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Introduction

The identification of molecular aberrations in key elements 
of signal transduction pathways involved in tumor growth 
and survival, so called oncogene-addicted tumors, has 
dramatically changed the treatment approach of non-small 
cell lung cancer (NSCLC). Mutations in the epidermal 
growth factor receptor (EGFR) and translocations involving 
the anaplastic lymphoma kinase (ALK) gene are the most 
frequent and clinically important targets. For patients 

carrying these alterations, a specific class of drugs, tyrosine 
kinase inhibitors (TKIs), has become the standard of 
treatment. EGFR TKIs gefitinib, erlotinib, afatinib and 
osimertinib, and the ALK inhibitors crizotinib, ceritinib, 
and alectinib have been approved in Europe and the United 
States for the treatment of advanced NSCLC (1). The 
majority of adenocarcinomas harbor at least one driver 
mutation that can potentially be a target for therapy and 
this has opened up for many new targeted therapies being 
studied in clinical trials (2). The clinical benefit of these 
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targeted therapies is very high, with high response rates 
and improved quality-of-life for the patients. Objective 
response rates (ORR) of 60–70% and a disease control rate 
(DCR) of up to 80–90% are reported with these different 
TKIs (3). Other examples of oncogenic drivers for NSCLC 
include alterations in BRAF, HER2, MET, PIK3CA, ROS1, 
RET, AKT, DDR2, and KRAS (4). Most recently, targeted 
therapies for ROS1 and BRAF have been approved for the 
treatment of advanced NSCLC (5,6). Furthermore, new 
generations of EGFR and ALK TKIs have been developed, 
some of them also being active in treatment-refractory 
tumors where acquired resistance to first-generation TKIs 
has developed (7,8). The development in the field is rapid 
and an increasing number of targeted therapies can be 
expected to be approved for the treatment of advanced 
NSCLC in the coming years.

The diagnosis of metastatic NSCLC is usually made on 
small biopsies or on cytology specimens, and the scarcity 
of available tumor material is very frequent. Sometimes 
the available biological sample derives from a bone biopsy, 
with a consequent bad quality of the material that leads to 
unsuccessful molecular analysis. In addition, tumor could be 
heterogeneous and a biopsy done in a specific site could not 
necessarily represent the overall tumor molecular landscape. 
Liquid biopsy represents an optimal strategy to overcome 
these matters. Moreover, liquid biopsy can be used during 
patient treatment to monitor response and the onset of 
resistance mechanisms. Since tumor re-biopsy is an invasive 
procedure, and it is not feasible for all patients, the only 
chance is to characterize tumor alterations by liquid biopsy. 
Molecular analysis on liquid biopsy is usually quicker 
compared to that performed on tumor tissue biopsy, which 
requires procedures and evaluations performed by the 
pathologist, with a consequent shortening of the turnaround 
time. 

In this review we summarized the utility of liquid biopsy 
in oncogene-addicted NSCLC, focusing the attention on 
the study of the different blood biomarkers, underlying pro 
and contra of each approach for molecular analysis.

Oncogene-addicted NSCLC: actionable oncogene 
alterations

EGFR mutation

A new era in NSCLC treatment has started in 2004, 
when mutations of the EGFR gene were discovered to be 
predictable of sensitivity to therapy with EGFR-TKIs (9,10). 

Initially, the IDEAL-1 and IDEAL-2 trials for gefitinib 
(11,12), and the TALENT and TRIBUTE for erlotinib 
(13,14), gave disappointing results, and then both drugs had 
a history of contrasting results until the success of studies 
where EGFR-TKIs were compared to chemotherapy in 
patients with activating EGFR mutations (7,15,16): both 
drugs prolong progression-free survival (PFS) but not 
overall survival (OS) compared with platinum-doublet 
chemotherapy (median PFS of 9.2–13.1 vs. 4.6–6.3 months, 
respectively).

Second-generation EGFR-TKI, afatinib, which inhibits 
irreversibly EGFR and other ErbB family receptor 
members, then demonstrated PFS benefit with respect to 
chemotherapy in 2 phase III trials, LUX-Lung 3 and LUX-
Lung 6 (17,18). This drug demonstrated also significant 
improvement in terms of OS, in patients with tumor 
positive for EGFR exon 19 deletion (19).

Subsequently, third-generation EGFR-TKI osimertinib, 
already approved in the second line setting in patients at 
progression with first or second-generation TKIs who have 
developed the EGFR-T790M mutation (20), demonstrated 
a benefit in terms of PFS with respect to gefitinib or 
erlotinib, in previously untreated EGFR-mutated patients 
and was then approved in the first-line setting (21).

