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CANCER cells can enter the blood stream. Some of these cir-
culating tumor cells (CTC) extravasate and form distant
metastases which ultimately lead to the death of the patient.
CTC have been observed quite some time ago (1–3). The
major difficulty for the identification of CTC is their
extremely low frequency (~1/ml in metastatic patients). When
no CTC were detected in a tube of blood of a patient with
metastases one always wonders whether they were not present
or whether they were missed by the detection technology.
Another hurdle is the extensive heterogeneity of the physical
and immunological appearance of CTC within and between
patients.

Tumor cell lines play a pivotal role in both informing
technology developers of the probable physical and immuno-
logical properties of CTC, as well as in the determination of
the analytical accuracy, reproducibility, and linearity of any
developed technology. However, tumor cell lines are not
CTC. Excellent performance on tumor cell lines does not war-
rant that (1) the developed technology will actually identify
CTC in blood samples of cancer patients nor that (2) these
CTC relate to clinical outcome nor that (3) information rele-
vant for treatment can be extracted.

At the start of the trajectory toward the FDA cleared
CellSearch system very little was known about the CTC fre-
quency and their physical and immunological appearance.
CTC enrichment in 10 ml of blood was performed by manual
immunomagnetic enrichment targeting EpCAM using the
GA73.3 antibody. The enriched cell suspension was fluores-
cently labeled with the PE-labeled CAM5.2 antibody recog-
nizing cytokeratins 7 and 8, a PerCP-labeled antibody

recognizing CD45 and a nucleic acid dye that could be mea-
sured in the FITC channel of a flowcytometer. Using this
approach, it was first shown that CTC indeed could be
detected in 10 ml blood of cancer patients with metastatic dis-
ease and at a lesser frequency in patients with no detectable
metastasis while few “CTC” were detected in healthy controls
(4–8). These results were sufficiently encouraging to further
develop the CTC technology and design and conduct clinical
studies to explore the clinical utility of CTC. The commercial
CellSearch system that was ultimately developed included
(1) a blood collection tube to preserve the fragile CTC for a
period of up to 96 h, (2) an automated sample preparation
system in which (3) the EpCAM antibody was replaced by
VU1D9, (4) CAM5.2 cytokeratin antibody was replaced by
C11 and A.53B/A2 to increase the range of cytokeratins,
(5) the CD45-PerCP was switched to CD45-APC, (6) the
nucleic acid dye was switched to DAPI, and (7) the flow cyt-
ometer replaced by a semi-automated fluorescence micro-
scope with dedicated software to present CTC candidates to a
reviewer. Thanks to an excellent team of reagent developers
and engineers the system was reliable and provided accurate
results over a large range of spiked tumor cells in blood with
a high sensitivity and specificity. Whereas few “CTC” were
detected in healthy donors and patients with benign disease a
large range of CTC were detected in cancer patients (9). The
real excitement arose when the results of the prospective
studies became available which showed that CTC were supe-
rior to serum tumor markers and/or radiographic imaging in
predicting efficacy of ongoing therapy (10–14). By now the
original results have been confirmed and validated in
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numerous studies and expanded to different cancers and ear-
lier disease stages (15–20).

Since the introduction of CellSearch a large number of
new technologies have been introduced to improve CTC
detection and extract information relevant for treatment from
CTC. However, the definitions used for CTC, as well as the
level of evidence that the detected CTC are indeed of impor-
tance varies greatly, complicating technology assessment. The
aim of this special Cytometry issue is to obtain an overview
of CTC technologies in which the authors provide a succinct
description of the working principle of their devices and pro-
vide information that helps the community assess the status
and potential of the technologies.

One of the challenges the “CTC field” is facing is the
extensive heterogeneity of CTC leading to extreme large
ranges of reported numbers. To overcome this challenge as
part of the European program CANCER-ID (www.cancer-id.
eu) open source image analysis tools (ACCEPT) are being
developed and introduced to aid in the evaluation of new
CTC technologies and arrive at a common CTC
definition (21–23). In this issue, we compared CTC scoring
between operators and show that a computer-generated defi-
nition is most likely preferable to trying to have operators
agree on a definition (24). The observation that all circulating
EpCAM + CK + CD45-objects predict overall survival in
castration-resistant prostate cancer (25) may make the “mor-
phological defintion” less critical. Still for reporting “CTC
numbers” in relation to the monitoring of therapy the assign-
ment to a certain class becomes very important (26). To

