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Dynamics of circulating EVs in NSCLC treatment

those on chemotherapy plus pembrolizumab (6.1 months). EGFR-positive
cfEV responders also experienced longer mPFS compared to cfEV

non-responders (35.1 months, 95% CI: 14.9-35.5 vs. 20.8 months, 95% CI:

(Received 26 February 2024, revised 17 July
2024, accepted 10 September 2024,
available online 9 January 2025)

11.2-30.4). This study suggested that monitoring circulating EV could pro-
vide valuable insights into treatment efficacy in NSCLC, particularly for

patients receiving pembrolizumab or osimertinib.

doi:10.1002/1878-0261.13737

1. Introduction

Despite the increasing availability of diagnosis and per-
sonalized therapeutic approaches, most patients with
non-small cell lung cancer (NSCLC) usually present
with an advanced stage of disease, regrettably showing
very low 5-year survival rates [1]. Although several bio-
markers have been described in this complex scenario
[2-4], there remains an unmet clinical need for the dis-
covery of dynamic in vivo biomarkers to refine the clini-
cal management of such patients, predicting response
and prognostics to eventually improve the treatment
sequencing while avoiding ineffective therapies.

Over the last decade, emphasis has been placed on
nano/micrometer-sized vesicles for their role in inter-
cellular communications contributing to tumor growth,
metastasis, angiogenesis, and drug resistance [5]. Extra-
cellular vesicles (EVs) are a heterogeneous group of
double membrane-enclosed vesicles released by all
cytotypes in physiological and pathological conditions
[6]. EVs are classified based on their size, origin, and
release mechanism [7-10], shuttling a plethora of bioac-
tive molecules such as proteins, lipids, metabolites, and
nucleic acids [11-13].

In the liquid biopsy era, albeit the -circulating
cell-free DNA (cfDNA) analysis remains the gold stan-
dard for routine clinical diagnostics [14], the evalua-
tion of EV amount and morphology might be a
complementary tool to assess response and guide the
clinical decision-making process [15]. Accordingly, a
growing body of evidence has proved the utility of cir-
culating EVs as minimally invasive biomarkers in dif-
ferent disease settings, even if often at the preclinical
level [16,17]. Compelling evidence suggests that the
anti-tumor response is a multifaceted process regulated
by intricate interactions among the tumor, the immune
system, and various host factors in which EVs seem to
hold a pivotal role [18,19].

It is firmly established that patients with cancer pre-
sent with a higher proportion of circulating EVs when
compared to healthy subjects [20,21].
Cancer-associated EVs, presenting with a favorable
lipid bilayer structure with high biocompatibility and

inherent targeting ability, have proved to be promising
diagnostic and prognostic biomarkers in cancer
patients, showing great potential for endorsing hierar-
chical management and monitoring clinical outcomes
[20-22]. Therefore, clinical cohort trials in real-life set-
tings are needed to evaluate if serial sampling of
plasma EVs may provide real-time assessment of ther-
apeutic responses while enabling the on-treatment
monitoring of patients with advanced NSCLC.

From this perspective, differing methods of EV iso-
lation and characterization have been set out with
dynamic light scattering (DLS) representing a promis-
ing technique for determining the particle size distribu-
tion in a colloidal suspension such as human plasma
[23]. Making use of the Brownian motion of suspended
particles in a solvent, DLS would enable the analysis
of nanoparticles by evaluating the hydrodynamic
diameter (Dz) and the Rayleigh scattering (R90) to
compare the concentration of equally sized and shaped
nanoparticles [24]. Furthermore, the quantification and
dynamics of EV biophysical properties and total pro-
tein content during first-line systemic treatments have
never been prospectively evaluated as a potential clini-
cal tool in NSCLC.

In this explorative study, we aimed to describe
whether the serial evaluation of plasma tumor-derived
EVs could longitudinally reflect response and resis-
tance to available first-line treatments, investigating
the potential to predict clinical outcomes in patients
with advanced NSCLC.

