
microenvironment of the bloodstream. More specifically, they can 
alter their genetic and phenotypic characteristics by expressing 
specific proteins, and, thus, create beneficial niches, acquire drug 
resistance, escape immune response and enhance their invasive 
abilities (Yang et al., 2014). All these genotypic and phenotypic 
alterations constitute the EMT process and contribute to tumor 
progression and metastasis (Pantazaka et al., 2021). During EMT, 
cells pass from their epithelial state to a more mesenchymal 

Introduction

Epithelial-to-mesenchymal transition (EMT) and mesenchymal-
to-epithelial transition (MET) are both critical processes at different 
stages of early embryonic development. Zinc-finger E-box binding 
homeobox 1 (ZEB1) is a master regulator of the EMT, regulating the 
expression of vimentin. These molecules have been implicated in 
the embryo implantation and in morphogenetic processes during 
development (Ran et al., 2020). The same physiological mecha-
nism is adopted by cancer cells to migrate, invade, form colonies 
and proliferate. Tumor cells that leave the primary tumor to enter 
circulation and finally metastasize are known as circulating tumor 
cells (CTCs). CTCs have developed ways of surviving in the hostile 
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phenotype, with maximized invasive abilities, by downregulating 
epithelial markers such as EpCAM or cytokeratins (Ck) and upregu-
lating mesenchymal markers such as vimentin, or the transcrip-
tion factors Twist and snail (Pantazaka et al., 2021). A previous 
study, reporting the existence of CTCs with a higher expression of 
Twist and vimentin in metastatic BC compared with early BC, has 
clearly shown the involvement of EMT in metastasis (kallergi et al., 
2011). Furthermore, increased expression level of Twist has been 
demonstrated to lead to high vascular endothelial growth factor 
(VEgF) gene expression, while Twist expression itself is regulated 
by hypoxia-inducible factor 1α (HiF-1α). Expression of both VEgF 
and HiF-1α has also been indicated in CTCs of metastatic BC pa-
tients (kallergi et al. 2008, 2009). During EMT, some CTCs maintain 
a hybrid epithelial/mesenchymal phenotype that provides them 
with cell junction characteristics, better motility, and maximized 
aggressiveness (kallergi et al. 2011, 2018).

Among the CTCs present in the bloodstream are CTCs with 
stem-cell properties, known as Cancer stem Cells (CsCs) (Pan-
tazaka et al., 2021). recent studies suggest that CTCs can be 
transformed into CsCs through EMT, and hence survive in the 
bloodstream, subsequently leading to clinical relapse (Mitra et al., 
2015). Transcription factors such as nrF2 and oCT4 constitute 
some of the markers involved in the creation of a stem phenotype 
in CTCs (li et al. 2017; Bocci et al. 2019). Furthermore, it has been 
reported that there is an association between the CD44+/CD24-/
low and aldehyde dehydrogenase 1 (AlDH1) + phenotypes with 
stemness and increased tumorigenic ability in metastatic BC 
patients (Theodoropoulos et al., 2010). Expression of high levels 
of AlDH1 and nuclear Twist has been more frequently observed 
in CTCs from metastatic BC patients, suggesting that cells with 
such phenotype survive and prevail during disease progression 
(Papadaki et al., 2014).

in recent years, liquid biopsy has brought a breakthrough in 
understanding the mechanisms underlying the metastatic pro-
cess, as it has improved the acquisition of valuable information 
originating from the primary tumor with additional real-time data 
from peripheral blood, instead of conducting invasive methods for 
the diagnosis of solid cancers (siravegna et al., 2017). one of the 
principal applications of liquid biopsy is the enumeration of CTCs, 
which determines prognosis as well as response to treatment 
(Mansilla et al., 2018). numerous studies have been conducted, 
highlighting the importance of CTC enumeration as a useful tool to 
evaluate the efficacy of treatment and potentially as a stratification 
factor of patients in clinical trials (kalykaki et al. 2008; Agelaki et 
al. 2015; Cristofanilli et al. 2016). However, the technical aspects 
for the isolation and characterization of CTCs remain challenging. 
several different methods exist for the detection, quantification, 
enrichment, and characterization of CTCs (Mansilla et al., 2018). 
some are dependent on physical traits, such as microfiltration 
(based on size), microfluidics (deformability and size), density 
gradient (density), while others are dependent on their pheno-
typic characteristics, such as immunoaffinity (Cellsearch system, 
magnetic cell isolation, flow cytometry sorting) (Mansilla et al., 
2018). Among these, Cellsearch is a semi-automated and highly 
reproducible platform for the enumeration of CTCs (Cristofanilli et 
al., 2005), which although FDA-approved, is not without limitations. 
The main limitation of Cellsearch is that  it uses the epithelial cell 
adhesion molecule (EpCAM), a surface protein expressed on epi-
thelial cells, as the marker for immunoselection and subsequent 

