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A B S T R A C T

Current classification and treatment of lung cancer rely increasingly on molecular and genetic testing. Obtaining
tumor tissue is not always feasible and multiple biopsies are undesirable. In response to the demand for non-
invasive molecular and genetic testing in cancer care, several liquid biopsy technologies, including circulating
DNA (ctDNA), have been developed. ctDNA analysis is now technically feasible to be carried out in large scales
and integrated into clinical practice owing to the advances in technology. Despite the challenges in improving
test accuracy and cost-effectiveness, there are huge potentials for ctDNA analysis in lung cancer management.
This review focuses on the clinical utility of ctDNA analysis in lung cancer, including early detection, monitoring
treatment response and detecting residual disease, identification of genetic determinants for targeted therapy,
and predicting efficacy of immune checkpoint blockade.

Introduction

Cell-free DNA (cfDNA) refers to non-encapsulated DNA in the
bloodstream, which was first discovered in the 1940s [1]. Increased
levels of cfDNA were later found to be associated with pathological
processes, most commonly with neoplastic diseases [2,3]. In cancer
patients, a fraction of their cfDNA is derived from tumor cells and re-
ferred to as circulating tumor DNA (ctDNA).

ctDNA could be detected in patients with subclinical and localized
cancer, thus potentially serve as a marker for screening and residual
disease monitoring. When captured and appropriately analyzed, ctDNA
reflects the genome of the tumor(s) and provide similar genetic in-
formation to tissue biopsy. Rather than reflecting the genetic compo-
sition of a single biopsied or resected tumor, ctDNA is closer to a
“snapshot” of the DNA from all locoregional and metastatic tumors in
the body. Therefore, ctDNA test can compliment a single biopsy, ac-
counting for tumor heterogeneity when determining targets for treat-
ment, monitoring response, and detecting resistance. Given that ctDNA
analyses are blood-based tests and pose minimal risk for cancer pa-
tients, it can be easily obtained repeatedly to track tumor dynamics
over time. If optimized for specific clinical purposes, ctDNA tests can
also have a cost advantage over radiographic examinations and invasive
procedures for obtaining tissue. For the reasons mentioned above, there
are huge potentials for ctDNA in cancer care.

Today, lung cancer care is at the frontier of personalized medicine;
classification of disease subtype, selection of treatment and identifica-
tion of resistance mechanism all increasingly rely upon molecular and
genetic information. It is an area where researchers and clinicians could
leverage the advantages of ctDNA analysis to advance patient care ra-
pidly. This review focuses on the clinical utility of ctDNA analysis in
lung cancer, including early detection, monitoring treatment response
and detecting residual disease, identification of genetic determinants
for targeted therapy, and predicting the efficacy of immune checkpoint
blockade.

Biological and technical aspects of ctDNA

The mechanism of release of DNA from the tissue into the circula-
tion is not fully understood; necrosis, apoptosis, and secretion are the
three presumed mechanisms [4]. Cells that undergo necrosis is con-
sidered a source of cfDNA [5]. The high necrotic activity in tumor cells
could explain the increased cfDNA levels in cancer patients [2,3].
However, necrosis-derived DNA fragments were not found in some
cancer patients. An alternative source of cfDNA is thought to be se-
cretion by viable cells, [6,7]. Some evidence also suggests that the
macrophages engulf the DNA fragments from necrotic tissue before they
are released into the circulation [8,9]. More recent studies found that
cfDNA is enriched in nucleosome-derived DNA fragments, which points
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to apoptosis as the primary source of cfDNA [10,11].
Non-tumor and tumor cells release DNA into circulation. The pro-

portion of ctDNA in cfDNA is highly variable, ranging from 0.01% to
over 90% [12], and correlates with disease burden [13]. ctDNA can be
differentiated from other cfDNA by the presence of mutations. Given
the rarity of ctDNA, methods used to detect mutations associated with
ctDNA require exquisite sensitivity. False-positive due to the detection
of targeted mutations released by non-cancer cells is another concern,
particularly when ctDNA analysis is used for diagnostic purposes. One
well-recognized cause of genotyping discordance between plasma and
tumor samples is clonal hematopoiesis. A portion of cfDNA is derived
from white blood cells. As hematopoietic stem cells divide, some
random mutations confer an advantage for self-renewal or proliferation
while not affecting the function of the white blood cells [14,15]. Some
of these random mutations, such as TP53, IDH2, GNAS, and KRAS, are
also frequently identified in cancer cells and may be falsely picked up
by ctDNA assays [15–17]. An ideal cfDNA/ctDNA test would need to
overcome the aforementioned sensitivity and specificity issues before
being used in cancer care.

Allele-specific polymerase chain reaction (PCR) has been used to
detect epidermal growth factor receptor (EGFR) mutations in ctDNA in
lung cancer patients since the 2000s [18]. In 2016, the US FDA ap-
proved the cobas® EGFRMutation Test v2 kit as a companion diagnostic
test for EGFR tyrosine kinase inhibitors (TKIs) using plasma specimens
[19]. Digital PCR (dPCR), developed by Vogelstein and Kinzler in 1999,
allowed accurate identification and quantification of rare mutations
[20]. A technique based on dPCR named BEAMing (beads, emulsion,
amplification, and magnetics) was tested in patients with different
stages of colorectal cancer [9,13]. The assay’s ability to quantify ab-
solute ctDNA level allowed it to serve as a marker for disease dynamics.

