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Abstract

The Prostate Specific Antigen (PSA) test suffers from low specificity for the diagnosis of
Prostate Cancer (PCa). We originally discovered two cancer-related proteins thrombospon-
din-1 (THBS1) and cathepsin D (CTSD) using a mass-spectrometry-based proteomics
approach. The two serum proteins were shown to improve the diagnosis of high-grade PCa.
Thus, we developed quantitative ELISAs for the determination of their concentration in
human serum. Here we report their analytical performance in terms of limit of detection,
specificity, precision, linearity and interferences, which were determined based on CLSI
guidelines. Further, we investigated the influence of pre-analytical factors on concentration
measurements. For this, blood from 4-6 donors was collected in different tubes and stored
at room temperature for different times prior to centrifugation at different centrifugal forces
and temperatures. Stability of THBS1 and CTSD under different storage temperatures was
also evaluated. Our results show that the assays are specific, linear and sensitive enough to
allow measurement of clinical samples. Precision in terms of repeatability and total within-
laboratory coefficient of variation (CV) are 5.5% and 8.1% for THBS1 and 4.3% and 7.2%
for CTSD, respectively. Relative laboratory-to-laboratory differences were -6.3% for THBS1
and -3% for CTSD. Both THBS1 and CTSD were stable in serum samples, with 80—120%
recoveries of concentrations across donors, sample preparation and storage. In conclusion,
the ELISAs as part of the novel commercial in vitro diagnostic test Proclarix are suitable for
the use in clinical practice. THBS1 and CTSD can be accurately measured for their intended
use independent of the lot and laboratory when conditions consistent with routine practice
for PSA sampling and storage are used.

Introduction

Prostate specific antigen (PSA) testing for the diagnosis of prostate cancer (PCa) results in a
high false-positive rate, mostly due to the detection of elevated PSA levels in the blood when
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there is a benign disease such as enlargement or inflammation of the prostate [1]. This leads to
many negative prostate biopsies. A genetics-guided discovery approach focusing on the PI3K/
PTEN cancer pathway identified a panel of serum biomarkers improving diagnosis by distin-
guishing benign prostatic disease (BPH) from PCa [2]. From this panel, two glycoproteins,
thrombospondin-1 (THBS1) and cathepsin D (CTSD), were shown to greatly improve the
diagnosis when combined with free/total PSA ratio (%fPSA), particularly for patients in a diag-
nostic grey zone defined by total PSA of 2.0-10 ng/ml, negative digital rectal examination
(DRE) and enlarged prostate volume (>35 ml) [3, 4]. Namely, at 10% false-negative rate (90%
sensitivity), 62% of cancer negative biopsies could be avoided in this group of patients, com-
pared to 24% avoided if %fPSA was used alone [4].

THBSI is an anti-angiogenic factor associated with several tumor types, including PCa,
melanoma, breast, lung and bladder cancer [5-11]. Playing a role in tumor angiogenesis, it
negatively correlates with PCa development [12-17]. Interestingly, THBS1 levels are lower in
the serum of cancer patients underlining its anti-angiogenic role [18], a finding that applies
also to PCa [3, 8]. CTSD is an aspartic endoprotease overexpressed and secreted by several
tumor cell types, known to be associated with tumor aggressiveness and to be involved in PCa
development promoting malignancy of prostatic epithelium [19-22]. Based on these data and
our promising results highlighting the value of THBS1 and CTSD in improving PCa diagnosis,
and given that no IVD assays for the determination of THBS1 and CTSD were available, we
developed a commercial in vitro diagnostic (IVD) test (named Proclarix) that can be per-
formed by any diagnostic laboratory. To be compatible with the routine measurements of
PSA, which are commonly performed in serum, the test comprises two Enzyme-linked Immu-
nosorbent Assays (ELISA) for the quantitative determination of THBS1 and CTSD in human
serum. Proclarix is CE-IVD marked and contains the two ELISAs and a web-based software
that integrates the concentrations of these biomarkers with tPSA, fPSA and age to calculate a
risk score that can be used as an aid in the detection of high-grade PCa [23, 24]. Validation of
Proclarix on 955 patients from two reference centers at resulted in a sensitivity of 90% for sig-
nificant PCa (Gleason score >7, in biopsy specimen), a specificity of 43% and an NPV of 95%
in comparison to a specificity of 17% and NPV of 89% for %fPSA alone. This resulted in a
reduction of unneeded biopsies of 43% and total number of biopsies of 37% when Proclarix is
used, compared to 17% and 16%, respectively by %fPSA only [24]. Here we report the results
of the analytical performance of the assays.

