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Abstract

Metastasis is the major cause of mortality in 
patients with breast cancer; however, the 
mechanisms of tumor cell dissemination and 
metastasis formation are not well established 
yet. The study of circulating tumour cells 
(CTCs), the metastatic precursors of distant 
disease, may help in this search. CTCs can be 
found in the blood of cancer patients as single 
cells or as tumor cell aggregates, known as 
CTC clusters. CTC clusters have differential 
biological features such as an enhanced sur-
vival and metastatic potential, and they hold 
great promises for the evaluation of prognosis, 
diagnosis and therapy of the metastatic cancer. 
The analysis of CTC clusters offers new 
insights into the mechanism of metastasis and 
can guide towards the development of new 

diagnostic and therapeutic strategies to sup-
press cancer metastasis. This has become pos-
sible thanks to the development of improved 
technologies for detection of CTCs and CTC 
clusters. However, more efficient methods are 
needed in order to address important questions 
regarding the metastatic potential of CTC and 
future clinical applications. In this chapter, we 
explore the current knowledge on the role of 
CTC clusters in breast cancer metastasis, their 
origin, metastatic advantages and clinical 
importance.
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7.1  Introduction

Breast cancer (BC) is the most common cancer in 
women worldwide. It exceeded 2  million new 
cases diagnosed in 2018, representing about 25% 
of all cancers in women [1]. Despite advances in 
prevention, diagnosis and treatment, about 
5–10% of patients show metastasis at the time of 
diagnosis and near a 30% will develop metastasis 
throughout the course of treatment [2]. The 
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 metastatic stage remains an incurable malignant 
disease, accounting for more than 625,000 deaths 
per year worldwide (WHO). The ultimate respon-
sible of seeding cancer metastasis are the circu-
lating tumor cells (CTCs), which hematogenous 
spread was reported as early as in the nineteenth 
century. CTCs are found in the blood of cancer 
patients as single cells, although small groups of 
these cells named CTC clusters have also been 
detected, and very importantly, their presence is 
associated with an earlier onset of metastatic dis-
ease [3–6].

The advancement on the development of tech-
nological platforms able to isolate and to identify 
individual CTCs and CTC clusters from blood 
samples has been key to overcome the difficulties 
of working with a population of rare cells, 
extremely infrequent in the case of CTC clusters. 
It is estimated that only a 3,4% of CTCs are clus-
ters, and that about 50% of patients with meta-
static breast cancer (MBC) have at least one 
cluster [4]. For this reason, most of the knowl-
edge gained about the contribution of CTC clus-
ters to metastasis and their clinical implications 
has been achieved in the last decade, and it sug-
gests that CTC clusters may represent one of the 
key mechanisms initiating the metastasis process. 
However, the biological features of CTC clusters 
such as genesis and the underlying molecular 
mechanisms of their metastatic competency, 
remain largely unknown.

In this chapter, we will discuss the role of 
CTC clusters in breast cancer metastasis, focus-
ing on their biological features and clinical 
implications.

7.2  Insights on the Existence 
of CTC Clusters

The first experimental evidences of the presence 
of tumor cells in blood circulation were made by 
Langenbeck’s in 1841 [7], followed by the obser-
vations in 1869 by the Australian physician and 
pathologist Thomas Ashword, who also reported 
the presence of tumor cells in the blood of a male 

patient with metastatic cancer [8]. The vast 
majority of CTCs in circulation are found as sin-
gle cells, and just a small proportion are repre-
sented by CTC clusters. By definition, a cluster 
of CTCs is a group of more than two tumor cells 
detected in the blood of a cancer patient, more-
over the size of the clusters can vary from 2 tumor 
cells up to >100 cells [5]. Different names have 
been used in the literature to describe aggregates 
of tumor cell. CTC clusters have also been 
referred as circulating tumor microemboli 
(CTM), circulating micrometastases, circulating 
tumor aggregates, and tumor cell clumps [4, 5, 9, 
10]. For an easy understanding on the develop-
ment of this chapter, we will refer to them as 
CTC clusters.

The existence of clusters of circulating tumor 
cells was already predicted by Rudolf Virchow, in 
1858. In his theory about the dissemination of 
tumor cells, he hypothesized that metastasis 
could be explained simply by the arrest of tumor- 
cell emboli in the vasculature [11]. It was almost 
a century later that some initial studies emerged 
acknowledging the role of CTC clusters in metas-
tasis, although at the time the term emboli, and 
not cells, was widely used to describe these tumor 
aggregates [12, 13]. In 1954, the pioneering work 
by Watanabe showed that clumps of viable carci-
noma cells injected intravenously in mice were 
able to form lung metastases much more effi-
ciently than single cells suspensions, when 
injected at equal numbers [14]. Watanabe showed 
that the total number of cells injected was, appar-
ently, not an important factor and he suggested 
that clumps of cells have a survival advantage as 
compared to single cells. This data represents the 
initial indication of the greater predisposition of 
CTC clusters to form distal metastasis than single 
CTCs. Short after, in the 1970s, similar results 
were obtained in preclinical studies employing 
metastatic models to lung of melanoma, fibrosar-
coma, and mammary tumor cells, corroborating 
the highest efficiency of CTC clusters to form 
distant metastasis [10, 15–17]. These studies also 
showed that the success rate of CTC clusters on 
the formation of metastases partially depends on 
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the size and the concentration of the clusters 
found in the blood. Moreover, they revealed that 
CTC clusters are able of passaging through the 
circulation vessel in the lungs of experimental 
animals [17–20]. Similarly to these preclinical 
studies, the entrapment of CTC clusters in the 
microvasculature of patients has also been 
reflected more recently in the literature. 
Commonly, these tumor cell aggregates are found 
during autopsy of cancer patients [21, 22]. Thus, 
lungs might retain a substantial number of CTCs, 
and clusters of tumor cells (named tumor cell 
emboli) were observed in three out of eight 
patients with MBC [22]. Furthermore, a post- 
mortem analysis of a patient with metastatic 
Triple Negative breast cancer showed the pres-
ence of tumor emboli in diverse metastatic loca-
tions such as brain and lungs [21].