2. Materials and methods

2.1. Institutional Review Board statement

The study was conducted according to the guidelines
of the Declaration of Helsinki and approved by
Palermo 1 Institutional Ethic Review Board (Statement
No. 02/2020, approved on 19 February 2020, AIFA
code CE 150109). Informed consent was obtained from
all subjects involved in the study.
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Fig. 1. Graphical scheme design of the LEXOVE prospective study. Line A shows patients’ accrual according to tissue predictive molecular
pathology following clinical practice guidelines. Line B depicts complementary evaluation of plasma samples for extracellular vesicles (EVs)
analyses at baseline and the first radiologic evaluation of disease within 12 + 1 weeks (W12): circulating EV isolation was carried out using
serial centrifugation steps followed by a membrane affinity-based commercial method (exoEasy-kit); isolated EVs were characterized using
either western blot (WB) to determine EV-based markers, Dynamic Light Scattering (DLS) to assess the amount and the size distribution of
EVs (R90, Rayleigh ratio excess at angle 90°; Dz, z-averaged hydrodynamic diameter; PDI, polydispersity index) or Bradford assay (BA) for
the quantification of circulating EV protein content (cfEV, cell-free EV). FFPE, formalin-fixed paraffin-embedded; IHC, immunohistochemistry;
NA, nucleic acids; NGS, next-generation sequencing; RT-PCR, real-time-polymerase chain reaction.

2.2. Study design and patients

The Lung EXtracellular VEsicles (LEXOVE) study is a
prospective cohort observational trial aiming to investi-
gate circulating EVs as potential and minimally invasive
biomarkers for monitoring and prognostics of
treatment-naive patients with advanced NSCLC under-
going standard first-line treatments (Fig. 1). From Feb-
ruary 2020 to May 2022, patients with advanced
NSCLC treated at the Medical Oncology Unit of Paolo
Giaccone University Hospital of Palermo, Italy, were
consecutively enrolled. Paired blood samples were col-
lected at baseline (T0) and the first radiologic evaluation
of disease within 12 + 1 weeks (T1 or W12) during the
treatment course. The collected plasma samples were
used to isolate EVs that were characterized by DLS and
Bradford assay (BA). All the patients underwent a com-
puterized tomography scan every 3 months and radio-
logic responses were classified according to the
Response  Evaluation Criteria in  Solid Tumors
(RECIST) version 1.1. Clinical and pathological

characteristics of all patients included in our study were
retrieved from the clinical records available. Inclusion
criteria considered: (a) Eastern Cooperative Oncology
Group (ECOG) Performance Status (PS) of < 2; (b)
patients with histologically- or cytologically documen-
ted NSCLC with unresectable stage IIIB-C or Stage IV
Disease (according to version 8§ of IASLC TNM) who
were treatment-naive and eligible for first-line active sys-
temic treatment according to clinical practice (osimerti-
nib [osi], alectinib, pembrolizumab [pembro] or
platinum  chemotherapy  [CT]-based  treatments
[CT +/— pembro]). Exclusion criteria included (a)
patients with other malignant tumors; (b) patients with
ECOG PS > 3; (c) patients who received prior systemic
oncological treatment; (d) patients with mental illness
prohibiting informed consent. Of note, to reduce the
interference with EVs isolation and kinetics, only
patients not affected by other medical conditions and
not receiving other concomitant medications were
finally considered for study analysis. The study was con-
ducted following the Declaration of Helsinki, and the
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protocol was approved by The Ethics Committee
Palermo I (AIFA code CE 150109). Again, experiments
were undertaken with the understanding and written
consent of each subject.

