THERAPEUTIC TARGETING OF
CIRCULATING TUMOR CELLS

Hosted by
Michael R. King

frontiers in
ONCOLOGY



http://www.frontiersin.org/cancer_molecular_targets_and_therapeutics/researchtopics/Therapeutic_targeting_of_circu/750
http://www.frontiersin.org/cancer_molecular_targets_and_therapeutics/researchtopics/Therapeutic_targeting_of_circu/750
http://www.frontiersin.org/Oncology

FRONTIERS COPYRIGHT
STATEMENT

© Copyright 2007-2013
Frontiers Media SA.
All rights reserved.

All content included on this site,
such as text, graphics, logos, button
icons, images, video/audio clips,
downloads, data compilations and
software, is the property of or is
licensed to Frontiers Media SA
(“Frontiers”) or its licensees and/or
subcontractors. The copyright in the
text of individual articles is the
property of their respective authors,
subject to a license granted to
Frontiers.

The compilation of articles
constituting this e-book, as well as
all content on this site is the
exclusive property of Frontiers.
Images and graphics not forming
part of usercontributed materials
may not be downloaded or copied
without permission.

Articles and other usercontributed
materials may be downloaded and
reproduced subject to any copyright
or other notices. No financial
payment or reward may be given for
any such reproduction except to the
author(s) of the article concerned.

As author or other contributor you
grant permission to others to
reproduce your articles, including
any graphics and third-party
materials supplied by you, in
accordance with the Conditions for
Website Use and subject to any
copyright notices which you include
in connection with your articles and
materials.

All copyright, and all rights therein,
are protected by national and
international copyright laws.

The above represents a summary
only. For the full conditions see the
Conditions for Authors and the
Conditions for Website Use.

Cover image provided by Ibbl sarl,
Lausanne CH

ISSN 1664-8714
ISBN 978-2-88919-089-8
DOI 10.3389/978-2-88919-089-8

frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a pioneering
approach to the world of academia, radically improving the way scholarly research is managed.
The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share
and generate knowledge. Frontiers provides immediate and permanent online open access to all
its publications, but this alone is not enough to realize our grand goals.

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, online
journals, promising a paradigm shift from the current review, selection and dissemination
processes in academic publishing.

All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service
to the scholarly community. At the same time, the Frontiers Journal Series operates on a revo-
lutionary invention, the tiered publishing system, initially addressing specific communities of
scholars, and gradually climbing up to broader public understanding, thus serving the interests
of the lay society, too.

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interac-
tions between authors and review editors, who include some of the world’s best academicians.
Research must be certified by peers before entering a stream of knowledge that may eventually
reach the public - and shape society; therefore, Frontiers only applies the most rigorous and
unbiased reviews.

Frontiers revolutionizes research publishing by freely delivering the most outstanding research,
evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting scholarly
publishing into a new generation.

Frontiers Research Topics are very popular trademarks of the Frontiers Journals Series: they are
collections of at least ten articles, all centered on a particular subject. With their unique mix
of varied contributions from Original Research to Review Articles, Frontiers Research Topics
unify the most influential researchers, the latest key findings and historical advances in a hot
research area!

Find out more on how to host your own Frontiers Research Topic or contribute to one as an
author by contacting the Frontiers Editorial Office: researchtopics@frontiersin.org

Frontiers in Oncology

February 2013 | Therapeutic targeting of circulating tumor cells | 7


http://www.frontiersin.org/
http://www.frontiersin.org/cancer_molecular_targets_and_therapeutics/researchtopics/Therapeutic_targeting_of_circu/750
http://www.frontiersin.org/Oncology

THERAPEUTIC TARGETING OF
CIRCULATING TUMOR CELLS

Hosted By:
Michael R. King, Cornell University, USA

There has been increased interest in
circulating tumor cells (CTC), as a
diagnostic readout of disease progression,
and a tool for personalized medicine. The
next generation of therapy for metastatic
cancer may well involve neutralizing CTC
as a means to prevent metastasis. In this
topic we focus on recent research exploring
this concept.
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Circulating tumor cells (CTCs). What exactly are these cells that
we liken to “finding a needle in a haystack?” CTCs originate
from a primary tumor, are often but not always of epithelial phe-
notype, and are dispersed in the peripheral circulation among
millions of (somewhat smaller) leukocytes per milliliter and bil-
lions of red blood cells. They can and do interact with the
proteins and formed elements of blood. They are the subject
of rapidly increasing interest in research and clinical diagnos-
tics. But are they the same cells that initiate metastases? Recent
improvements to animal models of bloodborne metastasis have
begun to elucidate the physical determinants of tissue tropism
in metastasis. One thing for certain is that CTC count is now
recognized as a strong predictor of patient survival in many can-
cers, such as those originating from breast and prostate. This
Special Topic of Frontiers of Oncology attempts to address some
of the important questions surrounding CTCs: what are these
cells, how may we study and target them therapeutically, and
what secrets they may hold in controlling and combating cancer
metastasis.

Eleven of the 15 papers in this Special Topic come from
investigators of the collaborative network of Physical Science-
Oncology Centers established in 2009 by the US National
Cancer Institute. These 12 centers across the United States bring
together biologists, clinicians, physical scientists, and engineers
to develop innovative new ways to understand and fight can-
cer. The specific centers represented here include: the Cornell
University Center on the Microenvironment and Metastasis; the
Center for Transport Oncophysics of the Methodist Hospital
Research Institute; the Moffitt Cancer Center Physical Science-
Oncology Center; the 4DB Center of Scripps Research Institute;
and the Dana-Farber Cancer Institute Physical Science-Oncology
Center.

The papers in this Special Topic can be categorized into one
of three parts. In the first part, therapies directed toward CTCs in
the bloodstream, and the responses of CTCs to cancer therapies,
are considered. This subject is broadly reviewed by Greene et al.
(2012) and then reviewed in the context of cancer stem cells by
Faltas (2012). Li and King (2012) discuss cell adhesion receptors
and how they can be targeted to neutralize CTCs. Liesveld (2012)
discusses the targeting of myelogenous leukemia stem cells in
the bloodstream, and Paolo Decuzzi and coworkers present data

on the adhesion response of a model CTC cell line to curcumin
treatment (Palange et al., 2012).

The second group of papers focuses on the basic science of
CTCs, and how we might expect them to behave while in the cir-
culation. Geng et al. (2012) show that the breast cancer biomarker
MUCI can act as a simultaneous adhesion counter-receptor for
both endothelial E-selectin and ICAM-1, and they present a new
model for the metastatic adhesion cascade paradigm. Burdick
et al. (2012) consider not only the adhesion characteristics of
CTCs to E-selectin, but propose that surface ligand expression
may signal phenotypic changes of cancer stem cells. Rejniak
(2012) presents a computational model that can be used to
simulate the shear-induced deformation of CTCs in the blood-
stream. In a pair of related papers, Tormoen et al. (2012b)
pose the question of whether CTCs play a role in coagulation
and thrombosis in the bloodstream, and then Lee et al. (2012)
describe their theoretical model of procoagulant CTCs under
flow.

The third and final part of this special issue is focused on the
characterization of patient CTCs, including new methods ded-
icated to this goal. Another contribution from Tormoen et al.
(2012a) presents new coagulation factor probes for the identifica-
tion of procoagulant CTCs. Diamond et al. (2012) describe their
characterization of prostate cancer CTCs isolated from patient
blood. Garcia-Villa et al. (2012) measured the y-H2AX levels in
CTCs obtained from patients undergoing chemotherapy. Finally,
a pair of papers from McCarty and coworkers describes the appli-
cation of precise image analysis methods to measure the density
and volume of patient CTCs in ovarian (Phillips et al., 2012b) and
breast cancer (Phillips et al., 2012a), including a comparison with
properties measured for normal blood cells.

The images featured on page 2 of this E-book, provided by
Andrew Hughes of Cornell University, show viable CTCs isolated
from a pancreatic cancer patient (upper image). The epithe-
lial cancer cells stain positive for cytokeratin (red), and negative
for the leukocyte marker CD45 (green), and show characteris-
tically large nuclei stained in blue. The lower scanning electron
micrograph shows a human leukocyte resting on a layer of hal-
loysite nanotubes; these cells are unable to spread onto halloysite
which enables efficient isolation of patient CTCs. This research is
described in the lead paper by Greene et al. (2012).
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Circulating tumor cells (CTCs) are believed to be responsible for the development of
metastatic disease. Over the last several years there has been a great interest in under

standing the biology of CTCs to understand metastasis, as well as for the development
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INTRODUCTION

At its basic definition, cancer is the uncontrolled growth of
cells in the body. Over the past several decades, our under-
standing of cancer has greatly improved and it is now clear
that while the basic definition of cancer holds true, cancer is
an extremely complex disease composed of various molecular
alterations and phenotypic changes. The vast majority of cancer
deaths occur due to metastasis of the primary tumor to distant
sites via circulating tumor cells (CTCs) in the circulation. CTCs
are extremely rare. Over the past 5-10years, various method-
ologies and platforms have been developed to isolate CTCs for
further characterization and molecular analyses. The emergence
of these technologies have spurred a great interest in CTCs and
researchers and clinicians are realizing the importance of CTCs
in cancer biology as well as their use in cancer diagnosis and
therapy.

While the potential of using CTCs to guide patient treatment
remains promising, the rate-limiting step for widespread use of
CTCs in the clinic remains the lack of robust and high-throughput
technologies for isolation of these rare cells. In fact, in most cases,
most CTC isolation platforms isolate a few to several hundred
CTGCs, rendering the functional characterization of these cells
extremely difficult (Maheswaran and Haber, 2010). This review
is not intended to be an exhaustive description of all CTC isola-
tion technologies (for further reading, see Hughes and King, 2012),
but instead will provide a historical framework for CTC isolation
and then focus on current “state of the art” for isolation of viable
CTCs and their potential use in cell therapy.

of companion diagnostics to predict patient response to anti-cancer targeted therapies.
Understanding CTC biology requires innovative technologies for the isolation of these rare
cells. Here we review several methods for the detection, capture, and analysis of CTCs
and also provide insight on improvements for CTC capture amenable to cellular therapy

Keywords: circulating tumor cells, leukapheresis, leukopak, selectins, EpCAM

CTC ISOLATION: FINDING A NEEDLE IN A HAYSTACK

CTCs IN THE CLINIC: HISTORICAL PERSPECTIVE

Great interest in the CTC field was ignited by the introduction
of the CellSearch system (Allard et al., 2004). The CellSearch
system (Veridex, Raritan, NJ, USA) was FDA cleared in Jan-
uary 2004 as a prognostic tool for identifying and counting
CTCs in a blood sample to predict progression-free and overall
survival in patients with metastatic breast cancer. In 2007 and
2008, the CellSearch system was cleared as an aid for monitor-
ing metastatic colorectal and prostate cancer patients, respectively.
The CellSearch system, like many other platforms, relies on the
expressed surface ligand epithelial cellular adhesion molecule
(EpCAM) and immunomagnetic capture to isolate CTCs. CTCs
are subsequently stained and quantified using an antibody against
cytokeratins. Contaminating leukocytes are identified using an
antibody against CD45. CTCs are defined as cytokeratin positive
and CD45 negative.

The CellSearch system made possible, for the first time, the
capture of CTCs in a standardized and highly reproducible fash-
ion within a clinical context. Our group was one of the first to offer
the CellSearch test and to date we have performed approximately
1,500 CellSearch CTC tests on blood from over 150 metastatic can-
cer patients. Our data from this aggregate of patients (unpublished)
is consistent with an earlier study showing that a significant frac-
tion of blood samples tested using the CellSearch system lacked
CTCs (Allard et al., 2004). In addition, CTC outputs from the
CellSearch system typically have low yield and purity (Allard et al.,
2004).
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CTCs and personalized medicine

NEXT GENERATION CTC CAPTURE PLATFORMS

Since the introduction of the CellSearch system, several groups
have invested significant time and resources in developing newer
CTC isolation technologies that overcome the barriers to wide-
spread clinical use associated with the CellSearch system, namely
low yield, low purity, and low throughput. These include method-
ologies that isolate CTCs based on size or other physical properties
(Muller et al., 2005; Wulfing et al., 2006; Mohamed et al., 2009; Tan
et al., 2009). For example, the MagSweeper uses a slowly rotating
magnetic stir bar coated with antibodies against EpCAM to cap-
ture CTCs from unfractionated blood samples, thus improving
throughput due to the elimination of sample preparation steps
(Talasaz et al., 2009). Recent work has used the MagSweeper to
enrich CTCs from patient samples, which were then individually
evaluated for expression levels of 87 genes using a microfluidic-
based qRT-PCR technique. A high degree of expression hetero-
geneity was observed between CTCs, with generally high expres-
sion levels of epithelial-to-mesenchymal transition (EMT)-related
genes such as TGFB1, vimentin, and CXCR4 (Powell et al., 2012).
Additionally, comparison of four breast cancer cell lines and the
isolated primary CTCs showed particularly disparate expression
profiles, suggesting that cancer cell lines are of dubious utility as a
model for CTC research.

The CTC-chip and herringbone (HB)-chip use antibody-
coated microfluidic devices for capture of EpCAM™ CTCs from
unprocessed whole blood (Nagrath et al., 2007; Maheswaran et al.,
2008; Stott et al., 2010a). The HB-chip is more amenable to man-
ufacturing for high-throughput applications and CTCs captured
on the device are of sufficiently high purity and yield to be inter-
rogated for molecular alterations (Stott et al., 2010b). A recent
observation has been the capture of clusters of CTCs, called cir-
culating tumor microemboli (CTM), from several prostate and
lung cancer patients using the HB-chip (Stott et al., 2010a). Cap-
ture of CTM has also been observed using a slide-based high
definition CTC (HD-CTC) imaging platform (Cho et al., 2012).
Indeed, in a recent study using the “HD-CTC assay” on samples
from 68 patients with metastatic breast, prostate, or pancreatic
cancer, clusters of two or more CTCs were identified in 88% of
patients (Marrinucci et al., 2012). Interestingly, we have made sim-
ilar observations from samples processed on the CellSearch system
(Figure 1). It is unclear what the clinical significance of these CTC
clusters is, although a notable hypothesis suggests that these clus-
ters may serve as a potential mechanism to prevent anoikis thereby
enhancing metastatic potential (Zhang et al., 2008).

The HD-CTC technique is notable in that CTCs in a sample
of blood are enriched only by erythrocyte lysis, and then auto-
mated scanning is used to identify CTCs based on fluorescent
probes. This is important because the only underlying assumption
is that CTCs will not lyse along with erythrocytes in ammonium
chloride solution, which is reasonable. Many other CTC isola-
tion techniques rely on specific surface markers, such as EpCAM
for positive selection or CD45 for negative selection. It has been
shown that EpCAM, while widely expressed across cancer types,
is not universally expressed (Went et al., 2004). Thus CTC capture
based on surface marker expression induces a bias of unknown
consequence. Currently, the HD-CTC technique identifies CTCs
based on cytokeratin expression and CD45 absence, which imposes

DAPI/CK-PE CK-PE

DAPI

CD45-APC

FIGURE 1 | Circulating tumor cell clusters captured from a breast
cancer patient using the CellSearch system. (CK, cytokeratin; PE,
phycoerythrin; APC, allophycocyanin; DAPI, 4',6-diamidino-2-phenylindole).

another bias in that cancer cells that undergo EMT may not pro-
duce cytokeratin (Marrinucci et al., 2012). However, the platform
is amenable to the use of alternate probes that are more universal. A
significant challenge remains for identifying a universal biomarker
for CTCs.

Alternate approaches to CTC isolation are currently in devel-
opment, based on the generally held observation that CTCs are
larger than leukocytes, by processing cell samples through a filter.
A commercially available version, Isolation by Size of Epithe-
lial/Trophoblastic Tumor cells, or ISET (RareCell Diagnostics),
works by simultaneously lysing erythrocytes and fixing remaining
cells in paraformaldehyde, and then perfusing the sample through
a polycarbonate filter with 8 wm pores. CTCs thus remain on the
filter, which can be stored prior to analysis of captured CTCs.
Capture sensitivity has been reported to be one CTC per milliliter
of blood (Vona et al., 2000). CTCs have been analyzed by in situ
immunohistochemistry as well as real-time RT-PCR (Pinzani etal.,
2006; Krebs et al., 2012). Interestingly, a recent study found CTM
in 43% of patients studied, and evaluation by Ki67 immunohis-
tochemistry showed that captured CTC were proliferative while
CTM were not (Krebs et al., 2012).

An alternative form of filtration device uses a parylene mem-
brane that allows for formation of pores of controlled size and
shape. In a proof of concept study, a device was constructed to
process whole blood and ~90% recovery was achieved with spiked
samples (Zheng et al., 2007). A promising aspect of this device is
that the filtration was performed within minutes, showing a higher
throughput than most microfluidic methods. An integrated elec-
trode system allows for in situ electrolysis of captured cells to
facilitate rapid harvesting of genetic material. More recently, this
parylene filter system has been used to capture CTCs from patient
samples (Lin et al., 2010).

Our group has developed a technique for capturing CTCs based
on their ability to adhere to endothelium during extravasation
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(Hughes et al., 2012a,b). This technique relies on the binding of
CTCs to microtubes coated with a combination of E-selectin pro-
tein and epithelial specific antibodies absorbed to an immobilized
nanotube layer and perfused under flow. Selectin-mediated cap-
ture mimics the normal and malignant process of cell adhesion to
blood vessels during metastasis and suggests that CTCs captured
using this approach may be more invasive and have undergone
EMT to some degree. The CTCs captured by this approach remain
viable and can be cultured short term to potentiate subsequent
analysis. A halloysite nanotube coating enables >50% purity. It
is interesting to note that in general more CTCs were isolated
and identified using the selectin-based technique compared to
CellSearch on ostensibly identical samples (i.e., two tubes were
drawn from each patient and processed by either technique in
parallel; Figure 2). Indeed, 7 of 12 patient samples were positive
for CTCs using CellSearch, while 12 of 12 were positive using
our device. Other techniques have similarly found significant dis-
cord when using CellSearch on parallel samples; generally more
CTCs are found, suggesting that CellSearch neglects to identify
many CTCs and has a tendency to report false negatives (Lin
et al., 2010; Kirby et al., 2012; Krebs et al., 2012; Marrinucci et al.,
2012).
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FIGURE 2 | Circulating tumor cell capture using the
selectin-functionalized microtube device compared to CTC capture of
identical samples using CellSearch. The microtube device was prepared
with or without a halloysite nanotube coating. Figure from Hughes and King
(2012).

THERAPEUTIC APPLICATIONS OF CTCs

The molecular characterization of CTCs may provide opportu-
nities for therapeutic targeting of CTCs or real-time monitoring
of targeted anti-cancer agents (Leversha et al., 2009; Punnoose
et al., 2010). Maheswaran et al. (2008) identified mutations in
epidermal growth factor receptor (EGFR) in CTCs from lung can-
cer patients and showed that after continued anti-EGFR therapy,
a resistance-associated EGFR mutation emerged. In a separate
study using multicolor flow cytometry to rapidly detect and ana-
lyze CTCs following erythrocyte lysis, researchers monitored the
expression of EGFR in its phosphorylated and unphosphorylated
states during the time in which patients were being treated with
different therapies for squamous cell carcinoma of the head and
neck (SCCHN). The researchers found interesting correlations
between different treatment combinations, CTC counts,and EGFR
activation (Tinhofer et al., 2012).

Using multiple CTC isolation platforms, several groups have
examined Her-2 expression on CTCs and shown in some cases
discordance of Her-2 expression between the primary tumor and
CTCs (Hayes et al., 2002; Meng et al., 2004; Punnoose et al., 2010;
Riethdorf et al., 2010). It follows that if CTCs do not express the
same markers as the primary tumor cells, then drugs chosen based
on primary tumor markers will be ineffective against CTCs and
the secondary tumors they seed. Comprehensive molecular pro-
filing of CTCs in the clinic remains hampered by the low yield and
low throughput of most CTC platforms.

The idea of harvesting CTCs from a patient and then studying
these CTCs to rapidly determine the best possible treatment for
that patient is compelling. The feasibility of such a scheme has been
demonstrated to some degree using the geometrically enhanced
differential immunocapture (GEDI) device, which is akin to the
CTC-chip developed by Toner and colleagues (Nagrath et al.,2007)
with altered micropost arrangements to promote collisions with
CTCs based on size (Gleghorn et al., 2010). In the most recent
study using this device, CTCs were captured within the chip and
then treated with different chemotherapeutics in situ to assay drug
susceptibility (Kirby et al., 2012).

Cellular therapy has recently emerged as a promising approach
for treatment of malignancy. Tumor infiltrating lymphocytes or
gene-engineered T cells have been used with some success in
metastatic cancer patients (Restifo et al., 2012). Provenge is the
first active cellular therapy approved by the Food and Drug
administration for the treatment of prostate cancer (Wesley et al.,
2012). Provenge is manufactured by culturing a patient’s periph-
eral blood mononuclear cells (PBMNCs) and antigen presenting
cells with the tumor-associated antigen prostatic acid phosphatase
and granulocyte-macrophage colony stimulating factor. Treat-
ment consists of three infusions at approximately 2-week intervals.
Provenge is the first autologous anti-cancer cell therapy shown to
provide a survival advantage (Wesley et al., 2012).

One intriguing possibility is the ex vivo manipulation of CTCs
for cellular therapy of cancer. The rate-limiting step in this
approach is the low yield associated with many CTC platforms.
In theory, if enough CTCs could be obtained and expanded, they
could be used as a platform for the development of personalized
tumor immunotherapy. An alternative approach for increasing
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the amount of CTCs collected from patients is through leuka-
pheresis (Figure 3). Leukapheresis is a laboratory procedure in
which white blood cells (WBCs or PBMNCs) or peripheral blood
stem cells (PBSCs) are separated from blood. During leukaphere-
sis, a patient’s blood is passed through a machine that removes the
WBCs or PBSCs and then returns the balance of blood back to
the patient. This process usually takes 3 or 4 h to filter the entire
blood supply (approximately 4—61). Collected PBSCs may be used
in autologous PBSC transplants to “rescue” the immune system
and blood-forming cells of cancer patients following high-dose
chemotherapy (Montgomery and Cottler-Fox, 2007). Leukaphere-
sis is common in the stem cell transplant setting for treatment
of lymphomas, multiple myeloma, and some solid tumors. The
cell therapy Provenge uses leukapheresis to obtain PBMNCs and
antigen presenting cells for further manipulation (Wesley et al.,
2012).

The product of leukapheresis, termed a leukopak, may also con-
tain CTCs. In theory, one may be able to increase the CTC yield
by filtering the entire blood supply, thereby capturing every CTC
in the body as opposed to the 0.1-0.2% that would be present in a
7.5-ml blood sample. An increase in CTC yield would improve the
diagnostic utility of CTCs and potentially facilitate in vitro drug
screens on CTCs to predict patient response. Our own group has
a Western IRB approved protocol and informed consent for per-
forming leukapheresis on cancer patients in a private, community
based, Phase I oncology clinic. In a recent proof of concept study,
Eifler et al. (2011) showed using spike-in experiments that isola-
tion of CTCs via leukapheresis followed by elutriation to separate
cells based on size, is feasible. Using fluorescence activated cell
sorting (FACS) the authors showed high recovery of CaOV-3 cells
spiked into leukopaks obtained from healthy volunteers (Fifler
et al., 2011). Importantly, no tumor cell events were observed
from leukopaks that had not been spiked with tumor cells. Inter-
estingly, analysis by flow cytometry also revealed a CD45% and
EpCAM™ dual positive population of cells that occurred at the
highest frequency in the leukopak, and decreased with increasing
elutriation fraction. B-lymphocytes were associated with EpCAM
binding suggesting that leukocyte lineage specific markers should
be used in negative depletion strategies prior to CTC capture,
rather than CD45 which could bias results (FEifler et al., 2011).

Following elutriation, CTCs were further captured using
FACS or EpCAM-coupled magnetic beads (Eifler et al., 2011).

Immunomagnetic bead adsorption recovered 10% of tumor cells
with a median purity of 3.5% (Eifler etal.,2011). EpCAM-coupled
magnetic bead isolation of CTCs from leukopaks is not ideal, in
part because of the cost associated with using such a large amount
of EpCAM antibody.

More recently, several groups are further exploring the poten-
tial of leukapheresis/apheresis for use in CTC isolation. Strat-
mann et al. (2012) obtained blood samples and buffy coat by
apheresis from breast and pancreatic patients (non-metastatic
and metastatic). These samples were then processed using several
CTC technologies. Importantly, all methods were able to detect
CTCs in buffy coat from both non-metastatic and metastatic can-
cer patients and newer CTC isolation platforms (i.e., filer based,
etc.) showed in general a better yield of CTCs in comparison to
CellSearch. In an additional study, Stoecklein et al. (2012) showed
in breast cancer patients that higher CTC detection frequencies
and numbers could be obtained using leukapheresis products as
compared to matched peripheral blood samples from the same
patient. Moreover, captured CTCs were amendable to comparative
genomic hybridization (Stoecklein et al., 2012). Taken together,
these results show the exciting opportunity and potential of using
leukapheresis for CTC isolation. Clearly, newer technologies that
can accommodate large blood volumes are needed for CTC isola-
tion following leukapheresis to be used widespread in the clinic. In
future studies, our group is planning to investigate the feasibility
of processing large volumes using the selectin-based approach.

One of the more ambitious approaches to the incorporation of
CTCs in the design of new cancer therapies is to consider CTCs
as a target for therapy. This is promising considering that 90% of
cancer deaths are caused by metastasis (Wittekind and Neid, 2005).
The disruption of cancer cell dissemination would thus represent
a powerful therapeutic strategy. Photoacoustic flow cytometry has
been developed in recent years that allows for the detection and
ablation of CTCs in vivo. This technology functions by shining a
laser through the skin into a vessel that is up to 3 mm deep and
detecting the acoustic vibrations that result from the absorption of
laser light by target nanoparticles (Zharov et al., 2007). The most
direct application of this technology is for the detection of circulat-
ing melanoma cells, capitalizing on their endogenous expression
of melanin nanoparticles for detection (Nedosekin et al., 2011).
Increasing the incident laser energy can lead to the generation
of heat by the vibrating nanoparticles to a sufficient degree that
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FIGURE 3 | lllustration showing potential applications of CTCs following isolation after leukapheresis.
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the flowing melanin-containing cells are ablated (Galanzha et al,,
2009b). This technology can be applied to less photo-distinct CTCs
using targeted gold nanoparticles, for example to target CD44 to
detect and eradicate cancer stem cells (Galanzha et al., 2009a).

Our group has proposed the idea of a shunt device that can
be implanted into the vasculature to capture and eradicate CTCs
invivo. This device is composed of a selectin-functionalized micro-
tube that will induce the rolling of CTCs along the luminal sur-
face. In one realization of this device, the microtube lumen is
co-functionalized with tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL, also known as Apo2) that signals cell
death to cancer cells via the caspase pathway. A validation study
in vitro achieved a 30% Kkill rate of cancer cells without compro-
mising leukocyte viability (Rana et al., 2009). Ongoing studies are
evaluating the benefits of manipulating the nanoscale topogra-
phy of the luminal surface to achieve greater CTC eradication. An
alternate version of this device is a microtube shunt that is func-
tionalized with a halloysite nanotube coating which is then coated
with targeted liposomes. Liposomes containing the anti-cancer
drug doxorubicin are coated with polyethylene glycol (PEG) and
E-selectin. Thus flowing cancer cells roll on the selectin-coated
liposomes, and we have shown that these liposomes remain on the
cell surface and are internalized (Mitchell et al., 2012).
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The last decade has witnessed an evolution of our understanding of the biology of the
metastatic cascade. Recent insights into the metastatic process show that it is complex,
dynamic, and multi-directional. This process starts at a very early stage in the natural history
of solid tumor growth leading to early development of metastases that grow in parallel with
the primary tumor. The role of stem cells in perpetuating cancer metastases is increasingly
becoming more evident. At the same time, there is a growing recognition of the crucial
role circulating tumor cells (CTCs) play in the development of metastases. These insights
have laid the biological foundations for therapeutic targeting of CTCs, a promising area of
research that aims to reduce cancer morbidity and mortality by preventing the development
of metastases at a very early stage. The hematogenous transport phase of the metastatic
cascade provides critical access to CTCs for therapeutic targeting aiming to interrupt the
metastatic process. Recent advances in the fields of nanotechnology and microfluidics have
led to the development of several devices for in vivo targeting of CTC during transit in the
circulation. Selectin-coated tubes that target cell adhesion molecules, immuno-magnetic
separators, and in vivo photo-acoustic flow cytometers are currently being developed for
this purpose. On the pharmacological front, several pharmacological and immunological
agents targeting cancer stem cells are currently being developed. Such agents may ulti-
mately prove to be effective against circulating tumor stem cells (CTSCs). Although still in
its infancy, therapeutic targeting of CTCs and CTSCs offers an unprecedented opportunity
to prevent the development of metastasis and potentially alter the natural history of cancer.
By rendering cancer a “local” disease, these approaches could lead to major reductions in
metastasis-related morbidity and mortality.

Keywords: circulating tumor cells, cancer stem cell, epithelial-mesenchymal transition, immuno-magnetic

separation, selectin ligands, targeted therapy, metastasis

THE BIOLOGY OF THE METASTATIC CASCADE

The metastatic spread of cancer is the main cause of morbidity
and mortality in cancer patients (Duffy etal., 2008). The devel-
opment of metastases from solid tumors is a complex multi-step
process and is one of the most enigmatic aspects of cancer biology.
Recently, studies using in vivo vital microscopy have shed more
light on the physiology of the metastasis. These studies show a
metastatic process that proceeds in a pre-determined cascade com-
prising the following steps: neoangiogenesis, trans-endothelial
migration, entry into the blood stream (intravasation), transport
through the vasculature followed by extravasation, and ultimately
resulting in colonization and growth at distant sites (Chambers
etal., 1995; Morris etal., 1997; Figure 1).

Although the biology of the metastatic process is not fully
understood, new insights are emerging from recently discovered
metastatic phenomena. For instance, it was previously believed
that the development of metastases is a late event that occurs
only after primary tumors reach a certain critical mass (the
linear-progression model). Recent evidence indicates that tumor
cells disseminate at a relatively early stage of the natural history
of tumor growth. This leads to parallel growth of metasta-
sis along with primary tumor growth (the parallel-progression

model; Klein, 2009). Similarly, metastatic spread has been clas-
sically viewed as a unidirectional process with dissemination of
cancer cells occurring only from primary tumors to form sec-
ondary metastases. On the contrary, recent experimental evidence
points toward a new paradigm where cancer progress is a multi-
directional process in which tumor cells are capable of self-seeding
the primary tumor (Kim et al., 2009; Comen etal., 2011).

The metastatic process is selective and inefficient with many
cancer cells initially gaining access to the circulation but only a
few ultimately succeeding in proliferating as distant metastases
(Wong etal.,, 2001). In fact, it is estimated that only 1% of micro-
metastases eventually thrive as macro-metastases (Wittekind and
Neid, 2005). Despite this relative metastatic inefficiency, the
absolute magnitude of metastatic spread is enormous and rep-
resents the primary cause of cancer morbidity and mortality
(Wittekind and Neid, 2005; Chaffer and Weinberg, 2011).

THERAPEUTIC TARGETING OF THE METASTATIC CASCADE

Despite the tremendous toll of metastases on human mortality
and morbidity, the development of preventive anti-metastatic
therapies has been slow and often hampered by the lack of
understanding of the biology of the metastatic cascade (Mina and
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FIGURE 1 | The invasion-metastasis cascade. Tumor cells exit their
primary sites of growth (local invasion, intravasation), translocate systemically
(survival in the circulation, arrest at a distant organ site, extravasation), and

adapt to survive in distant tissues (micro-metastasis formation,
metastatic colonization). Adapted with permission from Valastyan and
Weinberg (2011).

Sledge, 2011). Most currently developed anti-metastatic therapy
strategies target the final steps of the metastatic cascade such as
extravasated dormant cancer cells in the metastatic niche thus
missing the opportunity to interrupt metastases development at
earlier stages (Chambers etal., 2000; MacDonald etal., 2002).
Targeting earlier “up-stream” events in the metastatic cascade is
likely to be more effective in preventing metastases from devel-
oping with greater yield in reducing or even eliminating their
devastating clinical impact. The hematogenous transport phase
of cancer cells presents a particularly attractive opportunity for
therapeutic targeting for multiple reasons; first, it occurs early
enough to provide a rational up-stream target for strategies aim-
ing to reduce or completely prevent the development of distant
metastases. Secondly, hematogenous transport represents the final
common pathway of metastatic spread, even for tumors initially
spreading through lymphatics which eventually inter-connect with
the circulatory system (Sleeman et al., 2011). Finally, the transport
phase is relatively accessible to a variety of pharmacological and
mechanical targeting interventions.

CIRCULATING TUMOR CELLS AS THERAPEUTIC TARGETS

Circulating tumor cells (CTCs) are cancer cells that detach from
the primary tumor and enter the bloodstream. Several systems

have been developed for isolation and characterization of CTCs
from blood samples including the FDA approved CellSearch®
platform (Hughes and King, 2012; Yu etal.,, 2011). Using these
platforms, CTCs have been isolated from blood samples of patients
with a variety of tumors including head and neck (Nichols etal.,
2011), breast (Swaby and Cristofanilli, 2011), lung (O’Flaherty
etal.,, 2011), colorectal, gastric, pancreatic (Takeuchi and Kita-
gawa, 2010), renal cell, urinary bladder, and prostate cancers
(Kruck etal., 2011). Recent studies show significant correlation
between higher CTC counts and shorter overall survival in patients
with metastatic breast, lung, and prostate carcinomas (Cristofanilli
etal.,2004; Miller et al., 2010). These studies support a critical role
for CTCs in tumor progression and metastases. As a result, it is
now hypothesized that targeting CTCs during their hematogenous
transport could lead to effective interruption of the metastatic cas-
cade and ultimately, reduction of cancer morbidity and mortality
(Faltas, 2010).

CIRCULATING TUMOR STEM CELLS AND
EPITHELIAL-MESENCHYMAL TRANSITION

Circulating tumor cells occur in heterogeneous populations
with pronounced differences in their metastatic potential. Some
CTC populations undergo a transformative process called
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epithelial-mesenchymal transition (EMT) that leads to acquisi-
tion of enhanced migratory and invasive properties (Bonnomet
etal., 2010). Cells undergoing EMT also acquire cancer stem
cell (CSC)-like characteristics including the capacity for self-
renewal, re-differentiation, dormancy, active DNA repair, drug
resistance, and resistance to apoptosis leading to resistance to
chemotherapeutic agents (Monteiro and Fodde, 2010; Chaffer and
Weinberg, 2011). These CTCs possessing stem cell like character-
istics will be referred to in this review as circulating tumor stem
cells (CTSCs). Because of these unique characteristics, CTSCs
are considered high-value targets for anti-metastatic therapies.
Unfortunately, the biology of this unique subset of cells is not
fully understood, posing a challenge to precise identification
of cell populations most likely to initiate metastases in distant
organs or those that are most difficult to eliminate using exist-
ing chemotherapeutic approaches (Faltas etal., 2011). Several
markers have been proposed to identify CTSCs including CD133,
a glycoprotein expressed on hematopoietic progenitors. In one
study, real-time reverse-transcriptase polymerase chain reaction
was used to detect mRNA of CDI133 as a marker for CTSCs
in patients with colorectal cancer. This study demonstrated the
prognostic significance of a combined carcinoembryonic antigen

(CEA)/cytokeratin (CK)/CD133 pattern but not for CD133 alone
in patients with Dukes’ B and C colorectal carcinoma (linuma
etal., 2011). A marker “profile” that combines markers pre-
dicting poor clinical outcomes, resistance to chemotherapy, or
susceptibility to apoptosis evasion (CD26, epidermal growth fac-
tor receptor, myeloid leukemia cell differentiation protein Mcl-1,
and Ki-67) with the stem cell marker CD133 is currently under
investigation. This approach is expected to result in improved
ability to detect and target genuinely metastatic CTSC phenotypes
(Faltas etal., 2011).

APPROACHES FOR THERAPEUTIC TARGETING OF
CIRCULATING TUMOR CELLS AND CIRCULATING

TUMOR STEM CELLS

Improved understanding of metastatic biology has laid the bio-
logical foundations for therapeutic targeting of CTCs and CTSCs.
Table 1 summarizes important concepts in metastatic biology and
their implications for therapeutic targeting. In vivo therapeutic
targeting of CTCs and CTSCs to interrupt the transport phase of
the metastatic cascade and subsequent development of metastasis
is in itself, a novel concept (Hughes and King, 2012) and variety
of targeting approaches are currently under development.

Table 1| Emerging concepts in metastatic biology and their implications for therapeutic targeting.

Biological concept

Implications for therapeutic targeting

Reference

* Metastasis progresses in a sequence of events.
e Each step in the metastatic cascade is considered
rate-limiting.

e The parallel-progression model of metastatic tumors.

e Self-seeding of primary tumor.

e Hematogenous transport represents the final
common pathway of metastatic spread.
e Hematogenous spread is an early event in the

metastatic cascade.

o Circulating tumor cells (CTCs) predict survival of
patients with metastatic cancers.

e Circulating tumor stem cells (CTSCs) capacity for
self-renewal, re-differentiation, dormancy, active DNA
repair, drug resistance, and resistance to apoptosis.

e CTCs can undergo a transformative process called
epithelial-mesenchymal transition (EMT) that leads
to the acquisition of enhanced migratory and

invasive properties.

Interrupting the hematogenous transport step can potentially

interrupt the entire cascade.

Early targeting of CTC can eliminate early development of
micro-metastases. Anti-metastatic therapies may need to be
eliminated in conjunction with therapy for primary tumors.
Therapeutic targeting of CTC even after the development of
secondary metastases may still alter the natural history

of the disease.

Hematogenous transport is a rational therapeutic target to
prevent the development of metastases.

The hematogenous transport phase provides a unique
therapeutic window for targeting an “up-stream” event in the
metastatic cascade.

Targeting circulating tumor cells could potentially prolong
survival of cancer patients.

CTSCs are considered high-value targets for anti-metastatic
therapies. Better profiling of CTSCs could have profound
implications for therapeutic targeting.

Cell signaling pathways affecting regulation of EMT are
attractive therapeutic targets for anti-metastatic therapies.
On the other hand EMT can alter surface marker expression
leading to decreased efficacy of anti-metastatic therapies

targeting specific epithelial surface markers.

Chambers etal. (1995),
Morris etal. (1997)

Klein (2009)

Kim etal. (2009),

Comen etal. (2011)

Sleeman etal. (2011)

Faltas (2010)

Cristofanilli etal. (2004),

Miller etal. (2010)
Faltas etal. (2011)

Aalaoui-Jamali et al. (2011)
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PHARMACOLOGICAL AND IMMUNOLOGICAL TARGETING APPROACHES
Pharmacological targeting depends primarily on the identifica-
tion of suitable molecular targets which are over-expressed and
critically important for CTCs’ survival and function. CTSC sub-
sets are high-value targets because of their aggressive invasive
and proliferative characteristics and their resistance to traditional
chemotherapeutic agents. Current therapeutic approaches focus-
ing on targeting CSCs in primary tumors could be extended to
target CTSCs that express the same therapeutic targets.

Targeting surface receptors expressed preferentially in CSCs is
one promising approach that could potentially be extended to
CTSCs. In a study of human breast cancer xenografts in Swiss nude
mice, an antibody targeting CD44, a surface marker expressed on
CSCs, was found to reduce tumor growth and to prevent relapse
after chemotherapy (Marangoni etal., 2009). In another study,
targeting CD44 with short interfering RNA (siRNA) resulted in
suppression of human colon cancer xenografts (Subramaniam
etal., 2007). Investigators have also developed a fusion protein
(dCD133KDEL) targeting CD 133, another CSC marker expressed
by several human cancer cells (LaBarge and Bissell, 2008; Wang
etal.,, 2008; Faltas etal., 2011). The fusion protein resulted in sig-
nificant tumor reduction in a xenotransplant model of CD133+
human head and neck cancer (Waldron etal., 2011).

Epithelial cell adhesion molecule (EpCAM) is another interest-
ing therapeutic target (Armstrong and Eck, 2003). It is frequently
expressed on CSCs from breast, colon, pancreas, and prostate
tumors (Gires etal., 2009). EpCAM is also expressed on CTCs
but not on blood cells. This preferential expression is the basis
of many diagnostic assays used to isolate CTCs from the blood-
stream (Liljefors etal., 2005; Yu etal., 2011). Clinical trials using
anti-EpCAM monoclonal antibodies slowed progression and pro-
longed survival in patient with metastatic colorectal carcinoma
(Liljefors etal., 2005).

As mentioned earlier; CTSCs can arise through the EMT pro-
cess (Bonnomet etal., 2010). Hence, signaling pathways affecting
the regulation of EMT are attractive therapeutic targets for anti-
metastatic therapies. Inhibitors of PAR6A, Notchl, Hedgehog,
Wnt, integrins, polycomb repressive complex 1 (PRC1) protein,
Bmi-1, claudin, tyrosine kinase, and Rho GTPases have been
reported to block EMT and a few select agents are undergoing
early clinical trials (Aalaoui-Jamali etal., 2011).

In the future, a better understanding and profiling of shared
characteristics between CTCs, CTSCs, and CSCs in different tumor
subtypes will allow extension of the CSC targeting approaches
mentioned above toward the design of specific anti-CTSC ther-
apies. More clinical trials need to be designed to assess the
impact of targeted pharmacological approaches against CTCs and
CTSC:s that aim to reduce metastases. These trials should include
biomarker endpoints such CTC and CTSC counts and character-
istics as well as survival endpoints to assess the full clinical impact
of hindering metastasis development and to guide further drug
development.

IN VIVO DEVICE-BASED TARGETING APPROACHES

Devices designed to target CTCs and CTSCs in vivo can be
either intra-corporeal or extra-corporeal. Intra-corporeal devices
such as indwelling vascular devices (Faltas, 2010) and shunts

(Wojciechowski etal., 2008) have the potential to continuously
screen the entire circulation for CTC and CTSCs. This could theo-
retically improve the absolute magnitude of capture and ultimately
result in greater improvements in clinical outcomes. On the other
hand, intra-corporeal devices are susceptible to infection, clot-
ting, and other physiological and anatomical design limitations
(Faltas, 2010). Alternatively, extra-corporeal devices could isolate
and destroy cancerous cells before returning the purged blood to
the systemic circulation. Such design avoids many of the limita-
tions inherent to intra-corporeal devices achieving higher capture
efficiency per pass. However, the potential increase in capture effi-
ciency per pass may be offset by limited contact time between the
device and the circulation because extra-corporeal devices can only
be used intermittently leaving periods of unopposed CTC dissem-
ination. Some of these devices could also function as “theranostic”
devices that simultaneously monitor CTC counts and analyze their
biological characteristics while purging the circulation from CTCs.
The resulting data could have prognostic as well as, predictive
implications.

Circulating tumor cells and CTSCs can be isolated by tar-
geting cell adhesion molecules expressed on their surfaces. One
approach utilizes a vascular shunt functionalized with E-selectin
to induce CTCs to adhere to and roll over the shunt’s internal
surface functionalized with immobilized TNF-related apoptosis-
inducing ligand (TRAIL) molecules. This device resulted in
apoptosis of 30% of CTCs after 1 h of rolling exposure (Rana
etal., 2009). In another study, a P-selectin based vascular shunt
functionalized with nanoscale liposomes containing siRNA was
successful in delivering siRNA into leukemic cells inducing inhi-
bition of target gene expression (Huang and King, 2009). The
same approach can be extended to deliver siRNA into CTCs
(Hughes and King, 2012).

Immuno-magnetic separation is another promising strategy
that utilizes magnetic nano or micro-particles tagged with anti-
bodies targeting surface receptors expressed by CTC/CTSC pop-
ulations of interest followed by application of a magnetic field
to capture cell-magnetic particle complexes. This principle is uti-
lized by the CellSearch® diagnostic device approved for ex vivo
separation of EpCAM+ CTCs in peripheral blood samples. The
same concept is currently under development for in vivo appli-
cations. In one study aiming to prevent direct metastatic spread
of ovarian cancer inside the peritoneal cavity, researchers used
super-paramagnetic nanoparticles conjugated to a peptide target-
ing the EphA2 receptor expressed by ovarian cancer cells. The
application of an external magnetic field resulted in cell cap-
ture from a flow stream in vitro and from the peritoneal cavity
of experimental mice in vivo (Scarberry etal., 2008, 2010). In
another study mice receiving this treatment were found to have
tumor progression 10.77-times slower than that in the control
group (Scarberryetal.,2011). The investigators envision the exten-
sion of this concept to produce a “dialysis-like” treatment that
removes malignant cells from the body. This could potentially
result in improved long-term survival of ovarian cancer patients
(Scarberry etal., 2008).

On a parallel front, an extra-corporeal microfluidic immuno-
magnetic blood-cleansing device has been developed to treat sep-
sis. The device uses magnetic micro-beads coated with polyclonal
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antibodies to bind Candida albicansin the blood. Bead—fungi com-
plexes were then subjected to a continuous magnetic gradient that
enabled uninterrupted high throughput separation of fungi from
whole blood. A multiplexed version of the device achieved over
80% clearance of fungi from contaminated blood at a flow rate of
20 ml/h in a single pass. The same technology can also be adapted
to purge the blood from CTCs (Lee, 2009; Yung et al., 2009).

In vivo photo-acoustic flow cytometry is another emerging
CTC separation technology. In one variant, melanin nanoparticles
that naturally occur in melanoma CTCs were exposed to photons
from a laser. The nanoparticles absorbed the photons generating
heat energy that lysed CTCs while simultaneously expanding to
produce acoustic waves detectable by an ultrasound transducer
(Weight etal., 2006; Hughes and King, 2012). The same tech-
nique was applied to capture breast cancer CTCs using magnetic
nanoparticles functionalized to target urokinase plasminogen acti-
vator, a receptor commonly expressed on breast CTCs. This was
followed by photo-acoustic detection using gold-plated carbon
nanotubes conjugated with folic acid as a second contrast agent
(Galanzha etal., 2009a). In another study, photo-acoustic detec-
tion was used to target CD44+ CTSCs in a mouse model of human
breast cancer (Galanzha etal., 2009b).

CHALLENGES FACING THERAPEUTIC TARGETING

OF CTC AND CTSCs

Several challenges currently face CTC/CTSC therapeutic targeting
efforts. CTCs are rare in the general circulation relative to other
blood elements thus requiring ultra-efficient targeting. Pharma-
cological agents designed to target CTC/CTSCs need to achieve
high selectivity while maintaining acceptable clinical toxicity, an
important and sometimes an elusive goal. Furthermore, incom-
plete characterization and profiling of CTC populations hinders
efforts to selectively target CTC subsets that are most likely to
develop into metastases. CTSCs are emerging as a potentially
high-value CTC subset but are still poorly defined and incom-
pletely profiled to date (Faltas etal., 2011). Whereas a number
of pharmacologic agents that target CSCs are under development
(Aalaoui-Jamalietal., 2011), little is known regarding their specific
effectiveness against CTSCs.

Device-based approaches face unique challenges of their own.
While pre-clinical models have demonstrated proof of concept,
many technical and biocompatibility issues need to be resolved
before these devices reach clinical trials in humans. Such devices
need to reach a certain threshold of capture efficiency while main-
taining physiologic blood flow to prevent thrombosis or tumor
seeding of the device (Faltas, 2010). Thromboembolic complica-
tions are to be anticipated with the use of such devices and while
these complications can be prevented or managed with concomi-
tant use of anticoagulants, this introduces significant bleeding
risks that may decrease the overall clinical benefit. Bloodstream
infection related to indwelling vascular devices is another seri-
ous clinical problem that could potentially complicate clinical
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CONCLUSION

Recent insights into the biology of the metastasis have improved
our understanding of the metastatic cascade and potential thera-
peutic targets. These insights have laid the biological foundations
for therapeutic targeting of CTCs, a promising area of research
that aims to reduce cancer morbidity and mortality by preventing
the development of metastases at a very early stage. Studies reveal
a multi-step metastatic process that is complex, dynamic, and
multi-directional. Metastatic cancer cells disseminate very early in
the course of solid tumor growth forming metastases that grow
in parallel with the primary tumor. The crucial role of CTCs and
CTSCs in initiating and perpetuating metastases is increasingly
being recognized. Despite challenges facing precise identification
of CTSCs, they are likely to emerge as attractive therapeutic targets
because of their stem cell like properties. Several pharmacological
and immunological CSC targeting agents are being developed that
may eventually prove effective against CTSCs sharing the same
biological characteristics.

The hematogenous transport phase of the metastatic cas-
cade provides critical access to CTCs and CTSCs that permits
therapeutic targeting. Recent advances in the fields of nan-
otechnology and microfluidics have led to the development of
several devices for in vivo targeting of CTC during transit in
the circulation. Selectin-coated tubes that target cell adhesion
molecules, immuno-magnetic separators, and in vivo photo-
acoustic flow cytometers are currently being developed for this
purpose. While pre-clinical models are showing promising pre-
liminary results, several technical and biocompatibility issues need
to be resolved before these devices could reach clinical trials
on humans.

