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Abstract
The presence of circulating tumor cells (CTC) accompanies tumor invasion into the bloodstream.
Detection, monitoring and molecular analysis of these rare cancer cells shed into blood will provide
a powerful and noninvasive approach for detection of early disease, assessing prognosis and
therapeutic response in established cancers, and targeting metastatic precursor cells. We review
current and emerging technologies for CTC isolation, with a focus on capture efficiency, purity and
viability of CTCs, and their potential clinical applications.

Epithelial cancers initially arise as an organ-confined lesion, but eventually spread to distant
sites (eg. lung, liver, bone and/or brain) through the bloodstream, generating metastases that
are mainly responsible for their lethality. The process by which human tumor cells exit from
their primary site, intravasate into the vasculature and then extravasate into distal organs is not
well understood. Mouse models of tumor spread have implicated the process of epithelial to
mesenchymal transition (EMT), by which adherent epithelial cells acquire migratory cell fates.
Activation of proteases which compromise the integrity of the basement membrane and
extracellular matrix is also thought to contribute to cancer metastasis (Fig 1; Kalluri and
Weinberg, 2009). However, mouse models of tumor invasion differ significantly from human
cancer metastasis, and approaches to studying the spread of human tumors have been very
limited. It is in this context that the isolation and characterization of individual tumor cells
from the blood of patients known to have metastatic cancer, so-called circulating tumor cells
(CTCs), hold tremendous potential for new biological insight with very real clinical
applications.

Recent technological advances in the detection and analysis of CTCs have generated
considerable attention and renewed efforts to understand the biology and significance of these
cells. Among the leading applications for CTC analyses are “real time” genetic analysis of
tumors, before, during, and after treatment, a subject that has become critical in the new era of
genetically targeted cancer therapies. Such targeted therapies aim to match the right drug to
the right patient through stages of disease progression, from drug sensitivity to the acquisition
of drug resistance. Longitudinal monitoring of CTC-derived genotypes may thus provide a
noninvasive approach to identify drug-sensitivity and resistance associated markers, guiding
therapeutic decisions. In addition to their potential use in directing the treatment of patients
with advanced epithelial cancers, CTCs may also hold the key to monitoring for early
dissemination of cancer. The possibility that invasive but localized tumors may shed CTCs
into the bloodstream before any bona fide metastases are established suggests that a highly
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sensitive CTC detection approach may provide important information in individuals at risk
due to environmental exposures or genetic predisposition. Finally, the proposed existence of
rare cancer stem cells within a more abundant population of tumor cells with only limited
proliferative potential predicts that clonal metastatic lesions are initiated by such rare immortal
progenitors (Reya et al., 2001). The population of CTCs harvested from a peripheral blood
specimen may therefore be enriched for such cancer stem cells or metastatic precursors.
Detailed molecular and functional analysis of such rare cells may provide insight into the
biology of cancer metastasis and identify novel therapeutic targets for the treatment and
prevention of blood borne cancer dissemination.

Given their rarity in the circulation (estimated as one tumor cell per billion normal blood cells
in patients with known metastatic cancer), our understanding of CTCs is in fact very much
dependent upon the technological approaches used for their detection and isolation. A number
of strategies have been employed and many more are at various stages of development. To
date, the most successful approaches have made use of the fact that epithelial cells commonly
express the cell adhesion protein EpCAM, which is absent in normal blood cells.
Immunomagnetic bead-based capture involves treating blood specimens with antibody to
EpCAM that has been conjugated with magnetic particles, followed by separation of tagged
cells in a magnetic field. Isolated cells are then stained with antibody to another epithelial
marker, cytokeratin, as well as a common leukocyte marker CD45, so as to distinguish rare
CTCs from contaminating white blood cells. This approach, while robust and semi-automated,
typically identifies CTCs in only half of patients known to have metastatic disease, with an
average yield of approximately 1 CTC/mL and a purity of 0.1% (Allard et al., 2004). More
recent technological developments have applied microfluidic rare cell detection strategies, with
a significant increase in both yield and purity. The microfluidic-based CTC capture device we
have called the CTC-Chip involves flowing whole blood through a chamber embedded with
80,000 microposts that have been rendered functional by coating with antibody to EpCAM.
Flow kinetics are optimized to minimize shear stress, while enhancing the probability of
collisions between CTCs and antibody-coated microposts. CTCs are then stained with
secondary antibodies against either cytokeratin or tissue specific markers, such as PSA in
prostate cancer or HER2 in breast cancer and are visualized by automated scanning of
microposts in multiple planes along three dimensional coordinates. In initial experiments, the
CTC-chip identified cytokerating-positive circulating tumor cells in virtually all patients with
a variety of metastastic cancers, with a median yield of 50 cells/ml and purity ranging from 1–
80% (Nagrath et al., 2007). EpCAM-directed antibody-mediated capture of CTCs is effective,
but it selects for cells expressing this epithelial marker, which is downregulated during the
process of EMT. As such, the CTC-Chip provides a versatile platform to test additional
capturing antibodies directed against tumor-specific cell surface antigens.

