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Challenges in the Enumeration and Phenotyping of CTC

Frank A.W. Coumans’, Sjoerd T. Ligthart', Jonathan W. Uhr?, and Leon W.M.M. Terstappen’

Abstract

Purpose: Presence of circulating tumor cells (CTC) in metastatic carcinoma is associated with poor
survival. Phenotyping and genotyping of CTC may permit "real-time" treatment decisions, provided CTCs
are available for examination. Here, we investigate what is needed to detect CTC in all patients.

Experimental Design: CTCs enumerated in 7.5 mL of blood together with survival from 836 patients
with metastatic breast, colorectal, and prostate cancer were used to predict the CTC concentration in the 42%
of these patients in whom no CTCs were found and to establish the relation of concentration of CTCs with
survival. Influence of different CTC definitions were investigated by automated cell recognition and a flow
cytometric assay without an enrichment or permeabilization step.

Results: A log-logistic regression of the log of CTC yielded a good fit to the CTC frequency distribution.
Extrapolation of the blood volume to 5 L predicted that 99% of patients had at least one CTC before therapy
initiation. Survival of patients with EpCAM+, cytokeratin4, CD45— nucleated CTCs is reduced by 6.6
months for each 10-fold CTC increase. Using flow cytometry, the potential three-fold recovery improvement
is not sufficient to detect CTC in all patients in 7.5 mL of blood.

Conclusions: EpCAM+, cytokeratin+, CD45— nucleated CTCs are present in all patients with metastatic
breast, prostate, and colorectal cancer and their frequency is proportional to survival. To serve as a liquid
biopsy for the majority of patients, a substantial improvement of CTC yield is needed, which can only be
achieved by a dramatic increase in sample volume. Clin Cancer Res; 18(20); 5711-8. ©2012 AACR.

Introduction

In recent years, a variety of technologies have emerged for
the detection of circulating tumor cells (CTC; refs. 1-9). The
CTC phenotype used by these technologies varies greatly,
and as aresult, the reported CTC frequencies can vary up to a
few orders of magnitude in similar patient groups. At
present, CellSearch is the only validated method for enu-
meration of CTCs in which the presence of CTCs detected
has been related with poor clinical outcome in multicenter
prospective studies (10-12). Definition of a CTC in this
system was set before these studies were initiated. They were
defined as EpCAM-enriched objects from 7.5 mL of blood
that express cytokeratin (CK) 8, 18, or 19, lack CD45, are >4
um in size, and have cell-like morphology including a
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nucleus, determined by staining with 4’,6-diamidino-2-
phenylindole (DAPI). In these studies, 20% to 50% of the
processed samples were found to have 0 CTC. The prognosis
of these patients is much better than the prognosis of
patients with CTCs.

The majority of the emerging CTC technologies report
that higher frequencies of CTCs contributed to either a more
efficient capture and detection or based on other immuno-
logic or physical properties (2-9). Retrospective analysis of
recorded fluorescence images captured with the CellSearch
system using a variety of different phenotypic and morpho-
logic criteria showed that different definitions of CTCs
resulted in a wide range of "CTC" frequencies with varying
degrees of clinical significance (13). These observations
explained some of the discrepancies between technologies.
An important question with regard to the 20% to 50% of
patients who did not have CTCs in 7.5 mL of blood is
whether they had no EpCAM+CK+CD45—-DNA+ CTCs or
they had such CTCs but they were not detected. Absence of
EpCAM+CK+CD45—DNA+ CTICs in patients with carci-
noma could be explained by either lack of expression by the
primary tumor or loss of the antigens during the epithelial-
mesenchymal transition (14-19). In this study, we could
only test 2 alternative hypotheses, namely, either insuffi-
cient sample volume or insufficient assay sensitivity that
caused patients with CTCs to have no CTC in the CellSearch
test. The sample volume is addressed by means of a distri-
bution function fit to the CTC frequency distribution of
patients in whom CTCs were detected. This fit can be used to
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Translational Relevance

Circulating tumor cells (CTC) may reflect the current
state of a patients’ tumor and have the potential to serve
as a liquid biopsy to guide treatment decisions and
provide insights into pathways involved in tumor pro-
gression and those underlying development of clinical
cancer dormancy. Basic requirements to use CTC as a
real-time liquid biopsy are their presence in the tested
sample volume and that they can be isolated in sufficient
condition to detect the presence of treatment targets. In
this study, we show a 6.6-month decrease in survival
chances for patients with metastatic breast, colorectal,
and prostate cancer for each 10-fold increase in
EpCAM+, cytokeratin4+, CD45— nucleated CICs. All
these metastatic patients have CTCs with this phenotype;
however, to detect and probe these cells in all patients, a
technology leap is needed to examine 5 L of blood.

predict the frequency distribution in patients in whom no
CTCs were detected in 7.5 mL of blood. The sensitivity is
addressed by 2 means; first the definition of CTC is varied to
determine whether a different CTC definition may yield
higher number of cells while maintaining prognostic value
and second that CTCs were determined on patients’ blood
with both CellSearch and a flow assay detecting all
EpCAM+DNA+CD45— CTGCs in the blood sample, albeit
with lower specificity than CellSearch.

