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Abstract

Tissue-based biopsy is the present main tool to explore the molecular landscape of cancer, but it also has many

limits to be frequently executed, being too invasive with the risk of side effects. These limits and the ability of cancer
to constantly evolve its genomic profile, have recently led to the need of a less invasive and more accurate alternative,
such as liquid biopsy. By searching Circulating Tumor Cells and residues of their nucleic acids or other tumor products
in body fluids, especially in blood, but also in urine, stools and saliva, liquid biopsy is becoming the future of clinical
oncology. Despite the current lack of a standardization for its workflows, that makes it hard to be reproduced, liquid
biopsy has already obtained promising results for cancer screening, diagnosis, prognosis, and risk of recurrence.
Through a more accessible molecular profiling of tumors, it could become easier to identify biomarkers predictive

of response to treatment, such as EGFR mutations in non-small cell lung cancer and KRAS mutations in colorectal
cancer, or Microsatellite Instability and Mismatch Repair as predictive markers of pembrolizumab response.

By monitoring circulating tumor DNA in longitudinal repeated sampling of blood we could also predict Minimal
Residual Disease and the risk of recurrence in already radically resected patients.

In this review we will discuss about the current knowledge of limitations and strengths of the different forms of liquid
biopsies for its inclusion in normal cancer management, with a brief nod to their newest biomarkers and its future
implications.
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Introduction

Behind the pathogenesis of cancer, there are accumulat-
ing mutations of genes involved in different pathways of
cell survival, proliferation, and differentiation. Thus, cur-
rently, the way to identify their molecular profile, with
important diagnostic and prognostic implications, usu-
ally consists of the direct tissue sampling of the tumor or
metastatic lesion.

However, tumors are highly heterogeneous and sam-
pling in their entirety is challenging, starting from the
ability of their molecular profile to evolve over time. Sev-
eral critical issues came out from the use of tissue sam-
pling to determine the genomic profile of solid tumors
such as the molecular divergency of individual cancers
and metastatic lesions even within a single patient, and
the molecular alterations induced by the therapeutic
stress exerted by targeted drugs on tumor cells. Tissue
biopsy is invasive, and it cannot be frequently repeated
to monitor current tumor dynamics or response to treat-
ment [1].

In contrast, the need for more sensitive and less inva-
sive techniques to determine the molecular landscape
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of cancers has led to the development of genetic and
genomic tests based on body fluids, especially from blood
samples.

Liquid biopsies present different advantages over
standard diagnostic tissue biopsy (Fig. 1): they are mini-
mally invasive, having a simpler and more convenient
sample and fewer side effects for patients, and potentially
leading to more accurate prediction of tumor incidence,
progression, treatment response, and survival prognosis
[2-4].

The primary marker analyzed through liquid biopsies
are distinctive tumor-derived components: circulat-
ing tumor cells (CTCs), cancer cells that leave the pri-
mary tumor potentially invading other tissues through
the bloodstream [5, 6]; cell-free DNA (cfDNA), that has
already presented raised levels in the serum of cancer
patients and was first described by Mandel and Metais in
1948 [7, 8]; circulating tumor DNA (ctDNA), a fraction of
cfDNA that belongs to cancer and presents its mutations
[9, 10], studied for its implications as a prognostic and
predictive factor for patients and for cancer detection
[11-13]; tumor-derived RNAs (i.e. mRNA and miRNA)
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Fig. 1 A schematized overview of the liquid biopsy with its targets, techniques involved, settings and sources of the samples
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[14, 15]; extracellular vesicle, such as exosomes, of recent
interest [16].

Moreover, blood is not the only body fluid that can be
analyzed by liquid biopsy, extending the sources of can-
cer-derived molecules to other fluids such as urine [17],
saliva [18], and stools [19].

The development of a targeted approach to investi-
gating ctDNA, which studies known genetic mutations
located in specific genes, has led to important progress
for targeted therapies, such as the ability to predict ther-
apeutic response to the EGFR inhibition in lung cancer
by analyzing specific mutations of this gene [11, 20, 21].
On the other hand, an untargeted approach, aiming to
detect any unknown mutation through whole genome
sequencing, can lead to the discovery of new biomarkers
involved in cancer management and prognosis. Detec-
tion of ctDNA can also be relevant for the identification
of minimal residual disease (MRD) even in the absence of
clinical evidence in patients following curative treatment
or surgery [22, 23].

Anyways, liquid biopsy still presents some issues that
must be considered to improve the evidence of its clinical
utility, especially due to the lack of standardization across
workflows during the different phases of laboratory test-
ing, from specimen collection to its analysis.

Herein, we provide a brief overview of the various
advantages and the current limitations of liquid biopsy in
the management of cancer. We will also discuss the old
and newest biomarkers and techniques implicated in its
utility in cancer diagnosis, prognosis, and monitoring
of treatment response or recurrence, including several
promising studies that recently came out to enlighten
how liquid biopsy should be integrated even more in clin-
ical practice.

Technical aspects: limits and perspectives
(sampling, storage, technologies, PCR, NGS, CGP,
etc.), structured reports

Liquid biopsy for cancer patients involves the isola-
tion of circulating tumor cells, circulating tumor DNA,
and other tumor-derived materials such as proteins and
exosomes from patient blood samples. Circulating tumor
DNA (ctDNA) represents promising biomarkers in can-
cer diseases. ctDNA can be isolated from many body
fluids, such as blood, saliva, urine, ascites, bile, cerebro-
spinal fluids, and pleural effusion may be considered as a
source of ctDNA [1].

Despite the advantages of liquid biopsy, the majority
of assays still lack evidence of clinical utility and valid-
ity [24], with only four tests [25] obtaining approval from
the Food and Drug Administration (FDA). One reason
for this is that liquid biopsy assays often lack reproduc-
ibility [26] due to the absence of standardization across
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workflows. For clinical labs to successfully implement lig-
uid biopsy, they need to develop easy-to-use, robust, and
reproducible workflows [27] that include “standard oper-
ating procedures” across all phases of laboratory testing.
Of particular interest is the standardization of pre-analyt-
ical workflows for liquid biopsy as assay outcome can be
influenced by many different variables during this phase.

