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Abstract: Despite advances in screening and therapeutics
cancer continues to be one of themajor causes ofmorbidity
and mortality worldwide. The molecular profile of tumor is
routinely assessed by surgical or bioptic samples, however,
genotyping of tissue has inherent limitations: it represents
a single snapshot in time and it is subjected to spatial se-
lection bias owing to tumor heterogeneity. Liquid biopsy
has emerged as a novel, non-invasive opportunity of
detecting and monitoring cancer in several body fluids
instead of tumor tissue. Circulating tumor cells (CTCs),
circulating tumor DNA (ctDNA), RNA (mRNA and micro-
RNA), microvesicles, including exosomes and tumor
“educated platelets”were recently identified as a source of
genomic information in cancer patients which could reflect
all subclones present in primary and metastatic lesions
allowing sequential monitoring of disease evolution. In
this review, we summarize the currently available infor-
mation concerning liquid biopsy in breast cancer, colon
cancer, lung cancer and melanoma. These promising
issues still need to be standardized and harmonized across

laboratories, before fully adopting liquid biopsy ap-
proaches into clinical practice.

Keywords: cancer biomarkers; circulating cell-free DNA
and RNA; circulating tumor cells; circulating tumor DNA;
exosomes; liquid biopsy.

Introduction

Cancer is a spatial and temporal dynamic disease. In this
scenario, the recognition of mechanisms responsible for
tumor evolution remains a challenging task. Recently,
there has been a notable increase in knowledge of cancer
molecular bases due to the development of highly sensitive
techniques leading to precision medicine. The main
objective of precision oncology is to provide the most ac-
curate and effective treatment strategy based on the ge-
netic profile of cancer and the individual themselves [1].
One of the prime challenges for the clinical implementation
of precision oncology is to detect molecular biomarkers
that might enable estimation of the prognosis, predict
sensitivity or resistance to a specific therapy and guide the
selection of treatment through the characterization of so-
matic alterations involved in tumor progression [2].

Tissue biopsy is still considered the “gold standard”
for diagnosis and treatment choice in cancer patients [3].
However, it is associated with inherent limitations that
render tissue biopsy an unfeasible option for long term
monitoring, lacking information regarding spatial and
temporal heterogeneity of the tumor [4, 5]. Indeed, the
genetic landscape of the tumor and metastases dynami-
cally changes due to the selective pressure of therapies
promoting the growth of different subclones [4].

Moreover, tissue biopsy cannot be performed when
clinical conditions have worsened or due to limited
accessibility of tumor tissue and demands high total costs
due to the complexity of the medical procedure, needing
dedicated personnel, amedical surgery roomavailable and
longer recovery time [6, 7].

*Corresponding author: Silvia Galbiati, PhD, Diabetes Research
Institute, IRCCSOspedale San Raffaele, ViaOlgettina 60, 20132Milan,
Italy, Phone: +39 02 26434779, Fax: +39 02 26434351,
E-mail: galbiati.silvia@hsr.it
Pamela Pinzani and Francesca Salvianti, Department of Experimental
and Clinical Biomedical Sciences “Mario Serio”, University of
Florence, Florence, Italy
Valeria D’Argenio, Department of Human Sciences and Quality of Life
Promotion, San Raffaele Open University, Rome, Italy; and
CEINGE-Biotecnologie Avanzate, Naples, Italy
Marzia Del Re and Federico Cucchiara, Clinical Pharmacology and
Pharmacogenetics Unit, Department of Clinical and Experimental
Medicine, University of Pisa, Pisa, Italy. https://orcid.org/0000-
0002-0946-750X (F. Cucchiara)
Cristina Pellegrini, Department of Biotechnological and Applied
Clinical Sciences, University of L’Aquila, L’Aquila, Italy

Clin Chem Lab Med 2021; 59(7): 1181–1200

https://doi.org/10.1515/cclm-2020-1685
mailto:galbiati.silvia@hsr.it
https://orcid.org/0000-0002-0946-750X
https://orcid.org/0000-0002-0946-750X


Liquid biopsy has been recently gaining attention
worldwide as a complementary tool to tissue biopsy,
being a minimally invasive diagnostic tool able to assess
the genetic landscape of solid tumors (Figure 1). The
new field of oncology research has focused on cancer-
derived primary tumor and metastatic sites components
that circulate in the bloodstream, including circulating
tumor cells (CTCs) and stromal cells of the tumor
microenvironment.

Moreover, cancer cells release circulating cell-free
DNA (cfDNA) fragments, designated as circulating
tumor DNA (ctDNA), RNA (mRNA and microRNA),
extracellular vesicles (EV), including exosomes which
are membrane-encapsulated subcellular structures con-
taining proteins and nucleic acids, actively released by
the tumor cells [5].

In Table 1 the current technologies available to analyze
CTCs, cfDNA, RNA (mRNA and microRNA) and exosomes
are summarized.

In addition, tumor-educated platelets (TEPs) were
recently identified as a source of genomic and proteomic
information in cancer patients [8].

Liquid biopsy is obtained by a routine blood draw and
requires a small amount of blood, usually 6–10 mL [9]; it
demands a short time and low costs for sample taking and
helps understanding the spatial and temporal heteroge-
neity of cancer, allowing a real-time monitoring for treat-
ment responses and resistance by repeated analysis. On the
contrary, the main disadvantage is the lack of standardi-
zation of the methodologies [10, 11] and an often insuffi-
cient technical and clinical validation for a routine clinical
implementation [12]. Moreover, in some cancer types such

Figure 1: Clinical applications of liquid biopsy in tumor management.
CTCs, circulating tumor cells; ctDNA, circulating tumor DNA; cfRNA, circulating free RNA.
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as breast or lung cancer, the subtyping diagnosis can be
established only by histology [13].

Circulating tumor cells

CTCs are released from solid tumors into the circulation of
cancer patients at any stage of the disease [14]. The use of
CTCs in clinical practice is still limited, probably due to the
technical challenges in approaching CTC analysis. CTCs

are rare into the circulation [15], are dynamically hetero-
geneous [16] and require sophisticated techniques to be
detected.

Methods for CTC enrichment refer to the following
criteria: recognition of CTCs on the basis of their physical
properties [17] or biological characteristics, like the
expression of protein markers. Among label-dependent
techniques, immunomagnetic-based assays targeting the
EpCAM proteins are the most commonly applied to
epithelial tumors [18]. Each approach to CTC identification

Table : Current technologies available to isolate and analyze CTCs, cfDNA, RNA (mRNA and microRNA) and exosomes.