illustrate the challenge of defining what is and what is not a
CTC the ACCEPT analysis of two blood samples from meta-
static prostate cancer patients processed with the CellSearch
system is illustrated in Figure 1. The standard CTC count of
the sample in Panel A was 1,477 and for the sample in Panel
B it was 7. A 50% misclassification of CTC will not affect the
assignment of Patient A as one with a relatively poor progno-
sis, but for Patient B it surely will as the “cut-off” defined in
the FDA cleared system is 5 CTC. Eight objects with both CK
and DAPI staining can be observed in Patient B two of these
objects will most likely be classified as CTC by the majority
of reviewers but the other six objects can be subject to debate.
In both patients depicted in Figure 1 many CK+ objects are
small and may not have any nuclear staining. We baptized
them tumor derived Extra Cellular Vesicles (tdEVs). These
tdEVs can easily be quantified with ACCEPT and their pres-
ence is indeed strongly associated with poor clinical out-
come (27).

Cancer cells can be considered the smallest functional
unit and thus will be preferable for in depth characterization.
Nevertheless, valuable information can be extracted from
tumor derived free plasma DNA (28), circulating miRNAs
(29,30), tdEV, and tumor educated platelets (31). Disadvan-
tage of the traditional plasma proteins used for cancer screen-
ing and monitoring such as PSA, CA15.3, and CA-125 is that
their elevation is not necessarily associated with cancer nei-
ther their increases and decreases with treatment response.
To interpret results obtained with the CellSearch system one
has to keep in mind that whole blood is centrifuged at 800g

Figure 1. ACCEPT analysis of fluorescence images from the CellSearch system for two patients (Patient A/B) with castration resistant

prostate cancer. The scatter plots show the cytokeratin-PE (CK) mean intensity versus the DNA (DAPI) mean intensity of all the objects

detected by ACCEPT in either the DAPI, CK, or CD45 images. The blue dots represent objects that have a CK mean intensity >60.0 and a

CD45 mean intensity <5. For each blue dot, the images can be inspected and classified. A standard CellSearch analysis resulted in 1477

CTC for Patient A and 7 CTC for Patient B. The composite thumbnails are shown for some of the blue dots for both patients (blue DAPI,

green CK, the scale bar represents 10 pixels = 6.4 μm).
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for 10 min and only the cell fraction is processed on the Cell-
Search system. This implies that only the relatively large
tdEVs will end up in the CellSearch system and a large por-
tion of smaller tdEVs will be missed. By centrifugation of a
blood sample the majority of the cells will settle at 300g, dead
cells and apoptotic bodies (50–50.000 nm) at 2,000g, cell
debris & microvesicles (100–1,000 nm) at 10,000g and exo-
somes (50–100 nm) at 100,000g. Note that the smallest apo-
ptotic bodies require ultracentrifugation speeds to sediment.
Whereas all CTC will be present in the bottom fraction after
centrifugation at 800g and the tumor derived free plasma
DNA in the top fraction, tdEVs, circulating miRNAs, and
tumor educated platelets will be present in both fractions and

some will be lost in the interface. The proportion of circulat-
ing miRNAs and tumor derived free plasma DNA which is
contained within EVs is still not completely understood nor
is the size distribution of the EVs containing this miRNA and
DNA. The influence of centrifugation on the purity that can
be obtained for different biomarkers is illustrated by the
model described in this issue (32).

Perhaps the largest challenge for the CTC field is their
extremely low frequency. Using the CellSearch system one
cannot detect at least one CTC in 7.5 ml of blood in ~20% of
metastatic prostate cancer, ~25% of metastatic breast, and
~50% of metastatic colon cancer patients (33). Extrapolation
of the frequency distribution of CTC in patients with

Figure 2. Approximate frequency distribution of the number, size and density of cells and extracellular vesicles. The CTC and tdEV

numbers and size are estimated through the results obtained from the CellSearch system for metastatic prostate, breast and colorectal

patients (26,27). Dashed lines indicate a lack of solid data. Culture cell diameter distribution averaged over seven different culture cell

lines (breast, prostate, colorectal). Culture cell density distribution for lung and cervix cell lines (H1650, HeLa). Circulating Endothelial Cell

