W) Check for updates

Liquid biopsy enters the clinic —
implementation issues and future
challenges

Michail Ignatiadis@®, George W. Sledge® and Stefanie S. Jeffrey

Abstract | Historically, studies of disseminated tumour cells in bone marrow and
circulating tumour cells in peripheral blood have provided crucial insights into
cancer biology and the metastatic process. More recently, advances in the
detection and characterization of circulating tumour DNA (ctDNA) have finally
enabled the introduction of liquid biopsy assays into clinical practice. The FDA has
already approved several single-gene assays and, more recently, multigene assays
to detect genetic alterations in plasma cell-free DNA (cfDNA) for use as companion
diagnostics matched to specific molecularly targeted therapies for cancer. These
approvals mark a tipping point for the widespread use of liquid biopsy in the clinic,
and mostly in patients with advanced-stage cancer. The next frontier for the
clinical application of liquid biopsy is likely to be the systemic treatment of patients
with ‘ctDNA relapse’, a term we introduce for ctDNA detection prior to
imaging-detected relapse after curative-intent therapy for early stage disease.
Cancer screening and diagnosis are other potential future applications. In this
Perspective, we discuss key issues and gaps in technology, clinical trial
methodologies and logistics for the eventual integration of liquid biopsy into the

clinical workflow.

Intratumoural heterogeneity and tumour
evolution contribute to treatment failure
in patients with cancer'. Over the disease
course, these processes are influenced
and enhanced by cellular mutability and
include described interactions between
whole-genome doubling and cancer cell
survival’, metabolic and homeostatic
mechanisms, microenvironmental
factors (for example, hypoxia) and drug
selection pressures, including adaptive
mutability**, all of which influence the
abundance and characteristics of tumour
cells and products that are shed and

can be measured in the bloodstream

at different times®. Intratumoural and
intertumoural heterogeneity have been
elucidated through large collaborative
efforts using different omics technologies
for primary and metastatic tumour analyses,
including analyses by the International
Cancer Genome Consortium (ICGC)®,
The Cancer Genome Atlas (TCGA)’, the
Pan-Cancer Analysis of Whole Genomes

Consortium of the ICGC and TCGA?®, and
the Human Tumor Atlas Network’. This
heterogeneity has been further elucidated
through single-cell analyses of primary
tumours and corresponding metastases'®"’,
genomics studies of treated and untreated
metastatic disease'>"” and investigations of
the tumour microenvironment'. Advances
in the study of different liquid biopsy
analytes over the past two decades have led
to the hope that any spatial and temporal
heterogeneity in tumour biology could

be better tracked by serial blood analyses
than by analyses of tissue samples from

a primary tumour that might have been
excised years earlier and prior to systemic
therapy or from a single metastatic lesion,
when multiple potentially discordant
metastases are present, and thus lead to
improvements in patient management and
outcomes'>'°. In comparison with tumour
tissue-based approaches, liquid biopsy is
less invasive and samples are more easily
obtainable throughout the course of disease,
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thus complementing the development of
dynamic molecular imaging assessments'”.
These liquid biopsy analytes include
circulating tumour cells (CTCs), circulating
nucleic acids (including circulating tumour
DNA (ctDNA), the tumour-derived
fraction of cell-free DNA (cfDNA) in the
plasma, as well as cell-free RNAs (mRNAs,
long non-coding RNAs and microRNAs),
extracellular vesicles, tumour-educated
platelets, proteins and metabolites that

can be found in a range of bodily fluids>'".
Despite the technological advances, the
uptake of liquid biopsy in clinical practice
has been slow'’.

Herein, we summarize selected
advances in the use of CTC and ctDNA
technologies, clinical trial methodology and
implementation logistics that we believe
are necessary for liquid biopsy to fulfil
its potential to transform the practice of
oncology. We discuss the applications
of liquid biopsy for treatment selection and
disease monitoring in patients with early
stage and advanced-stage disease as well
as some contemporary data on the use of
liquid biopsy for early cancer diagnosis
(FIG. 1), focusing on CTCs and ctDNA
(TABLE 1); however, we do so in the context
of a Perspective, providing our views on
this field mainly for solid tumours. Many
excellent and comprehensive reviews on
liquid biopsy and its application in specific
cancer types are available in this journal'**
and elsewhere>'**"*2,

Stages of assay development

The clinical adoption of a liquid biopsy
assay is achieved through three distinct
steps, each of which has several important
requirements that must be met (FIG. 2).

The first step involves the development

and validation of the assay. According to
the Evaluation of Genomic Applications in
Practice and Prevention (EGAPP) initiative,
this step includes three critical components:
analytical validation, clinical validation and
demonstration of clinical utility”. Analytical
validity refers to the ability of an assay to
reliably and accurately measure the analyte
of interest and is evaluated according to the
assay’s sensitivity, specificity, reliability and
robustness. Clinical validity refers to the
ability of an assay to reliably and accurately
measure the clinical feature of interest

NATURE REVIEWS | CLINICAL ONCOLOGY

VOLUME 18 | MAY 2021 | 297


http://orcid.org/0000-0002-4493-3748
http://orcid.org/0000-0003-0297-0775
http://orcid.org/0000-0003-4478-2764
http://crossmark.crossref.org/dialog/?doi=10.1038/s41571-020-00457-x&domain=pdf

PERSPECTIVES

Other tumour-derived or
associated factors (including
extracellular vesicles, TEPs,
RNAs, proteins and
metabolites)

Surveillance for
micrometastatic
disease

cluster

Early cancer
detection

Fig. 1| Various clinical applications of liquid biopsy using CTCs, circu-
lating nucleic acids or other tumour-derived materials in the blood-
stream. A single blood sample can contain a range of cell types and cell
products emanating from multiple tumour sites around the body. Liquid
biopsy assays of these tumour-derived factors can serve several purposes in
the management of cancer. (1) Early detection of cancer; liquid biopsy
approaches could also be used to further investigate abnormalities
detected on imaging examinations such as mammography or lung CT.

Blood draw contains
diverse tumour cells
and products shed
from multiple
tumour sites

v Oy

Treatment selection and
response monitoring in
patients with metastatic
disease

(2) Surveillance for micrometastatic disease following curative-intent treat-
ment of a primary tumour, in order to evaluate the risk of disease recurrence
and enable timely management of recurrent disease, if needed. (3) Guiding
the selection of the most appropriate treatment and/or monitoring
treatment responses in patients with overt metastatic disease through
dynamic characterization of changes in tumour burden and disease
biology. CTC, circulating tumour cell; ctDNA, circulating tumour DNA;
TEPs, tumour-educated platelets.

and is evaluated on the basis of clinical
sensitivity, specificity, and positive and
negative predictive values. Clinical utility is
indicated by evidence of improved clinical
outcomes (which might include clinical
efficacy or reduced toxicity) compared with
standard methods when the novel assay is
used to direct patient management. These
three criteria need to be evaluated based

on available evidence in the literature in
order to determine whether an assay is
likely to achieve regulatory clearance and/or
reimbursement.

Liquid biopsy assays are often
developed based on an analysis of whole-
genome sequencing (WGS) or whole-exome
sequencing (WES) data from tumour
tissue samples, which can then be refined
to large and/or customized gene panels.
One well-validated example is the
FDA-authorized Integrated Mutation
Profiling of Actionable Cancer Targets gene
panel developed at the Memorial Sloan
Kettering Cancer Center (MSK-IMPACT),
which was initially developed as a hybrid
capture-based next-generation sequencing
(NGS) assay for targeted deep sequencing

of key cancer genes in formalin-fixed,
paraffin-embedded (FFPE) tumour
specimens™. This assay was used to study
DNA from >10,000 tumour specimens and
patient-matched germline DNA derived
from peripheral blood in order to identify
clinically relevant mutations and mutation
signatures, as well as novel non-coding
alterations, shared between common
and rare tumour types®. This panel has
now been expanded to interrogate 468
cancer-related genes, again through the
analysis of tumour-derived and matched
germline DNA samples performed in
a Clinical Laboratory Improvement
Amendments (CLIA)-certified laboratory*,
and is approved by the FDA as a tumour
profiling test to provide information on
somatic alterations and microsatellite
instability (MSI) for use by qualified
health-care professionals in accordance with
professional guidelines”.

This type of panel discovery process
can be aided by open-access tools such
as OncoPrint, which enables genetic
alterations such as somatic mutations, copy
number alterations (CNAs) and changes

in mRNA expression to be visualized as

a heatmap across datasets”. This tool is
available for use in the cBioPortal for Cancer
Genomics, another open-access resource
for exploring multidimensional cancer
genomics datasets”. OncoKB is another
publicly available knowledge base and tool
that curates and annotates the biological,
prognostic and predictive relevance of
somatic molecular alterations associated
with cancer™.

In addition to the tissue-based
MSK-IMPACT assay, the MSK-ACCESS
(Analysis of Circulating Cell-free DNA
to Evaluate Somatic Status) assay has
been developed by researchers at the
same institution for broad coverage
of cancer-associated genes using deep
sequencing of plasma cfDNA. This liquid
biopsy assay was approved for use in the
identification of molecular and cellular
tumour markers by the New York State
Department of Health in 2019 (REF?").
Importantly, through paired analyses of
both the plasma and buffy coat from the
same blood samples, cfDNA profiles can
be compared with the genomic DNA of
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white blood cells collected from the same
patient to account for germline variants or
potential clonal haematopoiesis (which is
discussed in a later section of this article)
and thus improve the accuracy of ctDNA
detection™. We wish to emphasize, however,
that the development, validation and
subsequent regulatory filing of an in-house
multigene assay, such as MSK-IMPACT or
MSK-ACCESS, is arduous, labour-intensive
and time-consuming, requiring substantial
laboratory and clinical expertise, patient
sample accrual and financial investment,
making it an unrealistic goal for most
laboratories to achieve.