The advent of next-generation sequencing (NGS) allowed high
throughput interrogation of large numbers of template molecules and
genetic loci simultaneously. However, conventional NGS platforms are
associated with an error rate that varies from 0.05% to 1%, making
them unsuitable for detecting rare mutations [21]. Several technologies
have been developed to address this high error rate. The Safe-Sequen-
cing System (Safe-SeqS) utilized molecular barcoding to amply each
uniquely tagged DNA template and allowed the differentiation between
background sequencing error and actual mutations [21]. Safe-SeqS has
been applied to detect cancer mutations in various clinical samples
[22–25], including plasma ctDNA in 8 different malignancies, including
lung cancer [26]. Commonly applied assays for ctDNA analysis are
listed in Table 1.

Clinical applications of ctDNA

Current clinical utility of ctDNA analysis in lung cancer is sum-
marized in Table 2

Early detection of disease

Despite the advances in lung cancer care, lung cancer is still the
leading cause of cancer death worldwide, accounting for more than 9
million deaths annually worldwide [27]. The high mortality rate in lung
cancer can be partly attributed to the late stage of diagnosis, as the 5-
year survival rate drops substantially for stage III and IV disease [28].
While lung cancer incidence is rising in histological subtypes that are
less related to smoking, the current screening guidelines were only for
heavy-smokers [29–31]. There is a substantial unmet need for lung
cancer screening in the non-smoking population. Liquid biopsy elim-
inates the risk of radiation exposure from radiographic screening and
could be obtained more frequently. In the following section, we sum-
marize the current evidence on utilizing cfDNA, ctDNA analysis, and
multi-analyte blood tests that incorporate cfDNA/ctDNA testing for
lung cancer screening.

Quantification of cfDNA without targeting specific tumor mutation Ta
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is a potential test for lung cancer screening. When using human telo-
merase reverse transcriptase (hTERT) as a marker for cfDNA quantifi-
cation, the concentration of cfDNA was found significantly higher in
lung cancer patients [32–34]. The screening performance of cfDNA
quantification using qRT-PCR was tested in 1035 heavy smokers
without lung cancer. In the study, the participants underwent annual
computed tomography (CT) screening for five years. Participants who
developed lung cancer during monitoring had a higher cDNA con-
centration at surgery compared to their baseline, but the cfDNA level at
enrollment did not differ between subsequently diagnosed cases and
cancer-free subjects [35]. The major limitation of utilizing cfDNA for
cancer screening is that it is not tumor-specific and prone to false-po-
sitive results. Some benign medical conditions, such as infection, in-
flammation, and autoimmune disease were found to be associated with
higher cfDNA levels [36–39].

Lung cancer-specific driver mutation are identified in approximately
60–70% of lung cancer cases [40–42]. Driver mutations are ubiquitous
in tumor cells and are generally not present in normal cells, making
them potential markers for disease detection. A study which analyzed
640 patient specimens of various cancer types reported that only 47%
of stage I cancers have detectable ctDNA levels by dPCR compared to
82% in stage IV disease [22]. Another study achieved a 50% sensitivity
for detecting stage I lung cancer by using a personalized gene panel.
The median number of genes used for detection per patient was four
[43]. In general, subclinical cancer detection by identifying common
mutations in ctDNA has high specificity but low sensitivity. Increasing
the number of targeted mutations in the assay could potentially im-
prove sensitivity, but could suffer from cost-effectiveness issues.

Methylation of certain ctDNA regions could also be potential mar-
kers for early disease detection. Serum DNA methylation of MGMT,
p16INK4a, RASSF1A, DAPK, RAR-b were found in lung cancer [44–48].
However, the frequency of methylation at a single locus is generally too
low for diagnostic purposes [45,46,48]. Combining several methylation
markers with or without lung cancer-specific mutations have been re-
ported to increase the sensitivity of lung cancer detection [45–48].

Utilizing ctDNA for detection of preclinical lung cancer remains
challenging. ctDNA may only represent a small fraction of cfDNA and
may not be representative of the localized tumor [49]. The concentra-
tion of ctDNA is also lower in early-stage disease compared to that in
late stages [22,43,49,50]. Furthermore, the genetic and epigenetic
composition of lung cancer is heterogeneous across patients [51,52].

These ctDNA properties impede the sensitivity of ctDNA-based
screening.

Given that neither cfDNA concentration, cancer-specific mutations
or methylation in ctDNA alone provide sufficient sensitivity for early
cancer detection, newer screening assays focused on combining mul-
tiple blood markers to increase accuracy. CancerSEEK, a blood test that
assesses tumor-specific mutations in cfDNA and eight circulating pro-
tein, was set to detect eight common cancers [26]. Among the 104 stage
I to III lung cancer patients tested, the sensitivity for detecting the
disease was 59%. The performance of another test developed by GRAIL,
which involved targeted sequencing, whole-genome sequencing, and
methylation analysis, was tested in 124 stage I to III lung cancer pa-
tients [53]. The test had similar sensitivity (59%, 95% CI 47–70%) to
CancerSEEK. While these tests demonstrated more promising results,
their performance would need to be validated by large-scale studies.
The low prevalence of lung cancer in the general population make the
positive predictive value very low even with highly sensitive and spe-
cific methods. Therefore, it is unlikely that blood tests be used for
universal lung cancer screening in the near future. Identifying high-risk
groups for screening is equally essential as advancing technology for
early detection.