2.3. Tumor tissue collection, nucleic acids
extraction and molecular analysis

Tumor tissue was obtained by systematic biopsy at base-
line and stored as a formalin-fixed paraffin-embedded
(FFPE) sample at the Department “G. D’Alessandro”,
Pathology Institute, University of Palermo and at other
referring Pathology Units. All FFPE and plasma sam-
ples were analyzed in the Laboratory of Molecular
Oncology at the “Regional Reference Center for the
prevention, diagnosis and treatment of rare
heredo-familial cancers of adults Medical Oncology”
(Medical Oncology Unit, A.O.U.P. “P. Giaccone”, Uni-
versity Hospital of Palermo). The mutational status for
the detection of oncogene addiction was tested on the
thickness of 10 um tissue sections obtained from biopsy
at baseline or resected tumor tissue stored as FFPE sam-
ples. PD-L1 immunohistochemistry (IHC) was carried
out on 4-um sections of FFPE tumor tissue samples
using Dako PD-L1 IHC 28-8 PharmaDx (Agilent, Santa
Clara, CA, USA) and evaluated by a trained pathologist
according to the tumor proportion score (TPS), defined
as the percentage of positive viable tumor cells among
all viable tumor cells evaluated. DNA and RNA nucleic
acids were extracted from six 10 um thickness FFPE tis-
sue sections with an adequate percentage of neoplastic
cells >20%. The genomic DNA and RNA were
extracted from FFPE tissue using the QIAmp FFPE
Tissue Kit and RNeasy FFPE kit (Qiagen, Hilden, Ger-
many), respectively, and quantified in terms of ng-pL ™"
using Qubit™ dsDNA HS Assay Kit and Qubit™ RNA
HS Assay Kit (ThermoFisher Scientific, Foster City,
CA, USA), respectively. According to clinical practice,
10 ng of both DNA and RNA including EGFR, BRAF,
KRAS, ALK, ROSI genes alterations, MET amplifica-
tion, and eventually the gene fusion transcripts were
tested using the Oncomine™ Focus DNA/RNA panel.
Moreover, the Oncomine™ RNA assay offered the
opportunity to evaluate the 5'/3’ imbalance ratio at the
ALK, ROSI, RET and NTRK genes as a fusion signa-
ture independently by the unknown partner. Libraries
were quantified by Ion Library TagMan™ quantifica-
tion kit on QuantStudio7 Pro Real-Time PCR System
(Applied Biosystem, Waltham, MA, USA) using DESIGN
& aNaLysis Software v2.4.3. The analytical sensitivity of
the assay achieved at an allelic frequency > 5% was
100%, but the performance of every single run was
referred to the data. The data were tested on an
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amplicon-based sequencing platform ITon Torrent S5™
System (Thermo Fisher Scientific, Waltham, MA,
USA). The Oncomine Focus-520-w.30-DNA-Single
Sample and the Oncomine Focus-520-w.30-Fusions-
Single Sample represented the workflow applied for the
analysis of DNA and RNA samples. To test the reliabil-
ity of data for DNA sequencing, we complied with the
following thresholds: mapped read > 300 000.00, mean
read length > 75 bp, uniformity > 90%, and mean raw
accuracy > 99%. For RNA sequencing, we considered
an analysis with mapped read > 50 000, mean read
length > 60 bp, and expression controls detected > 3
out of 5. The data of DNA sequencing were analyzed
with Ion Torrent TORRENTSUITE™™ (TS, version 5.18) pro-
cessing the plug-in of Coverage Analysis and Variant
Caller. INTEGRATIVE GENoMIcs VIEWER (IGV v2.4.1,
https://igv.org/) [25] was used to visibly evaluate the
alignments of sequences. Pathogenetic changes in DNA
and RNA sequences with the related percentage of alle-
lic frequency were annotated, only for DNA analysis,
by 10N REPORTER Software v5.18 (Thermo Fisher Scien-
tific, Waltham, MA, USA) applying the filter chains
Oncomine variants for default use and DEFAULT FUSION
viEw 5.18 (Thermo Fisher Scientific, Waltham, MA,
USA), respectively, and were described using the
Human Genome Variation Society (HGVS) standard
nomenclature. To confirm the data of common patho-
genic variants or the cases of poor quality and quantity
DNA, 15-30 ng of DNA was amplified using EasyPGX
ready EGFR/BRAF/KRAS kit with a LOD of 5%. After
about 2 h run, the data obtained on Real-Time
EasyPGX System (Diatech Pharmacogenetic, Jesi AN,
Italy) were analyzed using EAsypGx Analysis Software
v4.0.10 (Diatech Pharmacogenetics srl, Jesi, Italy).

