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ABSTRACT
Cancer- related deaths are mainly caused by metastatic 
spread of tumor cells from the primary lesion to distant 
sites via the blood circulation. Understanding the 
mechanisms of blood- borne tumor cell dissemination by 
the detection and molecular characterization of circulating 
tumor cells (CTCs) in the blood of patients with cancer has 
opened a new avenue in cancer research. Recent technical 
advances have enabled a comprehensive analysis of the 
CTCs at the genome, transcriptome and protein level as 
well as first functional studies using patient- derived CTC 
cell lines. In this review, we describe and discuss how 
research on CTCs has yielded important insights into the 
biology of cancer metastasis and the response of patients 
with cancer to therapies directed against metastatic cells. 
Future investigations will show whether CTCs leaving their 
primary site are more vulnerable to attacks by immune 
effector cells and whether cancer cell dissemination might 
be the ‘Achilles heel’ of metastatic progression. Here, we 
focus on the lessons learned from CTC research on the 
biology of cancer metastasis in patients with particular 
emphasis on the interactions of CTCs with the immune 
system. Moreover, we describe and discuss briefly the 
potential and challenges for implementing CTCs into 
clinical decision- making including detection of minimal 
residual disease, monitoring efficacies of systemic 
therapies and identification of therapeutic targets and 
resistance mechanisms.

INTRODUCTION
The Joint Research Centre (JRC) of the Euro-
pean Commission, in collaboration with the 
International Agency for Research on Cancer 
(IARC), has released the estimates of the 
burden of cancer in each of the European 
Union (EU- 27) countries for 2020. A total 
of 2.7 million new cases of cancer (excluding 
non- melanoma skin cancers) and 1.3 million 
cancer- related deaths have been estimated 
for 2020 (https://www.iarc.who.int/fr/ 
news-events/new-cancer-burden-estimates- 
for-2020-jrc-iarc-collaborations/). Although 
experimental studies in animal models have 
greatly enhanced our knowledge on the 
basic principles of cancer metastasis, the 

development in patients is sometimes difficult 
to model. For example, metastasis can occur 
in patients with estrogen receptor- positive 
(ER(+)) breast cancer more than 10 years after 
initial diagnosis and surgical resection of the 
primary tumor and this latency or dormancy 
period is not easy to mimic in mice that have 
a normal life span of approximately 2 years. 
Studies performed in patients with breast 
cancer indicated that even small tumors are 
able to release circulating tumor cells (CTCs) 
that extravasate into the bone marrow (and 
probably other organs) where they are called 
disseminated cancer cells (DTCs).1 Quantita-
tive estimations have shown that these DTC- 
positive patients harbor at least one million 
tumor cells in their bodies despite the fact 
that they are called ‘metastasis- free’ by 
imaging procedures used for tumor staging. 
Interestingly, only half of these DTC- positive 
patients relapsed with 10 years of follow- up,2 
suggesting that the host is able to control 
the outgrowth of a significant number of 
DTCs for many years. Factors promoting or 
suppressing circulation of CTCs and activa-
tion of dormant DTCs are subject of intense 
investigations. In this context, the immune 
system might play an important role as ‘gate 
keeper’.

Technological advances over the past 
decade have allowed the detection and 
molecular characterization of CTCs in the 
blood of patients with cancer. Blood is easy to 
obtain and blood draws are much less invasive 
than needle biopsies of tissues. CTCs have 
constituted the core of the so- called liquid 
biopsy concept that has been introduced more 
than 10 years ago,3 and rapidly adapted to the 
analysis of tumor cell products such as cell- 
free nucleic acids or extracellular vesicles as 
well as immune cells4 (figure 1). Various clin-
ical studies have indicated that CTC detec-
tion contributes to a better definition of the 
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prognosis of the patients, enables the characterization 
of resistance mechanisms to therapy and tumor hetero-
geneity, the early detection of relapse in the metastatic 
setting and the detection of minimal residual disease in 
the earlier stages, which can contribute to a more person-
alized medicine in oncology. To get a comprehensive 
view of blood- borne cancer progression in the context of 
immunotherapies, we need to consider a broader defini-
tion of liquid biopsy including tumor- derived circulating 
biomarkers such as CTCs or cell- free DNA fragments 
and circulating components of the immune system (eg, 
immune cells, cytokines, interleukins) for each patient 
(figure 1).