Pre-analytical factors including blood sampling and handling can impact the measurement
of clinical biomarkers and hamper their reliability and therefore clinical utility. In this
instance, since THBS1 is released from platelets during the clotting process, its concentration
is affected by the method of blood processing [25]. Further, differences in the measurements
of several serum analytes depending on the kind of tubes used for sample preparation were
reported [26]. Therefore, we additionally addressed to what extent THBS1 and CTSD levels in
serum samples vary depending on blood collection tubes, duration of coagulation, centrifuga-
tion conditions and temperature of sample storage.

Materials and methods
Specimen collection and sample preparation

Blood was obtained from male healthy donors from Blutspende (Schlieren, Switzerland) or
provided by Biomex (Heidelberg, Germany). All donors provided written informed consent.
Research using such human samples was conducted according to the principles of the Declara-
tion of Helsinki and is approved by Proteomedix’ review committee. As illustrated in Fig 1, for
a first series of tests, blood from 4 donors was collected in 5 different tubes with clotting
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Tube Coagulation | Centrifugation Serum storage
Manufacturer Catalog Description Time at RCF Time T Time T freeze / thaw

N. RT (h) (9) (min) (°C) (°C) cycles
A SARSTEDT 1.1602 S-Monovette Z-Gel, PP tube with gel separator 0.5 1500 10 +4 2 years -80 1xfreeze / thaw
Different SARSTEDT 2.1063 S-Monovette Z, PP tube without gel separator 0.5 1500 10 +4 2 years -80 1xfreeze / thaw
blood Greiner 455071P VACUETTE TUBE Z, plastic tube with gel separator 0.5 1500 10 +4 2 years -80 1xfreeze / thaw
collection Greiner 455092  VACUETTE TUBE Z, plastic tube without gel separator 05 1500 10 +4 2 years -80 1x freeze / thaw
ohss Becton Dickinson 367953  BD Vacutainer SST Il Plus, PET tube with gel separator 0.5 1500 10 +4 2 years -80 1xfreeze / thaw
B SARSTEDT 1.1602 S-Monovette Z-Gel, PP tube with gel separator 0.5 1500 10 +4 2 years -80 1xfreeze / thaw
Different SARSTEDT 1.1602 S-Monovette Z-Gel, PP tube with gel separator 2 1500 10 +4 2 years -80 1xfreeze / thaw
coagulation  |SARSTEDT 1.1602 S-Monovette Z-Gel, PP tube with gel separator 6 1500 10 +4 2 years -80 1xfreeze /thaw
time SARSTEDT 1.1602 S-Monovette Z-Gel, PP tube with gel separator 24 1500 10 +4 2 years -80 1xfreeze /thaw
Cc Becton Dickinson 367896  BD Vacutainer, PET tube without gel separator <24 1500 10 +22 10 months -80 1xfreeze / thaw
Different Becton Dickinson 367896  BD Vacutainer, PET tube without gel separator <24 3000 10 +22| 10 months -80 1xfreeze / thaw
centrifugation |Becton Dickinson 367896 BD Vacutainer, PET tube without gel separator <24 1500 10 +4 10 months -80 1xfreeze / thaw
conditions Becton Dickinson 367896  BD Vacutainer, PET tube without gel separator <24 1500 10 +22| 10months -80 1xfreeze / thaw
D Becton Dickinson 367896  BD Vacutainer, PET tube without gel separator <24 1500 10 +4 | upto2weeks +4 none
Different Becton Dickinson 367896  BD Vacutainer, PET tube without gel separator <24 1500 10 +4 |upto2weeks -20 1xfreeze/thaw
zgzgiins Becton Dickinson 367896  BD Vacutainer, PET tube without gel separator <24 1500 10 +4 |upto2weeks -20 3xfreeze/thaw

Fig 1. Study design to investigate the impact of pre-analytical factors. Four different sets of # matched serum samples were prepared according to the indicated
experimental conditions for blood collection (A, n = 4), processing (B and C, n = 4) and storage (D, n=7).

