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ABSTRACT

Antigen fingerprint profiling of tumour-derived extracellular vesicles (TDEVs) in the body fluids is a promising strategy for
identifying tumour biomarkers. In this study, proteomic and immunological assays reveal significantly higher CD155 levels in
plasma extracellular vesicles (EVs) from patients with non-small cell lung cancer (NSCLC) than from healthy individuals. Utilizing
CD155 as a bait protein on the EV membrane, CD155+ TDEVs are enriched from NSCLC patient plasma EVs. In the discovery
cohort, 281 differentially expressed proteins are identified in TDEVs of the NSCLC group compared with the healthy control
group. In the verification cohort, 49 candidate biomarkers are detected using targeted proteomic analysis. Of these, a biomarker
panel of seven frequently and stably detected proteins—MVP, GYS1, SERPINA3, HECTD3, SERPINGI1, TPM4, and APOD—
demonstrates good diagnostic performance, achieving an area under the curve (AUC) of 1.0 with 100% sensitivity and specificity
in receiver operating characteristic (ROC) curve analysis, and 92.3% sensitivity and 88.9% specificity in confusion matrix analysis.
Western blotting results confirm upregulation trends for MVP, GYS1, SERPINA3, HECTD3, SERPING1 and APOD, and TPM4
is downregulated in EVs of NSCLC patients compared with healthy individuals. These findings highlight the potential of this
biomarker panel for the clinical diagnosis of NSCLC.

1 | Introduction constitutes 80%-90% of all lung cancer cases (Molina et al. 2008).

Although lung cancer mortality rates have declined with the
Lung cancer, the leading cause of cancer-related deaths world- recent advancements in clinical diagnostics, such as imaging,
wide, is a significant public health concern (Williams et al. 2023). pathology, molecular typing and liquid biopsy, >70% of patients
Non-small cell lung cancer (NSCLC), primarily lung adenocar-  with lung cancer are still diagnosed at an advanced stage (Herbst

cinoma (LUAD) and lung squamous cell carcinoma (LUSC), et al. 2018; Siegel et al. 2024; Sun et al. 2024). Moreover, the
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5-year survival rate of patients with lung cancer remains poor, and
patients with advanced-stage lung cancer have poorer treatment
outcomes than those diagnosed at an early stage (Tan et al. 2022;
Wang et al. 2022; Reck and Rabe 2017). Therefore, early diagnosis
and intervention are essential for significantly improving patient
survival.

Biomarkers are used to evaluate normal and pathological biolog-
ical processes or responses to exposure or intervention, including
therapies (Group F-NBW 2016). Tumour liquid biopsy includes
the assessment of a series of biomarkers, including serum
tumour markers, circulating tumour cells (CTCs), circulating
tumour DNA (ctDNA), circulating autoantibodies, and tumour-
derived extracellular vesicles (TDEVs) (Fitzgerald et al. 2022; Hu
et al. 2021). These non-invasive or minimally invasive biomark-
ers enable early cancer diagnosis and continuous monitoring
of tumour dynamics, including early therapeutic resistance,
residual disease and recurrence.

The molecular profiles of extracellular vesicles (EVs) are similar
to those of their parent cells (Jeppesen et al. 2019). EVs are
submicron- or micron-sized vesicles secreted by cells, surrounded
by a lipid bilayer, and incapable of self-replication (Dixson et al.
2023). Compared with other circulating biomarkers, EVs have
distinct advantages owing to their abundance, stability, and
diverse expression profiles. However, it has several limitations
as it is an emerging technology. Compared with tissue biopsies,
standardized operating procedures for liquid biopsies encom-
passing the complex and diverse preparation processes for EVs
remain lacking, and interference from normal cell-derived EVs
complicates the definitive attribution of EV biomarkers to tumour
cells (Lane et al. 2018). Moreover, the tumour markers carried by
EVs are not yet fully characterized. Therefore, TDEVs primarily
serve as adjunctive diagnostic tools.

