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Abstract: Liquid biopsy has advantages over tissue biopsy, but also some technical limitations that
hinder its wide use in clinical applications. In this study, we aimed to evaluate the usefulness of liquid
biopsy for the clinical management of patients with advanced-stage oncogene-addicted non-small-cell
lung adenocarcinomas. The investigation was conducted on a series of cases—641 plasma samples
from 57 patients—collected in a prospective consecutive manner, which allowed us to assess the
benefits and limitations of the approach in a real-world clinical context. Thirteen samples were
collected at diagnosis, and the additional samples during the periodic follow-up visits. At diagnosis,
we detected mutations in ctDNA in 10 of the 13 cases (77%). During follow-up, 36 patients progressed.
In this subset of patients, molecular analyses of plasma DNA/RNA at progression revealed the
appearance of mutations in 29 patients (80.6%). Mutations in ctDNA/RNA were typically detected an
average of 80 days earlier than disease progression assessed by RECIST or clinical evaluations. Among
the cases positive for mutations, we observed 13 de novo mutations, responsible for the development
of resistance to therapy. This study allowed us to highlight the advantages and disadvantages of
liquid biopsy, which led to suggesting algorithms for the use of liquid biopsy analyses at diagnosis
and during monitoring of therapy response.

Keywords: non-small-cell lung cancer; liquid biopsy; targeted therapy

1. Introduction

To reach a decision on optimal targeted molecular therapies, identification of mutations
in cancer genes is needed, both at first diagnosis and at relapse or at progression. Although
tissue biopsy is the first option for performing molecular investigations, the frequent lack
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of material needed for morphological, immunohistochemical, and molecular analyses
suggests the introduction of “liquid biopsy” in clinical practice.

The presence of DNA circulating in the blood of all individuals has been known for
over 70 years [1]. Plasma cell-free DNA (cfDNA) in cancer patients has been shown to
contain tumor-derived DNA (ctDNA), which exhibits the same gene changes found in
cancer cells. Hence, liquid biopsy has been suggested as a possible surrogate for neoplastic
tissue [2,3]. Preclinical studies have provided an understanding of the importance of
information derived from circulating cell-free DNA/RNA in tumor patients [4–7].

Liquid biopsy has a number of advantages over tissue biopsy. The low invasiveness
and repeatability of the procedures are factors clearly in favor of liquid biopsy, allowing,
for example, multiple sampling during a patient’s follow-up. From a biological point
of view, by its ability to collect material released in circulation by primary tumors and
metastases, liquid biopsy is more representative of tumor heterogeneity. For these reasons,
liquid biopsy can be used to monitor tumor evolution over time so as to identify molecular
alterations related to the development of resistance to therapy and the progression of the
disease [8]. Indeed, a good concordance has been described between the mutations detected
in tumors and those found in plasma [9,10]. It has also been shown in advanced lung cancer
that the administration of molecularly targeted therapies based on the results of liquid
biopsy investigations results in response rates comparable to those obtained following
tissue investigations [10]. Therefore, clinical guidelines indicate that the use of liquid biopsy
is acceptable to identify patients eligible for treatment with drugs against EGFR alterations
when tissue biopsy is not available [11,12]. However, liquid biopsy also has limitations,
mainly related to the low amount of ctDNA/ctRNA, a problem that can limit or even
prevent the possibility of detecting cancer-associated mutations, an issue that is generally
absent in the case of tissue biopsies.

In this study, we aimed to evaluate the usefulness of liquid biopsy in the clinical man-
agement of patients with advanced-stage non-small-cell lung adenocarcinoma (NSCLC),
as well as candidates for or in treatment with molecularly targeted therapies. Since in
NSCLC, in addition to EGFR, a number of additional gene alterations, such as mutations in
ALK, BRAF, KRAS (G12C), and MET; gene fusions involving ALK, ROS1, NTRK1, NTRK2,
NTRK3, and RET; and exon 14 skipping in MET, can be targeted by drugs available for
clinical use, next-generation sequencing (NGS) was the main methodological approach
employed in this study. The investigation was conducted on a series of cases collected in a
consecutive prospective manner, which allowed us to evaluate the benefits and limitations
of the approach in a real-world clinical context. The goal was to understand how this
approach could be integrated into existing diagnostic and therapeutic programs: (1) at
first diagnosis, compared with diagnostic investigations carried out on tissue biopsy, and
(2) during patient treatment to monitor disease progression, compared with diagnostic
imaging approaches.

2. Results
2.1. Patient Cohort

Plasma samples were collected from a consecutive series of 57 patients affected by
advanced “oncogene-addicted” NSCL adenocarcinoma. The study was carried out on
641 plasma samples from 57 patients: 13 collected at first diagnosis, before the start of
therapy, and an additional 628 plasma samples from 55 patients collected during the
periodic follow-up visits; two patients (F-192 and F-253) died a few weeks after collection
of the first blood sample.

This case series was made of patients enrolled progressively from July 2018 to December
2021 (Table 1). The mean duration of follow-up was 18 months (range: 2–42 months). In
February 2022, 60% of the patients were alive. The patients were all followed up at the
Medical Oncology Unit of the University Hospital of Ferrara. The patients underwent
periodic clinical evaluation and instrumental diagnostic investigations. During each visit,
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peripheral blood was withdrawn to isolate plasma, which was used to purify cfDNA and
cfRNA.

Table 1. Patient cohort.

Features Number

Patients
Male 18

Female 39

Alive/deceased 34/23

Follow-up (from first liquid biopsy) Average (range) months 18 (2.42)

Age at diagnosis Average (range) 67 (39–88)

Smoking habits

Smokers 9

Ex-smokers 22

Nonsmokers 26

Histology

Adenocarcinoma 52

Mucinous adenocarcinoma 2

Poorly differentiated
carcinoma 2

Giant cell carcinoma 1

Stage (TNM)
III 3

IV 54

Metastasis sites

Lung 35

Lymph nodes 45

Bone 22

Liver 10

Pleura 12

Brain 17

Spleen 2

Adrenal glands 4

Peritoneum 3

Soft tissue 2

Pericardium 1

Kidney 1

Gene alteration in the primary tumor

EGFR exon 19 del 22

EGFR L858R 16

EGFR G719A, G719S 3

ALK * 7

ROS1 * 3

KRAS G12C 5

BRAF V600E 1

EGFR E709K 1

EGFR T790M 1

EGFR L861Q 1
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Table 1. Cont.

Features Number

TKIs in the first line

Gefitinib 16

Osimertinib 23

Crizotinib 7

Alectinib 4

Erlotinib 3
Sotorasib 3

Dabrafenib–trametinib 1
* ALK and ROS1 were analyzed using IHC on primary tumor tissue.

2.2. Gene Mutations in Tissue vs. Liquid Biopsy at Diagnosis

Thirteen patients enrolled in the study at the time of first diagnosis made it possible to
compare the mutations identified in tissue and liquid biopsies. The results demonstrated
agreement in 10 cases (77%): 7 EGFR mutations, 1 KRAS G12C mutation, 1 ALK fusion,
and 1 ROS1 fusion (Table 2). In the remaining 3 cases (1 EGFR exon 19 deletion and 2
ALK fusions), no alteration was found in the liquid biopsy. It is possible that the mutant
genes were present in the circulation at a level below the detection limit of the test. These
results indicate that, with the exception of ALK fusions, liquid biopsy represents a good
alternative to tumor tissue, if the latter is not available.

