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Abstract: Liquid biopsy and circulating tumor cell (CTC) screening has gained interest over the last
two decades for detecting almost all solid malignancies. To date, the major limitation in terms of the
applicability of CTC screening in daily clinical practice is the lack of reproducibility due to the high
number of platforms available that use various technologies (e.g., label-dependent versus label-free
detection). Only a few studies have compared different CTC platforms. The aim of this study was
to compare the efficiency of four commercially available CTC platforms (Vortex (VTX-1), ClearCell
FX, ISET, and Cellsearch) for the detection and identification of uveal melanoma cells (OMM 2.3 cell
line). Tumor cells were seeded in RPMI medium and venous blood from healthy donors, and then
processed similarly using these four platforms. Melan-A immunochemistry was performed to identify
tumor cells, except when the Cellsearch device was used (automated identification). The mean overall
recovery rates (with mean recovered cells) were 39.2% (19.92), 22.2% (11.31), 8.9% (4.85), and 1.1%
(0.20) for the ISET, Vortex (VTX-1), ClearCell FX, and CellSearch platforms, respectively. Although
paramount, the recovery rate is not sufficient to assess a CTC platform. Other parameters, such as
the purpose for using a platform (diagnosis, genetics, drug sensitivity, or patient-derived xenograft
models), reproducibility, purity, user-friendliness, cost-effectiveness, and ergonomics, should also be
considered before they can be used in daily clinical practice and are discussed in this article.

Keywords: uveal melanoma; liquid biopsy; Cellsearch; ClearCell FX 5; Vortex (VTX-1); ISET; circulating
tumor cells

1. Introduction

Uveal melanoma (UM) is the most common primary intraocular malignancy in adult-
hood [1]. UM remains rarely encountered with an annual incidence of five cases per million
inhabitants in Western countries [2]. In the case of localized disease, conservative strategies
(e.g., proton radiotherapy, brachytherapy) or primary enucleation are the best treatment [1].
Although primary ocular treatment has been associated with almost 95% of oncologic
success [3,4], metastases will occur in about 50% of patients at 10 years [2]. Recent advances
in UM pathophysiology have been reported. Of interest, it has been demonstrated that
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mutations in the GNAQ, GNA11, and BAP1 genes act, respectively, as driver and prog-
nostic mutations during UM carcinogenesis [5]. Despite this, there is still no treatment
available for managing metastatic spread, and patients usually die within 2 years [6]. UM
is genetically different from cutaneous melanoma, explaining why targeted therapies and
immunotherapies have been very disappointing in UM until now [5,7]. However, recently,
new hopes have been raised by the development of tebentafusp, which is a TCR/Anti-CD3
bispecific fusion protein targeting gp100 [8]. It is noteworthy that tebentafusp can only be
administrated to HLA-A*02:01-positive patients, and its overall survival is modest (73%
versus 59%) at one year; studies with longer follow-ups (at least 5 years) are warranted and
a precise country-by-country medico-economic analysis is still lacking [9].

UM is known to disseminate through the bloodstream and has an exceptional, still
unexplained, tropism for the liver [10,11]. Several reliable prognostic factors have been
reported, including chromosomal abnormalities (loss of chromosome 3, gain of 8q) [12]
and class 2 UMs [13] and have been associated with a metastatic spread and poor overall
survival. However, these prognostic factors are usually identified in enucleated specimens
or when transvitreal or transscleral tissue biopsy is performed [14]. The use of tissue biopsy
in UM is debated because of the risk of extraocular dissemination [14]. Therefore, there is
an urgent need to identify reliable and non-invasive biomarkers to identify patients with a
high metastatic risk.

Liquid biopsy (LB) is a non-invasive, reliable, and repeatable technique for the diagno-
sis, prognosis, and follow-up of various solid malignancies [15]. In ocular malignancies, LB
allows several tumor-related features to be monitored through the collection of accessible
liquids such as blood or aqueous humor [16–18]. LB appears particularly promising in
UM because (i) the metastatic spread is strictly hematogenous, (ii) tissue biopsy is not
routinely performed [14,19], and (iii) detecting circulating tumor cells (CTCs) at the time of
diagnosis or during the follow-up may help to predict the risk of subsequent metastatic
spread [17]. LB contains many components, including CTCs, circulating free DNA (cfDNA),
circulating RNA, small and long non-coding RNAs, ribosomes, exosomes, plasma proteins,
and tumor-educated platelets [20,21]. CTCs reflect the tumor’s spatio-temporal heterogene-
ity through the epithelial-to-mesenchymental transition (EMT), which promotes tumor
dissemination, as they remain alive when captured and may be further genetically ana-
lyzed and/or cultured [22]. However, compared to cfDNA, CTCs are generally not used
in routine clinical practice due to various limitations, in particular some technical issues
impairing the sensitivity and specificity of the technique [23,24].

As shown in Table 1, “hunting” a CTC requires three phases which should be individ-
ualized: CTC capture, CTC identification, and CTC downstream analyses.

Table 1. Summary of the various analytical phases of CTC screening [22,24].

Phase CTC Capture CTC Identification CTC Downstream Analyses

Examples

Immunoaffinity with positive or negative
enrichment (immunomagnetic,
microfluidic)
Biophysical (“label-free”):

• Size
• Deformability
• Density
• Microfluidics
• Electrophoresis

Immunohistochemistry
Immunofluorescence

Flow cytometry
Spectrophotometry

Electrical impedance

Genomics
Transcriptomics

Proteomics
CTC culture

Cell line-derived xenografts
(CDX)

The platforms used for CTC capture are based on label-dependent or label-free proper-
ties, explaining the high number of commercially available devices [24]. It should be noted
that even when the same CTC platform is used, the pre-analytical phase (blood collection,
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transport, buffer) as well as the CTC identification method may differ from one study to
another one, leading at the end to a lack of consensus on the “ideal” methodology [17,24].

To date, only the immunomagnetic Cellsearch platform (Menarini Silicon Biosys-
tems, Florence, Italy) has been approved—by the Food and Drug Administration (FDA)
in 2004—for the diagnosis and prognosis of metastatic breast, colorectal, and prostate
cancers [18]. The last decade has been marked by major technological advances, especially
in the development of physical microfluidic platforms [24,25]. Ideally, a CTC platform
should combine the following features: high sensitivity (high recovery or identification
rate), high specificity/purity, high reproducibility, standardized, recovery of viable CTC,
user-friendly, rapid processing, ergonomic, and cost-effective. The daily clinical application
is often eluded in the literature but is essential for clinicians [17]. To date, only a few studies
have compared the efficiency of different CTC platforms [26–33]. To our knowledge, no
study has compared different CTC platforms using UM cells [17]. The aim of this study was
to compare the efficiency of four different CTC devices by assessing the cell recovery rate
for each device using a UM cell line (OMM 2.3). Their potential daily clinical applicability
in UM patient management in the near future was then discussed.

2. Results

The main results are presented in Table 2 and Figure 1.

Table 2. CTC recovery rates obtained with four CTC isolation platforms. iCN: initial Cell Number;
fCN: final Cell Number; NA: Non-Applicable.

CTC
Platform

Mean iCN ±
SD [Range]

Mean fCN ±
SD [Range]

Overall
Recovery

Rate

Recovery
Rate

Adjusted
Recovery Rate

Recovery
Rate

Adjusted
Recovery Rate

in RPMI +
Venous
Blood

in RPMI Alone (n = 10) in Venous Blood Alone (n = 3)

Vortex
(VTX-1)
(n = 13)

57.31 ± 33.93
[23.0; 128.0]

11.31 ± 6.14
[5.0; 21.0] 22.2% 22.6% 25.6% 20.7% 26.6%

ClearCell FX
(n = 13)

54.46 ± 26.43
[19.0; 94.0]

4.85 ± 3.93
[1.0; 13.0] 8.9% 10.2% 15.1% 4.7% 7.2%

ISET
(n = 13)

42.08 ± 19.5
[25.0; 84.0]

19.92 ± 22.39
[1.0; 84.0] 39.2% 30.3% 43.5% 69.1% 89%

Cellsearch
(n = 10)

26.9 ± 11.18
[12.0; 46.0]

0.2 ± 0.422
[0.0; 1.0] 1.1% NA NA 1% NA

The median number of initial cells was, respectively, 42.0 (interquartile range [IQR]:
23.0), 47.0 (IQR: 47.0), 34.0 (IQR: 20.0), and 27.5 (IQR: 10.25) using the Vortex (VTX-1),
Cellsearch, ISET, and Cellsearch devices (p = 0.014). Pairwise analyses revealed significant
differences between the Cellsearch and Vortex (VTX-1) devices (p = 0.003) and between the
Cellsearch and ClearCell FX devices (p = 0.007). No difference was observed between the
Vortex (VTX-1) and ISET devices and between the Vortex (VTX-1) and ClearCell FX devices.

The median number of final cells was, respectively, 8.0 (IQR: 12.0), 4.0 (IQR: 5.0),
18.0 (IQR: 17.0), and 0.0 (IQR: 0.0) using the Vortex (VTX-1), Cellsearch, ISET, and Cellsearch
devices (p < 0.001). Pairwise analyses revealed significant differences between the ClearCell
FX and Vortex (VTX-1) devices (p = 0.035), between the ISET and ClearCell FX devices
(p = 0.022), between the Cellsearch and Vortex (VTX-1) devices (p < 0.001), between the
Cellsearch and ClearCell FX devices (p = 0.008), and between the Cellsearch and ISET
devices (p < 0.001).
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Cellsearch, ISET, and Cellsearch devices (p = 0.014). Pairwise analyses revealed signifi-
cant differences between the Cellsearch and Vortex (VTX-1) devices (p = 0.003) and be-
tween the Cellsearch and ClearCell FX devices (p = 0.007). No difference was observed 
between the Vortex (VTX-1) and ISET devices and between the Vortex (VTX-1) and 
ClearCell FX devices.  