(CEC size) are obtained from reported CellSearch data (Rowand JL, Martin G, Doyle GV, Miller MC, Pierce MS, Connelly MC, Rao C,

Terstappen. LWMM. Endothelial Cells in Peripheral Blood of Healthy Subjects and Patients with Metastatic Carcinomas. Cytometry Part A

2007;71A:105–113) and their density from endothelial cells isolated from murine model. The shape of CEC resembles squamous cells, but

size of equivalent sphere is given here. The number of hematopoietic progenitor cells (CD34+) are obtained by measurements using

flowcytometry (Lane TA, Law P, Maruyama M, Young D, Butgess J, Mullen M, Mealiffe M, Terstappen LWMM, Hardwick A, Moubayed M,

Oldham F, Corringham RET, Ho AD. Harvesting and enrichment of hematopoietic stem cells mobilized into the peripheral blood of normal

donors by G-CSF or GM-CSF. BLOOD 1995;85:275–282.) and their size and density derived reported as similar to those of lymphocytes

based on similar distribution of their light scattering properties and morphology (Terstappen LWMM, Huang S, Safford M, Lansdorp PM,

Loken MR. Sequential generations of hematopoietic colonies derived from single non lineage committed progenitor cells. BLOOD

1991;77:1218–1227.). RBC: red blood cells, PLT: platelets, Gran: granulocytes, Lym: Lymphocytes, Mon: Monocytes, sm/lg tdEV: small/

large tumor derived extracellular vesicles, CEC: circulating endothelial cells, CD34+: circulating CD34+ cells, CTC: circulating tumor cells.

Cytometry Part A � 93A: 1197–1201, 2018 1199

EDITORIAL



metastatic prostate cancer, breast, and colorectal cancer
showed that an increase of blood volume from 7.5 ml to
600 ml >90% of patients with metastatic cancers will have
CTC detected (33). The use of apheresis was introduced to
enable processing of the mononuclear cell fraction of large
blood volumes (34). This procedure baptized Diagnostic Leu-
kapheresis indeed allows for the isolation of a substantial
larger number of CTC and enables a true “liquid biopsy.”
However, at present the available technologies are not yet
capable of isolating CTC from the complete DLA volume
(34–36). In this issue, clinical results and recommendations
for standardized reporting of DLA results are presented (37).
To provide direction to the CTC and tdEV field we show in
figure 2 the frequency, size and density of the different cells
detected in blood. This includes red blood cells, platelets,
granulocytes, lymphocytes, monocytes, hematopoietic progen-
itor cells (CD34+), circulating endothelial cells (CEC), CTC
and tdEV. The latter is divided into small (sm tdEV) and
large (lg tdEV) Extracellular Vesicles. The lg tdEV are > 1μm
in size and obtained after centrifugation at 800g and EpCAM
immunomagnetic selection the sm tdEV are less than 1 μm in
size and can be obtained by EpCAM immunomagnetic selec-
tion but data obtained is insufficient to provide their actual
frequency. Hematopoietic EVs are the most probable source
of background in tdEV detection, however, their properties
are insufficiently characterized to include in this figure.

With the introduction of new methods for CTC isolation
many have argued that the lack of detection of CTC in cancer
patients with the CellSearch system may be contributed to the
CTC definition used as it detects only cells expressing both
EpCAM and Cytokeratin. A description of several of these
EpCAM independent isolation methods can be found in this
issue (39–45). However, for these different CTC phenotypes,
clinical confirmation of the correlation of CTC to patient sur-
vival will be necessary. Observation in NSCLC, breast and
prostate cancer showed that frequently both EpCAM+ and
EpCAM− CTC populations are present and rarely only one of
the two are detected. Moreover, in patients with metastatic
NSCLC and prostate cancer we found that the EpCAM+, CK+

CTC, and not the EpCAM−, CK+ are correlated with poor
outcome (46–48). Hopefully research will be conducted with
the newly available technology that can provide in depth
information on the frequency of different subpopulations of
CTC, other (rare) cell types and their relation with the
disease.