Table 2. Liquid biopsy at diagnosis.

Patient Gene Alterations in Primary Tumors
at Diagnosis

Gene Alterations in Liquid Biopsy at
Diagnosis

F-192 EML4–ALK fusion EML4(13)–ALK(20)

F-204 EML4-ALK fusion None

F-213 EGFR L858R EGFR L858R

F-221 ROS * EZR(10)–ROS1(34)

F-225 EGFR exon 19 del EGFR exon 19 del

F-238 EGFR exon 19 del EGFR exon 19 del

F-250 EGFR L858R EGFR L858R

F-253 EGFR L858R EGFR L858R

F-260 EGFR G719A EGFR G719A

F-297 EGFR del exon 19 EGFR del exon 19

F-307 EGFR del exon 19 None

F-324 EML4–ALK fusion None

F-372 KRAS G12C KRAS G12C
* ROS1 was analyzed using only IHC on tissue.

2.3. Liquid Biopsy to Evaluate Disease Progression

We evaluated the potential of liquid biopsies in monitoring 55 patients during ther-
apy. Samples were collected over a period ranging from 2 to 42 months since diagnosis
(18 months on average) during the periodic follow-up visits.

During the observation period, 19 patients did not exhibit disease progression ac-
cording to RECIST or clinical assessment (average follow-up since first liquid biopsy:
17.0 months; range: 5–41 months). In 18 of the 19 patients (94.7%), no mutations associated
with circulating DNA/RNA of tumor origin could be detected in any of the liquid biopsy
samples. In only 1 case (F-372), mutations in the KRAS and PIK3CA genes were detected in
the last collected plasma sample. The lack of evidence of disease progression according to
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RECIST in this patient is likely related to the short available follow-up (15 days) after the
positive ctDNA was detected in the liquid biopsy.

Conversely, 36 patients exhibited tumor progression (average follow-up: 18.0 months;
range: 2–42 months) in accordance with the RECIST criteria or death. The molecular
investigations on plasma DNA/RNA revealed the appearance and progressive increase
in the circulation of tumor-associated mutations in 29 patients (80.6%). In the remaining
7 patients (19.5%), no detectable mutation was found in the liquid biopsy test at disease
progression. Some of the patients experienced more than 1 event of disease progression
(RECIST or clinical) during the follow-up period: Overall, 36 events were registered in the
29 patients. The alterations found in the plasma during disease progression are shown in
Table 3. In 32 cases, we observed the reappearance of the same mutation present in the
primary tumor, 10 of which were accompanied by additional new mutations. In 3 cases
(patients F-206, F-207, and F-336), only a new mutation was detected in the absence of the
original one (Figure 1).

Table 3. Mutations at patients’ progression detected by liquid biopsy.

Patient Mutations in the Primary
Tumor Therapy Mutations at Disease

Progression
Anticipation on RECIST 1

(Days)

F-182 EGFR p.L747-S751del Gefitinib EGFR p.L747-S751del 47

F-183 EGFR p.L858R Gefitinib EGFR p.L858R 88

F-188 EGFR p.E746_A750del CT EGFR p.E746_A750del 98

F-188 EGFR p.E746_A750del Osimertinib EGFR p.E746_A750del 247

F-193 EGFR p.E746-A750del Gefitinib EGFR p.E746-A750del +
EGFR p.T790M 56

F-194 EGFR p.G719A Gefitinib EGFR p.G719A 82

F-194 EGFR p.G719A Osimertinib EGFR p.G719A 13

F-196 EGFR p.T790M; p.L858R Osimertinib EGFR p.T790M + EGFR
p.L858R 97

F-200 EGFR p.L858R Gefitinib EGFR p.L858R 8

F-201 EGFR p.L747_A750delinsP Osimertinib EGFR p.L747_A750delinsP 0

F-203 EGFR p.L858R Gefitinib EGFR p.L858R + EGFR
p.T790M 175

F-203 EGFR p.T790M Osimertinib EGFR p.L858R + EGFR
p.T790M 197

F-205 EGFR p.T790M Osimertinib EGFR p.E746_A750del +
EGFR p.T790M 203

F-206 EGFR p.E746-A750del Erlotinib EGFR p.E746_A750del 28

F-206 EGFR p.T790M Osimertinib EGFR p.T790M 94

F-206 EGFR p.T790M Beva-atezo
EGFR p.E746_A750del +
EGFR p.T790M + EGFR
p.C797S

25

F-207 EGFR p.E746-A750del Gefitinib KRAS p.G12C 36

F-209 EGFR p.L858R Gefitinib EGFR p.L858R + EGFR
p.T790M 132

F-209 EGFR p.L858R Osimertinib EGFR p.L858R + EGFR
p.T790M 290

F-213 EGFR p.L858R Gefitinib EGFR p.L858R + EGFR
p.T790M 93
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Table 3. Cont.

Patient Mutations in the Primary
Tumor Therapy Mutations at Disease

Progression
Anticipation on RECIST 1

(Days)

F-221 ROS1 Crizotinib EZR(10)-ROS1(34) 42

F-228 EGFR p.E746-A750del Gefitinib EGFR p.E746-A750del 0

F-238 EGFR p.E746-A750del Osimertinib EGFR p.E746-A750del +
EGFR p.C797S 50

F-249 EGFR p.L858R Osimertinib EGFR p.L858R + BRAF
V600E 49

F-250 EGFR p.L858R Osimertinib EGFR p.L858R 39

F-260 EGFR p.G719A Osimertinib EGFR p.G719A 55

F-296 EGFR p.L858R Osimertinib EGFR p.L858R 130

F-318 EGFR p.L858R Osimertinib EGFR p.L858R 67

F-336 EGFR p.G719S; p.E709K Osimertinib KRAS p.G12D 67

F-349 EGFR p.E746-A750del Osimertinib EGFR p.L747_A750del 22

F-353 EGFR p.L861Q Osimertinib EGFR p.L861Q −26

F-354 EGFR p.E746-A750del Osimertinib EGFR p.E746_A750del 88

F-403 KRAS p.G12C Sotorasib KRAS p.G12C 16

F-409 KRAS p.G12C Sotorasib KRAS p.G12C 100

F-436 EGFR p.E746-A750del +
EGFR p.T790M Osimertinib EGFR p.T790M 72

1 RECIST = Response evaluation criteria in solid tumors.
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Figure 1. Summary of mutation detection in liquid biopsies of NSCLC cases at disease progression.

With one exception, in all cases, ctDNA alterations were detected before evidence of
the progression event. The appearance of and progressive increase in the mutant allelic
fraction was constantly associated with disease progression a few weeks or months later.
In Table 3, it can be appreciated how the appearance of circulating mutations generally
anticipated (80 days on average) the evidence of disease progression, according to RECIST.
Figure 2 shows Kaplan–Meier curves of disease progression, according to RECIST or the
appearance of ctDNA. These results clearly indicate that the appearance of circulating
cancer-associated mutations is an early sign of disease progression.



Int. J. Mol. Sci. 2022, 23, 8546 7 of 15

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 5 of 15 
 

 

mutation present in the primary tumor, 10 of which were accompanied by additional new 
mutations. In 3 cases (patients F-206, F-207, and F-336), only a new mutation was detected 
in the absence of the original one (Figure 1). 