However, despite a clinical benefit is indubitably 
observed with the use of these drugs, resistance mechanisms 
appeared after about 12 months of treatment in almost all 
cases (7,15-18). The most common resistance mechanism 
to first and second generation TKIs is the gatekeeper 
T790M mutation occurring at exon 20 of EGFR. It is 
observed in about 50–70% of cases and patients developing 
this alteration become sensitive to osimertinib. For this 
reason, this drug was approved in the second line therapy 
of this setting of patients (7). This led to the necessity of 
tumor characterization after progression to first or second 
TKI treatment for T790M, which requires the availability 
of sufficient tumor tissue available for molecular analysis. 
As tumor re-biopsy is not always feasible as regards tumor 
localization and patient’s general health status, liquid biopsy 
has acquired more relevance for the detection of resistance 
mutations. 

In contrast to first and second-generation TKIs, few 
information about acquired resistant mechanisms to 
osimertinib in the first-line setting has been known until 
now. In vitro studies and some case reports showed that 
secondary EGFR mutations (22,23), activation of AXL (24)  
and ERK (25) signaling, and small cell transformation can 
emerge as possible acquired resistance mechanisms in this 
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setting. More data are available with regard to resistance 
mechanisms to osimertinib in the second line setting in 
T790M positive patients, for whom C797S mutation is 
observed in about 20–40% of cases, followed by the c-Met 
proto-oncogene (MET) amplification (14%), transformation 
into small-cell phenotype, amplification of the Erb-B2 
Receptor Tyrosine Kinase 2 (HER2) or the Fibroblast 
Growth Factor Receptor 1 (FGFR1) genes, and mutations 
in the B-Raf Proto-Oncogene, Serine/Threonine Kinase 
(BRAF) (26,27).

ALK-translocation

In 2007, aberrant fusion of echinoderm microtubule 
associated protein-like 4 (EML4) anaplastic lymphoma 
kinase (ALK) was documented in NSCLC (28). Genetic 
rearrangement of ALK is detected in about 3–7% of 
NSCLC, and patients carrying such alteration are usually 
young, non-smokers and with adenocarcinoma (ADC) 
histology (29). The first drug developed against this 
alteration was crizotinib, an oral ATP-competitive selective 
inhibitor of the ALK, MET, and ROS1 tyrosine kinase. 
Two phase III trials, PROFILE 1007 (30) and PROFILE 
1014 (31) showed a significant advantage of crizotinib 
with respect to chemotherapy in second- and first-line 

settings, respectively. Based on these results, the drug was 
approved for treatment of patients with ALK-rearranged 
advanced tumors, and became the first choice of treatment 
in untreated NSCLC patients carrying this alteration. 
However, the majority of patients undergo progression 
after about 1 year of treatment, with the development of 
both ALK-dependent and ALK-independent resistance 
mechanisms. The most common ALK secondary mutations 
observed are L1196M and G1269A (32-34), both interfering 
with crizotinib binding. Other mutant variants that reduce 
the ATP binding affinity of crizotinib include S1206Y, 
V1180L, and G1202R, while other secondary mutations, 
such as C1156Y, L1171T, L1152R, and L1198P, promote 
ATP binding and stabilize the ALK active conformation 
(35,36) (Figure 1). These mechanisms of resistance 
occur more frequently following treatment with second-
generation ALK inhibitors, like ceritinib and alectinib, due 
to the greater potency and specificity of these agents (37). 
Moreover, these mutations are associated with resistance 
to both first- and second-generation ALK inhibitors (38), 
although brigatinib, another second-generation ALK 
inhibitor, is most active against secondary resistance 
mutation, with the exception of the G1202R (39). Lorlatinib, 
a third-generation ALK inhibitor, was then developed 
to overcome all ALK secondary resistance mutations, 

Figure 1 Identification of tumor progression and treatment response via cfDNA-based liquid biopsy. In NSCLC patients with oncogenic 
driver mutations at baseline (e.g., EGFR or ALK), clinical progression of the disease can be followed through systemic imaging evaluation 
(black line). In parallel, cfDNA analysis may identify the emerging of tumor clones with TKI-resistant mutations, with important implication 
in guiding the clinician to switch to more selective therapies (red line). Serial liquid biopsy tests can also help monitor the biological 
response to treatment against the sensitive mutations (green line). EGFR, epidermal growth factor receptor; ALK, Anaplastic lymphoma 
kinase; NSCLC, non-small-cell lung cancer; TKI, tyrosine kinase inhibitor; PR, partial response; PD, progressive disease.
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including G1202R, and there is potential indication 
for its use after failure to other ALK inhibitors (40).  
The identification of specific ALK mutations at progression 
during crizotinib or other TKIs is important to give the 
right drug to the right patient in the right time. As a 
consequence, liquid biopsy becomes essential to monitor 
the development of these mutations.