The most exciting promise of CTC is the potential to
extract information that enables the selection of the most
effective treatment and the ability to identify resistance to
therapy early and switch to an alternative treatment. Addition
of fluorescently labeled antibodies recognizing treatment tar-
gets to the staining cocktail is relatively easy, although, one is
limited by the number of fluorochromes that can be deter-
mined simultaneously. Reports on the expression of treatment
targets on CTC showed extensive intra and inter patient het-
erogeneity of expression (49–51). Probing for gene aberra-
tions of CTC by fluorescence in situ hybridization has also
been demonstrated and again reiterated their extensive intra-

and inter-patient heterogeneity (52–55). For extensive interro-
gation of the CTC the individual cells will have to be isolated
and for molecular characterization the nucleic acids will have
to be amplified. Tools to isolate the single cells from CTC
enriched cell suspensions are available (39,41,42,56,57). The
steps needed to get from blood to single CTC surely will be
associated with cell losses and the different steps will have to
be optimized to minimize these losses. Still when CTC losses
are kept to a minimum one has to deal with the state the
CTC are in. As many CTC are undergoing apoptosis, the
nucleic acids may not be of a sufficient quality for thorough
interrogation. Therefore, it would be great if tools were avail-
able to provide a likelihood that the nucleic acids are of suffi-
cient quality after isolation of the single CTC (58,59). This
may save effort and cost involved with sequencing, fluores-
cence in situ hybridization, etc.

The processing of larger blood volumes combined with a
technology for single CTC sorting and subsequent phenotyping
or genotyping will result in a sufficient number of CTC from
individual patients for further characterization. This will
improve our understanding of the heterogeneity of CTC in
individual patients, and will certainly improve our understand-
ing of the role of CTC in the progression of cancer.

LITERATURE CITED

1. Ashworth TR. A case of cancer in which cells similar to those in the tumors were
seen in the blood after death. Aust Med J 1869;14:146–149.

2. Engell HC. Cancer cells in the circulating blood; a clinical study on the occurrence
of cancer cells in the peripheral blood and in venous blood draining the tumour
area at operation. Acta Chir Scand Suppl 1955;201:1–70.

3. Brugger W, Bross KJ, Glatt M, Weber F, Mertelsmann R, Kanz L. Mobilization of
tumor cells and hematopoietic progenitor cells into peripheral blood of patients with
solid tumors. Blood 1994;83:636–640.

4. Racila E, Euhus D, Weiss AJ, Rao C, McConnell J, Terstappen LW, Uhr JW. Detec-
tion and characterization of carcinoma cells in the blood. Proc Natl Acad Sci USA
1998;95:4589–4594. https://doi.org/10.1073/pnas.95.8.4589.

5. Terstappen LW, Rao C, Gross S, Kotelnikov V, Racilla E, Uhr J, Weiss A. Flow
cytometry--principles and feasibility in transfusion medicine. Enumeration of epi-
thelial derived tumor cells in peripheral blood. Vox Sang 1998;74:269–274.

6. Terstappen LW, Rao C, Gross S, Weiss AJ. Peripheral blood tumor cell load reflects
the clinical activity of the disease in patients with carcinoma of the breast. Int J
Oncol 2000;17:573–578.

7. Moreno JG, O’Hara SM, Gross S, Doyle G, Fritsche H, Gomella LG,
Terstappen LW. Changes in circulating carcinoma cells in patients with metastatic
prostate cancer correlate with disease status. Urology 2001;58:386–392.

8. Hayes DF, Walker TM, Singh B, Vitetta ES, Uhr JW, Gross S, Rao C, Doyle GV,
Terstappen LWMM. Monitoring expression of HER-2 on circulating epithelial cells
in patients with advanced breast cancer. Int J Oncol 2002;21:1111–1117.

9. Allard WJ, Matera J, Miller MC, Repollet M, Connelly MC, Rao C, Tibbe AGJ,
Uhr JW, Terstappen LWMM. Tumor cells circulate in the peripheral blood of all
major carcinomas but not in healthy subjects or patients with nonmalignant dis-
eases. Clin Cancer Res 2004;10:6897–6904. https://doi.org/10.1158/1078-0432.CCR-
04-0378.

10. Cristofanilli M, Budd GT, Ellis MJ, Stopeck A, Matera J, Miller MC, Reuben JM,
Doyle GV, Allard WJ, Terstappen LWMM, et al. Circulating tumor cells, disease
progression, and survival in metastatic breast cancer. N Engl J Med 2004;351:
781–791. https://doi.org/10.1056/NEJMoa040766.