A key aspect of assay development
relates to changes in assay performance
attributable to preanalytical issues, such
as the type of specimen analysed, specific
procedures of sample collection, handling,
processing and storage, and patient-related
factors. Indeed, the standardization of
preanalytical variables is now considered
an important part of the assay development
process. The format used for reporting
and interpretation of the assay results is
another equally important area, especially
for genomic data. In this regard, assay
developers have a responsibility to produce
evidence-based annotations of the results
so that clinicians and multidisciplinary
tumour boards can provide evidence-based
treatment recommendations based on the
resultant report. Several efforts have been
made to facilitate this process by ranking
genomic aberrations according to their
relevance to precision medicine, such as the
European Society of Medical Oncology Scale
of Actionability of Molecular Targets™ or the
aforementioned OncoKB knowledge base.
Indeed, assay developers have attempted
to provide annotations regarding the
actionability of mutational events detected by
NGS. Actionability — which is often poorly
defined, documented or demonstratable
with a high level of evidence — is of
particular importance in the clinic, where
busy physicians are often required to make
rapid and irrevocable therapeutic choices
based on limited information. However,
when different platforms providing such
functionality have been compared using
the same sequencing data, they have been
shown to vary with regard to determination
of actionability™. Increasingly large clinical
datasets correlating cancer-associated
alterations with therapeutic outcomes for
specific drugs will accumulate rapidly in
the coming years, and novel methods for
harmonizing clinically relevant data from
disparate databases are likely to improve the
clinical utility of these knowledge bases™.

Once a liquid biopsy assay with
convincing analytical validity, clinical
validity and clinical utility has been
developed, the second step towards clinical
integration includes regulatory clearance
of the assay for a particular indication,
incorporation into treatment guidelines
and, eventually, assay reimbursement by
payers. This second step involves not only
the evaluation of data on assay performance,
as previously detailed for the first step in
assay development but can also include
cost-effectiveness analyses (FIG. 2). The
regulatory approval and reimbursement
pathways are somewhat different in the
USA, Europe and Asia, which together with
differences in the structure and funding of
health-care systems in these regions at least
partly explains variations in the availability
of and access to liquid biopsy assays™.

The third and final step in the
clinical development of an assay involves
incorporation into the clinical workflow.
This process requires substantial local
investment of time and money in developing
the human and laboratory resources and
procedures to ensure effective application
of the test (FIC. 2) and is further detailed in a
subsequent section of this article (Clinical
integration of liquid biopsy). Importantly,
when an institution is considering in-house
use of a commercial liquid biopsy assay
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(for example, the Oncomine cell-free nucleic
acid assays, the AVENIO ctDNA targeted
kit, or the QIAseq targeted DNA panels),
on-site validation should be performed
before application of the assay as a
companion diagnostic in a clinical trial or in
routine clinical practice.

Preanalytical issues with liquid biopsy
For ctDNA assays, the use of plasma

rather than serum is generally preferred
because the latter contains higher levels

of non-tumour cfDNA generated mostly
from leukocyte lysis that occurs with blood
clotting during serum preparation. The
dilution of ctDNA by leukocyte cfDNA can
adversely affect detection of the former,
especially ctDNA harbouring low allele
fraction mutations”.

Concerning the optimal blood collection
tubes for ctDNA detection in plasma,
multiple studies have compared tubes
containing di-potassium or tri-potassium
ethylenediaminetetraacetic acid (EDTA)
with those containing heparin or citrate
to prevent clotting or with commercial
tubes that contain preservative reagents
for leukocyte stabilization to prevent
lysis**'. Currently, at least nine types of
collection tube specifically designed for
the preservation of cell-free nucleic acids
(including cell-free methylated DNA) are

Table 1| Key advantages and disadvantages of CTCs and ctDNA as biomarkers

Biomarker Advantages

ctDNA Well-validated, reproducible

technologies

Correlated with clinical outcomes in
the adjuvant treatment and metastatic

disease settings

Can provide composite information
on the molecular biology of multiple

metastases in an individual patient

Can reveal drivers of therapeutic

resistance (e.g. EGFR"*M mutations in

NSCLC)

Demonstrable association of genetic
alterations with therapeutic benefit

(e.g. alpelisib in PIK3CA-mutated
ER-positive breast cancer)

CTCs Well-validated, reproducible

technologies

Level 1 prognostic evidence available in
metastatic breast, prostate and colorectal

cancers

Might predict early relapse after primary

treatment

CTCs are live cells that can be used for
drug screens and other functional assays

Disadvantages

Undetectable in many patients
with early stage and some with
advanced-stage cancer

Not all detectable mutations are
relevant to cancer biology and/or
therapy

Might not provide actionable
information (e.g. when only
non-druggable genetic alterations are
detected)

Not predictive of therapeutic benefit in
metastatic setting

Uncertain clinical utility in the setting
of micrometastatic disease following
curative-intent primary treatment

Undetectable in most patients with
early stage cancer and in many with
advanced-stage disease

Usually provides quantitative
rather than qualitative or functional
information

CTCs, circulating tumour cells; ctDNA, circulating tumour DNA; ER, oestrogen receptor; NSCLC,

non-small-cell lung cancer.
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¢ Ensure analytical validity

e Establish clinical validity

¢ Demonstrate clinical utility
e Evaluate

cost-effectiveness

¢ Obtain sufficient level of
evidence for the assay in a
specific clinical indication

Incorporation into

clinical workflow

e Invest in laboratory and
human resources

e Train physicians in
application of the test and
interpretation of the findings

e Create standard operating
procedures for application
in different clinical
scenarios

Fig. 2 | Roadmap for integration of a liquid biopsy assay into clinical practice. This roadmap
includes three steps. Step 1 encompasses the development and validation of the assay, including
demonstration of its clinical feasibility, reproducibility and value. Step 2 involves regulatory approval,
incorporation into guidelines for diagnosing and treating cancer, and assay reimbursement, which is
dependent on the evidence obtained during step 1 and often additional analyses of cost-effectiveness.
Finally, step 3 relates to incorporation of the assay into the clinical workflow, with associated resources

and logistical and educational requirements.

commercially available, in which blood
samples can be shipped and stored at
18-25°C (room temperature) for plasma
processing 3 to 7 days after collection*"*,

in accordance with the manufacturers’
instructions. However, cfDNA-specific
guidelines developed by the National
Cancer Institute (NCI) Biorepositories and
Biospecimen Research Branch Biospecimen
Evidence-Based Practices (BEBP)
recommend shorter durations of room
temperature storage for both EDTA (2-4h)
and preservative tubes (up to 3 days) prior to
prescribed methods of plasma isolation and
storage at —80°C (REF").

Few data are available on the effects
of patient-related factors such as
pregnancy, smoking, exercise and various
non-malignant conditions that might
affect cfDNA levels in blood*. Thus, the
associations between patient-related factors
and performance of specific ctDNA assays
should be carefully explored in prospective
studies.

For CTC assays, the use of CellSave tubes
provides a window of up to 96 hours for
sample processing using the FDA-approved
CELLSEARCH platform; however, the
cells collected in these tubes are fixed and,
therefore, not viable*. Thus, these tubes
can be used for downstream applications
related to DNA, but not RNA or functional
analyses. Currently, tubes that enable
the reliable long-term storage of viable
CTCs for downstream large-scale omics
applications or functional assays, including
the generation of cell cultures or mouse
xenograft models for use in drug testing,
remain under development’’. Consequently,
the benefits of CTCs over ctDNA in terms
of extending analysis beyond genomics
(TABLE 1) can only be realized today

in the context of single-centre studies
involving small numbers of samples*”*.
The development of collection tubes for
long-term storage of viable CTCs is a
crucial unmet need for the evaluation

of the full potential of these analytes

in multicentre trials. The typically low
numbers of CTCs present in blood samples
also hampers testing of the clinical utility
of CTC-based functional assays or omics
analyses. Leukapheresis has been suggested
as a potential way to address this issue®;
however, it is questionable whether this
approach is safe, can be applied to the
majority of patients with cancer and can

be performed beyond specialized centres.
Other methods to increase CTC yield are
under development, such as continuous
CTC capture via indwelling catheters or
microfluidic chips™.

Guidelines have been proposed regarding
the preanalytical conditions for cfDNA
analyses, including issues of quality control
in blood collection, plasma preparation,
cfDNA extraction with documentation of
the DNA extraction kit and quantification
method used (variations in extraction yield
exist among different commercial kits,
with yield also dependent on fragment
size’') and cfDNA storage, blood sample
transport conditions, and biological and
demographic factors™. In addition to
the NCI BEBP guidelines®, initiatives
such as CANCER-ID* and the European
Liquid Biopsy Society (ELBS) in Europe
and the Blood Profiling Atlas in Cancer
(BloodPAC)** in the USA aim to define
preanalytical standards and best practices
for liquid biopsy assay development in
order to enable the optimal incorporation of
such assays into clinical care’”". Moreover,
the Biomarker Consortium of the US

Foundation for the National Institutes
of Health is working on identifying and
validating reference materials for use in
quality control across different ctDNA
assays™.

Liquid biopsy in advanced-stage disease
In patients with advanced-stage cancers,
liquid biopsy assays can be used for
treatment selection, monitoring of treatment
efficacy and identifying the most appropriate
subsequent treatment when resistance
develops. In the following sections, we
discuss each of these aspects, focusing on
prominent examples to date.