Prediction of prognosis

The association between circulating DNA concentration and lung
cancer stage found in prior studies indicates the potential prognostic
value of cfDNA and ctDNA [22,43,49,50]. A study assessed the re-
lationship between cfDNA concentration and overall survival in 73 lung
cancer patients. When using 20 ng/ml as cutoff, patients with higher
cfDNA concentration had an unfavorable overall survival after adjusted
for disease stage (Hazard ratio [HR] for death: 3.77, 95% CI
1.16–12.28, P=0.028) [34]. In the cfDNA and computed tomography
lung cancer screening study mentioned in the previous section, a higher
cfDNA concentration at diagnosis was significantly associated with
poorer 5-year survival (P=0.007) [35]. In a longitudinal analysis of
blood samples from 134 patients with advanced lung adenocarcinoma
enrolled in a randomized control trial, patients with pre-treatment
cfDNA in the higher tertile had significantly short survival compared
with those in the lower tertile (Log-rank test P= 0.030). Another study,
in which quantitative Real-Time PCR targeting four genes was used to
detect ctDNA, found that high concentration of the targeted genes was

Table 2
Summary of current clinical utility of ctDNA analysis.

Clinical scenario Current status of clinical utility Major challenges Potential solutions

Early detection – For study purpose
– Multi-analyte blood
screening trials ongoing

– Low sensitivity
– False-positive results
– Cost-effectiveness for large-scale
screening

– Identifying population(s) that benefit
from screening

– Multi-analyte blood test to achieve higher
accuracy

– Evaluate screening performance in clinical trials

Prediction of prognosis For study purpose – Cost-effectiveness compared to existing
markers/staging system

– Generalizability

– Larger-scale studies to determine whether ctDNA
adds prognostic value to TMN staging

– Prognostic value studied separately in each lung
cancer subtype

Monitor of response and MRD For study purpose – False-positive results
– Clinical implication of MRD is unclear

– Generate more evidence on the clinical
implications of MRD in lung cancer

Identification of genetic determinants
for targeted therapy

– cobas® v2 approved by FDA
for ctDNA testing

– ctDNA tests integrated in
clinical trials

– Sensitivity is insufficient to replace tissue
tests

– Implication of subclinical progression
based on ctDNA is unclear

– Development of cost-effective, easily-implemented
ddPCR or optimized-NGS assays for routine
practice

– Integrate liquid biopsy into clinical trials
Applications in immune checkpoint

blockade
For study purpose – Accuracy for estimating MMR/MSI and

TMB
– Cost-effectiveness for routine practice
– Competing modalities for assessing early
response (i.e. nuclear imaging)

– ctDNA analysis for predicting or monitoring
response validated in clinical trials

MRD: miminal residual disease; MMR: mismatch repair deficiency; MSI: microsatellite instability; TMB: tumor mutation burden; ddPCR: droplet digital PCR; NGS:
next generation sequencing.
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associated with poor prognosis in stage IIIb and stage IV non-small cell
lung cancer (NSCLC) patients (P= 0.006) [54]. The results demon-
strate that cfDNA or ctDNA concentration could be a supplementary
prognostic indicator to disease stage in lung cancer. However, most
studies did not account for important factors that could affect the
outcome, including performance status, subsequent treatment, and
molecular or genetic subtypes of lung cancer. As the classification of
lung cancer, mainly NSCLC is based on molecular and genetic testing
[55], the prognostic value of cfDNA and ctDNA should be evaluated
separately in each of the lung cancer subtypes.

Monitoring treatment response and detecting residue disease

cfDNA or ctDNA are desirables tool for real-time disease burden and
treatment response monitoring for their short half-life and ease of ac-
cessibility compared to repeated image assessment or tissue biopsy
[13,49,56]. Minimal residue disease (MRD) is an important indicator
for relapse and poor prognosis in leukemia; MRD detection could fa-
cilitate the decision on giving more aggressive or salvage treatment
[57,58]. The clinical implication of MRD in lung cancer is less estab-
lished, but detection of MRD potentially help clinicians determine the
intensity of monitoring, and lead to a timely diagnosis of clinically
actionable disease. Two studies compared the pre and post-surgery
detection rate of ctDNA mutation in patients with localized NSCLC and
found that the frequency of ctDNA was significantly lower after surgery
[59,60]. Thus, ctDNA could reflect the disease burden and serve as a
marker of MRD. In a study that aimed to validate CAncer Personalized
Profiling by deep Sequencing (CAPP-seq), a targeted-NGS assay, for
prognosis prediction, three early NSCLC cases experienced extended
disease-free periods after ctDNA became undetectable following cura-
tive treatment [43]. In a 24-patient subgroup of the Tracking Cancer
Evolution Through Therapy (TRACERx) trial, 13 of the 14 NSCLC pa-
tients who experienced recurrence after surgery had a detectable ctDNA
level before radiographic confirmation (median of 70 days preceding
image diagnosis). Only one of the ten disease-free patients had a per-
sistently detectable ctDNA. The study used patient-specific targeted-
NGS panels for ctDNA detection [61]. Another study reported that 94%
of the localized lung cancer cases, which subsequently had disease re-
currence was positive for ctDNA by CAPP-seq on the first blood ex-
amination after curative treatment [62]. The detection of MRD pre-
ceded radiographic progression by a median of 5.2 months. While these
evidence support MRD monitoring and risk stratification via ctDNA, the
low detection rate of ctDNA before curative treatment in localized
NSCLC and possible false positive findings raise concern on its clinical
application. Besides, whether the detection of MRD in NSCLC translates
into survival benefit remains unclear.