Personalized diagnostic and treatment strategies in 
cancer are highly based on the individual character-
istics associated with malignant transformation and 

progression.5 To date, most patients are categorized at 
initial diagnosis, and treatment remains based on this 
initial classification while the tumor might undergo 
fundamental genotypic and functional changes. Recent 
research has confirmed that natural and therapy- induced 
selective pressure leads to clonal dynamics in cancers, 
leading to considerable heterogeneity and treatment 
resistance.6 7 In order to monitor these complex dynamic 
processes in patients with cancer, sequential monitoring 
of tumor composition in individual patients with cancer is 
required to adapt therapies to these changes. Today, these 
challenges may be addressed by the recent development of 
high- resolution, scalable blood- based detection methods 
of CTCs. These represent novel technologies to closely 
monitor the molecular composition of residual tumor 
burden following initial therapy. The additional benefit 

Figure 1 Tumor- derived or tumor- induced circulating biomarkers and circulating immune and endothelial cells as liquid 
biopsy for precision medicine. In a non- invasive sample, complementary circulating biomarkers can be isolated from the blood, 
counted and characterized. In the plasma or serum, extracellular vesicles (EVs), proteins, circulating cell- free tumor nucleic 
acids (circulating tumor DNA (ctDNA), non- coding and messenger RNAs), tumor- educated platelets (TEPs) can be found. In the 
cellular fraction, circulating tumor cells (CTCs; single, homotypic and heterotypic microemboli), circulating immune cells (CICs) 
and circulating endothelial cells (CECs) as well as cancer- associated fibroblasts (CAF) can be detected. The Figure was created 
with BioRender.com. NK, natural killer.
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for patients consists in the fact that these procedures—as 
opposed to repetitive tissue biopsies—are minimal or 
non- invasive and are highly sensitive to monitor situations 
of low tumor load (‘minimal residual disease’, MRD) and 
discover tumor relapses prior to conventional imaging.8 9

In this review, we summarized and discussed the role of 
CTC research for better understanding of cancer metas-
tasis with emphasis on tumor immune escape strategies, 
and how this knowledge can translate into novel strategies 
to improve the clinical outcome of patients with cancer.

CTCs capturing the metastatic cascade—tumor biology
CTCs can be derived from a primary and/or metastatic 
tumor lesion and circulate for a short time in the periph-
eral blood. Besides their value as diagnostic markers, 
the analyses of CTCs in patients with cancer (and exper-
imental models) can contribute to understand the 
complexity of metastatic spread which may eventually 
lead to a favorable outcome of patients with solid malig-
nancies.10 In this context, mathematical modeling might 
help to encompass the complex process of the metastatic 
cascade. Dujon et al used simulations (adaptation of the 
Drake equation) based on published breast cancer data 
and demonstrated that the survival of CTCs in the blood-
stream is a key step in the complex process of the meta-
static cascade.11

The detection of CTCs in lymph node- positive patients 
allows the analysis of tumor cell dissemination at a 
subclinical level,12 13 and contributes to a better under-
standing of the role of lymph nodes in the metastatic 
cascade.14 Monitoring of the genomic make up of CTCs 
by analysis of sequential blood samples from individual 
patients allows to get insights into the evolution of metas-
tasis,15 including the role of intratumor heterogeneity. 
Moreover, the metabolic characterization of the CTCs has 
shed new light on the survival mechanisms of CTCs in the 
harsh blood microenvironment.16

