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Simple Summary: In the precision oncology era, liquid biopsy has dramatically revolutionized the
management of such patients, potentially overcoming tissue biopsy limitations while entering the
current clinical practice as a valuable diagnostic tool. However, despite the increasing implementation
of targeted and immunotherapy-based treatments, the prognosis of patients with advanced non-small-
cell lung cancer (NSCLC) remains dismal. We prospectively evaluated longitudinal plasma cfDNA
kinetics as an early marker of therapeutic efficacy in patients with advanced NSCLC undergoing
standard first-line treatments. Our real-world study demonstrates that quantitative changes in cfDNA
values correlate with responses to therapy and relapse of the disease in treatment-naïve patients with
advanced NSCLC undergoing TKI- and IO-based treatments.

Abstract: Background: Despite the increasing implementation of targeted and immunotherapy-based
treatments, the prognosis of patients with advanced NSCLC remains dismal. We prospectively
evaluated longitudinal plasma cfDNA kinetics as an early marker of therapeutic efficacy in patients
with advanced NSCLC undergoing standard first-line treatments. Methods: From February 2020
to May 2022, treatment-naïve patients with advanced NSCLC were consecutively enrolled at the
Medical Oncology Unit of the Paolo Giaccone University Hospital, Palermo (Italy). We quantified
cfDNA in terms of ng/µL using a QubitTM dsDNA HS Assay Kit. The agreement between the cfDNA
and radiologic response was evaluated from baseline (T0) to the radiologic evaluation (T1). Results: A
total of 315 liquid biopsy samples were collected from 63 patients at baseline, with a total of 235 paired
plasma samples from 47 patients at disease re-evaluation. A fair concordance was observed between
early and durable radiographic and cfDNA response (Cohen’s kappa coefficient = 0.001); 11 and
18 patients receiving TKI (Pearson’s chi-squared test = 4.278; Cohen’s kappa coefficient = 0.039)
and IO treatments (Pearson’s chi-squared test = 7.481; Cohen’s kappa coefficient = 0.006) showed
a significant and durable association between cfDNA dynamics and the first radiologic evaluation,
whereas among the 18 patients undergoing CT, no significant correlation was observed (Pearson’s
chi-squared test = 0.720; Cohen’s kappa coefficient = 0.396). The ECOG-PS 2 patients presented with
the mean baseline cfDNA levels 2.6-fold higher than those with ECOG-PS 0–1 (1.71 vs. 0.65 ng/µL;
p = 0.105). Conclusions: Our real-world study demonstrates that quantitative changes in cfDNA
values correlated with responses to therapy and relapse of disease in treatment-naïve patients with
advanced NSCLC undergoing TKI- and IO-based treatments.
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1. Introduction

Despite the increasing implementation of targeted and immunotherapy-based treat-
ments, the prognosis of patients with advanced non-small-cell lung cancer (NSCLC) re-
mains dismal [1]. In the precision oncology era, liquid biopsy has dramatically revolution-
ized the management of such patients, potentially overcoming tissue biopsy limitations
while entering the current clinical practice as a valuable diagnostic tool [2,3]. In this regard,
besides the clinical utility for predictive purposes in oncogene-addicted NSCLC, the adop-
tion of liquid biopsy testing may represent a useful tool for monitoring clinical outcomes
and prognostication [4,5]. Namely, the quantification of circulating tumor DNA (ctDNA),
the component of cell-free DNA (cfDNA) released from tumor sites into the bloodstream of
cancer patients, emerged as a minimally invasive approach to real-time monitoring of the
tumor evolution using ctDNA kinetics as a potential efficacy predictor for patients with
advanced NSCLC [6,7]. However, despite the growing body of evidence in the literature,
the quantitative monitoring of cfDNA for predicting radiological responses to standard
treatments in NSCLC has not yet entered the clinical practice [8,9]. The peculiar advan-
tages of using dynamic in vivo biomarkers make cfDNA an appealing tool for therapeutic
monitoring during anticancer therapies, mostly considering that different meta-analyses
have already proved with a high level of overall accuracy that the amount of cfDNA is
higher in patients with lung cancer than in healthy individuals [10,11]. Hence, additional
data validating the role of cfDNA in predicting and monitoring clinical outcomes in the
first-line setting of NSCLC are warranted.

In this real-world study, we prospectively evaluated longitudinal plasma samples to
investigate the potential of cfDNA kinetics as an early marker of therapeutic efficacy and
predictor of prolonged survival in patients with NSCLC undergoing standard first-line
treatments.

2. Materials and Methods
2.1. Patients and Study Design

This is a real-world prospective cohort study including the systematic assessment
of tumor tissue biopsies at baseline and the monitoring of treatment-induced changes in
the blood profile in treatment-naïve advanced NSCLC patients who were candidates for
standard first-line treatments based on the predictive molecular pathology and clinico-
pathological characteristics. From February 2020 to May 2022, patients with advanced
NSCLC were consecutively enrolled at the Medical Oncology Unit of the Paolo Giaccone
University Hospital, Palermo (Italy). Tumor tissues were obtained via systematic baseline
biopsies and stored as formalin-fixed paraffin-embedded (FFPE) samples at Department “G.
D’Alessandro”, Pathology Institute, University of Palermo, and at other referring pathology
units. Paired whole blood samples were collected at baseline and the first radiologic evalu-
ation of disease (within 12 weeks) according to a standardized protocol and stored frozen.
All the FFPE and plasma samples were analyzed at the Laboratory of Molecular Oncology
at the Regional Reference Center for the Prevention, Diagnosis, and Treatment of Rare
Heredofamilial Cancers of Adult Medical Oncology (Medical Oncology Unit, Department
of Surgical, Oncological, and Oral Sciences, A.O.U.P. “P. Giaccone”, University Hospital of
Palermo), an accredited Italian reference genetic center for prognostic and predictive molec-
ular testing in oncology. FFPE tissue collection, nucleic acids extraction, and molecular
analysis are comprehensively described in the Supplementary Materials (Methods).