The median number of final cells was, respectively, 8.0 (IQR: 12.0), 4.0 (IQR: 5.0), 
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The median overall CTC recovery rate was, respectively, 21.2 (IQR: 19.4), 7.7 (IQR: 
7.8), 33.3 (IQR: 44.5), and 0.0 (IQR: 0.0) using the Vortex (VTX-1), Cellsearch, ISET, and 
Cellsearch devices (p < 0.001). Pairwise analyses revealed significant differences between 
the ClearCell FX and Vortex (VTX-1) devices (p = 0.019), between the ISET and ClearCell 
FX devices (p = 0.002), between the Cellsearch and Vortex (VTX-1) devices (p < 0.001), be-
tween the Cellsearch and ClearCell FX devices (p = 0.028), and between the Cellsearch 

Figure 1. Summary of the CTC recovery rates of four CTC isolation platforms using the OMM 2.3 UM
cell line. (A) initial cell number (iCN); (B) final cell number (fCN); (C) overall recovery rate (in RPMI +
venous blood); 1: Vortex (VTX-1); 2: ClearCell FX; 3: ISET; 4: Cellsearch. (*) statistically significant.

The median overall CTC recovery rate was, respectively, 21.2 (IQR: 19.4), 7.7 (IQR: 7.8),
33.3 (IQR: 44.5), and 0.0 (IQR: 0.0) using the Vortex (VTX-1), Cellsearch, ISET, and Cellsearch
devices (p < 0.001). Pairwise analyses revealed significant differences between the ClearCell
FX and Vortex (VTX-1) devices (p = 0.019), between the ISET and ClearCell FX devices
(p = 0.002), between the Cellsearch and Vortex (VTX-1) devices (p < 0.001), between the
Cellsearch and ClearCell FX devices (p = 0.028), and between the Cellsearch and ISET
devices (p < 0.001). No difference was found between the Vortex (VTX-1) and ISET devices.

Illustrative photographs of the stained CTC collected using the different platforms are
presented in Figure 2.
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Figure 2. Illustrative photographs of the CTC collected using the (A) Vortex (VTX-1); (B) ClearCell
FX; (C) and ISET devices. OMM 2.3 cells were stained with Melan-A red (A,B), and with Melan-A
(C). ((A–C): immunohistochemistry; Melan-A; A103 clone, ready to use, Roche Ventana, Tucson, AZ,
USA; original magnification ×400).
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3. Discussion

CTC “hunting” has gained interest over the last two decades [34]. New devices
allow insight into tumor heterogeneity and downstream single-cell analyses are now
possible [22,35,36]. However, the current limitation is the lack of reproducibility regarding
CTC capture and identification. This lack of standardization partly explains why CTC
screening is not routinely used in daily clinical practice [17,24].

Only a few studies have compared different CTC platforms. This could be explained
by the cost of each device and reagent. The Clinical and Experimental Pathology Laboratory
(LPCE) located at Nice University Hospital (France) has set up a unique LB platform for CTC
detection with four different CTC devices based on immunoaffinity and immunomagnetic
(Cellsearch, Menarini, Silicon Biosystems, Florence, Italy) isolation according to the size
(ISET, Rarecells, Paris, France) and microfluidic (Vortex [VTX-1], Biosciences, Pleasanton,
CA, USA, and ClearCell FX, ClearBridge, Biolidics, Singapore) technologies. For the first
time, we compared four different CTC platforms for UM cell isolation and identification.

3.1. CTC Recovery Rates

A single UM cell line, cultured in our institution, was used to assess the CTC platforms.
Cell lines are often used to compare different methods because they allow a fairer compari-
son [29,37]. Indeed, cell characteristics, such as size, deformability, and antigen expression
levels, were identical when comparing different devices. This allows the experimental
conditions to be standardized and the experimental variability to be minimized, especially
when comparing the performance of CTC platforms.

We found a significantly higher recovery rate with the ISET (39.2%) and Vortex
(VTX-1) (22.2%) platforms compared to the ClearCell FX (8.9%) and Cellsearch (1.1%)
devices. Although not significant compared to the Vortex (VTX-1) device, the ISET device
was the most sensitive CTC platform in our study.

Our results are in accordance with other studies that have compared various CTC
platforms for detecting several solid malignancies [26,28–33,38]. As shown in Table 3, the
detection rate using the ISET device ranged between 36% and 100%, regardless of the
malignancy. Compared to other CTC platforms, the ISET device always provided the
highest CTC detection rates (Table 3). With the ISET platform, Mazzini et al. detected CTCs
in 55% of cases in 31 primary and metastatic UM patients [39]. Using the same device,
Pinzani et al. found a lower detection rate of 31% in 41 UM patients [40], which could be
explained by the inclusion of primary UM patients while patients with a metastatic disease
were excluded.

Table 3. Summary of the previous studies comparing the CTC platforms used in the current study.

Authors, Year In Vitro or In
Vivo Study Cancer Type

CTC Platform Used
(Detection or

Recovery Rate)

Present study In vitro Uveal melanoma

Vortex (VTX-1)
(22.2%)

ClearCell FX (8.9%)
ISET (42.2%)

Cellsearch (1.1%)

Tamminga et al. 2020 [26] In vivo Non-small cell lung
carcinoma

ISET (88%)
Cellsearch (69%)

Yin et al. 2019 [27] In vivo Breast cancer ClearCell FX (27.8%)
Cellsearch (27.8%)

Bai et al. 2018 [28] In vivo Renal cell carcinoma ISET (36.1%)
Cellsearch (19.4%)

Che et al. 2016 [37] In vivo Breast and lung
cancer

Vortex (VTX-1) (85%)
Cellsearch (15%)
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Table 3. Cont.

Authors, Year In Vitro or In
Vivo Study Cancer Type

CTC Platform Used
(Detection or

Recovery Rate)

Kallergi et al. 2016 [29] In vitro Breast cancer ISET (95%)
Cellsearch (52%)

Li et al. 2015 [38] In vivo Esophageal cancer ISET (32.8%)
Cellsearch (1.8%)

Morris et al. 2014 [30] In vivo Hepatocellular cancer ISET (100%)
Cellsearch (28%)

Krebs et al. 2012 [31] In vivo Non-small cell lung
carcinoma

ISET (80%)
Cellsearch (23%)

Khoja et al. 2012 [32] In vivo Pancreatic cancer ISET (93%)
Cellsearch (40%)

Hofman et al. 2011 [33] In vivo Non-small cell lung
carcinoma

ISET (50%)
Cellsearch (39%)

The ClearCell FX device is a microfluidic platform for the physical isolation of CTCs
based on the inertial focusing process (isolation based on the size, shape, and deformability).
In our study, the detection rate obtained with the ClearCell FX device was low (8.9%) and
was lower than that obtained with the Vortex (VTX-1) and ISET platforms. Kulasinghe
et al. found a detection rate of 47.8% and 51.5% in patients with head and neck cancer and
with non-small cell lung cancer, respectively [41]. Yap et al. reported a detection rate of
75.9% in 108 patients with breast cancer [42]. However, these studies were not comparative,
and most patients had a metastatic disease. Chudasama et al. found a high detection
rate (78.4%) in 32 lung cancer patients [43]. However, the authors only used standard
hematoxylin and eosin staining for CTC identification with a high risk of false positives.
In their cohort of healthy patients, they found atypical cancer cells in 47%. In our study,
the detection rate with the ClearCell FX device was much lower than those reported in
the literature. However, comparing our results is challenging because other studies have
investigated the efficiency of ClearCell FX using different cell lines and cells from patients
with primary and metastatic cancers.

The Vortex (VTX-1) device is a physical microfluidic platform also based on the
inertial focusing process [44,45]. In a study published in 2016, the recovery rate of breast
carcinoma cell lines was about 38% after two cycles [37]. In patients with advanced prostate
cancer, Vortex (VTX-1) identified CTCs in 80% of cases [46]. Our recovery rate (22.2%) was
lower than those reported in previous studies. This could be explained by the fact that
we were the first to use a UM cell line. Fewer UM cells were used for the experiments
(15–150 cells in our experiments vs. ~300 cells usually) despite the fact that we performed
two cycles as recommended by the manufacturer [37]. Also, we used a different CTC
detection method based on the immunocytochemistry staining of monolayer cultures vs.
immunofluorescence [37]. As outlined in Table 3 and in line with our results, Che et al. also
found that the Vortex (VTX-1) device allowed higher recovery rates to be achieved (85%)
than the Cellsearch device (15%) in 13 patients with breast or lung carcinomas [37].

