guidelines 2016 and previous studies in the field, the
clinicopathological parameters of PSA, Gleason score, and T-stage were condensed into low-,
intermediate-, and high-risk groups. Clinically significant PCa in the primary definition was defined
as any high-risk cancer and as intermediate-risk cancers with Gleason ≥3 + 4 or higher (Grade Group 2
or higher). Clinically significant PCa in the secondary definition was defined as any high-risk cancer
and as intermediate-risk cancers with Gleason ≥4 + 3 (Grade Group 3 or higher) as a secondary
definition [13,25,29,33] (Table 5).

Table 5. Risk groups for biochemical recurrence of localised and locally advanced prostate cancer, as
introduced in the joint guidelines of the European Association of Urology, the European Society for
Radiotherapy & Oncology and the International Society of Geriatric Oncology 2016 [25].

Low-Risk Intermediate-Risk High-Risk

Definition

PSA <10 ng/mL PSA 10–20 ng/mL PSA > 20 ng/mL any PSA
and GS <7 or GS 7 or GS >7 any GS
and cT1-2a or cT2b or cT2c cT3–4 or cN+
Localised Localised Localised Locally advanced

GS: Gleason score; PSA: prostate-specific antigen.

Results of diagnostic accuracy for the tCEC test are presented in 2 × 2 contingency tables with
95% confidence intervals. In addition, the assay’s performance is compared to the performance of
PSA at pre-defined cut-offs of 10 and 20 ng/mL, which reflect both the classic as well as the extended
diagnostic grey zone as defined in a range of recent studies [10,36].

For comparison of the PPV of the tCEC test with the PPV of PSA, a GEE logistic regression model
was employed [37–39]. Analysis was performed using SAS Studio 9.

5. Conclusions

Recent high-profile studies have demonstrated no cancer-specific survival benefit when choosing
active monitoring over radical prostatectomy or radical radiotherapy, although there may be a beneficial
effect in reducing disease progression and metastases [4]. These findings emphasise the need for
improved diagnostic rule-out tests for clinically insignificant disease and healthy patients, especially
with mpMRI unable to fill the gap. Despite demonstrating reasonably high PPV for csPCa across
multiple studies, NPVs reported for mpMRI fluctuate significantly depending on study set-up and
the definition of csPCa. Given the results of the present study, a tCEC-based assay—if used as a PSA
add-on—may therefore serve as a rule-out test that, if positive, could be followed by mpMRI as a
rule-in test.

To sum, this study presents the first evidence that tCECs may serve as a novel liquid
biopsy, potentially avoiding over half of all prostate biopsies and significantly reducing the risk
of over-diagnosing clinically insignificant prostate cancer.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/8/1064/s1.
Part A, Figure S1: Prevalence of all cancer and clinically significant cancer according to primary and secondary
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definition (Gleason 4 + 3 and Gleason 3 + 4) in the included group of men, Figure S2: Diagnostic workflow for
estimation of clinical utility of using the tCEC test as add-on triage test for patients with elevated PSA and/or
positive digital rectal examination, Table S1: Accuracy of the tCEC test for all PSA ranges, Table S2: Number of
patients who received a second TRUS biopsy during active surveillance and tCEC test results, Table S3: Potential
implications of adding the tCEC test to the screening workflow for prostate cancer, Part B: Material and reagents.

Author Contributions: Conceptualisation: P.S., B.C. and K.C.; Data curation: S.C.B. and P.T.; Formal analysis:
S.C.B., P.S., C.K., B.C., and K.C.; Funding acquisition: S.C.B.; Investigation: S.C.B. and P.T.; Methodology: S.C.B.,
C.K., B.C., and K.C.; Project administration: P.S. and B.C.; Resources: B.C.; Software: P.S. and C.K.; Supervision:
P.S., B.C., and K.C.; Validation: B.C. and K.C.; Writing—original draft: S.C.B. and S.T.K.G.; Writing—review and
editing: P.S. and S.T.K.G.

