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ABSTRACT

Despite numerous clinical studies indicating the clinical relevance of circulating tumor cells
(CTCs) in blood and disseminated tumor cells (DTCs) in the bone marrow of cancer patients,
the functional properties of these cells are largely unknown. The focus of this review is to
emphasize how functional studies on viable CTCs and DTCs can enlarge the spectrum of ap-
plications of “liquid biopsies”. The low number of CTCs in the peripheral blood and DTCs in the
bone marrow and the fact that carcinoma cells are difficult to culture are major challenges.
Significant advances in the in vitro and in vivo expansion of CTCs and DTCs from cancer pa-
tients have been achieved, which enable us now to study the functional properties of these
cells. Here, we discuss published data about functional studies on CTCs and DTCs using
in vitro cultivation and in vivo xenograft models. Functional analyses on CTCs and DTCs offer
the possibility to identify the metastasis-initiating cells. Moreover, CTC-derived cell lines and
xenografts might point to new therapeutic targets and can be used for drug development.
© 2016 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights
reserved.

1. Introduction

properties of CTCs and DTCs are under investigated because
these cells occur at very low concentrations in the peripheral

Numerous clinical studies have demonstrated strong correla-
tions between circulating tumor cells (CTCs) and disseminated
tumor cells (DTCs) counts and clinical outcome in large multi-
centre cohort studies on patients with different epithelial tumors
such as breast and prostate cancer (Bidard et al., 2014; Goldkorn
et al., 2014; Scher et al.,, 2015). In contrast, the functional

blood and bone marrow of cancer patients (Alix-Panabieres
and Pantel, 2014). A prerequisite for functional analyses was,
therefore, the recent advances in our ability to culture epithelial
tumor cells in vitro and establish patient-derived xenografts.
Short-term culture of CTCs after leukocytes depletion has
been already realized for a decade by the EPISPOT
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technology (Deneve et al., 2013; Ramirez et al., 2014). Cells
are cultured for a short time on a membrane coated with an-
tibodies that capture the secreted/released/shed tumor
associated proteins that are subsequently detected by sec-
ondary antibodies labeled with fluorochromes. Moreover,
temporary cultivation of DTCs over several weeks was
established 20 years ago (Pantel et al., 1995) and the prolifer-
ative activity of DTCs in culture predicted an unfavorable
outcome (Solakoglu et al.,, 2002). More recently, several
groups have developed appropriate conditions for long-
term culture of CTCs and applied them to cancer patients
at very advanced stages with higher amounts of CTCs. In
addition, patient-derived xenografts have become a valuable
tool in cancer research and have entered the stage of clinical
use for testing drug sensitivity in individual cancer patients
(Hodgkinson et al., 2014). Extending this technology to CTCs
has led to the development of unique in vivo models for
several tumor entities.

Here, we will emphasize the possibilities and current limita-
tions of functional studies on CTCs and DTCs using in vitro and
in vivo models. We will focus on breast, prostate, colon and
lung cancer as the major tumor entities in industrialized coun-
tries. However, pilot studies indicate that CTC cultivation can
be also achieved in other tumor entities such as pancreatic
cancer (Bobek et al., 2014a; Kolostova et al., 2015b), esophageal
cancer (Bobek et al., 2014b) and gastric cancer (Kolostova et al.,
2015a). Besides insights into the complex biology of metastasis
functional CTC and DTC studies can point to new targets and
novel strategies for more efficient anti-metastatic therapies.

2. Functional studies in solid cancers
2.1. Breast cancer
2.1.1.  Short-term culture of CTCs (EPISPOT assay)

Using the EPISPOT assay, the release of cytokeratin-19 (CK19)
and mucin-1 (MUC1) by breast cancer cells was measured, and
the results demonstrated that many breast cancer patients
harbored viable DTCs in their bone marrow, even if the tu-
mors were classified as localized (stage Mo 54%) (Alix-
Panabieres et al., 2009). Most interestingly, patients with
DTC-releasing CK19 in their bone marrow had an unfavorable
outcome. In the subsequent study, peripheral blood samples
from 194 M, breast cancer patients were analyzed by the EPIS-
POT assay. CTCs were identified as CK19-releasing cells (CK19-
RC) and were correlated to an unfavorable clinical outcome
(Ramirez et al., 2014).