Despite of these initial findings, the advance 
on the understanding on the behavior and biology 
of CTC clusters and the appreciation of their full 
contribution to the process of metastasis was 
hampered mainly for one reason, the lack of tech-
nology available with the sufficient sensitivity to 
detect small populations of CTCs, including CTC 
clusters, and able to distinguish them from blood 
cells. Even nowadays, a key challenge is to 
develop enrichment technologies capable of cap-
turing intact CTC clusters avoiding breaking 
them apart [23]. In this regard, it is worth remind-
ing that if the presence of CTCs in the blood of 
cancer patients is rare, the presence of CTC clus-
ters is extremely rare [24], representing only 
2–5% of all CTCs, according to clinical and pre-
clinical studies [4, 6].

On the other hand, the established view of the 
metastatic process as described by the clonal evo-
lution model by Peter Nowell in 1976 [25], by 
which metastatic tumors arise from the prolifera-
tion of individual CTCs disseminated into distant 
organs [26, 27], has also contributed to the slow 
advancement on the study of CTC clusters.

Although the existence of CTC clusters has 
also been known for decades, it was in the 1990’s 
that the first studies isolated CTC clusters from 
the blood of patients with prostate, colorectal, 
breast, lung cancer and clear cell renal cell carci-
noma [3, 5, 28–31]. A summary of the studies in 

which CTC clusters have been investigated in the 
blood of patients from different cancer types is 
shown in Table  7.1. Since then, recent techno-
logical advances, developed mainly in the last 
two decades, have enabled a more efficient isola-
tion of CTCs and CTC clusters from the blood of 
cancer patients and thus, the significance of CTC 
clusters has emerged as a functional entity in the 
metastatic process (Fig. 7.1).

7.3  Challenging the Traditional 
View of the Dissemination 
Process

The traditional view on the development of 
metastasis believed that the establishment of 
metastatic tumors is due to the proliferation of 
individual CTCs released by the primary tumor 
into distant organs [26, 27]. Within this sce-
nario, if the “seed” of the metastasis is a single 
CTC, then the resulting tumor will be clonal. 
However, this conventional model of cancer 
metastasis has been challenged by data extracted 
from recent genomic studies tracking the evolu-
tionary histories of tumor cell clones along the 
metastasis progression, which show that metas-
tases can be composed of multiple genetically 
distinct clones. Thus, in murine models of breast 
cancer, pancreas and small cell carcinoma [6, 
45, 66], and in patients with metastatic prostate 
cancer [67], the presence in high frequency of 
polyclonal metastases has been observed. Along 
with these evidences, the isolation from the 
blood of cancer patients of CTC clusters and 
their capacity to seed distant metastasis (later 
discussed) suggest that, if a CTC cluster is the 
“seed”, the resulting metastasis can be poly-
clonal. These observations together with some 
other experimental evidences suggest that dif-
ferent clones of tumor cells can show coopera-
tive behavior, a concept called “clonal 
cooperation”, promoting their mutual survival 
and metastatic capacity [68–70]. Therefore, it is 
feasible to speculate that CTC clusters can be 
formed by the combination of different clones 
harboring diverse biological properties regard-
ing survival and growth.
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Table 7.1 Studies evaluating CTC clusters in different cancers

Tumor type Evaluation
Method for CTC cluster 
enrichment References

Colorectal cancer (n = 32) Detection Immunomagnetic cell 
separation

[28]

Liver cancer (n = 44) Detection and prognostic value ISET® [32]
Prostate cancer (n = 15) Detection HBCTC-Chip [33]
Non small-cell lung cancer stage 
III–IV (n = 28)

Detection ScreenCell® Cyto filter [34]

Lung cancer (n = 6) Detection, EMT features and 
apoptosis

ISET® and CellSearch® [30]

Breast (n = 4), non-small cell lung 
(n = 14), pancreatic (n = 18), 
prostate (n = 15) cancer

Detection High throughput microscopy 
for immunofluorescence

[4]

Small-cell lung cancer (n = 97) Prognostic value CellSearch® [5]
Small-cell lung cancer (n = 40) Comparative detection CellSearch®, ISET® [35]
Pancreatic cancer (n = 54) Detection and molecular 

characterization
ISET® [36]

Non-small cell lung cancer 
(n = 78)

Detection and prognostic value No enrichment done. Blood 
cytospin into microscope slide 
after RBC lysis

[37]

Breast cancer various stages 
(n = 41)

EMT features HBCTC-Chip [38]

Non-small cell lung cancer 
(n = 22) and small cell lung cancer 
(n = 21)

Detection and technology 
comparison

Microcavity array (MCA) 
system

[39]

Metastatic breast (n = 5) and 
non-small cell lung (n = 5) cancers

Detection and technology 
testing

Spiral microfluidic device [40]

Breast cancer (n = 79) and prostate 
cancer (n = 64); breast cancer 
mouse model

Prognostic value, metastatic 
potential, polyclonal metastases 
seeding and molecular 
characterization

HBCTC-Chip [6]

Breast cancer stage III–IV (n = 5), 
non-small cell lung (n = 13), and 
colorectal cancer stage IV (n = 3) 
patients.

Detection Flexible micro spring array 
(FMSA)

[41]

Breast cancer stage III–IV 
(n = 115)

Prognostic value CellSearch® [42]

Triple-negative breast cancer 
(n = 60)

Prognostic value CellSearch® [43]

Breast cancer (n = 27), melanoma 
(n = 20), and prostate cancer 
(n = 13)

Detection and technology 
testing

Cluster-Chip [44]

Pancreatic cancer mouse model Metastatic potential and 
polyclonal metastases seeding

No enrichment done. Whole 
blood was analyzed under the 
microscope

[45]

Breast cancer mouse model Metastatic potential and 
polyclonal metastases seeding

No enrichment done. Blood 
cytospin into microscope slide 
after RBC lysis

[46]

Metastatic melanoma (n = 128) Prognostic value ISET® [47]
Colorectal cancer stage IV 
(n = 54)

Detection and correlation with 
disease progression

CMx® platform [48]

Head & neck cancers early to late 
stages (n = 24)

Detection Spiral microfluidic device [49]

