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BACKGROUND: Multiple technologies are available for
detection of circulating tumor cells (CTCs), but stand-
ards to evaluate their technical performance are still
lacking. This limits the applicability of CTC analysis in
clinic routine. Therefore, in the context of the
CANCER-ID consortium, we established a platform to
assess technical validity of CTC detection methods in a
European multi-center setting using non-small cell lung

cancer (NSCLC) as a model.

METHODS: We characterized multiple NSCLC cell lines
to define cellular models distinct in their phenotype and
molecular  characteristics. ~ Standardized tumor-cell-
bearing blood samples were prepared at a central labora-
tory and sent to multiple European laboratories for
processing according to standard operating procedures.
The data were submitted via an online tool and centrally
evaluated. Five CTC-enrichment technologies were
tested.

RESULTS: We could identify 2 cytokeratin expressing
cell lines with distinct levels of EpCAM expression:
NCI-H441 (EpCAM™" CKP*) and NCI-H1563
(EpCAM"", CKP*). Both spiked tumor cell lines were
detected by all technologies except for the CellSearch
system that failed to enrich EpCAM™" NCI-H1563
cells. Mean recovery rates ranged between 49% and 75%
for NCI-H411 and 32% and 76% for NCI-H1563 and
significant differences were observed between the tested

methods.

coNcLUsiONs:  This multi-national proficiency testing
of CTC-enrichment technologies has importance in the
establishment of guidelines for clinically applicable
(pre)analytical workflows and the definition of minimal
performance qualification requirements prior to clinical
validation of technologies. It will remain in operation
beyond the funding period of CANCER-ID in the con-
text of the European Liquid Biopsy Society (ELBS).

Introduction

Circulating tumor cells (CTCs) are cancer cells that
have entered the blood stream and can become detect-
able in the peripheral blood. CTCs have become of high
interest since they can provide direct access to systemic
cancer hallmarks with the potential to develop superior
assays for detection, analysis, and treating systemic can-
cer (1-4). When compared to other circulating bio-
markers, the clear advantage of CTCs is that they can
provide cancer-related information on the DNA, RNA,
and protein levels, which might be used for more ratio-
nal treatment decisions.

Since CTC concentration in blood is extremely low
and cancer specific markers are lacking, their enrich-
ment and detection remains very challenging (5). In
addressing these challenges, several platforms have been
established to enrich and detect CTCs in blood samples.
According to their underlying principle, current CTC-
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enrichment methods can be divided into 2 groups: one
targets biological properties of CTCs (marker depen-
dent) and the other their biophysical characteristics
(marker independent) (6, 7). The prevailing strategy for
the first group is immuno-magnetic enrichment via
conjugated antibodies directed against EpCAM, a
membrane-protein widely expressed in different cancer
types (8). This first strategy avoids the loss of deform-
able CTCs with small sizes. The second group utilizes
differences in size, deformability, or electric properties
to capture CTCs. This could be advantageous if cells do
not express typical epithelial markers such as EpCAM
[e.g., due to epithelial-to-mesenchymal transition
(EMT)] (9). EpCAM-based enrichment is also
employed in the CellSearch® system. This system is
FDA-cleared for CTC analysis in metastatic breast,
prostate, and colorectal cancers (10, 11). However, the
prognostic significance of CTCs detected by CellSearch
has been demonstrated for several cancer entities (12),
including non-small cell lung cancer (NSCLC) (13).
Since the introduction of the CellSearch® system
around 15years ago, more than 40 CTC-detection
systems have become commercially available. In view of
the promises for therapy prediction in personalized
medicine, the global forecasts for the CTC market have
been very optimistic with compound annual growth
rates of up to 23% to attain an expected global market
value of around 28 billion USD by the end of 2023
(14). In light of these developments, it is surprising that
for almost all available CTC-technologies (with the
exception of the CellSearch® system) large multicenter
trials to show clinical validity have been missing, a fun-
damental requirement for more complex trials testing
predictive value or even their routine clinical use. An
obvious reason for this is the associated costs, which are
difficult to cover for small and medium sized enterprises
(SMEs) or academic groups, from which most technolo-
gies emerged.