Although still in its infancy, therapeutic targeting of CTCs and
CTSCs offers an unprecedented opportunity to prevent the devel-
opment of metastasis and potentially alter the natural history of
cancer. More research is needed to expedite the translation of these
promising technologies to clinical therapies. By rendering cancer
a “local” disease, these approaches could lead to major reductions
in metastasis-related morbidity and mortality.
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Metastasis contributes to >90% of cancerassociated mortality. Though primary tumors
can be removed by surgical resection or chemo/radiotherapy, metastatic disease is a great
challenge to treatment due to its systemic nature. As metastatic “seeds,” circulating
tumor cells (CTCs) are believed to be responsible for dissemination from a primary tumor
to anatomically distant organs. Despite the possibility of physical trapping of CTCs in
microvessels, recent advances have provided insights into the involvement of a variety
of adhesion molecules on CTCs. Such adhesion molecules facilitate direct interaction
with the endothelium in specific tissues or indirectly through leukocytes. Importantly,
significant progress has been made in understanding how these receptors confer
enhanced invasion and survival advantage during hematogenous circulation of CTCs
through recruitment of macrophages, neutrophils, platelets, and other cells. This review
highlights the identification of novel adhesion molecules and how blocking their function
can compromise successful seeding and colonization of CTCs in new microenvironment.
Encouraged by existing diagnostic tools to identify and isolate CTCs, strategic targeting of
these adhesion molecules to deliver conventional chemotherapeutics or novel apoptotic

signals is discussed for the neutralization of CTCs in the circulation.

Keywords: adhesion, receptors, CTCs, cancer therapy

INTRODUCTION

Circulating tumor cells (CTCs) are cells that leave a primary
tumor and circulate in the blood. More than a century ago the
Australian physician Thomas Ashworth first observed CTCs in
the blood of a patient with metastatic cancer. He hypothesized
that “the cancer itself being seen in the blood may tend to throw
some light upon the mode of origin of multiple tumors existing
in the same person.” In the past decade, advancing technologies to
detect and isolate CTCs have provided unique fluid biopsy infor-
mation for prognosis, management of chemotherapy dosing and
timing as well as monitoring the development of drug resistance
over time (Nagrath et al., 2007; Lowes et al., 2011; Scher et al.,
2011). Driven by these technologies, numerous clinical studies
performed for breast, colon, prostate, and other epithelial can-
cers establish a clear connection between average CTC counts and
overall survival rate before and during treatment (Cristofanilli
et al., 2004, 2005; Hou et al., 2009; Criscitiello et al., 2010; Yalcin
et al., 2010; Danila et al., 2011; Lianidou and Markou, 2011).

In contrast to the rapid development of tools for CTC detec-
tion and isolation, effective therapies that directly remove CTCs
from the blood circulation are still underexplored. This is proba-
bly attributable to our limited understanding of the heterogeneity
of CTCs: in most studies, CTCs are defined as being positive for
epithelial cell adhesion molecule (EpCAM+) and cytokeratin 8,
18, or 19 (CK+) and negative for CD45 (CD45—) (Allard et al.,
2004). However, almost a third of patients with advanced breast,
colorectal, and prostate cancers have CTCs that do not meet these
criteria (Coumans et al., 2010). Despite the heterogeneity of CTC
markers, some studies have shown that cancer stem cell (CSC)

or stem-like cell (CSC-like) markers are frequently expressed by
CTCs (Aktas et al., 2009; Theodoropoulos et al., 2010; linuma
etal., 2011; Toloudi et al., 2011; Kasimir-Bauer et al., 2012; Wang
et al., 2012). Such features are especially relevant for targeting
CTCs as CSCs are believed to represent a subpopulation of cancer
cells that drive the growth and progression of metastatic cancers
(Ghiaur et al., 2012; Vermeulen et al., 2012).

The presence of CTCs in the circulation can in part explain
a clinical observation that the removal of a primary tumor is
often followed with distant metastasis and/or local recurrence.
For example, it was estimated that 20-50% patients first diag-
nosed with primary breast cancer eventually developed metastatic
disease in the past (Lu et al., 2009). In the case of hepatocellu-
lar carcinoma (HCC), liver transplantation is the best treatment
for early-stage patients. Unfortunately, every year around 10% of
recipients develop post-transplant HCC recurrence, which leads
to death in almost all patients (Toso et al., 2011). To understand
the molecular mechanism, Kim and colleagues developed a tumor
self-seeding mouse model whereby the local recurrence mediated
by CTCs was investigated using human colorectal, melanoma,
and breast cancer cells. They found that tumor-derived IL-6
and IL-8 served as CTC attractants whereas the seeder CTCs
highly expressed invasion-associated genes (MMP1, FSCN1, and
CXCL1) to promote infiltration (Kim et al., 2009). This find-
ing highlights a highly orchestrated process of local recurrence
mediated by CTCs.

CTCs play a predominant role in the metastases to distant
organs. In the blood circulation, CTCs are subject to a multitude
of stresses including anchorage-dependent survival signaling,
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immuno-surveilance, and shear stress. For example, CTCs are
deprived of integrin-dependent adhesion to extracellular matrix
(ECM) components in comparison to nontransformed cells.
Whereas such loss of anchorage induces apoptosis (anoikis) in
normal cell types, CTCs are particularly resistant to anoikis
by promoting PI3K/Akt proliferation signaling and expression
of anti-apoptotic proteins such as BCL2 (Frisch and Ruoslahti,
1997; Guo and Giancotti, 2004). Notably, numerous research
has demonstrated that CTCs do not mobilize in the circulation
alone. Instead, through heterotypic interactions with endothelial
cells and different types of haemopotoeic cells, CTCs acquire the
potential to metastasize to distant organs (Figure 1). Therefore,
such receptor-mediated adhesion can provide a unique oppor-
tunity for neutralizing CTCs either through the blockade of
receptors or receptor-targeted drug delivery.

THE BIOLOGY OF SELECTIN-MEDIATED HEMATOGENOUS
METASTASIS

Selectins are transmembrane glycoproteins which were initially
found to bind specific glycoproteins on leukocytes. Three struc-
turally related adhesion molecules, L-, E-, and P-selectin are
composed of an N-terminal C-type lectin domain which con-
fers specific, Ca>*-dependent carbohydrate-binding activity. It is
followed by an epidermal growth factor (EGF)-like domain, a
variable number of short consensus repeats domains (2, 6, and
9 for L-, E-, and P-selectin, respectively), a single-pass trans-
membrane domain and a short intracellular C-terminal tail (Ley,
2003). Despite structural similarity, the three selectins have dis-
tinct tissue-specific expression and binding kinetics. L-selectin

is constitutively expressed on the surface of almost all types
of leukocytes and is cleaved from the cell surface upon activa-
tion with a variety of cytokines and chemokines (Grailer et al.,
2009). In contrast, the expression of E- and P-selectin is inducible
on vascular endothelial cells during inflaimmation. Whereas
E-selectin depends on de novo mRNA synthesis, P-selectin is
stored in Weibel-Palade bodies of endothelial cells. Additionally,
platelets express P-selectin which translocates from a-granules
upon platelet activation (Larsen et al., 1992).

The role of selectins in mediating the rolling and trafficking
of neutrophils and monocytes to inflammation sites has been
well studied. More recently, it has been proposed that CTCs
adopt similar strategies to facilitate their initial entrapment in
the vessels and subsequent extravasation. Kéhler and colleagues
provided the first in vivo evidence that E- and P-selectin are essen-
tial for colorectal cancer metastasis. They generated a transgenic
immuno-compromised mouse with E- and P-selectin doubly
knocked out. Compared to wild-type mice, the double knockout
mice with subcutaneously implanted colon cancer cells showed
lung metastases reduced in number by 84% (Kohler et al., 2010).
In agreement with earlier in vitro studies, a model was proposed
in which the sialylated fucosylated glycans decorated on trans-
membrane proteins or specific lipids of CTCs mediate the rolling
and adhesion to selectin-expressing endothelial cells. The role
of selectin ligands in mediating the hematogenous metastasis of
CTCs has been reviewed extensively elsewhere (Konstantopoulos
and Thomas, 2009; Geng et al., 2012). However, this section
focuses on therapeutic interventions of selectin binding that have
been explored for the prevention of metastasis.
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FIGURE 1 | The heterotypic cell interactions between CTCs and
haemopotoeic cells in the circulation. Macrophages interact with CTCs
via ad-integrin-VCAM-1 ligation and transmit anti-apoptotic signal such as
TRAIL to CTCs. In contrast, certain CTCs deficient for selectin ligands
can roll and adhere to endothelial cells through heterotypic interaction

with neutrophils. This interaction is mediated by B2-integrin and

ICAM-1 expressed on neutrophils and CTCs, respectively. Additionally,
CTCs can locally induce platelet aggregation. The deposition of platelets
on CTCs prevents the damage caused by shear stress and
immuno-surveillance.
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CARBOHYDRATE-BASED INHIBITORS

Given that all three selectins recognize sialylated fucosylated
glycans such as sLe¥, the sLe* analogs have been shown to signif-
icantly prevent neutrophil accumulation and myocardial necrosis
after ischemia and reperfusion in animal models (Buerke et al.,
1994; Lefer et al., 1994; Zacharowski et al., 1999). This implies
that the same analogs may be potent inhibitors for reducing
CTC adhesion to endothelium. Shirota and colleagues investi-
gated the inhibitory effect of a sLe* analog, GSC-150 on hepatic
metastasis of human colon carcinoma in nude mice. They found
that liver metastases were significantly attenuated when cancer
cells were co-administered with GSC-150 (Shirota et al., 2001).
In addition to sLe* analogs, novel disaccharides have been gen-
erated which function as competitive substrate inhibitors for
glycotransferases involved in the synthesis of sLe*. To this end,
a disaccharide compound was able to inhibit sLe* formation in
human monocytic leukemia cells, U937. Its therapeutic effect
was further studied in Lewis lung carcinoma in vivo where the
experimental metastasis was significantly reduced through the
decreased expression of sLe* (Brown et al., 2009). Nevertheless,
strategies to abrogate sLe*-selectin interaction must be considered
carefully. Given the turnover rate of selectins or glycotrans-
ferases, such carbohydrates may not have a long-lasting inhibitory
effect. Moreover, as sLe* is essential for directing neutrophils and
lymphocytes to inflamed tissues, the chronic exposure to sLe*
analogs or metabolic inhibitors can interfere with the normal
inflammatory response. Therefore, investigations on the cellu-
lar sLe* synthesis that differentiate CTCs from leukocytes may
provide more specific targeting of CTCs while reducing side
effects.

GENE SILENCING OF FUCOSYLTRANSFERASES IN CTCs

As the key determinants of selectin ligands, sLe® and sLe?
are synthesized in the Golgi compartments by sequential
actions of N-acetylglucosaminyl-, galactosyl-, sialyl-, and fucosyl-
transferases. Of note is the terminal step of transferring fucose to
N-acetylglucosamine catalyzed by a family of fucosyltransferase
genes (Hennet, 2002). At least nine FUT genes have been iden-
tified in the human genome among which FUT3, 4, 6, and 7
have been well characterized. They are redundant in the syn-
thesis of sialyl lewis carbohydrates but display cell type-specific
expression. FUT4 and FUT7 are mainly expressed in blood cell
lineages and play a key role in the selectin ligand-mediated migra-
tion of leukocytes during the inflammatory response (Weninger
et al., 2000). In contrast, FUT3 and FUT6 are more associ-
ated with the progression of cancers, including breast (Matsuura
et al., 1998; Ding and Zheng, 2004), prostate (Barthel et al,,
2008), lung (Ogawa et al., 1996), liver (Wang et al., 2003),
and gastric cancer (Petretti et al., 1999). To exploit the thera-
peutic potential of targeting fucosyltransferases, our laboratory
first confirmed that hematopoietic cell lines (HL60 and KGla)
predominantly express FUT4 and FUT7 whereas prostate can-
cer cell line MDA PCa2b mainly expresses FUT3. Next, siRNA
against FUT3 reduced sLe* expression on prostate cancer cells and
significantly inhibited cell rolling and adhesion to a E-selectin-
functionalized surface under physiological flow. In addition, the
siRNA was able to impair cell growth which may not be directly

associated with sLe*. In fact, two recent studies revealed that
the overexpression of FUT4 and FUT6 promoted cell growth by
elevating intracellular Akt phosphorylation and suppressing the
cyclin-dependent kinase inhibitor p21 in epidermoid carcinoma
and HCC cells, respectively, (Yang et al., 2010; Guo et al., 2012).
Therefore, silencing FUTs via siRNA can simultaneously inhibit
the adhesion and clonal expansion of CTCs in the blood circu-
lation. To apply this strategy in vivo, P-selectin-based liposome
nanoparticles recently developed in our laboratory can be used
to encapsulate siRNAs against FUTs (Huang and King, 2009).
Although P-selectin recognizes both circulating leukocytes and
CTCs, siRNAs against FUTs exclusively expressed in CTCs provide
additional targeting specificity.

THERAPEUTIC ABROGATION OF CTC-HEMATOPOIETIC

CELL INTERACTION

It is estimated that less than 0.01% of CTCs shed from a primary
tumor can survive to produce clinically relevant metastases (Joyce
and Pollard, 2009). This suggests that the process of metastasis
by CTCs is largely inefficient. Whereas the mechanisms underly-
ing such high rates of attrition remain poorly understood, recent
studies identified two important cell adhesion molecules involved
in the physical interactions of CTCs with hematopoietic cells:
vascular cell adhesion molecule-1 (VCAM-1) and intercellular
adhesion molecule-1 (ICAM-1). Such interactions facilitate CTCs
in several aspects: (1) survival in the circulation, (2) initial arrest
and subsequent extravasation, and (3) eventual growth into overt
metastasis (Chambers et al., 2002).

The transmembrane protein VCAM-1 was originally thought
to be presented exclusively on endothelial cells in response to
tumor necrosis factor-alpha (TNF-a) and interleukin-1 (IL-1)
during inflammation (Coussens and Werb, 2002). It binds to
the leukocyte integrins a4f1 and a4f7 on circulating mono-
cytes, granulocytes, and lymphocytes (Osborn et al., 1989; Elices
et al, 1990). However, aberrant expression of VCAM-1 was
found to be one of 18 signature genes associated with lung
metastasis of breast cancer in both experimental mouse mod-
els and patients (Minn et al., 2005). Chen and colleagues found
that VCAM-1 on breast cancer CTCs tethered to metastasis-
associated macrophages which express a4-integrins. Clustering of
VCAM-1 on CTCs induces Akt activation and protects CTCs from
proapoptotic cytokines such as TNF-related apoptosis-inducing
ligand (TRAIL). Notably, either silencing VCAM-1 expression
by siRNA or blocking antibody against a4-integrins abolished
the pro-survival effect of VCAM-1 (Chen et al., 2011). In addi-
tion, VCAM-1 was also recently found to be associated with bone
metastasis in breast cancer. Prior to this study, a bone-metastatic
gene signature including CXCR4, IL11, CTGF, MMPI, and OPN
was identified through the reiterative selection of human breast
cancer cells MDA-MB-231 in immuno-compromised mice (Kang
etal., 2003). However, by studying a subpopulation of MDA-MB-
231 which experienced a long dormancy prior to bone metastasis,
Lu and colleagues discovered that the aberrant expression of
VCAM-1 engaged a4-integrins on monocytic osteoclast progen-
itors to promote the local osteolytic activity in bone (Lu et al.,
2011). This mouse study was further corroborated by comparing
VCAM-1 levels between clinical early and late recurrences of bone
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metastases. Higher VCAM-1 was significantly associated with
early relapse (Wang et al., 2005).

Like VCAM-1, ICAM-1 is another cell surface glycoprotein
which is typically expressed on endothelial cells in response
to TNF-a or IL-1 in inflammation. However, the constitutive
expression of ICAM-1 on CTCs was found to promote tumor
cell transendothelial migration in melanoma (Huh et al., 2010),
pancreatic (Roland et al., 2010), and breast cancers (Wu et al,,
2001). To understand this mechanism, in vitro biophysical studies
demonstrated that under physiological shear stress ICAM-1 on
melanoma CTCs promotes the heterotypic interaction with neu-
trophils by engaging f2-integrins (CD11a and CD11b) (Hoskins
and Dong, 2006; Liang et al., 2008). Moreover, as neutrophils have
selectin ligands, such heterotypic interaction facilitates the adhe-
sion and extravasation of melanoma CTCs which otherwise bind
inefficiently to the endothelium (Slattery and Dong, 2003; Liang
et al.,, 2005). Later, our laboratory studied the physical mech-
anisms of retinoblastoma metastasis. Whereas human RB cell
lines RB143 and WERI-Rb27 do not express E-selectin ligands,
they can be recruited to an E-selectin-coated surface through
attachment to activated neutrophils. This interaction is also medi-
ated by ICAM-1: B2-integrin (Geng et al.,, 2010). To test the
involvement of this heterotypic interaction in vivo, Jin Huh and
colleagues compared the lung metastases of human melanoma
cells injected alone or in combination with human neutrophils
(Huh et al., 2010). They found that human neutrophils enhanced
CTCs retention in the lung by three-fold. To dissect the molec-
ular mechanism, the cytokine interleukin-8 (IL-8) was found to
be a key determinant expressed by melanoma cells to attract
neutrophils. IL-8 secretion increased B2-integrin levels on neu-
trophils and heterotypic aggregation between ICAM-1-positive
CTCs and neutrophils. Importantly, siRNA against IL-8 impaired
transendothelial migration and lung metastasis by ~50%. In
addition to targeting IL-8 as a therapeutic approach, it is possi-
ble that blocking antibodies against ICAM-1 or B2-integrins may
be also effective (Rosette et al., 2005).

PLATELETS AGGRAVATE CTC METASTASIS

Platelets are anuclear cytoplasmic bodies released from
megakaryocytes in the bone marrow. It is estimated that
one liter of blood contains about 400 billion circulating platelets.
The primary role of platelets is to maintain haemostasis. This
is initiated via platelet activation which results in adhesion and
release of a multitude of bioactive factors from platelet granules.
In addition to haemostatic regulation, platelets have long been
believed to play a critical role in cancer metastasis through the
enhancement of CTC survival and adhesion to the endothelium
in the circulation. The involvement of platelets in cancer was first
recorded in the mid-nineteenth century by the French clinician
Armand Trousseau. He diagnosed patients with migratory
thrombophlebitis caused by an occult visceral carcinoma (Gupta
and Massague, 2004). In fact, preclinical studies in genetic knock-
out mice provide evidence that upon immediate entry into the
circulation, tissue factor highly expressed by CTCs can signal
downstream through FVIIa and FXa to activate a coagulation
cascade leading to thrombin generation, fibrin deposition, and
platelet aggregation around CTCs (Camerer et al., 2004; Kasthuri

et al., 2009; Liu et al., 2011). Such a “platelet cloak” is known to
initially trap tumor cells in microvessels (Borsig et al., 2001).

Several mechanisms of platelets in promoting CTC survival
have been proposed based on preclinical experiments in mice
using a variety of mouse and human carcinoma cell lines.
Aggregation of platelets around CTCs protect against immune-
mediated clearance of CTCs largely mediated by natural killer
(NK) cells. The potential of CTCs to induce platelet aggrega-
tion correlates with their enhanced metastatic potential. Bernhard
Nieswandt and colleagues demonstrated for the first time that
platelets directly impair NK lysis of tumor cells in vitro and
in vivo. In a mouse model of experimental metastasis, they found
that tumor seeding in the lung was reduced when platelets were
depleted from the host (Nieswandt et al., 1999). Further stud-
ies reveal that CTC evasion of NK cells is not merely attributed
to physical shielding of platelets. NK cell activity is guided by
the principles of “missing-self” and “induced-self,” which imply
that cells lacking expression of MHC class I (missing-self) and/or
a stress-induced expression of ligands for activating NK recep-
tors (induced-self) are preferentially recognized and eliminated
(Moretta and Moretta, 2004; Lanier, 2005). While CTCs are often
associated with lack of MHC class I, platelets can disrupt “miss-
ing self” recognition of NK cells by grafting MHC I class onto
CTCs (Placke et al., 2012). Furthermore, platelet-derived trans-
forming growth factor f (TGF-B) can downregualte the activating
immunoreceptor NK group 2, member D (NKG2D) on NK cells
(Kopp et al., 2009).

THERAPEUTIC INTERVENTION OF PLATELET ADHESION TO CTCs
As the blood clotting pathway contributes to platelet adhesion to
CTCs, a variety of anticoagulation agents have been tested either
alone or together with conventional cancer drugs in preclinical
mouse models. Using an experimental metastasis mouse model,
Amirkhosravi and colleagues found that the intravenous injec-
tion of recombinant mouse tissue factor pathway inhibitor (TFPI)
immediately before inoculation of tumor cells reduced metastasis
by 83% (Amirkhosravi et al., 2002, 2007). Similarly, Cilostazol,
a selective inhibitor of phosphodiesterase 3 with anticoagulatory
and profibrinolytic effects completely abolished the complex for-
mation of 4T1 tumor cells in the presence of activated platelets
in vitro. In a spontaneous model of mouse 4T1 breast cancer,
the injection of Cilostazol six hours before tumor inoculation
reduced pulmonary metastasis by 55%. As platelet aggregation
and adhesion to CTCs enhance their survival in the blood cir-
culation, abrogation of the coagulation cascade renders CTCs
susceptible to cancer drugs. Wenzel and colleagues invented dual
liposomes simultaneously containing the hemostatic inhibitor
dipyridamole and the anticancer drug perifosine. The liposomes
caused a 90% reduction in the number of lung metastases in a
mouse experimental metastasis model (Wenzel et al., 2010).
Despite the fact that anticoagulants hold promise for the pre-
vention of metastasis, they may impair the normal hemostatic
function of platelets in the presence of bleeding. Platelet interven-
tion therapies against metastasis must exhibit certain specificity
for tumor cell-platelet interactions. Therefore, direct inhibition
of platelet adhesion to CTCs may minimize the cardiovascular
side effect of anticoagulants. To this goal, heparin and chemically
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modified heparins have been shown to attenuate the metas-
tasis of human colon carcinoma in a mouse xenograft model
(Koenig et al., 1998; Stevenson et al., 2005; Hostettler et al.,
2007). The anti-metastatic effect of heparin was initially believed
to associate with its anticoagulant activity. Later it was found
that competitive binding of heparin to P-selectin on activated
platelets abolishes interaction with P-selectin ligands such as sia-
lylated fucosylated mucins expressed on human colon carcinoma
cells (Wei et al., 2004; Stevenson et al., 2005; Hostettler et al.,
2007; Lee et al., 2008). As the anticoagulant activity of heparin
is undesirable in the context of blocking CTC-platelet interac-
tions, polysaccharides isolated from certain sea plants and fungi
have shown enhanced inhibition of P-selectin binding without
anticoagulant effect. A fucosylated chondroitin sulfate (FucCS)
from sea cucumber is 4-8 fold more potent than heparin in
the inhibition of LS180 carcinoma cell attachment to immo-
bilized P- and L-selectin. Moreover, administration of FucCS
30 min prior to mouse colon carcinoma MC-38 injection is asso-
ciated with 2-fold CTC-platelet aggregates than heparin in the
mouse lung. Long-term experiment reveals that FuCS signifi-
cantly reduced lung metastatic foci by 80% compared to saline
control (Borsig et al., 2007).

THERAPEUTIC BLOCKAGE OF PLATELET SIGNALING TO CTCs

Certain CTCs express epithelial markers such as EpCAM and
cytokeratins, suggesting that the epithelial-mesenchymal transi-
tion (EMT) is not necessarily required for CTCs to access the
blood circulation. Instead, a transient contact between platelets
and CTCs in the blood circulation is sufficient to induce an
EMT gene signature and invasive behavior primarily through
the platelet-secreted transforming growth factor-pl1 (TGF-B1)
(Labelle et al., 2011). Recently, a small molecule inhibitor, SD-
208, has been shown to block the TGF-f receptor I kinase
(TBRI) activity. SD-208 successfully prevented the development
of TGF-B-induced bone metastases and decreased the progres-
sion of established osteolytic lesions in a melanoma mouse
model (Mohammad et al, 2011). Therefore, SD-208 possi-
bly represents a viable therapeutic to inhibit platelet-derived
TGEF-B signaling. In addition to TGF-f, platelet a-granules store
abundant proangiogenic factors including vascular endothelial
growth factor (VEGEF), basic fibroblast growth factor (bFGF),
EGE platelet-derived growth factor (PDGF) and insulin-like
growth factor-1 and -2 (IGF-1 and -2) (Sierko and Wojtukiewicz,
2007). Given that inhibitors for the proangiogenic factors or
their counter-receptors are available as cancer drugs in the treat-
ment of solid tumors (Roberts et al., 2005; Moreira et al., 2007;
Weroha and Haluska, 2008), it is possible that such inhibitors
can be used as adjuvant therapies in the context of targeting
CTGs.

NOVEL SELECTIN-BASED TARGETING DRUG DELIVERY

TO CTCs

Over the past several years, our laboratory has developed
a biomimetic approach to isolate CTCs using a selectin-
immobilized microtube device (Hughes and King, 2010; Hughes
et al., 2012a,b). Two factors are responsible for the efficient cap-
ture of CTCs by this device. First, the ability of selectins to

mediate the rapid tethering and rolling of leukocytes or CTCs
under shear is attributed to the fast kinetics between selectins
and selectin ligands (Lawrence and Springer, 1991; Wild et al,,
2001). The fact that cells can be enriched under flow conditions
significantly enhances the sample processing rate. Second, the
microtube allows for the margination of CTCs toward the wall
to interact with immobilized selectins. This margination effect
has been well characterized when leukocytes circulate in a flow-
dependent interaction with red blood cells (Bagge et al., 1983;
Goldsmith and Spain, 1984; Tadocicco et al., 2002).

Inspired by isolating CTCs under flow conditions, we trans-
lated the device to a unique drug delivery platform whereby
the immobilization of drug molecules on the surface creates a
high localized concentration. One device immobilizes E-selectin-
conjugated liposomes onto the surface of a blood-compatible
microrenathane (MRE) tube. After encapsulating doxorubicin
(DOX), the liposomes could specifically capture cells from the
flow and efficiently deliver DOX into adherent cells. Moreover,
a halloysite nanotube (HNT)-coated surface further enhanced
the targeting and killing of cancer cells (Figures2A,B), which
was attributed to the increased surface area for both E-selectin
and DOX.

To provide more specificity to CTCs, two additional
approaches have been pursued by our laboratory. One approach
was to functionalize the microtube surface with both E-selectin
and antibodies against epithelial markers such as EpCAM. Such
additional antibodies were able to discriminate between leuko-
cytes and CTCs when cells roll on the surface (Hughes et al,
2012a). The second approach was to replace DOX with molecules
that are tumor-specific, such as TRAIL. TRAIL holds promise as
a tumor-specific therapeutic as it selectively induces an apop-
totic signal by binding to death receptors on the cell surface
(Koschny et al., 2007; Wang, 2008). To this end, our lab developed
a death receptor-mediated apoptosis device to deliver apopto-
sis signal to captured CTCs (Figure 3A). Notably, with TRAIL
and E-selectin on the surface, one hour of rolling exposure was
sufficient to kill 30% of leukemia cells (HL60) whereas the viabil-
ity of normal mononuclear cells was not affected (Figures 3B,C)
(Rana et al., 2009, 2012).

CONCLUDING REMARKS

In haematogenous metastasis, a primary tumor sheds CTCs into
the blood circulation which comprise a population of carcinoma
cells that can exhibit CSC or CSC-like features. Two hypothe-
ses have been proposed regarding how CTCs establish the initial
contact with endothelial cells prior to metastasis. The physical
trapping hypothesis is based on the fact that the luminal diameter
of capillaries is ~8 pum while the diameter of CTCs ranges from
20 to 30 pm. Thus, CTCs can be simply mechanically trapped in
the capillary bed during their first pass through the circulation
(Valastyan and Weinberg, 2011). However, the findings that cer-
tain CTCs display organ-specific tropism (e.g., bone metastases
in breast and prostate cancer) challenge this hypothesis (Kang
et al.,, 2003; Barthel et al., 2008). In fact, by displaying selectin
ligands on their surface, CTCs in certain cancers acquire the
ability to roll and adhere to the endothelium and subsequently
exit from the circulation. The identification of selectin-dependent
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FIGURE 2 | E-selectin liposomal and nanotube-targeted delivery of doxorubicin to CTCs. (A) Schematic of E-selectin-coated liposome encapsulating
doxorubicin (DOX). (B) Schematic of a microtube device for delivering DOX to captured CTCs.
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FIGURE 3 | Delivery of apoptotic signal to rolling cancer cells. E-selectin and TRAIL. (C) Viability of normal mononuclear cells is not affected

(A) Schematic of a biomimetic device for inducing apoptosis in CTCs using by the TRAIlL:-coating, confirming the specificity of TRAIL for malignant cells.
E-selectin and TRAIL. (B) HL60 leukemic cells are eliminated by (A-C) are reproduced from Rana et al., 2009 with permission. Rana et al.,
approximately 30% following perfusion through a device coated with both 2009 is Copyright 2008 Wiley Periodicals, Inc.).
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metastasis has made it possible to develop a range of antagonists
against selectins or selectin ligands. Such antagonists have proven
efficient in reducing experimental metastases in many mouse can-
cer models. However, they may impair the selectin-dependent
trafficking of leukocytes to inflamed areas during the normal
inflammatory response. The gene silencing of specific FUTs may
confer specificity to CTCs as different FUTs have been shown to
differentially express in CTCs versus leukocytes (Yin et al., 2010).
Nevertheless, the CTC-endothelium interaction alone is not suf-
ficient for CTCs to overcome damages incurred by hemodynamic
shear forces and immuno-surveillance. The survival of CTCs
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Edited by: Unlike stem cells from solid tumors, the stem cells which initiate myelogenous leukemias

’l‘j’gae’ R. King, Cornell University, arise in marrow, an organ with a unique circulation which allows ready access of leukemia

Reviewed b cells, including leukemia stem cells (LSCs), to the vasculature. This poses unique problems
eviewed by:

in the targeting of LSCs since these cells are found circulating in the majority of leukemia
cases at diagnosis and are usually not detectable during remission states. Because most
cases of leukemia relapse, it is suggested that LSCs remain quiescent in the marrow
until they eventually proliferate and circulate again. This indicates that effective target-
ing of LSCs must occur not only in peripheral circulation but in the micro-circulation of
the marrow. Targeting such interactions may overcome cell adhesion-mediated treatment
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abrogating leukemia-initiating stem cells which contribute to disease relapse. LSCs pos-
sess surface antigen profiles and signal transduction activation profiles which may allow
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differential targeting as compared with normal hematopoietic stem cells.
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DEFINING THE LEUKEMIA STEM CELL AND ITS IMPORTANCE
Myeloid leukemias are a group of disorders arising in marrow
and often involving blood which are characterized by overpro-
duction of immature leukocytes or terminally differentiated cells
as in chronic myelogenous leukemia (CML). In this review, we
will focus on acute leukemias where impairment of differentia-
tion is found. Most therapies available to treat acute myelogenous
leukemia target leukemia blast cells which are in general a later
progenitor/precursor cell no longer capable of self-renewal and
multipotential differentiation. Only about 0.01% of normal mar-
row cells are hematopoietic stem cells (HSCs), and what the actual
leukemia stem cell (LSC) number is at a typical new diagnosis
of acute myeloid leukemia (AML) is not known. Also, it is not
known if mutations which are associated with AML arise in nor-
mal stem cells or in more differentiated cell types which then
acquire stem-like features (Misaghian et al., 2009). Leukemia stem
cells are defined functionally as cells which are able to engraft
in immunocompromised mice, but it is possible that xenotrans-
plantation underestimates the numbers and types of stem cells
due to the presence of a foreign microenvironment (Adams and
Strasser, 2008). The concept that a LSC which is a counterpart
to a normal HSC exists has been considered for many decades,
but thus far the implications that such a cell has in the manifes-
tation and therapy of acute myelogenous leukemia have remained
controversial.

The cellular origin of AML remains unclear, with ongoing con-
troversy as to whether it arises from a transformed true HSC
with multipotential self-renewal capacity or in a more mature
progenitor cell. Most AML cells do not possess the properties of
self-renewal and multipotency. This has led to the concept of stem

cell heterogeneity (Nguyen etal., 2012; Walter etal., 2012). Some
leukemias may arise at the level of pluripotent CD33~ precursors,
some may have an initial mutation in a pluripotent HSC with
a collaborating mutation such as a core binding factor mutation
occurring later, or some may arise at the level of a committed
myeloid precursor as is the case in acute promyelocytic leukemia.
Both the mutation(s) leading to a leukemic state and the cell of
origin of the mutation are thought to have prognostic bearing
(Walter et al., 2012). The LSC may not always be a rare population
of quiescent cells. The phenotype, frequency, and functional prop-
erties of these cells may also change during disease progression
(Mather, 2012; Nguyen et al., 2012).

Bonnet and Dick (1997) found that only leukemic blasts
with the immature cell-surface phenotype characterized by CD34
expression with lack of CD38 expression were capable of transfer-
ring AML to immunodeficient mice; severe combined immunod-
eficiency (SCID) mice. This seemed consistent with a cancer stem
cell (CSC) hypothesis which suggests that tumors are maintained
by a small population of stem cell-like cancer cells which have the
capability for indefinite self-renewal (Lapidot etal., 1994). Subse-
quently, some leukemia-initiating cells (L-ICs) have been found
in the CD34 negative marrow fractions (Taussig et al., 2010). Also,
LSCs have a hierarchy defined by length of repopulating potential
in serial immune deficient mice transplantations defined as short-
and long-term potential (Sarry etal., 2011). Those with long-term
potential are thought to be quiescent (outside of active cell cycle)
and express high levels of the multi-drug resistance phenotype,
MDR-1, indicating ability to efflux cytotoxic drugs (Krause and
van Etten, 2007). There is also evidence that pathways involved in
proliferation of primitive cells such as Hox, hedgehog, notch, and
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Wnt are all involved in the maintenance and proliferation of the
LSC (reviewed in Krause and van Etten, 2007).

While the CD347CD38™ cells are clonal as based on cyto-
genetics, fluorescence in situ hybridization (FISH), and reverse
transcriptase polymerase chain reaction (RT-PCR) in some
cases, normal CD34"CD38™ cells are also capable of engrafting
NOD/SCID mice and must be distinguished from their leukemic
counterparts in the course of functional assays. If a multipotential
CD341CD38™ stem cell is the cell of origin for acute leukemia, it is
not known why the lymphoid phenotype is suppressed after trans-
formation. Satoh and Ogata (2006) have postulated that myeloid
HSCs with minimal lymphopoietic potential may be the site of
transformation in AML and could be a target to eliminate the LSC
in many cases.

The LSC is best defined functionally by its ability to reca-
pitulate leukemia faithfully in immunocompromised mice. This
requires not only homing and engraftment potential to the murine
microenvironment but ability to express the phenotype of the
original AML in terms of surface phenotype and of clonal mark-
ers such as chromosome translocations or deletions or of other
abnormal molecular markers such as nucleophosmin-1, Flt3—
ITD expression, or Ras mutations. Unfortunately, only about
50% of AML cases have clonal chromosome markers to allow
easy distinction, but other aberrant leukemic cell phenotypes
can sometimes allow the distinction of normal vs. leukemia
human CD45™ cells to be made by flow cytometry or by muta-
tion analysis by PCR or sequencing. Detecting the presence of
human CD45" cells is not sufficient as normal HSCs are also
able to engraft immunodeficient mice, so documentation of the
leukemic nature of the engrafting cells is required. In vivo L-
IC and HSC assays are important to measure functional stem
cell capability and to measure effectiveness of therapies against
L-ICs as has been determined with a compound kinetin riboside
which has potential therapeutic efficacy and preferential effects
against LSCs as compared with normal HSCs (McDermott etal.,
2012). Some AML do not engraft immune deficient mice, and
it is thought that murine engraftment could represent prolif-
erative potential of the leukemic cells or could simply reflect
ability to interact with the murine microenvironment (Risueno
etal,, 2011). Targeting LSCs is thought to be of importance
since the burden of LSCs at diagnosis has prognostic signifi-
cance. Patients whose blasts at diagnosis fail to engraft NOD/SCID
mice at high cell doses have superior long-term survival
(Pearce etal., 2006).

Knowing which “stem cell” to target therapeutically in AML
is difficult, however, since relapse may occur in a founder clone,
a recurring subclone, or in a novel stem cell clone (Walter etal.,,
2012). Not only do controversies exist about how to identify a
LSC but also about whether such a stem cell must be eliminated
in order to effectively treat the leukemia (Kelly etal., 2007; Majeti,
2011). The possibility that stem cell-like components of tumors
may change phenotype rapidly and reversibly also makes study
of these cells difficult (Mather, 2012). Because of the hetero-
geneity in the phenotype of LSCs, surface antigen phenotype is
inadequate as a means of isolation. High expression of aldehyde
dehydrogenase (ALDH) activity in conjunction with CD34 has
been found to delineate an L-IC (Ran etal., 2012). The frequency

of aldehyde bright cells in the marrow at time of initial diagnosis
is an independent prognostic factor predicting overall survival
(Ran etal., 2012). It has also been shown that in a majority of
AML cases, two subsets with progenitor immunophenotype coex-
ist, and both have LSC activity and are hierarchically patterned
(Goarden etal., 2011).

That the stem cell model has clinical significance in AML is sug-
gested by studies such as one which showed that the percentage
of CD34TCD38~ LSCs at the time of diagnosis correlated with
the duration of relapse-free survival in 92 patients (van Rhenen
etal., 2005). Those with >3.5% AML LSCs had a median relapse-
free survival of 5.6 months vs. those with <3.5% who had a
median relapse-free survival of 16 months. The presence of a
CD347CD38~ ALDH intermediate population has been shown
to correlate with minimal residual disease (MRD) and subsequent
relapse and to be able to distinguish LSCs from normal stem cells
which are aldehyde high expressors (Gerber etal., 2012). Overall,
LSC frequency is thought to be an important component of MRD
(Buccisano etal., 2012).

ASSAYING THE LSC

The LSC can be assayed by flow cytometry and immunopheno-
type, but given the vagaries and lack of standardization of this
technique, it is most accurately assayed by its ability to engraft
immune deficient mice, although as noted above, there are both
quantitative and qualitative problems with those assays (Mather,
2012). The L-ICis able to recapitulate the phenotype of the original
leukemia when transplanted into NOD/SCID mice and then to be
secondarily transplanted to another sublethally irradiated mouse.
The NOD/SCID xenograft has no B or T cells, and leukemia
engraftment is often quite low and requires transplantation of
thousands of cells. In the NOD/SCID/IL-2Ry—/— (NSG) species,
NK cells are also deficient and as few as 100 cells will transplant
the leukemia (Ishikawa et al., 2005). ALDH has been utilized as a
marker of LSCs, and in vitro long-term culture assays have been
reported to identify an L-IC (Sutherland etal., 2001).

Initially, it was thought that the LSC resided in the
CD347CD38™ compartment, but many anti-CD38 antibodies,
including those utilized in the original isolation of LSCs inhibit
engraftment of CD347CD38" leukemia cells through an Fc-
dependent mechanism (Taussig etal., 2008). Blockade of Fc
receptors can result in engraftment of CD38" AML cells, sug-
gesting that CD38™" fractions may contain LSCs (Taussig etal.,
2008). Also, in some AML cases with nucleophosmin mutation,
the L-ICs reside in the CD34 negative fraction (Taussig et al., 2010).
Table 1 illustrates some of the characteristics of AML stem cells as
contrasted with normal HSCs.

MEANS TO TARGET LSCs

TARGETING CELL-SURFACE MOLECULES ON LSCs

One means of isolating and potentially targeting LSCs would be
to target cell-surface molecules on the cell surface which are selec-
tively or differentially expressed relative to normal tissue, in this
case the normal HSC. Such antibodies could be expressed on dif-
ferentiated normal cells but not on normal HSCs. LSCs lack Thy-1
(CD90) and c-kit (CD117), both found on normal HSCs, but they
possess CD123, CD33, and C-type lectin-like molecule-1 (CLL-1).
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Table 1 | Sample characteristics of leukemia vs. normal stem cells.

LSC HSC
Frequency Usually rare Rare
Cell cycle status Quiescent Quiescent
MDR-1 expression + +
CD34 expression + +
CD38 expression Sometimes —
HLA-DR expression — —
CD71 expression — —
CD33 expression — (Usually) —
CD117 expression — +
CD90 expression — +
CD123 expression + — (Usually)
Aldehyde dehydrogenase expression  + But intermediate  + (Bright)

LSC, leukemia stem cell; HSC, hematopoietic stem cell; MDR, multi-drug
resistance.

CD96, CD45, CD32, and CD25 have been shown to be preferen-
tially expressed on AML stem cells as compared with normal HSCs
(reviewed in Majeti etal., 2009). CD90 is expressed by normal
but not AML stem cells (Baum etal., 1992). LSCs do not express
human leukocyte antigen (HLA)-DR or CD71 (Blair etal., 1998).
Many of these antigens are expressed on the cell surface, allow-
ing stem cell targeting throughout the circulation without specific
delivery requirements.

ANTIGENS USED IN TARGETING AML LSCs

CD33

CD33 is a sialylated protein expressed on normal cells with
myelomonocytic differentiation, AML blasts, and some LSC pop-
ulations. Numerous antibodies to CD33 have been developed for
clinical use, including gemtuzumab ozogamicin, a recombinant
humanized anti-CD33 conjugated with calicheamicin (Hamann
etal., 2002). This conjugate induced remission in relapsed AML,
most cases being CD337, but it also had some activity in CD33~
cases probably due in large part to the calicheamicin effects
(Jawad etal., 2010; Pollard etal., 2012). It was also able to elim-
inate promyelocytes in cases of acute promyelocytic leukemia.
While not studied directly, it was thought to differentially kill
leukemia cells and possibly LSCs, but prolonged cytopenias also
suggested in some cases that it was expressed on normal HSCs as
well (Walter etal., 2012). Gemtuzumab ozogamicin (anti-CD33
conjugated with calicheamicin) was approved for the treatment
of relapsed AML in elderly patients. Because CD33 is also
expressed on endothelial cells of certain vascular beds, toxici-
ties such as sinusoidal obstructive syndrome of liver occurred
in some cases (McDonald, 2002), leading to eventual voluntary
withdrawal of this conjugated antibody from the market. It is
still being utilized in clinical trial settings, however, so future
studies may be able to discern its effects on LSCs in states of
MRD and other therapeutic settings in leukemia (Castaigne etal.,
2012). Other antibody conjugates are also under development
(Walter etal., 2012).

CD33 is a relatively hard molecule to target due to relatively
low antigen expression (about 104 CD33 molecules/cell) and slow
conjugate internalization (Walter et al., 2012). In CML, it has been
found (Hermann etal., 2012b) that CD34TCD38~CD1237 cells
expressed significantly higher levels of CD33 compared to nor-
mal CD341TCD38 stem cells. Levels of CD33 mRNA were also
higher. Gemtuzumab ozogamicin inhibited these in long-term cul-
ture initiating cell assays, but no mention was made of inhibition
of engraftment in NOD/SCID mice, however.

CD123

CD123 is the high-affinity interleukin-3 receptor alpha chain.
While it is differentially expressed on leukemia vs. normal stem
cells (Jordan etal., 2000), cord blood may express CD123 posi-
tive progenitors. CD123 has been targeted for clinical use with a
diphtheria toxin—IL-3 fusion protein (Kuo et al., 2009) and numer-
ous additional means to target CD123 have been developed. Jin
etal. (2009) reported on a monoclonal antibody, 7G3 which tar-
gets CD123. It was able to reduce AML-LSC engraftment and
improve murine survival in models of pre-established leukemia
where the antibody showed reduced AML burden in the marrow
and periphery as well as impaired secondary transplantation after
7G3 exposure, indicating that LSCs had been inhibited. Stein et al.
(2009) used single chain Fv antibody fragments specific for CD123
designed to specifically target LSCs. This binding created two cell
death inducing molecules; one being immunotoxic through trun-
cation with a pseudomonas exotoxin and the other targeted to the
low-affinity Fcy receptor III (CD16). This construct was able to
generate potent lysis of MOLM-143, and SKNO-1 cells in ADCC
reactions. None of the CD123 targeted agents have had significant
clinical development to date.

C-type lectin-like molecule 1

This molecule has been found to be expressed on CD34TCD38~
AML cells. Its expression tracked with clinical remission or relapse.
It was not found on CD34TCD38~ cells from normal marrow
or on cells regenerating post-chemotherapy (van Rhenen etal,
2007). Zhangetal. (2011) have developed nanoparticles covalently
decorated with CLL-1 targeting peptides. These are loaded with
daunorubicin which is then internalized to LSCs but not to normal
HSCs. Other antibody means of targeting CLL-1 are also under
development (Zhao etal., 2010).

CD96

CD96 is a member of the immune globulin superfamily. It is
normally found on T-lymphocytes. It is thought to be LSC-
specific as it is found on most CD341CD38~ AML cells whereas
it is only expressed weakly in the normal counterparts (Hosen
etal., 2007). When leukemic cells were separated into CD96 pos-
itive and negative cells, only positive cells engrafted Rag-deficient
mice, suggesting that this may be an LSC-specific therapeutic
target.

Anti-PR1/HLA-A2 T-cell receptor

Antibodies against PR1 induce complement-dependent cytotox-
icity against AML progenitor cells. PR1 is a HLA-A2 restricted
leukemia-associated peptide from proteinase 3 (P3) and neu-
trophil elastase (NE) recognized by anti-PR1-specific cytotoxic
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T lymphocytes which can contribute to cytogenetic remission
of AML. These cells cause specific lysis of AML, including LSCs
(Sergeeva etal., 2011).

CD44

The CD44-6v isoform is differentially expressed by AML pro-
genitor cells. An activating CD44-specific antibody was able to
eradicate AML but not normal cord blood and normal adult mar-
row engraftment in NOD/SCID mice (Jin et al., 2006). In vivo, the
effect of this antibody, H9 was limited to situations with a lower
burden of disease (Jin et al., 2006).

CD32

This antigen has been reported by Saito etal. (2010) to be differ-
entially expressed on the AML stem cell. It recognizes the FcRIIa
low-affinity receptor and as such is expressed on monocytes and
other effectors of ADCC as well.

CD25

Saito etal. (2010) also described this on the AML stem cell. Either
CD32 or CD25 or both were expressed in 32/61 (53%) of patients
in AML LSCs which were able to initiate AML and were cell-cycle
quiescent and chemotherapy resistant in vivo.

CD47

CD47 is a ligand to SIRP-alpha (signal regulatory protein-alpha).
Its expression sends a “don’t eat me” message to phagocytic cells.
Blocking antibodies to CD47 enabled phagocytosis of human AML
LSCs but not normal LSCs (Jaiswal et al., 2009). This antibody has
been found effective in a treatment model where NSG mice were
transplanted with LSCs. After 8—12 weeks the mice were treated
with control IgG or blocking antibodies to CD47. The antibodies
to CD47 resulted in rapid clearance of AML in blood and also
of marrow LSCs. There was absence of leukemia in secondary
recipients (Majeti et al., 2009). CD47 is expressed on many tissues,
and it may be more effective with chemotherapy or with mobiliz-
ing agents to facilitate phagocytosis in the peripheral circulation
(Majeti et al., 2009).

SUMMARY OF ANTIBODY TARGETING

While antibodies have been developed to target differentially
expressed surface markers on AML vs. normal cells, none of
these have had significant impact on disease outcomes to date.
In part, this may be due to lack of complete specificity, inadequate
targeting, toxicities due to non-specificity, antigen modulation,
and subsequent resistance, or other as yet undiscovered mecha-
nisms. Despite its removal from the market in the United States,
the anti-CD33 antibody with which most experience developed,
gemtuzumab ozogamicin, has recently been tested in low doses
during induction and consolidation chemotherapy for AML and
has been found to result in superior overall and disease-free
survival when used in combination with chemotherapy (Cas-
taigne etal., 2012). LSC frequency or MRD was not measured
as part of the study, so whether this relates to stem cell tar-
geting or other mechanisms of leukemia suppression remains
uncertain.

TARGETING SIGNALING PATHWAYS IN LSCs WITH SMALL

MOLECULE INHIBITORS

One approach to eliminating the LSC would be to target pathways
regulating stem cell self-renewal, particularly if these are differ-
entially expressed in LSCs vs. HSCs (Rasheed etal., 2011). For
example, inhibitors of Wnt have been examined in CML (Bagh-
dadi et al., 2012) and notch inhibitors have been examined in ALL,
but these are also toxic to normal HSCs in some cases, indicating
a need to find selective inhibitors or relatively selective inhibitors
for LSCs (Guzman and Jordan, 2004; Mikkola etal., 2010). Heat
shock protein inhibitors have been found to be inhibitory to AML
progenitor cells, but whether those represent true stem cells is
uncertain (Hermann etal., 2012a).

PI3K/AKT/mTOR PATHWAY

The PI3K/AKT/mTOR pathway is activated in the majority of
AML cases, but the effects of inhibiting this pathway on LSC fre-
quency have not been described in detail (Mikkola etal., 2010). In
mice, when PTEN, normally a suppressor of the PI3K/AKT/mTOR
pathway is depleted, normal HSCs are depleted, but L-ICs are
expanded (Lee etal., 2010). The mTOR inhibitor, rapamycin,
blocks this. The depletion of Pten-deficient HSCs was not caused
by oxidative stress (Peng etal., 2010).

Altman etal. (2011) have found that dual targeting of mMTORC1
and mTORC2 results in potent suppressive effects on primi-
tive leukemic progenitors from AML patients. Inhibition of the
mTOR catalytic site with OSI-027, a dual mTORC1/mTORC2
inhibitor, resulted in suppression of mTORC2 and mTORCI
complexes and elicited a much more potent anti-leukemic
response than selective mTORCI1 targeting with rapamycin.
Whether these inhibitors act at a true stem cell level remains
unclear.

NF-« B pathway

NEF-kB has been found to be active in most AML stem cells but
not in normal lineage negative progenitors (Jordan etal., 2006).
The proteasome inhibitor, MG-132, inhibited NF-kB activation
through stabilization of its cellular inhibitor, IkB and was able
to induce apoptosis in CD34TCD38~ AML cells while sparing
normal progenitors. Since that report, other inhibitors of NF-
kB such as bortezomib or specific inhibitors of IkB kinase which
phosphorylate and inactivate IkB have been developed and have
been reported to be inhibitory to AML progenitor cells (Frelin
etal.,2005). The drug parthenolide has IKB-Ikk inhibitory activity
and is able to induce apoptosis in AML cells coincident with NF-
kB inhibition, p53 activation, and induction of reactive oxygen
species (Neelakantan etal., 2009).

