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Abstract: Shedding of cancer cells from the primary site or undetectable bone marrow region into
the circulatory system, resulting in clinically overt metastasis or dissemination, is the hallmark of
unfavorable invasive cancers. The shed cells remain in circulation until they extravasate to form
a secondary metastatic lesion or undergo anoikis. The circulating tumor cells (CTCs) found as
single cells or clusters carry a plethora of information, are acknowledged as potential biomarkers
for predicting cancer prognosis and cancer progression, and are supposed to play key roles in
determining tailored therapies for advanced diseases. With the advent of novel technologies that
allow the precise isolation of CTCs, more and more clinical trials are focusing on the prognostic and
predictive potential of CTCs. In this review, we summarize the role of CTCs as a predictive marker
for cancer incidence, relapse, and response to therapy.

Keywords: liquid biopsy; circulating tumor cells; predictive biomarker; companion diagnostics;
precision medicine

1. Introduction

Tissue biopsy is the gold standard for cancer diagnosis and profiling [1]; however,
determining a treatment regimen for advanced diseases based solely on the information
available from tissue biopsies is challenging [2]. Circulating tumor cells (CTCs) were first
identified almost a century ago by the Australian physician Thomas Ashworth in the blood
of metastatic cancer patients [3]. However, it was not until the past two decades that
their prognostic potential was elucidated, primarily because of the significant technical
challenges in isolating these rare cells from an overwhelming background of peripheral
blood mononuclear cells (PBMCs). Liquid biopsy (LBx) refers to isolating cancer cells or
cancer cell-derived components from body fluids for further analysis [4]. This approach
is gaining significant attention due to its noninvasive nature and minimal risk associated
with longitudinal sampling [5,6]. The clinical validity of CTC enumeration was supported
by a series of multicenter studies which led to the inclusion of CTCs for cancer staging for
breast cancer (BC) patients (cM0; no clinical or radiologic evidence of distant metastases,
but deposits of molecularly or microscopically detected tumors in the circulating blood,
bone marrow, or other non-regional nodal tissue that are no larger than 0.2 mm in a patient
without symptoms or signs of metastases) by the 8th edition of the American Joint Commit-
tee on Cancer (AJCC) cancer staging manual and in the World Health Organization’s WHO
Classification of Tumours of the Breast [7,8]. With the recent introduction of a multitude of
remarkable technologies that isolate CTCs from peripheral blood (PB) with high sensitivity
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and specificity [9], the bottleneck in the CTC research field has shifted from their efficient
isolation to their molecular analysis and demonstration of their clinical utility as potential
prognostic, predictive, and pharmacodynamic biomarkers.

2. Enrichment and Isolation of CTCs

Enrichment of CTCs from PB is a herculean task as these cells are scarce, ranging from
1–10 cells among five million white blood cells (WBCs). Several techniques for CTC isolation
have been made known with seminal discoveries made in recent years [9]. These techniques
exploit either the physical or biological properties of CTCs. Among the physical properties
of CTCs, cell size, density, or deformability are exploited for CTC isolation. On the other
hand, approaches that utilize biological properties primarily rely on the cell surface markers
specifically expressed on cancer cells (positive selection) or leukocytes (negative selection);
negative selection relies on leukocyte depletion using leukocyte-specific markers such
as CD45 [10]. Strategies combining both positive and negative selection and size-based
label-free techniques for better enrichment have also been demonstrated [11]. Table 1
summarizes the devices and techniques for CTC isolation [12–45].

Table 1. Selected circulating tumor cell enrichment technologies and devices.

Technique CTC
Isolation Platform Marker Capture

Efficiency Recovery Purity Viability
Clinical

Detection Rate
(No. of Patients)

Ref.

Immuno
magnetic

CellSearch EpCAM - 85% - Non-viable 71% [12,13]
Magsweeper EpCAM 62–70% - 50% Viable 100% [14]

EasySep CD45
(Negative Selection) 79% - 42% - - [15]

Immuno
magnetic and
microfluidic

Isoflux EpCAM 73–81% - - - 96% [16]

GenoCTC EpCAM,
MET, Vimentin - 77% 90% Viable 94% (n = 16) [17]

CTC-iCHIP EpCAM, CD45+
Size-based sorting 77–98% - 99% - 90% (n = 41) [18]

Magnetic Sifter EpCAM 74% - - Viable 100% (n = 4) [19]
OncoBean Chip EpCAM 90% - - Viable 100% (n = 4) [20]

LiquidBiopsy Trop2, Muc1, Her3,
MelCAM, EpCAM - 70–80% 70–77% - - [21]

Microfluidic
immunocapture

CEE

Trop1, Trop2, MET,
FBP, N-Cadherin,

CD318, HER2, MUC1,
EGFR, MSCA-1

76% 89% - - 63% (n = 24) [22]

CTC-CHIP EpCAM 65% >65% 52–67% Viable 99% [23]
Biofluidica

HT_CTC chip EpCAM, Seprase 95% 90% >86% Viable 100% (n = 7) [24,25]

CytoQuest EpCAM, Cell Surface
Vimentin - - - Non-viable - [26,27]

Herringbone Chip EpCAM 80% - - Viable 93% (n = 15) [28,29]

Micro
filtration

Parsortix Size based sorting 45–70% - 54–69% Viable 39% (n = 26) [30]

ISET Size and deformability-
based filtration - - - Non-viable 80% (n = 40) [31–33]

ScreenCell Size and deformability-
based filtration - - - Viable 77% (n = 76) [34,35]

Inertial
focusing and
microfluidics

ClearCell Size-based - - - Viable 100%
(n = 56; n = 10) [36,37]

VTX-1 Size-based ~80% 54–72% 57–94% Viable 73–80%
(n = 15–41) [38]

Density OncoQuick Density fractionation 74–91% 87% - Viable 23% (n = 61) [39]
Accucyte Density fractionation - 90% - Viable 81% (n = 27) [40]

In vivo
immune
capture

GILUPI CellCollector EpCAM - - - Non-viable 58%
(n = 108; n = 185) [41,42]

BPNS-
Catheter

EpCAM antibody
functionalized catheter

2.1%
(in 5 min) ~80% - NA NA [43]

Intravascular
aphaeretic

system

Blood allowed to pass
through herringbone

graphene oxide
chip-coated with

anti-EpCAM antibody

80–90% - - Viable NA [44]

MagWire EpCAM-coated
magnetic particle 39–70% - - Viable NA [45]
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An extensive review of the methods for CTC isolation techniques and strategies is
beyond the scope of this paper and has been elegantly reviewed elsewhere [9,46,47]. A few
classic methods are briefly mentioned below.

Enrichment of CTCs using the positive selection method is the most widely used
strategy, and the only Food and Drug Administration (FDA)-approved CTC enrichment
system, the CellSearch® system from Menarini silicon biosystems, follows this strategy.
This method, which is the “gold standard for LBx,” uses anti-epithelial cell adhesion
molecule (EpCAM) antibody (AB)-conjugated ferrofluid nanoparticles to separate CTCs
under a magnetic field. For CTC detection, the enriched cells are immuno-stained for
epithelial marker cytokeratins (CKs) 8, 18, and 19 along with the leukocyte marker CD45.
Mononuclear cells (as detected by 4′, 6-diamidino-2-phenylindole (DAPI) staining) positive
for CKs and negative for CD45 are classified as CTCs. Reproducibility and reliability of
CTCs isolated by the CellSearch® system have been demonstrated in a series of hallmark
studies, which subsequently led to its FDA approval for clinical diagnosis [48–52] for BC,
prostate cancer (PC), and colorectal cancer (CRC).

In addition to EpCAM, numerous other cancer-specific proteins are used for CTC isola-
tion. These approaches rely on the fact that cancer cells undergoing epithelial-mesenchymal
transition (EMT) have reduced expression of epithelial markers and show elevated expres-
sion of mesenchymal/metastatic markers such as VIM, EGFR, MUC1, HER2, and MET [53].
In recent years, numerous systems that rely on the AB-based method for CTC isolation
using these biomarkers for a multivalent capture of CTCs have been developed [22,54,55].
A more recent strategy for CTC isolation combines the immune-magnetophoretic approach
with a microfluidic approach for more efficient CTC capture [17,56–58].