Monitoring treatment response using ctDNA had been studied in
patients with NSCLC, particularly those with actionable mutations.
ctDNA EGFR mutation levels were found to increase drastically within
24 h after initiation of EGFR TKI, suggesting TKI-induced cell death.
The ctDNA EGFR mutation dropped to undetectable levels one week
after treatment [63]. In the same study, six out of the seven patients
who had a clinical response were absent of EGFR mutation ctDNA at
eight weeks after treatment; a rise of ctDNA EGFR mutation can be
detectable two months preceding clinical progression. The correlation

between lowering of ctDNA and the clinical or radiographic response
was confirmed in two other studies. In a study that analyzed the dy-
namics of ctDNA from 41 patients with advanced NSCLC enrolled in a
phase II trial of pertuzumab and erlotinib, a decrease of ctDNA was
associated with radiographic response confirmed by CT and fluor-
odeoxyglucose- positron emission tomography (FDG-PET) in patients
with EGFR mutation [64]. Another study used the cobas® kit for ctDNA
EGFR mutation detection in patients with metastatic NSCLC who re-
ceived gemcitabine and erlotinib or erlotinib monotherapy in a phase
III trial. In both arms, patients who are EGFR mutation-positive at
baseline and still have detectable EGFR mutation in blood before start
of cycle 3 (8 weeks after treatment) had a significantly unfavorable
progression-free survival (PFS) and overall survival (OS) compared to
those whose ctDNA EGFR mutation turned negative [65]. A similar
correlation between dynamics of ctDNA and clinical outcomes was
observed in NSCLC. In 15 histopathological confirmed Anaplastic
lymphoma kinase (ALK)-positive advanced NSCLC cases, patients
without detectable ALK mutation by capture-based NGS in the plasma
had a slightly longer PFS [66]. A recent study, which used a 566-gene
hybrid-capture NGS assay to detect ctDNA ALK mutation in 22 ALK-
positive NSCLC patients, found that the dynamics of ALK mutation al-
lele fraction was consistent with the response to treatment and disease
progression on image studies [67]. Overall, it is possible to use the
dynamics of ctDNA driver mutation level to predict response to treat-
ment and even longer-term outcomes. Given that current evidence was
generated from small sample groups and not under well-controlled
settings, its generalizability in clinical practice remains questionable.

Identification of genetic determinants for molecular targeted therapy

Lung cancer, particularly advanced NSCLC is longer treated as a
single disease entity but instead based on genetic or molecular pro-
filing. Molecular targeted therapies for NSCLC with EGFR, ALK, ROS1,
and BRAF mutation have been proven effective and approved by the US
Food and Drug Administration (FDA) [68–76]. Understanding of the
mechanisms of resistance in EGFR and ALK-positive NSCLC after first-
line therapy also led to the development of new generations of TKIs that
target acquired mutation [77,78]. Currently, testing of these mutations
requires tumor tissue. The procedure for obtaining tumor tissue in ad-
vanced lung cancer patients is invasive and not always feasible. As
genetic or molecular diagnosis became part of advanced NSCLC treat-
ment, there is a demand for non-invasive diagnostic tools.

EGFR-mutant NSCLC
Identifying the genetic determinants for targeted therapy by ctDNA

is most widely applied in EGFR-mutant NSCLC. Two companion, real-
time PCR-based EGFR mutation diagnostic tests for EGFR TKIs, ther-
ascreen® and cobas®, were approved by the US FDA [79] (Table 3). The
cobas® EGFR mutation test was originally approved for testing NSCLC
tumor tissue for actionable EGFR mutations. In 2016, the US FDA ex-
panded the indication of cobas® test v2 for the detection of EGFR exon
19 deletions, L858R, and T790M in plasma samples [80]. It is the first
liquid biopsy test approved for use by the US FDA. The approval was
based on the results from the randomized, phase III ENSURE trial,
which compared the efficacy and safety of erlotinib versus gemcitabine

Table 3
US Food and Drug Administration-approved EGFR mutation testing assays [167].

Assay Technology No. mutations tested Sample Drugs indicated for detected mutations

therascreen® EGFR RGQ PCR kit
(Qiagen Manchester Ltd.)

Scorpion® ARMS real-time PCR 21 FFPE Gefitinib – exon 19 deletions, L858RAfatinib – exon 19 deletions,
L858R

cobas® EGFR Mutation Test v2
(Roche Molecular Systems, Inc.)

Real-time PCR 42 FFPE Erlotinib – exon 19 deletions, L858R
Osimertinib – T790M

Plasma Erlotinib – exon 19 deletions, L858R

Abbreviations: ARMS= amplification refractory mutation system, No.= number, FFPE= formalin-fixed, paraffin-embedded tissue.
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and cisplatin in treatment-naive advanced NSCLC patients [81]. Tissue
and plasma of the 517 patient screened for the ENSURED trial were
tested for EGFR mutation using the FDA-approved plasma EGFR test. In
patients with positive EGFR mutation in the tumor tissue, 76.7% were
also EGFR mutation-positive in the plasma. Of the tissue-negative pa-
tients, 98.2% were plasma-negative [80].