ROS1-rearrangement

Chromosomal rearrangements of the ROS1 gene were 
first described in NSCLC in 2007 (41). This alteration 
is present in about 1–2% of NSCLC patients, mainly 
in younger, never or light smokers and adenocarcinoma 
histology (42).  ROS1-rearranged lung tumors are 
“addicted” to ROS1 for growth and survival (41). This 
finding implies a pharmacological sensitivity of the 
tumor to ROS1-directed TKIs (5,42). After preclinical 
evidences of crizotinib activity in ROS1 altered models, 
the phase I PROFILE 1001 study of crizotinib in ALK 
translocated patients was amended to include ROS1-
rearranged patients, and it demonstrated an ORR and 
DCR to crizotinib of 72% and 90%, respectively (5).  
After these results, crizotinib was granted full approval 
by FDA in March 2016 for treatment of advanced ROS1-
rearranged NSCLC. 

As for EGFR-mutant and ALK-translocated patients, 
also for ROS1-rearranged tumors resistance mechanisms 
to crizotinib typically develop. These mechanisms are 
represented by secondary mutations in the ROS1 kinase 
domain (50–60% of cases), or by “off target” alterations in 
parallel pathways (43,44).

The most frequent ROS1 resistance mutation is the 
G2032R mutation, causing steric hindrance to drug binding, 
while not altering the oncogenic kinase activity (45). Other 
reported resistance mutations are the D2033N, S1986Y/
F, L2026M and L1951R. Of all mutations, G2032R and 
L1951R confer the highest level of crizotinib-resistant 
phenotype in vitro (29). Less knowledge is available about 
“off target” mechanisms. Alterations of the KIT proto-
oncogene receptor tyrosine kinase (KIT), KRAS proto-
oncogene, GTPase (KRAS), EGFR, and BRAF genes have 
been demonstrated (46-48). Phenotypic changes, such as 
epithelial-to-mesenchymal transition (EMT), have also 
been demonstrated (44). Several other agents have shown 
activity in patients with ROS1-rearranged tumor, as well 
as in patients developing ROS1 resistance mutations. In 
particular, ceritinib and brigatinib showed comparable 

activity against resistance mutations, both showing activity 
against L2026M but not against G2032R, D2033N or 
L1951R (43). Lorlatinib showed a broader activity against 
different resistant mutations (48), however its activity against 
G2032R was limited in the clinic. Cabozantinib is one of the 
few agents showing activity against G2032R mutation, but 
its high toxicity limits its use in these patients (49).

Biomarkers from liquid biopsy 

Cell-free DNA

The first evidence of the presence of cell-free DNA 
(cfDNA) in the body fluids was obtained in 1989 (50). 
Since then, a growing number of studies have demonstrated 
the usefulness of cfDNA analysis at all stages of cancer 
patient’s management, specifically in the detection of drug-
resistance mutations to guide clinical decisions (51). The 
improvements of technologies based on next-generation 
sequencing (NGS) have enabled the use of cfDNA for 
the noninvasive interrogation of the tumor genome on 
the presence of multiple cancer-specific mutations with a 
single assay, along with chromosomal aberrations and gene 
rearrangements, particularly with the prospect to monitor, 
through serial sampling, the development of cancer clones 
in the course of therapy (52). Consequently, NGS-based 
analysis has become the gold standard for the analysis of 
alterations in common oncogenic drivers and to generate 
a picture of the overall mutational burden and tumor 
heterogeneity in NSCLC patients (53). 