Advances in microfabrication have resulted in the development of microstructures
that enable cell capture [59–62]. Microfluidic chips with multiple arrays of microscopic
posts coated with cancer-specific ABs (e.g., anti-EpCAM AB) increase the interactive sur-
face between the putative CTCs in the bloodstream and the ABs, resulting in increased
enrichment efficacy. The captured cells can then be detected within the microfluidic chips
by immunostaining or released from the chips using a suitable buffer for further molecular
analysis. The challenge here is to overcome the significant drop in the affinity of an AB once
they are immobilized on the surface due to the denaturation of their three-dimensional
structure. The laminar flow within the microfluidic chips also poses a significant hindrance
to the efficient interaction between the CTCs in the bloodstream and the immobilized ABs
within the chips. To resolve this issue, Sequist et al. designed a silicon chip with about
78,000 anti-EpCAM AB-coated micro-posts, which are spatially arranged in the flow path to
counter the drag force in the laminar flow, achieving a 106 fold enrichment of CTCs [23,63].

AB bias, capturing only certain subtypes of CTCs, is a major drawback associated with
positive enrichment of CTCs, which could be overcome using a label-free CTC enrichment
strategy [20,31–33,36–38,64,65]. In a label-free method, the larger size of CTCs (diameter of
approximately 30 µm compared to 6–8 µm of surrounding leukocytes) is exploited for the
size-based enrichment of CTCs using a filtration or inertial flow method. In the widely used
ISET® (isolation by size of tumor cells/trophoblastic cells) system and other filtration-based
technology, a specially designed filter is employed [32,33]. As the blood sample percolates
through these specialized filters, larger cells (presumably including CTCs) are collected,
which can then be used for molecular and genomic analysis [66,67]. However, clogging of
the filtration units due to the large CTC clusters or other tissues in the blood sample results
in very high background cell contamination and often requires a second purification step
for high-purity CTC yield.

Hydrodynamic microfluidic methods allow size-based positive enrichment of CTCs
and rely on the inertial drag forces and lift forces within the microfluidic chamber for sorting
larger cells from smaller cells. CTCs can be separated from blood cells using the differences
in inertial life force and Dean drag force between them [68–70]. Spiral microchannels for
CTC separation are used mainly in the microfluidic separation of CTCs and are proving
to be a powerful tool to achieve efficient cell sorting [71]. CTCs, being larger, incline
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toward the inner wall side and can be dragged into separate collection tubes with minimal
contamination from smaller white blood cells (WBCs), which are dragged towards the outer
wall within the microfluidic chamber. Spiral inertial microfluidic channels were shown to
prevent contamination with non-target cells, a major challenge in label-free CTC isolation.
A study by Nivedita et al. reported the removal of more than 90% of non-target cells while
maintaining the viability of CTCs [72]. Deterministic lateral displacement allowing the
preferential migration of cells depending on the hydrodynamic forces is another method
that allows CTC separation in a label-free manner [73,74]. Dielectrophoretic separation of
cells based on the differences in the electric charge carried by the cells has proven to be
a promising approach in CTC capture. The DEPArrayTM device employs this strategy in
single-cell isolation of CTCs, after an initial upstream separation either using a labeled or
label-free method [75,76].

The lack of FDA-approved CTC isolation devices other than the CellSearch® system
has prompted several attempts to develop an efficient, high-throughput, user-friendly, low-
cost device that is easily adaptable for mass manufacture and suitable for routine clinical
use. An impressive array of novel techniques is now available in the market, each claiming
high-efficiency CTC capture compared to the CellSearch® system, shifting the rate-limiting
step in CTC research from enrichment to their characterization and demonstration of clinical
utility. Studies are now focusing on the characterization of CTCs at the molecular and
genomic level and utilizing the information to develop a personalized treatment regimen.
CTC-based companion diagnostics (CDx) development has now taken center stage in CTC
research. Recently the FDA approved several PCR- or next-generation sequencing (NGS)-
based mutation tests in cancers for CDx. The development of CTC-based CDx platforms is
expected to transform the practice of precision medicine and open new era technologies for
cancer detection, disease monitoring, and treatment planning.

3. Clinical Utility of CTCs as a Biomarker in Solid Tumors

The CTC count and their molecular and genomic signature are heterogenic and sub-
jected to dynamic changes within a patient in response to disease progression or therapy.
The lifespan of CTCs in the bloodstream is also very short, approximately twenty-four
hours, and the CTC repertoire is continuously replenished from the primary tumor or
metastatic sites and dormant cells in the bone marrow. CTCs can thus be prevailing in the
bloodstream when conventional methods fail to detect the presence of the disease. CTCs
thereby can be considered a monitoring biomarker, a tool to monitor the disease in real
time and predict recurrence or relapse in the non-metastatic phase.

The clinical utility of CTCs in the non-metastatic phase can be assessed by monitoring
the CTCs longitudinally for evaluating disease progression during therapy and correlating
it with target tumor lesion, similar to studies on conventional radiological outcomes. CTC
detection in non-metastatic BC has been an independent biomarker for predicting metastatic
relapse [77,78]. When the REMAGUS-02 trial evaluated 115 non-metastatic patients with
large operable or locally advanced BC receiving neoadjuvant therapy, a positive CTC result
before chemotherapy was an independent prognostic factor for distant-metastasis-free
survival (DMFS) and overall survival (OS) in BC [79]. Late recurrence accounts for 50%
of the recurrences in hormone receptor (HR)-positive (HR+) BC patients with no specific
biomarker to predict the relapse. A recent study by Sparano et al. on HR+ BC patients, five
years after initial diagnosis, showed that a positive CTC result could be an independent
prognostic factor for late clinical recurrence [80]. A secondary analysis of the randomized
PERSEVERE trial (BRE12-158 study) evaluated the association between residual disease
in triple-negative breast cancer (TNBC) patients post neo-adjuvant therapy and disease
recurrence. The presence of a single CTC and one ctDNA alteration significantly reduced
the distant disease-free survival (DDFS), compared with the patients who were positive only
for one of these markers, a finding that is consistent with the study by Sparano et al. [81].
Combination analysis of ctDNA and CTCs, indicating the presence of minimal residual
diseases in TNBC patients after neo-adjuvant chemotherapy and surgery, could thus be an
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independent marker in risk stratification, addressing an unmet need in selecting patients
for intervention treatments.

The CTC count has been shown to be a prognostic biomarker in a series of studies in several
different cancer types, including BC, PC, CRC, and other metastatic cancers [5,48–52,82–87]. In a
pivotal clinical trial using the CellSearch® system, metastatic BC (mBC) patients with a
baseline positive CTC count of ≥5 showed a significantly reduced OS rate (10.9 months)
compared to patients with <5 CTCs (21.9 months). Similarly, a reduction in CTC count
to <5 after the initiation of therapy was an independent biomarker for OS; patients who
had a reduction in CTC count from≥5 to <5 post-treatment had improved OS (10.6 months)
compared to patients whose CTC count remained ≥5 at all time points (4.1 months) [48,85].
In metastatic castration-resistant PC (mCRPC), a similar CTC cutoff of 5 at baseline as well
as after initiation therapy proved to be an independent biomarker to predict OS. CTC count
could predict the OS better than the conventional biomarker prostate-specific antigen (PSA)
in mPC patients [52]. In metastatic CRC (mCRC), the CTC count cutoff value was only
3 CTCs; a baseline count of ≥3 CTCs was a significant predictor of OS. Patients who had a
CTC count ≥3 at baseline and at all timepoints had poor prognosis, with median OS being
3.9 months compared to 18.6 months in patients whose CTC count remained <3 at all time
points [51,87]. In metastatic renal cancer (mRC) patients receiving first-line tyrosine kinase
inhibitors (TKI), the presence of 3 or more CTCs at baseline was found to be associated
with poor PFS and OS. However, in this cohort, baseline and dynamic CTC counts were
not predictive of radiological response [88].