https://doi.org/10.1371/journal.pone.0233442.9001

activator and with or without gel separator for serum preparation. Blood was kept at room
temperature for 30 min and then centrifuged for 10 min at 1 500 g and 4°C. For a second series
of tests, blood from each donor was collected in 4 separate but identical tubes and centrifuged
either 0.5, 2, 6 or 24 h after blood draw. For a third and fourth series of tests, blood from each
donor was collected in 2 separate but identical tubes and centrifuged either the same day or
the following day at 22°C and 1 500 g or 3 000 g, or at 1 500 g and 4°C or 22°C. Samples were
analyzed at different time points either without freezing or with one freeze/thaw cycle at
-20°C. For the preparation of plasma, blood was collected in S-Monovette CPDA1 tubes,
01.1610.001 SARSTEDT (Newton, United States) and kept at room temperature for 30 min.

Tumor marker assays

THBSI1 and CTSD were measured following the instructions for use of the individual ELISAs
(part of the CE-marked product Proclarix, Proteomedix, Switzerland), each comprising plates
pre-coated with capture antibody, lyophilized controls (undiluted serum from individual
donors) and calibrators (pools of sera from several donors, diluted in lyophilization buffer) to
be reconstituted in assay buffer, detection antibody labelled with biotin in a ready-to-use solu-
tion, streptavidin-horseradish peroxidase (HRP) and TMB chromogenic substrate solutions.
Different assay lots were independently manufactured using different lots of reagents. Since
neither reference methods nor international standards for THBS1 and CTSD are available, cal-
ibrators were dose-assigned using the newly developed assays and THBS1 purified from
human platelets (Athens Research & Technology, Athens, USA) and purified recombinant
full-length CTSD (customized production by InVivo BioTech Services, Hennigsdorf, Ger-
many) as reference material (>90% purity by Coomassie staining), with photometrically-
determined concentrations. Antibodies are mouse monoclonals previously described [3]. All
incubations were performed at 37°C and shaking at 650 rpm in a ThermoMixer C (Eppendorf,
Hamburg, Germany). After equilibration at room temperature, pre-coated plates were incu-
bated with biotinylated detection antibody (50 pl for THBSI or 25 pl for CTSD) and calibrators
or pre-diluted (1:1,681 for THBS1 or 1:41 for CTSD) serum samples or controls (50 pl of
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THBSI or 100 pl for CTSD) in assay buffer for 1 h. Then plates were washed 5 times with

300 ul wash buffer with a HydroSpeed washer (Tecan, Mannedorf, Switzerland) and incubated
with 100 pl HRP solution for 30 min. After washing, 100 ul TMB substrate solution was added
for color development. After 30 min, 100 ul stop solution was added and absorbance at 450
nm with reference wavelength 620 nm was measured using an Infinite F50 plate reader
(Tecan). Calibration curves were generated with Magellan software 7.0 (Tecan) applying a
5-parameter logistics regression and used for determining the diluted sample concentrations.
All measurements were performed in duplicate using two independently prepared dilutions.
The analyte concentration in serum samples was calculated by multiplying the average concen-
tration of the two measured dilutions by the respective dilution factor. Runs and measure-
ments were valid when values of calibrators and controls and CVs of duplicates were within
specified acceptance criteria.

Analytical performance measurements

Performance characterization was done using sera from healthy donors, which are deemed
equivalent to sera from patients in need of a test for the diagnosis of PCa because the levels of
THBSI1 and CTSD in healthy donors are spread over the whole assay ranges.

Precision was measured based on CLSI guideline EP05 [27] and determined by measuring
16 samples (with measured concentrations of 14-47 ng/ml THBS1 and 6-15 ng/ml CTSD) in
duplicate (independent dilutions) by 3 operators in 6 runs over 6 days within the same labora-
tory. Reproducibility was determined by measuring 15 samples in duplicate in 1 to 6 runs in
two laboratories. Due to different measurement conditions, differences between laboratories
were considered as possible systematic errors and analysed as biases according to CLSI guide-
line EP09 [28]. All measurements were repeated with three lots.

