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Simple Summary: In advanced non-small cell lung cancer (NSCLC) patients, tumor tissue biopsy
represents the gold standard for molecular analysis procedures, however, to achieve the necessary
information, both at the time of diagnosis and progressive disease, is sometimes challenging, con-
sidering the small cancer material available. Liquid biopsy consists of a non-invasive alternative
approach that owns the potential to provide useful information for molecular diagnostic. We aimed
to prove the worth of liquid biopsy as plasma but also as urine and exhaled breath condensate (EBC)
as the best surrogate to tumor tissue as well as to explore the molecular mechanisms that underlying
the resistance to second-line osimertinib in advanced EGFR mutated NSCLC. We believe that our
findings, with the PLUREX study and the review of literature, may add another brick in the wall on
the use of liquid biopsy in the clinical practice, in the setting of EGFR-mutated NSCLC disease.

Abstract: In order to study alternatives at the tissue biopsy to study EGFR status in NSCLC patients,
we evaluated three different liquid biopsy platforms (plasma, urine and exhaled breath condensate,
EBC). We also reviewed the literature of the cfDNA biological sources other than plasma and com-
pared our results with it about the sensitivity to EGFR mutation determination. Twenty-two EGFR
T790M-mutated NSCLC patients in progression to first-line treatment were enrolled and candidate
to osimertinib. Plasma, urine and EBC samples were collected at baseline and every 2 months until
progression. Molecular analysis of cfDNA was performed by ddPCR and compared to tissue re-
sults. At progression NGS analysis was performed. The EGFR activating mutation detection
reached a sensitivity of 58 and 11% and for the T790M mutation of 45 and 10%, in plasma and urine
samples, respectively. Any DNA content was recovered from EBC samples. Considering the plasma
monitoring study, the worst survival was associated with positive shedding status; both plasma
and urine molecular progression anticipated the radiological worsening. Our results confirmed the
role of plasma liquid biopsy in testing EGFR mutational status, but unfortunately did not evidence
any improvement from the combination with alternative sources, as urine and EBC.

Keywords: non-small cell lung cancer; EGFR-tyrosine kinase inhibitors; liquid biopsy; resistance
mechanisms.
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1. Introduction

Lung cancer is the most frequent cause of cancer-related death worldwide [1]. The major-
ity of the lung cancer diagnosis (85%) are non-small cell lung cancer (NSCLC), which com-
prises lung adenocarcinoma (about 60%) and lung squamous cell carcinoma (30%). In the
NSCLC scenario, about 10-15% of Caucasian cases present somatic sensitizing mutations
in the epidermal growth factor receptor (EGFR), for which three generations of tyrosine
kinase inhibitors (TKIs) have been developed able to significantly improve patients” sur-
vival outcomes [2]. Despite the undeniable efficacy, within 10-12 months of first- or sec-
ond-generation TKI treatment, acquired resistance is achieved due to resistant mutations,
that are inevitably established [3,4]. The most frequent molecular cause of resistance to
first- or second-generation of EGFR TKIs is the appearance of the p.T790M and its identi-
fication is crucial to continue a target treatment with the third-generation TKI osimertinib
[5,6].

Tissue biopsy represents the gold standard for molecular analysis procedures. However,
the high invasiveness of this procedure together with the objective difficulty in obtaining
necessary information in case of small biopsies made mandatory to explore alternatives
methods [7]. To this end, an alternative approach consists in liquid biopsy, which refers
to the use of biological fluids as a surrogate for neoplastic tissue in order to obtain useful
information for molecular diagnostic [8]. The less invasiveness of this practice it is not its
only strength. Indeed, liquid biopsy takes into account both the spatial and temporal tu-
mor heterogeneity, allowing to follow the subclonal evolution, through an almost uncom-
plicated blood draw, compared to tissue biopsy which provides solely a snapshot of tu-
mor at a specific time and site [9]. Among bio-fluids that may allow liquid biopsy there
are plasma or serum, urine, saliva or exhaled breath condensate (EBC), pleural and cere-
brospinal fluid. From all these sources it is possible to obtain a wide array of tumor-de-
rived materials, in particular cell-free tumor DNA (ctDNA). Cancer patients release a
higher and variable amount of plasma ctDNA, compare to healthy individuals, shed by
tumor cells as a consequence of apoptosis and necrosis processes or eventually actively
secreted out of cells trough exosomes. Specifically, the amount of ctDNA shedding in-
creases with the stage and metastatic sites [7,9,10]. The great potential of ctDNA it is due
to its very short half-life (approximately 1 hour), that make it suitable for measuring real-
time tumor burden in response to therapy. However, ctDNA in plasma is present only at
low levels compared to wild-type cell-free DNA (cfDNA), often making the detection of
mutations a real challenge [9]. Indeed, the tumor shedding, or rather the release of genetic
material in the bloodstream, is strongly influenced by both the timing of blood draw and
the patient clinical condition. Finally, the metastatic site strongly influences the accuracy
of ctDNA analysis. Notably, in a pooled analysis the diagnostic accuracy of ctDNA for the
detection of both EGFR activating and T790M resistant mutations in NSCLC patients who
progressed after EGFR-TKIs was significantly higher in patients with extra-thoracic com-
pared to intra-thoracic disease [11]. To this end, the research community is focusing on
alternative sources from which isolate ctDNA.