In a pooled analysis of individual patient data from 2436 mBC patients, the prognostic
utility of CTCs in the stratification of patients with stage IV cancer was demonstrated. Stage
IV patients could be divided into two subgroups of stage IVindolent (<5 CTCs in 7.5 mL
blood) and stage IVaggressive (≥5 CTCs in 7.5 mL blood) by CTC count, independent of other
clinical and molecular variables for patient stratification in prospective clinical trials [89].
The decrease in CTCs during treatment is an independent prognostic factor in mBC. In
the interventional clinical trial SWOG S0500 by Smerage et al., the prognostic role of CTC
enumeration was demonstrated, while the study failed to prove that an early switching to
an alternate cytotoxic therapy in patients with persistently high CTC count after first-line
chemotherapy is beneficial [90]. An ancillary study of the LANDSCAPE trial showed that
the presence of CTCs during treatment correlated with brain metastasis and could prove to
be a tool to detect early treatment failure in mBC. An absence of CTC decrease at day 21 in
patients undergoing a combination therapy of lapatinib and capecitabine in HER2-positive
(HER2+) mBC patients could be a prognostic biomarker and help select patients for early
whole-brain irradiation [91].

In addition to single CTCs, CTC clusters have been shown to be associated with worse
clinical outcomes in different cancer types [92–97]. Customized microfluidic chips that aid
the specific isolation of CTC clusters have been developed [28,61,98–100]. Cluster-Chip
is a first-generation device of this type and allows biomarker independent isolation of
CTC clusters; separation relies on the cell–cell junction interaction within the cluster. The
chip has microfabricated bifurcated traps that can efficiently capture even 2-celled clusters
from unprocessed whole blood [61]. CTC clusters in large numbers are observed in the
pre-operative blood samples collected from the pulmonary vein in early-stage BC and lung
cancer (LC) patients [94]. In mBC and mCRPC patients, CTC clusters add value to the
prognostic significance of CTCs, and larger CTC-cluster size and persistent presence of CTC
clusters is associated with worse outcome in patients [86,101–103]. Longitudinal analysis
of CTC clusters in mBC patients showed significant correlation between size of the cluster
and patient’s OS, adding prognostic value to the CTCs, and significantly increasing the
risk of death in these patients [97]. A retrospective study of the SWOG0500 evaluated the
prognostic significance of CTC clusters and showed that the presence of CTC doublets and
clusters is associated with worse OS compared to patients with only doublets, no doublets,
or no clusters. However, the presence of CTC clusters is not an independent factor for
predicting mortality in mBC patients starting first-line therapy [104]. A clinical trial is
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currently investigating the clinical relevance of targeting CTC clusters in cancer treatment
(NCT03928210).

A clinically unmet need and challenging application of CTCs is their utilization for
early detection of cancers. A few studies have shown that the presence of CTCs could specif-
ically predict the disease in people with a high risk of cancer due to familial predisposition
or other comorbidities associated with a high risk of malignant disease [105,106]. CTC
screening was shown to be a highly sensitive predictive biomarker for cancer detection,
with CTC count being significantly associated with a higher risk of malignant disease.
This study also demonstrated that a shift in the diet of patients with CTCs to a highly
nutrient-rich diet enriched with anti-carcinogenic properties reduced CTC counts [105]. In
patients with borderline PSA levels of 4–10 ng/mL, a CTC-based blood test could correctly
identify PC patients with 80% specificity and more than 90% sensitivity [106].

Several randomized multicenter trials in the past few decades have been designed to
prove the potential predictive use of CTCs as treatment-focused biomarkers. As the trial
results are reported, CTCs are emerging as a pharmacodynamic/response biomarker, an
efficient tool to measure response to therapy, and a predictive biomarker to help determine
the risk of relapse and late recurrences after medical treatment. Taken together, CTC analy-
sis is meaningful in clinical translation in terms of early diagnosis, patient stratification, and
drug selection, prognostic information, real-time monitoring, and personalized medicine
for better patient outcomes (Figure 1).
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Figure 1. Significance of CTC research in clinical translation. (A) CTCs can help in screening
and identifying patients who are predisposed to cancer (represented as gray zone) due to familial
history, intermediated expression of cancer-associated markers (such as PSA), or other comorbidities,
and thereby prevent overtreatment (overdiagnosis) or undertreatment of patients in gray zone.
(B) Patient stratification based on CTC count or CTC expression of clinically targetable markers can
improve patient outcomes by altering the therapeutic strategy and developing more personalized
therapy decisions. (C) CTC can provide prognostic information on cancer progression or early/late
recurrences in different cancer types. (D) CTCs allow for real-time monitoring at different stages of
cancer treatment, and combined with conventional radiological/histological information can help in
treatment decisions while being a tool for continued surveillance in the DFS period.
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3.1. CTC Enumeration as a Predictive or Pharmacodynamics/Response Biomarker for Response
to Therapy

While early-stage solid tumors can be cured by radical surgery, 30–40% patients show
relapse/late recurrence. A reliable biomarker to predict relapse/late recurrence due to
residual or dormant cancer cells is still not enough [107,108]. Similarly, the prediction of
the response to therapy at an early phase of treatment is critical in metastatic cancers [109].
The presence of CTCs in the bloodstream is an indication of residual cancer cells and
can be a predictive biomarker for relapse as well as response to medical intervention or
therapy [110].

CTCs have been demonstrated to be predictive of the benefit of radiotherapy in
early-stage BC patients. CTC-positive patients who received radiotherapy had longer OS
compared to patients who did not receive any therapy [111]. A retrospective study by
Bidard et al. showed that bevacizumab combined with first-line therapy might modify
the predictive value of CTCs during treatment [112]. In another interesting study, it
was shown that the baseline CTC count could be a predictive marker to decide which
patient group would benefit from more aggressive treatments in mBC patients. HR+ mBC
patients having a CTC count ≥5, did not benefit from first-line endocrine therapy. The
same study also showed that HER2-negative (HER2−) patients with a CTC count of ≥5,
who would have had a poor prognosis, benefited when chemotherapy was combined
with bevacizumab [113]. These studies suggested that the negative prognostic impact of
a high CTC count could be reversed, to an extent, with combination therapy with anti-
angiogenic agents. The clinical utility of CTC counts in deciding the treatment regimen was
elegantly demonstrated in the STIC CTC randomized clinical trial. This study evaluated
the predictive potential of CTC count as an alternative to other clinical evaluations to
determine the first line of therapy in HR+ HER2− mBC patients. The treatment choice,
which is either chemotherapy or endocrine therapy, is usually physician-driven. In this
randomized trial, the patients were grouped into two arms, where the treatment decision
was clinician-driven or was based on a CTC-driven choice. The CTC-driven treatment
choice (chemotherapy if CTC count is high, and endocrine therapy if CTC count is low)
was shown to be non-inferior to the physician-driven arm, demonstrating for the first time
that CTC count may be a reliable biomarker for guiding treatment decision choice between
chemotherapy and endocrine therapy in HR+ HER2− mBC patients [114].

The predictive role of CTC count has been evaluated in studies of EGFR tyrosine kinase
inhibitors (TKIs) in non-small cell LC (NSCLC). A single-arm phase II trial of erlotinib and
pertuzumab with relapsed or refractory metastatic NSCLC (mNSCLC) showed that a high
baseline CTC count correlated with response to treatment and radiographic response, but
not with progression-free survival (PFS) and positron emission tomography (PET) response.
The study also showed that a decrease in CTC count following treatment predicted a longer
PFS [115]. In a multicenter prospective study on small cell LC (SCLC) to investigate the
correlation between change in CTC count and response to chemotherapy, it was shown
that absolute CTC count after the first cycle of therapy was a strong predictor for response
to chemotherapy and OS [116]. Several studies have reaffirmed these results and showed
the reliability of CTC enumeration as a minimally invasive method to predict response to
therapy and risk stratification in SCLC patients [117,118].

Heller et al. recently showed the clinical utility of CTC number as a surrogate
biomarker for survival in mCRPC compared to the conventionally used clinical biomarker
PSA. The study evaluated data from 5 randomized phase-III trials (COU-AA-301, AFFIRM,
ELM-PC-5, ELM-PC-4, and COMET-1), and showed that both a negative CTC result at
week 13 and a reduction of CTC count from ≥5 at baseline to <4 at week 13 were robust
and meaningful predictors for prolonged survival [119]. In the ongoing SWOG S1216
randomized trial, the preliminary results suggest that CTCs could help stratify patients
into those who would benefit from hormone therapy and those who would require more
aggressive therapy or early therapeutic interventions [120].