The Cellsearch platform uses a label-dependent approach for CTC enrichment with
automatic capture and identification of CTC. The immunomagnetic-based Cellsearch de-
vice is the only FDA-approved CTC platform for metastatic breast, prostate, and colon
carcinomas to date [15]. For carcinomas, immunomagnetic antibodies directed against the
epithelial cell adhesion molecule (EpCAM), an epithelial cell surface marker, have been
used to target CTCs [47]. Melanoma cells do not express EpCAM. The Cellsearch Circu-
lating Melanoma Cell assay uses a human high-molecular-weight-melanoma-associated
antigen (HMW-MAA), called Chondroitin Sulfate Proteoglycan 4 (CSPG4 or MCSP), as
an identification marker in addition to CD146 (also known as MCAM (Melanoma Cell
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Adhesion Molecule) or MUC 18) to enrich CTCs from blood [48,49]. Melanoma CTCs
must express CD146 and HMW-MAA receptors but not the leukocyte and endothelial cell
markers (CD45 and CD34) to be considered CTCs [33]. The advantages of Cellsearch are
its high specificity (purity) with positive enrichments allowing leukocyte elimination as
well as its full automation, allowing a better reproducibility of the results from one study
to another [17,24]. The Cellsearch device has been extensively compared to the ISET device
in certain solid tumors and has shown lower recovery rates (Table 3). Several studies have
investigated the efficiency of the Cellsearch device in UM [18,48–50]. Anand et al. detected
CTC in 30% and 42% of primary and metastatic UM patients (n = 39), with a mean number
of 5.9 CTCs isolated [49]. In another study conducted in 20 patients, Bande et al. detected
CTCs in 50% of primary and metastatic UM patients and none in patients with benign
naevi, with a mean number of only one CTC isolated [51]. Terai et al. identified CTCs
in 52.9% of 34 primary and metastatic UM patients [50]. Interestingly, they also demon-
strated a higher sensitivity in arterial blood samples (detection rate = 100%) compared
to venous blood samples (detection rate = 52.9%). Finally, Bidard et al. identified CTCs
in 30% of metastatic UM patients (n = 40) and found a positive correlation between the
number of CTCs and the presence of miliary liver metastases [48]. In line with Li et al.,
who identified CTCs in only 1.8% of esophageal cancer patients [38], we found a very low
recovery rate (1.1%) using the Cellsearch platform. Of interest, all the experiments were
performed externally by the manufacturer itself (Menarini Silicon Biosystems, Bologne,
Italy). A positive control (the M229 cutaneous melanoma cell line) was also used to confirm
the identification of melanoma cells by the platform. Therefore, we hypothesized that our
OMM 2.3 cells did not express CD146 at their surface. CD146 is a cell adhesion glycoprotein
strongly expressed by cutaneous melanoma and UM cells. Beutel et al. found that 100%
of 35 primary UM cells positively expressed CD146 by immunohistochemistry. However,
its expression was highly heterogeneous [52]. They also found a stronger expression of
CD146 in metastatic (82.3%) vs. primary (35.4%) UM patients. Lai et al. also demon-
strated that CD146 was expressed by seven and three primary and metastatic UM cell
lines, respectively, by RT-PCR, immunoblotting, and immunohistochemistry. Immunoblot-
ting has shown variable CD146 levels depending on the cell lines [53]. While the OMM
2.3 cell line has not been analyzed in this study, lower CD146 levels have been found in
UM cell lines previously treated with iodine radioactive plaques, such as the OMM 2.3 cell
line, compared to untreated cell lines [53]. Similarly, Beasley et al. [54] performed several
immunohistochemistry analyses in five different UM cell lines (OMM 2.3 cells were not
studied). CD146 expression was highly variable from one cell line to another (from no to
moderate marker intensity). ABCB5, MART 1, and GP 100 were the most strongly expressed
markers in almost all the studies of UM cell lines. Flow cytometry revealed strong CD146
expression in all investigated UM cell lines. Interestingly, CD146 was not expressed in 6 out
of 10 UM patients and MCSP was not detected in any of the UM specimens [54]. Finally,
CD146 was expressed in all the 80 UM samples available in The Cancer Genome Atlas
analyses [55]. We analyzed CD146 by immunochemistry in OMM 2.3 and M229 cell lines
(see Supplementary Figure S1). The expression was negative in OMM 2.3 cells and positive
in M229 cell lines.

To our knowledge, our study was the first to isolate in vitro UM cells using the
Cellsearch device. According to us, the variable and heterogeneous expression of CD146
could explain the low recovery rate and the discrepancies found in the literature. Further-
more, a highly variable expression of the antigen in identical cell lines cultured in different
institutions has already been reported, resulting in recovery rates ranging between 12 and
up to 83% for a given epithelial cell line when the CellSearch system was used [56]. This
finding highlights a limitation of the label-dependent Cellsearch platform. Unlike other
CTC platforms based on label-free approaches, UM cells weakly expressing CD-146 might
not be enriched, leading to inaccurate results. Although CD146 tends to be more strongly
expressed in metastatic UM cells [52], the mesenchymal transition of metastatic UM cells
remains poorly investigated. This limitation could explain why previous studies have used
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other immunoaffinity- and immunomagnetic-based isolation methods to capture UM CTCs.
In the literature, large differences have been found depending on the immunomagnetically
embedded antibody used. Tura et al. used a dual-immunomagnetic enrichment (NKI/C3,
NKI/beteb immunobeads) and identified CTCs in 93.6% of primary UM patients [57].
Ulmer et al. [58] and then Suesskind et al. [59] used the anti-melanoma-associated chon-
droitin sulphate proteoglycan (MCSP) antibody conjugated with microbeads and identified
CTCs in 19% and 14% of UM patients, respectively. Eide et al. used sheep anti-mouse
IgG antibody-coated superparamagnetic particles conjugated with several antibodies
(9.2.27 anti-melanoma-associated antibody, Ep-1 IgG1 antibody, and 376.96 antibody) and
found CTCs in only 1.6% (n = 328) of UM patients [60]. More recently, Beasley et al.
used a multimarker panel of immunomagnetic beads directed against anti-ABCB5, anti-
gp100, anti-CD146, and anti-MCSP antibodies and identified CTCs in 86% of patients with
localized UM (n = 43) [54].

3.2. Other Features to Be Considered

Although paramount, the recovery rate (sensitivity) is insufficient to assess a CTC
platform. In our opinion and experience, the ideal CTC platform should have the following
characteristics: (i) reliable with satisfactory sensitivity and specificity rates, (ii) reproducible
between multiple experiments, (iii) user-friendly and not requiring extensive training,
(iv) capable of capturing CTCs regardless of their phenotypic characteristics, (v) able to
process several samples simultaneously, (vi) allow downstream analyses to be performed
(genetics, proteomics, culture, CDX), (vii) associated with rapid processing to minimize the
time between blood collection and CTC isolation, (viii) cost attractive, and (ix) ergonomic.
Overall, the goal of a CTC platform is to be used in daily clinical practice (Table 4).

Table 4. Comparison of the four CTC platforms used in the present study.

CTC
Platform Mechanism

Reliability
(Capture

Rate) in the
Present
Study

Reproducible
and User-
Friendly

Total
Duration in

Minutes
(CTC

Capture and
Identifica-

tion)

Number of
Samples

That Can Be
Processed at

the Same
Time

Ease of
Performing

Downstream
Analyses

Ergonomic

Vortex
(VTX-1) Microfluidic 22.2% Yes ~180 1 Easy Yes

ClearCell FX Microfluidic 8.9% Yes ~180 1 Easy Yes

ISET
Isolation

according to
the size

39.2% Variable ~150 4 More difficult Yes

Cellsearch Immunomagnetic 1.1% Yes ~180 8 More difficult No

Capturing CTCs is considered a time-consuming procedure, which limits its daily
clinical application. The low throughput and the inability to process large sample volumes
are two well-established limitations of physical microfluidic platforms [24]. Indeed, the
Vortex (VTX-1) and ClearCell FX platforms can only process one sample at a time compared
to ISET (up to four samples simultaneously) and Cellsearch (up to eight samples simul-
taneously). Of the four CTC platforms compared, ISET was the fastest device, achieving
filtration in just 1–2 min. However, the prefiltration time, including thawing of RareCells
Buffer, PHmetry [61], and the time for the manual transfer of pores to a plate for immuno-
cytochemistry, lengthened the process. Based on our experience, the processing time was
similar for all the CTC platforms and other CTC detection methods.

Another feature to take into account is the time required to process the samples. A
significant difference between the processing times may induce a confounding bias. In
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our study, all samples were processed within 2 h. In clinical studies, the time to process a
sample mainly depends on the collector tube used to collect the blood rather than on the
platform itself. Usually, CTCs are processed within a few hours and up to 72 h, depending
on the blood collection tubes used. CTCs isolated with EDTA tubes should be processed
within 24 h, whereas streck or Cellsave tubes allow the analysis to be delayed for up to
72 h [33,62]. This feature is of prime interest for future multicentric studies in which a
longer processing time will be required.

Good reproducibility is essential for application in daily clinical practice [24]. In our
experience, automation is paramount and manual processing should be reduced as much
as possible to reduce the interoperator variability. All the platforms we compared were
relatively user-friendly. In our experience, CTC identification with the ISET platform, which
consisted of manually cutting the pores, was a bit tedious and time-consuming. Due to
manual errors, we had to repeat the experiments several times to achieve n = 13. In our
experience, the Vortex (VTX-1) device combined several qualities such as a simple dilution
with sterile PBS, automatic filtration, and collection of CTCs in a PBS solution, allowing
simple and rapid plate fixation before automated immunocytochemistry.

Recently, the counting of CTCs has been supplanted by their molecular characteriza-
tion [24]. Downstream analyses using the Vortex (VTX-1) [63–65] and ClearCell FX [66]
platforms have been published. Recovering CTCs using Cellsearch is often considered
difficult due to the strong immunomagnetic interactions with the platform surface [22].
Despite this, several articles have demonstrated the feasibility of genetic analyses and even
of a CTC-derived explant using the Cellsearch platform [67]. Molecular analyses have also
been performed using the ISET technology [68–70] as well as the collection of live cells
using the Rarecells protocol [61]. In our experience, downstream analyses are easier to
perform when CTCs are freely collected in liquid as is the case with the Vortex (VTX-1) and
ClearCell FX devices.

Although it has not been investigated in detail due to a very low recovery rate, the
Cellsearch device is considered the most specific CTC device, yielding the best purity. This
can be explained by the use of positive immunomagnetic enrichments [24]. In addition,
specific training is mandatory and provided by the manufacturer. This probably limits
the interoperator variability and the false-positive detection rates [71]. In contrast, size-
dependent isolation techniques, as with the ISET platform, are associated with very low
purity rates [24].

Collecting viable CTCs has become a priority in order to offer personalized medicine.
Patient-derived xenografts (PDX) from previously isolated CTCs have been reported with
the Vortex (VTX-1) [72], ISET [61] and Cellsearch [67] platforms. The chemosensitivity
of previously isolated CTCs has been reported in vitro with the ClearCell FX device [73].
Inertial focusing technologies (e.g., with the Vortex (VTX-1) and ClearCell FX) are known
to exert little mechanical stress on CTCs and are thought to yield a higher rate of viable
CTCs compared to other technologies [24].