The establishment of primary cultures from CTCs of breast
cancer patients were reported for the first time by Zhanget al ;
in this study CTCs from patients in advanced stage with brain
metastases were cultured over weeks but no permanent cell
lines were established (Zhang et al., 2013). In EpCAM®) CTCs,
a potential signature of brain metastasis comprising “brain
metastasis selected markers (BMSMs)” HER2()/EGFR™Y
HPSE()/Notch1® was identified. Cultured CTCs that
expressed the BMSM signature were highly invasive and able
to generate brain and lung metastases after xenografting
into nude mice.

2.1.2. Establishment of CTC lines

Recently, Yu et al. reported on oligoclonal CTC cultures that
were sustained in vitro for more than 6 months. The cultured
CTCs were isolated from 6 patients with metastatic luminal
subtype breast cancer (Yu et al., 2014). Three of the five CTC
lines tested were tumorigenic in mice. CTC lines revealed
pre-existing mutations in the PIK3CA gene and newly ac-
quired mutations in the estrogen receptor gene (ESR1), PIK3CA
gene, and fibroblast growth factor receptor gene (FGFR2).
Through drug sensitivity testing of the established CTC lines
multiple mutations could be revealed as potential new thera-
peutic targets.

2.1.3. Xenograft CTC assays (“avatars”)

In the first xenograft model, CTCs from patients with metasta-
tic luminal breast cancer were injected into the tibial bone of
immunodeficient mice and gave rise to bone, lung and liver
metastases (Baccelli et al., 2013). These metastases uniformly
expressed EpCAM, CD44, CD47 and MET, which might be
important for engraftment and metastatic outgrowth of
CTCs. In a subsequent validation cohort, the number of
EpCAMMCD44MCD47IMET™ CTCs, but not all EpCAM™
CTCs, correlated with increased number of metastatic sites
and poor prognosis. Although this report suggests that a spe-
cial subset of CTCs might have potential metastasis-initiating
activity, it should be noted that xenografts could be only ob-
tained from advanced stage patients with high count of
CTCs. Thus, future studies need to include early stage patients
correlate their potential metastasis-initiator phenotype to the
development of metastases. Obviously, this investigation will
require long-term follow-up as well as more sensitive CTC
assays.

Rossi et al. confirmed that CTCs have the potential to grow
in immunodeficient mice (NOD/SCID) in a small pilot study on
two breast cancer patients (Rossi et al., 2014). In contrast to
Baccelli et al. who injected CTCs into the tibia, Rossi et al.
injected CTCs subcutaneously. Thus, both routes of injection
seem to work for the establishment of CTC xenografts in
breast cancer and CTCs appear to sustain their migratory ca-
pacity in immunodeficient mice models.

2.2. Prostate cancer

2.2.1. Short-term culture of CTCs (EPISPOT assay)

In the EPISPOT assay, prostate-specific antigen (PSA) secretion
was used as marker to detect PSA-secreting cells in prostate
cancer patients. In total, 83% and 42% of M; & M, cancer pa-
tients, respectively, and higher CTC counts were observed in
metastatic patients as compared to earlier disease stages
(Alix-Panabieres et al., 2005). Importantly, a fraction of CTCs
secreted fibroblast growth factor-2 (FGF-2), a known stem
cell growth factor (Alix-Panabieres et al., 2005, 2007). Further
studies will show whether this subset of CTCs has an
increased ability to initiate overt metastases.