2.4. Blood samples and plasma separation

Blood samples (5 mL) were collected into K, EDTA
tubes (BD Vacutainer®) early in the morning with fast-
ing required. Blood samples from included patients were
collected at baseline before the first drug administration
and at each instrumental disease re-evaluation during
the treatment course according to clinical practice. As
previously described [26], blood specimens were immedi-
ately processed for plasma collection and centrifuged
twice. The first refrigerated centrifugation was per-
formed using low force for 10 min at 1200 g to retain
the vast majority of EVs and exclude cellular material.
The second centrifugation was carried out for 10 min at
16 000 g to completely remove some of the large vesicles
including cellular fragments and cell debris. Sample pro-
cessing was carried out within 15 min of blood collec-
tion. An aliquot (2 mL) of collected plasma was
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immediately processed for isolating EVs, whereas other
aliquots were frozen at —80 °C for subsequent biophysi-
cal or biological analysis. Further, to remove the cryo-
precipitates, the appropriately thawed plasma aliquot
was centrifugated for 5 min at 3000 g and 4 °C before
the EV isolation steps.

2.5. Extracellular vesicles isolation

According to the most recent ISEV guidelines [27], fol-
lowing serial centrifugation steps, EVs were isolated
using a membrane affinity-based method [9,28]. Briefly,
EVs were isolated using the exoEasy Maxi Kit (Qia-
gen), based on a membrane affinity purification
method, according to the manufacturer’s protocol.
Specifically, non-vesicular proteins along with organic
polymers and other impurities were washed out during
a column-based centrifugation procedure using such a
membrane affinity method.

2.6. Extracellular vesicles characterization by
western blot

Extracellular vesicles were analyzed to detect specific
proteins well-known as markers of the EV population.
Twenty microgram of EVs were resolved by Novex Bis-
Tris SDS-acrylamide gels ( Thermo Fisher Scientific,
Waltham, MA, USA) in reducing conditions and with
heating. After the electrophoresis, proteins were trans-
ferred to nitrocellulose membranes (GE Healthcare Life
Sciences, Boston, MA, USA) and non-specific binding
sites were blocked by incubating membranes in a block-
ing solution: 10% non-fat dry milk (Sigma-Aldrich, St.
Louis, MO, USA) in Tris-Buffer Saline, 0.1% Tween
(TBS-T), for 60 min, at room temperature. Then, mem-
branes were incubated overnight at 4 °C with monoclo-
nal anti-TSG-101 (dilution 1 : 500; sc-7964) and ALIX
(dilution 1 : 500; sc-53540) antibodies; anti-CD63
(clone MX49; dilution 1 : 200; sc-5275) and anti-CD81
(clone: B11; dilution 1 : 1000; sc-166029); after three
washes in TBS-T, the membranes were incubated with
specific secondary HRP-antibodies (dilution 1 : 10 000)
for 1 h (Santa Cruz Biotechnology Inc, Dallas, TX,
USA). Chemiluminescence was detected using the Che-
midoc system (BioRad, Hercules, CA, USA).