Today, laboratory ergonomics has become an issue and even a priority [74], particu-
larly in our department, which offers additional biobanking activities [75]. The four CTC
capture devices are ergonomic. CTC identification was performed using the same immuno-
histochemistry platform (Benchmark Ultra, Roche Diagnostics, Tuczon, AZ, USA) for the
Vortex (VTX-1), ClearCell FX, and ISET devices. This immunohistochemistry platform is
commonly used in daily clinical practice and is present in many pathology laboratories, and
therefore requires no additional space in our workplace. The Cellsearch device comprises a
CTC tracker to capture CTCs (Automated Celltracks Autoprep system) and a large CTC
analyzer dedicated to CTC revelation (Celltracks Analyzer II system), which is not used in
our daily clinical practice.

The price of the device, dedicated equipment, and after-sales service will not be
discussed because our devices were acquired at different dates and contracts are generally
negotiated on a case-by-case basis. A careful health economics analysis investigating the
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impact of LB in UM with the aim of providing dedicated and personalized medicine would
be of strong interest in the near future [76].

As already mentioned, the choice of the ideal CTC platform differs greatly from one
team to another [24]. For diagnostic/prognostic purposes (CTC counting), a high recovery
rate (sensitivity) as well as rapid processing are mandatory, as offered by physical and
label-free platforms (e.g., the ISET), or by the FDA-approved Cellsearch in metastatic
breast, colorectal, and prostate cancers [18]. For drug testing and CDX experiments, viable
CTCs are needed and label-free platforms based on the inertial focusing process should be
preferred (e.g., the Vortex (VTX-1) and ClearCell FX).

3.3. Strengths of the Study and Perspectives

Our study was the first to compare the efficiency of four different commercially avail-
able CTC platforms using a UM cell line. Using a single UM cell line allowed a direct
comparison to be made and the experimental conditions to be standardized, thus limiting
variability due to the cells and experimental conditions. Only one study has compared
ctDNA levels with the CTC count using the Cellsearch platform [73]. In other solid malig-
nancies, only a few studies have directly compared various CTC isolation techniques [29].

We developed a standardized and reproducible methodology for collecting and de-
tecting CTCs using the Vortex (VTX-1) and ClearCell FX microfluidic platforms. Melan-A
red immunocytochemistry was performed using the automated BenchMark Ultra system
(Roche Diagnostics, Tuczon, AZ, USA), which is used in daily clinical practice. In our
opinion, this allows a reduction in the interoperator variability.

It is estimated that a tumor lesion detectable using conventional imaging techniques is
composed of about 109 cells [48,77]. Therefore, CTC identification prior to the diagnosis
of metastatic spread could allow early diagnosis and “preventive” treatment [17]. This is
of prime interest in UM since no curative treatment is currently available for metastatic
UM [10]. Therefore, treatment administered at a very early stage, when CTCs are circulating,
could represent a promising therapeutic approach in the near future.

The number of CTCs recovered has been associated with a poorer prognosis in UM.
Anand et al. observed a greater number of CTCs in patients with metastatic disease and
demonstrated that the number of CTCs correlated with class 2 UM [49]. Mazzini et al. found
that the detection of >10 CTCs was significantly associated with aggressive histological
types and reduced overall survival [39]. Bidard et al. found that the number of CTCs
correlated with the presence of miliary liver metastases [48]. The loss of chromosome 3
and the loss of BAP1 nuclear expression have been strongly associated with the metastatic
spread of UM [78,79]. Interestingly, Tura et al. studied chromosome 3 status in CTCs
isolated from 44 non-metastatic UM patients using an immuno-FISH isolation technique
(anti-NKIC3 and anti-MCSP antibodies) [57]. They found that CTCs with chromosome
3 monosomy were significantly associated with a higher TNM stage than CTCs with
chromosome 3 disomy. An interesting perspective would be to monitor BAP1 expression
along with Melan-A expression by multiplex immunocytochemistry in order to identify
CTCs and obtain additional prognostic insights. The prognostic power of CTC identification
and the loss of BAP1 expression could help to predict with high accuracy the metastatic
risk in a patient with primary UM.

3.4. Limitations

This study has several limitations. First, we compared four different devices at differ-
ent time periods (study period was from January 2021 to December 2022) and over several
weeks (except for Cellsearch, where all the experiments were carried out the same day).
However, it was impossible to realize all the analyses on the same day because the Vortex
VTX1 and ClearCell FX instruments require sample processing one by one. In addition,
it took a while to order the different buffers, restart some platforms, and unfreeze the
cells before experiments with a new platform. Similarly, we compared four platforms
with different throughputs and therefore different processing times. CTC filtration with
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the ISET device was very fast (≈1–2 min) compared to the other three CTC platforms
(≈60 min). It could be assumed that the longer the processing time, the lower the cell
viability and the lower the recovery rate. We tried to reduce this potential bias by using a
specific control (see Section 4) in each experiment to determine an adjusted recovery rate
(Table 1). We did not observe any significant differences between the non-adjusted and
adjusted recovery rates. We even observed an improvement in the adjusted recovery rate
with the ISET device, suggesting that this bias was very limited. All the experiments were
carried out by the same operator and we used automated devices as much as possible
to increase the daily clinical application of our protocol. Therefore, we do not think that
intravariability represents a major issue in this study.

Secondly, our study was an in vitro study, which could be considered a limitation or an
advantage. On the one hand, CTC viability is thought to be higher in venous blood due to
continuous interactions with the microenvironment (other blood cells such as neutrophils
and platelets, cytokines, growth factors, etc.) [80] compared to in vitro conditions in RPMI
media where the cells are more likely to die from anoikis [22,80]. The in vitro handling of
tumor cells in culture could alter their viability. This could have led to an underestimation
of the actual recovery rate in our in vitro assessment. We tried to take this into account by
performing several experiments using venous blood. In addition, in vivo UM CTCs may
carry several mutations (frequent chromosome 3 monosomy, loss of BAP1) and surface
marker changes during the EMT [64], which probably distinguishes them from other
commercially available UM cell lines. On the other hand, only in vitro experiments allow
the recovery rate of a given CTC platform to be assessed with a limited risk of false
positives. Indeed, when processing a patient’s blood, it is impossible to accurately assess
the initial number of venous CTCs, and several cells may be wrongly identified as CTCs
(false positives). Therefore, it is essential to distinguish between the recovery rate, which
can only be assessed in in vitro experiments, and the detection rate, which is assessed in
in vivo experiments conducted in patients. Most studies have found variable CTC detection
rates using different CTC platforms (Table 3) [24]. For reproducibility purposes, we chose
to systematically target Melan-A in all our experiments, except for the Cellsearch device
(automatic detection of the HMW-MAA and CD146). Melan-A is expressed in primary and
metastatic UM, thus limiting an underestimation bias [81].

Thirdly, we only assessed the sensitivity of each platform by determining a specific
recovery rate. However, the specificity or purity of the devices was NOT calculated. Indeed,
the number of CTCs collected/total number of cells collected was not assessed [24]. Purity
has been shown to be essential for downstream analyses, such as genomics and proteomics,
by reducing confounding DNA or RNA from leukocytes [24].

Fourthly, the experiments performed with the Cellsearch device were inconclusive.
The recovery rate was low, as discussed above. Our results differ from those previously
published for Cellsearch in UM patients. The most plausible explanation would be the low
expression of CD146 in our OMM 2.3 cells. This highlights a limitation of the Cellsearch
device and of all label-dependent capture devices.

Fifthly, the initial number of cells seeded was not strictly identical between the ex-
periments, the lowest number being observed when assessing the ISET and Cellsearch
devices (Table 2). However, as the ISET was associated with the best recovery rates, we
do not believe that this feature was of primary interest. In addition, we seeded about
15–150 cells per experiment, which is lower than previously reported (≈300) in other
in vitro studies [37].

Finally, only positive controls but no negatives controls were performed in this study.
Negative controls are not useful for experiments conducted in RPMI but would have been
relevant for experiments conducted in venous blood.
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4. Materials and Methods
4.1. Study Protocol

An in vitro study was conducted at Nice University Hospital between January 2021
and December 2022. For each CTC platform, 10–13 experiments were performed de-
pending on the CTC device used after seeding a definite number of metastatic UM cells
(OMM 2.3 cell line) diluted in RPMI medium and/or venous blood from a healthy donor.
The efficiency of each CTC platform was determined by calculating the cell recovery rate. A
dedicated control was used to obtain an adjusted recovery rate when possible. The whole
protocol is summarized in Figure 3.
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4.1.1. Cell Preparation

The metastatic OMM 2.3 (also called OMM 2.5) UM cell line was used in all the
experiments. OMM 2.3 cells were kindly provided by Dr. Jager MJ from Leiden University
Medical Center (Leiden, The Netherlands). OMM 2.3 cell characteristics are summarized
in Table 5 [82,83]. Our OMM 2.3 cell line was externally authenticated (Northgene, UK,
available on request).

Table 5. Summary of the OMM 2.3 cell line characteristics.

OMM 2.3 Cell Characteristics

Age of the donor 80 years old
Gender of the donor Male
Primary treatment Iodine-125 plaque followed by secondary enucleation

Cellularity Mixed with a predominance of epithelioid cells (70%)
Ciliary body involvement Yes

Mitotic index 11 mitotic figures per ten 40× high-power fields
Necrosis Yes (post-radiation plaque)

Extraocular extent Yes, through the emissary venous channels
Time to metastases 8 years

Time between liver biopsy and death 1 month
Chromosome 3 status Disomy 3

BAP 1 status Expressed
Melan-A expression 80% of cells

OMM 2.3 cells were used to determine the efficiency of four CTC platforms. OMM
2.3 cells were cultured in RPMI medium supplemented with 10% fetal bovine serum (FBS)
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and 1% Penicillin-Streptomycin (Gibco, Thermofisher, Scientific, Waltham, MA, USA) at
37 ◦C in a humidified atmosphere containing 5% of CO2. When a confluence of 70%
was reached, the OMM 2.3 cells were stained with the Celltracker green CMFDA dye
(Thermofisher Scientific, Waltham, MA, USA) at a concentration of 1 µM (Figure 4A).
After 30 min, the medium and the dye were removed by aspiration. TrypLE Express
(Thermofisher Scientific, Waltham, MA, USA) was used to dissociate the cells. As shown in
Figure 4B, the mean diameter of OMM 2.3 cells was ≈20–25 µm (the diameter of a CTC
and a white blood cell is 12–25 µm and 8–14 µm, respectively [24]).
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(B) The size of OMM 2.3 cells after dissociation with TrypLE Express was approximately 25 µm.