Recently, Kolostova et al. used size-based filtration of CTCs
and were able to culture CTCs from patients with localized
prostate cancer for 7-28 days (Kolostova et al, 2014).
Cytokeratin-positive cells with a proliferative capacity were
observed in 18 of 28 CTC-positive patients.
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2.2.2. Establishment of CTC lines

The few cell lines available in biobanks prove that prostate
cancer is very difficult to expand in cell culture. Recently, the
use of a novel 3D organoid system allowed developing long-
term culture of prostate cancer from biopsy specimens and
CTCs (Gao et al., 2014) recapitulated the molecular diversity
of prostate cancer, including TMPRSS2-ERG fusion, SPOP muta-
tion, SPINK1 overexpression, and CHD1 loss. Although a CTC
line from one metastatic prostate cancer patient was obviously
established, there was no background information on the suc-
cess rate of establishing a CTC line, i.e., how many times did
the culture conditions failed to establish primary CTC cultures
or a cell line. Moreover, it remained unclear whether the cell
line has tumorigenic properties in a xenograft model.

2.2.3. Xenograft CTC assays

In a small pilot study, Rossi et al. isolated EpCAM™) CTCs from
metastatic prostate cancer patients (n = 6) and developed xe-
nografts in NOD/SCID mice (Rossi et al., 2014). CTCs were
found in the peripheral blood, bone marrow and spleen of
these mice, which demonstrated the migratory capacity of
EpCAM-positive CTCs.

2.3. Colon cancer

2.3.1. Short-term culture of CTCs (EPISPOT assay)

Our previous study demonstrated that a considerable portion
of viable CTCs detectable by the EPISPOT assay is trapped in
the liver as the first filter organ in colon cancer. In 75 colorectal
cancer patients, CK19-RC were enumerated by the CK19-
Epispot assay; viable CTCs were detected in 65.9% and 55.4%
(p = 0.04) patients in mesenteric and peripheral blood, respec-
tively. In contrast, the CellSearch® system detected CTCs in
55.9% and 29.0% (p = 0.0046) patients, respectively. The CTC
count was significantly higher in mesenteric blood than in
the peripheral blood. Follow-up analysis revealed that local-
ized colon cancer patients with high CTC counts have an un-
favorable outcome (n = 60) (Deneve et al., 2013).

2.3.2. Establishment of CTC lines
The first experimental proof that CTCs isolated from the blood
of a colon cancer patient are able to give rise to a permanent
cell line was provided by Cayrefourcq et al. (Cayrefourcq
et al., 2015). Thus far, no other group has published on the
establishment of a permanent cell CTC line or even transient
CTC cultures from patients with colon cancer (Pantel and Alix-
Panabieres, 2015). It is well known that the frequency of CTCs
is lower in peripheral blood of colon cancer patients as
compared to breast or prostate cancer patients, making it
even more difficult to find and grow CTCs in colon cancer. Be-
sides the establishment of a permanent cell line, the cell line
established by Cayrefourcq et al. named CTC-MCC-41 has
tumorigenic properties in SCID mice (Cayrefourcq et al., 2015).
Interestingly, the CTC-MCC-41 line showed (i) epithelial
properties with stem cell-like characteristics, (ii) an intermedi-
ate epithelial/mesenchymal phenotype, (iii a potential to
induce quickly in vitro angiogenesis, (iv) an osteomimetic
signature and (v) tumorigenic properties in SCID mice. More-
over, this CTC line shares the main features of the original

primary tumor and lymph nodes metastasis of the colon can-
cer patient. Importantly, as we have established 9 different
CTC lines during treatment and cancer progression of this co-
lon cancer patient, there is no doubt that we will find precious
and crucial information about the clonal selection among THE
metastases-initiator disseminating cells and their strong po-
tential to survive chemotherapies and targeted therapies.

2.4. Lung cancer

2.4.1. In vitro expansion of CTCs

A novel in situ capture and culture methodology for ex vivo
expansion of CTCs using a 3D co-culture model was recently
developed by Zhang et al., who simulated a tumor microenvi-
ronment to support CTC development (Zhang et al., 2014).
CTCs were isolated from 14 of 19 early stage lung cancer pa-
tients and expanded tumor cells carried mutations of the
TP53 gene identical to those observed in the matched primary
tumors. Next-generation sequencing revealed additional
matched mutations between primary tumor and CTCs of
cancer-related genes.