Following CLSI guideline EP17 [29], 5 serum samples were measured 4 times in triplicate
(total of 60 data points) and parametric approach (assuming normal distribution) was used to
determine LoD and LoQ values.

To investigate dilutional linearity and potential hook effect, serial dilutions of 3 serum sam-
ples were prepared so that measured concentrations ranged from above the highest to below
the lowest calibrator (1:11.2 to 1:20 589 for THBS1 and 1:7.6 to 1:26 for CTSD). Each dilution
was measured twice in the same run.

Interfering substances were added to 4 serum samples at concentrations recommended in
CLSI guideline EP37, which are typically three times the highest drug concentrations expected
during treatment, except when such a high concentration is not achievable [30]: biotin (Sigma
4501) at 2 and 4 mg/m]; bilirubin (B4126 Sigma, St Louis, USA) at 200 and 400 pg/ml; hemo-
globin (H7370 Sigma) at 5, 10 and 20 mg/ml; human serum albumin (A8763 Sigma) at 6 and
60 g/l; intralipid (1141 Sigma) at 0.5, 1 and 2%. Hemoglobin and albumin were directly dis-
solved in the samples. Bilirubin and intralipid were spiked from concentrated solutions (0.1 M
solution in sodium-hydroxide and 20% solution, respectively). Interferences by human anti-
mouse antibodies (HAMA) or rheumatoid factor (RF) were tested by comparing the measured
analyte concentration in 6 sera with elevated HAMA (55-142 ng/ml) and 7 sera with elevated
RF (107-523 U/ml) concentrations in the absence or presence of HAMA/RF blocking reagent
(85R-1001, Fitzgerald Industries, North Acton, USA).

Data analyses

Precision was determined applying Variance Component Analysis. Log-scaled measurement
data was evaluated using R and the remIVCA function (package “‘VCA’) with random effects
‘sample’, ‘lot’ and ‘day’ (‘day’ nested within ‘lot’). Natural log-scaled data is used to provide
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estimated variance components. Assuming a constant CV over the investigated concentration
range, variance components were pooled over the samples by including the factor ‘sample’ as a
trivial random factor in the model on the highest hierarchy level. The related standard devia-
tions are approximate estimates for CV on original units scale. For determination of reproduc-
ibility and bias due to measurements in different laboratories, data were analyzed using R and
the Imer function (package Ime4’) to fit a model including fixed factor ‘laboratory’ (i.e. ‘Labo-
ratory 2’ vs ‘Reference laboratory’), as well as random factors ‘sample’, ‘lot” and ‘day’, where
‘day” has been modelled as a nested (within lot and laboratory) effect [31]. The results were
pooled over samples and the 90% Confidence Interval (CI) for the fixed effect’s estimates was
calculated in terms of asymptotic (‘Wald’) CI using R procedure confint (package Ime4’).

Analysis of the influence of pre-analytical factors was performed by normalizing the sample
concentrations in the presence of interfering substances to the respective concentrations with-
out interfering substances, or taking the most representative condition as 100% reference.
Data were analyzed with Prism V6.07 (GraphPad, La Jolla, USA) and plots reporting the calcu-
lated median, 25% to 75% percentile (boxes) and minimum to maximum (whiskers) were gen-
erated. Dotted lines at 80% and 120% correspond to predefined limits and provide a reference
to discuss results. The statistical analysis of robustness of data was performed using the TOST
(two one sided test approach) equivalence testing to determine whether the mean +/- 95% CI
is within the predefined 80%-120% limits [32]. Multiple testing was not taken into account. p-
values <0.05 indicate equivalence within predefined limits.

Results
Calibration curves and analytical sensitivity

To allow measurements of THBS1 and CTSD in diagnostic laboratories, sandwich ELISAs
were developed consisting of pre-coated plates and ready to use solutions or lyophilized
reagents that are stable for at least 18 months upon refrigeration at 2-8°C. To be compatible
with the routine measurements of PSA, the assays were optimized to accurately measure ana-
lytes in serum samples.

Five calibrators ranging from approximately (exact concentrations are lot-specific) 5 to 80
ng/ml for THBS1 and from approximately 5 to 20 ng/ml for CTSD are used to generate a cali-
bration curve (Figs 2 and 3).

