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Abstract

The vast majority of cancer associated deaths result from metastasis, yet the behaviors of its most
potent cellular driver, circulating tumor cell clusters, are only beginning to be revealed. This
review highlights recent advances to our understanding of tumor cell clusters with emphasis on
enabling technologies. The importance of intercellular adhesions among cells in clusters have
begun to be unraveled with the aid of promising microfluidic strategies for isolating clusters from
patient blood. Due to their metastatic potency, the utility of circulating tumor cell clusters for
cancer diagnosis, drug screening, precision oncology and as targets of antimetastatic therapeutics
are being explored. The continued development of tools for exploring circulating tumor cell
clusters will enhance our fundamental understanding of the metastatic process and may be
instrumental in devising new strategies to suppress and eliminate metastasis.
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Ninety percent of cancer associated deaths are a result of metastasis. The conventional study
of the metastatic process focused on individual circulating tumor cells (CTCs), which
disseminate from primary tumors to colonize distant organs[1]. However, evidence[2]
suggests that individual CTCs may not be the only drivers of metastasis. Instead,
multicellular aggregates of CTCs (CTC Clusters) appear to play a large role in metastasis
and their potential utility in the clinic has begun to be explored (Figure). Clues to the greater
potency of CTC clusters in establishing tumors were first discovered over four decades ago
in experiments where cancer cells were injected into the circulation of mice to study their
abilities to generate metastases. Fidler et al.[3] found that when cancer cells were aggregated
into clusters before injection, they established several-fold more tumors than equal numbers
of individual cancer cells, a finding that was later replicated by other groups[4,5]. Further
work exploring the biology and behavior of cancer cell aggregates was hampered for many
years due to the lack of available technologies for the efficient isolation of CTC clusters
from blood and their subsequent analyses.

Emergent technologies[6-10] have reinvigorated this research, leading to the efficient
isolation of CTCs from patient blood[10-14] and to numerous surprising discoveries[2] such
as reports that these clusters are responsible for seeding ~50-97% of metastatic tumors in
mouse models[15,16]. Alarmingly, studies also revealed that the isolation of one or more
CTC clusters in patient blood at any given time point correlated with significantly worse
survival rates in patients with prostate[15], breast[15], colorectal[17] and small-cell lung[18]
cancers. It is quite likely that CTC clusters play a far greater role in the metastatic process
than previously believed.

Much of the biology and biophysical characteristics of CTC clusters however, remains
poorly understood. Here, we review recent advancements in the field of CTC clusters with
an emphasis on enabling technologies and strategies that have the potential to accelerate the
study and potential clinical utility of clusters (Figure). Recent literature elucidating their
cellular characteristics and role in metastatic progression will be highlighted, with a focus on
the importance of cellular biophysics. We will then review tools and techniques for isolating
these rare cellular aggregates from blood. Finally, we will discuss their utility as diagnostic
or prognostic markers and ultimately their potential as targets of anti-metastatic
interventions.

Intercellular Adhesions and Biophysics of Metastasis

Studies have begun to reveal the extent to which clusters contribute to the formation of new
tumors in patients with cancer. Metastatic tumors were traditionally believed to be
established by the invasion and proliferation of individual CTCs into distant organs. Three
recent studies[15,16,19] have challenged this assumption by exploring the abilities of CTC
clusters to transit through the circulation to reach distant organs and to establish secondary
tumors. A common element among these studies is the important biophysical role that
intercellular adhesions, a defining feature of multicellular aggregates, play in their metastatic
potentials.

Curr Opin Biomed Eng. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Au et al.

Page 3

Perhaps the most prominent rationale for the belief that CTC clusters were incapable of
seeding metastatic tumors was that these clusters, which sometimes contain over one
hundred cells[14], are incapable of transiting through capillaries of 5-10 um in diameter, and
therefore immediately arrest in circulation leading to the rupture of vessel walls[1,20,21].
Using microfluidic constrictions that modelled the microcirculation, we demonstrated that
clusters containing over 20 cells could travel through capillary-sized constrictions under
physiological pressures by reorganizing into chains of single cells[19]. This behavior was
then recapitulated in true blood vessels by injecting clusters into the circulation of zebrafish,
which have vascular geometries and physiology similar to the human microcirculation.
Importantly, it was the strengths of intercellular adhesions within clusters that dictated
whether clusters were capable of rearranging into intact chains at constrictions.
Computational simulations demonstrated that weakening or strengthening the adhesive
energies among cells in CTC clusters to levels outside the range found in typical cancer
clusters resulted in dissociation of clusters into single cells or complete occlusion,
respectively. These findings have dissuaded us from using the traditional nomenclature of
“circulating tumor microemboli” when referring to clusters since these aggregates are often
no more likely to occlude capillaries than individual CTCs and therefore the label of
“embolism” is ill-suited.