 
Figure 1. Summary of mutation detection in liquid biopsies of NSCLC cases at disease progression. 

With one exception, in all cases, ctDNA alterations were detected before evidence of 
the progression event. The appearance of and progressive increase in the mutant allelic 
fraction was constantly associated with disease progression a few weeks or months later. 
In Table 3, it can be appreciated how the appearance of circulating mutations generally 
anticipated (80 days on average) the evidence of disease progression, according to 
RECIST. Figure 2 shows Kaplan–Meier curves of disease progression, according to 
RECIST or the appearance of ctDNA. These results clearly indicate that the appearance of 
circulating cancer-associated mutations is an early sign of disease progression. 

 
Figure 2. Detection of disease progression according to RECIST or by reappearance of ctDNA. X-
axis represents the time (days) from 1 July 2018 (start of liquid biopsy sample collection) or the day 
of first diagnosis (if after 1 July 2018). Median progression “survival” was 375 days on RECIST and 
249 days on ctDNA. Based on the Gehan–Breslow–Wilcoxon test, the two curves are significantly 
different (p = 0.04). 

Figure 2. Detection of disease progression according to RECIST or by reappearance of ctDNA. X-axis
represents the time (days) from 1 July 2018 (start of liquid biopsy sample collection) or the day of first
diagnosis (if after 1 July 2018). Median progression “survival” was 375 days on RECIST and 249 days
on ctDNA. Based on the Gehan–Breslow–Wilcoxon test, the two curves are significantly different
(p = 0.04).

As mentioned above, in 7 patients (about 20%) at disease progression, no mutation in
ctDNA was found, indicating that a lack of gene mutations does not guarantee a nonrecur-
rence status of the disease in a small fraction of patients.

Not only is the detection of tumor-associated mutations in plasma relevant to monitor
the response to therapy by quantitative analyses, but also it can reveal novel mutations
responsible for nonresponsiveness to therapy (Table 3). In 22 cases at progression, we
detected only the original mutations found in tissue at diagnosis. While these findings
provide useful biomarkers of disease progression, they do not provide any indication for
alternative therapeutic options other than chemo or immune therapies. In the remaining
13 cases, new mutations were detected. Such mutations were likely responsible for the
development of resistance to therapy. Mechanisms of resistance to erlotinib or gefitinib
included EGFR T790M in 5 cases and KRAS G12C in 1 case. Mechanisms of resistance to
osimertinib included EGFR C797S in 1 patient and BRAF V600E in another patient. Oddly,
EGFR T790M was also found in 5 cases on osimertinib therapy.

In summary, while the quantification of circulating mutant allelic fraction can function
as a biomarker that inversely correlates with response to therapy in 80.6% (29/36) of the
patients, in approximately one-third of progression events (13/35), liquid biopsy analyses
led to the identification of novel mutations that were responsible for therapy resistance,
which could eventually provide indications for alternative molecularly targeted therapies.
This aspect represents an added value of liquid biopsy over other approaches employed
for monitoring patients during follow-up.

2.4. Some Cases Exemplifying Patients’ Follow-Up

Some cases exemplify how the quantitative and qualitative changes of circulating mutations
correlated with clinical variations (Supplementary Figures S1–S4). Supplementary Figure S1
shows an example of such a concept. The occurrence of the EGFR T790M mutation in
disease progression during gefitinib therapy could be counteracted with osimertinib. The
graph shows a quantitative inverse correlation between ctDNA and the response to therapy.
Similarly, the occurrence of the EGFR C797S mutation, case F-238 (Supplementary Figure
S2), was instead associated with resistance to osimertinib [13,14]. The appearance of BRAF
V600E mutations, case F-249 (Supplementary Figure S3), was also associated with resistance
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to osimertinib. While, as of today, the use of dabrafenib plus trametinib is indicated for this
condition, no targeted therapeutic approach was clinically available at the time when the
mutation was discovered in the patient. The fourth case was associated with a ROS1 fusion
(Supplementary Figure S4): an increase in the EZR–ROS1 fusion was detected upon liquid
biopsy approximately 3 weeks after indication of a partial response and 1 month before
evidence of disease progression. In summary, the quantitative increase in ctDNA/ctRNA
mutations in plasma was constantly early evidence of the loss of responsiveness to therapy.
Furthermore, the appearance of novel mutations could eventually provide indications
for an alternative therapy. For example, besides the use of osimertinib in cases of devel-
opment of EGFR T790M in the presence of gefitinib or erlotinib (cases F-193, F-203, and
F-209), the appearance of KRAS G12C (case F-207) could be counteracted by sotorasib,
or the appearance of BRAF V600E (case F-249) could be counteracted by dabrafenib plus
trametinib.

2.5. Clinical Algorithms That Incorporate Liquid Biopsy in Diagnostic and Therapeutic Programs

In accordance with our results, we propose algorithms that incorporate liquid biopsy
approaches at diagnosis and during monitoring of the therapy response of patients with
advanced-stage oncogene-addicted NSCLC (Figure 3).
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At diagnosis, molecular investigations should be performed on a tumor tissue sample
using an NGS approach. Only when the material is qualitatively or quantitatively insuffi-
cient should liquid biopsy be considered (Figure 3A). In fact, liquid biopsy cannot reach
100% concordance with molecular results from tissue specimens. This is particularly true
for gene fusions.

Liquid biopsy can instead find a wider application during the monitoring of therapy
efficacy. In fact, considering the need to collect multiple points to monitor this phase in
real time, liquid biopsy represents an optimal approach to investigate disease biomarkers.
Liquid biopsy samples can be collected during routine follow-up visits and at the time
of imaging investigations. If the results of the test are negative, the routine is repeated at
every visit. If positive, clinical and imaging evaluations should be intensified until evidence
of disease recurrence occurs and a change in therapy becomes possible (Figure 3B). The
therapeutic options depend on the mutations detected in ctDNA/ctRNA. For patients who
progress but do not show any gene mutation in ctDNA, they keep receiving follow-ups
using standard monitoring approaches (Figure 3B).

The optimal method for performing analyses on ctDNA/ctRNA remains to be defined.
At diagnosis, NGS is unquestionably the optimal approach. During follow-up monitoring,
NGS is also the preferable method before knowledge of ctDNA mutations. In fact, analysis
of a wide panel of genes allows us to uncover all potential new situations that should occur
at progression. Once a gene biomarker of progression is discovered, the use of quantitative
PCR (ddPCR or other quantitative PCR methods) would instead be preferable in terms of
speed and costs.

3. Discussion

This study evaluated the usefulness of liquid biopsy in a real-world clinical setting
on a group of consecutive patients with advanced-stage lung adenocarcinoma undergoing
treatment with molecularly targeted therapies. The goal was to define how liquid biopsy
could be integrated into currently active diagnostic and therapeutic programs, both at
diagnosis and at disease progression.

In regard to the use of liquid biopsy at diagnosis, our results suggested that, to a large
extent, it can be employed in the diagnostic assessment of advanced stages of disease, but
it cannot fully replace analyses performed on tissue biopsies. Published studies comparing
the two types of investigations are in agreement with this conclusion, as they reported an
overall agreement in approximately 90% of the cases [15,16]. In support of the clinical value
of liquid biopsy in advanced stages is the finding that the response rates of patients with
NSCLC positive for EGFR–T790M in plasma exhibited outcomes equivalent to patients
who were classified by a tissue-based assay [17,18]. In the present study, an adverse issue
that surfaced was the detection of gene fusions in ctRNA [19]. Albeit we could usually
detect ALK and ROS1 gene fusions in ctRNA, two of the three undetected gene alterations
at diagnosis were actually ALK fusions, implicating that the detection of ALK fusions in
RNA from plasma samples might be challenging. Hence, the availability of tissue material
appears to be particularly important for detecting ALK, ROS1, and NTRK alterations by
IHC expression analyses and gene fusions by NGS.