Acquired EGFR T790M gatekeeper mutation is the dominant me-
chanism of resistance to EGFR-TKI, and can be targeted by osimertinib
[82,83]. Detection of EGFR T790M at disease progression is pivotal for
determining subsequent treatment. The concordance between plasma
and tissue T790M mutation status using the cobas® test was reported
from the AURA trials. In the AURA phase I trial, the positive percent
agreement (PPA) between plasma and tissue results was 73% for all
activating mutations and 64% for T790M [84]. In the 551 patients
screened for the AURA extension and AURA2 trial who provided mat-
ched tissue and plasma samples, the PPA and negative percent agree-
ment (NPA) for T790M status was 90% and 98%, respectively [85]. The
randomized, phase III AURA3 trial also incorporated ctDNA T790M
testing as part of the analysis. Among the patients who had both tissue
and plasma tested for T790M status by the FDA-approved plasma EGFR
test, the PPA and NPA was 51% (95% CI 46–57) and 77% (95% CI
71–83), respectively. In the subgroup that is positive for both plasma
and tissue T790M, the treatment efficacy comparing osimertinib to
chemotherapy was consistent with that of the intended to treat popu-
lation [86]. These studies indicate that when the tissue test results were
set as the gold standard, the plasma test had higher specificity than
sensitivity. To avoid false negative, the FDA recommends performing
tissue EGFR mutation testing in patients whose plasma test is negative
[80].

Although the US FDA did not approve the therascreen® test for
testing plasma samples, the concordance between its plasma and tissue
test results was reported in the single-arm, gefitinib IFUM trial [87].
The concordance rate, sensitivity and specificity for therascreen®
plasma test in the 652 matched samples were 94.3%, 65.7%, and
99.8%, respectively. In the real-world setting, the concordance rate
between plasma and tissue/cytology test results using the therascreen®
test was 95% from the non-interventional ASSESS study [88].

EGFR mutations other than L858R and exon 19 deletions are con-
sidered uncommon EGFR mutations, and the sensitivity to EGFR-TKIs
varies across these mutations [89]. The FDA recently broadens the in-
dication of afatinib to advanced NSCLC with uncommon, non-resistant
EGFR mutations (S768I, L861Q, and/or G719X) based on data from a
combined analysis of three randomized trials [90]. While both ther-
ascreen® and cobas® tests are capable of detecting these uncommon
mutations, they were not approved for this purpose in either tissue or
plasma samples (Table 2).

Besides the FDA-approved plasma EGFR test, BEAMing [91], droplet
digital PCR (ddPCR) [92], multiplex enrichment PCR [93–95], and
other amplification refractory mutation system (ARMS) assays [96]
were commonly used to detect EGFR mutations in ctDNA. The sensi-
tivity for detecting EGFR mutation in ctDNA of these assays varies
across studies, but in general, digital genomic approaches (ddPCR,
BEAMing) have higher sensitivity compared to non-digital approaches
(ARMS) for tracking mutations at low frequencies [97,98]. Several
ongoing observational and interventional studies continue to validate
the assays mentioned above for ctDNA driver mutation detection in
different clinical settings [98].

ALK-positive NSCLC
ALK-positive advanced NSCLC is another area where molecular-

targeted therapy has had great success. The US FDA approved five TKIs,
including crizotinib, ceritinib, alectinib, brigatinib, and loratinib for the
treatment of ALK-positive advanced NSCLC. Unlike EGFR-mutated
NSCLC that has a dominant resistance mutation, ALK-positive NSCLC
has several common secondary mutations (i.e. C1156Y, G1202R,
I1171T, S1206Y, and E1210K) [99,100]. As the spectrum of targeted

mutations differs across ALK inhibitors [101,102], it is essential to
monitor the evolution of ALK mutation profile during treatment. A
Japanese group developed a two-step ddPCR-based assay for detecting
and monitoring secondary ALK mutations in plasma [103]. The two
steps involve screening for 10 ALK mutations and tracking of mutation
clone by mutation-specific probe after identifying the mutation. Among
four patients who progressed on crizotinib, a secondary mutation:
G1202R, was detected in one of the patients. The mutation was con-
sistent with that from the metastatic brain tumor, and the frequency of
the mutation in cfDNA aligned with the clinical course.

While highly sensitive dPCR-based ctDNA detection methods more
effectively detect ctDNA mutations, designing PCR primers for re-
arrangement events such as EML4-ALK could be challenging [66].
Capture-based NGS is an alternative for detecting ALK rearrangement.
Two studies compared the ALK mutation status in plasma identified by
captured-cased NGS to that from paired tissue samples confirmed by
immunohistochemistry (IHC) and in situ fluorescence hybridization
(FISH) [66,104]. The sensitivity was 79.2% and 54.2% in the two stu-
dies, respectively; the specificity was 100% in both studies. The sensi-
tivity was higher in patients with distant metastasis than those without,
and higher in pre-treatment compared to post-treatment samples in
patients followed longitudinally. One of the studies identified sec-
ondary mutations in a patient who progressed on crizotinib, indicating
the potential application on monitoring resistance to ALK inhibitors
[104]. Another study used a commercially available, NGS-based
Guardant360 (G360; Guardant Health) panel to detect ALK mutation in
cfDNA [105]. The G360 panel was able to identify resistance mutation
in 16 of the 31 patients (52%) with known or presumed ALK-positive
patients. Given that these assays have excellent specificity, it could
serve as a complementary diagnostic and monitoring test when tumor
tissue is not available.

