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A New Era in Liquid Biopsy:
From Genotype to Phenotype

Shana O. Kelley'" and Klaus Pantel?

BACKGROUND: Liquid biopsy, in which tumor cells and
tumor-derived biomolecules are collected from the circula-
tion, is an attractive strategy for the management of cancer
that allows the serial monitoring of patients during treat-
ment. The analysis of circulating DNA produced by tumors
provides a means to collect genotypic information about the
molecular profile of a patient’s cancer. Phenotypic informa-
tion, which may be highly relevant for therapeutic selection,
is ideally derived from intact cells, necessitating the analysis
of circulating tumor cells (CTCs).

CONTENT: Recent advances in profiling CTCs at the
single-cell level are providing new ways to collect critical
phenotypic information. Analysis of secreted proteins, sur-
face proteins, and intracellular RNAs for CTCs at the single-
cell level is now possible and provides a means to quantify
molecular markers that are involved with the mechanism of
action of the newest therapeutics. We review the latest tech-
nological advances in this area along with related break-
throughs in high-purity CTC capture and in vivo profiling
approaches, and we also present a perspective on how geno-
typic and phenotypic information collected via liquid biop-
sies is being used in the clinic.

SUMMARY: Over the past 5 years, the use of liquid biopsy
has been adopted in clinical medicine, representing a major
paradigm shift in how molecular testing is used in cancer
management. The first tests to be used are genotypic mea-
surements of tumor mutations that affect therapeutic effec-
tiveness. Phenotypic information is also clinically relevant
and essential for monitoring proteins and RNA sequences
that are involved in therapeutic response.
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The concept of “liquid biopsy” has emerged as a general
approach that seeks to integrate information from blood-
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borne circulating nucleic acids, proteins, cancer cells, and
extracellular vesicles to provide a comprehensive picture
of tumor progression (7). Liquid biopsy can complement
invasive tissue biopsy in many aspects of cancer diagnosis
and management (Fig. 1). In the clinic, the analysis of
circulating tumor DNA can be used to detect tumor-
associated mutations (2). This level of genotypic infor-
mation is valuable and provides information on potential
therapeutic response and tumor progression. Equally im-
portant, but not yet broadly used in the clinic, is the
phenotypic information that requires the analysis of in-
tact circulating tumor cells (CTCs)? (3).

CTCs are recognized as the likely source of deadly
metastatic disease in patients (4). CTCs may circulate
and seed active metastatic tumors while a primary tumor
is present, or disseminated tumor cells (DTCs) may es-
cape a primary tumor and remain dormant for many
years (5—8). Intact CTCs are a critical target for liquid
biopsy, because they provide information about the mo-
lecular makeup of cells within a tumor and carry pheno-
typic information that is critical for treatment selection.
Indeed, many of the most powerful therapeutics to enter
the clinic in the past several years are targeted toward
aberrant expression of protein or RNA markers that are
not reflected in the genotype of the cell. Thus, developing
CTC analysis approaches that elucidate the phenotypic
properties of a tumor is a key capability for the imple-
mentation of comprehensive liquid biopsy tests.

CTCs enter the bloodstream either as single cells or
clusters (9—10) and must withstand the mechanical
forces associated with circulation and evade the immune
system to survive and persist long enough to reach a site
that represents a suitable environment for the formation
of a metastatic lesion. The downregulation of epithelial
markers and transition to a more mesenchymal pheno-
type during the epithelial-to-mesenchymal transition
(EMT) may engender sufficient levels of resilience for
these cells to reach a target site, although regaining an

epithelial phenotype is likely required for the growth of a

3 Nonstandard abbreviations: CTC, circulating tumor cell; DTC, disseminated tumor cells;
EMT, epithelial-to-mesenchymal transition; EpCAM, epithelial cell adhesion molecule;
HER?2, human epidermal growth factor receptor 2; EGFR, epidermal growth factor recep-
tor; AR-V7, androgen receptor variant 7; PD-L1, programmed cell death ligand 1; WBC,
white blood cell; cfDNA, cell-free DNA; ALK, anaplastic lymphoma kinase; WGA, whole-
gene amplification; ER, estrogen receptor; MRD, minimal residual disease; CRPC,
castration-resistant prostate cancer; TMB, tumor mutational burden.
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Fig. 1. (A), Liquid biopsy tests, in which tumor cells and biomolecular material is collected noninvasively from the blood, will
benefit from the analysis of phenotypic and genotypic information.