However, an essential step for each CTC-detection
method on the way to demonstrate clinical utility is to
establish first its technical validity. This is already a
complex, time consuming, and expensive task that
appears challenging for most technology developers.
This dilemma and the wish to support current and
future CTC-technology developers triggered the idea to
establish a sustainable proficiency testing platform to
benchmark technical performance for CTC-detection
methods and to allow for independent comparison of
different technologies. The proficiency testing platform
was developed within the frame of the Innovative
Medicines Initiative (IMI) consortium CANCER-ID
(15), which aims to test standard operating procedures
(SOPs) for preanalytical sample handling and detection
of CTCs in NSCLC as a blood-based biomarker. The

increasing number of treatment options for patients
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with NSCLC has created a need for biomarkers to strat-
ify patients and/or to monitor patient’s response. In this
context, CTCs could be a valuable source of tumor ma-
terial fulfilling this need; however, detection of NSCLC
CTCs remains a major challenge due to their rarity and
their potential phenotypical heterogeneity. Here, we
present the first results of this proficiency testing plat-
form for CTC enrichment/isolation/detection technolo-
gies. As quality control materials, we used NSCLC cell
lines spiked blood.

Materials and Methods

PREPARATION AND SHIPPING OF SPIKED SAMPLES

Blood collection and preparation of spiked samples were
done at Integrated Biobank of Luxembourg (IBBL). On
the day of spiking, blood was collected from 1 healthy
donor under informed consent “CNER: 201107/02”
version 1.3 and following amendments (approved by
the local Luxembourg ethic committee) directly into
the blood collection tubes (BCTs) indicated in the
SOPs of the different technology providers: CellSearch®
and VyCAP Microsieves required CellSave Preservative
Tubes (Menarini), Siemens and Parsortix® used CTC
TransFix EDTA tubes (Cytomark), and RareCyte used
AccuCyte® BCT (RareCyte). NCI-H441 and NCI-
H1563 cell lines in culture (Supplemental Methods)
were harvested following standard treatment with tryp-
sin, and quantified and evaluated for their viability and
cell size using the Cell Counter CASY (OLS).
Subsequently cells were stabilized with the fixation solu-
tion from the BCT required by the respective SOP,
diluted to 15000 cells/mL and stained with Hoechst
33342 nuclear marker (Thermo Scientific). For the
RareCyte spike in tests, cells were stained with
0.5 nmol/L Syto-83 (Thermo Fisher Scientific) because
of possible interference of Hoechst with the downstream
analysis. Two to 3 drops of 2 uL of stained cell suspen-
sion were placed unto a 1% BSA/PBS precoated micro-
scope slide. Stained nuclei were counted by fluorescence
microscopy, and if in the range of 50 to 100 cells in
total, flushed into the collected blood with 200 pL PBS.
On the same day, the spiked blood samples were
shipped to the participants’ sites by overnight shipment
via courier. Shipping conditions were according to the
provided SOPs: the CellSave ensures sample stability
for 4days at a temperature range of 15°-30°C; the
TransFix ensures sample stability for 5 days at a temper-
ature range of 18°-25°C and required special room
temperature isothermal packaging. The AccuCyte®
BCTs have a maximum processing delay of 3 days and
require a transport temperature range of 20°-25°C.
This procedure was repeated twice using blood from a
different donor each time, with 1-week intervals, result-
ing in 3 enumerations with blood from 3 different
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donors, per platform per cell line per site. All the partici-
pant sites were informed in advance of the shipping dates.

ENRICHMENT OF CTCS AND REPORT OF RESULTS

Five methods for CTC-enrichment were tested: the
CellSearch® system (Menarini Silicon Biosystems);
VyCAP Microsieves (VyCAP); Siemens filtration unit
(Siemens; prototype is not for sale); Parsortix” (ANGLE);
and RareCyte platform (RareCyte) (Table 1), using

consensus SOPs (Supplemental Methods). For all tech-
nologies, detection of spiked cells after enrichment was
based on immunofluorescence staining and fluorescent
microscope imaging (Supplemental Methods). Results
were reported using an online questionnaire made avail-
able to the sites in the secured web-based reporting tool
within the Biospecimen Proficiency Testing Programme
of Integrated BioBank of Luxembourg (IBBL) (16)
(Supplemental Methods, Supplemental Fig. 1).

Table 1. Main characteristics of the technologies tested.