Liquid biopsy via ctDNA ALK-mutation testing could offer some
advantage over tissue tests in diagnosis and determining mechanism of
resistance. The false-negative rate for detecting ALK fusion of standard
IHC (Ventana D5F3) and FISH tissue test could be as high as 35% when
NGS is used as the benchmark [106]. In the study that utilized G360 to
detect plasma ALK mutation, five patients who were tested negative for
ALK mutation in tissue but positive in plasma responded to crizotinib
[105]. In the same study, 43% of the patients whose secondary muta-
tion was detected in plasma had more than one resistance mutation. In
contrast, only 12% of the 48 tumor tissues from patients who pro-
gressed on an ALK inhibitor had compound mutations [101]. These
data do not necessarily indicate that liquid biopsy confers better sen-
sitivity, but reflect intratumoral and intertumoral heterogeneity. Given
the complexity of the clonal evolution of ALK-positive NSCLC, while
ctDNA-based liquid biopsy may not replace tissue diagnosis, it provides
additional information for personalized treatment.

Clinical utility of ctDNA analysis in immune checkpoint blockade

Following molecular targeted therapy, immune checkpoint
blockade is another paradigm shift in lung cancer treatment. Immune
checkpoint blockade improved the survival of patients with advanced
NSCLC without actionable mutation and patients with extensive-stage
SCLC when compared to chemotherapy in randomized controlled trials
[107–114]. In contrast to molecular targeted therapy, which achieves
cytocidal or cytostatic activity by inhibiting molecules that are pivotal
for cell proliferation, the anti-cancer effect of immune checkpoint
blockade is via activation of the exhausted T-cells [115]. Given the
unique mechanism of action of immune checkpoint blockade, we dis-
cuss the clinical utility of ctDNA analysis in immune checkpoint
blockade in a separate section.

Identifying high-responders
A proportion of NSCLC patients experience durable response to

immune checkpoint inhibitors and have long progression-free and

T.-H. Wu, et al. Cancer Treatment Reviews 78 (2019) 31–41

35



overall survival periods. Recently, a lot of attention was on identifying
responders to immune checkpoint blockade. Several biomarkers were
found to be associated with response to immune checkpoint inhibitors,
including PD-L1 expression, tumor infiltrating lymphocytes (TILS),
tumor mutation burden (TMB), mismatch repair deficiency (dMMR),
serum markers (i.e. LDH, eosinophil count, certain lymphocyte ratio),
and radiographic markers [108,116–120]. The US FDA also approved
immune checkpoint inhibitors in patient groups with high response
tendency based on PD-L1 expression and mismatch repair deficiency
status [121,122].

ctDNA-based liquid biopsy tests have the potential for predicting
response by detection of TMB and dMMR. High TMB, defined by var-
ious cutoffs ranging from ≥5 to ≥20 mutations per Mb [123], is as-
sociated with a higher number of neoantigens, and leads to higher
chances of neoantigen-specific cytotoxic lymphocytes activation by
checkpoint blockade [117,124]. Several studies have reported that high
TMB was associated with higher objective response rate, PFS and/or OS
in lung cancer [117,125–127]. The allele frequency of certain tumor
mutations in cfDNA could be very low; thus the sequencing depth is
essential when estimating TMB from blood samples.

Whole exome sequencing (WES)-based analysis is a feasible ap-
proach for assessing TMB in blood samples (bTMB) [128–130]. Despite
the sensitivity for detecting tumor mutations were relatively low in
these studies, bTMB was correlated with TMB. However, the cost of
high-depth WES is probably too high for routine clinical practice; tar-
geted sequencing is considered a more realistic approach to estimate
bTMB. A study analyzed the mutation burden from 97 paired blood
(analyzed by G360 panel) and tumor samples (were analyzed by the
FoundationOne assay), including 53 from NSCLC patients [131]. The
number of mutations was significantly different (paired t-test
p < 0.05) between blood and tissue samples. The number of mutations
was poorly correlated between the two types of samples (Pearson
Correlation r= 0.24–0.33). However, other studies demonstrated
better concordance between bTMB and TMB by targeted-sequencing. A
group used a targeted, capture-based NGS panel to analyze the muta-
tion burden in ctDNA and compared to paired tumor samples (TMB
determined by WES) from 56 patients with advanced NSCLC. The
correlation between bTMB and TMB was higher than that in the prior
study (r= 0.8). The correlation was stronger in patients with stage IV
disease than those with stage IIIB disease. Similar results were de-
monstrated in a study that compared bTMB with TMB (assessed by
targeted sequencing of 394 genes) form 259 NSCLC patients. The
overall agreement and PPA were 81% and 64%, respectively. The PPA
dropped to 17% when narrowing the number of genes to 62 [132].

The predictive value of bTMB for clinical outcomes was evaluated in
patients who received atezolizumab in two randomized trials (OAK and
POLAR trial) [133]. Using bTMB≥ 16 single nucleotide variants
(SNVs) out of the 394 genes in the FoundationOne panel as cutoff value
yielded the most significant benefit from atezolizumab compared to
docetaxel (HR for progression: 0.57, 95% CI 0.33–0.99) in the POLAR
trial. Therefore, bTMB≥ 16 was selected as the cutoff for high bTMB
and validated in the OAK study. Patients with bTMB≥ 16 had a more
substantial improvement in PFS (HR 0.65 vs 0.95) and OS (0.64 vs
0.73) compared to the intention to treat population in the OAK trial. A
dose response between bTBM and benefit from atezolizumab was also
observed. The predictive value of bTBM for PFS and OS was better than
tumor PD-L1 expression in this study population.

To sum-up, evidence supports the correlation between bTMB and
TMB in lung cancer. High-depth WES is generally preferred for esti-
mating TMB from bTMB, but targeted sequence that covers a sufficient
number of targets is a lower-cost alternative. While there has been
consensus on the definition of high TMB, the cut-off value of bTMB for
predicting response to immune checkpoint blockade is unclear and may
vary across assays.