Funding: Financial and material support was provided by X-ZELL Singapore and covered the design and
conduct of the study, data collection and management, data analysis and interpretation, as well as preparation of
the manuscript.

Acknowledgments: The authors would like to express their gratitude to Aucha Sachair for coordinating the
clinical site, to Ema Naito (theclarityeditor.com) for language editing and formatting, as well as to Kanda Kumpol
and Chanakarn Hutayon for outstanding secretarial work.

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

References

1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer
J. Clin. 2018, 68, 394–424. [CrossRef] [PubMed]

2. American Cancer Society. Cancer Facts & Figures 2018; American Cancer Society: Atlanta, GA, USA, 2018.
3. Eckersberger, E.; Finkelstein, J. Screening for prostate cancer: A review of the ERSPC and PLCO trials.

Rev. Urol. 2009, 11, 127–133. [PubMed]
4. Grossman, D.C.; Curry, S.J.; Owens, D.K.; Bibbins-Domingo, K.; Caughey, A.B.; Davidson, K.W.; Doubeni, C.A.;

Ebell, M.; Epling, J.W.; Kemper, A.R.; et al. Screening for prostate cancer. US Preventive services taskforce
recommendation statement. J. Am. Med. Assoc. 2018, 319, 1901–1913.

5. Saini, S. PSA and beyond: Alternative prostate cancer biomarkers. Cell. Oncol. 2016, 39, 97–106. [CrossRef]
[PubMed]

6. Loeb, S.; Catalona, W.J. The Prostate Health Index: A new test for the detection of prostate cancer.
Ther. Adv. Urol. 2014, 6, 74–77. [CrossRef] [PubMed]

7. Voigt, J.D.; Dong, Y.; Linder, V.; Zappala, S. Use of the 4Kscore test to predict the risk of aggressive prostate
cancer prior to prostate biopsy: Overall cost savings and improved quality of care to the us healthcare system.
Rev. Urol. 2017, 19, 1–10. [PubMed]

8. Soest, R.J.; Tombal, B.; Lolkema, M.P.; Wit, R. Cell-free DNA in Advanced Prostate Cancer: A Biomarker
Revolution Under Way? Eur. Urol. 2018, 74, 292–293. [CrossRef]

9. Sharova, E.G.A.; Marcer, A.; Ruggero, K.; Pinto, F.; Bassi, P.; Zanovello, P.; Zattoni, F.; D’Agostino, D.M.;
Iafrate, M.; Ciminale, V. A circulating miRNA assay as a first-line test for prostate cancer screening. Br. J. Cancer
2016, 114, 1362–1366. [CrossRef]

10. Vickers, A.; Vertosick, E.A.; Sjoberg, D.D.; Roobol, M.J.; Hamdy, F.; Neal, D.; Bjartell, A.; Hugosson, J.;
Donovan, J.L.; Villers, A.; et al. Properties of the four kallikrein panel outside the diagnostic grey zone:
Meta-analysis of patients with positive digital rectal exam or prostate-specific antigen 10 ng/mL and above.
J. Urol. 2017, 197, 607–613. [CrossRef]

11. Sonn, G.A.; Fan, R.E.; Ghanouni, P.; Wang, N.N.; Brooks, J.D.; Loening, A.M.; Daniel, B.L.; To’o, K.J.;
Thong, A.E.; Leppert, J.T. Prostate Magnetic Resonance Imaging Interpretation Varies Substantially Across
Radiologists. Eur. Urol. Focus 2018. [CrossRef]

12. Filson, C.P.; Natarajan, S.; Margolis, D.J.A.; Huang, J.; Lieu, P.; Dorey, F.J.; Reiter, R.E.; Marks, L.S. Prostate
cancer detection with magnetic resonance-ultrasound fusion biopsy: The role of systematic and targeted
biopsies. Cancer 2016, 122, 884–892. [CrossRef] [PubMed]