CTCs cfDNA, cfRNA, and
miRNA

Exosomes

Enrichment
– Physical properties

(size, density)
– Biological characteristics

(marker expression)

Isolation
– Mirofluidics dielectrophoresis
– Micromanipulation
– Flow cytometry
– Laser microdissection

Isolation
– Manual protocols
– Automated

procedures

Isolation
– Ultracentrifugation
– Size exclusion

chromatography
– Membrane affinity

purification
– Immunocapture
– Chemical

precipitation
– Polymer precipitation

Bulk analysis
CTC enumeration
Molecular profiling:
– Genomic analysis
– Transcritpomic analysis
– Epigenetic analysis
– Proteomic analysis

Pure CTCs
Molecular profiling:
– Genomic analysis
– Epigenetic analysis
– Proteomic analysis
– Metabolomic analysis

Single CTCs
Molecular profiling:
– Genomic analysis
– Epigenetic

analysis
– Proteomic

analysis
– Metabolomic

analysis

Molecular profiling:
– Genomic analysis
– Mutation analysis
– Transcritpomic

analysis
– Epigenetic

analysis
– Methylation

analysis
– Gene expression

(mRNA)
– miRNA,

lncRNA analysis
– Tumor

heterogeneity

Molecular profiling:
– Mutation analysis
– Transcritpomic

analysis
– Gene

expression (mRNA)
– miRNA, lncRNA analysis
– Proteomic analysis
– Metabolomic analysis

Methodologies:
– Immunocytochemistry (IHC)

analysis
– Immuno fluorescent staining
– Fluorescence in situ

hybridization(FISH)
– qPCR
– ddPCR
– NGS

Methodologies:
WGA prior to genomic anal-
ysis
WTA prior to transcritpomic
analysis
– FISH
– Comparative genomic

hybridization (CGH)
analysis

– Sanger sequencing
– qPCR
– ddPCR
– NGS
– Mass spectrometry

Methodologies:
WGA prior to genomic
analysis
WTA prior to tran-
scritpomic analysis
– FISH
– CGH analysis
– Sanger

sequencing
– qPCR
– ddPCR
– NGS
– Mass

spectrometry

Methodologies:
– qPCR
– ddPCR
– NGS

Methodologies:
– Exosomes

enumeration
– qPCR
– ddPCR
– NGS

CTCs, circulating tumor cells; ctDNA, circulating tumor DNA; cfRNA, circulating free RNA; NGS, next generation sequencing; IHC,
immunocytochemistry; FISH, fluorescence in situ hybridization; CGH, comparative genomic hybridization.

Pinzani et al.: New openings for personalized medicine 1183



shows its advantages and drawbacks, in particular label-
dependent approaches are biased by the specificity of the
marker selected, while physical approaches often require a
confirmation of themalignant nature of the identified cells.

The different approaches currently available have
been recently summarized in Bankó et al. and Shen et al.
[19, 20]. The latest advances in CTC isolation technology are
represented by microfluidic devices resorting to a
biochemical or biophysical approach or a combination of
the two principles [21].

CTCs can be present in aggregates, so called circu-
lating tumor microemboli (CTM), presenting a stronger
metastatic potential than single CTCs [22, 23]. The presence
of CTC clusters in the circulation of cancer patients has long
been observed in different cancers [24–30] and linked to a
worse prognosis [23], but only recently studies revealed the
molecular bases of their increased metastatic capacity
[22, 23]. CTC enrichment and isolation methods not always
allow the identification of CTM and often disrupt them,
which led to overlook CTC clusters in studies on CTCs. At
present, with the awareness that CTM represent a distinct
CTC population worth investigating, the need of isolation
technologies for CTC clusters is emerging and methods for
CTC enrichment with the ability to isolate CTM have been
recently reviewed [31] together with the development of
CTM dedicated microfluidic devices [32, 33].

The clinical validity of CTCs has been demonstrated in
different contexts: cancer screening, cancer prognosis, and
monitoring of treatment response [34].

CTC counting in early stage cancers, although limited
by the low number of detectable cells at this stage, has
shown promising results leading to clinical trials in lung,
the AIR Project [35], breast and ovarian cancer (trial
NCT02608346 [34]).

In non-metastatic cancers, the presence of CTCs before
surgery, has been demonstrated to be an independent
prognostic factor for DFS (Disease-Free Survival) and OS in
many cancers [36].

In metastatic disease CTC count has reached the
highest level of clinical evidence for the prognostic value
[34] leading to FDA approval CTC detection by CellSearch®

system (Menarini Silicon Biosystems) in metastatic breast
[37], colorectal [38], and prostate cancer [39].

CTC count has been investigated also as a tool to
evaluate the efficacy of systemic treatments. A series of
clinical trials has been performed or is ongoing mainly in
metastatic breast cancer (MBC) patients, among which the
STIC CTC trial showed that including CTC count in the
therapy decision algorithm for HER2 negative, hormone
receptor positive MBC patients might improve patients’
outcome in the subgroup with a high CTC count before

treatment [40]. The SWOG S0500 study was the first to
hypothesize patient monitoring by CTC dynamics. A
comprehensive review of concluded and ongoing trials
using CTCs in breast cancer is provided by Schochter
et al. [40].

Besides the CTC count, CTC molecular characteriza-
tion is being investigated for its potential clinical use
especially in treatment decisions. The CirCe T-DM1 study
was the first clinical trial using the phenotype of CTCs as a
decision criterion showing the presence of CTCs with
HER2-amplification in advanced HER2-negative MBC pa-
tients, but failing to demonstrate the efficacy of the single
agent T-DM1 may be in relation to the fact that HER2-
amplified CTCs represented only a fraction of the total
CTCs detected in treated patients [41]. Both the number
and phenotype of CTCs have been investigated for their
utility in treatment decisions in the DETECT study pro-
gram [40].

The molecular characterization of CTCs has revealed
its clinical utility in castration resistant metastatic prostate
cancer patients treated with abiraterone or enzalutamide
where the detection of the splicing variant AR-V7 of the
androgen receptor in CTCs is associated with resistance to
these therapeutic agents. The prospective PROPHECY
study demonstrated that detection of AR-V7 in CTCs is
independently associated with shorter PFS and OS with
abiraterone/enzalutamide [42].

Recent technology advancements allowed the isola-
tion and characterization of single CTCs opening new
perspectives in CTC analyses. The molecular analysis of
CTCs in different types of cancers revealed intra-patient
heterogeneity reflecting tumor heterogeneity, which is
considered a hallmark of cancer and responsible for
resistance to therapies [43].

Despite assessments on the importance of single CTC
analysis to follow tumor evolution and efforts in devel-
oping techniques to reach the single cell level [44], to date
only relatively few papers reporting the characterization of
single CTCs from cancer patients have been published
[45, 46], mainly due to the technical challenges presented
by the isolation of pure single CTCs. Single CTC isolation, in
fact, is a complex multi-step process involving CTC
enrichment, isolation and a step of (whole) genome/tran-
scriptome amplification prior to CTC mutational/tran-
scriptional analysis [47, 48].

Analyses at single CTC resolution could offer a mini-
mally invasive approach to study cancer also at the pro-
teomic level but the detection of multiple proteins in CTCs
remains challenging [43]. Metabolome analysis of single
CTCs has been performed on samples from patients
affected by gastrointestinal cancer [49], but overall
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metabolites are difficult to study due to their extreme
dynamicity and lability [43].

Single-cell sorting still represents themost critical step
of thewhole procedure. Furthermore, the lack of integrated
workflows impairs the implementation of single CTC
analysis in clinical practice [47, 48].

