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Abstract
Properly conducted, an enrichment step can improve selectivity, sensitivity, yield, and most
importantly, significantly reduce the time needed to isolate rare circulating tumor cells (CTCs).
The enrichment process can be broadly categorized as positive selection versus negative depletion,
or in some cases, a combination of both. We have developed a negative depletion CTC enrichment
strategy that relies on the removal of normal cells using immunomagnetic separation in the blood
of cancer patients. This method is based on the combination of magnetic and fluid forces in an
axial, laminar flow in long cylinders placed in quadrupole magnets. Using this technology, we
have successfully isolated CTCs from patients with breast carcinoma and squamous cell
carcinoma of the head and neck. In contrast to a positive selection methodology, this approach
provides an unbiased characterization of these cells, including markers associated with epithelial
mesenchymal transition.

1 CTC Identification Relies on its Separation Strategy
With confirmation of cancer cells in the circulation over 50 years ago [1], one of the
challenges has been developing technology with sufficient sensitivity and specificity to
reliably examine the role of circulating tumor cells (CTCs) in cancer biology [2–5]. The
prognostic and predictive relevance of CTCs as a validated biomarker has now been
established by numerous studies in our institutions and by others [6–8]. Over the past several
years cell separation technology has advanced substantially, and continues to evolve with
research approaches which are of even greater sensitivity and suitable for rare CTC
detection [9].

A milliliter of human blood contains an average of five billion RBCs, seven million WBCs,
and 295 million platelets, and it is certainly a challenge to identify CTCs [10]. Given the
generally accepted rarity of a CTC, (on the order of one cell per 1×106 nucleated cells) in
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the blood of patients with cancer, a general review of the literature will reveal a variety of
techniques and procedures that either enrich and/or isolate, or merely detect and quantify
CTCs. Older methods involving immunohistochemistry (IHC) with minimal pre-enrichment
relied on direct human observation under the microscope of multiple slides [11]. This
method was labor-intensive and time-consuming and had high false positivity. Newer
approaches include the use of technologies, such as flow cytometry, in which CTCs are
positively labeled with an antibody-fluorochrome conjugate, and molecular approaches,
such as (reverse transcriptase-polymerase chain reaction) RT-PCR. However, for all three of
these detection approaches, IHC, flow cytometry, and RT-PCR, it is highly advisable to use
an enrichment step prior to the detection analysis [12].

2 Enrichment Methodologies
Properly conducted, the enrichment step can improve selectivity, sensitivity, yield, and most
importantly, significantly reduce the time needed to perform the analysis. The enrichment
process can be broadly categorized as positive selection versus negative depletion, or in
some cases, a combination of both. An example of a positive selection system is the
commercially available CellSearch™ System (Veridex LLC). The system is based on the
enumeration of epithelial cells that are separated from blood by antibody-magnetic
nanoparticle conjugates that target epithelial cell surface markers, EpCAM, and the
subsequent identification of the CTCs with fluorescently labeled antibodies against
cytokeratin (CK 8, 18, 19) and a fluorescent nuclear stain [8]. The CellSearch definition of a
CTC is a nucleated cell lacking CD45 and expressing cytokeratins and EpCAM.

In negative depletion, what are believed to be normal hematopoeitic cells, such as CD45
positive cells, are targeted and subsequently removed, thereby enriching the blood cell
suspension for the rare tumor cells. While less common than direct positive selection, such
as with the use of the CellSearch system, a number of reports exist of the use of either red
blood cell (RBC) lysis, or gradient separation to remove RBCs, followed by CD45
expressing cell removal, prior to analysis for potential CTCs. Both Iinuma et al. (2000) and
Bilkenroth et al. (2001) used a Ficoll gradient to remove RBCs and targeted CD45
expressing cells with magnetic particles for further removal. They subsequently identified
CTCs in these enriched peripheral blood samples from colorectal and renal carcinoma
patients, respectively [13, 14]. Using a similar approach, Brakenhoff et al. (1999) and
Partridge et al. (2003) identified disseminated tumor cells from the blood of head and neck
of cancer patients [15, 16]. With respect to breast cancer, Tkaczuk et al., using an approach
similar to the previously discussed approached, reported that negative depletion enrichment
can isolate breast CTCs in all stages of breast cancer, including early stage breast cancer and
that the number of CTCs correlated with disease outcomes and overall survival [17].