Tyrosine kinase inhibitors

These have been utilized primarily to target ber/abl, the driving
mechanism in CML. While most ber/abl inhibitors such as ima-
tinib mesylate, nilotinib, and dasatinib eradicate most CML cells,
they are ineffective against a reservoir of quiescent LSCs (Baghdadi
etal,, 2012). Inhibition of the Wnt/beta-catenin, hedgehog, and
histone deacetylases has been shown to have potential to inhibit
the CML stem cell.
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Hedgehog/smoothened pathway

Hedgehog signaling is essential for maintenance of CSCs (Zhao
etal., 2009). Loss of smoothened, an essential component of the
Hedgehog pathway, impairs HSC renewal and decreases induction
of CML by ber/abl. Inhibition of hedgehog by cyclopamine inhib-
ited the propagation of CML. In contrast, hedgehog signaling is
not required for adult murine HSC function and hematopoiesis
(Su etal., 2012). Its role in an AML LSC is not well worked out
yet, but inhibitors of the Wnt and Shh signaling pathway cause less
apoptosis in normal vs. leukemic HSCs (Hofmann etal., 2009).

Oxidative stress pathways

While states of low oxidative stress are thought to aid in mainte-
nance of stem cell quiescence, CSCs may be susceptible to agents
which induce oxidative stress. In fact, excessive production of
ROS or a deficiency in antioxidant pathways has been noted in
acute leukemias (Hole etal., 2011). This has not been studied
systematically as a means of differential LSC targeting.

TARGETING VASCULAR INTERACTIONS

Since LSCs as well as their blast progeny can be isolated from the
vasculature in which they circulate, it is likely that exploitation
of LSC—vascular interactions would have greater impact on tar-
geting these stem cells than would be the case in other cancers
where the stem cells do not routinely circulate except at times of
active metastasizing. Furthermore, the LSC arises in the marrow
microenvironment, an organ that is very vascular, again suggesting
a potential role for targeting leukemia/vascular interactions. In the
marrow, LSCs interact with cells, cell matrix, and soluble factors
in the microenvironmental niche (Konopleva and Jordan, 2011).
In mice, the microenvironmental niche has been characterized as
vascular and osteoblastic, but whether such distinct niches exist in
human marrow is uncertain. When leukemia cells enter the blood,
they must traverse the endothelial cells lining the marrow sinusoids
which comprise the vascular niche, and when they return to the
marrow, they are engaged by selectins for rolling on the endothe-
lial layer after which they attach via integrins or other adhesins.
Thereafter, they transmigrate the endothelial barrier before again
lodging in the marrow niche.

Role of endothelial cells

As noted above, when LSCs and other AML cells home to marrow
or egress marrow to the peripheral circulation, they must traverse
an endothelial monolayer. These form an intact lining of mar-
row sinusoidal vessels. The homing process involves rolling on
selectin surfaces, engaging integrin or other adhesion receptors,
transmigrating the endothelial layer, and lodging in the marrow
hematopoietic niche. Chemotherapy resistant AML stem cells are
thought to engraft with the marrow endosteal region (Ishikawa
etal.,2004). Stem cell interactions with the niche can therefore the-
oretically be disrupted at each of these steps with possible impact
on survival, proliferation, and function.

Sipkins etal. (2005), using intravital microscopy showed that
NALM-6, an ALL cell line, engrafted in microvascular domains in
the marrow. Colmone etal. (2008) demonstrated that the NALM-
6 cells actively disrupted normal vascular niches for transplanted
human CD34™" cells and caused normal CD34 " cells to leave their

niches and to engraft in alternative niches. Targeting the sup-
portive function of the vascular niche in marrow and circulation
may therefore have inhibitory activity against LSCs. Whether this
will have a differential effect as compared with normal stem cells
remains uncertain.

Targeting vascular endothelial growth factor (VEGF) and
its receptor, VEGFR2 (KDR) may inhibit both AML cells and
endothelial cell proliferation as both possess these receptors
(Ziegler etal., 1999). Marrow vascularity is increased in AML,
and targeting this vasculature may decrease AML proliferation.
The role of specific angiopoietins such as basic fibroblast growth
factor or transforming growth factor-beta has not been examined
as related to AML stem cell survival, but this might also repre-
sent pathways which might be targeted to decrease proliferation
of AML cells (Folkman, 2001). It has also been demonstrated that
leukemia cells secrete factors which can enhance endothelial cell
proliferation which in turn can stimulate leukemia cell prolifer-
ation and survival (Veiga etal., 2006). Targeting endothelial cells
via inhibition of the angiopoietin-Tie2 axis (Schliemann etal.,
2007) or via combretastatins (Petit etal., 2008) might also inhibit
leukemia cell proliferation, but specificity for LSCs has not been
determined.

CXCL12 and CXCR4

The CXCLI12-CXCR4 chemokine—chemokine receptor axis is
involved in AML stem cell interaction with the marrow as is
also the case with normal HSCs. CXCR4 is expressed on primary
leukemic cells, and high expression is a negative prognostic factor
(Rombouts etal., 2004). Treatment with the CXCR4 antagonist,
plerixafor, has been found to increase sensitivity of Flt-3 mutated
AML cells to the FLT3 inhibitor, sorafenib and to induce the mobi-
lization of AML cells into the peripheral blood (Zeng et al., 2009).
It is uncertain whether there is preferential mobilization of LSCs
vs. normal progenitors and bulk AML cells.

Anti-VLA-4 and anti-VCAM

The integrin—integrin receptor pair of very late antigen-4 and vas-
cular cell adhesion molecule-1 is involved in retention of AML
cells in marrow. AML blasts with higher CD49d expression have a
poorer prognosis (Matsunaga et al., 2003), but the function of very
late-antigen-4 as measured by binding of soluble VCAM-1 may be
associated with improved overall survival of patients (Becker et al.,
2009). Interactions between VLA-4 and fibronectin or VCAM may
modulate chemotherapy response. How this impacts AML stem
cells remains uncertain. Targeting other integrin-linked pathways
may also inhibit AML stem cells (Muranyi et al., 2010).

Role of CD44

CD44 is a glycoprotein which binds to hyaluronan, selectins, and
osteopontin and has pleiotropic functions in organogenesis, cell
homing, and migration (Krause etal., 2006). High levels of the
molecule on AML cells are associated with higher relapse rates
(Quere’etal., 2011). The anti-CD44 antibody, H90 targets LSCs in
human AML through niche disruption and with evidence of LSC
differentiation and loss of LSC self-renewal capacity as compared
with effects on normal HSCs. Jin etal. (2006) found that using an
activating monoclonal antibody to CD44, leukemic repopulation
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of NOD/SCID mice was markedly reduced probably due to inter-
ference with transport to the stem cell-supportive niches. Since
CD44 is ubiquitously expressed, it is not known if the differ-
ential effects on LSCs are due to alternative splicing or other
reasons.

Role of hypoxia

The marrow microenvironment in AML is relatively hypoxic (Fiegl
etal.,2009). Under normoxic conditions, it has been found (Wang
etal,, 2011) that HIF-1a signaling was selectively activated in
the stem cells of murine lymphoma and human AML. HIF-1a
shRNA and HIF-1a inhibitors abrogated the colony-forming unit
(CFU activity) of human CSCs. The inhibitor echinomycin erad-
icated serially transplantable human AML cells in xenogeneic
models by preferential elimination of leukemic-/cancer-specific
stem cells. The increased HIF-1 activity in cancer stem cells was
seen in both hypoxic and normoxic states. Rakicidin A is another
compound which may target a hypoxic microenvironment
(Yamazaki etal., 2007).

Role of selectins

Leukemic stem cells express sialylated carbohydrate ligands on
their surfaces that adhere to selectin proteins found on endothe-
lial cells. In marrow vascular beds, these selectins are constitutively
expressed. Immobilized selectin protein can be utilized as a target-
ing mechanism for cells under flow and can capture some LSCs.
Mitchell etal. (2012) have utilized targeted liposomal doxorubicin
(L-DXR) functionalized with recombinant human E-selectin and
polyethylene glycol. Normal leukocytes exposed to these molecules
demonstrated minimal cell death, whereas leukemia cells could
be targeted. This mechanism was effective either in suspen-
sion or immobilized onto microtubular devices. P-selectin coated
microtubules have been found to enrich for some hematopoietic
progenitors from marrow through differential rolling (Narasipura
etal., 2008), and this observation may allow delivery of cytotox-
ics to cancer cells (Rana etal., 2009), but whether this will have a
differential effect on LSCs vs. other leukemia progenitors is still
unclear.

ROLE OF CELL CYCLE IN THE VASCULAR NICHE

Chemotherapy agents used to treat leukemia kill cells that are in
active cell cycle but spare LSCs which are in a quiescent state in
the marrow endosteal niche. Like normal stem cells, LSCs are pre-
dominately in a quiescent state which allows avoidance of stem
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INTRODUCTION

The spreading of tumor cells to secondary sites (tumor metastasis) is a complex process
that involves multiple, sequential steps. Vascular adhesion and extravasation of circulat-
ing tumor cells (CTCs) is one, critical step. Curcumin, a natural compound extracted
from Curcuma longa, is known to have anti-tumoral, anti-proliferative, anti-inflammatory
properties and affect the expression of cell adhesion molecules, mostly by targeting the
NF-«B transcription factor. Here, upon treatment with curcumin, the vascular behavior of
three different estrogen receptor negative (ER™) breast adenocarcinoma cell lines (SK-BR-
3, MDA-MB-231, MDA-MB-468) is analyzed using a microfluidic system. First, the dose
response to curcumin is characterized at 24, 48, and 72 h using a XTT assay. For all three
cell lines, an ICgq larger than 20 wM is observed at 72 h; whereas no significant reduction
in cell viability is detected for curcumin concentrations up to 10 wM. Upon 24 h treat-
ment at 10 wM of curcumin, SK-BR3 and MDA-MB-231 cells show a decrease in adhesion
propensity of 40% (p = 0.02) and 47% (p = 0.001), respectively. No significant change is
documented for the less metastatic MDA-MB-468 cells. All three treated cell lines show a
20% increase in rolling velocity from 48.3 t0 58.7 wm/s in SK-BR-3, from 64.1 t0 73.77 pm/s
in MDA-MB-231, and from 575 to 74.4 wm/s in MDA-MB-468. Collectively, these results
suggest that mild curcumin treatments could limit the metastatic potential of these ade-
nocarcinoma cell lines, possibly by altering the expression of adhesion molecules, and
the organization and stiffness of the cell cytoskeleton. Future studies will elucidate the
biophysical mechanisms regulating this curcumin-induced behavior and further explore the
clinical relevance of these findings.

Keywords: circulating tumor cells, vascular adhesion, parallel plate flow chamber, curcumin treatment, metastasis

tumor cells (CTCs), transported by the blood flow, are subjected

The spreading of primary tumors to secondary sites (fumor metas-
tasis) is responsible for a dramatic decrease in survival rate, with
about 90% of the deaths in cancer patients being related to metas-
tasis (Wittekind and Neid, 2005). Although, for a long time, this
has been considered as a late stage process in tumor growth,
recently it has been realized that metastatic niches can form and
progress almost simultaneously with the primary mass (Klein,
2009). Metastasis is a multi-step process where tumor cells have
to overcome several barriers before growing at secondary sites: (i)
invade the normal tissue surrounding the tumor mass; (ii) enter
the bloodstream; (iii) survive in the circulatory system; (iv) leave
the blood stream and infiltrate the normal tissue; and (v) prolifer-
ate there, evading the immune system surveillance (Morris etal.,
1997; Fidler, 2003; Chaffer and Weinberg, 2011). Each of these
steps represents an impediment to the distant spreading of the
disease that only a few primary tumor cells (one CTC out of a
billion of blood cells) can overcome. Yet, metastasis occurs very
often in cancer patients (Wong et al., 2001; Chambers et al., 2002).

A critical step in this process is the vascular transport of
tumor cells in the hostile hemodynamic environment and the
extravasation to secondary sites (Wyckoff etal., 2000). Circulating

to mechanical stress, generated by high shear forces and collisions
with other cells; and immunological stress, as these cells can be
recognized and attacked by lymphocytes (Al-Mehdi etal., 2000;
Chang etal., 2008; Vivier etal., 2008). Extravasation and infiltra-
tion are generally associated with pro-metastasis modifications of
the CTGC:s (i.e., epithelial-mesenchymal transition) that originate
in the primary mass and continue in the circulation (Iwatsuki et al.,
2010; Labelle et al., 2011). The actual mechanism for extravasation
depends on the tumor type and metastatic environment and can
involve the (i) geometrical trapping of CTCs in narrow blood
vessels (diameter <40 pwm); (ii) adhesion to endothelial cells, in
a leukocyte-like fashion, mediated or not mediated by platelets;
and (iii) a combination of these mechanisms (Ribatti et al., 2006;
Miles et al., 2008).

In this study, the main focus is on the vascular adhesion
of CTCs under flow, as schematically shown in Figure 1. This
process consists of two sequential steps: (i) CTC rolling over
the vascular walls, regulated by the engagement of endothelial
E-selectin and P-selectin with tumor cell glycoprotein such as
CD44, CEA, CD24, sulfate glycosaminoglycans (CS-GAGs), sia-
lylated glycosphingolipids; (ii) CTC firm arrest, regulated by other
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(blue) through ligand molecules.

FIGURE 1 | Schematic representation of circulating tumor cells (CTCs in green) transported by the blood flow and tethering the endothelial cells

endothelial receptors (ICAM-1, VCAM-1), and different families
of integrin molecules (o, f3, B2 integrins; Wirtz etal., 2011; Geng
etal., 2012). In organs with high occurrence of metastasis, such as
the liver, this picture is even more complicated in that the char-
acteristic discontinuous and fenestrated endothelium leaves the
underlying extracellular matrix directly accessible to CTCs. More-
over, vascular adhesion is also supported by the reorganization
and deformation under flow of the cell cytoskeleton. Although
tumor cells do not exhibit a leukocyte-like cortical cytoskeleton
which is capable of extensive and rapid deformation, it is pos-
sible that CTCs exposed to shear stresses in the circulation could
undergo transformations facilitating attachment to the vessel walls
(Davies etal.,2005). Indeed, firm arrest is a necessary condition for
the subsequent extravasation and colonization of the surrounding
tissue.

The development of therapeutic agents against metastatic dis-
ease is still in its infancy, due to a lack in understanding the leading
pathways and, most importantly, their alterations in secondary
tumor cells. Also, most of the efforts have been traditionally
oriented to eradicate tumor cells already proliferating at the sec-
ondary sites, neglecting the opportunity of blocking or modulating
one or multiple steps in the metastatic cascade (Chambers et al.,
2000). Novel micro- and nanotechnologies detecting, capturing,
and characterizing CTCs are providing new and more accurate
information on the biomechanical properties of malignant cells
in the circulation. Microfluidic systems used as diagnostic tools
are demonstrating the significant correlation between higher CTC
counts in blood and lower patient survival (Cristofanilli etal.,
2004; King et al., 2009; Han etal., 2010; Hughes and King, 2012).
It is then reasonable to speculate that novel therapies, possi-
bly nanoparticle-based, could open new avenues for an effective
treatment of metastatic diseases by eradicating, or dramatically
lowering, the number of CTCs.

In this work, the effect of curcumin on the rolling and adhe-
sion mechanics under flow of three estrogen receptor (ER™) breast
adenocarcinoma cell lines, namely SK-BR-3, MDA-MB-231, and
MDA-MB-468, is analyzed. These cell lines were chosen for their
different metastatic potential. Curcumin is a natural multi-target

compound with anti-tumoral and anti-inflammatory properties
(Kumar etal., 1998; Ray etal., 2003; Kunnumakkara etal., 2008;
Binion etal., 2009; Yodkeeree etal., 2010). Their rolling veloc-
ity and adhesion propensity are measured experimentally upon
treatment with curcumin, using a parallel plate flow chamber
system.

MATERIALS AND METHODS

MATERIALS AND CHEMICALS

SK-BR-3, MDA-MB-231, MDA-MB-468 breast adenocarcinoma
cells were obtained from the American Type Cell Culture Collec-
tion (ATCC) and cultured in the recommended medium. SK-BR-3
were grown at 37°C, under a humidified 5% CO; and 95% air at
one atmosphere, MDA-MB-231 and MDA-MB-468 were grown
at 37°C in a free gas exchange with atmospheric air. Collagen
type I from calf skin was obtained from Sigma Aldrich (St. Louis,
MO, USA). Curcumin (diferuloylmethane) and dimethyl sulfox-
ide (DMSQO) were obtained from Fisher Scientific. XTT kit was
obtained from Trevigen (Gaithersburg, Maryland).

CYTOTOXIC EFFECT OF CURCUMIN AND XTT ASSAYS

Curcumin was first dissolved in DMSO as a 10 mM stock solu-
tion and subsequently diluted in cell culture medium. Medium
containing the same amount of DMSO was used as control at con-
centrations not exceeding the 0.1% v/v of the culture medium.
Cells were incubated with curcumin at 1, 10, 20, and 40 uM, at
three time points namely 24, 48, and 72 h. Cell proliferation was
measured with conventional XTT reduction assays. Briefly, SK-
BR-3, MDA-MB-231, and MDA-MB-468 cells were inoculated at
a density of 5 x 10 cells in 96-well plates for 24 h in 200 1 of rec-
ommended medium. The culture supernatant was then removed
and medium containing the above mentioned curcumin concen-
trations was added to cells, subsequently incubated for 24, 48, and
72 h. After that, XTT-dye was mixed with phenol-free medium
and added to the samples. The plate was incubated for at least
1 h before reading. The absorbance of XTT-formazan dye was
then measured using a microplate reader at 490 nm. Twenty-five
repetitions were performed for each time point and concentration.
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PARALLEL PLATE FLOW CHAMBER FOR CELL ROLLING AND ADHESION
Before flow adhesion experiments, cells were first incubated with
medium containing no FBS for 7 h and then treated with or with-
out curcumin at 10 pM for 24 h. Subsequently, cells were detached
from culture dishes by mild trypsinization (0.25% trypsin/EDTA)
for 2 min at 37°C and incubated at 37°C for 1 h to allow the regen-
eration of surface glycoproteins. After that, cells were washed in
PBS and resuspended at 10° cells/ml in serum-free medium con-
taining 0.1% bovine serum albumin, following standard protocols
(McCarty etal., 2000).

The rolling and adhesion behavior of the tumor cells, was
studied using a parallel plate flow chamber system (Chen etal,,
1997; Brown and Larson, 2001; GlycoTech Corporation; Figure 2).
The system comprises a commercially available flow chamber, a
syringe pump (Harvard Apparatus, MA), an inverted epifluo-
rescent microscope (Nikon Ti-Eclipse) and a desktop computer
for data storage and analysis. The main constituents of the flow
chamber are a deck, a rubber gasket and a glass slide. The rubber
gasket defines the geometry of the flow region (length / =20 mmy;
width b = 10 mm; height & = 0.254 mm). The coverslips (slide),
closing the bottom of the chamber, were covered with a uniform
collagen layer. In particular, autoclaved 35 mm coverslips were
covered by a collagen solution obtained diluting collagen type
I from calf skin (Sigma Aldrich) in PBS to reach a concentra-
tion of about 50 mg/cm?. After about 5 h at room temperature,
the cover slips were rinsed in PBS and left under the bio-hood
to dry. To perfuse the solution at a fixed wall shear rate S, flow
rate Q is finely controlled through the syringe pump given that
S = 6Q/bH.

After assembling all the components, the system was placed on
the stage of an epifluorescent microscope (Nikon Ti-Eclipse). The
Andor’s Luca EM S camera utilizes a 658 x 496 “interline frame
transfer” EMCCD sensor to acquire the region of interest (ROI)

and allows for real time monitoring. For each experiment 10%/ml
cells were perfused in 1 ml of serum-free medium, at a wall shear
rate of S = 10 s~! (mimicking the circulation environment of
microvascular tumor vessels). Eight experiments were performed
for the SK-BR-3 and MDA-MB-468-treated and untreated cells,
and 10 experiments for the MDA-MB-231. All the experiments
lasted 12 min each.

Through offline data analysis on the movies derived from each
experiment, the number of firmly adhering cells on the substrate
and their mean rolling velocity were quantified. Firmly adhering
cells were those cells staying within the region of interest (10x
objective, ROI = 658 x 496 pixel) till the end of the experiment.
This number was normalized by the total number of injected cells
and the area of the ROI (~0.33 x 10~ m?) deriving the adhesion
propensity. The rolling velocity was calculated as the displace-
ment of the centroid of the cells divided by the time interval of
their observation (on average about 10 s). The rolling velocity
was calculated for 12 cells in three different SK-BR-3 experiments
(n=36), and six cells in eight different MDA-MB-231 and MDA-
MB-468 experiments (n =48), for both the treated and the control

group.

STATISTICAL ANALYSIS

Data are expressed as means £ SD. Statistical significance of dif-
ferences between means was determined by one-way ANOVA.
Probability values of p < 0.05 were considered statistically
significant.

RESULTS AND DISCUSSION

The cytotoxic effect of curcumin on SK-BR-3, MDA-MB-231, and
MDA-MB-468 cells was analyzed using a XTT proliferation assay.
Cells were incubated with curcumin at different doses, namely
1, 10, 20, and 40 uM, and for three time points, namely 24, 438,

FIGURE 2 | The parallel plate flow chamber system composed of the
microfluidic chamber (deck, gasket, and microscope slide represented in

the oval at left); the syringe pump, the epifluorescent microscope and a
desktop computer.
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and 72 h. The cell viability was measured following the proto-
cols described in Section “Materials and Methods” and is reported
in the bar charts of Figure 3, for 25 repetitions in each cell line.
As expected the percentage of viable cells reduces as the concen-
tration and the duration of the treatment increase. Interestingly,
for concentrations lower and equal to 10 wM, curcumin has
no significant effect on the cell viability. Note that for the con-
trol experiments, cell culture medium was added with the same
amount of DMSO used in the actual experiments for dissolving
curcumin. This volume was about 0.1% of the total medium vol-
ume and no sign of toxicity was observed on the cells. For larger
concentrations, 20 and 40 (LM, the curcumin treatment limits cell
proliferation in a dose and time dependent manner. Cell viabilities
lower than 50% can only be observed at the highest concentra-
tion and longer time points (48 and 72 h). The ICsq is reached
at ~20 WM for the SK-BR-3 and MDA-MB-468 at 72 h; and at
~40 pM for the MDA-MB-231 at 72 h. This is in agreement
with most literature on curcumin (Aoki etal., 2007). From this
assay, the exposure to 10 M of curcumin for 24 h was consid-
ered a mild treatment inducing no significant, direct effects on cell
viability.

The effect of curcumin on the rolling and adhesion behavior of
the three breast adenocarcinoma cells lines SK-BR-3, MDA-MB-
231, and MDA-MB-468 was analyzed using a parallel plate flow
chamber, traditionally employed for the analysis of leucocyte adhe-
sion and rolling (Lawrence et al., 1987). The cells, mildly pretreated
with curcumin (24 h at 10 wM) as detailed in Section “Materials
and Methods,” were infused in the apparatus depicted in Figure 2
and their rolling velocity and firm adhesion was quantified via
post processing of the images taken with an epifluorescent micro-
scope. The bar charts of Figure 4 present the results of the flow
chamber assay. Figure 4A shows the adhesion propensity of the
curcumin-treated cells (Curc-treated) and untreated cells (Ctr), as
the ratio between the absolute number of adhering cells (1,4p),
the total number of injected cells (11inj = 10°), and the area of the
region of interest (A =0.33 x 10~% m?). SK-BR-3, MDA-MB-231,
and MDA-MB-468-treated cells present an adhesion propensity of
90.7 £ 29.2,58.58 & 19.70, and 132.97 % 31.34#/m?, respectively.
This means that for a vessel of 50 jum in diameter with a 500 pm
length (vascular area ~1 mm?), about 300 SK-BR-3, 180 MDA-
MB-231, and 400 MDA-MB-468 cells would firmly adhere under
the same biophysical conditions and assuming that 10° CTCs enter

the specific vessel. On the other hand, the untreated cells exhibit a
larger adhesion propensity of 151.1 & 60.84, 109.69 + 38.19, and
155.42 + 20.74#/m? for the SK-BR-3, MDA-MB-231, and MDA-
MB-468, respectively. The difference between the two populations
(Curc-treated and Ctr) is significant for the SK-BR-3 and even
more for the highly metastatic MDA-MB-231 cells. More specif-
ically, the curcumin-treated SK-BR-3 cells show a 40% decrease
(p = 0.02) in adhesion and the curcumin-treated MDA-MD-
231 a 47% decrease (p = 0.001) as compared to the control
group. Conversely, the difference in adhesion propensity between
curcumin-treated MDA-MB-468 cells and the control group is not
statistically significant (p = 0.099).

Rolling velocity is reported in Figure 4B. This physical quan-
tity was estimated as the ratio between the displacement of the
cell centroid over the corresponding observation time. Despite the
large standard deviation, this analysis shows that there is a signifi-
cant difference between the two groups (Curc-treated and Ctr) in
all three cell lines: SK-BR-3 and MDA-MB-231-treated tumor cells
roll ~1.2 times faster than the control cells (p = 0.01, p = 0.009,
respectively), MDA-MB-468-treated tumor cells rolls ~1.3 times
faster than the control cells (p = 0.00005). In particular, the rolling
velocities are 58.66 £+ 20.29 and 48.33 £+ 11.3 pwm/s for SK-BR-
3-treated and untreated cells, 73.77 & 21.21 and 64.1 £ 12.89
for MDA-MB-231-treated and untreated cells, 74.38 + 24.88
and 57.49 £ 11.96 for MDA-MB-468-treated and untreated cells,
respectively. Indeed, the higher rolling velocity correlates well with
the lower adhesion propensity observed above.

These preliminary results collectively would suggest that mild
treatments with curcumin could impair cell adhesion and increase
cell rolling under flow over normal, untreated cells. Indeed, this
could reduce the metastatic potential of CTCs. Understanding
the mechanisms regulating the observed alteration in the behav-
ior of SK-BR-3, MDA-MB-231, and MDA-MB-468 cells is out of
the scope of this preliminary study. However, it has already been
reported that curcumin treatments alter the organization of micro-
filaments and increase the overall quantity of F-actin. This would
affect cell motility and deformability, which are crucial elements
in supporting tumor cell circulation and survival in the blood
stream. Moreover, recently it has been shown that CTCs reattach in
distant tissues by a mechanism that is tubulin-dependent and sup-
pressed by polymerized actin (Holy, 2004; Matrone etal., 2010).
In addition, curcumin is known to decrease the expression and

1uM 10uM 20uM
Curcumin Concentration (uM)

40uM CIR 1uM

FIGURE 3 | Proliferation of (A) SK-BR-3, (B) MDA-MB-231, (C) MDA-MB-
468 cells exposed to different concentrations of curcumin (1, 10, 20, and
40 M) at three time points (24, 48, and 72 h). Note that cell proliferation is
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not affected at curcumin concentrations below 10 wuM up to 72 h (n = 25). The
asterisk symbol “*" denotes significant difference (p < 0.05) as compared to
control (Ctr).
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FIGURE 4 | (A) Adhesion and (B) rolling behavior of SK-BR-3 (white),
MDA-MB-231(gray), MDA-MB-468 (blue) cells treated with curcumin
(Curc-treated) at 10 wM for 24 h, and not treated cells (Ctr). The number of
firmly adhering cells (nygp) is normalized by the total number of injected cells
(nipj = 106) and the area of the region of interest (A = 0.33 x 10~6 m2). Data
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are plotted as mean + SD. The asterisk symbol “*" denotes significant
difference (p < 0.05) as compared to control (Ctr). (C) Image of firmly
adhering SK-BR3 cells on the substrate at the end of the experiment. (D)
Captured frames showing the displacement of a rolling cell on the
substrate.

modulate the activity of membrane adhesion molecules by act-
ing on the transcription factor NF-kB. For instance, the curcumin
inhibition of NF-kB completely blocked TNF-a induced expres-
sion of adhesion molecules (ICAM-1, VCAM-1, and E-selectin)
on HUVECs and human intestinal microvascular endothelial cells
attenuating leucocytes adhesion (Kumar etal., 1998; Ray etal,
2003; Binion etal., 2009). Therefore, in the present case, it is rea-
sonable to speculate that curcumin effects could depend, at least
in part, on a reduced expression or more likely, on the modulation
of integrins receptor activity (mostly a;B; and o) thus limit-
ing the adhesion propensity under flow (Park etal., 2006; Ivascu
and Kubbies, 2007). Here, it is important to note that integrins,
expressed on cellular membrane, can specifically bind to the col-
lagen type I, deposited on the flow chamber glass slide. Also, in
organs with high metastatic occurrence, such as the liver, the dis-
continuous, fenestrated endothelium allows the CTCs to directly
interact and bind to ECM components. For this reason, colla-
gen type I, has been also used in flow chamber experiments to
assess the adhesive behavior of cells and CTCs (Haier etal., 1999;
Wendel etal., 2012).

Finally, curcumin, a natural compound extracted from Cur-
cuma longa, has been demonstrated to have a wide spectrum
of biological and pharmacological activities. In particular, it
exhibits antiviral, antibacterial, antioxidant, anti-inflammatory,
anti-proliferative, and anti-angiogenic properties (Aggarwal et al.,
2003; Holt etal., 2005). Animal and human studies have sug-
gested its potential use in the treatment of inflammation and
cancer, mostly because of its potent effect on the NF-kB path-
way (Kawamori etal.,, 1999; Aggarwal, 2004). However, the major
drawback in its clinical use is the very low bioavailability and
biodistribution, mostly due to its poor absorption from the gut,

rapid metabolism and elimination (Shoba etal., 1998; Anand
etal., 2007). The formulation of curcumin into nanoparticles
could avoid the drawbacks listed above and enhance its curative
properties.

CONCLUSION

The ER negative breast metastatic cells, SK-BR-3, MDA-MB-
231, and MDA-MB-468, cells were treated with curcumin, at
three different time points. For sufficiently large curcumin doses
(>20 wM), significant cell death is induced at 72 h. Conversely, a
mild treatment with curcumin (<10 uM at 24 h), did not show
any significant change in cell viability but did affect the vascu-
lar behavior of the cells. This was demonstrated by assessing the
cell adhesion and rolling velocity in a parallel plate flow chamber
system. The SK-BR-3 cells showed a 40% decrease (p = 0.02) in
cell adhesion propensity and 20% increase (p = 0.001) in rolling
velocity. The MDA-MB-231-treated cells showed almost a 50%
decrease (p = 0.001) in cell adhesion propensity and about 15%
increase (p = 0.009) in rolling velocity. The MDA-MB-468-treated
cells did not show any statistically significant decrease in adhesion
propensity, but did roll 1.3 times faster than the control group
(p = 0.00005).

Collectively, these results suggest that mild curcumin treat-
ments of CTCs could lower or even prevent the occurrence of
metastasis, by reducing CTCs adhesion at secondary vascular
sites. Future works will have to elucidate the mechanisms reg-
ulating the observed alteration in tumor cell behavior and the
specific pathways involved in each cell line studied, by charac-
terizing the expression and activity of cell membrane receptors,
the organization of the cell cytoskeleton and its deformability.
However, the proper delivery of sufficient doses of curcumin
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to CTCs could provide a new strategy to prevent the metastatic

spread.
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Cancer cell tethering and rolling on the vascular wall is facilitated by various selectin: gly-
coprotein interactions which lead to eventual extravasation and metastases. The aberrantly
underglycosylated mucin MUC1 has been shown to both abundantly express selectin
binding moieties (sialyl Lewis x and a) and to consistently expose its core epitope. Flow
cytometry was used to determine MUC1 expression on ZR-75-1 and MCF7 cells, while
immunofluorescence microscopy was used to confirm the aberrant form of MUC1 and
MUC1:ICAM-1 interactions. Each cell line was then perfused through combined E-selectin
and ICAM-1 coated microtubes, as a model of the microvascular endothelium. ZR-75-1
and MCF7 were found to express abundant and low levels of underglycosylated MUC1,
respectively. The rolling/adhesion profiles showed that ZR-75-1 cells, when compared to
MCF7 cells, interact with E-selectin more efficiently resulting in sufficiently slow rolling
velocities to form MUC1:ICAM-1 interactions thereby facilitating firm adhesion. The pur
pose and novelty of this work is the demonstration of the synergistic adhesion capabilities
of MUCT1 in the metastatic adhesion cascade, where the observed differential adhesion
is consistent with the relative metastatic potential of the ZR-75-1 (highly metastatic) and
MCF7 (weakly metastatic) cell lines.

Keywords: adhesion, breast cancer, circulation, E-selectin, ICAM-1, MUC1

INTRODUCTION

The mucin family of glycoproteins is traditionally associated with
the protection of the epithelial layer and provides lubrication of
luminal epithelial surfaces. More recently, certain mucins have
been identified as markers for metastatic cancers. Of particular
importance, the mucin MUCI is overexpressed in numerous can-
cers including breast, ovarian, lung, pancreatic, prostate, gastric,
and colorectal (Zotter et al., 1987; Girling et al., 1989; Ajioka et al.,
1996; Burdick et al., 1997; Retz et al., 1998), where high expres-
sion generally correlates with increased mortality rates (MacLean
et al., 1997; Guddo et al., 1998; Kocer et al., 2004; Duncan et al.,
2007; Tewes et al., 2009). It is then reasonable to hypothesize that
cancer’s adaptation and alteration of MUCI may play a vital role
in metastatic progression.

Cancer metastasis through the bloodstream is initiated by the
invasion of tumor cells from the primary site into the blood vessel
(Moss and Anderson, 2000). These circulating tumor cells (CTCs)
can then adhere to the endothelial lining, which leads to extrava-
sation and the formation of secondary tumor sites. For CTC
adhesion, cells may first establish transient interactions with the
activated endothelium which facilitates cell tethering and rolling
events (Tremblay et al., 2008; St Hill, 2011; Wirtz et al., 2011).
These types of interactions are produced via selectins, a family
of adhesion molecules expressed by the endothelium, and carbo-
hydrate moieties, such as sialyl Lewis x (sLe*) or sialyl Lewis a
(sLe?), present on the selectin ligands expressed by CTCs (Borsig
et al., 2002; Varki and Varki, 2007). Once the cell has sufficiently
reduced its rolling velocity, firm adhesion can be acquired through

the interaction between the intracellular cell adhesion molecule
1 (ICAM-1) on the endothelium and integrins on CTCs. This
series of events is commonly referred to as the metastatic adhesion
cascade (Orr et al., 2000).

MUCIL is not only overexpressed in many cancer types but is
also aberrantly underglycosylated. The core structure of the extra-
cellular domain of MUC1 mainly consists of 25-150 repeat units
of 20 identical amino acid sequences rich in serines and threonines
resulting in a length 5-10 times that of most membrane pro-
teins. Normally, these amino acids would be richly O-glycosylated
however aberrant MUC1 has been shown to express shortened
oligosaccharides such as sLe* and sLe?, and binds efficiently to
E-selectin (Lloyd et al., 1996). Interestingly, high levels of MUCI
carrying sLe’? correlate to poor prognosis in patients with lung
adenocarcinoma (Inata et al., 2007). Aberrant MUCI also has the
propensity to expose its core epitope due to underglycosylation
where it has become the target of various probes to determine
MUCI expression (Moore et al., 2004). Furthermore, ICAM-1
has been shown to recognize and bind to the core epitope of
MUCI (Hayashietal.,2001). Therefore, CTCs may utilize aberrant
MUC to facilitate tethering and rolling due to the increased length
of MUCI relative to other selectin ligands, and firmly adhere
to the endothelium via ICAM-1 interactions (Regimbald et al,,
1996).

In this study, we investigate the role of MUCI in breast can-
cer cell adhesion under flow with two cell lines: ZR-75-1 which
is known to have a high metastatic potential, and MCF7 which is
weakly metastatic. The differential adhesion of these two cell lines
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to the endothelium are studied in vitro via micro-renathane tubes
coated with varying ratios of E-selectin and ICAM-1 which repre-
sent a model of metastasis-prone microvasculature (Finzel et al.,
2004). We hypothesize that the underglycosylated form of MUC1
may serve as aligand for both E-selectin and ICAM-1, which would
allow for efficient interaction between CTCs in transit and the
inflamed endothelium.

MATERIALS AND METHODS

REAGENTS

Recombinant E-selectin-IgG; chimera and recombinant ICAM-
1-IgG; chimera were purchased from R&D systems (Minneapo-
lis, MN, USA). Blotting grade blocker non-fat dry milk was
obtained from Bio-Rad Laboratories (Hercules, CA, USA) and
Protein-G was purchased from EMD Biosciences (San Diego,
CA, USA). FITC mouse anti-human CD227 (clone HMPV),
FITC mouse IgGl1 k isotype control, purified mouse anti-human
CD15s (clone CSLEX), APC rat anti-mouse IgM, and FITC goat

anti-mouse IgG/IgM were all purchased from BD Biosciences
(San Jose, CA, USA). FITC mouse anti-human CD44v4 was
obtained from AbD Serote (Germany). FITC and APC anti-
human IgG antibodies were purchased from Invitrogen (Carmar-
illo, CA, USA). Ca>* and Mg?™ free DPBS (Invitrogen, Camarillo,
CA, USA), calcium carbonate (Sigma Chemical Co., St. Louis,
MO, USA), low endotoxin (1 ng/mg), and essentially globulin-
free Bovine Serum Albumin (Sigma Chemical Co., St. Louis,
MO, USA) were used to prepare flow buffer for cell adhesion
assays.

BREAST CANCER CELL CULTURE

Breast cancer cell lines ZR-75-1 and MCF7 were purchased from
ATCC and maintained in 10% Fetal Bovine Serum (FBS; Cellgro),
1% penicillin-streptomycin (Invitrogen), and RPMI 1640 medium
(ZR-75-1) or eagle’s minimal essential medium with 0.01 mg/mL
bovine insulin (MCF7) at 37°C with 5% CO; in a humidified
incubator.

A
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FIGURE 1 | (A) Flow cytometry histogram plots of ZR-75-1 and MCF7 labeled
with anti-MUC1 mAb clone HMPV, respectively. (B) Quantification of the MFI
ratio of sample/isotype for both cell types with anti-MUC1 mAb clone SM3
and HMPV, respectively. Student's t-test was used for statistical analysis and
results from both labeling experiments were found to be significantly different
for ZR-75-1 and MCF7 cells (p < 0.01). (C) Left and middle: confocal

microscopy images of MCF7 and ZR-75-1 labeled with anti-MUC1 mAb (clone
SMB), respectively. Right: strong signal of SM3 anti-MUC1 mAb in the
cytoplasmic region of select ZR-75-1 cells. (D) Left: flow cytometry histogram
of fluorescently tagged ICAM-1 labeling on ZR-75-1 and MCF7 cells. Middle
and right: confocal microscopy images of MCF7 and ZR-75-1 cells labeled
with fluorescently tagged ICAM-1.
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FIGURE 2 | (A,B) Flow cytometry histogram overlays of ZR-75-1 and MCF7
cells labeled with anti-sLe* (clone CSLEX) mAb and anti-CD44V4 mAb,
respectively. (C) E-selectin and ICAM-1 fluorescence intensities as
concentration ratios vary during surface preparation. The r? values for
E-selectin and ICAM-1 fluorescence intensity trend lines were found to be
0.986 and 0.995, respectively.

FLOW CYTOMETRY

Cells were removed from tissue culture flasks prior to antibody
incubation using an enzyme-free cell dissociation buffer solu-
tion. After washing with 1x DPBS, the cells were resuspended
in 1% BSA in DPBS to a final concentration of approximately
250,000 cells in each sample. Antibodies against MUCI or appro-
priate isotype controls were added to the cell suspensions and
incubated over ice for 45min. Specifically, mouse anti-human
MUCI mAb clone HMPV (reacts with the core peptide of MUCI)
and mouse anti-human MUC1 mAb clone SM3 (recognizes the
underglycosylated form of MUC1) were used in this study. Fol-
lowing incubation, cells were washed twice with 500 wL of 1%
BSA to remove any unbound antibody. Flow cytometry samples
were analyzed using a BD Accuri C6 flow cytometer (Ann Arbor,
MI, USA).

SOLUBLE ICAM-1 BINDING ASSAY

Recombinant human ICAM-1-1gG; chimeric protein (R&D) was
fluorescently tagged with Alexa 647 anti-human IgG antibody and
incubated with ZR-75-1 and MCF?7 cells in 1 x DPBS with 2% BSA
for 30 min at room temperature. Unbound proteins were washed
off with 1x DPBS twice prior to flow cytometry and confocal
microscopy imaging.

PREPARATION OF COMBINED PROTEIN SURFACES

Micro-renathane tubings (microtubes) with an inner diameter
of 300 wm (Braintree Scientific Inc., Braintree, MA, USA) were
cut to lengths of 50 cm. Recombinant human E-selectin-IgG; and
ICAM-1-IgG; chimeric proteins were each dissolved in 1x PBS
and mixed in various ratios (E-sel/ICAM-1: 10/0, 7.5/2.5, 5/5,
2.5/7.5, 0/10) to a final protein concentration of 10 pg/mL. The
microtube surface was first rinsed with 1x DPBS and then incu-
bated with 10 pg/mL of protein-G solution for 1h, followed by a
2 h incubation with the premixed E-selectin and ICAM-1 protein
solution, then blocked with 5% milk protein in PBS for 1h. To
evaluate the correlation between incubation concentrations and
surface coverage, FITC conjugated E-selectin and APC conjugated
ICAM-1 were mixed in the ratios described above. Fluorescence
images were taken and analyzed using Image J.!

CELL ADHESION ASSAY

After surface functionalization as described above, microtubes
were secured to the stage of an Olympus IX81 motorized inverted
microscope (Olympus America, Melville, NY, USA). A CCD cam-
era (model no: KP-M1AN, Hitachi, Tokyo, Japan) and a DVD
recorder (model no: DVD-1000MD, Sony Electronics) were used
to record experiments for offline analysis. ZR-75-1 and MCF7
breast cancer cells suspended in flow buffer were perfused through
protein coated microtubes using a syringe pump (KDS 230, IITC
Life Science, Woodland Hills, CA, USA) at a wall shear stress of
1.0 dyne/cm?.

CONFOCAL IMMUNOFLUORESCENCE MICROSCOPY

ZR-75-1 and MCF7 cells were removed from tissue culture flasks,
washed with 1x DPBS, resuspended with 2% BSA in 1x DPBS,
loaded to a pre-assembled cytospin cuvette, and spun at 750 rpm
for 3 min in a Shandon Cytospin 3 centrifuge (Harlow Scientific,
Arlington, MA, USA). Cytospin slides were then dried and fixed
with 4% paraformaldehyde (Electron Microscopy Sciences, Hat-
field, PA, USA) prior to antibody labeling. Indirect surface staining
for MUCI1 was performed using mouse anti-human MUC1 mAb
(clone SM3) and Alexa 647 rat anti-mouse mAb as a secondary
antibody. For some cytospin slides, nuclear staining with DAPI
was performed for 10 min at room temperature prior to imaging.
Samples from the soluble ICAM-1 binding assay were deposited
on cytospin slides for imaging. A Zeiss 710 laser scanning confo-
cal microscope at the Cornell University microscopy and imaging
core facility was used to collect images using a 40x objective.

DATA ACQUISITION AND ANALYSIS

“Rolling” cells were defined as those observed to translate in the
direction of flow with an average velocity less than 50% of the
calculated hydrodynamic free stream velocity. The rolling velocity
was calculated by measuring the distance a rolling cell traveled
over a 30 s interval. Videos of rolling cells were taken at three ran-
domly selected locations along the microtube. “Tethering” cells
were defined as cells that were observed to roll intermittently with
fluctuating velocity. The quantity of cells rolling, adherent and
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using Prism (GraphPad Software, San Diego, CA, USA). surfaces with varying ratios of E-selectin and ICAM-1 for (A) ZR-75-1,
(B) MCF7, and (C) SM3 blocked ZR-75-1 cells. One-way ANOVA was used
MOLECULAR DYNAMICS for statistical analysis. For all three experiments, results from all conditions
The crystal structure of SM3 bound to the MUC]1 core fragment were found to be significantly different with p-values of 0.0008, 0..0093,
K R and 0.0016 for ZR-75-1, MCF7 and SM3 blocked ZR-75-1, respectively.
(1SM3; Dokurno et al.,, 1998) was obtained from the Protein *%p<0.01: ***p <0.001.

Data Bank for use as starting coordinates. The MUCI frag-
ment was equally extended beyond the SM3:MUCI interaction
to include all amino acids of one complete tandem repeat unit
(PATSGPAPRTDPASTVGHAP) and the furthest threonine/serine
from SM3 was O-glycosylated with the sLe* carbohydrate group.
Using the YASARA? package of molecular dynamics (MD) pro-
grams, the complex was solvated in a water cube with an initial

Zhttp://yasara.org

length of 100 A to allow for free protein rotation and neutral-
ized to 0.9% NaCl with physiologically neutral pH (7.4). The
YAMBERS3 self-parameterizing force field (Krieger et al., 2004)
was implemented with periodic boundary conditions, the parti-
cle mesh Ewald method for electrostatic interactions (Essmann
et al., 1995) and a recommended 7.86 A force cutoff for long-
range interactions. Temperature and pressure were held constant
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at 300 K and 1 atm, respectively, while the water box was allowed
to adjust slightly to constrain the water density to 0.997 g/L.
Conformational stresses were then removed via short steepest
descent minimizations and simulated annealing was run until
sufficient convergences were reached. A free dynamics simula-
tion was then run for 10ns to obtain the final equilibrated
structure.

RESULTS

DIFFERENTIAL MUC1 EXPRESSION ON ZR-75-1 AND MCF7 CELLS AND
THEIR ABILITY TO BIND TO ICAM-1 UNDER STATIC CONDITIONS
MUCI core peptide expression was measured for both ZR-75-
1 and MCF7 cells via flow cytometry using MUC1 mAb clone
HMPYV and found to be significantly higher on ZR-75-1 cells
(Figure 1A). MUC1 mAb clone SM3 was also used to detect

the underglycosylated form of MUCI, which has been identified
as a tumor associated form of MUCI (Mommers et al., 1999).
Although no significant shift was observed, mean fluorescence
intensity (MFI) of sample/isotype for ZR-75-1 cells was observed
to be five times higher than MCF7 cells (Figure 1B). Furthermore,
confocal microscopy images with MUCI1 antibody (SM3) label-
ing showed brighter signals on ZR-75-1 cells (Figure 1C). Strong
homogenous cytoplasmic staining of MUCI1 (SM3) was observed
on some ZR-75-1 cells (Figure 1C right) but not on MCF?7 cells.
To assay MUC1:ICAM-1 binding under static conditions, human
recombinant ICAM-1 was conjugated with a fluorescently tagged
secondary antibody and incubated with both cell types. Flow
cytometry and confocal microscopy results both showed signif-
icantly stronger binding of ICAM-1 to ZR-75-1 cells compared to
MCF?7 cells (Figure 1D).
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FIGURE 5 | (A,B) Rolling velocities of ZR-75-1 (untreated and blocked)
and MCF7 cells on combined and E-selectin surfaces with varying
incubation concentrations under flow, respectively. (C) Equilibrated
structure of SM3 (gray) bound to the core epitope of one repeat unit of
MUC1 (red) singly O-glycosylated with sLe* (blue) on a threonine

residue. Below is the amino acid sequence of a MUC1 repeat unit
where the bracket indicates the interaction site of SM3 and the blue
arrow indicates the chosen O-glycosylated amino acid. Student’s t-test
and ANOVA were used for statistical analysis. *p <0.05; ***p <0.001;
NS, non-significant.
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E-SELECTIN LIGAND AND BINDING MOIETY EXPRESSION ON ZR-75-1
AND MCF7 CELLS

The MFI ratios of sample over isotype control for the E-selectin
binding moiety sLe* expression on ZR-75-1 and MCF7 were found
to be 8.43 and 8.56, respectively, via flow cytometry (Figure 2A).
CD44 variant 4 (CD44v4), among the multiple variants of com-
mon E-selectin ligand CD44, has been identified as a major E-
selectin ligand for breast cancer cells (Zen et al., 2008). CD44v4
expression was measured on ZR-75-1 and MCF7 cells via flow
cytometry and no significant difference was observed (Figure 2B).

E-SELECTIN AND ICAM-1 COMBINED SURFACE

The initial layer of protein-G orients the adhesion molecules to
maximally interact with cell surfaces as the cells are perfused
through the tubes. As the E-selectin:ICAM-1 concentration ratios
were increased, the fluorescence intensity of bound E-selectin in
the microtube was found to linearly increase while ICAM-1 flu-
orescence linearly decreased (Figure 2C), verifying the desired
protein concentrations on the microtube surfaces.

MUC1 IS INVOLVED IN THE CANCER ADHESION CASCADE IN
ASSOCIATION WITH E-SELECTIN AND ITS LIGANDS

Figures 3A,B divide the cells that interact with the surface into
three categories: tethering, rolling, and adherent. ZR-75-1 cells
were found to roll quite consistently when E-selectin was present
at any concentration on the surface where there was a slight
decrease in the percent of rolling cells as the E-selectin concen-
tration decreases (Figure 3A). Conversely, the percent of ZR-75-1
tethering cells increased as the E-selectin:ICAM-1 ratio decreased.