Although the pre-analytical phase of CTC analysis has
not been extensively studied so far, in a recent review we
defined the crucial steps of the pre-analytical workflow for
CTC analyses and summarized the emerging findings in the
field [50].

Circulating cell-free DNA and tumor DNA

The presence of circulating cfDNA in human circulation
was reported in 1948 by Mandel & Metais. Two contenders
for the main origins of cfDNA are supported to be (i) the
cellular breakdown mechanisms and (ii) the active DNA
release mechanisms [51]. Moreover, there are various cau-
ses of cfDNA release in themammalian body depending on
an organism’s health, age, exercises, inflammation and the
pathophysiology of a disease [51].

The concentration of the total cfDNA in healthy in-
dividuals is on average 30 ng/mL plasma and ranges from
0 to 100 ng/mL, whereas, in cancer patients, this can be up
to 1,000 ng/mL with an average of 180 ng/mL [17].

In addition to cfDNA from non-malignant (predomi-
nately hematopoietic) cells, blood samples may contain
minute amounts of ctDNA derived from primary and met-
astatic lesions. CtDNA levels in plasma show great vari-
ability within and between tumor types [52]. CtDNA
represents an opportunity forminimal-invasivemonitoring
of the disease course and assessment of residual disease
after curative surgery [53–55], and may provide a more
comprehensive overview of the spectrum of mutations in a
patient’s tumor.

CtDNA was isolated in blood (plasma and serum) as
well as other body fluids such as urine, saliva, cerebro-
spinal fluid, pleural effusion, ascitic fluid, semen, breast
milk, lymphatic and peritoneal fluids, bone marrow aspi-
rates, prostatic fluid, peritoneal lavage, gastric juice,
biliary, and stool samples [56].

CtDNA is single- or double-stranded DNA that presents
many cancer-associated molecular characteristics, such as
single-nucleotide mutations, copy number variations
(CNVs), methylation and structural changes or rearrange-
ments [57]. There are three potential origins of ctDNA:
(i) apoptotic or necrotic tumor cells; (ii) live tumor cells in
tumor tissue; (iii) CTCs [58]. Two are the main processes
involved in the release of ctDNA into the blood: (i) passive

release of DNA through cell death either by apoptosis or
necrosis; (ii) active secretion of DNA by release of EVs [59].
As a consequence of enzymatic cleavage of DNA during
apoptosis, the resulting DNA fragments are still wrapped
around single nucleosomes and the length plus linker is
around 166 or 320 bp, if DNA is wrapped around two nu-
cleosomes, up to 1,000 bp if it is released from phagocy-
tosis of necrotic cells. The rate of ctDNA shedding into the
circulation depends on the location, tumor burden, size
and vascularity of the tumor, cancer stage, cellular turn-
over, and response to therapy leading to a difference in
ctDNA levels from 0.01 to 90% found in blood [60].

It is estimated that patients with a tumor load of 100 g
in size release 3.3% of the tumor DNA into the circulation
on a daily basis [61] and that the half-life time of ctDNA in
the blood circulation ranges from 16 min to 2.5 h.

Circulating cell-free RNA, circulating tumor
RNA and microRNA

Cell-free circulating RNA (cfRNA) consisting of circulating
tumor RNA (ctRNA), mRNA, microRNA (miRNA), and non-
coding RNAs can be determined in the plasma of patients
for monitoring tumor genetic dynamics. RNA is a relatively
unstable molecule, the naked half-life of which in plasma
is about 15 s, its stability is enhanced by the association
with proteins, proteolipid complexes, and EVs [62].

Circulating RNA has been isolated from blood of pa-
tients suffering from several types of malignancies (breast,
lung, gastric, renal-cell, bladder cancer, melanoma, and
gynecologic malignancies) and has been used as a bio-
logical marker either for the early detection and diagnosis
of the disease or as a marker of recurrence patterns, sur-
vival predictor and follow up [63].

CtRNA is not only used to identify mutations in genes
of interest but allows the identification of tumor-specific
fusion transcripts or alternative splice events and provides
information about relative expression levels of dedicated
genes.

Programmed cell death-ligand-1 (PD-L1) expression
was detected in plasma of patients with different cancer
types (no PD-L1 mRNA was detected in cancer-free people)
showing also a high degree of concordance with the
expression of PD-L1 protein in tumor tissues. Moreover,
both methods were equally predictive of pharmacological
response [64, 65].

However, there are difficulties in using mRNA as a
biomarker in liquid biopsy, since the reproducibility of cell-
free mRNA is limited due to its instability, low abundance,
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and intracellular mRNA contamination from specimen
processing [66].

Recently, several studies have focused on miRNAs.
miRNAs are released by cells either in association with
RNA-binding proteins or packaged inside exosomes, which
protect these cell-freemiRNAs against RNase activity. Their
concentration in blood and other biofluids is higher than
mRNA and more stable in cancer patients [67]. Before
analyzing miRNAs it is necessary to separate them from
contaminants (RNA from coagulation process, platelets,
cell debris, proteins, and exosomes), which represent the
major drawbacks of using cell-free miRNAs as biomarkers
in cancer.

MiRNA expression levels have been proven to be
potentially valuable for early diagnosis, prognosis, and
prediction of the response to therapy in various types of
cancer using multiple analyses of miRNAs [68].

Finally, circular RNAs (circRNAs) have only recently
been considered in the oncological field after it was
revealed that they are very abundant, highly conserved
across species, and show tissue- and developmental stage-
specific expression. This tightly regulated, dynamic
circRNA expression, in line with the expression of
messenger RNAs, microRNAs, and long noncoding RNAs,
is altered in both solid tumors and hematologic malig-
nancies and most likely contributes to tumorigenesis [69].

Exosomes

Exosomes are 40–150 nm EVs of endosomal origin secre-
ted by cells functioning as mediators of intercellular
communication.

The exosomal cargo comprises cytoskeletal, trans-
membrane and thermal shock proteins, lipids, enzymes
and nucleic acids, mainly mRNA, miRNA as well as single-
stranded and two-stranded DNA [70]. The content of exo-
somes is dependent on the cell of origin and can be
transferred into adjacent or distant recipient cells, modu-
lating their intracellular signaling pathways, gene
expression, and phenotype [71]. Moreover, cancer-derived
exosomes contribute to the recruitment and reprogram-
ming of constituents associated with the tumor environ-
ment [72].

The most commonly used methods for the isolation of
exosomes demand successive centrifugation and ultra-
centrifugation steps to avoid cell contaminants. Magnetic
beads coated with antibodies against exosomes markers
(mainly tetraspanins), Size-Exclusion liquid Chromatog-
raphy (SEC), and membrane-binding peptide can also be
used on this regard [73, 74].

Exosomes are very stable under different storage
conditions [75] qualifying them as potential biomarkers to
predict cancer burden and impact personalized cancer
care.

