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In the current era of precision medicine, the identification of genomic alterations has revolutionised the management of patients
with solid tumours. Recent advances in the detection and characterisation of circulating tumour DNA (ctDNA) have enabled the
integration of liquid biopsy into clinical practice for molecular profiling. ctDNA has also emerged as a promising biomarker for
prognostication, monitoring disease response, detection of minimal residual disease and early diagnosis. In this Review, we discuss
current and future clinical applications of ctDNA primarily in non-small cell lung cancer in addition to other solid tumours.
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LIQUID BIOPSY IN ONCOLOGY
Peripheral blood analysis to detect circulating-free DNA (cfDNA)
and circulating-tumour DNA (ctDNA) has been extensively studied,
and technologies that detect genomic aberrations and quantify
DNA in circulation are rapidly evolving. Research efforts in this field
are becoming of interest to clinicians world-wide and several
comprehensive reviews have reviewed the advances in methodol-
ogy, analytical validity, and future directions of liquid biopsy
technologies [1-4]. Although tissue biopsy is still necessary to
obtain histologic diagnosis, PD-L1 evaluation, and other relevant
biomarkers, the use of ctDNA is becoming more prevalent in clinical
settings, as a plasma-first, complementary or sequential approach
to tissue testing. The integration of liquid biopsy in clinical practice
has been increasingly studied in non-small cell lung cancer (NSCLC)
[5]. In this review, we discuss the current and future applications of
ctDNA in clinical practice, with a focus on clinical utility in NSCLC
and a select number of additional solid tumours.

ctDNA analysis offers a non-invasive approach for initial
diagnosis and longitudinal treatment response, by capturing
tumour heterogeneity and resistance patterns. Although powerful
single cell sequencing technologies are at the forefront of
understanding tumour biology [6], tissue samples from serial
biopsies of patient tumours seldom capture the genomic
complexity of the entire tumour and metastatic sites. Therefore,
liquid biopsy offers an advantage over tissue biopsy by capturing
inter- and intra-tumour heterogeneity of tumours, especially in the
metastatic setting [7, 8]. Currently, cfDNA, of which ctDNA is a
small fraction, is the most common analyte studied from liquid
biopsies and is commonly integrated into clinical practice. ctDNA
can be found in a variety of fluids, including pleural or peritoneal
fluid, or cerebrospinal fluid (CSF) [9-11], but plasma remains the
preferred source [12].

In addition to ctDNA, circulating tumour cells (CTCs), RNA
(circulating free RNA, non-coding RNAs), tumour-educated platelets
(TEPs) and extracellular vesicles/exosomes can also be isolated and
have recently demonstrated relevant mechanisms through which
they can modify or be modified by tumour cells leading to
predictive and prognostic biomarkers (Fig. 1) [13, 14]. There has
been recent data showing that CTCs may also be useful predictive
markers of recurrence and survival in patients with solid tumours
[15, 16]. In patients with metastatic breast cancer, several studies
have shown that the number of CTCs at baseline is an independent
predictor of progression-free survival (PFS) and overall survival (OS)
[16, 17]. Notably, several phase Il and phase Il clinical trials such as
TREAT-CTC, STIC-CTC and ongoing trials have shed light onto the
clinical utility of this cell population [18, 19]. In lung cancer, the
combination of cfDNA analysis and CTCs for EGFR mutation
evaluation using VTX-1 liquid biopsy system (Vortex Biosciences)
has enabled the analysis of EGFR mutations in both CTCs and ¢fDNA
from a single blood collection [20, 21]. However, characterisation of
CTCs that contribute to metastasis remains elusive, owing to their
phenotypic heterogeneity. Adoption of CTC use or other non-ctDNA
based plasma biomarkers in routine clinical practice will require
robust demonstration of analytic validity, clinical validity, and, most
importantly, clinical utility [22, 23]. This review will focus on the
clinical applications of ctDNA.

CURRENT APPLICATIONS

Molecular genotyping of advanced disease

Targeting the activation of specific molecular pathways to inhibit
tumour growth has led to personalised treatments with significant
clinical and survival benefit [24-26]. In the current era of targeted
therapy, the detection and characterisation of genomic alterations
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Fig. 1

Opportunities and challenges of ctDNA in cancer. The advantages and disadvantages of utilising ctDNA technology compared with

tissue biopsy are highlighted in green and red boxes, respectively. The graph demonstrates varying ctDNA kinetics. Dotted blue lines
demonstrate potential cases of early ctDNA clearance. ctDNA+: ctDNA positive result, ctDNA—: ctDNA negative result. 'Genomic changes
refer to point mutations, gene re-arrangements, insertions/deletions, or copy number changes. Figure created with BioRender.com. TAT turn
around time, TMB tumour mutational burden, TIL tumour-infiltrating lymphocytes, TCR T-cell receptor, CHIP Clonal hematopoiesis of
indeterminate potential, CTC circulating tumour cell, TEP tumour-educated platelet, MRD minimal residual disease.

that drive tumour growth has prompted several guideline-based
recommendations for many actionable targets for drug therapy
that improve patient outcomes (Table 1).

The European Society of Medical Oncology (ESMO) recom-
mends routine use of broad panel next-generation sequencing
(NGS) on tumour samples in advanced non-squamous NSCLC,
prostate cancer, ovarian cancer and cholangiocarcinoma [27].
Although the gold standard for molecular testing is tumour tissue
genotyping, ctDNA analysis has demonstrated clinical utility as an
alternative or complementary tool in NSCLC, especially in clinical
scenarios where tissue or time is limited [28-30]. Currently, the
National Comprehensive Cancer Network (NCCN) recommends
plasma-based molecular testing as part of broad molecular
profiling in all patients with non-squamous NSCLC at the time of
diagnosis, if there is insufficient tissue to test all relevant targets,
(EGFR, ALK, ROS1, BRAF, MET, NTRK and RET) [31]. Plasma-based
testing is also preferred for patients who are medically unfit for
repeat tumour biopsy. Additionally, the International Association
of the Study of Lung Cancer (IASLC) consensus statement in 2018
concluded that ctDNA approaches have significant potential to
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improve patient care, and immediate implementation in the clinic
is justified in a number of therapeutic settings in NSCLC including
in the diagnosis of EGFR tyrosine kinase inhibitor (TKI) resistance
(EGFR T790M) [28].

NSCLC. The most comprehensive evidence for blood-based
ctDNA analysis for molecular genotyping has stemmed from
studies in advanced NSCLC. The NILE (Noninvasive vs Invasive
Lung Evaluation) clinical trial (NCT03615443) prospectively ana-
lysed the clinical utility of plasma-based NGS (Guardant360™) for
first-line genotyping in patients with metastatic non-small cell
lung cancer (NSCLC) as compared with tissue genotyping. In 282
patients analysed, the Guardant360™ NGS assay detected clinically
relevant NSCLC-associated biomarkers at a similar rate to
standard-of-care (SOC) testing and was deemed non-inferior.
The combination of tissue-based and plasma-based genotyping
and cfDNA resulted in a higher frequency of driver mutations
identified than either method alone. In addition, the median turn
around time for plasma-based NGS was significantly lower than
for SOC tumour genotyping (9 days vs. 15 days) [29].
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In a cohort of 229 patients, Aggarwal et al. has also demonstrated
that adding plasma NGS to the routine management of patients
with metastatic NSCLC increases targetable mutation detection and
improves delivery of molecularly-guided therapies [30]. More
recently, another prospective study using InVisionFirst™ also
demonstrated excellent concordance with tissue profiling in 264
patients with untreated advanced NSCLC [32]. The Blood First Assay
Screening Trial (BFAST) is an ongoing multi-cohort study
(NCT03178552) evaluating plasma-based NGS (FoundationOne
Liquid) for detection of actionable genomic alterations in patients
with advanced NSCLC, and assessing the efficacy of targeted and
immunotherapy-based therapies on plasma results alone. Prelimin-
ary data from patients with ALK-fusion positive disease showed a
high overall response rate (ORR) and clinical benefit in patients with
ALK fusions detected in plasma and treated with alectinib [33, 34]. A
growing number of registration studies of novel agents such as
capmatinib, tepotinib and sotorasib have also used liquid biopsy as
an initial diagnostic method for target identification, leading to
broader regulatory acceptance of ctDNA as a diagnostic tool in
patients with advanced NSCLC [35-37]. These studies have validated
the clinical utility of blood-based NGS to guide precision medicine in
patients with advanced NSCLC at diagnosis.

Melanoma

NCCN—Oesophageal, EJG, and NCCN -

gastric

Other advanced solid tumours. In HER2-negative, hormone
receptor-positive advanced breast cancer, SOLAR-1 demonstrated
that PIK3CA mutations detected in tissue or ctDNA can guide
treatment with alpelisib in combination with fulvestrant, after
progression on prior endocrine therapy [38, 39]. This trial
demonstrated improved PFS in patients with PIK3CA mutations
detected in plasma ctDNA [40]. NCCN Guidelines for invasive
breast cancer (version 2.2022) recommend assessment for PIK3CA
mutations in tumour tissue or ctDNA in this setting [41]. However,
in line with current state-of-the-art molecular genotyping in
NSCLC, a negative PIK3CA plasma test should be followed by
profiling in tumour tissue due to assay sensitivities. Additionally,
the TAPUR study demonstrated that single-agent pembrolizumab
has meaningful clinical activity in heavily pretreated patients with
metastatic breast cancer with high tumour mutational burden
(TMB) detected in tissue or blood [42].

In metastatic colorectal cancer (mCRC), KRAS, NRAS and BRAF
assessment is mandatory for treatment selection and prognos-
tication, as RAS mutations confer resistance to anti-EGFR
antibodies and BRAF V600 mutations associate with poor
prognosis. In this setting, ctDNA testing using single gene assays
(PCR-based) has been approved as an alternative to tissue-based
genotyping [43, 44]. Currently, several trials are exploring the
clinical utility of ctDNA analysis in mCRC in different settings. The
CHRONOS trial (NCT03227926) explored the role of ctDNA analysis
to select patients for rechallenge with panitumumab in the third
line setting in patients with RAS wildtype mCRC. Of 52 patients
tested, 69% had no ctDNA evidence of RAS/RAF/EGFR mutations.
Re-challenge panitumumab was associated with an ORR of 30%,
demonstrating the potential of ctDNA to identify patients for
successful retreatment [45].