Interestingly, adherent ZR-75-1 cells were observed only when
both E-selectin and ICAM-1 exist on the surface and 7.5:2.5
was found to be the optimal ratio of E-selectin:ICAM-1 that
yields the greatest number of adherent cells. However, as the E-
selectin:ICAM-1 ratio decreased so did the percent of adherent
cells. On the other hand, MCF?7 rolling and tethering showed little
sensitivity to varying the E-selectin:ICAM-1 ratios where MCF7
tethering cells only slightly increased as the ratio decreased, as
shown in Figure 3B. Most notably, no adherent MCF?7 cells were
observed on the surface for any concentration ratio. For both ZR-
75-1 and MCF?7 cells, when only ICAM-1 coats the surface no
cells interacted adhesively under flow. Anti-MUC1 mAb (clone
SM3) was found to block the adhesive interactions of ZR-75-1 cells
with the surface, leaving only the tethering and rolling populations
(Figure 3C).

The cell flux for each cell type (Figures 4A—C) shows little sen-
sitivity to the combined surface concentration ratios. However,
overall the ZR-75-1 cell flux is much greater than both MCF7 and
SM3 blocked ZR-75-1 cell fluxes, roughly by a factor of 2. Com-
paring ZR-75-1 to MCF7 and SM3 blocked ZR-75-1 cells, the cell
fluxes inversely correlate with the cell rolling velocities, as shown
in Figures 5A,B, where the ZR-75-1 cell rolling velocities were
found to be slower than MCF7 cell rolling velocities. For exam-
ple, for surfaces coated with only E-selectin, MCF7 cells rolled at
6.74 £ 0.40 wm/s whereas ZR-75-1 cells rolled at 1.93 & 0.06 pum/s.
SM3 blockade was found to cause an increase in rolling velocity
to approximately 4 pm/s, significantly faster than untreated cells.
A structure of SM3 bound to the underglycosylated core epitope
of MUCI is depicted in Figure 5C, where SM3 not only blocks
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ICAM-1 interactions, but is sufficiently bulky compared to sLe*
to inhibit some amount of E-selectin interactions as well. Unlike
cell flux, both ZR-75-1 (untreated and blocked) and MCF7 cell
rolling velocities were sensitive to the E-selectin concentration
where cell rolling velocities increased as the E-selectin concen-
tration decreased (Figures 5A,B). Furthermore, the MCF7 cell
rolling velocity at the lowest E-selectin concentration was double
that of the cell rolling velocity at the highest E-selectin concentra-
tion which shows a greater sensitivity to E-selectin compared to
ZR-75-1 cells.

DISCUSSION

The detection and enumeration of CTCs holds great poten-
tial in breast, colorectal, and prostate cancer prognosis, yet the
basic biophysics of how these CTCs interact with the endothe-
lium is not fully understood. Similar to leukocyte recruitment to
the endothelium, CTC tethering and rolling on the blood ves-
sel wall under hydrodynamic shear stress are also mediated by
the selectin family of adhesion molecules (Geng et al., 2012).
After stable rolling on the endothelium, leukocytes can firmly
adhere to the inflamed endothelium via leukocyte beta-2 inte-
grin (Mac-1, LFA-1): ICAM-1 binding (Diamond et al., 1990;
Ding et al., 1999; King, 2006). Similarly for epithelial-type CTCs,
tumor associated MUCI may play the role of beta-2 integrins
on leukocytes by binding ICAM-1 to enable firm adhesion and
initiate subsequent events in the metastatic cascade (Rahn et al.,
2005).

Tumor associated MUCI on breast cancer cells was first identi-
fied as a novel adhesion ligand for endothelial ICAM-1 by Regim-
bald et al. (1996) via static adhesion assays between MCF7 cells
and stimulated HUVEC cells as well as immobilized recombinant
ICAM-1. MCF?7 cells do not express common ICAM-1 ligands,
such as LFA-1, Mac-1, or CD43. However under static condi-
tions, MUC1 was found to interact with ICAM-1, which could
mediate firm adhesion of CTCs to the inflamed endothelium.
In contrast, we characterized the adhesive role of tumor associ-
ated MUCI under hydrodynamic shear stress by perfusing both
ZR-75-1 (which overexpresses MUC1) and MCF?7 cells through
functionalized microtubes, more representative of the blood ves-
sel microenvironment. Furthermore, the inflamed endothelium
was simulated by immobilizing both E-selectin and ICAM-1
with varying ratios on the microtube surface, creating a more
physiologically relevant and controllable environment to study
the adhesion events of circulating ZR-75-1 and MCF?7 cells under
flow.
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INTRODUCTION

Distant metastasis is the culmination of an elaborate cascade of
events in which cancer cells break away from the primary tumor,
intravasate through blood vessel walls into the circulatory sys-
tem, travel throughout the body, and finally extravasate through
the vessels of a distant organ to establish a secondary colony.
While resident in the blood vasculature, circulating tumor cells
(CTCs) must survive biochemical and biophysical assaults induc-
ing necrosis or apoptosis, plus avoid elimination by immune
cells, in order to metastasize. Regardless of their ultimate fate,
the clinical interpretation of CTCs arising from solid tumors has
been the subject of much debate, with definitive answers yet to
emerge as to if, when, and for which cancers these cells offer
significant diagnostic, prognostic, or therapeutic value. Despite
lack of consensus on their clinical utility, CTCs can still pro-
vide a meaningful portrait of a cancer patient’s health, or rather
disease, status. CellSearch, a test marketed by Johnson & John-
son’s Veridex division, is FDA-approved to capture and enumerate
CTCs in metastatic breast, colon, and prostate cancer patients for
prognostic purposes (Dawood etal., 2008; Mostert etal., 2009;
Riethdorf and Pantel, 2010). More recently, the development of
next-generation fluidics-based CTC isolation devices by the Haber
and Toner groups, the CTC-chip and herringbone (HB)-chip
(Nagrath etal., 2007; Stott etal., 2010; Yu etal., 2011), has gener-
ated increased attention to CTCs and the use of “liquid biopsies” or
“blood biopsies” to enumerate and capture CTCs for further study.

As with any portrait, further examination reveals nuances not
observed at first glance. For instance, post-capture investigation
using RT-PCR in the AdnaTest (AdnaGen) may reveal upregu-
lated pathways related to cancer stem cells (CSCs), metastatic
aggressiveness, or responsiveness to treatment (i.e., trastuzumab
for HER-2 overexpressing breast cancers) that are impossible to
observe through a simple CTC count (Fehm etal., 2007; Dawood
etal., 2008; Riethdorf and Pantel, 2008, 2010; Mostert et al., 2009).
Though the scientific and medical communities may achieve sig-
nificant new insights from these blood biopsies, the information
itself is static. Cancer is dynamic. How medical professionals
interpret a particular patient’s case, as well as predict future
outcomes of an ever-changing disease, will depend partially on
information gleaned from CTC assessments at single moments
in time.

In general, CTCs possessing enhanced survival capabilities will
generate metastatic colonies in distant organs, as well as reseed
the original primary tumor with more aggressive cells (Kim etal.,
2009). Uncovering the molecular mediators by which CTCs ini-
tiate adhesion with endothelial cells lining the blood vessel walls
of the target site may therefore prove useful in predicting and
thwarting metastasis. In particular, stimulated vascular endothe-
lium expressing E-selectin can capture CTCs expressing E-selectin
ligands, thereby initiating adhesion and subsequent CTC inva-
sion. However, this statement is a simplification of a tangle of
issues underlying functional selectin ligand expression on cancer
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cells. To be qualified as a true selectin ligand, Varki (1997) pro-
posed that the purported ligand must be expressed “in the right
place at the right time” among other criteria. So do all CTCs
express selectin ligands, or even the “right” selectin ligands? How
and when do these selectin ligands arise? Are they modulated
by pathways associated with epithelial-to-mesenchymal transition
(EMT) or other mechanisms of CSC generation and mainte-
nance, or are they independent of these pathways? In this article,
we explore the complex networks through which selectin ligands
on CTCs may be regulated and propose working theories based
on ongoing studies with breast cancer in our laboratories. New
findings from these investigations, coupled with additional dis-
coveries from other labs, will address significant shortcomings in
our understanding of the molecular networks promoting cancer
metastasis.

CTCs AND CELL ADHESION MEDIATED BY E-SELECTIN

AND ITS LIGANDS

It has been proposed that the early steps by which CTCs cells leave
the bloodstream to invade secondary sites mimic the physiologic
trafficking of leukocytes to sites of inflammation and hematopoi-
etic stem cells to bone marrow. Because numerous excellent review
articles on cell trafficking have been published through the years
(Springer, 1994; Sackstein, 2005; Barthel etal., 2007; Konstan-
topoulos and Thomas, 2009; Zarbock etal., 2011; Bendas and
Borsig, 2012; Chase etal., 2012; Geng etal., 2012), only a gen-
eral overview is presented here (Figure 1). Circulating cells are
first captured or “tethered” from bulk blood flow onto vascu-
lar endothelial cells, which is immediately followed by rolling
on the endothelium. Tethering and rolling are typically medi-
ated by interactions between ligands expressed on the surface
of the circulating cells that recognize E-selectin, an endothe-
lial adhesion molecule upregulated in response to inflammatory
stimuli as well as constitutively expressed by bone and dermal
endothelial cells (Springer, 1994; Sackstein, 2004). Subsequently,
rolling cells firmly adhere and migrate through the vessel wall
into the underlying tissue in response to specific cytokines and
chemokines.

Therefore, this multi-step model indicates that CTCs must ini-
tially tether on endothelial cells, presumably through E-selectin
ligand recognition of E-selectin, in order to trigger the series of
events necessary for metastatic growth. These adhesive interac-
tions occur under hydrodynamic shear stresses generated by blood
flow (post-capillary venule and bone marrow endothelial venule
wall shear stress ranges from 0.5 to 4.0 dyn/cmz; Jones etal., 1991;
Mazo etal., 1998), enabled by the hallmark catch-slip bonds and
rapid bond formation/breakage kinetics of selectins and their lig-
ands (Dembo etal., 1988; Marshall etal., 2003; Zhu and McEver,
2005; Evans and Calderwood, 2007; Ham et al., 2007; McEver and
Zhu, 2007). E-selectin has been established as a mediator of colon
and prostate cancer adhesion and distant metastasis (Khatib etal.,
2002; Barthel etal., 2007, 2009), and there is clinical and in vitro
evidence for the role of E-selectin in promoting metastasis of sev-
eral other cancers, including breast, pancreatic, and head and neck
cancers (Wenzel et al., 1995; Eshel et al., 2000; Barthel etal., 2007;
Geng etal., 2012). The other two members of the selectin family,
P-selectin expressed by activated platelets and activated endothe-
lium and L-selectin expressed by most leukocytes, also have been
proposed to participate in cancer metastasis (Laubli and Borsig,
2010; St Hill, 2012).

Notably, the expression levels of the minimal selectin-binding
epitopes sialyl Lewis X (sLeX,NeuAca(2,3)Galp(1,4)[Fuca(1,3)]
GIcNAc) and its stereoisomer sialyl Lewis A (sLe®, NeuAca(2,3)
Galp(1,3)[Fuca(1,4)]GIcNAc) on certain glycoproteins and gly-
colipids increase progressively from normal tissue to early stage
cancer to metastatic disease, consistent with aberrant glycosyla-
tion rendering altered cell adhesion molecules relative to normal
tissue in most cancers, including breast, bladder, and colon can-
cers (Izumi etal., 1995; Klopocki etal., 1996; Renkonen etal.,
1997; Skorstengaard et al., 1999; Kajiwara etal., 2005). Transfer
of sialic acid (NeuAc) onto a terminal galactose (Gal) residue
occurs through the action of a(2,3) sialyltransferases. The enzymes
directing a(1,3) fucosylation for sLeX production are multiple-
fucosyltransferases (FTs) III, IV, V, VI, and VII while FTIII and
FTV are also a(1,4) FTs involved in the production of sLe?
(Edbrooke etal., 1997; de Vries etal., 2001; Dupuy etal., 2004).

Tissue Microenvironment

FIGURE 1 | The multi-step model of cell adhesion and migration in blood
vessels. Schematic representation of the cascade of events involved in
cellular transit from the vasculature into the underlying tissue space. Tethering
recruits circulating cells from the bulk flow stream, then rolling slows lateral

translocation across the endothelium and facilitates firm arrest. If the correct
cytokine and/or chemokine gradients are present, adherent cells will
transmigrate through the endothelium and infiltrate the tissue
microenvironment.
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Clearly, these enzymes must be (dys)regulated in cancer cells
through the transition from primary tumor to advanced stage
cancer to result in the observed upregulation of sLe*4 and thus
selectin ligands (Renkonen etal., 1997; Matsuura etal., 1998).
Although the tumor stroma and hypoxic conditions are known
to influence tumor cell glycosylation (Stern etal., 2001, 2002;
Kannagi, 2004), the exact biochemical (or biophysical) regulators
of cancer glycosylation are unknown. Nevertheless, the presence
of sialofucosylated moieties such as sLe*” is significant in that
upregulated expression of functional selectin ligands may indicate
their role in promoting CTC adhesion during metastasis (Burdick
etal,, 2001; Kannagi etal., 2004; Barthel etal., 2007). Thus, it is
necessary to identify the core proteins or lipids presenting sialo-
fucosylated glycans to better characterize roles for specific selectin
ligands.

To date, several major tumor cell surface glycoprotein selectin
ligands that may fulfill the criteria of “real” selectin ligands have
been identified, most prominently the specialized CD44 glyco-
form HCELL as an E-/L-/P-selectin ligand on colon cancer cells
(Hanley etal., 2005, 2006; Burdick etal., 2006), and an E-selectin
ligand on prostate and breast cancer cells (Barthel etal., 2009;
manuscript in preparation). Carcinoembryonic antigen (CEA,
CD66) and podocalyxin-type protein-1 (PCLP-1) have also been
named E-selectin ligands expressed on colon and prostate cancer
cells (Barthel etal., 2009; Thomas etal., 2009). On breast can-
cer cells, CD24 acts as a P-selectin ligand but not an E-selectin
ligand (Aigner etal., 1998), and Mac-2bp acts as an E-selectin lig-
and (Shirure etal., 2012). Additional mucinous proteins, such as
MUC-1, CD43, and PSGL-1, have also been proposed as selectin
ligands on a variety of cancer cells (Barthel et al., 2007; Geng et al.,
2012). Contributory roles have also been identified for colon,
prostate, breast, and head and neck cancer sialofucosylated gly-
colipids in adhesion to endothelial E-selectin (Burdick et al., 2003;
Dimitroff et al., 2004; Barthel et al., 2007; Shirure et al., 2011; Geng
etal, 2012). Though the understanding of selectins and their
ligands is growing, it is imperative to consider their functional-
ities in the wider context of biochemical and biophysical factors
encountered by CTCs in transit.

CTC TRANSIT THROUGH CAPILLARIES

The ability of cancer cells to enter small vessels such as capil-
laries (as well as to roll in larger vessels such as post-capillary
venules described above) depends critically on the mechanical
deformability of the cells. Capillaries range from 2 to 8 pm in
diameter (Doerschuk etal., 1993) and cancer cells, which tend to
be large and stiff, may not be able to deform enough to enter
at least some portions of the capillary bed (Liotta, 1987; Weiss
etal,, 1988; Chambers etal., 1992; Lafrenie etal., 1993). Organs
with small vessels that are susceptible to metastasis include the
lung microcirculation (which is particularly important because
it is the first capillary bed that a metastasizing cancer cell enter-
ing the venous circulation will encounter after passing through
the first two chambers of the heart), bone marrow and liver
sinusoids, and the kidney microcirculation. The mechanical prop-
erties of cancer cells surely play a role in transit: if certain CTCs
are stiff and resistant to deformation, then the possibility of
sequestration at the entrance of small vessels should be large.

Conversely, if CTCs are less stiff (more deformable), then their
potential to pass through the microcirculation and metastasize
could be enhanced. Furthermore, it is possible that deforma-
tion is not a by-stander process for the cell; deformation itself
may induce changes affecting molecular and mechanical phe-
notype, perhaps in a manner that promotes CTC survival and
metastasis.

Protocols to quantify cellular mechanical properties have
existed for nearly 30 years, and parameters for models of cell
mechanics have been measured using many experimental tech-
niques: micropipette aspiration (Figure 2), magnetic twisting
rheometry, cell stretching with optical tweezers or mechanical
stretching devices, nanoscale indentation with probes or AFM
tips, particle tracking microrheology, etc. (Mason and Weitz,
1995; Shroff etal., 1995; Choquet etal., 1997; Mason etal., 1997;
Thoumine and Ott, 1997; Bausch etal., 1999; Yap and Kamm,
2005; Sirghi et al., 2006). As a result of these efforts, much is known
about the deformability of red and white blood cells (which are
known to undergo massive deformations in the normal course of
circulation) and a sampling of other cell types. On the basis of
these collective works (Mason and Weitz, 1995; Shroff et al., 1995;
Choquet etal., 1997; Mason et al., 1997; Thoumine and Ott, 1997;
Bausch etal., 1999; Yap and Kamm, 2005; Sirghi et al., 2006), it was
found that the major distinction in cell rheological properties is
whether the cell behaves like a liquid drop with a cortical tension
(as white blood cells clearly do) or as a viscoelastic solid (most
other cell types). Devices to identify cell subsets based on differ-
ences in cellular mechanical properties are in early development
stages (Oakey etal., 2010; Sraj etal., 2010), and these method-
ologies are being considered for identifying and isolating normal
healthy mesenchymal stem cells (MSCs) for use as therapeutics
and in regenerative medicine (Porada etal., 2006; Parekkadan
and Milwid, 2010). These cells lack unique cell surface molecules
through which they can be easily isolated from their sources (e.g.,
bone marrow, umbilical cord; Porada etal., 2006; Pountos etal.,
2007) but have distinct mechanical properties compared to their

FIGURE 2 | Breast cancer cells can be aspirated into a glass
micropipette. A CD441/CD24~ Hs578T breast cancer cell (A) before and
(B) after partial aspiration into a micropipette of 8.4 um diameter. A
CD44%/CD24% BT-20 breast cancer cell (C) before and (D) after partial
aspiration into a 9.0 um diameter micropipette. Scale bar is 10 um in all
Figures.
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differentiated daughter cells. These differences are currently being
explored as specific identifying MSC characteristics (Darling et al.,
2008; Tan etal., 2008; Yu etal., 2010). Similarly, benign versus
tumorigenic cancer cells have been explored for differing traits
(Kim etal., 2008; Hou etal., 2010). However, much more work
needs to be performed to understand CTC metastatic potential
attributable to inherent or alterable molecular and mechanical
properties. It is tantalizing to speculate a role for biophysical mod-
ulation of CTC properties, including effects on selectin ligand
expression or function.

CSCs, EMT, AND MESENCHYMAL-TO-EPITHELIAL
TRANSITION

The discovery and identification of leukemic stem cells (LSCs)
effectively ushered in a new era of cancer research (Lapidot etal,,
1994; Bonnet and Dick, 1997). LSCs share the properties of self-
renewal and pluripotency with their normal hematopoietic stem
cell brethren, but are also leukemogenic. LSCs are particularly
dangerous in that they can survive chemotherapy (Costello etal.,
2000; Graham etal., 2002; Holtz etal., 2002), leading to relapse
with LSCs even more aggressive than their previous incarnation
(Oravecz-Wilson etal., 2009). Shortly after LSC identification, a
groundbreaking report by Al-Hajj etal. (2003) found that breast
cancers similarly harbor deadly CSCs, which exhibited a much
greater propensity for tumor formation than cells of a differ-
ent phenotype. These breast CSCs were putatively characterized
by the expression levels of glycoprotein markers on the surface
of the cell: high expression of CD44, little to no expression of
CD24, high expression of epithelial-specific antigen (ESA), and
lack of lineage markers (lin), or CD44%/CD24~/1°"/ESA*/lin~
(Al-Hajj etal., 2003). These CSCs were able to form heteroge-
neous tumors from a relatively small number of cells. Specifically,
only 200 CD44%/CD24~ "% /ESA*/lin~ breast cancer cells, iso-
lated from patient primary tumors, could regenerate and expand
to form secondary tumors that also contained CSCs, in as little
as 12 weeks in mice (Al-Hajj etal., 2003). In contrast, as many
as 20,000 cells of alternate phenotypes from the same tumor
origin as the CD441/CD24~/°"/ESA™*/lin~ cells were unable to
form new tumors. Thus, the breast CSCs were capable of self-
renewal and differentiation, two general properties possessed by
normal stem cells, and the ability to generate new tumors (Al-Hajj
etal., 2003; Ponti etal., 2005; Fillmore and Kuperwasser, 2008).
Since this initial breast cancer study, CSCs have reportedly been
found in nearly all solid cancers, with a specific molecular phe-
notype for each type of cancer. However, the cancer research
community continues to debate the true nature of CSCs (Camp-
bell and Polyak, 2007; Gupta etal., 2009; Badve and Nakshatri,
2012; Liu etal.,, 2012; Magee etal., 2012), including whether
CSCs are tumor-initiating or metastasis-initiating cells (Kelly et al.,
2007; Adams and Strasser, 2008; Fillmore and Kuperwasser, 2008).
The reasons for the extended scientific discussion are many and
are outlined in a comprehensive review from the Morrison lab
(Magee etal., 2012).

Perhaps some of the confusion and seemingly contradictory
findings surrounding CSCs will be allayed by the growing evi-
dence demonstrating that CSCs are not a single population of cells
identified by one specific molecular signature. Rather, while all

CSC:s possess general stem cell properties, CSCs are actually com-
prised of heterogeneous subpopulations with multiple molecular
and functional phenotypes that are generated through different
pathways (Liu etal., 2012; Magee etal., 2012). It is becoming
abundantly clear for breast cancer that such heterogeneity exists
in its CSCs. Breast CSCs that are CD447/CD24~ (the simpli-
fied breast CSC phenotype) are the result of cytokine-induced
EMT (Mani etal., 2008; Morel etal., 2008; Blick etal., 2010; Liu
etal., 2012), a process by which cells lose epithelial characteristics
(E-cadherin expression, cell-cell contacts, polarity) and become
more mesenchymal (N-cadherin expression, mesenchymal mor-
phology, enhanced migration abilities; Onder et al., 2008; Zeisberg
and Neilson, 2009). Many of the properties EMT confers are nor-
mally helpful to development (Kalluri and Weinberg, 2009), but
EMT can also contribute to cancer progression in adult tissue
(Mani etal., 2008; Onder etal., 2008). Often, cancer cells at the
invasive front of a primary tumor have a mesenchymal pheno-
type (Kalluri and Weinberg, 2009). Interestingly, in breast cancer
patients with metastases, CTCs have been found to express markers
of EMT in addition to stem cell traits (Aktas etal., 2009; Bon-
nomet etal.,, 2010; Kallergi etal., 2011). It is important to note
that EMT is reversible, such that cells can undergo mesenchymal-
to-epithelial transition (MET). The Wicha group reported that
CSCs can exist in an MET state (Liu et al., 2012) as well as an EMT
state previously found by the Weinberg group (Mani etal., 2008;
Liu etal., 2012). MET CSCs actively self-renew and express alde-
hyde dehydrogenase (ALDH, a marker independently identified as
a CSC indicator in several types of cancer (Ginestier etal., 2007;
Clay etal., 2010; Silva etal., 2011; Kryczek etal., 2012), epithelial
cell adhesion molecule (EpCAM, the same molecule that forms
the basis for the capture of CTCs by CellSearch and the CTC-
and HB-chips), and CD49f (a¢ integrin subunit) in contrast to
quiescent yet invasive CD44%/CD24~/EpCAM~/CD49ft EMT
CSCs (Liu etal., 2012). Given the interconversions between CSC
states, which are regulated by microRNAs (miRNAs), it is not
surprising that there exists a subpopulation of CD44"/CD24™
and ALDH " cells (Liu et al., 2012). However, studies linking CSCs
with properties facilitating CTC lodgment at sites of metas-
tasis (i.e., selectin ligands and cell mechanical properties) are
lacking.

PUTTING IT ALL TOGETHER: HYPOTHESIZED BREAST
CANCER MODELS LINKING REGULATION OF CSCs,

CTCs, AND E-SELECTIN LIGANDS

Arguably, CSCs and CTCs from breast cancer are the most
well-studied among all cancers, thereby easing efforts aimed at
uncovering crosstalk between CSC regulatory pathways, CTC
characteristics, and expression of functional selectin ligands. Such
investigations may aid in diagnosing breast cancer at an early
stage, when it is largely considered curable, or assist in identi-
fying new therapeutic targets or treatment modalities for those
women diagnosed at the metastatic stage, for whom the 5-year
survival rate is ~20% (DeSantis etal., 2011). Most commonly,
breast cancer metastases are found in the lungs and bone mar-
row (Moore, 2001; Minn etal., 2005; Balic etal., 2006; Riethdorf
and Pantel, 2010), exhibiting a tropism not explainable by cir-
culation pattern alone (Minn etal., 2005; Talmadge and Fidler,
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2010). Recently, it has been reported that disseminated breast
cancer cells in human bone marrow are largely CD44"/CD24~
(Abraham etal., 2005; Balic etal., 2006), corresponding to EMT
CSCs. These CD441/CD24 ™ are also resistant to radiotherapy and
chemotherapy (Diehn and Clarke, 2006; Phillips et al., 2006; Reim
etal., 2009). It is therefore necessary to understand the reasons
for CD447/CD24~ breast cancer cells in bone: whether CTCs
are CD441/CD24~ CSCs that preferentially migrate and establish
metastases, or if non-CD447/CD24~ CTCs are induced to the
CD44™/CD24~ phenotype in the bone marrow.

As mentioned previously, E-selectin is constitutively expressed
on bone marrow endothelium (Keelan etal., 1994; Schweitzer
etal., 1996), and breast cancer cells have been shown to express
E-selectin ligands on their surface (Tozeren etal., 1995; Narita
etal., 1996; Zen et al., 2008; Julien etal., 2011; Shirure etal., 2011,
2012). Previous studies have also demonstrated the E-selectin-
dependence of binding interactions between commercially avail-
able breast cancer cell lines and human umbilical vein endothelial
cells (HUVECs; Giavazzi etal., 1993; Narita etal., 1996; Julien
etal.,, 2011; Shirure etal.,, 2011, 2012). As the expression levels
of the minimal selectin-binding epitopes sLe* and sLe” increase
progressively from normal tissue to early stage breast cancer to
metastatic disease (Renkonen etal., 1997), it may be hypothe-
sized that CTCs retain expression of selectin ligands that were
generated in the primary site, then upregulate such ligands dur-
ing transit to the metastatic site. Altogether, these findings imply
that E-selectin and its ligands are likely to comprise important
elements of breast cancer metastasis in vivo. Since breast cancer
cells at the invasive front of a primary tumor tend to be mes-
enchymal (Kalluri and Weinberg, 2009) and breast CTCs have been

found to express markers of EMT in addition to stem cell traits
(Aktas etal., 2009; Bonnomet etal., 2010), it would seem a logical
extension of the hypothesis that E-selectin ligands are upregulated
with EMT and the corresponding CD447/CD24~ CSC pheno-
type. However, our studies with human breast cancer cell lines
revealed surprising results: non-CD447/CD24™ cells expressed
much greater E-selectin ligand activity than CD441/CD24~ cells
(Figure 3 and Table 1; Shirure etal., 2011, 2012; manuscript
in preparation). These findings imply that lower expression of
E-selectin ligands correlates with CD44/CD24 ™ breast CSCs aris-
ing from EMT. Notably, the bone marrow microenvironment is
enriched in TGF-B, a cytokine that is well-known to induce EMT
(Brown etal., 2004; Lee etal., 2008; Mani etal., 2008; Lenferink
etal.,2010), and production of TGF-f by microenvironment stro-
mal cells may be responsible for CD447/CD24~ breast cancer
cells in bone (Abraham etal., 2005; Balic etal., 2006). Thus, it
may be speculated that soluble TGF-B decreases the expression of
E-selectin ligands either before or during CTC engagement with
bone marrow endothelium (Figure 4), thus throwing into doubt
the relevance of E-selectin ligands on breast CTCs in establish-
ing bone metastases. Studies in which EMT is induced in breast
cancer cells need to be performed, with coordinated monitor-
ing of glycosylation machinery, core E-selectin ligand protein and
lipid expression, E-selectin ligand activity under flow conditions,
and EMT and CSC markers, in order to verify or refute mecha-
nistic links between functional E-selectin ligand expression and
transition/maintenance of CD441/CD24~ CSCs. Ultimately, it
may be found that downregulation of E-selectin ligands is not
dependent on EMT per se, since E-selectin ligand activity fails to
decrease consistently from the least mesenchymal luminal to the
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FIGURE 3 | Expression of CD44 and CD24 on breast cancer cell lines. PE-labeled isotype controls. The upper left quadrant represents
Flow cytometric analysis of cell surface expression on human breast cancer CD44~/CD24% cells, upper right quadrant represents CD241/CD24%, the
cells from the American Type Culture Collection (ATCC). Cells were lower right quadrant represents CD441/CD24~ cells (i.e., phenotype of
simultaneously stained with CD44-FITC and CD24-PE mAbs and analyzed on purported breast cancer stem cells), and lower left quadrant represents
a BD FACSort cytometer/sorter. Quadrants were set using appropriate FITC or ~ CD44~/CD24~. Data are representative of n = 6 independent experiments.
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FIGURE 4 | TGF- and SDF-1 can alter CTC phenotype and behavior in the
bone. The cytokine TGFB and the chemokine SDF-1 are constitutively
expressed in the bone microenvironment and control pathways related to cell

EMT?

TGF-B

Blood Flow

@o )

W
< ==
EMT

CD44*/CD24 po'g'%p

adhesion and homing, EMT, MET, cell cycle, and tumorigenicity. It is currently
unknown if inducible EMT or MET affects cancer cell expression of functional
E-selectin ligands and thus CTC capacity to metastasize.

somewhat mesenchymal basal A to the most mesenchymal basal
B cells (Table 1). Instead, persistent suppression of E-selectin
ligands in CD44%/CD24~ CSCs may be controlled by EMT
pathways.

Alternatively, the MET state of CSCs (indicated by ALDH
expression but not necessarily CD441/CD24~ cells; Liu etal.,
2012) may regulate E-selectin ligand expression or function. Inter-
estingly, a recent study of all cell lines in Table 1 except Hs578T
revealed that BT-20 and MDA-MB-468 cells, both CD44/CD24+
cell lines of the basal A type with relatively high E-selectin ligand

Table 1| Expression of CD44, CD24, and E-selectin ligands on human
breast cancer cell lines.

Cell line CD44/CD24 Subtype E-selectin ligand
status activity

MDA-MB-231 +/low Basal B +

Hs578T +/low Basal B +

ZR-75-1 low/+ Luminal +++

T47D low/+ Luminal ++

MCF-7 +/+ Luminal +4++

MDA-MB-468 ++ Basal A +++

BT-20 ++ Basal A +4+++

Column 1: Human breast cancer cell lines from ATCC. Column 2: Flow cytometric
analysis of cell surface expression on breast cancer cells. Key: — is <2 % positive
(i.e., same intensity as isotype control antibody), low is 2—-10% positive, moderate
is 10-80% positive, + is >80 % positive. Column 3: Breast cancer cell subtype as
reported by Neve etal. (2006). Column 4. E-selectin ligand activity was assessed
in the parallel plate flow chamber (Shirure etal., 2011, 2012; and manuscript in
preparation). Key: +, upper limit of E-selectin-dependent tethering (i.e., recruit-
ment from fluid flow) to IL-18-stimulated HUVECs typically observed at wall shear
stress of 0.5 dyn/cmz, beyond which no tethering was observed; ++, upper limit
of tethering observed at wall shear stress of 0.8 dyn/cm?,; +++, upper limit of
tethering observed at wall shear stress of 1.0 dyn/cm?; ++-++, upper limit of
tethering observed at wall shear stress of 2.0 dyn/cmz. Data are representative
of n > 5 independent experiments.

activity (Figure 3 and Table 1), possessed the highest percent-
age of cells with ALDH activity (Deng etal., 2010). CSCs in
the MET state may thus maintain or potentially upregulate E-
selectin ligands, in contrast to CSCs in EMT. This notion merits
further investigation, in that CTCs from breast cancer patients
can simultaneously express mesenchymal and stem cell mark-
ers in addition to epithelial markers, and not just EMT markers
(Aktas etal., 2009; Bonnomet et al., 2010; Armstrong etal., 2011;
Kallergi etal., 2011). Moreover, the bone resident chemokine stro-
mal derived factor-1 (SDF-1, Figure 4), known to mediate HSC
homing and breast cancer migration through ligation of CXCR4,
has been shown to regulate miRNAs in breast cancer cells and
stromal cells that control breast cancer cell tumorigenicity and
quiescence (Lim etal., 2011; Rhodes etal., 2011a,b). It may only
be a matter of time until it is shown that SDF-1 also regulates
miRNAs associated with EMT-MET phenotypes of CSCs. Thus,
bone microenvironment expression of E-selectin, TGF-f, and
SDF-1 may beckon a certain type of CTC to establish a metastatic
colony: a circulating CSC already equipped to infiltrate the bone
parenchyma, or else another cell, CSC or otherwise, that will
undergo EMT or MET as needed to attach to endothelium, invade,
and grow.

Epithelial-to-mesenchymal transition and MET are, by their
very names, dynamic transitional regulators of cellular pheno-
types and behaviors. Thus far, we have proposed that these
pathways modulate E-selectin ligands on breast CTCs and CSCs.
However, it is valid to explore the potential roles of E-selectin
and its ligands as regulators of EMT and MET. The proper E-
selectin ligands expressed at the right time in the right place (e.g.,
HCELL, Mac-2bp, and/or glycolipids; Burdick et al., 2006; Shirure
etal, 2011, 2012; manuscript in preparation) on a breast CTC
in the vasculature at the metastatic site) could facilitate EMT- or
MET-generated/maintained CSCs in response to microenviron-
mental cues. E-selectin-primed cells may then effectively establish
metastatic colonies. If a CTC encounters a small capillary rather
than a larger venule, another possibility arises. Assuming the CTC
can sufficiently deform to enter the capillary, which can be tested
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in vitro in a micropipette assay (Figure 2), transit through the
capillary with or without E-selectin ligand/E-selectin engagement
could also effectively modulate CTC and CSC phenotype. For
now, these complex, highly speculative models remain in the the-
oretical realm, but as separate discoveries are made about CTCs,
CSCs, cancer cell mechanical properties, and selectin ligands, com-
prehensive investigations linking these subjects will become less
daunting and perhaps even routine.

Thus, several intriguing theories proposing crosstalk among
biochemical and biophysical factors and selectin ligands on CTCs
remain to be tested, and are the subject of ongoing collaborative
studies in our laboratories. It is anticipated that the results of these
investigations will contribute to the fundamental understanding
of the cross-regulation of functional selectin ligands with trans-
formative molecular pathways in breast cancer progression, as well
as other cancers for which selectins and their ligands are suspected
promoters of metastasis.

BEYOND THE HYPOTHESIZED MODEL

Although this article has been focused on presenting the poten-
tial relationships between CSCs, CTCs, and E-selectin ligands
in hematogenous distant metastasis, the pathways mediating
metastasis in total are far more extensive. Restricting the dis-
cussion to the selectins, CTCs may engage P-selectin expressed
on blood vascular endothelial cells (Ludwig etal., 2004; Laubli
and Borsig, 2010; St Hill, 2012), which is arguably less under-
stood than endothelial E-selectin-mediated pathways. CTCs in
the bloodstream may also form multicellular aggregates with
platelets and/or leukocytes (Borsig etal., 2002), and the pres-
ence of these other cells can alter the manner in which CTCs
interact with the vascular endothelium (Kim etal., 1999; Bur-
dick and Konstantopoulos, 2004; Liang and Dong, 2008; Gong
etal., 2012). The initial formation of heterotypic aggregates pre-
sumably occurs through engagement of P-selectin on platelets or
L-selectin on leukocytes with their respective ligands on CTCs
(Mannori etal., 1995; Jadhav etal., 2001; McCarty etal., 2002),
such as the aforementioned HCELL (Hanley etal., 2005, 20063
Burdick etal., 2006; Barthel etal., 2009), sulfated glycosamino-
glycans or proteoglycans (Ma and Geng, 2002; Monzavi-Karbassi
etal.,, 2007; Cooney etal., 2011), or sulfatides (Needham and
Schnaar, 1993; Simonis etal., 2010). Perhaps multicellular aggre-
gation induces CSC phenotype(s). This theory warrants further
investigation, given the discovery in HB-chips of CTC aggregates
indicating prior CTC-leukocyte engagement (Stott etal., 2010),
and a recent publication revealing that platelet—cancer cell contact
can induce EMT in breast and colon cancer cells (Labelle etal.,
2011). Alternatively, completely novel mechanisms of CTC-CSC
regulation may be encountered in lymph node metastasis, consid-
ering the vastly different biochemical and biophysical environment
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It is inevitable for tumor cells to deal with various mechanical forces in order to move from
primary to metastatic sites. In particular, the circulating tumor cells that have detached from
the primary tumor and entered into the bloodstream need to survive in a completely new
microenvironment. They must withstand hemodynamic forces and overcome the effects
of fluid shear before they can leave the vascular system (extravasate) to establish new
metastatic foci. One of the hypotheses of the tumor cell extravasation process is based
on the so called “"adhesion cascade” that was formulated and observed in the context
of leukocytes circulating in the vascular system. During this process, the cell needs to
switch between various locomotion strategies, from floating with the blood stream, to
rolling on the endothelial wall, to tumor cell arrest and crawling, and finally tumor cell
transmigration through the endothelial layer. The goal of this project is to use compu-
tational mechanical modeling to investigate the fundamental biophysical parameters of
tumor cells in circulation. As a first step to build a robust in silico model, we consider a
single cell exposed to the blood flow. We examine parameters related to structure of the
actin network, cell nucleus and adhesion links between the tumor and endothelial cells
that allow for successful transition between different transport modes of the adhesion
cascade.

Keywords: circulating tumor cells, metastatic cascade, cell deformation, computational modeling, immersed

boundary method

INTRODUCTION

The metastatic cascade is a multistep process in which cancer cells
from the primary side (of the solid tumor) are relocated to the
distant organs in which they grow to form new colonies. This pro-
cess, called a metastatic cascade, consists of several steps during
which cancer cells must first invade the stroma surrounding the
primary tumor, intravasate, i.e., enter into the blood or lymphatic
system, survive in the circulation, extravasate into the secondary
site, invade the local matrix, and grow in the target organ (Cham-
bers etal., 2002; Nguyen etal., 2009; Psaila and Lyden, 2009;
Mina and Sledge, 2011).

The tumor cells in circulation (called the circulating tumor
cells, CTCs) are exposed to various microenvironmental factors
that are novel for the cells arising from the solid tumor mass. In
order to survive, the cells must withstand hemodynamic forces
and overcome the effects of fluid shear (Wirtz etal., 2011). In
order to metastasize, the cells must leave the circulation system,
and one of the extravasation hypotheses is the so called “adhesion
cascade” that was formulated and observed in the context of cir-
culating leukocytes (reviewed in Nourshargh etal., 2010). During
this process, the tumor cell needs to switch between various loco-
motion strategies, from floating with the blood stream, to rolling
on the endothelial wall (EW), to tumor cell arrest and crawling,
and finally tumor cell transmigration through the endothelial layer
(Nourshargh etal., 2010; Wirtz etal., 2011).

The recent advent of technical devices capturing the CTCs from
patient’s peripheral blood (Hsieh et al., 2006; Alunni-Fabbroni and

Sandri, 2010; Farace et al., 2011; Kirby etal., 2012), allows the can-
cer biology community to gain enormous knowledge about the
biology of CTCs and their correlations with clinical outcomes
(Hou etal., 2010; Oakman etal., 2010; Swaby and Cristofanillli,
2011; Wendel etal., 2012). However, many aspects of CTC trans-
port and extravasation processes are still unknown. In particular,
the biophysical properties of CTCs that enable the completion
of the adhesive cascade have not been investigated in detail, and
many questions are still unanswered. How big are the CTCs? How
deformable are they? Are the CTC’s biophysical properties simi-
lar or distinct from the properties of the primary tumor cells and
other cells in the circulation? Do these physical properties change
over time? This provides a challenge from both biomechanical and
therapeutical perspectives.

The goal of this project is to use mathematical modeling to
investigate how cell deformability affects its translocation within
the vascular duct under the blood flow, and how the physical prop-
erties of the cells change (globally or locally) when the cells switch
their locomotion strategies. This will allow us to identify combi-
nations of parameters that can be manipulated experimentally in
order to disrupt some steps of the adhesive cascade.

MATERIALS AND METHODS

We use the IBCell mathematical framework (the Immersed Bound-
ary model of a Cell; Rejniak, 2007a) to model a two-dimensional
(2D) deformable tumor cell traveling through a microvessel. The
cell is exposed to both hemodynamic forces exerted by the blood
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plasma flow, and adhesive-repulsive forces between the tumor
cell attaching to or migrating along the EW of the microvessel
(Figure 1).

CTC STRUCTURE

The CTC structure is simplified to include two key elements defin-
ing cell shape and stiffness: the cell actin cortex and cell nuclear
envelope. Both of these intracellular structures are modeled as
dense networks of linear Hookean springs indicated by blue links
C and gray links N in Figure 1, and mathematically defined by
Eq. 5. The spring stiffness can be modified either globally (i.e.,
for each spring forming the nuclear envelope) or locally (i.e., for
an individual actin filament in the cortex). This allows us to test
their relative role in preserving the overall cell shape under the
blood flow as well as in cell attachment and migration capabilities.
The whole cell is interpenetrated by the viscous incompressible
cytoplasm, but other intracellular elements (such as organelles,
microtubules, intermediate filaments) are omitted for simplicity
and to reduce computational costs. However, they can be incor-
porated in this model in a form of additional collections and/or
networks of springs.

EW STRUCTURE
Similarly, the EW is modeled as a mesh of short and relatively stiff
linear springs (shown as red links E in Figure 1 and Eq. 5) that form

Eql: p (0—‘1(,’;—'1 +(u(x,t)- V)u(x,t)) = —Vp(x,t) + pAu(x, t) + £*(x, ),
Eq2: pV-u(x,t) =0,

Eg3: £(x,0) = fy,or, F(l1) 8(x — X(,1)) dl,

Eqd: 20 —u(x,t) = [, u(x,t) §(x — X(I,1)) dx,

Eg5: F(l,t) =8 BEIXUMZE (X(1,) - X*(1,1)), if [1X(t) = X*(LO)]| < Lonea-

FIGURE 1 | Model schematics and equations. A schematic
representation of the 2D model of the tumor cell in circulation. The blood
vessel (red walls, E) is interpenetrated by a laminar flow (gray arrows
representing blood velocity field) that interacts with a circulating tumor cell
(CTC). The cell nucleus (gray, N) is surrounded by the cell cortex (blue, C)
that both define cell shape and stiffness. The cell near the endothelial wall
(EW) develops CTC-EW adhesive connections (green links, A). Insets show
the magnification of a meshwork defining the nucleus and the cortex (top),
and the network defining the EW and CTC-EW adhesive springs (bottom).
Representative springs of the cortex, nucleus, endothelium, and adhesive
CTC-EW links (Xc—Xc*, XN—XN*, Xa—Xa*, Xg—Xg*) are indicated by thick
lines. Equations 1-5 define the mathematical frameworks of the Immersed
Boundary method.

a uniform rigid wall. For simplicity, no individual endothelial cells
are included in the model, but in principle, they can be modeled
in a similar fashion as CTCs.

CTC-EW INTERACTIONS

The CTCs interact with EWs upon contact via the membrane
receptors located on both the tumor cell and the endothelium.
The proximity between CTC and EW results in the emergence of
adhesive links that are modeled as short linear Hookean springs
(indicated by green links A in Figure 1 and Eq. 5). These adhe-
sive links can be dynamically assembled and disassembled based
on the distance between CTC’s and EW’s receptors, as well as
adhesive spring stiffness. Since the main goal is to investigate cell
deformability, we assume that receptor-ligand binding is always
effective when the CTC-EW distance is small.

BLOOD PLASMA FLOW

We do not include the red blood cells or any other non-tumor
cells and take into account only the fluid phase of the blood, i.e.,
the plasma. We model the blood plasma as a viscous incompress-
ible Newtonian fluid governed by the Navier-Stokes equations
(Figure 1, Eqs 1 and 2). We assume that the velocity of the plasma
inside the microvessel has a parabolic profile with zero velocity
at the microvessel walls. Thus, in the presence of no other obsta-
cles inside the microvessel, the fluid flow is laminar. However,
in the presence of the deformable tumor cells inside the duct, as
well as adhesive interactions between the flowing cells and the
endothelium, the plasma flow profile may be distorted. For sim-
plicity, we neglect any changes that the plasma flow may have on
the endothelium. However, we are aware that the blood flow can,
for example, alter the expression of certain membrane receptors
in the endothelial cells that in turn may modify the CTC-EW
interactions.

IMMERSED BOUNDARY METHOD

Interactions between the CTCs, EWs, and the plasma flow are
solved using the classical fluid—structure interaction approach,
i.e., the immersed boundary method (Peskin, 2002 and Eqs 1-5
in Figure 1). In this system, Eq. 1 is the Navier—Stokes equa-
tion of a viscous incompressible fluid defined on the Cartesian
grid x = (x1,x2), where p is the fluid pressure, w is the fluid
viscosity, p is the fluid density, u is the fluid velocity, and f is
the external force density. Equation 2 is the law of mass bal-
ance. Interactions between the fluid and the material points X (1)
on the tumor cell and the EW boundaries (/ is an index along
either the boundaries of the tumor cells T'; or the boundaries of
the EWs TI'.), are defined in Eqs 3 and 4. Here, the force den-
sity F(Lt) acting on the cell and wall boundaries is applied to
the fluid using the 2D Dirac delta function 8, while all mate-
rial boundary points X(L¢) are carried along with the fluid. The
boundary forces F(Lt) arise from elastic properties of the tumor
cell membranes, from rigid properties of the EWs and from CTC-
EW adhesion, and are all represented by the short linear Hookean
springs in Eq. 5, where S is the spring stiffness, L is the spring
resting length, and X*(1t) is the adjacent, opposite, or neighbor-
ing point for the elastic, rigid, or adhesive forces, respectively
(the pairs of connected boundary points in the endothelium,
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the EW-CTC adhesion, the CTC nucleus, and cortex are indi-
cated in Figure 1 by wide red, green, gray, or blue segments,
respectively). These equations are solved using the finite difference
methods with a discrete approximation of the Dirac delta function
and are described in detail in Rejniak (2007a) and Rejniak and
Dillon (2007).

RESULTS

Individual tumor cells in circulation are exposed to the hemody-
namic forces and fluid shear that the cells need to withstand in
order to keep their physical integrity. The goal of this investiga-
tion is to determine the biomechanical properties of the CTCs
(either persistent or dynamically changing during the course of
CTC voyage through the vascular system) that allow the cells to
survive in the blood stream and attach to the EW. First, we exam-
ine how the relative stiffness of the CTC cortex versus the stiffness
of the CTC nuclear envelope controls CTC deformation under
the blood flow (see CTC Survival in the Blood Flow). Next, we
test how CTC cytoskeletal properties need to be modified in order
to attach and roll on the EW (see CTC Rolling on the Endothe-
lium). Finally, we examine how CTC cytoskeleton reorganization
and cell membrane receptor redistribution enable CTC anchor-
age and migration on the endothelium (see CTC Anchorage to
the EW). Since, we are concerned here with the fundamental bio-
physical parameters of a single deformable tumor cell only, the
current model does not include other kinds of cells (such as red
blood cells, leukocytes, platelets) that the CTC can collide with, or
the formation and dynamics of multicellular emboli. These could
be easily added to the model and will be considered in further
research.

CTC SURVIVAL IN THE BLOOD FLOW

We consider a single tumor cell under the blood plasma flow in a
small 30-micron-wide and 75-micron-long vessel. The fluid flow
is assumed to have a parabolic profile with a maximal velocity
of 0.6 mm/s in the center of the microvessel and 0 on the vessel
walls. Initially, the cell is circular with a diameter of 10 microns,
a 4-micron-wide nucleus, and a 2-micron-wide cortex band. We
independently simulated two cases that varied only by initial cell
location within the vessel, i.e., whether the cell was placed near
the EW or at the middle of the microvessel. The latter cell was
exposed to symmetrical hemodynamic forces, whereas the for-
mer cell was exposed to non-uniform blood shear stress with
increasing blood velocity afar from the EW. We used computer
simulations to trace how each cell is carried with the blood
flow through the straight segment of the microvessel. Only two
model parameters were varied: the stiffness constant of individ-
ual fibers forming the cell cortex and the stiffness constant of
the cell nuclear envelope. The baseline value in each case was
assumed to be 50 dyn/cm and was varied separately over the
sixfold range. The final cell shapes after reaching 2/3 of the ves-
sel length was recorded for comparison and overexposed on the
same picture. A table showing final cell configurations for the
whole range of stiffness constants is shown in Figure 2. Except
for the case of a very stiff cortex (column 6 in Figure 2), when all
cells retain their initial circular shapes, the cells located near the
EW underwent significant deformations due to the non-uniform

blood flow shear stress. However, when the stiffness of the cell
cortex is fixed, the increasing stiffness of the cell nuclear enve-
lope results in diminished deformation of the whole cell. This
is the most visible in Figure 2, column 4, where the difference
in the shape of the near-wall cell in the bottom row versus the
top row changes from elliptical to circular. A very flexible cortex
results in cell elongation that in extreme cases (Figure 2, col-
umn 1) may resemble cytoplasmic fragmentation (clasmatosis).
Thus, actin cortex stiffness is crucial for cell survival during its
passive transport by the blood flow, and a combination of soft
cortex and soft nuclear envelope may lead to cell damage by the
blood stream.