Since 2008, Skog et al. have demonstrated that circu-
lating serum exosomes are positive for an EGFRvIII
mutant/variant [76], typical of a clinical subtype of glio-
blastoma, when the parental glioblastoma cells also ex-
press this mutant/variant. The expression of this mutant/
variant is decisive in determining the therapeutic approach
for these patients [77] thus, determining EGFR status from
exosomes instead of a tumor biopsy is of immense benefit
for patients. Similar applications for exosomes have been
described for ovarian cancer [73], melanoma [78] colorectal
cancer [79], and prostate cancer [80, 81]. Silva et al. have
reported that high levels of exosomes in plasma of patients
with colorectal cancer were significantly associated with
poorly differentiated tumors and with decreased overall
survival (OS) [79] while patients with ovarian cancer
exhibit significantly increased levels of serum exosomes
compared to benign disease or healthy controls [73].
Moreover, Taylor et al. compared the profile between
exosome-derived miRNAs and corresponding tumor-
derived miRNAs revealing a dysregulated expression of
43 out of 218 detectable miRNAs [73].

Finally, Hoshino et al. demonstrated that the compo-
sition of exosomal integrins could predict organ-specific
metastasis and that tumor-derived exosomes participate in
preparing the pre-metastatic niche [82].

These data suggest a specific selection of miRNAs in
tumor-derived exosomes. Exosomes derived miRNAs and
mRNA could serve as a useful tool to classify patients into
different risk categories to enable a tailored cancer therapy.

Clinical application of liquid biopsy

Breast cancer

Breast Cancer (BC) is the most common cancer in females
and is still a leading cause of cancer death worldwide. In
the last decades, BC outcomes have been greatly improved
as a consequence of the diffusion of population-based
screening programs, enabling an even more early diag-
nosis (i.e., the identification of the disease at a regional
stage), and of the availability of multidisciplinary thera-
peutic programs [83]. In addition, the increasing knowl-
edge of BCmolecular features is driving the development of
novel and even more personalized diagnostic, prognostic,
and therapeutic tools that are impacting both patients’
survival and quality of life [84]. In this context, as stated
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also for other cancers, liquid biopsy (including both CTCs
and ctDNA) has emerged as a new attractive opportunity,
able to overcome some limits of traditional biopsy and to
provide a more representative picture of disease hetero-
geneity. To date, liquid biopsy has shown its potentialities
for BC biomarkers detection, disease recurrence detection,
drug resistance identification, and prognostic stratification
[85]. In particular, CTCs have been already reported to
independently impact onBCdisease free survival andOS in
both metastatic and non-metastatic cancers [86]. Lucci
et al. analyzing 302 non-metastatic BC patients, demon-
strated that the detection of one or more CTCs correlated
with early recurrence and OS reduction [87]. Rack et al.
assessed in a large cohort of patients the potential role of
CTCs as prognostic markers already at BC diagnosis for the
stratification of patients requiring adjuvant therapy [88]. A
subsequent meta-analysis, by analyzing 21 studies on BC
patients treated by neoadjuvant therapy, found that CTC
number evaluation is an independent prognostic factor for
early BC [89]. Finally, Trapp and colleagues have shown
that the persistence of CTCs two years after chemotherapy
is correlated to a decreased OS, suggesting that CTC
monitoring may improve BC patients’ surveillance pro-
grams [90]. However, more data are available on the
possible utility of CTCs in metastatic cancers. Indeed, MBC
can occur both as first presentation and as recurrent dis-
ease, and is still affected by a highmortality rate; thus, new
tools for patients’ prognostic stratification are required.
Almost 15 years ago, Cristofanilli and colleagues demon-
strated that the identification of ≥5 CTCs/7.5 mL blood was
predictor of a worse outcome in MBC patients, irrespective
of other parameters [91]. Subsequently, Budd et al. showed
that CTC count is a better predictor ofMBCOS than imaging
tool [92]. Similarly, a multicenter study assessed that serial
CTC count is more effective than conventional serum an-
tigens in the early detection of MBC therapy failure [93].
Serial CTC evaluations have also shown their utility in MBC
therapy monitoring [94]; an international trial reported
that a modification of the therapy, not able to reduce the
CTC number, had no effects on patients’ OS [95]. In this
regard, another interventional trial is evaluating the pos-
sibility to use CTCs to stratify MBC patients for chemo-
therapy or hormone therapy [96]. The preliminary results
suggested that the switch from hormone therapy to
chemotherapy driven by CTC count is able to ameliorate
patients’ free survival [96]. A consensus paper from an
International panel of experts has recently evaluated the
possible use of CTCs in clinical settings for MBCs staging
[97]. By retrospectively analyzing a total cohort of 2,436
MBC patients, the authors classified stage IV tumors as
“aggressive” and “indolent” based on CTC count ≥5/7.5 or

<5/7.5 mL, respectively. Interestingly, they found that
indolent patients had a longer OS than the aggressive ones,
independently from clinical and molecular features, so
that they conclude that CTC count should be used for
advanced BC staging [97].

In addition to the quantitative evaluation, also the
detection of specific CTC features may have a clinical
utility. Indeed, it has been proven that, during treatment,
ER+ MBCs can develop ER-CTCs; it has been hypothesized
that this phenomenon may reflect the acquisition of ther-
apy resistance by the primary tumor [98]. An interventional
trial is currently testing the possibility of using the HER2
status of CTCs to stratify MBC patients [99]. Moreover, CTC
expression of protein death-1 ligand correlates with MBC
OS, suggesting that CTC evaluation may be useful to pre-
dict the sensitivity to specific immunotherapies [100].
Finally, Koch and colleagues have recently reported for the
first time the establishment of a CTC line from an ER+MBC
patient: this model may provide novel tools for the study of
the molecular bases of MBC [101]. It has to be noticed, that
even if most of the studies on CTCs uses blood as biological
sample, also other fluids may be useful. A recent study by
Malani et al. reports the identification of CTCs in the cere-
brospinal fluid of BC patients with leptomeningeal metas-
tases [102]. This findingwill open theway to further studies
to assess the clinical relevance of specific body fluids
evaluation to stratify MBC patients.