All the patients underwent a CT scan every 3 months, and the radiologic responses
were classified according to the response evaluation criteria in solid tumors (RECIST),
version 1.1. The CT scans were collected at baseline and every 3–6 months as per clinical
practice [12]. The agreement between the cfDNA response and the radiographic tumor
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response was evaluated in patients with available plasma samples from baseline (T0)
to the radiologic evaluation (T1) and at least two clinical follow-ups for therapeutic as-
sessment. Clinical and pathological characteristics of all the recruited patients including
demographics, baseline clinical features, tumor- and treatment-related data were retrieved
from the available clinical records. The inclusion criteria were as follows: (1) Eastern
Cooperative Oncology Group (ECOG) performance status (PS) ≤ 2; (2) patients with his-
tologically or cytologically documented NSCLC with unresectable stage IIIB–C or Stage
IV disease (according to the 8th edition of IASLC TNM) who were treatment-naive and
eligible for the first-line tyrosine kinase inhibitors (TKIs) (osimertinib, alectinib, crizotinib,
or the dabrafenib + trametinib combination), immuno-oncology (IO)-based treatment (pem-
brolizumab ± platinum-based chemotherapy (CT)), or CT only. The exclusion criteria
were as follows: (1) patients with other malignant tumors; (2) patients with ECOG-PS ≥ 3;
(3) patients who received prior first-line TKIs or IO-based treatment ± platinum-based
chemotherapy; (4) patients with a mental illness preventing the signing of the informed
consent form. The study was approved by the local ethics committee according to the
principles outlined in the Declaration of Helsinki. The study was conducted in accordance
with the Declaration of Helsinki, and the protocol was approved by Ethics Committee
Palermo I (AIFA code CE 150109, Statement No. 02/2020, approved on 19 February 2020).
Written informed consent was obtained from all the enrolled patients.

2.2. Plasma Separation, DNA Extraction, cfDNA Quantification, and Molecular Analysis

Blood samples (~5 mL) were collected into K2 EDTA tubes at baseline prior to the first
drug administration and at each instrumental disease re-evaluation during the treatment
course. They were immediately processed for plasma collection and centrifuged twice
(10 min at 3000 rpm; 10 min at 16,000× g). Sample processing was carried out within 2 h
from plasma collection. The collected plasma samples were used to extract cfDNA. We
extracted cfDNA from 1 to 2 mL of plasma using a QIAamp Circulating Nucleic Acid
Kit (Qiagen) and quantified it in terms of ng/µL using a QubitTM dsDNA HS Assay Kit.
Cell-free nucleic acids (cfNAs) were analyzed in dynamics using an OncomineTM Lung
cfTNA Research Assay. Every single next-generation sequencing (NGS) run datum was
compared with a positive in-house control as a validation set. The libraries were quantified
using an Ion Library TaqManTM quantification kit on a QuantStudio7 Pro Real-Time PCR
System (Applied Biosystems) using Design and Analysis Software v2.4.3. Using 20 ng
of cfNAs, the specificity of this kit was 99% at 0.1% of the limit of detection (LOD). The
data were tested on an amplicon-based sequencing platform Ion Torrent S5TM System.
Oncomine TagSeq Lung v2 Liquid Biopsy-w2.5-Single Sample was the workflow applied
for the analysis of cfNAs samples. To test the reliability of the data for cfNA sequencing,
we used the following thresholds: total mapped reads > 3M, median read coverage Avg
40,000–Min > 25,000, median molecular coverage > 2500. The data of DNA sequencing
were analyzed with Ion Torrent TorrentSuiteTM (TS, version 5.18) using the Coverage
Analysis and Variant Caller plugins. The sequencing data were categorized by relevance
with the related percentage of allelic frequency as annotated by Ion Reporter Software v5.18
applying the Variant Matrix Summary (5.18) filter chains for default use.

2.3. Statistical Analysis

Descriptive statistics were used to analyze demographic and clinicopathological data.
According to radiologic response, the disease was defined as responsive (complete response
(CR) or partial response (PR)) or non-responsive (stable disease (SD) or progressive disease
(PD)) based on the standard RECIST 1.1. Regarding the cfDNA levels, we dichotomized
values as ≥ or <20% indicating the change from the baseline cfDNA to higher and lower
levels, respectively, after the beginning of treatment. We used X-tile analysis to determine
the optimal cfDNA cutoff value for survival prediction according to progression-free sur-
vival (PFS) and overall survival (OS) [13]. A paired Wilcoxon test was used to compare the
median cfDNA plasma levels before and after the beginning of treatment. Furthermore,
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the mean differences between the clinically relevant subgroups of interest (sex, smoking
habits, and age ≥65) were explored using the nonparametric Mann–Whitney U test. The
Pearson correlation coefficient between the baseline cfDNA and the clinical parameters
was explored. Cohen’s kappa test was used to determine the concordance of dynamic
changes in the liquid biopsy data and radiologic response with a 95% confidence interval
(CI). Pearson’s chi-squared test or Fisher’s exact test was used to determine any statistically
significant association between cfDNA dynamics and the radiologic response to systemic
treatments. The Kaplan–Meier method was used for performing survival analysis, pro-
viding the median and p-values, using the logrank test for comparisons. Univariate and
multivariate analyses were performed using the Cox proportional hazards and logistic
regression models. The multivariable model included as the covariates all the pretreatment
parameters found to have a p-value < 0.05 in univariate analysis. A p-value < 0.05 was
used as the threshold for statistical significance. All the statistical analyses were performed
using version 20 of the SPSS statistics software (IBM, Armonk, NY, USA).

3. Results
3.1. Clinicopathological Characteristics

Of the 87 patients who met the inclusion criteria, 73 had complete clinical records and
were prospectively enrolled. The clinicopathological characteristics of the study population
are shown in Table 1. Most patients were ≥65 years old (54.8%), male (71.2%), current or
former smokers (76.7%), presenting with adenocarcinoma histology (76.7%) and ECOG-PS
0–1 (57.5%). Notably, a significant portion (42.5%) of the included patients had ECOG-PS
2. The majority presented with locoregional lymph node involvement (84.9%), with the
most common distant metastatic sites represented by bone (32.8%), central nervous system
(CNS; 19.2%), adrenal gland (17.8%), and liver (12.3%).

Table 1. Baseline patients’ characteristics.

Characteristics Patients, N (%)

Number of patients 73 (100.0%)

Age, N (%)

Mean (SD) 67.5 (9.5)

Male 67.3 (10.0)

Female 68 (8.5)

<65 years old (%) 33 (45.2%)

>65 years old (%) 40 (54.8%)

Sex, N (%)

Male 52 (71.2%)

Female 21 (28.8%)

ECOG-PS, N (%)

0–1 42 (57.5%)

≥2 31 (42.5%)

Histology, N (%)

Adenocarcinoma 56 (76.7%)

Squamous cell carcinoma 13 (17.8%)

Others 4 (5.5%)



Cancers 2022, 14, 6013 5 of 14

Table 1. Cont.