In physiological conditions, a large amount of cfDNA 
that has originated from different cell types, mostly 
through apoptosis and necrosis, can be found in the 
bloodstream (54). Sequencing data have identified a 
peak of fragment size around 166 bp, indicating that this 
cfDNA is normally wrapped around a nucleosome (55), 
and the epigenetic nucleosome footprint, along with the 
genetic modifications of the cfDNA molecule, reflects the 
genome of the cells of origin (56,57). However, longer 
cfDNA fragments, which normally escape the current 
extraction methods, can be found by the use of long-read 
sequencing techniques, and they associate mostly with 
extracellular vesicles (EVs), contributing to a consistent 
part of the cfDNA pool (58). Typically, half-life of cfDNA 
is of only a few hours (59), but its stability and permanence 
in the circulation can be increased through the inclusion 
inside EVs, which in turn may work as a vehicle to mediate 
horizontal transfer of functional DNA fragments and 
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oncogenes (60,61).
A massive amount of circulating tumor DNA (ctDNA) 

can be released by the tumor mass, and its concentration 
correlates with tumor size and stage (55,62). Quantification 
of ctDNA in plasma can be used to assess tumor dynamics 
in patients undergoing treatment, reflecting responses and 
progression (63). Detection via blood tests of clinically 
relevant mutations in ctDNA may help predict the 
insurgence of cancer and define the anatomical site of the 
primary tumor of origin, facilitating the diagnosis of cancer 
at early stages and before the metastatic spread (64). At the 
moment, the most important use of ctDNA tests in clinical 
practice of NSCLC is related to the detection of the EGFR 
T790M resistance mutation and the monitoring of EGFR-
sensitive mutations during the course of TKI treatment 
(65,66). However, despite an overall good specificity in the 
detection of ctDNA mutations (90–100%), sensitivity levels 
reached with the current methodologies are typically low 
(60–70%) (67-69). A reason for this suboptimal sensitivity 
in detecting cancer mutations in cfDNA lays on the fact 
that ctDNA is markedly diluted in the circulation by the 
higher abundance of background cfDNA released by normal 
cells (70). Further methods of analysis should integrate 
mutational information from ctDNA with data derived from 
the evaluation of the other blood biomarkers, which can 
improve sensitivity.

Other blood biomarkers

Although the analysis of ctDNA remains the gold standard 
for blood-based mutational assays, by providing clear 
advantages in term of simplicity and sensitivity, the need for 
specific biomarkers of immediate clinical utility leads the 
study of other tumor-derived components (71). Circulating 
tumor cells (CTCs), EVs, and cell-free microRNAs 
(cfmiRNAs) are constantly released from the tumor mass 
into the stream, but their use in liquid biopsy still lacks 
strong clinical validation to ensure standardization of the 
readout, while there is sufficient evidence that the time 
is mature to introduce the analysis of platelet RNA as a 
reliable diagnostic biomarker.

CTCs are extremely rare, usually one cell per milliliter of 
blood, in millions of background leukocytes (72). However, 
CTCs represent a most promising alternative to invasive 
biopsies for the comprehensive characterization of the 
tumor tissue at a single-cell level (73). CTC-based analysis 
of sequencing data can produce a complete overview of 
tumor alteration profile, complementing gene expression 

data with mutational status and genomic instability, which 
would not be achieved by cfDNA analysis alone (74). The 
ultimate progresses in the isolation of CTCs have enabled 
to draw a precise genetic signature of drug-resistance 
clones, with direct clinical relevance, being CTCs ultimately 
responsible for metastasization (75). 

The functional relevance of EV release into the 
circulation is now well accepted, with their major role in 
cell-to-cell communication, mostly via delivering of active 
miRNAs, messenger RNAs (mRNAs), and proteins into the 
target cell (76,77). In parallel, the technical improvements 
in EV purification (78) have set the promise to establish 
the analysis of EV as a novel and reliable methodology for 
tumor diagnosis and progression (79). Several evidences 
indicate that EVs are directly involved in cancer resistance 
to therapy, and the information collected from tumor 
EVs could be used for early diagnosis of the metastatic 
propensity of a primary tumor (80). In fact, tumor-
derived EVs can promote organ-specific metastasization 
of the cancer cell from which they are originated (81), 
by preparing the pre-metastatic niche through the 
engagement of the normal cell signaling in the surrounding 
microenvironment (82,83). In NSCLC EVs could serve as a 
robust predictive biomarker of tumor evolution during TKI 
treatment (84). 

Traditionally, miRNAs, by accounting for over the 
50% of all RNA species released into the circulation, 
are considered a direct readout of the altered tumor’s 
transcriptional program. Most of the cfmiRNAs found 
into the blood plasma are involved in cell-to-cell 
communication, and are delivered to target cells by selective 
loading within the EVs, although functional miRNAs can 
also be released directly into the bloodstream by dying  
cells (85). These cfmiRNAs have shown their diagnostic and 
prognostic relevance, in NSCLC, as in many other solid 
tumors (86).