In the past, most CellSearch CTC studies dichotomized
patients into high and low CTC groups. To test whether the
absolute number of CTCs counted by CellSearch is useful,
the continuous survival function as a function of CTC count
was determined.

Materials and Methods

Patients and clinical trials

Blood samples (7.5 mL) were collected in CellSave vacu-
tainers (Veridex) in prospective, multicenter clinical trials in
patients with breast (IMMC-01), colorectal (IMMC-06),
and prostate cancer (IMMC-38; refs. 10-12). Included were
177 patients with breast, 428 with colorectal, and 231 with
prostate cancer. All participants provided written informed
consent. Samples were taken before commencement of a
new line of therapy and at first follow-up after initiation of
therapy. The primary aim of these studies was to investigate
the association between the presence of CTCs and progres-
sion-free and overall survival. The primary study endpoint
was death of any cause. As control samples for CTC enu-
meration by the automated classifier-stored images from
CellSearch, data from healthy volunteers from the IMMC-
06 and IMMC-01 studies (n = 68, n = 136, respectively)
and patients with benign neoplasm from the IMMC-01
study (n = 190) were used. For comparison between CTC
enumeration by flow cytometry and CellSearch, 186 blood
samples were collected in EDTA vacutainers (BD) from 140

patients with metastatic carcinoma from a study reported
earlier and were analyzed (20). Of the 140 patients, 65
(46%) had breast cancer, 24 (17%) lung cancer, 16 (11%)
colorectal cancer, 12 (9%) ovarian cancer, 7 (5%) prostate
cancer, and 16 (11%) had other carcinomas. Patient
inclusion for all studies, detailed inclusion criteria, study
characteristics, and patient demographics are detailed in
Supplementary Material S1.

CTC enumeration by CellSearch

The CellSearch system uses immunomagnetic enrich-
ment targeting the epithelial cell adhesion molecule
(EpCAM) and immunofluorescence labeling and detection
for enumeration of CTCs (2). Fluorescence images of the
enriched cells are recorded and a trained operator identifies
CTCs defined as EpCAM-enriched cells larger than 4 pum,
meeting morphologic criteria of cells, expressing CK 8, 18,
or 19, lacking the leukocyte-specific antigen CD45 and
staining with the nucleic acid DAPI from thumbnail images
generated by a computer algorithm containing objects
staining with both DAPI and CK (2). The trained operator
is blinded to patient information at the time of review.

Automated CTC classifier

An automated classifier of CTC was used to identify CTCs
with different characteristics in the archived images from
the multicenter prospective studies. This classifier compares
each found object to a predefined CTC phenotype to deter-
mine whether this object is a CTC or not. The phenotype is
constructed of 4 parameters; size and signal in CK, CD45,
and DNA channels; and the CTC definition was optimized
using patient overall survival (21). To test the impact of
other phenotypes on both prognostic value and the fre-
quency of found objects, we retrained the classifier using
different EpCAM+ phenotypes; DNA+, CK+, DNA+CK+,
DNA+CK+CD45—, CK+CD45— CK+CD45+, DNA+
CD45—. Size was included in each classifier to allow filter-
ing of excessively large or small objects. The dataset for
training included the baseline samples of the entire popu-
lation of eligible patients from breast, prostate, and colo-
rectal studies, whose archive images could be read, in the
breast (n = 163), colorectal (n =72), and prostate (n = 185)
studies. Controls were healthy volunteers from the colorec-
tal and breast studies (n = 68 and n = 136) and patients with
benign neoplasm from the breast study (n = 190).

CTC enumeration by flow cytometry

The frequency of CTCs was determined using flow cyto-
metry and compared with CellSearch CTC enumeration
using blood from 186 patients with metastatic cancer. We
wanted to have approximately 50 samples with at least 1
CTC/90 uL of blood. To achieve this, we needed to run 200
comparisons assuming (i) 25% of patients have 11 or more
CTC/mL blood, (ii) the flow assay has at least comparable
recovery to CellSearch, and (iii) 10% of samples fail. An
aliquot of 100 uL of blood was stained with 10 uL each of
EpCAM-PE (Veridex LLC), CD45-PerCP (BD Biosciences),
and the nucleic acid dye used in procount (BD Biosciences).
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After 15 minutes of incubation, 0.5 mL of FACSlyse (BD
Biosciences) was added. The samples were analyzed on a
FACSCalibur flow cytometer (BD Biosciences), and CTCs
were defined as EpCAM+DNA+CD45— as described else-
where (20).

Statistical analysis

All statistical analysis was conducted in MATLAB 2010b
with statistics toolbox (Mathworks). The CTC data from
patients in the breast, prostate, and colorectal studies at
baseline and first follow-up were used to generate empirical
cumulative distribution functions (CDF). The percentage of
patients with >0 CTC was highest with prostate cancer;
therefore, various functions were fit to the prostate cancer
CDF via maximum likelihood estimation to the empirical
curve, including the logistic function, Weibull CDF, normal
CDF, and exponential CDF. As input variables, all measure-
ments with CTC > 0 and the log thereof were tested. The best
fitting distribution was fit to the empirical CDF of each study
for the baseline (before commencement of chemotherapy)
and first follow-up samples (2-8 weeks after baseline). Each
fit was extrapolated to a blood volume of 5 L. The 95%
confidence interval (CI) of each fit was determined from the
covariance matrix.