The pre-analytical phase of liquid biopsy (Table 1)
includes all the steps prior to analysis such as specimen
collection, stabilization, transport, enrichment, process-
ing, and isolation and quality assessment of the analyte.
The purpose of this workflow is to maintain the integ-
rity of the sample following blood draw and prepare it
for analysis [28]. The pre-analytical phase is arguably the
most important part of liquid biopsy workflows as 46% to
68% of errors occur during this phase [29]. These errors
can adversely affect data quality in the following phases
and can result in incorrect treatment decisions [29].

Arechederra M et al. reviewed the literature compar-
ing different methodological approaches for each step in
the sample preparation process [28]. The sheer number
of reports combined with the sometimes-contradictory
impacts of different pre-analytical variables highlights
the urgent need to standardize these procedures [24].
To standardize these aspects of the pre-analytical phase,
researchers first need to understand their impact on sam-
ple integrity and the eventual success of liquid biopsy
tests [30].

Blood withdrawal represents one of the best sources
due to the very simple and minimally invasive way of
sampling. Moreover, it can be repeated at different time
points, giving the opportunity for real-time monitoring
of the disease. Circulating Free DNA (cfDNA) are spread
from both cancer and normal cells, but in cancer patients
their concentrations are greater [31, 32]. Circulating
tumor DNA (ctDNA) is part of the cfDNA deriving from
the tumor mass.

In cancer patients, a proportion of these cfDNA mole-
cules also derive from the primary and secondary tumors.
Although it was originally thought that the higher level of
cfDNA in the blood of cancer patients might be a can-
cer biomarker itself, it has been since shown that many
other conditions result in similar cfDNA increase. In this
regard, important points must be considered: i) concen-
trations of cfDNA vary enormously between individuals
and their physio-pathological conditions, being increased
not only in advanced cancer patients but also in other
scenarios including, autoimmune diseases, trauma, stren-
uous exercise, or pregnancy; ii) in most early stage can-
cers, the amount of cfDNA is very low, similar to healthy
subjects [33]; iii) the fraction of ctDNA fragments in the
total cfDNA is very small, varying from less than 0.01%
to over 10% according to tumor burden [34] and tumor
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Table 1 Preanalitic variable in liquid biopsy
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Variables

Pitfalls

Recommendation

Patient condition

Type of cancer

Type of blood collection tubes used

- concentrations of cfDNA increase between physio-
pathological conditions: autoimmune diseases,
trauma, strenuous exercise, pregnancy

- in most early-stage cancers, the amount of cfDNA
is very low, similar to healthy subjects

different tumor types do not release the same amount
of ctDNA

risk of WBCs lysis, leading again to ctDNA contamina-
tion with wild-type background DNA

- LB sensibility is higher in patients with high tumor
burden

- LB sensibility is higher in patients with metastatic
cancers of the pancreas, bladder, colon, stomach, breast,
liver, esophagus, head and neck and melanoma

- K2/K3EDTA-containing tubes require a short time
interval (<6 h) between blood drawing and sample

Blood processing protocol used Reduction of cfDNA yield

Plasma storage
a decreased cfDNA yield

ctDNA storage
fragmentation

Quality assessment method
sis

Long periods of plasma storage may cause
Long periods of ctDNA storage may cause DNA

Potential false positives are due to clonal hematopoie-

processing

- Specialized blood collection tubes containing a pre-
servative agent maintain stable cfDNA levels for 7 days
if stored at RT

Double centrifugation step: the first at 1,600 xg, the sec-
ond at 16,000 xg, 10 min each at 4° C

plasma storage for 2 weeks at -20 °C or 4 weeks at -80 °C
has no effect on cfDNA extraction

Storage ctDNA extracts at -20 °C or preferably at -80 °C,
avoid more than three freeze-thaw cyckes

Assays should incorporate sequencing of leukocytes
in addition to plasma DNA

metabolism [35]; iv) different tumor types do not release
the same amount of ctDNA, and, even in patients with
the same disease, the concentration of ctDNA may vary
consistently. In fact, Bettegowda et al. showed that most
disease patients with metastatic cancers of the pancreas,
bladder, colon, stomach, breast, liver, esophagus, and
head and neck, as well as patients with neuroblastoma
and melanoma, harbored detectable levels of ctDNA. In
contrast, less than 50% of patients with metastatic can-
cers of the kidney, prostate, or thyroid harbored detect-
able ctDNA [36].

Many different pre-analytical aspects can lead to inter-
laboratory variability when performing liquid biopsy.
These variables include i) the type of blood collection
tubes used, ii) the storage conditions of the blood sam-
ple, iii) the time between blood collection and sample
processing, iv) the blood processing protocol used, v)
the extraction method used, vi) and the quality assess-
ment method used. The impact of each of these variables
depends on the liquid biopsy application [37-39].

Since blood is the most used source for ctDNA,
plasma represent the matrix preferred in the majority
of clinical trials and EDTA containing tubes are used
for blood collection [37, 38, 40]. Using these tubes
clotting is inhibited, and thus it is possible to recover
plasma that represent the matrix of choice for ctDNA
extraction. Actually, also serum can be used as a matrix
to isolate ctDNA; indeed, it has been reported that the
amount of ctDNA in serum can be 2-24 times higher

than in plasma. This can be a consequence of the clot-
ting process that causes white blood cells (WBCs)
breaking, finally leading to the release of wild-type
DNA. This contamination causes a further dilution of
the tumor-specific DNA, making it even more difficult
to detect.

Another important pre-analytical aspect is the time
that elapses between the withdrawal and its processing
for plasma recovery. Indeed, the more time passes, the
more is the risk of WBCs lysis, leading again to ctDNA
contamination with wild-type background DNA.

To prevent this increase in genomic DNA, blood
samples stored in EDTA tubes that will be analyzed
for circulating tumor DNA need to be processed
within 6 h after the blood draw [41]. To overcome the
inconvenience caused by this time restriction, there
is a growing list of stabilizing reagents and dedicated
blood collection tubes designed to preserve cell-free
DNA profiles in whole blood [42]. These tubes prevent
cell lysis, limiting contamination of the sample with
genomic DNA. Blood samples for circulating tumor
DNA analysis stored in specialized tubes can be kept
at room temperature for a number of days before pro-
cessing is needed [43].

While researchers have made progress in understand-
ing how the type of tube used and storage conditions
impact circulating tumor DNA analysis, no consensus
on best practices has yet been reached [28]. There are
also many other pre-analytical variables whose impacts
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on ctDNA analysis are unknown. Information on how
these variables impact other applications for liquid
biopsy, such as exosome analysis, remains unclear [24].