13. Ahmed, H.U.; El-Shater, B.A.; Brown, L.C.; Gabe, R.; Kaplan, R.; Parmar, M.K.; Collaco-Moraes, Y.; Ward, K.;
Hindley, R.G.; Freeman, A.; et al. Diagnostic accuracy of multi-parametric MRI and TRUS biopsy in prostate
cancer (PROMIS): A paired validating confirmatory study. Lancet 2017, 389, 815–822. [CrossRef]

theclarityeditor.com
http://dx.doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
http://www.ncbi.nlm.nih.gov/pubmed/19918338
http://dx.doi.org/10.1007/s13402-016-0268-6
http://www.ncbi.nlm.nih.gov/pubmed/26790878
http://dx.doi.org/10.1177/1756287213513488
http://www.ncbi.nlm.nih.gov/pubmed/24688603
http://www.ncbi.nlm.nih.gov/pubmed/28522924
http://dx.doi.org/10.1016/j.eururo.2018.03.002
http://dx.doi.org/10.1038/bjc.2016.151
http://dx.doi.org/10.1016/j.juro.2016.09.086
http://dx.doi.org/10.1016/j.euf.2017.11.010
http://dx.doi.org/10.1002/cncr.29874
http://www.ncbi.nlm.nih.gov/pubmed/26749141
http://dx.doi.org/10.1016/S0140-6736(16)32401-1


Cancers 2019, 11, 1064 12 of 13

14. Cima, I.; Kong, S.L.; Sengupta, D.; Tan, I.B.; Phyo, W.M.; Lee, D.; Hu, M.; Iliescu, C.; Alexander, I.;
Goh, W.L.; et al. Tumor-derived circulating endothelial cell clusters in colorectal cancer. Sci. Transl. Med.
2016, 8, 345–389. [CrossRef] [PubMed]

15. Almog, N.; Klement, G.L. Platelet proteome and tumor dormancy: Can platelets content serve as predictive
biomarkers for exit of tumors from dormancy? Cancers 2010, 2, 842–858. [CrossRef] [PubMed]

16. Dudley, A.C. Tumor endothelial cells. Cold Spring Harb. Perspect. Med. 2012, 2, 1–18. [CrossRef] [PubMed]
17. Bettencourt, M.C.; Sesterhenn, I.A.; Moul, J.W.; Bauer, J.J.; Connelly, R.R. CD34 immunohistochemical

assessment of angiogenesis as a prognostic marker for prostate cancer recurrence after radical prostatectomy.
J. Urol. 2006, 160, 459–465. [CrossRef]

18. Taille, M.D.A.; Bagiella, M.D.E.; Sharir, M.D.S.; Rubin, M.D.M.A.; Burchardt, M.D.T.; Ennis, M.D.R.D.;
Buttyan, M.D.R.; Katz, M.D.A.E.; Olsson, M.D.C.A. Microvessel density as a predictor of PSA recurrence
after radical prostatectomy. A comparison of CD34 and CD31. Am. J. Clin. Pathol. 2000, 113, 555–562.
[CrossRef] [PubMed]

19. Bono, A.; Celato, N.; Cova, V.; Salvadore, M.; Chinetti, S.; Novario, R. Microvessel density in prostate
carcinoma. Prostate Cancer Prostatic Dis. 2002, 5, 123–127. [CrossRef]

20. Zhang, J.; Zhang, L.; Lin, Q.; Ren, W.; Xu, G. Prognostic value of endoglin-assessed microvessel density in
cancer patients: A systematic review and meta-analysis. Oncotarget 2018, 9, 7660–7671. [CrossRef]

21. Strijbos, M.H.; Gratama, J.W.; Schmitz, P.I.M.; Rao, C.; Onstenk, W.; Doyle, G.V.; Miller, M.C.; Wit, R.;
Terstappen, L.W.M.M.; Sleijfer, S. Circulating endothelial cells, circulating tumour cells, tissue factor,
endothelin-1 and overall survival in prostate cancer patients treated with docetaxel. Eur. J. Cancer 2010, 46,
2027–2035. [CrossRef]