CTC ROLLING ON THE ENDOTHELIUM

Based on simulations from the previous section (Figure 2), we
consider only these combinations of parameters for which the
CTCs were able to survive under the blood flow, i.e., the stiffness
values for both the cortex and the nucleus from the top-right quar-
ter in Figure 2. The goal was to investigate which of these CTCs
were able to attach to and roll on the endothelium wall. Four time
snapshots from each simulation are shown in Figures 3A-D.
Only in the case of a very stiff cortex (sixfold of the baseline,
Figures 3B,D) the cell was able to roll over the endothelium wall
(a fixed part of the cell cortex is stained to show its transloca-
tion along the cell perimeter). However, there is a difference in the
speed of cell rolling, and a less stiff nucleus contributes to faster cell
movement (Figure 3B). When both the cell cortex and the nucleus
are softer, the cell deforms and is carried with the blood plasma
flow (Figure 3A). In case of a stiff nucleus and a softer cortex, the
cell was initially deformed and attached to the endothelium, but
finally, its adhesive connections were broken, and the cell moved
apart from the endothelium (Figure 3C). These simulations indi-
cate that the transition in the CTC transport phase from floating
with the blood flow to attaching and rolling on the EW requires
stiffening of the whole CTC cortex. The uniformly flexible cell
cytoskeleton prevents the tumor cell from its stable anchoring to
the endothelium. In contrast, since the flexible cell becomes more
easily elongated due to the blood shear stress, it is more likely that
it will be shredded out of the surface in contact and returned to
the blood stream. Increased CTC-EW adhesions have been tested
but did not improve cell adhesion and rolling abilities (results not
shown).

CTC ANCHORAGE TO THE EW

Simulations from the previous section (Figure 3C) showed that
the cell with a relatively stiff nucleus and softer cortex was able
to attach to the endothelium and migrate a short distance until
it was detached by the flow. We tested the case in which the
CTC-EW attachment resulted in further softening of the cell cor-
tex around cell focal adhesions, but was unchanged elsewhere.
Four snapshots taken over a 10t period (2.5 times longer than
shown in Figure 3C) were overexposed on the same picture in
Figures 4A,B. Dynamical changes in the cell cortex allow the cell
to migrate successfully on the endothelium when simultaneously
exposed to the blood plasma flow. Here, the cortex fibers were
softened around the cell focal adhesions with the EW, and they
became stiffer immediately after the focal adhesions were broken.
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FIGURE 2 | Circulating tumor cell stiffness relationship. Circulating tumor
cell deformation under steady blood flow in relation to the cell cortex versus
cell nuclear envelope stiffness. Final configurations of two separately

simulated cells that vary only by their location within the vessel (red) are
overexposed on one picture. The cell cortex stiffness (blue) and cell nuclear
envelope stiffness (gray) were varied by sixfold each.

FIGURE 3 | Circulating tumor cell rolling on the endothelium. Each

of the four cases (A-D) is characterized by a different cortex C and nucleus
N stiffness value, however the strength of all adhesive bonds is fixed.

The values are reported similarly as in Figure 2. (A) both the cortex and
nucleus stiffness are 3-fold higher than the baseline; (B) the nucleus
stiffness is 3-fold and cortex stiffness is 6-fold higher than the baseline;
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(C) nucleus 6-fold and cortex 3-fold; (D) both the nucleus and cortex
stiffness is 6-fold higher than the baseline. For each case, four time
snapshots (taken at time t, 2t, 3t, and 4t) are overexposed on the same
picture for comparison of cell deformation and translocation in each case.
A fixed small part of the cell cortex is stained for illustration of the rolling
effect.
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FIGURE 4 | Circulating tumor cell migrating on the endothelium. Four
time snapshots (taken at time t, 2t, 5t, and 10t) are overexposed on the
same picture for comparison of cell deformation and translocation. (A) The
cell cortex is stained differently depending on its local stiffness: soft (cyan)
close to cell focal adhesion with EW, and stiff (blue) far from EW contacts.
(B) A fixed small part of the cell cortex is stained for illustration of the
rolling effect.

All other cortex fibers remained stiff. The softer and stiffer parts
of the cell cortex are stained differently in Figure 4A. The corre-
sponding images in Figure 4B show translocation of a small fixed
part of the cell cortex around the cell circumference. These simu-
lations showed that transition from cell rolling, which requires a
quite stiff cytoskeleton, to cell anchoring and crawling, in which
the contact area between the CTCs and the EWs needs to increase
gradually, demands alterations in the cell cortex stiffness. Thislocal
softening of the cell cytoskeleton along the contact area with the
EW may be potentially modulated by signals from the endothelial
cells in contact.

DYNAMICAL CHANGES IN THE CTC CYTOSKELETON DURING

ITS INTRAVENOUS TRANSPORT

Simulations of the IBCell model revealed that in order for the
CTC to progress from floating to rolling, to anchoring, and finally
to crawling, the stiffness of its cytoskeleton needs to be modi-
fied differently in different cell compartments in a very dynamical
way (Figure 5). Cell rolling requires quite a stiff actin cortex that
can be pushed by the blood flow without extensive deformation. It
also demands dynamical assembly—disassembly of CTC-EW adhe-
sion bonds between the cell front and its back. Upon transition
to anchoring, the CTC cytoskeleton must become more flexible
along the contact surface. Too weak a cytoskeleton leads to cell
elongation and its drift with the blood flow; too stiff a cytoskeleton
will result in persistent cell rolling. Cell crawling requires weaker
adhesive bonds and simultaneous changes in the CTC cytoskeletal
stiffness: softening in the cell compartment in contact with the
EWs, and stiffening in the cell compartment opposite to the con-
tact surface. These complementary and dynamic changes in the
CTC cytoskeletal properties enable the cell to complete the whole
adhesive cascade.

floating

rolling anchoring crawling

FIGURE 5 | Dynamical changes in the cell cytoskeleton during CTC
intravenous transport. Each of the steps of the adhesive cascade requires
different cytoskeletal properties of the CTC actin cortex stiffness (blue),
cortex stiffness near the adhesion sites (cyan), stiffness of the CTC nuclear
envelope (gray), and strength of the CTC-EW adhesion bonds (green). A
typical cell configuration for each of the steps of the adhesive cascade is
shown in the top row together with a colorcoded cell stiffness signature.
Lines represent the best continuous fit of the computational data.

DISCUSSION

Recent experimental studies (Fuhrmann et al., 2011; Swaminathan
etal., 2011; Ketene etal., 2012) showed that normal, dysplastic,
and metastatic cells (derived either from patient tumors or from
cancer cell lines) exhibit a different degree of mechanical stiff-
ness and cell deformability. The overarching conclusion is that
even in the earliest stages of cancer development, the mechanical
properties of the cells are altered. As cancer cells get progres-
sively more invasive and metastatic, they display softer mechanical
characteristics that result in larger cell deformations and more
pronounced shape changes. There is also evidence of changes
in the structural components of the nuclear envelope in vari-
ous kinds of cancer cells (reviewed in Chow etal., 2012) that
may result in altered mechanical properties of the cells. Numer-
ous in vivo studies (Yamauchi etal., 2005; Stoletov etal., 2007,
2010) showed that metastatic tumor cells are quite deformable,
and both the cell cytoplasm and cell nucleus can undergo strong
compression and shape deformation in small capillaries. In par-
ticular, the length of cell nucleus can increase 1.6-fold, and the
cell major axis 3.9-fold in comparison to the same cell kind in
larger microvessels (Yamauchi etal., 2005). Moreover, the cells
arrested at the capillary bifurcation points can stretch and extend
their bodies in both directions (Figure 3, Yamauchi etal., 2005;
Figure 2, Stoletov etal., 2010). A change in nuclear morphology is
used as a criterion in the current pathological assessment of tumor
grade and progression. Nuclear deformations are also observed
during tumor cell migration, especially in confined microenvi-
ronments, which have been linked to altered rigidity of the cell
nuclear envelope and changes in its fiber (laminins, actins, spec-
trins, titins) composition (Rowat etal., 2008; Friedl etal., 2011;
Chow etal., 2012).
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However, the precise mechanisms and extent of such defor-
mations in the CTCs in the blood flow are not known. Despite
the continuously increasing library of biomechanical assays and
sophisticated bioengineering techniques for assessing various
properties of cancer cells and their cytoskeleton (reviewed in
Suresh, 2007), such precise measurements are difficult to carry
in the fluid microenvironment. Most of the currently used meth-
ods for capturing CTCs require cell attachment or anchorage to
the substrate. This may result in changes in the cytoskeletal prop-
erties of the cell in a way that subsequent measurements will
not reflect cell properties in circulation. We propose here to use
computational simulations to determine cell shape deformations
that may be compared to morphologies of CTCs from in vivo or
in vitro studies. This will provide a qualitative not quantitative
comparison; nevertheless it may point to possible alterations in
cell cytoskeleton stiffness.

The computational IBCell framework employed in this paper,
has been previously established as a model of a deformable eukary-
otic cell (Rejniak, 2007a), and it was used to investigate the
formation of abnormal invaginations of the trophoblast tissue in
the human placenta (Rejniak etal., 2004), the development of
normal and aberrant morphologies of mammary epithelial acini
(Rejniak and Anderson, 2008a,b; Rejniak etal., 2010), as well as
various emerging patterns of invasive tumor colonies (Rejniak,
2005; Anderson etal., 2009). Here, we used it to model various
forms of transport of an individual CTC through the microves-
sel and CTC-EW interactions. We considered a single cell with a
deformable cortex and nucleus and tested parameters related to
the actin network and cell nuclear envelope stiffness that allow
for successful completion of the adhesion cascade steps. We did
not address the kinetics of the receptor-ligand pair, since this
mechanism has been extensively simulated by others, but mostly
under the assumption that the cells were non-deformable solid
spheres. Our goal was to investigate the complementary case. We
assumed that cell-endothelium adhesion is effective, but that the
cells are deformable. Thus, this model differs significantly from
previously published models of cells in circulation. The individual
deformable but nucleus-free red blood cells were modeled in

(Pozrikidis, 2003, 2005) showing results similar to the soft nucleus
cases consider in this paper. The large colonies of interacting red
blood cells and platelets under the blood flow were modeled in
(Zhang etal., 2009; Crowl and Fogelson, 2011; Zhao etal., 2012),
where platelet’s passive translocation within the cellular suspen-
sion of red blood cells was investigated. Adhesion and rolling of
leukocytes on EWs was modeled in (King and Hammer, 2001;
Migliorini etal., 2002; Eniola etal., 2003; Sun etal., 2003; Jad-
hav etal., 2005; Bose etal., 2010), where various mechanisms of
receptor-ligand bond formation and hydrodynamic interactions
between individual cells under the blood flow were investigated.
However, these models have not addressed all the various modes
of intercapillary cell translocation using one comprehensive mod-
eling framework, as has been presented in this paper. Our work
shows that the CTC cytoskeleton needs to be dynamically modi-
fied in a controlled way to enable the cell to pass through different
modes of translocation (i.e., from floating to rolling, to anchor-
ing, to crawling). In particular, the physical properties of the fibers
forming the cell actin cortex need to be altered in response to
both blood shear stress and adhesive contacts with the endothe-
lium. In the case of cell rolling, we found out that the soft cells
were not able to roll in contrast to the stiff cells (such as solid
spheres). However, the cell cortex needed to be softened in order
for the cell to anchor and crawl on the EW, a case that has not been
modeled previously in this context. Such dynamical alterations
in cell mechanical properties might be modulated by intercellular
signaling and might be a subject of further experimental studies.
The model described in this paper is 2D, however, this com-
putational framework can be easily extended to 3D (Peskin, 2002;
Griffith etal., 2007; Rejniak, 2007b). In the 3D version, the cell cor-
tex and nucleus can be discretized using a dense set of boundary
points connected with short linear springs in the form of cross-
linked fibers (Figure 6). Similar discretization can be used for
the boundary of the vessel that together with stiff connecting
springs will form a rigid wall (Figure 6). The CTC-EW adhe-
sion links can be modeled using short springs like in the 2D case.
The immersed boundary equations in both cases have a similar
form (Figures 1 and 6). One advantage of the 3D model is the

FIGURE 6 | Three-dimensional model schematics and equations. A
schematic representation of the structure of the 3D cell (left, top), the

p(%+(u¢V)uJ =-Vp+puAu+f

pVeu=0

flxn)= -[I',\JI', F(q.t) 8(x=X(q.1)) dg 9=(4,.9.-4,)
%_f(q") = J‘uu(.\'.l) 8(x—X(q.1)) dx x=(x,x,,1,)
F(q.1)=$§ "X lgt)-% (q!)“ —k (X(g.1)-X"(q.1))

i “X(q.r)— X (qu)" \

microvessel with a single attached cell (left, bottom), and model equations in
three dimensions (right).
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possibility of investigating blood vessels of different curvatures
and sizes. A disadvantage is in the required computational power.
The 3D model needs to be run with a very small time step to ensure
the fluid dynamics code stability and convergence, and thus it will
take much longer to complete full 3D computations. However,
we do not expect that the 2D and 3D models will differ in their
qualitative predictions.

Other extensions of the current model can include a compari-
son of cell deformations under blood flow of different velocities,
and in vessels of different size, including small capillaries. We will
also test cells of different nucleus-to-cytoplasm ratios, since it has
been shown that CTC can vary significantly among each other
(Marrinucci etal., 2010). Recent studies indicate that CTCs can
form aggregates in the blood system that may also contain other
circulating cells, such as leukocytes, macrophages, and platelets

(Cho etal., 2012). We will investigate the dynamics of such emboli
in the circulation, and whether the presence of other cells can
increase the chance of CTC attachment to the EWs. Further exper-
imental studies, out of the scope of our computational group,
will be required to determine whether the cell physical properties
observed using this computational approach can be manipulated
experimentally to disrupt some steps of the adhesive cascade,
and may be potentially used to develop the next generation of
therapeutic interventions.
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INTRODUCTION

Cancer induces a hypercoagulable state, and patients with cancer who suffer a throm-
botic event have a worse prognosis than those who do not. Recurrent pathologic thrombi
in patients with cancer are clinically managed with anticoagulant medications; however,
anticoagulant prophylaxis is not routinely prescribed owing to a complex variety of patient
and diagnosis related factors. Early identification of patients at risk for cancerassociated
thrombosis would allow for personalization of anticoagulant prophylaxis and likely reduce
morbidity and mortality for many cancers. The environment in which a thrombosis develops
in a patient with cancer is complex and unique from patients without cancer, which creates
therapeutic challenges but may also provide targets for the development of clinical assays
in this context. Circulating tumor cells (CTCs) may play a role in the association between
cancer and thrombosis. Cancer metastasis, the leading cause of cancerrelated deaths, is
facilitated by the hematogenous spread of CTCs, and CTCs accompany metastatic disease
across all major types of carcinomas. The role of CTCs in the pathogenesis of thrombosis
has not been studied due to the previous difficulty in identifying these rare cells, but the
interaction between these circulating cells and the coagulation system is an area of study
that demands attention. The development of CTC detection platforms presents a new tool
by which to characterize the role for CTCs in cancerrelated hypercoagulability. In addi-
tion, this area of study presents a new avenue for assessing the risk of cancerassociated
thrombosis and represents a potential tool for predicting which patients may benefit from
anticoagulant prophylaxis. In this review, we will discuss the evidence in support of CTC
induced hypercoagulability, and highlight areas where CTC-detection platforms may provide
prognostic insight into the risk of developing thrombosis for patients with cancer.

Keywords: circulating tumor cells, thrombosis, tissue factor, metastasis, blood

and fatigue, the increased use of indwelling catheters, and the

Cancer is a hypercoagulable state, and the association of
venous thrombosis with cancer has been observed for centuries
(Trousseau, 1865). Thrombosis is a significant contributor to mor-
bidity and mortality in cancer patients. Patients with cancer who
suffer a thrombosis as a part of their disease endure worse out-
comes (Sorensen etal., 2000). Despite the well established link
between cancer and venous thrombosis, anticoagulation is not
routine care for these patients (Akl etal., 2011a,b). This is due
in part to the increased bleeding risk associated with anticoagu-
lation in a population where only a fraction of patients develop
symptomatic thrombosis, and the risks of anticoagulation therapy
in patients treated with systemic chemotherapy and with disease
and/or therapy related thrombocytopenia. No clinical marker has
been developed which is capable of predicting in which patients
the benefit of anticoagulation outweighs the increased risk of
bleeding.

The underlying cause of thrombosis in cancer is multifactorial,
including but not limited to, personal and family history of throm-
bosis, pre-treatment fibrinogen and platelet levels, immobility

administration of certain chemotherapeutics and other anti-
cancer therapies which increase thrombotic risk (Dimopoulos
and Eleutherakis-Papaiakovou, 2004; Elice etal., 2009). However,
thrombosis can also herald the diagnosis of cancer, preceding any
cancer-related symptoms or treatments. This, in itself, underlines
the role for cancer in disrupting the normal physiological bal-
ance of the hemostatic system. The incidence of thrombosis in
cancer is strongly tied to cancer subtype and origin, suggesting
that cancer cells directly contribute to the hypercoagulable state
associated with cancer (i.e., adenocarcinoma vs. carcinoma or
colon vs. breast; Baron etal., 1998; Sorensen etal., 1998; Rick-
les and Levine, 2001; Blom etal., 2004). A multifactorial model
to estimate risk of thrombosis in patients receiving chemotherapy
has been validated which includes the cancer site, factors such as
platelet and leukocyte count, and hemoglobin level or the use of
erythropoiesis-stimulating agents, and body mass index to stratify
patients by risk to develop thrombosis. However, the majority of
patients predicted to have the highest risk of developing throm-
bosis in this model do not subsequently suffer from thrombosis

www.frontiersin.org

September 2012 | Volume 2 | Article 115 | 72


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org/Oncology/editorialboard
http://www.frontiersin.org/Oncology/editorialboard
http://www.frontiersin.org/Oncology/editorialboard
http://www.frontiersin.org/Oncology/about
http://www.frontiersin.org/Cancer_Molecular_Targets_and_Therapeutics/10.3389/fonc.2012.00115/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=GarthTormoen&UID=49009
http://community.frontiersin.org/people/KristinaHaley/66221
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=OwenMcCarty_1&UID=56109
mailto:tormoeng@ohsu.edu
http://www.frontiersin.org/
http://www.frontiersin.org/Cancer_Molecular_Targets_and_Therapeutics/archive

Tormoen etal.

CTCs and thrombosis

(Khorana etal., 2008). Therefore, efforts to identify patients with
cancer who will develop venous thrombosis need to achieve bet-
ter specificity by including additional factors, such as circulating
tumor cell (CTC) count, which may have a role in developing
cancer-related thrombosis.

CTC-BLOOD PROTEIN INTERACTIONS

Tissue factor (TF) is the physiological initiator of coagulation and
is essential for hemostasis. TF is a transmembrane glycoprotein
and requires phospholipids in order to be procoagulant (Nemer-
son, 1968). TF-expressing cells are not typically exposed to the
blood. Only upon injury, when the architecture of the blood ves-
sel is disrupted, does the blood gain exposure to extravascular
TF-expressing cells. Therefore, in hemostasis, the activation of
coagulation is essentially localized to sites of hemorrhage.

In the context of metastatic cancer, CTCs intravasate into
the vasculature in order to reach distant locations and establish
metastatic foci. CTCs accompany metastatic disease across all
major types of carcinomas (Allard et al., 2004). Tumors have been
shown to express TF in vivo, and TF expression has been shown
to correlate with metastatic potential (Zacharski etal., 1983, 1986;
Lee etal, 2011; Liu etal,, 2011; Ma etal., 2011; Tian etal., 2011;
Xu etal., 2011; Gil-Bernabe et al., 2012). Therefore, the process of
hematogenous metastasis may present TF-expressing tumor cells
to blood in the absence of a blood vessel injury. Whether metasta-
sizing cancer cells are involved in the development of thrombosis
has not been established. In vitro, cancer cells added to blood
or plasma promote coagulation in a TF- and phosphatidylserine
(PS)-dependent manner, and the coagulation kinetics are strongly
dependent upon the number of cancer cells tested (Berny-Lang
etal., 2011; Tormoen etal., 2011; Yates etal., 2011; Welsh etal.,
2012). However, extrapolation of in vitro coagulation assays to
in vivo phenomenon is not straightforward. Cancer cell lines may
not reproduce CTC procoagulant phenotypes, and extrapolation
of in vitro coagulation kinetics to physiological scenarios is compli-
cated by dynamic physiological environments seen in vivo. Along
these lines, blood flow is a strong determinant of procoagulant
activity (Gemmell etal., 1988), yet a metastasizing cancer cell has
dynamic temporal and spatial relationships with the blood which
are unique from TF-bearing cells exposed at the site of a blood ves-
sel injury. For instance, an intravasating or extravasating tumor
cell is stationary relative to the blood flow, and thereby would
experience rapid changes in coagulation kinetics due to the blood
flow-mediated transport of coagulation factors to the stationary
cell. In contrast, CTCs in the bloodstream experience very little
relative blood flow, as these cells are transported by viscous forces
within the flowing blood. The resulting coagulation kinetics for
CTCs is therefore reliant upon diffusion of coagulation factors
to/from the cell surface; thus the coagulation kinetics for CTCs is
diffusion-limited.

The extent to which spatial and temporal relationships affect
procoagulant activity of CTCs is a topic of recent investigation. In
this issue, Lee etal. (2011) model the generation and coalescence
of thrombin by procoagulant CTCs within the circulation and
predict local thrombin concentration gradients surrounding the
CTC:s to have complex relationships with cell counts and distribu-
tions within the vasculature. This work suggests that procoagulant

CTC counts strongly determine local thrombin concentra-
tions, which would likely be prognostic for risk of developing
thrombosis.

Cell-mediated coagulation requires the binding of coagula-
tion factors from solution, followed by the assembly of enzyme
complexes on the cell surface. This assembly is facilitated by the
exposure of PS. The exposure of PS and subsequent assembly of
enzyme complexes on the cell surface may be rate-limiting for the
cell’s procoagulant activity. In vitro, the procoagulant activity of
several cancer cell lines has been shown to correlate with the extent
of PS exposure, more so than the relative expression of TF, sup-
porting the notion that facilitation of enzyme complex assembly
is the rate determining mechanism for cancer cell-mediated coag-
ulation (Barrowcliffe etal., 2002; Pickering etal., 2004). Further,
space limitations of the PS-regions can severely reduce coagulation
kinetics, indicating a role for quantification of procoagulant sur-
face area to assess the procoagulant activity of a cell (Haynes et al.,
2012). This limitation suggests that the procoagulant phenotype
of CTCs may be dependent upon the physical parameters (size
and surface area) of CTCs. In this issue, Phillips etal. (2012a,b)
demonstrate methods to utilize light microscopy to quantify the
physical parameters of volume, mass, surface area, and density of
CTCs, providing a novel technique to assess CTC heterogeneity in
cancer-associated hypercoagulability.

Characterizing the role for procoagulant CTCs to initiate coag-
ulation requires a method to functionally probe the ability of CTC
to mediate coagulation. Surface expression of TF could be deter-
mined through immunofluorescent labeling methods, but these
approaches do not capture the activity of TE. The ability of TF to
initiate coagulation is dependent upon the cell membrane envi-
ronment, specifically the exposure of PS, as well as an “active” or
“decrypted” form of TF in order to facilitate coagulation. In this
issue, Tormoen etal. (2012) describe an approach utilizing fluores-
cently labeled coagulation factors to characterize the procoagulant
nature of CTCs. This approach has potential to functionally char-
acterize the ability of CTCs to bind coagulation factors, which is
crucial for their ability to facilitate coagulation. This functional
labeling lends itself to current CTC detection platforms (Krivacic
etal., 2004; Hsieh etal., 2006), providing a novel method with
which CTC platforms can provide novel insight into cancer-related
thrombosis.

CTC—PLATELET INTERACTIONS

It has been shown that platelets, the primary mediators of
hemostasis, play a key a role in mediating hematogenous metas-
tasis (Gasic etal., 1968, 1973). In vitro, tumor cells bind platelets
under shear stress (McCarty etal., 2000, 2002) and cause platelet
aggregation, and this ability correlates with metastatic potential
in vivo (Karpatkin et al., 1988; Amirkhosravi et al., 2003; Palumbo
etal.,, 2005; Erpenbeck etal., 2010). The mechanisms by which
platelet interactions confer metastatic potential upon CTCs are
complex. Platelets can deter NK cell destruction of CTCs in the
blood (Karpatkin etal., 1988; Im etal., 2004; Kopp etal., 2009).
Releasates from activated platelets include growth factors such as
platelet-derived growth factor, vascular endothelial growth fac-
tor, and transforming growth factor beta, and may support tumor
growth and may promote the establishment of metastatic tumor
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sites (Kepner and Lipton, 1981; Assoian etal., 1983; Mohle etal.,
1997; Nierodzik and Karpatkin, 2006). Recently, a murine model
of superficial venous thrombophlebitis, a specific clinical pre-
sentation of thrombosis that can be associated with mucinous
tumors, was shown to depend upon platelet activation (Shao et al.,
2011). However, the role for platelet—CTC interactions for venous
thrombosis has not been established in different cancer-related
contexts.

LEUKEMIA CELL-BLOOD PROTEIN INTERACTIONS

While the extreme rarity of CTCs in human solid tumors has pre-
vented their characterization, leukemias, which are composed of
circulating cancer cells, or “liquid tumors,” supply vast numbers
of cancer cells to the bloodstream, making their isolation straight-
forward. Thrombosis is commonly seen with specific leukemia
subtypes, and surface expression of TF has been identified on some
leukemic cells associated with coagulopathy (De Stefano etal,
2005; Falanga etal., 2008; Liu etal., 2008; Falanga and Marchetti,
2009; Ku et al., 2009; Musil and Krc, 2010). However, converse to
solid tumors and certain leukemia subtypes, hemorrhage is more
common in most acute leukemias as compared to thrombosis
(Barbui et al., 1998; Barbui and Falanga, 2001; Falanga and Barbui,
2001; Falanga and Rickles, 2003). Suggested mechanisms by which
leukemias induce hemorrhage include bone marrow crowding
and suppression of platelet production leading to thrombocy-
topenia. Acute myelogenous leukemia French-American-British
subtype M3 or acute promyelocytic leukemia (APL), is known to
surface-express TF as well as Annexin II (Menell etal., 1999), and
is associated with the highest risk of thrombosis and bleeding
amongst all leukemia subtypes. TF activity has been demon-
strated from APL cells in vitro, suggesting that these cells are
procoagulant. However, rather than developing focal thromboses,
patients with APL present with a diffuse coagulopathy that con-
sumes the coagulation factors within the blood leaving the patient
unable to maintain hemostasis, resulting in a hemorrhagic phe-
notype. The surface expression of Annexin II has been shown
to correlate with incidence of hemorrhage, and an Annexin II-
mediated binding of tissue type plasminogen activator has been
demonstrated in vitro (Menell etal., 1999). Therefore, in certain
conditions, leukemia cells may initiate and propagate coagulation,
while simultaneously facilitating anticoagulation, with the net
coagulant effect resulting in consumption of coagulation factors

until the patient is severely deficient and deposed toward clinically
severe hemorrhage.

SUMMARY

Metastasizing CTCs must survive the blood circulation, and the
role that blood protein and blood cell interactions with CTCs
plays in the progression of metastatic disease in human cancers
remains ill-defined. The association between cancer and thrombo-
sis suggests that the circulation is not inert toward CTCs, however
the characterization of human CTC and blood interactions has
been hampered by the technical difficulty in isolating and ana-
lyzing these rare cells. The emergence of clinical CTC detection
platforms in recent years has opened the possibility to charac-
terize the role that CTCs play in metastatic disease. One of the
challenges facing researchers in this field is how to functionally
characterize CTCs within the technical constraints that current
CTC detection platforms require. This special edition of Fron-
tiers in Oncology describes several methods with which CTCs
are biophysically characterized using light microscopy techniques
(see Phillips etal., 2012a,b). The development of CTC detection
platforms to probe procoagulant properties of these cells presents
new opportunities for investigators to understand the relation-
ship between CTCs and blood proteins and/or blood cells. This
theme is explored in Tormoen et al. (2012). Finally, understanding
the complex environment that CTCs within the blood circulation
traverse, and the effects that this environment has on the pro-
coagulant phenotype of CTCs is addressed in Lee etal. (2012).
The therapeutic targeting of CTCs may provide new insight into
metastatic disease, including methods to interrogate the proco-
agulant nature of CTCs and understand how these relationships
impact cancer progression and cancer-related morbidities and the
response to antithrombotic therapies.
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We describe a mathematical/computational model for thrombin concentration gradients
generated by procoagulant circulating tumor cells (CTCs) in flow. We examine how CTCs
enhance blood coagulation as they diffuse tissue factordependent coagulation enzymes
in a flow environment with vessel walls. Concentration fields of various enzymes, such
as prothrombin and thrombin, diffuse, to, and from CTCs, respectively, as they propagate
through the bloodstream. The diffusion-dependent generation of these enzymes sets up
complex time-dependent concentration fields. The CTCs are modeled as diffusing point
particles in an incompressible fluid, and we exploit exact analytical solutions based on
three-dimensional Green's functions for unbounded domains with one wall for high reso-
lution numerical simulations. Time-dependent gradient trackers are used to highlight that
concentration fields build-up (i) near boundaries (vessel walls), (i) in regions surrounding
the diffusing particles, and (iii) in complex time-dependent regions of the flow where fields
associated with different particles overlap. Two flow conditions are modeled: no flow, and
unidirectional constant flow. Our results indicate that the CTC-generated thrombin dif-
fuses to and persists at the blood vessel wall, and that the spatial distribution of CTCs in
flow determines local thrombin concentration. The magnitude of the diffusion gradient and
local thrombin concentration is dependent upon bulk solution concentrations of coagula-
tion factors within normal reported concentration ranges. Therefore, our model highlights
the potential to determine patient-specific risks for CTC-induced hypercoagulability as a
function of CTC number and individual patient concentration of coagulation factors.

Keywords: procoagulant circulating tumor cells, circulating tumor cells, chemical gradient tracking, tissue factor

and coagulation, prothrombin and thrombin fields, circulating tumor cell induced hypercoagulation

INTRODUCTION

Metastatic cancer accounts for the majority of deaths caused by
cancer. Metastasis is believed to result from tumor cells from a pri-
mary site, migrating toward and intravasating into a blood vessel,
navigating the blood circulation to arrive at a distant site whereby it
arrests from the blood flow, extravasates, and establishes a metasta-
tic tumor site. The process of metastasis thereby exposes a tumor
cell to a variety of new environments, and poses significant physi-
cal challenges the tumor cell must overcome if it is to successfully
metastasize.

The interactions between circulating tumor cells (CTCs) and
blood coagulation proteins have not been fully characterized.
Activation of the blood’s coagulation system has been associated
with cancer, particularly metastatic cancer, for centuries (Gay and
Felding-Habermann, 2011). The exact mechanism(s) underlying
the activation of blood coagulation in cancer remain ill-defined
(Khorana et al., 2007; Gay and Felding-Habermann, 2011). Tumor
cell expression of tissue factor (TF) has been associated with
advancing stages of cancer progression, and has been shown to
correlate with metastatic potential in vivo (Mueller et al., 1992;
Mueller and Ruf, 1998; Amirkhosravi et al., 2002). TF is a trans-
membrane glycoprotein that is normally expressed by cells outside

of the blood vasculature. The exposure of blood to TF, as occurs
in the event of a blood vessel injury, is a physiological initiator
of coagulation (Gomez and McVey, 2006; Okorie et al., 2008).
TF serves as the cell membrane receptor for and enzyme cofactor
of coagulation factor VIIa (FVIIa). In complex, TF-FVIIa activate
the extrinsic pathway of coagulation leading to the formation of
thrombin which can then convert fibrinogen to fibrin in order
to form a plug that stops bleeding at the injury site in order to
maintain blood flow and volume.

In the context of a metastasizing tumor cell, a TF-expressing
CTC may expose blood within an uninjured blood vessel to TF
(Versteeg et al., 2004; Khorana et al., 2007; Berny-Lang et al., 2011;
Otero et al., 2011; Tormoen et al., 2011). Levels of intravascular
TF correlate with cancer progression and to some extent with the
formation of pathological clots or thrombi in the veins of patients
with cancer. Thrombosis, the formation of pathological thrombi,
accounts for the second leading cause of death for patients with
cancer and constitutes a significant source of morbidity in these
patients (Versteeg et al., 2004). Anticoagulant measures taken after
a thrombotic event are effective at reducing the formation of sub-
sequent thrombi, but no current laboratory assay is capable of
predicting which patients are at risk to develop thrombosis. The
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incidence of thrombosis is known to correlate with cancer type
and tissue of origin, suggesting that the cancerous cells themselves
have a role in the formation of pathological thrombi (Blom et al.,
2005). In vitro, cancer cells are capable of independently initiat-
ing coagulation and clotting blood plasma. Similarly, functionally
blocking TF on cancer cells prevents the cell’s ability to clot blood
plasma. Therefore, mounting evidence suggests that cancer cell
expressed TF is a likely culprit for the initiation of blood coagu-
lation associated with cancer (Berny-Lang et al., 2011; Marchetti
et al., 2011, 2012; Saito et al., 2011; Yates et al., 2011; Welsh et al.,
2012).

The ability of TF to activate blood coagulation is depen-
dent upon the presence of phospholipids, suggesting that only
cell surface-expressed TF or cell membrane-derived TF bearing
microvesicles are capable of activating coagulation (Nemerson,
1968). This also indicates that the activation of coagulation by TF
is essentially a surface phenomenon, requiring coagulation factors
to transport from the blood to the surface-expressed TF in order
to participate in coagulation. In vitro, the trafficking of soluble
coagulation factors from bulk to a TF-expressing phospholipid
surface is rate-limiting with respect to enzyme activation (Gem-
mell et al., 1988; McGee et al., 1992; Hall et al., 1998). Further, TF
activity is augmented in the presence of blood flow where convec-
tive transport supplants diffusive transport as the dominant mode
of transport for coagulation factors to TE. Taken together, the abil-
ity for a TF-expressing CTC to activate blood coagulation is likely
dependent upon its spatio-temporal relationship with the blood.
In vitro, the coagulation kinetics for cancer cells in suspension
is dependent upon the number of cells added to plasma (Berny-
Lang et al., 2011; Tormoen et al., 2011; Yates et al., 2011; Welsh
et al., 2012). Further work has suggested that TF-expressing cells
in suspension show synergistic effects on their ability to initiate
and propagate coagulation, with the time to initiate coagulation
enzymes, and the rate at which these enzymes are generated cor-
relating with the average separation distance between cells rather
than the overall cell count (Tormoen et al., 2011). The effects of
spatial separation on coagulation kinetics are consistent in assays
that utilize closed systems under well-mixed conditions as well as
open systems under laminar flow. However, a CTC would expe-
rience different flow regimes if it were circulating on the arterial
side versus the venous side or if it were free-flowing or adherent
to the cell wall, and the effects that these different conditions have
on coagulation kinetics have not been established.

In this manuscript, we model the concentration of thrombin
generated by dispersed CTCs under constant laminar flow. Our
model is based upon exact solutions used in the atmospheric dis-
persion community (Stockie, 2011) whereby a source of pollution
near the ground (i.e., a smokestack) emits a pollutant which enters
the atmosphere and is dispersed and diffused downstream as a
“Gaussian plume” or a “Gaussian puff” (Stockie, 2011). We adapt
and use the solutions, which are based on a Green’s function for-
mulation for the concentration field equations (Kevorkian, 1989),
to model the dispersing and diffusing thrombin concentration
field entering the blood. Since the concentration field equations
are linear, we can superpose as many fields from each of the CTCs
as needed. We assume that the transport of coagulation factors
is diffusion-limited as viscous forces dominate inertial forces of

the cells. Our results, obtained in a simple geometry with a single
(vessel) wall, suggest that thrombin generated by a CTC collects
at the blood vessel wall and correlates with the number and spa-
tial distribution of CTCs in the blood, supporting a role for the
CTC count in predicting risk for developing thrombosis. Model-
ing and simulation of coagulation processes has been performed
(Fogelson and Tania, 2005; Fogelson, 2007; Bodnar and Sequeira,
2008; Chatterjee et al., 2010; Gregg, 2010; Leiderman and Fogel-
son, 2011), but to our knowledge, our work is the first to model
the physiologically relevant scenario of a TF-expressing cell enter-
ing into and circulating within the bloodstream and simulate its
effects on coagulation processes.

MATERIALS AND METHODS

FLUID DYNAMICS AND CONCENTRATION FIELD EQUATIONS

The computational model is based on the partial differential
equations for the diffusing concentration field, coupled with the
equations for incompressible fluid flow (Pedley, 1980; Kevorkian,
1989):

‘%) + - Ve = o ATD 45 (% — %) (1)
Y= )
V-u=0 (3)

i . _
p(g—i—u-Vu):—VP-i-VA” (4)
(%,0) = f (%) (5)

Here, the concentration field associated with the ith species is
denoted ¢® (x, ¥,z; t), with diffusion coefficient «;. The fluid
(blood) velocity field is denoted by (X, t), blood pressure
denoted p, density p, and each of the “i” CTCs (i=1, ..., n) are
located at X;(t), their time derivatives are denoted by the “dot”
superscript. 3 in Eq. 1 is the Dirac-delta function which is zero
everywhere but where the argument is zero, which in this case
are the locations of each of the CTCs. The initial locations of the
CTCs are given by the function f(x). The diffusion coefficient in
Eq. 4 is denoted by v. Equation 4 are the Navier—Stokes equa-
tions representing the background plasma, which at this level of
model approximation we treat as an incompressible Newtonian
fluid. The flow takes place in the upper-half space, above a solid
wall which models the vessel wall, hence boundary conditions for
the concentration field and blood velocity at the wall are:

-

ac
a0 lwal =0 (6)
i |wan =0 (7)

The first is a no penetration condition for the concentration
field, while the second is the viscous no slip boundary condition
at the wall.
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FIGURE 1 | Two-dimensional concentration fields for 100 diffusing CTCs.
(A-C) Show evolving concentration fields at T=1, 5, 15. (D-F) Show
concentration profiles at different y-slices: y =0, 150, 300. Vessel wall is

1)
=500 -400

r-half plane n = 100 particles in upper-half plane
T=15

located at y =0. (G-1) Show 3D surface plot of the concentration fields and
gives a sense of how the field diffuses in time. Boundary conditions are
discussed in text.

THE GREEN’'S FUNCTION APPROACH

In this paper, we focus on the simple geometry associated with
the upper-half plane in 2D and upper-half space in 3D, making it
possible to use an analytical Green’s function formulation to form
solutions that satisfy exact boundary conditions. In 2D, with no
flow (1 =0), we use the standard Green’s function associated with
the 2D diffusion equation (Kevorkian, 1989):

. r _(x_xA)2_y_yA2
C(I) (x,)’; t) = mexp l Avt ( 1)
2
0) . _ r —(x — Xi)2 - ()/ + yl)
Cimage (x,y, t) - m eXp Ayt

(8)

Here, each particle is placed in the upper-half plane (y > 0), at

positions (x;, y;) for i=1, ..., n, and image particles are placed at

(xi, —¥i)- The no penetration condition Eq. 6 for the concentration

field at the wall is enforced exactly, with no other explicit boundary
conditions needed.

In 3D, with flow u=constant, the corresponding Green’s
function is given by Kevorkian (1989), Stockie (2011):

_Qr (x; — ut)> + y?
_8(rrr)3/2 4r

[ew(- )+ es(

Here, r = o xj/u, is a new scaled independent variable. The
symbol QT expresses the total amount of TF expressed by the CTC.

Using these solutions as the basic building blocks for flow sim-
ulations based on Eqs 1-7, we are able to perform highly resolved
concentration-flow simulations described in Section “Results.”

¢ (rxi yi» 2i5 1) exp

(zi — H)?

4r

@+ H)
4r

)

)

CONCENTRATION FIELD GRADIENT TRACKING DIAGNOSTICS
Since the concentration field is fairly complex, we need a diag-
nostic tool to help with visualization during a simulated run. It
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FIGURE 2 | Concentration profiles for 100 diffusing CTCs. (A)
Concentration profiles at y =0, 150, 300 for T =500. Note that
concentration is highest near wall. (B) Concentration profiles as a function
of T for y =0, 150, 300. Vertical dashed line separates two distinct
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regimes. Left of the dashed line (0 < T < 3) represents the fast mixing
regime of the concentration fields due to the different CTCs, whereas right
of the dashed line (T > 3) the fields from different CTCs have mixed and are
slowly diffusing.

is useful to use what we call “passive gradient trackers,” which are
diagnostic particles placed in the flow. The gradient trackers do
not disturb the flow, but move toward regions of high TF con-
centration and low TF concentration in time, as the simulation
proceeds. A schematic of one of these trackers is shown in the
upper left of Figure 3. If the tracker is placed at position (x, y,
z) at time “t the concentration field at that point is given by
¢(x,y,z; t). The tracker then measures the concentration field at
six neighboring points in the field: ¢(x + ¢,y +¢,z+¢, 1),0 <
¢ << 1, and measures the differences in concentration at these
six points compared to the concentration at ¢(x, y,z; t). Thus,
it measures the quantities (¢(x,y,z; t) — ¢(x & &y,2; 1)),
Cx,y, 2 t) —Cc(x—&, 7,2 1), (C(x, 9,25 1) —c(x, ¥+ 825 1)),
Cx,y,z; t) —C(x,y — &,z 1), (C(x, ¥, 23 1) —c(x, ¥, 2+ 8 1)),
(¢(x, y, 25 t)—¢(x,y,z—¢; t)),andif itis seeking high concentra-
tion regions, it moves to the point yielding the largest increase in
concentration. If it seeks low concentrations, it moves to the point
yielding the largest decrease. Thus, it tracks “gradients” in the con-
centration field at each time step, and as time evolves, the particles
will gather in high/low TF concentration regions giving a useful
visual diagnostic tool. For our simulations, we use “red” track-
ers to follow increases in gradient, and “blue” trackers to follow
decreases. We note that there is an inherent timescale associated
with the tracking, which is essentially governed by the size of .
In the limit as this parameter goes to zero, the discrete trackers
approximate derivatives in concentrations, hence gradients.

RESULTS

TWO-DIMENSIONAL CONCENTRATION FIELDS

A two-dimensional simulation of developing concentration gra-
dients for 100 diffusing CTCs with no flow (u=0) is shown in
Figure 1. Figures 1A—C shows the concentration field at times
T=1,5,15 with u=0 in Eq. 1. The CTCs are randomly placed
in the upper-half plane (y>0), with the vessel wall at y =0.
On the vessel wall, we use the no penetration condition Eq.

gradient

tracker
left

X ‘K\\\\\\
wall

FIGURE 3 | Computational domain for 3D model of diffusing CTCs.
Schematic shows 3D computational domain with bottom vessel wall at
z=0. CTCs are initially placed at random initial positions and travel
downstream with the flow, which is constant. The concentration fields
diffuse as “puffs,” to model the diffusing TF which initially coats the outer
cell surface. Upper right corner of the domain shows the six directions that
are “polled” by gradient trackers placed in the flow field.

6 for the concentration field. No other explicit boundary con-
ditions are needed when using the Green’s functions formulas.
Figures 1D-F shows the concentration profiles at y =0, 150, 300,
while Figures 1G-I shows the 3D surface plots of the concentra-
tion fields in the (x, y) plane. The CTCs are placed in the region
¥ > 0, while their images are placed appropriately at y < 0 (see Eq.
8) so that boundary conditions are enforced. The (dimensionless)
diffusion coefficient for each particle is taken to be a; = 1.5. We
note that here, and in all of the following simulations, equations,
and parameters are to be interpreted non-dimensionally since
explicit comparisons with in vivo experiments are not described
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FIGURE 4 | Three-dimensional concentration field simulations using four
CTCs. View is top down. Top down view of the x-y plane with four CTCs
placed randomly in the flow. Three different z-slices are shown: z=0 (wall),
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in this paper. The 2D simulations with no flow clearly show the
diffusing fields from each particle merging and smoothing over
time, with concentration persisting at the vessel wall because of

the no penetration boundary condition. This is seen most clearly
in Figure 2 which shows the concentration profile for T=500 at
y=0, 150, 300. Figure 2A shows the persistence of the highest
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FIGURE 5 | Three-dimensional concentration field simulations
using 100 CTCs. View is top down. Top down view of the x-y
plane with four CTCs placed randomly in the flow. Three different
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fields persist and are strongest near the wall region and in overlap
domains from different CTCs. Comparisons of the concentration
field levels with those in Figure 4 indicate that the concentration
field varies (roughly) linearly with the number of CTCs in the
domain.

concentration at the wall (y=0). Figure 2B shows the peak
concentration at y=0, 150, 300 as time progresses. The verti-
cal line in this figure separates two distinct temporal regimes: (i)

0< T<3; (ii) T> 3. The first early regime represents a “rapid
mixing” regime where the concentration fields quickly merge to
form a complex combined overlap domain of fields associated with
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FIGURE 6 | Gradient trackers which move to regions of high
concentration (red) and low concentration (blue). As time
progresses [(A) T=38; (B) T =46; (C) T=99; (D) T =167, (E)

T =220], red gradient trackers move to regions near the CTCs,
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then toward regions where the fields from different CTCs overlap,
and finally toward the vessel wall where the concentration fields
persist. Blue gradient trackers move to regions of low TF
concentration.

the different sources merging together. The “long-time” regime
(T> 3) shows that the peak combined concentration field contin-
ues to decay, but rather slowly, with the peak wall concentration
(¥ =0) dominating.

THREE-DIMENSIONAL CONCENTRATION FIELDS

We next performed a high resolution (exact, since we are using
the Green’s function formulation) simulation of CTCs in three-
dimensions with a constant flow velocity profile (1 = constant).
Figure 3 shows the general schematic diagram with flow only
in the direction of x, with diffusing CTCs initially placed in the
domain at random heights z = H1, H;, H3. The vessel wall in these
simulations is located at z = 0. Because the concentration fields are
spatially complex and time-dependent, we build in particle gra-
dient tracking capability in our code, also shown schematically in
Figure 3.

Next, we performed a 3D concentration field simulation (with-
out gradient trackers) using four CTCs, where we show a top down
z-projection view of the (x;, y) plane for values z =0 (wall), z =45,
and z = 90, progressively in time T =1, 10, 40, 75 in Figures 4A—
D. In order to compare with the 2D simulations, we have chosen
the same dimensionless diffusion coefficient values a; = 1.5. For
these simulations, the initial locations of the particles are (x, y,
z) = (300, 300, 45); (180, 400, 30); (300, 100, 30); (275, 200, 60).
Careful examination of the coloring of the fields indicates (i)
the persistence of the strongest concentration region near the
wall, (ii) strong concentrations in overlap domains from differ-
ent CTCs, and (iii) strong concentrations near each of the CTCs
which express TE. These numbers and results are consistent with

the experiment described in Tormoen et al. (2011) in which small
numbers TF-coated micro-spheres were placed in blood solution
and clotting time was carefully measured. Typically, in metastatic
patients, measured numbers of CTCs would be in the range of
1-100 CTCs/ml.

For a direct comparison with the 2D results, we show in
Figures 5A-D the 3D concentration field simulations using 100
CTCs placed randomly (initially). The overall concentration field
again persists near the wall, but the overall concentration field level
is higher, roughly increasing linearly with the number of CTCs in
the flow, also in agreement with results from Tormoen etal. (2011).
As the flow progresses in time, flow visualization tools become
crucial to help understand the field patterns that develop.

GRADIENT TRACKING RESULTS

To track developing TF concentration gradient patterns, we
include gradient tracking capability to our simulation. Figure 6
illustrates different time points (T =8-220s) as the flow pro-
gresses. The red particles move toward regions of high CTC
concentration, whereas the blue move to regions of low CTC
concentration. The patterns that develop with the red and blue
particles depend on the comparison of relative timescales as deter-
mined by the concentration field diffusion rates, a;, as well as
the timescales on which the gradient trackers move. The first
three panels in the figure clearly show the red gradient track-
ers gathering in highly concentrated regions near each of the
CTGCs, lining up in elongated columnar strands. The timescale
in which these trackers locate the diffusing CTCs is short com-
pared with the timescales on which the diffusion fields spread.
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The last two figures in the panel show the particles then mov-
ing toward the vessel wall where concentration fields persist. This
movement of the trackers to the vessel walls takes place on a
longer timescale, well after the CTCs have been located in the
flow.

DISCUSSION

In this paper, we develop novel computational tools to model and
characterize the movement of diffusing thrombin fields emitted
from CTCs in flow, with the aim of scaling up the techniques to
more complex arterial environments and more complex, time-
dependent flow assumptions (Pedley, 1980). A main finding from
our model is the build-up and persistence of thrombin concen-
tration near vessel walls and in complex time-dependent overlap
regions of the flow. The build-up near walls occurs on a rel-
atively long timescale compared to the timescale in which the
concentration fields diffuse (regulated by the diffusion constants
a;). We expect this main finding to persist under more com-
plex and realistic flow geometries, as locally, near a vessel wall,
the boundary curvature should not play a big role. Furthermore,
very near the vessel wall where viscous flow boundary conditions
dominate, blood velocity magnitudes are small, so should have
minimal effects on disturbing the concentration fields that build-
up there, therefore we do not expect the inviscid fluid boundary

conditions used in this study to qualitatively alter this main find-
ing. In complex capillary beds where branching of the flow into
several different regions is the reality, we do expect the tracking
of the diffusive overlap regions of many CTCs to be more com-
putationally challenging, yet the main finding that concentration
levels are relatively high in overlap regions should remain valid.
Thrombin has several well characterized effects on endothelial cells
and platelets which are also located at blood vessel walls under
flow. In addition, the proximity of CTCs to each other deter-
mined the persistence of thrombin concentrations in the flow,
which may help explain the effect of cell count on coagulation
kinetics (Tormoen et al., 2011), suggesting that CTC counts may
hold significance to understanding the role for CTCs in activat-
ing blood coagulation. The gradient tracking capability described
here holds strong potential to aid in the understanding of the fate
of CTC-generated thrombin in more complex settings that arise
within the circulation.
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Metastatic cancer is associated with a hypercoagulable state, and pathological venous
thromboembolic disease is a significant source of morbidity and the second leading cause
of death in patients with cancer. Here we aimed to develop a novel labeling strategy
to detect and quantify procoagulant circulating tumor cells (CTCs) from patients with
metastatic cancer. We hypothesize that the enumeration of procoagulant CTCs may be
prognostic for the development of venous thrombosis in patients with cancer. Our approach
is based on the observation that cancer cells are capable of initiating and facilitating cell-
mediated coagulation in vitro, whereby activated coagulation factor complexes assemble
upon cancer cell membrane surfaces. Binding of fluorescently labeled, active site-inhibited
coagulation factors Vlla, Xa, and lla to the metastatic breast cancer cell line, MDA-MB-231,
non-metastatic colorectal cell line, SW480, or metastatic colorectal cell line, SW620, was
characterized in a purified system, in anticoagulated blood and plasma, and in plasma under
conditions of coagulation. We conclude that a CTC labeling strategy that utilizes coagulation
factorbased fluorescent probes may provide a functional assessment of the procoagulant
potential of CTCs, and that this strategy is amenable to current CTC detection platforms.