Selecting the right treatment
Detection of druggable targets. PCR-based
cfDNA assays for oncogenic driver variants
of genes such as EGFR in non-small-
cell lung cancer (NSCLC) and KRAS
in colorectal cancer (CRC) have high
specificity (mean 96%) but only moderate
sensitivity (mean 66%) compared with
tumour tissue assays, which remain the
gold standard***; however, use of droplet
digital PCR (ddPCR) assays increases
the level of sensitivity”. For example, in the
PRODIGE-14 trial**, a specific KRAS
mutation was detectable using ddPCR
with over 90% sensitivity in 42 (91%) of
46 patients with the same KRAS mutation
detected in tumour tissue. A PCR-based
assay (cobas EGFR mutation test v2) was
the first liquid biopsy assay approved by the
FDA, as a companion diagnostic test to
screen for EGFR mutations in plasma cfDNA
from patients with advanced-stage NSCLC
who are being considered for treatment with
the EGFR tyrosine kinase inhibitor (TKI)
erlotinib; if no EGFR exon 19 deletion and/or
no exon 21 L858R mutation is detected in
cfDNA, EGEFR status should subsequently
be determined using a FFPE tumour tissue
sample**’.

On the basis of data from the phase III
SOLAR-1 trial®, a PCR-based assay
(the therascreen PIK3CA RGQ PCR kit)
has also been approved by the FDA as a
companion diagnostic for the detection
of PIK3CA mutations in tumour tissue or
plasma from patients with advanced-stage
hormone receptor (HR)*/HER2" breast
cancer to determine their eligibility for
treatment with the PI3Ka inhibitor alpelisib
in combination with fulvestrant®. As with
the EGFR assay;, failure to detect a PIK3CA
mutation in cfDNA warrants reflex testing of
tumour tissue.

In addition to PCR-based single-gene
or multigene assays®’, high-throughput
NGS-based multigene liquid biopsy tests that
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can detect a range of genomic alterations,
including single-nucleotide variants (SN'Vs),
CNAs, fusions and/or insertion or deletions
(indels), have been developed. These
assays include the following: Archer Reveal
ctDNA 28 (28 genes)®; FoundationACT
(62-70 genes, incorporating measurement
of blood tumour mutational burden
(bTMB))“*, which was the predecessor
to the current FoundationOne Liquid
CDx (F1 Liquid CDx) assay that includes
>300 genes as well as measurements of
bTMB, MSI and tumour fraction values;
Guardant360 CDx (54-73 genes, plus
detection of MSI, across successive
versions of the assay)®~’; Inivata InVision
(36-37 commonly mutated genes)®;
MSK-ACCESS (129 cancer-associated
genes, as discussed above); OncoDNA
OncoSTRAT&GO (27 genes)*’; PGDx elio
plasma resolve (33 genes, or 80 genes in
the custom PlasmaSelect-R lung panel)”
Resolution Bioscience Resolution ctDx-Lung
(21 genes)®’; and multiple other assays
for simultaneous profiling of gene panels
that are commercially available or under
development. These multigene liquid biopsy
assays have the advantage of enabling
broad and informative cancer genotyping,
as demonstrated with the Guardant360
CDx assay in a prospective clinical study
involving 282 patients with newly diagnosed
metastatic NSCLC"' and in another study
involving 1,687 patients with advanced-stage
gastrointestinal cancers’, in which more
actionable mutations, faster turnaround
times and increased patient enrolment in
clinical trials were achieved compared with
tumour tissue-based testing. Moreover,
in a study involving 8,388 patients with
advanced-stage NSCLC, alterations were
detected in actionable oncogenes in 48%
of patients using the Guardant360 assay,
with actionable fusions detected in the
cfDNA of 2.3% of these patients®’. Use of
the Guardant360 assay in patients with
breast cancer has also revealed that
mutations in ESRI and PTEN are associated
with intrinsic resistance to treatment with
aromatase inhibitors plus alpelisib”.
Overall, the feasibility of applying
cfDNA assays in the clinical setting, and the
ability of such assays to identify common
mutations and uncommon gene fusions that
can guide the use of molecularly targeted
therapies has been well demonstrated’”.
However, whether the use of multigene
panels results in improved clinical outcomes
across various cancers, as compared with
the use of single-gene assays, remains to
be determined. Although results obtained
with specific multigene cfDNA assays are

typically highly concordant with tumour
tissue-based assays®>”'7%”’, data on the
concordance between the results obtained
with different multigene plasma cfDNA
assays are needed’®”’. When replicate plasma
samples from 24 patients with different
cancers of different stages were used to
compare cfDNA variant calls among four
commercial NGS gene-panel assays, all
assays performed well for somatic alterations
with a variant allele freqeuncy (VAF)

>10%; however, substantial variability in
sensitivity and positive predictive value was
observed between assays, which was mostly
attributable to technical factors, such as
background noise, bioinformatic filtering
thresholds and germline variant calls,
especially in samples containing cfDNAs
with VAFs <1%”°.

In August 2020, the Guardant360
CDx assay was approved by the FDA as a
comprehensive genomic profiling (CGP)
test for the simultaneous assessment of
SNVs or indels in 55 tumour-associated
genes, CNAs in two genes and fusions in
four genes using plasma cfDNA samples.
As the first FDA-approved liquid biopsy
CGP test, this assay was approved as a
companion diagnostic specifically to identify
EGFR mutations that predict benefit from
osimertinib (exon 19 deletions, L858R in
exon 21 or T790M in exon 20) in patients
with NSCLC®. As with the aforementioned
single-gene assays, a negative cfDNA test
result does not necessarily mean that the
tumour is negative for these alterations
and should, therefore, prompt reflex
testing of a tumour tissue biopsy sample
using an FDA-approved assay; if feasible.

In addition, the Guardant platform was
approved as a complementary diagnostic®!
for tumour mutation profiling in patients
diagnosed with any solid malignancy to
provide information that can be used,

in conjunction with other laboratory

and clinical findings and in accordance
with professional guidelines, for clinical
decision-making®.

Another CGP liquid biopsy test, F1
Liquid CDx, which interrogates 324 genes,
is also approved by the FDA for the
detection of substitution mutations
and indels in 311 genes, as well as
rearrangements in four genes and CNAs in
three genes, using plasma cfDNA. This assay
was originally approved as a companion
diagnostic for use in patients with NSCLC or
prostate cancer and has more recently been
updated to include additional drugs and use
in patients with ovarian or breast cancer.
Specifically, this assay is now indicated for
use as a companion diagnostic to identify
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the following groups of patients: patients
with NSCLC harbouring EGFR exon 19
deletions or exon 21 L858R mutations
who are likely to benefit from gefitinib,
erlotinib or osimertinib, as well as ALK
rearrangements that predict benefit from
alectinib; men with BRCA 1/2-mutant or
ATM-mutant prostate cancer who are
candidates for treatment with olaparib;
men with BRCA1/2-mutant prostate cancer
and women with BRCA 1/2-mutant ovarian
cancer who are eligible for treatment with
rucaparib; and patients with breast cancer
harbouring specific PIK3CA mutations,
who could benefit from alpelisib®. Again,
patients who might be candidates for these
drugs but test negative for the genetic
alterations in cfDNA should be reflexed
to routine testing of a tumour biopsy
sample using an FDA-approved assay, if
feasible. Similar to the Guardant360 CDx
assay, F1 Liquid CDx is also approved as a
complementary diagnostic test to provide
tumour mutation profiling of cfDNA in
patients with solid tumours, which can be
used by qualified health-care professionals
in accordance with accepted guidelines.
For both of these ctDNA CGP tests, samples
are sent to the companies for central
processing.

An important question is whether
tumour tissue and ctDNA genotyping
can be complementary for precision
medicine in patients with advanced-stage
cancer. Insights into this issue come from
a prospective observational study®, in
which the FDA-approved MSK-IMPACT
NGS panel was used for the analysis of
FFPE tumour specimens and the GRAIL
508-gene cfDNA panel was used to evaluate
plasma and matched buffy coat samples.
Both tissue and cfDNA assay results could
be generated for 124 (77%) of 161 patients
with advanced-stage cancer (NSCLC,
breast cancer or castration-resistant prostate
cancer (CRPC)). The cfDNA assay was
successfully performed with samples from
151 (94%) of the 161 patients, whereas
evaluable data from the tumour tissue
analysis were available from 134 patients
(84%). The lack of evaluable tumour tissue
results in 16% of patients was attributed
to insufficient tumour tissue and/or low
tumour cellularity, low DNA quantity and/or
quality, failed library preparation or other
technical issues®”. Moreover, some patients
in prospective clinical trials lack accessible
metastatic lesions, refuse to undergo biopsy
sampling or have medical contraindications
to biopsy, which can additionally preclude
tumour tissue genotyping in around
one-third of patients with metastatic cancer,
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as found in the prospective SAFIR01/
UNICANCER trial®.