The cells were successively diluted in RPMI medium supplemented with FBS. The cells
were seeded in a 96-well plate (≈100–150 µL/well). Cells were manually counted twice
by the same operator using an inverted EVOS fluorescent microscope. Wells containing
≈15–150 cells were used immediately for further experiments with the CTC platforms.
The cells were added to 1.5 mL Eppendorf tubes (Figure 5). Empty wells were counted
again to ensure that no residual cells adhered to the plate. If any cells had not detached
from the plate, the latter were removed from the cell count. The initial cell number (iCN)
was calculated as follows: cell count in Eppendorf tube minus cells stood attached to the
plate. In all experiments and all the protocol steps, all the cones and tubes were coated
with RPMI medium supplemented with FBS to avoid cell adherence to their walls. OMM
2.3 control cells were counted and then added to 1.5 mL Eppendorf tubes containing
RPMI, as described above. Control cells were processed simultaneously. For experiments
performed in venous blood, a venous puncture was performed on the same day and blood
was collected in a 10 mL EDTA tube for the Vortex (VTX-1), ClearCell FX, and ISET devices
or in a 10 mL Cellsave tube for the Cellsearch device (Figure 5). The total duration of cell
preparation was about 90 min.

4.1.2. OMM 2.3 Cell Capture

In this study, 4 different CTC platforms were compared. For the Vortex (VTX-1),
ClearCell FX, and ISET platforms, 10 and 3 experiments were performed on freshly isolated
OMM 2.3 cell suspensions in RPMI medium and venous blood from a healthy donor,
respectively. The Cellsearch experiments can only be performed on blood samples, so
10 experiments were performed in venous blood.
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The Vortex (VTX-1) device (Biosciences, Pleasanton, CA, USA) is a microfluidic plat-
form based on the inertial focusing process. Cells were diluted into 40 mL of sterile PBS.
When healthy blood was used, 4 mL of blood was diluted into 36 mL of sterile PBS as
recommended by the manufacturer [37]. Two cycles were performed as recommended
by the manufacturer for a total duration of ≈50 min [37]. Performing 2 cycles has been
shown to be associated with a good balance between the purity and the recovery rate [37].
About 300 µL of filtered OMM 2.3 cell suspension was collected in PBS in a dedicated
1.5 mL Eppendorf tube. An FBS + RPMI-coated cone was used to incubate the cells with
the PreservCyt solution (ThinPrep, Hologic, Villepinte, France; 20 mL) for fixation. The
cells were immediately transferred to a 96-well plate using the Thinprep 2000 platform
(Hologic, France).

ClearCell FX (ClearBridge, Biolidics, Singapore) is another microfluidic platform based
on the inertial focusing process [42]. Cells were resuspended in ClearCell FX resuspension
buffer. For blood experiments, a red cell lysis buffer (G-Bioscience, St Louis, MO, USA)
was added to the 7.5 mL of blood at a 4:1 ratio (vol/vol), followed by centrifugation
(1500 rpm for 10 min at room temperature) as recommended by the manufacturer [41].
The supernatant was discarded, and 4 mL of ClearCell FX resuspension buffer was added.
In all experiments, a single run was performed for a total duration of ≈45 min, allowing
approximately 12 mL of filtered cells to be collected in PBS. The cells were transferred,
using coated cones, to the PreservCyt solution (20 mL) and processed as described above.

The ISET platform (Rarecells, Paris, France) captures cells according to their size.
OMM 2.3 cells were incubated in 10 mL of venous blood from healthy donors. The blood
was then diluted with the Rarecells buffer solution with a 10-fold dilution as previously
described [61]. The Rarecells cartridge was then used to filter the diluted blood through the
dedicated filter containing 10 pores of 8 µm size each with a 10 kPa pressure. Sterile PBS
was used before and after filtration as recommended by the manufacturer [61]. Filtration
did not exceed 1–2 min per sample. The 10 pores were manually fixed on a Superfrost Slide
(Thermofisher Scientific, Waltham, MA, USA) before performing immunochemistry.

Cellsearch (Menarini Silicon Biosystems, Florence, Italy) is the only FDA-approved
CTC device, and was approved in 2004. Cellsearch’s technology is based on immunomag-
netic capture with positive and negative enrichments [18]. OMM 2.3 cells were incubated
in 7.5 mL Cellsave tubes with venous blood from healthy donors. No in vitro analyses with
RPMI could be performed with the Cellsearch device because a blood interface is needed
to launch the device. Therefore, 10 experiments were performed using venous blood from
healthy donors. A control (M229 cell line) derived from cutaneous melanoma was used,
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and the expression of CD146 was also assessed to ensure the proper functioning of the
Cellsearch device. The manufacturer externally processed the Cellsave tubes within 72 h.
Briefly, CD146+ cells were immunomagnetically enriched and stained with 4,2-diamidino-2-
phenylindole dihydrochloride (DAPI), a phycoerythrin-conjugated antibody (clone 9.2.27)
that binds to HMW-MAA, and a mixture of two allophycocyanin-conjugated antibodies
to identify leukocytes (CD45, clone HI30) and endothelial cells (CD34, clone 581) [48,51].
Oval-shaped cells positive for DAPI and HMW-MAA and negative for CD45 and CD34
were considered OMM 2.3 cells.

Controls. When possible, a dedicated control was used with the Vortex (VTX-1),
ClearCell FX, and ISET devices to confirm cell viability and better assess each platform’s
recovery rate. OMM 2.3 cells were cultured in ≈300–400 µL of RPMI medium supplemented
with FBS). OMM 2.3 control cells were fixed in the PreservCyt solution (20 mL) using FBS-
coated cones at the same time as the processing of the tested samples. This “simultaneous”
fixation allowed a reduction in any bias related to cell viability and cell lysis due to the
duration of the experiment. The control cells were then seeded into a 96-well plate using
the Thinprep platform (Hologic, France), as described above.

4.1.3. Immunocytochemistry

Immunocytochemistry was performed using the BenchMark Ultra automated staining
instrument (Roche Ventana Medical Systems, Tucson, AZ, USA) for cells recovered with
the Vortex (VTX-1), ClearCell FX, and ISET platforms. An anti-melan-A (A103 clone,
ready-to-use, Roche Ventana, Tucson, AZ, USA) antibody was used. The Fast Red IHC
Detection Kit (Roche Ventana, Tucson, AZ, USA) was used according to the manufacturer’s
recommendations for cells recovered using the Vortex (VTX-1) and ClearCell FX platforms.
Sections were counter-stained with hematoxylin and bluing reagent. For cells recovered
with the ISET platform, an anti-melan-A antibody and the Ultraview Universal DAB
Detection Kit (Ventana, Tucson, AZ, USA) without Fast Red IHC Detection Kit were used.
Each IHC staining included positive and negative controls.

4.1.4. Cell Counting and Recovery Rate

The final cell number (fCN) was determined manually by 2 blinded investigators
using a dedicated microscope (AM, SL). The fCN was the mean of the 2 counts. A cell was
considered a captured OMM 2.3 UM cell if it had (i) a round-shaped appearance, (ii) a
high nucleus/cytoplasmic ratio, and (iii) was positive for Melan-A or Melan-A red staining
(Figure 2). The recovery rate (RR) was calculated as the final cell number (fCN) divided by
the initial cell number (iCN). The adjusted recovery rate (aRR) was calculated as the RR
obtained with the CTC platforms divided by the RR of the corresponding controls. For the
Cellsearch device, the CTC count was automatically determined by the manufacturer, so
no aRR could be calculated.

4.2. Statistics

Descriptive statistics are presented as numbers and percentages. Data normality and
heteroskedasticity were assessed using the Shapiro–Wilk test and Levene’s test. The differ-
ence between the initial and final cell counts, as well as the recovery rates depending on
the CTC platform used, were assessed using the Kruskal–Wallis test. If the null hypothesis
of the Kruskal–Wallis test was rejected, post hoc pairwise analyses were performed using
the Dunn–Bonferoni test. The alpha risk was set at 5% (α = 0.05). Statistical analyses were
performed with EasyMedStat (version 3.22; www.easymedstat.com, accessed on 12 April 2023).

5. Conclusions

We found the highest tumor cell recovery rates with the ISET and Vortex (VTX-1)
platforms compared to the ClearCell FX and Cellsearch devices using our UM cell line.
However, other parameters such as the reason for choosing a platform (diagnosis, genetics,
drug sensitivity, CDX models), reproducibility, purity, user-friendliness, cost-effectiveness,
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and ergonomics should also be taken into account before using these devices in daily
clinical practice.