3 Advantages of CTC Pre-Enrichment by Depletion of Normal Cells
(Negative Depletion)

Despite the success of the positive selection approach, there are significant limitations.
Probably the greatest limitation is for a CTC to be detected, they must express the cell
surface marker used to target the CTC. Commonly used positive selection technologies such
as the CellSearch System and the CTC Chip [18] use antibodies targeting EpCAM (a
commonly used epithelial cell surface marker). However, increasing evidence suggests that
not all tumors and not all CTCs express EpCAM. One study indicated that only 70% of 134
tumors with different histological types expressed EpCAM [19]. In another study, the
number of cytokeratin-negative cells with aneusomy outnumbered cytokeratin positive cells
[20]. In addition, cell surface epithelial markers can be lost in cell lines derived from
disseminated tumor cells. For example, all micrometastatic breast cancer cell lines derived
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from the bone marrow displayed loss of epithelial cytokeratins (CK8, CK18, and CK19) and
ectopic expression of vimentin commonly present in mesenchymal cells compared to tumor-
derived breast cell lines [21]. The cells not expressing epithelial markers would be missed
by positive selection techniques even though these cells may be the most clinically relevant
indicators of a tumor’s aggressive potential. This was experimentally shown by Sieuwerts et
al. with breast cancer cell lines; the cancer cells with “normal like” phenotypes had the
lowest recovery by CellSearch [22].

Depletion of normal cells prior to analysis (or negative depletion) has several other
advantages including potential time/cost-efficiency and improved sample yield and purity
allowing multiple biomarker analysis using immunocytochemistry [23] and RT-PCR [24].
Drawbacks to a negative selection methodology include the inability to obtain a high enough
enrichment to be able to identify the “abnormal cells” or CTCs which exist in the specimen.
Too many contaminating leukocytes may make it difficult to see the CTCs. Alternatively, a
very high enrichment might result in the unintended loss of CTC, or other abnormal cells,
with the removed normal cells. In addition, given that leukocytes are depleted using CD45
immunomagnetic separation, a CTC that expresses CD45 may be inadvertently removed
from the sample, precluding its identification.

4 Depletion of Normal Cells Prior to Flow Cytometry or Other Optical
Analyses

While a majority of the published studies on CTCs use a human observation of ICC to
identify the cells, a number of studies use advanced electronic technology including flow
cytometry and computer imaging. A purging of the sample of erythrocytes and PBMCs prior
to FACS analysis is typically necessary in order to achieve the required high level of
sensitivity as shown recently for a model of human breast carcinoma in athymic mice [25].
The mouse red blood cells were removed by lysis and the mouse PBMCs were removed by
tagging with an anti pan-leukocyte antibody (anti CD45) attached to the magnetic bead
followed by magnetic separation (EasySep kit from StemCell Technologies, Vancouver, BC,
Canada). The limit of detection was one CTC in 105 mouse PBMCs based on a realistic
metastatic tumor animal model and using a standard flow cytometer (four color XL-MCL
from Beckman Coulter).

Rapid improvement in optical detection methods has opened the possibility of using laser
scanning cytometry for CTC detection directly on blood smears on glass slides [26, 27]. A
specialized system termed fiber-optic array scanning technology (FAST) has been tested on
a model of metastatic colorectal tumor (HT29) spiked into whole blood from volunteer
donors. The RBCs were removed by lysis and the remaining PBMC fraction was deposited
on glass slides and stained for pan cytokeratin and cell nucleus markers. The combination of
FAST screening followed by re-scanning of “hits” with a more conventional automated
digital microscopy (ADM) resulted in average specificity of 1.5 × 1−5 and an average
sensitivity of 98% at a scanning speed of 100 million PBMCs per hour (equivalent to
approximately 5 mL whole blood per hour, excluding sample prep time).

