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Abstract

Recently, technological advances in the detection and biological characterization of circulating tumor DNA (ctDNA)
have enabled the implementation of liquid biopsy testing into clinical practice. Methods for analysis of liquid
biopsies have rapidly evolved over the past few years and have continued to advance, thus providing details
about tumor biological characteristics such as tumor progression, metastasis, tumor heterogeneity, genomic
mutation profile, clonal evolution, etc. In tandem with technological advances, the implementation of liquid
biopsy in routine clinical settings has proceeded. In 2016, the Food and Drug Administration (FDA) approved
the first ctDNA liquid biopsy test to detect epidermal growth factor receptor (EGFR) gene mutations in
patients with non-small-cell lung cancer (NSCLC) as a companion diagnostic for molecular targeted drug of
EGFR-tyrosine kinase inhibitor (TKI, EGFR-TKI). More recently, multigene panel assays of liquid biopsy have
been approved as companion diagnostics and have been used in routine clinical settings. The estimation of
blood tumor mutation burden (bTMB) to predict the efficacy of immune checkpoint inhibitor (ICI) treatment
can be one of the promising approaches to liquid biopsy. The next stage of implementation of liquid biopsy
for routine clinical settings is for monitoring of ctDNA after surgical treatment to predict prognosis and to
detect disease relapse earlier than conventional imaging diagnosis. Its clinical utility is under assessment in
several clinical trials. This review introduces recent advances in liquid biopsy methodology, the development
of biomarkers, and its clinical utility in the treatment of NSCLC patients.
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Introduction

Lung cancer is the leading source of cancer-related deaths around the world, with more than 1.8 million
deaths in 2020 [1]. In recent decades, molecular target drugs have been approved for epidermal growth
factor receptor (EGFR), anaplastic lymphoma kinase (ALK), ROS proto-oncogene 1, receptor tyrosine kinase
(ROS1), MET proto-oncogene, receptor tyrosine kinase (MET), B-Raf proto-oncogene, serine/threonine
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kinase (BRAF), rearranged during transfection (RET), kirsten rat sarcoma viral oncogene homologue (KRAS),
and neurotrophic tyrosine receptor kinase (NTRK) mutations. The advance in the development of molecular
targeted drugs accelerates the precision medicine/tailer-made medicine of non-small-cell lung cancer (NSCLC)
patients, which greatly improves the quality of life, and prolongs survival of NSCLC patients [2-4]. Molecular
targeted drugs have been developed continuously and the covered fraction of driver mutations among NSCLC
patient populations will increase [e.g., EGFR exon 20 insertions, neuregulin 1 (NRG1), human epidermal
growth factor receptor 2 (HERZ2), etc.]. The enrichment of druggable driver mutations with available
companion diagnostics (CDx) increases the importance of multiple panel testing. For reliable and proficient
panel testing, tissue-based next-generation sequencing (NGS) panel assay such as Oncomine Dx Target Test
(DXTT) [5] or FoundationOne CDx [6] is basically prioritized over minimally invasive liquid biopsy panel
testing due to inferiority of sensitivity, since circulating tumor DNA (ctDNA) is not always sufficiently flowed
in the bloodstream for a not-negligible substantial fraction of patient populations. The bulk of cell-free DNA
(cfDNA) derives from apoptotic hematopoietic cells, while in cancer patients, it includes ctDNA. Liquid
biopsy has many practical advantages and is considered a favorable option when tissue biopsy specimens
are not available or scant, or when invasive tissue biopsy is not desirable (e.g., in the settings of re-biopsy,
or high fibrillization). In recent years, several liquid biopsy CDx have been approved by Food and Drug
Administration (FDA) as shown in Table 1.

Table 1. FDA-approved liquid biopsy CDx testing for NSCLC treatment

Name of test Mutation Drugs Technology Limit of detection
Cobas EGFR EGFR exon 19 deletion Gefitinib, RT-PCR 5% [7]
mutation test v2 EGFR L858R erlotinib,
EGFR T790M osimertinib
EGFR uncommon mutations
Gurdant 360 CDx EGFR mutations Osimertinib, NGS panel (61 0.25% [8]
EGFR exon 20 insertion amivantamab, -~ genes) 1.50% (package insert)
KRAS Gly12Cys sotorasib
FoundationOne EGFR mutations (exon 19 deletion, L858R)  Gefitinib, NGS panel (318 0.27~0.94% [9]
Liquid CDx ALK fusion erlotinib, genes)
A osimertinib,
MET exon 14 skipping alectinib,
capmatinib
ArcherMET MET exon 14 skipping Tepotinib NGS 0.20% (package insert) [10]