Supplementary Materials: The supporting information can be downloaded at https://www.mdpi.
com/article/10.3390/ijms241311075/s1.
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A.; Jagielska, B.; et al. Overview and Analysis of the Cost of Drug Programs in Poland: Public Payer Expenditures and Coverage
of Cancer and Non-Neoplastic Diseases Related Drug Therapies from 2015-2018 Years. Front. Pharmacol. 2020, 11, 1123. [CrossRef]

10. Carvajal, R.D.; Schwartz, G.K.; Tezel, T.; Marr, B.; Francis, J.H.; Nathan, P.D. Metastatic disease from uveal melanoma: Treatment
options and future prospects. Br. J. Ophthalmol. 2017, 101, 38–44. [CrossRef]

11. Seitz, T.; John, N.; Sommer, J.; Dietrich, P.; Thasler, W.E.; Hartmann, A.; Evert, K.; Lang, S.A.; Bosserhoff, A.; Hellerbrand, C. Role
of Fibroblast Growth Factors in the Crosstalk of Hepatic Stellate Cells and Uveal Melanoma Cells in the Liver Metastatic Niche.
Int. J. Mol. Sci. 2022, 23, 11524. [CrossRef] [PubMed]

12. Trolet, J.; Hupé, P.; Huon, I.; Lebigot, I.; Decraene, C.; Delattre, O.; Sastre-Garau, X.; Saule, S.; Thiéry, J.-P.; Plancher, C.; et al.
Genomic profiling and identification of high-risk uveal melanoma by array CGH analysis of primary tumors and liver metastases.
Investig. Ophthalmol. Vis. Sci. 2009, 50, 2572–2580. [CrossRef] [PubMed]

13. Onken, M.D.; Worley, L.A.; Char, D.H.; Augsburger, J.J.; Correa, Z.M.; Nudleman, E.; Aaberg, T.M.; Altaweel, M.M.; Bardenstein,
D.S.; Finger, P.T.; et al. Collaborative Ocular Oncology Group report number 1: Prospective validation of a multi-gene prognostic
assay in uveal melanoma. Ophthalmology 2012, 119, 1596–1603. [CrossRef]

14. Frizziero, L.; Midena, E.; Trainiti, S.; Londei, D.; Bonaldi, L.; Bini, S.; Parrozzani, R. Uveal Melanoma Biopsy: A Review.
Cancers 2019, 11, 1075. [CrossRef]

15. Poulet, G.; Massias, J.; Taly, V. Liquid Biopsy: General Concepts. Acta Cytol. 2019, 63, 449–455. [CrossRef]
16. Im, D.H.; Peng, C.-C.; Xu, L.; Kim, M.E.; Ostrow, D.; Yellapantula, V.; Bootwalla, M.; Biegel, J.A.; Gai, X.; Prabakar, R.K.; et al.

Potential of Aqueous Humor as a Liquid Biopsy for Uveal Melanoma. Int. J. Mol. Sci. 2022, 23, 6226. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms241311075/s1
https://www.mdpi.com/article/10.3390/ijms241311075/s1
https://doi.org/10.1016/j.ophtha.2011.01.040
https://www.ncbi.nlm.nih.gov/pubmed/21704381
https://doi.org/10.1038/eye.2016.275
https://www.ncbi.nlm.nih.gov/pubmed/27911450
https://doi.org/10.1016/j.ijrobp.2012.10.005
https://doi.org/10.1016/j.ajo.2016.02.027
https://www.ncbi.nlm.nih.gov/pubmed/26940166
https://doi.org/10.3390/cancers14010096
https://doi.org/10.1097/ICU.0000000000000905
https://doi.org/10.1101/gad.296962.117
https://doi.org/10.1056/NEJMoa2103485
https://doi.org/10.3389/fphar.2020.01123
https://doi.org/10.1136/bjophthalmol-2016-309034
https://doi.org/10.3390/ijms231911524
https://www.ncbi.nlm.nih.gov/pubmed/36232829
https://doi.org/10.1167/iovs.08-2296
https://www.ncbi.nlm.nih.gov/pubmed/19151381
https://doi.org/10.1016/j.ophtha.2012.02.017
https://doi.org/10.3390/cancers11081075
https://doi.org/10.1159/000499337
https://doi.org/10.3390/ijms23116226
https://www.ncbi.nlm.nih.gov/pubmed/35682905


Int. J. Mol. Sci. 2023, 24, 11075 17 of 19

17. Martel, A.; Baillif, S.; Nahon-Esteve, S.; Gastaud, L.; Bertolotto, C.; Roméo, B.; Mograbi, B.; Lassalle, S.; Hofman, P. Liquid Biopsy
for Solid Ophthalmic Malignancies: An Updated Review and Perspectives. Cancers 2020, 12, 3284. [CrossRef] [PubMed]

18. Jin, E.; Burnier, J.V. Liquid Biopsy in Uveal Melanoma: Are We There Yet? Ocul. Oncol. Pathol. 2021, 7, 1–16. [CrossRef]
19. De Bruyn, D.P.; Beasley, A.B.; Verdijk, R.M.; van Poppelen, N.M.; Paridaens, D.; de Keizer, R.O.B.; Naus, N.C.; Gray, E.S.; de

Klein, A.; Brosens, E.; et al. Is Tissue Still the Issue? The Promise of Liquid Biopsy in Uveal Melanoma. Biomedicines 2022, 10, 506.
[CrossRef]

20. Hofman, P. Liquid biopsy for lung cancer screening: Usefulness of circulating tumor cells and other circulating blood biomarkers.
Cancer Cytopathol. 2021, 129, 341–346. [CrossRef]

21. Beasley, A.B.; Chen, F.K.; Isaacs, T.W.; Gray, E.S. Future perspectives of uveal melanoma blood based biomarkers. Br. J. Cancer
2022, 126, 1511–1528. [CrossRef] [PubMed]

22. Lin, D.; Shen, L.; Luo, M.; Zhang, K.; Li, J.; Yang, Q.; Zhu, F.; Zhou, D.; Zheng, S.; Chen, Y.; et al. Circulating tumor cells: Biology
and clinical significance. Signal Transduct. Target. Ther. 2021, 6, 404. [CrossRef]

23. Ilie, M.; Hofman, V.; Long, E.; Bordone, O.; Selva, E.; Washetine, K.; Marquette, C.H.; Hofman, P. Current challenges for detection
of circulating tumor cells and cell-free circulating nucleic acids, and their characterization in non-small cell lung carcinoma
patients. What is the best blood substrate for personalized medicine? Ann. Transl. Med. 2014, 2, 107. [CrossRef]

24. Ferreira, M.M.; Ramani, V.C.; Jeffrey, S.S. Circulating tumor cell technologies. Mol. Oncol. 2016, 10, 374–394. [CrossRef] [PubMed]
25. Di Capua, D.; Bracken-Clarke, D.; Ronan, K.; Baird, A.-M.; Finn, S. The Liquid Biopsy for Lung Cancer: State of the Art,

Limitations and Future Developments. Cancers 2021, 13, 3923. [CrossRef] [PubMed]
26. Tamminga, M.; Andree, K.C.; Hiltermann, T.J.N.; Jayat, M.; Schuuring, E.; van den Bos, H.; Spierings, D.C.J.; Lansdorp, P.M.;

Timens, W.; Terstappen, L.W.M.M.; et al. Detection of Circulating Tumor Cells in the Diagnostic Leukapheresis Product of
Non-Small-Cell Lung Cancer Patients Comparing CellSearch® and ISET. Cancers 2020, 12, 896. [CrossRef] [PubMed]

27. Yin, J.; Wang, Z.; Li, G.; Lin, F.; Shao, K.; Cao, B.; Hou, Y. Characterization of circulating tumor cells in breast cancer patients by
spiral microfluidics. Cell Biol. Toxicol. 2019, 35, 59–66. [CrossRef]

28. Bai, M.; Zou, B.; Wang, Z.; Li, P.; Wang, H.; Ou, Y.; Cui, K.; Bian, J.; Li, S.; Xu, X. Comparison of two detection systems for
circulating tumor cells among patients with renal cell carcinoma. Int. Urol. Nephrol. 2018, 50, 1801–1809. [CrossRef] [PubMed]

29. Kallergi, G.; Politaki, E.; Alkahtani, S.; Stournaras, C.; Georgoulias, V. Evaluation of Isolation Methods for Circulating Tumor
Cells (CTCs). Cell. Physiol. Biochem. 2016, 40, 411–419. [CrossRef] [PubMed]

30. Morris, K.L.; Tugwood, J.D.; Khoja, L.; Lancashire, M.; Sloane, R.; Burt, D.; Shenjere, P.; Zhou, C.; Hodgson, C.; Ohtomo, T.; et al.
Circulating biomarkers in hepatocellular carcinoma. Cancer Chemother. Pharmacol. 2014, 74, 323–332. [CrossRef]

31. Krebs, M.G.; Hou, J.-M.; Sloane, R.; Lancashire, L.; Priest, L.; Nonaka, D.; Ward, T.H.; Backen, A.; Clack, G.; Hughes, A.;
et al. Analysis of circulating tumor cells in patients with non-small cell lung cancer using epithelial marker-dependent and
-independent approaches. J. Thorac. Oncol. Off. Publ. Int. Assoc. Study Lung Cancer 2012, 7, 306–315. [CrossRef] [PubMed]

32. Khoja, L.; Backen, A.; Sloane, R.; Menasce, L.; Ryder, D.; Krebs, M.; Board, R.; Clack, G.; Hughes, A.; Blackhall, F.; et al. A pilot
study to explore circulating tumour cells in pancreatic cancer as a novel biomarker. Br. J. Cancer 2012, 106, 508–516. [CrossRef]
[PubMed]

33. Hofman, V.; Ilie, M.I.; Long, E.; Selva, E.; Bonnetaud, C.; Molina, T.; Vénissac, N.; Mouroux, J.; Vielh, P.; Hofman, P. Detection
of circulating tumor cells as a prognostic factor in patients undergoing radical surgery for non-small-cell lung carcinoma:
Comparison of the efficacy of the CellSearch AssayTM and the isolation by size of epithelial tumor cell method. Int. J. Cancer 2011,
129, 1651–1660. [CrossRef] [PubMed]

34. Racila, E.; Euhus, D.; Weiss, A.J.; Rao, C.; McConnell, J.; Terstappen, L.W.; Uhr, J.W. Detection and characterization of carcinoma
cells in the blood. Proc. Natl. Acad. Sci. USA 1998, 95, 4589–4594. [CrossRef]