It remains to be evaluated whether the detection of ctDNA/ctRNA can be applied
to early stages of NSCLC. In fact, ctDNA is approximately 100-fold higher in stage IV
compared with stage I tumors [20]. Although the sensitivity of technology is significantly
improved in recent years, liquid biopsy still cannot be applied at present to the search of
ctDNA mutations in these early stages. This aspect may become an issue, considering that
osimertinib is now indicated as an adjuvant therapy in the early stages of NSCLC [21,22].

Thus, the indication that emerges from our study, as well as from published studies
in advanced NSCLC, is that liquid biopsy cannot fully replace analyses performed on
tumor tissues. Molecular investigations at diagnosis should be carried out on tissue biopsy
whenever possible, with NGS being the preferred methodological approach. Only if
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material is quantitatively or qualitatively insufficient does it seem indicated to proceed
with NGS analysis using liquid biopsy (Figure 3A).

Regarding liquid biopsy for assessing response to therapy, it has been reported that
longitudinal analysis of ctDNA allows quantitative tracking of tumor burden and treatment
response in various human cancers [2,9,23–26]. It has also been shown that the quantitative
dynamic changes of ctDNA in plasma correlated with tumor size, stage, and differential
prognosis [9,27–29]. Our results indicate that the appearance or re-emergence of mutations
in ctDNA during therapy is an early sign of resistance to therapy. In all of the cases in
our study, the re-emergence of mutations in ctDNA was followed within a few weeks or
months by disease progression, according to RECIST or clinical evidence. In the absence of
approved clinical protocols that allow therapy changes based on ctDNA evidence only, the
patient should be more frequently monitored using standard approaches until evidence of
disease progression occurs (Figure 3B). The therapeutic options depend on the mutations
detected in ctDNA/ctRNA. In cases where the same mutations of primary tumor or “non-
actionable” mutations are found, the use of chemotherapy or immunotherapy according to
current guidelines is the most likely indication. Instead, if a de novo “actionable” mutation
emerges, the use of an appropriate molecularly targeted drug would be preferable, and
its use should be evaluated according to guidelines or other clinically available standards
(Figure 3B). Finding new “actionable” mutations represents a unique value of liquid biopsy
during the monitoring of therapy efficacy. Unfortunately, cases that can take advantage
of molecularly targeted therapies as a second line of therapy are currently a minority.
Overcoming osimertinib resistance is an area still under investigation. It has been reported
that a combination of anti-EGFR drugs with brigatinib may be effective in some cases of
resistance to osimertinib [30–35], and fourth-generation anti-EGFR drugs are being studied,
but not yet approved for clinical use [36,37]. Far fewer therapeutic options have been
developed for other targets. Drugs have been developed for patients resistant to first- and
second-line therapy for ALK rearranged tumors, such as alectinib and lorlatinib, or for
ROS1 rearranged tumors, such as entrectinib and larotrectinib. However, the trend to use
the most recent and effective drug as the first line reduces the options for the treatment of
resistance to the latest generations of targeted drugs.

In case of occurrence of a mutation in a different gene, such as a KRAS G12C or BRAF
V600E mutation (as in the case we observed), MET exon 14 skipping mutation, or RET
rearrangement, specific drugs targeting the new molecular alteration can be used. Less
options are available for other mutations, such as HER2 and PIK3CA, even if an agnostic
approach might be considered.

Our results provide evidence that liquid biopsy can detect disease progression ap-
proximately 80 days on average earlier than imaging approaches. Other studies have also
reported similar findings. Taus and Sorensen demonstrated that the detection of EGFR
mutations in TKI-treated patients was able to predict radiological response and disease
progression with an anticipation of more than 1 month [38,39]. In another study, plasma
investigations on 25 patients receiving osimertinib identified mutations in EGFR (C797S
and Q791P) and other resistance-associated genes (KRAS, BRAF, and PIK3CA) several
months earlier than the evidence of clinical progression [40]. In bladder cancer, a me-
dian anticipation time of 96 days has been reported for liquid biopsy over radiographic
imaging [41].

In a rapidly evolving disease, such as lung cancer, identifying the onset of recurrence
as early as possible may potentially be important. However, in an advanced clinical setting,
the question concerning the potential usefulness of starting a new line of therapy a few
months earlier than the current standards remains an unanswered question and deserves
specifically designed trials. In breast cancer, for example, the PADA1 study addressed this
specific question using ESR1 as a candidate biomarker [42]. Patients in which an ESR1
mutation was detected in plasma ctDNA were randomized to continue the same therapy
or to change treatment. Early change resulted in a statistically better outcome, giving an
indirect confirmation of the potential utility of the early change strategy. However, other
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aspects related to, for example, the type of assay and to the acceptable threshold of ctDNA
alteration useful for switching therapy await further analyses.

Our results showed that tumor progression can also occur without any evidence of
re-emergence of mutations in ctDNA in about one-fifth of events of disease progression
(7/36). The reason is not known. Besides the possibility that a mutant allele was below
the detection limit of the test, we cannot exclude that mutations occurred in genes not
present in the panel employed in the present study, or that copy number variations, which
are difficult to detect in ctDNA, were responsible for the recurrence. These cases are to be
followed up according to standard clinical practice, which includes periodic scheduled
visits and diagnostic investigations based on CT, MRI, or PET (Figure 3B). Chemotherapy-
or immunotherapy-based approaches remain an available alternative to target therapy.

While in 2018, an ASCO panel of experts concluded that “there is insufficient evi-
dence of clinical validity and utility for the majority of ctDNA assays in advanced can-
cer” [43], more recent recommendations have changed this view. The current National
Comprehensive Cancer Network Clinical Practice Guidelines for molecular and biomarker
analysis of NSCLC indicate that ctDNA can be employed in medically unfit patients
(www.nccn.org/guidelines/guidelines-detail?category=1&id=1450 accessed on 1 Febru-
ary 2022), and the International Association for the Study of Lung Cancer (www.iaslc.
org/iaslc-news/press-release/iaslc-issues-consensus-updated-report-liquid-biopsies ac-
cessed on 1 February 2022), as well as the Italian AIOM-SIAPEC-IAP-SIBIOC-SIF Working
Group (https://www.siapec.it/2020/07/01/raccomandazioni-2020-per-lesecuzione-di-
test-molecolari-su-biopsia-liquida-in-oncologia/, accessed on 1 February 2022), concluded
that liquid biopsy is complementary to tissue-based analysis; however, it is an accept-
able approach at diagnosis and for monitoring the efficacy of targeted therapies. Our
conclusions are in line with these latter recommendations.