(continued)
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In this sense, the mouse as a preclinical model, 
combined with the performance of lineage trac-
ing experiments, has been a valuable tool to 
probe the seeding of polyclonal metastases by 
CTC clusters, in particular in breast cancer. By 
establishing primary tumors using color coded 
tumor cells, expressing fluorescent proteins of 
diverse colors, four independent groups have 
tested whether metastases arise by accumulation 
of single CTCs or by the direct seeding of CTC 
clusters [6, 45, 46, 63]. In the experimental setup 
involving lineage tracing and tumor transplanta-
tion, single colored metastases will arise either 
from seeding of single CTC and clusters com-
posed by only one color (monoclonal). On the 
other hand, multicolored metastases will be the 
result of seeding by CTC clusters composed of 
more than one color (polyclonal). Three of these 

mouse experiments have been conducted in 
breast cancer models, including patient-derived 
xenografts (PDXs) models, and the fourth one in 
a pancreatic cancer model. As a result of these 
experiments, all groups have found evidences of 
multicolored metastases, indicating that CTC 
clusters can seed polyclonal metastases [6, 45, 
46, 63]. However, as it will be discussed in the 
next section, the mechanism by which tumor 
cells give rise to CTC clusters seems to differ in 
some cases. The experimental design of these 
studies however, did not address whether a coop-
erative behavior was happening between clones. 
In addition, a similar experiment developed, in 
which two melanoma cell lines with different 
metastatic potential were mixed and injected into 
the flank of nude mice, has shown the presence of 
polyclonal CTC clusters and polyclonal metasta-

Table 7.1 (continued)

Tumor type Evaluation
Method for CTC cluster 
enrichment References

Metastatic breast cancer (n = 128) Prognostic value CellSearch® [50]
Metastatic breast cancer (n = 52) Prognostic value CellSearch® [51]
Lung cancer (n = 32) Detection EpCAM-based microfluidic 

chip
[52]

Pancreatic ductal adenocarcinoma 
(n = 63)

Prognostic value CMx® platform [53]

Advanced colorectal cancer 
(n = 98)

Prognostic value ISET® [54]

Gastric cancer stage IV (n = 41) Prognostic value ISET® [55]
Epithelial ovarian cancer (n = 54) Prognostic value Biotin-doped Ppy-deposited 

microfluidic chip
[56]

Head and neck cancer (n = 53) Prognostic value ISET® [57]
Sarcoma (n = 36) Detection CellSieve™ [58]
Lung cancer early stage (n = 36) Prognostic value OncoBean Chip [59]
Pancreatic cancer (n = 40) Prognostic value NE-iFISH [60]
Breast cancer (n = 43) Methylation status of CTC 

clusters
Parsortix™ [61]

Glioblastoma (n = 13) Detection and molecular 
characterization

Parsortix™ [62]

Breast cancer (n = 118) Prognostic value, metastatic 
potential, polyclonal metastases 
seeding and molecular 
characterization

CellSearch® [63]

Head and neck cancer stage I–IV 
(n = 21)

Detection Multi-flow microfluidic 
(MFM) system

[64]

Gastric cancer non metastatic 
(n = 55)

Prognostic value ISET® [65]

CMx cells captured in maximum, EMT Epithelial to mesenchymal transition, EpCAM Epithelial cell adhesion molecule, 
ISET Isolation by SizE of Tumor cells, NE-iFISH Negative Enrichment Immunofluorescence and an In Situ Hybridization 
System, RBC red blood cells
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Fig. 7.1 CTC clusters isolated from the blood of meta-
static breast cancer patients. Representative images of 
CTC clusters captured by the epitope-dependent system 

CellSearch® (upper panel), and the epitope-independent 
and size exclusion system Parsortix™ (bottom panel)

R. Piñeiro et al.
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ses. Unlike previous studies, this work showed 
that the cell lines within the CTC clusters cooper-
ated on the development of metastases and that 
tumor cells with lower metastatic potential 
acquired higher metastatic capability when 
grouping together [71].

7.4  Origin of CTC Clusters

An important question still under debate is the 
origin of CTC clusters. Mainly two models are 
under evaluation; (i) CTC cluster can be directly 
derived from the primary tumor due to the cohe-
sive unit of tumor cells in an orchestrated phe-
nomenon where tumor cells cooperate and 
collectively migrate, and (ii) CTC cluster can 
arise from the aggregation and proliferation of 
individual CTCs in the bloodstream (Fig. 7.2).

Two previously mentioned studies in breast 
cancer experimentally addressed this question. 
By injecting breast cancer color-tagged tumor 
cells into mice at two different locations (mam-
mary fat pads at opposite flanks), they were able 
to prove that intravascular aggregation of indi-
vidual CTCs was not the cause of CTC cluster 
formation, supportive of the existence of a mech-
anism of collective cell migration and shedding 
of CTC clusters into the circulation from the pri-
mary tumor [6, 46]. Evidences in support of this 
have been also shown for pancreatic cancer [45]. 
The molecular mechanisms linked to the forma-
tion of clusters, at least in breast cancer, are con-
nected to two proteins, plakoglobin (JUP) and 
keratin 14 (KRT14), found to be critical for CTC 
cluster formation. Both proteins are associated 
with desmosomes and hemidesmosomes, and 
involved in cell-cell junctions, necessary for the 
maintenance of the integrity of CTC clusters. In 
the same line of thought, experimental evidences 
gathered on an in vitro platform mimicking the 
bloodstream have shown that the unfavorable 
conditions present in the bloodstream will not 
support the intravascular aggregation and prolif-
eration of individual CTCs [72].

However, a recent report developed with 
PDXs mouse models bearing metastatic breast 
cancer showed evidences for the presence of 

clustered tumor cells both in migration and circu-
lation as the result of aggregation of individual 
tumor cells rather than collective migration and 
cohesive shedding to the bloodstream [63]. Using 
intravital multiphoton microscopic imaging, it 
was shown that cells expressing the stem cell 
marker CD44 are capable of aggregating into 
clusters in the circulation or lung vasculature, 
and that this marker is required for the formation 
of metastases. This evidence goes in agreement 
with an earlier study showing the formation of 
multicellular aggregates at the sites of their pri-
mary attachment to the endothelia previous to 
metastases formation [73], although intravascular 
cell proliferation of individual CTCs attached to 
the endothelium has also been reported as an ini-
tial step for lung metastasis formation, without 
need of extravasation and tissue parenchyma 
invasion [74]. All evidences point towards a pos-
sible combined action of both mechanisms in the 
formation of CTC clusters, and it allows to spec-
ulate about the existence of an interplay or even 
synergy between both mechanisms [63].

A third model for the origin of CTC clusters 
has also been recently proposed, called “cell jam-
ming”. According to this model, the increasing 
confinement from the growing mass of tumor or 
higher density of extracellular matrix (ECM) 
may promote grouping of the cells, and therefore 
facilitate CTC cluster formation [75]. This 
hypothesis or model is supported by in vitro evi-
dences showing that ECM density affects how 
tumor cells invade. Thus, when ECM density is 
high, mesenchymal tumor cells show a prefer-
ence for collective invasion, and single cell inva-
sion is observed under low ECM density 
conditions [76].