35. Pandiani, C.; Strub, T.; Nottet, N.; Cheli, Y.; Gambi, G.; Bille, K.; Husser, C.; Dalmasso, M.; Béranger, G.; Lassalle, S.; et al.
Single-cell RNA sequencing reveals intratumoral heterogeneity in primary uveal melanomas and identifies HES6 as a driver of
the metastatic disease. Cell Death Differ. 2021, 28, 1990–2000. [CrossRef]

36. Strub, T.; Martel, A.; Nahon-Esteve, S.; Baillif, S.; Ballotti, R.; Bertolotto, C. Translation of single-cell transcriptomic analysis of
uveal melanomas to clinical oncology. Prog. Retin. Eye Res. 2021, 85, 100968. [CrossRef]

37. Che, J.; Yu, V.; Dhar, M.; Renier, C.; Matsumoto, M.; Heirich, K.; Garon, E.B.; Goldman, J.; Rao, J.; Sledge, G.W.; et al. Classification
of large circulating tumor cells isolated with ultra-high throughput microfluidic Vortex technology. Oncotarget 2016, 7, 12748–12760.
[CrossRef]

38. Li, H.; Song, P.; Zou, B.; Liu, M.; Cui, K.; Zhou, P.; Li, S.; Zhang, B. Circulating Tumor Cell Analyses in Patients with Esophageal
Squamous Cell Carcinoma Using Epithelial Marker-Dependent and -Independent Approaches. Medicine 2015, 94, e1565. [Cross-
Ref]

39. Mazzini, C.; Pinzani, P.; Salvianti, F.; Scatena, C.; Paglierani, M.; Ucci, F.; Pazzagli, M.; Massi, D. Circulating tumor cells detection
and counting in uveal melanomas by a filtration-based method. Cancers 2014, 6, 323–332. [CrossRef]

40. Pinzani, P.; Mazzini, C.; Salvianti, F.; Massi, D.; Grifoni, R.; Paoletti, C.; Ucci, F.; Molinara, E.; Orlando, C.; Pazzagli, M.; et al.
Tyrosinase mRNA levels in the blood of uveal melanoma patients: Correlation with the number of circulating tumor cells and
tumor progression. Melanoma Res. 2010, 20, 303–310. [CrossRef]

https://doi.org/10.3390/cancers12113284
https://www.ncbi.nlm.nih.gov/pubmed/33172021
https://doi.org/10.1159/000508613
https://doi.org/10.3390/biomedicines10020506
https://doi.org/10.1002/cncy.22367
https://doi.org/10.1038/s41416-022-01723-8
https://www.ncbi.nlm.nih.gov/pubmed/35190695
https://doi.org/10.1038/s41392-021-00817-8
https://doi.org/10.3978/j.issn.2305-5839.2014.08.11
https://doi.org/10.1016/j.molonc.2016.01.007
https://www.ncbi.nlm.nih.gov/pubmed/26897752
https://doi.org/10.3390/cancers13163923
https://www.ncbi.nlm.nih.gov/pubmed/34439082
https://doi.org/10.3390/cancers12040896
https://www.ncbi.nlm.nih.gov/pubmed/32272669
https://doi.org/10.1007/s10565-018-09454-4
https://doi.org/10.1007/s11255-018-1954-2
https://www.ncbi.nlm.nih.gov/pubmed/30120680
https://doi.org/10.1159/000452556
https://www.ncbi.nlm.nih.gov/pubmed/27889762
https://doi.org/10.1007/s00280-014-2508-7
https://doi.org/10.1097/JTO.0b013e31823c5c16
https://www.ncbi.nlm.nih.gov/pubmed/22173704
https://doi.org/10.1038/bjc.2011.545
https://www.ncbi.nlm.nih.gov/pubmed/22187035
https://doi.org/10.1002/ijc.25819
https://www.ncbi.nlm.nih.gov/pubmed/21128227
https://doi.org/10.1073/pnas.95.8.4589
https://doi.org/10.1038/s41418-020-00730-7
https://doi.org/10.1016/j.preteyeres.2021.100968
https://doi.org/10.18632/oncotarget.7220
https://doi.org/10.1097/MD.0000000000001565
https://doi.org/10.1097/MD.0000000000001565
https://doi.org/10.3390/cancers6010323
https://doi.org/10.1097/CMR.0b013e32833906e3


Int. J. Mol. Sci. 2023, 24, 11075 18 of 19

41. Kulasinghe, A.; Kapeleris, J.; Kimberley, R.; Mattarollo, S.R.; Thompson, E.W.; Thiery, J.-P.; Kenny, L.; O’Byrne, K.; Punyadeera,
C. The prognostic significance of circulating tumor cells in head and neck and non-small-cell lung cancer. Cancer Med. 2018, 7,
5910–5919. [CrossRef]

42. Yap, Y.-S.; Leong, M.C.; Chua, Y.W.; Loh, K.W.J.; Lee, G.E.; Lim, E.H.; Dent, R.; Ng, R.C.H.; Lim, J.H.-C.; Singh, G.; et al. Detection
and prognostic relevance of circulating tumour cells (CTCs) in Asian breast cancers using a label-free microfluidic platform.
PLoS ONE 2019, 14, e0221305. [CrossRef] [PubMed]

43. Chudasama, D.Y.; Freydina, D.V.; Freidin, M.B.; Leung, M.; Montero Fernandez, A.; Rice, A.; Nicholson, A.G.; Karteris, E.; Anikin,
V.; Lim, E. Inertia based microfluidic capture and characterisation of circulating tumour cells for the diagnosis of lung cancer.
Ann. Transl. Med. 2016, 4, 480. [CrossRef] [PubMed]

44. Dhar, M.; Wong, J.; Karimi, A.; Che, J.; Renier, C.; Matsumoto, M.; Triboulet, M.; Garon, E.B.; Goldman, J.W.; Rettig, M.B.; et al.
High efficiency vortex trapping of circulating tumor cells. Biomicrofluidics 2015, 9, 064116. [CrossRef]

45. Sollier, E.; Go, D.E.; Che, J.; Gossett, D.R.; O’Byrne, S.; Weaver, W.M.; Kummer, N.; Rettig, M.; Goldman, J.; Nickols, N.; et al.
Size-selective collection of circulating tumor cells using Vortex technology. Lab. Chip 2014, 14, 63–77. [CrossRef]

46. Renier, C.; Pao, E.; Che, J.; Liu, H.E.; Lemaire, C.A.; Matsumoto, M.; Triboulet, M.; Srivinas, S.; Jeffrey, S.S.; Rettig, M.; et al.
Label-free isolation of prostate circulating tumor cells using Vortex microfluidic technology. NPJ Precis. Oncol. 2017, 1, 15.
[CrossRef]

47. Swennenhuis, J.F.; van Dalum, G.; Zeune, L.L.; Terstappen, L.W.M.M. Improving the CellSearch® system. Expert Rev. Mol. Diagn.
2016, 16, 1291–1305. [CrossRef] [PubMed]

48. Bidard, F.-C.; Madic, J.; Mariani, P.; Piperno-Neumann, S.; Rampanou, A.; Servois, V.; Cassoux, N.; Desjardins, L.; Milder, M.;
Vaucher, I.; et al. Detection rate and prognostic value of circulating tumor cells and circulating tumor DNA in metastatic uveal
melanoma. Int. J. Cancer 2014, 134, 1207–1213. [CrossRef] [PubMed]

49. Anand, K.; Roszik, J.; Gombos, D.; Upshaw, J.; Sarli, V.; Meas, S.; Lucci, A.; Hall, C.; Patel, S. Pilot Study of Circulating Tumor
Cells in Early-Stage and Metastatic Uveal Melanoma. Cancers 2019, 11, 856. [CrossRef] [PubMed]

50. Terai, M.; Mu, Z.; Eschelman, D.J.; Gonsalves, C.F.; Kageyama, K.; Chervoneva, I.; Orloff, M.; Weight, R.; Mastrangelo, M.J.;
Cristofanilli, M.; et al. Arterial Blood, Rather Than Venous Blood, is a Better Source for Circulating Melanoma Cells. EBioMedicine
2015, 2, 1821–1826. [CrossRef]

51. Bande, M.F.; Santiago, M.; Muinelo-Romay, L.; Blanco, M.J.; Mera, P.; Capeans, C.; Pardo, M.; Piñeiro, A. Detection of circulating
melanoma cells in choroidal melanocytic lesions. BMC Res. Notes 2015, 8, 452. [CrossRef]

52. Beutel, J.; Wegner, J.; Wegner, R.; Ziemssen, F.; Nassar, K.; Rohrbach, J.M.; Hilgers, R.-D.; Lüke, M.; Grisanti, S. Possible
implications of MCAM expression in metastasis and non-metastatic of primary uveal melanoma patients. Curr. Eye Res. 2009, 34,
1004–1009. [CrossRef]

53. Lai, K.; Sharma, V.; Jager, M.J.; Conway, R.M.; Madigan, M.C. Expression and distribution of MUC18 in human uveal melanoma.
Virchows Arch. Int. J. Pathol. 2007, 451, 967–976. [CrossRef] [PubMed]

54. Beasley, A.B.; Isaacs, T.W.; Vermeulen, T.; Freeman, J.; DeSousa, J.-L.; Bhikoo, R.; Hennessy, D.; Reid, A.; Chen, F.K.; Bentel, J.; et al.
Analysis of Circulating Tumour Cells in Early-Stage Uveal Melanoma: Evaluation of Tumour Marker Expression to Increase
Capture. Cancers 2021, 13, 5990. [CrossRef] [PubMed]

55. Robertson, A.G.; Shih, J.; Yau, C.; Gibb, E.A.; Oba, J.; Mungall, K.L.; Hess, J.M.; Uzunangelov, V.; Walter, V.; Danilova, L.;
et al. Integrative Analysis Identifies Four Molecular and Clinical Subsets in Uveal Melanoma. Cancer Cell 2017, 32, 204–220.e15.
[CrossRef] [PubMed]