Characteristics provided by the manufacturers

Technology Siemens Parsortix®
Enrichment principle Filtration Filtration
Enrichment criterion Size >8 um Size >6.5 um

Fluorescence
microscopy

Fluorescence
microscopy

Detection principle

Staining method Automated Manual

User-provided
microscope

User-provided
microscope

Detection system

CTC identification Manual Manual
modus
Reagents Provided in SOP Provided in SOP
CTC definition DAPIP®s; DAPIP®s;
CK(A53-B/A2+ CK(EP1628Y+
UCD/PR10.11)P°® EP1580Y)P°*;
CD45(9.4)"9; CD45(5B1)°9
CD66b(G10F5)"¢9
Type of tube (sample TransFix TransFix
volume) TVT-09-50-45 TVT-09-01
(9 mL) (9 mL)
Blood volume usedon 9 mL 9 mL
assay
Parallel processing of Yes No
samples
Throughput 20 15 samples/week

samples/week
Characteristics assessed by the users

Technology Siemens Parsortix®
Level of automation®® 3-4 2-4
(enrichment)
Hands-on time 20-45 min 20-45 min
needed®®
(enrichment/staining)
Level of automation®® 1 1
(identification)
Hands-on time 30 - 60 min 15-60min
needed®®
(identification)
Total time until results®®  5-6h 2-35h

sample in one single run.

VyCAP CellSearch® RareCyte
Filtration Immunomagnetic Density
Size >5 um EpCAM positivity Density
< 1.1g/mL
Fluorescence Fluorescence Fluorescence
microscopy microscopy microscopy
Manual Automated Automated
User-provided Integrated micro- Integrated
microscope scope (Cell microscope
Tracks)

Manual

Provided in SOP

Semi-automated

Provided as

(CyteFinder)
Semi-automated

Provided as a kit

an IVD assay
DAPIP®s; DAPIP®s; CKPs; SYTOX
CK(C11+ AE1/ CD4s5™e Orange™;
AE3)P°s; CK/EpCAMP®®;
CD45(HI30)"°9 CD45(HI30)°?
CellSave CellSave AccuCyte BCT
(10 mL) (10 mL) (9 mb)
10 mL 7.5 mL 7.5 mL
Yes Yes Yes
50 samples/week 40 samples/ 15 samples/
week week
VyCAP CellSearch RareCyte
2 4-5 2
20-60 min 20-30 min 105 min
1-2 3-4 4
15-20 min 10 - 40 min 45 min
15-2h 3-35h 1.5days

*Level of automation was graded from 1 (bad) to 5 (very good). °The values presented are the range of the values attributed by different groups. “The time refer to one single
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STATISTICAL ANALYSES
Statistical analyses were performed as described in the

Supplemental Methods.

Results

RATIONALE FOR THE SELECTION OF NCI-H441 AND
NCI-H1563 LUNG CANCER CELL LINES FOR RING-TRIALS

For our testing platform for CTC-detection methods,
we aimed to provide 2 lung cancer cell lines with strong
differences in the expression of EpCAM, frequently
used as cell surface antigen for label-dependent enrich-
ment of CTCs (7, 17). In particular, we aimed to iden-
tify cell lines fulfilling 3 criteria: 1) All cell lines should
express cytokeratin (CK), since this has become the
standard marker for CTC identification by immunos-
taining; 2) Cell lines should have a differential expres-
sion of EpCAM to test marker-dependent and
-independent platforms; 3) Cell line cells should be dif-
ferent in size to test size-dependent methods. Of the 21
NSCLC cell lines available among the CANCER-ID
partners, we selected 9 for further analysis based on their
EpCAM and CK RNA expression levels (Supplemental
Fig. 2). As expected, EpCAM expression correlated
positively with the expression of E-cadherin (CDH1)
and other epithelial markers among the different
NSCLC lines, but negatively with the mesenchymal
markers vimentin (VIM) and N-cadherin (CDH2)
(Supplemental Fig. 2C). Using flow cytometry, we
quantified then the exact number of EpCAM (range:
4.3 x 10°—1.1 x 10° antibodies bound per cell [ABC])
and CK (range: 1.6 x 10°—1.1 x 10° ABQ) epitopes
per cell for each cancer cell line (Supplemental Figs. 3
and 4). Next, we determined the cell size, which did not
vary substantially between the cancer cell lines (range:
14.7 - 18.2 um) (Supplemental Fig. 3). Based on these
results, we chose one EpCAMhigh cell line (NCI-H411)
and one EpCAM" cell line (HCI-H1563) (Fig. 1A—
D). Notably, each of the 2 cancer cell lines harbored a
unique mutation pattern in KRAS, TP53, and EGFR
genes (Supplemental Fig. 2D), and high intra-line
genomic similarity (Fig. 1E).