22. Rahbari, N.N.; Schölch, S.; Bork, U.; Kahlert, C.; Schneider, M.; Rahbari, M.; Büchler, M.W.; Weitz, J.;
Reissfelder, C. Prognostic value of circulating endothelial cells in metastatic colorectal cancer. Oncotarget
2017, 8, 37491–37501. [CrossRef] [PubMed]

23. Bhakdi, S.C.; Ottinger, A.; Somsri, S.; Sratongno, P.; Pannadaporn, P.; Chimma, P.; Malasit, P.;
Pattanapanyasat, K.; Neumann, H.P. Optimized high gradient magnetic separation for isolation of
Plasmodium-infected red blood cells. Malar. J. 2010, 9, 38. [CrossRef] [PubMed]

24. Bhakdi, S.; Thaicharoen, P. Easy employment and crosstalk-free detection of seven fluorophores in a widefield
fluorescence microscope. Methods Protoc. 2018, 1, 20. [CrossRef] [PubMed]

25. Mottet, N.; Bellmunt, J.; Bolla, M.; Briers, E.; Cumberbatch, M.G.; Santis, M.; Fossati, N.; Gross, T.; Henry, A.M.;
Joniau, S.; et al. EAU-ESTRO-SIOG Guidelines on Prostate Cancer. Part 1: Screening, Diagnosis, and Local
Treatment with Curative Intent. Eur. Urol. 2017, 71, 618–629. [CrossRef] [PubMed]

26. Howick, J.; Chalmers, I.; Glasziou, P.; Greenhalgh, T.; Heneghan, C.; Liberati, A.; Moschetti, I.; Phillips, B.;
Thornton, H. The 2011 Oxford CEBM Levels of Evidence; Oxford Centre for Evidence-Based Medicine: Oxford,
UK, 2011.

27. Lin, P.P.; Gires, O.; Wang, D.D.; Li, L.; Wang, H. Comprehensive in situ co-detection of aneuploid circulating
endothelial and tumor cells. Sci. Rep. 2017, 7, 9789. [CrossRef]

28. Bono, J.S.; Scher, H.I.; Montgomery, R.B.; Parker, C.; Miller, M.C.; Tissing, H.; Doyle, G.V.;
Terstappen, L.W.W.M.; 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]
[PubMed]

29. Gorin, M.A.; Walsh, P.C. Magnetic Resonance Imaging prior to first prostate biopsy–are we there yet?
Eur. Urol. 2018, 74, 409–410. [CrossRef]

30. Mochtar, C.A.; Atmoko, W.; Umbas, R.; Hamid, A.R.A.H. Prostate cancer detection rate in Indonesian men.
Asian J. Surg. 2018, 41, 163–169. [CrossRef]

31. Jang, J.; Kim, Y. Is prostate biopsy essential to diagnose prostate cancer in the older patient with extremely
high prostate-specific antigen? Korean J. Urol. 2012, 53, 82–86. [CrossRef]

32. Rutjes, A.W.S.; Reitsma, J.B.; Vandenbroucke, J.P.; Glas, A.S.; Bossuyt, P.M.M. Case-control and two-gate
designs in diagnostic accuracy studies. Clin. Chem. 2005, 51, 1335–1341. [CrossRef]