RT-PCR: reverse transcription polymerase chain reaction

Druggable driver mutations now cover more than 50% of the NSCLC patients [11], however, treatment
options other than molecular targeting drugs have been desired for the remaining half of the populations
(driver mutation-negative). Immune checkpoint inhibitor (ICI) is the therapeutic agent which blocks the
immune checkpoint system and unlocks the immune evasion of the tumor, resulting in the restoration of
tumor recognition by the host immune system. ICI can be used as one of the treatment options for driver
mutation-negative NSCLC patient populations [12]. However, the efficacy of ICI is limited to only 20% of
patients without any selection [13-15], thus increasing the need of predictive biomarkers for ICI efficacy.
Tumor mutation burden (TMB) from plasma ctDNA by liquid biopsy is one of the promising biomarkers for
[ClI efficacy prediction [16]. Furthermore, one of the utilization of liquid biopsy is the measurement of minimal
residual disease (MRD) as the biomarker for adjuvant therapy or early detection of recurrent disease. A recent
study suggested that EGFR-tyrosine kinase inhibitor (TKI, EGFR-TKI) adjuvant therapy for resectable NSCLC
patients showed great improvement in the treatment outcome [prolong the disease-free survival (DFS)] [17].
Currently, many research studies on MRD detection have been conducted to explore the predictive biomarker
to discriminate patients with a high risk of recurrence from patients with complete eradication.

This review will focus on the clinical utility of liquid biopsy, especially for CDx in the treatment of NSCLC
patients. Moreover, this review mainly will focus on the ctDNA-based approach among possible liquid-based
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biomarkers, because most of the current technologies of liquid biopsy for CDx implemented in clinical settings
are ctDNA-based genomic profiling. In this review, the papers published from 2010 to 2022 were analyzed.