RECOVERY OF SPIKED CELLS USING DIFFERENT
TECHNOLOGIES

To test the 5 CTC-enrichment methods, a total of 98
samples were prepared at the central laboratory (IBBL,
Luxemburg) and shipped to 9 participating sites in 6
countries (Germany, France, Belgium, Netherlands,
Switzerland, Italy) according to the recommendations of
the manufacturers of the preservative tubes (Fig. 2A and
B). Siemens and VyCAP platforms were available at 4
participating sites, while Parsortix, CellSearch, and
Rarecyte were tested in 3 sites (Table 2). The number of
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cells spiked per sample ranged from 51 to 99 (mean:
77.5; median: 78) and it did not differ significantly
between the samples to be analyzed with the different
technologies. The mean viability over all the spike-in
experiments for NCI-H441 was 95.1% (range:
91.8%—98.4%) and for NCI-HI1563 was 96.6%
(range: 93.0%—98.1%), and no significant variation in
cellular size was observed during the experimental
period.

In the present work, a majority of samples arrived
at the participating sites on the next working day
(within 24 h after samples preparation). The exceptions
were 2 of the 27 shipments where there was a 1 day de-
lay in delivery; as this was still within the recommended
time limits of the tube manufacturers, samples were fur-
ther processed. For 2 other samples, blood aggregates
were visible upon arrival. These samples were sent to the
same participating site during a period with atmospheric
temperatures above 30 °C, the maximum recommended
for correct stabilization in CellSave tubes, a factor that
might have contributed to the poor condition of the
samples. These were not further processed and were
replaced by new samples sent in a new batch. Samples
were processed at the analytical sites within 36 h after
sample preparation. Spiked cells could be identified in
94 out of the remaining 96 samples processed (Fig. 3A,
Table 2). The exceptions were 2 samples processed with
the VyCAP Microsieves: one without stained cells and
one with an abnormally high number of cells on the
filter and nonspecific staining of CD45 on CKP™ cells.
In some Siemens and VyCAP filters, the phenotypical
evaluation of enriched cells, important for identification
of intact cells, was compromised. This was likely due to
the irregular surface of the filters (in the case of Siemens
unit) and to the cellular distortions caused by the pres-
sure necessary to make cells pass through the pores of
the filters (in the case of both units). Standard automatic
scanning of the irregular surface of the Siemens filters
was not possible and was limited to one laboratory that
was able to customize the scanning software for this ap-
plication (Supplemental Table 1, participating site #5).
In addition, automatic scanning of Parsortix was not
practicable due to the large area and the depth of cham-
ber in which cells are captured.

As expected, the EpCAM" NCI-H1563 cells
could not be detected by CellSearch® and were therefore
excluded from the ring experiment testing this system
(Fig. 3B and C). Collectively for NCI-H441 cells, re-
coveries with the Parsortix” (mean: 71%), CellSearch
(mean: 75%), and RareCyte (mean: 68%) systems were
significantly higher than with the Siemens (mean: 54%)
and the VyCAP (mean: 49%) systems (P < 0.05 by
Mann-Whitney U test).

For NCI-H1563 cells, recoveries with Parsortix”
(mean: 67%) and RareCyte (mean: 76%) were
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Fig. 1. (A) Selection criteria of the 2 NSCLC cell lines. (B) EpCAM and CK expression by immunofluorescence. (C, D) EpCAM and
CK expression by flow cytometry, and cell size by automated cell counter. (E) Copy number alterations (CNAs) of individual sin-

significantly higher than those with the VyCAP
Microsieves (mean: 32%) (P < 0.01 by Mann-Whitney
U test). Recovery with RareCyte was also significantly
higher than that with Siemens (mean: 56%). We could
not observe any statistically significant difference in the
recovery of NCI-H441 and NCI-H1653 cells in the
size-based technologies as expected due to the reduced
differences in the cellular size between both lines. The
smallest variance (measured as the standard deviation of
all CTC enumerations done with a specific technology)

was obtained for the Siemens filtration unit followed by
the CellSearch® system (Fig. 3D).