Interestingly, the authors applied their technology to check for false negative results of CTC
detection by a positive immunomagnetic CTC separation method based on expression of the
epithelial cell adhesion molecular (EpCAM) marker. They reported two potential issues with
the positive CTC enrichment when compared to FAST + ADM scan: (1) the positive
immunomagnetic separation (using MACS microbeads and MiniMACS columns from
Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) leads up to 50% CTC losses in the
process and (2) furthermore, the positive immunomagnetic separation is highly sensitive to
EpCAM marker down-regulation. The EpCAM and HER2/neu marker down-regulation has
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been observed in clinical studies of metastatic cancers [27–30]. These would not be an issue
with the negative CTC enrichment, proposed in this study, because it does not rely on
expression of any particular CTC marker.

5 Magnetic Depletion Technologies
The enrichment for targeted cells by depletion of the unwanted cells is a general strategy
beyond the search for CTCs, and specialized magnetic separation instrumentation and
reagents are available commercially [31, 32]. We have recently developed a negative CTC
enrichment strategy that relies on a combination of viscous flow that facilitates recovery of
the unlabeled cells (CTC) and the magnetic force that traps the labeled cells (leukocytes)
from whole blood samples obtained from cancer patients [24, 33, 34]. The method is based
on the combination of magnetic and fluid forces in an axial, laminar flow in long cylinders
placed in quadrupole magnets [35–46]. The combination of magnetic and viscous shear
forces, using specifically designed geometries and magnetic fields, lowers the likelihood of
non-specific CTC losses, below those encountered during magnetic separation from static
suspensions [17]. The method combines advantages of using flow and the magnetic field to
achieve high throughput (mL/min) and high enrichment rates (by as much as 10,000-fold,
i.e., increasing the CTC frequency in the sample, e.g., from 1:100,000 to 1:10) [24].

6 Clinical Results With CTCs or Cancer Associated Cells Identified With
Negative Depletion
6.1 Breast Cancer

Using our enrichment system presented in Fig. 1, in an ongoing study we have identified
CTCs in all breast cancer stages and elevated CTCs pretreatment or after one cycle of
treatment. This negative depletion yielded an average log10 depletion of nucleated cells of
2.74 and an overall, average log10 depletion of 5.2 (> 100,000 enrichment). CTCs were
detected in both localized, non-metastatic, and metastatic breast cancer patients and staining
for mesenchymal and stem cell markers was successful [47, 48]. No CTCs have been
identified in healthy volunteers and in buffy coats purchased from the Red Cross.

Figure 2 is a set of photographs of microscopic images of an immunocyto-chemically
stained, peripheral blood from stage I through IV breast cancer patients. Nuclear staining
with DAPI (blue color) and cytokeratin staining with pan cytokeratin 8/18/19 (green color)
were used. Cells staining for both were counted as CTCs. The apparently normal volunteer
donor blood was used as a control and showed no visible staining (results not shown).

An argument can be made that this approach does not conclusively prove that the cells that
are positive for nuclei and cytokeratins are also negative for CD45, despite magnetic
depletion for CD45. To address this concern Fig. 3 is presented, which is a set of
representative, multiparameter flow analysis of a blood sample from a woman with
metastatic triple negative breast cancer prior to therapy. The top row is pre-enrichment and
the bottom row is post-enrichment by our magnetic CD45 + cell depletion approach. For this
specific enrichment, a 3 log10 of the nucleated cells, based on hemocytometer counting, was
obtained (i.e. a 1000-fold enrichment). The first column on the left-hand side of this figure is
the ungated dot plot of the side scatter versus forward scatter is presented. A clear decrease
in the location of a typical lymphocyte population in the dot plots is observed. The next
column on the left is the CD45 stained population. Even after CD45 depletion, a population
of CD45 is still present, even after the significant lymphocyte depletion. The next column is
further analysis of the CD45− population, gated in the second column. The CD45−
population, after the magnetic enrichment, clearly has events that are positive for cytokeratin
and mostly negative for EpCAM, although a number of EpCAM and cytokeratin positive
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events are present. Interesting, the CD45+ population, the fourth column from the left, has
highly cytokeratin positive cells, mostly negative for EpCAM, but a noticeable number
positive for both EpCAM and cytokeratin. Finally, all of these cytokerain positive cells are
positive for CD13. CD13 can be expressed on granulocytes, monocytes, endothelial, and
epithelial cells. These results, using this negative enrichment process, present a number of
potentially interesting subpopulations for further analysis, and also suggest that the absolute
number of CTCs may not be the most relevant biomarkers as the majority of these cells are
probably neither capable of establishing metastatic niches nor becoming dormant [49].
Further characterization of this subpopulations and molecular marker analysis may elucidate
pathways for the development and progression of metastatic disease which can be used to
develop novel targeted therapies.