Thus, cfDNA genotyping is an attractive
alternative to tumour tissue profiling,
not least because blood can be obtained
sequentially and with minimal risk of harm.
However, evidence also indicates that plasma
ctDNA genotyping using either single-gene
PCR assays or multigene NGS panels is not
feasible in a proportion of patients with
advanced-stage cancer owing to undetectable
levels of ctDNA. Even in the aforementioned
study of the highly sensitive GRAIL assay*’,
20 (16%) of 124 patients with one or more
variants detected in tumour tissue had no
detectable tumour-derived mutation in their
cfDNA. It is well known that ctDNA levels
are often low or undetectable in patients with
a low tumour burden, cancer at specific sites
and specific histologies (such as glioma)* or
tumours that have low levels of proliferation,
apoptosis and/or vascularization*>*.
Moreover, striking data from the study of
the GRAIL assay™ also indicate that >50%
of genetic alterations detected in cfDNA
from patients with non-hypermutated
cancer might be attributable to clonal
haematopoiesis of white blood cells, rather
than being derived from tumours, which is
a phenomenon associated with increasing
age®. This phenomenon is termed clonal
haematopoiesis of indeterminate potential
(CHIP) when detected in individuals with
no detectable haematological malignancy®’
and is characterized by clonal populations
of myeloid cells in the bone marrow or
blood that harbour an acquired mutation,
often in leukaemia-associated driver genes
and other genes (for example, DNMT3A,
TET2, ASXL1, JAK2 and TP53, and in
more sensitive assays, BRAF, KRAS, NRAS
and PIK3CA)*-*". Of crucial importance
to liquid biopsy is that CHIP can affect
the interpretation of cfDNA assay results
if unpaired ddPCR or NGS assays are
performed, especially when low-VAF
ctDNAs are identified””". This issue is
particularly relevant when determining
eligibility for targeted treatments, as further
discussed below. In a study of patients with
advanced-stage prostate cancer”, ~10%
of men had detectable cfDNA harbouring
CHIP mutations in DNA repair genes,
including ATM, BRCA2 and CHEK2, which
could have incorrectly indicated eligibility
for poly(ADP ribose) polymerase inhibitors
in the absence of paired analyses of DNA
from peripheral blood leukocytes. Notably,
these CHIP ‘misdiagnoses’ were only
detected in men =51 years of age.

On the basis of current evidence, one can
conclude that plasma ctDNA genotyping

can be complementary to tissue genotyping,
and vice versa. However, in patients with
newly diagnosed advanced-stage cancer,

it is not clear whether both tumour tissue
and plasma cfDNA analyses using large
panels always need to be performed in initial
biomarker assessments. In patients with

no accessible metastatic lesions to biopsy,
plasma cfDNA is an alternative source of
material for biomarker identification. In
patients with accessible lesions who are
eligible for FDA-approved companion
diagnostic cfDNA assays, plasma genotyping
should be the first option for patient ease
and comfort, with reflex tumour tissue
analysis reserved only for patients with

no detectable targets. In a research setting

in which concurrent tissue and plasma
genotyping is performed, plasma cfDNA
assays can reveal a fraction of mutations that
are not identified in tumour specimens’;
however, the clinical relevance of these
findings to treatment responses remains
under investigation.

Clinical validation of ctDNA assays
regularly involves and requires large-cohort
phase III trials, and these trials increasingly
occur within the purview of pharmaceutical
companies. Phase III trials now commonly
include mandatory blood sampling,
although the results from analyses of these
samples are often not reported. This paradox
has slowed the development of clinically
validated blood-based biomarkers and,
thus, regulatory approvals of liquid biopsy
assays. The development of such biomarkers
provides both an important opportunity
and, arguably, a responsibility for the
developers of such trials. Reporting of liquid
biopsy findings should, in the future, be
aregular part of the presentation of trial
results, and the design of future trials should
have statistical analysis plans that include a
well-defined biomarker as well as efficacy
end points.

Currently, cfDNA assays are only
approved as companion diagnostics for a
few specific cancers and targeted therapies,
as outlined. Outside these indications,
screening of many patients would be
required to identify a small percentage of
patients (around 10%) who could benefit
from FDA-approved drugs or be matched to
early phase clinical trials of new therapies™.
Whether these initial estimates persist will,
of course, depend on progress made in
translating findings from both prospective
clinical trials and real-world evidence
databases into new indications for novel
or existing molecularly targeted therapies.
There is, however, some reason for optimism
on this front. As an example, the phase III

trial that led to the approval of alpelisib
for advanced-stage, PIK3CA-mutant,
HR*/HER2" breast cancer demonstrated the
utility of ctDNA testing in this setting™, thus
launching ctDNA testing into a setting in
which ~40% of patients are now eligible for
an FDA-approved agent. Similarly, results
from the plasmaMATCH trial demonstrate
that testing for multiple individually rare
pathogenic mutations in patients with
advanced-stage breast cancer can collectively
generate useful therapeutic ‘hits’ for a
substantial percentage of patients (35%)".
Detection of resistance mechanisms. A major
challenge in the application of ctDNA in
guiding treatment decisions is the frequent
occurrence of co-mutations or CNAs and
the development of resistance mutations.
Several mechanisms of resistance to targeted
therapy can be monitored using plasma
ctDNA analysis, including co-mutations that
can affect treatment decisions in multiple
cancer types, most notably in patients with
NSCLC*® and CRC”. For example, KRAS
mutation is a mechanism of resistance to
EGFR-targeted therapy in patients with CRC
that can be detected using plasma cfDNA?*.
cfDNA can also be used to detect, for
example, the EGFR™*M resistance mutation
in patients with EGFR-mutant NSCLC in
order to decide on the optimal subsequent
treatment'®. Methods to enable detection
of CNAs utilizing multigene cfDNA assays,
even with low levels of input ¢cfDNA, have
been described'”". Nevertheless, CNAs are
often not detectable using gene panels,
and shallow WGS of ¢fDNA is another
tool for detecting such mechanisms of
resistance'’>'%,

In addition to monitoring for known
resistance mechanisms, cfDNA can be
used to identify unknown mechanisms
of treatment resistance. One of the first
studies in this area involved the analysis
of serial plasma cfDNA samples using
WES and provided insights into the
mechanisms of resistance to commonly
used chemotherapeutic or targeted agents.
For example, a patient with metastatic
HR*/HER2" breast cancer who progressed
following paclitaxel treatment had increased
mutant allele fractions of PIK3CA, BMI1
and SMC4 (REF'"). However, WES of plasma
cfDNA may only be feasible in patients with
a high ctDNA fraction (higher than 5-10%).
More targeted approaches have used cfDNA
assays including genes with some prior
evidence of an association with resistance
to a particular drug'®. Such a strategy
can help validate or refute preclinical
hypotheses. As an example, the prevalence
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of loss of function mutations in RBI in
patients treated with CDK4/6 inhibitors was
substantially lower than was expected based
on preclinical research'®.

However, whether patients with
advanced-stage disease need to be evaluated
longitudinally using large (>50 gene)
cfDNA panels, or whether a targeted
approach should be used instead, remains
unclear. In contexts in which resistance
mechanisms are not known, all patients
could be monitored with large gene panels.
By contrast, in settings in which resistance
mechanisms are well described, follow-up
assessments could involve either ddPCR
assays for specific mutations or NGS of
smaller panels of genes. Thus, ctDNA can
be used to probe resistance mechanisms
when a valid ‘rescue’ therapy tailored to
the resistance mechanism is available (for
example, osimertinib for patients with
NSCLC and EGFR™™ detected in cfDNA
following prior treatment with erlotinib or
gefitinib)'.

In terms of efforts to elucidate
mechanisms of resistance using cell-based
technologies, the CTC-based androgen
receptor splice variant 7 (AR-V7) test for
metastatic CRPC (mCRPC) represents a
success story. AR-V7 is a ligand-independent
constitutively active form of the
androgen receptor that is not inhibited
by anti-androgen therapies, including
abiraterone and enzalutamide'®. The
results of multiple clinical studies indicate
that the presence of AR-V7 in CTCs is
associated with a poor prognosis in the
setting of secondary hormone therapies
for mCRPC"*'"". Indeed, data from the
multicentre prospective PROPHECY study
validated the presence of AR-V7* CTCs,
detected using either mRNA or protein
assays, as an independent predictor of
unfavourable progression-free survival (PES)
and overall survival (OS), after adjusting
for CTC number and clinical prognostic
factors'®.

Other mechanisms of resistance relate
to spatial and temporal heterogeneity,
including the development of subclones
with different resistance mechanisms that
are often not all detected in single-tissue
biopsy samples, but can be identified using
cfDNA'” or CTCs™. In both univariate
and multivariate analyses, higher VAFs in
cfDNA have been associated with worse
outcomes in patients with advanced-stage
cancers''’. However, as fDNA measurement
technologies and bioinformatics pipelines
improve, more low-VAF ctDNAs will be
identified; some might reflect CHIP, as
discussed previously™, but others might be

associated with prognosis or predict drug
response. For example, in a study using an
ultrasensitive ddPCR assay, the detection

of EGFR™™ mutations at VAFs of >1% in
tissue sections of EGFR-mutated NSCLCs
portended unfavourable PFS and OS with
first-generation or second-generation EGFR
TKIs, whereas most patients with VAFs

of <1% had slower disease progression'"’.
Thus, threshold determinations for low-VAF
mutations should offer fertile ground for
future discoveries.

With regard to CTCs, these analytes
are live cells that have, in many patients,
resisted previous treatments. Indeed, they
are molecularly diverse cells from the
primary tumour and/or multiple metastases
that might have evolved uniquely over time
owing to genetic instability, environmental
cues and drug selection pressures, thereby
providing a comprehensive snapshot of
the tumour biology in real-time'"*. Thus,
single-cell analysis of CTCs can reveal
heterogeneity and divergent phenotypes
between multiple metastatic tumour
sites, providing biological and treatment
insights when examined for genomic,
transcriptomic, proteomic and functional
characteristics™'"*~'>. These insights, in
turn, might lead to a better understanding
of drug resistance mechanisms and assist in
guiding further drug selection'''*¢.

In addition to targeted therapies, liquid
biopsy of ctDNA or CTCs might help in
understanding and monitoring resistance
to immunotherapy. This topic has been
previously reviewed in this journal'”’
and elsewhere'"* and is not developed
further here.