Discussion

In this multi-center study we established a platform en-
abling technical benchmarking of methods for CTC en-
richment/isolation/detection. This platform was created
within the frame of the European Innovative Medicines
Initiative (IMI) consortium CANCER-ID (15) in which
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scientists from academic, clinical, and industrial sites
in Europe and in the USA have joined forces to evalu-
ate innovative technologies in the field of liquid bi-
opsy. Currently, there is an increasing number of
technologies available for CTC detection and their
performance and reproducibility across multiple and
real-life laboratories sites are very difficult to infer as
all the data available is dispersed and quite difficult to
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compare. Facing this, this CANCER-ID platform was
created to generate comparative data with multiple
technologies and to be used as a tool for technology
developers to assess the technical performance charac-
teristics of their technologies and standard operating
procedures (SOPs) in multiple academic sites using
standardized samples. From the numerous CTC
detection technologies commercially available, we
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Table 2. Recoveries obtained in each individual experiment and number of spiked cells/mL of PB.

Participating site
#1 #2 #3 #4 #5 #6 #7 #8 #9 #9
(DE) (NL) (IT) (DE) (FR) (DE) (FR) (CH) (BE) (BE)

Platform ﬁr?tlel Rond R § R S R S R S R S R S R S R S R S R S
Siemens H441 #1 70 9.2 60 9.4 36 10.0 63 7.9
#2 52 73 66 108 55 84 55 98
#3 58 9.0 45 81 45 7.4 39 102
H1563 #1 67 83 70 99 66 102 55 7.3
#2 46 84 54 72 70 86 34 94
#3 47 57 49 79 72 60 46 63
VyCAP H441 #1 53 7.8 49 86 16 6.2 80 8.0
#2 44 9.0 61 56 40 7.0 (F1) 8.6
#3 49 82 57 9.9 33 80 54 89
H1563 #1 7 90 16 62 9 78 35 65
#2 31 86 67 72 36 73 19 7.9
#3 0 6.6 60 81 70 6.7 38 6.4
Parsortix ~ H441  #1 75 10.1 20 89 (F2) 9.7
#2 77 7.8 60 7.6 87 7.4
#3 97 73 72 91 79 80
H1563 #1 70 7.9 87 93 89 9.7
#2 64 7.8 61 7.8 41 80
#3 46 97 83 9.9 62 9.1
Cell H441  #1  (F3) 7.0 61 63 77 93
Search* 88 6.2
#2 (F4) 95 76 83 48 89
77 6.1
#3 82 8.1 83 98 86 9.0
H1563  #1 5% 8.0
#2 0¥ 6.3
#3 0¥ 7.1
RareCyte* H441  #1 75 91 65 84 73 9.1
#2 18 60 91 88 66 7.4
#3 70 84 87 10.9 71 10.6
H1563  #1 64 86 82 98 74 92
#2 50 82 97 87 76 7.9
#3 69 104 88 80 80 9.7

R: Recoveries expressed as the percentage of spiked cells that could be identified after enrichment according to the respective SOP; S: the number of spiked cells/mL of blood;
F1: sample with abnormal high number of cells on the filter and nonspecific staining of CD45 on CKP* cells; F2: Control plate positive but no labeling in the cassette. F3 and
F4: samples showed macroscopic aggregates detected upon arrival and were repeated; ¥: Results from a preliminary study performed at one single site. These results were
not considered for further statistical analyses. *For CellSearch and RareCyte, the recovery was normalized to the volume of blood used on the assay (see Supplemental
Methods).

selected methods from companies that were members This CANCER-ID proficiency testing platform or-
of CANCER-ID or that approached us directly for  ganized ring trials to benchmark enrichment and detec-
testing their own technology. tion of NSCLC cells spiked in healthy donor blood
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Fig. 3. (A) Surface scanned with the distribution of nucleated events and representative pictures of cells identified with the dif-
ferent technologies. (B) Recovery of the spiked cells. ¥: Results from a preliminary study. (C) Global Recovery of spiked cells
with the different technologies. *P < 0.05; **P < 0.01; ¥: Results from a preliminary study. (D) Variance of the different

technologies.