4. Materials and Methods

Study design and patients. This single-center and prospective study was conducted at
the University Hospital of Ferrara from July 2018 to December 2021. Fifty-seven patients
were prospectively enrolled in the study (Table 1). All patients were diagnosed as having
stage III or IV lung adenocarcinoma carrying actionable mutations in the primary tumor.
They were all on treatment with targeted therapy according to clinical guidelines. The study
was approved by the local ethics committee. Before enrollment, each patient was informed
in a detailed and understandable manner about the study and signed an informed consent.
For the study purposes, a unique anonymized code was assigned to each patient. During
treatment, the patients were periodically subjected to clinical evaluations to monitor therapy
efficacy and the development of local or distant recurrences, according to the “response
evaluation criteria in solid tumors” (RECIST). Blood samples for research purposes were
obtained during each visit. Clinical, imaging, pathology, and molecular data of each patient
were collected in a longitudinal prospective manner and were related to one another at the
end of the study.

Nucleic acid purification and quantification. Peripheral blood samples (10 mL) were
collected in two EDTA vacutainer tubes. To obtain plasma samples, blood was centrifuged
at 1000 rcf for 10 min. Aliquots of plasma were stored at −80 ◦C until thawed just before
nucleic acid purification. DNA and RNA were purified from plasma using the automated
extractor Maxwell RSC and the Maxwell® RSC miRNA Plasma and Serum Kit (Promega),
according to the manufacturer’s indications. Isolated nucleic acids were quantified by
Qubit® 2.0 fluorimeter (Thermo Fisher, Waltham, MA, USA), according to the manufac-
turer’s procedures.

Droplet digital PCR (ddPCR). The ddPCR assays were performed on the QX200 Droplet
Digital PCR System (Bio-Rad Laboratories, Contra Costa, CA, USA). To quantify EGFR
mutations, the Bio-Rad allele-specific Taqman assays EGFR p.T790M c.2369C> T (probe
conjugated to FAM fluorophore) and EGFR WT for p.T790M c.2369C> T (probe conjugated
to HEX fluorophore) were used to detect and quantify the EGFR T790M mutation and its
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wild-type counterpart. EGFR p.L858R c.2573T> G (probe conjugated to FAM fluorophore)
and EGFR WT for p.L858R c.2573T> G (probe conjugated to HEX fluorophore) were used
to detect and quantify the variant L858R and its corresponding wild-type counterpart.
The procedures were in accordance with the manufacturer’s indications. The results were
recorded using QuantaSoft (Bio-Rad) software. The mutation frequency was calculated as
the ratio of the number of positive droplets for the mutant allele (FAM-positive) to the total
number of positive droplets (FAM + HEX positive droplets). To quantify the fusion between
EZR exon 10 and exon 34 of ROS1, the EZR–ROS1 assay Hs04396902_E10;R34 (Thermo
Fisher) was employed. Before PCR amplification, a retrotranscription was performed on
cfRNA (30 ng) using a SuperScript™ VILO™ cDNA Synthesis Kit (Thermo Fisher).

Next-generation sequencing. The NGS investigations were performed with the Ion
GeneStudioTM S5 System (Thermo Fisher) technological platform. The sample libraries
were prepared using an Oncomine Lung Cell-Free Total Nucleic Acid Research Assay
Kit (Thermo Fisher). This is an amplicon-based assay that allows the detection of gene
mutations in ALK, BRAF, EGFR, ERBB2, KRAS, MAP2K1, MET, NRAS, PIK3CA, ROS1, and
TP53; gene fusions involving the ALK, RET, and ROS1 genes; and MET exon 14 skipping.
The kit, which includes UMIs (“unique molecular identifiers” or “tags”), allows the identi-
fication of mutations down to 0.1% of the variant allelic frequency. Libraries were prepared
according to the manufacturer’s instructions, starting from 20 ng cfDNA/cfRNA. Sequenc-
ing was performed with the Ion GeneStudioTM S5 System (Thermo Fisher) sequencer on an
Ion 540 Chip, which generates 60–80 million reads (10–15 Gb).

Data analysis was performed using the Torrent Suite, version 5.10.1. For each target
region of each sample, the “total depth” (the total number of reads obtained for each region)
and the “molecular depth” (the number of reads with different UMIs) were assessed. A
molecular depth of at least 2000 reads was required to reach a 0.1% limit of detection at
each region. On average, we obtained between 4000 and 5000 reads of molecular depth.

The data preprocessed by the Torrent Suite were then uploaded to the Ion Reporter soft-
ware, version 5.10.5 (Thermo Fisher), to report all of the identified gene alterations in each
sample. For each mutation, the software reports the type of mutation, its genomic localiza-
tion, its allelic frequency, the detection limit at that specific region, the total and molecular
depth of the region, and the pathogenicity of the variant predicted by bioinformatics algo-
rithms (e.g., PolyPhen 2 and SIFT). All of the pathogenic or potentially pathogenic sequence
variants were visually verified by uploading the reads to the Integrative Genomics Viewer
(IGV) program [44,45].

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ijms23158546/s1.

Author Contributions: Conceptualization, M.N., G.L. and A.F. (Antonio Frassoldati); methodology,
L.D., A.M. and P.G.; software, C.B.; validation, L.L. and C.B.; formal analysis, L.L. and C.B.; inves-
tigation, L.L., R.R. and E.S.; resources, L.B., F.L., A.F. (Alessandra Fasano), E.T., A.S., D.M.C., V.T.,
I.M. and R.G.; data curation, L.B., F.L., A.F. (Alessandra Fasano), E.T., A.S., D.M.C., V.T., I.M. and
R.G.; writing—original draft preparation, L.L.; writing—review and editing, M.N. and A.F. (Antonio
Frassoldati); supervision, G.L., S.S., S.V. and M.N.; funding acquisition, M.N. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Health Ricerca Finalizzata (grant no.
RF-2016-02363927).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Comitato Etico di Area Vasta Emilia Centro della Regione Emilia-
Romagna (CE-AVEC) (protocol code 97/2018/Oss/AOUFe) on 9 April 2018.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: Not applicable.

Acknowledgments: The authors wish to thank Fernanda Mora for her excellent laboratory support.

https://www.mdpi.com/article/10.3390/ijms23158546/s1
https://www.mdpi.com/article/10.3390/ijms23158546/s1


Int. J. Mol. Sci. 2022, 23, 8546 13 of 15

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Mandel, P.; Metais, P. Nuclear Acids in Human Blood Plasma. C. R. Seances Soc. Biol. Fil. 1948, 142, 241–243.
2. Dawson, S.-J.; Tsui, D.W.; Murtaza, M.; Biggs, H.; Rueda, O.M.; Chin, S.-F.; Dunning, M.J.; Gale, D.; Forshew, T.; Mahler-Araujo, B.;

et al. Analysis of circulating tumor DNA to monitor metastatic breast cancer. N. Engl. J. Med. 2013, 368, 1199–1209. [CrossRef]
[PubMed]

3. Forshew, T.; Murtaza, M.; Parkinson, C.; Gale, D.; Tsui, D.W.Y.; Kaper, F.; Dawson, S.-J.; Piskorz, A.M.; Jimenez-Linan, M.;
Bentley, D.; et al. Noninvasive identification and monitoring of cancer mutations by targeted deep sequencing of plasma DNA.
Sci. Transl. Med. 2012, 4, 136ra68. [CrossRef] [PubMed]

4. Pelosi, G.; Schianchi, E.; Dell’Orto, P.; Veronesi, G.; Spaggiari, L.; Pasini, F.; Sozzi, G.; Brambilla, E.; Griso, C.; Viale, G. Detecting
cell-free circulating hTERT mRNA in the plasma may identify a subset of nonsmall cell lung cancer patients. Virchows Arch. 2006,
448, 7–15. [CrossRef]