Characteristics Patients, N (%)

Smoking history, N (%)

Never 12 (16.4%)

Former/current 56 (76.7%)

NA 5 (6.9%)

Tumor site, N (%)

Left 35 (48.0%)

Right 30 (41.0%)

Bilateral 5 (6.9%)

NA 3 (4.1%)

Metastases distribution, N (%)

Bone 24 (32.8%)

Nodes 62 (84.9%)

CNS 14 (19.2%)

Liver 9 (12.3%)

Adrenal gland 13 (17.8%)

Other 14 (19.2%)

Therapy, N (%)

TKIs, 19 (26.0%)

EGFR TKIs, 9 (12.3%)
ALK TKIs, 5 (6.9%)

ROS-1 TKIs, 2 (2.7%)
BRAF + MEK TKIs, 3 (4.1%)

IO-based, 28 (38.3%) Single-agent IO-based treatment, 13 (17.8%)
IO-based treatment plus CT, 15 (20.5%)

CT, 26 (35.6%)

Cisplatin–gemcitabine, 2 (2.7%)
Carboplatin–gemcitabine, 11 (15.1%)

Cisplatin–pemetrexed, 5 (6.8%)
Carboplatin–pemetrexed, 8 (11.0%)

3.2. Molecular Diagnostics

Table 2 comprehensively summarizes the molecular diagnostics using either tissue or
blood. Regarding tissue diagnostics, 55 (75.3%) non-squamous samples were assessed for
EGFR or BRAF mutations using RT-PCR with the total mutation rate of 20% (11/55), detect-
ing eight and three hotspot point mutations, respectively. On the other hand, even if only
nine (12.3%) tissue specimens were evaluated, the total mutation rate using DNA/RNA-
based NGS was 66% (6/9), covering nine different activating genomic alterations within
the EGFR, KRAS, ALK, MET, RET, and ROS1 genes. Finally, five (6.8%) patients underwent
plasma genotyping via NGS.
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Table 2. Tissue and plasma molecular diagnostics.

Characteristics Patients, N (%)

Number of Patients 73 (100.0%)

Diagnostic techniques, N (%)

Tissue,
73 (100.0%)

Real-time
PCR,

55 (75.3%)
WT, 44 (80.0%)

Mutated, 11 (20.0%) EGFR—8, BRAF—3

NGS 9 (12.3%)

WT, 3 (33.3%)

Altered, 6 (66.6%)
EGFR—2, KRAS—2,
ALK—1, MET—1,
RET—1, ROS1—1

NA 13 (17.8%) – –

Plasma,
10 (13.6%)

Droplet
digital PCR 5 (50.0%)

WT, 3 (60.0%)

Mutated, 2 (40.0%) EGFR—2

NGS 5 (50.0%)

WT, 0 (0.0%)

Altered, 5 (100.0%)
EGFR—2, BRAF—1,
KRAS—1, EGFR +

TP53—1

Tissue predictive biomarker testing, N (%)

IHC

PD-L1,
67 (91.7%)

≥50%
1–49%
<1%
N/A

16 (21.9%)
27 (36.9%)
24 (32.8%)
6 (8.2%)

ALK,
56 (76.7%)

Positive
Negative

N/A

4 (5.4%)
52 (71.2%)
17 (23.2%)

ROS1,
46 (63.0%)

Positive
Negative

N/A

3 (4.1%)—1 confirmed by FISH (1.3%)
43 (58.9%)
27 (37.0%)

Molecular
diagnostics

EGFR, 9

p.E746_A750del, 3
p.E746_A750del + p.T790M + p.R175H,

TP53, 1
p.E746_A750del + p.C797S, 1

p.L858R, 3
p.L861Q,1

KRAS, 2 p.G12V, 1
p.G12D, 1

BRAF, 3 p.V600E, 3

ROS1, 1 ROS1-CD74, 1

ALK, 1 EML4-ALK, 1

RET, 1 KIF5B-RET, 1

MET, 1 Amplification, 1

NTRK1/2/3, 0 –

HER-2, 0 –

Plasma predictive biomarker testing, N

Molecular
diagnostics

EGFR, 2
p.E746_A750del, 1

p.E746_A750del + p.T790M + p.R175H,
TP53; 1

BRAF, 1 p.V600E, 1

KRAS, 1 p.G12V, 1
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3.3. Clinical Outcomes

Treatment based on TKIs, IO, and CT was received by 19, 28, and 26 patients, re-
spectively. At the time of survival analysis (median follow-up of 20.7 months, range:
17.3–24.1 months), 51 patients had disease progression, while 42 patients died because of
tumor progression, with 31 patients still being alive at the time of data analysis. In the
overall population, the median PFS and OS were 6.1 (95% CI: 4.0–8.2) and 12.8 (95% CI:
2.1–23.5) months, respectively. Among the specific treatment subgroups, the median PFS
and OS were 6.0 (95% CI: 0–25.5) and 32.6 (95% CI: 0–72.7) months, 10.3 (95% CI: 0–24.3) and
20.5 (95% CI: 6.9–34.1) months, and 4.2 (95% CI: 2.5–5.9) and 9.0 (95% CI: 6.3–11.6) months
in the patients receiving TKIs, IO-based treatment, and CT, respectively (Supplementary
Figure S1). Of note, when compared to CT only, the patients receiving TKI- or IO-based
treatments had significantly improved PFS (p = 0.022 and p = 0.006, respectively) and OS
(p = 0.054 and p = 0.057, respectively).

3.4. Prognostic Value of the Baseline cfDNA Levels

Briefly, a total of 315 liquid biopsy samples were collected from 63 patients at baseline,
with a total of 235 paired plasma samples from 47 patients at disease re-evaluation. Among
the 63 patients evaluable for cfDNA analysis at baseline, the median cfDNA level was
0.61 ng/µL, thus not significantly higher than that observed in the 47 patients evaluated at
the first follow-up point (0.57 ng/µL, Wilcoxon rank-sum test p = 0.536) (Figures 1 and 2).
Of note, considering those clinical parameters potentially modified the baseline cfDNA
values, no statistically significant differences were reported for gender (Mann–Whitney U
test p = 0.610), age (p = 0.476), and smoking (p = 0.183).

Categorizing the overall population by the median cfDNA value (0.61 ng/µL) into
low and high groups, significant differences in the median PFS (8.4 months, 95% CI:
2.5–14.3 months vs. 4.2 months, 95% CI: 2.5–5.9 months; p = 0.043) and OS (30.3 months,
95% CI: 18.4–42.1 months vs. 4.7 months, 95% CI: 2.6–6.9 months; p < 0.0001) for the
patients with lower vs. higher cfDNA levels, respectively, were observed (Supplementary
Figure S2).