Pharmaceuticals 2022, 15, 75 8 of 30

3.2. Molecular Analysis of CTCs to Identify Their Role as a Predictive Biomarker

Molecular and genomic characterization of CTCs represents a more promising strategy
in several aspects of precision medicine. Until recently, immunohistochemical staining,
reverse-transcription polymerase chain reaction (RT-PCR), or digital-droplet PCR (ddPCR)
have been widely used to characterize CTCs. More sensitive technologies, including
single-cell whole-exome sequencing (WES), or single-cell RNA sequencing (sc-RNA Seq),
are now being validated as more decisive tools for CTC profiling. For precision and
personalized therapy, patient-derived xenograft (PDx) models are explored in preclinical
studies. However, the generation of PDx from tissue biopsies is laborious and risky for
patients. CTC collection via liquid biopsies, on the other hand, is minimally invasive, less
labor-intensive, and has the potential to reflect the patient’s tumor status in real time. Ex
vivo culture of CTCs and genome sequencing have demonstrated new therapeutic targets
via drug sensitivity testing in breast cancer [121]. In addition, generating CTC-derived
explant (CTX) models showed the utility of drug screening through multiomics analysis
and biomarker profiling in small-cell lung cancer (SCLC) [122]. Biomarker information
generated from enriched CTCs can support effective drug screening and therapeutic drug
target identification (Figure 2A).
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Figure 2. Significance of CTCs in basic research. (A) Biomarker discovery through CTC culture and
CTC based in vivo models effectively enables drug screening and therapeutic drug target identifi-
cation. (B) Tumor cells undergo genetically distinct subclonal and clonal expansion by therapeutic
pressure, and molecular analysis of CTCs supports the development of optimal therapeutic regimens.
(C) Various factors related to extravasation, enrichment, and colonization of distant organs for metas-
tasis of CTCs have been unraveled. (D) Understanding the mechanisms of drug resistance by CTC
characterization contributes to finding more suitable therapies for disease relapse.

CTCs can reflect a malignant tumor’s real-time status and are likely to have a different
molecular or genomic signature from the primary tumor, mainly due to selection pressures
by anti-cancer drugs, which induce genetically distinct subclonal and clonal expansion
of cancer cells (Figure 2B). Molecular analysis of CTCs can reveal the clonal evolution
caused by therapeutic pressure [123,124]. Thus, repeated CTC sampling can guide optimal
treatment regimens based on the molecular profile of evolving tumor burden within
individual patients.

CTCs exhibit either epithelial or mesenchymal phenotypes and sometimes an inter-
mediate phenotype assumed to be a metastatic precursor shed from primary tumors. A
switch in the molecular signature of the CTCs between epithelial- and mesenchymal-like
character in response to therapy has been reported previously [125]. A reduction in the
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number of CTCs with a more epithelial-like phenotype was observed when the patient
was responding well to the treatment. During the course of therapy, when the disease
became a progressive disease, a switch to a more mesenchymal-like CTC was observed,
implicating the potential of mesenchymal-like CTCs in predicting disease progression and
response to therapy [126]. Furthermore, studies on the biology of CTCs have begun to
elucidate the molecular mechanisms of CTC enrichment and metastasis pathways including
extravasation, survival, and colonization of distant organs [127–129]. Various tumorigenic
pathway-related molecules have been shown to be enriched in CTCs (Figure 2C).

Information from CTC characterization can be a cutting-edge tool in deciphering
the mutations, genomic aberrations, and alteration in oncogenic pathways contributing
to tumor progression and resistance to therapy. In anaplastic lymphoma kinase (ALK)
rearranged NSCLC, single CTC sequencing revealed multiple mutations in ALK indepen-
dent pathways (EGFR, KRAS, BRAF, and TP53) and two ALK mutations (ALKG1202R/F1174C

and ALKG1202R/T1151M) associated with acquired resistance to ALK inhibitors [130]. In BC,
multiple novel HER2 mutations identified by plasma genotyping showed resistance to
multiple targeted therapies [131]. To find more suitable therapies for recurrent disease,
understanding drug-resistant mechanisms is pivotal (Figure 2D).

With an increasing focus on targeted therapy, it is important to interrogate CTCs for
targetable alterations, and a treatment decision based on the molecular signature of the
CTCs might prove to be more beneficial to the patients. Unlike conventional cytotoxic
therapies, it is increasingly important to identify suitable pharmacodynamic and predictive
biomarkers for targeted therapy.

3.2.1. HER2+ CTCs as a Molecular Biomarker for Treatment Prediction

HER2 is overexpressed in approximately 20–25% of breast and gastric cancers and
is a top-tier biomarker for deciding the treatment strategy [132]. Discordance between
the molecular signature of the primary tumor and CTCs is a major concern in targeted
therapy, and studies have shown that a relatively large subset of HER2− mBCs show HER2+

CTCs [133]. A prospective multicenter trial on mBC patients observed a discordance in
HER2 expression between the primary tumor and CTC in 18.8% of patients. The rate of BC
patients with HER2− primary tumors and HER2+ CTCs was 32% and 49%, as determined
by two different assays for CTC detection [134]. A separate study showed that up to 52%
of the HER2+ patients had HER2− CTCs and did not show significant improvement in
the median PFS upon receiving anti-HER2 therapy [135]. A similar study by Zhang et al.
showed that patients with HER2− CTCs do not benefit from anti-HER2 therapy despite
having a histologically HER2+ mBC [136].

The clinical utility of HER2-amplified CTCs in HER2− BC was evaluated in the CirCe
T-DM1 trial. This prospective phase 2 trial assessed the efficacy of anti-HER2 therapy using
trastuzumab-emtansine (T-DM1) in a single-arm study without comparing it with any
other therapeutic regimen in HER2− mBC patients with HER2+ CTCs. The limited number
of CTCs with HER2 amplification in this study suggested that the HER2- amplified CTC
is not a major player in modulating tumor burden and is not a CTC subclone that shows
exponential proliferation during therapy [137]. The study also concluded that the compe-
tency of T-DM1 treatment in patients who are histologically HER2− with HER2-amplified
CTC could not be completely ruled out. At the same time, the EORTC 90091-10093 BIG
1-12 Treat CTC trial showed that trastuzumab does not decrease the detection rate of CTCs
in HER2-non-amplified early BC patients [4,138–140].

The DETECT-III trial is also investigating the efficacy of HER2-targeted therapy in
HER2− patients with HER2− CTCs as well as the significance of CTC as an early predictive
biomarker for treatment response. The study had a different approach to the CirCe T-DM1
trial and compared lapatinib as HER2-targeted therapy in combination with chemotherapy
versus chemotherapy alone in the patient group [134,139,140]. A proportion of HER2− BC
patients persistently have only HER2− CTCs, and the DETECT-IV trial is investigating the
therapeutic strategies for this group. The results for these trials are awaited and would
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help us better understand the clinical utility of HER2+ or HER2− CTCs as a predictive
biomarker for mBC. HER2-targeted therapy has also been shown to have a significant
impact on CTC status.

In mBC, patients with ongoing anti-HER2 therapy have lower overall CTC levels
than when treated with chemotherapy and endocrine therapy and should be considered
when comparing different therapy groups [141]. These studies emphasize the assessment
of HER2 status in CTC irrespective of the HER2 status of the primary tumor, a routine
practice, and underscore that such assessment could help identify the patient groups that
would benefit from the therapy. Further research with larger cohorts is required to validate
the clinical utility of HER2 assessment in CTCs for treatment selection. In addition, it
should be noted that the methodology for HER2 assessment in CTCs varies for different
studies: the most widely used methods include immunocytochemistry staining of CTCs,
and highly sensitive RT-PCR-based techniques [133,134]. Meanwhile, there is no optimal
cutoff for HER2 positivity in immunofluorescence or fluorescence in situ hybridization-
based assays, resulting in varied results on the prognostic or predictive impact of HER2+

CTCs. A consensus on the optimal cutoff combined with the use of multiple biomarkers
downstream of HER2 signaling might be necessary to obtain a better insight into the clinical
utility of this biomarker.