5. Ludovini, V.; Pistola, L.; Gregorc, V.; Floriani, I.; Rulli, E.; Piattoni, S.; Di Carlo, L.; Semeraro, A.; Darwish, S.; Tofanetti, F.R.; et al.
Plasma DNA, microsatellite alterations, and p53 tumor mutations are associated with disease-free survival in radically resected
non-small cell lung cancer patients: A study of the perugia multidisciplinary team for thoracic oncology. J. Thorac. Oncol. 2008, 3,
365–373. [CrossRef]

6. Khandelwal, A.; Seam, R.K.; Gupta, M.; Rana, M.K.; Prakash, H.; Vasquez, K.M.; Jain, A. Circulating microRNA-590-5p functions
as a liquid biopsy marker in non-small cell lung cancer. Cancer Sci. 2020, 111, 826–839. [CrossRef] [PubMed]

7. Singh, A.; Kant, R.; Saluja, T.; Tripathi, T.; Srivastava, K.; Naithani, M.; Gupta, A.; Mirza, A.A.; Prakash, V.; Singh, S.K. Differential
diagnosis of non-small cell lung carcinoma by circulating microRNA. J. Cancer Res. Ther. 2020, 16, 127–131.

8. Murtaza, M.; Dawson, S.J.; Pogrebniak, K.; Rueda, O.M.; Provenzano, E.; Grant, J.; Chin, S.-F.; Tsui, D.W.Y.; Marass, F.; Gale, D.;
et al. Multifocal clonal evolution characterized using circulating tumour DNA in a case of metastatic breast cancer. Nat. Commun.
2015, 6, 8760. [CrossRef]

9. Wan, J.C.M.; Massie, C.; Garcia-Corbacho, J.; Mouliere, F.; Brenton, J.D.; Caldas, C.; Pacey, S.; Baird, R.; Rosenfeld, N. Liquid
biopsies come of age: Towards implementation of circulating tumour DNA. Nat. Rev. Cancer 2017, 17, 223–238. [CrossRef]
[PubMed]

10. Aggarwal, C.; Thompson, J.C.; Black, T.A.; Katz, S.I.; Fan, R.; Yee, S.S.; Chien, A.L.; Evans, T.L.; Bauml, J.M.; Alley, E.W.; et al.
Clinical Implications of Plasma-Based Genotyping with the Delivery of Personalized Therapy in Metastatic Non-Small Cell Lung
Cancer. JAMA Oncol. 2019, 5, 173–180. [CrossRef] [PubMed]

11. Lindeman, N.I.; Cagle, P.T.; Aisner, D.L.; Arcila, M.E.; Beasley, M.B.; Bernicker, E.H.; Colasacco, C.; Dacic, S.; Hirsch, F.R.; Kerr, K.;
et al. Updated Molecular Testing Guideline for the Selection of Lung Cancer Patients for Treatment with Targeted Tyrosine Kinase
Inhibitors: Guideline from the College of American Pathologists, the International Association for the Study of Lung Cancer, and
the Association for Molecular Pathology. J. Mol. Diagn. 2018, 20, 129–159. [PubMed]

12. Cabanero, M.; Tsao, M.S. Circulating tumour DNA in EGFR-mutant non-small-cell lung cancer. Curr. Oncol. 2018, 25 (Suppl. 1),
S38–S44. [CrossRef]

13. Niederst, M.J.; Hu, H.; Mulvey, H.E.; Lockerman, E.L.; Garcia, A.R.; Piotrowska, Z.; Sequist, L.V.; Engelman, J.A. The Allelic Con-
text of the C797S Mutation Acquired upon Treatment with Third-Generation EGFR Inhibitors Impacts Sensitivity to Subsequent
Treatment Strategies. Clin. Cancer Res. 2015, 21, 3924–3933. [CrossRef] [PubMed]

14. Helena, A.Y.; Tian, S.K.; Drilon, A.E.; Borsu, L.; Riely, G.J.; Arcila, M.E.; Ladanyi, M. Acquired Resistance of EGFR-Mutant Lung
Cancer to a T790M-Specific EGFR Inhibitor: Emergence of a Third Mutation (C797S) in the EGFR Tyrosine Kinase Domain. JAMA
Oncol. 2015, 1, 982–984.

15. Reck, M.; Hagiwara, K.; Han, B.; Tjulandin, S.; Grohé, C.; Yokoi, T.; Morabito, A.; Novello, S.; Arriola, E.; Molinier, O.; et al.
ctDNA Determination of EGFR Mutation Status in European and Japanese Patients with Advanced NSCLC: The ASSESS Study. J.
Thorac. Oncol. 2016, 11, 1682–1689. [CrossRef]

16. Schwartzberg, L.S.; Horinouchi, H.; Chan, D.; Chernilo, S.; Tsai, M.L.; Isla, D.; Escriu, C.; Bennett, J.P.; Clark-Langone, K.;
Svedman, C.; et al. Liquid biopsy mutation panel for non-small cell lung cancer: Analytical validation and clinical concordance.
NPJ Precis. Oncol. 2020, 4, 15. [CrossRef]

17. Oxnard, G.R.; Thress, K.S.; Alden, R.S.; Lawrance, R.; Paweletz, C.P.; Cantarini, M.; Yang, J.C.-H.; Barrett, J.C.; Jänne, P.A.
Association Between Plasma Genotyping and Outcomes of Treatment with Osimertinib (AZD9291) in Advanced Non-Small-Cell
Lung Cancer. J. Clin. Oncol. 2016, 34, 3375–3382. [CrossRef]

18. Thress, K.S.; Brant, R.; Carr, T.H.; Dearden, S.; Jenkins, S.; Brown, H.; Hammett, T.; Cantarini, M.; Barrett, J.C. EGFR mutation
detection in ctDNA from NSCLC patient plasma: A cross-platform comparison of leading technologies to support the clinical
development of AZD9291. Lung Cancer 2015, 90, 509–515. [CrossRef]

19. Reclusa, P.; Laes, J.-F.; Malapelle, U.; Valentino, A.; Rocco, D.; Gil-Bazo, I.; Rolfo, C. EML4-ALK translocation identification in
RNA exosomal cargo (ExoALK) in NSCLC patients: A novel role for liquid biopsy. Transl. Cancer Res. 2019, 8 (Suppl. 1), S76–S78.
[CrossRef]

http://doi.org/10.1056/NEJMoa1213261
http://www.ncbi.nlm.nih.gov/pubmed/23484797
http://doi.org/10.1126/scitranslmed.3003726
http://www.ncbi.nlm.nih.gov/pubmed/22649089
http://doi.org/10.1007/s00428-005-0087-z
http://doi.org/10.1097/JTO.0b013e318168c7d0
http://doi.org/10.1111/cas.14199
http://www.ncbi.nlm.nih.gov/pubmed/31520555
http://doi.org/10.1038/ncomms9760
http://doi.org/10.1038/nrc.2017.7
http://www.ncbi.nlm.nih.gov/pubmed/28233803
http://doi.org/10.1001/jamaoncol.2018.4305
http://www.ncbi.nlm.nih.gov/pubmed/30325992
http://www.ncbi.nlm.nih.gov/pubmed/29398453
http://doi.org/10.3747/co.25.3761
http://doi.org/10.1158/1078-0432.CCR-15-0560
http://www.ncbi.nlm.nih.gov/pubmed/25964297
http://doi.org/10.1016/j.jtho.2016.05.036
http://doi.org/10.1038/s41698-020-0118-x
http://doi.org/10.1200/JCO.2016.66.7162
http://doi.org/10.1016/j.lungcan.2015.10.004
http://doi.org/10.21037/tcr.2018.11.35