Analysis of platelet RNA content has emerged as a highly 
sensitive and alternative method for blood-based diagnosis 
of cancer (87). Platelets are anucleate blood cells that can 
capture external RNAs released by other cells, via both EV-
dependent or -independent mechanism (88). Normally, 
cancer cells can prepare their niche by secreting EVs able to 
transfer oncogenic RNAs into circulating platelets, which in 
turn release these RNAs at distant sites (89). The expression 
profile of these so-called tumor-educated platelets changes 
in response to contact with tumor EVs, reflecting the 
molecular signature of the cancer cell of origin, with 
important diagnostic consequences.
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Methods for liquid biopsy analysis 

In the routine clinical diagnostics, molecular analyses 
on liquid biopsy are mostly focused on the detection of 
targetable mutations of ctDNA of patients. To date, ctDNA 
is the unique circulating biomarker approved by Food 
and Drug Administration (FDA) for diagnosis of such 
mutations, while there are evidences that other circulating 
biomarkers could represent a diagnostic tool for primary 
diagnosis of lung cancer (90). Molecular testing on CTCs, 
EVs, and platelets remains challenging, and it seems they 
will enter the clinical practice in the near future.

In the last years, several works have focused the attention 
on which are the best practices to test liquid biopsy, from 
blood collection and handling to analysis methodologies 
(53,66).

Blood collection and handling

A key point for molecular analysis on liquid biopsy is the 
processing of the blood sample. Blood tubes containing 
ethylenediaminetratra-acetic acid (EDTA) are extensively 
used for the isolation of plasmatic ctDNA, mainly for the 
low cost and availability. On the other hand, blood collected 
in EDTA tubes is at a higher risk of cellular degradation, 
with the subsequent degradat ion of  ctDNA, and 
contamination by genomic DNA released form blood cells 
(91,92). Hence, rapid isolation of the plasmatic components 
is necessary, up to the 6 hours from the blood collection (93). 
Time at blood processing could represent a logistic issue, 
especially if plasma processing is not possible immediately 
after blood withdrawal, as happens in large prospective 
clinical trials with centralized analyses. To solve this issue, 
the use of preservative tubes is an effective option to 
prevent ctDNA contamination by genomic DNA. Properly 
used, collection tubes such as Streck Cell-Free DNA BCT  
(La Vista, Nevada), cfDNA collection tubes (Roche 
Diagnostics ,  Germany),  PAXgene tubes (Qiagen, 
Germany) are able to stabilize blood cells, preventing the 
release of genomic DNA, and to for at least one week 
at room temperature (92,94-96). The gold standard for 
centrifugation is to perform this step twice, with the second 
centrifugation that aims to eliminate debris. As reported, 
the two spins are at 800 and 2,000–16,000 g, respectively, 
for 10–20 minutes, while performing a third spin is still 
debated (97).

Extraction methods

The methodologies for ctDNA isolation represent a 
delicate step to consider when performing liquid biopsy 
analyses. To date, there is a need to standardize such 
methodologies between the different laboratories, as 
highlighted by a comparison study that demonstrated 
high variability between 56 laboratories, with DNA 
yields ranging from 2.87 to 224.02 ng/mL (98). Most of 
commercially available extraction kits are based on the 
binding of DNA molecules by silica-gel filter columns, 
magnetic beads, or phase isolation. In the last years, several 
automated extraction platforms have been developed 
(Promega Maxwell RSC, Promega; QIAsymphony 
ccfDNA, Qiagen; MagMax, ThermoFisher Scientific, 
MagNA Pure Compact ,  Roche Diagnost ics) ,  and 
comparative studies on manual and extraction methods have 
reported contrasting results in DNA yields (91,99-101).  
One thing worthy of attention is that extraction kits are 
selective for the fragment size of the eluted DNA, with the 
QIAamp blood mini kit and QIAamp Circulating Nucleic 
acid kit (Qiagen) enriching for DNA >200 bp and 166–
200 bp, respectively. Depending on the chosen analysis 
methodology for molecular test, this could be relevant, 
because quantitative PCR (qPCR) primers preferentially 
amplify long DNA fragments (102). Another interesting 
study attempted to directly measure ctDNA through qPCR 
without previous extraction methods, reaching good DNA 
yields and demonstrating that a notable percentage of DNA 
is loss in the flow-throughs of column-based extraction  
kits (103). Given the high sensitivity of qPCR platforms, 
this could be a feasible and time-saving approach, even 
though extraction methods remain the gold standard for 
liquid biopsy molecular analyses. 