(B), The analysis of CTCs facilitates the collection of phenotypic information including EMT status, protein expression levels, and the presence
of RNA-level expression alterations. Circulating tumor DNA can be interrogated to profile individual mutations that may affect therapeutic

metastatic tumor (1/-12). A recent study highlighted
the importance of retaining epithelial character for the
formation of metastatic lesions (73). Thus, in addition to
the clinical relevance of phenotypic information col-
lected from CTCs via liquid biopsy, understanding the
dynamic properties of these cells is also important to
further our understanding of the biology underlying
metastasis.

Although technologies that enable the sensitive enu-
meration of CTCs emerged over a decade ago (3), the
elucidation of phenotypic properties of CTCs has re-
mained a challenge. CTCs are exceedingly rare in blood
samples and are outnumbered by normal blood cells a
billion-fold. A clinical blood sample may contain only
5-10 CTCs and these cells may be heterogeneous, re-
quiring that analysis is performed at the single-cell level
(14). New approaches for clinically relevant phenotypic
profiling of CTCs must therefore possess a very high level
of sensitivity (e.g., a low false-negative rate), specificity
(e.g., a low false-positive rate), and the ability to readout
protein and RNA levels. The use of this information to
understand and correlate heterogeneity among a patient’s
CTGCs, as compared to a primary tumor (15-17), relies
on the ability to collect information at the single cell level.

In this review, we discuss recent progress in the use
of liquid biopsy testing in the clinic, with an emphasis on
testing applications that are becoming increasingly com-
mon in mainstream clinical medicine. We discuss the
existing and potential applications of genotypic and phe-
notypic information that can be collected from noninva-
sive measurements and review new technologies that may
provide solutions for the development of clinically ac-
tionable tests (Fig. 2).
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New Technologies for CTC Phenotype Analysis

When CTCs were first identified as important markers
for cancer treatment and management, their enumera-
tion in clinical specimens was pursued as a metric that
could be used to evaluate the stage and progression of a
tumor. Many of the initial methods applied to CTC enu-
meration relied on their isolation from blood by use of
immunomagnetic labeling of epithelial cell surface mark-
ers [e.g., epithelial cell adhesion molecule (EpCAM)].
These markers are uniquely expressed on cancer cells vs
normal blood cells and this is therefore a strategy that
enables specific capture of CTCs in the presence of a large
abundance of blood cells. The FDA (US Food and Drug
Administration)-cleared CellSearch platform uses this
type of capture combined with immunofluorescence to
identify CTCs in clinical specimens and has been em-
ployed in many studies to assess disease progression and
response to therapy (18—19). This type of testing, how-
ever, has not been adopted in the clinic outside of clinical
studies because of a lack of clear, actionable results and
improvements in patient outcomes (20).

The analytical sensitivity of CellSearch has also been
questioned as the platform has undergone extensive test-
ing in research laboratories and the clinic. The standard
assay used for CellSearch testing relies on capture via an
antibody to EpCAM, an epithelial protein. Because this
protein appears to be downregulated as CTCs lose their
epithelial phenotype while in the bloodstream, the reli-
ance on this marker may negatively impact capture effi-
ciency. However, the count of EpCAM © CTCs is closely
related to tumor recurrence (18 ). EpCAM biology is still
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Fig. 2. New technologies for CTC analysis permit the analysis of CTCs at the single-cell level, can facilitate the capture of CTCs with
sufficient purity for single-cell level gene expression profiling, and permit in vivo observation of CTC concentrations.

Analysis of a variety of secreted proteins using the Epispot and Vortex platforms has produced important correlations of these factors with
patient outcomes [top adapted from Alix-Panabieres and Pantel (30); bottom reproduced from see Dhar et al. (37)]. Labeling of surface
proteins and intracellular RNAs with magnetic nanoparticles and surface-enhanced Raman spectroscopy (SERS)-active labels has facilitated the
visualization of EMT and drug resistance in CTCs [top adapted from Poudineh et al. (33), Labib et al. (34) bottom reproduced from Tsao et al.
(59)1. Significant progress in the development of CTC isolation platforms has permitted the application of single-cell methods expression
profiling methods [reproduced from Kominsky etal. (47)], and recent breakthroughs related to the development of in vivo systems have been
made allowing CTCs to be tracked in real time [reproduced from Hamza et al. (47) and Kim et al. (44)].

underinvestigated and it appears to have important addi-
tional functions beyond homotypic cell adhesion (21).