2.7. Extracellular vesicles characterization by
dynamic light scattering

Dynamic light scattering assay was used to evaluate
the biophysical biomarker of an aliquot of isolated
EVs from patients using PBS and a commercial elution
buffer (XE; Qiagen) as negative controls. Each isolated
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EV sample was poured directly into a quartz cuvette
and centrifugated at 1000 g for 10 min and 4 °C to
remove any dust particles. Subsequently, isolated EVs
were placed at 20 °C in a thermostatic cell compart-
ment of a BI200-SM goniometer (Brookhaven Instru-
ments, Nashua, NH, USA) equipped with a He-Ne
laser (JDS Uniphase 1136P) at 633 nm and a single
pixel photon counting module (C11202-050; Hamama-
tsu, Hamamatsu City, Japan). The scattered light
intensity and its time autocorrelation function g2(¢)
were measured simultaneously at 90° by using a BI-
9000 correlator (Brookhaven Instruments). Absolute
values for scattered intensity (excess Rayleigh ratio at
90°, R90) were obtained by normalization to toluene
and subtraction of the buffer signal [29]. R90 is pro-
portional to the particle number concentration N, the
squared weight-averaged mass (Mw),, and the form
factor P(q); therefore, in the case of particles with the
same size and shape, it can be considered as a rough
esteem of the vesicle amount [30]. The autocorrelation
functions were fitted by a two-component Schultz dis-
tribution for the diffusion coefficient D [31,32]. Then,
the intensity-weighted distribution of hydrodynamic
radii Dy is determined by using the Stokes-Einstein
relation D = (kgT)/(3tnDy), where kg is the Boltz-
mann constant, 7 is the temperature, and m is the
medium viscosity, that is assumed to be the same as
PBS. Indeed, a DLS measurement was performed both
on a vesicle sample in buffer XE and the same sample
in PBS. This buffer exchange was performed by
HPLC-SEC run on a Sepharose CL-2B column
by recovering the void volume fraction to eliminate
the small-sized particles due to buffer XE. The first
component of the distribution (not shown) amounts to
< 5% of the signal and refers to small-size particles
(< 20 nm) present in the samples. By considering the
second component of the distribution, which is related
to vesicles, one measures the average and the normal-
ized variance, corresponding to the z-averaged hydro-
dynamic diameter (Dz) and the polydispersity index
(PDI) of vesicle distribution, respectively [33].

2.8. Extracellular vesicles quantification by
Bradford assay

Extracellular vesicle protein levels defined as cell-free
EV protein content (cfEV) were determined using BA.
In brief, 10 pL of EVs resuspended in PBS were added
to 200 pL of Coomassie Protein Assay Reagent
(Pierce, Rockford, IL, USA). The absorbance at
595 nm was measured using the spectrophotometer
(SPECTROstar nano; BMG LABtech, Ortenberg,
Germany). The protein concentration was calculated
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using a standard curve of a dilution series of bovine
serum albumin (BSA; Merck, Darmstadt, Germany)
according to standard protocols from our group [34].

2.9. Statistical considerations

Descriptive statistics were used to analyze demographic
and clinical data. According to radiologic response, effi-
cacy was defined as responsive (complete response [CR]
or partial response [PR]) or non-responsive disease (sta-
ble disease [SD] or progressive disease [PD]), based on
the standard RECIST 1.1 criteria. A paired Wilcoxon
test was used to compare the mean EV plasma levels
before and after the treatment course. Regarding cfEV,
we dichotomized values as > and < 20% indicating the
change from baseline cfEV to higher and lower levels,
respectively, after the initiation of treatment. The
Kaplan—Meier method was used to perform survival
analysis providing median values and their 95% confi-
dence interval (CI) with P-values, while the log-rank test
was selected for comparisons. Univariable and multivari-
able analyses were performed using the Cox propor-
tional hazards regression models. The multivariable
model included as covariates all pretreatment clinically
meaningful parameters and/or statistically significant P-
values at univariable analysis. A logistic regression
model was performed to evaluate the relationship
between one or more independent variables with a
dependent one. Progression-free survival (PFS) was cal-
culated from the date of study inclusion to the first evi-
dence of disease progression or death from any cause or
censored at the most recent follow-up. A P-value < 0.05
was used as the threshold for statistical significance. All
the statistical analyses were performed using the spss STA-
TISTICS software, version 20 (IBM, Armonk, NY, USA).

3. Results

With a median follow-up of 34.2 months (range: 24.8—
42.0 months), among 87 patients meeting the eligibility
criteria, 27 consecutive patients with advanced NSCLC
and no other medical conditions or concomitant medi-
cations were prospectively included. Briefly, a total of
135 liquid biopsy samples were collected isolating EVs
from 27 patients at baseline with paired available
plasma samples at disease radiologic re-evaluation. To
understand if EV biophysical properties can be used as
complementary tools to assess cancer response in the
clinical setting of advanced NSCLC, we further cate-
gorized the overall population by specific treatment
subgroups (osi, pembro, and CT +/— pembro). Clini-
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3.1. Plasma EVs characterization and frequencies
over treatment