In patients with metastatic castration-resistant prostate cancer,
ctDNA analysis to detect BRCA1 and 2 mutations can guide
treatment with PARP inhibitors [46]. There is high concordance of
mutation detection in plasma and tumour tissue [47, 48]. As a
result, FoundationOne Liquid™ is approved by the US FDA for
these indications [49]. In melanoma, the use of single gene
(BEAMing) assays to detect BRAF V600E mutations in plasma has
been challenged by a low sensitivity rate of 75% [50]. However,
research is ongoing in the area of prognostication and response
monitoring. Other single gene detection methods have been
developed in order to analyse BRAF status in blood samples, such
as Allele-specific amplification Refractory Mutation System PCR
(ARMS), Allele-Specific PCR (AS-PCR), PNA-PCR clamping techni-
que, and digital droplet PCR (ddPCR) [51].

NCCN - NSCLC  NCCN- Breast cancer

ESMO NSCLC

ASCO/CAP

IASLC
v
v
v
v
v
v
v
v
v
v

Current recommendations for ctDNA analysis in solid tumours.
Oncology, ASCO/CAP American Society of Clinical Oncology, College of American Pathologists.

Check marks indicate recommendations based on NCCN guidelines (tumour-specific).
NSCLC non-small cell lung cancer, CHIP Clonal hematopoiesis of indeterminate potential, EGJ Esophagogastric, IASLC International Association for the Study of Lung Cancer, ESMO European Society for Medical

A positive, actionable ctDNA-detected alteration is

If tissue insufficient, medically unfit, or expected
sufficient to initiate treatment

delay, consider plasma testing
If plasma negative, tissue biopsy recommended

Reports to include platform used and molecular

Plasma genotyping at progression to detect
findings

targetable alteration

NGS is preferred for detecting fusions
Establish analytical validity of each assay
Account for CHIP-related alterations

Plasma over serum
Prioritise histologic diagnosis

Table 1.
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Finally, clinical utility of ctDNA detection is also being
investigated in gastroesophageal adenocarcinoma (GEA). NCCN
guidelines recommend plasma-based NGS if a patient is unable to
undergo a tissue biopsy [52]. Several studies have explored the role
of plasma ctDNA NGS in guiding clinical decision-making in GEA
[53, 54]. Targetable mutations were identified at higher frequency
using ctDNA compared with previous tissue NGS testing, including
detection of microsatellite instability (MSI) and HER2 ampilification.

Detecting acquired resistance

In the advanced clinical setting, the identification of specific
resistance mechanisms can inform subsequent therapies, paving
the way for implementation of ctDNA-based methods to guide
therapy. Subsequent to the development of resistance to first- or
second-generation EGFR TKls in EGFR mutant advanced NSCLC,
patients benefit from osimertinib in the second-line setting if a
EGFR T790M resistant mutation is identified [55]. Several studies
have shown the clinical utility of T790M detection in ctDNA using
various platforms leading to implementation of liquid biopsy in
this clinical setting. For patients with a plasma T790M-negative
result, reflex tissue biopsy and tissue genotyping is recommended
[56-58]. Osimertinib, a third-generation EGFR inhibitor, has now
moved to the first-line setting as treatment for patients with
advanced EGFR mutant NSCLC [24]. Although resistance via T790M
has been described with this agent, ctDNA testing is now being
explored as a tool to identify novel resistance mechanisms to
guide future treatment [59]. Mechanisms of resistance have
included MET amplification and EGFR C797S mutations, HER2
amplifications, among others, all of which can be detected in
ctDNA [60, 61]. Plasma-based NGS has also demonstrated clinical
utility in detecting targetable alterations and characterising
resistance mechanisms after progression with ALK inhibitors in
ALK-rearranged NSCLC patients [62, 63]. If a single or limited
number of resistance mechanisms is expected, PCR-based single
gene assays may be advantageous. However, in most settings,
comprehensive NGS panels are more likely to identify potential
resistance alterations and are becoming a routine adjunct to tissue
biopsy. If an actionable target is identified in ctDNA, this is
considered sufficient to direct therapy (Table 1).

We anticipate that ctDNA analysis will be integrated broadly as
a complementary genomic diagnostic method not only at initial
diagnosis, but to characterise resistance mechanisms to targeted
therapies and inform sequential therapy.

Nevertheless, clinicians should also consider histological trans-
formation from NSCLC to small-cell lung cancer as a potential
mechanism of resistance to targeted therapies [64], which would
not be captured by ctDNA analysis. In certain clinical settings (i.e.
extensive tumour growth, loss of Rb7 and p53 detected in ctDNA),
tissue biopsy should be pursued [65].

OPPORTUNITIES: EMERGING LANDSCAPE AND FUTURE
CLINICAL APPLICATIONS

In addition to molecular genotyping in advanced solid malig-
nancies and aiding in treatment selection at resistance, ctDNA is
emerging as a promising biomarker in other clinical scenarios such
as cancer screening and monitoring treatment response. There is
mounting evidence for the use of ctDNA as a marker of prognosis,
treatment response, as well as detection of minimal residual
disease (MRD) and relapse risk after curative therapy. However,
prospective trials to demonstrate the clinical utility of ctDNA in
these settings are still needed. Clinical utility is the measure of a
test’s ability to result in better patient outcomes through
improved treatment selection.

Accelerate time to treatment in advanced disease

Given the major impact of wait times for molecular testing results
on patient outcomes, liquid biopsy can be used to accelerate the
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molecular diagnosis and time to treatment of patients with
advanced cancer (Fig. 1). It is currently being investigated in
prospective trials in patients with radiographic evidence of
advanced lung cancer, prior to diagnostic tissue biopsy and
profiling, with encouraging results [66, 67]. In a cohort of 55
patients with suspected advanced lung cancer, plasma-based
molecular profiling performed at the time of diagnostic biopsy
was highly concordant with tissue sequencing and was associated
with shorter time to treatment initiation [67]. In a similar study in
patients with suspected advanced lung cancer, 22% of patients
commenced targeted therapy as a result of plasma-based
molecular profiling without tissue molecular results; blood-first
ctDNA NGS increased the rapidity of detection of actionable
alterations with high tissue concordance, leading to timely
treatment decisions [66]. These studies aim to shorten the time
to treatment for patients with and without targetable alterations
(NCT04863924). However, “plasma first” does not mean plasma
only; tumour biopsy is required for lung cancer diagnosis,
pathologic subtyping, and PD-L1 assessment in advanced disease
[68].

Blood-based predictive biomarkers for cancer immunotherapy
Optimal selection of patients for immunotherapy remains a
challenge. The use of PD-L1 as a biomarker has limitations, given
its limited predictive value in certain tumour types. Several studies
are exploring additional biomarkers in tissue and blood to identify
those who may benefit most from treatment. Given the clinical
benefit of pembrolizumab seen across several tumour types in
patients who are MSI-H or have high TMB (=10 mut/Mb) as seen in
the KEYNOTE 158 trial [69-71], the US FDA granted approval for
pembrolizumab in this setting [72-74]. This has led to studies
exploring whether ctDNA detection of these biomarkers in blood
(bTMB) can predict response to check-point inhibitors. Non-
invasive approaches for detection of MSI and TMB in plasma
appear feasible and can overcome sampling bias seen with
tissue sampling [75, 76]. ctDNA analysis can be used for TMB
measurement as a surrogate of tissue-based TMB. In the MYSTIC
phase I trial, ctDNA for quantifying bTMB from plasma appeared
to predict clinical benefit with durvalumab and tremelimumab
compared with conventional chemotherapy in patients with
NSCLC [77]. Analysis of patient samples from the OAK study also
demonstrated that bTMB can predict PFS with atezolizumab [78],
and appeared to be an independent biomarker from PD-L1 status
[79]. A large real world analysis of almost 30,000 patients
demonstrated that those with various Gl malignancies who
underwent ctDNA analysis using Guardant 360 to identify MSI-H
status derived clinical benefit from immune checkpoint inhibition
[80]. A few limitations do exist given that tumours need to shed
enough ctDNA for the assays to be valid, as such, prospective
validation studies are required before broader implementation.

The tumour microenvironment can also provide important clues
as to how an individual tumour and patient may respond to
immunotherapy. Recently, this has included the T-cell receptor
(TCR) repertoire of tumour-infiltrating lymphocytes [81-83]. TCR
repertoire diversity in peripheral blood prior to treatment initiation
could also represent a predictive biomarker to guide the use of
immunotherapy [84, 85].

ctDNA dynamics: prognostic impact and treatment response
monitoring in advanced disease

Monitoring treatment response to therapy is another emerging
application of ctDNA technologies, which may be relevant to all
forms of therapy including chemotherapy, immunotherapy,
targeted therapy, radiation therapy and surgery.

NSCLC. In NSCLC and other solid tumours, ctDNA detection is
being explored as a prognostic marker and surrogate for
monitoring treatment response. Detection of ctDNA in plasma
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appears to correlate with tumour burden [86]; pre-treatment levels
of ctDNA may predict long-term survival in locally advanced
NSCLC [87, 88]. Early ctDNA changes can be detected at first
follow-up, prior to radiographic response [89]. Anagnostou et al.
demonstrated that ctDNA response precedes radiologic response
by an average of 9 weeks, making it a potential tool to monitor
and guide patient therapy [90]. Plasma ctDNA clearance or
decreasing levels have also been associated with improved
response rates, PFS and OS [91].

In the targeted therapy setting, Gray et al. demonstrated that
treatment-naive patients with advanced EGFR mutant NSCLC
without evidence of plasma ctDNA at diagnosis had improved PFS
when treated with osimertinib, likely related to lower tumour
burden [92]. Early clearance of plasma EGFR mutant clones was
also predictive of response to osimertinib in the AURA-3 trial [93].
In a large real-world prospective cohort of 949 patients with
advanced NSCLC carrying driver mutations, higher plasma ctDNA
levels were associated with poor prognosis, and similarly clearance
of ctDNA with targeted therapy was associated with better PFS
and OS [79].

In patients with NSCLC receiving first line immunotherapy or
combination immunotherapy and chemotherapy (if PD-L1 < 50%),
a retrospective study evaluated the role of early ctDNA changes in
predicting response to therapy. Those with a decrease in allelic
frequency of patient-specific mutations had evidence of a
radiographic response and longer median PFS and OS, especially
if that decrease was detected after the first on-treatment blood
draw, and the converse was evident, where increases in allelic
frequencies appeared to correlate with progressive disease [91].
Nabet et al. explored pre-treatment ctDNA and peripheral blood T
cell levels, and both were independently associated with
immunotherapy response in NSCLC. Additionally, early ctDNA
dynamics after a single infusion identified patients who achieved
durable clinical benefit from immunotherapy [94].

Hellman et al. explored the association of plasma ctDNA and
risk of disease progression in patients with advanced NSCLC with
long-term administration of PD-(L)1 inhibitors. Of 27 patients with
undetectable plasma ctDNA, 25 (93%) remained progression-free,
whereas 4 patients with detectable plasma ctDNA developed
disease progression [95].

ctDNA clearance appears to correlate with clinical response and
benefit in patients treated with immune checkpoint inhibition.
This has been demonstrated in a prospective Phase Il trial to
assess ctDNA in five cohorts of patients with advanced solid
tumours treated with pembrolizumab (NCT02644369). Using a
bespoke amplicon-based ctDNA detection platform, Bratman et al.
demonstrated that serial analysis of ctDNA kinetics can predict
response to immune check points inhibitors, with clearance of
ctDNA preceding radiographic responses, and predicting favour-
able outcomes [96].