Int. J. Mol. Sci. 2022, 23, 8546 14 of 15

20. Bettegowda, C.; Sausen, M.; Leary, R.J.; Kinde, I.; Wang, Y.; Agrawal, N.; Bartlett, B.R.; Wang, H.; Luber, B.; Alani, R.M.; et al.
Detection of circulating tumor DNA in early- and late-stage human malignancies. Sci. Transl. Med. 2014, 6, 224ra24. [CrossRef]

21. Majem, M.; Goldman, J.W.; John, T.; Grohe, C.; Laktionov, K.; Kim, S.W.; Kato, T.; Vu, H.V.; Lu, S.; Li, S.; et al. Health-Related
Quality of Life Outcomes in Patients with Resected Epidermal Growth Factor Receptor-Mutated Non-Small Cell Lung Cancer
Who Received Adjuvant Osimertinib in the Phase III ADAURA Trial. Clin. Cancer Res. 2022, 28, 2286–2296. [CrossRef]

22. Wu, Y.L.; John, T.; Grohe, C.; Majem, M.; Goldman, J.W.; Kim, S.W.; Kato, T.; Laktionov, K.; Vu, H.V.; Wang, Z.; et al. Postoperative
Chemotherapy Use and Outcomes From ADAURA: Osimertinib as Adjuvant Therapy for Resected EGFR-Mutated NSCLC. J.
Thorac. Oncol. 2022, 17, 423–433. [CrossRef] [PubMed]

23. Gale, D.; Heider, K.; Ruiz-Valdepenas, A.; Hackinger, S.; Perry, M.; Marsico, G.; Rundell, V.; Wulff, J.; Sharma, G.; Knock, H.; et al.
Residual ctDNA after treatment predicts early relapse in patients with early-stage non-small cell lung cancer. Ann. Oncol. 2022,
33, 500–510. [CrossRef] [PubMed]

24. Kruger, S.; Heinemann, V.; Ross, C.; Diehl, F.; Nagel, D.; Ormanns, S.; Liebmann, S.; Prinz-Bravin, I.; Westphalen, C.; Haas, M.;
et al. Repeated mutKRAS ctDNA measurements represent a novel and promising tool for early response prediction and therapy
monitoring in advanced pancreatic cancer. Ann. Oncol. 2018, 29, 2348–2355. [CrossRef] [PubMed]

25. Parikh, A.R.; Mojtahed, A.; Schneider, J.L.; Kanter, K.; Van Seventer, E.E.; Fetter, I.J.; Thabet, A.; Fish, M.G.; Teshome, B.;
Fosbenner, K.; et al. Serial ctDNA Monitoring to Predict Response to Systemic Therapy in Metastatic Gastrointestinal Cancers.
Clin. Cancer Res. 2020, 26, 1877–1885. [CrossRef]

26. Ricciuti, B.; Jones, G.; Severgnini, M.; Alessi, J.V.; Recondo, G.; Lawrence, M.; Forshew, T.; Lydon, C.; Nishino, M.; Cheng, M.; et al.
Early plasma circulating tumor DNA (ctDNA) changes predict response to first-line pembrolizumab-based therapy in non-small
cell lung cancer (NSCLC). J. Immunother. Cancer 2021, 9, e001504. [CrossRef]

27. Goldberg, S.B.; Narayan, A.; Kole, A.J.; Decker, R.H.; Teysir, J.; Carriero, N.J.; Lee, A.; Nemati, R.; Nath, S.K.; Mane, S.M.; et al.
Early Assessment of Lung Cancer Immunotherapy Response via Circulating Tumor DNA. Clin. Cancer Res. 2018, 24, 1872–1880.
[CrossRef]

28. Mok, T.; Wu, Y.-L.; Lee, J.S.; Yu, C.-J.; Sriuranpong, V.; Sandoval-Tan, J.; Ladrera, G.; Thongprasert, S.; Srimuninnimit, V.; Liao, M.;
et al. Detection and Dynamic Changes of EGFR Mutations from Circulating Tumor DNA as a Predictor of Survival Outcomes in
NSCLC Patients Treated with First-line Intercalated Erlotinib and Chemotherapy. Clin. Cancer Res. 2015, 21, 3196–3203. [CrossRef]

29. Song, Y.; Hu, C.; Xie, Z.; Wu, L.; Zhu, Z.; Rao, C.; Liu, L.; Chen, Y.; Liang, N.; Chen, J.; et al. Circulating tumor DNA clearance
predicts prognosis across treatment regimen in a large real-world longitudinally monitored advanced non-small cell lung cancer
cohort. Transl. Lung Cancer Res. 2020, 9, 269–279. [CrossRef]

30. Uchibori, K.; Inase, N.; Araki, M.; Kamada, M.; Sato, S.; Okuno, Y.; Fujita, N.; Katayama, R. Brigatinib combined with anti-EGFR
antibody overcomes osimertinib resistance in EGFR-mutated non-small-cell lung cancer. Nat. Commun. 2017, 8, 14768. [CrossRef]

31. Zhao, J.; Zou, M.; Lv, J.; Han, Y.; Wang, G.; Wang, G. Effective treatment of pulmonary adenocarcinoma harboring triple EGFR
mutations of L858R, T790M, and cis-C797S by osimertinib, bevacizumab, and brigatinib combination therapy: A case report.
OncoTargets Ther. 2018, 11, 5545–5550. [CrossRef]

32. Wang, Y.; Yang, N.; Zhang, Y.; Li, L.; Han, R.; Zhu, M.; Feng, M.; Chen, H.; Lizaso, A.; Qin, T.; et al. Effective Treatment of Lung
Adenocarcinoma Harboring EGFR-Activating Mutation, T790M, and cis-C797S Triple Mutations by Brigatinib and Cetuximab
Combination Therapy. J. Thorac. Oncol. 2020, 15, 1369–1375. [CrossRef]

33. Yang, Y.; Xu, H.; Ma, L.; Yang, L.; Yang, G.; Zhang, S.; Wang, Y. Possibility of brigatinib-based therapy, or chemotherapy plus
anti-angiogenic treatment after resistance of osimertinib harboring EGFR T790M-cis-C797S mutations in lung adenocarcinoma
patients. Cancer Med. 2021, 10, 8328–8337. [CrossRef] [PubMed]

34. Chang, Y.; Liu, S.; Jiang, Y.; Hua, L.; Wen, L. Effective treatment of pulmonary adenocarcinoma harboring triple EGFR mutations
of L858R, T790M, cis-G796s/cis-C797s by osimertinib, brigatinib, and bevacizumab combination therapy: A case report. Respir.
Med. Case Rep. 2022, 36, 101582. [CrossRef] [PubMed]