Clinical utility of ctDNA dynamics in the treatment of NSCLC

The ctDNA dynamics can be evaluated by monitoring changes in ctDNA level in patient follow-up, which
is one of the promising biomarkers of liquid biopsy. Many studies of liquid biopsy monitoring and
quantifying ctDNA have been conducted to establish a novel approach for prediction of treatment response
and monitoring of disease progression, and prediction of prognosis. In the study by Taus et al. [18], the
EGFR mutation status of 221 plasma samples from 33 lung cancer patients was analyzed by droplet
digital polymerase chain reaction (ddPCR) or beads, emulsions, amplification, magnetics (BEAMing).
In the retrospective study, the authors assessed the association of EGFR mutations in plasma ctDNA with
the radiologic response [18]. The authors reported that EGFR mutation allele frequency of plasma ctDNA
predicted treatment response of EGFR-TKI and disease progression in advance of radiological evaluation
in 93% and 89% of cases, respectively. In the ALEX study, the research group retrospectively assessed the
prognostic value of plasma cfDNA for 276 NSCLC patients with ALK mutation positive. The association
between cfDNA quantity in plasma and patient outcomes was analyzed using a Cox regression model. The
median cfDNA concentration from plasma of 276 patients was 11.53 ng per 1 mL plasma. The concentration
of cfDNA was revealed to positively correlate with tumor size (tumor burden), the number of lesions, and the
number of organ lesion sites. The patients in the high cfDNA amount group (cutoff was determined at the
upper 50 percentile point from the study population) were more likely to experience disease progression
than the patients in the low cfDNA amount group [19]. In the study by Knapp et al. [20], they evaluated the
feasibility of ctDNA testing on a commercial fixed-gene panel (InVisionFirst®-Lung to detect mutations in 36
cancer-related genes) to predict the recurrence risk of chemoradiation therapy (CRT) in patients with locally
advanced NSCLC. Plasma samples from 43 patients were collected at CRT initiation, CRT completion, and
quarterly follow-up for 12 months. Progression-free survival (PFS) was longer in patients with diminished
ctDNA compared to those with detectable ctDNA (median PFS 567 days vs. 74 days). The study by Palmero
et al. [21] prospectively assessed the NGS panel assay of ctDNA compared with standard-of-care (SoC)
tissue-biopsy testing to identify guideline-recommended actionable mutations in NSCLC. In total, 186
patients were enrolled in the study. The primary objective was noninferiority of ctDNA testing against
tissue-based analysis for the detection of eight actionable biomarkers (including guideline-recommended
EGFR and ALK). The non-inferiority of ctDNA testing was confirmed by the identification of actionable mutations
in 46 patients by liquid vs. 48 by tissue. Druggable/actionable alterations or KRAS mutations were
identified in 80.7% by liquid first testing vs. 57.1% by tissue first testing. Positive predictive value (PPV) for
EGFR mutation detection on ctDNA was 100.0% (25/25). The study by Schouten et al. [22] assessed
the additional clinical utility of ctDNA compared with SoC tissue-based molecular profiling (TMP) in
the primary diagnostic setting of NSCLC in the Netherlands. In the study, pretreatment plasma samples
from 209 NSCLC patients were analyzed retrospectively using the NGS AVENIO ctDNA 17 genes panel assay.
SoC-TMP alone detected actionable drivers in 34.4% of patients. Plasma-based cfDNA-based molecular
profiling (CMP) increased this detection rate to 39.7%. For potentially targetable drivers, the concordance
of mutation calls between SoC-TMP and plasma-CMP was 86.6%. They concluded that plasma-CMP is a
promising tool in CDx, although it cannot fully replace tissue-based mutation profiling by panel testing. In the
study by Fiala et al. [23], the association between ctDNA response and treatment outcome of chemotherapy
was validated. Eighty-four patients were enrolled in this study. The authors reported that the combination
of quantitative ctDNA dynamics with positron emission tomography/computed tomography [PET/
CT, changes in the maximum standardized uptake value (SUV__ )] was promising for the prediction of
objective response rate and PFS. The research group of Jiaotong University in China conducted a large
cohort study of liquid biopsy investigating 5,000 Chinese patients with lung cancer. In the study, 5,671
blood samples from 4,892 patients with lung cancer were analyzed by a 1,021-gene panel. They also
analyzed the concordance of mutation calls between matched tissue and germline white blood cells. The
authors suggested that the evolutionary clonality pattern and co-mutation status with EGFR mutations could
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predict the treatment efficacy of EGFR-TKI. Furthermore, loss-of-function mutations of tumor suppressor gene
retinoblastoma 1 (RB1) in NSCLC patients correlated with the subset of high blood TMB (bTMB), elevated
plasma ctDNA load, and potential small cell transformation. The authors also established the optimal bTMB
threshold to predict ICI efficacy for patients with extremely low ctDNA levels [24]. In the cohort study by
Cheng et al. [25], plasma samples from 43 patients in the imaging cohort were collected before treatment
initiation and serially before each cycle of therapy, and major driver mutations in ctDNA were analyzed by
ddPCR. The detection of plasma ctDNA preceded the radiographic detection by a median of 24 weeks. These
quick response characteristics of ctDNA may offer an early insight for treatment response in advance of the
detection by the current SoC imaging approach.

Application of liquid biopsy for the predictive biomarker of ICI efficacy

The response rate of ICI, in general, is only 15~20% in the treatment of unselected NSCLC. Moreover, during
the first few weeks, a substantial fraction of patients demonstrate radiological progression even if the ICI
treatment is effective, which is called a pseudo-progression problem. This pseudo-progression problem
harbors the difficulty of the assessment of ICI response in the early period after initial drug therapy.
Until now, programmed cell death ligand 1 (PD-L1) expression, microsatellite instability (MSI), TMB, and
circulating tumor cells (CTCs) have been widely investigated as potential predictive biomarkers for ICI
efficacy. PD-L1 expression has been implemented as a CDx biomarker in clinical settings. The performance
of PD-L1 biomarkers shows different results among clinical trials due to the utilization of different methods/
antibodies among platforms/drugs, implementation of different cutoffs, and insufficient standardization of
diagnostics as summarized in Table 2. TMB was also investigated as a promising predictive biomarker of ICI
treatment. In principle, higher TMB has been assumed to show a better response rate of ICI, since high TMB
may induce host immunity by the neo-antigen presentation. In fact, several pre-clinical/clinical trials showed
that patients with high TMB tend to show better treatment responses than those with low TMB [26-28]. The
research group of Memorial Sloan Kettering Cancer Center conducted a retrospective cohort study to explore
the predictive biomarker of ICI treatment by investigating 1,714 cancer patients from 16 tumor types. The
authors reported that a high neutrophil-to-lymphocyte ratio (NLR) correlated with poorer ICI response,
overall survival, and PFS. Furthermore, the predictive performance was improved by integrating the TMB
score with the NLR index. The cutoff of NLR was determined from the top 20 percentile points among whole
participants in the study. The response rate of ICI was 28.8% for NLR low group and 18.1% for NLR high
group. The response rate of the “TMB high/NLR low” group was increased to 38.2%, suggesting that the
combination of TMB and NLR enables further proficient stratification. The cost-effectiveness and routine
implementation of blood cell count in the current clinical settings is also advantage of NLR.