Predictably, no significant correlation was shown between the baseline cfDNA and
tumor size (mean, 5 cm) in our population (R = −0.078; p = 0.543), probably due to the
extra-thoracic burden of the disease contributing to cfDNA shedding.
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Figure 1. Graphical representation of cfDNA dynamics from baseline (T0) to the radiologic
evaluation (T1).
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To enhance the prognostic accuracy of the baseline cfDNA levels, the patients were
further dichotomized into low and high cfDNA groups according to a refined threshold
based on the X-tile analysis. In the all-comers population, a baseline cfDNA cutoff value
of 0.68 ng/µL seemed to reliably discriminate both for PFS and OS between the patients
with good and poor prognosis (Supplementary Figure S3). Consistently, significant dif-
ferences in the median PFS (8.3 months, 95% CI: 3.3–13.4 months vs. 4.5 months, 95% CI:
3.2–5.8 months, p = 0.038) and OS (23.3 months, 95% CI: 9.7–36.9 months vs. 4.5 months,
95% CI: 3.4–5.5 months; p < 0.0001) were found in the two cfDNA categories (low vs. high
baseline levels, respectively; p < 0.0001).

In the oncogene-addicted subgroup, we observed a baseline cfDNA cutoff value of
0.92 ng/µL for the PFS (median PFS = 24.0 months, 95% CI: 0–48.6 months versus median
PFS = 2.5 months, 95% CI: 0–5.1 months in the low and high cfDNA groups, respectively),
even if not statistically significant (p = 0.293); on the other hand, the patients receiving
TKIs with cfDNA concentrations higher than 0.68 ng/µL had a significantly shorter OS
(median OS = 4.0 months, 95% CI: 2.9–5.0 months) than those with lower cfDNA levels
(median OS = 32.6 months, 95% CI: 0–76.5 months) (p = 0.044) (Supplementary Figure S4).
The patients treated with IO-based regimens and having baseline cfDNA levels higher than
0.65 ng/µL experienced poorer PFS (median PFS = 6.1 months, 95% CI: 0–14.0 months) and
OS (median OS = 6.1 months, 95% CI: 0.1–12.0 months) when compared to the patients
with lower cfDNA concentrations (median PFS and OS = not reached (NR)) (p = 0.021 and
0.012, respectively) (Supplementary Figure S5). Those patients undergoing CT with the
baseline cfDNA levels higher than 0.63 ng/µL and 0.50 ng/µL had significantly shorter PFS
(median PFS = 3.9 months; 95% CI: 0.4–7.3 months) and OS (median OS = 5.7 months; 95%
CI: 3.5–7.9 months) than those with lower cfDNA concentrations (median PFS = 6.8 months;
95% CI: 6.1–7.4 months; median OS = 20.2 months; 95% CI: 14.7–25.7 months) (p = 0.022
and 0.018, respectively) (Supplementary Figure S6).

3.5. Dynamic Plasma cfDNA Values Are Associated with Radiologic Response and Survival

We compared the baseline and post-treatment cfDNA levels between the responders
(complete or partial response, N = 23) and non-responders (stable or progressive disease,
N = 24). A 20% cfDNA increase from baseline was detected as the median increase and
used as the cutoff point for survival analysis.
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While 16/20 (80%) patients presenting with at least a 20% increase did not experience
a disease response at first restaging, 19/27 (70.4%) subjects with a sharp drop in the cfDNA
level showed a prompt response to systemic treatments (Pearson’s chi-squared test = 11.665).
Interestingly, when assessing the agreement between the radiographic and cfDNA response
from T0 to T1, a fair concordance for a 20% cfDNA response was observed between the
early and durable radiographic and cfDNA responses (Cohen’s kappa coefficient = 0.001).
No significant differences were reported between the radiologic and liquid biopsy response
assessments (median value, 8 days), reducing the risk of misleading results.

Dealing with the treatment subgroups, 11 and 18 patients receiving TKIs (Pearson’s chi-
squared test = 4.278; Cohen’s kappa coefficient = 0.039) and IO-based treatment (Pearson’s
chi-squared test = 7.481; Cohen’s kappa coefficient = 0.006) showed a significant and
durable association between cfDNA dynamics and the first radiologic evaluation, whereas
among the 18 patients undergoing CT, no significant correlation was observed (Pearson’s
chi-squared test = 0.720; Cohen’s kappa coefficient = 0.396).

We strived to associate cfDNA dynamics with survival outcomes to provide further
clinical insights. Overall, within the cfDNA responsive group, 27/47 (57%) patients had
a significantly improved median PFS (18.9 months; 95% CI: 6.2–31.5) when compared to
20/47 (43%) cfDNA non-responders (3.3 months; 95% CI: 2.9–3.8) (p = 0.004) (Figure 3).
Conversely, no benefit in terms of the OS was observed (30.3 months, 95% CI: 12.2–48.3
vs. 20.5 months, 95% CI: 14.4–26.6, respectively; p = 0.133) (Figure 3). Considering the PFS
results, we stratified the survival data according to the treatment subgroups. Compared
to the cfDNA non-responders, the cfDNA responsive patients receiving TKIs and IO-
based treatment experienced a numerically longer PFS (24.0 months (95% CI: 0–52.3) vs.
2.5 months (95% CI: 0–18.3) and NR vs. 3.4 months (95% CI: 0–19.6), respectively), although
not formally statistically significant (p = 0.219 and 0.338, respectively). On the other hand,
the cfDNA responders undergoing CT showed a significantly improved survival in terms
of both clinical and statistical relevance (7.6 months (95% CI: 5.0–10.2) vs. 3.2 months
(95% CI: 1.5–4.9), p = 0.025).
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3.6. Survival Outcomes and Multivariate Analysis

Multivariate Cox proportional regression analyses were performed to assess whether
a cfDNA increase over the first 12 weeks of therapy represented an independent factor
related to the effectiveness of systemic treatments in terms of the PFS and OS.