For the determination of the precision, measurements of the same samples (n = 16) were
performed with 3 different lots in 6 runs, each on a different day (the source contributing to
the reported CV is indicated in parenthesis). Concentrations in a second laboratory (n = 15)
were measured with 3 different lots in 2 runs. Patient samples were measured only with lot 2
and lot 3 and at the suggested dilution.

To ensure optimal results, extrapolation beyond the lowest and highest calibrators was not
allowed and these calibrators were set as the lower and upper limits of quantification. These
assay ranges allowed the quantification of >90% of patient serum samples when using the sug-
gested pre-dilutions (Fig 3) [24]. The few samples that fell outside of assay ranges could be
quantified by re-measuring them either at a higher or lower dilution. Valid clinical sample
measurements (CV between duplicate concentrations <15%) were 99.48% for THBSI and
99.58% for CTSD.

Analytical specificity
The antibody pairs were specific for THBS1 or CTSD as determined by signal below LoQ

when testing binding to related proteins THBS2, THBS3, THBS4, THBS5, or CTSE, pepsin A-
5, renin, respectively (S1 Table).
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Fig 2. THBS1 and CTSD ELISA calibrator and sample curves. Five calibrators with different levels of THBS1 (A)
and CTSD (B) were measured to generate calibration curves (red, open circles) for the determination of the
concentration of THBS1 and CTSD in serum samples measured at the recommended dilution (filled triangle). Dose
response of one sample representative of 3 measured at different dilutions is plotted using the concentration measured
at the recommended dilution and the theoretical concentrations calculated based on the respective dilutions for the
other points (open triangles).

https://doi.org/10.1371/journal.pone.0233442.g002

Linearity and hook effect

Serial dilutions of serum samples generated a curve parallel to the calibration curve and
showed that at high concentrations of analyte the assays are in saturation. No hook effect was
observed at concentrations as high as 4,872 ng/ml for THBSI (60 times higher than the highest
calibrator) and 61.2 ng/ml for CTSD (3.6 times higher than the highest calibrator) (Fig 2).

Precision

Intra-CVs of replicate measurements (repeatability) were 5.5% for THBS1 and 4.3% for CTSD,
whereas the within-lot CVs (including variation of different replicates and days, but excluding
variation of lots and laboratories) were 6.1% for THBS1 and 6.3% for CTSD (Fig 3). To deter-
mine the spread of the analyte concentrations depending on the lot used for the measure-
ments, a panel of 16 serum samples was measured with 3 lots. THBS1 concentrations
determined with lot 2 and lot 3 were respectively slightly higher or lower compared to quantifi-
cation with lot 1, but well within the 80%-120% predefined limits of variation (Figs 3 and 4A).
For CTSD, concentrations measured with lot 2 and lot 3 were similar and with lot 1 slightly
higher. The total within-laboratory inter-CVs (including variation of different replicates, days

Repeatability |Between-day Within-lot? Between-lot | Total, Within-lab® | Lab-to-Lab°® LoD, LoQ® |Assay range (ng/ml) | Patient samples
Marker ﬁ:i‘y (replicate) (day) (replicate & day) (lot) (replicate, day & lot) bias (%) (ng/ml) lowest - highest | within assay range
CV (%) CV (%) CV (%) CV (%) CV (%) [90% CI] calibrator (%)
Lot 1 3.8 3.0 48 2.52 6.52 -84.0 (not determined)
THBS1 Lot 2 3.9 238 48 5.4 8.1 -6.3 (not determined) 6.55 - 83.1 470 of 473 (99.4%)
Lot3 74 1.3 75 ! ' [-11.1,-3.1] | (not determined) 6.13-57.2 460 of 482 (95.4%)
Overall 5.5 2.5 6.1 - 5-80 930 of 955 (97.3%)
Lot 1 3.1 25 4.0 297 5.61-17.0 (not determined)
CTSD Lot2 45 6.2 77 14 72 -3 (not determined) 4.84-19.9 474 of 508 (93.3%)
Lot3 23 4.7 52 ’ ’ [-6.7,+1.0] | (not determined) 490-14.7 410 of 447 (91.7%)
Overall 4.3 4.7 6.3 - 5-20 884 of 955 (92.6%)