Table 2. FDA-approved anti-PD-L1 drugs and CDx for NSCLC treatment

Drugs Anti-PD-L1 antibody Stratifiation (biomarker scoring) Fraction of biomarker Clinical trial
positive
Pembrorizumab 22C3-pharmDx (Dako) TPS < 1%: PD-L1 negative 1% < TPS < 50%: 37.6% KEYNOTE-001 [29]

1% < TPS < 50%: PD-L1 positive  TpS > 50%: 23.2%
TPS = 50%: PD-L1 positive

Nivolumab 28-8-pharmDx (Dako) Expression < 1%: PD-L1 negative Expression 2 1%: 45.6% CheckMate 227 [30]
Expression 2 1%: PD-L1 positive
Atezolizumab SP142 (VENTANA) TC, IC < 1%: PD-L1 negative TC or IC 2 1%: 54.9% OAK [31]

TC or IC = 1%: PD-L1 positive

TPS: tumor proportion score (fraction of PD-L1 expressing tumor cells); TC: fraction of PD-L1 expressing cells in the total tumor
cells; IC: fraction of PD-L1 expressing cells in tumor infiltrating immune cells; OAK: atezolizumab vs. docetaxel in patients with
previously treated non-small-cell lung cancer

Mismatch repair (MMR) status is also a promising predictive biomarker of ICI response [32-34]. The
impact of MMR status as a predictive biomarker of ICI response has been limited since MSI high/MMR
deficiency (AMMR) was found for only 0.17~0.21% of NSCLC patients [35, 36]. Since none of the currently
established biomarkers reaches sufficient predictive performance, many research studies to explore
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emerging biomarkers have been conducted in recent years. In the study by Shi et al. [24], the authors
conducted a study investigating 637 Chinese NSCLC patients with ICI treatment to explore novel biomarkers
for ICI responses. In addition to the TMB and PD-L1 expression, the mutation status of the tumor-suppressor
gene tumor protein p53 (TP53) and lysine methyltransferase 2C (KMT2C) contributed to the prediction of
ICI response. The patients with TP53/KMTZC co-mutation status showed longer PFS than patients with
wild-type status. Brown et al. [37] reported that loss-of-function mutation of the low-density lipoprotein
receptor-related protein 1B (LRP1B) tumor suppressor gene was a predictive biomarker of ICI response. In
the study, 101 patients with ICI treatment and with available LRP1B mutation information were investigated.
The overall response rate of ICI for patients with LRP1B mutation showed 54%, which was a better response
than that of the patient with variant of unknown significance (VUS) alterations (13%).

CTC is another potential biomarker for ICI response prediction. Similar to the detection of PD-L1
expression levels, CTC also gives us useful information about tumor characteristics. In contrast to
ctDNA-based profiling, the information on RNA/protein expression of tumor cells can be obtained by
liquid biopsy-based CTC analysis. Single-cell analysis of CTCs may be a promising approach to analyzing the
intra-tumor and inter-tumor heterogeneity. By single cell analysis of CTCs, we can assess the evolutionary
scenario and sub-clonality pattern/populations of the tumor microenvironment, which may contribute to the
detailed profiling of tumor status and to ICI efficacy prediction. Further investigation of the clinical utility of
CTC and cost reduction of CTC analysis will be needed for future clinical implementation.

As other biomarkers in the category of genomic mutation status, phosphatase and tensin homolog
(PTEN) (tumor suppressor), DNA polymerase epsilon catalytic subunit (POLE) (a critical protein involved
in DNA proofreading and replication), KRAS-serine/threonine kinase 11 (STK11) (tumor suppressor)
co-mutation status have shown promising predictive performance. In the category of emerging technology,
the status of tertiary lymphoid structure (TLS) of the tumor microenvironment is a promising biomarker
candidate. Recently, several findings of independent studies indicate that B cells infiltrating into the
tumor tissue and TLSs are key determinants of response to ICI. The enrichment/cluster of B-cells linked
with localization of switched memory B-cell was assumed to correlate with better ICI efficacy, suggesting
the feasibility of TLS analysis as ICI response prediction [38, 39]. The integrative assessment of TLS
status by imaging and less invasive liquid biopsy testing to analyze B-cell repertoire may be a promising
approach for ICI efficacy prediction.