7.5  CTC Clusters Isolation 
Technologies

Technologies developed for the capture of CTCs 
could be in principle also applicable for the cap-
ture of CTC clusters. However, in almost all 
cases they have not been designed with this spe-
cific purpose in mind, which translates into a low 
efficiency of recovery, inability to separate CTC 

7 Relevance of CTC Clusters in Breast Cancer Metastasis
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Fig. 7.2 Models of CTC cluster formation. CTC cluster 
can either derive from groups of tumor cells detaching 
from the primary tumor and collectively migrating and 

intravasating, or can arise from the aggregation and prolif-
eration of individual CTCs in the bloodstream

R. Piñeiro et al.
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clusters from single CTCs, and often causing 
cluster damage and break up during separation. 
Therefore the main challenge it is not to separate 
CTC clusters from blood cells but to separate 
them from individual CTCs without affecting 
their integrity. From the research point of view, a 
platform for the isolation of CTC clusters should 
be able to isolate clusters of different sizes in an 
epitope independent manner, with short process-
ing times, and able to preserve the integrity of the 
clusters as well as the recovery of viable cells; 
but from the clinical standpoint, such a platform 
should demonstrate reproducibility and clinical 
validity. A summary of the technologies used for 
CTC clusters isolation and detection is shown in 
Table 7.2. CTC clusters are usually small groups 
of cells, from 2 to 19 cells [44], although CTC 
clusters bigger than 100 cells have been reported. 
In this sense, size exclusion methods are the best 
approach to isolate CTC clusters, yielding a good 
recovery. In particular, filtration technologies are 
popular given their easy use and high throughput. 
However, given the physical properties of CTC 
clusters, those strategies that exclusively rely on 
size-based separation might loss a significant 
fraction of CTC clusters [24]. It is because of this 
that researchers have devoted efforts to improve 
and develop technologies for the detection of 
CTC clusters, mainly combining microfluidics 
with size exclusion approaches. An example, it is 
the development of the Cluster-Chip, a microflu-
idic device designed specifically to capture CTC 
clusters from whole blood [44]. The Cluster-Chip 
uses triangular micropillars arrays forming bifur-
cating traps for the capture of clusters, without 
compromising their integrity. This chip detected 
CTC clusters in 30–40% of patients with meta-
static breast or prostate cancer, or melanoma; 
however, it showed some limitations regarding 
the recovery of the clusters immobilized on 
micropillar arrays. In response to this problem, 
the inventors have developed a new microfluidic 
device relying on a two-stage deterministic lat-
eral displacement (DLD) approach [77]. This 
system sorts cell clusters based on size and asym-
metry, and allows for a high recovery efficiency 
of viable cells with minimal cluster dissociation. 
This system remains to be tested in the clinical 

setting with cancer patient blood samples. An in 
detail discussion and revision of methodologies 
used form CTC clusters isolation can be found in 
the following reference [24].

7.6  Metastatic Features of CTC 
Clusters

In addition to the preclinical evidences published 
in the 1970s [10, 15–17], more recent studies 
mainly developed in breast cancer have demon-
strated the high predisposition of CTC clusters to 
generate distant metastases than single CTCs. 
There are strong evidences in support of the high 
metastatic potential of CTC clusters as compared 
to individual CTCs. Despite of the reported low 
frequency of CTC clusters both in the blood of 
breast cancer patients and in the blood of breast 
tumor mouse models, it has been shown that CTC 
clusters are responsible for seeding between 50 
and 97% of metastatic tumors in mouse models 
[6, 46]. Aceto et  al. using a mouse xenograft 
model of MDA-MB-231 LM2 cell line, have 
reported that CTC clusters have an estimated 
metastatic potential 23–50 times higher than sin-
gle CTCs [6]. Interestingly, this work has shown 
the self-seeding potential of CTC clusters within 
the primary tumor, as well as their oligoclonal 
origin. In the same way, and making use of the 
Confetti and Rainbow mice MMTV-PyMT 
model, Cheung et  al. have estimated the meta-
static potential of clusters to be >100 times 
increased relative to single cells [46]. These two 
studies support the formation of clusters of tumor 
cells at the primary tumor and their shedding into 
the bloodstream as a group. Similarly, a study by 
Liu et  al. using triple negative patient-derived 
breast cancer models (PDXs) shows that CTC 
clusters have a higher efficiency in mediating 
metastasis formation than single CTCs [63]. 
Interestingly, evidences for a higher efficiency of 
CTC clusters than single CTCs in forming metas-
tases have also been found in pancreatic cancer 
and colon cancer models [45, 89].

Despite of the demonstration of the increased 
metastatic potential of CTC clusters compared to 
individual CTCs, and the frequent polyclonal 
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Table 7.2 Technologies for CTC clusters isolation and detection

Technology Method
Markers used for 
identification Sample tested References

High throughput 
microscopy for 
immunofluorescence

Enrichment free method; 
RBCs lysis followed by 
fixation and slide staining

CKs Patients’ blood 
samples

[4, 78]

Carcinoma Cell 
Enrichment Kit and MS 
columns

Magnetic enrichment with 
CK7/8 beads

Pan-CKs Patients’ blood 
samples

[28]

ISET® Filtration based method α-fetoprotoprotein; 
EpCAM, CKs, EGFR; 
TGF-βRI, MMP-2; 
HER2, plakoglobin

Patients’ blood 
samples

[30, 32, 
35, 36, 47, 
54, 55, 57, 
65]

HBCTC-Chip Microfluidics EpCAM, HER2, EGFR Patients’ blood 
samples

[6, 33]

ScreenCell® Size based filtration CKs Patients’ blood 
samples

[79]

CellSearch® EpCAM-based 
immunomagnetic 
detection

CK 8/18/19 Patients’ blood 
samples

[5, 30, 35, 
42, 43, 50, 
51, 63, 80]

negCTC-iChip Size based microfluidics 
separation

CKs Patients’ blood 
samples

[81, 82]

Microcavity array (MCA) 
system

Microfluidics chip with 
size and geometry control 
microcavities for size 
based separation

Pan-CKs Tumor cells 
spiked in blood 
patients’ blood 
samples

[39]

Spiral microfluidic device Size based microfluidics 
separation

CKs Tumor cells 
spiked in blood 
and patients’ 
blood samples

[40, 49]