3.2.2. EGFR Expression on CTCs

EGFR expression is associated with the EMT of cancer cells and the motility, migra-
tion, and survival of CTCs, in addition to being an important biomarker in the context of
targeted therapy [142,143]. Studies have evaluated EGFR expression in CTCs by immunos-
taining methods or RT-PCR, whereas EGFR mutations are evaluated based on dd-PCR
or next-generation sequencing (NGS). EGFR mutations or activation are also critical play-
ers in acquired resistance to anti-EGFR therapy [144,145]. The first study that evaluated
the predictive potential of EGFR expression in CTCs from CRC patients indicated that
EGFR expression in CTCs does not predict the response to EGFR-targeted therapy using
cetuximab [146]. In a study on mCRPC patients who had experienced treatment failure
with androgen deprivation therapy and had received docetaxel, CTCs were demonstrated
to be an independent predictor for OS. The EGFR expression on CTCs also proved to be
a potential tool for assessing the response to chemotherapy and to predict the disease
outcome in mCRPC patients [147]. In non-metastatic BC patients with CK-negative EGFR-
positive CTCs, poor PFS post-therapy has been observed; however, the relatively smaller
number of patient samples analyzed makes it difficult to derive any clear predictive role of
EGFR expression [148]. EGFR expression has also been observed on CTCs from soft tissue
sarcoma patients opening new ground for research with promising potential [149]. Studies
have also evaluated the expression of phosphorylated EGFR by immunostaining in CTCs
from BC patients and demonstrated the activation of these signaling kinases in CTCs [150].

Mutations in EGFR are known to impact the outcome of anti-EGFR therapies in
LC [151,152]. Exon 19 deletion and L858R can predict the sensitivity to treatment us-
ing erlotinib and gefitinib, whereas the T790M mutation of exon 20 is associated with
acquired resistance to these drugs [153–155]. With the FDA approval of osimertinib, a third-
generation EGFR inhibitor which is now the standard front-line therapy for EGFR-mutant
NSCLC, a noninvasive tool to detect secondary EGFR mutations has become impera-
tive. Analyzing the EGFR oncogenic driver mutations in CTCs has taken center stage of
EGFR research in CTCs, and thanks to highly sensitive mutation analysis methods such
as multiplex-qPCR, NGS, and ddPCR, it is hoped to transform the concept of precision
medicine in EGFR-mutated cancers. Strong concordance between the EGFR mutations
in CTCs and matched primary tumor samples have been reported previously [115,143].
However, a study by Sundaresan et al. compared T790M mutation from tissue biopsies
with simultaneously collected CTC and circulating tumor DNA (ctDNA) samples from
NSCLC patients and observed discordance from tissue samples in 35% of patients [156]. It
needs to be noted that the discordance observed in the samples could also have arisen due
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to technological limitations, insufficient sample amounts for LBx, and sampling different
tumor cell populations. Serial increase in CTC counts is correlated with disease progression
with the emergence of additional EGFR mutations in some cases. However, combining
alternate methods such as other LBx biomarker assays from ctDNA and exosomes samples
may improve the clinical utility of EGFR mutation detection in CTCs, and in the future, be
a surrogate for tissue EGFR testing [157,158].

3.2.3. AR-V7 Expression on CTCs

Androgen receptor splice variant 7 (AR-V7) is a splice variant of androgen receptor
(AR) mRNA and is emerging as a biomarker for AR signaling (ARS) inhibitor treatment
in mCRPCs. The decision to administer ARS inhibitors or taxanes in mCRPC patients is
a critical one, and the need for a biomarker that can predict the response or outcome of
these treatments is medically unmet [159,160]. AR-V7 mRNA was detected by RT-PCR
in CTCs isolated from patients with CRPC and showed that the presence of the AR-V7
was associated with resistance to enzalutamide and abiraterone [161]. Another study from
the same group demonstrated that detection of AR-V7 in CTCs is not associated with
primary resistance to taxane therapy. In patients with AR-V7-positive (AR-V7+) CTCs,
taxanes were more beneficial than ARS inhibitors, whereas in AR-V7-negative (AR-V7−)
patients, taxanes and ARS inhibitors were shown to have comparable efficacy [162]. An
increase in the incidence and burden of AR-V7+ CTCs has been shown to increase during
PC progression and promote androgen depletion-resistant growth, suggesting AR-V7
expression as an adapted response to systemic therapy [163–165]. A study by Dr. Howard
Scher et al. evaluated the use of AR-V7 expression on pre-therapy CTC in predicting
the response to treatment. The study focused on the treatment decision points in the
management of individual patients. Patients who show a progressive disease require a
change in systemic therapy with approved standard of care drugs. Scher et al. showed that
patients harboring pre-therapy AR-V7+ CTCs have a better OS with taxanes than with ARS
inhibitors [165]. A follow-up study confirmed that the presence of nuclear-localized AR-V7
in CTCs might predict better survival with taxane therapy compared to ARS inhibitors in
mCRPC. A diagnostic test that helps physicians make an informed decision on treatment
selection between taxanes or ARS inhibitors can potentially improve the outcome. A series
of studies recently have published similar results and clinically validated AR-V7+ CTCs
in mCRPC as a predictor for resistance to ARS-directed therapies and not indicative of
resistance to taxanes [166–169]. An additional treatment option for AR-V7+ CTC patients
who show resistance to enzalutamide and abiraterone needs to be clinically validated. The
PROPHECY study evaluated the detection of AR-V7 mRNA in CTCs and showed that it
is associated with shorter OS and PFS when patients are under an anti-androgen therapy
regime [170]. Currently, CABA-V7, a single-arm phase 2 multicenter trial, is investigating
the response to cabazitaxel, a next-generation taxane treatment in mCRPC patients with
AR-V7+ CTCs. The IMPROVE trial, a phase II two-arm trial, is assessing the efficacy of
a combination first-line treatment with enzalutamide and metformin in mCRPC patients
under androgen deprivation therapy and is also analyzing the potential clinical use of
AR-V7 expression on CTCs in treatment outcomes [171]. Making AR-V7 CTC tests a routine
clinical assay can enable selecting patients who are most likely to respond to a particular
therapeutic regimen while avoiding patient morbidity and cost associated with a treatment
that may not be beneficial [172,173].

3.2.4. MET Expression on CTCs

MET is a receptor tyrosine kinase that is known to play a critical role in cell prolifera-
tion. MET amplification and overexpression are correlated with poor prognosis, metastasis,
and resistance to therapy in several cancer types, including NSCLC, CRC, renal cancers,
gastroesophageal tumors, and ovarian cancer. MET amplification has also been identi-
fied as a mechanism of resistance to EGFR-targeted therapies [174–178]. MET-targeted
therapies are considered an important treatment strategy in MET- amplified and MET-
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overexpressed cancers. In head and neck squamous cell carcinoma (HNSCC) patients
receiving nivolumab treatment, MET-positive CTCs have been shown to be correlated with
shorter OS [179,180]. Several MET-targeting monoclonal ABs and small molecule inhibitors
have entered clinical evaluation, and highly selective MET inhibitors such as capmatinib
and tepotinib have gained FDA approval. Agents targeting MET proved to be effective in
patients with MET exon14 deletion and are expected to be effective in MET amplification
or MET overexpression; however, there is no consensus on the methods to determine MET
amplification in the clinical setting. MET expression and alterations have been detected in
CTCs and ctDNA from cancer patients by immunostaining, RT-PCR, dd-PCR or sequencing
technologies [17,181,182], and might prove to be a promising strategy in identifying a
biomarker to select a MET-addicted tumor that would benefit significantly from anti-MET
targeted therapy.

Zhang et al. employed DNA-FISH for MET amplification analysis and demonstrated
the method to be 80% sensitive for MET-amplified cancers, 40–80% sensitive for MET-
overexpressed cells and 100% sensitive for MET-negative CTCs [182]. NGS or ddPCR
approaches to detect MET alterations are also being widely investigated in ctDNA and CTC
samples from MET-addicted tumors [183]. Recently Novartis’s MET inhibitor capmatinib
(Tabrecta®) became the only drug to have FDA approval for metastatic NSCLC patients with
MET exon 14 skipping mutation [184], and the liquid biopsy-based testing for mutation by
FoundationOne®LiquidCDx also gained approval for use as a CDx for patient selection
for Tabrecta® therapy. A recent study investigated a novel small molecule MET inhibitor,
ABN401, for its efficacy as a selective therapeutic strategy based on diagnostic biomarker
tests in MET-addicted cancers [185]. This inhibitor is now in a phase I-II dose-escalation
study and is being planned to be used to develop a CDx product using MET amplification
and exon 14 skipping from CTCs and cfDNA as a biomarker for patient selection and
treatment response evaluation.