After transiting through the circulation to reach distant organs, CTC clusters need to
proliferate to establish macrometastases and secondary tumors. Aceto et al.[15] and Cheung
et al.[16] explored the colonization ability of clusters through the use of fluorescently tagged
cancer cells injected into immunodeficient mice in various configurations. Both groups
found that CTC clusters were not only capable of establishing macrometastases, but that
these clusters may be 50-100-fold[15,16] more likely to seed metastatic tumors than equal
numbers of individual cells. By injecting cells labelled with two different fluorescent
proteins and later examining established metastases and isolated CTC clusters for the
presence of one or both colors, these groups: a) ruled out tumor reseeding or serial seeding
as causes of tumor establishment and b) demonstrated that CTC clusters likely disseminate
from primary tumors as aggregates, instead of being formed by the aggregation of individual
CTCs inside vessels. Interestingly, both groups found that proteins involved in intercellular
adhesion complexes played important roles in the ability of clusters to seed metastases.
Aceto et al. found that plakoglobin, an intercellular anchor protein involved in desmosomes
and adherens junctions, had 219-fold greater expression in CTC clusters than single CTCs,
and its expression in primary tumors was associated with significantly reduced metastasis-
free survival rates in patients. Cheung et al. extensively characterized the presence and role
of keratin 14 (K14), an intermediate filament protein also involved in desmosomes and
hemidesmosomes, and was found to be enriched in cells at the periphery of cancer
aggregates and tumors. Interestingly, primary tumors with reduced K14 expression presented
a seven-fold reduction in the mean number of metastases vs. control tumors in animal
models suggesting that K14 is important in the formation of distant organ metastases. The
role of K14 in metastasis is likely related to its effects on the strengths of intercellular
adhesions and coordination of collective cell migration events[22], but further studies are
needed on its influence on other potential biophysical properties such as stiffness[23] and
mechanical force-induced migration[24].
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Altogether, these biophysical and biological studies indicate that intercellular adhesions play
a dynamic role in CTC cluster cohesion, transit, collective migration and tumor seeding. Yet,
much work remains to be done in this field. It is likely that intercellular adhesion complexes
such as desmosomes play a strong role in cluster-driven metastasis, but it is unclear to what
extent other cell-cell, cell-matrix adhesion proteins and their associated anchor proteins are
involved in the ability of CTC clusters to perform all the steps relevant to metastases. These
adhesion molecules may eventually play key roles in advancing our ability to predict, treat
and eventually prevent the development of metastases in patients. As we develop
technologies to isolate clusters with greater efficiency and ease, we will more rapidly
advance our understanding of cluster biophysics and its relation to metastatic progression.

Isolation Strategies

A significant challenge for scientists and clinicians working with CTCs and CTC clusters is
their rarity. It is currently estimated that a 10 mL sample of blood from the peripheral
circulation of a patient with metastatic cancer typically contains 0-100's of individual CTCs
and roughly 0-5 CTC clusters among approximately 50 billion red blood cells, 80 million
leukocytes and 3 billion platelets. These estimates can vary greatly depending on cancer
type[25,26], blood collection site[27,28] and treatment stage[29] and currently rely on the
isolation and enumeration of these cells from sampled patient blood instead of direct /n vivo
measurements. Nonetheless, the numerous strategies for isolating individual CTCs from
whole blood that have been developed have been greatly enabling for many studies in the
CTC field[30]. Most studies of CTC clusters however, have thus far relied on the strategies
designed for individual CTCs, which are capable of capturing clusters with varying
efficiencies.

One simple technique for detecting the presence of CTCs and CTC clusters in patient blood
is to lyse red blood cells (RBCs) and then fix, stain and plate the remaining nucleated
cells[9,13,31]. Antibodies against cytokeratin and CD45 are then used to discriminate
cancerous from cells from leukocytes. The lack of enrichment in this strategy minimizes
potential bias in the population of detected tumor cells as a result of the selection method.
Furthermore, because cells are fixed onto glass slides and stained as part of detection, this
technique can be easily integrated into downstream molecular, morphologic and phenotypic
analyses by pathologists or automated image-processing tools. However, this technique is
incompatible with applications that require the recovery of viable CTC clusters, such as
culture and drug screening, because cells are fixed during processing.