In this review, we report our experience with the PLUREX (PLasma, URine, EXhaled)
study, which aimed to assess the sensitivity of EGFR mutational screening on different
cfDNA sources and their potential combination, and further to explore the molecular
mechanisms that underlying the resistance to osimertinib. Furthermore, we carried out a
literature review of the alternatives cfDNA biological sources other than plasma.

2. Materials and Methods
2.1 Patients and plasma/urine/EBC samples collection

In University Hospital of Parma, we enrolled locally advanced (stage IIIB-C) or metastatic
(stage IV) EGFR mutated NSCLC patients with confirmed T790M mutation on tissue, in
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Advanced EGFR
mutated NSCLC
patients

disease progression (PD) to first-line treatment with first- or second-generation EGFR-
TKIs. The PLUREX study is a real-world experience aiming firstly to evaluate the sensi-
tivity of mutational screening for plasma, urine and EBC specimens as well as to identify
the best combination of different sources of cfDNA that maximize the sensitivity in EGFR
mutations detection. Moreover, as an explorative objective we aimed to identify novel
molecular abnormalities responsible for resistance to osimertinib, through a liquid biopsy
NGS approach. This study obtained the ethical approval by local Ethics Committee and
all patients signed specific informed consent form before any procedure. Patients who
entered the study received osimertinib (80 mg/day) as a second-line therapy until disease
progression or clinical benefit. We collected plasma, urine and EBC specimens from pa-
tients before the beginning of the therapy (baseline timepoint) and every two months until
PD (Figure 1).
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Figure 1. Study design. Abbreviations: TKI, Tyrosine kinase inhibitor; PD, progressive disease; gen., genera-
tion; EBC, exhaled breath condensate.

2.2 Samples processing and analysis of EGFR mutational status

Eighteen ml of blood were collected in EDTA tubes and centrifuged twice for 10 minutes
at 2000g within one hour after blood drawing. About 30-50 ml of urine were collected and
centrifuged twice for 10 minutes at 16’000g within one hour after collection. EBC was col-
lected with a portable TURBO-DECCS condenser after that patient breathed tidally
through the mouthpiece for 30 minutes when the condensate temperature of the conden-
ser was -5°C. All samples were stored at -80°C until analysis. At baseline and during all
timepoints considered cfDNA was extracted using the QIAmp Circulating nucleic acid kit
(Qiagen®, Valencia, CA) from 2 ml of plasma and from 4 ml of urine, respectively. ¢ DNA
from 2 ml of EBC was extracted using QIAmp DNA Investigator kit, QIAmp Mini kit and
QIAmp Circulating nucleic acid kit (Qiagen®, Valencia, CA), but unfortunately any DNA
content was recovered from this source. All the procedures were executed following the
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specific manufacturer's instructions. At diagnosis and at progression to first-line TKIs, 121
EGFR mutational status were assessed on tissue as part of diagnostic procedure by vali- 122
dated method Therascreen EGFR RGQ real-time PCR assay (Qiagen®, Valencia, CA). The 123
EGFR mutational analysis (del19/L858R activating mutation and T790M resistance muta- 124
tion) was performed on cfDNA obtained from biological samples by a QX100 ddPCR plat- 125
form, using the ddPCR Mutation Assays (BioRad®, Hercules, CA). All the procedures for 126
the molecular analysis have been performed following the specific manufacturer's instruc- 127
tions. 128

2.3 NGS analysis 129

NGS of plasma ctDNA at PD of osimertinib treatment was performed using the AVENIO 130
NGS-panel (Roche, Switzerland). When available NGS analysis were also performed on 131
PD tissue samples using Solid Tumor Solution-Plus (STS-Plus) (Sophia Genetics, Switzer- 132
land). 133