Liquid biopsy versus imaging

Pooled analyses of individual patient data
from five trials in the setting of mCRPC
demonstrated that CTC enumeration using
the CELLSEARCH platform can be used as
an early measure of treatment response’”’.
Similarly, the clinical validity of CTC
enumeration with CELLSEARCH as an
adverse prognostic factor has been shown
in patients with advanced-stage breast
cancer'?»'?!, prostate cancer'** or CRC'%;
however, CTC enumeration does not inform
patient management because no additional
clinical utility has been demonstrated
compared with standard imaging-based
measures. Indeed, although data from the
phase III SWOG S0500 trial confirmed

the prognostic validity of CTCs, they failed
to demonstrate that an early change in
chemotherapy based on the persistence

of five or more CTCs per 7.5 ml of blood
after one cycle of initial chemotherapy can

PERSPECTIVES

improve OS, as compared with a treatment
change upon radiological detection of
disease progression'**. To many;, this result
represents not so much a failure of CTC
enumeration (which indeed has clear clinical
validity in determining PFS and OS) as it
does the dangers of tying the development of
a technology to inefficacious and unselected
treatments. Phenotypic or functional
analysis of persistent CTCs to identify
actionable aberrations, such as PIK3CA'*>'*,
or new therapeutic targets might be an
interesting research avenue to demonstrate
clinical utility.

In a proof-of-concept study, tracking
patient-specific PIK3CA and TP53
mutations in plasma ctDNA was shown to
provide an earlier measure of response
to systemic treatment than imaging
assessment'?’. As with CTCs, no data
suggest that an early treatment change
based on ctDNA-detected as opposed to
imaging-detected progression improves
clinical outcome in patients with metastatic
disease, and thus ctDNA is not currently
used for monitoring treatment response.

Liquid biopsy for early stage cancer
Prognostication using CTCs
Historically, data on the prognostic value
of CTCs in early stage breast cancer
have been obtained through detection of
cytokeratin-19 mRNA in the mononuclear
cell fraction of peripheral blood'*.
However, most data come from studies
involving a total of a few thousands of
patients with breast cancer in whom
the CELLSEARCH assay was used to
detect CTCs before and/or following
surgery and neoadjuvant and/or adjuvant
chemotherapy”. These studies demonstrated
that patients with detectable CTCs either at
diagnosis'**"*" or after 5 years of endocrine
treatment"*' have worse outcomes than those
without detectable CTCs. Indeed, CTC
detection using CELLSEARCH at baseline
could potentially be used as a stratification
factor in clinical trials evaluating new drugs.
Nevertheless, several concerns exist
regarding the use of CELLSEARCH to detect
minimal residual disease (MRD) during
follow-up surveillance of patients with
early stage breast cancer, not least owing to
the low number of CTCs detected in this
group'”’. Another important concern relates
to the relatively low sensitivity and specificity
of a positive CTC test for predicting disease
relapse. In a study involving 1,087 patients
with high-risk early stage breast cancer who
underwent CTC testing with CELLSEARCH
at 2 years after completion of chemotherapy
and with a median follow-up duration of
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3 years following this test, while the presence
of CTCs was prognostic, the sensitivity and
specificity of a positive CTC status (defined
as one or more CTCs per 7.5ml of blood)
for disease relapse were only 36% and 84%,
respectively'*. One might argue that serial
blood testing and longer follow-up might
improve the sensitivity and specificity of

the assay, but this hypothesis remains to

be proven.

ctDNA-based follow-up assessments
ctDNA levels in patients with early stage
disease are usually lower than those

in patients with metastatic disease®,

which poses substantial challenges for

the use of ctDNA surveillance to detect
early relapse. One of the first reported
studies, albeit in patients with either
non-metastatic CRC or CRC metastatic to
the liver, focused on the use of ctDNA

to predict relapse in 18 patients who had
undergone surgery (either colectomy or
hepatic metastasectomy) with curative
intent*!. After tumour DNA sequencing,
patient-specific mutations were evaluated
in plasma cfDNA at 13-56 days following
surgery. The half-life of ctDNA after surgery
was estimated to be 114 min. Moreover, 13
of 14 patients with the detection of ctDNA
(93%) had disease relapse, generally within
a year, in contrast to none of four patients
without detectable ctDNA'", indicating

its potential role in the measurement of
tumour dynamics. However, only two

of those patients had non-metastatic CRC,
and long-term follow-up data are lacking;
thus, conclusions could not be drawn about
the use of ctDNA as a biomarker in the
setting of early stage disease. Following a
proof-of-concept study in 55 patients'*,
Garcia-Murillas et al.”* found evidence

of the prognostic value of ctDNA analysis
during follow-up surveillance in a cohort
of 170 patients with early stage breast
cancer who had received neoadjuvant
and/or adjuvant chemotherapy. The
investigators used ddPCR assays to monitor
patient-specific mutations (one mutation
only in the majority of patients) in plasma
cfDNA that had been previously identified
through targeted NGS of primary tumour
tissue. Personalized ctDNA assays were
successfully developed for 101 (60%) of
170 patients; in the remaining patients,

no mutation could be identified in the
primary tumour. In this study, detection of
ctDNA was associated with an increased
risk of disease relapse, with a hazard

ratio of 25.2 (95% CI 6.7-95.6; P<0.001)
at a median follow-up duration of

35.5 months. Interestingly, TP53 mutations

in three patients were identified as being
due to CHIP; these patients remained
relapse-free'*.

Of note, different cancers have a different
somatic mutation frequency'”’, which can
affect the use of ctDNA assays for follow-up
surveillance of early stage cancers after
standard local and systemic treatment.
Another challenge in the implementation of
ctDNA for surveillance of early stage cancer
is the low fraction of ctDNA in ¢cfDNA
and consequently the presence of tumour
mutations in plasma at VAFs potentially
below the background sequencing error
threshold. The development of methods to
overcome such limitations might improve
analytical sensitivity'**"'*’. Another approach
for addressing limited abundance of cfDNA
is the use of WGS to increase the breadth of
sequencing'’.

The blood volume analysed is another
important consideration when aiming to
detect low-abundance ctDNAs. An elegant
modelling demonstrated that to be able
to detect de novo a single mutation with a
VAF of 0.01% with 95% confidence would
require 150-300 ml with 30,000x sequencing
coverage'*’. However, the blood sample
volume required to detect any of ten known
mutations with VAFs of 0.01% is the same
as that required to detect a single 0.1%

VAF mutation tested in isolation. Thus,

the sensitivity of a given ctDNA assay in
patients with localized cancers is dependent
on not only the blood volume analysed, but
also the number of mutations screened'*.
Commercially available platforms
incorporating this strategy of probing
multiple known mutations via personalized
ctDNA assays have been developed®'*“.
For example, the Signatera assay, which was
designated a Breakthough Device by the
FDA in 2019, involves the selection of 16
somatic variants identified through WES
of paired primary tumour and germline
DNA samples, followed by the design of
patient-specific assays using multiplex-PCR
amplification and subsequently NGS*.

In a retrospective case—control study
involving 49 patients with breast cancer,
including 18 with disease relapse, a mean
of about four plasma samples per patient
were analysed, and the sensitivity and
specificity of the Signatera assay in the
prediction of disease relapse were 89% and
100%, respectively'*. Another approach for
personalized tracking of mutations, called
targeted digital sequencing (TARDIS),

has been developed using patient-specific
primer panels and clinically relevant blood
volumes (one to two tubes of blood) to
detect ctDNA at the very low concentrations

expected in patients undergoing systemic
treatment for non-metastatic cancer. When
used to monitor response to neoadjuvant
chemotherapy, ctDNA concentrations
were 5.7-fold lower in patients with early
stage breast cancer who had a pathological
complete response (pCR) (median allele
fraction 0.003%) than in those who had
residual disease (median allele fraction
0.018%)"“.

The prognostic role of ctDNA detected
using various assays has been evaluated in
over 800 patients with early stage breast
cancer across eight retrospective studies and
one prospective trial (TABLE 2). Data from
four retrospective studies demonstrate a
median lead time from ctDNA detection
to radiological relapse of up to 11 months
in patients who do not receive additional
systemic treatment. The promising
results of ctDNA-based prognostication
mostly come from single-centre studies;
therefore, data from additional prospective,
multicentre series with longer follow-up
durations, and/or meta-analyses of reported
studies, are needed to confirm the sensitivity,
specificity and lead time to relapse.