All studies were designed to follow patients for up to 36
months; survivals recorded beyond 36 months were cen-
sored at 36 months. Cox regression analysis was conducted
to determine the impact of different automatically counted
phenotypes on survival. Patients were dichotomized on the
median number of found objects. To show the relationship

between survival time and CTCs, we produced smoothed
Kaplan-Meier estimates of the median survival conditional
(22, 23), both by study and with all studies grouped
together. A 95% CI for the all study relationship was
determined by bootstrap aggregation of the dataset 400
times.

Results

99% of patients are predicted to have atleast one CTC in
circulation

The empirical CDF using data from a previously reported
metastatic castration-resistant prostate cancer study (10)
was used to test the fit of various distribution functions;
the CDF and the tested fits are shown Fig. 1. The best
function was selected on the basis of log likelihood ratio
(LLR). Only distributions fit to the log of CTC had a good fit,
with the log-logistic fitting (LLR = 1.002) slightly better
than the log Weibull and log normal distribution (LLR =
1.004 for both). The regular logistic function (LLR = 1.078)
and the exponential function (LLR = 2.080) fit poorly. The
log-logistic function was fit to all studies for samples before
initiation of therapy (baseline) and after initiation of ther-
apy (first follow-up) and extrapolated to 5 L in Fig. 2.
Included were patients with metastatic cancer originating
from the breast (177), prostate (231), and colon or rectum
(428). ClIs for the follow-up samples for breast and espe-
cially colorectal cancer are large due to the large fraction of
samples with 0 CTC. At baseline, 99% of patients in each
study are predicted to have at least 1 CTC in 5 L of blood
(breast 98.7%, colorectal 99.1%, prostate 99.5%) whereas
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Figure 1. Fitstothe empirical CDF of the prostate study baseline samples (n =231). Fits were conducted using all non-zero CTC counts. Log-logistic regression
on the log of CTC yields the closest fit (LLR = 1.002). A log-normal distribution and Weibull distribution on the log of CTCs also yields an acceptable fit (LLR =
1.004 for both). Log-binominal regression on the number of CTCs and a fit of an exponential distribution both are poor fits (LLR = 1.076 and 2.079,
respectively). A, the CDF functions. B, the probability—probability plot where a line with slope of 1 is a perfect fit.
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Figure 2. Extrapolation of log-logistic fit curves for all studies at baseline and first follow-up. Stair plots show the empirical CDF, the continuous line the fit, and
the dashed lines outline the 95% Cl for patients with breast (n = 177), prostate (n = 231), and colorectal (n = 428). Extrapolation predicts that >99% of patients
in these studies had CTCs at baseline (A) and >95% of patients still had CTC at first follow-up (B). The 95% Cls are much wider for follow-up because a smaller

part of the empirical CDF is available for fitting.

after 1 month of chemotherapy, 96% to 99% of patients still
have 1 CTCin 5 L of blood (breast 95.8%, colorectal 99.0%,
prostate 98.7%).

Survival chance decreases with increasing CTCs in
metastatic cancer patients

Survival versus CTC number was plotted in a scatter plot
in Fig. 3 and a smoothed median survival function was
estimated for each study. For this estimate, patients with 0
CTC were included as a single group, with the number of
CTCs equal to the median as predicted from the log-logistic
fit. For visualization purposes, the survival data of patients
with 0 CTC were randomly spread out between 10~ >and 0.9
CTC/7.5 mL with a distribution as estimated by the log-
logistic fit. Survival monotonically declines with increasing
CTC number for each study, with the exception of patients
with breast cancer with 0 CTC, who had median survival at 1
month less than the 22.4 months of patients with 1 CTC.
The slope of the curve for patients with prostate cancer is
much steeper than the other slopes. The survival graph for
all patients shows that survival chances are reduced by 6.6
months by each 10-fold increase in CTC in a 7.5-mL blood
volume. The 95% CI by bootstrapping was 4.2 to 8.2
months for an increase from 100 to 1,000 CTCs and 4.5
to 8.1 months for an increase from 10 to 100 CICs. The
shape of the survival curves suggests that this can be extrap-
olated to the higher blood volumes with less CTC.

Increased concentration of CTC can be detected at the
cost of clinical significance

Alternative definitions of EpCAM+ objects enriched with
the CellSearch method were tested using an automated

classifier (21) on all available archived images from the 3
studies (420 patients, 204 healthy controls, 190 patients
with benign disease). The frequency of the alternative CTC
definitions and the influence of HR are shown in Table 1.
Manual review of the images using the CellSearch definition
resulted in an HR of 2.5 at baseline and 3.4 at follow-up. For
the automated classifier, the EpCAM+, DNA+, CK+,
CD45— and EpCAM+, DNA+, CK+ phenotypes had the
highest HR of 2.7 at baseline and 3.2 at follow-up. However,
these definitions also had the lowest frequency. Whereas,
EpCAM+ DNA+ cells were approximately 500 times more
frequent than EpCAM+ DNA+ CK+ CD45— cells, the HR
was only 1.5 atbaseline and 1.3 at follow-up. Loosening the
criteria that define that a CTC increases the frequency of
counted objects not only in patients but also in controls and
thereby reduces the HR.