The identification of transformative immunotherapy biomarkers
that can predict which patients may benefit most from
immunotherapy remains a challenge. Determining whether ctDNA
levels can be used to direct subsequent therapy or discontinua-
tion of therapy will be an important next step to validate the
clinical utility of this observation.

Response monitoring in other solid tumours. The potential utility
of ctDNA dynamics for prognostication and tumour monitoring
has been explored in other solid tumours as well. Salvianti et al.
demonstrated the ability of ctDNA testing to detect disease
progression earlier than standard monitoring in a cohort of
patients including 20 with KRAS mutant mCRC [97]. A larger study
of 43 patients with mCRC used a plasma-based NGS panel to
monitor ctDNA changes in patients receiving first-line chemother-
apy. The dynamic change of plasma mutation status was
consistent with tumour burden and was closely correlated with
disease progression. Interestingly, the concordance of mutation

status between ctDNA and tumour samples was low at 54.6% [98].

In patients with metastatic breast cancer, early ctDNA dynamics
can predict response to CDK4/6 inhibitors plus endocrine therapy
[99, 100]. ctDNA at baseline has also been shown to be a
useful prognostic marker in patients with advanced melanoma
[101, 102]. Those with metastatic BRAF V600E mutant melanoma
treated with targeted therapy in the COMBI-d study
(NCT01584648) had prolonged PFS and OS if ctDNA was cleared
at week 4 after treatment initiation [103].

Clinical applications in early-stage disease

Prognostic role of ctDNA in early-stage NSCLC. Pre-operative
ctDNA detection can identify patients at higher risk of disease
recurrence [104]. In patients with stage I-lll NSCLC who went on to
surgical resection, pre-operative ctDNA levels were associated
with positive clinical outcomes. Patients with detectable pre-
operative ctDNA had significantly shorter recurrence-free survival
compared to patients with undetectable ctDNA levels prior to
surgery. The presence of plasma ctDNA prior to surgery likely
reflects the presence of micrometastatic disease. Such patients
may benefit from neoadjuvant or adjuvant therapy; however,
randomised, prospective trials are needed to demonstrate clinical
utility.

ctDNA dynamics and preoperative NSCLC therapy. Recent studies
have explored the role of novel therapies in the preoperative
setting, including targeted and immunotherapy. In advanced
NSCLC, adding immune checkpoint inhibitors to chemotherapy
improves survival [105]. When moved to the preoperative setting,
combination immunotherapy with chemotherapy significantly
increases the rate of pathologic complete response and ctDNA
clearance, which appear to correlate [106]. However, how this will
translate to event-free survival is unknown and must be
demonstrated before ctDNA clearance will be accepted as a
surrogate endpoint in early-stage disease.

Minimal residual disease (MRD) after curative intent treatment—
NSCLC. Adjuvant therapy has demonstrated a modest survival
benefit in several tumour types including NSCLC [107, 108].
ADAURA, a randomised phase 3 clinical trial, demonstrated a
significant disease-free survival benefit in patients with resected
stage IB to IlIA EGFR mutation-positive NSCLC treated with
adjuvant osimertinib compared those who received placebo [109].
However, current methods used to identify those at risk for
recurrent disease after curative therapy remain imperfect. Thus,
the detection of MRD after curative therapy may be an
opportunity to better select patients that may benefit from further
adjuvant therapy or those who can omit treatment without
impacting survival outcomes.

In a series of 40 patients with resected NSCLC, Chaudhuri et al.
reported that 94% of patients with post-operative recurrence had
ctDNA identified in their first post-operative blood sample [110].
This preceded radiographic progression by 5.2 months in most
(72%) patients. Recent updates from the TRACERx study show that
plasma ctDNA was detected at or before the time of clinical
relapse in 38 of 42 patients [111]. The median time to ctDNA
detection was 164 days while the median time to clinical relapse
was 362 days. Similarly, ctDNA levels were measured pre- and
post-resection for patients with stage IA-IIA NSCLC as part of the
LUCID study [112, 113]. Approximately 72% of patients had ctDNA
detectable at baseline or in follow-up at levels as low as 6 ppm,
with a lead time of 6 to 12 months before clinical relapse. The
detection of ctDNA post-operatively was associated with worse
PFS (hazard ratio [HR] 4.6, p = 0.00023).

Even in locally advanced disease, ctDNA may inform prognosis
after curative-intent therapy. In a retrospective analysis of patients
with stage Il NSCLC treated with definitive chemo-radiation (CRT),
Moding et al. found that patients with undetectable ctDNA after
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CRT had a good prognosis with or without consolidation
immunotherapy [88]. By contrast, patients without a ctDNA
response after CRT or rising ctDNA levels during durvalumab
treatment had much poorer prognosis. This raises the question of
whether those with ctDNA clearance post CRT could de-escalate
therapy, or be spared consolidation immunotherapy, without
compromising outcomes. Whereas those with rising or persistent
ctDNA levels may be considered for intensification of therapy, or,
perhaps even reassessment of surgical salvage (Fig. 1). These
hypotheses will need to be tested and proven in prospective trials
before they can be adopted as part of routine practice.

Recent studies have also demonstrated improved disease-free
survival with adjuvant osimertinib in those with resected EGFR
mutant lung cancer [109], and adjuvant atezolizumab in those
with resected stage II-lll PD-L1-positive NSCLC [114]. While these
therapies are less toxic, they may still have serious side effects and
significant costs. Understanding which patients are most likely to
benefit from further therapy and which patients are already cured
will continue to be an important question in the management of
early-stage lung cancer.

Ongoing studies in early-stage lung cancer using plasma
ctDNA for MRD detection are focused on identifying those at
highest risk in order to accelerate drug development. One study,
MERMAID-I (NCT04385368), compares outcomes with adjuvant
chemo-immunotherapy with durvalumab versus chemotherapy
alone in MRD-positive patients [115] Another compares out-
comes on atezolizumab with or without a personalised vaccine
(NCT04267237), and a third single-arm study explores the
impact of adjuvant chemo-immunotherapy with atezolizumab
on ctDNA clearance (NCT04367311). However, trials specifically
addressing the value of ctDNA testing in treatment selection are
needed in order to demonstrate the clinical utility of ctDNA
testing post therapy and its impact on patient outcomes.

MRD in other solid tumours. In early-stage colorectal cancer (CRC),
multiple studies have shown that the detection of MRD using
plasma ctDNA is an important prognostic factor [116-120].
Investigators have used a range of fixed and personalised panels
(e.g. Signatera bespoke mPCR NGS assay) to track tumour-specific
SNVs and others. Tie et al. used the presence of post-operative
ctDNA using an individualised panel to select patients for adjuvant
therapy after resection of stage lll colon cancer [121]. Based on
previous research [117], they used an error reduction technology
for detection of low-frequency mutations (Safe-Seq assay), to
distinguish genuine mutations from artifactual variants. Patients
underwent plasma ctDNA testing at 4-10 weeks post-surgery, if
ctDNA was detected, they received adjuvant chemotherapy. If
they experienced ctDNA clearance after 6 weeks of treatment,
their estimated 3-year relapse-free interval was 77% versus 30% if
ctDNA was still detectable post-adjuvant therapy (HR 6.8, p <
0.001). A larger randomised trial testing the impact of adjuvant
chemotherapy on relapse-free survival in patients with ctDNA
MRD after colon cancer resection has completed accrual and
results are pending (NCT04058103), as are the results of other
studies. A similar trial in patients with high-risk breast cancer with
evidence of MRD post-resection has also completed accrual,
exploring the benefit of adjuvant immunotherapy (NCT03145961).

In urothelial cancer, ctDNA analysis was used to assess response
to adjuvant immunotherapy after surgical resection in patients
from the IMvigor010 trial. After selecting 16 patient-specific clonal
mutations using whole exome sequencing, a bespoke PCR assay
was utilised to monitor ctDNA kinetics. Patients who were ctDNA
positive at baseline (37% of patients), had an increased risk of
recurrence (HR 6.3). In the atezolizumab arm, ctDNA positive
patients had improved disease-free survival (HR 0.58) and OS
compared to observation alone, and the immunotherapy arm also
had higher rates of ctDNA clearance (18% vs 4%). There was no
difference between arms if ctDNA was negative. This study
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supports the use of ctDNA to identify patients who would more
likely benefit from adjuvant treatment, and in the future omitting
the use of costly treatment in those who may be ctDNA negative
[122].

ctDNA may provide a more sensitive and specific marker of
disease activity. However, MRD detection still faces similar
challenges to other tests in the screening setting. Because of the
low concentration of plasma ctDNA, MRD assays require a high
degree of analytical sensitivity that is often beyond current
technical limits of mutation-based ctDNA detection methods [123].

Cancer screening

The potential for ctDNA to improve current cancer screening
processes is also under investigation, and the limitations of
utilising the technology in these early disease settings applies to
the use of ctDNA more broadly. Cescon et al. summarised the key
attributes of a successful screening test in cancer [124]: high-
sensitivity and specificity, low cost, ease of administration and
minimal harm caused by the test. Liquid biopsy is easy (blood
draw) and less invasive than other screening tests (eg.
colonoscopies). However, the capacity of liquid biopsy to reach
the necessary sensitivity and specificity with acceptable cost
remains the greatest challenge for its potential application in
clinical practice [124].

First, sensitivity remains a major barrier, as ctDNA levels in early-
stage disease are low due to limited tumour DNA shedding and
limits on acceptable blood sample volumes. Tumour volume has
been shown to correlate with plasma ctDNA variant allele
frequencies (VAFs); therefore, if too small to be identified by
current imaging methods, tumour mutations in plasma might be
detected at VAFs below background sequencing error limits [123].

Second, a high specificity and positive predictive value are
crucial in primary screening of a healthy population with low pre-
test probability of cancer diagnosis. Detection of clonal hemato-
poiesis of indeterminate potential (CHIP)-related mutations can
lead to false-positive results, limiting the clinical utility of detecting
driver mutations in plasma cfDNA in this setting [14].