samples. It was designed to assess the between-
laboratory reproducibility of the methods (rather their
repeatability). With the 1-week interval between sample
shipments, the values reported for each site represent
the intermediate precision, and combining the interme-
diate precision results from all participating laboratories
per platform, we determine the reproducibility (i.e., the
precision between measurements obtained at different
laboratories).
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As preanalytical variables can account for more
than 50% of the errors in general clinical laboratory test-
ing (18), in these ring trials measures were taken to
limit/eliminate the confounding impact that preanalyti-
cal variables could have on the results. To limit variabil-
ity in cancer cell line culture conditions, blood sample
draw, cell spiking, and sample transport, all samples
were prepared in one same reference laboratory and
shipped to different participating sites under similar
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transport conditions. To increase accuracy for cell-
spiking, we chose direct enumeration over an uncon-
trolled dilution approach. However, irrespective the
spiking-strategy, it is impossible to verify the exact can-
cer cell number in the blood sample, which may inevita-
bly contribute to preanalytical variation. To mitigate
any biological/biochemical effects by mixing allogenous
cells and to guarantee optimal sample stabilization,
cancer cell lines and blood samples were stabilized sepa-
rately before spiking using the blood collection tubes in-
dicated by the respective SOPs. Furthermore, in order
to obtain uniform analytical conditions across the
participating sites, staff received on-site training from
the technology providers and could sufficiently test the
feasibility of the SOPs.

For these experiments we have used 2 lung cancer
cell lines with distinct phenotypic and molecular charac-
teristics: NCI-H441 (EpCAM"S", CKP*, KRAS™",
TP53™*, and EGFR™") and NCI-H1563 (EpCAM"",
CKP?, KRAS™, TP53"™, and EGFR™). As part of stan-
dard procedure, cells were confirmed to be mycoplasma-
free just before the first shipment, and cell viability and
size were controlled prior every shipment. Although
these 2 cancer cell lines may not represent the whole tu-
mor cell diversity observed in lung cancer patients, their
different EpCAM expression levels constitute an oppor-
tunity to challenge the known fundamental principles of
the chosen technologies. This is best reflected in the
results obtained with the CellSearch® system that could
enrich EpCAM™¢" NCI-H441 cells but strikingly failed
to enrich EpCAMlOW NCI-H1563 cells, consistent with
the dependency of this method on EpCAM expression
previously demonstrated in various other cellular models
and tumor entities (19-22). Among the panel of cell
lines tested, we could not find a model with a cellular
size small enough to challenge the limits of size-based
technologies (Parsortix”®, VyCAP, and Siemens) with
pore/gap sizes between 5 and 8 pm. As the cutoff of
these technologies is clearly below the cell size of the 2
cell lines, the recovery for these 2 cell lines did not differ
significantly in any of the platforms performing size-
based enrichment. Additional smaller NSCLC cellular
models could eventually help to validate the cutoffs of
the technologies but these were not available.

The mean recovery rates for all tested systems
ranged between 49% and 75% for NCI-H411 and
32% and 76% for NCI-H1563, respectively. Because of
its inability to enrich EpCAM negative cells,
CellSearch® was excluded from the ring trial involving
(EpCAM-negative) NCI-H1563 cells. CellSearch®,
Parsortix”, and RareCyte all allowed higher recoveries,
however, the 2 last systems displayed also the highest
variance between measurements with NCI-H441 cells
while enumeration with the CellSearch® and the
Siemens filtration unit were the most reproducible

(Fig. 3D). Of note, in CellSearch® and Siemens,
enrichment and staining procedures are performed in a
single streamlined automated protocol. Furthermore,
the CellSearch® system includes a dedicated detection
unit. Differences in the light source, optical filters, and
detection cameras, might account for the larger assay
variances observed in some of the other technologies,
despite the fact that the different participating groups
have used microscope systems globally suitable to iden-
tify the fluorescent dyes used (Supplemental Table 1).
In general, these results suggest the advantages of auto-
mated protocols and dedicated instrumentation covering
the complete analytical workflow to increase technical
reproducibility, a key aspect for introduction of a new
technology in the clinics. Processing laboratories inter-
ested in applying any CTC enrichment/isolation
technologies without dedicated detection system that
were tested here (i.e., Parsortix”, Siemens, and VyCAP)
need extra efforts to verify the procedure on their in-
house detection equipment, and eventually additional
investment to adapt the enrichment/isolation procedure
and/or the detection equipment.