A 3.3-fold loss of EpCAM+ CTCs can be contributed to
the enrichment and staining procedure

To evaluate the potential loss of CTCs through the
immunomagnetic enrichment and staining procedure, a
comparison was made between CTC detected with the
CellSearch system and flow cytometry. For flow cytometric
analysis, 100 uL of blood was stained with EpCAM-PE,
CD45-PerCP, and a nucleic acid dye (20). Cytokeratin was
not stained to avoid potential tumor cell loss due to per-
meabilization. CTCs were detected in blood samples from
186 patients with metastatic carcinoma using both meth-
ods. To correct for the different blood volumes, the Cell-
Search results were divided by 75. 105 (55%) samples were
negative by both methods. Figure 4 shows the comparison.
Both methods correlated with an R? of 0.6, and from the
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Figure 3. Scatter plot of survival versus number of CTC for breast,
colorectal, and prostate cancer. Time from baseline to death is indicated
by closed symbols, time from baseline to censoring is indicated with open
symbols. Survivals exceeding 36 months are truncated at 36 months.
Curves show the estimated relationship between median survival time
and CTC count for breast (n = 177), prostate (n = 231), colorectal (n =
428), and all patients (n = 836). Samples with 0 CTC per 7.5 mL blood
were randomly redistributed to a CTC density between 0.001 and 0.9
CTC/7.5 mL of blood with a distribution as predicted by the CDF fits.
Median survival monotonically decreases with increasing CTC count for
all studies, except the change from 0 to 1 CTC for patients with breast
cancer, where an increase in survival of 1 month was observed. The 95%
Clis shown in dashed lines for the overall curve. A decrease of 6.6 months
in survival for each 10-fold increase in CTC is indicated.

slope, a higheryield of CTC by the flow cytometric approach
can be estimated. The slope is highly dependent on the
highest CTC data points, removal of the highest 0 to 3 values
results in slopes of 6.5 (0 points removed), 1.0, 2.5, and 3.1
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Figure 4. Detection of CTC by flow cytometry (FC) versus CellSearch (CS)
per 100 uL of blood in patients with metastatic carcinoma (n = 186).
CellSearch was conducted on 7.5 mL of blood and then divided by 75 to
obtain results per 100 pL. The slope between FC and CS is 3.3 indicating
that flow cytometry finds more CTCs. The number of samples in which >1
CTCs are detected in 100 uL of blood is shown in the bottom right.
Samples (55%) were negative by both methods, 37% positive by flow
only, and 8% positive by both flow and CellSearch.

(3 points removed); respectively. The mean of these 4 slopes

is 3.3, which represents the potential gain in recovery of

EpCAM+ DNA+ CD45— cells.

Discussion

Tumor cells circulating in blood of patients with cancer
hold the potential to serve as a liquid biopsy and, thereby, to
be used to tailor treatment for the individual patient and to
gain insights into the cellular pathways underlying tumor

Baseline (n = 420)

Table 1. Impact on survival and CTC frequency using different CTC definitions in metastatic cancers and
CTC frequency in healthy donors and patients with benign disease

Follow-up (n = 364)

Healthy (n = 204) Benign (n = 190)

EpCAM DNA CK CD45 Size HR Median Min Max

HR Median Min Max

Median Min Max Median Min Max

mCTC

—+ + + - >4um 2.5 4 0 23,618 3.4 4 0 9,864 0 0 1 0 O 12
aCTC

+ + + - >4um 2.7 4 0 5,897 3.2 1 0 7911 0 0 12 0 O 15
+ + + >4um 2.7 3 0 5,591 2.8 1 0 6,450 O 0 13 0 O 12
+ + >4 um 2.4 48 0 18,622 2.4 23 0 15,904 11 0 209 15 1 155
+ + - >4 um 2.3 23 0 16,236 2.7 8 0 8,628 1 0 61 1 0 70
+ + >4 um 1.5 980 0 82397 1.3 1,263 0 80.810 868 2 70,971 1,094 2 27,302
+ + + <4um 2.4 49 0 6,679 2.3 25 0 5,759 15 1 280 16 2 140
+ + - <4um 22 52 0 13,157 2.9 29 0 9,024 9 0 2,079 5 0 124

samples. DNA, Hoechst staining.

NOTE: All HRs had P < 0.0001 except for EpCAM+ DNA+ CTCs with a P = 0.02 for baseline samples and P = 0.03 for follow-up

Abbreviations: aCTC, automated CTC count with different definitions; mCTC, manual CTC count using the CellSearch CTC definition.
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progression (24) or development of clinical cancer dor-
mancy (25). Requirements for fulfilling this potential
include the presence of CTC in the sample volume, their
isolation and the maintenance of their molecules pertinent
to diagnoses and treatment. In studies using CellSearch, the
only clinically validated system for CTC detection, 20% to
50% of blood samples of patients with metastatic cancer
were found to have 0 CTC in 7.5 mL of blood and, when
CTCs were detected, only a portion of these cells allowed
assessment of treatment targets (10-12, 26, 27). The study
of RNA, DNA, and protein composition of CTCs, detected
by other methods (28-32), also suffers from low numbers
of CTCs per sample. The number of CTCs recovered per
patient must be increased to yield clinically useful infor-
mation in all patients. In the present study, we investigated
possible approaches to achieve this increase: (i) an increase
of sample volume, (ii) increased recovery of CICs by
improved enrichment of cells expressing EpCAM, or (iii)
increased recovery by applying a different morphologic
definition of a CTC.