Fig 3. THBS1 and CTSD ELISA characteristics. 16 samples were measured in 6 runs over 6 days within the same laboratory: * Total including repeatability and
between-day variation; ® Total including repeatability, between-day and between-lot variation. € For the reproducibility, 15 samples were measured in # runs in two
laboratories with 3 lots (THBS1: Lot 1, n = 2; Lot 2 and 3, Ref Lab n = 1, Lab 2, n = 2. CTSD: Ref Lab n = 6, Lab 2, n = 2). Measurements in a second laboratory are
reported as overall % differences from measurements in reference laboratory based on 3 lots. ¢ As per CLSI EP17 guideline, since the calculated LoQ is smaller than
LoD, the LoD = LoQ.

https://doi.org/10.1371/journal.pone.0233442.g003
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Fig 4. Concentration determination with different lots and by different laboratories. (A and B) Reported are the averages of
6 determinations in reference laboratory (Ref Lab). (C and D) Reproducibility was tested by measuring samples in duplicate in n
runs in reference laboratory (Ref Lab) and in independent laboratory (Lab 2). Reported are the concentration determinations of
the averages of n runs (THBS1: Lot 1, n = 2; Lot 2 and 3, Ref Lab n = 1, Lab 2, n = 2. CTSD: always n = 2) of samples and
controls. Each line represents one sample. Filled red triangles represent concentrations of controls.

https://doi.org/10.1371/journal.pone.0233442.g004

and lots) were 8.1% for THBSI1 and 7.2% for CTSD. When the same samples were measured in
two independent laboratories (reproducibility), concentrations for CTSD were similar for lot 1
and lot 2 and slightly shifted to lower values with lot 3 (Figs 3 and 4D). For THBS1, concentra-
tions measured in a second laboratory were similar for lot 2 and 3, but for lot 1 they were
shifted to slightly lower values compared to measurements performed in reference laboratory,
with an estimated overall bias of -6.3% (Figs 3 and 4C). Similar patterns were observed also for
the controls provided with the kits (Fig 4C and 4D) indicating that potential biases can be
readily detected. Despite these differences, these results show that independent of the lot used
and of the laboratory performing the assays, measurements differ by less than 20% (Fig 3).

Interferences. To test robustness of measurements, we checked whether quantification of
the biomarkers is affected by the presence of potentially interfering common substances, at
concentrations that are typically three times the highest concentration expected during treat-
ment. The percent difference from concentrations in sera without interference substances or
without blocking reagent was below 20% for all samples in both assays (Fig 5). The same was
true for samples spiked with several drug substances (Fig 6). The TOST test showed that the
measured concentrations in the presence and absence of potentially interfering material were
equivalent (except one, all p-values <0.05).

Variation depending on serum sample preparation

Pre-analytical factors possibly affecting routine measurements of the samples were assessed
(Fig 1). One main source of variation is the tube used for collection of whole blood and
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Fig 5. Impact of common interfering substances on measured marker levels. THBS1 and CTSD were measured in
serum samples before and after spiking of biotin, bilirubin, hemoglobin (HG), human serum albumin (HSA), or
intralipids (n = 4). Sera with high titer of HAMA (n = 6) or RF (n = 7) were measured with or without addition of
HAMA/RF blocking reagent. Plots show the median, the 25 to 75% percentile (boxes) and minimum to maximum
(whiskers) of relative serum levels of THBS1 (A) and CTSD (B) in samples with potentially interfering substances,
taking as 100% reference the levels in the respective samples non-spiked/spiked with buffer only/without addition of
blocker. TOST equivalence testing resulted in p-values <0.01 for all conditions except +2% intralipids (THBS1,
p=0.0217; CTSD, p = 0.0117).

https://doi.org/10.1371/journal.pone.0233442.9005

preparation of serum. Tubes from several manufacturers all containing clot activator but dif-
fering in material and presence of gel separator were tested. Quantification of THBS1 and
CTSD in matched serum samples derived from whole blood of the same donor collected in dif-
ferent tubes showed that there is small variation and no clear trend (Fig 7A and 7D). In partic-
ular, we determined that measured relative concentrations fall between 84% and 111% for
THBS1 and between 80% and 110% for CTSD. Of note, concentrations of THBS1 and CTSD
measured in plasma are much lower. Plasma THBSI is below the limit of quantification and
plasma CTSD levels are <30% of serum levels (Fig 7A and 7D).