2.4 FISH analysis 134

FISH (Fluorescent In Situ Hybridization) assay was performed on tissue at osimertinib 135
resistance, when available. MET, HER2 and EGFR copy number were evaluated as poten- 136
tial mechanism of acquired resistance. Samples were classified as FISH positive following 137
specific guidelines [12-14]. 138

2.5 Statistical analysis 139

Progression-free survival (PFS) was defined as the duration between osimertinib initiation 140
and progression of disease or death for any cause, whichever occurred first. Time to treat- 141
ment failure (TTF) was defined as the number of months after the disease is treated before 142
the cancer spreads and the patient's health worsens. Similarly, overall survival (OS) was 143
calculated from the date of starting osimertinib and death for any cause or last follow-up 144
(censored patient). The Kaplan-Meier method was employed to estimate survival out- 145
comes (PFS, TTF and OS) and curves were compared by using log-rank test. Chi-square 146
test were used to correlate plasmatic mutations levels and tumoral response. Tumor re- 147
sponse was evaluated according RECIST criteria version 1.1. Statistical analysis was done 148

with SPSS v25 (IBM Corporation, NY, USA). 149
3. Results 150
3.1 Patient’s characteristics 151

From April 2017 to October 2019, 22 advanced NSCLC patients were enrolled. Two pa- 152
tients were excluded from the analysis, one patient due to the presence of a concomitant 153
other tumor and one because of a rapid worsening of the clinical conditions. The median 154
age of the analyzed cohort (20 patients) was 52.5 (range 42-67), 35% were male, 55% never 155
smoked and all had adenocarcinoma histology (Table 1). At diagnosis EGFR dell9 and 156
L858R were present in 12 (60%) and 7 (35%) patients, respectively. One patient (5%) had 157
an uncommon EGFR activating mutation (G719X). Type of first-line TKI administered was 158

gefitinib (65%), erlotinib (20%) and afatinib (15%). 159
160
Table 1. Patients’ baseline characteristics. 161
162
Patients’ characteristics No. (%)
Age, median (range) 52.5 (42-67)
Gender male 7 (35%)

female 13 (65%)
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ECOG PS 0-1 19 (95%)
2 1(5%)
Smoking history Nonsmoker 11 (55%)
Former smokers/smokers 9 (45%)
Stage v 20 (100%)
Histology at diagnosis Adenocarcinoma 20 (100%)
EGEFR activating mutation Ex19del 12 (60%)
L858R 7 (35%)
G719X 1 (5%)
First line EGFR TKI Gefitinib 13 (65%)
Erlotinib 4 (20%)
Afatinib 3 (15%)
Second line EGFR TKI Osimertinib 20 (100%)
163
3.2 Analysis on plasma and urine cfDNA specimens 164

At baseline, 11 out of 19 plasma samples were positive for the activating mutation (the 165
patient with G719X was excluded from the analysis because the specific probe was not 166
available at our center) and 9 out of 20 plasma samples were positive for the T790M re- 167
sistance mutation. Whereas, at baseline 2 urine samples were positive both for the activat- 168
ing and resistance mutation. These two positive urine samples were compared with the 169
corresponding plasma samples in order to determine if there was any correspondence 170
between them. We observed that one plasma sample was negative for both EGFR muta- 171
tions, whereas the second positive urine sample corresponded to the plasmatic one, posi- 172
tive for EGFR activating and T790M mutation. 173

Therefore, the EGFR activating mutation detection in plasma and urine samples reached 174
a sensitivity of 58% and 11%, respectively. While the T790M resistance mutation detection 175
reached a sensitivity of 45% and 10% in plasma and urine samples, respectively. The com- 176
bined sensitivity (plasma + urine) was 69% for the detection of the activating mutation 177
and 55% for the T790M resistance mutation. Since EGFR mutations positivity on tissue 178
biopsy was an inclusion criteria, the concordance between tissue and plasma/urine corre- 179
sponds to sensitivity value (Figure 2). 180
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22 T790M-positive NSCLC patients progressed to
1511 generation EGFR-TKI, were enrolled in the
PLUREX study and received I1IY generation TKI
osimertinib

2 patients excluded:
1 concomitant second cancer
1 rapid worsening of clinical condition

20 patients were analyzed for plasma and urine
CtDNA positivity:

- 19 for act-EGFR mutations
- 20for T790M
1 patients excluded from actEGFR
ctDNA analysis:
The G719X probe was not available at
our center.
N\ 4 N\
Plasma ctDNA at baseline: Urine ctDNA at baseline:
11/19 positive for act-EGFR mutation 2/19 positive for act-EGFR mutation
9 /20 positive for T790M 2/20 positive for T790M
J AN
Plasma EGFR mutational status Urine EGFR mutational status
sensitivity detection: sensitivity detection:
- 58% act-EGFR mutations - 11% act-EGFR mutations
- 45%T790M - 10% T790M
J - J

Combined sensitivity:
- 69% act-EGFR mutations
- 55%T790M

Figure 2. Flow-chart of patients enrolled in the PLUREX study and involved in the analysis of EGFR mutational
status on plasma and urine samples. Abbreviations: ctDNA, cell-free tumor DNA; TKI, Tyrosine kinase inhibi-
tor; gen., generation.