Many next-generation technologies have sought to
improve on the performance of the CellSearch approach
and offer high-sensitivity enumeration of CTCs. A vari-
ety of microfluidic immunocapture technologies have of-
fered higher levels of performance with tailored capture
systems that promote binding of cells to microscale struc-
tures and particles (22—-29). Other systems have emerged
that do not rely on immunocapture and instead harness
the size, electrical, or mechanical properties of CTCs to
facilitate their capture from clinical blood specimens (3).
These approaches produce concentrated CTCs that pos-
sess lower purity than immunocapture-based technolo-
gies but are advantageous because they are not subject to
fluctuations in target markers. However, irrespective of
the capture approach, most systems developed to date are
still enumeration systems that reveal how many CTCs are
present in a blood sample or concentrate these cells for
offline analysis. To collect clinically meaningful informa-
tion from CTGCs, technologies that provide direct func-
tional and phenotypic information are needed.

Several recent breakthroughs bring a higher level of
information content to CTC analysis. Systems are now
available that characterize CTCs at the single cell level
and provide information about protein concentrations
on the cell surface, secreted proteins, and intracellular
RNA:s. Single cell analysis is also emerging as a powerful

tool that can help elucidate new CTC markers and un-
derlying biology that may contribute to metastasis.

ANALYSIS OF PROTEINS SECRETED FROM CTCs
One of the first breakthroughs in functional profiling of
CTCs was the development of the EPISPOT platform
that facilitates the detection of viable cells and profiles
specific proteins that are secreted or shed from these cells
(30). After label-free concentration of CTCs, cells are
introduced into a well-based format and antibody-coated
membranes are used to collected proteins from the incu-
bation medium. This approach has been used to profile a
variety of different tumor markers including CK19 (cy-
tokeratin19), human epidermal growth factor receptor 2
(HER2), MUCI1 (Mucin 1), FGF2 (fibroblast growth
factor 2), and epidermal growth factor receptor (EGFR).
Data collected using this approach have been correlated
with patient outcomes in many different cell types. This
type of platform is generalizable and can be tailored to
answer different questions concerning the presence of
different protein factors expressed or secreted by CTCs.
A recently reported approach to specifically measur-
ing matrix metalloprotease activity represents another ad-
vance in collecting functional information on proteins
secreted from CTCs (31). Here, a bulk concentration
step is coupled with the compartmentalization of indi-
vidual CTCs into droplets in which a reaction with a
fluorescent substrate is monitored. Given the proposed
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link between matrix metalloprotease activity and the in-
vasiveness of cancer cells, this type of measurement pro-
vides a powerful means to assess this critical functional
property of CTCs. A recent study published on the ap-
plication of this method to prostate cancer CTCs estab-
lished the feasibility of the approach when used with
patient samples (31).

ANALYSIS OF INTRACELLULAR AND EXTRACELLULAR
PROTEINS EXPRESSED BY CTCs

Profiling protein concentrations displayed on the surface
and expressed in the cytoplasm or organelles of CTCs is
important to benchmark phenotypic properties of the
tumor of origin and to collect information about poten-
tial metastatic lesions. Recent advances in microfluidic
western blotting methods now permit the analysis of sin-
gle CTCs using the same antibody-based workflow fa-
miliar to the research community (32). CTCs are iso-
lated as a bulk fraction using a label-free approach, placed
in microwells, and lysed and then individual proteins are
visualized after rounds of probing and stripping. This
technique was successfully applied to CTCs isolated from
breast cancer patients and enabled the visualization of
heterogeneity in the overall population of cells collected.

A different approach to quantifying surface proteins
was developed that uses antibody-functionalized mag-
netic nanoparticles as labeling agents and a microfluidic
device to profile concentrations of individual proteins on
the surface of CTCs (24, 33). This approach—referred
to as magnetic ranking cytometry—facilitates expression
analysis at the single cell level, which can be used to
visualize EMT during tumor progression in animal mod-
els and patients. This technology was also adapted to
target intracellular mRNAs and enabled direct detection
of the androgen receptor variant 7 (AR-V7) splice variant
in individual CTCs (34). Although the initial assays de-
veloped on this platform were destructive in nature
because immunofluorescence was used to characterize
the cells captured in the microfluidic device, a next-
generation prismatic—deflection approach allows the re-
covery of viable cells (35 ). Cells are deflected along mag-
netic guides and collected as fractions according to
magnetic labeling and can be unequivocally identified as
cancer cells using graphene Hall detectors integrated
within the microfluidics. This device enabled the isola-
tion and analysis not only of individual viable CTCs but
of CTC clusters as well.