A different strategy for isolating CTCs and CTC clusters was developed by Warkiani et al.
[32]. This microfluidic platform uses trapezoidal cross-section microchannels arranged into
spiral geometries to separate cancer cells based on size differences, and is capable of
capturing CTCs and CTC clusters from patients with breast[32], lung[32] and head & neck
cancers[33]. This method is particularly attractive because of its simplicity and its very high
processing rates, ~0.5-1 mL/min for cells within RBC-lysed blood, which makes it
beneficial for applications that require the isolation of CTCs from large volumes of patient
blood such as early detection. CTC isolation strategies, such as this one, that rely on size
differences to discriminate cancer cells from leukocytes and RBCs[6,30,32,34,35] may have
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limitations when applied to isolating CTC clusters. Although clusters are on average larger
than individual CTCs and normal blood cells, strategies that rely solely on size-based
separation are hindered by the geometries and biomechanics of CTC clusters. First, the sizes
of individual CTCs vary dramatically, ranging from 4-30 um within a single patient[36],
which overlaps with the diameters of leukocytes (~12-15 um) and the disc diameters of red
blood cells (~8 pm). Second, the majority of clusters exist as small 2-4 cell aggregates[37],
reducing the average size disparities between large single cells and most clusters. Third,
cells and clusters often assume alignments that “mask” their longest axes during size-based
sorting by microfluidics[38-40] or filtration[41]. Therefore, strategies that rely solely on
size-based separation likely have difficulty isolating a significant fraction of CTC clusters
from normal blood cells and single CTCs.

Affinity-based isolation, which relies on the expression of cellular markers to either isolate
cancer cells based on known tumor markers (positive selection) or to remove normal blood
cells thereby enriching for cancer cells (negative selection), also has its limitations. Positive
selection may have challenges targeting cancer cells with reduced expression of cancer
associated markers, such as those lost during epithelial-mesenchymal transition[42] and
often irreversibly attaches CTCs/clusters to magnetic beads[7] or substrates[8]. In addition,
antibody cocktails need to be customized for specific cancer subtypes such as melanoma[43]
and non-small cell lung cancer[44] that lack the expression of more ubiquitous cancer
markers like epithelial cell adhesion molecule (EpCAM). Negative selection is a promising
technique for isolating individual CTCs[45], but because leukocytes are sometimes found
attached to CTCs and CTC clusters[14,26,46] and because cancer-associated leukocytes play
important roles in metastatic progression[47], negative selection may exclude an invaluable
subpopulation of clusters from detection.

The other concern with using existing CTC isolation strategies for clusters is that processing
may cause irreversible cellular damage or disrupt clusters into single cells and cluster
fragments. The greater than physiological shear stresses applied to cells during processing
are often a direct consequence of the desire to process greater volumes of blood within
suitable time-frames[32] or the need to achieve desired hydrodynamic phenomena required
for sorting[48]. Furthermore, methods that require cellular permeation[7,9,30,31] render
clusters unsuitable for many applications such as ex vivo culture and subsequent drug
screening. Overall, the great disparities in the number of reported CTC clusters sampled
from patient blood are likely attributable to both the variable efficiencies of previous CTC
capture technologies and the disruption of clusters into single cells during blood
processing[10,12,30,49].

In response to these concerns, Sarioglu et al. developed the first strategy to specifically
isolate CTC clusters (and not single CTCs) from blood by immobilizing them on arrays of
triangular micropillars[37]. While simple in principle, this technique capitalizes on the fact
that clusters are composed of discrete cellular units connected by intercellular adhesions.
Different cells within clusters attempt to simultaneously travel down each path at “Y”
junctions defined by the rows of the triangular micropillars. As a result, CTC clusters are
immobilized while individual cells pass through. This strategy is effective at discriminating
CTC clusters from other blood cells, capturing CTC clusters from ~30-40% of patients with
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metastatic breast cancer, prostate cancer or melanoma at flow rates of 2.5 mL/hr. This cluster
chip bypasses many of the drawbacks of strategies developed for single CTC capture
described above, most notably the potential for cluster disruption. While effective for
capture and enumeration, the recovery of clusters immobilized on micropillar arrays is
challenging because of its bulk operation and requires operation at 4°C and flows that exerts
significantly greater than physiological shear stresses to release CTC Clusters.

To address this limitation, we developed a continuous-flow microfluidic strategy for
isolating CTC clusters that relies on a two-stage deterministic lateral displacement (DLD)
approach, integrated into a single device[40].The first stage separates larger clusters based
solely on size-based separation using standard cylindrical DLD micropillar arrays, while the
second stage uses asymmetric pillars to discriminate smaller clusters from single CTCs
based on their inherent asymmetry. The continuous flow strategy isolates 99% of clusters
containing ~9 or more cells and 66% of smaller clusters from whole blood. Importantly,
clusters experience physiological or lower shear stresses during processing, remain intact
and have short (~10 s) residence times resulting in clusters with cell viabilities over 87%
and unhindered proliferative abilities without significant induction of apoptosis vs. controls.
This strategy is limited by its relatively slow blood processing rate, 1.0 mL/hr, a design
consideration that was chosen to limit applied shear stresses to levels below those
experienced in the human circulation.