Specific markers, protein content, size, and amount of
plasma EVs were examined (Fig. 2). Isolated EVs were
characterized by western blot (WB) revealing conven-
tional cytosolic EV markers such as Alix and TSG-101
(Fig. 2A) together with multi-pass transmembrane pro-
teins such as tetraspanins CD63 and CD81 (Fig. 2B).
Four representative samples (one for each specific
treatment subgroup at TO and TI1) are shown in
Fig. 2A. The assessment of EV-associated category 1
and 2 proteins confirmed the presence of EV features
that did not show any on-treatment intraindividual
differences between baseline and disease restaging
(Fig. 2A,B). Morphological analysis of EVs was per-
formed by DLS taking into consideration R90, Dz,
and PDI values both at TO and T1 (Figs 3 and 4).
DLS showed a Dz value ranging from 183 to 260 nm
with an average size of 228.5 and 233.7 nm at baseline
and restaging, respectively, without any on-treatment
significant differences in diameters (P = 0.24) (Figs 2C,
D and 3, Table S2). An average R90 value of 2964.75
and 2315.54 x 107® cm™' was found at TO and T1
with no significant changes regarding the amount of
EVs over therapy (P = 0.21) (Fig. 3, Table S2). We
observed an average PDI value of 0.21 and 0.18 at
baseline and restaging, showing statistically significant
differences in the width of distribution size of EVs
over treatment (P = 0.03) (Fig. 3, Table S2). BA of
plasma EVs showed a mean protein value of purified
cfEVs of 1.26 and 1.49 ug-mL~" at baseline and resta-
ging, respectively, resulting in statistically significant
changes during the treatment course (P = 0.02) (Fig. 3,
Table S2).

3.2. Association of plasma EVs dynamics with
survival according to treatment subgroups

As previously evaluated for cfDNA kinetics [26], we
evaluated the dynamics of ¢fEV in the overall cohort
population and across treatment subgroups according
to available plasma samples, detecting a 20% median
increase of cfEV as the cut-off point for analyses of
patients receiving osi, pembro or CT +/— pembro.
Overall, 13 patients with A cfEV decrease had clinically
improved mPFS (25.2 months, 95% CI: 14.9-35.5)
when compared to 11 patients with A cfEV increase
(8.3 months, 95% CI: 3.6-12.9), trending to the formal
significance (P = 0.07) (Fig. 5). Namely, dealing with
treatment subgroups, patients receiving single-agent

copathological characteristics are summarized in pembro with decreasing A cfEV levels presented with a
(Table S1). statistically improved mPFS (25.2 months, 95% CI:
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Fig. 2. Extracellular vesicles (EVs) characterization: Western blot showing positive EV staining for ALIX and TSG-101 (A), CD63 and CD81
(B) both at baseline (T0) and restaging (T1) timepoint; Dynamic Light Scattering: P(D;) curves represent the size distribution of EVs isolated
at TO (C) and T1 (D) from plasma of treatment-naive patients with advanced NSCLC undergoing first-line systemic treatments. CT,
chemotherapy; Dz, z-averaged hydrodynamic diameter; osi; osimertinib; P(Dy,), distribution function of the hydrodynamic diameter; pembro,

pembrolizumab.

11.7-38.8) compared to those patients with increasing A
cfEV (6.8 months, 95% CI: 0-6.8) (P = 0.04). To the
contrary, no differences in mPFS according to A cfEV
were observed in the CT +/— pembro group (6.1 [95%
CL: 1.1-11.1] vs. 8.3 months [95% CI. 7.7-10.1];
P =0.9). Intriguingly, EGFR-positive patients receiving
osi with A cfEV decrease tended to experience longer
mPFS (35.1 months, 95% CI: 14.9-35.5) as compared
to patients with increasing A cfEV values (20.8 months,
95% CI: 11.2-30.4) (P = 0.06). Figure 6 depicts the
Kaplan—Meier plot of PFS according to treatment sub-
groups in patients with A cfEV decrease.

3.3. Univariable and multivariable associations
between potential risk factors and extracellular
vesicles dynamics

Different clinical variables were evaluated as potential
independent risk factors for PFS or cfEV dynamics
using Cox proportional hazards regression analysis.
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The tested variables were gender, age, smoking status,
histology, treatment, tissue PD-L1 expression levels,
and cfEV kinetics. Finally, the multivariable analyses
suggested ECOG PS of 2 as the only independent risk
factor for survival whereas none of the tested clinical
parameters resulted in significantly affecting the cfEV
dynamics during the treatment course (Tables S3 and
S4).