Another aspect to be considered is the high turnover
ctDNA (15 min half-life), therefore some authors sug-
gested to proceed with plasma preparation by centrifuga-
tion within 1 h after blood collection [40, 44].

Concerning sample processing, the complete removal
of any cellular component is essential. For this goal, the
best option is a two-step centrifugation at 1600 g for
10 min for plasma isolation [45]. According to this rec-
ommendation, Herrera et al. reported less concentration
of cfDNA in plasma samples that were centrifuged twice
compared with samples that were centrifuged only once
(13 pg/l vs. 819 pg/l), revealing that cfDNA concentra-
tions were contaminated with genomic DNA [46]. These
observations confirm that the second centrifugation step
is crucial for ctDNA analysis. Finally, it is well known that
ctDNA integrity is better conserved as cfDNA extracts
compared to plasma when samples are stored at -80 °C
and avoiding freeze—thaw cycles [38].

As regard methods for ctDNA isolation, Sorber L et al.
[47] have compared the efficiency of the most used kit,
the QIAamp circulating nucleic acid kit (QIA), with four
other cfDNA isolation kits: the PME free-circulating
DNA Extraction Kit (PME), the Maxwell RSC ccfDNA
Plasma Kit (RSC), the EpiQuick Circulating Cell-Free
DNA Isolation Kit (EQ), and two consecutive versions of
the NEXTprep-Mag cfDNA Isolation Kit (NpMV1/2). In
the study, the detection of KRAS mutation and total cell-
free DNA concentration were performed with droplet
digital PCR, whereas real-time PCR was used to evaluate
cfDNA integrity. They showed that QIA and the RSC kits
displayed similar isolation efficiencies, whereas the yield
generated by the PME and NpMV2 kits was significantly
lower [47].ctDNA investigation can be achieved through
two different analytical approaches: a targeted approach
and an untargeted approach. The targeted approach relies
on the possibility to analyze known genetic mutations
that occur in hotspot region of specific genes with impli-
cations for therapy decisions. Among these methods, we
can include real-time PCR, droplet digital PCR (ddPCR)
and targeted next-generation sequencing (NGS).

In the untargeted approach, it is possible to investi-
gate ctDNA without the knowledge of any specific muta-
tions present in the primary tumor. This can be achieved
through whole genome sequencing using NGS plat-
forms. Nevertheless, this analysis is quite expensive and
sometimes difficult to interpret; thus, it can be used for
biomarkers discovery in the context of disease monitor-
ing, detection of molecular resistance, and identifica-
tion of new therapeutic targets. Despite whole genome
sequencing, a more cost-effective method in the exome
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sequencing, which does not require prior knowledge of
the genetic landscape of the tumor.

The main targeted approaches are real-time PCR,
ddPCR and targeted NGS [48]. Real-time PCR represents
the oldest technique and the power of this technique in
detecting mutant allele at a very low frequency (<1%) is
limited, and therefore other more sophisticated meth-
ods have been developed. In ddPCR, the partitioning
is obtained through an emulsion PCR, each generated
droplets ideally represent a PCR reactor. At the end of the
analysis, software allows to identify a positive or a nega-
tive signal indicating the presence or absence of a target
sequence. Therefore, mutated ctDNA can be detected in
a wide background of wild-type sequences. The ddPCR
platforms now available are various, each of them with a
more or less different workflow, but they all share a very
high sensitivity (0.01%) [49].

NGS has revolutionized our approach to molecular
testing, indeed we can analyze multiple genes and multi-
ple patients at a time with a consistent reduction in time
and money. Of great interest, there is the paper of New-
man et al. that has developed cancer personalized profil-
ing by deep sequencing (CAPP-Seq) (10.1038/nm.3519).
CAPP-Seq method is able to detect ctDNA in 100% of
patients with stage II-IV non—small-cell lung carcinoma
and in 50% of patients with stage I. The diagnostic speci-
ficity was 96% for mutant allele fractions down to approx-
imately 0.02% [50].

Several international organizations are working toward
developing standards for liquid biopsy workflows. These
organizations are either working directly to build these
standards or are developing the infrastructure needed for
data sharing across stakeholders to reach a consensus.

SPIDIA4P (https://www.spidia.eu/) is a continuation of
SPIDIA, which tackled the standardization and improve-
ment of pre-analytical procedures for in vitro diagnos-
tics. The next phase of the initiative involves working
to improve the global health care system by developing
selected high-priority pre-analytical European Commit-
tee for Standardization (CEN) and International Organi-
zation for Standardization (ISO) standard documents.
They are also looking to develop corresponding External
Quality Assessment (EQA) schemes and implementation
tools.

CANCER-ID (https://www.cancer-id.eu/) is a Euro-
pean consortium that is working to establish standard
protocols for blood-based biomarkers. They are also
working to clinically validate such biomarkers. This con-
sortium is funded by the Innovative Medicines Initiative
and is composed of 36 partners from 13 countries.

BloodPAC (https://www.bloodpac.org/) is an Ameri-
can initiative to accelerate the development, validation,
and clinical use of liquid biopsy assays in order to better
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inform medical decisions so that patient outcomes can
be improved. They have developed a collaborative infra-
structure that allows for information sharing between
stakeholders in the public, industry, academia, and regu-
latory agencies. They hope that information sharing, and
evidence generation will help bring liquid biopsy into
routine clinical practice.

An important step in the delivery of precision oncol-
ogy to patients with lung cancer is the interpretation and
reporting of variants in the clinical context [51]. Certain
minimum requirements are needed for the reporting of
molecular profiling results for all CAP-accredited labo-
ratories [52]. These requirements cover assay methodol-
ogy, basic clinical performance characteristics including
clinical and analytical sensitivity and specificity, assay
results, and interpretation. Recently, the ESMO Preci-
sion Medicine Working Group published recommenda-
tions (Table 2) on the use of circulating tumour DNA for
patients with cancer [53].

All LB reports should contain date of sample acquisi-
tion, type of tubes used, timing of plasma separation,
method and timing of ctDNA extraction. Moreover,
treatment exposure (on/off treatment) at time of acquisi-
tion should be reflected.

Cases where gene variants are not detected must be
reported as ‘non-informative’ or ‘not detected, instead
of ‘negative’ Indeed, ctDNA assays have an appreciable
rate of discordance with tumour testing. Cases where a

Table 2 Recommendation for a structured report
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mutation is not detected may be interpreted as the vari-
ant not being present in the tumour, when in actuality,
there was insufficient ctDNA in the specimen. Report
communicates the potential for discordance in such
cases.