Altogether, the unique challenge of isolating CTC clusters from blood has led to the
development of cluster-specific isolation strategies that will be beneficial to groups studying
metastasis and developing microfluidics. Ultimately, the most advantageous isolation
strategies will enable a wide range of future studies exploring the cellular characteristics and
clinical potentials of these rare cellular aggregates.

Towards Clinical Utility

Because of their high metastatic potential, CTC clusters have the potential to be valuable
markers and targets in oncology[2]. A number of studies have revealed a strong correlation
between the presence of CTC clusters recovered from venous patient blood and significantly
reduced survival rates[15,17,18,50-52]. More work needs to be done to determine if this
relationship is causal or simply associative, but the isolation of these clusters may still
provide beneficial information for clinicians for diagnostic and prognostic purposes[13,53].
Efficient and standardized CTC cluster isolation and processing strategies will be vital in
attempts to translate these findings to the clinic.

Another potential application of CTC clusters is in precision cancer medicine, where the aim
is to customize the best course of treatment for each individual patient. This may be
especially useful during the course of treatment since tumors rapidly evolve, developing
drug resistance to therapeutic agents. The screening of CTC clusters may enable clinicians
to rapidly identify mutations in primary tumors and/or CTC populations. Bithi and Vanapalli
recently developed a microfluidic microdroplet array for trapping individual CTCs and CTC
clusters and subsequently screening them for drug responsiveness[54]. An important
consideration for this technology is that the platform requires a high concentration of
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purified cancer cells (5-50x10%/mL) in buffer meaning that even though the device is
capable of “isolating” individual cells and clusters within droplets, another upstream strategy
is required to first isolate these cells from blood. Nonetheless, this technology may be
valuable in oncology because it enables the viability of CTCs and CTC clusters to be
monitored alongside drug uptake Kinetics. The latter may be useful since a substantial
fraction of tumor drug resistance is caused by the acquisition of enhanced drug efflux
capabilities[55]. Interestingly, it was found that clustered MCF-7 cancer cells had greater
resistance to doxorubicin than individual cells which suggests that this may be another
pathway that provides clusters a survival advantage over single cells in patients.

Finally, the majority of anti-cancer drugs that enter the market are modest improvements
over previous standards of care. The mean overall survival benefit of approved new drug
regimens has been only 1-2 months over the last few decades[56,57]. A major contributor to
these modest gains is that these drugs were not developed to directly target agents
responsible for metastasis. A novel strategy for combating metastasis may be to dissociate
CTC clusters into less potent individual CTCs in the circulation (e.g. by weakening the
adhesion energies among cancer cells within clusters)[19]. Choi et al. reported the
development of such a strategy using urokinase, which they claimed reduced the incidence
of metastasis in animal models by lysing fibrin to dissociate CTC clusters[46]. Some have
expressed skepticism in the potential use of urokinase for this application however, since
urokinase has significant off-target and potentially detrimental effects in many patients[58].
Furthermore, since there is little evidence that fibrin is a significant component of CTC
cluster adhesion, the mechanism of action in these studies may not in fact be related to
cluster dissociation[58]. These points highlight how important it is that antimetastatic
strategies targeting CTC clusters be highly specific and have minimal off-target effects. An
optimal agent of this sort would likely have a long half-life in the circulation, but exhibits
negligible toxicity and/or diffusion into healthy tissue and cells.

This is an intriguing time to be studying metastasis. Further advancements in CTC cluster
isolation technologies will only accelerate our understanding of these potent multicellular
aggregates and their contribution to metastatic progression. The development of therapeutic
agents that specifically target CTC clusters could lead to dramatic reductions in the
incidence of metastasis and the mortality rates across many cancers.
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Highlights
. CTC clusters establish secondary tumors with high efficiency
. Clusters travel through narrow capillaries by rearranging into single file
chains
. Intercellular adhesions are important for cluster transit and tumor seeding
. Isolation strategies designed for clusters improve capture efficiency
. Clusters are promising clinical tools and targets due to high metastatic
potentials

Curr Opin Biomed Eng. Author manuscript; available in PMC 2018 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Auetal.

Page 13

Disseminate

Transit

Colonize

Detect & Isolate

Biophysics &
Adhesions

00=

Diagnostics &
Prognostics

Drug Screening &
Patient Monitoring

©©
OJO,

Antimetastatic
Agents

Figure.

Topics covered in this review. Schematic of formation, transit, invasion and colonization of
distant organs by circulating tumor cell clusters (top left). Microfluidic strategies for
isolating CTC clusters from blood which may be useful for: biophysical studies, diagnostics
and prognostics, drug screening and the development of antimetastatic agents.
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