Third, most cancer mutations are not pathognomonic for a
single tumour type, and therefore tissue-of-origin may be unclear.
Finally, it is not clear what the clinical significance is following a
positive result. ctDNA detected through liquid biopsy may never
result in cancer or could be indolent, causing overdiagnosis of
incidental cancers with direct and indirect harms [2]. Multiple
groups are now developing potential assays that may enhance the
positive predictive value of imaging alone [125]

Combination of cancer-specific mutations with other biomarkers. A
combination of cancer-specific mutations with other biomarkers,
such as circulating proteins, epigenetic alterations or viral
sequences are also being explored as potential plasma-based
screening biomarkers. Combined analyses of circulating proteins
and cancer-associated mutations in plasma was used in the
CancerSEEK platform [126]. Cohen et al. demonstrated the use of
this platform for the diagnosis of eight common cancers in 1005
patients with non-metastatic, clinically detected tumours. Speci-
ficity was greater than 99% (only 7 of 812 young healthy controls
scored positive), and sensitivity ranged from 69 to 98% (depend-
ing on cancer type). However, these results need to be validated in
clinical trials with real-world controls, in which specificity and PPV
may be much lower. Given that the study enrolled patients known
to have underlying cancer, sensitivity in prospective studies is
likely to be lower. Additionally, controls did not include individuals
with all relevant co-morbidities, potentially overestimating speci-
ficity. Finally, an interventional study, as opposed to an observa-
tional study that does not report results to participants, is required
to evaluate the impact of the test on patient management.

The DETECT-A study used a similar multi-cancer blood testing
combined with PET-CT imaging to detect cancer in a prospective,
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interventional study of 10,006 women between 60-75 years not
previously known to have cancer [127], in addition to standard of
care screening test such as mammography. Positive plasma
testing was independently confirmed by a diagnostic PET-CT,
which also localised the tumour. Fifteen out of 26 patients with
plasma positive disease underwent PET-CT imaging and 9 (60%)
were surgically excised. Twenty-four additional cancers were
detected by standard-of-care screening and 46 by neither
approach. 1.0% of participants underwent PET-CT imaging based
on false positive blood tests, and 0.22% underwent a futile
invasive diagnostic procedure. These results showed the potential
utility of multi-cancer blood testing combined with PET-CT for
cancer screening; however, before integrating this screening tool
into clinical practice, larger registration trials designed for
regulatory approval are needed to confirm clinical utility, address
risk vs. benefit to the screened population, and demonstrate cost-
effectiveness.

Implementing ctDNA-based cancer screening into clinical
practice will face both technical and biomedical challenges.
Prospective trials need to demonstrate the clinical utility of these
technologies in the screening setting, likely as a complementary
tool in specific populations with high cancer risk (to address
indeterminate results or increase clinical utility), and at an
acceptable cost.

CHALLENGES AND LIMITATIONS

Limitations

The limitations in sensitivity of detecting ctDNA depends on
multiple factors, spanning the pre-analytical, analytical and post-
analytical phases, as well as tumour biology. Factors that can
impact the shedding of ctDNA and ultimately detection include
the location of the primary tumour and metastatic lesions,
disease burden, tumour stage, location, vascularity, cellular
turnover, among others [128-130]. Sites of progression also
influence plasma ctDNA levels, for example, patients with
isolated intracranial disease are more likely to have undetectable
plasma ctDNA [131]. These factors are amplified in the MRD and
pre-diagnostic setting compared to the setting of established
disease.

Several ctDNA assays used for molecular diagnosis use fixed
panels targeting known cancer-associated genes. Others, devel-
oped for MRD detection, use a tumour-informed approach. While
this approach may be more sensitive and even specific than use of
a fixed panel, construction of individualised patient ctDNA panels
requires more time and cost, and can only be performed in highly
specialised laboratories. Fixed panels have faster turn around time,
are less expensive and are more widely available. Thus, both types
of assays remain of significant interest moving forward.

Single gene variant detection, broad NGS-based or multi-gene
panels require laboratory-based quality optimisation. Each assay
needs to demonstrate concordance with a gold standard, which
can sometimes introduce confounding because of potential
tumour heterogeneity. Some guidelines have encouraged the
use of reference samples as they may offer greater reproducibility
[12]. Recent cross-comparison studies have addressed the
analytical performance of several assays at a range of VAFs
[132, 133]. The Oncopanel Sequencing Working group tested five
NGS-based ctDNA assays across several research and clinical
centers using simulated experiments and reference ctDNA or
mock cell-free DNA samples. VAFs at frequencies <0.5% showed
less reliability and more variation in detection across the different
platforms, although that threshold is evolving with newer
technologies. DNA quantity was an important variable contribut-
ing to sensitivity, and the method of sequencing did not seem to
influence overall performance of the assays. It is important that
clinicians understand that at lower VAFs, variants may not be
detected or may not be reproducible in patient samples. Optimal

methods for analytical validation have been recently reviewed by
Blood PAC and other international consortia [134]. Standardising
these methods across laboratories and in guideline recommenda-
tions will be essential to ensure results are interpretable and
consistent across laboratories.

The sensitivity of detection is improving with more novel NGS-
based platforms, although these come at a higher cost and TAT.
Limits of detection have improved with newer technologies such
as CAPPSeq [135], iDES [136], and SAFE-seq, allowing detection of
VAFs lower than 0.01% [137]. Currently available commercial and
laboratory-developed assays are restricted to a set of selected
genes (e.g. FoundationOne™, Guardant360™, MSK-ACCESS, among
others), and use hybrid-capture based assays or Amplicon/PCR
amplified-based assays. Most NGS-based platforms have demon-
strated high specificity, whereas sensitivity appears to be a
limiting factor with the proportion of false negatives approaching
30%. Hence guidelines routinely recommend that if plasma testing
is negative, a tumour tissue biopsy should be pursued. More
recently, shallow whole genome sequencing has emerged as a
rapid, less costly and more easily accessible method of obtaining
similar information from liquid biopsies [138]. This is under further
exploration in multiple tumour types.

Detection of fusions has also presented some challenge, due to
low prevalence of some gene fusions (e.g. ROST prevalence at
1-2%) and larger sample requirements to increase DNA yields.
Improved bioinformatics approaches and increased sequencing
depth may overcome some of the limitations around fusion calling
[139], as shown with improvements in the sensitivity and
specificity of ALK fusion detection in the Non-invasive vs Invasive
Lung Evaluation study [29]. Care must also be taken when
interpreting ctDNA analysis which may not capture features such
as histologic transformation, as seen in osimertinib resistance of
EGFR mutant lung cancer with transformation to small-cell or
squamous pathology [64, 140].

Molecular genotyping in advanced disease using plasma-based
NGS panels has already been integrated into clinical practice in
selected solid tumours, and clinical sensitivity has been demon-
strated in prospective clinical trials in NSCLC [29] and also
established by international groups such as the International
Society of Liquid Biopsy (ISLB) [130]. In addition to ctDNA
response, there are many other questions to be addressed,
including optimal methods for bioinformatic analysis, whether
absolute or relative changes in ctDNA levels are more informative
and whether clearance is important, or reduction in levels alone is
sufficient to inform treatment. The definition of a positive or
negative test will also present challenges, if not standardised, with
multiple studies utilising different methods [99]. The ability to
identify relevant tumour variants versus leucocyte variants (clonal
hematopoiesis) is also an important hurdle [141].

Clinical utility
Despite encouraging data, the optimal way to integrate ctDNA
strategies into clinical practice remains unclear. Prospective
clinical trials are needed to explore whether changing therapy
based on ctDNA dynamics prior to radiologic or clinical progres-
sion will improve outcomes compared to our current standard.
In resected colorectal cancer, ctDNA analysis using Signatera
did not demonstrate benefit as a surveillance strategy over
standard imaging. In addition, sensitivity of liquid biopsy was
particularly poor for low volume lung-only disease recurrence
[142]. Several prospective studies exploring the role of ctDNA for
treatment modification in various tumour types are currently
ongoing. For example, in the EORTC APPLE trial (NCT 02856893),
patients with EGFR mutant lung cancer are randomised to receive
either gefitinib followed by osimertinib based on progression
detected by plasma ctDNA or detected by standard imaging [143].
Yu et al are recruiting patients to receive initial osimertinib; those
with persistent ctDNA levels after 3 weeks will be randomised to
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continue osimertinib alone or addition of chemotherapy
(NCT04410796). The CACTUS study (NCT03808441) in patients
with advanced BRAF mutant melanoma is a complex study
planning to compare alternating targeted BRAF inhibition and
immunotherapy based on ctDNA response (80% or more),
compared to standard of care, using clinical or radiographic
progression before switching treatments [144].

Future trials demonstrating the positive impact of ctDNA
monitoring on patient outcomes are needed before widely
integrating ctDNA into routine clinical care.

CONCLUSION
The use of ctDNA adds value at diagnosis and at the time of
clinical progression to identify resistant alterations in multiple
tumour types. Future work is needed to demonstrate whether
modifying therapy due to ctDNA changes before radiological
progression improves survival outcomes in metastatic disease, and
for MRD detection after curative-intent therapy. This may allow
earlier or intensified interventions, potentially improving out-
comes. Demonstrating the clinical utility of the various approaches
will eventually lead to a sustainable increase in our ability to better
prognosticate and cure patients with early-stage cancers. Pro-
spective, well-designed clinical trials are now ongoing, and we
eagerly await the data demonstrating improved clinical outcomes
(31

In the initial genotyping of advanced disease and detection of
targeted therapy resistance in NSCLC cancer and other cancers,
ctDNA is gradually being implemented into clinical practice.
However, the largest impact of ctDNA will likely come from
improving the management of earlier stage disease, including
MRD detection, as well as improving detection of resistance in the
metastatic setting. Trials that define the clinical utility of using
plasma ctDNA are essential to moving oncology patient care
forward.

DATA AVAILABILITY

Data sharing is not applicable to this review article as no new data were created or
analysed in this study. The authors confirm that the evidence supporting the
conclusions of this study are available within the article and its references.

REFERENCES

1. Kilgour E, Rothwell DG, Brady G, Dive C. Liquid biopsy-based biomarkers of
treatment response and resistance. Cancer Cell. 2020;37:485-95.

2. Ignatiadis M, Sledge GW, Jeffrey SS. Liquid biopsy enters the clinic—imple-
mentation issues and future challenges. Nat Rev Clin Oncol. 2021;18:297-312.

3. Pantel K, Alix-Panabiéres C. Liquid biopsy and minimal residual disease—Ilatest
advances and implications for cure. Nat Rev Clin Oncol. 2019;16:409-24.

4. Sanz-Garcia E, Zhao E, Bratman SV, Siu LL. Monitoring and adapting cancer
treatment using circulating tumor DNA kinetics: Current research, opportunities,
and challenges. Sci Adv. 2022; https://www.science.org/doi/abs/10.1126/sciadv.
abi8618.

5. Rolfo C, Mack P, Scagliotti GV, Aggarwal C, Arcila ME, Barlesi F, et al. Liquid
biopsy for advanced NSCLC: a consensus statement from the international
association for the study of lung cancer. J Thorac Oncol. 2021;16:1647-62.