Variant allele fractions (VAF) may provide informa-
tion suggestive of possible germline origin, clonal relat-
edness of variants in the same panel and the potential
for a false-positive result. ctDNA samples with low VAF
variants can be the most challenging aspect of reliably
reporting ctDNA results [54, 55]. Indeed, with the use of
highly sensitive NGS approaches (LOD ~0.5% or lower),
somatic mutations within nonmalignant hematopoietic
cells, known as clonal hematopoiesis, might represent a
source of “biological noise” in cell-free DNA analyses.

Moreover, in patients with low disease burden or with
bone or brain metastasis, circulating free DNA (cfDNA)
quantities may be low. Moreover, some specific muta-
tions can be under-representative of their frequency in
tumors such as KRAS G12 [56]. It is unknown whether
variants at low allele fractions are as responsive to tar-
geted therapy as those at high allele fractions. Some stud-
ies indicated that low VAF oncogenic drivers respond to
targeted therapy, which serves to emphasize the need for
highly sensitive tests [57].

Variants in genes commonly implicated in clonal
hematopoiesis of indeterminate potential (CHIP) should
be flagged to caution the clinician about the potential

- data (dd/mm) and time (hh/mm) of plasma separation

- specialized blood collection tubes containing preservative agent

Clinical Data - cancer diagnosis
- disease stage
- treatment at time of acquisition
Timing - data (dd/mm) and time (hh/mm) of blood sample
Tubes used - K2/K3EDTA-containing tubes
Result

- variants detected related to the clinical request

- VAF for each variants detected
- if a variant is not detected should be reported as “non-informative” or “‘not detected” rather than “nega-

tive”
Potential germline variants

Potential pathogenic germline variants in genes associated with heritable cancer predisposition should

be flagged with an alert for the clinician

Variants potentially associated with CHIP
kocytes

Variant allele fractions for quantitative assays

Variant identified in ctDNA assay is assumed to be present in the tumour but could be derived from leu-

Variant type and/or genomic features detected by assay SNVs, small insertions/deletions, amplifications,

copy number losses, gene fusions, MSI, TMB and LOH

-Q-PCR

- dd-PCR

- Mass Spettrometry
-NSG

Technology used for analysis

Kits used for the analysis
Limit of detection

Assay limitations
potential discordance

IVD or IVD-R certificated kits should be used
In cases where input plasma DNA is limiting, a warning should be inserted in the report
ctDNA results have an amount of discordance with tumour testing. The report should communicate this
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non-tumour origin of these variants [58]. Clonal haema-
topoiesis is a common challenge for assays that include
genes implicated in clonal haematopoiesis. Variant iden-
tified in ctDNA assay is assumed to be present in the
tumour but is actually derived from leukocytes. Report
should communicate the potential non-tumour origin of
variants in genes commonly implicated in CHIP.

Targeted variant or regions examined by assay should
be reported. This could range from a single variant for
digital PCR assays (e.g. EGFR, ¢.2369C>T, p.T790M) to
hundreds of genes for an expanded NGS-based panel.
Assays are validated to detect and report specific types of
variants (e.g., SN'Vs, small insertions/deletions, amplifi-
cations/copy number losses, gene fusions). Report should
communicate which variant types are reported.

The limit of detection for each variant type should be
determined and reported, ideally with an associated con-
fidence interval. Some variant types are more difficult to
detect with ctDNA assays. Report should communicate
individual performance of different variant types. In
cases where input plasma DNA is limiting, the reported
sensitivity is adjusted, or a warning is inserted in the
report.

Specific tumor variants identified should be classi-
fied as ‘actionable’ or “not”. Benign lesions can contain
oncogenic variants. Identification of an oncogenic vari-
ant in ctDNA assays is not diagnostic of malignancy. As
an example, BRAF V600E variant has been identified
in plasma DNA from individuals with benign nevi [59].
Interpretation of ctDNA assays should be done in the
context of tissue studies and other clinical information.
To support classification, the Association for Molecular
Pathology (AMP), American Society of Clinical Oncology
(ASCO), and College of American Pathologists (CAP)
jointly published a four-tiered system classification sys-
tem for the interpretation and reporting of sequence
variants in cancer [60]. The European Society for Medi-
cal Oncology (ESMO) also recommends the ESMO Scale
for Clinical Actionability of Molecular Targets (ESCAT)
variant classification guidelines, with subtle differences
from the AMP/ASCO/CAP Guidelines [61].

Role of liquid biopsy in heredo-familiar tumors
The essential component of cancer risk assessment is the
preventive oncology trough screening and early diagnosis
[62]. About 5-10% of cancers have a hereditary compo-
nent where specific and heritable pathogenic variants are
clearly implicated in the genesis of the disease. Over 300
hereditary cancer susceptibility syndromes are reported
[63], involving both families and individuals tested for
mutation carriers [64].

Cancer predisposition-related genes may be classi-
fied into 3 groups based on penetrance: high (lifetime
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cancer risk: 50% or greater), moderate (lifetime can-
cer risk: 20% to 50% or a 2—fourfold increase above the
general population risk), and low or unknown risk.

Currently, testing options for the identification of ger-
minal mutation include single-gene testing and/or can-
cer panels. There are also two major categories of NGS
cancer panels: cancer-site-specific panel testing and
pan-cancer panel testing [63]. There are some screening
methods proved to be useful for cancer prevention in
high-risk phenotypes [65], as for breast, ovarian, pan-
creatic and colorectal cancer. However, limitations are
based on low sensitivity and specificity and normally
applicable to a single cancer type [62]. Despite the con-
solidated and progressive introduction of the genomic
profiling in our daily practice in oncology by NGS and
the advent of personalized oncology [63], minimally
invasive approaches for the early diagnosis and the
monitoring and prediction of the therapeutic response
in cancer patients [66], are under intensive investiga-
tion, also in light of the intra and inter-tumor heteroge-
neity accompanied by dynamic biological changes and
the sub-clonal genome architecture occurring over the
time, which represent the most significant diagnostic
challenge in the cancer field with unavoidable implica-
tion in clinic.