Patients with tumor lesions in the brain lesions have a 
dismal prognosis. Despite the blood- brain barrier CTCs 
can enter the peripheral blood in these patients, which 
allows minimally invasive access to brain- derived tumor 
cells.17–19 Besides primary brain tumors, brain metastases 
cause significant harm to patients with cancer and they 
pose a major challenge to obtain personalized informa-
tion because needle biopsy of these lesions is only possible 
in a few specialized clinical centers. Recent advances 
in the enrichment of CTCs from brain metastases by 
multiplexing of capture antibodies to different tumor- 
associated antigens have resulted in better capture rates20 
and pilot studies on phenotypic characterization of CTCs 
in patients with brain metastases suggest that these cells 
might reflect the phenotype of the brain metastasis from 
the same patient. Nevertheless, experimental in vitro 
studies suggest that gene expression of tumor cells can 
change during the travel of CTCs in blood (eg, due to 
changes in oxygen levels).21

The study of CTC biology opens a new avenue for 
better understanding the process of blood- borne tumor 

cell dissemination. The harsh conditions in the blood 
require that CTCs are fit enough for survival and extrav-
asation into a distant organ site. Interestingly, counter to 
previous findings in experimental mouse models22 this 
seems to be an essential step in the metastatic cascade,11 
which is consistent with the fact that the CTC detection 
at initial diagnosis is a robust and significant factor associ-
ated with metastatic relapse in solid tumors, such as breast 
cancer. To survive in the blood after detachment from 
their tumor tissue of origin, CTCs must avoid undergoing 
anoikis, a special form of apoptosis. Numerous studies 
have shown that the epithelial- to- mesenchymal transition 
(EMT) favors the dissemination of single CTCs, while 
the role of EpCAM—one of the most prominent markers 
for enrichment of CTCs that is found also on metastasis- 
competent CTCs—in EMT is still not well understood.23 
Overall, the most aggressive metastasis- competent CTCs 
seem to be those that have a high plasticity. Indeed, 
when we investigated the main characteristics of the 
unique existing series of colon CTC lines, which have 
surprisingly acquired only few mesenchymal features but 
expressed rather epithelial- related genes, suggesting that 
metastasis- initiator CTCs require a switch from EMT to 
mesenchymal- to- epithelial transition (MET).24

The role and importance of mesenchymal CTCs remain 
unsolved. Most data on the prognostic relevance of CTCs 
are based on assays using epithelial markers.25 26 Cells clas-
sified as ‘mesenchymal CTCs’ are frequently identified 
by unspecific markers also expressed on normal blood 
cells. Further characterization of mesenchymal CTCs is 
required to determine the degree of mesenchymal attri-
butes of CTCs necessary to survive in the circulation or 
to initiate overt metastasis at distant sites and whether 
mesenchymal CTCs have a higher propensity to escape 
killing by from immune.

Although the majority of CTCs detectable in patients 
with cancer are single isolated cells, there is increasing 
evidence that the formation of aggregates among CTCs 
or clusters between CTCs and blood cells is important to 
metastatic progression27 28 (figure 1). For example, leuko-
cytes in heterotypic clusters can epigenetically reprogram 
the attached neighbor CTCs, which results in enhanced 
CTC survival and induces proliferation of CTCs. More-
over, blood platelets can shield CTCs from destruction of 
immune cells, induce EMT programs in CTCs and help 
CTCs to extravasate. These insights derived from CTC 
analyses could lead to novel therapeutic strategies to 
prevent metastatic progression.

Functional CTC analyses depend on suitable models. 
During the past decade a few cell lines derived from 
CTCs of patients with different tumor entities could be 
established. However, these were exceptional cases where 
the CTC counts were very high at the start of the culture. 
Nevertheless, these models provide insights into CTC 
biology and in particular might help to identify pathways 
specific for metastasis- competent CTCs, discover new 
CTC markers and unravel mechanisms of drug resistance 
of these CTCs.10 29–31
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Analysis of CTCs might also lead to new insights whether 
invasive diagnosis procedures like tumor biopsies or 
surgery might lead to the mobilization of CTCs during 
these procedures, and whether this potential mechanical 
tumor cell dissemination has an influence on the devel-
opment of metastases. In prostate cancer, preliminary 
data suggest the possibility that tissue biopsy might lead 
to an increase in CTC concentrations in some patients 
associated with a higher rate of biochemical recurrence.32 
Studies on larger and well- defined cohorts are needed to 
validate these provocative data and address the question 
whether tumor cells released into the blood by mechan-
ical forces are able to survive, extravasate and form 
metastases at distant organs. Further analyses of CTCs in 
patients with cancer at the DNA, RNA and protein level 
offers now the opportunity to answer this question which 
has led to vivid controversial debates for several decades.