Ck for quantification of CTCs. However, CTCs reveal heterogeneity 
and do not have a specific phenotype, which implies that CTCs 
with different phenotypes cannot be captured by this platform. in 
addition, epithelial markers, such as EpCAM, are downregulated 
during EMT, and CTCs harboring such markers could therefore be 
lost during detection, leading to underestimation of CTC numbers 
by most current methods (Mansilla et al., 2018).

in general, isolation and further characterization of CTCs based 
on the expression of specific biomarkers, and understanding the 
processes that lead to metastasis and tumor progression, are 
vital. They will contribute to early identification of patients at risk 
of developing metastasis and will thus permit a more personalized 
therapeutic approach and an improvement of clinical outcome. 
The current study aimed to evaluate the EMT phenotype on CTCs 
isolated from BC patients using the Cellsearch system.

    
Results

Recovery rate of tumor cells expressing CK using CellSearch
  spiking experiments were performed using the Hela (human 

cervical adenocarcinoma) cell line (Table 1). Hela cells were used 
for the evaluation of vimentin expression, since they have been 
proposed as positive control by the antibody’s manufacturers. 
Furthermore, this cell line had been used as a positive control in 
our previous study regarding EMT in CTCs (kallergi et al., 2011).

in the first set of spiking experiments (n=3), we evaluated the 
recovery rate of Hela cells using the Cellsearch system without 
the addition of an extra vimentin antibody, thus avoiding potential 

HeLa cells spiked in 7.5 ml blood Recovery (%)
0 0

10 65 ± 7.1
20 39 ± 12.8

100 41 ± 4.2
AVERAGE 48.3 ± 8

TABlE 1

ReCoveRy RATe (%) oF HeLA CeLLS bASeD on CyTokeRATin 
(Ck) expReSSion uSing THe CeLLSeARCH SySTem

HeLa cells/7.5 ml 
blood of normal 

donor
Integration 

time CK+VIM+ CK+VIM-
CK+ 

recovery (%)
VIM+ 

recovery (%)
0 0.2 0 0
0 0.3 0 0
0 0.8 0 0

10 0.2 6 1 70 60
10 0.3 5 1 60 50
10 0.8 6 0 60 60

100 0.2 41 3 44 41
100 0.3 38 0 38 38
100 0.8 40 1 41 40

50 (without vimentin 
antibody)

0.2 0 24 48 0

50 (without vimentin 
antibody)

0.8 0 15 30 0

TABlE 2

          ReCoveRy RATe (%) oF HeLA CeLLS bASeD on vimenTin 
(vim) expReSSion in DiFFeRenT DiLuTionS AnD inTegRATion 

TimeS uSing THe CeLLSeARCH SySTem
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cross- talk with the vimentin antibody (Table 1). The mean recovery 
rate in the dilution of 10 tumor cells/7.5 ml was 65% ± 7.1, in the 
dilution of 20 cells/7.5 ml it was 39% ± 12.8, and in that of 100 
cells/7.5 ml it was 41% ± 4.24. no cells were observed in normal 
blood samples without Hela cells. The average recovery rate of 
tumor cells spiked into 7.5 ml of normal blood at the 4 different 
cell dilutions (0, 10, 20, and 100 cells/7.5 ml) was 48.3% ± 8.