Patients with ctDNA positivity at least for the sensitizing EGFR mutation at baseline were
considered “ctDNA shedder”. We found that shedder patients (11) had a shorter PFS (5.3
vs. 17.0 months, p=0.059), TTF (7.4 vs. 21.3 months, p=0.097) and OS (15.7 vs. 26.5, p=0.544),
compared to non-shedder population (8) (Figure 3a). Moreover, dividing shedder patients
based on the “shedding type” (shedder for the only activating mutation or shedder for
both activating and T790M mutation) we found a significant difference in term of PFS,
TTF and OS. Specifically, patients who were shedder for the only activating mutation (2)
had a significantly shorter PFS (1.6 vs. 5.5 months, p=0.013), TTF (4.1 vs. 7.4 months,
p=0.012) and OS (4.1 vs. 16.7, p=0.027), compared to patients who were complete shedders
(9) at baseline (Figure 3b).
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Figure 3. Survivals according to baseline plasmatic shedding status by ddPCR. (a) PFS, TTF and OS according
to the shedding status at baseline; (b) PFS, TTF and OS according to the shedding type at baseline. Shedder,
patients with at least activating EGFR mutations detectable on plasma; non-shedder, patients with plasma sam-
ple negative for any EGFR mutation. Shedding type, shedder for the only activating mutation or shedder for
both activating and T790M mutation.

3.3 Plasma and urine cfDNA monitoring

Plasma monitoring was performed in 19 out of 20 patients for activating mutation and in
the entire cohort for T790M resistance mutation. At first plasma re-evaluation (T1), two
months after osimertinib therapy, we evaluated the shedding status and we found that
patients who were still positive for at least the activating mutation (5), had a significant
worst PES (3.4 vs. 14.2 months, p<0.001), TTF (4.1 vs. 19.2, p<0.001) and OS (4.1 vs. 26.5
months, p=0.029) than patients whom ctDNA turned into negative or still remained neg-
ative (14) (Figure 4a). Besides, all patients were negative for EGFR mutations at T1 in urine
samples.

We further analyzed ctDNA plasma clearance that occurred in 11 patients positive for
activating mutation at baseline. Patients that gained clearance (6) showed a better PFS (9.2
vs. 3.4 months, p=0.008), TTF (15.5 vs. 4.1, p=0.011) and OS (16.7 vs. 4.1 months, p=0,152),
compared to patients who failed to clear ctDNA (5) (Fig. 4b). Notably, considering only
patients that shed both activating and T790M at baseline (9/19), we observed that patients
who achieved a complete clearance (5) had a better PFS (14.2 vs. 3.4 months, p=0.011), TTF
(16.7 vs. 3.9, p=0.007) and OS (not calculable vs. 3.9, p=0.188), compared to whom retained
the activating mutation (4) (Figure 4c).
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Figure 4. Survivals according plasmatic shedding status at T1 by ddPCR. (a) PFS, TTF and OS according to the
shedding status at T1 time-point; (b) PFS, TTF and OS according to plasma clearance at T1 time-point; (c) PFS,
TTF and OS according to the retained EGFR activating mutation. Shedder, patients with at least detectable
activating EGFR mutations on plasma; non-shedder, patients with plasma sample negative for any EGFR
mutation. Clearance, ctDNA positive patients at baseline that turned into negative at T1; Retained EGFRact,
EGFRact and T790M positive patients at baseline that maintain activating mutation at T1.