In addition to CTCs, also the use of cfDNA/ctDNA has
been largely investigated in BC. In particular, the identifi-
cation of tumor-specific mutations in ctDNA has been
related to tumor burden and possible clinical outcomes
[85, 86]. Moreover, high levels of ctDNA have been asso-
ciated with a more aggressive and potentially resistant
disease, both in early and metastatic BCs [85, 86].
Considering the low amount of ctDNA, several issues are
related to technical aspects in order to ensure a reliable
ctDNA detection [103]. In addition to quantitative evalua-
tion, as stated above, the identification of ctDNAmutations
can be useful to predict therapy sensitivity. In this context,
Ma et al. found that HER2 amplificated ctDNA highly cor-
relates with the development of anti-Her2 therapy resis-
tance [104]. A subsequent study confirmed that HER2
amplification in ctDNA and hormone status can predict
primary resistance to trastuzumab emtansine in MBC pa-
tients [105]. Similarly, the identification of ESR1 gene mu-
tations in ctDNA fromMBC patients has been related to the
development of aromatase inhibitor treatment resistance
[106]. The recent approval of alpelisib, a PI3K inhibitor,
opened the door for the use of liquid biopsy in BC as a
clinically useful test. The SOLAR-1 trial demonstrated the
efficacy of the new experimental drug inMBC patients with
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a PI3K mutation found in tissue or in plasma ctDNA.
Moreover, the final OS data showed an increased clinical
benefit in patients with PI3KCA mutation in plasma ctDNA
vs tissue (9.2 vs. 7.9 months) [107]. The introduction of new
standards of treatment in BC (CDK4/6 inhibitors and PI3K
inhibitors), increased the use of liquid biopsy in order to
identify new biomarkers of response/resistance to therapy.
In this view, it has been demonstrated that the analysis of
PI3K in ctDNA is not only a useful biomarker to identify
responders to alpelisib, but is also a negative predictive
biomarker for CDK4/6 inhibitors. In detail, a recent study
demonstrated that patients carrying a PI3K mutation in
ctDNA have a shorter PFS to palbociclib/ribociclib
compared to non-mutant PI3K patients. Moreover, the PI3K
status was strongly associated to Ki67% expression in
primary lesions [108]. Resistance to CDK4/6 inhibitors is
claiming great attention, and several studies are investi-
gating how liquid biopsy may help in identifying possible
biomarkers of resistance, using either ctDNA [109, 110] or
exosomes [111]. Interestingly, by comparing cfDNA muta-
tional status and CTCs from MBC patients, Shaw et al.
verified that cfDNA mutational burden reflects CTC het-
erogeneity [112]. The availability of next generation
sequencing (NGS)-based methods has enhanced the pos-
sibility to characterize ctDNA mutational status. In this
context, Davis et al. by analyzing a 180 gene panel in 22
MBC patients, not only detected ctDNA variants in almost
all patients, suggesting their monitoring to evaluate dis-
ease progression, but also correlated these alterations to
CTC count [113]. Keup et al. used a custom panel to analyze
the cfDNA of 44 MBC patients and identified several path-
ogenic variants of potential interest for disease progression
monitoring [114]. Finally, Gerratana et al. have recently
evaluated the performance of a novel NGS-based tool,
PredicinePLUS, with respect to those of the CLIA-validated
Guardant360™ in detecting genomic alterations in MBC
patients. Their data indicate that results of different
NGS-based tests may be comparable if pre-analytic vari-
ables related to sample collection and management are
controlled [115]. Taken together, all these data show that
CTCs and/or ctDNA can be considered reliable biomarkers
for both early BC and MBC, and should be included in BC
evaluation programs. Of course, methodological issues
still need to be assessed before their diffusion in routine
diagnostic settings.

Colorectal cancer

Colorectal cancer is a high prevalence malignant disease
often diagnosed in late stage and with a severe impact on

the population. Liquid biopsy approach to this disease
could improve prognosis and quality of life [116]. CTCs have
been investigated in colorectal cancer with different ap-
proaches, based on both physical properties of CTCs or
marker expression [116]. From a clinical point of view, CTCs
have been explored as biomarkers for screening, auxiliary
staging of colorectal cancer, prognosis, monitoring drug
resistance, and guiding medication as well as monitoring
tools for minimal residual disease (MRD) [117]. Some
studies explored the possibility of using CTC detection for
the screening of colorectal cancer with encouraging re-
sults, but the sensitivity of the currently available tech-
niques for CTC identification is still insufficient for
enabling early diagnosis, since CTCs are infrequent in early
stages of disease [118, 119]. A few studies investigated the
clinical significance of CTCs in a diagnostic setting in
colorectal cancer revealing a concordance between CTC
enumerationwith disease stage [120, 121] and the size of the
primary tumor [120] as well as a relationship between
liquid and solid biopsy in cell morphology [122].

CTC based liquid biopsy could help treatment selection
in colorectal cancer, in particular for the assessment of the
presence of KRAS or BRAFmutations conferring resistance
to treatment with anti-EGFR monoclonal antibodies.
Different authors demonstrated the feasibility of CTC
mutational analysis [123–125], but so far cf DNA has been
preferred to CTCs as a substrate to investigate the presence
of such mutations, probably due to the challenging task
still represented by CTC enrichment, isolation and anal-
ysis. The major part of the studies involving CTCs in colo-
rectal cancer demonstrated the prognostic significance of
the presence and number of CTCs, starting from the first
study by the CellSearch system [38], establishing a cutoff of
three CTCs/7.5 mL blood for a worse prognosis in meta-
static colorectal cancer (mCRC) patients, thence the FDA
approval of CTC counting by CellSearch as a diagnostic tool
in metastatic colon cancer. A recent report of the results of
the VISNU clinical trial assesses that CTC count by Cell-
Search above the cutoff inmCRC patients is associatedwith
clinical or pathologic features indicating a poor prognosis
such as worse performance status, stage IV at diagnosis, at
least three metastatic sites and elevated CEA levels [126].

A review on RT-PCR based detection of CTCs demon-
strated that CTCs are a prognostic factor also in non-mCRC
and that the use of CTCs is a prognostic indicator of met-
astatic disease prior to current diagnostic methods [127].
A recent meta-analysis on the prognostic role of CTCs in
this pathology revealed that CTCs at baseline or during
treatment are independent predictors of overall and
progression-free survival independently from the detection
method used [128].
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The presence of CTC clusters in the circulation has
been detected in colon cancer [129, 130] and associated to a
worse prognosis with a shorter survival for patients pre-
senting CTM than for those with isolated CTCs [26].

Another potential clinical application of CTC detec-
tion, counting and analysis is therapy monitoring, as re-
ported by different studies on colorectal cancer. CTCs, in
fact, have been demonstrated to be a good surrogate
marker in advanced colorectal cancer to identify patients
responding to chemotherapy or with a risk of a therapy
failure [131], as well as in predicting response to further
chemotherapy and surgical treatment in patients with
unresectable metastases from colorectal cancer [132].
Moreover, the possibility to assess the EGFR status in CTCs
might provide an early opportunity to predict target ther-
apy response [131]. The analysis of KRAS mutations in se-
rial CTC samples enriched by CellSearch revealed that CTCs
exhibited different mutational statuses of KRAS during
treatment, opening the perspective of predicting the
response of patients to targeted therapy [133]. CTCs have
shown a potential to detect MRD in monitoring patients
post-surgery [134–136].

A new research field is represented by the analysis of
CTCs from cancer patients at the single cell level to dissect
tumor heterogeneity through the liquid biopsy.

Themutational status of single CTCs from colon cancer
patients was investigated demonstrating the feasibility of
pure CTC characterization and revealing heterogeneity in
KRAS status among CTCs within a patient and discordance
between CTCs and primary tissue [137, 138].