Vitatex cell-adhesion 
matrix (CAM) platform

Ficoll density gradient 
followed by adhesion to 
CAM coated chamber 
slides

EpCAM and PSMA Patients’ blood 
samples

[83]

CMx® platform EpCAM- based affinity 
capture microfluidic 
platform

CK20 Tumor cells 
spiked in blood 
and patients’ 
blood samples

[48, 53]

Deterministic lateral 
displacement (DLD) 
based two-stage 
continuous flow device

Size and asymmetry based 
filtration

None (fluorescently 
labelled tumor cells)

Tumor cells 
spiked in blood

[77]

Flexible micro spring 
array, FMSA

Size based filtration CK 8/18/19, Vimentin Tumor cells 
spiked in blood 
and patients’ 
blood samples

[41]

Cluster-Chip Size based microfluidics 
separation

Wide-spectrum CKs; 
NG2, CD146, TYRP-1, 
αSMA; wide-spectrum 
CKs, PSA

Tumor cells 
spiked in blood 
and patients’ 
blood samples

[44]

Parsortix™ Size and deformability 
based microfluidics 
separation

EpCAM, HER2, EGFR Patients’ blood 
samples

[61, 62, 
84]

(continued)
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seeding occurring from the primary tumor to sec-
ondary sites suggesting that different clonal com-
binations in the cluster could have different 
properties with respect to growth, it still remains 
under debate whether the tumor cells within a 
CTC cluster harbor different metastatic  potentials. 
In support of this, a study in melanoma showed 
that tumor cells with lower metastatic potential 
can acquire a higher metastatic capability when 
grouping together with cells with a higher meta-
static potential [71]. On the other hand, it was 

previously reported, that when injecting mela-
noma cells with different metastatic properties as 
cellular aggregates, the presence of metastatic 
cells did not change the inability of non-meta-
static cells to proliferate in a distant organ [90]. 
This last piece of evidence suggests that the met-
astatic potential of a CTC cluster may depend on 
the most malignant tumor cells. Further experi-
mental evidences are needed in order to deter-
mine whether cooperation between heterogeneous 
clones making up tumor cell clusters is really 

Table 7.2 (continued)

Technology Method
Markers used for 
identification Sample tested References

Flow cytometry-based 
platform

Acoustic cell washing and 
focusing prior to sorting

None (fluorescently 
labelled tumor cells)

Tumor cells 
spiked in mouse 
blood and blood 
from a 
pancreatic 
cancer mouse 
model

[85]

Biotin-doped Ppy- 
deposited microfluidic 
chip

Conducting polymer- 
deposited microfluidic 
platform combined with 
affinity capture

EpCAM, TROP-2, 
EGFR, vimentin, and 
N-cadherin

Patients’ blood 
samples

[56]

3D scaffold chip Size based and EpCAM 
based separation

CKs Tumor cells 
spiked in blood 
and patients’ 
blood samples

[86, 87]

CellSieve™ Size based filtration Vimentin Blood from a 
Ewing sarcoma 
mouse model 
and patients’ 
blood samples

[58]

OncoBean Chip Cell capture by affinity at 
high flow rates

EpCAM, CK 7/8 Patients’ blood 
samples

[59]

NE-iFISH Negative enrichment 
immunofluorescence 
combined with an in situ 
hybridization system

CK18 Patients’ blood 
samples

[60]

Multi-flow microfluidic 
(MFM) system

Based on inertial 
migration of cells flowing 
in microchannels

CK 8/18/19 Tumor cells 
spiked in blood 
and patients’ 
blood samples

[49, 88]

Microfluidic chips EpCAM-based 
immunocapture

CKs Patients’ blood 
samples

[52]

αSMA α-smooth muscle actin, CD146 cluster of differentiation 146, CK cytokeratin, CMx cells captured in maximum, 
EB1 Microtubule-associated protein RP/EB family member 1, EGFR Epidermal growth factor receptor, EMT Epithelial 
to mesenchymal transition, EpCAM Epithelial cell adhesion molecule, HER2 Human Epidermal Growth Factor 
Receptor 2, ISET Isolation by SizE of Tumor cells, MMP-2 matrix metalloproteinase-2, NE-iFISH Negative Enrichment 
Immunofluorescence and an In Situ Hybridization System, NG2 Neuron-glial antigen 2, PSA Prostate-specific antigen, 
PSMA prostate-specific membrane antigen, TGF-βRI Transforming Growth Factor-β Receptor Type 1, TROP-2 tropho-
blastic cell-surface antigen 2, TYRP-1 Tyrosinase-related protein 1
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happening, and also what is the significance for 
the metastatic potential of CTC clusters. At this 
point, it is worth reminding that it is now well 
accepted and demonstrated the existence of het-
erogeneous populations of CTCs, with a differen-
tial contribution to the metastatic process in 
prostate, lung and breast cancer [91–93]. In this 
regard, CTC cluster show both epithelial and 
mesenchymal traits at the same time, in breast 
cancer and other tumor types [38, 94]. CTC clus-
ters isolated form breast cancer patients have 
been found to be positive for mesenchymal mark-
ers such as fibronectin, N-cadherin or PAI-1 and 
weakly positive for endothelial markers (EpCAM 
or cytokeratins). These findings could indicate a 
possible cooperative behavior between mesen-
chymal CTCs and epithelial CTCs within the 
same cluster, although it has not been formally 
probed. In order to address this question, cells 
from an individual CTC clusters should be indi-
vidualized and analyzed at single cell level, prov-
ing the existence of a heterogeneous population 
of CTCs expressing either epithelial markers or 
mesenchymal markers.

7.7  Survival and Proliferative 
Advantage of CTC Clusters

Metastasis is regarded as a highly inefficient pro-
cess. The vast majority of tumor cells shed into 
the bloodstream do not survive. It is only a small 
fraction of CTCs that are viable and capable of 
surviving, seeding distant organs, and eventually 
giving rise to overt metastatic disease. This 
argues that only those CTCs able to survive the 
transit in the bloodstream will stand a chance in 
order to contribute to the development of 
metastases.

CTC clusters have a survival advantage over 
single CTCs, and we nowadays partially under-
stand some of the underlying reasons. An impor-
tant feature of the CTCs forming the clusters is 
that they have strong cell–cell contacts linking 
them together [95]. It is well established that loss 
of adhesion-dependent survival signals by epithe-
lial cells when transitioning in the bloodstream 
leads to anoikis, being therefore causative of 

CTCs death [96]. This goes in support of the idea 
that strong cell–cell interactions in the clusters 
can provide survival stimuli favoring their meta-
static spread [75, 97]. Indeed, the interaction 
between the proteins circulating galectin-3 and 
cancer-associated mucin1 (MUC1), as well as 
CD44-mediated signaling pathways, promote 
homotypic tumor cell aggregation and cluster 
formation, and prevents CTCs in circulation from 
anoikis in breast and colon cancer [63, 98], 
enhancing metastases formation potential.