11. Hayes DF, Cristofanilli M, Budd GT, Ellis MJ, Stopeck A, Miller MC, Matera J,
Allard WJ, Doyle GV, Terstappen LWWM. Circulating tumor cells at each follow-
up time point during therapy of metastatic breast cancer patients predict
progression-free and overall survival. Clin Cancer Res 2006;12:4218–4224. https://
doi.org/10.1158/1078-0432.CCR-05-2821.

12. Budd G, Cristofanilli M, Ellis M, Stopeck A, Borden E, Miller MC, Matera J,
Repollet M, Doyle G, Terstappen LWMM, et al. Circulating tumor cells versus
imaging—Predicting overall survival in metastatic breast cancer. Clin Cancer Res
2006;12:6404–6409.

13. Cohen SJ, Punt CJA, Iannotti N, Saidman BH, Sabbath KD, Gabrail NY, Picus J,
Morse M, Mitchell E, Miller MC, et al. Relationship of circulating tumor cells to
tumor response, progression-free survival, and overall survival in patients with met-
astatic colorectal cancer. J Clin Oncol 2008;26:3213–3221. https://doi.org/10.1200/
JCO.2007.15.8923.

14. De Bono JS, Scher HI, Montgomery RB, Parker C, Miller MC, Tissing H, Doyle GV,
Terstappen LWMM, Pienta KJ, Raghavan D. Circulating tumor cells predict survival

1200 CTC Technologies and Tools

EDITORIAL

https://doi.org/10.1073/pnas.95.8.4589
https://doi.org/10.1158/1078-0432.CCR-04-0378
https://doi.org/10.1158/1078-0432.CCR-04-0378
https://doi.org/10.1056/NEJMoa040766
https://doi.org/10.1158/1078-0432.CCR-05-2821
https://doi.org/10.1158/1078-0432.CCR-05-2821
https://doi.org/10.1200/JCO.2007.15.8923
https://doi.org/10.1200/JCO.2007.15.8923


benefit from treatment in metastatic castration-resistant prostate cancer. Clin Can-
cer Res 2008;14:6302–6309. https://doi.org/10.1158/1078-0432.CCR-08-0872.

15. Bidard F-C, Peeters DJ, Fehm T, Nolé F, Gisbert-Criado R, Mavroudis D, Grisanti
S, Generali D, Garcia-Saenz JA, Stebbing J, et al. Clinical validity of circulating
tumour cells in patients with metastatic breast cancer: a pooled analysis of individ-
ual patient data. Lancet Oncol 2014;15:406–414.

16. Heller G, McCormack R, Kheoh T, Molina A, Smith MR, Dreicer R, Saad F, de
Wit R, Aftab DT, Hirmand M, et al. Circulating tumor cell number as a response
measure of prolonged survival for metastatic castration-resistant prostate cancer: A
comparison with prostate-specific antigen across five randomized phase III clinical
trials. J Clin Oncol 2018;36:572–580. https://doi.org/10.1200/JCO.2017.75.2998.

17. Krebs MG, Sloane R, Priest L, Lancashire L, Hou J-M, Greystoke A, Ward TH,
Ferraldeschi R, Hughes A, Clack G, et al. Evaluation and prognostic significance of
circulating tumor cells in patients with non-small-cell lung cancer. J Clin Oncol
2011;29:1556–1563. https://doi.org/10.1200/JCO.2010.28.7045.

18. Hiltermann TJN, Liesker JJW, van den Berg A, Schouwink JH, Wijnands WJA,
Kerner GSMA, Boezen HM, Pore MM, Kruyt FAE, Timens W, et al. Circulating
tumor cells in small cell lung cancer, a predictive and prognostic factor. Ann Oncol
2012;23:2937–2942.

19. van Dalum G, Stam GJ, Scholten LFA, Mastboom WJB, Vermes I, Tibbe AGJ, de
Groot MR, LWMM T. Importance of circulating tumor cell in newly diagnosed
colorectal cancer. Int J Oncol 2015;46:1361–1368. doi:10.3892/ijo.2015.2824.

20. Janni W, Rack B, Terstappen L, Pierga JY, Taran FA, Tanja Fehm T, Hall C, de
Groot M, Bidard FC, Friedl T, et al. Pooled analysis of the prognostic relevance of
circulating tumor cells in primary breast cancer. Clin Cancer Res 2016;22:
2583–2593. https://doi.org/10.1158/1078-0432.CCR-15-1603.