35. Wang, Z.; Yang, J.-J.; Huang, J.; Ye, J.-Y.; Zhang, X.-C.; Tu, H.-Y.; Han-Zhang, H.; Wu, Y.-L. Lung Adenocarcinoma Harboring
EGFR T790M and In Trans C797S Responds to Combination Therapy of First- and Third-Generation EGFR TKIs and Shifts Allelic
Configuration at Resistance. J. Thorac. Oncol. 2017, 12, 1723–1727. [CrossRef] [PubMed]

36. Jia, Y.; Yun, C.-H.; Park, E.; Ercan, D.; Manuia, M.; Juarez, J.; Xu, C.; Rhee, K.; Chen, T.; Zhang, H.; et al. Overcoming EGFR(T790M)
and EGFR(C797S) resistance with mutant-selective allosteric inhibitors. Nature 2016, 534, 129–132. [CrossRef] [PubMed]

37. Wang, S.; Song, Y.; Liu, D. EAI045: The fourth-generation EGFR inhibitor overcoming T790M and C797S resistance. Cancer Lett.
2017, 385, 51–54. [CrossRef] [PubMed]

38. Sorensen, B.; Wu, L.; Wei, W.; Tsai, J.; Weber, B.; Nexo, E.; Meldgaard, P. Monitoring of epidermal growth factor receptor tyrosine
kinase inhibitor-sensitizing and resistance mutations in the plasma DNA of patients with advanced non-small cell lung cancer
during treatment with erlotinib. Cancer 2014, 120, 3896–3901. [CrossRef] [PubMed]

39. Taus, Á.; Camacho, L.; Rocha, P.; Hardy-Werbin, M.; Pijuan, L.; Piquer, G.; López, E.; Dalmases, A.; Longarón, R.; Clavé, S.; et al.
Dynamics of EGFR Mutation Load in Plasma for Prediction of Treatment Response and Disease Progression in Patients With
EGFR-Mutant Lung Adenocarcinoma. Clin. Lung Cancer 2018, 19, 387–394.e2. [CrossRef] [PubMed]

40. Guibert, N.; Hu, Y.; Feeney, N.; Kuang, Y.; Plagnol, V.; Jones, G.; Howarth, K.; Beeler, J.; Paweletz, C.; Oxnard, G. Amplicon-based
next-generation sequencing of plasma cell-free DNA for detection of driver and resistance mutations in advanced non-small cell
lung cancer. Ann. Oncol. 2018, 29, 1049–1055. [CrossRef]

http://doi.org/10.1126/scitranslmed.3007094
http://doi.org/10.1158/1078-0432.CCR-21-3530
http://doi.org/10.1016/j.jtho.2021.10.014
http://www.ncbi.nlm.nih.gov/pubmed/34740861
http://doi.org/10.1016/j.annonc.2022.02.007
http://www.ncbi.nlm.nih.gov/pubmed/35306155
http://doi.org/10.1093/annonc/mdy417
http://www.ncbi.nlm.nih.gov/pubmed/30346475
http://doi.org/10.1158/1078-0432.CCR-19-3467
http://doi.org/10.1136/jitc-2020-001504
http://doi.org/10.1158/1078-0432.CCR-17-1341
http://doi.org/10.1158/1078-0432.CCR-14-2594
http://doi.org/10.21037/tlcr.2020.03.17
http://doi.org/10.1038/ncomms14768
http://doi.org/10.2147/OTT.S170358
http://doi.org/10.1016/j.jtho.2020.04.014
http://doi.org/10.1002/cam4.4336
http://www.ncbi.nlm.nih.gov/pubmed/34612594
http://doi.org/10.1016/j.rmcr.2022.101582
http://www.ncbi.nlm.nih.gov/pubmed/35106279
http://doi.org/10.1016/j.jtho.2017.06.017
http://www.ncbi.nlm.nih.gov/pubmed/28662863
http://doi.org/10.1038/nature17960
http://www.ncbi.nlm.nih.gov/pubmed/27251290
http://doi.org/10.1016/j.canlet.2016.11.008
http://www.ncbi.nlm.nih.gov/pubmed/27840244
http://doi.org/10.1002/cncr.28964
http://www.ncbi.nlm.nih.gov/pubmed/25103305
http://doi.org/10.1016/j.cllc.2018.03.015
http://www.ncbi.nlm.nih.gov/pubmed/29656868
http://doi.org/10.1093/annonc/mdy005


Int. J. Mol. Sci. 2022, 23, 8546 15 of 15

41. Christensen, E.; Birkenkamp-Demtröder, K.; Sethi, H.; Shchegrova, S.; Salari, R.; Nordentoft, I.K.; Wu, H.-T.; Knudsen, M.;
Lamy, P.; Lindskrog, S.V.; et al. Early Detection of Metastatic Relapse and Monitoring of Therapeutic Efficacy by Ultra-Deep
Sequencing of Plasma Cell-Free DNA in Patients with Urothelial Bladder Carcinoma. J. Clin. Oncol. 2019, 37, 1547–1557.
[CrossRef] [PubMed]

42. Berger, F.; Marce, M.; Delaloge, S.; Hardy-Bessard, A.-C.; Bachelot, T.; Bièche, I.; Pradines, A.; Rouge, T.D.L.M.;
Canon, J.-L.; André, F.; et al. Randomised, open-label, multicentric phase III trial to evaluate the safety and efficacy of
palbociclib in combination with endocrine therapy, guided by ESR1 mutation monitoring in oestrogen receptor-positive,
HER2-negative metastatic breast cancer patients: Study design of PADA-1. BMJ Open 2022, 12, e055821. [PubMed]

43. Merker, J.D.; Oxnard, G.R.; Compton, C.; Diehn, M.; Hurley, P.; Lazar, A.J.; Lindeman, N.; Lockwood, C.M.; Rai, A.J.; Schilsky, R.L.;
et al. Circulating Tumor DNA Analysis in Patients with Cancer: American Society of Clinical Oncology and College of American
Pathologists Joint Review. J. Clin. Oncol. 2018, 36, 1631–1641. [CrossRef] [PubMed]

44. Robinson, J.T.; Thorvaldsdóttir, H.; Wenger, A.M.; Zehir, A.; Mesirov, J.P. Variant Review with the Integrative Genomics Viewer.
Cancer Res. 2017, 77, e31–e34. [CrossRef] [PubMed]

45. Robinson, J.T.; Thorvaldsdóttir, H.; Winckler, W.; Guttman, M.; Lander, E.S.; Getz, G.; Mesirov, J.P. Integrative genomics viewer.
Nat. Biotechnol. 2011, 29, 24–26. [CrossRef]

http://doi.org/10.1200/JCO.18.02052
http://www.ncbi.nlm.nih.gov/pubmed/31059311
http://www.ncbi.nlm.nih.gov/pubmed/35241469
http://doi.org/10.1200/JCO.2017.76.8671
http://www.ncbi.nlm.nih.gov/pubmed/29504847
http://doi.org/10.1158/0008-5472.CAN-17-0337
http://www.ncbi.nlm.nih.gov/pubmed/29092934
http://doi.org/10.1038/nbt.1754

	Introduction 
	Results 
	Patient Cohort 
	Gene Mutations in Tissue vs. Liquid Biopsy at Diagnosis 
	Liquid Biopsy to Evaluate Disease Progression 
	Some Cases Exemplifying Patients’ Follow-Up 
	Clinical Algorithms That Incorporate Liquid Biopsy in Diagnostic and Therapeutic Programs 

	Discussion 
	Materials and Methods 
	References