Recovery rate of HeLa cells expressing vimentin with CellSearch
in the next set of experiments, the fourth channel of the Cell-

search system was used to identify vimentin- positive CTCs. 
since the vimentin antibody was not included in the common 
Cellsearch kit, we performed spiking experiments to evaluate the 
specificity and sensitivity of this antibody. Consequently, we used 
these experiments as positive and negative controls for analysis 
of patient samples. The recovery rate of Hela cells spiked into 7.5 
ml of normal blood that expressed vimentin and were assessed 
by Cellsearch is shown in Table 2. We tested different integration 

times (0.2, 0.3, and 0.8) in every dilution of Hela cells. The best 
recovery rate was identified at the integration time of 0.2 in all 
the dilutions. The mean recovery rate based on Ck expression in 
Hela cells was 63.3% ± 5.8 and 41% ± 3 for 10 and 100 spiked 
cells/7.5 ml of blood, while  recovery based on vimentin was 57% 
± 5.8 and 39.7% ± 1.53, respectively (Table 3), indicating that there 
were  some Hela cells with undetectable expression of vimentin, 
which were characterized as vimentin-negative. no expression of 
vimentin-positive Hela cells could be identified in control experi-
ments in the absence of anti- vimentin antibody.

Finally, the recovery rate in this second set of experiments was 
not statistically different in any dilutions from the first set without 
the vimentin antibody, irrespective of the dilution used, indicating 
that the addition of an extra antibody does not change the recovery 
rate of the Cellsearch system.

Vimentin expression in early BC patients
Forty-seven early BC patients were enrolled in this study and 

were analyzed for both Ck and vimentin expression. Twelve pa-
tients (25.5%) were characterized as CTC-positive based on the Ck 
expression. These patients harbored cells with a Ck+CD45-Dapi+ 
phenotype (Fig. 1).

Further analysis of the vimentin channel revealed that only 
3 (25%) of the CTC-positive patients had vimentin expression 
(Ck+CD45-ViM+Dapi+ phenotype) in their CTCs (Fig. 2). Among 
the total number of patients (47), only 6.25% expressed vimentin 
in their CTCs.

Fig. 1 shows the three different subgroups of cells obtained by the 

HeLa cells/7.5   ml   
blood   of normal donor Average Recovery CK+ (%) Average Recovery vimentin (%)

0 0 ± 0 0 ± 0
10 63.3 ± 5.8 57 ± 5.8

100 41 ± 3 39.7 ± 1.53

TABlE 3

AveRAge ReCoveRy RATe (%) oF CyTokeRATin+ (Ck+) 
AnD vimenTin+ in HeLA CeLLS

OVERLAY CK DAPI CD45 VIMENTIN

Vimen�n-posi�ve 
CTCs

Blood cells

Vimen�n –nega�ve
CTCs

Fig. 1. Gallery of images 
obtained from CellSearch 
system. Circulating tumor 
cells (CTCs) were detected 
using the CellSearch sys-
tem and characterised as 
vimentin-negative [upper 
panel; CTCs stained for Dapi, 
expressing Cytokeratin (CK), 
but not CD45 or vimentin] 
and vimentin-positive (lower 
panel; CTCs expressing both 
CK and vimentin). The middle 
panel presents a typical set 
of images for hematopoietic 
cells; cells stained for Dapi, 
negative for CK, but positive 
for CD45.
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Cellsearch system. The first group presents tumor cells stained for 
Ck and Dapi without CD45 expression, a hematopoietic biomarker. 
The second type of cell is a hematopoietic cell; negative for Ck 
and positive for CD45 and Dapi. Finally, the third group includes 
tumor cells with both Ck and vimentin expression.

interestingly, analysis of the rest of the captured cells revealed 
that there were many Ck- negative/vimentin-positive/CD45-
negative cells (Ck-ViM+CD45-Dapi+) in the samples of early BC 
patients. Many of these cells could be “hidden” CTCs, since they 
do not express epithelial (Ck) or hematopoietic (CD45) antigens. 
Particularly, analysis of the CTC-negative group (n=35) of early BC 
patients showed that 11 patients (31.40%) harbored cells bearing 
the (Ck-ViM+CD45-Dapi+) phenotype in their blood. Furthermore, 
among the CTC-positive group (n=12 patients), this phenotype was 
detected in 10 (83.30%) of them (Fig. 3A).

Fig. 3B shows cells obtained by Cellsearch with potential 
malignant phenotype; negative for epithelial markers such a Ck, 
negative for hematopoietic markers such as CD45, but positive 
for Dapi and vimentin.