Immune escape mechanisms of CTCs
Blood is a hostile environment for CTCs. Although the 
primary tumor presumably sheds thousands of cells into 
the bloodstream every day,33 only a very small percentage 
of these cells survive in the bloodstream and become 
detectable as CTCs in a blood sample. Here, we will 
discuss reports dealing with the interaction of CTCs and 
immune cells mediating escape of CTCs from immune 
surveillance (figure 2) affecting both the innate and 
adaptive immune system. The recognition and elimina-
tion of CTCs via natural killer (NK)- cell- mediated lysis 
can be prevented by the interaction between NK- cell 
receptor D on NK cells and MICA/MICB on CTCs.34 T 
cell- mediated lysis can be inhibited by the interference 
with T- cell receptor recognition of MHC I molecules 
on CTCs, shielding by blood platelets that interfere at 
several levels (eg, induction of EMT or acquisition of a 
‘pseudonormal’ phenotype conferring by the transfer 
of platelet- derived MHC I molecules),35 36 the expres-
sion of inhibitory immune- checkpoint proteins like 
programmed cell death- ligand 1 (PD- L1); the expression 
of CD47 (do not eat me signal) on CTCs37 38 that binds to 
its ligand signal- regulatory protein α expressed on macro-
phages and dendritic cells, inhibiting phagocytosis,39 and 
an altered expression of the apoptotic proteins FAS and/
or FASL.40 In the following paragraphs, we will focus on 
escape mechanisms mediated by immune checkpoint 
inhibition as the most prominent mechanism for thera-
peutic interventions which has widely changed the thera-
peutic landscape in oncology.

Releasing the brakes on antitumor immune responses 
by targeting immune checkpoint molecules is the primary 
focus of recent immunotherapeutic treatment strate-
gies.41 Within the immunological synapse, a multitude of 
inhibitory receptors have been identified.42 Programmed 
cell death protein- 1 (PD- 1) and its ligand, PD- L1, have 
been one of the most prominent examples to antagonize 
immune escape mechanisms employed by tumor cells. 
PD- L1 limits immune effector functions by binding to 

its cognate receptor PD- 1 expressed on tumor- specific T 
cells.43

CTC undergoing EMT appears to be associated with 
inferior clinical outcome,44 45 and there is increasing 
evidence for cross talk between EMT- inducing molecules 
and PD- L1.46–48 Interestingly, platelets are able to initiate 
and maintain EMT on CTCs by secretion of transforming 
growth factor-ß as well as support homing and outgrowth 
of DTCs in bone marrow (figure 2).49 PD- L1 expression 
by EMT- CTCs has been shown to be associated with poor 
survival in curatively patients with resected non- small cell 
lung cancer (NSCLC).50 Another recent study showed 
that cluster and single PD- L1+ EMT- CTCs subpopulations 
are of clinical significance in patients with metastatic 
breast cancer (MBC) and highlighted the importance 
of CTC phenotyping during treatment with eribulin.51 
These data suggest that immune- checkpoint inhibitors 
might mitigate the additive effect of PD- L1 and EMT on 
clinical outcomes of patients with cancer and also how 
immune cells secreting EMT- inducing cytokines into 
the tumor microenvironment affect PD- L1 expression 
of tumor cells released into the circulation is subject of 
current investigations.52 53