As a suggestion of possible germline origin, in a series
of 1000 consecutive patients who underwent tissue NGS,
2.3% of patients were discovered to be carriers of a pre-
viously unrecognized germline mutation [67]. Although
somatic and germline variants should be readily dis-
tinguished based on VAF, in a small subset of patients
with high ctDNA burden this may not be possible and
patients should be informed of the possibility that high-
risk germline variants may be incidentally detected in
a liquid biopsy. The informed consent should clarify
whether the patient wants to be informed about these
incidental findings. Reporting of potential germline vari-
ants should generally follow ESMO recommendations
for germline-focused analysis of tumour-only sequenc-
ing [68]. Patients identified with a previously unrecog-
nized germline mutation should be promptly referred
for genetic counselling [52].

Specific features of hereditary cancer syndromes are
related to higher frequency of classical genetic disorders,
early clinically onset, and very likely potential risks to
develop additional neoplasms.

Besides, a pool of genes with a certain degree of pen-
etrance rather than a single genomic alteration, often
influences the evolution of the disease. In this context,
the investigation and the diagnostic validation of liquid
biopsy likely finds its best application, as patients with
inherited syndromes undoubtedly implies a narrower
clinical surveillance [69].
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For instance, the Lynch syndrome (LS, also known as
hereditary non-polyposis colorectal cancer syndrome,
HNPCC), which is inherited in an autosomal dominant
pattern and accounting of the 3—-5% of colorectal cancers,
is caused by genomic mutations of the mismatch repair
system (MMR), whose detection is a key step to screen
this set of patients and possibly to combine the immuno-
therapy regimen.

Coherence of MMR phenotype between tumor tis-
sue and cell free DNA (cfDNA) obtained through liquid
biopsy, has been reported in subjects with LS [66]. To
date, cfDNA obtained from liquid biopsies is suitable
for detecting MMR mutations, microsatellite instability
(MSI) and MLH1 promoter methylation status, and uni-
versal CRC markers.

There are also other biomarkers proposed for the LS
screening, as blood sampling is not the only form of liq-
uid biopsy providing ctDNA. Mutations in the telomerase
reverse transcriptase (TERT) promoter and the fibroblast
growth factor receptor 3 (FGFR3) are often found in LS.
These alterations have been proposed as novel biomark-
ers of urothelial cancer (UC), the third most common
cancer type in certain subsets of LS families and they
are ideal candidates to be studied from ctDNA extracted
from urine liquid biopsy. Bile is another source of ctDNA,
as almost 4% of LS patients develop bile duct cancer [66].

Similarly, cell free DNA, found in patients with pancre-
atic cancer, has been demonstrated to possess a diagnos-
tic/predictive significance: cfDNA is present at diagnosis
in almost 50% of these patients with localized disease and
that circulating tumor DNA may anticipate of 6.5 months
potential recurrences [70]. This aspect is significant as
almost 20% of prostate cancer cases show a familial origin
history [71]. Other reports have shown that the detection
rate of circulating DNA in pancreatic cancer, depends on
the technique employed. When genomic alterations of a
specific gene is sought (i.e. KRAS), a clear discrepancy
between tissue and liquid biopsy is found [72], therefore
suggesting that liquid biopsy requires the suitable tech-
nique in order to strengthen its diagnostic potential.

However, not only free DNA is currently investigated
for inherited syndromes. Coherently, the novel concept
of “circulome”, which entails miRNAs, mRNA, RNA,
exosomes, extracellular vesicles (EV) and metabolites,
has becoming a novel diagnostic strategy [73, 74]. The
circulome can be considered the novel frontier of the
liquid biopsy. The detection based more on a defined
pool of molecules of cancer origin rather than relying
on a single biomarker, is useful to design a more precise
molecular scenario exhibited by the patient. For instance,
the combination of the pathogenic variants of BRCA1/2
and high levels of two circulating proteins SPARC
(Secreted protein acidic and rich in cysteine) and THBS1
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(Thrombospondin 1), can be combined to distinguish
women with ovarian cancer from those healthy and with
wild type BRCA1/2 variants [75].

Thus, genomic and protein alterations are better inte-
grated, allowing to reveal new insights on the hetero-
geneous facets of cancer. Bioinformatic algorithms and
array analysis have been recently applied to the circu-
lome, simplifying the predictive significance in heredi-
tary cancers and overcoming the limitations of the small
amount of soluble molecules and biomarkers often diffi-
cult to detect [72].

Circulating mRNA and miRNAs related to MMR can
also be employed for the same purpose with an enhanced
sensitivity and useful to stratify patients [66], therefore
discriminating between patients with sporadic altera-
tions of the MMR from those with LS. Notably, research-
ers are exploring differentially expressed miRNAs, which
are more stable in the body fluids [76-78], but also their
methylation status for follow ups or correlation to chem-
oresistance, therefore expanding the field of applicability
in genetic-associated cancer disorders.

The epigenetic change such as methylation of circulat-
ing free tumor DNA, miRNAs or proteins is considered
a key mechanism involved in the early tumorigenesis,
therefore a useful screening and predictive tool [79]. The
Circulating Cell-Free Genome Atlas Study (CCGA) based
on the deep sequencing of methylation of circulating
cell-free nucleic acids (cfNAs) is currently under atten-
tion for its potential to discriminate cancer vs non cancer
(NCT02889978) [80].

Accordingly, the combined methylation analysis of
both A disintegrin and metallopeptidase with ADAMTS1
(thrombospondin type 1 motif 1) reflects high sensitivity
for cancer pancreatic diagnosis, increasing even more at
higher stages of the tumor [81].

Moreover, EV have been studied in pancreatic cancer
at early stages, by investigating the cargo of miRNAs,
proteins and specific molecules such as the proteogly-
can GPC1 (Glypican-1) found in serum of patients and
revealed as a marker with high sensitivity of detec-
tion [82]. Despite this, we are still far from using EV
as diagnostic/prognostic platform, given a wide range
of biological variability among studies and technique
employed [72].

Additional biological sources might implement the
early detection of pancreatic cancer as demonstrated for
driver genomic mutations of KRAS (G12V and G12D)
found in pancreatic juice before malignancy is proven
[83]. Notably, combining the detection of multiple
genomic mutations with the size of mutated DNA frag-
ments in the liquid biopsy and the stage of cancer, has
been found useful to discriminate patients from healthy
subjects.
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However, several techniques are attempting to ame-
liorate the amplification, the mutational analysis or the
methylation status of the small amount of free DNA in
the blood. These are not limited to NGS-based systems
but may include digital droplet PCR, and the inter-Alu-
PCR or even nano-magnetic platforms [84] to enhance
the sensitivity and reduce false negative samples. In addi-
tion, the detection of the mitochondrial DNA mutations
in liquid biopsy seems to be a promising biomarker for
the diagnosis of early colorectal cancer risk [85].