Vimentin expression in metastatic BC patients
Vimentin and Ck expression was evaluated in 18 metastatic 

BC patients using the Cellsearch system. Five of them (28%) had 
detectable CTCs bearing the (Ck+CD45-Dapi+) phenotype.

Vimentin analysis revealed that 1 out of 5 CTC-positive pa-
tients (20%) showed vimentin expression, thus displaying the 
(Ck+ViM+CD45-Dapi+) phenotype (Fig. 2B). Among the total 
number of patients, the corresponding percentage was 5.60% 
(1/18) (Fig. 2A).

Analysis of the isolated cells revealed that the (Ck-ViM+CD45-
Dapi+) phenotype was also present in the metastatic patients. 
specifically, in the CTC-negative (n=13 patients) group, two patients 
harbored CTCs with this phenotype, while in the CTC-positive group 
(n=5 patients), all (100%) had CTCs with (Ck- ViM+CD45-Dapi+) 
phenotype (Fig. 3A).

    
Discussion

Detection and characterization of CTCs is a promising and 
valuable tool for cancer diagnosis and treatment efficacy in BC. 

it is now widely accepted that during EMT, tumor cells lose their 
epithelial characteristics and acquire a mesenchymal phenotype 
that can render them increasingly invasive (Pantazaka et al., 
2021). Epithelial markers such as EpCAM and E-cadherin are 
downregulated during this process, and mesenchymal markers 
such as n-cadherin or vimentin are upregulated (Pantazaka et 
al., 2021). The Cellsearch system, which was evaluated in this 
study, has been developed for enumeration of CTCs of epithelial 
origin, and more specifically is based on the EpCAM marker and 
Ck assessment (riethdorf et al. 2007; kallergi et al. 2016; swen-
nenhuis et al. 2016). This means that CTCs with a mesenchymal 
phenotype, i.e. CTCs expressing vimentin, might be “lost” and not 
captured by the Cellsearch system. Detection of CTCs with EMT 
phenotypes is crucial; a high incidence of these cells is observed 
in patients with metastatic disease compared with early-stage 
patients, indicating the likely involvement of EMT in metastasis 
(kallergi et al., 2011). We have previously reported a significantly 
lower recovery rate, using the Cellsearch system, for the BC cell 
line MDA-MB 231 (40.60%) compared with MCF7 (66.60%), sug-
gesting that some tumor cells escaped detection, and attributing 
this loss to the EMT phenotype of MDA-MB 231 cells (kallergi et 
al., 2016). CTCs with phenotypes, such as Ck+/ki67+ and Ck+/
Vim+, could be detected in several small cell lung cancer patients 
with undetectable CTCs by the Cellsearch, while additional im-
munofluorescence experiments in the same patients showed that 
the phenotypes Ck+/EpCAM+ or ViM+/EpCAM+ were not detected, 
clearly implying the failure of Cellsearch to capture CTCs with EMT 
phenotypes (Messaritakis et al., 2017).

in the current study, we examined the EMT phenotype of CTCs 
isolated from early and metastatic BC patients by using the Cell-
search system. CTCs (Ck+CD45-Dapi+) were found in 25.5% and 
28% of early and metastatic patients. since this positivity rate 
is rather low compared with other detection methods (kallergi 
et al. 2016, 2018), we decided to assess whether these patients 
harbor CTCs bearing a mesenchymal phenotype, by using an anti-
vimentin antibody in the extra channel of the Cellsearch system. 
The specificity and sensitivity of our staining were addressed by 
spiking experiments of Hela cells in healthy donors’ blood. our 
study revealed that Cellsearch could identify CTCs with vimentin 
expression. However, the detection rate was lower (25% and 20% 
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for early and metastatic CTC-positive patients, respectively) com-
pared with other methods such as immunofluorescence staining 
after Ficoll-Hypaque isolation of CTCs (kallergi et al., 2011). in that 
study, vimentin-positive CTCs were detected in 100% and 77% of 
patients with metastatic and early-stage disease, respectively. A 
later study using immunofluorescence staining has shown high 
percentage of early BC (54.5%) and metastatic (62.5%) patients 
with a (glu+ViM+Ck+) phenotype (kallergi et al., 2018). Cell-
surface vimentin (CsV) is another method that has been observed 
to generate higher CTC detection rates (all over 60%) in most solid 
tumors compared with EpCAM isolation (gao et al., 2021). Addi-
tional findings from a comparison between Cellsearch and CsV 
method in prostate cancer patients showed greater sensitivity 
and specificity, as well as a higher number of CTCs by CsV-based 
method compared to Cellsearch (satelli et al., 2017).