CTC clusters seem to have a shorter half-life 
in circulation than single CTCs (6–10  min and 
25–30  min, respectively) [6], what may help 
them to survive favoring the outgrowth into 
micrometastases [99]. Mouse studies in breast 
cancer showed that CTCs clusters are more resis-
tant to apoptosis at distal metastatic sites than 
individual CTCs, allowing them to expand more 
rapidly. Thus, disseminated tumor cells in the 
lungs of mice injected with CTC cluster did not 
undergo apoptosis, opposite to disseminated cells 
from mice injected with single cells which under-
went massive apoptosis [6].

The protection of CTC clusters against apopto-
sis was also shown in patients with small-cell lung 
cancer; while a 57% of patients showed apoptotic 
single CTCs (from 0.2 to 20% of CTCs), none of 
the patients presenting CTC clusters have apop-
totic cells within the clusters [5]. Likewise, a study 
of triple negative breast cancer patients found that 
only a 0.4% of the cells in the clusters (4 cells out 
943 in a total of 194 clusters) were apoptotic, as 
opposed to a 20% of apoptotic single CTCs (1674 
cells out of 8393 single CTC) [43]. These clinical 
evidences clearly support the protection of CTCs 
forming the clusters to apoptosis.

Other factors possibly modulating the survival 
of CTC clusters while transitioning in the blood-
stream have been proposed. In patients with 
MBC the hybrid epithelial-mesenchymal pheno-
type observed in CTC clusters, which confers a 
substantial plasticity to these aggregates, has 
been put forward as a feature for survival advan-
tage [38]. Mesenchymal traits favoring a migra-
tory phenotype together with the preservation of 
cell–cell junctions of epithelial cells, seem to be 
the underlying mechanism [100]. Furthermore, 
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methylation and gene expression analyses in 
CTC clusters from both breast cancer patients 
and breast cancer xenograft models revealed an 
enrichment on genes related to cell-cell junction, 
proliferation and DNA replication [61]. Indeed, 
CTC clusters show an increase in the percentage 
of CTCs expressing the marker Ki67 compared 
to single CTCs, indicative of a higher prolifera-
tion rate. Also, CTC clusters seem to share sev-
eral properties that commonly feature stem cell 
biology [61, 63]. These features may play a rele-
vant role in the intravasation, enhanced adapta-
tion to new microenvironments and facilitate 
metastasis initiation by CTC clusters. 
Interestingly, the epigenetic signature found in 
CTC clusters, hypomethylated regions enriched 
with embryonic stem cell transcription factor 
binding sites, correlates with an enhanced meta-
static phenotype and with poor prognosis in 
patients with breast cancer [61].

7.8  CTC Clusters, a Small Portion 
of Tumor Microenvironment

It has been suggested that the presence within the 
CTC clusters of immune cells, platelets and 
stroma-derived cells and factors, known as het-
erotypic clusters, may be of benefit for the sur-
vival and metastatic outgrowth of CTC clusters 
[100] (Fig.  7.3). Although the role of tumor 
microenvironment components within CTC clus-
ter remains largely uncharacterized, some evi-
dences are starting to emerge.

Platelets coating CTCs and CTC clusters in 
the bloodstream act as a physical shield protect-
ing them from the shear forces [101] and immune 
attacks [102], but also protecting them through 
the paracrine secretion of factors such as trans-
forming growth factor β (TGF-β), a known 
inducer of EMT [38]. Staining of CTC clusters 
isolated from the blood of MBC patients showed 
an abundance of attached platelets, what goes in 
support of the strong TGF-β signatures found in 
mesenchymal CTC clusters [38].

Cancer associated fibroblasts (CAFs) simi-
larly to cancer cells, can disseminate through the 
circulation to secondary sites, suggesting a role 

for these cells in the metastatic process [103]. 
Indeed, the presence of CAFs in heterotypic CTC 
clusters enables an enhanced survival of tumor 
cells and also provides growth advantage to them 
after seeding at distant sites. This has been proved 
in an experimental setup in mice in which deple-
tion of fibroblasts in the clusters reduced their 
capacity to form lung metastases [104]. However, 
even though it has been suggested that CAFs pro-
mote tumor growth and metastasis, new evi-
dences also support antitumor actions; meaning, 
at least, that the role of CAFs within heterotypic 
CTC clusters need to be further investigated.

Among the white blood cells (WBC) found 
forming clusters with CTCs, neutrophils seem to 
play an important role on CTC clusters mediated- 
metastasis [84]. The direct interaction of neutro-
phils with breast cancer CTCs shapes the 
transcriptional profile of tumor cells supporting 
cell cycle progression in circulation and accelerat-
ing metastasis seeding. Moreover, neutrophils are 
actively involved in the genesis of CTC clusters, 
as their depletion in BC animal models reveled a 
delayed shedding of CTCs and CTC–neutrophil 
clusters from the primary tumor, a delayed metas-
tasis development, and a shorter overall survival 
of the mice. Of note, those BC patients in whom 
at least a single neutrophil-containing CTC clus-
ter was found had a worse progression-free sur-
vival than patients with ≥5 CTCs in 7.5  ml of 
peripheral blood [84].

7.9  Prognostic Value of CTC 
Clusters in Metastatic Breast 
Cancer

Enumeration of CTCs by CellSearch® platform 
has been extensively proved to be an independent 
predictor of survival in patients with MBC [105, 
106]. Importantly, the prognostic value of CTCs 
has also been proved in patients with early breast 
cancer [107]. Despite the demonstration of the 
prognostic value of CTC enumeration in breast 
cancer, it took a decade to demonstrate the prog-
nostic value of CTC clusters (A summary of 
studies in breast cancer in which the prognostic 
value of CTC clusters has been investigated is 
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Fig. 7.3 CTC clusters can exist as homotypic or hetero-
typic entities. Heterotypic CTC clusters seem to have an 
enhanced metastatic potential compared to homotypic 

CTC clusters. The presence of stroma and immune cells 
within the clusters provides survival and growth advan-
tages to CTCs
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Table 7.3 Clinical studies evaluating the prognostic value of CTC clusters in breast cancer

Breast cancer 
stage and 
subtypes Findings

Enrichment 
method References

Stage IV, all 
subtypes 
(n = 79)

Patients with CTC clusters across more than three time points had a 
shorter mean PFS.