Profiling protein markers expressed on the surface of
CTCs will likely become an increasingly important area,
given the use of immunotherapy and other targeted ther-
apies in advanced cancers. Markers like programed cell
death ligand 1 (PD-L1) are typically profiled in tissue
biopsies to assess potential for response in lung cancer
patients, given the role of this protein in suppressing the
T cell response. Although several studies have tested
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PD-L1 positivity in CTCs (36), itis not yet clear whether
CTC PD-LI concentrations are related to expression in
primary or metastatic tumors, but this is now a relation-
ship that can be explored given the availability of quan-
titative technologies for protein measurement at the sin-
gle cell level.

AR-V7 is another marker that is important to assess
for therapeutic selection. A commercially available test
that analyzes the AR-V7 protein in CTCs is now being
used in the clinic in North America (37-38). It is not yet
established whether quantitative analysis of this marker
has clinical utility, but this test is another example of a
liquid biopsy test for which phenotypic information col-
lected from CTCs is critical.

TOOLS FOR CTC BIOLOGY AND NEW CLINICAL APPLICATIONS
In addition to the new phenotypic profiling systems
mentioned above, other platforms are emerging that will
play a vital role in uncovering new CTC phenotypes
that may be important for liquid biopsy-based testing.
Systems that enable single cell RNA expression profil-
ing and RNA sequencing are powerful for the elucida-
tion of new pathways relevant to the metastatic poten-
tial of CTCs. Moreover, devices that enable in vivo
capture and analysis of CTCs provide a means to un-
derstand the persistence and dynamic behavior of
these cells in the bloodstream.

The greatest challenge inherent in isolating CTCs
for RNA expression analysis and RNA sequencing is the
isolation of high-purity samples. Especially when PCR-
based analysis is used, contaminating white blood cells
(WBCs) are problematic. Platforms that employ high-
performance WBC depletion steps or high-specificity
CTC capture are best suited to this application because of
the need for high purity samples (39). New sample prep-
aration platforms are also coming online (40), which are
critical for single cell handling and the isolation and am-
plification of exceedingly small quantities of nucleic ac-
ids. Enabled by advanced CTC capture and isolation
systems, several powerful studies of RNA expression have
produced useful insights into CTC biology, including
the observation of undifferentiated survival signatures,
EMT and noncanonical Wnt signaling in prostate CTCs
(41-42), and markers for apoptotic resistance and EMT
in breast cancer CTCs (43). Recently, DNA methylation
patterns related to CTC clustering were uncovered in
studies sequencing single CTCs that connected changes
in genes for aggregated cells related to stemness and met-
astatic potential (9).

Devices that enable analysis of CTCs in situ within
living animals, or even patients, are advancing rapidly,
and they will enable better access to larger samples of
CTCs and permit the analysis of phenotypic dynamics in
real time. It is now possible to collect cells directly from
the bloodstream using the CellCollector, a device that
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can be inserted into a patient through a 20-gauge needle.
This device appears to harvest significantly higher num-
bers of CTCs relative to yields from a typical blood draw.
Next-generation systems have also been reported based
on ex vivo collection devices (44) and flexible magnetic
wires that increase CTC recovery efficiency further (45).
It is noteworthy, however, that all of these devices use
immunoaffinity reagents (i.e., EpCAM) to capture
CTCs, and therefore, further work will be needed to
broaden the types of CTCs that can be analyzed.

A recent report of a label-free method for identifica-
tion and eradication of melanoma CTCs using a photoa-
coustic approach provides a new tool for in vivo monitoring
(46). The sensitivity achieved with this method is a major
advance, with a single CTC being detectable in a liter of
circulating blood. Clusters could also be tracked with this
tool, and acoustic waves were also used to ablate CTCs.

A recently reported optofluidic real-time cell sorter
represents another important leap forward for in vivo
CTC analysis (47). This device was designed to analyze
CTGCs in genetically engineered mouse models of cancer,
in which an optical reporter was engineered into cells
with carcinogenic alterations to facilitate specific detec-
tion of circulating cells originating from the primary tu-
mor. Cells were collected from the bloodstream at a series
of time points and used for single cell RNA sequencing;
the results highlighted the heterogeneity in the mice pro-
duced from a single model that likely mirrors patient
heterogeneity in the clinic.

Liquid Biopsy in the Clinic: Tumor Genotype
to Phenotype

CTC analysis allows the determination of therapeutic
targets and mechanisms of resistance to cancer therapies
at the DNA, RNA, and protein level as well as the per-
formance of drug screening on functional models includ-
ing cell cultures and xenografts [see review of C. Alix-
Panabieres et al. in this issue (48).]