The multivariate analyses identified the presence of liver metastases (hazard ratio
(HR), 0.027; 95% confidence interval (CI), 0.004–0.175; p < 0.0001) and a cfDNA increase
> 20% (HR, 0.345; 95% CI, 0.165–0.722; p = 0.005) as factors significantly associated with
worse PFS (Supplementary Table S1). Interestingly, regarding the OS, multivariate analyses
confirmed the occurrence of liver metastases (HR, 0.314, 95% CI, 0.14–0.697, p = 0.004) as a
variable associated with worse survival while further revealing ECOG-PS 0–1 and a lower
median cfDNA as independent prognostic factors for the OS. Accordingly, ECOG-PS 0 was
associated with a significantly reduced risk of death (HR, 0.22, 95% CI, 0.08–0.614, p = 0.004)
compared with ECOG-PS 2 (Supplementary Table S2).

3.7. The Predictive Role of ECOG-PS

The role of ECOG-PS in the overall cohort population was further explored, even
according to the available matched cfDNA samples. Overall, compared to the patients with
ECOG-PS 0 or 1, the ECOG-PS 2 patients seemed to experience significantly poorer median
PFS (4.2 (95% CI, 2.3–6.1) vs. 8.3 (95% CI, 3.5–13.1) months; p = 0.024) and OS (6.1 (95% CI,
2.5–9.7) vs. 23.3 (95% CI, 12.0–34.6) months; p < 0.0001).

Across the treatment subgroups, the median PFS was numerically lower in the ECOG-
PS 2 patients receiving TKIs, even if not formally reaching statistical significance, compared
to the ECOG-PS 0–1 subjects (4.0 (95% CI, 0–8.3) months vs. 24.0 (95% CI, 0–57.4); p = 0.123).
Similarly, the patients with a poorer PS receiving IO-based treatments had a numerically
shorter median PFS while showing a significant trend for statistical significance (6.1 (95% CI,
0.6–11.5) months vs. NR; p = 0.088). On the contrary, no statistically significant differences
between the ECOG-PS 2 and 0–1 patients undergoing only CT regimens were observed in
terms of the PFS (3.2 (95% CI, 2.1–4.3) months vs. 6.5 (95% CI, 1.5–11.4); p = 0.354).

Regarding the OS, the ECOG-PS 2 patients receiving TKIs or CT had clinically and
statistically a poorer survival (4.0 (95% CI, 3.2–4.8) months vs. 32.6 (95% CI, NR–NR),
p = 0.003; 4.8 (95% CI, 0–9.9) months vs. 18.5 (95% CI, 1.9–35.0), p = 0.039, respectively) than
those with ECOG-PS 0–1. Likewise, even if only showing a strong trend for formal statistical
significance, the ECOG-PS 2 patients undergoing IO-based treatments exhibited a poorer
survival (12.1 (95% CI, 3.9–20.4) months vs. NR, p = 0.074). Intriguingly, when comparing
individual patients receiving pembrolizumab in association (15/28, 53.5%) or not (13/28,
46.5%) with chemotherapy within the IO-based subgroup, the ECOG-PS 2 patients receiving
the combination approach seemed to experience a poorer survival in terms of both the
PFS (p = 0.015) and OS (p = 0.036) as compared to single-agent pembrolizumab (p = 0.842
and p = 0.644 for the PFS and OS, respectively), suggesting a possible predictive value of
ECOG-PS in patients on IO combinations.

Finally, among the 26/63 (41.2%) and 37/63 (58.8%) patients presenting with ECOG-
PS 2 and 0–1 evaluable for cfDNA kinetics, neither significant association nor correlation
between the early cfDNA and the radiologic response was observed (Pearson’s chi-squared
test = 0.003; Cohen’s kappa coefficient = 0.959). Remarkably, even if not formally significant,
ECOG-PS 2 patients presented with the mean baseline cfDNA levels 2.6-fold higher than
those with ECOG-PS 0–1 (1.71 vs. 0.65 ng/µL; p = 0.105).

4. Discussion

This prospective biomarker trial confirmed the independent prognostic value of base-
line cfDNA [14–16] and demonstrated the durable association of cfDNA dynamics with
treatment response in the real-life setting of patients with advanced NSCLC receiving
first-line TKI- and IO-based treatments. In contrast, consistently with other previously
published reports [17,18], cfDNA kinetics did not appear to fairly predict the CT response
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while showing comparable quantitative levels according to the disease burden that seemed
to be in line with the literature [19–22].

Even if emerging as a useful method for real-time monitoring of the efficacy of tar-
geted therapies, the evaluation of cfDNA for the efficacy of CT or IO combinations has
been controversial [23–26]. Several research groups have recently suggested the increas-
ing role of cfDNA as a valid tool for the longitudinal monitoring of patients receiving
immunotherapy, although crucially limited by the variable heterogeneity of patients and
methodologies [26–28]. In this real-world study, in both the all-comers population and the
specific treatment subgroups, the patients with higher baseline cfDNA levels showed a
significantly shorter median survival, further validating the prognostic value of baseline
cfDNA. Consistently, it is well-known that patients presenting with high tumor burden may
be associated with high cfDNA levels, thus underlining the prognostic role of cfDNA. Con-
sidering the possible risk of bias using only the median value or quartiles, we implemented
the X-tile software through training/validation methods to fine-tune the baseline cfDNA
threshold values that reliably discriminated the patients who would benefit from first-line
systemic treatments. Interestingly, we demonstrated that leveraging the quantitative nature
of baseline cfDNA could be a useful clinical tool in the front-line setting of patients with
advanced NSCLC, even including mono- and chemo-immunotherapy. Regarding TKIs,
we observed a baseline cfDNA cutoff for the PFS significantly higher than that for the OS,
probably caused by either higher levels of ctDNA before treatment or the presence of more
oncogene-addicted patients who were still alive at the moment of the survival analysis.
Furthermore, the smaller sample size as compared to the other treatment subgroups could
affect the distribution of estimates around the mean value.