6. Wu F, Fan J, He Y, Xiong A, Yu J, Li Y, et al. Single-cell profiling of tumor
heterogeneity and the microenvironment in advanced non-small cell lung
cancer. Nat Commun. 2021;12:2540.

7. Russano M, Napolitano A, Ribelli G, luliani M, Simonetti S, Citarella F, et al. Liquid
biopsy and tumor heterogeneity in metastatic solid tumors: the potentiality of
blood samples. J Exp Clin Cancer Res. 2020;39:95.

8. Parikh AR, Leshchiner |, Elagina L, Goyal L, Levovitz C, Siravegna G, et al. Liquid
versus tissue biopsy for detecting acquired resistance and tumor heterogeneity
in gastrointestinal cancers. Nat Med. 2019;25:1415-21.

9. Reckamp KL, Melnikova VO, Karlovich C, Sequist LV, Camidge DR, Wakelee H,
et al. A Highly sensitive and quantitative test platform for detection of NSCLC
EGFR mutations in urine and plasma. J Thorac Oncol. 2016;11:1690-700.

10. Villatoro S, Mayo-de-las-Casas C, Jordana-Ariza N, Viteri-Ramirez S, Garzén-lbariez M,
Moya-Horno |, et al. Prospective detection of mutations in cerebrospinal fluid,

British Journal of Cancer (2022) 127:592 - 602

M. Garcia-Pardo et al.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

pleural effusion, and ascites of advanced cancer patients to guide treatment
decisions. Mol Oncol. 2019;13:2633-45.

. Zheng M-M, Li Y-S, Tu H-Y, Jiang B-Y, Yang J-J, Zhou Q, et al. Genotyping of

cerebrospinal fluid associated with osimertinib response and resistance for
leptomeningeal metastases in EGFR-mutated NSCLC. J Thorac Oncol.
2021;16:250-8.

. Merker JD, Oxnard GR, Compton C, Diehn M, Hurley P, Lazar AJ, et al. Circulating

tumor DNA analysis in patients with cancer: American Society of Clinical
Oncology and College of American Pathologists Joint Review. J Clin Oncol.
2018;36:1631-41.

. Anvari S, Osei E, Maftoon N. Interactions of platelets with circulating tumor cells

contribute to cancer metastasis. Sci Rep. 2021;11:15477.

. Dai J, SuY, Zhong S, Cong L, Liu B, Yang J, et al. Exosomes: key players in cancer

and potential therapeutic strategy. Signal Transduct Target Ther. 2020;5:1-10.

. Krebs MG, Sloane R, Priest L, Lancashire L, Hou J-M, Greystoke A, et al. Evaluation

and prognostic significance of circulating tumor cells in patients with non-small-
cell lung cancer. J Clin Oncol. 2011;29:1556-63.

. Cristofanilli M, Budd GT, Ellis MJ, Stopeck A, Matera J, Miller MC, et al. Circulating

tumor cells, disease progression, and survival in metastatic breast cancer. N.
Engl J Med. 2004;351:781-91.

. Budd GT, Cristofanilli M, Ellis MJ, Stopeck A, Borden E, Miller MC, et al. Circu-

lating tumor cells versus imaging-predicting overall survival in metastatic
breast cancer. Clin Cancer Res. 2006;12:6403-9.

. Ignatiadis M, Litiere S, Rothe F, Riethdorf S, Proudhon C, Fehm T, et al. Trastu-

zumab versus observation for HER2 nonamplified early breast cancer with cir-
culating tumor cells (EORTC 90091-10093, BIG 1-12, Treat CTC): a randomized
phase Il trial. Ann Oncol. 2018;29:1777-83.

. Bidard F-C, Jacot W, Kiavue N, Dureau S, Kadi A, Brain E, et al. Efficacy of

circulating tumor cell count-driven vs clinician-driven first-line therapy choice in
hormone receptor-positive, ERBB2-negative metastatic breast cancer: The STIC
CTC randomized clinical trial. JAMA Oncol. 2021;7:34-41.

Liu HE, Vuppalapaty M, Wilkerson C, Renier C, Chiu M, Lemaire C, et al. Detection
of EGFR mutations in cfDNA and CTCs, and comparison to tumor tissue in non-
small-cell-lung-cancer (NSCLC) patients. Front Oncol. 2020;10:2030.

Liu HE, Vuppalapaty M, Lemaire CA, Wilkerson C, Crouse SC, Goldman JW, et al.
Abstract 1715: EGFR mutational detection in ctDNA, Vortex-enriched CTCs and
comparison to tumor tissue in non-small-cell-lung-cancer (NSCLC) patients.
Cancer Res 2017;77:1715-1715.

Alix-Panabiéres C, Schwarzenbach H, Pantel K. Circulating tumor cells and cir-
culating tumor DNA. Annu Rev Med. 2012;63:199-215.

Mego M, De Giorgi U, Dawood S, Wang X, Valero V, Andreopoulou E, et al.
Characterization of metastatic breast cancer patients with nondetectable cir-
culating tumor cells. Int J Cancer. 2011;129:417-23.

Soria J-C, Ohe Y, Vansteenkiste J, Reungwetwattana T, Chewaskulyong B, Lee
KH, et al. Osimertinib in untreated EGFR-mutated advanced non-small-cell lung
cancer. N Engl J Med. 2018;378:113-25.

Peters S, Camidge DR, Shaw AT, Gadgeel S, Ahn JS, Kim D-W, et al. Alectinib
versus crizotinib in untreated ALK-positive non-small-cell lung cancer. N Engl J
Med. 2017;377:829-38.

Howlader N, Forjaz G, Mooradian MJ, Meza R, Kong CY, Cronin KA, et al. The
effect of advances in lung-cancer treatment on population mortality. N. Engl J
Med. 2020;383:640-9.

Mosele F, Remon J, Mateo J, Westphalen CB, Barlesi F, Lolkema MP, et al.
Recommendations for the use of next-generation sequencing (NGS) for patients
with metastatic cancers: a report from the ESMO Precision Medicine Working
Group. Ann Oncol. 2020;31:1491-505.

Rolfo C, Mack PC, Scagliotti GV, Baas P, Barlesi F, Bivona TG, et al. Liquid biopsy
for advanced non-small cell lung cancer (NSCLC): a statement paper from the
IASLC. J Thorac Oncol. 2018;13:1248-68.

Leighl NB, Page RD, Raymond VM, Daniel DB, Divers SG, Reckamp KL, et al.
Clinical utility of comprehensive cell-free DNA analysis to identify genomic
biomarkers in patients with newly diagnosed metastatic non-small cell lung
cancer. Clin Cancer Res. 2019;25:4691-700.

Aggarwal C, Thompson JC, Black TA, Katz SI, Fan R, Yee SS, et al. Clinical
implications of plasma-based genotyping with the delivery of personalized
therapy in metastatic non-small cell lung cancer. JAMA Oncol. 2019;5:173. Feb 1
NCCN Clinical Practice Guidelines in Oncology (NCCN Guidelines). Non-small cell
lung cancer. Version 6.2020. Available from: www.nccn.org. Published 2017.
Accessed July 20, 2020.

Pritchett MA, Camidge DR, Patel M, Khatri J, Boniol S, Friedman EK, et al. Pro-
spective clinical validation of the InVisionFirst-Lung circulating tumor DNA assay
for molecular profiling of patients with advanced nonsquamous non-small-cell
lung cancer. JCO Precis Oncol. 2019;3:P0.18.00299.

Gadgeel SM, Mok TSK, Peters S, Alexander JAA, Leighl NB, Sriuranpong V, et al.
Phase II/ll blood first assay screening trial (BFAST) in patients (pts) with

599


https://www.science.org/doi/abs/10.1126/sciadv.abi8618
https://www.science.org/doi/abs/10.1126/sciadv.abi8618
http://www.nccn.org

M. Garcia-Pardo et al.

600

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

treatment-naive NSCLC: Initial results from the ALK+ cohort. Ann Oncol.
2019;30:v918.

Dziadziuszko R, Mok T, Peters S, Han J-Y, Alatorre-Alexander J, Leighl N, et al.
Blood first assay screening trial (BFAST) in treatment-naive advanced or meta-
static NSCLC: initial results of the phase 2 ALK-positive cohort. J Thoracic Oncol.
2021; https://www.jto.org/article/S1556-0864(21)02321-2/abstract.

Wolf J, Seto T, Han J-Y, Reguart N, Garon EB, Groen HJM, et al. Capmatinib in
MET Exon 14-mutated or MET-amplified non-small-cell lung cancer. N. Engl J
Med. 2020;383:944-57.

Paik PK, Felip E, Veillon R, Sakai H, Cortot AB, Garassino MC, et al. Tepotinib in
non-small-cell lung cancer with MET Exon 14 skipping mutations. N. Engl J Med.
2020;383:931-43.

Skoulidis F, Li BT, Dy GK, Price TJ, Falchook GS, Wolf J, et al. Sotorasib for lung
cancers with KRAS p.G12C mutation. N Engl J Med. 2021;384:
2371-81.

André F, Ciruelos E, Rubovszky G, Campone M, Loibl S, Rugo HS, et al. Alpelisib
for PIK3CA-mutated, hormone receptor-positive advanced breast cancer. N.
Engl J Med. 2019;380:1929-40.

André F, Ciruelos EM, Juric D, Loibl S, Campone M, Mayer IA, et al. Alpelisib plus
fulvestrant for PIK3CA-mutated, hormone receptor-positive, human epidermal
growth factor receptor-2-negative advanced breast cancer: final overall survival
results from SOLAR-1. Ann Oncol. 2021;32:208-17.

Ciruelos EM, Loibl S, Mayer IA, Campone M, Rugo HS, Arnedos M, et al. Abstract
PD2-06: Clinical outcomes of alpelisib plus fulvestrant in hormone receptor-
positive, human epidermal growth factor receptor-2-negative advanced breast
cancer with PIK3CA alterations detected in plasma ctDNA by next-generation
sequencing: biomarker analysis from the SOLAR-1 study. Cancer Res. 2021;81:
PD2-PD2-06.

Gradishar WJ, Anderson BO, Abraham J, Aft R, Agnese D, Allison KH, et al. Breast
cancer, Version 3.2020, NCCN Clinical Practice Guidelines in Oncology. J Natl
Compr Cancer Netw. 2020;18:452-78.

Alva AS, Mangat PK, Garrett-Mayer E, Halabi S, Hansra D, Calfa CJ, et al. Pem-
brolizumab in patients with metastatic breast cancer with high tumor muta-
tional burden: results from the targeted agent and profiling utilization registry
(TAPUR) study. JCO. 2021;39:2443-51.