HBCTC-Chip [6]

Stage IV, 
triple-negative 
breast cancer 
(n = 60)

No difference in PFS at baseline but presence of CTC cluster at day 
15 and day 29 was associated with shorter PFS.

CellSearch® [43]

Stage III–IV, all 
subtypes 
(n = 115)

Patients with CTC clusters at baseline before first-line therapy had a 
shorter PFS. CTC clusters might provide additional prognostic value 
compared with CTC enumeration alone.

CellSearch® [42]

Stage IV, all 
subtypes 
(n = 52)

No difference in PFS at baseline. Shorter PFS and OS for patients 
with CTC clusters during treatment. CTC clusters may offer 
additional prognostic information to enumeration.

CellSearch® [51]

Stage III–IV, all 
subtypes 
(n = 128)

CTC cluster enumerations at baseline and during follow-up 
independently predicts disease progression and overall survival. 
CTC clusters add additional prognostic value compared with CTC 
enumeration alone.

CellSearch® [50]

Stage IV, all 
subtypes 
(n = 156)

Shorter PFS and OS at baseline and after treatment. Longitudinal 
evaluation of CTC clusters improves prognostication and 
monitoring in patients starting first-line systemic therapy. The 
presence of CTC clusters adds significant prognostic value to CTC 
enumeration alone.

CellSearch® [80]

Stage IV, all 
subtypes 
(n = 118)

Worse OS of patients with detectable CTC clusters versus patients 
with single CTCs only

CellSearch® [63]

PFS progression-free survival, OS overall survival

shown in Table  7.3); although initial evidences 
for this were previously shown in liver cancer 
and small-cell lung cancer [5, 32].

A prospective randomized phase II trial deter-
mined the number of CTC clusters and evaluated 
its predictive value in a cohort of 32 metastatic 
Triple Negative Breast Cancer patients (TNBC), 
on samples collected at baseline, and follow-up 
after initiation of therapy. This work demon-
strated that the persistent presence of CTC clus-
ters detected by CellSearch® at follow-up, but not 
baseline, was associated with shorter patient sur-
vival [43]. This goes in agreement with a previ-
ous study in patients with small-cell lung cancer 
(SCLC) showing that the presence of CTC clus-
ters was significantly associated with worse 
prognosis [5]. In addition, it was previously 
shown that the presence of CTC clusters in 
patients with progressing metastatic breast can-
cer (79 patients) also correlates with poor prog-
nosis, although in this occasion the technology 
used for CTC cluster identification was the 

HBCTC-Chip [6]. This chip has a high efficiency 
capturing both small and large clusters [33], it 
isolates CTC clusters based on the expression of 
EpCAM, HER2, and the mesenchymal marker 
CDH11. Interestingly the study included patients 
with different breast cancer subtypes, and showed 
that the persistent presence of CTC clusters in the 
blood of these patients was associated with an 
adverse clinical outcome [6]. Likewise, the 
authors reproduced these data on a cohort of 
prostate cancer patients. Taken together, these 
studies demonstrate the prognostic value of CTC 
cluster in advanced breast cancer regardless the 
technology used for their identification.

Furthermore, in recent years a few other stud-
ies have evaluated and corroborated the prognos-
tic value of CTC clusters in breast cancer. It is 
important to notice that in all following studies 
the presence of CTC clusters was evaluated using 
the CellSearch® platform. Indeed, these studies 
have shown that CTC cluster evaluation added 
additional prognostic value to CTC enumeration 
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alone [42, 50, 51, 80]. Thus, a prospective study 
involving 115 advance breast cancer patients 
(stage III and IV), from all subtypes, has shown 
that CTC cluster evaluation allows for the strati-
fication of patients with elevated baseline CTCs 
into different survival groups [42]. It also reported 
that the prognostic value of CTC-clusters 
appeared to be more pronounced in patients with 
inflammatory breast cancer, and showed evi-
dences for a yet unreported worse prognosis for 
patients with CTC clusters present at baseline. A 
latter work in a cohort of 52 MBC patients from 
all subtypes undergoing first-line systemic ther-
apy, also showed a poorer prognosis in terms of 
progression-free survival and overall survival for 
those patients in which CTC clusters were pres-
ent in peripheral blood during treatment [51]. 
This effect was independent of other prognostic 
factors such as CTC numbers and breast cancer 
subtype. Similarly, a study in a cohort of 156 
MBC patients starting first-line systemic therapy, 
including all subtypes, showed that longitudinal 
evaluation of CTC clusters improves prognosti-
cation and monitoring. Again this work indicates 
the added prognostic value of CTC clusters to 
CTC enumeration alone, and showed no associa-
tion between breast cancer subtype and presence 
of CTC clusters [80]. On the other hand, the 
prognostic value of CTC clusters at baseline is 
still under debate with evidences building up in 
both senses [42, 43, 50, 51, 80].

In addition, these clinical studies are also 
shedding light on the biology of CTC clusters. 
Thus, a link between CTC cluster size and patient 
prognosis has been established [50]. Longitudinal 
data collected from 128 MBC patients at baseline 
and before starting a new therapy revealed that 
patients with CTC clusters composed of 3 cells 
have a pronounce decrease in OS compared to 
patients with 2-cell CTC clusters. These findings 
are in line with preclinical evidences previously 
reported [10, 15]. Moreover, evaluation of the 
expression of the stem cell marker CD44 in CTC 
clusters showed that patients with CD44+ CTC 
clusters had a lower OS than patients with CD44− 
CTC clusters [63]. Finally, these studies indicate 
that CTC cluster are more often found in TNBC 

and HER-2 positive patients than in hormone 
receptor-positive patients [43, 51].

In summary, these studies clearly demonstrate 
that CTC cluster counts it is an independent prog-
nostic factor, as the presence of CTC clusters 
adds significant prognostic value to CTC enu-
meration alone in patients with high CTC counts.

7.10  Therapeutic Implications: 
Targeting CTC Clusters

Given the importance of CTC cluster to the 
development of metastasis, research efforts are 
being directed to identify possible vulnerabilities 
of clusters in order to target them. In this sense, 
the advancement on the knowledge of the biol-
ogy of these cells through their molecular pheno-
typing is crucial to find or design specific 
treatments. In this regard a few proof of concept 
studies have been published.