In 2017, the US FDA approved pembrolizumab for any solid cancer
that features dMMR [121]. It is the first anti-cancer therapy that was

approved based on a biomarker rather than cancer type. In clinical
practice, dMMR is assessed by microsatellite instability (MSI) status,
which is commonly identified by PCR-based assay targeting specific
microsatellites or expression of MMR-related proteins in the tumor
tissue. Since MMR status is associated high response rate to immune
checkpoint blockade [134], there is a demand for blood-based MMR/
MSI tests in patients with insufficient tumor tissue or whose tissue
cannot be obtained. Existing PCR-based microsatellite assay suffers
from sensitivity issues when testing blood samples, as they are incap-
able of consistently detect low allele frequency ctDNA targets
[123,135]. ddPCR-based assays and specific enriched techniques for
detecting alterations in microsatellite in ctDNA could overcome the
limitations of current tests [136,137]. High-Depth NGS for detecting
MMR gene mutation or methylation could be another feasible solution
[138]. Of note, none of these blood-based MSI/MMR assays was tested
in samples of lung cancer patients. The majority of dMMR tumors have
high TMB [139]; therefore, the methods for assessing bTMB described
earlier are alternatives for testing MSI in blood.

Assessment of response to immune checkpoint blockade
The response pattern in patients treated with immune checkpoint

inhibitors is different from that observed in patients who received
chemotherapy or targeted therapy. Approximately 5–10% of the pa-
tients treated with immune checkpoint inhibitors experience initial
progression and are misclassified as progressive disease by RECIST
criteria before tumor shrinkage or stabilization of the disease; this
phenomenon is referred as pseudoprogression or atypical response
[140–143]. It is presumably caused by inflammation around the tumor
that is induced by anti-tumoral immune response [140,144]. In con-
trast, 10–30% of the patients receiving immune checkpoint blockade
develop hyperprogression, which is defined as ≥a 2-fold increase in
tumor growth rate after initiation of therapy [145–148], and may need
timely salvage therapy. To confirm response or progression may require
a substantial period for observation. The median time to response in
NSCLC trial patients treated with immune checkpoint blockade ranged
from 2.1 to 3.3months and could take up to more than eight months to
confirm response for some patients [108–111,149]. Having a marker
that could determine response to checkpoint blockade early in the
treatment course could guide clinical decisions.

ctDNA potentially serve as an early response marker and differ-
entiate pseudoprogression from true progression. In a proof of concept
study that assessed the change of ctDNA at eight weeks after nivolumab
or pembrolizumab from baseline in 15 cancer patients (including 10
NSCLC patients), most patients with undetectable ctDNA had durable
response to checkpoint blockade [150]. In the study, ctDNA level was
examined by ddPCR or bidirectional pyrophosphorolysis-activated
polymerization PCR in patients with known mutations, while targeted-
NGS was applied to those whose mutation status was unavailable. An-
other study utilized a multigene NGS assay for ctDNA quantification,
and defined ctDNA response as having ≥a 50% decrease in specific
mutation allele frequency. In 28 NSCLC patients who received immune
checkpoint blockade, the median time to ctDNA response was shorter
compared to radiographic response (24.5 days versus 72.5 days); a
ctDNA response was associated with favorable PFS (HR 0.29, 95% CI
0.09–0.89, P=0.03), and OS (HR 0.17, 95% CI, 0.05–0.62, P= 0.007)
[151]. Response to immune checkpoint blockade by ctDNA could be
determined as early as two weeks into treatment. A study analyzed
paired blood and tissue samples from 14 NSCLC patients treated with
nivolumab by a 53-gene NGS assay; only mutations that were presented
in both tissue and blood were quantified. Four patients who had a de-
crease in the allelic frequency of the major mutation at two weeks all
experienced durable response. However, only 7 of the 14 patients had
detectable mutation(s) shared between blood and tissue and could be
included in the analyses [152]. ctDNA is also capable of tracking re-
sistance to immune checkpoint blockade. In a study that utilized NGS-
based targeted error-correction sequencing for dynamic monitoring
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ctDNA in 14 NSCLC patients found that a recrudescence in ctDNA levels
was indicative of acquired resistance to immune checkpoint blockade
[153]. Overall, dynamics of ctDNA during immune checkpoint
blockade is a potential biomarker for predicting response preceding
radiographic assessment, and for differentiating pseudoprogression
from true progression. Limited by the sensitivity of the current assays,
only patients who have detectable ctDNA can benefit from these ap-
proaches.