The idea of disabling immune escape mechanisms 
on tumor cells is now being explored in clinical trials 
by using immune blockade inhibitors.43 Efforts to 
restore latent antitumor immunity focuses on antibody- 
based interventions targeting cytotoxic T- lymphocytes- 
associated protein 4 or PD- 1 on T lymphocytes and its 
principal ligand, PD- L1, on tumor cells.41 54 Additional 
immunomodulatory antibodies tested in clinical trials 
will further expand the spectrum of immune checkpoint 
blockade.55 56 In view of the remarkable costs and the 
toxicity profiles of these therapies, predictive biomarkers 
able to discriminate responders from non- responders 
are urgently needed. In this context, CTC/PD- L1 assays 
should be tested as liquid biopsy for stratification and 
monitoring of patients with cancer undergoing immune 
checkpoint blockade. Our group has shown for the first 
time in 2015 that CTCs can express PD- L1 in patients with 
MBC: not all patients showed CTC- PD- L1+, not all CTCs 
expressed PD- L1 in the same patients.57 Subsequently, we 
evaluated in a prospective clinical trial the clinicopatho-
logical correlations and prognostic value of CTC- PD- L1+ 
in a new cohort of 72 patients with MBC. Unlike PD- L1+ 
tumor, CTC- PD- L1+ correlated to survival in MBC (clin-
ical trial registration: NCT02866149).58 More recently, we 
performed a similar study with 54 patients with advanced 
NSCLC (clinical trial registration: NCT02866149) and 
showed again that the presence of CTC- PD- L1+ is associ-
ated with poor prognosis (progression free survival and 
overall survival) in this cohort of patients.59

Reappraisal of the role of PD- L1 expression by tumor 
tissue and by CTCs under anti- PD- 1/PD- L1 treatment is 
necessary to evaluate its predictive value and potential role 
as a stratifying factor in strategies and trials for patients 
with MBC. Considering the detection of PD- L1 on CTCs, 
the current French clinical trial ALCINA2 (clinical trial 
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registration: NCT02866149) focuses on the clinical rele-
vance of liquid biopsy (CTC- PD- L1+, exosomes- PD- L1+, 
phenotype of immune cells) in patients with NSCLC in 
the context of immunotherapy. Liquid biopsy should 
allow classification of patients suitable for checkpoint 
inhibitor therapy before entering into clinical trials.60 
How far CTCs can functionally take advantage of PD- L1 
expression and which other mechanisms of immune 
escape are effective on CTCs/DTCs is currently under 
investigation.

Promotion of metastases by immune cells
It is well known that metastasis can be also supported by 
immune cells.61 Here, we will focus on reports that have 
included measurements of CTCs, describing metastasis- 
promoting tumor- immune cell interactions that can lead 
to the survival and proliferation of CTCs.

Regulatory T cells (Tregs) appear to also play an 
important role in tumor cell dissemination and forma-
tion of metastasis.62 More specifically, the expression 
of interleukin (IL)- 1β and a concurrent increase in 
Treg frequency in the peripheral blood may be strong 
predictors of clinical outcome,63 and disease progression 
and occurrence of CTCs with recruitment of Tregs and 