Treating ctDNA relapse
Here, we introduce the term ctDNA relapse’
to describe a disease stage in which patients
present with detectable ctDNA during
routine cancer surveillance but without
overt imaging-detected disease relapse after
completion of surgery and neoadjuvant
and/or adjuvant chemotherapy for their
primary cancer. Systemic treatment for
ctDNA relapse could potentially create a
new setting for drug testing beyond the
metastatic, adjuvant, neoadjuvant and
post-neoadjuvant settings that have been
traditionally used in clinical trials (TABLE 3).
Historically, cancer drugs (such as
trastuzumab, a monoclonal antibody
targeting the HER2 receptor on breast
tumour cells) have first been tested and
approved in the metastatic setting'*
followed by studies in the neoadjuvant
and/or adjuvant settings'*"'*. More recently,
promising novel agents have been evaluated
in patients who have high risk of disease
relapse based on the absence of a pCR after
standard neoadjuvant-based treatment
(known as the post-neoadjuvant setting).
For example, the anti-HER2 antibody-drug
conjugate trastuzumab emtansine (T-DM1)
was approved by the FDA for the treatment
of patients with HER2" breast cancer and
no pCR after HER2-targeted neoadjuvant
treatment'®. Absence of pCR is useful to
identify those patients who have a high risk
of disease relapse, particularly those with
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Table 2 | Studies of ctDNA-based monitoring of treatment outcomes in patients with early stage breast cancer

Study Disease Setting ctDNA technology Number of Number of Median lead DFS/ pCR®
subtype of ctDNA used patients patients with  time from RFS®
monitoring included  evaluable ctDNA relapse
ctDNA results to clinical
relapse (months)

Olsson et al. (2015)**° All Adjuvant ddPCR 20 20 11 Yes NA
Riva et al.(2017)** TNBC Neoadjuvant ddPCR 46 38 NR Yes No
Chenetal.(2017)" TNBC Adjuvant 134-gene NGS panel 38 33 <8 Yes NA
Garcia-Murillas et al. All Neoadjuvant ddPCR 225 144 10.7 Yes NR
(2015 and 2019)**>13¢ and/or adjuvant
Rothé et al. (2019)'** HER2* Neoadjuvant ddPCR 119 69 NR No Yes
Coombes etal.(2019)**  All Adjuvant Signatera assay 50 49 8.9 Yes NA
McDonald et al. (2019)**  All Neoadjuvant/ TARDIS 33 33 NR NA Yes

adjuvant
Zhang et al.(2019)"* All Adjuvant 68-gene NGS panel 102 102 NR NR NA

136-gene NGS panel

Radovich et al. (2020)'> TNBC Post-neoadjuvant FoundationACT or 196 142 22.8 Yes NA

FoundationOne
Liquid CDx

ctDNA, circulating tumour DNA; ddPCR, droplet digital polymerase chain reaction; DFS/RFS, disease-free survival or relapse-free survival; NA, not applicable;
NGS, next-generation sequencing; NR, not reported; pCR, pathological complete response; TARDIS, targeted digital sequencing; TNBC, triple-negative breast
cancer. *Association between ctDNA detection during follow-up surveillance after neoadjuvant and/or adjuvant chemotherapy and surgery and unfavourable
DFS/RFS. *Association between ctDNA detection before and during the administration of neoadjuvant chemotherapy and a lower pCR rate.

triple-negative or HER2-positive breast
cancer, whereas the prognostic value of
pPCR in patients with HR*/HER2" breast
cancer is less clear'®. One of the reasons
for this disparity is that the subsequent
adjuvant endocrine treatment has an
impact on the association between pCR and
long-term outcomes. Moreover, patients
with HR*/HER2" breast cancer can have
disease relapse 20 years or more after
diagnosis™'; thus, real-time biomarkers
are needed to identify those at high risk of
relapse. ctDNA detection during follow-up
surveillance could potentially provide such
a real-time biomarker. Notably, evaluation
of different systemic treatments, such as
CDK4/6 inhibitors, in this ctDNA relapse
setting is planned'*”.

Currently, a crucial question relating
to this new setting remains: can systemic
treatment of ctDNA relapse lead to cure,
or will such treatment simply delay the
development of overt (radiologically or
clinically detectable) metastatic disease
without improving cure rates (BOX 1)?
Various possible clinical trial designs can
be envisioned for treatments aiming to
improve the outcomes of patients with
such ctDNA relapse of non-metastatic
cancer (FIG. 3). For example, patients
could be randomly assigned either to
an experimental arm involving ctDNA
profiling and subsequent allocation of
biomarker-defined experimental therapies
or to a standard-of-care (SoC) control arm
using only primary tumour histology-based

treatments without ctDNA profiling (FIC. 3,
Design 1). Alternatively, patients could first
be stratified according to ctDNA status
(positive or negative), with each group
subsequently randomized to experimental
or SoC treatment groups (Design 2). Other
designs focus on ctDNA-positive patients
only and involve either a randomized
comparison of experimental versus SoC
treatment (Design 3) or a single-arm
evaluation of a new experimental treatment
(Design 4). Design 1 and Design 2 would
require the highest number of patients

but provide the highest level of evidence

for the clinical utility of ctDNA as a
biomarker. With Designs 1, 2 and 3, the
primary objective would usually be to
compare invasive disease-free survival
(iDFS) between the experimental and

SoC treatment arms. For Design 2, this
comparison will be performed both in

the ctDNA-positive and ctDNA-negative
patients, whereas for Design 3 it will be
performed only in ctDNA-positive patients.
Design 1 would mostly likely be used in a
non-inferiority trial, whereas Designs 2 and
3 would typically be applied in a superiority
trial. Designs 3 and 4 require fewer patients
and are more appropriate for ctDNA assays
with robust evidence of clinical validity and
in settings in which ctDNA detection has
been demonstrated to have a high sensitivity
and specificity for predicting disease relapse.
With Designs 1, 2, 3 and 4, associations
between early ctDNA elimination (for
example, after one treatment cycle) and

iDFS can be evaluated in patients who are
ctDNA-positive at study entry. Designs 1, 2,
3 and 4 can lead to treatment escalation for
ctDNA-positive patients. Designs 2, 3, and
4 are focused on late adjuvant therapy and
patients who present with ctDNA relapse
during follow-up monitoring (for example,
patients with oestrogen receptor-positive
breast cancer), but could also apply to the
post-neoadjuvant setting in patients with

a substantial residual cancer burden at the
time of surgery and evidence of ctDNA

or CTCs in blood following surgical
resection.

Finally, an alternative design (FIG. 3,
Design 5) involves patients at ctDNA relapse
who would be treated according to the
druggable molecular aberrations detected in
their cfDNA. This design might be feasible
in the future when the technology becomes
available for reliable and CGP of plasma
cfDNA, including the ability to detect low
abundance ctDNAs. Alternatively, this
approach could be used today through CGP
of a patient’s primary cancer tissue followed
by monitoring for the druggable molecular
aberration in plasma.

Beyond designing trials focused on
treating patients at ctDNA relapse, the value
of ctDNA detection shortly after definitive
surgery, as a marker of MRD, in guiding
decisions on the use of adjuvant therapy is
currently being tested. For example, this
strategy is being evaluated in patients with
stage II colon cancer in the Circulate trial'>
and the E-Dynamic trial**.
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Table 3 | ctDNA relapse as a new indication for clinical drug development in breast cancer

Treatment setting  Metastatic
Curability Uncurable
Target Overt metastatic

disease

Methods for direct Imaging-based (e.g. by

monitoring of RECIST)
treatment response

Key trialend points ~ PFS and OS
Example treatment  Trastuzumab

Adjuvant Neoadjuvant Post-neoadjuvant® ctDNA relapse
Curable Curable Curable Unknown
Treatment-naive  Primary tumour and Treatment-resistant Treatment-resistant MRD
MRD treatment-naive MRD MRD
None Pathological assessment None ctDNA elimination

of resected tumour tissue

(i.e. for a pCR)
iDFS and OS pCR rates, EFS and OS iDFSand OS iDFS and OS
Trastuzumab Trastuzumab or Trastuzumab CDK4/6 inhibitors for

pertuzumab

emtansine (T-DM1)

HR*/HER2- disease'*?

ctDNA, circulating tumour DNA,; EFS, event-free survival; HR, hormone receptor; iDFS, invasive disease-free survival; MRD, minimal residual disease; OS, overall
survival; pCR, pathological complete response; PFS, progression-free survival; RECIST, Response Evaluation Criteria in Solid Tumors. °Given immediately after

surgery in those without a pCR.

Before the current efforts to treat ctDNA
relapse’®?, investigators tried in the past
to target MRD'* (for example, detected
as disseminated tumour cells in bone
marrow"*® or CTCs in peripheral blood'”")
using delayed adjuvant treatment strategies;
however, to date, none of these efforts has
resulted in an approved clinical indication.
Successful examples of treating patients with
high-risk disease before imaging-detected
relapse include the hormone therapies
apalutamide, enzalutamide and
darolutamide, which have all been
approved by the FDA for the treatment of
patients with non-metastatic CRPC and
rising serum prostate-specific antigen
(PSA) levels on the basis of improvements
in metastasis-free survival observed in
placebo-controlled phase III trials'**'*".
With regard to haematological malignancies,
an example of the successful treatment
of MRD is provided by the approval of
blinatumomab for the treatment of patients
with B cell precursor acute lymphoblastic
leukaemia and MRD after initial multiagent
chemotherapy. This approval was based on
data from an open-label, single-arm study
(consistent with Design 4, FIG. 3) involving
116 patients, which showed that those with
a complete MRD response after one cycle

of blinatumomab had longer PFS and OS

durations than non-responders'®.