Methodologies for molecular analysis

Even though ctDNA is present at higher concentrations 
in cancer patients with respect to healthy subjects (104), 
it represents less than 1% of total cfDNA (70), presenting 
technical challenges for sensitivity and specificity. To date, 
several approaches have been developed to discriminate 
ctDNA from cfDNA, and to diagnose clinically relevant 
mutations, with relative advantages and limitations (Table 1).  
Here we summarize the most common platforms for 
ctDNA testing.
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PCR-based technologies

PCR-based assays are focused on the detection of one or few 
mutations, but are able to be extremely sensitive. Platforms 
as Therascreen (Qiagen) and Cobas (Roche Diagnostics) are 
approved by FDA to test EGFR mutations (exon 19 deletion, 

L858R and T790M) on plasma samples of NSCLC patients 
when tissue analysis is not available. On the other hand, such 
platforms are validated only for allelic frequencies at >1%, 
but usually mutated alleles are found at lower frequencies (97).  
Nonetheless, Cobas platform have been used in a clinical 
study for the detection of T790M mutation, reaching the 
threshold of 0.02% of the allele fraction (106).

By qPCR is possible to detect allele frequencies at 10–
20%, with high specificity. To enhance sensitivity, a number 
of technical modifications have been developed, such as 
the use of an oligo that blocks the 3'-end of the wild-type 
allele to avoid its amplification (i.e., Allele-Specific PCR, 
AS-PCR; Allele-Specific Non-Extendable Primer Blocker 
PCR, AS-NEPB-PCR; Peptide Nucleic Acid-Locked 
Nucleic Acid (PNA-LNA) PCR clamp) or modification of 
the PCR with the enrichment of allelic variants of normal 
and mutated DNA (co-amplification at lower denaturation 
temperature, COLD-PCR) (105,113). 

Droplet digital PCR (ddPCR) is a robust technique to 
detect mutations at low frequencies, based on the generation 
of thousands to millions of droplets on a microfluidic chip, 
individually amplified, with high increase in sensitivity and 
specificity. In a study on early breast cancer patients, this 
technique reached 93.3% sensitivity and 100% specificity 
on ctDNA, compared to tumor tissue, for the detection 
of mutation of PIK3CA (114). For activating mutations in 
NSCLC patients, ddPCR demonstrated 100% specificity 
in detecting L858R mutation, and 79% specificity in 
detecting T790M mutation on ctDNA (107). Moreover, 
sensitivity could be further enhanced through suppressing 
the amplification of the wild-type allele fraction, reaching a 
threshold limit of 0.01% (115).

BEAMing (Beads, Emulsion, Amplification, Magnetics) 
is a modified ddPCR that uses oil emulsion to generate 
water droplets, analyzed with fluorescent terminators 
in flow cytometry to detect mutant alleles. BEAMing 
has reached high rates of sensitivity and specificity for 
EGFR activating mutations (106), even though producing 
some discordance with tissue testing, possibly for tumor 
heterogeneity (108).

NGS

NGS is a high throughput technology and it is becoming 
the routine methodology for tumor tissue profiling, 
especially for its large applicability to different pathologies. 
Several massively parallel sequencing platforms have 

Table 1 Most representative data on sensitivity and specificity of 
most widely used platforms for ctDNA molecular analyses

Platform Target alteration
Sensitivity 

(%)
Specificity 

(%)
Ref.

Cobas L858R 75 96 (69)

Exon 19 del

L858R 60 96 (105)

Exon 19 del

L858R 90 100 (106)

Exon 19 del 86 100

L858R 59 100 (106)

Exon 19 del 85 99

L858R 87 97 (106)

Exon 19 del 82 97

T790M 73 67

ddPCR L858R 90 100 (106)

L858R 69 100 (107)

Exon 19 del 86 100

T790M 77 63

BEAMing L858R 93 100 (106)

Exon 19 del 100 93

L858R 87 97 (106)

Exon 21 del 82 97

T790M 81 58

L858R 86 97 (108)

Exon 19 del 82 98

NGS L858R 100 100 (109)

Exon 19 del 87 96

T790M 93 94

50 genes panel 58 87 (110)

292 genes panel 90 96 (111)