56. Mentink, A.; Isebia, K.T.; Kraan, J.; Terstappen, L.W.M.M.; Stevens, M. Measuring antigen expression of cancer cell lines and
circulating tumour cells. Sci. Rep. 2023, 13, 6051. [CrossRef] [PubMed]

57. Tura, A.; Lüke, J.; Merz, H.; Reinsberg, M.; Lüke, M.; Jager, M.J.; Grisanti, S. Identification of circulating melanoma cells in uveal
melanoma patients by dual-marker immunoenrichment. Investig. Ophthalmol. Vis. Sci. 2014, 55, 4395–4404. [CrossRef]

58. Ulmer, A.; Beutel, J.; Süsskind, D.; Hilgers, R.-D.; Ziemssen, F.; Lüke, M.; Röcken, M.; Rohrbach, M.; Fierlbeck, G.; Bartz-
Schmidt, K.-U.; et al. Visualization of circulating melanoma cells in peripheral blood of patients with primary uveal melanoma.
Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2008, 14, 4469–4474. [CrossRef]

59. Suesskind, D.; Ulmer, A.; Schiebel, U.; Fierlbeck, G.; Spitzer, B.; Spitzer, M.S.; Bartz-Schmidt, K.U.; Grisanti, S. Circulating
melanoma cells in peripheral blood of patients with uveal melanoma before and after different therapies and association with
prognostic parameters: A pilot study. Acta Ophthalmol. 2011, 89, 17–24. [CrossRef]

60. Eide, N.; Faye, R.S.; Høifødt, H.K.; Øvergaard, R.; Jebsen, P.; Kvalheim, G.; Fodstad, Ø. Immunomagnetic detection of mi-
crometastatic cells in bone marrow in uveal melanoma patients. Acta Ophthalmol. 2009, 87, 830–836. [CrossRef]

61. Laget, S.; Broncy, L.; Hormigos, K.; Dhingra, D.M.; BenMohamed, F.; Capiod, T.; Osteras, M.; Farinelli, L.; Jackson, S.; Paterlini-
Bréchot, P. Technical Insights into Highly Sensitive Isolation and Molecular Characterization of Fixed and Live Circulating Tumor
Cells for Early Detection of Tumor Invasion. PLoS ONE 2017, 12, e0169427. [CrossRef]

62. Dhar, M.; Wong, J.; Che, J.; Matsumoto, M.; Grogan, T.; Elashoff, D.; Garon, E.B.; Goldman, J.W.; Sollier Christen, E.; Di Carlo, D.;
et al. Evaluation of PD-L1 expression on vortex-isolated circulating tumor cells in metastatic lung cancer. Sci. Rep. 2018, 8, 2592.
[CrossRef] [PubMed]

https://doi.org/10.1002/cam4.1832
https://doi.org/10.1371/journal.pone.0221305
https://www.ncbi.nlm.nih.gov/pubmed/31553731
https://doi.org/10.21037/atm.2016.12.28
https://www.ncbi.nlm.nih.gov/pubmed/28149842
https://doi.org/10.1063/1.4937895
https://doi.org/10.1039/C3LC50689D
https://doi.org/10.1038/s41698-017-0015-0
https://doi.org/10.1080/14737159.2016.1255144
https://www.ncbi.nlm.nih.gov/pubmed/27797592
https://doi.org/10.1002/ijc.28436
https://www.ncbi.nlm.nih.gov/pubmed/23934701
https://doi.org/10.3390/cancers11060856
https://www.ncbi.nlm.nih.gov/pubmed/31226786
https://doi.org/10.1016/j.ebiom.2015.09.019
https://doi.org/10.1186/s13104-015-1420-5
https://doi.org/10.3109/02713680903262205
https://doi.org/10.1007/s00428-007-0498-0
https://www.ncbi.nlm.nih.gov/pubmed/17786470
https://doi.org/10.3390/cancers13235990
https://www.ncbi.nlm.nih.gov/pubmed/34885099
https://doi.org/10.1016/j.ccell.2017.07.003
https://www.ncbi.nlm.nih.gov/pubmed/28810145
https://doi.org/10.1038/s41598-023-33179-y
https://www.ncbi.nlm.nih.gov/pubmed/37055551
https://doi.org/10.1167/iovs.14-14512
https://doi.org/10.1158/1078-0432.CCR-08-0012
https://doi.org/10.1111/j.1755-3768.2009.01617.x
https://doi.org/10.1111/j.1755-3768.2008.01378.x
https://doi.org/10.1371/journal.pone.0169427
https://doi.org/10.1038/s41598-018-19245-w
https://www.ncbi.nlm.nih.gov/pubmed/29416054


Int. J. Mol. Sci. 2023, 24, 11075 19 of 19

63. Sinkala, E.; Sollier-Christen, E.; Renier, C.; Rosàs-Canyelles, E.; Che, J.; Heirich, K.; Duncombe, T.A.; Vlassakis, J.; Yamauchi, K.A.;
Huang, H.; et al. Profiling protein expression in circulating tumour cells using microfluidic western blotting. Nat. Commun. 2017,
8, 14622. [CrossRef] [PubMed]

64. Liu, H.E.; Triboulet, M.; Zia, A.; Vuppalapaty, M.; Kidess-Sigal, E.; Coller, J.; Natu, V.S.; Shokoohi, V.; Che, J.; Renier, C.; et al.
Workflow optimization of whole genome amplification and targeted panel sequencing for CTC mutation detection. NPJ Genom.
Med. 2017, 2, 34. [CrossRef] [PubMed]

65. Kidess-Sigal, E.; Liu, H.E.; Triboulet, M.M.; Che, J.; Ramani, V.C.; Visser, B.C.; Poultsides, G.A.; Longacre, T.A.; Marziali, A.;
Vysotskaia, V.; et al. Enumeration and targeted analysis of KRAS, BRAF and PIK3CA mutations in CTCs captured by a label-free
platform: Comparison to ctDNA and tissue in metastatic colorectal cancer. Oncotarget 2016, 7, 85349–85364. [CrossRef] [PubMed]

66. Takahashi, Y.; Shirai, K.; Ijiri, Y.; Morita, E.; Yoshida, T.; Iwanaga, S.; Yanagida, M. Integrated system for detection and molecular
characterization of circulating tumor cells. PLoS ONE 2020, 15, e0237506. [CrossRef]

67. Morrow, C.J.; Trapani, F.; Metcalf, R.L.; Bertolini, G.; Hodgkinson, C.L.; Khandelwal, G.; Kelly, P.; Galvin, M.; Carter, L.; Simpson,
K.L.; et al. Tumourigenic non-small-cell lung cancer mesenchymal circulating tumour cells: A clinical case study. Ann. Oncol.
2016, 27, 1155–1160. [CrossRef]

68. Vona, G.; Sabile, A.; Louha, M.; Sitruk, V.; Romana, S.; Schütze, K.; Capron, F.; Franco, D.; Pazzagli, M.; Vekemans, M.; et al.
Isolation by size of epithelial tumor cells: A new method for the immunomorphological and molecular characterization of
circulatingtumor cells. Am. J. Pathol. 2000, 156, 57–63. [CrossRef]

69. Ma, Y.-C.; Wang, L.; Yu, F.-L. Recent advances and prospects in the isolation by size of epithelial tumor cells (ISET) methodology.
Technol. Cancer Res. Treat. 2013, 12, 295–309. [CrossRef]

70. Buim, M.E.; Fanelli, M.F.; Souza, V.S.; Romero, J.; Abdallah, E.A.; Mello, C.A.; Alves, V.; Ocea, L.M.; Mingues, N.B.; Barbosa, P.N.;
et al. Detection of KRAS mutations in circulating tumor cells from patients with metastatic colorectal cancer. Cancer Biol. Ther.
2015, 16, 1289–1295. [CrossRef]

71. Cummings, J.; Morris, K.; Zhou, C.; Sloane, R.; Lancashire, M.; Morris, D.; Bramley, S.; Krebs, M.; Khoja, L.; Dive, C. Method
validation of circulating tumour cell enumeration at low cell counts. BMC Cancer 2013, 13, 415. [CrossRef] [PubMed]

72. Razmara, A.M.; Sollier, E.; Kisirkoi, G.N.; Baker, S.W.; Bellon, M.B.; McMillan, A.; Lemaire, C.A.; Ramani, V.C.; Jeffrey, S.S.;
Casey, K.M. Tumor shedding and metastatic progression after tumor excision in patient-derived orthotopic xenograft models of
triple-negative breast cancer. Clin. Exp. Metastasis 2020, 37, 413–424. [CrossRef]

73. Ju, L.; Yang, J.; Zhai, C.; Chai, S.; Dong, Z.; Li, M. Survival, Chemotherapy and Chemosensitivity Predicted by CTC Cultured In
Vitro of SCLC Patients. Front. Oncol. 2021, 11, 683318. [CrossRef] [PubMed]

74. Wilson, L.S. New benchmarks and design criteria for laboratory consolidations. Clin. Leadersh. Manag. Rev. J. CLMA 2003, 17,
90–98.

75. Martel, A.; Gastaud, L.; Bonnetaud, C.; Nahon-Esteve, S.; Washetine, K.; Bordone, O.; Salah, M.; Tanga, V.; Fayada, J.; Lespinet, V.;
et al. Need for a Dedicated Ophthalmic Malignancy Clinico-Biological Biobank: The Nice Ocular MAlignancy (NOMA) Biobank.
Cancers 2023, 15, 2372. [CrossRef] [PubMed]

76. Mela, A.; Rdzanek, E.; Tysarowski, A.; Sakowicz, M.; Jaroszyński, J.; Furtak-Niczyporuk, M.; Żurek, G.; Poniatowski, Ł.A.;
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