21. Zeune L, van Dalum G, Terstappen LWMM, van Gils SA SA, Brune C. Multiscale
segmentation via Bregman distances and nonlinear spectral analysis. SIAM J Imag-
ing Sci 2016;10:111–146.

22. Zeune L, van Dalum G, Decraene C, Proudhon C, Fehm T, Neubauer H, Rack B,
Alunni-Fabbroni M, Terstappen LWMM, van Gils SA, et al. Quantifying HER-2
expression on circulating tumor cells by ACCEPT. PLoS One 2017;12:e0186562.

23. de Wit S, Zeune LL, Hiltermann TJN, Groen HJM, van Dalum G,
Terstappen LWMM. Classification of cells in CTC enriched samples by advanced
image analysis. Cancer 2018;10:377. https://doi.org/10.3390/cancers10100377.

24. Zeune LL, de Wit S, Berghuis AMS, IJzerman MJ, Terstappen LWMM, Brune C.
How to agree on a CTC evaluating the consensus in circulating tumor cell scoring.
Cytometry A 2018;93.

25. Coumans FAW, Doggen CJM, Attard G, de Bono JS, Terstappen LWMM. All circu-
lating EpCAM+CK+CD45-objects predict overall survival in castration-resistant
prostate cancer. Ann Oncol 2010;21:1851–1857. https://doi.org/10.1093/annonc/
mdq030.

26. Coumans FA, Ligthart ST, Terstappen LW. Interpretation of changes in circulating
tumor cell counts. Transl Oncol 2012;5:6–91. https://doi.org/10.1593/tlo.12247.

27. Nanou A, Coumans FAW, van Dalum G, Zeune L, Dolling D, Onstenk W,
Crespo M, Sousa Fontes M, Rescigno P, Fowler G, et al. Circulating tumor cells,
tumor-derived extracellular vesicles and plasma cytokeratins in castration-resistant
prostate cancer patients. Oncotarget 2018;9:19283–19293.

28. Heitzer E, Auer M, Ulz P, Geigl JB, Speicher MR. Circulating tumor cells and DNA
as liquid biopsies. Genome Med 2013;5:73.

29. Ranade AR, Cherba D, Sridhar S, Richardson P, Webb C, Paripati A, Bowles B,
Weiss GJ. MicroRNA 92a: A biomarker predictive for chemoresistance and prog-
nostic for survival in patients with small cell lung cancer. J Thorac Oncol 2010;5:
1273–1278.

30. Sourvinou IS, Markou A, Lianidou ES. Quantification of circulating miRNAs in
plasma effect of preanalytical and analytical parameters on their isolation and stabil-
ity. J Mol Diagn 2013;15:827–834.

31. Best MG, Sol N, Kooi I, Tannous J, Westerman BA, Rustenburg F, Schellen P,
Verschueren H, Post E, Koster J, et al. RNA-Seq of tumor-educated platelets enables
blood-based pan-cancer, multiclass, and molecular pathway cancer diagnostics. Can-
cer Cell 2015;28:666–676. https://doi.org/10.1016/j.ccell.2015.09.018.

32. Rikkert LG, van der Pol E, van Leeuwen TG, Nieuwland R, Coumans FAW. Centrifu-
gation affects the purity of liquid biopsy-based tumor biomarkers. Cytometry A
2018;93.

33. Coumans FAW, Ligthart ST, Uhr JW, Terstappen LWMM. Challenges in the enu-
meration and phenotyping of CTC. Clin Cancer Res 2012;18:5711–5718. https://doi.
org/10.1158/1078-0432.CCR-12-1585.

34. Fischer JC, Niederacher D, Topp SA, Honisch E, Schumacher S, Schmitz N,
Zacarias Föhrding L, Vay C, Hoffmann I, Kasprowicz NS, et al. Diagnostic leuka-
pheresis enables reliable detection of circulating tumor cells of nonmetastatic cancer
patients. Proc Natl Acad Sci USA 2013;110:16580–16585.

35. Andree KC, Mentink A, Zeune LL, Terstappen LWMM, Stoecklein NH, Neves RP,
Driemel C, Lampignano R, Neubauer H, Fehm T, et al. Towards a real liquid biopsy
in metastatic breast and prostate cancer: Diagnostic LeukApheresis increases CTC
yields in a European prospective multi-center study (CTCTrap). Int J Cancer 2018;
143:2584–2591.