ALK resistance 
mutations

90 48 (112)
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been developed, that can be classified on the basis of the 
sequencing method used: pyrosequencing (Roche 454), 
sequencing-by-synthesis (Illumina), ion semiconductor-
based (Ion-torrent) (66). NGS is able to interrogate a 
high quantity of DNA bases in relatively short turnaround 
times, allowing to perform analyses on the entire genome 
(Whole Genome Sequencing, WGS), coding sequences 
(Whole Exome Sequencing, WES), or targeted gene 
panels; an additional characteristic is that NGS is capable 
to simultaneously detect mutations, insertions, deletions, 
copy number variations and genomic rearrangements. 
Nonetheless ,  high sensi t iv i ty  and speci f ic i ty  are 
accompanied by random errors at rates ranging from 0.1% 
to 1% (116), but recent improvements have demonstrated 
that sensitivity and specificity could not represent a 
technical issue in the future (109,117,118). On the other 
hand, sensitivity is influenced by the choice to perform 
WGS, WES or targeted panels, given that enlarging 
the number of target regions will inevitably reduce the 
coverage, and WGS and WES would not detect allele 
frequencies less than 5%, presenting a clinical issue in 
identifying early resistance mutations at low frequencies 
in the ctDNA (97). On the other hand, targeted panels 
ensure consistently deeper coverage (>10,000×) (119,120). 
Oncomine panel for Ion torrent (ThermoFischer Scientific) 
has reached 77% sensitivity in detecting clinically 
relevant mutations in ctDNA of NSCLC patients (121),  
while the validation of a multiplex PCR-NGS panel on 
ctDNA of early stage NSCLC reached >99% sensitivity 
and 99.6% specificity, with the promising to long-term 
monitoring of disease (122). Generally, WGS and WES 
track a molecular profile of the tumor, while targeted 
panels are more useful to identify sensitizing mutations. 
The nature of these platforms generates random error rates 
that become more consistent when testing ctDNA, where 
sensitizing mutations are often present at low frequencies. 
To address this issue, methodologies using molecular 
barcoding and “selectors” have been implemented, such 
as the construction of algorithms, with the final result 
to dramatically improve sensitivity (52,97,111,113). 
One advantage of NGS platforms is the capability to 
detect a large number of somatic mutations, also with 
unknown function and in tumor suppressor genes, 
adding simultaneous information from the same sample. 
Moreover, the possibility to analyze gene copy variations 
and chromosomal rearrangements is an added value for 
these platforms. This is very useful to detect and monitor 
clinically relevant rearrangements, as NGS demonstrated 

high concordance rates with IHC for ALK fusions 
diagnosis (123,124). NGS is the ideal methodology to scan 
ctDNA for the presence of multiple resistance mutations of 
ALK that could develop after TKI treatment (112).

On the other hand, NGS present limitations that 
should be highlighted: NGS is more expensive than 
other methodologies  able to detect  mutations in 
ctDNA, and usually larger amounts of input material are 
needed for ctDNA molecular testing, especially for the 
degradation of the specimen. Moreover, NGS analyses 
require a bioinformatic additional analyses, and the lack 
of standardized mathematical model has generated the 
existence of several algorithms with the same aim. 

Application of liquid biopsy in the clinical 
practice

Baseline identification of oncogenic drivers

Liquid biopsy can provide an advantage for treatment-
naive patients because the diagnostic tissue can be spared 
for immunohistochemistry necessary for immunotherapy. 
However, not always a tumor shed sufficient amount 
of DNA for detection in peripheral blood. In advanced 
stage disease approximately 85% sensitivity is the highest 
achieved. Slow-growing tumors before treatment are 
associated with false-negative results in plasma more 
frequently than more disseminated tumors. Variant allele 
frequency (VAF) in peripheral blood can drastically 
change as a consequence of therapy. For this reason, 
blood samples for cfDNA analysis should be drawn before 
any therapy, because one or two weeks of treatment are 
sufficient to make undetectable a previously plasma-positive  
patient (117). To select treatment-naive patients for EGFR 
detection on ctDNA the same criteria of DNA detection 
from tumor tissue should be used: advanced or metastatic 
nonsquamous NSCLC or squamous NSCLC in never 
smokers and/or younger patients. Liquid biopsy is possible 
at diagnosis in all patients to be tested for EGFR mutations. 
This approach is recommended if tumor tissue is scarce or 
unavailable, or even when more than 2 weeks are necessary 
for detection in the tumor tissue and invasive procedures 
for biopsy may be risky or contraindicated. A particular 
condition is represented by bone biopsies, which can be 
sufficient for a histological diagnosis, but decalcification 
can damage tumor DNA limiting molecular testing. If 
the detection of an actionable mutation in ctDNA gives 
a positive result, this finding is sufficient for starting a 
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targeted treatment. Conversely, a negative result should be 
considered inconclusive and a secondary test is needed (53).