Vidal J, Muinelo L, Dalmases A, Jones F, Edelstein D, Iglesias M, et al. Plasma
ctDNA RAS mutation analysis for the diagnosis and treatment monitoring of
metastatic colorectal cancer patients. Ann Oncol. 2017;28:1325-32.
Schmiegel W, Scott RJ, Dooley S, Lewis W, Meldrum CJ, Pockney P, et al. Blood-
based detection of RAS mutations to guide anti-EGFR therapy in colorectal
cancer patients: concordance of results from circulating tumor DNA and tissue-
based RAS testing. Mol Oncol. 2017;11:208-19.

Sartore-Bianchi A, Pietrantonio F, Lonardi S, Mussolin B, Rua F, Fenocchio E, et al.
Phase Il study of anti-EGFR rechallenge therapy with panitumumab driven by
circulating tumor DNA molecular selection in metastatic colorectal cancer: The
CHRONOS trial. JCO. 2021;39:3506-3506.

Abida W, Patnaik A, Campbell D, Shapiro J, Bryce AH, McDermott R, et al.
Rucaparib in men with metastatic castration-resistant prostate cancer harboring
a BRCA1 or BRCA2 gene alteration. J Clin Oncol. 2020;38:3763-72.

Goodall J, Mateo J, Yuan W, Mossop H, Porta N, Miranda S, et al. Circulating cell-
free DNA to guide prostate cancer treatment with PARP inhibition. Cancer Disco.
2017;7:1006-17.

Sonpavde G, Agarwal N, Pond GR, Nagy RJ, Nussenzveig RH, Hahn AW, et al.
Circulating tumor DNA alterations in patients with metastatic castration-
resistant prostate cancer. Cancer 2019;125:1459-69.

Health C for D and R. FoundationOne Liquid CDx—P190032. FDA. 2020 Sep 11
[cited 2021 May 24]; Available from: https://www.fda.gov/medical-devices/
recently-approved-devices/foundationone-liquid-cdx-p190032.

Santiago-Walker A, Gagnon R, Mazumdar J, Casey M, Long GV, Schadendorf D,
et al. Correlation of BRAF mutation status in circulating-free DNA and tumor and
association with clinical outcome across four BRAFi and MEK:i clinical trials. Clin
Cancer Res. 2016;22:567-74.

Vanni |, Tanda ET, Spagnolo F, Andreotti V, Bruno W, Ghiorzo P. The current state
of molecular testing in the BRAF-mutated melanoma landscape. Front Mol
Biosci. 2020;7:113.

Ajani JA, D'Amico TA, Bentrem DJ, Chao J, Corvera C, Das P, et al. Esophageal
and esophagogastric junction cancers, Version 2.2019, NCCN Clinical Practice
Guidelines in Oncology. J Natl Compr Canc Netw. 2019;17:855-83.

Maron SB, Chase LM, Lomnicki S, Kochanny S, Moore KL, Joshi SS, et al. Circu-
lating tumor DNA sequencing analysis of gastroesophageal adenocarcinoma.
Clin Cancer Res. 2019;25:7098-112.

Kato S, Okamura R, Baumgartner JM, Patel H, Leichman L, Kelly K, et al. Analysis
of circulating tumor DNA and clinical correlates in patients with esophageal,
gastroesophageal junction, and gastric adenocarcinoma. Clin Cancer Res.
2018;24:6248-56.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Mok TS, Wu Y-L, Ahn M-J, Garassino MC, Kim HR, Ramalingam SS, et al. Osi-
mertinib or platinum-pemetrexed in EGFR T790M-positive lung cancer. N. Engl J
Med. 2017;376:629-40.

Leighl NB, Kamel-Reid S, Cheema PK, Laskin J, Karsan A, Zhang T, et al. Multi-
center validation study to implement plasma epidermal growth factor receptor
T790M testing in clinical laboratories. JCO Precis Oncol. 2020;4:520-33.

Park C-K, Cho H-J, Choi Y-D, Oh I-J, Kim Y-C. A Phase Il trial of osimertinib in the
second-line treatment of non-small cell lung cancer with the EGFR T790M
mutation, detected from circulating tumor DNA: LiquidLung-O-Cohort 2. Cancer
Res Treat. 2019;51:777-87.

Jenkins S, Yang JC-H, Ramalingam SS, Yu K, Patel S, Weston S, et al. Plasma
ctDNA analysis for detection of the EGFR T790M mutation in patients with
advanced non-small cell lung cancer. J Thorac Oncol. 2017;12:1061-70.
Sequist LV, Han J-Y, Ahn M-J, Cho BC, Yu H, Kim S-W, et al. Osimertinib plus
savolitinib in patients with EGFR mutation-positive, MET-amplified, non-small-
cell lung cancer after progression on EGFR tyrosine kinase inhibitors: interim
results from a multicentre, open-label, phase 1b study. Lancet Oncol.
2020;21:373-86.

Yang Z, Yang N, Ou Q, Xiang Y, Jiang T, Wu X, et al. Investigating novel
resistance mechanisms to third-generation EGFR tyrosine kinase inhibitor
osimertinib in non-small cell lung cancer patients. Clin Cancer Res.
2018;24:3097-107.

Papadimitrakopoulou VA, Wu Y-L, Han J-Y, Ahn M-J, Ramalingam SS, John T, et al.
LBA51—Analysis of resistance mechanisms to osimertinib in patients with EGFR
T790M advanced NSCLC from the AURA3 study. Ann Oncol. 2018;29:viii741.
McCoach CE, Blakely CM, Banks KC, Levy B, Chue BM, Raymond VM, et al. Clinical
utility of cell-free DNA for the detection of ALK fusions and genomic mechan-
isms of ALK inhibitor resistance in non-small cell lung cancer. Clin Cancer Res.
2018;24:2758-70.

Hua G, Zhang X, Zhang M, Wang Q, Chen X, Yu R, et al. Real-world circulating
tumor DNA analysis depicts resistance mechanism and clonal evolution in ALK
inhibitor-treated lung adenocarcinoma patients. ESMO Open. 2022; https://
www.esmoopen.com/article/52059-7029(21)00299-4/fulltext.

Oser MG, Niederst MJ, Sequist LV, Engelman JA. Transformation from non-small-
cell lung cancer to small-cell lung cancer: molecular drivers and cells of origin.
Lancet Oncol 2015;16:¢165-172.

Dorantes-Heredia R, Ruiz-Morales JM, Cano-Garcia F. Histopathological trans-
formation to small-cell lung carcinoma in non-small-cell lung carcinoma tumors.
Translational Lung Cancer Research. 2016; https://tlcramegroups.com/article/
view/8854.

Cui W, Milner-Watts C, McVeigh TP, Minchom A, Bholse J, Davidson M, et al. A
pilot of blood-first diagnostic cell free DNA (cfDNA) next generation sequencing
(NGS) in patients with suspected advanced lung cancer. Lung Cancer.
2022;165:34-42.

Thompson J, Aggarwal C, Wong J, Nimgaonkar V, Andronov M, Dibardino D, et al.
OA16.01 Plasma NGS At Time of diagnostic tissue biopsy—impact on time to
treatment: results from a pilot prospective study. J Thorac Oncol. 2021;16:5876.
Makarem M, Leighl NB. Molecular testing for lung adenocarcinoma: Is it time to
adopt a ‘plasma-first’ approach? Cancer. 2020;126:3176-80.

Marabelle A, Le DT, Ascierto PA, Di Giacomo AM, De Jesus-Acosta A, Delord J-P,
et al. Efficacy of pembrolizumab in patients with noncolorectal high micro-
satellite instability/mismatch repair-deficient cancer: results from the phase Il
KEYNOTE-158 study. J Clin Oncol 2020;38:1-10.

Marabelle A, Fakih M, Lopez J, Shah M, Shapira-Frommer R, Nakagawa K, et al.
Association of tumour mutational burden with outcomes in patients with
advanced solid tumours treated with pembrolizumab: prospective biomarker
analysis of the multicohort, open-label, phase 2 KEYNOTE-158 study. Lancet
Oncol. 2020;21:1353-65.

André T, Shiu K-K, Kim TW, Jensen BV, Jensen LH, Punt C, et al. Pembrolizumab
in microsatellite-instability-high advanced colorectal cancer. N. Engl J Med.
2020;383:2207-18.

Commissioner O of the. FDA approves first-line immunotherapy for patients with
MSI-H/dMMR metastatic colorectal cancer. FDA. 2020; https://www.fda.gov/news-
events/press-announcements/fda-approves-first-line-immunotherapy-patients-msi-
hdmmr-metastatic-colorectal-cancer.

Commissioner O of the. FDA approves first cancer treatment for any solid tumor
with a specific genetic feature [Internet]. FDA. 2020; https://www.fda.gov/news-
events/press-announcements/fda-approves-first-cancer-treatment-any-solid-
tumor-specific-genetic-feature.

Research C for DE and FDA approves pembrolizumab for adults and children
with  TMB-H solid tumors. FDA. 2020; https://www.fda.gov/drugs/drug-
approvals-and-databases/fda-approves-pembrolizumab-adults-and-children-
tmb-h-solid-tumors.

Georgiadis A, Durham JN, Keefer LA, Bartlett BR, Zielonka M, Murphy D, et al.
Noninvasive detection of microsatellite instability and high tumor mutation

British Journal of Cancer (2022) 127:592 - 602


https://www.jto.org/article/S1556-0864(21)02321-2/abstract
https://www.fda.gov/medical-devices/recently-approved-devices/foundationone-liquid-cdx-p190032
https://www.fda.gov/medical-devices/recently-approved-devices/foundationone-liquid-cdx-p190032
https://www.esmoopen.com/article/S2059-7029(21)00299-4/fulltext
https://www.esmoopen.com/article/S2059-7029(21)00299-4/fulltext
https://tlcr.amegroups.com/article/view/8854
https://tlcr.amegroups.com/article/view/8854
https://www.fda.gov/news-events/press-announcements/fda-approves-first-line-immunotherapy-patients-msi-hdmmr-metastatic-colorectal-cancer
https://www.fda.gov/news-events/press-announcements/fda-approves-first-line-immunotherapy-patients-msi-hdmmr-metastatic-colorectal-cancer
https://www.fda.gov/news-events/press-announcements/fda-approves-first-line-immunotherapy-patients-msi-hdmmr-metastatic-colorectal-cancer
https://www.fda.gov/news-events/press-announcements/fda-approves-first-cancer-treatment-any-solid-tumor-specific-genetic-feature
https://www.fda.gov/news-events/press-announcements/fda-approves-first-cancer-treatment-any-solid-tumor-specific-genetic-feature
https://www.fda.gov/news-events/press-announcements/fda-approves-first-cancer-treatment-any-solid-tumor-specific-genetic-feature
https://www.fda.gov/drugs/drug-approvals-and-databases/fda-approves-pembrolizumab-adults-and-children-tmb-h-solid-tumors
https://www.fda.gov/drugs/drug-approvals-and-databases/fda-approves-pembrolizumab-adults-and-children-tmb-h-solid-tumors
https://www.fda.gov/drugs/drug-approvals-and-databases/fda-approves-pembrolizumab-adults-and-children-tmb-h-solid-tumors

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

burden in cancer patients treated with PD-1 blockade. Clin Cancer Res.
2019;25:7024-34.