36. Lambros MB, Seed G, Sumanasuriya S, Gill V, Crespo M, Fontes M, Chandler R,
Mehra N, Fowler G, Ebbs B, et al. Single Cell Analyses of Prostate Cancer Liquid
Biopsies Acquired by Apheresis. ClinCanRes 2018;24(22):5635–5644. https://doi.
org/10.1158/1078-0432.CCR-18-0862.

37. Fehm T, Meier-Stiegen F, Driemel C, Jäger B, Reinhardt F, Naskou J, Franken A,
Neubauer H, Neves R, van Dalum G, et al. Diagnostic leukapheresis for CTC analy-
sis in breast cancer patients: CTC frequency, clinical experiences and recommenda-
tions for standardized reporting. Cytometry A 2018;93.

38. Coumans FAW, van Dalum G, Beck M, Terstappen LWMM. Filter characteristics
influencing circulating tumor cell enrichment fromwhole blood. PLoSOne 2013;8:e61770.

39. Kaldjian EP, Ramirez AB, Sun Y, Campton DE, Werbin JL, Varshavskaya P,
Quarre S, George T, Madan A, Blau CA, et al. The RareCyte® platform for next-
generation analysis of circulating tumor cells. Cytometry A 2018;93.

40. Elodie S-C, Renier C, Kaplan T, Kfir E, Crouse S. VTX-1 liquid biopsy system for
fully-automated and label free isolation of circulating tumor cells, with automated
enumeration by BioView platform. Cytometry A 2018.

41. Yu L, Sa S, Wang L, Dulmage K, Bhagwat N, Yee S, Sen M, Pletcher C, Moore J,
Saksena S, et al. An integrated enrichment system to facilitate isolation and molecu-
lar characterization of single cancer cells from whole blood. Cytometry A 2018;93.

42. Stevens M, Oomens L, Broekmaat J, Weersink J, Abali F, Swennenhuis J, Tibbe A.
VyCAP single CTC identification, isolation and analysis. Cytometry A 2018;93.

43. Lambros MB, Seed G, Sumanasuriya S, Gill V, Crespo M, Fontes M, Chandler R,
Mehra N, Fowler G, Ebbs B, et al. Blood based biopsies—Clinical utility beyond cir-
culating tumor cells. Cytometry Part 2018.

44. Miller M, Robinson P, O’Shannessy D. The Parsortix™ cell separation system.
Cytometry A 2018;93.

45. Lee Y, Guan G, Bhagat A. ClearCell® FX, a label-free microfluidics technology for
enrichment of viable circulating tumor cells. Cytometry A 2018.

46. de Wit S, van Dalum G, Lenferink A, Tibbe AGJ, Hilterman J, Groen H, van Rijn C,
Terstappen LWMM. EpCAM+ and EpCAM− circulating tumor cells in metastatic
lung cancer. Sci Rep 2015;5:12270. https://doi.org/10.1038/srep12270.

47. de Wit S, Manicone M, Rossi E, Lampignano R, Yang L, Zill B, Rengel-Puertas A,
Ouhlen M, Crespo M, Berghuis AM, et al. EpCAMhigh and EpCAMlow circulating
tumour cells in metastatic prostate and breast cancer patients. Oncotarget 2018.

48. de Wit S, Rossi E, Weber S, Tamminga M, Manicone M, Swennenhuis JF,
Groothuis-Oudshoorn CGM, Vidotto R, Facchinetti A, Zeune LL, et al. Single tube
liquid biopsy for advanced non-small cell lung cancer (2018).

49. De Bono JS, Attard G, Adjei A, Pollak MN, Fong PC, Haluska P, Roberts L,
Melvin C, Repollet M, Chianese D, et al. Potential applications for circulating tumor
cells expressing the insulin-like growth factor-I receptor. Clin Cancer Res 2007;13:
3611–3616. https://doi.org/10.1158/1078-0432.CCR-07-0268.

50. Smerage JB, Budd GT, Doyle GV, Brown M, Paoletti C, Muniz M, Miller MC,
Repollet MI, Chianese DA, Connelly MC, et al. Monitoring apoptosis and Bcl-2 on
circulating tumor cells in patients with metastatic breast cancer. Mol Oncol 2013;7:
680–692. https://doi.org/10.1016/j.molonc.2013.02.013.