Keywords: tissue factor, coagulation, circulating tumor cell

INTRODUCTION

Cancer is a hypercoagulable state. Patients with cancer have a 4-
to 10-fold increased risk of developing thrombosis, which is a
significant source of morbidity and mortality for patients with
cancer (Trousseau, 1865; Baron et al., 1998; Sorensen et al., 2000;
Rickles and Levine, 2001; Falanga and Marchetti, 2009). Recurrent
thrombosis can be clinically managed with anticoagulant therapy;
however, the risk of bleeding complications associated with the
use of anticoagulants has prevented routine prophylactic antico-
agulation for patients with cancer who have not yet developed
thrombosis (Akl et al., 2011). Therefore, a method to identify
which cancer patients are at imminent risk to develop throm-
bosis would allow for an objective means by which to administer
personalized anticoagulant prophylaxis, reducing the morbidity,
and mortality for patients with cancer. There is currently a lack of
laboratory assays capable of identifying which patients with cancer
are at risk of developing thrombosis.

Blood coagulation is actuated by a system of serine proteases
that are contained within the blood in their inactive, zymogen
form. In health, activation of coagulation is restricted to sites of
blood vessel injury through the localized exposure of tissue fac-
tor (TF), a transmembrane protein constitutively expressed by
extravascular tissue not normally exposed to the circulating blood.
As blood hemorrhages from an injured vessel, it comes into con-
tact with TF-expressing cells outside of the vasculature. TF serves
as the membrane receptor and protein cofactor of coagulation
factor VIIa (FVIla). The TF-FVIIa complex initiates the extrinsic

blood coagulation pathway by activating factor X (FX) and factor
IX (FIX). Activated factor X (FXa) and activated factor IX (FIXa)
are initially inhibited by TF pathway inhibitor (TFPI) present in
blood at a low concentration (~2.4 nM) by forming a quaternary
FXa-TF-FVIIa-TFPI complex (Baugh et al., 1998; Lu et al., 2004).
FIXa forms the tenase complex with its protein cofactor FVIIIa
on the surface of phosphatidylserine (PS)-containing cell mem-
branes in the presence of calcium ion, which generates additional
FXa. FXa produced on PS-containing cell membranes assembles,
in a Ca?T-dependent manner, the prothrombinase complex with
its protein cofactor factor Va (FVa). The prothrombinase complex
converts prothrombin (FII) into thrombin (FIla). Flla cleaves fib-
rinogen into self-polymerizing, insoluble fibrin to form a plug at
the injury site, effectively stemming blood loss. The localization of
the procoagulant stimulus to the injury site, as well as anticoagu-
lant effects of the endothelium downstream of the injury, serve to
localize blood coagulation to the site of injury. However, patho-
logically excessive coagulation, or the initiation of coagulation at
sites other than blood vessel injury, can result in thrombosis.
Hematogenous spread of metastatic cancer requires tumor cells
to intravasate into blood vessels to navigate the bloodstream and
establish distant metastases. The existence of tumor cells in the
blood of patients with cancer has been known for over a century
(Ashworth, 1869), yet only recently has technology allowed the
routine cytological detection of these cells, hereafter referred to as
circulating tumor cells (CTCs). CTCs have been demonstrated to
be prognostic for overall patient survival, yet the impact of CTCs
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on cancer associated hypercoagulability has not been established
(Cristofanilli et al., 2004; Danila et al., 2007; Cohen et al., 2008;
de Bono et al., 2008). In vitro, cancer cell lines added to plasma
are able to induce coagulation. The ability of cancer cell lines to
clot plasma is abrogated by incubating with a TF-blocking anti-
body, or with Annexin V, which blocks the binding of coagulation
factors to the PS-containing cancer cell membrane (Berny-Lang
et al., 2011). Further, the clotting kinetics for plasma spiked with
cancer cells is strongly dependent upon the number of cells added
(Tormoen et al., 2011; Yates et al., 2011; Welsh et al., 2012). There-
fore, it appears that cancer cells are wholly capable of cell-mediated
coagulation in vitro, whereby they can initiate coagulation through
surface expression of TF and facilitate the propagation of coagu-
lation by binding and assembling coagulation factor complexes
upon their cell membranes.

The ability for CTCs to facilitate coagulation in human dis-
ease has not been investigated, primarily due to the previously
formidable technical challenge of identifying CTCs in the blood.
Technological advancements have allowed the reliable detection of
CTCs in patients with cancer through immunofluorescent label-
ing; specifically, cells that are cytokeratin positive, CD45 negative,
and nucleated as apparent with DAPI staining are currently utilized
to identify CTCs. On this basis, we sought to develop a functional
probe that is amenable to fluorescence microscopic techniques
to supplement CTC identification with the ability to characterize
the procoagulant nature of CTCs. In this study, we characterized
the binding of fluorescently labeled, active site-inhibited coagula-
tion factors VIIa, Xa, and Ila to the metastatic breast cancer cell
line, MDA-MB-231, non-metastatic colorectal cell line, SW480, or
metastatic colorectal cell line, SW620, in a purified system and
in blood plasma. Our approach is modeled after the presumed
requirement for procoagulant cells to bind coagulation factors
from plasma and subsequently assemble coagulation enzyme com-
plexes on their surface to facilitate cell-mediated coagulation. We
focused on coagulation factors in the TF-pathway of coagulation
based upon the in vitro results demonstrating the TF- and phos-
phatidylserine (PS)-dependent pathways by which cancer cells
mediate coagulation. We hypothesize that the identification and
enumeration of procoagulant CTCs will be prognostic for venous
thrombosis in patients with cancer.

MATERIALS AND METHODS

All reagents were purchased from Sigma or previously described
sources (Berny-Lang et al., 2011). The function-blocking anti-
factor XIa antibody 1A6 was obtained as previously described
(Tucker et al., 2009). H-Gly-Pro-Arg-Pro-OH (GPRP) was pur-
chased from Calbiochem.

FLUORESCENT PROBES AND REAGENTS
Fluorescein isothiocyante (FITC)-conjugated TF monoclonal
antibody was purchased from LifeSpan Bioscences. Human coag-
ulation factors VIla, Xa, IIa, and fluorescein-conjugated p-Phe-
Pro-Arg-chloromethyl ketone (PPACK) were purchased from
Haematologic Technologies (Essex Junction, VT, USA).
Coagulation factors were incubated with the fluorophore-
conjugated PPACK as previously specified (Bock, 1992; Panizzi
et al., 2006). In brief, active site inactivation was verified by

comparing PPACK-bound coagulation factor activity toward the
chromogenic substrates Spectrozyme FVIIa, Spectrozyme Xa, or
Spectrozyme TH (American Diagnostica). Following inactivation,
excess PPACK was removed by dialysis using a Slide-A-Lyzer®
MINI Dialysis Unit (Thermo Scientific) with 5mM Hepes and
0.15M NaCl (pH =7.40).

CELL CULTURE

The metastatic breast cancer cell line, MDA-MB-231, non-
metastatic colorectal cell line, SW480, and metastatic colorectal
cell line, SW620, were obtained from American Type Cell Cul-
ture. Cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) containing 10% fetal bovine serum (Gibco) and main-
tained in a controlled environment at 37°C with 5% CQO;/air
atmosphere. Prior to each experiment, cells were detached from
the culture flask by immersing in TrypLE Express (Gibco) for
20 min at 37°C, followed by resuspension in complete media,
pelleted by subjecting to centrifugation at 210 x g for 5min fol-
lowed by final resuspension in serum-free DMEM. Resuspended
cell concentrations were measured with a hemocytometer.

HUMAN BLOOD AND PLASMA

Blood samples were obtained and managed in accordance with
Oregon Health and Science University Review Board approval.
Human whole blood was collected from healthy volunteers by
venipuncture into 1:9 v/v 3.2% sodium citrate. Platelet poor
plasma (PPP) was obtained similarly, except that the collected
blood was then subjected to centrifugation step at 2150 x g for
10 min, followed by removing the supernatant and mixing with
the supernatant from two other donors. The pooled supernatant
was then subjected to a second centrifugation step at 2150 x g for
10 min. The supernatant (PPP) was then removed, divided into
1 mL aliquots and stored at —80°C prior to use.

ISOLATION OF PERIPHERAL BLOOD CELLS
To isolate human neutrophils, blood was collected 1:9 into 3.8%
sodium citrate, followed by a 1:7 dilution into citrate-phosphate-
dextrose as previously described (Itakuraetal.,2011). In brief, 5 ml
of blood suspension was layered over 5 ml of Polymorphprep and
subjected to centrifugation at 500 x g for 45 min. The neutrophil
band was extracted and diluted in Hank’s Balanced Salt Suspen-
sion (HBSS) to 50 ml, and subjected to centrifugation at 400 x g
for 10 min. The supernatant was removed and the remaining cell
pellet was resuspended in sterile water for 30 s, followed by diluting
in 10mL of 10X PIPES buffer (250 mM piperazine-N,N’bis [2-
ethanesulfonic acid], 1.1 mM NaCl, 50 mM KCI, pH = 7.40), then
the volume increased to 50 mL with HBSS, and subjected to a final
centrifugation step at 400 x g for 10 min. Cells were counted with
a hemocytometer and diluted to a final concentration of 10%/mL.
To isolate human platelets, blood was collected as above
but then subjected to centrifugation at 200 x g for 20 min as
previously described (White-Adams et al., 2009). In brief, the
supernatant containing plasma and platelets was incubated with
0.10 wg/mL of prostacyclin and subjected to centrifugation at
1000 x g for 10 min. The platelet pellet was resuspended in mod-
ified Tyrode’s buffer (129 mM NaCl, 0.34 mM Na,HPOy4, 2.9 mM
KCl, 12mM NaHCOj3, 20mM HEPES, 5mM glucose, 1 mM
MgCly; pH=7.30).
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CLOTTING TIMES

MDA-MB-231, SW480 or SW620 cells were diluted from 3 x 10°
to 1.5 x 103 cells/ml in serum-free DMEM. Next, 50 wL of cell
suspension or vehicle (DMEM) was mixed with 50 wL of PPP for
180 sat37°C. Then, 50 L of 25 mM CaCl, was added and the time
required for the plasma to clot was measured on a KC4 coagulation
analyzer (Trinity Biotech, Bray, Co., Wicklow, Ireland). To deter-
mine the mechanism of the cancer cell procoagulant activity, 50 uL
of 3 x 10° cells/mL were pretreated with a function-blocking anti-
TF mAb (50 pg/mL) or the phosphatidylserine function-blocking
ligand Annexin V (20 wg/mL) for 5 min at room temperature prior
to mixing with plasma. Further, PPP was pretreated with the FXa
inhibitor Rivaroxaban (20 jLg/mL) for 5 min prior to mixing with
cells.

Experiments were performed in duplicate and the average clot-
ting time reported. Clotting time experiments were repeated 3—9
times and plotted as mean = the standard error of the mean. Sta-
tistically significant differences were evaluated using a Student’s
T tests with Bonferroni’s correction against untreated cells (3¢ for
p-value <0.05) or vehicle (* for p-value <0.05).

FLOW CYTOMETRY

One-hundred thousand MDA-MB-231 or SW620 cells were sus-
pended in 50 ul of PBS, PPP, or PPP treated with the anti-
FXI antibody 1A6 (12.5pg/mL) and the fibrin polymeriza-
tion inhibitor Gly-Pro-Arg-Pro-OH (GPRP 10 mM), and 8.3 mM
CaCl, (final concentration). Cell suspensions were incubated
with fluorescently labeled coagulation factors FVIIa (50-500 nM),
FXa (100-5000 nM) or FIIa (100-10000 nM), or FITC-conjugated
anti-TF (10-100 pg/mL) for 30 min at room temperature. Then
labeled cells were diluted to 500 wL with PBS and characterized
using a FACS Calibur flow cytometer with CellQuest Pro acquisi-
tion and analysis software (Becton Dickinson, Franklin Lakes, NJ,
USA) as previously described (McCarty et al., 2002).

STATIC ADHESION

Coverslips (#1.5 12mm; Fischer Scientific) were etched for
30s in a 70% nitric acid bath, immersed in deionized H,0
(R=18.2MSRQ.cm), rinsed in ethanol, and allowed to air dry.
Etched and dried coverslips were then placed in individ-
ual wells of a 24-well plate. Five hundred pL of 4% 3-
aminopropyltriexothysilane in ethanol was added to the wells
and allowed to coat for 2min. Coverslips were then washed
once in ethanol and submerged in H,0 prior to performing the
experiments.

Three hundred thousand MDA-MB-231, SW480, or SW620
cells in serum-free DMEM were dispensed onto the etched cov-
erslips and allowed to adhere for 60 min at 37°C. Non-adherent
cells were removed by washing with PBS. Recalcified plasma con-
taining the anti-FXIa antibody 1A6 (12.5pg/mL) and 10 mM
GPRP was dispensed over immobilized cells and allowed to incu-
bate for 30 min at room temperature. Cells were washed in PBS,
and incubated with fluorescently labeled coagulation factors FVIIa
(500 nM), FXa (5 M), or FIla (10 wM) or FITC-conjugated anti-
TF mAB (50 pg/mL) in PBS for 30 min at room temperature.
Labeled cells were washed in PBS, fixed with 3.7% paraformalde-
hyde, washed in triplicate, and mounted in Fluoromount G

(Southern Biotech) and kept at 4°C overnight. Labeled, adher-
ent cells were imaged on a Zeiss Axiovert 200 M at 40x with a
Zeiss EC Plan-Neofluar 0.75 NA objective using fluorescence and
differential interference contrast (DIC) microscopy. A minimum
of three images were recorded from each experimental condition,
with representative images shown for each condition.

Binding of coagulation factors to purified populations of
peripheral blood cells was performed by dispensing 300 wL of
cells onto silanized coverslips and allowing them to adhere for
60 min at 37°C. Cells were then washed and incubated with PBS
(vehicle) or PBS containing active site-inhibited, fluorescent coag-
ulation factor probes for 30 min at room temperature. Cells were
then washed in PBS, fixed, and mounted as described above.

RESULTS

CLOTTING TIMES

To investigate whether the metastatic breast cancer cell line, MDA-
MB-231, non-metastatic colorectal cell line, SW480, or metastatic
colorectal cell line, SW620, were sufficient to initiate and propa-
gate blood coagulation, washed cells were suspended in serum-free
DMEM and added to recalcified human plasma. The subsequent
time required for the plasma to clot (i.e., clotting times) was mea-
sured as a function of cell count in a coagulometer (Figures 1A—C).
All three cancer cell lines hastened the time for plasma to clot as
compared to vehicle (DMEM) and the clotting times depended
upon the number of cancer cells added to the plasma. To deter-
mine the role for cancer cell-expressed TF in initiating clotting,
a function-blocking anti-TF mAb (50 g/mL) was added to the
cancer cells prior to mixing with plasma. Our results show that the
anti-TF mAb abrogated the ability for SW480 and SW620 cells to
clot plasma, and prolonged the clotting times for MDA-MB-231
cells (288.6 s vs. 38.5 s, respectively). We next designed experiments
to determine whether cancer cell surface exposed acidic phospho-
lipids were required for clotting. Cancer cells were pretreated with
Annexin V (20 wg/mL), which binds to and functionally blocks
the ability for PS to bind clotting factors and assemble enzyme
complexes on a cell surface. Pretreating SW480 and SW620 cells
with Annexin V abrogated the ability of these cells to clot plasma.
Pretreatment of MDA-MB-231 cells with Annexin V prolonged
clotting times in a concentration-dependent manner (131.2's at
20 pg/mL vs. 229.1 s at 40 pg/mL). Finally, pretreating the plasma
with the FXa inhibitor, Rivaroxaban, prior to mixing with the can-
cer cells completely abrogated the ability of the three cancer cell
lines tested to clot plasma. Taken together, our data demonstrate
that MDA-MB-231, SW480, and SW620 cells are procoagulant in
a TF, PS, FXa, and cell count dependent manner (Figures 1D-F).

FLOW CYTOMETRY OF LABELED CELLS

Labeling of cancer cells in a purified system

We next investigated whether fluorescently labeled, active site-
inhibited coagulation factors could be used to label procoagulant
cancer cells in a purified system. For this, we utilized the MDA-MB-
231 and SW620 cancer cell lines, as they were shown to have the
highest and lowest procoagulant activities of the cancer cell lines
we tested, respectively, and we aimed to determine if coagulation
factor-based probes could label both cell lines as well as contrast the
labeling efficacy between cell lines. MDA-MB-231 and SW620 cells
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FIGURE 1 | Clotting times for human plasma containing MDA-MB-231, cells were pretreated with vehicle, a neutralizing antibody to TF (anti-TF,
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rivaroxaban for 5 min at room temperature. MDA-MB-231, SW480, or SW620 "P <0.05 vs. the absence of cells. 8 P < 0.05 vs. vehicle pretreated cells.

were suspended in serum-free DMEM and incubated with either
vehicle or active site-blocked, fluorescently labeled FVIIa (50 nM),
FXa (0.5-5 wM), or Flla (0.5-10 uM) for 30 min at room temper-
ature. Samples were diluted 10-fold in phosphate-buffered saline
(PBS) and fluorescence recorded with flow cytometry. Figure 2
shows the fluorescence intensity histogram for labeled cells vs.
vehicle treated controls. The surface expression of TF was verified
by staining of the cell lines with a FITC-conjugated anti-TF mAb
(data not shown).

Factor VIla-labeling of MDA-MB-231 cells was clearly evi-
dent at 50nM [mean fluorescence intensity (MFI) =67 vs. 2.6
for unstained cells] and did not change at 100nM (MFI=72;
Figure 2A). Factor VIla-labeling of SW620 cells was evident at
50nM (MFI =10 vs. 2.86 for unlabeled cells), with further MFI
increases observed at 100 and 500 nM (MFI = 16 and 88, respec-
tively; Figure 2B). FXa-labeling of MDA-MB-231 and SW620
cells was evident at 500 nM (MFI =21.05 for MDA-MB-231 and
MFI = 33.31 for SW620), with further increases in fluorescence
intensity for labeling at 1 and 5 WM (MFI = 49 and 324 for MDA-
MB-231, and MFI =67 and 281 for SW620, respectively). Flla
(thrombin) labeling of MDA-MB-231 cells was not apparent at
100 nM (MFI = 6.17) while SW620 cells (MFI = 9.91) were labeled
at 100 nM. MDA-MB-231 cells showed increases in labeling inten-
sity with FlIla-based probes from 500 nM to 10 uM (MFI =24,
42, 305, and 531 for 500nM, 1, 5, and 10 wM, respectively).

SW620 cells showed increases in labeling intensity from 500 nM
to 1 wM (MFI = 37,90, 282 for 500 nM, 1 and 5 wM, respectively),
with no further increase seen at 10 uM (MFI =258). Labeling of
cancer cells in a purified system showed cell and factor-specific
characteristics for labeling efficacy. Our data show that a con-
centration of 50 nM FVIla-based probe was sufficient to label
both the MDA-MB-231 and SW620 cells, while a concentration
of 500 nM of the FXa- or Flla-based probes was required to label
both MDA-MB-231 and SW620 cells.

Labeling of cancer cells in human plasma
We next investigated whether fluorescently labeled coagulation
factors could be used to label procoagulant cancer cells in plasma.
For this, MDA-MB-231and SW620 cells were suspended in sodium
citrate anticoagulated PPP containing vehicle or fluorescently
labeled FVIIa (50-500 nM), FXa (0.5-5 uM), or FIIa (0.5-10 uM)
for 30 min at room temperature. Samples were diluted 10-fold
in PBS and fluorescence measured with flow cytometry. Figure 3
shows the fluorescence intensity histogram for labeled cells vs.
vehicle treated controls. The surface expression of TF was verified
by staining of the cell lines with a FITC-conjugated anti-TF mAb
(data not shown).

Factor VIla-labeling of MDA-MB-231 cells in plasma was evi-
dent at 50nM (MFI=13.8 vs. 2.4 for unlabeled cells) and flu-
orescence labeling increased at probe concentrations of 100 nM

Frontiers in Oncology | Cancer Molecular Targets and Therapeutics

September 2012 | Volume 2 | Article 110 | 89


http://www.frontiersin.org/Cancer_Molecular_Targets_and_Therapeutics
http://www.frontiersin.org/Oncology
http://www.frontiersin.org/Cancer_Molecular_Targets_and_Therapeutics/archive

Tormoen et al.

Procoagulant CTC assay development

FIGURE 2 | Characterization of fluorescent coagulation factor probe
binding to MDA-MB-231 and SW620 cells suspended in DMEM.
One-hundred thousand MDA-MB-231 (A) or SW620 cells (B) were incubated
with vehicle or fluorescently modified, active site-inhibited coagulation factors
FVlla (10-500 nM), FXa (100-5000 nM), or Flla (100-10,000 nM) for 30 min at
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room temperature. Cells were then diluted 10-fold in sterile-filtered
phosphate-buffered saline (PBS, pH = 7.40) and analyzed by flow cytometry.
Shaded histograms represent background fluorescence while white
histograms represent labeled cells at the fluorescent probe concentrations
shown.

(MFI=18 and 81 for 100 and 500 nM, respectively; Figure 3A).
FVIIa-based probe labeling of SW620 cells was evident at 50 nM
(MFI=11.7 vs. 2.8 for unlabeled cells) in plasma with a fur-
ther increases in fluorescence intensity at higher probe con-
centrations (MFI =20 and 76 at 100 and 500 nM, respectively;
Figure 3B). Labeling of MDA-MB-231 cells with the FXa-based
probe in plasma was not evident at 100nM (MFI=3.9 vs. 2.4
for unlabeled cells), but could be seen at 500 nM (MFI=11.3),
with further increases in fluorescence labeling at higher probe
concentrations (MFI=18.9 and 74.2 for 1 and 5uM, respec-
tively). Labeling of SW620 cells with the FXa-based probe
in plasma was observed at 100nM (MFI=8.05 vs. 2.8 for
unlabeled cells) and increases in fluorescence intensity were
observed at higher probe concentrations (MFI =22, 35, and 210

at 500nM, 1 and 5pM, respectively). Flla-labeling of MDA-
MB-231 cells was observed at 500nM (MFI=27 vs. 2.6 for
unlabeled cells) with further increases in fluorescence inten-
sity seen with probe concentration (MFI=47, 321, and 515
for 1, 5, and 10 wM, respectively). In contrast, the FIla-probe
did not label SW620 cells at or below 1 wM Flla-probe con-
centration (MFI=3.8, 4.2, and 6.8 for 100, 500, and 1000 nM,
respectively).

Labeling of cancer cells in plasma under conditions of coagulation
In the presence of a procoagulant stimulus, such as a procoag-
ulant cancer cell, coagulation factors in plasma undergo limited
proteolysis to become activated. In addition, the presence of Ca>*
ions may present Ca-dependent binding sites on cells which are
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FIGURE 3 | Characterization of fluorescent coagulation factor probe
binding to MDA-MB-231 and SW620 cells in human plasma. One-hundred
thousand MDA-MB-231 (A) or SW620 cells (B) were incubated with vehicle
or fluorescently modified, active site-inhibited coagulation factors FVlla
(10-500 nM), FXa (100-5000 nM), or Flla (100-10,000 nM) in 50 pL of PPP for
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30 min at room temperature. Cells were then diluted 10-fold in sterile-filtered
phosphate-buffered saline (PBS, pH = 7.40) and analyzed by flow cytometry.
Shaded histograms represent background fluorescence while white
histograms represent labeled cells at the fluorescent probe concentrations
shown.

inaccessible in the presence of the anticoagulant, sodium citrate.
To determine if coagulation factor-based probes could be used to
label procoagulant cancer cells under conditions of coagulation,
cancer cells were suspended in PPP pretreated with an anti-FXIa
antibody and GPRP and recalcified to 8 mM Ca?* containing vehi-
cle or fluorescently labeled FVIIa (50-500 nM), FXa (0.5-5 uM),
or Flla (0.5-10 M) for 30 min at room temperature. Figure 4
shows the fluorescence intensity histogram for labeled cells vs.
vehicle treated controls.

FVIla-labeling of both cell types was evident at 50 nM (MDA-
MB-231 MFI = 102 vs. 2.4 for unlabeled cells (Figure 4A), SW620
MFI=11.4 vs. 2.8 for unlabeled cells (Figure 4B), and increases
in FVIIa-based probe concentrations showed minimal effect on
MDA-MB-231 fluorescence intensity (MFI=122 and 159 for

100 and 500 nM, respectively). SW620 cells exhibited increases
in fluorescence intensity with FVIla-based probe concentrations
of 100 and 500nM (MFI=23.6 and 112.3, respectively). FXa-
labeling of MDA-MB-231 cells was seen at 500 nM (MFI = 15.5
vs. 2.4 for unlabeled cells), and the fluorescence intensity increased
with FXa-based probe concentration (MFI =24 and 90 for 1 and
5 wM, respectively). FXa-based probe labeling of SW620 cells was
seen at 500 nM (MFI = 27.3 vs. 2.8 for unlabeled cells) and further
increases in fluorescence intensity were seen at FXa-based probe
concentrations of 1 and 5 wM, respectively. The Flla-based probe
labeled SW620 cells at but not below 5 uM (MFI =21 vs. 2.8 for
unlabeled cells), while MDA-MB-231 cells were not clearly labeled
at 5 M under conditions of coagulation (MFI=8.4 vs. 2.4 for
unlabeled cells).
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FIGURE 4 | Characterization of fluorescent coagulation factor probe
binding to MDA-MB-231 and SW620 cells in human plasma under
conditions of coagulation. One-hundred thousand MDA-MB-231 (A) or
SW620 cells (B) were incubated with vehicle or fluorescently modified, active
site-inhibited coagulation factors FVlla (10-500 nM), FXa (100-5000 nM), or
Flla (100-10,000 nM) in 50 L of recalcified PPP (8 mM, final Ca?*
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concentration) containing the fibrin polymerization blocker GPRP (10 mM) and
the FXla-blocking antibody 1A6 (12.5 ug/mL) for 30 min at room temperature.
Cells were then diluted 10-fold in sterile-filtered phosphate-buffered saline
(PBS, pH =740) and analyzed by flow cytometry. Shaded histograms
represent background fluorescence while white histograms represent labeled
cells at the fluorescent probe concentrations shown.

IMAGING OF IMMOBILIZED CELLS

Labeling of immobilized cancer cells in a purified system

Due to the extreme rarity with which CTCs are present in the
blood of patients with cancer, flow cytometry is not routinely
utilized to detect CTCs. Rather, various plating or lab-on-chip
methods are utilized in combination with fluorescent labels to
identify and/or isolate CTCs from a population of cells that con-
sists of both normal blood cell constituents and CTCs (Nagrath
et al., 2007; Gleghorn et al., 2010; Marrinucci et al., 2012). We
designed a series of experiments to determine whether our label-
ing strategy was amenable to a cell processing protocol that utilizes
cancer cells being plated onto glass slides. We immobilized MDA-
MB-231, SW480, and SW620 cells on functionalized glass surfaces
and exposed them to fluorescently labeled FVIIa (500 nM), FXa

(5 M), Flla (10 wM). DIC, fluorescence, and merged images are
shown in Figure 5 for MDA-MB-231, SW480, and SW620 cells.
The images showed that the MDA-MB-231 cells were robustly
labeled with the FVIIa and FXa probes. The FVIIa and FXa probes
weakly labeled the SW480 cells and SW620 cells. The Flla-probe
failed to label any of the three cell lines.

Labeling of immobilized cancer cells following exposure to plasma
under conditions of coagulation

Our next set of experiments were designed to determine whether
fluorescently labeled coagulation factor probes could label cells
that had been exposed to blood plasma under conditions of coag-
ulation. We immobilized MDA-MB-231, SW480, and SW620 cells
on functionalized glass surfaces, exposed the immobilized cells
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FIGURE 5 | Characterization of fluorescent coagulation factor probe
binding to immobilized MDA-MB-231, SW480, and SW620 cells in
DMEM. MDA-MB-231 (A), SW480 (B), and SW620 cells (C) were
immobilized on silanized glass slides prior to incubation with DMEM (vehicle)

FXa FVlla vehicle

Flla

or DMEM containing fluorescently labeled coagulation factors FVlla (500 nM),
FXa (5 1M), or Flla (10 wM) for 30 min at room temperature, washed in DMEM
and fixed in 3.7% paraformaldehyde. Immobilized cells were imaged using
differential interference contrast (DIC) and fluorescence microscopy.

FIGURE 6 | Characterization of fluorescent coagulation factor probe
binding to immobilized MDA-MB-231, SW480, and SW620 cells in
the presence of coagulation. MDA-MB-231 (A), SW480 (B), and
SW620 cells (C) were immobilized on silanized glass slides and
incubated with recalcified human plasma containing the anti-FXla
antibody, 1A6, and the fibrin polymerization inhibitor, GPRPF, for 30 min
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at room temperature. Cells were then washed and treated with PBS
(vehicle) or PBS containing fluorescently labeled coagulation factors
FVlla (500 nM), FXa (5 M), or Flla (10 wM) for 30 min at room
temperature, washed in PBS, and fixed in 3.7% paraformaldehyde.
Immobilized cells were imaged using differential interference contrast
(DIC) and fluorescence microscopy.

to recalcified plasma, and then incubated the slides with fluo-
rescently labeled FVIIa (500 nM), FXa (5 uM), or Flla (10 wM).
DIC, fluorescence, and merged images are shown in Figure 6 for
MDA-MB-231, SW480, and SW620 cells. The images showed that
all coagulation factor-based probes labeled at least a portion of
the adherent cancer cells for all three cancer cell lines. The FVIIa
probe labeled all the adherent MDA-MB-231 cells. Heterogeneous
FVIIa-labeling was observed for both the SW480 and SW620 cell
lines, with some of the adherent cells labeling brightly, while other
cells on the same slide were not labeled by the FVIIa probe. The
FXa probe showed complete labeling of all three cell lines, but

pronounced heterogeneity in labeling was noted as some cells were
brightly labeled and others showed dim labeling by the FXa probe.
The Flla-probe showed complete labeling of the MDA-MB-231
and SW620 cell lines and heterogeneous labeling of the SW480
cells.

Labeling of immobilized cancer cells in whole blood

Following our experiments in cell-free labeling buffers, we next
determined whether coagulation factor-based probes could be
used to label cancer cells in whole blood. Immobilized MDA-MB-
231, SW480, and SW620 cells were incubated with anticoagulated

Frontiers in Oncology | Cancer Molecular Targets and Therapeutics

September 2012 | Volume 2 | Article 110 | 93


http://www.frontiersin.org/Cancer_Molecular_Targets_and_Therapeutics
http://www.frontiersin.org/Oncology
http://www.frontiersin.org/Cancer_Molecular_Targets_and_Therapeutics/archive

Tormoen et al.

Procoagulant CTC assay development

A MDA-MB-231

FITC

vehicle
vehicle

FXa FVlla
Flla FXa FVlla

Flla

anti-TF
anti-TF

FIGURE 7 | Characterization of fluorescent coagulation factor probe
binding to immobilized MDA-MB-231, SW480, and SW620 cells in
whole blood. MDA-MB-231 (A), SW480 (B), and SW620 cells (C) were
immobilized on silanized glass slides and incubated with sodium citrate
anticoagulated whole blood (vehicle) containing fluorescently labeled

FXa

coagulation factors FVlla (500 nM), FXa (5 wM), Flla (10 uM), or
FITC-conjugated anti-TF mAb (50 wg/mL) for 30 min at room temperature,
washed in PBS and fixed in 3.7% paraformaldehyde. Immobilized cells
were imaged using differential interference contrast (DIC) and
fluorescence microscopy.

whole blood containing either vehicle, or fluorescent, active site-
inhibited FVIIa (500 nM), FXa (5 uM), Flla (10 wM), or FITC-
conjugated anti-TF mAb (50 wg/mL) for 30 min at room tem-
perature. DIC, fluorescence, and merged images are shown in
Figure 7. The FVIIa probe showed heterogeneous labeling of the
MDA-MB-231 cells, SW480, and SW620 cells, although the label-
ing of the SW480 cells was greatly diminished as compared to
cells which had been exposed to plasma under conditions of coag-
ulation (Figure 6). Heterogeneous labeling of all three cell lines
with the FXa and Flla-probes was observed, with very few SW480
or SW620 cells labeled. All three cell lines were labeled with the
anti-TF mAb in whole blood.

Labeling of immobilized platelets and neutrophils

Following the reduced labeling of the MDA-MB-231 cells, SW480,
and SW620 cells in whole blood as compared to cell-free labeling
solutions, we designed a set of experiments to determine if periph-
eral blood cells might be binding the probe in solution, and thereby
causing diminished labeling of immobilized cancer cells. Neu-
trophils and platelets were purified from peripheral blood draws
and immobilized onto silanized glass slides, and incubated with
fluorescent FVIIa (500 nM), FXa (5 wM), and FlIa (10 pM). Coag-
ulation factor-based probes failed to bind immobilized peripheral
blood cells in a purified system (Figure 8). Our data show that
neither the FVIIa (500 nM), FXa (5uM), Flla (10 uM) probes
labeled purified human platelets (Figure 8A) or neutrophils
(Figure 8B). In a complementary experiment, addition of puri-
fied human neutrophils to plasma failed to reduce clotting times
(605.3s vs. 672.7s for vehicle and 10°/mL neutrophils, respec-
tively) demonstrating that purified human neutrophils did not
exhibit a procoagulant phenotype. Similar fluorescent coagulation

factor labeling results were observed in whole blood (data not
shown).

DISCUSSION

Metastatic disease accounts for the majority of cancer deaths.
VTE events are significant contributors to metastatic disease, with
reports indicating 18% of cancer deaths resulting from VTE. For
instance, lung adenocarcinoma patients have an estimated 20-
fold higher risk for developing VTE than the general population;
however, not all patients develop VTE, making the bleeding risks
of anticoagulating the entire adenocarcinoma patient population
unacceptable. No current technology is available to objectively
predict patient risk for VTE in order to personalize anticoagu-
lant prophylaxis therapy. CTC counts have not been evaluated
as a potential biomarker for risk to develop cancer associated
thrombosis.

In this study, we demonstrate the use of fluorescently modi-
fied, active site-inhibited coagulation factors to label procoagulant
cancer cells. The metastatic breast cancer cell line, MDA-MB-231,
and metastatic colorectal cell line, SW620, were used due to the
fact that these cell lines possess the ability to survive circulation in
the blood to establish hematogenous metastases in murine models
of cancer metastasis (Zhang et al., 1991; Sampson-Johannes et al.,
1996). The non-metastatic colorectal cell line, SW480, was derived
from the primary tumor from the same individual from which
the SW620 was derived. We determined that all three cell lines
exhibited a procoagulant phenotype, with the MDA-MB-231 cells
resulting in the highest procoagulant activity, while the SW620
cells had the lowest procoagulant activity. The procoagulant activ-
ity of the MDA-MB-231, SW480, and SW620 cell lines could be
reduced or abrogated by a function-blocking antibody to TF, or
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FIGURE 8 | Characterization of fluorescent coagulation factor probe
binding to immobilized human neutrophils and platelets. Human
platelets (A) and neutrophils (B) were immobilized on silanized glass slides
and incubated with PBS (vehicle) containing fluorescently labeled coagulation
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factors FVlla (500 nM), FXa (5 wM), or Flla (10 wM) for 30 min at room
temperature, washed in PBS and fixed in 3.7% paraformaldehyde.
Immobilized cells were imaged using differential interference contrast (DIC)
and fluorescence microscopy.

by pretreatment with Annexin V. Annexin V blocks the binding of
coagulation factors that contain y-carboxyglutamic acid domains
(Gla domains) to PS on the cell membrane. These results support
the notion that TF and PS exposure is a general phenomenon seen
for cancer cell-mediated coagulation in vitro, and support a role
for CTC-mediated coagulation as a potential contributor to the
hypercoagulability seen for patients with cancer.

Previous studies have shown that cancer cell procoagulant
activity correlates better with PS exposure than with overall TF
expression levels, supporting a role for cell membrane effects in
regulating procoagulant activity as opposed to surface TF expres-
sion (Barrowcliffe et al., 2002; Pickering et al., 2004). Therefore,
we aim to develop a function-based CTC labeling strategy to
determine whether CTCs are procoagulant, and whether CTC enu-
meration and procoagulant characterization strategies are clini-
cally useful in predicting thrombosis in patients with cancer. We
hypothesized that coagulation factors themselves would serve as
specific, functional probes with which to identify procoagulant
cells. Our approach was based upon the requirement for coagu-
lation factors to for surface-assembled enzyme complexes on the
surfaces of procoagulant cells in order to catalyze intermediate
steps of the coagulation cascade. We focused on the coagulation
factors FVIIa, FXa, and Flla, as they are key components of the
extrinsic (TF) pathway of coagulation.

Our results with flow cytometry show that the cancer cell
lines MDA-MB-231, SW480, and SW620 bind coagulation factor
probes. Immobilized cells show that cancer cells exhibited het-
erogeneity in their ability to bind various fluorescently modified
active site-inhibited coagulation factors. For instance, we observed
heterogeneous labeling of SW480 with the FVIIa probe in a both
a purified system and in whole blood. Binding heterogeneity was

observed over a range of probe concentrations (data not shown),
suggesting the heterogeneity was not due to a scarcity of probe con-
centration. Further, the Kp for FVIIa to TF is in the pM range, five
orders of magnitude below our labeling concentration. A stronger
binding of FVIIa could suggest that these cells are more proco-
agulant than cells that show weak binding, however, currently no
method can be used to determine individual cell procoagulant
activity. Moreover, protease activated receptor 2 (PAR2) is another
known receptor for FVIIa besides TE. MDA-MB-231 and SW620
cells are known to express PAR2, while SW480 cells have been
shown to have little PAR2 surface expression (Morris et al., 20063
Zhou etal.,2008). Whether coagulation factor probe binding levels
correlate with procoagulant activity or whether PAR2 expression
levels affect binding of FVIIa probe is a focus of future studies.
Flla-based probes brightly labeled immobilized MDA-MB-231,
SW480, and SW620 cells in the presence of coagulation. In con-
trast, Flla-probes only weakly labeled these cell lines in whole
blood and failed to label any cells in DMEM. One prominent dif-
ference between FIla and the other coagulation factor probes is the
absence of the Gla domain for FIla. The Gla domain mediates cal-
cium ion-dependent binding of vitamin K-dependent coagulation
factors to PS-containing procoagulant cell membranes. Calcium-
dependent binding may account for differences in the FVIIa or
FXa probe labeling as compared to FIla in DMEM, which contains
calcium, but fails to account for differences in whole blood in the
presence of the calcium-chelator sodium citrate. As Fla binds fib-
rinogen and fibrin, it is possible that FIIa labeled cancer cells that
are coated in fibrin, a phenomenon that would be expected after
exposing a procoagulant cancer cell to plasma under conditions
of coagulation. However, using flow cytometry, we observed label-
ing of cancer cells with a Flla-based probe in purified systems,
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suggesting an alternate mechanism for binding of Flla to the can-
cer cell surface. Our future work will be focused on identifying the
mechanism(s) of Flla-cancer cell binding.

In this study, we demonstrated the use of fluorescently mod-
ified, active site-inhibited coagulation factors to label procoagu-
lant cancer cells. We demonstrated that coagulation factors based
probes bound to cancer cell lines in purified systems and in whole
blood, yet failed to bind to peripheral blood cells. Labeling of
cancer cells was demonstrated via flow cytometry in purified sys-
tems, as well as on an immobilized-cell platform similar to what
is currently used in some CTC detection platforms. This work
is the first step in the development of a function-based CTC
labeling strategy to determine whether CTCs are procoagulant,
and whether CTC enumeration and procoagulant characterization

strategies are clinically useful in predicting thrombosis in patients
with cancer.
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Circulating tumor cells (CTCs) are tumor cells found in the peripheral blood that putatively
originate from established sites of malignancy and likely have metastatic potential.
Analysis of CTCs has demonstrated promise as a prognostic marker as well as a source
of identifying potential targets for novel therapeutics. Isolation and characterization of
these cells for study, however, remain challenging owing to their rarity in comparison
with other cellular components of the peripheral blood. Several techniques that exploit the
unigue biochemical properties of CTCs have been developed to facilitate their isolation.
Positive selection of CTCs has been achieved using microfluidic surfaces coated with
antibodies against epithelial cell markers or tumorspecific antigens such as EpCAM
or prostate-specific membrane antigen (PSMA). Following isolation, characterization of
CTCs may help guide clinical decision making. For instance, molecular and genetic
characterization may shed light on the development of chemotherapy resistance and
mechanisms of metastasis without the need for a tissue biopsy. This paper will review
novel isolation techniques to capture CTCs from patients with advanced prostate cancer,
as well as efforts to characterize the CTCs. We will also review how these analyzes can
assist in clinical decision making. Conclusion: The study of CTCs provides insight into the
molecular biology of tumors of prostate origin that will eventually guide the development
of tailored therapeutics. These advances are predicated on high yield and accurate isolation
techniqgues that exploit the unique biochemical features of these cells.

Keywords: prostate cancer, circulating tumor cells (CTCs), prostate-specific membrane antigen (PSMA),

microfluidic device, androgen receptor (AR)

INTRODUCTION

Tumor metastases are a major cause of cancer morbidity and mor-
tality. The precise mechanisms underlying the development of
metastases, however, remain poorly understood. Simply stated,
this process requires the migration of malignant cells from a pri-
mary tumor to distant sites where these cells establish secondary
tumors. Circulating tumor cells (CTCs), which were first detected
in the blood of an autopsy patient who died from cancer in 1869,
are thought to represent tumor cells in transit, some of which
will result in metastases (Ashworth, 1869). These cells are capable
of intravasation from a primary tumor, undergoing phenotypic
alterations that enable intravascular survival, extravasation from
the blood vessel, implantation in a target tissue, and proliferation
to form a tumor metastasis. Attempts to study CTCs are lim-
ited by their rarity, with concentrations as low as one CTC per
billion circulating hematopoietic cells. CTCs must therefore be
enriched, isolated, and properly identified, in order to be clinically
useful. Techniques that exploit the unique physical and biochem-
ical features of CTCs are currently being developed and utilized
in order to isolate and identify CTCs from whole blood sam-
ples obtained from cancer patients. Currently, there are numerous
techniques available to detect and isolate CTCs (Table 1). With
the exception of the CellSearch Circulating Tumor Cell Test, these

techniques have not yet been approved by the Food and Drug
Administration (FDA) for clinical use. CTC enumeration using
the CellSearch device has already been shown to correlate with
patient outcomes in a variety of malignancies, including prostate
cancer (Danila et al., 2007). Capture technologies may also pro-
vide rare opportunities to perform molecular and genetic analyses
of tumor-derived cells at sequential time points without invasive
tissue biopsies. Thus, CTCs conceptually provide insight into the
biology of a patient’s tumor that may facilitate the development
of new therapeutic options and enable clinicians to tailor therapy
to an individual patient in a longitudinal fashion (van de Stolpe
et al., 2011). It follows that CTC isolation can replace biopsies
and noninvasively yield valuable information about the evolving
status of a patient’s disease.

Analyzing peripheral blood is an attractive alternative to cur-
rently available methods of obtaining tissue in prostate can-
cer owing to the unique challenges presented by this disease.
A man with prostate cancer may not develop metastases until
many years (5-15 years) after treatment of his original tumor in
the prostate. Thus, performing a molecular analysis of archived
prostate cancer tissue may be complicated by the inability to
obtain old pathology specimens and by the possible irrelevance
of that tissue sample to the current status of the patient’s disease.
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Table 1 | Summary of techniques used to isolate prostatic CTCs.

Method Mechanism

Density gradient centrifugation Differential migration of CTCs

during centrifugation

Size-dependent selection Separation based on cell diameter
Immunomagnetic bead-based
capture (CellSearch)
Antibody-based negative selection

Positive selection using EpCAM
coated magnetic beads
Depletion of normal blood cells
using CD-45 coated magnetic
beads

Flow cytometry Cell sorting using fluorescently
labeled epithelial antigens

Positive selection of CTCs using
antibodies attached to microfluidic
device

Microfluidic device

Ideally, a tumor biopsy for molecular study would be obtained
at the time of relapse, but as many men have only bone metas-
tases, it is difficult to obtain adequate and representative tumor
cells for study. In a disease for which a blood test measuring
prostate specific antigen (PSA) is sufficiently specific to support
the diagnosis of prostate cancer, it is difficult clinically to justify
a biopsy. Consequently, analysis of peripheral blood overcomes
these obstacles by easily providing clinically relevant tumor cells
for study.

Ideally, a robust CTC capture technique would be highly sen-
sitive, specific, reproducible, and automated (Doyen et al., 2012).
It should have the ability to reliably capture a high percentage of
CTCs present in a sample while minimizing the number of false
positive events and contamination from non-malignant cells. The
design of the test should be simple enough that it can be mass-
produced and be performed in clinical laboratories with minimal
inter-operator variability. It should also have the ability to both
quantify and characterize CTCs in order to limit operator bias.
Most importantly, in order to be clinically useful, a CTC capture
technology should have proven clinical relevance confirmed in
multiple prospective clinical trials. In this chapter, we will review
the currently available CTC enrichment technologies with an
emphasis on prostate cancer as well highlight current and future
applications of these technologies.

CTC DETECTION METHODS

Accurate characterization of CTCs is essential to the develop-
ment of these cells as a clinical biomarker and substrate for
laboratory experimentation. There is currently, however, no “gold
standard” approach for the specific identification of CTCs. This is
essential, in part, because most available CTC enrichment tech-
nologies yield samples composed of hematopoietic cells, CTCs,
and, in some cases, benign epithelial cells. Genomic analysis
and surface antigen detection are the two most commonly used

Volume of Capture References

blood used (ml) rate

Variable 70% Rosenberg et al., 2002;
Gertler et al., 2003; Kuhn
and Bethel, 2012

6-75 90% Vona et al., 2000; Lin et al.,
2010; Farace et al., 2011

75 85% Tibbe et al., 2002; Allard
et al., 2004; Balic et al., 2005

2.5ml 52-88.4% Wang et al., 2000; Zigeuner
et al., 2000, 2003; Jatana
etal., 2010; Liu et al., 2011;
Schmidt et al., 2004

NA NA Racila et al., 1998; He et al.,
2008; Wu et al., 2011

1-5.1 60-91.8% Nagrath et al., 2007;

Gleghorn et al., 2010; Stott
et al., 2010a,b; Mayer et al.,
2011; Kirby et al., 2012;
Santana et al., 2012

methods for CTC detection. Reverse transcription polymerase
chain reaction (RT-PCR) and Fluorescence in situ hybridiza-
tion (FISH) have been used to identify tumor-specific genetic
and chromosomal features in order to differentiate CTCs from
contaminating cells. Immunofluorescent microscopy is utilized
to detect epithelial specific antigens such as epithelial cell
adhesion molecule (EpCAM) or cytokeratin (CK), or prostatic
antigens such as PSA and prostate-specific membrane antigen
(PSMA).

POLYMERASE CHAIN REACTION

Reverse transcription-PCR is highly sensitive for identifying the
presence of CTCs and is able to detect a single malignant cell
among ten million peripheral blood mononuclear cells (PBMCs)
(Gomella et al., 1997). In addition to its sensitivity, RT-PCR
has the potential to detect mRNA from CTC fragments that
may otherwise not be detected through direct visualization by
immunohistochemistry (Sun et al., 2011). This technology has
been used in various ways to detect CTCs. In early experiments,
CTC capture was performed on whole blood samples to detect
tumor-specific genes. Extracellular RNA is highly unstable and its
presence in peripheral blood suggests the existence of circulating
cells expressing tumor-specific transcripts (Seiden et al., 1994).
For instance, detection of circulating prostate-specific RNA tran-
scripts for PSA or PSMA is thought to indicate the presence of
prostatic CTCs. The first study to detect CTCs from venous blood
samples using RT-PCR was performed in 1992 by Moreno et al.
(1992). They identified PSA mRNA in blood samples from 4 of
12 patients with metastatic prostate cancer and in none of the
17 controls, including subjects with benign prostatic hypertrophy
(Moreno et al., 1992). Subsequent studies of PCR in prostate can-
cer have utilized PSMA, kallikrein-2 (hK2), and PTI-1, in addition
to PSA, as prostate-specific markers (Olsson et al., 1997; Kurek
et al., 2004).
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There are several potential limitations to RT-PCR. It suffers
from poor specificity, as it may detect target RNA shed by nor-
mal prostatic cells. Furthermore, “illegitimate transcripts,” tissue-
specific genes that are expressed such as spliced transcripts in
non-specific tissues, may also lead to false positive results (Chelly
etal., 1989; Zippelius and Pantel, 2000). For example, in a quality-
control study, PSA and PSMA were detected in non-prostatic
negative control cell lines and healthy donor blood, which upon
further analysis were found to be perfectly homologous with the
exception of specific sequence deletions or point mutations not
found in RNA transcripts native to prostatic tissue (Gala et al.,
1998).