Nonetheless, the cfDNA’s predictive ability in the real-time longitudinal monitoring
of NSCLC remains far from clear. We investigated whether a cfDNA response would better
correlate with radiologic response and improved survival. Overall, early cfDNA changes
seemed to predict the later radiologic response, with a median 20% cfDNA reduction at first
restaging significantly associated and consistent over time with the response to front-line
treatments. Strikingly, the response ratio of the cfDNA responders (19/27, 70.4%) was
3.7-fold higher than that of the cfDNA non-responders (4/20, 20.0%). However, neither
association nor concordance between cfDNA and the radiologic response in the patients
receiving CT only was observed. Rather, our findings were statistically and clinically
significant in the patients undergoing TKI- or IO-based treatments, dramatically suggesting
the predictive role of cfDNA dynamics in these subsets of patients. Moreover, even if
a short follow-up must be considered, all the cfDNA responders seemed to benefit the
most in terms of the PFS while not showing any trending advantage in the OS, which
is probably influenced by later-line treatments. In this regard, cfDNA dynamics could
add clinically valuable insights for eventually differentiating pseudoprogression from
true progression in patients receiving IO-based treatments [29]. Most importantly, the
quantification of cfDNA is easy to obtain and requires minimal processing with well-
established isolation procedures, appearing as a reliable and commercially viable biomarker
that could be easily implemented in clinical practice, as opposed to other circulating
biomarkers, such as circulating tumor cells (CTCs) or tumor mutational burden (TMB),
featuring constraining technical challenges that still need harmonization of protocols and
standardization of workflows [30]. In this real-world study, the median survival and
clinicopathological characteristics seemed to mirror those observed in larger phase III
trials [31–33]. Consistently, the patients undergoing TKI- or IO-based treatments seemed
to experience a significantly improved survival compared to the patients receiving CT
only. Moreover, regarding real-life molecular diagnostics on tissue, NGS outperformed
single-plex testing in terms of mutation rate detection. Hence, this would suggest a real-
world clinical scenario that may be comparable to highly selective randomized clinical
trials while additionally including patients with ECOG-PS 2. With phase III trials on
immunotherapy and TKIs not enrolling or only including a small proportion of ECOG-PS
2 patients, to date, the negative prognostic outcome of ECOG-PS 2 has been confirmed
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in only a few retrospective studies evaluating patients on IO-based treatments [34–36].
In this first-line prospective cohort, the administration of chemo-immunotherapy in the
ECOG-PS 2 patients was significantly associated with a worse PFS and OS compared
to single-agent pembrolizumab, further suggesting the use of mono-immunotherapy in
PD-L1-high patients with ECOG-PS 2 [34,37]. Of note, together with higher cfDNA levels
and liver metastases, in the multivariate analysis, ECOG-PS 2 was associated with worse
survival outcomes across all the treatment subgroups. Even if ECOG-PS did not appear
to affect cfDNA kinetics, it should be noticed that the ECOG-PS 2 patients presented with
significantly higher mean cfDNA levels at baseline.

Limitations of the study included the non-randomized design, the heterogeneity of
clinicopathological characteristics (although reflecting a real-world scenario), the small
sample size, and the short follow-up together with a single evaluation timepoint, which
may have underestimated the final overall results, preventing us from deriving general
conclusions.

5. Conclusions

In conclusion, our real-world study demonstrates that quantitative changes in cfDNA
values correlated with responses to therapy and relapse of the disease in treatment-naïve
patients with advanced NSCLC undergoing TKI- and IO-based treatments. The quan-
tification of plasma cfDNA may be a minimally invasive and cost-effective surrogate for
improving survival prediction in such patients, retaining only limited clinical utility in
patients undergoing CT. However, we do not currently advocate cfDNA analysis as the
standard of care in real-time longitudinal treatment monitoring. Nevertheless, this study
indicates cfDNA as a reliable biomarker that may help inform the clinical decision-making
process along with the design of future larger prospective studies. Larger real-world clinical
studies evaluating the predictive role of cfDNA dynamics are warranted before entering
the routine clinical application.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/cancers14236013/s1, Figure S1: Kaplan–Meier analysis of PFS
and OS in NSCLC patients according to treatment sub-groups; Figure S2: Kaplan–Meier analysis
of PFS and OS according to the median cfDNA value in the overall cohort population; Figure S3:
Kaplan–Meier analysis of PFS and OS according to the cfDNA cut-off based on X-tile analysis in the
overall cohort population; Figure S4: Kaplan–Meier analysis of PFS and OS according to the cfDNA
cut-off based on X-tile analysis in patients with NSCLC receiving TKIs; Figure S5: Kaplan–Meier
analysis of PFS and OS according to the cfDNA cut-off based on X-tile analysis in patients with
NSCLC receiving IO-based treatments; Figure S6: Kaplan–Meier analysis of PFS and OS according to
the cfDNA cut-off based on X-tile analysis in patients with NSCLC receiving CT; Table S1: Univariate
and multivariate analysis of progression-free survival (PFS); Table S2: Univariate and multivariate
analysis overall survival (OS).

Author Contributions: Study concept and design, N.B. and V.G.; Acquisition, M.L.M., D.S. and S.I.;
Data analysis or interpretation, V.G., A.G., F.I. and S.C.; Drafting of the manuscript, V.G., A.P. and
T.D.B.R.; Critical revision of the manuscript for important intellectual content, A.R., V.B. and L.I.
(Lorena Incorvaia); Statistical analysis, L.C. and E.F.; Administrative, technical, or material support,
G.B., L.I. (Lavinia Insalaco) and M.B.; Study supervision, V.B. and A.R. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and the protocol was approved by Ethics Committee Palermo I (Statement No. 02/2020,
approved on 19 February 2020).

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

https://www.mdpi.com/article/10.3390/cancers14236013/s1
https://www.mdpi.com/article/10.3390/cancers14236013/s1


Cancers 2022, 14, 6013 13 of 14

Data Availability Statement: The datasets used and analyzed in the course of this study are available
from the corresponding author upon reasonable request.

Acknowledgments: V.G., M.L.M. and S.C. contributed to this work under the Doctoral Program in
Experimental Oncology and Surgery, University of Palermo.

Conflicts of Interest: A.R. reported personal fees from Bristol, Pfizer, Bayer, Kyowa Kirin, Ambrosetti
for advisory board activity and a speaker honorarium from Roche Diagnostics, outside from the
submitted work. The remaining authors declare no potential conflict of interest.