3.2.5. PD-L1 Expression on CTCs

Programmed death-ligand 1 (PD-L1) expression is associated with the treatment
efficacy of immune checkpoint inhibitors (ICIs) in different cancer types. The benefit from
ICIs in the clinic largely depends on appropriate patient selection based on predictive
biomarkers, making the need for a reliable biomarker urgent. CTCs are a noninvasive,
surrogate sample accessible to longitudinal sampling and could provide a snapshot of
PD-L1 status in patients. Detection of PD-L1 positive (PD-L1+) CTCs and their prognostic
potential have been demonstrated in NSCLC [186–193], BC [194], urothelial carcinoma [195],
gastric cancer [196], cholangiocarcinoma [17], and melanoma [197]. Dynamic changes in
the expression of PD-L1 in response to radiotherapy have also been reported in a study
in NSCLC [191]. The proportion of PD-L1+ CTCs increased significantly in response to
radiation and was associated with a poor prognosis. An interesting observation in this study
was that one of the patients with high PD-L1+ CTCs at visits two and three was administered
with pembrolizumab after the initial progression and remained stable for seven months,
indicating that the patients who are likely to become sensitized to ICI treatment could be
identified using PD-L1 expression on CTCs [191]. A study by Kallergi et al. showed the
predictive potential of programmed cell death protein-1 positive (PD-1+) CTCs in NSCLC
patients receiving chemotherapy. Though both PD-1+ and PD-L1+ CTCs could be identified
at baseline and after chemotherapy, the study showed that patients with > three PD-1+

CTCs at baseline had shorter median PFS, suggesting a potential role for PD-1+ CTCs [190].
Ilie et al. showed poor clinical outcomes in patients with PD-L1+ CTCs receiving first-line
chemotherapy [198]. Notably, studies have observed a decrease or no change in CTCs in
patients who show a good response to treatment using ICIs—pembrolizumab, nivolumab,
or atezolizumab—whereas all patients showed an increase in the number of PD-L1+ CTCs
upon disease progression [186]. Co-expression of PD-L1 with mesenchymal-like CTCs was
shown to be associated with poor survival of NSCLC patients, indicating that malignant
disease progression is driven by EMT and PD-L1 expression, emphasizing the relevance of



Pharmaceuticals 2022, 15, 75 13 of 30

PD-L1 profiling for patient selection for immunotherapies or combination therapies [187]. In
gastric cancer patients, PD-L1 expression on cell surface VIM-positive CTCs was associated
with shorter OS and poor therapeutic response. A recent study showed that PD-L1+ CTCs
are an independent predictive biomarker for clinical benefit and therapeutic response to
pembrolizumab in advanced melanoma patients. This pilot study showed that patients
with PD-L1+ CTCs had significantly longer PFS, treated with pembrolizumab, compared to
patients who had PD-L1 negative (PD-L1−) CTCs [197].

Studies on the predictive significance of PD-L1 are emerging, with several ongoing
clinical trials investigating the potential use of PD-L1+ CTCs in patient selection and
evaluating the outcome of treatment with ICIs. In addition, several of these trials are
investigating the feasibility of PD-L1 expression analysis on CTCs using various isolation
technologies. For example, the IMMUNO-PREDICT trial is investigating the feasibility of
using the ISET® technology. The I-CURE-1 (NCT03213041) trial is evaluating the impact of
combined treatment with carboplatin and pembrolizumab in patients with CTC-positive
HER2− mBC previously treated with anthracyclines and taxanes. As a tertiary objective, the
study is investigating the immune biomarker PD-L1 in CTCs isolated using the CellSearch®

method, and its correlation with therapeutic benefit (NCT03213041). Results from these
studies would provide a better understanding of the clinical use of PD-L1 in CTCs as a
predictive biomarker for ICI treatment in different cancer types. Table 2 summarizes the
clinical trials evaluating the predictive potential of CTCs.

3.3. Genomic Analysis of CTCs for Their Role as a Predictive Biomarker

Genomic analysis of CTCs allows the analysis of mutations and genetic alterations
contributing to intratumor heterogeneity, clonal evolution, and drug resistance [199]. Anal-
ysis of genomic alterations that can help guide the selection of targeted therapy is the most
promising clinical application of genomic analysis of CTCs. However, only a few studies
have looked at mutations of CTCs, as ctDNA analysis is a more preferred strategy for
mutation analysis from LBx samples [200]. Nevertheless, ctDNA-based analysis is limited
to point mutations, gene rearrangements, copy number alterations, and DNA methylations,
whereas CTC-based analysis allows DNA, RNA, and protein-based molecular and genomic
profiling. For mutation analysis of CTCs, an amplification step should be employed to
ensure enough quantity of genome for analysis. Most widely used techniques include
whole-genome amplification (WGA) and degenerate oligonucleotide-primed PCR (DOP-
PCR) for genome amplification and whole transcriptome amplification techniques such as
SMART-seq [201], Quartz-seq [202], and STRT-seq [203,204]. The genomic material obtained
is subjected to sequencing or mutational analysis using NGS or PCR techniques [204,205].

Wang et al. compared the genetic mutations in CTCs and their matched tumors, as
well the change in mutational status in CTCs before and after treatment. For mutations
detected in a single gene, the concordance was 53.05%. Heterogeneity in mutational status
existed at the single cell level of CTCs, and the mutational status of CTCs was discordant
with that of matched tissue biopsy samples [206]. The mutation signature of CTCs provided
reliable information on the tissue of origin and mechanism of tumor development and could
suggest potential treatment options in a study by Gulbahce et al. [207]. Whole-genome
sequencing based on fragment read technology was utilized for mutation analysis, and
driver mutations and tissue of origin of the cells were identified in the whole genomes
of 34 CTCs from a patient with mBC. Acquiring novel mutations in CTCs in response to
therapy was reported in BC patients receiving chemotherapy. The study also identified a
mutation in the ERBB2 gene (p.V777L), which could have played a critical role in resistance
to therapy as this mutation was identified in all post-therapy CTCs [208]. Ni et al. demon-
strated in their study that copy number variations (CNVs) are specific to cancer types,
reproducible from cell to cell and even from patient to patient. Clinical relevance of PIK3CA,
RB1, and TP53 mutations in erlotinib drug resistance was demonstrated, implicating the
relevance of CTC sequencing in predicting treatment response. The study also demon-
strated that single nucleotide variations (SNVs) across CTCs vary with time in response
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to first-line and second-line chemotherapy. Interestingly, CTC CNVs were not affected by
drug treatments, suggesting the potential of CTC genomic analysis in noninvasive diagnos-
tics [209]. Scher et al. showed that analysis of all CTC sub-populations might hold clinical
relevance. mCRPC driver mutations were predominantly present in CTC sub-populations
of patients showing resistance to therapy. Non-traditional and rare CTC subtypes includ-
ing CK-negative and small CTCs were demonstrated to have mutations responsible for
therapeutic resistance [210]. D’Oronzo et al. employed DEPArrayTM technology to sort
epithelial-like and mesenchymal-like CTCs and compared genomic heterogeneity with
matched tissue biopsies. The study showed that mesenchymal-like CTCs were the most
heterogeneous CTC subtype and postulated that the mutations detected in all CTC sub-
sets might be considered as genomic biomarkers of metastatic dissemination [211]. Copy
number analysis of CTCs from advanced PC, NSCLC, and BC patients has demonstrated
that single-cell genomic analysis provides a window for tumor heterogeneity analysis and
tumor evolution in response to therapy [123,212,213]. In advanced NSCLC WES of CTCs,
and comparison of mutation profiles in primary and progressive tumor specimens reflected
different evolutionary mechanisms in CTCs and lymph node metastasis [214]. Mutational
anlaysis of CTCs using these novel technologies can be explored for identification of drug
resistance mechanisms and novel druggable targets in cancer patients receiving therapies.