The identification of plakoglobin as a gene 
highly overexpressed in CTCs from clusters rela-
tive to single CTCs as well as its expression in 
primary breast tumors associated with a signifi-
cantly reduced distant metastasis-free survival 
led to investigate its potential as a therapeutic tar-
get. Knockdown of this gene in breast cancer cell 
lines injected into mice led to a diminished pres-
ence of CTC clusters in the blood as well as a 
decreased metastasis formation, suggesting that 
is a key mediator in tumor cell clustering, without 
altering primary tumor growth [6]. Similarly, 
keratin 14 has also been identified to be highly 
enriched in some CTCs of the clusters as well as 
in micrometastases, relative to primary tumors or 
macrometastases [46]. In this case, the knock-
down of keratin 14 in the primary tumor led to a 
decrease in metastasis formation. As both pro-
teins, plakoglobin and keratin 14, are involved in 
cell-cell junctions necessary for the maintenance 
of the integrity of CTC clusters, a link can be 
established between cluster integrity and metas-
tasis seeding, suggesting that the disruption or 
disaggregation of CTC clusters could be a valid 
therapeutic strategy. This idea is further sup-
ported by recent data showing that the knock-
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down of CD44 or the use of an anti-CD44 
neutralizing antibody disrupted tumor cell aggre-
gation and diminished metastasis formation by 
CTC clusters [63].

In this sense, the treatment of breast tumor 
bearing mice with the thrombolytic agent uroki-
nase, exerted and antimetastatic effect by dissoci-
ating CTC Clusters [108]. Importantly, these mice 
showed a 20% increase in survival upon uroki-
nase treatment relative to control animals. More 
recently, a screening for compounds able to dis-
sociate CTC clusters found that Na+/K+ ATPase 
inhibitors can efficiently reduce cluster size [61]. 
Further analysis of the Na+/K+ ATPase inhibitor 
ouabain in a breast cancer model, showed that the 
administration of this compound to mice is able to 
in vivo suppresses the ability of tumors to shed 
CTC clusters (while increasing the frequency of 
single CTCs), leading to a remarkable reduction 
on overall metastasis formation.

As previously mentioned, heterotypic CTC 
clusters may have enhanced metastatic potential 
as to that of homotypic clusters, suggesting that 
the targeting of stromal components within the 
clusters might be a successful strategy to limit the 
metastasis seeding capacity. An initial indirect 
indication for this showed that the depletion of 
CAFs, which spontaneously metastasize along 
with cancer cells, in a metastasis mouse model of 
lung cancer, reduced the number of lung metasta-
ses [104]. More recently, it has been shown that 
the molecule VCAM1 has an important role in 
mediating the interaction between CTCs and 
neutrophils, and that the targeting of this mole-
cule prevents the formation of CTC–neutrophil 
clusters which have an enhanced metastasis seed-
ing capacity [84].

Although so far limited in number, these evi-
dences support a model by which targeting CTC 
clusters could be a valuable therapeutic approach. 
Indeed, they support two possible different thera-
peutic strategies that could be of benefit for can-
cer patients (at least in breast cancer), i) 
Preventing CTC cluster formation at early stage 
for the treatment of cancer while a localized dis-
ease and before it disseminates (neoadjuvant and 
adjuvant treatment), and ii) Disassembling of 
CTC clusters while in circulation for the treat-

ment of late disease stages cancer to prevent 
metastasis from seeding other metastases.

7.11  Remaining Questions 
and Opportunities

Based on current evidences, CTC clusters seem 
to be responsible for the formation of tumor 
metastasis. Despite of their origin, whether they 
are formed by collective shedding to the blood 
stream or by intravascular aggregation, these 
tumor cell aggregates have and enhanced survival 
capacity and improved secondary tumor growth. 
Interesting features are now known about the 
biology of CTC clusters; i.e. a hybrid epithelial- 
mesenchymal profile, a stemnes phenotype, and 
heteroptypic composition. Most importantly, 
these features are being correlated to a worse 
prognosis in breast cancer patients, suggestive of 
the many clinical implication of CTC clusters. 
But this knowledge raises important questions 
that needed to be answered. It remains to be 
determined whether the oligoclonal/polyclonal 
nature of CTC clusters is the result of an onco-
genic cooperative behavior between tumor sub-
clones. Whether CTC clusters hold tumor cells 
with diverse molecular phenotypes conferring a 
differential metastatic capacity. It is yet elusive 
whether the hybrid epithelial-mesenchymal phe-
notype observed in CTC clusters is due to the 
combination of cells with a heterogeneous EMT 
phenotype or rather a mixture of cells bearing 
either epithelial or mesenchymal features. If the 
later, evidences are needed of a cooperative 
behavior between mesenchymal CTCs and epi-
thelial CTCs within the cluster. Moreover, find-
ing out the specific influence of other cell types, 
such as tumor-associated macrophages, fibro-
blasts, or leukocytes, on the CTCs within a het-
erotypic cluster, grants further mechanistic 
investigation. In this sense, technological aid is 
paramount. The advancement on the develop-
ment of more efficient CTC clusters isolation 
technologies and their combination with under 
development single cell genomic, transcriptomic, 
and proteomic analyses is key to address these 
important questions.
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The increased knowledge on the biology of 
CTC clusters brings about new therapeutic 
opportunities to interfere with the process of 
metastasis. Current experimental evidences indi-
cate that CTC cluster disaggregation, as a thera-
peutic approach, seems quite plausible. However, 
this strategy may entail some risks (at least for 
urokinase treatment), since it may increase the 
invasiveness of tumor cells and therefore meta-
static spreading, resulting in the opposite effect 
[109]. Alternatively, interfering with non-tumor 
cells associated to CTCs in the clusters may pro-
vide a new therapeutic approach, as recently 
showed [84]. But in this case, more mechanistic 
insights on how these cells affect tumor cells dur-
ing different steps of metastasis are needed. 
Lastly, further knowledge about what are the 
therapeutic implications of tumor cell clusters, 
remains to be acquired. CTC clusters represent a 
challenge because they could contain tumor cells 
with different drug uptake and resistance proper-
ties [110, 111], and even it is now suggested that 
cluster “compactness” may predict early treat-
ment response in different cancer types including 
breast cancer [112]. Emerging methods for the ex 
vivo culture of CTCs are very valuable tools for 
the assessment of drug response and resistance, 
but they will also help to address some of the 
question mentioned above.
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