The frequency of CTCs detected in past studies was used
to predict the CTC concentration in all 5 L of blood of these
patients. We initially hypothesized that the driving mech-
anism behind the number of CTCs found in patients was
self-seeding exponential growth with a frequency-indepen-
dent growth rate and had thus expected a log normal
distribution for an optimal fit of the frequency distribu-
tion of the CTCs (33). Instead the log-logistic function
turned out to better fit the CTC distribution, possibly
because the tumor growth rate slows as the tumor
increases in size (34-37). Application of this function to
the data predicts that before initiation of a new line of
therapy, 98.7% to 99.5% of the patients have more than 1
CICin all 5 L of blood, which decreases to 95.8% to 99%
after these patients receive 1 to 2 months of cytotoxic
chemotherapy (Fig. 2). The low percentage of patients in
which CTCs disappear after treatment is consistent with
the low success rate of treatment in metastatic cancer. The
extrapolation down to 5 L hinges on the assumption that
the distribution of CTCs across patients can be described
with a single function. Nevertheless, the close agreement
between fit and data shows that an increase in sample
volume achieved by drawing more tubes of blood will
marginally affect the number of patients in whom CTCs
are found.

Our results suggest that almost all metastatic patients
have EpCAM+ CK+ CD45—DNA+ tumor cells circulating
in their blood at all times. However, a subset of patients lack
the EpCAM and CK antigens in their tumor tissue (38, 39).
For example, in breast cancer, the reported percentage of
patients whose tumor tissue does not express EpCAM anti-
gens ranges from 3% to 10% (20, 40, 41). Possible explana-
tions for this contradiction are that the EpCAM and/or CK
expression is below the detection threshold for immuno-
histochemistry but not for immunofluorescence or that the
EpCAM— tumor cells in the primary tumor or the metastatic
sites represent too small a fraction to be detected during
routine immunophenotyping of the tissues.

The smoothed survival curves shown in Fig. 3 suggest that
survival decreases by 6.6 months for each 10-fold increase in
CTCs. These EpCAM+ CK+ cells may represent a more
aggressive phenotype and, thereby, resemble the concept of
tumor stem cells (18, 42, 43). Support for the aggressive
phenotype hypothesis is obtained by the monotonic and
steep reduction of survival as the number of CTC increases
as depicted in Fig. 3. Alternative explanations for the strong
correlation between survival and CTC concentration could
be that only a small fraction of the EpCAM+ CK+ CTCs are
metastasis initiator cells or that these CTCs are directly
correlated to these metastasis initiator cells. Xenotransplan-
tation experiments in immunodeficient mice are needed to
clarify this point.

To test whether the number of patients in which CTCs
could be detected by increased sensitivity, we first evaluated
whether different definitions of CTCs can be used to
increase the sensitivity of the assay without loss of speci-
ficity. To this end, an automated classifier was applied on
the stored image sets of the prospective multicenter clinical
studies. An increase in the number of CTCs can be obtained
by using less strict criteria to define a CTC but this gain
reduced the impact on clinical outcome as signified by the
HR in all our attempts (Table 1). This also implies that
clinical trials are needed to determine whether the (often
higher) CTC number as determined using other CTC enu-
meration assays is equally or more prognostic for survival
than the cells assigned as CTC by the CellSearch method.
Next, we evaluated whether significant losses of CTCs could
have occurred because of either ineffective immunomag-
netic enrichment or loss from the staining procedure using
permeabilization to enable intracytoplasmatic staining of
the cytokeratins. To answer this question, a flow cytometric
assay was used to detect cells expressing EpCAM and lacking
CD45 in 100 puL of blood. Because this assay does not
permeabilize the cells and a flow cytometer is an extremely
sensitive tool to detect cell surface and intracellular anti-
gens, we assume the loss of CTC in this assay to be negli-
gible. Flow cytometry could detect a larger number of CTCs
as compared with CTC detection by CellSearch in the same
blood volume. The highest estimate of this increase was 6.5-
fold but removal of the highest 1 to 3 measurement values
from the fit shows that the true potential improvement is
probably closer to 3.3-fold. Furthermore, addition of the
cytokeratin requirement in the CTC definition as well as the
morphologic criteria to the definition will surely reduce this
increase in sensitivity. Still even ifa 3.3-fold increase in yield
of CTCs could be achieved, the CDF fits show that the effect
of this increase is limited as the percentage of samples with
>1 CTC will only increase from 61% to 68%. Additional
increases in yield may be achieved by including alternative
phenotypes for detection (18, 44-47); however, proof will
be needed that these CTCs with a different phenotype are
also associated with a bad prognosis and can be used to
assess treatment targets.