In the phase III MYSTIC trial, bTMB and tissue TMB (tTMB) were assessed using GuardantOMNI (2.145
Mb size panel) and FoundationOne CDx assays, respectively. In the study, the optimal bTMB cutoff was
analyzed by the minimal P value cross-validation approach and Cox proportional hazards model. The
authors confirmed that the success rate to obtain an optimal TMB score was higher for bTMB than for
tTMB, suggesting the advantage of blood-based TMB count. They found the optimal bTMB cutoff of 20
mutations/Mb or higher to predict durvalumab + tremelimumab efficacy. High bTMB was predictive
of clinical benefit by ICI treatment vs. chemotherapy [40]. In the study by Wang et al. [41], bTMB was
estimated by NCC-GP150 (150 genes panel) and the association of bTMB with PFS of anti-PD-1/anti-PD-L1
treatment was evaluated. In the study, matched tissue and plasma samples from 48 patients with advanced
NSCLC were analyzed. In the cohort, the authors confirmed that a bTMB of 6 or higher was associated with
significantly longer PFS [hazard ratio (HR), 0.39; 95% confidence interval (CI), 0.18-0.84]. High bTMB group
also showed superior objective response rates (bTMB = 6: 39.3%; 95% CI, 23.9-56.5; bTMB < 6: 9.1%; 95%
CI, 1.6-25.9). Nabet et al. [42] reported that the combination of the pre-treatment ctDNA level and peripheral
CD8T cell levels associate with durable clinical benefit (DCB) for NSCLC patients receiving ICls. In the study
by Weber et al. [43], the molecular response of ctDNA after ICI treatment was validated as a predictor of
tumor progression and long-term survival benefits of ICI treatment. The authors confirmed that STK11/
kelch like ECH associated protein 1 (KEAP1) dual mutation and ctDNA levels (HR, 2.08; 95% CI, 1.4-3.0) were
independent predictors for overall survival, irrespective of PD-L1 expression status [44]. As another emerging
biomarker, the co-mutation of DNA damage response (DDR) pathways has been reported to associate with
improved survival for ICI treatment of NSCLC patients [44]. In the study, a total of 853 NSCLC patients were
analyzed to assess the association between co-mutation status and clinical outcomes with atezolizumab
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treatment. Co-mutation-positive patients showed significantly prolonged PFS and overall survival (0S) for
the treatment of atezolizumab vs. chemotherapy. Co-mutation status still predicted improved clinical benefit
from atezolizumab therapy for patients with low or negative PD-L1 expression. In the study by Lu et al. [45],
the authors confirmed the association between ICI treatment response and mutation status of ubiquitin-like
conjugation (UBL) biological process genes. The UBL genes included ABL proto-oncogene 1 (ABL1), activated
protein C (APC), low-density lipoprotein receptor-related protein 6 (LRP6), far upstream element binding
protein 1 (FUBP1), KEAP1, and DNA topoisomerase II alpha (TOP2A). In the study, the ctDNA samples
from 399 patients were analyzed by molecular profiling panel assay. The patients with UBL mutation
(UBL*) had shorter PFS (1.69 months vs. 3.22 months) and shorter OS (8.61 months vs. 16.10 months) than
those patients with wild-type UBL (UBL-) [45]. Since the proteasomal degradation process is the important
biological pathway in the antigen presentation and innate/adaptive immunity process, the shorter PFS for
the patients with aberrant UBL systems agrees with the biological speculation.