Liquid biopsy for early cancer detection
In addition to challenges related to low
ctDNA levels that are associated with early
stage cancers, the low incidence of cancer
in the general population is an important
challenge to the use of liquid biopsy — as
well as other screening methodologies

— for cancer diagnosis. Nevertheless, the
potential to screen for cancer using blood
samples is attractive, and several liquid
biopsy approaches for cancer diagnosis

are under development. Initial approaches
have been based on the detection of driver
gene mutations in plasma cfDNA'®.
However, this approach might be
hampered by the presence of CHIP-related
mutations in a substantial proportion of
individuals without cancer and, moreover,
might require the detection of genomic
aberrations specific to certain tumour types,
thus limiting the diagnostic scope of the
assaylj,] (ﬂ'

Another approach is based on combined
analyses of circulating proteins and
cancer-associated mutations in plasma,
such as the CancerSeek platform'*’. Other
approaches are predicated on the analysis

Box 1| Two scenarios relating to the outcome of therapy for ctDNA relapse

An important question relating to the early detection of disease relapse following curative-intent
local treatment is whether systemic treatment at this point can lead to cure (scenario 1), or will
simply delay the development of overt (radiologically or clinically detectable) disease recurrence
without improving cure rates (scenario 2). In scenario 1, therapy of circulating tumour DNA
(ctDNA)-detected relapsed disease (ctDNA relapse) can be considered as the last adjuvant
treatment, whereas in scenario 2, such intervention corresponds to the earliest treatment of
metastatic disease. In scenario 1, the question will be whether a particular treatment would
provide maximum benefit if given earlier, as part of the initial adjuvant treatment, or at ctDNA
relapse, as a delayed adjuvant treatment. Ultimately, only the latter, delayed approach would
enable adjuvant treatment escalation with potentially toxic and expensive drugs to be restricted to
patients with a clear need for additional therapy, thus sparing those at low risk of relapse from
unnecessary treatment. In scenario 2, the key question will be whether early treatment based on
ctDNA-detected disease relapse can lead to an overall survival benefit compared with treatment of

overt, imaging-detected metastatic disease.

of epigenetic alterations that might be
tissue-specific and cancer type-specific
by analysing genome-wide differentially
methylated regions via cell-free methylated
DNA immunoprecipitation and
high-throughput bisulfite-free sequencing
(cfMeDIP-seq)'® or other methylation
patterns'®. Alternative approaches
include the analysis of differences in
genome-wide fragmentation patterns
between non-tumour and tumour cfDNA
using the DNA evaluation of fragments for
early interception (DELFI) platform'” or
by fragment size'**; cfDNA fragmentation
patterns have also been used to infer
differential accessibility of transcription
factor binding sites that are associated with
certain cancers'®. More recently, targeted
methylation analysis of samples from the
Circulating Cell-free Genome Atlas (CCGA)
study and the STRIVE study has enabled
the development of a methylation-based
assay for the simultaneous detection and
tissue-of-origin identification of various
cancers across disease stages'”’.

An example of the potential clinical
utility of a liquid biopsy approach for
early detection has been provided by the
DETECT-A study'”. In this prospective
study, 10,006 women aged 65-75 years with
no prior history of cancer were evaluated
using the CancerSeek platform. Women who
tested positive by a liquid biopsy baseline test
with exclusion of CHIP (n = 490, 4.9%) then
underwent a second confirmatory test (n =
134, 1.3%) followed by a diagnostic PET-CT
scan. Overall, 26 women had cancers that
were detected using CancerSeek, including
five with stage I (19%), three with stage II
(12%), eight with stage III (31%) and nine
with stage IV (35%) cancers, as well as
one with cancer of unknown stage but
without metastases. Of these 26 women, 14
(54%) had ctDNA mutations, 11 (42%) had
increased levels of protein biomarkers and
one (4%) had both. During the study period,
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however, 70 of a total of 96 (73%) cancers
were detected by standard-of-care screening
(n =24, 25%) or because of symptoms or by
other means (n = 46, 48%). These results,
while interesting, arguably indicate that this
particular approach is likely to have limited
clinical utility, given that most cancers

were detected by other means and that 17
of the 26 (65%) cancers detected by the
blood test were diagnosed at an advanced
stage. Thus, further refinement of this test

is ongoing. Whether this approach would
improve clinical outcomes in an unselected
population remains unknown in the absence
of a randomized controlled trial.

A detailed description of the different
liquid biopsy assays for cancer diagnosis
and the ongoing clinical studies designed
to validate these assays is beyond the scope
of this Perspective and have been addressed
elsewhere™'”2. However, we highlight several
considerations that need to be taken into
account during the clinical development of
a blood-based or any other diagnostic test
for cancer.

False-positives and false-negatives

Even a small percentage of false-positive
test results, spread across a national
population, would hugely increase the
demand for confirmatory imaging as well
as biopsy sampling of imaging-detected
benign abnormalities. Thus, false-positives
have obvious implications for health-care
resources as well as patient well-being.
Conversely, false-negative results would
have important implications related to delays
in diagnosis.

Effects on overall survival

The assumption that early cancer

diagnosis leads to improved OS is not
necessarily correct'”'. Certainly, early
diagnosis of some cancer types might not
improve survival outcomes; for example,
when metastatic disease is readily curable
with systemic therapy (as is the case for
many testicular cancers) or, conversely,
when the cancer will still prove to be
incurable owing to a lack of effective
systemic therapy (for example, limited-stage
small-cell lung cancer). Additionally, an
early stage cancer that is detected via a liquid
biopsy might be indolent or would never
have developed into a life-threatening cancer
(for example, many prostate and breast
cancers), thus constituting ‘overdiagnosis’
of incidental cancers that are unlikely to
affect a patient’s overall health or lifespan.
More specifically, early detection of prostate
cancer through serum PSA testing of men
aged 55-69 years carries a grade of ‘C’ from
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the US Preventive Services Task Force.
This recommendation means that the
screening test should be offered selectively
based on professional judgment and
patient preference because the net benefit
in reducing the risk of death from prostate
cancer is small and the potential harms due
to false-positive results, overdiagnosis and
overtreatment (such as complications that
include incontinence or erectile dysfunction)
are considerable'”.

Psychological effects

The availability of a liquid biopsy approach
for population-level early cancer detection
would potentially alter or redefine what it
means to be a ‘patient’ or to ‘have a disease’
Some otherwise healthy, asymptomatic
people will be delighted to have that
disease identified at an early stage, but for
many such a diagnosis will constitute an
unwelcome and potentially devastating
event. Arguably, diagnostic testing is only

ctDNA profiling and
I ctDNA-guided treatment
_L> No ctDNA profiling; primary
tumour-guided treatment
J Experimental treatment
_L> Standard treatment
ctDNA or observation
Design 2 .
testing
_I—V Experimental treatment
_L> Standard treatment
or observation
_I—V Experimental treatment
tDNA e
_L, Standard treatment
or observation
q ctDNA .
Design 4 s ctDNA Experimental treatment

‘AberrationA ‘—»‘ Experimental treatment A ‘

‘AberrationB ‘—»‘ Experimental treatment B ‘

Comprehensive
profiling of tissue
and/or plasma

Design 5 ctDNA* ‘ Aberration C ‘—»‘ Experimental treatment C ‘

cfDNA to identify
druggable
aberrations

‘ Aberration D ‘—»‘ Experimental treatment D ‘

‘Aberration ‘—»‘ Experimental treatment ... ‘

Fig. 3 | Possible designs of clinical studies of treatments to improve the outcomes in patients with
ctDNA relapse after treatment of early stage disease. Design 1 enables the comparison of primary
tumour-guided versus circulating tumour DNA (ctDNA)-guided adjuvant treatment. This approach
involves ctDNA analysis for the detection of minimal residual disease (MRD) following initial surgery
(or other curative-intent treatments) and is predicated on early application of adjuvant therapy for
those with detectable MRD who have a high risk of disease relapse (for example, in patients with stage Il
colorectal cancer, in whom ctDNA detection after curative surgery is being investigated as a means
to decide whether to administer adjuvant chemotherapy). Design 2 involves the comparison of an
experimental therapy versus a standard-of-care treatment in both ctDNA-positive and ctDNA-
negative groups. Design 3 compares an experimental versus a standard-of-care treatment only in the
ctDNA-positive group. Design 4 evaluates an experimental adjuvant treatment in the ctDNA-positive
group only (single-arm study). Design 5 explores the value of treating patients at ctDNA relapse
according to different druggable molecular aberrations detected in either plasma or tissue. These trial
designs can also be applied with any other liquid biopsy-based biomarker, including circulating tumour
cells (CTCs). cfDNA, cell-free DNA.
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valuable if it leads to action that can alter the
disease outcome, particularly by defining

an appropriate (and preferably life-saving)
therapeutic strategy.

Clinical integration of liquid biopsy
Considering the various current or
potential future clinical applications of
liquid biopsy, and assuming that the assay is
demonstrated to have appropriate analytical
and clinical validity, clinical utility, and
approval and reimbursement for a particular
indication, the actual integration of liquid
biopsy tests into the clinical workflow

is an important and complex aspect that is
often overlooked. To better understand

this process, experience can be drawn

from successful examples of tissue-based
multigene assays that are currently used in
the management of patients with cancer,
such as Oncotype Dx and FoundationOne
CDx (F1CDx). Oncotype Dx was developed
to identify a subset of patients with HR®,
node-negative breast cancer who can be
spared chemotherapy'”!, whereas F1CDx
was developed to identify druggable
genomic aberrations in patients with
advanced-stage cancers'””. These assays

are both performed at a central laboratory
and have changed the paradigm of cancer
diagnostics from one that was historically
based on tumour analysis in the pathology
department of each hospital (decentralized
testing) to a model that is based on off-site,
centralized testing (TABLE 4). This paradigm
shift reflects the fact that multigene

assays, as opposed to single-gene assays,
require considerable investment of time,

knowledge and resources, not only in their
development but also in their day-to-day
clinical implementation. This investment
encompasses state-of-the-art NGS
machines, adequate cloud storage space for
the sequencing data, technicians for wet
laboratory tasks and bioinformaticians for
data analysis, as well as a molecular board of
clinicians, biologists and bioinformaticians
for data interpretation. Central laboratories
performing these assays are providing their
services at a national or even international
level, which potentially enables cost savings
through economies of scale (that is, owing
to the large number of samples analysed).
Many local pathology laboratories will be
unable to compete with central laboratories
when it comes to the implementation of
multigene assays. We predict that the model
of decentralized testing will be used for
single-gene or small multigene (fewer than
five genes) ctDNA assays, but centralized
testing will prevail for larger multigene
ctDNA assays.