Comprehensive genomic profiling of CTCs using array
comparative genomic hybridization and next-generation
sequencing (NGS) was performed on single CTCs from
stage IV colorectal carcinoma patients finding the same
mutations in known driver genes found in the primary tu-
mor and metastases also at subclonal level [139]. High-
resolution cytomorphometric characterization performed
by the High-Definition Single Cell Analysis workflow on
CTCs and solid biopsies from patients affected by mCRC
revealed high inter- and intra-patient pleomorphismwith a
high correlation between CTCs and tissue cells for
morphometric variables, suggesting that circulating cells
do not represent distinct subpopulations from the solid
tumor, thus demonstrating that CTCs can be informative
biomarkers [122]. Recently, the metabolic fingerprint of
single CTCs from colon cancer patients was obtained by
integrating live single-cell mass spectrometry and a
microfluidics-based CTC enrichment technique followed
by single cell picking by a micromanipulator [140].

Despite the promising results of the researches on
CTCs, a concrete application of CTC analysis to colorectal

cancer patients’ management in still missing: standardi-
zation of the (pre)-analytical procedures and specific
clinical trials will help to fill this gap.

In addition to CTCs also the use of cfDNA/ctDNA has
been strongly investigated in CRC. In contrast to CTCs,
ctDNA gives information about tumor burden and should
be detected in smaller blood amounts compared with CTCs
[141]. Some studies suggested that ctDNA was more sensi-
tive for the detection of mCRC than CTCs [142]. Total cfDNA
and ctDNA were elevated in the peripheral blood of CRC
patients compared to both healthy controls and patients
with inflammatory bowel disease [143]. Both variant alleles
and epigenetic markers (CpG island methylation) are
relevant in the detection and interpretation of ctDNA in
CRC [144]. Indeed, methylation pathways represent a
promising biomarker for early diagnosis of cancer
[145–148] and could be themost promising candidates for a
blood-based CRC-screening modality [149]. SEPT9 was one
of the most widely studied gene promoters in CRC [150]
however, Sun et al. demonstrated by ameta-analysis that it
did not distinguish optimally CRC, polyps or adenomas
[151]. Moreover, Nian et al. mentioned in their meta-
analysis that they founded different sensitivities from ori-
ental and occidental populations. In particular, the results
showed that Asia Group had higher sensitivity than other
continents and that it might have occurred due to the po-
tential racial differences and kit variations [152].

Other recently studied ctDNA markers [153, 154],
showed a lower sensitivity for early-stage disease than for
advanced stages [155]. In 2018 a joint review by the Amer-
ican Society of Clinical Oncology (ASCO) and the College of
American Pathologists (CAP) concluded that currently
there is little evidence for the clinical validity of ctDNA for
CRC screening and early-stage cancer [156]. Nevertheless,
ctDNA has been clinically utilized to improve disease
management of mCRC patients (1) as a predictive
biomarker for treatment selection: ctDNA analysis of KRAS
mutations are currently being considered as a clinically
applicable alternative to tissue DNA mutation analysis; (2)
as a monitoring tool for treatment response [26]: the ctDNA
analyses can be used as a first step towards determination
of primary resistance to anti-EGFR treatment [157] or to
HER2 inhibitors [158] and generally, quantitative increases
of ctDNA reflect disease progression. The analysis of ctDNA
in colorectal cancer is also showing promising results for a
treatment rechallenges strategy. In particular, the CRICKET
study was a phase II trial aimed at prospectively assess the
efficacy of cetuximab plus irinotecan as third-line treat-
ment for RAS and BRAF wild-type mCRC patients, who
were sensitive to first-line irinotecan- and cetuximab-
based therapy and then resistant. The study demonstrated
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that a rechallenge strategy with cetuximab and irinotecan
may be active and that the evaluation of RAS status on
ctDNA might be helpful in selecting candidate patients
[159].

Liquid biopsy has demonstrated promise in detecting
MRD or recurrence during the surveillance of colon cancer.
Standard post-treatment surveillance requires the use of
non-specific serum markers (CEA), endoscopy, and an
abdominopelvic CT scan. Compared to CT imaging, cancer-
specific ctDNA mutations are a more direct biomarker that
represents tumor burden, ctDNA being capable to detect
disease recurrence with lead times of 2–15 months
compared to CT imaging [160]. These observations need
validation in larger studies, to confirm that detection of
disease progression by ctDNA analyses precedes such
detection by CT imaging.

EGFR positive lung carcinoma

The advances in the molecular biology of lung cancers
made possible the characterization of a high degree of
molecular heterogeneity, over time and across different
disease sites [161, 162]. Spatial and temporal heterogene-
ities are often responsible for many critical issues in the
diagnosis and treatment of cancer patients, requiring the
use of new, fast, more accurate, sensitive, and specific
techniques, able to be a valuable addition to the available
assessment methods in guiding the therapy management
that best fits patient’s individuality and tumor singularity.
In today’s era of precision oncology, minimally invasive
liquid biopsies represent an extremely appealing approach
to be implemented both at pre-treatment baseline and
longitudinally as predictive markers during the course
of tyrosine kinase inhibitors (TKI) treatment [53, 59, 62,
163–167].

To date, although LB should not be considered as a
substitute for tissue biopsy for early diagnosis [168], its aid
seems to confer an advantage on the initial molecular
investigation [169]. About that, cfDNA levels have been
described to be useful to detect and diagnose lung cancer
at an early stage [170]. Previous researches founded that
cancer patients had higher plasma-derived cfDNA levels
than healthy controls [171, 172], and a study analyzing the
diagnostic value of cfDNA in 60 non-small cell lung cancer
(NSCLC) patients and 40 individuals with chronic
obstructive pulmonary disease showed that cfDNA levels
have an accuracy rate of 83.6–92.1% (depending on the
fragments length) in diagnosis [173].

Even if liquid biopsy still needs to be validated as a
diagnostic biomarker, it constitutes a very appealing

option to identify biomarkers of sensitivity or resistance,
and to monitor mechanisms of resistance [174–177].
Profiling of patients who progressed to anti EGFR TKIs
revealed that the majority of patients acquire secondary
EGFR mutations such as T790M, which induces first- and
second-generation EGFR-TKIs resistance by increasing
ATP affinity and steric hindrance [178]. One of the first
studies that monitored the development of drug resistance
by serial analysis of cfDNA dates to 2009. Kuang and col-
leagues [174] isolated ctDNA from 54 patients with meta-
static NSCLC and known clinical response to gefitinib or
erlotinib. The authors identified EGFR T790M in 15/28 pa-
tients with prior clinical response, 4/14 with prior stable
disease and 0/12 with prior progressive disease or un-
treated with gefitinib/erlotinib, thus suggesting ctDNA
molecular analysis as a viable option to monitor emerging
resistance mutations and direct the course of subsequent
therapy. In 2013, also the Rosenfeld’s research group [179]
reported an increase of T790M mutant allele fraction
following gefitinib treatment in the lung cancer patient.
Likewise, in 2016, Sundaresan and collaborators [175]
stressed T790M genotyping from CTCs and ctDNA,
comparing it with data from simultaneously collected tu-
mor biopsies in 40 patientswith EGFR-mutant lung cancers
progressing on TKIs. Although CTC- and ctDNA-based
genotyping were each unsuccessful in 20–30% of cases,
the two assays together enabled genotyping in all patients
with an available blood sample, and they identified the
T790M mutation in 14 (35%) patients in whom the con-
current biopsy was negative or indeterminate. Even
Oxnard et al. [176] showed that ∼30% of patients who test
negative for the presence of T790M in tissue are positive in
plasma (−/+). However, albeit lower than tissue+/plasma+
or tissue+/plasma−, these patients benefit from osimerti-
nib treatment, establishing that these apparent false pos-
itives are not sequencing errors but the result of tumor
heterogeneity [176]. T790M relative fractional abundance
(FA) can also be an additional tool in interpreting a plasma
test, by informing the clinician whether T790M is the
dominant mechanism of resistance or a subclonal phe-
nomenon within heterogeneous biology (i.e., T790M FA
<10%). The detection of high EGFR driver mutation-related
FA could confirm that ctDNA is shed by the tumor and
would make a false negative T790M result more likely than
a true negative, although its presence as a minor subclone
is still possible. Overall, ∼30% of T790M+ tissues are
missed by plasma due to a lack of sensitivity/DNA shed-
ding [176]. A negative test for both driver and T790M mu-
tations is not informative because it could potentially be
linked to the absence of shedding DNA and indicates the
need for tissue biopsy. However, a negative result should