2.4.2. Xenograft CTC assays

Many lung cancer patients are inoperable and biopsies to
investigate lung cancer biology are difficult to obtain. Previous
studies have shown that patients with small cell lung cancer
(SCLC) have the highest CTC counts among all solid tumors,
which provides the best conditions for developing functional
models (Hou et al., 2012). Hodgkinson et al. demonstrated
that CTCs from SCLC patients are tumorigenic in immunode-
ficient mice, and the CTC-derived xenografts mirror the donor
patient’s response to chemotherapy (Hodgkinson et al., 2014).
However, the number of xenografts is still limited and future
studies will show whether xenografts from CTCs of patients
with non-small cell lung cancer (NSCLC), which present with
lower CTC counts than SCLC patients, can be established.
NSCLC harbor a series of druggable mutations present in small
cohorts of patients and CTC-derived models for individual
drug testing are therefore desirable.

3. Bone marrow DTC lines from carcinoma patients

DTCs from the bone marrow of cancer patients can be isolated
in only extremely low numbers (1 DTC per 10° — 10° normal
cells). Therefore, in-depth analyses of DTCs from cancer pa-
tients are restricted to methods that are applicable to single
cell analyses. Pantel et al. generated DTC cell lines from single
tumor cells isolated in the bone marrow of cancer patients,
including breast, prostate and lung cancer patients (Pantel
et al.,, 1995; Putz et al., 1999). These DTG lines were CD45()
and showed expression of relevant proteins in cancer, such
as ErbB-2, PSA or E-Cadherin. Since these DTC lines were
generated from cancer patients that did not show overt
metastasis (Putz et al., 1999), they may represent a DTC
phenotype that reflects tumor cell dissemination prior to
visible metastatic outgrowth. Similar to ‘standard’ cancer
cell lines, these DTC lines can be cultured in vitro providing
sufficient cell numbers for structural and functional analyses.
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The most frequently applied DTC cell lines are BC-M1 and BC-
S1 (breast cancer), PC-E1 and PC-M1 (prostate cancer) as well
as LC-M1 (lung cancer) (Bartkowiak et al, 2010, 2009;
Grabinski et al., 2011; Willipinski-Stapelfeldt et al., 2005).

The phenotype of the majority of these DTC lines displays
properties of an epithelial-mesenchymal transition (strong

vimentin expression, weak cytokeratin expression), as well
as attributes of cancer stem cells (CD44%/CD24") (Bartkowiak
et al., 2010; Willipinski-Stapelfeldt et al., 2005). These proper-
ties of the DTC lines suit well to an assumed DTC phenotype
with mesenchymal attributes that significantly contributes
to tumor dormancy in the bone marrow before any

In vivo CTC expansion
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Blood sample

Bone marrow aspirate
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Figure 1 — Functional studies with CT'Cs and DTCs using in wifro and/or in vivo models for personalized clinical management of patients with

solid cancers. A. CTCs and DTCs are first enriched from blood samples or bone marrow aspirates of cancer patients (i.e., lung, breast, prostate,

colon cancer), respectively. CTCs or DTCs are subsequently expanded in special culture medium or in immunodeficient mice. The last step is
getting CTC/DTC lines or xenografts, respectively. B. Viable CTCs can be enumerated using a functional assay (EPISPOT assay) leading to

prognostic information. CTCs can be cultured in vitro and an in-depth characterization of established CTC lines may identify metastasis-initiator
cells, a crucial point for new drug development. To potentially eradicate metastatic disease, CT'Cs can be expanded in vivo for therapy testing and

better understanding of drug resistance mechanisms.
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mesenchymal-to-epithelial transition leading then to metas-
tases growth (Tam and Weinberg, 2013). Analyses of these
DTC lines were performed on the receptor tyrosine kinase
signaling of the ErbB family members and the downstream
AKT and Map-kinase pathways. LC-M1 was analyzed with
focus on the AKT isoform specific cellular signaling
(Grabinski et al., 2011). BC-M1 and BC-S1 were analyzed with
focus on the EGFR/ErbB2 and ErbB2/ErbB3 heterodimer
signaling (Balz et al., 2012).