Another important aspect for the
incorporation of liquid biopsy into
the clinical workflow involves the education
and training of hospital personnel, including
pathologists, nurses and physicians, in the
application and interpretation of the new
assay. For example, even at a local hospital
where multigene tumour and/or liquid
biopsy assays will not be performed on-site,
but rather in a central laboratory, a nurse
or certified phlebotomist is required to
perform the blood draw and the pathology
laboratory personnel perform the initial
sample processing, if needed; thus,

Table 4 | Models of molecular pathology analysis

Characteristic Centralized

Target service area

Central laboratory for several academic
or community hospitals, at the regional,

Decentralized

Laboratory for one
hospital

national or international level

Resource requirements High
Wet laboratory workflow Complex
Bioinformatics Often needed

Tumour tissue assays

Multigene panels (can be PCR-based or
NGS-based assays, such as Oncotype
Dx, FoundationOne CDx, MSK-IMPACT,
UW-OncoPlex and others)

Low
Simple
Often not needed (e.g.

when a single-gene assay
is used)

ER protein expression
and ALK translocation
by IHC and FISH,
respectively

ctDNA assay Multigene assays, usually NGS-based Single-gene PCR-based
(such as Archer, Avenio, FoundationOne  assays (for example, EGFR
Liquid CDx, Guardant360 CDx, or PIK3CA assays)
Oncomine, MSK-ACCESS, Signatera,
UW-OncoPlex CT and many others)

CTC assay CTC characterization assays (for CTC detection assays
example, Oncotype Dx AR-V7'%) (CELLSEARCH)

CTC, circulating tumour cell; ctDNA, circulating tumour DNA; ER, oestrogen receptor; FISH, fluorescence
in situ hybridization; IHC, immunohistochemistry; NGS, next-generation sequencing.

individuals in these roles have to be aware
of the assay protocols and any preanalytical
issues that might affect assay performance.
Similarly, the physician who will receive

the assay report needs training in how to
read the report, interpret the results and

act accordingly. Such training for hospital
personnel needs to be organized through
dedicated seminars delivered at work or,
even earlier, to be included in the university
curriculum as part of education in new
technologies. Despite the crucial role of
training of individual laboratory and clinical
physicians in the fundamental principles of
liquid biopsy assays, the rapid accumulation
of knowledge, occurring at warp speed
across many tumour types, makes it difficult
for most physicians to keep up to date. In
many health-care systems, this situation has
led to the development of multidisciplinary
molecular tumour boards charged with the
interpretation of results obtained by NGS
of ctDNA or tumour-tissue DNA'°. Such
tumour boards typically incorporate clinical,
molecular genetic and pathology expertise,
and increasingly offer support to medical
oncologists grappling with often confusing
and complex information overload. Going
forwards, harmonization of the approaches
used by molecular tumour boards will
provide important opportunities to

increase efficiency and clinical use of liquid
biopsy assays.

Al to facilitate liquid biopsy

Artificial intelligence (AI) promises

to revolutionize the way we practise
medicine'”’. AT has already been leveraged
to improve the performance of different
liquid biopsy assays and will facilitate their
future integration into the clinical workflow.
Examples include the use of machine
learning approaches for the detection and
characterization of CTCs'7*-'%, for the
analysis of ctDNA for cancer detection

and localization'*>'*”'!, for integrative
multi-omics analyses'®* and future
integration of liquid biopsy tests together
with other clinicogenomic, metabolomic,
immunomic, microbiomic and homeostatic
data to guide treatment decisions.

With regard to early diagnosis, a
machine learning platform termed ‘Tung
cancer likelihood in plasma’ (Lung-CLiP)
has been developed for lung cancer
detection based on targeted sequencing
of plasma cfDNA and matched leukocyte
DNA'®. The Lung-CLiP algorithm was
trained using samples from patients with
well-annotated clinical, histological and
imaging data, particularly metabolic tumour
volume (MTV) data from PET-CT scans.
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In retrospective analyses, Lung-CLiP
distinguished patients with early stage
NSCLC from control individuals with
matched risk profiles, with a sensitivity of
41%, 54% and 67% for stage I, I and I1I
disease, respectively, when the specificity
was set at 98%, and was also validated in an
independent prospectively obtained cohort.
Moreover, it was shown that the sensitivity
of Lung-CLiP strongly correlated with MTYV,
with approximate sensitivities of 16% for a
volume of 1 ml, 52% for 10 ml, and 80% for
>100ml (REF'®).

Priorities for liquid biopsy research
Outlining the key current challenges in liquid
biopsy might reveal priorities for future
research in this area. Here, we provide our
perspective on the top ten challenges (BOX 2).

Standardization of the preanalytical
variables previously discussed is of the
utmost importance, given that such variables
can cause the results of the same assay
to differ substantially and can ultimately
lead to problems in clinical interpretation.
Standardization of the crucial procedures
before the actual performance of the
liquid biopsy assay, together with adequate
reporting of these procedures, will not only
improve the value of the assays in guiding
treatment decisions but also enable the
comparison and/or combination of results
from different studies. As highlighted,
the use of Al is expected to improve the
performance of liquid biopsy assays
and accelerate their introduction into
clinical practice, and therefore demands
increased attention. Relatedly, data sharing
is essential. International academic-
industry collaborations in genomics and in
oncology'** are aiming to accelerate research
in these fields, and we advocate for such
ventures in liquid biopsy research. As an
often-overlooked area, the incorporation
of liquid biopsy assays into the clinical
workflow warrants additional studies.

In terms of clinical decision-making,
another key challenge relates to the role of
aberrations detected in plasma cfDNA but
not in tumour tissue and their relevance
to treatment selection. For a given somatic
aberration that is known to be predictive of
benefit from a molecularly targeted agent,
whether patients with this aberration in
plasma cfDNA but not in synchronous
tumour tissue derive the same benefit as
patients who have the aberration detected in
both plasma cfDNA and tumour tissue or
in tumour tissue only is now beginning to be
studied'®. This question could be addressed
either in retrospective series or optimally in
prospective clinical trials.
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Box 2 | Our list of ten top-priority areas for liquid biopsy research

e Standardization of preanalytical variables

e Use of artificial intelligence to improve liquid biopsy assays

e Data sharing and international academic—private collaboration

* Incorporation of liquid biopsy assays into the clinical workflow

e Evaluation of clinical benefit of targeted therapies when the relevant molecular aberrations are
detected in plasma cell-free DNA but not in tumour tissue

* Demonstration of the value of circulating tumour cells (CTCs) as a complementary tool to
circulating tumour DNA (ctDNA) in precision medicine

e Evaluation of CTCs and ctDNA as complementary adjuncts to standard imaging assessments

e Use of liquid biopsy to optimize treatment with cancer immunotherapy

* Improvement in overall survival through the detection and subsequent treatment of ctDNA
relapse during follow-up surveillance after therapy for early stage disease

e Cancer diagnosis leading to improved overall survival without compromising quality of life

Another challenge lies in demonstrating
the value of CTCs as a complementary tool
to ctDNA in precision medicine. ctDNA
can be used for real-time monitoring
of the evolution of the tumour genome,
while CTCs can provide complementary
information about changes to the
transcriptome and proteome. The combined
use of distinct and diverse data from
ctDNA and CTC analyses might, therefore,
refine our ability to predict benefit from a
particular targeted agent. With continued
technology development, and perhaps in
concert with organ-on-a-chip platforms that
could potentially recapitulate appropriate
microenvironmental contexts, we postulate
that CTCs might also be used for real-time
drug screening. Clinical trials are needed
to evaluate these possible roles of CTCs,
especially with regard to specific targeted
treatments.

Whether scope exists for liquid
biopsy biomarkers (CTCs or ctDNA) to
complement standard imaging assessment
by CT in monitoring treatment response
is another pertinent question. We believe
that CTCs or ctDNA might have such a
role'®. For example, we can envisage utility
in monitoring metastatic disease that is
evaluable but non-measurable by standard
imaging, such as bone-only metastatic
breast cancer. CTCs or ctDNA responses
could potentially also be used instead of
or in addition to CT assessments, at the
same time points, to provide more accurate
assessments of treatment response, for
example, in confirming pseudoprogression
with immune-checkpoint inhibitors'"”.
Notably, CTC and/or ctDNA assays might
be less costly than CT or PET-CT imaging,
are unlikely to cause secondary cancers, are
less bothersome to patients and are more
likely to provide insights into mechanisms
of treatment resistance. Well-conducted

studies with analytically and clinically
validated liquid biopsy assays are needed
to demonstrate clinical utility in disease
monitoring instead of or in combination
with standard imaging. Such studies will
require the development of rigorous and
validated definitions of CTC or ctDNA
responses, akin to Response Evaluation
Criteria in Solid Tumors (RECIST) used for
radiographical response assessments'"’.

Efforts to improve the OS of patients
with early stage cancers through the timely
detection and treatment of ctDNA relapse
present additional challenges. Currently,
whether treating ctDNA relapse would lead
to cure or simply delay the development
of imaging-detected metastatic disease is
unknown (BOX 1); the answer to this question
might differ according to the disease setting
and the treatments used.

Finally, the use of liquid biopsy for early
cancer detection will be challenging —
but potentially invaluable. Randomized
controlled trials comparing the use of
ctDNA assays (either with or without
prior screening tools) with standard
diagnostic algorithms are needed to assess
effects on OS, as well as the quality of life
of those undergoing these liquid biopsy
tests. Similar trials that evaluated previous
generation technologies (such as screening
mammography'® and serum PSA testing'®’)
provide a template for the clinical testing of
liquid biopsy-based screening.

Conclusions

In this Perspective, we outline several
challenges in liquid biopsy research,
including scientific questions related not
only to technology development and clinical
research but also to the optimal integration
of liquid biopsy into the clinical workflow,
an aspect that is often neglected in the
literature. Addressing these challenges in the
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coming years will lead to a profound change
in the practice of oncology by introducing
liquid biopsy as a tool for the real-time
assessment and management of tumour
evolution.
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