1190 Pinzani et al.: New openings for personalized medicine



always be validated by tissue sampling, which will enable
the detection of other mechanisms of resistance, not
covered by currently approved cfDNA assays (e.g., histo-
type transformation [180, 181], MET [182], and HER2 [183]
amplification, or PIK3CA mutations [184]).

Besides T790M mutation, C797S also hinders third-
generation EGFR-TKI inhibition by preventing irreversible
binding between the small molecule and the ATP-binding
pocket [185]. And on that note, Thress and colleagues
confirmed its emergence as a specific mechanism of ac-
quired resistance to osimertinib by screening cfDNA from
fifteen EGFR T790M+ patients during treatment [186].

Furthermore, in addition to such well-known EGFR
tertiary mutations, both ALK rearrangements and point
mutations, ascribed as responsible for respective TKIs
resistance,were successfully evaluated in plasmatic cfDNA
of lung cancer patients [187–190].

In addition, the recent use of immunotherapy in lung
cancer has raised new needs. Many of the predictive bio-
markers are currently being used or explored for use with
immunotherapy [191]. As an example, in routine practice,
immunohistochemical (IHC) assessment of tumor tissue
PD-L1 expression is established as an accompanying pre-
dictive marker of response to first-line (tumor proportion
score, TPS≥50%) [192] or second-line (TPS≥1%) [193]
pembrolizumab in metastatic setting, as well as to second-
line durvalumab (TPS≥1%) [194, 195] in patients with
locally unresectable advanced NSCLC. Nonetheless, the
use of PD-L1 IHC involves some technical and biological
challenges, too. One major issue concerns heterogeneous
intra- and inter-tumor expression [196, 197]. Moreover,
small bronchial or transthoracic biopsies may underesti-
mate the PD-L1 status and patients may not receive the
treatment due to sampling bias [196]. Therefore, given
these limits, and given the promising results obtained from
LB in targeted therapies, its use into the domain of
immunotherapy is unsurprising. For instance, CTCs are
derived frommore than one tumor site and should provide
a better overall representation of PD-L1 expression in
metastatic setting [198], although other challenges limit
their application as a predictivemarker of response to ICIs.
CTCs can be isolated based on size and deformability
[199–203], or by using antigen-specific filters (most often
epithelial cell adhesion molecule, EpCAM) [204–206].
Although EpCAM-based enrichment methods would allow
detection and characterization of large and small CTCs,
cells achieving epithelial-mesenchymal transition (EMT) –
as CTCs with high PD-L1 expression often do – lose EpCAM
expression and bypass the antigen-dependent filter. Such
CTCs could therefore only be detected by antigen-
independent methods [207]. However, the morphology

classification of CTCs also has limitations, such as the
recognition of monocytes [208] and other circulating
myeloid-derived suppressive cells (CD45−, cytokeratin+)
[209] which express PD-L1, as false-positive CTCs.
Furthermore, it remains to be clarified whether PD-L1 is
expressed on all CTCs or in some subpopulations; whether
prognosis and predictive response to immunotherapy is
correlated with CTC-derived PD-L1 expression at baseline
or during follow-up of treated patients; and whether the
expression of PD-L1 in CTCs is related to synchronously
matched tissue biopsies. Only Ilie et al. [198] were able to
show good concordance between tissue and CTCs, but the
rate of positive samples was low and correlation with
response to PD1/PD-L1 inhibitors could not be investi-
gated. Apart, recent work by Lee and Rho’s groups reports
that lung cancer cells release PD-L1+ EVs into the circula-
tion, mainly exosomes, to systemically suppress the im-
mune system [210]. This finding suggests that PD-L1+ EVs
are also able to counteract the immune pressure at the
effector stage and offer a novel marker for immunotherapy
beside CTCs.

Moreover, despite a broadly and functional pro-
inflammatory environment, tumor immunogenicity is
also mandatory [211]. The indirect expression of tumor
immunogenicity is the tumor mutational burden (TMB)
[212]. TMB can be assessed by quantifying the number of
non-synonymousmutations across thewhole exomeor in a
defined gene panel through NGS [213]. TMB analysis in
ctDNA and molecular cargo of peripherical tumor
microenvironment-derived exosomes, potentially adding
new LB candidates to a growing list of blood tests to
manage cancer patients.

Melanoma

Melanoma is one of the most aggressive cancers and is
known for its rapid progression and poor prognosis in the
advanced stages. Its incidence is steadily increasing
among Caucasian populations [214]. Main risk factors
include exposure to ultraviolet radiation, a history of
sunburn, multiple common and atypical nevi, fair skin
type, and genetic predisposition. Although it can be sur-
gically cured if detected at early stages, survival rates are
drastically low in the advanced disease [215]. Melanoma
arises through the gradual accumulation of molecular ab-
normalities and shows the highest mutation rate among all
cancers [216]. The most significant driver mutations occur
in BRAF, NRAS, NF1, and KIT genes [217]. Activating BRAF
mutations are present in about 50% of cases, mainly at
codon 600 with the V600E change, while oncogenic NRAS
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mutations are found in 15–25% of melanomas. Mutations
in the other genes are less frequent.

Treatment decision involves molecular analysis of
driver mutations in the primary tumor or metastatic tis-
sues, but the huge heterogeneity of the molecular changes
occurring during the disease course make melanoma
management difficult [218]. Since 2011, few therapies
approved for treatment of stage III and IV melanoma pa-
tients and in adjuvant setting have been introduced in
clinical practice. The use of target therapies (anti-BRAF and
anti-MEK drugs) and immunotheraphies have improved
the one year survival rate up to 75% [218]. However, the
emergence of drug resistance in themajority of patients for
MAPK inhibitors and low but durable response rates for
single-agent immune checkpoint inhibitors represent ma-
jor limitations. Consequently, reliable methods for moni-
toring disease progression or treatment resistance are
necessary.