Sequencing-based technology combined with liq-
uid biopsy (specifically with cell free DNA) such as the
PapGene test, has been currently set up for screening of
subjects with inherited predisposition to gynaecologi-
cal cancers, LS and germline mutations in BRCA1, 2 or
MMR system [86, 87], demonstrating that the diagnos-
tic significance of the liquid biopsy can be strengthen by
associating high throughput molecular platforms. Some
clinical trials regarding liquid biopsy-based approaches
in LS and breast cancer (detection of BRCA1 both in
blood or circulating tumor cells of women with mutated
TP53 mutation detection), are already completed
(NCT02198092 and NCT02608346, respectively).

Other example of non-yet FDA approved combina-
tion of liquid biopsy with NGS is the Guardant360
(Guardant Health) and FoundationOne Liquid (Founda-
tion Medicine), considered as companion diagnostic tests
employed for prostate, breast, and ovarian cancers. There
is evidence that the matching of NGS and liquid biopsy
could help to improve the stratification of patients,
attempting to understand who can really benefit from the
targeted therapy expecially in advanced cancers, as dem-
onstrated in metastatic breast cancer [88].

Liquid biopsy can also provide indications regarding
potential actionable targets identified within multiple
gene-based panels besides the canonical genomic muta-
tions. For instance, alterations in ERS1 (Estrogen Recep-
tor 1) gene, which is associated to oestrogen resistance,
has been found in circulating tumor DNA of a cohort of
patients with breast cancer [89]. Women with advanced
hormone-receptor-positive and HER2 negative breast
cancer eligible for therapy with alpelisib (active in
patients with PIK3CA mutations), exhibit in the circu-
lome (specifically in ¢cDNA, EV and circulating tumor
cells) PIK3CA mutations, mirroring the genomic altera-
tions found in the corresponding cancer tissue [90].

A key question is how liquid biopsy can change the
landscape of the therapy.

Role of liquid biopsy in minimal residual disease

Despite initial success of radical treatment of early-stage
tumors, a substantial number of patients develops virtu-
ally incurable distant metastases during a variable period

Page 9 of 43

of time. Minimal Residual Disease, namely the presence
of disseminated cells in the organism without clinical or
radiological signs of disease, determines this fait accom-
pli [91]. Neoadjuvant and adjuvant treatments have
shown to improve long-term outcomes and are thus the
standard of care for many tumors. However, those thera-
pies are administered to every patient statistically con-
sidered to be at reasonable risk for distant recurrence in
absence of tangible prove of cancer dissemination, thus
most treated patients are exposed to toxicities without
any benefit. The assessment of MRD by random sampling
of organs trough tissue biopsy for all patients would obvi-
ously be unfeasible.

In this scenario, liquid biopsy is nowadays the most
promising tool being implemented to unveil MRD,
trough detection of shed circulating tumor products, like
cells (CTCs) [92], DNA (ctDNA) [93] or RNA (ctRNA)
[94]. Baseline and longitudinal repeated sampling of
blood from radically resected patients could enable the
detection of impending disease ahead of clinical and
radiological methods and could be used to better define
the real risk of relapse, helping the clinicians decide
whether to start a treatment. Furthermore, the molecular
characterization of circulating tumor material could be
used to better define appropriate treatment. The relapse,
especially for breast cancer, can happen years later from
the dissection of primary tumor. However, tumors are
made of cells bearing distinct molecular signatures. This
inevitable heterogeneity is the result of the forces that
initiate and promote normal cell transformation and rep-
resents the key feature that determines treatments fail-
ure [95]. Despite solid biopsy being feasible most of the
time, they are invasive procedures and hardly repeatable
in everyday clinical setting. Being a non-invasive and eas-
ily repeated tool, liquid biopsy is destined to help us keep
pace with tumor evolution.

Nowadays the use of liquid biopsy to assess MRD has
yet to enter in clinical practice (Table 3), but many stud-
ies have proven its ability to better define the prognosis
of radically operated patients in a large number of solid
tumors.

Prognostic and systemic treatment need definition

One of the major challenges in oncology is defining the
population of radically resected patients that cannot be
cured by surgery alone and that needs the administration
of systemic therapy to eradicate the chances of relapse.
A large and growing body of literature (Tables 4 and 5),
has highlighted the grim prognostic value of MRD identi-
fied by liquid biopsy in patients that underwent surgery,
pointing out a clearly positive correlation between the
presence of residual tumor cells and the risk of relapse
and death. Furthermore, clinical trials have initiated
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Table 3 Potential liquid biopsy applications in MRD setting
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Prognostic value

Basal and after-surgery liquid biopsy assessment could be used as a marker of higher risk disease

and increased events of disease recurrence or death, to guide the choice of (neo)adjuvant treat-
ment administration or omission

Recurrence monitoring

Liquid biopsy has proven to be more sensitive in detecting early disease recurrence compared

to standard methods during follow-up. Its use could be implemented in everyday clinical prac-
tice to treat relapses as soon as they present, even in absence of overt metastases

Liquid biopsy as a measure of early liquid recurrence

During adjuvant treatments, monitoring liquid biopsy elements levels could help determine early

recurrence and consequently influence the choice of new therapeutic strategies

Patients'treatment selection based on molecular
alterations: the predictive value of liquid biopsy

Liquid biopsy could be used to select a population harboring genetic or epigenetic alterations
that could be targetable by a biological therapy

considering liquid biopsy as a tool to decide whether to
start an adjuvant treatment, introducing a possible para-
digm shift in everyday clinical practice.

Tie et al. assessed the role of ctDNA in defining stage
II CRC prognosis and real need for adjuvant therapy
[142]. Patients were randomly assigned to have treat-
ment decisions guided by either ctDNA results or stand-
ard clinicopathological features. The results showed how
ctDNA-guided decision for adjuvant treatment led to
lower therapy administration (15% vs. 28% in the control
group) without statistically significant differences in the
2-year RFS (93.5% and 92.4% in the control group).