33. Kasivisvanathan, V.; Rannikko, A.S.; Borghi, M.; Panebianco, V.; Mynderse, L.A.; Vaarala, M.H.; Briganti, A.;
Budäus, L.; Hellawell, G.; Hindley, R.G.; et al. MRI-Targeted or Standard Biopsy for Prostate-Cancer
Diagnosis. N. Engl. J. Med. 2018, 378, 1767–1777. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/scitranslmed.aad7369
http://www.ncbi.nlm.nih.gov/pubmed/27358499
http://dx.doi.org/10.3390/cancers2020842
http://www.ncbi.nlm.nih.gov/pubmed/24281097
http://dx.doi.org/10.1101/cshperspect.a006536
http://www.ncbi.nlm.nih.gov/pubmed/22393533
http://dx.doi.org/10.1016/S0022-5347(01)62925-2
http://dx.doi.org/10.1309/02W2-KE50-PKEF-G2G4
http://www.ncbi.nlm.nih.gov/pubmed/10761458
http://dx.doi.org/10.1038/sj.pcan.4500572
http://dx.doi.org/10.18632/oncotarget.23546
http://dx.doi.org/10.1016/j.ejca.2010.03.030
http://dx.doi.org/10.18632/oncotarget.16397
http://www.ncbi.nlm.nih.gov/pubmed/28415583
http://dx.doi.org/10.1186/1475-2875-9-38
http://www.ncbi.nlm.nih.gov/pubmed/20122252
http://dx.doi.org/10.3390/mps1020020
http://www.ncbi.nlm.nih.gov/pubmed/31164563
http://dx.doi.org/10.1016/j.eururo.2016.08.003
http://www.ncbi.nlm.nih.gov/pubmed/27568654
http://dx.doi.org/10.1038/s41598-017-10763-7
http://dx.doi.org/10.1158/1078-0432.CCR-08-0872
http://www.ncbi.nlm.nih.gov/pubmed/18829513
http://dx.doi.org/10.1016/j.eururo.2018.05.018
http://dx.doi.org/10.1016/j.asjsur.2017.01.001
http://dx.doi.org/10.4111/kju.2012.53.2.82
http://dx.doi.org/10.1373/clinchem.2005.048595
http://dx.doi.org/10.1056/NEJMoa1801993
http://www.ncbi.nlm.nih.gov/pubmed/29552975


Cancers 2019, 11, 1064 13 of 13

34. Cristofanilli, M.; Budd, T.; Ellis, M.; Stopeck, A.; Matera, J.; Miller, M.C.; Reuben, J.M.; Doyle, G.V.; Allard, W.J.;
Terstappen, L.W.M.M.; et al. Circulating Tumor Cells, Disease Progression, and Survival in Metastatic Breast
Cancer. N. Engl. J. Med. 2004, 351, 781–791. [CrossRef] [PubMed]

35. Papanicolaou, G.N. Atlas of Exfoliative Cytology; Harvard University Press: Cambridge, UK, 1956.
36. Lazzeri, M.; Lughezzani, G.; Haese, A.; Mcnicholas, T.; Taille, A.; Buffi, N.M.; Cardone, P.; Hurle, R.; Casale, P.;

Bini, V.; et al. Clinical performance of prostate health index in men with tPSA >10ng/ml: Results from a
multicentric European study. Urol. Oncol. Semin. Orig. Investig. 2016, 34, 13–415. [CrossRef] [PubMed]

37. Leisenring, W.; Alonzo, T.; Pepe, M.S. Comparisons of predictive values of binary medical diagnostic tests
for paired designs. Biometrics 2010, 56, 345–351. [CrossRef]

38. Moskowitz, C.S.; Pepe, M.S. Comparing the predictive values of diagnostic tests: Sample size and analysis
for paired study designs. Clin. Trials 2006, 3, 272–279. [CrossRef] [PubMed]

39. Wang, W.; Davis, C.S.; Soong, S.J. Comparison of predictive values of two diagnostic tests from the same
sample of subjects using weighted least squares. Stat. Med. 2006, 25, 2215–2229. [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/10.1056/NEJMoa040766
http://www.ncbi.nlm.nih.gov/pubmed/15317891
http://dx.doi.org/10.1016/j.urolonc.2016.04.003
http://www.ncbi.nlm.nih.gov/pubmed/27178729
http://dx.doi.org/10.1111/j.0006-341X.2000.00345.x
http://dx.doi.org/10.1191/1740774506cn147oa
http://www.ncbi.nlm.nih.gov/pubmed/16895044
http://dx.doi.org/10.1002/sim.2332
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Discussion 
	Patients and Methods 
	Conclusions 
	References