Detection of CTCs and vimentin expression can also be evalu-
ated by cell size selection systems, such as the isET system. isET 
is a non-EpCAM dependent method, and identification of a higher 
number of CTCs in the peripheral blood than via Cellsearch has 
been indicated (Tamminga et al., 2020). The fact that the isET 
methodology is based on morphological analysis and is antigen-
independent leads to a more accurate and targeted characteriza-
tion of EMT (Ma et al., 2013). Comparison between Cellsearch and 
the isET system has shown a significantly higher recovery rate 
of CTCs (more than 90%) using the latter (kallergi et al., 2016). 
Furthermore, positive and negative selection of MCF7 using Dynal 
beads showed an average recovery rate of 75% for positive selec-
tion and 97% for negative selection (kallergi et al., 2016). Finally, a 
comparison between Cellsieve, which is based on microfiltration, 
and Cellsearch, showed higher capture of Ck+CD45- cells (979) 

To address the above considerations regarding the EMT pheno-
type of CTCs isolated by the Cellsearch system, we evaluated all 
the different types of isolated cells from both early and metastatic 
patients, despite Ck expression. interestingly, we detected cells 
with (Ck-CD45-ViM+Dapi+) phenotype in both early and metastatic 
patients. specifically, 83.3% and 100% of the CTC-positive patients 
harbored these cells, respectively. However, the most remarkable 
observation was that patients characterized as CTC-negative 
had also detectable (Ck-ViM+CD45-Dapi+) cells in both settings 
(31.4% early and 15.4% metastatic), implying that many patients 
characterized as CTC-negative based only on the expression of 
epithelial markers might harbor undetectable tumor cells in their 
blood. Extra biomarkers could confirm this notion; however, the 
Cellsearch system does not comprise more free channels for ad-
ditional antibodies. These data are supported by another study, 
which used CEllectionTM Dynabeads coated with the monoclonal 
antibody against  EpCAM, to isolate CTCs (raimondi et al., 2011). 
According to that study, 34% of BC patients were found to possess 
cells with negative Ck/CD45 expression, but a positive expression 
of the EMT markers vimentin and fibronectin. Attempts to select 
these cells by Ck immunostaining may not be successful due to 
downregulation of Cks (raimondi et al., 2011). Another interesting 
finding of that study was that the absence of Ck8, Ck18, and Ck19 
expression was associated with up-regulation of vimentin, suggest-
ing that these CTCs had changed into a mesenchymal phenotype, 
making them more aggressive. Additional support for our findings 
is provided by another study where 27% of Ck-negative samples 
were found to be positive for vimentin and 24% for slug, with slug 
and vimentin co-expressed in the majority of these Ck-negative 
CTCs (serrano et al., 2014).

Fig. 3. Incidence of CK-VIM+CD45- cells. (A) Percentage of Cytokeratin (CK)-negative/vimentin-positive/
CD45-negative cells in CTC-positive and negative early and metastatic patients. (B) Representative panel 
of images of CK-negative CTCs expressing vimentin using the CellSearch system.

from 21 BC patients using Cellsieve 
than using the Cellsearch system (162), 
demonstrating the greater efficiency 
of non- EpCAM-dependent techniques 
in the detection of CTCs (Adams et 
al., 2015). All these are  explained 
by the fact that Cellsearch selects 
only EpCAM-positive CTCs, excluding 
CTCs with mesenchymal phenotypes 
(Riethdorf et al., 2007). it has also been 
suggested that CTCs with an “interme-
diate phenotype”, such as Ck+ViM+, 
might possess the highest capability 
of adapting to the conditions present 
in secondary sites (Tam and Weinberg, 
2013). This case is supported by the 
findings of a study demonstrating 
strong expression of EpCAM as well as 
Ck concurrently with the expression of 
snAil, AlDH1, and CD133 in patients 
with colon cancer (Cayrefourcq et al., 
2015). in addition to this, it has been 
stated that simultaneous expression of 
ViM and Ck in BC cells appears to be 
associated with reduced survival rates 
in BC patients, implying the importance 
of detection and characterization of 
CTCs with these phenotypes (shioiri 
et al., 2006).
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All these data indicate that CTCs are not fully characterized 
yet and that methods like Cellsearch have limited efficacy in the 
detection of these cells. The observed (Ck-CD45-ViM+Dapi+) phe-
notype in the current study could potentially preclude tumor cells 
characterized by complete loss of epithelial antigens. Therefore, 
further studies using additional EMT biomarkers are necessary 
to fully characterize the epithelial and EMT status of CTCs during 
the different clinical phases and correlate them with response to 
treatment and patients’ clinical outcome.