Studies on the predictive potential of genomic CTC analysis are still in their infancy
and need to undergo extensive clinical validation. A major setback in the genomic analysis
of CTCs is represented by the technical challenges associated with successful genome
amplification and library preparation [215]. All approaches for CTC WGA have their pros
and cons. The DOP-PCR methodology has a low genome coverage, making it unsuitable
for SNV analysis, whereas the multiple-displacement amplification (MDA)-based WGA
method is often associated with allelic dropouts (ADO), making CNV studies difficult. The
high false-positive rate of multiple annealing and looping-based amplification cycles (MAL-
BAC) makes it unsuitable for point mutation analysis [216,217]. In a recent study, Lu et al.
evaluated four WGA/NGS workflows for genomic analysis of CTCs; PCR-based (Genome-
PLex and Ampli1), MDA (Repli-g), hybrid PCR, and MALBAC. Their comprehensive
analysis showed that MALBAC WGA coupled with low-pass whole-genome sequencing
is an optimal workflow for genome-wide CNV profiling at a single-cell level. This study
demonstrated the drawback of the current single-cell CTC analysis workflows in mutation
analysis and concluded that none of the WGA methods could achieve sufficient sensitivity
and specificity for genome-wide mutation analysis at a single-cell level [218]. Table 3
summarizes the FDA-approved LBx tests for CDx.

CTC morphology and chromosome instability in CTCs is expected to carry prognos-
tic/predictive information. In a study in NSCLC patients, small CTCs with irregular nuclei
showed a significantly increased risk of disease relapse, implicating the feasibility of mor-
phological classification of CTCs in patient stratification [219]. The recently revealed data
from the CARD trial revealed an interesting aspect of morphologic analysis of CTCs. This
study on mPC patients shows that patients with CTCs harboring chromosomal instability
also had increased morphological diversity of CTCs, and were associated with shorter OS
and radiological PFS (rPFS) in those treated with cabazitaxel [220].



Pharmaceuticals 2022, 15, 75 15 of 30

Table 2. Clinical trials evaluating the predictive role of circulating tumor cells.

Trial Disease Condition Purpose Phase Trial Result Ref.

REMAGUS-02 Localized HER2+ mBC

Determine if CTCs were present in
patients receiving neoadjuvant
chemotherapy before initiation of
chemotherapy and at the end of
chemotherapy before surgery

III

CTCs can be detected in the blood
of patients with large operable or
locally advanced breast cancers
before initiation of neo-adjuvant
chemotherapy and can be
monitored during treatment

[79]

DETECT-III
NCT01619111 HER2− mBC

Evaluate the efficacy of
HER2-targeted therapy in patients
with mBC and HER2
positive CTCs

III

HER2 positive CTCs can be
detected in a relevant number of
patients with HER2 negative
tumors and will be mandatory to
correlate the assay-dependent
HER2 status of CTCs to clinical
response on HER2
targeted therapies

[134]

SWOG S0500
NCT00382018 mBC

Study treatment decision-making
based on blood levels of tumor
cells in women with mBC
receiving chemotherapy

III

Confirmed the prognostic
significance of CTCs in patients
with mBC receiving first-line
chemotherapy. Early switching to
an alternative cytotoxic therapy
was not effective in prolonging OS

[90]

TREAT CTC
NCT01548677 HER2− mBC Efficacy study of Herceptin to treat

HER2-negative CTC breast cancer II
Real-time screening of patients
with early breast cancer for CTCs
is feasible (pilot phase results)

[138]

STIC-CTC
NCT01710605 HR+ HER2− mBC

Analyze the CTC count
(CellSearch®)-driven first-line
treatment choice

III

CTC count may be a reliable
biomarker method for guiding the
treatment choice between
chemotherapy and endocrine
therapy as the first-line
treatment choice

[114]

Circe T-DM1
NCT01975142 HER2− mBC

Evaluate the validity of
HER2-amplified CTCs to select
mBC considered HER2− for
trastuzumab-emtansine treatment

II

CTCs with HER2 amplification can
be detected in a limited subset of
HER2− mBC and treatment with
T-DM1 achieved partial response

[137]

CABAV7
NCT03050866 mCRPC Efficacy of cabazitaxel in mCRPC

patients with AR-V7+ CTC II

Awaited (prospective validation is
needed to investigate if AR-V7
could fulfil the criteria as a
predictive biomarker)

[169]

PROPHECY
NCT02269982 mCRPC

Evaluate circulating
tumor-derived products (CTCs) as
a prospective predictor in higher
risk mCRPC in the context of
AR-directed therapies

NA

Detection of AR-V7 in CTCs is
associated with shorter PFS and
OS with abiraterone or
enzalutamide, and such mCRPC
patients should be offered
alternative treatments

[170]

PERSEVERE
NCT04849364 TNBC

Evaluated the association of
ctDNA and CTCs after
neoadjuvant chemotherapy with
disease recurrence

II

Detection of ctDNA and CTCs in
patients with early stage TNBC
after neoadjuvant chemotherapy
was independently associated
with disease recurrence

[81]

CARD NCT02485691 mCRPC
Evaluated the impact of CTC
morphologic subtypes prior to
treatment in CARD trial

IV

Presence of chromosome
instability at screening is
associated with increased CTC
morphological diversity, and also
had poor rPFS and OS, when
treated with cabazitaxel

[220]

CTCNeoBC
NCT03732339 Locally advanced BC Evaluate the predictive value of

CTC using GILUPI cell collector NA Awaited NA

PROLIPSY
NCT04556916 PC

Assess the validity of CTC and
tumor cell products for early
prostate cancer detection

NA Awaited (Not yet recruiting) NA

I-CURE NCT03213041 HER2− mBC

Evaluate the impact on PFS with
carboplatin-pembrolizumab
combination in patients with
CTC-positive HER2-negative mBC
previously treated with
anthracyclines and taxanes

II Awaited (Recruiting) NA

IMMUNO-PREDICT
NCT02827344 LC

Demonstrate the feasibility of the
analysis of PD-L1 expression
on CTCs

NA Awaited (Recruiting) NA

This table shows the major clinical trials that are/have investigated the predictive role of CTCs in different cancers.
mBC: metastatic breast cancer, BC: breast cancer, mCRPC: metastatic castration-resistant prostate cancer, PC:
prostate cancer, LC: lung cancer.
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Table 3. FDA-approved liquid biopsy tests for companion diagnostics.

Companion
Diagnostic Test Drugs Disease Type/

Sample Type Mutation Technique for
Mutation Detection Manufacturer

cobas EGFR
mutation test

erlotinib (Tarceva),
osimertinib (Tagrisso),

gefitinib (Iressa)
NSCLC/plasma

EGFR mutations
(exon 19 deletions,
L858R mutation),
T790M mutation

Real time polymerase
chain reaction (RT-PCR) Roche

Guardant 360 CDx
osimertinib (Tagrisso)

NSCLC/lasma
EGFR mutation

Next-generation
sequencing

Guardantamivantamab
(Rybrevant)

EGFR mutation
(exon 20 mutation)

FoundationOne
Liquid CDx

rucaparib (Rubarca) Ovarian cancer/plasma BRCA1, BRCA2

Next-generation
sequencing Foundation One

alectinib (Alecensa) NSCLC ALK rearrangement
alpelsib (Piqray) Breast cancer PIK3CA

olaparib (Lynparza) mCRPC/plasma BRCA1, BRCA2, ATM
rucaparib (Rubarca),
AR-directed therapy,

Taxane
mCRPC/plasma BRCA1, BRCA2

gefitinib (Iressa),
osimertinib (Tagrisso),

erlotinib (Tarceva)
Lung cancer

EGFR mutations
(exon 19 deletions,
L858R mutation)

capmatinib
(Tabrecta, Novartis) NSCLC MET

(exon 14 mutations)

therascreen PIK3CA
RGQ PCR Kit alpelsib (Piqray) Breast cancer/plasma PIK3CA Real-time polymerase

chain reaction (RT-PCR) Qiagen GmbH

ArcherDx’s
ArcherMET Assay

tepotinib
(Tepmetko,

Merck KGaA)
NSCLC/plasma MET

(exon 14 skipping)
Next-generation

sequencing Archer

4. Limitations in CTC-Based Studies

The concept of precision medicine aims at providing individual cancer patients with
appropriate cancer management, starting from disease screening and selecting the right
drug through to monitoring disease relapse or recurrence, and requires the integration of
single-cell isolation techniques, genomics, proteomics, pharmacogenomics, and pharma-
codynamics studies [221]. With the advent of novel technologies for CTC isolation and
analysis, the clinical utility of CTCs is being investigated and appreciated more than ever
before. Rapid progress in basic cancer research and results from the studies investigating
the prognostic and predictive potential of CTCs in a clinical setting are expected to provide
an effective way to implement cancer precision medicine [222]. The breakthrough study
by Hamza et al. developed a technique to measure the kinetics and potency of CTCs for
the very first time. The researchers were able to measure CTCs in real time by exchanging
CTC-containing blood between tumor-bearing mice and healthy mice. This approach gave
insight into the intravasation rate and half-life times of CTCs in circulation, and is hoped to
widen our understandings of the role of CTCs as a rate-limiting step in metastasis [223].