Antibody based “negative selection”, ie. removing leukocytes from a peripheral blood sample
to leave behind uncaptured CTCs, has been tested as a selection strategy that is not biased by
the expression of known antigens on the tumor cells themselves (Yang et al., 2009). However,
given the extremely rare prevalence of CTCs in blood specimens and the incomplete removal
of white blood cells even with the most rigorous techniques, negative selection approaches
suffer from relatively low purity of CTC-enriched populations. Non-antibody based capture
methods have also been explored, including size based purification using filters of variable
pore size, based on the premise that CTCs are often larger than normal leukocytes (Zheng et
al., 2007). However, the size range of different tumor cells is highly variable and does overlap
with that of normal blood cells. Additional promising techniques involve high speed
microscopic scanning of all nucleated blood cells (Hsieh et al., 2006; Krivacic et al., 2004), as
well as in vivo imaging of tagged circulating cells (He et al., 2007). While technical challenges
remain considerable, the recent application of diverse bioengineering tools to the problem rare
cancer cell detection in the blood is likely to radically alter this field, bringing powerful new
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enabling platforms for clinical and molecular studies. To the extent that such techniques, like
microfluidic CTC capture, allow the isolation of viable CTCs, these new bioengineering
platforms may enable an array of molecular studies that capitalize on new insights about tumor
cell signaling and drug susceptibility.

To date, biological and clinical insights into CTCs have been dependent upon the parameters
of the isolation technologies used. Given the relatively low yield and purity of immunomagnetic
bead-based CTC capture, initial insights have focused on general prognostic implications of
CTC counts above a level determined in patient survival studies (typically 5 CTCs/7.5mL of
blood). In studies of breast, colon and prostate cancer, patients with metastatic disease who
were “CTC positive” had a worse prognosis than those without detectable CTCs (Cristofanilli
et al., 2004; Cristofanilli et al., 2005; Danila et al., 2007; Scher et al., 2009; Shaffer et al.,
2007; Vidaurreta et al., 2007). While these studies have reinforced the clinical significance of
CTC load, they have not provided sufficiently robust information in individual patients to guide
therapeutic decisions. In this context, initial studies of microfluidic-based CTC detection
appear to be particularly promising, in that the higher number of isolated CTCs provides a
dynamic range that can be monitored during therapy. Thus in an initial pilot study,
chemotherapy-induced responses in patients with a variety of epithelial cancers was associated
with a profound decline in CTCs, coincident and even preceding measured radiographic
evidence of tumor response (Maheswaran et al., 2008; Nagrath et al., 2007). Should these
studies be extended in larger patient studies, it is conceivable that rapid measurements of CTC
numbers following therapy (and eventually more sophisticated measures of drug-induced
alterations in CTCs) may allow more effective selection of successful therapies.

The most promising near term application of CTC monitoring relates to the advent of targeted
cancer therapies, and the need to tailor such treatments to individual tumor characteristics. The
identification of tumor genotypes that inform selection of targeted therapies is usually
performed on the initial diagnostic specimen. However, these may not be readily available or
sufficient for molecular analyses (eg. fine needle aspirates are increasingly used to diagnose
cancers, providing minimal cytological specimens). Further, the initial primary tumor
specimen may not always be representative of the metastatic deposits, which may arise many
years after resection of the initial cancer. A primary example is prostate cancer, which often
presents with multifocal localized disease, and may recur many years later with bony lesions
that are not readily biopsied. As such, molecular analysis of CTCs may provide a “real time”
noninvasive approach for tumor cell genotyping (often described as a “liquid biopsy”), which
can be repeated during the course of therapy to monitor the acquisition of novel genetic
abnormalities in response to drug exposure.