      
Materials and Methods

Cell culture
Hela cells (obtained from ATCC) were used for control experi-

ments. Hela cells were cultured in 1:1 Dulbecco’s modified Eagle 
medium supplemented with 10% FBs and 50 mg/ml penicillin/
streptomycin. Cells were maintained in a humidified atmosphere of 
5% Co2-95% air. sub-cultivation was performed with 0.25% trypsin 
and 5 mM EDTA (giBCo-Brl). All experiments were performed 
during the logarithmic growth phase.

Preparation of healthy donors’ blood samples for spiking experi-
ments

Peripheral blood (7.5ml) obtained from 10 healthy blood do-
nors was kept at rT in Cellsave preservative tubes (immunicon 
inc, Huntingdon Valley, PA, usA), and processed within 72 hours 
after blood draw. serial dilutions of Hela cells (0, 10, 20, and 100 
cells/7.5 ml of blood) were performed.

CTC enrichment and detection by CellSearch
sixty-five patients were enrolled in the current study. Forty-seven 

patients had early-stage disease and 18 metastatic disease. The 
detection of CTCs was performed before the initiation of any 
adjuvant treatment (within 20-45 days after the excision of the 
primary tumor) in the group of early-stage BC patients and before 
the initiation of first line chemotherapy in the group of metastatic 
BC patients. This study was approved by the ethics and scientific 
committees of our institution, and all patients and healthy blood 
donors gave their informed consent to participate in the study.

The Cellsearch system (immunicon) was used for the isolation 
and enumeration of CTCs in peripheral blood. Cellsearch is the 
only FDA approved system for the detection and enumeration of 
Circulating Tumor Cells isolated from the blood stream of meta-
static breast, prostate, and colon cancer patients. it selects tumor 
cells based on epithelial markers, while it also uses the CD45 
antibody to exclude hematopoietic cells. specifically, Cellsearch 
belongs to the label-dependent technologies of liquid biopsy, 
whereby EpCAM+ cells are selected by EpCAM-coated ferrofluid 
nanoparticles. Enriched cells are subsequently verified by iF for Ck 
8, 18, 19 and the absence of CD45. 22.5 ml (3 x 7.5 ml) of blood 
was collected from the patients with early-stage BC in Cellsave 
preservative tubes (immunicon inc, Huntingdon Valley, PA, usA). 
From metastatic patients, 7.5 ml of blood was collected according 
to previous publications (Cristofanilli et al., 2004). The samples 
were placed on the Cell Tracks Autoprep system. The Cellsearch 
Circulating Tumor Cell kit was used (Veridex Warren, nJ.) containing 
ferrofluid particles coated with EpCAM antibodies, phycoerythrin-
conjugated Ck antibodies and allophycocyanin-conjugated CD45 
antibody. Vimentin in CTCs was stained with vimentin-FiTC con-

jugated antibody (Biodesign, international, us). in the final step, 
the selected cells were transferred automatically into a cartridge 
in Magnest placed in Cell Tracks Analyzer ii. Cell Tracks Analyzer 
ii is equipped with a semi- automated fluorescent microscope (4 
fluorescent filter cubes), covering the entire surface of the cartridge, 
which captures images of the immunomagnetically selected and 
fluorescently labeled cells.

image presentation took place in a gallery format following the 
predetermined criteria (specified by Veridex) for CTCs, including 
round to oval morphology, visible nucleus within the cytoplasm, 
positive Ck- phycoerythrin, positive Dapi, negative CD45-allophy-
cocyanin, and minimum size of 4 μm.
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