We correlated ctDNA shedding status at baseline with the type and the number of meta-
static sites and we did not observe significant differences (data not shown). Similarly, no
statistically significant difference was found in the correlation with shedding status at the
first timepoint as well as with clearance and type and number of metastatic sites (data not
shown). We also correlated ctDNA shedding status at baseline with the tumor response,
but we did not find any significant difference (data not shown). Besides, patients that were
non-shedder at the time of T1 showed a higher probability of tumor response, although
no statistically significant difference was reached.
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Patients had routinary radiological reassessment of disease and plasma as well as urine
specimens were collected every two months until PD and evaluated in their dynamic
changes in terms of ctDNA status (positivity or negativity for at least the activating EGFR
mutation). Timing of plasma/urine progression, here defined as any increased in allelic
frequency of the sensitizing EGFR mutation in relation with baseline levels, was compared
with timing of PD according RECIST radiological criteria. In the analyzed cohort (19/20)
we observed that plasma PD foreruns radiological PD with a median time of 2 months;
remarkably, also in urine we observed positivity in three patients before the radiological
PD, with a median lead time of 2 months similarly to plasma samples (Figure 5a and 5b).
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Figure 5. Dynamic monitoring of cfDNA status. (a) Dynamic monitoring of plasma cfDNA status; (b) Dynamic
monitoring of urine cfDNA status. Different patients ID are defined in the legenda. plasma/urine PD,
progressive disease defined as any increased in allelic frequency of the sensitizing EGFR mutation in relation
with baseline levels on plasma or urine cfDNA.

3.4 Analysis on resistance mechanisms to Osimertinib

At the time of the analysis all patients experienced PD and EGFR status was assessed for
all the study cohort, on plasma by ddPCR. Plasma positivity for activating mutation was
observed in 14/19 (74%) cases. Plasma positivity for T790M was observed in only 2/20
(10%) patients at the moment of osimertinib failure. Two urine samples were positive for
the activating mutation (11%) and 1 (5%) for the T790M resistance mutation. Urine sam-
ples positivity corresponds to plasmatic ones.

Based on the higher sensitivity of the ddPCR technique compared to NGS one, we set out
to proceed to analyze only the 14 patients which were defined shedders at the time of PD,
through ddPCR. Firstly, we observed that the detection rate with NGS analysis of the
EGEFR activating mutation in the cohort was 86% (12/14) and further that the T790M re-
sistance mutation was maintained only in 2 (14%) patients (also confirmed by ddPCR).

As putative mechanism of resistance to osimertinib as second-line therapy EGFR gene
amplification in 64% (9/14) of the patient’s cohort, MET gene amplification in 29% (4/14),
TP53 missense variants in 50% (7/14), SMAD4 missense variants in 21% (3/14) and EGFR
p-C797S missense mutation, EGFR p.T790M missense mutation, ERBB2 gene
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amplification, PI3KCA and ROS1 missense variants in 14% (2/14) were found. Further-
more, although less represented we found other putative resistance mechanisms such as
KDR, NRAS, MET, FGFR2, CDK4, KIT, ALK missense variants in 7% (1/14) of the patient’s
cohort (Table 2).

Among these 14 PD patients, 6 (43%) underwent tissue re-biopsy and the analysis of pu-
tative resistance mechanism on histological or cytological biopsies revealed that 3/6 (50%)
patients presented MET amplification while 1/6 (17%) patient had both HER2 and EGFR
polysomy. One (17%) patient showed EGFR exon 20 insertion and the last one (17%) in-
curred into small cell lung cancer transformation. The concordance rate between tissue
and plasma at PD was 60% (Table 2).

Table 2. Resistance mechanisms to osimertinib and comparison between tissue biopsy and plasma specimens.

Patient Plasma at PD Tissue at PD
PLU-02 TP53 n.a.

PLU-03 TP53, NRAS, PIK3CA, KDR, EGFR amp n.a.

PLU-04 EGFR T790M, EGFR C797S, MET amp, EGFR amp n.a.

PLU-06 ROS1, SMAD4, FGFR2 n.a.

PLU-07 TP53, CDK4, EGFR amp, MET amp MET amp
PLU-09 TP53, EGFR amp, ERRB2 amp n.a.

PLU-10 SMAD4, KIT, EGFR amp HER?2 and EGFR polysomy
PLU-12 TP53, ROS1, EGFR amp, ERRB2 amp, MET amp MET amp
PLU-13 EGFR T790M, EGFR C797S, TP53, ALK, EGFR amp SCLC transformation
PLU-15 PIK3CA EGEFR ins 20
PLU-16 - n.a.

PLU-17 EGFR amp, MET amp n.a.

PLU-19 TP53, SMAD4, EGFR amp, MET amp n.a.

PLU-21 - MET amp

The table describes the putative resistance mechanisms that have been identified in plasma samples collected
at PD to osimertinib. Only PD plasma samples that were defined as shedder on ddPCR test were considered.
Shedder, patients with plasma positivity for EGFR activating mutation at the time of PD. Abbreviations: amp,
amplification; n.a., not applicable; -, no molecular aberrations detected.