Powles et al. evaluated ctDNA levels in patients
enrolled in the IMvigor010 trial, that randomized
patients to receive atezolizumab or observation after sur-
gical resection for operable urothelial cancer [149]. The
study did not show significant advantage in the active
arm neither in DSF nor in OS [150]. However, when
stratifying the patients based on the presence of ctDNA,
improved disease-free survival and overall survival in
the atezolizumab arm versus the observation arm was
observed for ctDNA patients positive. For ctDNA nega-
tive patients, there was again no meaningful difference
between arms.

These pioneering trials show that a liquid-biopsy-
enhanced stratification of patients is possible and is likely
to better select patients for active versus observational
approaches. An increasing number of trials is ongo-
ing to further develop this fundamental clinical ques-
tion (NCTO05411809; NCT04259944; NCT03748680;
NCT04089631).

It is therefore possible that, in the future, adjuvant
therapy will be escalated for ctDNA positive patients
and standard or not administered at all for ctDNA nega-
tive patients. To further define the need for escalation
of treatments in ctDNA positive patients, in the IDEA
trial the presence of postoperative ctDNA was tested as
a prognostic and predictive marker for prolonged adju-
vant treatment duration [137]. ctDNA was confirmed
as an independent prognostic marker and treatment

for 6 months was superior to 3 months in both ctDNA
negative and ctDNA positive patients. ctDNA positive
patients treated 6 months had a similar prognosis to
ctDNA negative patients treated 3 months. Trials with
escalated treatment in ctDNA positive versus standard
treatment in ctDNA negative resected patients are ongo-
ing (NCT05062889; NCT04803539; NCT05427669).

Recurrence monitoring

Follow-up of radically resected patients is an integrated
part of clinical oncology routine but evidence regard-
ing the effectiveness of the different follow-up strategies
varies substantially. The identification of relapse as soon
as it presents, even in the absence of overt metastases,
could maximize the changes of cure or at least delay
complications related to the tumoral mass presence.
Blood withdrawal is a guideline-included procedure for
many tumors, especially those for which an oncologi-
cal marker is recognized, thus the introduction of liquid
biopsy would not pose a problem for patients. Despite
few information is available regarding the prognostic rel-
evance of liquid biopsy analyses focused on the surveil-
lance of MRD through follow-up care studies, findings
indicate that the detection of CTCs and ctDNA can pro-
vide evidence of metastatic relapse earlier than standard
procedures.

To address this clinical question, Reinert et al. longitu-
dinally analyzed ctDNA in a cohort of 125 stage I, II and
III colon cancer [135]. Data showed that ctDNA-positive
patients at postoperative day 30 had a higher recurrence
rate compared with those who were ctDNA negative after
surgery. Similarly, ctDNA positivity in patients treated
with adjuvant chemotherapy was associated with a high
risk of recurrence. Moreover, serial ctDNA analysis dur-
ing surveillance after definitive treatment identified
relapse with 88% sensitivity and 98% specificity. Inter-
esting, ctDNA analyses revealed disease relapse up to
16.5 months ahead of standard-of-care computed tomog-
raphy. These results clearly suggest that clinical applica-
tions of ctDNA in CRC could improve risk stratification,
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adjuvant chemotherapy monitoring and early relapse
detection.

Similarly, Tarazona et al. performed a longitudinal eval-
uation of plasma ctDNA in 94 early CRC patients before
and after the surgery [136]. Data showed that ctDNA
presence, after surgery and during follow-up, were cor-
related with worse disease-free survival. In addition,
ctDNA detection in patients after adjuvant chemotherapy
was associated with early relapse. Detection of ctDNA
had a median of 11.5-months lead time over radiologi-
cal relapse suggesting the utility of ctDNA in identifying
MRD and patients at high risk of disease recurrence.

The IMPROVE-IT2 (NCT04084249) is an ongoing trial
that compare post-operative surveillance by ctDNA anal-
ysis or standard-of-care CT-scan in radically resected
CRC patients [151]. The hypothesis is that combin-
ing ctDNA analysis and radiological assessments could
improve the early detection of recurrent disease optimiz-
ing the postoperative treatment.

Liquid biopsy as a measure of response

Response to adjuvant therapy is impossible to assess
with normal clinical and radiological exams, being the
aim of the treatment to cure invisible MRD. Therefore,
adjuvant treatment is administered, when possible, at its
higher intensity, without the possibility to monitor the
real effectiveness of the ongoing therapy. For patients
that will eventually relapse, this means being exposed to
toxicities that are sometimes fatal without any benefit.
Furthermore, adjuvant regimens are always interrupted
after a defined number of cycles, without real clue of the
disease state at that point. All these limitations could be
surpassed by MRD monitoring through liquid biopsy
during and after treatment. We have already shown how
monitoring ctDNA after adjuvant treatment can identify
patients that convert to a negative status and are there-
fore at less risk of relapse from those that remain positive
and have thus a worse prognosis.

Key findings come also from Henriksen et al, that
investigated post-adjuvant chemotherapy ctDNA sta-
tus in stage III colon cancer patients [141]. In par-
ticular, ctDNA presence was associated with disease
recurrence postoperatively also in patients treated with
adjuvant chemotherapy. Only patients who showed per-
manent clearance of ctDNA after adjuvant therapy did
not relapse. Serial ctDNA analysis after the end of treat-
ment was also predictive of disease recurrence suggesting
that ctDNA assessment has a strong prognostic value.

For those patients in which ctDNA levels do not
lower during and/or after treatment, if clinically feasi-
ble, one of those 3 options should be considered, given
the proven grim association within ctDNA presence and
relapse: switch of the treatment to another regimen, its
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prolongation or intensification, when possible, with addi-
tion of biomarker-based therapy in those patients with an
actionable alteration.