7 Squamous Cell Carcinoma of the Head and Neck
In squamous cell carcinoma of the head and neck (SCCHN), another epithelial malignancy,
there are limited studies on CTCs in the literature to date. Partridge et al. (2003) used a
negative depletion methodology to identify disseminated tumor cells in SCCHN patients.
The detection of disseminated tumor cells pre-operatively or intra-operatively indicated an
increased risk of local/distant recurrence and decreased survival [16]. Using flow cytometry,
Hristozova et al. (2011), reported that detection of CTCs (CD45-CK + EpCAM +) in
inoperable SCCHN, correlated with a higher incidence of regional metastasis and that
concurrent chemoradiotherapy reduced their frequency [50].

Our published early prospective clinical results of 48 patients with SCCHN with a mean
follow-up of 19 months, showed a statistically significant worse disease-free survival in
patients with CTC present in the blood taken at the time of surgical resection (p = 0.01),
[51]. There was no correlation between the presence of CTC and tumor site, overall stage,
nodal status, smoking or alcohol use, or the use of adjuvant therapy. On a number of
samples, using Confocal microscopy with multimarker staining, we have found expression
of other markers on the CTC from SCCHN patients, including EGFR, CD44, and vimentin.
We have optimized our detection methodology to be able to obtain an overall average
enrichment of 5.66 log10, and as high as >7 log10 total enrichment of CTCs in the blood of
patients with SCCHN. Using our technique, we have identified 0 to over 3000 CTCs per mL
of blood collected from SCCHN patients.

8 Epiethelial Mesenchymal Transition
The ectopic expression of vimentin, with the corresponding loss of cytokeratins is a
proposed mechanism for the epithelial to mesenchymal transition (EMT). This process is
hypothesized to be a marker for aggressiveness of tumor cells to establish metastatic sites
[21]. Recent reports indicate that EMT potentially takes place during tumor cell invasion.
Such a transition is characterized by the decrease in epithelial markers and the increase in
mesenchymal markers [52–55]. Previously published studies show that more aggressive
breast cell lines and tumors, such as basaloid subtype, [56, 57] have mesenchymal markers
and increased stem cell markers [58–61]. It is possible that these cells have undergone EMT,
a highly regulated process during which tumor cells lose epithelial characteristics and gain
invasive mesenchymal and stem cell-like features [54, 62–64]. In contrast, less aggressive
breast cancer lines, such as hormone receptor positive cells, have less mesenchymal features
[65, 66]. Although conclusive evidence for EMT in vivo has not been established, there is
emerging evidence for the role of EMT in generating mammary stem cells as a model for
breast cancer invasiveness and metastases [58]. Positive selection technology, such as
CellSearch has been shown to miss up to 98% of cells with high CD44 expression, and low
EpCAM expression. Recently, CTCs with mesenchymal and stem cell markers, based on
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RT-PCR analysis of blood samples, was reported in the metastatic setting [67, 68].
However, the analysis was limited to a small set of markers by RT-PCR and not combined
with the benefits of direct visualization with ICC.