References
1. Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer statistics, 2022. CA Cancer J. Clin. 2022, 72, 7–33. [CrossRef] [PubMed]
2. Russo, A.; Incorvaia, L.; Del Re, M.; Malapelle, U.; Capoluongo, E.; Gristina, V.; Castiglia, M.; Danesi, R.; Fassan, M.; Giuffrè, G.;

et al. The molecular profiling of solid tumors by liquid biopsy: A position paper of the AIOM–SIAPEC-IAP–SIBioC–SIC–SIF
Italian Scientific Societies. ESMO Open 2021, 6, 100164. [CrossRef] [PubMed]

3. Rolfo, C.; Mack, P.; Scagliotti, G.V.; Aggarwal, C.; Arcila, M.E.; Barlesi, F.; Bivona, T.; Diehn, M.; Dive, C.; Dziadziuszko, R.; et al.
Liquid Biopsy for Advanced NSCLC: A Consensus Statement From the International Association for the Study of Lung Cancer. J.
Thorac. Oncol. 2021, 16, 1647–1662. [CrossRef] [PubMed]

4. Lone, S.N.; Nisar, S.; Masoodi, T.; Singh, M.; Rizwan, A.; Hashem, S.; El-Rifai, W.; Bedognetti, D.; Batra, S.K.; Haris, M.; et al.
Liquid biopsy: A step closer to transform diagnosis, prognosis and future of cancer treatments. Mol. Cancer 2022, 21, 79. [CrossRef]

5. Fernandes, M.G.O.; Sousa, C.; Reis, J.P.; Cruz-Martins, N.; Moura, C.S.; Guimarães, S.; Justino, A.; Pina, M.J.; Magalhães, A.;
Queiroga, H.; et al. Liquid biopsy for disease monitoring in non-small cell lung cancer: The link between biology and the clinic.
Cells 2021, 10, 1912. [CrossRef] [PubMed]

6. Zhou, X.; Li, C.; Zhang, Z.; Li, D.Y.; Du, J.; Ding, P.; Meng, H.; Xu, H.; Li, R.; Ho, E.; et al. Kinetics of plasma cfDNA predicts
clinical response in non-small cell lung cancer patients. Sci. Rep. 2021, 11, 7633. [CrossRef]

7. Siravegna, G.; Marsoni, S.; Siena, S.; Bardelli, A. Integrating liquid biopsies into the management of cancer. Nat. Rev. Clin. Oncol.
2017, 14, 531–548. [CrossRef]

8. Pisapia, P.; Pepe, F.; Gristina, V.; La Mantia, M.; Francomano, V.; Russo, G.; Iaccarino, A.; Galvano, A. A narrative review on the
implementation of liquid biopsy as a diagnostic tool in thoracic tumors during the COVID-19 pandemic. Mediastinum 2021, 5, 27.
[CrossRef]

9. Siravegna, G.; Mussolin, B.; Venesio, T.; Marsoni, S.; Seoane, J.; Dive, C.; Papadopoulos, N.; Kopetz, S.; Corcoran, R.B.; Siu, L.L.;
et al. How liquid biopsies can change clinical practice in oncology. Ann. Oncol. 2019, 30, 1580–1590. [CrossRef]

10. Jiang, T.; Zhai, C.; Su, C.; Ren, S.; Zhou, C. The diagnostic value of circulating cell free DNA quantification in non-small cell lung
cancer: A systematic review with meta-analysis. Lung Cancer 2016, 100, 63–70. [CrossRef]

11. Zhang, R.; Shao, F.; Wu, X.; Ying, K. Value of quantitative analysis of circulating cell free DNA as a screening tool for lung cancer:
A meta-analysis. Lung Cancer 2010, 69, 225–231. [CrossRef] [PubMed]

12. Ng, C.; Pircher, A.; Augustin, F.; Kocher, F. Evidence-based follow-up in lung cancer? Memo Mag. Eur. Med. Oncol. 2020, 13, 73–77.
[CrossRef]

13. Camp, R.L.; Dolled-Filhart, M.; Rimm, D.L. X-tile: A new bio-informatics tool for biomarker assessment and outcome-based
cut-point optimization. Clin. Cancer Res. 2004, 10, 7252–7259. [CrossRef] [PubMed]

14. Viller Tuxen, I.; Barlebo Ahlborn, L.; Mau-Soerensen, M.; Staal Rohrberg, K.; Cilius Nielsen, F.; Oestrup, O.; Westmose Yde, C.;
Richter Vogelius, I.; Lassen, U. Plasma total cell-free DNA is a prognostic biomarker of overall survival in metastatic solid tumour
patients. Br. J. Cancer 2019, 121, 125–130. [CrossRef] [PubMed]

15. Coco, S.; Alama, A.; Vanni, I.; Fontana, V.; Genova, C.; Bello, M.G.D.; Truini, A.; Rijavec, E.; Biello, F.; Sini, C.; et al. Circulating
cell-free DNA and circulating tumor cells as prognostic and predictive biomarkers in advanced non-small cell lung cancer patients
treated with first-line chemotherapy. Int. J. Mol. Sci. 2017, 18, 1035. [CrossRef] [PubMed]

16. Rijavec, E.; Coco, S.; Genova, C.; Rossi, G.; Longo, L.; Grossi, F. Liquid biopsy in non-small cell lung cancer: Highlights and
challenges. Cancers 2020, 12, 17. [CrossRef]

17. Tissot, C.; Toffart, A.C.; Villar, S.; Souquet, P.J.; Merle, P.; Moro-Sibilot, D.; Pérol, M.; Zavadil, J.; Brambilla, C.; Olivier, M.; et al.
Circulating free DNA concentration is an independent prognostic biomarker in lung cancer. Eur. Respir. J. 2015, 46, 1773–1780.
[CrossRef]

18. Hyun, M.H.; Sung, J.S.; Kang, E.J.; Choi, Y.J.; Park, K.H.; Shin, S.W.; Lee, S.Y.; Kim, Y.H. Quantification of circulating cell-free
DNA to predict patient survival in non-small-cell lung cancer. Oncotarget 2017, 8, 94417. [CrossRef]

19. Passiglia, F.; Galvano, A.; Castiglia, M.; Incorvaia, L.; Calò, V.; Listì, A.; Mazzarisi, S.; Perez, A.; Gallina, G.; Rizzo, S.; et al.
Monitoring blood biomarkers to predict nivolumab effectiveness in NSCLC patients. Ther. Adv. Med. Oncol. 2019, 11,
1758835919839928. [CrossRef]