This issue has been addressed in part by the introduction
of quantitative PCR (Q-PCR), which increases the specificity of
mRNA detection by use of transcript-specific probes and enables
the determination of mRNA copy number such that above a spe-
cific threshold a transcript is thought to be of malignant origin
(Pantel et al., 2008). In one study, PSA mRNA copy number
used as a surrogate for CTC count was predictive of recurrence
after radical prostatectomy (Yates et al., 2012). Several studies
have shown significant differences in PSA and PSMA mRNA copy
number among patients with benign prostatic hypertrophy, local-
ized prostate cancer, and metastatic disease (Zhang et al., 2008;
Kalfazade et al., 2009). A study using Q-PCR for Kallikrein-2 (klk-
2), PSA, and prostate specific stem cell antigen (PSCA) mRNA,
copy number was concordant with CellSearch Circulating Tumor
Cell Test CTC counts, and were predictive of metastatic disease vs.
localized prostate cancer. It should be noted that there was 95%
concordance for patients with more than 15 CTCs but diminished
significantly for CTC counts less than 5 cells per 7.5 ml of blood
(Helo et al., 2009).

Nevertheless, the PCR approach has many potential draw-
backs. Expression of target RNA markers varies significantly
between patients and among different tumor cells derived from
the same patient, complicating the interpretation of absolute
RNA copy number. Additionally, false negative results may occur
because of low levels of target RNA expression in patients who
have CTCs and metastatic disease. Furthermore, this technique
is not able to distinguish between viable and non-viable CTCs.
Finally, PCR does not allow for the direct visualization of CTCs
and further molecular analysis using other laboratory techniques
(Sun et al., 2011).

SURFACE MARKER DETECTION

Immunofluorescent staining is one of the most widely used
methods of identifying CTCs enriched from heterogeneous cell
populations (Figure 1). This allows for direct visualization of cells
by fluorescent microscopy and for discrimination of CTCs from
surrounding leukocytes by differential antigen expression. Nuclei
are identified using DAP], a fluorescent molecule that binds to the
adenine- and thymine-rich regions of DNA (Zink et al., 2003).
Anti-EpCAM and anti-CK antibodies are then used to confirm
the cells are of epithelial origin. Leukocytes are differentiated from
epithelial cells by the presence of CD45, a tyrosine phosphatase
that is expressed on hematopoietic cells. Using common plat-
forms such as CellSearch, a cell is said to be a CTC if it is DAPI
positive, stains positively for CK or EpCAM, and stains negatively

for CD45 (Allard et al., 2004). Interestingly, cell populations co-
expressing epithelial markers and CD45 have been detected using
CellSearch and other CTC isolation technologies. The significance
of these cells is poorly understood and these cells are currently
excluded from enumeration (Yu et al., 2011).

Antibodies directed against PSA and PSMA provide additional
specificity to immunofluorescent identification of prostatic CTCs
(Wang et al., 2000; Stott et al., 2010b). As mentioned previously,
PSMA is a non-secreted protein expressed in prostatic tissues
and to a much lesser extent, non-prostatic cell types such as
renal tubular cells and intestinal epithelial cells (Troyer et al.,
1995; Bostwick et al., 1998; Sweat et al., 1998; Sokoloff et al.,
2000). Its expression is significantly upregulated on prostate can-
cer cells and is also seen in the neovasculature of the majority of
solid-organ malignancies. PSA is a kallikrein found in high con-
centrations in prostatic cells and seminal tissues, and to a lesser
degree in non-prostatic tissue types such as mammary, lung, and
uterine tissue (Wei et al., 1997; Fortier et al., 1999; Mannello
and Gazzanelli, 2001). Other fluorescently labeled antibodies may
also be employed to detect subcellular localization of proteins of
interest. For example, antibodies that recognize androgen recep-
tor (AR) and tubulin have been used in prostate cancer CTCs
to determine changes in the distribution of these proteins in
the presence of androgens before and after taxane treatment to
determine susceptibility to these agents (Darshan et al., 2011).

Several different prostatic CTC morphologies have been iden-
tified using immunofluorescent microscopy. Large cells with
irregularly shaped nuclei are the predominant CTC cell type.
Other cell morphologies include very large fragile cells with
loose chromatin, CK- and PSMA-positive enucleated cells, cel-
lular debris, stem cell-like cells, and micro-clusters composed of
3-100 CTCs. The significance of these different morphologies is
uncertain but may represent two distinct populations of cells;
one which has no reproductive ability, and the other with growth
potential and consequently metastatic potential (Wang et al.,
2000). Of note, although the biological significance of CTC frag-
ments is unknown, there is also evidence that enucleated CTCs
and CTC fragments correlate with patient outcomes in prostate
cancer (Coumans et al., 2010).

In addition to immunofluorescence, flow cytometry has been
frequently used to detect prostatic CTCs on the basis of surface
antigen expression (Racila etal., 1998; He etal., 2008). In one study,
a fluorescently labeled phosphoramidate peptidomimetic PSMA
inhibitorwasused to detect PSMA positive cellswith flow cytometry
(Wu et al., 2011). The authors found that there was reasonable
concordance between the number of cells spiked in a sample
and the number determined by flow cytometry (Wu et al., 2011).
Prostate cancer CTCs isolated by flow cytometry cell sorting can
also be analyzed by multiplex RT-PCR for expression prostate-
specific mRNAs such as PSA, AR, and the prostate cancer specific
gene fusion TMPRSS2 (Danila et al., 2011).

FLUORESCENCE in situ HYBRIDIZATION

Visual detection of tumor-specific genomic material is an
alternate means of detecting and characterizing CTCs after
enrichment with the added benefit of providing potentially clin-
ically useful information. FISH is technique that uses fluorescent
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Cytokeratin; (D) CD-45; (E) Composite image.

FIGURE 1 | Immunofluorescent staining of prostate cancer CTC. CTC isolated from patient with CRPC using negative selection. (A) DAPI; (B) PSMA; (C)

nucleic acid based probes that hybridize with genes of interest
that are visualized using fluorescent microscopy. Several stud-
ies have successfully employed FISH to detect prostatic CTCs
from enriched blood samples. In one study, enumerator probes
designed to detect chromosomal aneusomy typical of prostatic
malignancies identified prostatic CTCs in samples enriched using
anti-EpCAM coated immunomagnetic beads. Interestingly, the
authors found concordance between the chromosomal abnormal-
ities detected in CTCs with those found in the primary tumor in
a significant proportion of cases, supporting the theory that these
cells are indeed tumor derived (Fehm et al., 2002). FISH probes
have been used to detect AR amplification, gain of the MYC onco-
gene, and loss of the 8p gene locus in CTCs enriched using the
CellSearch Circulating Tumor Cell Test. FISH using these probes
also demonstrated that prostatic CTCs have similar cytogenetic
profiles to advanced prostatic tumors, a finding that is consis-
tent with data correlating higher CTC counts with poor clinical
outcomes (Leversha et al., 2009).

CTC ENRICHMENT METHODS

DENSITY-DEPENDENT ENRICHMENT

Density-gradient centrifugation separates CTCs from whole
blood based on the differential migration of cells through a fluid
in a density-dependent manner during centrifugation. Whole
blood centrifuged using a density gradient solution such as ficoll-
paque™ separates blood into a layer of plasma, PBMCs, and
an anucleate cell layer composed of erythrocytes and platelets.
As mononuclear cells, CTCs migrate to the PBMC layer, which
may be isolated for further processing. The advantages of this

technique are that it is relatively inexpensive, easy to perform,
and yields intact CTCs that can be subjected to further experi-
mentation. Perhaps most importantly, it enables the capture of
CTCs without relying on the expression of epithelial-specific sur-
face markers commonly used in positive selection techniques
(Sun et al., 2011). Under optimal conditions, density gradient
centrifugation is able to capture ~70% of CTCs present in a
sample. The remaining cells are likely lost in the plasma or anu-
cleate cell layer. The negative aspect of this approach is that
samples obtained through this method are impure and are over-
whelmingly composed of hematopoietic mononuclear cells. This
makes the detection of CTCs using immunohistochemistry both
difficult and time consuming. A newer density gradient solu-
tion, Oncoquick™, which employs a porous membrane, has been
shown to prevent cross-contamination between layers and to
improve sample purity (Rosenberg et al., 2002; Gertler et al,,
2003). Nevertheless, because samples processed in this man-
ner have significant leukocyte contamination, density gradient
centrifugation is most often used as a precursor to other CTC
enrichment procedures such as PCR-based and negative selection
techniques.

A variation of density-gradient centrifugation is to use high-
density imaging following isolation and immunostaining to iden-
tify CTCs using multiple fluorescent channels to produce high
quality and high resolution digital images that retain fine cyto-
logic details of nuclear contour and cytoplasmic distribution
(Marrinucci et al., 2012). This enrichment-free strategy results in
high sensitivity and high specificity, but still lacks the ability for
further molecular analysis of identified CTCs.
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SIZE-DEPENDENT SELECTION

In general, CTCs that emanate from solid tumors have a larger
diameter and volume than other hematological cells found in
the circulation. Consequently, many investigators have tried to
exploit this characteristic in designing approaches to capture
CTCs. The most common approach is to use a filtration-based
device in which whole blood is passed through a filter with an
8 wm pore diameter, enabling the passage of most hematopoi-
etic cells while retaining larger cells such as CTCs. Isolated cells
are then stained for epithelial surface markers in order to iden-
tify the CTC population. This method, entitled ISET, has a high
capture efficiency for cells >8 um in diameter, which ranges
between 86% and 100% of CTCs. It is sensitive enough to iso-
late a single micro-pipetted tumor cell added to one milliliter
of blood and yields CTCs that are amenable to further experi-
mentation such as PCR and flow cytometry (Vona et al., 2000;
Zabaglo et al., 2003; Lin et al., 2010). In one study, a portable
filter-based device achieved 90% capture efficiency from blood
spiked with a prostate cancer cell line and found that it enriched
more prostatic CTCs from more patient samples than did the
FDA-approved CellSearch device (Lin et al., 2010). A prospec-
tive trial of 60 patients, 20 of whom had PC, further established
ISET’s sensitivity for detecting prostatic CTCs when compared
with CellSearch (Farace et al., 2011). This approach has several
practical advantages; it is relatively inexpensive and easy to per-
form (Lin et al., 2010). Furthermore, it does not rely on surface
marker expression, which may vary widely, leading to inefficient
cell capture. Filtration-based devices, however, may lack sensi-
tivity when used to isolate CTCs from patient blood samples.
Cell lines used to assess sensitivity and specificity of these devices
tend to be composed of homogeneous, large tumor cells that may
be consistently captured using this system. Patient-derived CTCs
are heterogeneous and may not be large enough to be enriched.
Thus, size-dependent filtration may underestimate the true num-
ber of CTCs in a given patient’s blood (Wang et al., 2000; Stott
et al., 2010b). Pore size may also limit the specificity of ISET-
based devices, as certain classes of hematopoietic cells, such as
neutrophils, plasma cells, and macrophages, are larger than 8 um
in diameter. Additionally, although most lymphocytes are 7-8 um
in diameter, larger lymphocytes may be captured, further limiting
the specificity of this technology.

NEGATIVE SELECTION BY USE OF IMMUNOMAGNETIC BEADS

CTCs isolated from the mononuclear cell layer generated by
density gradient centrifugation can be further purified using fer-
romagnetic anti-CD45 coated beads (Zigeuner et al., 2003). CD45
is a protein tyrosine phosphatase that is present on all hematopoi-
etic cells with the exception of plasma cells and erythrocytes and
is typically not expressed in epithelial cells (Stelzer et al., 1993).
CTCs are negatively selected by depleting CD45-positive cells
from a blood sample. Cells that bind to the beads are separated
from the sample using a magnetic field. This technique has a
reported capture efficiency ranging from 52% to 88%, but still has
many of the limitations of density gradient centrifugation. The
probability of isolating one cell spiked into one million leukocytes
is 93.3% (Wang et al., 2000; Zigeuner et al., 2000). This technique
has been used to detect cells in a variety of malignancies including

prostate cancer (Wang et al., 2000; Schmidt et al., 2004; Yang et al.,
2009). In one study, negative selection was used to isolate CTCs
in patients with metastatic prostate cancer with a PSA decline
while undergoing cytotoxic chemotherapy, demonstrating that
CTCs may be present despite evidence of biochemical response
to chemotherapy (Schmidt et al., 2004). A major advantage of
this technique is that it does not rely on the expression of tumor-
specific markers, enabling capture of cells that would otherwise be
missed by positive selection methods (Liu et al., 2011). Negative
selection also yields intact CTCs that are amenable to further
experimentation. Samples isolated using this technique, however,
still suffer from a lack of purity because not all CD45-positive
cells are removed during sample processing. Because this process
requires density gradient centrifugation, it also lacks sensitivity
owing to the loss of cells in plasma or RBC layers. Additionally,
negative selection by use of CD45-coated beads also adds sev-
eral washing steps that may further contribute to low capture
efficiencies.

POSITIVE SELECTION BY USE OF IMMUNOMAGNETIC BEADS

Ferromagnetic beads are also used to positively select for prostate
cancer CTCs by exploiting their expression of epithelial cell-
surface antigens. Cells isolated during density gradient cen-
trifugation are incubated with anti-EpCAM and anti-CK coated
magnetic beads, which bind to CTCs and remove them from
the sample when a magnet is applied (Brandt et al., 1996; Jost
etal., 2010). EpCAM is a type I membrane protein that functions
as a cell adhesion molecule in epithelial and adenomatous cell
types and is highly overexpressed in various carcinomas includ-
ing prostate cancer (Litvinov et al., 1996; Mukherjee et al., 2009).
CK is an intermediate filament component of the cytoplasm of
epithelial cells and, to a lesser degree, in non-epithelial cell types
including smooth muscle and endothelial cells (Franke et al.,
1979; Mattey et al., 1993). In 2000, Wang et al. described isolation
of CTCs from peripheral blood with centrifugation density gradi-
ents and magnetic cell sorting (Wang et al., 2000). This technol-
ogy has evolved and today capture devices utilizing this approach
are one of the most extensively studied methods of enriching
CTCs. The CellSearch Circulating Tumor Cell Test device, which
is the only FDA-approved test for CTC enrichment, positively
selects CTCs from 7.5ml of whole blood using EpCAM coated
magnetic beads, separates them from other blood components
using a magnetic field, and immunofluorescently labels them with
4’,6-diamidino-2-phenylindole (DAPI), anti-CD45 and anti-CK
antibodies. A computer screen displays presents an operator with
images of cells for review and enumeration (Tibbe et al., 2002).
This method is 85% sensitive for the detection of cultured breast
cancer cells spiked into whole blood (Riethdorf et al., 2007). This
device has been shown to have a low false-positive rate in a series
of 2,183 patients with metastatic cancers; CTCs were detected
in 36% of patient samples and 0.3% of healthy controls (Allard
et al., 2004). In the subset of patients with metastatic prostate
cancer, more than two CTCs were detected in 37% of patients
(Allard et al., 2004). It has also been shown to be more sen-
sitive and specific than density-dependent centrifugation with
Oncoquick™ (Balic et al., 2005). Cells captured from patients
with metastatic prostate cancer by use of this device have also been
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shown to possess other molecular features of prostate cancer cells
such as AR gene amplification (Shaffer et al., 2007; Attard et al.,
2009).

Despite multiple studies validating the CellSearch system’s
prognostic value as related to CTC enumeration, several impor-
tant caveats limit its usefulness. It is both expensive and time
consuming to perform. The CellSearch device fixes cells prior
to staining them, significantly limiting the ability to perform
subsequent functional assays and nucleic acid analysis (Stott
et al., 2010b). Most importantly, the sensitivity of this device
is limited by its use of EpCAM-based detection (Lara et al,
2004). CTCs express variable levels of EpCAM in vivo, due, in
part, to downregulation of epithelial surface markers. This pro-
cess, known as epithelial-to-mesenchymal transition (EMT), is
a process in which epithelial CTCs assume a mesenchymal phe-
notype in preparation for extravasation and implantation in
metastatic sites (He et al., 2010; Armstrong et al., 2011). These
cells are more likely to metastasize and have been linked to
more aggressive prostate cancers in a number of clinical stud-
ies (Tomita et al., 2000; Gravdal et al., 2007). Evidence for EMT
has been found in CTCs that express both epithelial markers
such as CK and EpCAM and mesenchymal markers such as
vimentin, e-cadherin, and CD133 (Armstrong et al., 2011). The
co-expression of these markers is thought to represent an inter-
mediate state between the two cell types (Armstrong et al., 2011).
CTCs that undergo EMT are less likely to express high levels of
EpCAM and may therefore evade capture by anti-EpCAM anti-
bodies (Santana et al., 2012). The superior capture efficiency
of non-EpCAM based capture technologies such as ISET and
PSMA microfluidic devices may, in part, be explained by this
phenomenon.

MICROFLUIDIC DEVICES
Microfluidic devices have demonstrated high capability to enrich
CTCs from whole blood. One example, the “CTC-chip” is com-
posed of an array of antibody-coated microscopic posts arranged
as equilateral triangles through which a blood sample is flowed.
As described, the arrangement of the posts is designed to min-
imize the shear forces that cells are exposed to while within the
device. CTCs within the sample collide with the posts and are
specifically captured by the antibodies used to coat them (Nagrath
etal., 2007). In 2007, Nagrath et al. successfully employed a CTC-
chip functionalized with anti-EpCAM antibodies to isolate CTCs
from whole blood taken from patients with a range of epithe-
lial malignancies. Capture efficiency of approximately 60% was
determined by spiking blood from healthy donors with a non-
small cell lung cancer cell line. Interestingly, capture efficiency
was not diminished by using cell lines with low levels of EpCAM
expression. The authors were able to identify CTCs in 115 of 116
(99%) samples taken from patients with breast, colon, pancre-
atic, or prostate cancer with an average purity of 49—-67%. Similar
to the CellSearch Circulating Tumor Cell Test device, in a lim-
ited analysis, the authors were able to correlate patient outcomes
and response to treatment with the number of CTCs captured
(Nagrath et al., 2007).

The same investigators developed what they term a “her-
ringbone chip” to use the vortical flow induced by anisotropic

surface grooves to generate a device exhibiting chaotic advec-
tion (Stroock et al., 2002). The device consists of eight micro-
channels etched with periodically occurring herringbone-shaped
grooves and functionalized with anti-EpCAM monoclonal anti-
bodies. The herringbone device has a capture efficiency of
91.8% +/—5.2% in cell spiking experiments using PC-3 cells,
and CTCs were detected in 93% of samples from patients
with metastatic prostate cancer. The design of the herringbone
device chip enabled cell capture at 50% more efficiency than
the post-based anti-EpCAM device from the same investigators.
Captured cells are again amenable to further experimentation
such as PCR and on-chip immunofluorescent staining (Stott
et al., 2010a).

Despite showing effective capture using cell lines with low
levels of EpCAM expression, it is unclear whether chips function-
alized with anti-EpCAM antibodies can efficiently capture cells
that have undergone EMT in patient samples. CTCs may express
lower levels of EpCAM than cultured cells used for these exper-
iments and may evade capture. PSMA based CTC capture may
be able overcome this limitation in prostate cancer patients and
enable the capture of CTCs that have undergone EMT. PSMA,
also known as glutamate carboxypeptidase II, is a type II trans-
membrane metallopeptidase that is universally expressed in pro-
static tumors and may be conserved during EMT. Furthermore,
levels of expression correlate with disease severity, suggesting util-
ity as a prognostic marker (Bostwick et al., 1998; Sweat et al,,
1998). Although it is normally expressed as a cytoplasmic pro-
tein in benign prostatic cells, alternative splicing of PSMA mRNA
in prostatic carcinomas leads to its expression as a type II inte-
gral surface membrane protein, making it a suitable target for
anti-PSMA antibody based capture (Israeli et al., 1993). Although
this marker is not entirely specific to prostatic cells, expression
in this population is 100-1000 times greater than cells in other
tissue types such as cells of the small intestine, proximal renal
tubules, and salivary glands (Troyer et al., 1995; Sokoloff et al.,
2000). The J591 antibody is a deimmunized monoclonal antibody
that specifically recognizes an extracellular epitope of PSMA. This
antibody has been used successfully to capture CTCs from whole
blood using a geometrically-enhanced differential immunocap-
ture (GEDI) microfluidic device (Figure2) (Gleghorn et al,
2010). The PSMA-GEDI “chip” is designed to maximally increase
the frequency of CTC collisions with anti-PSMA immunocoated
posts in a size and flow-dependent manner. Size-based selection
is thought to increase capture efficiency and improve purity by
limiting opportunities for non-target blood cells to interact with
the immunocoated surfaces. The capture efficiency of the PSMA-
coated GEDI chip is quite high, 97 & 3% for cells spiked in PBS
and 85 £ 5% for cells spiked in whole blood (Gleghorn et al.,
2010).

CURRENT AND FUTURE APPLICATIONS OF CTC
ENRICHMENT DEVICES

The FDA approved the CellSearch device for monitoring disease
status in patients with metastatic prostate cancer (Wang et al.,
2011). Studies using this device have demonstrated that prostate
cancer patients with at least 5 CTCs in 7.5 ml of blood have an
inferior overall survival compared with patients with less than 5
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flow through GEDI device (D) Captured CTCs stained for AR and tubulin.

FIGURE 2 | Geometrically-enhanced differential immunocapture (GEDI) microfluidic device. (A) GEDI Chip (B) GEDI post-array (C) lllustration of laminar

Utotal
5

CTCs in 7.5ml (Danila et al., 2007). The IMMC38 trial, which
provided the basis of FDA clearance of the CellSearch device
in prostate cancer, reported that a CTC count greater than 4
cells/7.5 ml is associated with unfavorable response to therapy in
metastatic castrate-resistant prostate cancer patients (Scher et al.,
2009). Several subsequent studies did not detect a threshold effect;
suggesting the use of CTC counts as a continuous variable with-
out a specific cutoff value (Danila et al.,, 2007). Nevertheless,
chemotherapy-naive patients with CTC counts greater than 4
cells/7.5 ml have a 45% decrease in overall survival when com-
pared to those with fewer than 5 CTCs. The impact of CTC
counts is even greater in patients who had undergone one or
more chemotherapeutic regimens, where patients had a 60%
decrease in overall survival (Danila et al., 2007). CTC counts are
also useful in patients with hormone-sensitive PC. A CTC cut-
off of three or more cells, detected using the CellSearch device
was able to predict the magnitude and duration of response to
androgen deprivation therapy in these patients (Goodman et al.,
2011). Studies also compared CTC counts with traditional mark-
ers of disease progression and found that it is a more powerful
predictor of survival and therapeutic response than currently
used biomarkers such as PSA (de Bono et al., 2008; Scher et al.,
2009).

The number of prostate cancer CTCs has also been stud-
ied as a secondary endpoint in a number of clinical trials. Two
recent phase I trials examined the efficacy of abiraterone acetate,

a CYP17 inhibitor that impairs androgen synthesis, in patients
with castration resistant prostate cancer used CTCs as efficacy
markers. In one study, CTCs were isolated from patient blood
by use of the CellSearch Circulating Tumor Cell Test prior to
treatment and every 4 weeks during treatment. The authors
found significant declines in CTC counts of treated patients,
with 63% of patients having a greater than 50% decrease in
CTCs. This decline mirrored the PSA decline in a subset of
patients with ERG gene mutations (Reid et al., 2010). A second
study, which aimed at defining the efficacy of abiraterone com-
bined with prednisone in metastatic castrate-resistant prostate
cancer patients who failed first line chemotherapy used con-
version from unfavorable to favorable CTC counts as a sur-
rogate of clinical response. The authors reported that 34% of
treated patients who had pre-treatment CTC counts greater than
5 cells/7.5ml had a decrease in CTC counts to less than 5
cells/7.5ml (Danila et al., 2010). Several recently reported and
ongoing phase III studies are validating this biomarker as a
potential surrogate marker of response and survival (Scher et al.,
2011).

Although still in its early stages, molecular and genetic analyses
of CTCs have also been used to correlate CTC characteristics with
treatment outcomes. For example, a study using FISH to detect
the fusion gene TMPRSS2-ERG demonstrated a significant asso-
ciation between expression of this marker and PSA response to
abiraterone. Furthermore, this study also demonstrated a high
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degree of concordance between the presence of the fusion gene
in CTCs and in primary prostatic tumors, further supporting the
utility of CTCs as a “liquid biopsy” (Attard et al., 2009). A sec-
ond study examining TMPRSS2-ERG mRNA in CTCs showed no
relationship to patient outcomes (Gopalan et al., 2009; Fine et al.,
2010).

Studies have also examined the predictive value of nuclear
and/or cytoplasmic localization of AR in CTCs. The AR plays
a key role in the development and progression of prostate can-
cer. In hormone-sensitive prostate cancer, systemic androgens
induce AR-mediated cellular proliferation, which is impaired by
androgen deprivation therapy by preventing ligand-dependent
nuclear AR translocation. AR signaling can continue to stimu-
late tumor growth in castrate patients via intra-tumoral androgen
synthesis or constitutive AR activation-independent of ligand
binding (Chen et al.,, 2004). Recent studies suggest that tax-
ane chemotherapy in prostate cancer can impede AR translo-
cation from the cytoplasm to the nucleus by disrupting micro-
tubules that normally function to transport AR to the nucleus
(Darshan et al., 2011). In a pilot study of patients receiving
taxane chemotherapy, examination of AR nuclear localization
and microtubule integrity in CTCs isolated using the CellSearch
Circulating Tumor Cell Test device correlated with response to
therapy (Darshan et al., 2011). In an unrelated study, PCR based
analysis of prostate cancer CTCs detected several AR mutations
some of which have been associated with therapeutic resistance
to anti-androgen therapy (Jiang et al., 2010). Recent studies
have also shown that AR splice variants may evolve with ther-
apy and be a mechanism of treatment resistance (Sun et al,
2010; Guo and Qiu, 2011; Mostaghel et al., 2011). Studies are
in progress to determine if these abnormalities in AR that
could affect treatment decisions can be detected by examining
CTCs.

CONCLUSION

The science of CTC capture and analysis is evolving and will
certainly change as newer technologies are incorporated and
validated. The only FDA-cleared device, CellSearch system, has
been shown to be an important prognostic tool, providing
valuable insights into treatment response and overall survival.
Experiments with alternative enrichment methods highlight the
poor sensitivity of the CellSearch technique, with multiple stud-
ies demonstrating significantly higher capture rates from patient
with metastatic castrate-resistant prostate cancer. However, their
clinical utility remains to be confirmed. Further studies are
needed to improve and validate alternative enrichment in iden-
tification techniques.

The effect that CTC analysis will have on patient care remains
to be determined. As discussed, genetic analysis of CTCs has
enabled the detection of abnormalities that influence tumor sensi-
tivity to a variety of prostate cancer therapies. Molecular analysis
has helped elucidate the mechanism of taxane anti-tumor effect
in prostate cancer, and provides a basis for an assay to assess the
likely efficacy of this chemotherapeutic class. Future studies will
be aimed at assessing additional markers of treatment sensitiv-
ity and resistance, and attempting to ascertain additional drug
targets. Additional studies correlating the molecular features of
CTCs with those of tissue specimens obtained from primary and
metastatic sites are needed. The ultimate goal is to develop tech-
nology that will enable periodic monitoring of tumor biology in
a way that will enable clinicians to effectively tailor therapy to
the individual patient on an ongoing basis in order to maximize
patient outcomes.
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Circulating tumor cells (CTCs) are prognostic markers in a variety of solid tumor malig-
nancies. The potential of CTCs to be used as a “liquid biopsy” to monitor a patient's
condition and predict drug response and resistance is currently under investigation. Using
a negative depletion, enrichment methodology, CTCs isolated from the peripheral blood
of breast cancer patients with stage |V breast cancer undergoing DNA damaging therapy
with platinum-based therapy were enriched. The enriched cell suspensions were stained
with an optimized labeling protocol targeting: nuclei, cytokeratins 8, 18, and 19, the sur
face marker CD45, and the presence of the protein y-H2AX. As a direct or indirect result
of platinum therapy, double-strand break of DNA initiates phosphorylation of the histone
H2AX, at serine 139; this phosphorylated form is referred to as y-H2AX. In addition to y-
H2AX staining in specific locations with the cell nuclei, consistent with previous reports and
referred to as foci, more general staining in the cell cytoplasm was also observed in some
cells suggesting the potential of cell apoptosis. Our study underscores the utility and the
complexity of investigating CTCs as predictive markers of response to various therapies.
Additional studies are ongoing to evaluate the diverse y-H2AX staining patterns we report

here which needs to be further correlated with patient outcomes.

Keywords: circulating tumor cells, metastatic breast cancer, y-H2AX, chemotherapy, Her2neu

INTRODUCTION

Circulating tumor cells (CTCs) have been isolated in the periph-
eral blood samples of patients with various kinds of solid tumor
malignancies, and elevated CTC numbers correlate with adverse
clinical outcomes (Pantel and Alix-Panabieres, 2007). While there
is an accumulating body of evidence supporting CTCs as prog-
nostic biomarkers, their role as predictive markers of response to
various chemotherapeutic agents is currently under investigation.
One such area is whether measuring changes in specific markers on
CTCs during chemotherapy can select the patients who are most
likely to derive benefit from a specific chemotherapy regimen. One
such marker of interest is y-H2AX.

In higher eukaryotic cells, double-strand breaks (DSBs) in
DNA within chromatin quickly (within minutes) initiate the
phosphorylation of the histone H2AX, at serine 139 at its C-
terminus, to generate y-H2AX. It is further noted that a single
strand break of DNA can elicit a cellular mechanism that will
cut the other DNA strand resulting in, effectively, a DSB. The
phosphorylated form of H2AX forms foci. All cells in the body
contain background foci as a result of the presence of reactive
oxygen species, collapsed replication forks, eroded telomeres and
depending on cell type, and growth conditions. The foci can
be visualized with antibodies to y-H2AX with each DSB yield-
ing one focus (Nakamura etal., 2006). H2AX phosphorylation
and y-H2AX foci formation are now generally accepted as con-
sistent and quantitative markers of DSBs, applicable even under

conditions where only a few DSBs are present (Rothkamm and
Lobrich, 2003).

v-H2AX focal growth was first studied in Muntiacus muntjak
cells. Small foci appeared 3 min after exposure to ionizing radia-
tion (IR). The foci became brighter and larger at 9 min after IR,
and reached maximal brightness and size 30 min after IR. These
findings suggest that H2AX molecules in a small region near the
DSB site are phosphorylated first, and are followed by molecules
at increasing distances from the break site. Thus, foci are sites
of accumulation for many factors involved in DNA repair and
chromatin remodeling (Nakamura et al., 2006; Bonner et al., 2008;
Kinner etal., 2008). There is a close correlation between y-H2AX
foci and DNA DSB numbers and between the rate of foci loss and
DSB repair, providing a potentially sensitive assay to monitor DNA
damage.

Tt is this association between y-H2AX foci and DNA DSB num-
bers that has lead researchers to suggest that the detection of
y-H2AX foci in CTCs as a rapid method to assess the effectiveness
of chemotherapeutic agents that induce DSB (Wang etal., 2010).
Such a use of CTC:s is consistent with a general term being used to
describe the collection of CTCs as a “liquid biopsies”; potentially
allowing near real time analysis of the action of chemotherapy
agents on the patient cancer cells.

The initial study of y-H2AX expression in CTC by Wang
etal. (2010), and further studies by Kummar etal. (2011, 2012)
used the FDA approved, positive selection technology for CTCs,
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y-H2AX in circulating tumor cells

FIGURE 1 | Flow chart of the CTC enrichment methodology.
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CellSearch™, for initial isolation of CTC prior to staining for
y-H2AX. While demonstrated to be effective in isolation of CTCs
expressing the epithelial cells surface marker, EpCAM, significant
experimental evidence is developing which suggests that poten-
tial CTCs are present in blood of cancer patients that do not
express EpCAM (Sieuwerts etal., 2009; Konigsberg etal., 2011;
Balasubramanian et al., 2012).

To address this bias in only selecting EpCAM positive cells, a
purely negative depletion, enrichment approach was developed in
which red blood cells are removed, and high expressing CD45 cells
are removed in a flow through, high field magnetic quadrupole
field (Lara etal.,, 2004; Yang etal., 2009). With this system, Jatana
etal. (2010) presented results suggesting the prognostic signifi-
cance of CTCs in squamous cell carcinoma of the head and neck
(SCCHN) patients.

Given the initial success of this negative enrichment approach,
we developed and optimized the staining protocol for evaluating
y-H2AX expression on CTCs stained using non-EpCAM positive
selection which has not been previously described.

MATERIALS AND METHODS

CELL LINES

Two breast cancer cell lines, MCF-7 and MDA-MB-231, were pro-
cured from ATCC (Manassas, VA, USA) and grown to mid-log
phase in Dulbecco’s Modified Eagle Medium (DMEM; Cat#10-
013, Mediatech, Manassas, VA, USA), supplemented with 10% fetal
bovine serum (FBS; Cat#30-2020, ATCC, Manassas, VA, USA) and

MEM nonessential amino acids (Cat#25-025, Mediatech, Manas-
sas, VA, USA) at 37°C in a humidified atmosphere containing 5%
CO;. Cells were harvested by washing the adherent cells with PBS
and subsequently incubating with Accutase™ (Cat#AT104, Inno-
vative Cell Technologies, Inc.) for 5 min at 37°C to remove the
attached cells from the T-flask. The Accutase was then neutralized
with the culture media before pelleting the cells at 350 x g for
5 min.

PATIENT SAMPLES

Representative samples of CTCs from the peripheral blood of
breast cancer patients with stage IV breast cancer undergoing DNA
damaging therapy with platinum-based therapy were selected
(OSU IRB protocol 2008C0129).

REAGENTS USED FOR CELL SEPARATION

The blood cell suspension, after RBC lysis was labeled with
tetrameric antibody complexes (TACs) from Stem Cell technolo-
gies (Cat.# 18259, Vancouver, BC, Canada). The specific TACs
used in this study were a pan-leukocyte marker that targets differ-
ent isoforms of the CD45 cell surface antigen and dextran coated
magnetic nanoparticles.

SEPARATION/ENRICHMENT METHODOLOGY

The immunomagnetic separation was carried out as described in
Yang etal. (2009) and will only be briefly summarized here. An
overall view of the separation process is shown in Figure 1. Red
blood cells in the samples were lysed by mixing the sample with

Table 1 | Antibodies and fluoroprobes used in this study.

Target Antibody clone Manufacturer/Cat# Fluoroprobe Secondary antibody = Manufacturer/Cat# Fluoroprobe
Nucleus - - DAPI - - -
Cytokeratins 8, 18, CK3-6H5 Miltenyi Biotec AF488 - - -

and 19

CD45
Phospho-histone
H2A.X (Ser139)

(130-080-101)
Abcam (ab10558) -
Millipore (05-636) -

Rabbit, polyclonal
Clone JBW301

AF647
Alexa Fluor 594

Donkey anti-rabbit Invitrogen (A-31573)

Goat anti-mouse IgG Invitrogen (A-11005)

(H+1L)
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Table 2 | Optimized labeling protocol.

1. Prepare cytospin slide of enriched cell sample

2.Wash 1 x 5 min in PBST (PBS + 0.05% Tween 20)

3. Add permeabilization/blocking solution (PBS + 2% normal goat serum + 2% normal donkey serum + 1% BSA + 0.1% gelatin + 0.1% Triton
X-100 + 0.05% Tween 20) for 30 min at room temperature

4. Add primary anti-CD45 (rabbit, polyclonal, 1:100) and primary anti-phospho-histone-H2A.X (Ser139; mouse, clone JBW301, 1:100) in antibody diluent,
background reducing (Dako, Carpinteria, CA, USA) for 1 h at RT

5.Wash 3 x 5 min in PBST

6. Add secondary Alexa Fluor 647 donkey anti-rabbit IgG (H + L) and secondary Alexa Fluor 594 goat anti-mouse IgG (H + L) in PBST for 1 h at RT

7. Wash 2 x 5 min in PBST

8. Add custom-conjugated cytokeratin 8, 18, 19-Alexa Fluor 488 (clone CK3-6H5, 1:100) in 1% BSA/PBS for 1 h at RT

9.Wash 2 x 5 min in PBST

10. Mount with ProLong Gold antifade reagent with DAPI (Life Technologies, Grand Island, NY, USA)

DAPI

CK
B
Ko
H 10 microns

y-H2AX CD45

Combined Enlarged
F

i
s

DAPI y-H2AX CD45
J
H 10 microns
Combined
E Enlarged

FIGURE 2 | Sets of epifluorescent images (A-F) for MCF-7 and (G-L) for MDA-MB-231. For (A-F) and (G-K), images are the same location, different filter
settings corresponding to the stained marker/structure targeted and listed above the image. Figures (F) and (L) are the enlargements highlighted (E) and (K),
respectively.
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lysis buffer (154 mM NH4Cl, 10 mM NaHCOs3, 0.1 mM EDTA) at
a ratio of 1:20, incubating it for 5 min at room temperature, and
then pelleting the remaining blood cells at 350 x g for 5 min.
This cell pellet, consisting mostly of nucleated cells, was then
labeled with 0.5 pl of anti-CD45 TAC per one million cells for
30 min at room temperature on a shaker. Without washing the
cells, 1 pl per one million cells of the magnetic nanoparticles were
added to the cell suspension and incubated for 15 min at room
temperature on a shaker. The immunomagnetically labeled cell
suspension was subsequently diluted with 10 ml of buffer and run
through the our previously developed, and reported, magnetic
deposition system (Lara etal., 2004; Yang etal., 2009; Balasubra-
manian etal., 2012).

The final cell suspension, which had passed through the mag-
netic sorter, was then measured for volume and the cell suspension
was split into two aliquots; one of which was subsequently sub-
jected to cell lysis and RNA preservation procedures and the other
either directly cytospun for analysis or preserved with 10% neu-
tral buffered formalin for later concentration and ICC analysis.
Final cell numbers were obtained by diluting 10 1 of the enriched
cell suspension in 3% acetic acid (1:10 dilution) and counting the
number of total cells present using a hemocytometer.

REAGENTS, LABELING PROTOCOL, AND MICROSCOPIC IMAGING
Table 1 lists the antibodies used for immunocytochemistry in this
study and Table 2 lists the optimized labeling protocol. An epi-
fluorescent microscope (Nikon Eclipse 80i; Melville, NY, USA)
was used for image analysis using the manufacturer supplied
NIS-Elements software.

RESULTS

POSITIVE CONTROLS: MCF-7 AND MDA-MB-213 CELLS EXPRESSING
y-H2AX FOCI

Figure 2 presents individual images, using appropriate excitation
and emission, for each fluoroprobe as well as an electronically
combined, and finally an electronically enlarged image of MCF-7
cells stained with the optimized labeling protocol (Figures 2A-F,
respectively). Figures 2G-L presented DAPI stained and combined
staining of MDA-MB-231 cell line.

NEGATIVE CONTROLS

For a negative control, images of buffy coat and fresh, normal,
human blood is presented in Figure 3. Note the images presented
are not truly a representative image; the vast majority of cells
(greater than 11in 1000) do not stain for peripheral or foci y-H2AX.

DAPI CK y-H2AX CD45
i - BUffy ot
Combined Enlarged
F
Peripheral y H2AX statning
DAPI CK y-H2AX CD45
“ . —w— Fresh normal
i nlarge
Combined (¢] blood
FIGURE 3 | Sets of epifluorescent images (A-F) for buffy coat and (G-L) for fresh, normal blood. For (A-F) and (G-K), images are the same location,
different filter settings corresponding to the stained marker/structure targeted and listed above the image. Figures (F) and (L) are the enlargements highlighted
(E) and (K), respectively.
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The specific images were chosen to demonstrate that normal blood  nuclear, foci staining, (2) a traditional CTC with only peripheral
cells can have y-H2AX staining; however, none of these y-H2AX  y-H2AX staining, (3) a CTC with y-H2AX, nuclear, foci and

stained cells also co-stained for cytokeratins. peripheral staining, and (4) a cohesive cluster of cells suggestive of
tumor embolus that exhibits traditional CTC characteristics and
PATIENT SAMPLES y-H2AX, nuclear, foci staining. In addition, there exists in many

Figure 4 are representative images of the different types of cell patient samples cells which exhibit staining for all the markers,
staining observed, including: (1) a traditional CTC with y-H2AX, including CD45.

DAPI+ DAPI+ DAPI+y-H2AX
DAPI y-H2AX CD45 +CDA5+CK

M— 10 microd

y-H2AX FOCI staining,

y-H2AX FOCI staining,
Mononucleated cell, end of study

Peripheral y-H2AX staining
Mononucleated cell,

Peripheral , and FOCI y-H2AX staining,

Mononucleated cell,

Peripheral , and FOCI y-H2AX staining,

Peripheral , and FOCI y-H2AX staining,

FIGURE 4 | Representative images of the different types of staining sample was from a different patient; yet these images represent
patterns observed in peripheral blood samples taken from metastatic the range of types of cells seen in a majority of patients and time
breast cancer patients undergoing a phase I, two drug trail. Each points.
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DISCUSSION

Using our optimized staining protocol, on samples obtained
using an enrichment methodology which depleted normal (RBCs
and CD45 expressing) cells, we successfully illustrated the pres-
ence of y-H2AX expression on CTCs in patients with metastatic
breast cancer undergoing DNA damaging chemotherapy with
platinums. Our multiparameter ICC staining targeted (a) the
cell nuclei, (b) cytokeratins 8, 18, and 19, (c) y-H2AX foci,
and (d) CD45. Unlike many other ICC studies of CTCs, we
only used specific Alexa Fluor dyes, which have a very low
rate of photo bleaching and with very low crosstalk between
channels. Using this protocol, we observed various staining pat-
terns, represented by the six different sets of images presented in
Figure 4.

Further, the distinction between peripheral versus nuclear foci,
y-H2AX staining of cells, as well as the presence of weak CD45
staining on some of the cells, demonstrate the complexity of this
type of analysis. While it has been previously reported in the liter-
ature that the occurrence of y-H2AX staining in cells from healthy
patients can occur, and as we report in Figure 3, we did not see in
normal cells positive staining for all four markers including cytok-
eratin staining. In addition, in these cells from healthy patients, we
did not see y-H2AX foci staining in the nuclei. However, Figure 4
does indicate that in addition to seeing traditional CTC (i.e., nuclei,
cytokeratin positive, and CD45 negative) with y-H2AX foci, we
also observed CTCs with significant peripheral y-H2AX staining
either with or without foci staining. Thus our work suggests that
there may be more than just the presence or absence of y-H2AX
foci in CTCs and this may have clinical relevance. Also, unless high
magnification is used, the distinction between peripheral staining,
and nuclear, foci staining, is a challenge.

Several reports exist on the presence of not just specific “foci” of
staining, but the presence of an “apoptotic ring” which looks very
similar to some of the staining we have seen in the enriched patient
samples (Solier and Pommier, 2009). As the name implies (apop-
totic ring), Solier and Pommier (2009) associate a more diffuse
staining pattern of y-H2AX in the nucleus to the apoptotic process
and suggest such y-H2AX staining as another apoptosis marker.

In a separate study, Mukherjee etal. (2006) present evidence
that y-H2AX is phosphorylated during apoptotic DNA fragmen-
tation and provide images that are similar to ones we present
here.

Finally, it is possible that the peripheral staining is the result of
time/aging of cells that initially had nuclear foci. Most studies of
y-H2AX staining report a rapid (within hours) appearance of foci
in cancer cell lines in cell culture. Both the lack of knowledge of the
pharmacodynamics in actual patients, the practicality of obtain-
ing blood samples at regular, short intervals, and our knowledge
of the half-life of CTCs in patients blood, precludes our being able
at this point to determine if peripheral staining can be considered
a positive response in the same manner that clear foci are consid-
ered a positive result. For example, the cells that exhibit peripheral
staining in our study could have been circulating in the patient for
several days, or longer, and these same cells initially could have
exhibited focal staining.

Our study underscores the utility and the complexity of investi-
gating CTCs as predictive markers of response to various therapies.
Additional studies are ongoing to evaluate the diverse y-H2AX
staining patterns we report here which needs to be further cor-
related with patient outcomes. The use of CTCs as a “liquid
biopsy” hold great promise. However, systematic, methodological
studies are needed to evaluate how to develop and test unbiased
multiparameter assays to test markers of interest.
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INTRODUCTION

Cancer metastasis, the leading cause of cancerrelated deaths, is facilitated in part by
the hematogenous transport of circulating tumor cells (CTCs) through the vasculature.
Clinical studies have demonstrated that CTCs circulate in the blood of patients with
metastatic disease across the major types of carcinomas, and that the number of CTCs in
peripheral blood is correlated with overall survival in metastatic breast, colorectal, and
prostate cancer. While the potential to monitor metastasis through CTC enumeration
exists, the basic physical features of CTCs remain ill defined and moreover, the
corresponding clinical utility of these physical parameters is unknown. To elucidate the
basic physical features of CTCs we present a label-free imaging technique utilizing
differential interference contrast (DIC) microscopy to measure cell volume and to quantify
sub-cellular mass-density variations as well as the size of subcellular constituents
from mass-density spatial correlations. DIC measurements were carried out on CTCs
identified in a breast cancer patient using the high-definition (HD) CTC detection assay.
We compared the biophysical features of HD-CTC to normal blood cell subpopulations
including leukocytes, platelets (PLT), and red blood cells (RBCs). HD-CTCs were found to
possess larger volumes, decreased mass-density fluctuations, and shorterrange spatial
density correlations in comparison to leukocytes. Our results suggest that HD-CTCs
exhibit biophysical signatures that might be used to potentially aid in their detection and
to monitor responses to treatment in a label-free fashion. The biophysical parameters
reported here can be incorporated into computational models of CTC-vascular interactions
and in vitro flow models to better understand metastasis.

Keywords: circulating tumor cells, breast cancer, differential interference contrast microscopy, cellular volume,
cellular density

studies indicate that CTCs can be used to survey primary and

Cancer metastasis, the leading cause of cancer-related deaths, is
facilitated in part by the hematogenous transport of circulat-
ing tumor cells (CTCs) from the primary tumor site to distant
organs. Though CTCs circulate in exceedingly small quantities,
approximately 1 CTC per 10° blood cells, clinical studies have
demonstrated that CTCs circulate in the blood of patients with
metastatic disease across all major types of carcinomas (Allard
et al., 2004), and that the number of CTCs in peripheral blood is
correlated with overall survival in metastatic breast (Cristofanilli
et al., 2004), colorectal (Cohen et al., 2008) prostate (Scher et al.,
2009) and non-small cell lung (Nieva et al., 2012) cancer, while
case reports suggest that CTCs possess morphological features
present in corresponding primary and/or metastatic lesions in
breast (Marrinucci et al., 2007), colorectal (Marrinucci et al.,
2009a), and lung (Marrinucci et al., 2009b) cancer. Together, these

metastatic lesions through minimally-invasive peripheral blood
draws.

To date, label-based microscopy techniques have been instru-
mental in identifying CTCs and characterizing the CTC pheno-
type. Putative CTCs in existing purification assays are typically
identified using immunofluorescent antibody labels to epithe-
lial (EpCAM, CK) and leukocyte (CD45) cell surface markers
as well as fluorescent nuclear (DAPI) staining to differentiate
CTCs and leukocytes based on fluorescence expression profiles:
CD45—CK+DAPI+ (CTC) vs. CD454+CK—DAPI+ (leukocyte)
(Racila et al., 1998; Vona et al., 2000; Krivacic et al., 2004; Hsieha
etal., 2006; Nagrath et al., 2007). The combined use of fluorescent
antibodies to cell surface markers and bright field microscopy
based stains (Papanicolau, Wright-Giemsa), for labeling of the
nuclear and cytoplasmic cellular compartments, has been central
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Optical characterization of CTC biophysical parameters

in establishing the pleomorphic similarity of CTCs to their cor-
responding primary and/or metastatic lesions (Marrinucci et al.,
2007, 2009a,b). While there is great potential to monitor metas-
tasis through CTC enumeration and qualitative investigations
of their morphology using these label-based methods, the basic
physical features (e.g., mass, volume, density, density fluctua-
tions), discernable through label-free optical methods, of CTCs
remain ill defined. Moreover, the corresponding clinical utility of
these physical parameters is unknown.

To elucidate the basic physical features of CTCs we developed a
label-free microscopy technique utilizing differential interference
contrast (DIC) to quantitatively elucidate cell volume, sub-cellular
mass-density variations, and the average size of subcellular con-
stituents inferred from spatial mass density correlations. We
report volume, mass density fluctuations, denoted oa[—], and
mass density spatial correlations, denoted Lc [pwm], for CTCs
isolated from a metastatic breast cancer patient using the HD-
CTC assay (Marrinucci et al., 2012). The physical properties of
HD-CTCs are compared across the normal cellular constituents
of blood: platelets (PLT), red blood cells (RBCs), and leukocytes.

MATERIALS AND METHODS

HD-CTC AND LEUKOCYTE IDENTIFICATION AND CHARACTERIZATION
A 54-year-old breast cancer patient provided informed consent
at Scripps Clinic (La Jolla, CA) as approved by the Institutional
Review Board. The patient presented in October 2007 with bilat-
eral invasive ductal mammary carcinoma and biopsy-proven
metastatic disease to bone. The right breast was ER/PR+/
HER-2—, while the left breast was ER/PR/HER-2+ with a posi-
tive axillary node by fine needle aspiration. A bony site biopsy was
ER+, PR—, and HER-2+, all by immunohistochemistry. Blood
was taken prior to a bilateral mastectomy in March 2010.