Minimally invasive CDx using cytology/liquid samples

Minimally invasive CDx by liquid biopsy is expected to reduce the burden on the patient. However, from
the viewpoint of the diagnosis success rate and detection rate of driver mutation, liquid biopsy panel
testing can not be used as a complete replacement for tissue-based panel testing. The main hurdle for this
can be explained by the fact that a sufficient amount of ctDNAs are not always effused into the patient’s
bloodstream. The effusion rates of ctDNA are known to be different among patients, stages, and cancer
types [46]. Continuous formalin-fixed paraffin-embedded (FFPE) slides and confirmation of tumor cells
by hematoxylin and eosin stain (H&E stain) in the adjacent slide is the common procedure to guarantee
the existence of a sufficient amount of neoplastic cells in the initial nucleotide material for the panel assay.
However, tissue-biopsy is not available, or difficult to obtain a sufficient amount of tissue specimens for a
certain fraction of patients, and doctors may avoid invasive tissue biopsy in some situations. In these cases,
minimally invasive liquid biopsy is the backup option of multi-gene panel assay for CDx. For this purpose,
a cytology specimen is one of the options of backup materials for CDx. Studies examining backup materials
for molecular testing in NSCLC treatment are listed in Table 3. Huber et al. [47] used sputum specimens for
mutation analysis and successfully detected EGFR mutation. In the study, sputum DNA from 10 lung cancer
patients with EGFR mutation (confirmed by tissue specimen) was analyzed by cycleave polymerase chain
reaction (PCR), targeted resequencing, and ddPCR. EGFR mutations were detected in maximally 50% of the
sputum samples of patients with EGFR mutations. Morikawa et al. [48] reported a successful multigene NGS
panel implementing 8 druggable genes, using sputum specimens from 3 NSCLC patients. They successfully
detected druggable mutations from all three patients (casel: MET skipping, case2: EGFR exon 19 deletions,
case3: KRAS Gly12Ala) [48]. Bronchial washing fluid (BWF) is another promising minimally invasive liquid
biopsy material for mutation panel assay. In several studies, liquid biopsy panel assays were performed using
BWFs and authors reported that they obtained substantially concordant results with tissue-based panel
testing [49-51]. In the study by Roncarati et al. [49], 73 lung cancer patients were analyzed. Concordance
with gene mutations uncovered in tumor tissue biopsies was higher than 90%. In the study by Zhai et
al. [50], concordance of mutation calls among matched tumor tissues with a soluble fraction of BWF (BWFs),
a precipitate fraction of BWF (BWFp), and pre-treatment plasma samples were validated for 19 patients.
For these patients, 204 somatic mutation variants were detected in tissue samples. As a result, 189 (92.6%),
175 (85.5%), and 163 (79.9%) mutations were detected in the matched BWFs, BWFp, and plasma samples,
respectively. These results suggest the usefulness of BWFs as a minimally invasive liquid biopsy for CDx gene
panel assay. In the study by Tu et al. [52], they analyzed 164 matched tumor tissues and ctDNA from pleural
effusion of advanced lung cancer patients. They assessed the concordance of mutation call results from 153
matched plasma samples and from 63 pleural effusion-derived sediment DNA (PE-sDNA, DNA purification
from cell sediment of pleural effusion) samples using panel results from tissue specimens as gold-standard
reference. The cell-free fraction of pleural effusion (PE-cfDNA) displayed significantly higher variant allele
frequency than that of plasma cfDNA. Furthermore, a high concordance rate of 65% with tissue-based
profiling was obtained for PE-cfDNA, which was higher than that of PE-sDNA (43%) and that of
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plasma-cfDNA (43%) [52]. From this study, cfDNA fraction of pleural effusion is assumed to be superior to
the cell sediment fraction of pleural effusion for mutation profile. It is interesting to see the performance of
pleural effusion material to detect driver mutations when the combined fractions of cell sediment fraction
and cfDNA fractions are used for highly sensitive liquid biopsy panel testing.

Table 3. Assessment of the feasibility of non-plasma type biological specimens/materials for minimally invasive liquid biopsy

References Material Method The number of Panel size (the
samples analyzed number of genes)

Hubers et al. [47] Sputum ddPCR, NGS panel 10 1 (EGFR)

Morikawa et al. [48] Sputum NGS panel 3 8 genes

Roncarati et al. [49] Bronchiral NGS panel 73 14 genes
washing fluids

Zhai et al. [50] Bronchiral NGS panel 20 1,021 genes
washing fluids

Zhang et al. [51] Bronchiral PCR (Alldetect™ EGFR Mutation Test Kit) 144 1 (EGFR)
washing fluids

Tu et al. [562] Pleural effusion NGS panel 32 448 genes

MRD monitoring in the setting of adjuvant molecular target therapy for
resectable NSCLC