For the laboratory routine, the practicability of
sample management and the throughput of the assay are
paramount. In this context, the BCT with fixation solu-
tion recommended for each assay is an important issue
for flexible sample shipment and efficient sample proc-
essing. Although BCT fixatives increase sample stability,
it should be noted that they compromise downstream
gene expression analyses in CTCs (23). The storage
times of the BCT's varied between 3 (AccuCyte®) and 5
days (TransFix), which needs to be taken into consider-
ation before routine use. Another important issue
regarding laboratory practicability is the possibility to
pause a workflow at a stable point. The majority of the
workflows tested require all steps to be performed con-
secutively, including the microscope-based detection to
avoid fading of the fluorescent dyes. An exception is
RareCyte that allows long-term storage of processed
samples at -20 °C (up to 1 year) prior to immunostain-
ing, which can increase the flexibility for study design or
sample management. The indicated maximum through-
put of the assays (Table 1) was irrelevant for the profi-
ciency testing but needs to be taken into consideration
for clinical studies in real-life laboratories.

One other foreseeable important issue for imple-
mentation of any of these assays in the clinics is proper
documentation of the results. In this aspect, the
CellSearch® and RareCyte systems are clearly ahead of
all the other tested technologies by performing auto-
matic microscopic scanning of the entire fraction of
enriched cells and making possible subsequent software-
assisted identification of CTCs by different users.
In contrast, the uneven surface of the Whatmann filters
used in the Siemens unit and the lack of dedicated
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detection systems able to deal with the specificities of
the filters, forced the groups to perform a manual scan-
ning which limits the documentation of the findings
and their later verification.

Choosing the best method for CTC enrichment
can be challenging and in this field, there is a lack of
standardization and data from inter-laboratory testing
raising questions on the technical reproducibility of the
methods. Furthermore, comparison of results from dif-
ferent studies is hampered owing to different preanalytic
conditions, protocols, cellular models, and patient sam-
ples, which also raises questions on the reproducibility
of the results. The platform and the multi-national ring-
trials established by CANCER-ID aimed to tackle some
of these problems by using centrally prepared samples,
consensus SOPs, and a unified reporting system. This
ring-testing platform for CTCs does not intend to re-
place the efforts required from technology providers to
prove the technical capabilities of their technologies, but
rather to provide accountable information on assay re-
producibility. Nevertheless, it can be adapted to test
other relevant parameters of their technologies (e.g.,
intra-lab repeatability and linearity of recovery).
Subsequently, it will be of utmost importance to clini-
cally validate the technologies (if not done yet) in the
context of clinical trials, which was beyond the scope of
our project. This pladorm is not restricted to
CANCER-ID partner companies as documented by the
participation of RareCyte. In fact, this structure is
meant to be useful to the broad community of technol-
ogy providers who can thus compare the performance of
their technologies in different real-life laboratories, as
well as to the analytical sites for external quality assur-
ance purposes. Furthermore, we believe that this profi-
ciency testing program could help to define minimal
requirements for performance qualification prior to clin-
ical validation of technologies. For all these reasons, the
program will remain in operation beyond the funding
period of CANCER-ID. These activities will be sus-
tained by the establishment of the European Liquid
Biopsy Society (ELBS) (24) which comprises a large net-
work of almost 100 institutions from academia and
industry.

Supplemental Material

Supplemental material is available at Clinical Chemistry
online.

Nonstandard Abbreviations CTCs, circulating tumor  cells;
EpCAM, epithelial cell adhesion molecule; EMT, epithelial-to-
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mesenchymal transition; FDA, U.S. Food and Drug Administration;
SMEs, small- and medium-sized enterprises; IMI, innovative medi-
cines initiative; SODPs, standard operating procedures; NSCLC, non-
small cell lung cancer; ATCC, American type culture collection; CK,
cytokeratin; PE, phycoerythrin; WGA, whole genome amplification;
CNA, copy number alterations; BCT, blood collection tube; BSA,
bovine serum albumin; PBS, phosphate-buffered saline; IBBL,
Integrated BioBank of Luxembourg; ABC, antibodies bound per cell.
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