A solution to the issue would be to significantly increase
the sample volume. However, the blood volume taken from
the patient cannot be sufficiently increased. This apparent
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conflict could be solved by in vivo detection methods, in
which feasibility has been shown (48-51). An alternative
approach is to conduct leukapheresis for CTC isolation
(52). Although this procedure is more cumbersome com-
pared with a simple blood draw, it is more attractive than
taking biopsies from the metastatic sites. The use of a
microfluidic device for CTC detection would require a
pre-enrichment step to reduce the sample volume.

The key conclusions from the present study are as follows:
(i) Statistical analysis of the CTC distribution in 7.5 mL of
blood detected by CellSearch in patients with metastatic
cancer suggests that virtually all patients including those
who do not have detectable CTCs by CellSearch have at least
1 CTCin 5 L of blood. (ii) A potential 3-fold improvement
in the yield of EpCAM+ CTCs will not be sufficient to detect
CTGCs in all patients. Therefore, much larger volumes of
blood are needed to obtain intact, nucleated, EpCAM+,
CK+, CD45— CTGCs. (iii) Although more "CTC" can be
detected by loosening the criteria to define CTC, their
association with survival decreases. (iv) For every 10-fold
increase in the number of intact, nucleated, EpCAM+, CK+,
CD45— CTGCs, survival decreases by 6.6 months, supporting
the notion that this phenotype of tumor cells may be
responsible for metastasis and ultimately death of patients.

References

1. RacilaE, Euhus D, Weiss AJ, Rao C, McConnell J, Terstappen LW, et al.
Detection and characterization of carcinoma cells in the blood. Proc
Natl Acad Sci U S A 1998;95:4589-94.

2. Allard WJ, Matera J, Miller MC, Repollet M, Connelly MC, Rao C, et al.
Tumor cells circulate in the peripheral blood of all major carcinomas but
not in healthy subjects or patients with nonmalignant diseases. Clin
Cancer Res 2004;10:6897-904.

3. Nagrath S, Sequist LV, Maheswaran S, Bell DW, Irimia D, Ulkus L, et al.
Isolation of rare circulating tumour cells in cancer patients by microchip
technology. Nature 2007;450:1235-9.

4. Stott SL, Hsu CH, Tsukrov DI, Yu M, Miyamoto DT, Waltman BA, et al.
Isolation of circulating tumor cells using a microvortex-generating
herringbone-chip. Proc Natl Acad Sci U S A 2010;107:18392-7.

5. Dharmasiri U, Njoroge SK, Witek MA, Adebiyi MG, Kamande JW,
Hupert ML, et al. High-throughput selection, enumeration, electroki-
netic manipulation, and molecular profiling of low-abundance circu-
lating tumor cells using a microfluidic system. Anal Chem 2011;83:
2301-9.

6. Tan SJ, LakshmiRL, Chen P, Lim WT, Yobas L, Lim CT. Versatile label
free biochip for the detection of circulating tumor cells from peripheral
blood in cancer patients. Biosens Bioelectron 2010;26:1701-5.

7. Hsieh HB, Marrinucci D, Bethel K, Curry DN, Humphrey M, Krivacic RT,
et al. High speed detection of circulating tumor cells. Biosens Bioe-
lectron 2006;21:1893-9.

8. Zheng S, Lin H, Liu J-Q, Balic M, Datar R, Cote RJ, et al. Membrane
microfilter device for selective capture, electrolysis and genomic
analysis of human circulating tumor cells. J Chromatogr A 2007;1162:
154-61.

9. Gleghorn JP, Pratt ED, Denning D, Liu H, Bander NH, Tagawa ST, et al.
Capture of circulating tumor cells from whole blood of prostate cancer
patients using geometrically enhanced differential immunocapture
(GEDI) and a prostate-specific antibody. Lab Chip 2010;10:27-9.

10. de Bono JS, Scher HI, Montgomery RB, Parker C, Miller MC, Tissing H,
et al. Circulating tumor cells predict survival benefit from treatment in
metastatic castration-resistant prostate cancer. Clin Cancer Res
2008;14:6302-9.

11. Cohen SJ, Punt CJA, lannotti N, Saidman BH, Sabbath KD, Gabrail NY,
et al. Relationship of circulating tumor cells to tumor response, pro-

However, further studies of additional phenotypes are
needed.

Disclosure of Potential Conflicts of Interest

F.AW. Coumans, S.T. Ligthart, and L.W.M.M. Terstappen have received a
commercial research grant from Veridex LLC. J.W. Uhr has Ownership
Interest (including patents) as a patent used by J. & J. LW.M.M. Terstappen
is a Consultant/Advisory Board member of Veridex LLC.

Authors' Contributions

Conception and design: FAW. Coumans, LW.M.M. Terstappen
Development of methodology: F.AW. Coumans

Analysis and interpretation of data (e.g., statistical analysis, biosta-
tistics, computational analysis): F.A'W. Coumans, S.T. Ligthart, J.W. Uhr
Writing, review, and/or revision of the manuscript: F.AW. Coumans,
S.T. Ligthart, J.W. Uhr, LW.M.M. Terstappen

Administrative, technical, or material support (i.e., reporting or orga-
nizing data, constructing databases): S.T. Ligthart

Study supervision: L.W.M.M. Terstappen

Grant Support

This work was funded by a research grant from Veridex LLC.