Our work has shown that both CTCs from SCCHN and breast cancer express markers
associated with EMT. Figure 4 is a representative set of confocal images from a negatively
depleted blood sample from a patient with stage IV triple negative breast cancer. Markers
shown are with DAPI/nuclei, FITC/cytokeratins, AF594/vimentin, and APC/CD44. In the
composite, the cells in red boxes are positive for all four markers, while cells encircled with
yellow boxes are negative for cytokeratins; yet positive for the other three markers. White
boxes are cells negative for cytokeratins, vimentin, CD44, and positive for DAPI/nuclei.

Additional studies are needed to better understand the role of this subpopulation of CTCs in
both women with localized, early stage, and metastatic breast cancer and to assess how these
expression markers change with treatment. Investigating the up-regulation of mesenchymal
markers in CTCs provides a valuable opportunity to understand mechanisms underlying
metastasis which may lead to future novel therapies. The concept that CTC directly
contributes to the metastatic process and undergoes EMT is an intriguing hypothesis.
However, limitations in the current methods of CTC collection and phenotypic
characterization with positive enrichment (EpCAM-based) technology have impaired efforts
to test this clinically relevant hypothesis. A negative depletion method can help to eliminate
the selection bias of CTCs, to provide an objective assessment of any atypical cells found in
the blood.

9 Current Assumptions about “Normal Cell”
In addition to the currently accepted definition of a CTC (Cytokeratin and/or EpCAM
positive nucleated cell that is CD45 negative), multiple groups are beginning to note other
atypical cells in the blood of patients with cancer. These include CD45 positive cells that
also have cytokeratin or EGFR. These cells have been called “double positives” by some
groups including Toner et al. because they have both hematopoietic and epithelial markers.
These findings raise the question: can a CD45 positive cell be a cancer cell? The exact
origins of these cells are still under debate. The possibilities include the fusion of
hematopoietic cells to circulating cancer cells, non-specific binding of CD45 antibodies to
isolated cells, or most intriguingly cancer cells originating in the bone marrow with stem
cell-like features. Additional studies are underway to help answer these questions.
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Fig. 1.
CTC enrichment by magnetic depletion of normal cells. Top: Flow diagram of the
experimental protocol indicating approximate number ratios of CTCs to normal cells.
Bottom: Quadrupole magnet and annular shell separation channel for separation of non-
magnetic CTCs from normal cells (tagged with tetrameric antibody complex, TAC) using
magnetic and viscous shear flow forces. The radial magnetic forces act as a type of
“magnetic centrifuge” on the magnetically tagged normal white blood cells (WBCs)
retaining them inside the channel while the CTCs are washed out by the flowing fluid
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Fig. 2.
CTCs in stages I–IV breast cancer obtained by magnetic CD45 + cell depletion as shown in
Fig. 1. Nuclear staining with DAPI and cykeratin staining with pan cytokeratin 8/18/19 was
used. Cells staining for both were counted as CTCs. The apparently normal volunteer donor
blood was used as a control and showed no visible staining (results not shown)
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Fig. 3.
Multiparameter flow analysis of a blood sample from a woman with metastatic triple
negative breast cancer prior to therap. Top row is pre-enrichment and the bottom row is
post-enrichment by magnetic CD45 + cell depletion. Note the presence of cytokeratin + and
CD45 ± cells after enrichment. Also note the large number of CD45 + cells that are
cytokeratin positive and all CD13 positive. Considering efficient depletion of lymphocytes
the data show that the CD45 + cells in the depleted fraction are all CD13 positive and
cytokeratin positive
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Fig. 4.
Representative, confocal images from a negatively depleted blood sample from a patient
with stage IV triple negative breast cancer. Markers shown are with DAPI/nuclei, FITC/
cytokeratins, AF594/vimentin, and APC/CD44. In the composite, the cells in red boxes are
positive for all four markers, while cells encircled with yellow boxes are negative for
cytokeratins, yet positive for the other three markers. White boxes are cells negative for
cytokeratins and vimentin, and CD44, positive for DAPI/nuclei
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