TUMOR GENOTYPE

Resistance-conferring mutations have been largely iden-
tified in many types of solid tumors. Mutations in the
epidermal growth factor receptor (£ GFR),* KRAS proto-
oncogene, GTPase (KRAS), and B-Raf proto-oncogene,
serine/threonine kinase (BRAF) genes have been the
prime targets of cell-free DNA (cfDNA) analyses and
these analyses have contributed to a better understanding

# Human Genes: £GFR, epidermal growth factor receptor; KRAS, KRAS proto-oncogene,
GTPase; BRAF, B-Raf proto-oncogene, serine/threonine kinase; PIK3CA,
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha; AR, andro-
gen receptor; TP53, tumor protein P53; ETS family, ETS proto-oncogene family; RB1,
RB transcriptional corepressor 1; PTEN, phosphatase and tensin homolog.

of tumor evolution driven by cancer therapies (49).
Genomic rearrangements [e.g., anaplastic lymphoma ki-
nase (ALK) rearrangements in lung cancer] also play a
role as therapeutic targets and have been studied using
DNA extracted from CTCs (50).

Looking at the genome of single CTCs isolated from
the blood of an individual patient is now feasible using FISH
(fluorescence in situ hybridization) or whole-genome ampli-
fication (WGA) followed by NGS (next-generation se-
quencing), which has unraveled the frightening degree of
intrapatient heterogeneity in patients with solid tumors,
e.g., in mutations of the (P/K3CA) gene known to confer
resistance to estrogen receptor (ER) or HER2 targeting ther-
apies in breast cancer (21, 51, 52) or mutations in the KRAS
gene conferring resistance to EGFR-targeting therapies in
colorectal cancer (19, 53-55).

Comparing primary colorectal cancers with CTCs
from the same patients has revealed that subclonal muta-
tions present in the primary lesion are overrepresented in
the CTCs (56), supporting the view that CTCs are de-
rived from a subset of tumor cells with a particular geno-
type and not from the bulk of the tumor. Thus, the sole
analysis of randomly selected sections of the primary tu-
mor, which is the usual practice in clinical oncology for
assessment of therapeutic targets or resistance mecha-
nisms, might lead to false findings in regard to the pre-
vention of metastatic lesions in cancer patients. Rebiop-
sies of metastatic lesions are possible, but some locations
are difficult to access, which has opened a new diagnostic
avenue for blood analyses of CTCs and other liquid bi-
opsy analytes like cfDNA (2).

Moreover, sorting of single CTCs also allows the
correlation between genotype and phenotype of a single
tumor cell. This may enable researchers in the future to
assess the genotype of particular subsets of CTCs. For exam-
ple, CTCs undergoing EMT are thought to exert a higher
plasticity to form metastases and it might be therefore of
great interest to analyze druggable mutations in these
“metastasis-initiator cells.” Moreover, it is well-known that
ER-positive CTCs and ER-negative CTCs coexist in breast
cancer patients with ER-positive primary tumors (57), and
recent reports have shown that these CTC subsets have dif-
ferential genomic aberrations that may pinpoint mecha-
nisms of resistance to endocrine therapies (58).

Acquired resistance to targeted therapy is often seen
as originating from selective expansion of preexisting
subclonal populations. However, minimal residual dis-
ease (MRD) could harbor a small population of quiescent
drug-tolerant cells that have survived owing to adaptive
activation of alternative molecular pathways (59). Mo-
lecular characterization of CTCs during the postsurgical
surveillance period could help to identify these pathways
of resistance (60).
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TUMOR PHENOTYPE

The central role of phenotypic switching in drug resistance
is gaining acceptance across many different types of tumors
(59, 61). Here, fDNA analyses cannot provide informa-
tion, although CTC analysis at the RNA or protein level
could help to explore these molecular mechanisms. In breast
cancer, CTCs from patients with originally ER+/HER2—
breast cancer can interconvert to a HER2+ phenotype un-
der cytotoxic treatment without acquisition of addi-
tional genetic aberrations (61). In melanoma, pheno-
typic switching with acquisition of a less-differentiated
phenotype has been reported in CTCs at the time of
relapse from targeted therapy (62).