Conversely, the search for ALK  translocation in 
ctDNA from treatment-naive patients is not supported by 
prospective studies. Some retrospective studies showed 
the limitation of qPCR to achieve the detection of this 
alteration. Droplet digital PCR seems to be more effective, 
but this approach has not been validated yet. An acceptable 
sensitivity with optimal specificity is provided by NGS, but 
the available data are not specific for ALK rearrangement 
(110,125,126).

Monitoring of treatment efficacy

When resistance occurs during first- and second-generation 
EGFR-TKIs as first-line setting in NSCLC patients with 
EGFR actionable mutations, the detection of T790M must 
be prompt to allow starting the third-generation EGFR-
TKI osimertinib (20). Perhaps this scenario will change 
with the use of osimertinib as first-line treatment on the 
basis of the results from the FLAURA trial (21). However, 
liquid biopsy might continue to be useful to understand 
the resistance mechanisms to osimertinib. Testing of EGFR 
alterations with an EGFR assay of sufficient sensitivity is 
recommended for patients progressing, either clinically 
or radiologically, during treatment with first- or second-
generation EGFR TKIs. If on liquid biopsy T790M 
mutation is absent, this result should be considered 
inconclusive and a further assessment is recommended 
with a more sensitive and/or more comprehensive test on 
cfDNA or DNA from a tumor re-biopsy. An example of 
comprehensive analysis is NGS multiplex panel, which 
detects not only the common resistance mechanism T790M 
but it can detect a spectrum of alterations. Conversely, a 
positive result for EGFR T790M is considered adequate to 
start osimertinib as second-line treatment after progression 
on a first- or second-generation EGFR-TKI. If the T790M 
mutation is also absent in tissue biopsy, the NGS analysis 
may help finding other resistance mechanisms to address 
patients to a clinical trial or an expanded access program. 
If the primary EGFR mutation is found, a negative T790M 
mutation result is more credible. If both primary EGFR 
mutation and T790M mutation are negative, it is probable 
that the tumor is not shedding sufficient levels of DNA 
for its detection. In this case further investigation through 
liquid biopsy can be performed later (53).

The detection of ALK resistance mutations at disease 
progression during ALK TKIs can have a role in clinical 

management in the future. Currently, this approach cannot 
guide the choice of further line ALK TKI at progression. 
Some studies highlighted the ability of ddPCR and NGS in 
detecting ALK resistance mutations in cfDNA (127,128). 
However, NGS should be considered the optimal approach 
for the detection of these mutations because of the wide 
range of resistance alterations known to date. Moreover, 
the concordance of ALK mutations from tissue biopsy and 
liquid biopsy is 100% (129).

Similarly, cfDNA analysis could be applied to ROS1-
positive patients treated with crizotinib, as also for these 
patients resistance mutations could emerge and drive 
subsequent targeted treatment (117,118,130). However, also 
in this case, no clinical indication is present to indicate the 
ROS1 test on cfDNA. 

Conclusions

The identification of gene alterations in oncogene-addicted 
NSCLC is essential to draw a target treatment. Baseline 
EGFR mutations and ALK or ROS1 rearrangements are 
the only actually actionable with specific TKIs available for 
clinical practice. Likewise, resistance mechanisms have to be 
detected to change treatment at disease progression during 
first-line TKI. The main challenges for the detection of 
these alterations in tumor tissue are represented by the 
scarcity of tumor cells from tissue biopsy and the limitations 
of tissue re-biopsy in pretreated patients.

Liquid biopsy, intended as the search for oncogene 
alterations in blood samples, has been currently applied for 
EGFR-mutant NSCLC and it is under validation for ALK 
and ROS1 positive NSCLC. Various methods are available 
for both targeted detection of single alterations or broad-
spectrum analyses in ctDNA. In the meantime, other 
circulating material (CTCs, EVs, cfmiRNAs) from tumor 
cells is under investigation. However, data and technology 
available until now make us suppose that the substitution 
of tissue biopsy with liquid biopsy is far from an actual 
clinical application. To date liquid biopsy holds just a 
complementary role in addition to tissue biopsy.
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