Once collected in tubes, whole blood is left at room temperature to allow clotting whereby
the optimal time recommended by manufacturers is 30 min. However, in a realistic routine
setting in which blood is withdrawn by the physician and sent to laboratories for the measure-
ment, incubation time before centrifugation for the separation of serum can be of several
hours. Further, centrifugation conditions might vary in terms of centrifugal force and temper-
ature. Quantification of THBS1 and CTSD in matched serum samples derived from whole
blood stored at room temperature for 0.5, 2, 6 and 24 h showed that there is some variation,
but this is relatively small (Fig 7B and 7E). We determined that measured relative concentra-
tions fall between 91% and 115% for THBS1 and between 96% and 116% for CTSD. When
testing different centrifugation conditions, results varied depending on the sample, but alto-
gether there was no difference (Fig 7C and 7F).

Variation depending on serum sample storage

To ensure accurate results, stability of analytes in undiluted serum under different storage con-
ditions is critical. Once serum is separated, samples are usually stored at 2-8°C until they are
measured. If longer storage is required, samples are frozen (-20°C) and thawed just prior to
analysis. Measurements of matched serum samples analyzed immediately after separation
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Fig 6. Impact of drug substances on measured marker levels. THBS1 and CTSD were measured in serum samples before and after spiking 7 pools of
drug substances. Plots show the median, the 25 to 75% percentile (boxes) and minimum to maximum (whiskers) of relative serum levels of THBS1
(n=4) (A) and CTSD (n = 3) (B) in samples with potentially interfering drugs, taking as 100% reference the levels in the respective non-spiked serum
(carrier buffer only). Reported are p-values for TOST equivalence testing. (C) Spiked concentration and compositions of pools.

https://doi.org/10.1371/journal.pone.0233442.9006

(fresh samples, with no freeze/thaw cycle), stored at 2-8°C for 3 days, 1 or 2 weeks, or stored at
-20°C and then thawed, showed that there is no difference in quantification of THBS1 and
CTSD (Fig 8).

Discussion

The high rate of false positives resulting from the use of the PSA test for screening for PCa
highlights the need to develop new tests for improving the diagnosis especially for patients in
the diagnostic grey zone with elevated PSA, negative DRE and enlarged prostate. THBS1 and
CTSD play a role in several types of tumors and we found that they can aid the diagnosis of
high-grade PCa [4, 6, 7, 19]. Therefore, we developed robust assays to quantify these markers
in serum samples and included them in a commercial IVD test (Proclarix) [24]. This study
reports the analytical performance of the individual THBS1 and CTSD ELISAs.

We showed that the assays are suitable for the determination of THBS1 and CTSD concen-
trations in more than 90% of patient serum samples in the first run (out-of-range samples
require retesting at a different dilution), with a high precision (total within-laboratory CV
8.1% for THBS1 and 7.2% for CTSD).

Our THBS1 and CTSD ELISAs are two-site immunoassays in which capture and detection
antibodies are simultaneously exposed to the analyte. High-dose hook effect has been shown
for several analytes (PSA, growth hormone, ferritin) [33-35] and is dependent on the sample
to antibody ratio, where in the presence of high concentrations of analyte, binding of the
labelled antibody-bound analyte may be decreased rather than increased (due to competitive
binding of free analyte), resulting in erroneous results. When sera were tested at lower
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dilutions, the signal for both assays increased and reached saturation, never dropping lower
than the signal of the highest calibrator. These results show that there is no hook effect and
ensure that determined concentrations are correct. Further, the relative difference between
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Fig 8. Stability of THBS1 and CTSD upon different storage temperature. After separation, aliquots of serum samples were stored refrigerated (2-8°C)
or frozen (-20°C) for 1 d, 7 d and 14 d. At each time point one aliquot per condition was taken to measure THBS1 (A) and CTSD (B) levels. One additional
aliquot was subjected to 3 freeze/thawing cycles over 1 week. Plots show the median, the 25 to 75% percentile (boxes) and minimum to maximum
(whiskers) of relative serum levels, taking as 100% reference the respective concentrations of samples measured immediately after centrifugation (2-8°C 0
d, fresh) (n = 7). TOST equivalence testing: p-value <0.0001.