The concept of a “second line adjuvant treatment” rep-
resents an absolute paradigm shift from today’s clinical
practice. This approach, aimed to cure and not to palliate,
presents obvious advantage for the patients, as the toxici-
ties from therapies could be better tolerated without the
burden of the metastatic disease. Furthermore, tumors
are less resistant to therapies when the cells are isolated
and scattered. Two trials (NCT04567420; NCT04985266)
are currently investigating a second line adjuvant treat-
ment for high-risk resected breast cancer patients cur-
rently undergoing hormonal treatment. Primary objective
of the therapeutic randomized phase is to assess whether
palbociclib plus fulvestrant improves relapse-free sur-
vival compared to standard of care adjuvant endocrine
therapy in patients with detectable ctDNA in the plasma
but without evidence of metastatic disease on imaging.
Another trial (NCT05343013) is defining if TAS-102
treatment in resected colon cancer patients with posi-
tive ctDNA after completion of adjuvant chemotherapy
treatment can determine a 6-month ctDNA clearance. In
NCT04920032 trial, the percent of patients positive for
ctDNA after 6 cycles or at least 3 months after starting
second line adjuvant treatment will be used to estimate
the efficacy of adjuvant trifluridine and TAS-102 in com-
bination with irinotecan in patients with ctDNA positive
colon adenocarcinoma after first line standard adjuvant
treatment. The NCT05062889 trial aims to evaluate two
different aspects in colon cancer resected patients: the
escalation treatment for ctDNA positive patients (FOL-
FOXIRI vs FOLFOX/CAPOX in ctDNA negative) and
the ctDNA clearance induced by TAS-102 in ctDNA pos-
itive patients after first line adjuvant therapy.

Patients’ treatment selection based on molecular
alterations

Liquid biopsy-guided treatment based on molecu-
lar alterations is already consolidated clinical practice,
especially for breast and lung cancers, in the metastatic
settings [152, 153]. Several tests are already utilized
and approved [153]. Guardant360 CDx test was FDA
approved as a companion diagnostic for patients with
EGFR-mutant NSCLC, with EGFR exon 20 insertion
NSCLC and with KRAS G12C mutations NSCLC who
may benefit from treatment with Osimertinib, Amivan-
tamab and Sotorasib, respectively. Foundation Medicine’s
FoundationOne Liquid CDx is approved as a companion
diagnostic for the poly (ADP ribose) polymerase inhibi-
tor rucaparib for the treatment of advanced metastatic
prostate cancer and ovarian cancer with BRCA1/2 muta-
tions, as a companion diagnostic to identify patients with
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BRCA1/2 mutations and/or ATM alterations in meta-
static colorectal cancer for whom treatment with olapa-
rib may be appropriate, to identify ALK rearrangements
in patients with NSCLC eligible for treatment with alec-
tinib as well as three tyrosine kinase inhibitors, includ-
ing gefitinib, osimertinib, and erlotinib, approved for the
first-line treatment of EGFR-mutant NSCLC, to assess
TMB and MSI status in NSCLC and to identify muta-
tions in the PIK3CA gene in patients with breast cancer
eligible for treatment with alpelisib.

However, the introduction of blood molecular test-
ing in the early setting is still in development and only
few small trials are currently investing its role. One
of such trials (NCT05079022) aims to assess the role
of Furmonertinib, a third generation anti-EGFR, in
EGFR-mutated radically resected stage I lung cancers,
with the mutation being detected trough ctDNA analy-
sis. The primary end point is the clearance of ctDNA at
6 months. Another study (NCT05388149) plans to esca-
late therapy in Her2-positive, radically resected with
residual invasive disease following prior neoadjuvant
trastuzumab (+ pertuzumab)-based chemotherapy, breast
cancer patients with the addition of Neratinib to TDM-
1, if ctDNA is detected in plasma. The primary endpoint
is again the clearance of ctDNA. As shown, clearance of
ctDNA demonstrated to increase survival in radically
resected patients after adjuvant treatment, but it’s valid-
ity as a surrogate endpoint for overall survival has still to
be proven.

As tissue-based analysis for detection of molecular dis-
ease have already entered the clinical practice, for exam-
ple for guiding anti-EGFR adjuvant treatment in NSCLC
or anti-BRCA adjuvant treatment in breast cancer, the
possibility of tracking the emergence of resistance muta-
tions to a given treatment by liquid biopsy is becoming
more and more appealing.

Role of Liquid biopsy in agnostic indications
Recently, some drugs have been approved regardless of
the primary tumour type, but solely on the basis of fun-
damental molecular abnormalities driving the processes
of carcinogenesis and disease progression. This innova-
tive approach of precision medicine led to the first agnos-
tic approvals of oncology drugs [154] (Tables 6 and 7).

In the last years, scientific research has focused
on identifying biomarkers predictive of response to
immunotherapy. The deficiency of DNA mismatch
repair (AIMMR) and MSI were among the first bio-
markers used as expressing tumour mutability. Based
on the results of five independent clinical trials (Key-
note-016, Keynote-164, Keynote-012, Keynote-028,
and Keynote-158), pembrolizumab received its first
FDA approval for the treatment of adult and paediatric
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patients with unresectable or metastatic solid tumours,
MSI-High (MSI-H) or dMMR, progressing after stand-
ard treatments and lacking other treatment options
[167, 168].

Furthermore, in 2020 the FDA expanded the approval
of pembrolizumab to include unresectable or metastatic
tumors with high tumor mutational burden that have
progressed following prior treatment and that have no
satisfactory alternative therapy options. The FDA also
approved the FoundationOneCDx assay as a companion
diagnostic test for pembrolizumab [169].

The neurotrophic receptor tyrosine kinase (NTRK)
genes, including NTRK1, NTRK2 and NTRK3, are key
regulators of neuronal and embryonic development.
NTRK rearrangements were shown to be able to drive
oncogenesis, independently of histology [170, 171].
Indeed, NTRK fusions were detected in several type
of solid tumors, such us, lung, breast, pancreatic, colon
and thyroid [172]. On the basis of a combined analysis
of three clinical trials, NCT02122913, NCT02637687
and NCT02576431, which included cancer patients with
fusion in one of the three known NTRK genes, larotrec-
tinib was the first FDA-approved molecule in November
2018 for adult and paediatric patients with NTRK fusions
solid tumours [173]. The second TRK and ROSI1 inhibitor
molecule was Entrectinib, approved in August 2019, as
an additional therapeutic option for NTRK fusion-posi-
tive tumours [174, 175].

BRAF is a gene encoding for a member of the Raf fam-
ily, which plays a central role in many cell proliferation
and differentiation processes through the MAP kinase
(MAPK) pathway [176].

Mutated BRAF gene may be a key oncogenic driver in
promoting carcinogenesis and tumour progression [177].

The Cancer Genome Atlas (TCGA) has identified
BRAF mutations in many tumour types, especially mel-
anomas, thyroid cancers, lung cancers. However, this
mutation could also occurs in rare histological tumour
types [178], such as diffuse gliomas, cholangiocarcinoma,
hairy cell leukaemia, multiple myeloma and Langerhans
cell histiocytosis [179].

In August 2022, the FDA approved the com