Recently, the benefit of adjuvant EGFR-TKI therapy for the treatment of resectable NSCLC has been
investigated and positive results have been reported. The results of the ADAURA trial investigating the
clinical utility of osimertinib adjuvant therapy for resectable NSCLC have been reported [20, 21]. In the
study, 682 NSCLC patients were enrolled, and a randomized trial of osimertinib adjuvant treatment group
and placebo group was conducted. The primary endpoint was DFS among patients with stages II to IIIA
disease. At 24 months, 90% of the patients in osimertinib group were alive and disease-free, compared
with 44% of patients in the placebo group. The authors concluded that DFS was significantly longer among
patients in osimertinib group than among those in the placebo group. Furthermore, the subsequent study
supported the adjuvant osimertinib as an effective treatment for resectable NSCLC regardless of the previous
history of adjuvant chemotherapy [22]. Although the result of the ADAURA trial is very promising, the fact
that a substantial fraction of patients may be cured by surgery alone poses the question of additional toxic
adjuvant therapy for all EGFR mutation-positive patients. Therefore, the biomarker is needed to screen
patients who can get benefit from adjuvant EGFR-TKI therapy. MRD is a remaining tumor-derived material,
which can be detected in the bloodstream of the patient even after surgical resection of the tumor. Therefore,
MRD can be measured by liquid biopsy quantifying ctDNA. MRD has been considered associated with a
poor prognosis of resectable NSCLC. From the viewpoint of medical economy and precision medicine, new
biomarkers such as MRD monitoring and molecular profiling for ctDNA may be integrated in addition to the
EGFR mutation status to effectively stratify patients with a high risk of recurrence from patients with a low
risk of recurrence. In the ADJUVANT study, authors reported the comparative superiority of adjuvant gefitinib
over chemotherapy in DFS of resected EGFR-mutant stage II-1IIA NSCLC [23]. In this trial, five predictive
biomarkers from genomic mutational profiles were identified. These mutational biomarkers were TP53
mutations, RB1 mutations, and copy number amplifications of Nkx homeobox-1 gene (NKX2-1) (essential
gene for early lung morphogenesis), cyclin dependent kinase 4 (CDK4) (protein-serine kinase involved in
the cell cycle), and MYC (proto-oncogene and encodes a nuclear phosphoprotein that plays a role in cell cycle
progression, apoptosis, and cellular transformation). Furthermore, patients were categorized into three
subgroups with relative DFS and overall survival benefits from either adjuvant gefitinib or chemotherapy (“TKI
is highly preferable”, “TKI is preferable”, and “Chemotherapy is preferable” groups). The predictive genomic
signatures showed promising potential as predictive biomarkers for personalized medicine of molecular
targeted adjuvant therapy. The study suggested that integrated assessment of gene signature scores from
tissue-based mutation profiling and ctDNA MRD may be promising biomarkers for adjuvant therapy. In the
multicenter cohort on dynamic monitoring of ctDNA in lung cancer surgery patients (LUNGCA), the clinical
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utility of MRD was investigated. A total of 330 NSCLC patients with stages [-11l were enrolled. Plasma samples
were collected at 3 time points (before surgery, 3 days, and 1 month after surgery) and purified plasma cfDNA
samples were subjected to 769 genes custom panel assay. The patients in the group with detectable ctDNA
showed significantly shorter recurrence-free survival (RFS) than those in the group with ctDNA negative.
The MRD detection at postoperative 3 days and/or 1 month was a strong predictor for disease relapse. They
suggested that receiving adjuvant therapies was an independent predictive factor for RFS in the MRD-positive
population but not in the MRD-negative population [24]. Chaudhuri et al. [53] investigated 255 plasma
samples from 40 patients treated with curative therapy for stage I-III lung cancer and 54 healthy adults. In
the study, the detection of ctDNA during the postoperative period preceded radiographic detection in 72% of
patients by a median lead time of 5.2 months. The early detection of MRD enables treatment intervention at
early time points when the disease burden is lowest. In the study by Qiu et al. [54], ctDNA detection precedes
radiological recurrence detection by a median of 88 days. Using joint modeling of longitudinal ctDNA
analysis and time-to-recurrence, they accurately predict postsurgical recurrence status [53]. In the study by
Gale et al. [55], they analyzed 363 plasma samples from 88 patients with early-stage NSCLC (48.9%, 28.4%,
and 22.7% at stages |, II, and III, respectively). Plasma ctDNA was detected for 17% of patients within the
timepoint of 2 weeks to 4 months. Patients with detectable ctDNA at this timepoint showed significantly shorter
RFS (HR, 14.8) and overall survival (HR, 5.48) than those with ctDNA negative. The detection of ctDNA at 1-3
days after treatment showed no association with the recurrence of the tumor. Detection of ctDNA before
treatment was associated with shorter overall survival and RFS [54].