4. Discussion

We report our experience of the PLUREX study in which we tested the sensitivity of EGFR
mutational screening on different cfDNA sources (plasma, urine and EBC) in order to ob-
tain the best surrogate to the tumor tissue. In a limited NSCLC EGFR mutated T790M
positive population, we confirmed the role of the plasma with a sensitivity/concordance
about of 60%, showing, however, disappointing results for urine and EBC. A parallel ob-
jective of this study was aimed at reviewing the literature, reporting data on the potential
of non-blood liquid biopsy platforms in the searching of EGFR molecular aberration in
NSCLC scenario.

Several studies demonstrated a high concordance in EGFR mutation status between tissue
and plasma. Weber et al. [15] examined for EGFR sensitizing mutations 196 pairs of diag-
nostic tissue biopsy and plasma, prior to first-generation TKI treatment and showed a 91%
of overall concordance. Douillard and colleagues [16] in a cohort of 1060 EGFR-positive
NSCLC patients under gefitinib treatment demonstrated a concordance of 94.3% between
tissue and plasma. Duan et al. [17], on 94 paired histological and plasma NSCLC patient
samples, found that overall concordance of EGFR mutation status was 80%. Furthermore,
from the AURA extension and AURA2 phase II studies, Jenkins and colleagues [18]
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screened 551 patients. They showed high agreement between tumor tissue and plasma; in 356
particular, they obtained a sensitivity of 61%, a specificity of 79% and an overall concord- 357
ance of 65% for T790M detection, while they found a 80%, 98% and 90% of sensitivity, 358
specificity and overall concordance, respectively, for the activating mutations detection. 359
In our experience, the sensitivity of plasma EGFR mutational status detection was 58% for 360
the activating and 45% for the T790M mutations, therefore slightly lower than expected. 361
This could be probably linked to the small cohort, as well as to the tight inclusion criteria 362
with only T790M positive patients eligible. Since the very short half-life of cfDNA and the 363
potential contamination with genomic DNA released by white blood cells represent a ob- 364
stacles, a possible way to improve cfDNA quality and content could be the use of alterna- 365
tive blood collection tubes equipped with a cfDNA preservative [19,20]. If blood draw is 366
an almost uncomplicated procedure, urine test is a completely noninvasive as well as easy ~ 367
approach to obtain cfDNA. Urine specimens have proven their worth as diagnostic tests 368
in a variety of diseases [21] and here we report studies on which urinary ¢fDNA showed 369
comparable performance with plasma cfDNA (table 3). Chen et al. [22] assessed the sen- 370
sitivity of urinary ctDNA compared to plasma ctDNA, in a comparative study conducted 371
on 150 tissue samples, along with matched plasma and urinary specimens. The overall 372
concordance rate among tissue and urinary samples was 88%, using digital droplet PCR 373
(ddPCR) method, while the comparison of plasma and urine ctDNA highlighted a con- 374
cordance rate of 98%. Additionally, Haiying Yu [23] piloted an observational study which 375
involved 130 NSCLC patients who received EGFR TKIs therapy. In this study, Haiying’s 376
group registered 85.4% and 83.1% of concordance rate in the comparison of plasma and 377
urine with histological reference, respectively. Moreover, they calculated a cumulative 378
liquid biopsy result with 86.2% of agreement. Furthermore, the Reckamp and colleagues 379
[24] blinded retrospective study still stresses the strength of urinary ctDNA analysis. The 380
cohort of this study enclosed 63 NSCLC patients formerly enrolled in the TIGER-X trial. 381
They found a sensitivity of 17% for EGFR sensitizing mutation and 72% for T790M. Inter- 382
estingly in this study, when the only samples with high urine volume (90 to 100 ml) were 383
considered, the detection of EGFR mutations were significantly higher (81% for EGFR ac- 384
tivating mutations and 93% for T790M, respectively). Our results are in contrast, consid- 385
ering the low sensitivity in EGFR mutational status detection obtained, even if in a small 386
cohort of patients. Urinary ctDNA positive rate for the sensitizing and resistance muta- 387
tions were 11% and 10%, respectively. In our practice we did not add any preservative to 388
urine samples and we neither concentrated the entire urine volume to maximize the 389
cfDNA content. Therefore, in the future experiments we will try to modify the urine sam- 390
ple processing protocol in order to obtain a larger amount of cfDNA and hence giving us 391
the chance to increase the detection sensitivity rate. 392