Willis J, Lefterova MI, Artyomenko A, Kasi PM, Nakamura Y, Mody K, et al. Vali-
dation of microsatellite instability detection using a comprehensive plasma-
based genotyping panel. Clin Cancer Res. 2019;25:7035-45.

Si H, Kuziora M, Quinn KJ, Helman E, Ye J, Liu F, et al. A blood-based assay for
assessment of tumor mutational burden in first-line metastatic NSCLC treat-
ment: results from the MYSTIC study. Clin Cancer Res. 2021;27:1631-40.
Gandara DR, Paul SM, Kowanetz M, Schleifman E, Zou W, Li Y, et al. Blood-based
tumor mutational burden as a predictor of clinical benefit in non-small-cell lung
cancer patients treated with atezolizumab. Nat Med. 2018;24:1441-8.

Song Y, Hu C, Xie Z, Wu L, Zhu Z, Rao C, et al. Circulating tumor DNA clearance
predicts prognosis across treatment regimen in a large real-world longitudinally
monitored advanced non-small cell lung cancer cohort. Transl Lung Cancer Res.
2020;9:269-79.

Kasi PM, Klempner SJ, Starr JS, Shergill A, Bucheit LA, Weipert C, et al. Clinical
utility of microsatellite instability (MSI-H) identified on liquid biopsy in advanced
gastrointestinal cancers (aGl). JCO. 2022;40:56-56.

Spencer KR, Wang J, Silk AW, Ganesan S, Kaufman HL, Mehnert JM. Biomarkers
for immunotherapy: current developments and challenges. Am Soc Clin Oncol
Educ Book. 2016;36:€493-503.

Valpione S, Mundra PA, Galvani E, Campana LG, Lorigan P, De Rosa F, et al. The T
cell receptor repertoire of tumor infiltrating T cells is predictive and prognostic
for cancer survival. Nat Commun. 2021;12:4098.

Cindy Yang SY, Lien SC, Wang BX, Clouthier DL, Hanna Y, Cirlan |, et al. Pan-
cancer analysis of longitudinal metastatic tumors reveals genomic alterations
and immune landscape dynamics associated with pembrolizumab sensitivity.
Nat Commun. 2021;12:5137.

Dong N, Moreno-Manuel A, Calabuig-Farifas S, Gallach S, Zhang F, Blasco A,
et al. Characterization of circulating T cell receptor repertoire provides infor-
mation about clinical outcome after PD-1 blockade in advanced non-small cell
lung cancer patients. Cancers (Basel). 2021;13:2950.

Lau SC, Soleimani S, Wong SW, Pedersen S, Wang BX, Elkrief A, et al. TCR
clonality and Treg frequency as predictors of outcome in stage Ill NSCLC treated
with durvalumab. JCO. 2020;38:3050-3050.

Diaz LA, Bardelli A. Liquid biopsies: genotyping circulating tumor DNA. J Clin
Oncol. 2014;32:579-86.

Romero A, Nadal E, Serna R, Insa A, Campelo MRG, Benito C, et al. OA20.02 Pre-
treatment levels of ctDNA for long-term survival prediction in stage IlIA NSCLC
Treated with neoadjuvant chemo-immunotherapy. J Thorac Oncol. 2021;16:
5883-4.

Moding EJ, Liu Y, Nabet BY, Chabon JJ, Chaudhuri AA, Hui AB, et al. Circulating
tumor DNA dynamics predict benefit from consolidation immunotherapy in
locally advanced non-small-cell lung cancer. Nat Cancer. 2020;1:176-83.
Cheng ML, Lau CJ, Milan MSD, Supplee JG, Riess JW, Bradbury PA, et al. Plasma
ctDNA response is an early marker of treatment effect in advanced NSCLC. JCO
Precis Oncol. 2021;5:393-402.

Anagnostou V, Forde PM, White JR, Niknafs N, Hruban C, Naidoo J, et al.
Dynamics of tumor and immune responses during immune checkpoint block-
ade in non-small cell lung cancer. Cancer Res. 2019;79:1214-25.

Ricciuti B, Jones G, Severgnini M, Alessi JV, Recondo G, Lawrence M, et al. Early
plasma circulating tumor DNA (ctDNA) changes predict response to first-line
pembrolizumab-based therapy in non-small cell lung cancer (NSCLC). J
Immunother Cancer. 2021;9:e001504.

Gray JE, Okamoto |, Sriuranpong V, Vansteenkiste J, Imamura F, Lee JS, et al.
Tissue and plasma EGFR mutation analysis in the FLAURA trial: osimertinib
versus comparator EGFR tyrosine kinase inhibitor as first-line treatment in
patients with EGFR-mutated advanced non-small cell lung cancer. Clin Cancer
Res. 2019;25:6644-52.

Shepherd FA, Papadimitrakopoulou V, Mok T, Wu Y-L, Han J-Y, Ahn M-J, et al.
Early clearance of plasma EGFR mutations as a predictor of response to osi-
mertinib in the AURA3 trial. JCO. 2018;36:9027-9027.

Nabet BY, Esfahani MS, Moding EJ, Hamilton EG, Chabon JJ, Rizvi H, et al.
Noninvasive early identification of therapeutic benefit from immune checkpoint
inhibition. Cell. 2020;183:363-376.e13.

Hellmann MD, Nabet BY, Rizvi H, Chaudhuri AA, Wells DK, Dunphy MPS, et al.
Circulating tumor DNA analysis to assess risk of progression after long-term
response to PD-(L)1 blockade in NSCLC. Clin Cancer Res. 2020;26:2849-58.
Bratman SV, Yang SYC, lafolla MAJ, Liu Z, Hansen AR, Bedard PL, et al. Perso-
nalized circulating tumor DNA analysis as a predictive biomarker in solid tumor
patients treated with pembrolizumab. Nat Cancer. 2020;1:873-81.

Salvianti F, Gelmini S, Mancini |, Pazzagli M, Pillozzi S, Giommoni E, et al. Cir-
culating tumour cells and cell-free DNA as a prognostic factor in metastatic
colorectal cancer: the OMITERC prospective study. Br J Cancer. 2021;125:94-100.

British Journal of Cancer (2022) 127:592 - 602

M.

Garcia-Pardo et al.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111,

112.

113.

114.

115.

116.

117.

118.

119.

120.

. Cao H, Liu X, Chen Y, Yang P, Huang T, Song L, et al. Circulating tumor DNA is
capable of monitoring the therapeutic response and resistance in advanced
colorectal cancer patients undergoing combined target and chemotherapy.
JCO. 2020;38:e15524-e15524.

. Darrigues L, Pierga J-Y, Bernard-Tessier A, Biéche |, Silveira AB, Michel M, et al.

Circulating tumor DNA as a dynamic biomarker of response to palbociclib and

fulvestrant in metastatic breast cancer patients. Breast Cancer Res. 2021;23:31.

O'Leary B, Hrebien S, Morden JP, Beaney M, Fribbens C, Huang X, et al. Early

circulating tumor DNA dynamics and clonal selection with palbociclib and ful-

vestrant for breast cancer. Nat Commun. 2018;9:896.

Marczynski GT, Laus AC, dos Reis MB, Reis RM, Vazquez VdelL. Circulating tumor

DNA (ctDNA) detection is associated with shorter progression-free survival in

advanced melanoma patients. Sci Rep. 2020;10:18682.

Gandini S, Zanna |, De Angelis SP, Cocorocchio E, Queirolo P, Lee JH, et al.

Circulating tumour DNA and melanoma survival: A systematic literature review

and meta-analysis. Crit Rev Oncol Hematol. 2021;157:103187.

Syeda MM, Wiggins JM, Corless BC, Long GV, Flaherty KT, Schadendorf D, et al.

Circulating tumour DNA in patients with advanced melanoma treated with

dabrafenib or dabrafenib plus trametinib: a clinical validation study. Lancet

Oncol. 2021;22:370-80.

Chabon JJ, Hamilton EG, Kurtz DM, Esfahani MS, Moding EJ, Stehr H, et al.

Integrating genomic features for non-invasive early lung cancer detection.

Nature. 2020;580:245-51.

Hanna NH, Schneider BJ, Temin S, Baker S, Brahmer J, Ellis PM, et al. Therapy for

stage IV non-small-cell lung cancer without driver alterations: ASCO and OH

(CCO) joint guideline update. J Clin Oncol. 2020;38:1608-32.

AACR Annual Meeting 2020 Online Proceedings and Itinerary Planner | Pre-

sentation. [cited 2021 May 29]. Available from: https://www.abstractsonline.

com/pp8/#!/9045/presentation/10734.

Pignon JP, Tribodet H, Scagliotti GV, Douillard JY, Shepherd FA, Stephens RJ,

et al. Lung adjuvant cisplatin evaluation: a pooled analysis by the LACE Colla-

borative Group [Internet]. Database of Abstracts of Reviews of Effects (DARE):

Quality-assessed Reviews. Centre for Reviews and Dissemination (UK); 2008;

https://www.ncbi.nIm.nih.gov/books/NBK75047/.

Cisplatin-Based Adjuvant Chemotherapy in Patients with Completely Resected

Non-Small-Cell Lung Cancer. N Eng J Med. 2004;350:351-60.

Wu Y-L, Tsuboi M, He J, John T, Grohe C, Majem M, et al. Osimertinib in resected

EGFR-mutated non-small-cell lung cancer. N. Engl J Med 2020;383:1711-23.

Chaudhuri AA, Chabon JJ, Lovejoy AF, Newman AM, Stehr H, Azad TD, et al. Early

detection of molecular residual disease in localized lung cancer by circulating

tumor DNA profiling. Cancer Discov 2017;7:1394-403.

Abbosh C, Frankell A, Garnett A, Harrison T, Weichert M, Licon A, et al. Abstract

CT023: phylogenetic tracking and minimal residual disease detection using

ctDNA in early-stage NSCLC: a lung TRACERx study. Cancer Res. 2020;80:

CT023-CT023.

Marsico G, Sharma G, Perry M, Hackinger S, Forshew T, Howarth K, et al. Abstract

3097: Analytical development of the RaDaRTM assay, a highly sensitive and

specific assay for the monitoring of minimal residual disease. Cancer Res.

2020;80:3097-3097.