Clinical applications in small cell lung cancer

Small cell lung cancer (SCLC) is distinct from NSCLC in terms of
biology, prognosis and treatment, and thus is discussed in this separate
section. Similar to the results from studies focusing on NSCLC [32–34],
the cfDNA concentration in patients with SCLC was found to be sig-
nificantly higher compared to that in healthy individuals [154]. TP53
and RB1 are inactivated in nearly all patients with SCLC [155]. Despite
also presented in NSCLC, the allelic frequency of TP53 and RB1 muta-
tion in the plasma were found to be higher in SCLC compared to NSCLC,
and therefore have potential as specific blood markers for SCLC [156].
In a study that used targeted sequencing to assess the TP53 mutation
rate in plasma samples from SCLC patients and healthy individuals,
49% of the plasma samples from SCLC patients were positive for TP53
mutation compared to 11% of samples from healthy individuals.
Probably due to clonal hematopoiesis, TP53 mutation was found pre-
sented in cfDNA in a proportion of non-cancer individuals in prior
published data along with this study [157,158]; therefore, TP53 alone is
insufficient for diagnostic purposes. A few studies that attempted to
validate multigene assays for early detection or monitoring of cancer
included a small number of SCLC patients [22,43,62], but it is chal-
lenging to evaluate the performances of such assays in SCLC owing to
the small sample sizes. A more recent study utilized a 14 gene assay,
which included frequently mutated genes in SCLC (TP53, RB1, PTEN,
NOTCH, MYC, PIK3CA, KIT, BRAF), for longitudinal ctDNA analysis in
27 patients with SCLC [156]. Disease-specific mutation(s) was identi-
fied in 23 out of the 27 patients (85%). In 140 plasma samples, the most
commonly identified mutations occurred in TP53 (70%) and RB1
(52%). The dynamics of the mutation allele frequency was consistent
with the patients’ radiographic response, and was able to detect occult
disease progression as early as two months prior to radiographic pro-
gression. The study demonstrated that response to treatment and pos-
sibly clonal evolution of SCLC could be monitored via ctDNA analysis.
However, as no molecular-targeted therapy has been approved in SCLC,
clinical applications of ctDNA analysis in this area remains limited.

Recently, three immune checkpoint inhibitors: atezolizumab, nivo-
lumab, and pembrolizumab have been approved by the FDA for the
treatment of SCLC. Given the generally high number of somatic muta-
tions in SCLC tumors, TMB could be a potential marker for response to
immune checkpoint [155]. In a phase I/II trial assessing the efficacy of
nivolumab alone and nivolumab combined with ipilimumab in re-
current SCLC, patients were classified into high, mid and low mutation
burden. The response rate, PFS and 1-year survival rate were more
favorable in patients with high TMB (≥248 mutations) [159,160].
However, the association between TMB and outcome was less apparent
when TMB was assessed in plasma samples. In the phase III front-line
atezolizumab trial for extensive stage SCLC, the benefit of adding ate-
zolizumab to chemotherapy was similar across bTMB subgroups [114].
In this study, bTMB was assessed by an assay with proven capability of
predicting outcome in NSCLC patients treated with atezolizumab [133].
More data is required to determine the clinical value of ctDNA analysis
in predicting response and outcomes to immune checkpoint blockade in
patients with SCLC.

Future directions

Today, liquid biopsy is on the horizon and may lead to a paradigm

shift in cancer treatment. Among the liquid biopsy approaches (i.e.
ctDNA, CTC, circulating RNA, microRNA, serum metabolites, exo-
somes), ctDNA or cfDNA analysis is technically more feasible to be
carried out in larger scales and integrated into routine clinical practice.
Despite promising evidence on utilizing ctDNA for early detection, risk
stratification, identification of genetic determinants, response assess-
ment, and resistance monitoring in lung cancer has been emerging,
there are many challenges to overcome.

The development of dPCR, ddPCR, and optimized NGS approaches
has substantially increased the sensitivity of detecting ctDNA. However,
as the overall ctDNA levels are low in early-stage diseases
[22,43,49,50], the sensitivity of these tests remains suboptimal for
screening or early detection purposes Bettegowda:2014jx}[43,45–48].
False-positive findings that are related to the tests’ limited specificity or
specific clinical conditions (i.e. clonal hematopoiesis of indeterminate
potential) could lead to serious consequences when applied to clinical
practice, and should not be overlocked [15,17]. High-depth NGS assays
with a sufficient number of targets for cross-validation may overcome
these issues, but are still too costly for routine clinical practice [49]. A
more practical approach to improve the accuracy for disease detection
is to incorporate more than one blood biomarkers in the assay. At least
two multi-biomarker assays for early-stage cancer detection are now
tested in large-scale clinical studies [161].

For late-stage disease, the major challenge for ctDNA analysis is
translating the evidence on actionable mutations detection, response
assessment, and resistance identification to clinical practice. The ap-
proval of the cobas® test for detecting EGFR mutations in blood was a
milestone in lung cancer treatment, as it was the first liquid biopsy test
for clinical use approved by the FDA [80]. While liquid biopsy is cur-
rently part of the standard of care in EGFR-mutant NSCLC, most of the
patients with other subtypes of lung cancer still cannot benefit from
liquid biopsy. The majority of the studies described in this review used
in-house assays or commercially available kits that were not approved
for clinical purposes, thus cannot be widely applied in clinical practice.
To push these cutting-edge ctDNA assays through clinical approval will
require biomarker-integrated clinical trials. We expect to see more
clinical trials having a design similar to that of the AURA3 study
[86,162], in which ctDNA analysis was part of the trial protocol.

ctDNA analysis also help advance scientific knowledge of lung
cancer. Limited by the current technology, liquid biopsy is unlikely to
replace tissue biopsy in the near future, but provides valuable in-
formation on tumor heterogeneity and clonal evolution. The clonal
evolution of lung cancer was found to be branching rather than linear
[61], and the degree of dominance of a tumor clone influenced the
response to treatment [124]. Longitudinal analysis of ctDNA overcomes
the spatial and temporal limitations of a single tissue biopsy and pushes
the frontier of our understanding of tumor biology. Past studies have
been able to discover new resistance mechanisms to targeted therapy in
EGFR-mutant and ALK-positive NSCLC via ctDNA analysis
[78,163–166]. Therefore, in the upcoming future, ctDNA analysis is
expected to take a pivotal role in the development of novel lung cancer
therapies.
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