The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
advertisement in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.

Received May 17, 2012; revised July 24, 2012; accepted August 6, 2012;
published OnlineFirst September 25, 2012.

gression-free survival, and overall survival in patients with metastatic
colorectal cancer. J Clin Oncol 2008;26:3213-21.

12. CristofanilliM, Budd GT, Ellis MJ, Stopeck A, Matera J, Miller MC, et al.
Circulating tumor cells, disease progression, and survival in metastatic
breast cancer. N Engl J Med 2004;351:781-91.

13. Coumans FAW, Doggen CJM, Attard G, de Bono JS, Terstappen
LWMM. All circulating EpCAM+CK+CD45- objects predict overall
survival in castration-resistant prostate cancer. Ann Oncol 2010;21:
1851-7.

14. Thiery JP. Epithelial-mesenchymal transitions in tumour progression.
Nat Rev Cancer 2002;2:442-54.

15. Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal transi-
tion. J Clin Invest 2009;119:1420-8.

16. Aktas B, Tewes M, Fehm T, Hauch S, Kimmig R, Kasimir-Bauer S. Stem
cell and epithelial-mesenchymal transition markers are frequently
overexpressed in circulating tumor cells of metastatic breast cancer
patients. Breast Cancer Res 2009;11:R46.

17. Bonnomet A, Brysse A, Tachsidis A, Waltham M, Thompson E, Polette
M, et al. Epithelial-to-mesenchymal transitions and circulating tumor
cells. J Mammary Gland Biol Neoplasia 2010;15:261-73.

18. Raimondi C, Gradilone A, Naso G, Vincenzi B, Petracca A, Nicolazzo C,
et al. Epithelial-mesenchymal transition and stemness features in
circulating tumor cells from breast cancer patients. Breast Cancer
Res Treat 2011;130:449-55.

19. Kallergi G, Papadaki MA, Politaki E, Mavroudis D, Georgoulias V,
Agelaki S. Epithelial to mesenchymal transition markers expressed in
circulating tumour cells of early and metastatic breast cancer patients.
Breast Cancer Res 2011;13:R59.

20. Rao CG, Chianese D, Doyle GV, Miller MC, Russell T, Sanders RA Jr,
et al. Expression of epithelial cell adhesion molecule in carcinoma cells
present in blood and primary and metastatic tumors. Int J Oncol
2005;27:49-57.

21. Ligthart ST, Coumans FAW, Attard G, Mulick Cassidy A, de Bono JS,
Terstappen LWMM. Unbiased and automated identification of a cir-
culating tumour cell definition that associates with overall survival.
PLoS One 2011;6:e27419.

22. Scher Hl, Jia XY, de Bono JS, Fleisher M, Pienta KJ, Raghavan D, et al.
Circulating tumour cells as prognostic markers in progressive,

www.aacrjournals.org

Downloaded from clincancerres.aacrjournals.org on August 30, 2014. © 2012 American Association for Cancer Research.

Clin Cancer Res; 18(20) October 15, 2012

5717


http://clincancerres.aacrjournals.org/

5718

Published OnlineFirst September 25, 2012; DOI: 10.1158/1078-0432.CCR-12-1585

Coumans et al.

23.

24,

25.

26.

27.

28.

29,

30.

31.

32.

33.

36.

37.

38.

castration-resistant prostate cancer: areanalysis of IMMC38 trial data.
Lancet Oncol 2009;10:233-9.

Gentleman R, Crowley J. Graphical methods for censored-data. J Am
Stat Assoc 1991;86:678-83.

Vogelstein B, Kinzler KW. Cancer genes and the pathways they
control. Nat Med 2004;10:789-99.

Uhr JW, Pantel K. Controversies in clinical cancer dormancy. Proc Natl
Acad Sci 2011;108:12396.

Swennenhuis JF, Tibbe AGJ, Levink R, Sipkema RCJ, Terstappen
LWMM. Characterization of circulating tumor cells by fluorescence in
situ hybridization. Cytometry Part A 2009;75A:520-7.

Attard G, Swennenhuis JF, Olmos D, Reid AHM, Vickers E, A'Hern R,
et al. Characterization of ERG, AR and PTEN gene status in circulating
tumor cells from patients with castration-resistant prostate cancer.
Cancer Res 2009;69:2912-8.

Riethdorf S, MullerV, Zhang L, Rau T, Loibl S, Komor M, et al. Detection
and HER2 expression of circulating tumor cells: prospective monitor-
ing in breast cancer patients treated in the neoadjuvant GeparQuattro
trial. Clin Cancer Res 2010;16:2634-45.

StottSL, Lee RJ, Nagrath S, Yu M, Miyamoto DT, Ulkus L, et al. Isolation
and characterization of circulating tumor cells from patients with
localized and metastatic prostate cancer. Sci Trans| Med 2010;2:25ra3.
Klein CA, Seidl S, Petat-Dutter K, Offner S, Geigl JB, Schmidt-Kittler O,
et al. Combined transcriptome and genome analysis of single micro-
metastatic cells. Nat Biotechnol 2002;20:387-92.