Heider K, Gale DG, Marsico G, Ruiz-Valdepefas A, Sharma G, Perry M, et al.

Detection of residual disease and recurrence in early-stage non-small cell lung

cancer (NSCLC) patients using sensitive personalized ctDNA sequencing assays.

JCO. 2020;38:15560-e15560.

Wakelee HA, Altorki NK, Zhou C, Csészi T, Vynnychenko 10, Goloborodko O, et al.

IMpower010: primary results of a phase Ill global study of atezolizumab versus

best supportive care after adjuvant chemotherapy in resected stage IB-IllA non-

small cell lung cancer (NSCLC). JCO. 2021;39:8500-8500.

Peters S, Spigel D, Ahn M, Tsuboi M, Chaft J, Harpole D, et al. P03.03 MERMAID-1:

a phase Il study of adjuvant durvalumab plus chemotherapy in resected NSCLC

patients with MRD+ post-surgery. J Thorac Oncol. 2021;16:5258-9.

Diehl F, Schmidt K, Choti MA, Romans K, Goodman S, Li M, et al. Circulating

mutant DNA to assess tumor dynamics. Nat Med. 2008;14:985-90.

Tie J, Wang Y, Tomasetti C, Li L, Springer S, Kinde |, et al. Circulating tumor DNA

analysis detects minimal residual disease and predicts recurrence in patients

with stage Il colon cancer. Sci Transl Med. 2016;8:346ra92.

Diehn M, Alizadeh AA, Adams H-P, Lee JJ, Klassen S, Palma JF, et al. Early

prediction of clinical outcomes in resected stage Il and Il colorectal cancer (CRC)

through deep sequencing of circulating tumor DNA (ctDNA). JCO.
2017;35:3591-3591.

Schaler LV, Reinert T, @rntoft M-BW, Kassentoft CG, Arnadéttir SS, Vang S, et al.

Clinical implications of monitoring circulating tumor DNA in patients with col-

orectal cancer. Clin Cancer Res. 2017;23:5437-45.

Anandappa G, Starling N, Begum R, Bryant A, Sharma S, Renner D, et al. Minimal

residual disease (MRD) detection with circulating tumor DNA (ctDNA) from

601


https://www.abstractsonline.com/pp8/#!/9045/presentation/10734
https://www.abstractsonline.com/pp8/#!/9045/presentation/10734
https://www.ncbi.nlm.nih.gov/books/NBK75047/

M. Garcia-Pardo et al.

602

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134,

135.

136.

137.

138.

139.

140.

personalized assays in stage II-lll colorectal cancer patients in a U.K. multicenter
prospective study (TRACC). JCO. 2021;39:102-102.

Tie J, Cohen JD, Wang Y, Christie M, Simons K, Lee M, et al. Circulating tumor
DNA analyses as markers of recurrence risk and benefit of adjuvant therapy for
stage Il colon cancer. JAMA Oncol. 2019;5:1710.

Powles T, Assaf ZJ, Davarpanah N, Banchereau R, Szabados BE, Yuen KC, et al.
ctDNA guiding adjuvant immunotherapy in urothelial carcinoma. Nature.
2021;595:432-7.

Abbosh C, Birkbak NJ, Wilson GA, Jamal-Hanjani M, Constantin T, Salari R, et al.
Phylogenetic ctDNA analysis depicts early-stage lung cancer evolution. Nature.
2017;545:446-51.

Cescon DW, Bratman SV, Chan SM, Siu LL. Circulating tumor DNA and liquid
biopsy in oncology. Nat Cancer. 2020;1:276-90.

Singhal S, Rolfo C, Maksymiuk AW, Tappia PS, Sitar DS, Russo A, et al. Liquid
biopsy in lung cancer screening: the contribution of metabolomics. Results of a
pilot study. Cancers. 2019;11:1069. Aug

Cohen JD, Li L, Wang Y, Thoburn C, Afsari B, Danilova L, et al. Detection and
localization of surgically resectable cancers with a multi-analyte blood test.
Science. 2018;359:926-30.

Lennon AM, Buchanan AH, Kinde I, Warren A, Honushefsky A, Cohain AT, et al.
Feasibility of blood testing combined with PET-CT to screen for cancer and
guide intervention. Science. 2020;369:eabb9601.

Siravegna G, Mussolin B, Venesio T, Marsoni S, Seoane J, Dive C, et al. How liquid
biopsies can change clinical practice in oncology. Ann Oncol. 2019;30:1580-90.
Sacher AG, Paweletz C, Dahlberg SE, Alden RS, O'Connell A, Feeney N, et al.
Prospective validation of rapid plasma genotyping for the detection of EGFR
and KRAS mutations in advanced lung cancer. JAMA Oncol. 2016;2:1014.

Rolfo C, Cardona AF, Cristofanilli M, Paz-Ares L, Diaz Mochon JJ, Duran |, et al.
Challenges and opportunities of cfDNA analysis implementation in clinical
practice: Perspective of the International Society of Liquid Biopsy (ISLB). Crit Rev
Oncol/Hematol. 2020;151:102978.

Aldea M, Hendriks L, Mezquita L, Jovelet C, Planchard D, Auclin E, et al. Circu-
lating tumor DNA analysis for patients with oncogene-addicted NSCLC with
isolated central nervous system progression. J Thorac Oncol. 2020;15:383-91.
Deveson IW, Gong B, Lai K, LoCoco JS, Richmond TA, Schageman J, et al.
Evaluating the analytical validity of circulating tumor DNA sequencing assays for
precision oncology. Nat Biotechnol. 2021;39:1115-28.

Stetson D, Ahmed A, Xu X, Nuttall BRB, Lubinski TJ, Johnson JH, et al. Orthogonal
comparison of four plasma NGS tests with tumor suggests technical factors are
a major source of assay discordance. JCO Precis Oncol. 2019;3:1-9.

Godsey JH, Silvestro A, Barrett JC, Bramlett K, Chudova D, Deras |, et al. Generic
protocols for the analytical validation of next-generation sequencing-based
ctDNA Assays: a joint consensus recommendation of the BloodPAC's analytical
variables working group. Clin Chem. 2020;66:1156-66.

Newman AM, Bratman SV, To J, Wynne JF, Eclov NCW, Modlin LA, et al. An
ultrasensitive method for quantitating circulating tumor DNA with broad
patient coverage. Nat Med. 2014;20:548-54.

Newman AM, Lovejoy AF, Klass DM, Kurtz DM, Chabon JJ, Scherer F, et al.
Integrated digital error suppression for improved detection of circulating tumor
DNA. Nat Biotechnol. 2016;34:547-55.

Tie J, Kinde I, Wang Y, Wong HL, Roebert J, Christie M, et al. Circulating tumor
DNA as an early marker of therapeutic response in patients with metastatic
colorectal cancer. Ann Oncol 2015;26:1715-22.

Raman L, Van der Linden M, Van der Eecken K, Vermaelen K, Demedts |, Sur-
mont V, et al. Shallow whole-genome sequencing of plasma cell-free DNA
accurately differentiates small from non-small cell lung carcinoma. Genome
Med. 2020;12:35.

Mack PC, Banks KC, Espenschied CR, Burich RA, Zill OA, Lee CE, et al. Spectrum of
driver mutations and clinical impact of circulating tumor DNA analysis in
non-small cell lung Analysis of over 8000 Cancer.
2020;126:3219-28.

Minari R, Bordi P, Del Re M, Facchinetti F, Mazzoni F, Barbieri F, et al. Primary
resistance to osimertinib due to SCLC transformation: Issue of T790M deter-
mination on liquid re-biopsy. Lung Cancer. 2018;115:21-7.

cancer: cases.

141. Bauml J, Levy B. Clonal hematopoiesis: a new layer in the liquid biopsy story in
lung cancer. Clin Cancer Res. 2018;24:4352-4.

142. Sandhu JS, Wang C, Chen Y-J, Chevalier D, Walia S, Kim JY, et al. A single-center
comparative surveillance strategies of ctDNA (Signatera), imaging, and CEA in
the surveillance of resected colorectal cancer. JCO. 2022;40:200-200.

143. Remon J, Menis J, Hasan B, Peric A, De Maio E, Novello S, et al. The APPLE trial:
feasibility and activity of AZD9291 (Osimertinib) treatment on positive plasma
T790M in EGFR-mutant NSCLC patients. EORTC 1613. Clin Lung Cancer.
2017;18:583-8. Sep

144. Lee R, Rothwell DG, Chow S, Shaw HM, Turajlic S, Smith N, et al. CACTUS: a
parallel arm, biomarker driven, phase Il feasibility trial to determine the role of
circulating tumor DNA in guiding a switch between targeted therapy and
immune therapy in patients with advanced cutaneous melanoma. JCO. 2021;39:
TPS9587-TPS9587.

AUTHOR CONTRIBUTIONS

MGP, MM, NBL: Conceptualisation, writing—original draft preparation, writing—
review and editing; JL, DK, NBL: Review, figures editing; NBL: Supervision. All authors
have read and agreed to the published version of the manuscript.

COMPETING INTERESTS

Dr. Leighl reports institutional research funding from Guardant Health, Roche, Inivata
(pending), travel funding for CME lecture from Roche Dr. Garcia-Pardo, Dr. Makarem,
Dr. Li, Dr. Kelly do not have any conflicts of interest to disclose.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE

The authors are accountable for all aspects of the work in ensuring that questions
related to the accuracy or integrity of any part of the work are appropriately
investigated and resolved.

CONSENT TO PUBLISH
Not applicable.

ADDITIONAL INFORMATION

Correspondence and requests for materials should be addressed to Natasha B.
Leighl.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

British Journal of Cancer (2022) 127:592 - 602


http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Integrating circulating-free DNA (cfDNA) analysis into clinical practice: opportunities and challenges
	Liquid biopsy in oncology
	Current applications
	Molecular genotyping of advanced disease
	NSCLC
	Other advanced solid tumours

	Detecting acquired resistance

	Opportunities: emerging landscape and future clinical applications
	Accelerate time to treatment in advanced disease
	Blood-based predictive biomarkers for cancer immunotherapy
	ctDNA dynamics: prognostic impact and treatment response monitoring in advanced disease
	NSCLC
	Response monitoring in other solid tumours

	Clinical applications in early-stage disease
	Prognostic role of ctDNA in early-stage NSCLC
	ctDNA dynamics and preoperative NSCLC therapy
	Minimal residual disease (MRD) after curative intent treatment—NSCLC
	MRD in other solid tumours

	Cancer screening
	Combination of cancer-specific mutations with other biomarkers


	Challenges and limitations
	Limitations
	Clinical utility

	Conclusion
	References
	Author contributions
	Competing interests
	Ethics approval and consent to participate
	Consent to publish
	ADDITIONAL INFORMATION