Intrapatient heterogeneity is also mirrored at the
gene-expression level of CTCs (63—65 ), and it appears to
be particularly relevant to response to antiandrogen ther-
apy in castration-resistant prostate cancer (CRPC) (38)
and possibly also other tumor entities. CRPC is the clin-
ical entity for which expressional changes in CTCs have
been most widely explored for assessment of treatment
resistance to antiandrogen therapies (20). Multiple
mechanisms have been reported to contribute to resis-
tance against antiandrogen therapy such as diverse ge-
netic aberrations in androgen receptor (AR), tumor pro-
tein P53 (7P53), ETS proto-oncogene family (E7S
family), RB transcriptional corepressor 1 (RBI), and
phosphatase and tensin homolog (P7TEN), increased ex-
pression of androgen receptor, mutations in the ligand
binding domain of AR, or production of AR-V7. The
detection of AR-V7 in CTCs is currently the most prom-
inent predictive biomarker guiding the treatment choice
between AR signaling inhibitors and taxane-based che-
motherapy in CRPC (37, 66).

Immune checkpoint inhibitors have opened a new
era in immunotherapy, with exceptional long-term re-
missions in some patients across diverse tumor entities.
However, only a fraction of patients respond to this form
of therapy and many patients experience severe side ef-
fects such as strong autoimmune reactions of the liver and
other organs (67). Therefore, biomarkers predicting re-
sponse and/or severe side effects are urgently needed.
Here, CTC analysis would present a real advantage be-
cause it allows monitoring of the actual tumor evolution
with regard to the expression of target molecules (e.g.,
PD-L1) of immune checkpoint inhibitor therapies. Pilot
studies have suggested that PD-L1 is more frequent on
CTCs in metastatic breast cancer compared to the pri-
mary lesion (68) and it appears to be correlated to EMT
in non—small cell lung cancer (69), unfavorable out-
come in head and neck cancer (70), and response to
anti-PD1 therapy in a phase I trial (71). This infor-
mation might then be combined with the assessment
of tumor mutational burden (TMB) on cfDNA (72).
However, despite promising initial results, technical

and clinical validation of PD-L1 CTC and TMB as-
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sessment (73) is still necessary before implementation
into clinical practice.

Conclusions

The opportunities of CTC analyses to bring the vision of
personalized medicine to reality within the next decade
are obvious. Tumor evolution leads to substantial
changes in the molecular composition of tumor cells in
cancer patients owing to natural or therapy-induced se-
lection of the fittest clones leading to the initiation of
metastasis. Thus, the mere analysis of tissue sections of
the primary lesion— common practice on diagnostic on-
cology—is not sufficient. However, rebiopsy of meta-
static lesions cannot be achieved in many patients be-
cause of the location of the lesion (e.g., in lungs or brain).
Moreover, different metastatic lesions in an individual
patient have different genomic aberrations (74-75) in-
cluding druggable mutations. Finally, to encompass the
dynamic evolution of tumors during therapy, multiple
sequential tissue biopsies over time would be required,
which is only feasible in a minority of patients, even in
academic centers. These limitations have supported the
vision that blood-based analysis of tumor cells or tumor
cell products such as cfDNA may complement current
diagnostics in oncology (2, 76).

Despite the promising results on CTC analyses discussed
in his review, the key limitation is the small number of CTCs
detectable in a blood sample of approximately 10 mL in most
cancer patients (exceptions are patients with small-cell lung can-
cer or very advanced other tumor types such as prostate or
breast cancer). Approaches to overcome this limitation are
currently being investigated and include the analysis of
much larger blood volumes [e.g., by diagnostic leukaphere-
sis (76—79)], the development of in vivo CTC capture de-
vices (44, 47, 63), or noninvasive CTC monitoring by pho-
toacoustic signals through the intact skin (59). The future of
CTCs as companion diagnostics to steer cancer therapies
will largely depend on the progress of these efforts.

Moreover, it will be important to standardize new
methods within international consortia like the Euro-
pean Union/IMI (Innovative Medicines Initiative) con-
sortium CANCER-ID or the ELBS (European Liquid
Biopsy Society) in Europe and the US-based BloodPac.
To foster the introduction of CTCs into clinical practice,
clinical utility of the CTC biomarker has to be demon-
strated in a specific context of use (e.g., selection of a
specific targeted therapy). Thus, the biomarker develop-
ment needs to be closely linked to drug development and
it requires substantial investments frequently underesti-
mated by industry. This might be one of the reasons for
the striking lack of new biomarkers accepted into the
clinic despite the plethora of publications on biomarkers
(e.g., more than 20000 publications on CTCs in
PubMed) in cancer (and other diseases).
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