https://doi.org/10.1371/journal.pone.0233442.9008
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measurements with different lots or performed by different laboratories was <15%. This low
extent of variation shows that overall assays are reliable for the accurate quantification of the
markers according to their intended use. In addition, we expect that conductance of assays on
fully-automated workstations (e.g. DSX from Dynex Technologies) will further improve assay
performance. Importantly, controls provided with the kit for quality purposes allow detection
of measurement errors. By comparing measured concentrations with provided acceptable
ranges, they determine whether performance is acceptable and measurements are valid,
thereby limiting possible errors. Should their measured concentrations fall outside of the pro-
vided ranges, all measurements from the same run are invalid and should be repeated.

Substances that alter the binding of the analyte to the antibodies used in the assay, and
therefore its measurable concentration, are known as immunoassay interference substances.
Interferences lead to artefactual laboratory results that may cause clinical misinterpretation,
incorrect diagnosis and course of treatment suggested by the physician [33]. A well-known
interference is caused by anti-animal antibodies (particularly HAMA), which specifically bind
to capture and detection reagents. Though varying widely, their prevalence in animal workers
and patients on monoclonal antibody therapy is up to 80% [36]. Our results show that THBS1
and CTSD are accurately measured in the presence of potentially interfering substances biotin,
bilirubin, hemoglobin, albumin, intralipid, HAMA or RF, as well as in the presence of several
drug substances common for the intended use population. This largely reduces the adverse
possibility that results are dependent on the physiological conditions of the patients.

THBSI is an anti-angiogenic factor that is abundantly stored in platelets and is released
during coagulation due to platelet activation. Therefore, compared to plasma levels THBS1
serum levels are very high [37]. Notably, it has been shown that suboptimal blood processing
can result in inadvertent partial platelet activation and fluctuating THBS1 concentrations in
plasma with differences up to 10-fold, making plasma samples not optimal for reliable mea-
surements [25]. Similarly to VEGF, the difference in the role of THBSI1 in plasma compared to
THBSI stored in platelets is unclear, especially in relation to cancer [18]. To be compatible
with the routine measurements of PSA, which are performed in serum, we decided to evaluate
serum THBS1 as biomarker for PCa. Though not directly suggesting a specific role of platelet-
stored THBS1 in PCa progression, the results of our clinical studies measuring THBSI in the
serum of patients belonging to two different cohorts validate the value of serum THBS1 in aid-
ing the diagnosis of PCa [3, 4, 23, 24]. Therefore, our CE-marked Proclarix test was developed
to measure serum and not plasma THBS1. On the other hand, serum samples might suffer
from similar limitations depending on blood sampling and processing procedures. Such pre-
analytical factors have been shown to influence the quantification of analytes in clinical chem-
istry as well as in immunoassays, for example for the quantification of free PSA [26, 38, 39].
Our results show that serum levels of THBS1 and CTSD are largely unaffected by pre-analyti-
cal factors, with measured concentrations relative to reference conditions between 80% and
120%. Additionally, we found that both biomarkers are stable in serum samples stored at
2-8°C for up to 2 weeks and that results are unaffected by freezing at -20°C and subsequent
thawing before measurements. This provides high flexibility to the analytical laboratories for
storage of samples and planning measurements of multiple samples prepared in different days.
Based on all these results we conclude that the assays are robust from a sampling and storage
perspective to be easily used in clinical and laboratory routine practice.

In conclusion, the assays are suitable for quantifying THBS1 and CTSD in human serum of
patients with prostate disease and their analytical performance is good. Measurements are
largely unaffected by pre-analytical procedures that reflect the routine management of samples
in the clinical practice. Assay characteristics, format and CE-mark, make our Proclarix test
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suitable for testing in analytical laboratories in a decentralized fashion, delivering reliable
results that can be used to aid the diagnosis of high-grade PCa.

Supporting information

S1 Table. Specificity of THBS1 and CTSD ELISA. Endogenous human serum proteins with
potential for cross-reactivity with THBS1 and CTSD were spiked at 10 pg/ml in dilution buffer
(physiologic serum concentration ranges are <100 ng/ml for all, except THBS5, which can be
as hight as 10 pg/ml and measured at the suggested dilution with the respective ELISA.
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