51. Ligthart ST, Bidard F-C, Decraene C, Bachelot T, Delaloge S, Brain E, Campone M,
Viens P, Pierga J-Y, Terstappen LWMM. Unbiased quantitative assessment of her-2
expression of circulating tumor cells in patients with metastatic and non-metastatic
breast cancer. Ann Oncol 2013;24:1231–1238. https://doi.org/10.1093/annonc/
mds625.

52. Attard G, Swennenhuis JF, Olmos D, Reid AHM, Vickers E, A’Hern R, Levink R,
Coumans F, Moreira J, Riisnaes R, et al. Characterization of ERG, AR and PTEN
status in Circulating Tumor Cells from Patients with Castration-Resistant Prostate
Cancer. Cancer Research 2009;69:2912–2918.

53. Swennenhuis JF, Tibbe AGJ, Levink R, Sipkema RCJ, Terstappen LWMM. Charac-
terization of circulating tumor cells by fluorescence in-situ hybridization. Cytometry
A 2009;75A:520–527.

54. Meng S, Tripathy D, Frenkel EP, Shete S, Naftalis EZ, Huth JF, Beitsch PD, Leitch
M, Hoover S, Euhus D, et al. HER-2 gene amplification can be acquired as breast
cancer progresses. Proc Natl Acad Sci USA 2004;101:9393–9398. https://doi.org/10.
1073/pnas.0402993101.

55. Meng S, Tripathy D, Frenkel EP, Shete S, Ashfaq R, Saboorian H, Haley B, Frenkel
E, Euhus D, Leitch M, et al. uPAR and HER-2 gene status in individual breast can-
cer cells from blood and tissues. Proc Natl Acad Sci USA 2006;103:17361–17365.
https://doi.org/10.1073/pnas.0608113103.

56. Nelep C, Eberhardt J. Automated rare single cell picking with the ALS
CellCelector™. Cytometry A 2018.

57. Di Trapani M, Manaresi N, Medoro G. DEPArray™ system—An automatic image-
based sorter for isolation of pure circulating tumor cells. Cytometry A 2018.

58. Polzer B, Medoro G, Pasch S, Fontana F, Zorzino L, Pestka A, Andergassen U,
Meier-Stiegen F, Czyz ZT, Alberter B, et al. Molecular profiling of single circulating
tumor cells with diagnostic intention. EMBO Mol Med 2014;6:1371–1386.

59. Mesquita B, Rothwell DG, Deborah J, Burt DJ, Chemi F, Fernandez-Gutierrez F,
Slane-Tan D, Antonello J, Carter M, Carter L, et al. Molecular analysis of single cir-
culating tumour cells following long-term storage of clinical samples. Mol Oncol
2017;11:1687–1697.

Cytometry Part A � 93A: 1197–1201, 2018 1201

EDITORIAL

https://doi.org/10.1158/1078-0432.CCR-08-0872
https://doi.org/10.1200/JCO.2017.75.2998
https://doi.org/10.1200/JCO.2010.28.7045
info:doi/10.3892/ijo.2015.2824
https://doi.org/10.1158/1078-0432.CCR-15-1603
https://doi.org/10.3390/cancers10100377
https://doi.org/10.1093/annonc/mdq030
https://doi.org/10.1093/annonc/mdq030
https://doi.org/10.1593/tlo.12247
https://doi.org/10.1016/j.ccell.2015.09.018
https://doi.org/10.1158/1078-0432.CCR-12-1585
https://doi.org/10.1158/1078-0432.CCR-12-1585
https://doi.org/10.1158/1078-0432.CCR-18-0862
https://doi.org/10.1158/1078-0432.CCR-18-0862
https://doi.org/10.1038/srep12270
https://doi.org/10.1158/1078-0432.CCR-07-0268
https://doi.org/10.1016/j.molonc.2013.02.013
https://doi.org/10.1093/annonc/mds625
https://doi.org/10.1093/annonc/mds625
https://doi.org/10.1073/pnas.0402993101
https://doi.org/10.1073/pnas.0402993101
https://doi.org/10.1073/pnas.0608113103

	 CTC Technologies and Tools
	Literature Cited