Figure 2 Immune- escape mechanisms of CTCs and collaboration with blood cells to facilitate their journey and optimize 
their survival in the peripheral blood. The schematic illustrates some of the main mechanisms of immune escape of CTCs, and 
the interactions between CTCs and immune cells in the peripheral blood. The interplay between NK cells and CTCs is shown, 
with the interaction between NKG2D on NK and MICA/MICB on CTCs, preventing recognition and elimination of the cells via 
NK- cell- mediated lysis. Different strategies of CTC escape: (1) the interference with TCR recognition of MHC I molecules; (2) 
the maintenance of the EMT phenotype resulting from TGFß secretion by the platelets recovering CTCs; (3) the expression of 
the inhibitory immune- checkpoint protein PD- L1; (4) the presentation of the ‘don’t eat me’ signaling receptor CD47 and (5) an 
altered expression of the apoptotic proteins FAS and/or FASL. The Figure was created with BioRender.com. CTC, circulating 
tumor cell; EMT, epithelial- to- mesenchymal transition; FASL, FAS ligand; MHC I, MHC class I; MICA, MHC I polypeptide- related 
sequence A; MICB, MHC I polypeptide- related sequence B; NK, natural killer; NKG2D, NK- cell receptor D (also known as 
NKG2- D type II integral membrane protein); PD- 1, programmed cell- death protein 1; PD- L1, programmed cell death- ligand 1; 
SIRPα, signal- regulatory protein α; TCR, T- cell receptor; TGFβ, transforming growth factor β.
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myeloid- derived suppressor cells has been reported.62 64 
Thus, suppression of the peripheral antitumor immune 
response might support CTC survival and promote meta-
static progression. A possible link between Tregs and CTCs 
was indicated in MBC: CTC- positive patients had a higher 
frequency of CD4+ Tregs in the peripheral blood together 
with a stem- like CTC phenotype. Furthermore, CTCs in 
patients with breast cancer exhibit a downregulation in 
mTOR, PARP, myc genes, and among others upregula-
tion of FOXO3.65 These genes are potentially involved 
in induction of immune tolerance (eg, downregulation 
of PARP can enable increased Treg activity).66 Recent 
improvement in CTC culturing and the establishment of 
CTC- derived cell lines31 67 might open new avenues for 
functional studies to unravel the influence of CTCs on 
the systemic Treg activation.45

Neutrophils appear to play an important role for 
promoting CTC dissemination and survival. CTCs 
directly adhere on top of neutrophils, indicating that 
CTCs use immune cells to hitchhike during extravasa-
tion.68 Multiple mechanisms have been proposed to be 
involved in this interaction, including the expression of 
the intercellular adhesion molecule- 1 on CTCs and its 
binding to Mac- 1 or β2- integrins on neutrophils,68 69 with 
cytokines such as IL- 8 as presumable mediators in this 
crosstalk.70 71 Neutrophils can even actively entrap CTCs 
through the production of ‘neutrophil extracellular 
trap’ (NET), which describes a structure of extruded 
DNA and proteins on the surface of neutrophils. NETs 
can enhance CTC adherence and extravasation in 
target organs of metastatic spread.70 72 Interestingly, 
neutrophils form heterotypic clusters with CTCs and 
promote their survival and ability to grow out to overt 
metastases.27 This team identified cell–cell junction and 
cytokine- receptor pairs that define CTC- neutrophil clus-
ters, representing key vulnerabilities of the metastatic 
process. Cluster formation might also have influences 
on MHC- mediated antigen presentation73 and provide 
therefore a more general way to promote survival of 
CTCs.

Clinical translation—implementation of CTCs into clinical 
decision-making
The clinical relevance of CTCs in patients with cancer 
has been extensively reviewed (eg,4 74 CTCs offer the 
advantage that information on all components of tumor 
cells including DNA, RNA and proteins can be obtained. 
Moreover, the analysis of intact tumor cells rather than 
fragments of circulating tumor DNA (ctDNA (released 
from apoptotic tumor cells seems to ensure that the infor-
mation is really derived from viable tumor cells that can 
contribute to tumor progression. Here, we will provide 
a brief summary of the most prominent clinical applica-
tions and cite some reports that underline our statements. 
We apologize to all the authors who published excellent 
work in this area that we did not cite.

Early detection of cancer
Early detection of cancer is one of the key aims of blood 
biomarkers. Screening of populations at risk to develop 
cancer may help to identify and resect small malignant 
lesions before they have spread to regional lymph nodes 
or distant organs. Currently, this application is dominated 
by ultrasensitive methods to detect minute amounts of 
cell- free DNA in blood plasma,75 while the incidence of 
CTCs detectable at early cancer stages is usually too low 
using current technologies. However, increases in the 
sensitivity of CTC detection might be achieved by the 
analysis of larger blood volumes.7 For early detection of 
cancer, the future will be to combine different circulating 
biomarkers: tumor- derived or tumor- induced but also the 
immune cells.76