Among non-blood body fluids, a source suitable to perform liquid biopsy there is saliva. 393
Saliva collection is a non-invasive, cost-effective and easy method. To date, few data are 394
available about the feasibility of performing saliva test as liquid biopsy tool. Nevertheless, 395
we bring some stimulating results found in literature. Shanshan Ding’s group [25] ana- 396
lyzed EGFR activating mutations, as well as the T790M resistance mutation, in paired sa- 397
liva and plasma ctDNA of 27 NSCLC patient’s cohort. Data showed 83.78% of overall 398
concordance rate between blood and saliva ctDNA (concordance rate was calculated in- 399
cluding 10 paired blood and saliva healthy donors’ samples). Another notably result arise 400
from Hackner et al. [26], which investigated the feasibility to use sputum test in the detec- 401
tion of EGFR activating and resistance mutations on 28 NSCLC patient’s cohort using 402
ddPCR. The concordance rate of the EGFR sensitizing mutations status between plasma 403
and sputum samples was 71%, whereas the concordance rate of the T790M was 86%. A 404
further study, conducted by F. Su and colleagues [27] on 37 NSCLC patients highlighted 405
a high reliability of the saliva test; indeed, they didn’t find false positives in sputum sam- 406
ples and the accuracy, the specificity and the sensitivity registered were 97.1%, 96% and 407
90.9% respectively. However, the use of saliva as a source of cfDNA is impaired by some 408
limitations. Mostly, the amount of analyte that could be obtained is affected by several 409



Cancers 2021, 13, x FOR PEER REVIEW 12 of 18

subjective matters for instance emotional as well as mental status that are difficult to con- 410
trol. Therefore, cfDNA concentration is strongly heterogenous among patients and 411
timepoints. The last source we took into account in this review of the literature is EBC. 412
The goal of this matrix consists of samples that are representative of airway fluids and 413
contemporary less affected by DNA contamination, proper of the oral cave. Nishii Kazuya 414
et al. [28] tested sensitivity and specificity of EGFR mutational status on 21 EBC-ddPCR 415
specimens and they found 26.5% and 90.3%, respectively. Smyth’s group [29] conducted 416
an explorative study focusing on the potential of the detection of T790M in 10 paired EBC 417
and plasma samples. In their cohort they demonstrated that the EBC source has a greater 418
potential for detecting the resistance mutation, than the plasma one (9 T790M EBC posi- 419
tive samples vs. 7 plasma positive samples). Unfortunately, in our experience to obtain 420
DNA from EBC samples it was very challenging, and we could not recover any DNA 421
content from this source although different commercial kits were employed. 422

Consistently with literature, in the PLUREX study we reported that positive shedding sta- 423
tus at diagnosis is associated with poor survival outcome [30,31]. Unexpectedly, patients 424
that lack T790M mutation on plasma showed a worst performance, compared to patients 425
who were complete shedder. We speculate that this finding could be an artifact, resulting 426
from the unbalanced distribution of patients onto groups (2 vs. 9). On the other hand, the 427
ctDNA positive patients on urine samples were two, and noteworthy in one case the urine 428
test proved to be more sensitive than the plasma test, where the same sample was nega- 429
tive. 430

The disease burden as well the number or the metastatic site strongly influence the DNA 431
release in the body fluids; probably the non-shedding status of patients at baseline was 432
may due to the intra-thoracic or brain metastasis presence that are known to be associated 433
to a slighter shed of DNA [11,32,33]. Even though, in our study the small size of the cohort 434
did not allow to drawn conclusion in the correlation of ctDNA shedding status at baseline 435
with type or number of metastatic sites. 436

From the plasma and urine ¢fDNA monitoring we observed that patients who retained at 437
least the activating mutation at first evaluation had a significant worst clinical outcome, 438
in line with the literature [34-36]. In addition, we demonstrated that a positive ctDNA at 439
T1 timepoint, hence despite the osimertinib treatment, can better predict a poorer clinical 440
outcome than baseline. We also evaluated plasmatic clearance of EGFR mutations in shed- 441
der patient’s population after two months of osimertinib administration, confirming a 442
longer survival in the cleared patients [34-36]. Interestingly, when we focused on patients 443
which were complete shedder, we observed worst clinical outcomes from group which 444
retained the sensitizing mutation, similarly to Ebert et al [37]. 445

Recent data suggest that some patients experienced a rise in cfDNA concentration some 446
months before RECIST PD [38]. Our results confirm this evidence, indeed through plasma 447
longitudinal monitoring of EGFR mutational status during all study period until PD, we 448
found that timing of plasma progression foreruns radiological PD with a median time of 449
2 months. Noteworthy we obtained the same predictive potential from urine samples, 450
where in three patients we observed dynamic change over time, in particular ctDNA 451
turned into positive before the radiological PD, with a median lead time of 2 months sim- 452
ilarly to plasma samples. 453