Conclusions

The clinical utility of liquid biopsy was evidenced by the implementation of liquid biopsy CDx in routine
clinical settings. Several studies have reported that TMB estimation by liquid biopsy was useful for ICI
response prediction. In addition to the PD-L1 expression, integration and combinatorial scoring of TMB,
MSI, NLR, and genomic mutation profiles improved the performance of ICI efficacy prediction. However, the
performance seems not to reach a sufficient level, thus further improvement will be continued in this research
field. From the viewpoint of medical economics, cost-effectiveness will be another important factor in the
development of biomarkers. The combinatorial and integrative approach of multi-omics/multi-platform
diagnostics may pose an increase in analytical cost and difficulty in standardization among facilities. Increase
of druggable mutations with available molecular targeted drugs in the NSCLC treatment altered the procedure
of CDx. Sequential and prioritized testing by single-plex CDx has been replaced by an all-in-one multi-panel
CDx assay from the viewpoint of cost-effectiveness and the limitation of specimens. Further increase of
druggable mutations may enable the routine clinical use of large panel testing or comprehensive analysis for
1st line CDx, in which TMB or genetic profiling results can be incorporated to improve the performance of
personalized medicine at early timing of treatment.

Minimally invasive CDx by liquid biopsy will further extend its application. Shorter turn around time (TAT)
of liquid biopsy is also the practical merit of liquid-based CDx, thus providing options for several situations
(e.g., urgent cases). Improvement of highly accurate panel assay such as the implementation of the molecular
barcoding method [8, 55] enables us to detect ctDNA with extremely high specificity and sensitivity. The
successive cost down of NGS will further enhance the implementation of liquid biopsy in routine clinical
practice. The high specificity of liquid biopsy testing and minimally invasiveness may provide the benefit of
the first screening of druggable mutations at an early time point (e.g., liquid biopsy CDx at the time of first
medical examination).

The complexity of medical treatment sequences has increased due to the emergence of various
modalities and the establishment of new treatments and biomarkers. The clinical utility of liquid biopsy-
based CDx by ctDNA molecular profiling has been proved by the fact that several CDx have continued to
be approved and implemented in clinical settings such as Cobas for EGFR, ArcherMET for MET exon 14
skipping, and Guardant 360 CDx for KRAS G12C. Poorer sensitivity for the detection of RNA fusion by liquid
biopsy compared to tissue-based CDx is the limitation of liquid biopsy-based CDx. Liquid biopsy-based CDx
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will be applied and expanded to other tumor types, in which tissue biopsy is difficult and multiple druggable
mutations are available. As the alternative less invasive liquid biopsy-based CDx, cytology samples will be
promising backup material for molecular testing, considering the good balance of analytical performance
(sensitivity and specificity) and invasiveness compared with liquid biopsy by plasma samples. Re-biopsy CDx
panel testing at the timing of 2nd line treatment will be effective to support treatment decisions based on
the profiling of resistant mutations from specimens at the timing of progressive disease (PD). This has been
supported by the recent findings that druggable mutations were detected for a substantial population at the
timing of PD of 1st line EGFR-TKI treatment. Performing of tissue re-biopsy at PD is technically challenging
because of many hurdles. Therefore, panel testing using cytology samples will be effective for precision
medicine at this time of CDx. Several studies have shown the usefulness of MRD quantification as a biomarker
of adjuvant ICI/TKI therapy for resectable NSCLC and other tumor types. Although several studies have
suggested promising features and good performance of MRD monitoring, further validation of clinical utility
by prospective clinical trials will be required for the wide use of MRD monitoring in routine clinical settings.
bTMB showed moderate improvement in predictive power as a biomarker for ICI therapy compared with
PD-L1 expression. However, the predictive power of bTMB alone is limited. Therefore, further exploration of
a novel biomarker or combination formula of integrative use of multiple biomarkers will be needed for the
complete replacement of SoC testing, considering the balance of performance and cost-benefit.

How the difference in treatment sequence contributes to the benefit of the patient is the key question. In
the future, the clinical utility of liquid biopsy with emerging methodology will be assessed by a well-designed

prospective study.
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