A powerful example of the application of CTC genotyping to targeted cancer therapy is
provided by the subset of non-small cell lung cancer (NSCLC) that is responsive to selective
kinase inhibitors of the Epidermal Growth Factor Receptor (EGFR). Only ~10% of NSCLC
have somatic activating mutations in EGFR, but these mutations identify patients whose tumor
is highly likely to exhibit a dramatic response to selective EGFR kinase inhibitors (Lynch et
al., 2004). Similar paradigms are emerging with other experimental kinase inhibitors that target
the EML4-ALK translocation in another subset of lung cancer, and B-RAF mutations in
melanoma. While less dramatic in terms of tumor lysis reflecting so-called “oncogene
addiction”, the effectiveness of antibody directed against HER2 amplified breast cancer is well
established. In lung cancer, we initially established the accuracy of CTC-based genotyping in
a study of patients with EGFR-mutant NSCLC, where the driving EGFR mutation was correctly
identified in 12/13 cases. Most significantly, acquisition of the recurrent T790M-EGFR drug
resistance mutation was evident in CTCs during the course of therapy, coincident with the
development of clinically refractory disease (Maheswaran et al., 2008). As second line targeted
therapies emerge in clinical trials, matching these drugs to different mechanisms of acquired
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resistance (including the T790M-EGFR mutation, as well as amplification of other growth
factor receptors, such as c-MET) is likely to become a critical application of CTC-based
molecular analyses.

Improvements in CTC capture efficiency, quantitation, imaging and molecular analyses are
likely to bring further clinical applications. In initial studies, we have detected CTCs in some
patients with localized prostate cancer, raising the possibility that invasive primary tumors may
shed CTCs long before the establishment of distant metastases. Presence or absence of CTCs
in such cases have not been correlated with standard histopathological markers of tumor grade,
suggesting that CTC quantitation in early cancers may in fact be an independent measure of
vascular invasiveness. If confirmed, these studies may pave the way for CTC-based
applications in localized cancers, including predictive studies in patients with borderline
prostate PSA levels, While these clinical applications are highly promising, probably the
greatest insight to be derived from the study of CTCs relates to understanding the process of
cancer metastasis. Studies of cancer stem cells or progenitors have focused on the
characterization of primary tumors. However, the establishment of metastases by definition
requires a fully competent tumor cell, capable of indefinite proliferation. As such, we
hypothesize that CTCs may be comprised of variable fractions of tumor cells that are shed into
the vasculature with limited viability, as well as a small fraction of metastatic precursors.
Analyses that allow the identification of such cells hold the key to identifying relevant drug
targets that may suppress metastasis, as well as monitoring the effectiveness of therapies aimed
at metastatic precursors.

In summary, the science of CTCs is in its infancy. Little is known about the biology of these
cells, and only recently have technological advances provided a window into the composition
of this rare cell population, allowing molecularly-designed analyses. Detailed characterization
of CTCs may provide the opportunity for clinical impact in the treatment of selected cancers
where appropriate targeting of tumor-associated genetic lesions is critical. Technological
developments that further enhance the sensitivity of CTC detection may provide new
opportunities for early diagnosis of invasive localized cancer. Detailed analysis of rare
metastatic precursors may provide unprecedented opportunity to develop therapeutic strategies
to effectively treat and prevent cancer metastasis.
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Figure 1.
Schematic representation of epithelial to mesenchymal transition (EMT), by which adherent
epithelial cells are thought to acquire migratory cell fates, combined with the activation of
proteases which compromise the integrity of the basement membrane (BM) and the
extracellular matix (ECM), leading to intravasation of tumor cells into the bloodstream. The
rare tumor cells that are present in the bloodstream, admixed with billions of normal blood
cells, are defined as circulating tumor cells (CTC). A subset of CTCs are thought to extravasate
at distal sites such as the lung, liver, bone and brain to establish metastatic lesions. Isolation,
enumeration, and genetic and biomarker analysis of CTCs will provide insight into the biology
of these putative metastatic precursors.
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