At each draw, 8 mL of peripheral blood was collected in a
rare cell blood collection tube (Streck, Omaha, NE) and pro-
cessed within 24 h after phlebotomy. CTCs were identified using
the HD-CTC method, the sensitivity, and specificity of which has
been previously reported in Marrinucci et al. (2012). Briefly, the
HD-CTC isolation and characterization technique consists of a
RBC lysis, after which nucleated cells are attached as a monolayer
to custom-made glass slides. Slides are subsequently incubated
with antibodies against cytokeratins (CK) 1, 4-8, 10, 13, 18, and
19; and CD45 with Alexa 647-conjugated secondary antibody,
nuclei were counterstained with DAPI. For HD-CTC identifi-
cation, an automated digital fluorescence microscopy technique
was used to identify putative HD-CTCs. Fluorescence images of
CTC candidates were then presented to a hematopathologist-
trained technical analyst for interpretation. Cells are classified as
HD-CTCs if they are CK-positive, CD45-negative, contained an
intact DAPI nucleus without identifiable apoptotic changes or
a disrupted appearance and were morphologically distinct from
surrounding leukocytes. Leukocytes were classified according to a
CK-negatiave, CD45-positive, DAPI-positive fluorescence status.
Cartesian coordinates for each HD-CTC on a slide are gener-
ated from a fixed fiduciary marking and used to relocate the
cells of interest for DIC measurements. Leukocytes located in the
same field of view of HD-CTCs were selected at random to be
quantitatively compared to the HD-CTC population.

PREPARATION OF HUMAN PLATELETS

Human venous blood was drawn from healthy donors into
citrate-phosphate-dextrose (1:7 vol/vol). PLT rich plasma (PRP)
was prepared by centrifugation of anticoagulated blood at
200g for 10min. PLTs were further purified from PRP
by centrifugation at 1000g in the presence of prostacy-
clin (0.1 pg/mL). Purified PLTs were resuspended in modi-
fied HEPES/Tyrode buffer (129 mM NaCl, 0.34 mM Na;HPOy,
29mM KCl, 12mM NaHCOs, 20mM HEPES, 5mM glu-
cose, 1 mM MgCly; pH 7.3) containing 0.1 pg/mL prostacy-
clin. PLTs were washed once by centrifugation and resuspended
in modified HEPES/tyrode buffer at indicated concentrations.
Purified PLTs were fixed and immobilized on poly-L-lysine coated
coverslips.

OPTICAL MEASUREMENT OF CELLULAR VOLUME AND AREA

DIC microscopy is carried out by illuminating the sample of
interest with orthogonally polarized co-propagating wave fronts
separated by a distance approximately equal to half the wave-
length of the light source. These distinct wave fronts are generated
by a Wollaston prism in combination with a polarizer placed
in the illumination optics of the microscope. Image contrast is
produced by specimen mass density variations that give rise to
relative phase distortions in the transmitted orthogonally polar-
ized wave fronts exiting the sample. A second Wollason prism
and polarizer are used to carry out polarization-dependent com-
mon path interferometry; to interfere the exiting orthogonally
polarized fronts from the diffraction limited imaging volume
of the objective lens. This process converts sample induced
phase perturbations in the orthogonal polarization modes into
a detectable intensity (Preza et al., 2011). High numerical
aperture (NA = 0.9) Kohler illumination enables the visualiza-
tion of distinct transverse planes of the specimen along the
optical axis.

HD-CTCs were relocated and through-focus DIC imagery
at x63 magnification, NA = 1.4, of each cell type was per-
formed on a Zeiss Axio Imager 2 microscope (Carl Zeiss
Microlmaging GmbH, Germany) under software control by
SlideBook (Intelligent Imaging Innovations, Denver, CO),
Figures 1A,B. Images were post-processed using a custom pro-
gram written in MATLAB (The MathWorks, Inc., USA). Post-
processing consisted of the application of a Hilbert transform
to each en face DIC image to ensure optimal contrast in image
cube construction (Arinson et al., 2000), Figure 1C. This process
enables thresholding of DIC images at the cost of introducing
image blur along the axial direction. Image blur is eliminated
using a high-pass filter applied to each cross-sectional image of
the image cube, Figure 1D.

The cross sectional areas of the cell in distinct sagittal planes
separated by 0.5 [um] were added together to obtain cellular
volume. Each voxel in the analysis corresponds to a diffrac-
tion limited volume of 0.28 [um] x 0.28 [um] x 0.35 [pwm]
= 0.029 [fL]. No thresholding of the high-pass filtered Hilbert
transformed sagittal images was required. Further details on the
method and validation of the Hilbert DIC method for volume are
reported in Baker et al. (2012). Cellular area was determined by
outlining each cell in en face DIC images.
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FIGURE 1 | Image segmentation of DIC image cubes. (A) £n face DIC
image, leukocyte, (B) corresponding cross sectional image through center
of cell, (C) Hilbert transform of (B), (D) high pass filter applied to (C).

THE DIC IMAGE CONTRAST ARISES FROM SUB-CELLULAR DENSITY
GRADIENTS ALONG THE SHEAR DIRECTION OF THE

WOLLASTON PRISMS

Following (Preza et al., 1999) we demonstrate that the DIC con-
trast is dominated by mass-density gradients inside the focal vol-
ume of the objective lens. This provides the rationale to adapt the
language of “mass density variations” as opposed to “pathlength
changes” in describing the origin of DIC image contrast.

We begin with Equation 20 of Preza et al. (1999); a three
dimensional DIC imaging model that presumes temporal coher-
ence of the waves interacting with the sample. The temporal
coherence assumption is appropriate as the coherence length of
the mercury lamp is on the order of cm while the thickness of the
sample times the refractive index is on the order of wm. To deter-
mine the form of the fields interfering at the detector plane the
amplitudes of the waves must be added together.

Referring to Figure 7 of Preza et al. (1999) we define our
notation: Let A denote the area of the front focal plane of the
condenser lens, _E) denote a point in the front focal plane of the
condenser lens, 5(_2)) denotes the intensity of the light source in
the focal plane of the of the condenser lens. x, y, z are coordinates
in the image plane; X', ¥/, Z’ are coordinates in the object plane.
The transmitted field of the specimen is denoted as f (x, ¥, z). The
point spread function (PSF) of the DIC microscope is denoted
h(x—x',y—y.,z—2). Lastly, the Kohler illumination plane

—
wave fields are denoted Ui( &, x, y); see the definition of these
waves just after Equation 3 of Preza et al. (1999).

The three dimensional DIC imaging model is Equation 20 of
Preza et al. (1999).

i(x, ¥, z) :/As(_z))MRsf (x/’y/’ z’) h (x—x” y—y/a z— z’)

2 >

U(E ¥, y)dZ dx'dy| d & (1)

We make the following simplifying assumptions:

1. We assume the DIC PSF is a delta function in x and y coor-
dinates but we retain broadening along the optical axis. The
DIC PSF is given in Equation 1 of Preza et al. (1999). The axial
PSF is denoted P(z — Z’). AQ s the bias retardation introduced
by the translation of the Wollaston prism. Ax is the lateral
shear introduced by the Wollaston prism. The DIC PSF is
then

h (x —x,y—y,z— z’) = (%[meﬁ (x —x — Ax, y)
- %eiAe?) (x —x' + Ax, y))P(z—z’) (2)

2. The specimen is a “phase” object. The transmitted field is of
the form

f(x.y.2) =exp(=io (x.y. 7)) (3

Plugging in Equation 2 and 3 into Equation 1, we carry out the
integration in the x’, y’ variables to obtain:

1 L
i(x.y.2) = Z/AS(_E)) /RP(Z—Z’){U,:["” —iAb

_ U,:“e’i¢++iA9} a7

2 -
dg (4)

In this expression we have utilized a shorthand notation in which
U = U(E,x% Ax,y,7), and ¢F = ¢(x % Ax, y, 7).

We next linearize the phase terms in Equation 4 by tak-
ing the small angle approximation of the complex exponentials;
appropriate for weak index contrast specimens.

1
i(x,y,z) = Z/As(_g)

iU — 97U — iAB(UL + U,j)] i

/Rp(z—z’) (U -UhH

2 -
dg
(5)

Next, we assume that for fixed _E) that U~ U_, Uy~
U;“ , as these fields are separated along the shear direc-
tion by approximately N/2. This enables the simplification of
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Equation 5 to:

1
i(x,y,z) = Z/I;s(_g)

/RP(Z—Z’)

[T — ¢~ —2A0)Ui} d’

2

—
dg (6)

Multiplying and dividing the phase difference by the magnitude
of the shear, Ax = s we obtain:

i(x,y,2) = E/AS(_E))‘U](/RP(Z_Z/)

2

[(s%- Vo —240)}d| dE 7)

We now develop an expression for the phase in terms of the mass-
density of the sample.

Let ? (, _E)) denote the parameterized path of the wave. We

utilize the variable dependence of the Kohler waves on _E) as
described in Figure 7 of Preza et al. (1999). We presume that waves
traverse the sample in straight-line trajectories—an assumption
that is appropriate to weak index contrast samples such as cells.
Let f. denote the focal length of the condenser lens.

/ /| Sx S xSy 2.
SRR [ O T

Letting k denote the wave number, ¢ the phase of waves travers-
ing a specimen, and # the refractive index of the sample, under
the paraxial approximation for weak index contrast specimens the
phase of plane waves traversing the sample is given by:

(7 0) =k Z/n(F @, 8))dz". (©)

The refractive index, as shown in Barer (1952) is related to the
mass-density, denoted C [pg/fL], according to:

n (x, ¥, z) =n,+aC (x, ¥, z). (10)
Where n, is the background index of the cell within a diffraction
limited volume, a is the refractive increment ~ 0.2 [fl/pg]. We

substitute Equation 10 into Equation 9 and then substitute the
resulting expression into Equation 7 to obtain:

/

i(x,y,2) = E/AS(E}) Uyoksx - V/ P(z—2) /OZC(ZN/E\) dz’

R

2

dz’—ZAGUk/P(z—z’) | dE . (11)

R

Lastly, we note that the PSF limits the axial contributions of the
mass density to axial locations near the focal position given by z.
Without loss of generality, we presume an axial PSF with a square

function shape with width 2Az about the focal point z. We find
that:

z R z+ Az R
/ P(z—7) / C('e)d"dZ ~ / C('g)d".(12)
R 0 z

— Az

Substituting Equation 12 into Equation 11 we arrive at the main
result

z+Az

. 1 —
z(x,y,z):Z/As(E)‘Ukotks/ N

2
—
dg .

x-VC (z”g) dz’

—4A0AzU; (13)

This formula demonstrates that the DIC intensity contrast at a
particular z location inside the sample is dominated by the spatial
gradient of the concentration of cellular mass in that plane (the
integral over dz”).

The “pathlength” point of view of DIC microscopy—while
entirely valid—does not speak to the main contribution of con-
trast inside the cell. The axial distance over which the phase is
being compared (the limits of integration of the axial variable
Z”) among the sheared trajectories is held fixed by the objective
lens. Hence the height of the sample has been decoupled from the
refractive index due to optical sectioning by the objective lens.

This point of view breaks down when the axial extent of the
sample changes inside the focal volume: a situation that might
arise as the focal volume first encounters the top of the cell.

OPTICAL DETERMINATION OF SUB-CELLULAR DENSITY

FLUCTUATION AND SPATIAL CORRELATION

The DIC intensity is a non-linear function of the mass den-
sity gradient of the sample along the shear direction of the
Wollaston prisms (Preza et al., 2011). Furthermore, the DIC
intensity depends on the bias settings of the Wollaston prisms and
illumination conditions (Preza et al., 2011). These complications
often limit the use of DIC microscopy to qualitative investigations
of morphology as the DIC intensity is difficult to relate to physical
properties (e.g., density) of the sample. DIC microscopy images
do, however, have a simple physical interpretation: they visualize
edges of sub-cellular features. The variations of the DIC intensity
in space can then be utilized, by analogy with time series analysis
of random processes (Wainstein and Zubakov, 1962; Ishimaru,
1978; Subramanian et al., 2009), to quantify the average size
of sub-cellular constituents, through spatial correlation, and the
average magnitude of density fluctuations, through the analysis
of DIC intensity amplitude variations. This heuristic analysis is
able to probe the organization of cellular features ranging from
the diffraction limit up to multiple microns in scale.

For each pixel location (x, y) in the image of a cell (Figure 2A),
the axial profile of the DIC intensity was recorded using a charge
coupled device camera (CCD), (Figure 2B). The DIC signal was
then normalized by the background glass signal to eliminate
the effects of exposure time and gain settings (Figure 2C). A
smooth fit to the normalized DIC axial profile was then per-
formed, (Figure 2C), and subtracted from the normalized DIC
intensity to determine the fluctuating part of the DIC axial profile,
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FIGURE 2 | Fluctuation and spatial correlation analysis of axial DIC
intensity profiles. (A) En face DIC image CTC. (B) Axial profiles of DIC
intensity for pixels in the cell (black) and glass substrate (blue), (C) normalized
DIC intensity profile (black, cell signal divided by glass signal) for pixels inside
the cell and corresponding smooth fit (blue), (D) fluctuating part of the DIC

(4]
06-04-02 0 02 04 06
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intensity (normalized signal minus smooth fit), (E) autocorrelation function of
the fluctuating part of the DIC signal, the correlation length L.[um] is defined
as the first zero crossing, (F) histogram of the fluctuating part of the DIC
intensity, the mass-density fluctuations are quantified through the standard
deviation, oa[—], of the histogram.

(Figure 2D). The autocorrelation of the fluctuating part of the
DIC signal was then numerically computed, (Figure 2E). The cor-
relation length, Lc [pwm], for each axial profile within a cell was
defined as the first zero-crossing of the autocorrelation function.
The average magnitude of sub-cellular density fluctuations was
assessed by binning the fluctuating part of the DIC intensity into
a histogram, (Figure 2F). The standard deviation of the fluctua-
tions, 04[—], was determined and recorded for each pixel location
within the cell. Example L¢ and 04 maps are presented for CTCs
and leukocytes in Figures 4C,D, respectively.

STATISTICAL ANALYSIS

The Jarque—Bera test was used to evaluate normality of all param-
eters. One-Way analysis of variance with Bonferonni post-hoc
analysis was used to assess statistical significance among param-
eters across multiple normally distributed cell parameters. The
Kruskal-Wallis test was used to assess significance among non-
normally distributed parameters. P-values of 0.05 or less were
considered significant. All quantities presented as mean =+ stan-
dard deviation unless otherwise noted.

RESULTS

BREAST CANCER ASSOCIATED HD-CTCs HAVE LARGER

VOLUMES AND AREAS THAN NORMAL BLOOD CELL

SUBPOPULATIONS

To investigate the validity of the optical volume measurement
technique, we performed measurements on polystyrene spheres
and found the measured volumes to coincide with the manufac-
turers specifications (Baker et al., 2012). To establish the ability
of the technique to work with biological specimens, we purified
populations of PLTs (N = 30) and RBCs (N = 20) from healthy
volunteers. PLTs and RBCs were measured to have volumes
(mean = standard error of the mean) of 10.5 + 0.5fL, 100.6 &
4.0 fL, within physiological norms determined by the Coulter
method (Paulus, 1975; Lichtman, 2005). See Table 1.

After this initial validation of the technique, we set out to
determine if HD-CTCs had distinct volumes from leukocytes. We
measured the volumes of HD-CTCs (N = 42, using four slides
from the different blood draws of one patient) and leukocytes
(N = 100) identified in the peripheral blood of a breast can-
cer patient with known metastatic disease, (Figure 3). Leukocytes
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Table 1 | Biophysical properties of normal peripheral blood cells and breast cancer associated HD-CTCs.

Cell type Area [pm?] Volume [fL]
PLT 75+0.3 10.5+0.5
RBC 42.0+£1.0 100.6 4.0
Leukocyte 48.0+0.6 234.1 £ 4.1
HD-CTC 135.6 +£6.0* 851.6 +45.8*

Lc[pm] oal-1 N

0.42£0.03 0.06 +0.01 30
1.19£0.05 0.06 +£0.01 20
0.87 £0.03 0.17 £ 0.05 100
0.80 £0.04* 0.12 +0.04* 42

*Denotes p < 0.001 with respect to leukocytes. Leukocytes and HD-CTCs are from the same patient while PLTs and RBCs were collected from healthy donors.

Xz projection

B
B

FIGURE 3 | En face and cross sectional post-processed DIC images of
normal blood cell populations and HD-CTCs. Representative en face and
sagittal Hilbert transformed DIC images of (A,B) PLT, (C,D) RBC, (E,F)
leukocytes. (G) Merged fluorescence image of HD-CTCs and leukocytes

CD45

OPLT
oRBC
10¢ @ Leuk.
oCTC
11 10 100 1000
Area [um?]

from breast cancer patient, (H) corresponding DIC image, (I) corresponding
Hilbert transformed DIC image, (J) corresponding cross sectional images at
the t, top; m, middle; b, bottom locations denoted in (I). (K) Scatter plot of
cell areas vs. corresponding volume for each cell type.
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were chosen at random in the field of view containing the HD-
CTC. HD-CTCs were determined to have significantly larger
volumes (mean =+ standard error of the mean), 851.6 & 45.8 [fL],
than leukocytes, 234.1 & 4.1 L, p < 0.0001 (Table 1).

Next, we measured the area of each cell type to test for overlap
of this parameter among HD-CTCs and leukocytes as previ-
ously observed in colorectal cancer (Marrinucci et al., 2009a)
and prostate cancer (Stott et al., 2010). The area for normal cell
types was measured to be 7.5+ 0.3 [wm?] (PLT), 42.0+ 1.0
[wm?] (RBC), 48.0 £ 0.6 [um?] (leukocytes). CTCs were found
to have a mean area of 135.1 % 6.0 [um?], significantly larger
than leukocytes, p < 0.0001 (Table 1).

HD-CTCs EXHIBIT SMALLER MASS-DENSITY FLUCTUATIONS

AND SHORTER-RANGE MASS-DENSITY SPATIAL

CORRELATIONS IN COMPARISON TO LEUKOCYTES

Previously, we determined by Wright-Giemsa staining that CTCs
have a high degree of pleomorphism, exhibit a range of high
and low nuclear-to-cytoplasmic ratios, and possess morpholog-
ical features similar to the primary and/or metastatic lesions in
breast (Marrinucci et al., 2007), colorectal (Marrinucci et al.,
2009a), and lung (Marrinucci et al., 2009b) cancer.

As the organization of cellular mass density is central in deter-
mining the absorption properties exhibited by stained cells and
thus central to the qualitative evaluation of CTCs by patholo-
gists, we sought to quantify the heterogeneity of sub-cellular mass
density using the optical sectioning and edge detection capabili-
ties of DIC microscopy. DIC intensity variations along the optical
axis were used to infer the relative magnitude of sub-cellular den-
sity fluctuations, o4[—], and spatial correlations along the axial
direction can be used to assess the average size of sub-cellular
constituents, L¢ [pum].

First, we established the utility of the (04, Lc) parameters
in distinguishing purified populations of normal blood cells,
(Figures 5B,C). L¢ was found to be unique to each blood cell
type: 0.42 £ 0.03 [wm] (PLT), 1.19 £ 0.05 [pm] (RBC), 0.87 +
0.03 [pm] (leukocyte), p < 0.001, while o4 values were iden-
tical for PLTs and RBCs: 0.06 £ 0.01 [—], though distinct for
leukocytes: 0.17 £ 0.05 [—], p < 0.001, (Table 1).

Next, we explored the (04, L¢) properties of HD-CTCs and
compared these to leukocytes. Mapping of the 64 and L¢ param-
eters over the nuclear and cytoplasmic compartments of the
cell revealed that CTCs had reduced nuclear density fluctuations
and reduced nuclear spatial correlation lengths in comparison
to leukocytes, (Figures 4C,D). Upon binning the (o4, Lc) val-
ues corresponding to each cell type into histograms, systematic
decreases in both of these parameters were observed cell-wide for
CTCs in comparison to leukocytes, (Figures 4F,G). No differences
between HD-CTCs and leukocytes were observed in histograms
of the DIC image alone, (Figure 4E).

To determine the ability of the (o4, Lc) parameters to quan-
titatively characterize CTCs and leukocytes, we computed the
mean values of o4 and L¢ for CTCs (N = 42) and compared
these to leukocytes and found statistically significant decreases
in both parameters among HD-CTCs in comparison to leuko-
cytes, (Figure 5, Table 1). The mean subcellular constituent size,
L¢, for HD-CTCs was 0.80 &= 0.04 [um] compared to 0.87 & 0.03

[wm] for leukocytes, p < 0.001; density fluctuations for HD-
CTCs, o4, were found to be 0.12 & 0.04 compared to 0.17 £ 0.05
for leukocytes, p < 0.001, Table 1.

DISCUSSION

Clinical studies have demonstrated that metastatic cancer is
accompanied by the presence of CTCs in the peripheral cir-
culation across the major carcinomas (Allard et al., 2004) and
that CTCs possess morphologic similarities to primary and/or
metastatic lesions (Marrinucci et al.,, 2007, 2009a,b) and are
morphologically distinct from the surrounding white blood cell
population (Marrinucci et al., 2012).

To date, the biophysical characterization of CTCs has been
restricted to two-dimensional investigations of morphology, area,
and nuclear to cytoplasmic ratio. Here we quantified basic
three-dimensional biophysical properties of CTCs associated with
metastatic disease of the breast: volume and mass density varia-
tions. We find that HD-CTCs are characterized by larger volumes,
decreased mass-density fluctuations, and possess shorter-range
spatial density correlations in comparison to leukocytes. We
attribute this basic difference in HD-CTCs and leukocytes to the
high nuclear content of leukocytes, giving rise to increased ampli-
tude fluctuations, and the increased amount of compaction of
nuclear material in leukocytes, giving rise to larger spatial corre-
lations (sub-cellular constituent sizes). These results mirror the
qualitative observation that HD-CTCs in this study had large,
spread out nuclei, that were homogenous in comparison to the
surrounding leukocytes, Figure 4B. Future studies linking DIC
based measurements of mass density variations with nano-scopic
tools (Subramanian et al., 2008) will provide insight into nuclear
architecture over the nano-to-micro scale divide (Zink et al.,
2004).

The optical sectioning capability of DIC microscopy provides
a means to account for structural information that is normally
out of focus or not detectable in fluorescence and stain based
imaging, thus yielding a complementary characterization of CTC
cellular structure. Indeed, we found that in some instances the
cell bodies of CTCs were spread across multiple planes perpen-
dicular to the optical axis, spanning up to 10 wm, while the cell
bodies of the leukocyte population were consistently confined to
a 3—4 pm range about the central focal plane. As previous reports
(Marrinucci et al., 2009a; Stott et al., 2010) utilizing fluorescence
microscopy have documented the general separation but partial
overlap of CTC area with leukocyte area and the similarity of
nuclear to cytoplasmic ratio among breast cancer associated CTCs
and leukoctyes (Marrinucci et al., 2007) the future measurement
of CTC volume across tumor type and disease stage will provide
further insight into the geometric similarities and differences of
CTCs and the corresponding leukocyte population.

Physical parameters independent of volume and area, such
as density amplitude fluctuations and spatial correlations intro-
duced in this study, provide a complementary measurement of
cellular structure that attempt to quantify the qualitative obser-
vations of pathologists using stain based analysis under light
microscopy. Investigations on transformed human cell lines uti-
lizing label-free optical scattering and spectroscopic reflection
microscopy measurements have demonstrated the presence of
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FIGURE 4 | Fluctuation and spatial correlation maps: comparison
of HD-CTCs and leukocytes. (A) Merged fluorescence image of
HD-CTCs and leukocytes, (B) corresponding DIC images, (C) spatial
correlation length map, (D) density amplitude fluctuation map,
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(E) histogram of DIC intensity of cells indicated with white

arrows in (B). (F) HD-CTC and leukocyte L. histograms of cells indicated
in (C). (G) HD-CTC and leukocyte o4 histograms of cells indicated

in (D).

distinct optical signatures from cancer cells: increased sub-cellular
constituent size (Mourant et al., 1998), and an increased amount
of structural “disorder” at the nanoscale (Subramanian et al.,
2008). These observations suggest that cancer at the cellular level
is characterized by unique structural features that can be utilized
to detect, monitor, and potentially understand cancer.

The DIC method presented is utilized subsequent to molecular
based identification of CTCs using the HD-CTC assay. Future val-
idation studies are required to assess the sensitivity and specificity
of the biophysical metrics in relation to the HD-CTC inclusion
criteria. To be competitive with the HD-CTC assay, the DIC
method would need to be drastically sped up. Currently, the DIC
method requires two minutes to complete image cube acquisition

of a single field using a Zeiss Axio Imager 2 with a moveable stage.
This time could be reduced by a factor of 10 with a piezo-driven
objective lens holder. Post-processing of image cubes in MATLAB
currently takes 5-7 min on a Dell TerraStation using the full res-
olution image cubes. Down sampling of the cubes to courser
grids could speed up computation time at the possible expense
of losing information. Future optimization studies are required
to make the label-free DIC method competitive with label-based
approaches.

Probing the “fluid phase” of cancer has been technologi-
cally challenging owing to the minute concentration of CTCs
in the peripheral blood of cancer patients with metastatic dis-
ease. The advent of modern CTC isolation and characterization
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FIGURE 5 | Mass density fluctuation and spatial correlation metrics axial resolved DIC intensity spatial correlation length among PLTs, RBCs,
for normal blood cell subpopulations and HD-CTCs. (A) Scatter plot of leukocytes, and HD-CTCs. (C) Box plot comparing population averages of
spatial correlation length vs. amplitude fluctuations for HD-CTCs and the axial resolved DIC intensity spatial correlation length among PLTs,
leukocytes from breast cancer patient. (B) Box plot comparing population RBCs, leukocytes, and HD-CTCs. *Denotes p < 0.001 in comparison to
averages of the axial resolved DIC amplitude fluctuations averages of the leukocytes.

methods has recently enabled the use of these rare cells to
survey primary and metastatic tumors through non-invasive
blood draws. This study suggests that CTCs may possess a dis-
tinct set of physical parameters in comparison to the white
blood cell populations in the same patient. However, these
parameters have yet to be developed completely to demon-
strate their utility for clinical applications. Further studies
will be required across multiple patients and disease types
to determine whether the physical parameters observed in
this study are conserved across patient populations, time,
treatment, and cancer type. Measurement of the basic bio-
physical characteristics of CTCs is critical to both under-
standing the physical characteristics and chemical kinetics
of metastasis and aiding in future detection of CTCs in

non-perturbative ways to maintain the viability of these enig-
matic cells.
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Clinical studies have demonstrated that circulating tumor cells (CTCs) are present in the
blood of cancer patients with known metastatic disease across the major types of epithe-
lial malignancies. Recent studies have shown that the concentration of CTCs in the blood
is prognostic of overall survival in breast, prostate, colorectal, and non-small cell lung can-
cer. This study characterizes CTCs identified using the high-definition (HD)-CTC assay in
an ovarian cancer patient with stage IlIC disease. We characterized the physical prop-
erties of 31 HD-CTCs and 50 normal leukocytes from a single blood draw taken just
prior to the initial debulking surgery. We utilized a non-interferometric quantitative phase
microscopy technique using brightfield imagery to measure cellular dry mass. Next we
used a quantitative differential interference contrast microscopy technigue to measure
cellular volume. These techniques were combined to determine cellular dry mass den-
sity. We found that HD-CTCs were more massive than leukocytes: 33.6 £ 3.2 pg (HD-CTC)
compared to 18.7 0.6 pg (leukocytes), p <0.001; had greater volumes: 518.3 +24.5fL
(HD-CTC) compared to 230.9 4+ 78.5fL (leukocyte), p < 0.001; and possessed a decreased
dry mass density with respect to leukocytes: 0.065 4 0.006 pg/fL (HD-CTC) compared to
0.085 + 0.004 pg/fL (leukocyte), p < 0.006. Quantification of HD-CTC dry mass content and
volume provide key insights into the fluid dynamics of cancer, and may provide the ratio-
nale for strategies to isolate, monitor or target CTCs based on their physical properties. The
parameters reported here can also be incorporated into blood cell flow models to better
understand metastasis.

Keywords: circulating tumor cell, ovarian cancer, differential interference contrast, quantitative phase microscopy,

cellular mass, cellular volume, cellular density

INTRODUCTION
Ovarian cancer is the most lethal gynecological cancer and the fifth
leading cause of cancer death among women in the United States.
Over 90% of stage I patients with ovarian cancer can be cured with
the current standard of care: tumor resection followed by platinum
and taxane based chemotherapy. However, only 20% of ovarian
cancers are detected in stage I (Bast et al., 2009). This is due in
part to the anatomic location of the ovaries deep within the pelvis,
the absence of tumor-specific symptoms (Lim et al., 2012) and a
lack of effective serum markers that correlate with early disease
progression (Anderson et al., 2010; Urban et al., 2011). The devel-
opment of sensitive and specific diagnostic techniques for ovarian
cancer is thus imperative to enhance the treatment outcomes of
this disease. The enumeration and physical characterization of cir-
culating tumor cells (CTCs) represents a new strategy to monitor
the dynamics of tumor burden and potentially gain insight into the
hematogenous transport of CTCs to other locations in the body.
Clinical studies have demonstrated that CTCs are present in
the blood of cancer patients with known metastatic disease across

the major types of epithelial malignancies (Allard et al., 2004).
The concentration of CTCs in the blood is prognostic of overall
survival in ovarian (Poveda et al., 2011), breast (Cristofanilli et al.,
2004), prostate (Scher et al., 2009), colorectal (Cohen et al., 2008),
and non-small cell lung cancer (Nieva et al., 2012) and is predic-
tive of radiological response in some instances (Hayes et al., 20065
Cristofanilli et al., 2004). Further, case reports suggest that CTCs
possess morphological features resembling the corresponding pri-
mary and/or metastatic lesions in breast (Marrinucci et al., 2007),
colorectal (Marrinucci et al., 2009a), and lung (Marrinucci et al.,
2009b) cancer. Together, these studies indicate that CTCs can be
used to survey primary and metastatic lesions through minimally
invasive peripheral blood draws or “fluid biopsies.”

While the morphology of CTCs is understood from the per-
spective of hematopathology, the physical properties of CTCs and
their potential correlation to disease progression, the physics of
hematogenous dissemination, and the processes governing arrest
in distant organs are ill-defined. The observation that epithelial
cells are less dense than red blood cells (RBCs) and tend to be
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large in comparison to hematopoetic cells has inspired the use
of density dependent enrichment via centrifugation (Rosenberg
et al.,, 2002) and size dependent selection through isolation by
size filtration (Vona et al., 2000). In this study, we sought to
measure the physical properties of CTCs without any fundamen-
tal assumptions regarding the value of these parameters. Hence,
the detection technique is independent of these parameters. We
utilized the high-definition (HD) CTC assay (Marrinucci et al.,
2012) which retains all nucleated cells from peripheral blood and
employs a rapid surface marker based fluorescence technique uti-
lizing laser scanning microscopy to identify cytokeratin positive,
CD45-negative, DAPI positive cells.

We analyzed 31 CTCs in a 66-year-old ovarian cancer patient
with stage IIIC disease. The cells were isolated from a blood draw
taken just prior to a debulking surgery. The HD-CTC assay is
compatible with high magnification optical microscopy, enabling
the use of non-interferometric quantitative phase microscopy (NI-
QPM) techniques to measure cellular dry mass and density; as well
as the use of differential interference contrast (DIC) microscopy
to measure cellular volume. We present a comparison of these bio-
physical metrics among CTCs and normal leukocyte populations
(N =50) with the goal of understanding the cytophysical proper-
ties of cancer cells in the circulation. This study may provide the
rationale for future strategies to isolate, target, and monitor CTCs
using their physical properties.

MATERIALS AND METHODS

HD-CTC ENUMERATION AND CHARACTERIZATION

An ovarian cancer patient provided informed consent at Scripps
Clinic (La Jolla, CA, USA) as approved by the Institutional Review
Board. Eight milliliters of peripheral blood was collected in a rare
cell blood collection tube (Streck, Omaha, NE, USA) and processed
within 24 h after phlebotomy. HD-CTCs were identified accord-
ing to the published protocol, the sensitivity and specificity of
which is documented in Marrinucci et al. (2012). The technique
consists of a red blood cell lysis, after which nucleated cells are
attached as a monolayer to custom-made glass slides. These slides
are the same size as standard microscope slides and possess a pro-
prietary coating to ensure maximal retention of live cells. Slides
were subsequently incubated with antibodies against cytokeratins
(CK) 1, 4-8, 10, 13, 18, and 19 (Sigma); and CD45 with Alexa
647-conjugated secondary antibody (Serotec), nuclei were coun-
terstained with DAPI (Serotec). For HD-CTC identification, an
automated digital microscopy technique was used for fluorescence
imaging. Potential CTCs were located and identified by compu-
tational analysis of the resulting image data. Fluorescence images
of CTC candidates were then presented to a hematopathologist-
trained technical analyst for interpretation. Cells were classified
as HD-CTCs if they were CK-positive, CD45-negative, contained
an intact DAPI nucleus without identifiable apoptotic changes
or a disrupted appearance, and were morphologically distinct
from surrounding leukocytes. Cartesian coordinates for each HD-
CTC on a slide were generated from a fixed origin on that slide
and used to relocate the cells of interest for NI-QPM and DIC
measurements. Leukocytes located in the same field of view of
HD-CTCs were chosen at random to be quantitatively compared
to the HD-CTC population.

NON-INTERFEROMETRIC QUANTITATIVE PHASE MICROSCOPY TO
DETERMINE CELLULAR DRY MASS CONTENT

Due to their weak scattering and absorption properties over the
optical spectrum, cells appear semi-transparent when imaged
with standard brightfield microscopes. This low endogenous
contrast under brightfield is a result of the amplitude of the
waves traveling through the cell remaining relatively unchanged.
The thickness and spatially variable density of the cell how-
ever, contributes to appreciable phase lags of the transmit-
ted waves. This fact has inspired the utilization of phase as a
contrast mechanism in cellular imaging in modalities such as
phase contrast microscopy and DIC microscopy (Preza et al,
2011).

Under the paraxial approximation, appropriate to weak index
contrast specimens such as cells, the phase, denoted ¢ (radian), is
defined as the sum of the relative refractive index of the sample
along the (typically unknown) height of the specimen, denoted
h(x, y) (wm) (Barer, 1952; Popescu, 2008)

2; [he)

¢ (%) =5

[ncell (xJ’) Z) - nO] dz (1)
) is the wavelength of light used when determining phase. Inter-
estingly, Barer (1952) demonstrated that the dry mass content of a
cell could be extracted from quantitative measurements of phase
as a result of the cellular refractive index being linearly propor-
tional to the dry mass content of a cell. This technique has been
applied to the measurement cellular mass changes through the cell
cycle (Mir et al., 2011).

Denoting by C (g/mL) the dry mass density of a cell, and o the
specific refraction increment of the cell solids (~0.2 mL/g), the
refractive index is dependent on the dry mass density as given by

neelt (%, ¥, 2) = o+ aC (x,,2). )

Defining the “projected” mass density as p(x,y) =

foh(x’y) C(x,y,z) dz (g/um?), we can obtain p from phase by
substituting Eq. 2 into Eq. 1 to find

_ 2
= [g/mm?] (3)

Cell mass is then determined by integrating p over the area of
the cell. Equation 3 requires no assumptions regarding the uni-
formity of the refractive index or mass density along height of the
cell.

In the present investigation we utilize a computational tech-
nique based on the transport of intensity equation (TIE; Paganin
and Nugent, 1998) that relates axial intensity, denoted I(x, y, z),
variations to transverse phase variations

_zj ol (x,y, z)

, 5 = Viy. [I (x, ¥ z) Viyd (x,y, z)] . (4)

Vx,y denotes the two-dimensional gradient operator in the trans-
verse x, y (perpendicular to optical, z-axis) coordinates. The
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TIE enables the determination of phase from standard bright-
field intensity measurements acquired on a traditional microscope
employing a charge coupled device (CCD) camera.

The TIE phase measurement consists of an image acquisition
step and a post-processing procedure to determine phase. Low
numerical aperture (NA) ~0.3 Kohler illumination of the sample
is carried out on a Zeiss Axio Imager 2 microscope (Carl Zeiss
Microlmaging GmbH, Germany) with a green, A = 540 £ 20 nm,
filter (Chroma Technology Corp., Bellows Falls, VT, USA). Three-
hundred through-focus brightfield intensity images of the sample
are obtained with a 0.1-wm axial step size under software con-
trol by SlideBook 5.5 (Intelligent Imaging Innovations, Denver,
CO, USA). The measured intensity is used to approximate the

axial derivative of the intensity, left hand side of Eq. 4. A Green
function technique is then utilized to solve for phase numeri-
cally (Frank et al., 2010) using a two-dimensional Fourier spectral
method. Lastly, Eq. 3 is used to determine the projected mass
density, p, from which the total cellular mass is determined by
integration over the area of the cell.

PREPARATION OF POLYSTYRENE SPHERES FOR NI-QPM VALIDATION

To explore the validity of the NI-QPM technique we prepared
polystyrene spheres whose phase properties are readily calculable.
Twenty microlitres of a 10% solution of polystyrene spheres (Poly-
sciences, Inc.) of diameter 0.11, 0.95, and 4.8 um were pipetted
separately on glass microscope slides (Fischer Scientific). Slides
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FIGURE 1 | Transport of intensity based quantitative phase 4.8tm, respectively. (B,D,F) Corresponding transport of intensity based
microscopy validation over two orders of magnitude. (A,C,E) quantitative phase maps. (G,H,l) demonstrate theoretical phase
Brightfield imagery of polystyrene spheres (n=1.597 A =540 nm) profiles (dashed) for each polystyrene sphere with corresponding data
suspended in fluoromount G (n= 1.4) with diameters of 0.11, 0.95, and (circles) overlaid.
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|
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FIGURE 2 | HD-CTC identification of ovarian cancer CTCs and
corresponding differential interference contrast (DIC) imagery.
(A,C) Immunofluorescent identification of HD-CTCs:

CK+CD45—DAPI+ and peripheral leukocytes: CK—CD45+DAPI+
(B,D) corresponding differential interference contrast images of the
same fields.

were air dried over night and then covered in Fluoromount G
(Southern Biotech) whereupon a number 1.5 glass coverslip (Carl
Zeiss Microlmaging) was placed overtop of the spheres. The sphere
samples were stored overnight at 4°C to allow the Fluoromount G
to cure. Prior to imaging, the samples were allowed to return to
room temperature for 15 min.

DIFFERENTIAL INTERFERENCE CONTRAST BASED CELLULAR VOLUME
DETERMINATION

HD-CTCs were relocated and through-focus DIC imagery at x63
magnification, NA = 1.4, of each cell type was performed using a
Zeiss Axio Imager 2 microscope (Carl Zeiss Microlmaging GmbH,
Germany) with a green, A =540 & 20 nm, filter (Chroma Tech-
nology Corp., Bellows Falls, VT, USA). Three-hundred planes
through the sample were acquired with an axial increment of
0.1 pm. The microscope was under software control by Slide-
Book (Intelligent Imaging Innovations, Denver, CO, USA). Images
were post-processed using a custom written program in MAT-
LAB (The MathWorks, Inc., MA, USA). Post-processing consisted
of the application of a Hilbert transform to each en face DIC
image to ensure optimal contrast in image cube construction
(Arinson et al., 2000). This process enables thresholding of DIC
images at the cost of introducing some image blur along the axial
direction. This low frequency noise was eliminated with the appli-
cation of a high-pass filter to each sagittal plane of the image
volume. The relative refractive index of the mounting media and
immersion media (matching the cover glass) is low enough to

prevent appreciable elongation of images along the optical axis
(Rajadhyaksha et al., 1999). The cross sectional area of the cell in
distinct sagittal planes was determined using a Sobel-based edge
detection algorithm. Outlined sagittal planes of the cell separated
by 0.6 wm were added together to obtain cellular volume. Each
voxel in the analysis corresponds to a diffraction limited vol-
ume of 0.28 wm x 0.28 wm x 0.35 wm =10.029 fL. Cellular area
was determined by outlining each cell in en face DIC images.

STATISTICAL ANALYSIS

The Jarque—Bera test was used to evaluate normality of all para-
meters. One-way analysis of variance with Bonferonni post hoc
analysis was used to assess statistical significance among para-
meters across multiple normally distributed cell parameters. The
Kruskal-Wallis test was used to assess significance among non-
normally distributed parameters. P-values of 0.05 or less were con-
sidered significant. All quantities presented as mean = standard
error of the mean unless otherwise noted.

RESULTS

TRANSPORT OF INTENSITY BASED QUANTITATIVE PHASE RETRIEVAL
METHOD MAINTAINS THE RESOLUTION OF THE DIFFRACTION LIMIT
AND IS STABLE OVER TWO ORDERS OF MAGNITUDE OF PHASE

To establish the accuracy of the TIE based phase retrieval algo-
rithm employed in this study, we performed phase retrieval
on polystyrene spheres (Polysciences, Inc., Warrington, PA,
USA; figphere = 1.597, A = 0.54 um) mounted in Fluoromount G

Frontiers in Oncology | Cancer Molecular Targets and Therapeutics

July 2012 | Volume 2 | Article 72 | 129


http://www.frontiersin.org/Cancer_Molecular_Targets_and_Therapeutics
http://www.frontiersin.org/Oncology
http://www.frontiersin.org/Cancer_Molecular_Targets_and_Therapeutics/archive

Phillips et al.

Optical measurement of CTC biophysical parameters

(Southern Biotech, Birmingham, AL, USA; np g =1.4) on glass
slides. The reconstructed phase profile was compared to the the-
oretical phase profile for transmitted waves through a sphere of
radius r, given by

4T (Msphere — MELG
(e =) [T

First we investigated the ability of the TIE to perform phase
retrieval at the diffraction limit of the microscope by evaluat-
ing the algorithm on 0.11 wm diameter spheres subject to Kohler
illumination at an NA =0.33. The measured resolution (x63,
NA = 1.4) was 0.38 pm which agreed with the theoretical reso-
lution for a system: 1.22)/(1.4 + 0.33). A higher illumination NA
could be used but at the expense of the validity of the TIE which
is posed under the paraxial approximation. In Figures 1A,B we
demonstrate the brightfield intensity and corresponding phase
map. Figure 1G compares the phase profile through the center
of the sphere to the theoretical profile. The TIE based phase had
a full-width at half maximum spatial resolution of 0.39 pm. The
maximal phase shift of the sphere is 0.25 & 0.03 radians, given the
manufacturer’s diameter variation of 0.012 pwm, and was measured
to be 0.26 by the TIE algorithm, within the manufacturing limits
of the sphere. The diffraction limit of the microscope prevented

¢ = )

any further information regarding the spatial dependence of the
phase profile (Figure 1G).

We next investigated the phase retrieval over two orders of mag-
nitude of the phase. Spheres of diameter 0.95 (Figures 1C,D,H)
and 4.75 uwm (Figures 1E,EI) were investigated. The maximum
theoretical phase shifts induced by the spheres were 2.18 £ 0.18,
10.9 £ 1.06 rad. In all cases, the TIE phase retrieval was able to
recapitulate the theoretical values to within the manufacturing
constrains of the spheres (Figures 1D,F). As well, the TIE method
recapitulated the correct spatial phase profile inside the spheres
(Figures 1H,I). Deviations of the TIE phase measurement at the
edges of the spheres are to be expected from the discontinuity of
the refractive index at these locations.

HD-CTCs IDENTIFIED IN AN OVARIAN CANCER PATIENT HAVE
DECREASED DENSITIES, DECREASED MASS, INCREASED VOLUME AND
INCREASED AREA IN COMPARISON TO NORMAL PERIPHERAL
LEUKOCYTES

Having determined the validity of the TIE based NI-QPM algo-
rithm, we performed phase imaging on 31 HD-CTCs. The HD-
CTCs were identified in a single blood draw taken just prior to a
debulking surgery from a 66-year-old ovarian cancer patient with
stage IIIC disease. HD-CTCs were first identified by immunofluo-
rescence staining and subsequently relocated for label-free analysis
(Figure 2). Separate 25pm X 25pm X 30 wm image cubes of

DIC intensity [a.u.]

Brightfield intensity [a.u.]

EET &2 0O N 0 02a

Phase map [radian]

0.8 12 -02 0 02 04 06 038 1.0

0 0.4
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FIGURE 3 | Quantitative phase microscopy of circulating tumor cells;
comparison to differential interference contrast (DIC) and brightfield
microscopy. (A,D) Differential interference contrast imagery of

CK+CD45-DAPI+ HD-CTC5. (B,E) Corresponding bright field images. (C,F)
Quantitative phase microscopy images determined from the transport of
intensity equation analysis applied to brightfield through-focus imagery.
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individual cells comprised of 18,750,000 voxels were created under
brightfield and DIC settings (Figures 3A,B,D,E).

Brightfield image cubes were inputted into the TIE phase algo-
rithm to determine phase profiles for each cell (Figures 3C,F).
DIC image cubes were post-processed using a Hilbert transform
technique to enable Sobel-based edge detection to quantify cellular
volume.

HD-CTCs and leukocytes separated into distinct populations
in the mass-volume parameter space (Figure 4A) under the cur-
rent sampling condition of similar numbers of leukocytes and
HD-CTCs analyzed. We found that HD-CTCs were more mas-
sive than leukocytes (Table 1): 33.6 £ 3.2 pg (HD-CTC) compared
to 18.7£0.6 pg (leukocytes), p <0.001 (Figure 4C) and had
greater volumes (Table 1): 518.3 +24.5 fL (HD-CTC) compared
to 230.9 £ 78.5 fL (leukocyte), p < 0.001 (Figure 4D). HD-CTCs
were found to possess a decreased dry mass density with respect to
leukocytes (Table 1): 0.065 = 0.006 pg/fL (HD-CTC) compared to
0.085 £ 0.004 pg/fL (leukocyte), p < 0.006 (Figure 4B). CTC areas
were larger than those of leukocytes (Table 1): 138.6 & 8.1 Lm?
(CTC) compared to 51.8 1.5 pwm?, p <0.001 (Figure 4E).

DISCUSSION
Quantification of the biophysical properties of CTCs provides
insight into the physics of the fluid phase of cancer. Flow-
dependent interactions with RBCs in the vessels of the micro-
circulation give rise to the prevalence of less dense cells along
the periphery of the vessel wall (e.g., platelets, leukocytes), a phe-
nomenon known as margination (Goldsmith and Spain, 1984).
Oxygenated RBCs have a dry mass density of 0.3 pg/fL (Park
et al., 2008) by contrast, the leukocytes and HD-CTCs analyzed
in this study are roughly 3.5-4.5 times less dense than RBCs,
respectively (Table 1). The reduced dry mass density of leuko-
cytes and HD-CTCs in comparison to RBCs suggests that these
less dense cells may be physically trafficked to the vessel periphery
through margination in a similar manner. Proximity of CTCs to
the endothelium coupled with a large surface area could enhance
the kinetics for interactions with endothelial cells and aid in
promoting metastasis.

The label-free optical measurement of dry mass density and
volume of HD-CTCs and leukocytes quantifies the density over-
lap and volumetric differences among these cells. Area and volume
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FIGURE 4 | Quantification of biophysical properties of ovarian contrast based volume measurements were uncorrelated. (B)
cancer HD-CTCs. (A) Scatter plot of cellular dry mass in pg Density box and whisker plot, (C) mass box and whisker, (D)
(abscissa) versus cellular volume in fL (ordinate). Quantitative phase volume box and whisker, (E) area box whisker. *Denotes p < 0.05
microscopy based mass measurements and differential interference with respect to CTCs.

Table 1 | Biophysical properties of normal peripheral leukocytes and ovarian cancer associated HD-CTCs.

Cell type Area (mm?2) Volume (fL) Mass (pg) Density (pg/fL) N
Leukocyte (WBC) 51.8+15 230.9+78.5 18.7+0.6 0.085+0.004 50
HD-CTC 138.6+8.1*% 518.3 +24.5*% 33.6+3.2*% 0.06540.006* 31

Area was determined from outlining the boarder of cells using DIC imaging. Volume was determined using a Hilbert transform post-processing algorithm on through-

focus DIC image cubes. A non-interferometric quantitative phase microscopy method was used to determine cellular dry mass content. Cellular density was determined

by dividing cellular mass by cellular volume. *Denotes p < 0.05 with respect to leukocytes.
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were the most statistically significant features that separated the
populations from a physical standpoint. The dry mass density
values reported here (Table 1) demonstrate why CTC enrichment
using a density-based method is prone to leukocyte contamination
(Rosenberg et al., 2002): the overlap of leukocytes and HD-CTCs
makes the use of this parameter an unlikely means to separate the
two cell populations (Figure 4B). Volumetric differences among
these cell types demonstrate that isolation by size methods would
omit a fraction of leukocytes (assuming an 8 wm diameter filter)
but again, at the cost of leukocyte contamination. One may be
tempted to make the filter size larger, allowing more leukocytes
to pass through the filter. This should result in reduced leukocyte
contamination but at the cost of omitting the potential CTC sub-
population that could overlap volumetrically with leukocytes. This
preliminary study in an Ovarian cancer patient demonstrated that
volume could separate the CTCs from the leukocyte population.
However, more investigations across patients, tumor types, and
treatment regimens are required to ensure members of the CTC
population would not be lost in the use of larger filter sizes in filtra-
tion enrichment approaches. The HD-CTC assay, an enrichment

free method, is an optimal tool to investigate the rationale for
biophysical based enrichment strategies for CTC detection and
lab-on-a-chip type characterizations.

The biophysical properties of HD-CTCs offer quantitative met-
rics with which to document potential changes in the CTC popula-
tion in response to therapeutics, disease progression, or interven-
tional surgeries. This label-free biophysical characterization can
be carried out in parallel with current efforts to understand the
genetic and proteomic composition of both the solid and fluid
phase of caner. Together, these complementary approaches might
aid in the search for targeted therapies.
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