20. Lee, Y.J.; Yoon, K.A.; Han, J.Y.; Kim, H.T.; Yun, T.; Lee, G.K.; Kim, H.Y.; Lee, J.S. Circulating cell-free DNA in plasma of never
smokers with advanced lung adenocarcinoma receiving gefitinib or standard chemotherapy as first-line therapy. Clin. Cancer Res.
2011, 17, 5179–5187. [CrossRef]

http://doi.org/10.3322/caac.21708
http://www.ncbi.nlm.nih.gov/pubmed/35020204
http://doi.org/10.1016/j.esmoop.2021.100164
http://www.ncbi.nlm.nih.gov/pubmed/34091263
http://doi.org/10.1016/j.jtho.2021.06.017
http://www.ncbi.nlm.nih.gov/pubmed/34246791
http://doi.org/10.1186/s12943-022-01543-7
http://doi.org/10.3390/cells10081912
http://www.ncbi.nlm.nih.gov/pubmed/34440680
http://doi.org/10.1038/s41598-021-85797-z
http://doi.org/10.1038/nrclinonc.2017.14
http://doi.org/10.21037/med-21-9
http://doi.org/10.1093/annonc/mdz227
http://doi.org/10.1016/j.lungcan.2016.06.013
http://doi.org/10.1016/j.lungcan.2009.11.009
http://www.ncbi.nlm.nih.gov/pubmed/20004997
http://doi.org/10.1007/s12254-020-00575-3
http://doi.org/10.1158/1078-0432.CCR-04-0713
http://www.ncbi.nlm.nih.gov/pubmed/15534099
http://doi.org/10.1038/s41416-019-0491-9
http://www.ncbi.nlm.nih.gov/pubmed/31186525
http://doi.org/10.3390/ijms18051035
http://www.ncbi.nlm.nih.gov/pubmed/28492516
http://doi.org/10.3390/cancers12010017
http://doi.org/10.1183/13993003.00676-2015
http://doi.org/10.18632/oncotarget.21769
http://doi.org/10.1177/1758835919839928
http://doi.org/10.1158/1078-0432.CCR-11-0400


Cancers 2022, 14, 6013 14 of 14

21. Gautschi, O.; Bigosch, C.; Huegli, B.; Jermann, M.; Marx, A.; Chassé, E.; Ratschiller, D.; Weder, W.; Joerger, M.; Betticher, D.C.;
et al. Circulating deoxyribonucleic acid as prognostic marker in non-small-cell lung cancer patients undergoing chemotherapy. J.
Clin. Oncol. 2004, 22, 4157–4164. [CrossRef] [PubMed]

22. Kumar, S.; Guleria, R.; Singh, V.; Bharti, A.C.; Mohan, A.; Das, B.C. Plasma DNA level in predicting therapeutic efficacy in
advanced nonsmall cell lung cancer. Eur. Respir. J. 2010, 36, 885–892. [CrossRef] [PubMed]

23. Aggarwal, C.; Thompson, J.C.; Chien, A.L.; Quinn, K.J.; Hwang, W.T.; Black, T.A.; Yee, S.S.; Christensen, T.E.; LaRiviere, M.J.;
Silva, B.A.; et al. Baseline Plasma Tumor Mutation Burden Predicts Response to Pembrolizumab-based Therapy in Patients with
Metastatic Non–Small Cell Lung Cancer. Clin. Cancer Res. 2020, 26, 2354–2361. [CrossRef] [PubMed]

24. Garassino, M.C.; Gadgeel, S.M.; Rodriguez-Abreu, D.; Felip, E.; Esteban, E.; Speranza, G.; Hochmair, M.; Powell, S.F.; Garon, E.B.;
Hui, R.; et al. Evaluation of blood TMB (bTMB) in KEYNOTE-189: Pembrolizumab (pembro) plus chemotherapy (chemo) with
pemetrexed and platinum versus placebo plus chemo as first-line therapy for metastatic nonsquamous NSCLC. J. Clin. Oncol.
2020, 38, 9521. [CrossRef]

25. Passiglia, F.; Galvano, A.; Gristina, V.; Barraco, N.; Castiglia, M.; Perez, A.; La Mantia, M.; Russo, A.; Bazan, V. Is there any place
for PD-1/CTLA-4 inhibitors combination in the first-line treatment of advanced NSCLC?—A trial-level meta-analysis in PD-L1
selected subgroups. Transl. Lung Cancer Res. 2021, 10, 3106. [CrossRef] [PubMed]

26. Listì, A.; Barraco, N.; Bono, M.; Insalaco, L.; Castellana, L.; Cutaia, S.; Ricciardi, M.R.; Gristina, V.; Bronte, E.; Pantuso, G.; et al.
Immuno-targeted combinations in oncogene-addicted non-small cell lung cancer. Transl. Cancer Res. 2019, 8, S55. [CrossRef]
[PubMed]

27. Zhang, Q.; Luo, J.; Wu, S.; Si, H.; Gao, C.; Xu, W.; Abdullah, S.E.; Higgs, B.W.; Dennis, P.A.; van der Heijden, M.S.; et al. Prognostic
and predictive impact of circulating tumor dna in patients with advanced cancers treated with immune checkpoint blockade.
Cancer Discov. 2020, 10, 1842–1853. [CrossRef] [PubMed]

28. Anagnostou, V.; Forde, P.M.; White, J.R.; Niknafs, N.; Hruban, C.; Naidoo, J.; Marrone, K.; Ashok Sivakumar, I.K.; Bruhm, D.C.;
Rosner, S.; et al. Dynamics of tumor and immune responses during immune checkpoint blockade in non–small cell lung cancer.
Cancer Res. 2019, 79, 1214–1225. [CrossRef]

29. Ma, Y.; Wang, Q.; Dong, Q.; Zhan, L.; Zhang, J. How to differentiate pseudoprogression from true progression in cancer patients
treated with immunotherapy. Am. J. Cancer Res. 2019, 9, 1546.

30. Galvano, A.; Gristina, V.; Malapelle, U.; Pisapia, P.; Pepe, F.; Barraco, N.; Castiglia, M.; Perez, A.; Rolfo, C.; Troncone, G.; et al.
The prognostic impact of tumor mutational burden (TMB) in the first-line management of advanced non-oncogene addicted
non-small-cell lung cancer (NSCLC): A systematic review and meta-analysis of randomized controlled trials. ESMO Open 2021, 6,
100124. [CrossRef]

31. Soria, J.-C.; Ohe, Y.; Vansteenkiste, J.; Reungwetwattana, T.; Chewaskulyong, B.; Lee, K.H.; Dechaphunkul, A.; Imamura, F.;
Nogami, N.; Kurata, T.; et al. Osimertinib in Untreated EGFR -Mutated Advanced Non–Small-Cell Lung Cancer. N. Engl. J. Med.
2018, 378, 113–125. [CrossRef] [PubMed]

32. Gandhi, L.; Rodríguez-Abreu, D.; Gadgeel, S.; Esteban, E.; Felip, E.; De Angelis, F.; Domine, M.; Clingan, P.; Hochmair, M.J.;
Powell, S.F.; et al. KEYNOTE 189 (adeno): Pembrolizumab plus Chemotherapy (carbo/pemetrexed) in Metastatic Non–Small-Cell
Lung Cancer (adeno). N. Engl. J. Med. 2018, 378, 2078–2092. [CrossRef] [PubMed]
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