Monitoring of MRD—surveillance
After initial cancer diagnosis, many patients undergo 
surgical resection of their primary lesion and subsequent 
adjuvant radiotherapy or systemic therapy (eg, chemo-
therapy) aimed to eradicate locoregional or systemic 
spread of metastatic cells. CTC detection at initial diag-
nosis in a variety of solid tumors can help to determine 
the subsequent risk of developing metastatic relapse.77 78 
Moreover, monitoring of patients with cancer (‘surveil-
lance’) over time after initial adjuvant therapy by repeated 
blood analyses has opened new avenues for early detec-
tion of signs that indicate the presence of active MRD 
that poses a risk for overt metastatic relapse. CTC counts 
obtained 2 or 5 years after initial adjuvant therapy in 
breast cancer can identify patients with MRD who have 
a higher risk to develop metastatic relapse within the 
next 5 years of further follow- up.8 9 Since the life time of 
CTCs in blood is rather short (hours), these CTCs are not 
derived from the primary lesion resected many years ago 
but most likely are derived from small micrometastatic 
lesions. Further molecular analyses of these CTCs open a 
new avenue for deciphering the mechanisms that control 
the outgrowth of these lesions that may have been in a 
dormant or latent state for several years.

Monitoring of therapy efficacy in metastatic disease
Changes in CTC counts during therapy of patients 
with solid tumors such as breast cancer are associated 
with response to therapy. In breast cancer, CTC counts 
predicted progression of patients with metastatic disease 
much earlier and with high accuracy than the conven-
tional blood serum proteins used as ‘tumor markers’ 
(eg, carcinoembryonic antigen (CEA)).79 Similar results 
were obtained in advanced prostate cancer where rapid 
declines in CTC counts during chemotherapy or antian-
drogen therapies provided information on therapy 
responses independent from the standard serum marker 
prostate- specific antigen (PSA).80

Identification of therapeutic targets and resistance mechanisms
Besides quantitative assessment of CTCs, the molecular 
characterization of these cells opened a new avenue for 
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the qualitative assessment of tumor burden in individual 
patients. Metastatic lesions are frequently not easy to 
probe by needle aspirations, which is a hurdle for getting 
personalized information of potential targets for therapy 
or resistance mechanisms. In contrast, blood samples can 
be easily obtained from every patient. Recent advances 
have made it possible to characterize CTCs at the DNA, 
RNA and protein level and obtain—in addition to ctDNA 
analyses which are restricted to genomic aberrations—a 
more comprehensive view of the alterations relevant 
to therapy.4 The advantage of CTCs over ctDNA in the 
context of immunotherapies is that cell surface proteins 
relevant for the interaction of tumor cells with immune 
cells such as MHC antigens and immune check point 
inhibitors such as PD- L1 can be assessed at the single 
cell level. Moreover, the direct cross talk in heterotypic 
clusters of CTCs and immune cells can be studied and 
it may be important for the response to immunothera-
pies. This cellular information together with the infor-
mation derived from DNA analysis (eg, tumor mutational 
burden) will increase our knowledge about the biology of 
resistance mechanisms to immunotherapies.

Nevertheless, a considerable fraction of patient with 
metastatic disease has not enough CTCs for subsequent 
molecular analysis, which points again to the need to 
develop and validate technologies that increase the CTC 
capture rates .

Conclusions and perspectives
We have discussed how research on CTCs can capture the 
steps of the metastatic cascade in patients with cancer in 
particular with regard to the interface with immune cells, 
and how this CTC research has translated into clinical 
applications that might lead to an improved personalized 
management of patients with cancer at various stages of 
their disease. Although most of these applications are so 
far only for research use in clinical studies and are not 
part of the current recommendations for clinical use in 
routine diagnostics, recently completed and ongoing 
interventional studies4 will provide evidence on the clinical 
utility relevant for implementation into clinical decision- 
making. For the first time in this field, the METABREAST 
study (clinical trial registration: NCT01710605) proved the 
clinical utility of CTCs. In this interventional clinical trial, 
patients with first- line MBC were randomized between the 
clinician’s choice and CTC count- driven choice. In the 
CTC arm, patients with ≥5 CTC/7.5 mL received chemo-
therapy, whereas patients with <5 CTC/7.5 mL received 
endocrine therapy as first- line treatment. In conclu-
sion, the CTC count is a reliable biomarker method for 
choosing between chemotherapy and endocrine therapy 
as the first- line treatment in hormone receptor- positive 
HER2− MBC.