3.4. Longitudinal monitoring by liquid
biopsy data

Finally, focusing on patients with sufficient biospeci-
mens for EV analysis and at least two clinical follow-
ups for therapeutic assessment, here we report the
graphical representation of the results of the longitudi-
nal monitoring by liquid biopsy (R90 and cfEV)
(Fig. 7). Interestingly, dealing with the EGFR-positive
subgroup, one patient with R90 increasing value faced
a rapidly progressive disease (Fig. 7D) whereas the
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other four patients with R90 decreasing values are still
responding to treatment (Fig. 7E-H, Table S2).

4. Discussion

Despite emerging personalized treatments have dra-
matically changed the clinical practice of NSCLC,
unfortunately, the prognosis of such patients with
advanced disease remains poor with treatment
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response being regrettably confined to specific subsets
of patients [35]. In the precision oncology era, research
on biomarker-driven treatment has been rapidly evolv-
ing with different liquid biopsy analytes being inten-
sively investigated for diagnosis and prognostication in
the most common solid tumors [14]. Over the last
decade, a growing body of emerging preclinical data
supported the investigation of EVs as a compelling
source of cancer biomarkers leading to differing
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retrospective series that evaluated the sampling of the significance of EV contents in ex-vivo samples from
plasma EVs as a promising approach to dynamically prospective clinical cohort trials remains poorly under-
track the real-time cancer behavior [36,37]. However, stood. In this fascinating scenario, we designed a
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prospective biomarker trial to evaluate the dynamics
of plasma EVs profile as prognostic and/or predictive
biomarkers in the first-line clinical setting of NSCLC.

First, we demonstrated the feasibility of isolating
and characterizing EVs from the plasma of treatment-
naive patients in a real-life setting of advanced
NSCLC. To improve the separation efficiency and
enrichment during the isolation steps, we used serial
centrifugation steps followed by a membrane affinity-
based method that could yield purified vesicle fraction
by largely removing co-isolating structures (such as
protein complexes or lipoproteins, especially abundant
in plasma), thus confirming the improved performance
of combined isolation methods when dealing with clin-
ical samples [38,39]. EV characterization, through the
evaluation of well-known protein markers, was
assessed by WB. EV size was analyzed by integrating
DLS, a Brownian motion-based technique that evalu-
ated the integrity and purity of EVs, taking into con-
sideration R90, Dz and PDI for the estimation of the
amount, diameter, and size distribution of EVs, respec-
tively. EVs were further characterized using BA, a
cheap and easy-to-use colorimetric assay that informa-
tively quantified the protein amount of purified EVs in
our cohort. This was consistent with previous reports
that however used dissimilar techniques such as trans-
mission electron microscopy and flow cytometry [40].
Finally, considering a PDI value not > 0.4 in the entire
cohort, we detected a homogenous population of vesi-
cles within monodispersed plasma samples [41]. Note-
worthy, it should be considered that the biological
response of EV cargo could be affected by its disper-
sion state and solubility in plasma. In our study, com-
pared to microscopy techniques, DLS provided
additional data of paramount significance on the bio-
distribution of nanoparticle properties. An added
advantage is that DLS is not time-consuming, not as
technically challenging, and does not result in any
sample loss, making it a valuable approach for the
quantification of plasma EV levels and the detection
of residual small-sized co-isolates, especially when
dealing with scant and precious patients’ plasma sam-
ples [42]. These data support the use of DLS as a valid
technique for characterizing in vivo EVs with a low
limit of detection from the plasma of patients with
advanced NSCLC, confirming previous findings from
other solid tumors [43,44]. In addition, we leveraged
the combination of DLS with BA to improve sample
characterization and further investigate EV protein
content, demonstrating that this approach in NSCLC
patients allowed a quantitative and high-throughput
characterization of purified EVs even in cases of lim-
ited sample volume.
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Then, we asked whether the dynamics of plasma EVs
from baseline to first radiologic restaging could unveil
patients’ survival according to specific treatment sub-
groups. We observed that the level of plasma EV pro-
teins and the width of EV distribution were
significantly affected over time by the treatment course
whereas EV diameters did not show any statistically sig-
nificant on-treatment variations. Interestingly, in the
overall cohort, we observed that dynamic EV protein
changes were associated with sustained treatment
responses and clinically improved survival since
responders exhibited decreasing levels of cfEV com-
pared to a significant increase in non-responders. Strik-
ingly, this was clinically prominent in those patients
receiving single-agent pembro or osi, compared to those
patients undergoing chemotherapy +/— pembro. In the
pembro subgroup, the A ¢fEV was significantly associ-
ated with survival (P = 0.04) whereas in the osi arm the
threshold for statistical significance was not formally
reached (P = 0.06). Considering such survival advan-
tage in patients presenting with cfEV decreasing levels,
it could be argued that, especially in the EGFR-positive
population, EV dynamics can mediate the EV translo-
cation of functionally active receptors and ligands in
the cell-cell communication process with local and dis-
tant cells, as emerged over the past decade [45]. Impor-
tantly, we proved that cfEV kinetics was not affected
by any baseline patients’ clinical characteristics while,
in line with other evidence, the multivariable analysis
identified only ECOG PS as a potentially interfering
risk factor associated with worse survival in the overall
cohort [46].