As an explorative objective we studied the resistance mechanisms to osimertinib. All the 454
study cohort experienced PD and firstly, we evaluated plasma samples through the iden- 455
tification of the sensitizing mutation on ddPCR. As expected, almost the entire cohort 456
(74%) was found positive on ctDNA at the time of radiological PD. Interestingly, we ob- 457
served a higher percentage of T790M loss on our plasma samples in comparison with lit- 458
erature [39,40]. Concerning urine samples, we report a low positivity rate in our cohort at 459
the time of resistance to treatment. 460

461
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462
Table 3. Review of the literature. The table shows some of the published studies on the detection of EGFR 463
mutational status, conducted on non-blood liquid biopsy. 464
465
Study Source Cohort Concordance with tissue Sensitivity and Specificity Methods
S. Chen et al. urine 150 paired tissue and ~ 88% (90% L858R and L861Q - ddPCR
urine samples 71%)
H. Yuetal. urine 130 paired tissue and 83,1% (dell9 and L858R) - ddPCR
urine samples
K. L. Reckamp et al urine 63 paired tissue and - . o NGS
urine samples 72% T790M (sensitivity)
96% T790M (specificity)
75% L858R (sensitivity)
100% L858R (specificity)
67% dell9 (sensitivity)
94% dell9 (specificity)
S. Ding et al. saliva 68 paired plasma and 83,78% (del19, L858R and - ddPCR
saliva samples T790M)
K. Hackner et al. saliva 28 paired plasma and o - ddPCR
saliva samples 86% T790M
78% L858R
45% del19
F.Suetal saliva 37 paired tissue and sa- - . ) ARMS-PCR
liva samples 90,9% EGFR mutational status
(sensitivity)
96% EGFR mutational status
(specificity)
Nishii Kazuya et al. EBC 21 EBC samples - ddPCR
27,3% L858R (sensitivity)
80% L858R (specificity)
30% dell9 (sensitivity)
90,9% del19 (specificity)
22,2% T790M (sensitivity)
100% T790M (specificity)
Smyth’s et al. EBC 10 paired EBC and - not calculated ddPCR
plasma
466

At the time of PD to a TKI, a tissue re-biopsy should be performed to unravel the under- 467
lying resistance mechanisms, however often this maneuver is strongly limited by the pa- 468
tient’s clinical conditions. In this scenario, liquid biopsy and specifically blood-based liq- 469
uid biopsy, could provide the needful molecular information [41]. Indeed, in our experi- 470
ence at the time of osimertinib failure we could get access to only 6 re-biopsy tissue out of 471
14 paired-plasma samples. We only analyzed with NGS the 14 PD plasma samples with 472
detectable activating mutation previously stated on ddPCR. We report a similar detection 473
rate of the EGFR driver mutations. In fact, only two samples were negative at NGS and 474
the same samples were detected at a very low frequency also in ddPCR. The most common 475
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resistance mechanisms included a copy number variation in EGFR (64%), MET (29%) and 476
ERBB2 (14%) genes, as previously observed [42]. In our cohort we showed the concomi- 477
tant presence of T790M, C797S and EGFR amplification in two patients and our findings 478
are consistent with what is reported in the literature. [40]. We found other variants with 479
at lower frequency, such as SMAD4 missense variants in 21%, PI3KCA and ROSI mis- 480
sense variants in 14%, KDR, NRAS, MET, FGFR2, CDK4, KIT, ALK missense variants in 481
7%. 482

Our study limitations mainly consist of a small cohort sample size, considering that the 483
monocentric experience with tight inclusion criteria may have limited the patient enroll- 484
ment, as well as the pre-analytical sample handling i.e., the lack in using stabilizing sub- 485
stances could affect both the quality and the quantity of cfDNA recovery, in particular in 486
urine and EBC samples. This is an open issue in literature because a standardize protocol 487
to refers with, in terms of samples centrifuge parameters, starting volume for cfDNA ex- 488

traction etc., is still missing. 489
490
5. Conclusions 491

In conclusion, our results confirmed the role of plasma liquid biopsy in testing EGFR mu- 492
tational status, but unfortunately did not evidence any improvement from the combina- 493
tion with alternative sources, as urine and EBC. Also with our study, we underlined the 494
utility of plasma ctDNA during the treatment as prognostic factor and as complementary 495

or exclusive source to identify targetable resistance mechanisms. 496
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