Besides its potential value for improving patient’s care, 
CTC research offers unique opportunities to unravel 
the evolution of metastatic progression in patients with 
cancer. This knowledge will complement the valuable 
information derived from experimental studies. In 

particular, the interactions between CTCs and the cells 
of the immune system deserves intense future investiga-
tion. Many research groups have analyzed either CTCs or 
profiled immune cells in patients with cancer but studies 
assessing both the tumor and host response are under- 
represented. In this context, the lack of functional studies 
on CTCs might be overcome now by the establishment of 
conditions that allow in vitro cultures of CTCs and the 
availability of CTC- derived cell lines.31 67

Emerging evidence shows that the immune system 
may have a dual role on CTCs. On the one hand, CTCs 
released into the bloodstream might be more vulnerable 
for immune- mediated elimination, and recent studies 
have gained new insights into the question how CTCs can 
counteract immune- mediated killing. On the other hand, 
immune cells like neutrophils can support the survival 
and growth of CTCs and thereby support metastatic devel-
opment. Other components of the ‘circulome’ such as 
platelets, endothelial cells or cancer- associated fibroblasts 
may also affect the survival and/or capacity to extravasate 
into distant tissues. Thus, the assessment of heterotypic 
clusters between CTCs and host cells is an exciting area 
of future investigations. Interestingly, recent data suggest 
that the release and survival of CTCs in the circulation 
undergoes circadian changes,81 82 which might have also 
important implications for the clinical use of CTCs as 
biomarkers. The future will tell us whether we identified 
the ultimate selective filter in cancer progression—CTCs 
releasing during the rest phase83—and more importantly, 
whether this nocturnal CTC dissemination is due to the 
role of sleep or circadian cycle.84

For the clinical implementation of CTCs as liquid 
biopsy marker, the harmonization and technical valida-
tion of the plethora of different technologies is essen-
tial. The European CANCER- ID network has carried out 
such studies85 which are now continued by the successor 
consortium called European Liquid Biopsy Society (www. 
elbs.eu) and will result into guidelines for the use of 
CTCs in cancer research. These activities are connected 
to other networks worldwide through the International 
Alliance for Liquid Biopsy Standardization.86

A challenge for CTC- based therapeutic decision- making 
is their infrequent detection. High- blood volume anal-
ysis could provide a solution, as exemplified in a recent 
report on monitoring response to (immuno)therapy in 
lung cancer using leukapheresis.87 Diagnostic leukapher-
esis has been applied in selected CTC research studies88 
to obtain thousands of CTCs from individual patients with 
cancer but their use in large scale clinical studies is very 
challenging. In vivo CTC capture devices may become an 
alternative in the future89 but they are still at an experi-
mental stage of development.

The availability of sufficient amounts of CTCs can also 
open new avenues for better understanding the response 
to immunotherapies. For example, besides correlative 
studies suggesting that PD- L1 expression on CTCs is 
more prognostically relevant than the expression on 
tumor tissue,58 90 it is not clear whether CTCs are more 
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vulnerable to interventions targeting PD- L1 than cells 
in solid tumors. Platelet association, which may be more 
CTC specific, is also cited as providing immune protec-
tion. However, it is also unclear whether CTCs lacking 
platelet association are rapidly cleared by the innate 
immune system in patients with cancer. Future investiga-
tions may focus on these important questions. At present, 
there is a paucity of direct evidence and that we need 
more extensive analyses.

Taken together, the combined in- depth analysis of CTCs 
and circulating immune cells in relation to the changes 
occurring in the respective tumor microenvironment and 
clinical outcome of patients with cancer will provide new 
insights in the role of the immune system in metastatic 
progression.
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