Liquid biopsy has long been considered as a promising
non-invasive method in melanoma management [219] and
might represent a valuable tool especially in high-risk pa-
tients with advanced stage tumor (IIc, III, and IV), partic-
ularly for patients with No Evidence of Disease (NED) or
MRD status [220, 221].

The detection of CTCs and/or ctDNA in blood of mel-
anoma patients might help in stratifying patients for ther-
apies, predicting clinical outcomes, monitoring response,
and progression.

The existence of circulating melanoma cells was
described for the first time in 1991 and since then many
studies using different detection approaches have been
performed, with conflicting results [221]. The main issue is
that melanoma cells do not express EpCAM that is the
classical marker of most CTC isolation strategies [220].
Therefore, alternative approaches based on maker-
dependent-melanoma-specific antigens like MART-1,
MAGE-A3, PAX-3, GalNac-T, HMW-MAA,CD146 (MelCAM),
and MCAM- or marker-independent (based on large size or
density of primary melanoma cells) strategies have been
proposed [222]. The most innovative technologies of cell-
capture include microfluidic chips and biosensors, the
magnetic CellSearch® Circulating Melanoma Cell Kit, the
dual-step protocol immune-magnetic sorting and subse-
quent dielectrophoretic DEPArray separation, and a new in
vivo photoacoustic flow cytometry platform called “Cyto-
phone” [220, 222, 223].

The presence of CTCs has been associated with tumor
burden, aswell aswith decreased disease-free andOS rates
in several studies [220, 221, 224]. More recently, the
expression of PD-L1 on CTCs has been showed to predict
the response to the anti-PD-1 pembrolizumab treatment in

advancedmelanoma [225]. Instead, the utility ofmelanoma
CTCs for the identification of actionable mutations is
limited, since the use of enrichment methods can lead to
the loss of CTC subpopulations, representing a bias in
molecular definition of the disease [219].

To date, 12 trials registered in the ClinicalTrials.gov
database are evaluating the potential clinical application
of melanoma CTCs. Themajority of them are studying CTCs
as biomarkers for monitoring therapy response and for
predicting failure before clinical relapse, while the others
are evaluating the association of CTCs with OS in patients
with metastatic melanoma.

Despite several experimental evidences, to date the
utility of melanoma CTCs in clinical routine is still unclear
due to the lack of robust and consistent results. Indeed, the
great diversity of markers used for enrichment, their low
specificity, and the multiplicity of technical procedures
reduces the significance of the obtained results. In addi-
tion, as melanoma is a highly heterogeneous tumor, mel-
anoma CTCs display different phenotypes and functional
states resulting in expression of different markers. Inter-
estingly, Gorges et al. recently demonstrated that the
mutational status of melanoma cells might influence the
volume of CTCs and the expression of surface markers,
representing a threatening bias for the clinical use [226].

In addition to the direct detection of melanoma CTCs,
indirect analysis of circulating nucleic acids has been
studied. Indeed, the high prevalence of oncogenic hot spot
mutations and the availability of several highly sensitive
technologies make melanoma an ideal candidate for the
use of ctDNA as a biomarker.

The analysis of ctDNA in melanoma patients, includes
the detection of typical mutations in BRAF and NRAS
genes, microsatellite alterations and epigenetic modifica-
tions such asDNAmethylation [220]. CtDNAevaluation has
been proposed for the management and follow-up of pa-
tients with melanoma. Overall, the use of ctDNA for diag-
nostic purpose is not the priority in melanoma, since there
is usually enough tumor tissue available for genetic ana-
lyses; therefore it is limited to cases of scarce material or
when additional clinically relevant information, as clon-
ality or tumor heterogeneity, need to be considered [219].
Monitoring melanoma course and predicting treatment
outcomes represent the preferred uses of ctDNA for this
cancer type.

Several studies demonstrated a prognostic value, as
high levels of ctDNA bearing the BRAFV600E mutation at
melanomadiagnosis have been correlatedwith shorter PFS
and OS [221, 227, 228]. In addition, the increase of ctDNA
with the same mutation of the primary tumor might reflect
melanoma progression also by preceding radiological
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detection, and reveal mechanisms of resistance [229]. In
patients with advanced disease, melanoma ctDNA seems
to be also a good predictor of the response to PD-1 or
CTLA-4 inhibitors [230, 231]

Finally, the evaluation of methylation-specific ctDNA
markers, as the detection of RASSF1A, tissue factor
pathway inhibitor 2 (TFPI2) hypermethylation, has been
linked with the state of disease, non-response and shorter
OS andwith pre-treatment CTC counts [232–234]. Currently,
22 clinical trials are registered in the ClinicalTrials.gov
database aiming to study either the prognostic value of
BRAF- or NRAF-mutated ctDNAs, their modulation during
treatments and the standardization of methods for ctDNA
quantification and mutation detection. Interestingly,
although total cfDNA cannot be considered a melanoma-
specific biomarker, Varaljai et al. in 2020, demonstrated
that high levels of cfDNA can provide information on tumor
load, risk of progression and risk of death irrespective of
the tumor genotype [235].

Regarding other circulating biomarkers, several efforts
have beenmade to identify circulatingmiRNAs thatmay be
used for diagnostic purpose [236]; however, the variety of
detection and normalization methods prevents the indi-
viduation of a single or a panel of c-miRNAs useful in
clinical setting. A study investigating the association be-
tween PD-L1 mRNA in plasma-derived exosomes and
response to nivolumab and pembrolizumab in patients
with melanoma, demonstrated that exosomal PD-L1 is
significantly associated with response to immunotherapy,
being exosomes-PD-L1 levels associated to the patients’
outcome [237].

The implications of ctDNA in clinical routine of mela-
noma patients remain controversial. The limitations are
mainly due to scarce specificity and sensitivity of different
detection approaches, lack of standardization that intro-
duce experimental bias and prevents obtaining robust
data, elevated economic costs [219]. An additional chal-
lenge is the absence of tumor specificity of mutations, be-
ing the most frequent BRAF-V600E change present only in
40–50% of melanomas and, perhaps more importantly, it
is present also in more than 80% of benign melanocytic
nevi. Finally, whereas the significance of ctDNA is more
evident in the management of advanced melanoma pa-
tients, its clinical utility in stage I/II and NED patients still
remains unknown.

Conclusions

In the last decade liquid biopsy has emerged as a novel,
non-invasive, powerful tool able to provide important

information regarding the molecular features of solid tu-
mors. Indeed, CTCs, as well as cfDNA, ctDNA, and exo-
somes, are showing their potentialities in allowing real-
time cancer monitoring, tumor staging and the presence of
sensitivity and/or resistance to specific therapies. To
date, liquid biopsy has been successfully used in pa-
tients affected by melanoma, breast, colorectal, and
lung cancer as reviewed above. Thus, it is reasonable to
suppose that, once methodological procedures will be
standardized and harmonized across laboratories, liquid
biopsy-based evaluations will be even more used in
routine settings.
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