An interesting feature of all analyzed DTC cell lines is their
strong activation of the cytoprotective program unfolded pro-
tein response (UPR) (Bartkowiak et al., 2010). The UPR grants
cytoprotection under hostile microenvironmental conditions
like hypoxia, suggesting that such a DTC phenotype is well
protected from microenvironmental stress. Detailed analyses
of the DTC cell lines BC-M1, LC-M1 and PC-E1 revealed a dy-
namic network of interconnected cellular programs like in-
duction of the UPR chaperones and oxidoreductases in
dependence of EGFR/ErbB2 expression under hypoxia
(Bartkowiak et al., 2015). These findings support the view
that DTCs in cancer patients are able to cope with a variety
of different cell stress factors like the hypoxic conditions of
the hematopoietic stem cell niche.

In addition, it was recently noticed that BC-M1 and PC-E1
display high levels of the protein PD-L1 (programmed death-
ligand 1) (David, 2015; Mazel et al., 2015). PD-L1 protects tumor
cells from immunosurveillance, suggesting that such DTCs
are well able to slip through the meshwork of the immune sys-
tem to reach secondary organs.

In conclusion, the DTC lines serve as useful model systems
for DTCs with mesenchymal attributes in vivo. The application
of the DTC cell lines may range from biomarker validation like
plastin-3 on single cell level (Ueo et al., 2015) to approaches
that require large amounts of cells like proteome analyses
(Bartkowiak et al., 2010).

4. Conclusions

Functional analyses of whole tumor cells offer the possibility
to identify the biological properties of metastatic cells and
their origin through in-depth in vitro and vivo analyses, which
opens new avenues for basic and translational research. It is
now possible to develop primary cell cultures from CTCs or
DTCs and in some instances even permanent cancer cell lines
have been established from rare tumor cells isolated in the
blood or the bone marrow from patients with solid tumors
(Figure 1). Besides in vitro studies several groups were also
able to graft tumors after injection into immunodeficient
mice and the first drug testing analyses suggest that these
models might be useful predictors of the response of cancer
patients (Figure 1) (Maheswaran and Haber, 2015).

Most researchers achieved to establish CTC lines from
blood of patients with advanced metastatic stages with high
CTC counts. It was indeed a difficult challenge to enrich THE
rare metastasis-initiator cells among CTCs and to grow them
in vitro when it is already known to be difficult to get perma-
nent cancer cell lines from primary tumors when millions of
tumor cells are available. Thus, it is really a major achieve-
ment in cancer research to develop CTC lines or xenografts

from hundreds of CTCs. Why are so few cells needed to estab-
lish CTC lines compared to primary tumors? This can be
explained by the assumption that viable CTCs might be
already selected for better survival and growth properties,
which is consistent with published reports demonstrating
that tumor cell dissemination and survival of DTCs and
CTCs is not a random process (Woelfle et al., 2003; Wrage
et al., 2009) and CTC cell lines and xenografts express cancer
stem cell properties (Baccelli et al., 2013; Cayrefourcq et al.,
2015). These studies nourish the hope that in-depth functional
analysis of these CTC lines will lead to the identification of
metastasis-initiator cells. However, to achieve this important
goal it is crucial to extend the current studies to patients at
earlier stages and correlate the findings with the development
of metastatic relapse. In this context, the analysis of viable
CTCs in short-term culture assays as used in the EPISPOT
technology might pave the road for individual drug testing
in cancer patients.

It is now possible to study the development of metastatic
relapse by sequential analysis of CTCs taken at different
time points between primary surgery and clinical signs of
overt metastases. Because of the short lifetime of CTCs in
the blood, detection of these cells months or years after resec-
tion of the primary tumor in patients without evidence for
overt metastases clearly indicates the presence of occult
micrometastases. The molecular and functional analysis of
CTCs derived from micrometastases may provide novel in-
sights into the stage of cancer dormancy (Kang and Pantel,
2013), which may lead to novel strategies for the prevention
of metastatic progression.
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