The limitations of this study include the non-
randomized design, the small sample size, the heteroge-
neity of clinical-pathological characteristics, and the
lack of results in terms of overall survival. As regards
the limited sample size, it should be noted that, to
strictly limit any selection or sample analysis biases
affecting the outcome of EV experiments, according to
the latest ISEV guidelines we only considered and
tested fasting plasma from a real-life consecutive series
of advanced NSCLC patients presenting with no other
co-existing medical conditions or concomitant medica-
tions [27]. Moreover, to test for the variability of EV-
based features and to further validate our results, we
analyzed matched intraindividual plasma samples with
repeated plasma samples serving as controls not even-
tually affected by individual differences. Considering
the immature follow-up and the absence of enough
death events, here we did not present any results of
EV dynamics in terms of overall survival that would
however have been affected by subsequent treatment
lines. Besides, a significant constraint could regard the
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use of DLS that could not characterize the specific
phenotype of the isolated EVs, albeit resulting to be
extremely useful when characterizing precious plasma
samples. In this regard, despite the need for optimizing
its analytical validity, integrating the evaluation of
plasma stable EVs could contribute to improving the
performance of liquid biopsy assays for treatment
monitoring and stratification, avoiding biased and
inaccurate results that would derive from time-
consuming and costly omics analyses carried out on
often degraded and contaminated cfDNA. This proof-
of-concept study provided preliminary evidence on the
potential role of plasma EVs as circulating biomarkers
generating a study hypothesis that should be ade-
quately addressed by larger prospective trials for
obtaining accurate, reliable, and fast biomarkers of
treatment response, mostly in those patients who are
candidates to receive first-line single-agent pembro
or osi.

5. Conclusions

The results of this study showcased the feasibility of the
serial on-treatment monitoring of plasma EVs in the
first-line setting of NSCLC, providing an added value in
the real-time monitoring of treatment response which is
more prominent in those patients receiving first-line
single-agent pembro or osi. Besides the efficacy of the
isolation methods and the purity of the retrieved EV
fraction, some practical considerations such as costs,
hands-on time, and the total duration of isolating proce-
dures should be pondered [47]. The increased amount of
circulating EVs (R90) and the higher level of associated
proteins (cfEV) might better reflect the biology of
NSCLC. This evidence, together with the increased sta-
bility in plasma, warrants larger controlled studies to
explore EVs as novel promising liquid biopsy bio-
markers even for early cancer detection, as recently out-
lined [48]. Despite contemporary EV research
extensively relies on a wide range of biochemical and
physical analysis methodologies, it is essential to delve
deeper into in vivo samples and validate such differing
EV-based approaches in the clinic for diagnostic and
therapeutic purposes.
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