A major limitation in translating CTC studies to clinical practice lies in the lack of
approved robust technologies for CTC isolation. Even though more than a decade has
passed since the FDA approval for the CellSearch® system, it is the only approved CTC
enrichment system. The rarity of CTCs in circulation impedes their efficient isolation;
however, the advent of novel technologies has enabled CTC isolation with high sensitivity
and specificity at a higher yield, and more systems with FDA approval are anticipated
in the coming years. One such promising approach is the intravenous collection of CTCs
using indwelling catheter-based systems [41,43,44,224]. These technologies allow the
interrogation of larger blood volumes compared to the routine phlebotomy specimens and
require further validation and approval to facilitate their clinical use.

Further, a major concern in most clinical trials for which some results have been
published is the significantly small number of CTCs that are detected, in addition to the
lack of consensus over the cutoff for the expression level of CTC-specific biomarkers. For
example, in studies that evaluated HER2 expression on CTCs, a single HER2+ CTC has been
shown to have clinical significance in certain studies, whereas a cutoff of ≥ 10 CTCs has
also been reported [225]. In immunocytochemistry-based HER2 expression analysis, the
scoring of cells as HER2+ is also very ambiguous between different study groups, making
it difficult to compare the results from different studies [134,226,227]. All these highlight
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the need for a method that has universal consensus through an appropriately designed
prospective study.

Another hindrance to CTC analysis in clinical practice is the heterogenic nature of
CTCs [228]. CTC frequency and molecular signature show huge variation within the
same cancer type and between cancer types [229], resulting in the misjudgment of CTC
enumeration in the study samples. A vast majority of clinical studies use EpCAM-based
CTC enrichment systems, as they have been demonstrated to have clinical validity in
the prognosis of several solid tumors. The CTC detection rate in the most widely used
CellSearch® system is from 20–50% in advanced cancers, mostly owing to the dynamic
heterogeneity of CTCs. This limitation in CTC detection rate, combined with inter-patient
variability, has had a huge impact on clinical trial design and the success rate of these trials,
resulting in the need to include large patient cohorts for each study. Moreover, EMT is a
major molecular phenomenon associated with metastasis, and this has raised questions
on using EpCAM as a universal biomarker for CTC enrichment [230–233]. It is likely that
other CTC sub-populations (non-EpCAM) encompass the metastatic founder cells and may
have a critical role in clinical disease progression [125,126,234]. A remarkable association
between the expression of mesenchymal-like markers and CTC clusters, disease prognosis,
and response to therapy has been demonstrated [235–238]. EMT-based CTC enrichment
and characterization of therapeutically relevant biomarkers is expected to facilitate tailored
cancer management and guide treatment decisions.

Furthermore, systems that use the biological properties of CTCs for their enrichment
assume that CTCs express or do not express certain biomarkers. A general drawback
here is that the CTC subsets that do not express these biomarkers are not enriched [64,65].
Label-free CTC isolation methods or employing multiple biomarkers for CTC enrichment
are the strategies employed to overcome this issue [239]. Most of these strategies are in
translational clinical studies and need to be validated in large clinical cohorts. Further
improvement of detection technologies combining various inherent properties of CTCs
would optimize CTC selection. In addition, using the right technique that is optimal for the
study design, cancer type, and its clinical application would also have an impact.

Single-cell level CTC analysis is now the focus of several CTC studies, and molec-
ular and genomic characterization of CTCs at the single-cell level has revealed genomic
variations or sub-clonal mutations specific to CTCs [240–242]. SNVs during the course of
chemotherapy, CNV profiles that can determine chemo-sensitive and chemo-refractory dis-
eases, and the molecular signature for monitoring response to therapy have been identified
in single-cell CTC studies [209,212,213,243–245]. CTC isolation at the single-cell level is,
however, a tedious process and, in most cases, requires a pre-enrichment step and subse-
quent single-cell sorting. Techniques such as laser capture microdissection [246] and single-
cell sorting using DEPArrayTM [75,76,247], CellCelectorTM [248], VyCAP’s or Puncher
technology [249] have demonstrated usefulness for single-cell CTC analysis. Downstream
analysis of CTCs at the genomic level relies on single-cell profiling technologies such as
whole-genome/exome sequencing, single-cell RNA sequencing, secretome profiling, etc.
Most techniques require a WGA/whole transcriptome amplification step prior to sequenc-
ing. However, to achieve high sensitivity and specificity for the analysis of mutations and
CNV, specific performance metrics and analytical methods must be employed. Applying
these techniques in a clinical perspective is limited as CTCs obtained at a single point alone
may not represent dynamically changing CTCs. Furthermore, the quality and the number
of CTCs isolated and the sample size in some of these studies are not sufficient that the
molecular findings from these studies may only be relevant for the small sub-population
in which the study was conducted. A universal workflow for single-cell analysis of CTCs
is imperative for their proper implementation in clinics and is also expected to answer
questions on tumor heterogeneity and clonal evolution exerted by chemotherapy agents.
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5. Conclusions and Future Perspectives

The relevance and promise of CTC screening and analysis in predicting cancer pro-
gression and response to therapy are implicated in several studies. Novel techniques and
clinical utilities are added to the repertoire every day as a result of extensive research in
this area. Though this paper reviewed only CTCs as an LBx, it is evident from several
studies that combining information from several LBx markers, including ctDNA, exosomes,
circulating micro RNAs, etc., can provide a wide spectrum of understanding on their clini-
cal applications. Recently studies have developed protocols and workflow for analyzing
multiple biomarkers from a single tube of blood. The data from CTCs and ctDNA are
indicative of different cancer cell types in circulation and can provide information that is
mutually exclusive and complementary, thereby having the potential to probably provide
in-depth information on patients’ disease progression and response to treatment [158]. With
the FDA approval for several ctDNA-based CDx tools for cancer diagnosis and response
monitoring in a wide range of solid tumors, the focus on developing CTC-based CDx tools
has increased exponentially (Table 3). Major limitations in single-cell CTC analysis, includ-
ing technical, economical, and logistic challenges, need to be addressed and overcome to
improve the efficacy of the clinical application of single-cell CTC analysis. Efforts to isolate
viable CTCs and culture them for their genetic and epigenetic characterization are ongoing
and are expected to be developed into potent tools for personalized drug screening and
tailored therapy. Recently it was shown that CTC cluster phenotypes in an ex vivo CTC
culture system can provide crucial information on response to treatment [121,122,250,251].
Noninvasive early detection of cancer, as well early identification of therapeutic response,
has been achieved in separate studies using LBx [252,253]. By further improving the
abovementioned technologies, it might be possible to derive predictive data, which is
more clinically relevant and could help rapid translation of CTCs from the benchtop to
bedside. Furthermore, the most critical step in making the analysis of CTCs a routine
clinical practice is their extensive clinical validation. Proper design of clinical trials and
choosing appropriate treatment interventions for the right patient population is essential
for the success of the clinical trials, and results from such trials are expected to provide
some insights and answer the questions raised regarding the clinical usability of CTCs.
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