Hou Y, Song L, Zhu P, Zhang B, Tao Y, Xu X, et al. Single-cell exome
sequencing and monoclonal evolution of a JAK2-negative myelopro-
liferative neoplasm. Cell 2012;148:873-85.

Shaw JA, Page K, Blighe K, Hava N, Guttery D, Ward B, et al. Genomic
analysis of circulating cell-free DNA infers breast cancer dormancy.
Genome Res 2012;22:220-31.

Koch AL. The logarithm in biology. 1. Mechanisms generating the log-
normal distribution exactly. J Theor Biol 1966;12:276-90.

. Spratt JA, von Fournier D, Spratt JS, Weber EE. Decelerating growth

and human breast cancer. Cancer 1993;71:2013-9.

. von Fournier D, Weber E, Hoeffken W, Bauer M, Kubli F, Barth V.

Growth rate of 147 mammary carcinomas. Cancer 1980;45:2198-207.
Millet I, Bouic-Pages E, Hoa D, Azria D, Taourel P. Growth of breast
cancer recurrences assessed by consecutive MRI. BMC Cancer
2011;11:155.

Shaeffer J, EI-Mahdi AM, Constable WC. Radiation control of micro-
scopic pulmonary metastases in C3H mice. Cancer 1973;32:346-51.
Joosse SA, Hannemann J, Spotter J, Bauche A, Andreas A, Muller V,
et al. Changes in keratin expression during metastatic progression of
breast cancer: impact on the detection of circulating tumor cells. Clin
Cancer Res 2012;18:993-1003.

39.

40.

41,

42,

47.

49.

50.

51.

52,

Sieuwerts AM, Kraan J, Bolt J, van der Spoel P, Elstrodt F, Schutte M,
et al. Anti-epithelial cell adhesion molecule antibodies and the detec-
tion of circulating normal-like breast tumor cells. J Natl Cancer Inst
2009;101:61-6.

Spizzo G, Fong D, Wurm M, Ensinger C, Obrist P, Hofer C, et al. EpCAM
expression in primary tumour tissues and metastases: an immuno-
histochemical analysis. J Clin Pathol 2011;64:415-20.

Smid M, Wang YX, Zhang Y, Sieuwerts AM, Yu J, Klijn JGM, et al.
Subtypes of breast cancer show preferential site of relapse. Cancer
Res 2008;68:3108-14.

Wicha MS, Liu S, Dontu G. Cancer stem cells: an old idea—a paradigm
shift. Cancer Res 2006;66:1883-90; discussion 1895-6.

. Gupta PB, Chaffer CL, Weinberg RA. Cancer stem cells: mirage or

reality? Nat Med 2009;15:1010-2.

. Mostert B, Kraan J, Bolt-de Vries J, van der Spoel P, Sieuwerts AM,

Schutte M, et al. Detection of circulating tumor cells in breast cancer
may improve through enrichment with anti-CD146. Breast Cancer Res
Treat 2011;127:33-41.

. Jacobs PP, Sackstein R. CD44 and HCELL: preventing hematogenous

metastasis at step 1. FEBS Lett 2011;585:3148-58.

. Theodoropoulos PA, Polioudaki H, Agelaki S, Kallergi G, Saridaki Z,

Mavroudis D, et al. Circulating tumor cells with a putative stem cell
phenotype in peripheral blood of patients with breast cancer. Cancer
Lett 2010;288:99-106.

Armstrong AJ, Marengo MS, Oltean S, Kemeny G, Bitting RL, Turnbull
JD, et al. Circulating tumor cells from patients with advanced prostate
and breast cancer display both epithelial and mesenchymal markers.
Mol Cancer Res 2011;9:997-1007.

. Galanzha El, Shashkov EV, Kelly T, Kim J-W, Yang L, Zharov VP. In vivo

magnetic enrichment and multiplex photoacoustic detection of circu-
lating tumour cells. Nat Nanotechnol 2009;4:855-60.

Chang YC, Ye JY, Thomas TP, Cao Z, Kotlyar A, Tkaczyk ER, et al.
Fiber-optic multiphoton flow cytometry in whole blood and in vivo.
J Biomed Opt 2010;15:047004.

Smirnov P, Poirier-Quinot M, Wilhelm C, Lavergne E, Ginefri JC,
Combadiere B, et al. In vivo single cell detection of tumor-infiltrating
lymphocytes with a clinical 1.5 Tesla MRI system. Magn Reson Med
2008;60:1292-7.

Murawa D, Herold S, Kim PS, Schmitz A, Krahn T, Murawa P, et al. A
new medical device for in-vivo capturing of circulating tumor cells in
breast cancer (BC) patients. J Clin Oncol 30, 2012 (suppl; abstr
10537).

Eifler RL, Lind J, Falkenhagen D, Weber V, Fischer MB, Zeillinger R.
Enrichment of circulating tumor cells from a large blood volume using
leukapheresis and elutriation: proof of concept. Cytometry B Clin
Cytom 2011;80:100-11.

Clin Cancer Res; 18(20) October 15, 2012

Clinical Cancer Research

Downloaded from clincancerres.aacrjournals.org on August 30, 2014. © 2012 American Association for Cancer Research.


http://clincancerres.aacrjournals.org/