TDEVs carry antigens from tumour cells, which remodel the
tumour microenvironment and influence systemic antitumor
responses early in the disease. The molecular profiles of TDEVs
evolve with tumour progression or treatment response, exhibiting
spatiotemporal specificity (Poggio et al. 2019; Qi et al. 2022;
Xu et al. 2018). Therefore, cancer-related biomarkers can be
effectively identified using TDEVs (Lei et al. 2023; Thuya et al.
2023). However, research and clinical application of TDEVs are
challenging as they constitute only a small portion of the highly
heterogeneous circulating EVs (Barlin et al. 2023).

Extensive research has focused on the molecular profiles of total
EVs from various tumour types, including EVs derived from
lung cancer cell lines and the plasma of patients with lung
cancer (Hoshino et al. 2020; Jakobsen et al. 2015). However,
few studies have isolated and characterized TDEVs from the
total EVs in the plasma of patients with NSCLC. Notably,
miRNA profiling of TDEVs immunocaptured with anti-EpCAM
antibody, miRNAs specific to LUAD and LUSC, and a miRNA
biomarker panel for the diagnosis of NSCLC have been iden-
tified (Jin et al. 2017). However, a comprehensive proteomic
analysis of TDEVs in the circulation of patients with NSCLC
has not yet been reported. Therefore, a detailed understanding
of the tumour antigen fingerprints of NSCLC TDEVs remains
lacking.

This study aimed to establish a molecular profile of NSCLC
TDEVs distinct from that of healthy individuals through compar-
ative proteomics. Notably, CD155, as a transmembrane glycopro-
tein, is strongly relevant to NSCLC deterioration and was found
to be significantly elevated in NSCLC tumour tissues and plasma
EVs. Subsequently, CD155 served as a bait for the immunocapture
of CD155+ TDEVSs from the plasma EVs of patients with NSCLC.
We then analysed differentially expressed proteins (DEPs) in
these TDEVs and compared them with those in the plasma EVs
of healthy individuals. Furthermore, these DEPs were quantita-
tively detected through targeted proteomics to identify a panel
of seven proteins (MVP, GYS1, SERPINA3, HECTD3, SERPINGI,
TPM4 and APOD) with excellent diagnostic potential for NSCLC
using stepwise machine learning.

2 | Materials and Methods

2.1 | Cell Lines and Cell Culture

Human NSCLC cell lines (A549, H1975, H460 and SK-MES-
1) were obtained from the National Infrastructure of Cell Line
Resource. Human bronchial epithelial cell lines (BEAS-2B and
BEP-2D), a human alveolar epithelial cell line (HPAEpiC) and
HEK293T were obtained from BioDee (Beijing, China). SK-MES-1
cells were cultured in MEM basic medium (Gibco, C11095500BT)
supplemented with 10% foetal bovine serum (FBS) (GenStar,
#C504-10), and penicillin-streptomycin (Macgene, CC004). The
remaining cells were cultured in DMEM medium (Gibco,
C11995500BT) supplemented with 10% FBS and penicillin-
streptomycin. For the isolation of EVs, when the cells reached
approximately 80% confluence, they were cultured in medium
without FBS. All cell lines were maintained in a humidified
incubator at 37°C with 5% CO, and screened regularly to ensure
that they were free of Mycoplasma contamination.

2.2 | Clinical Specimens

A total of 355 plasma samples were collected from 108 patients
with LUAD, 31 patients with LUSC, and 216 healthy individuals
at Shiyan Renmin Hospital. All the donors provided informed
consent to participate in this study. Detailed clinical information
regarding healthy controls and patients with NSCLC is presented
in Table S1. This study was conducted in accordance with
the International Ethical Guidelines for Biomedical Research
Involving Human Subjects and approved by the Research Ethics
Committee of Renmin Hospital, Hubei University of Medicine.
Blood samples were collected from donors in the morning after an
overnight fast. Using a 22-gauge straight needle, blood was drawn
from the median cubital vein with mild tourniquet application.
A total of 3 mL of peripheral blood was collected from each
donor. The blood collection tubes were gently inverted 6-10
times to ensure thorough mixing of the anticoagulant with the
blood. The tubes were then transported in a medical insulated
box (4-8°C) to the laboratory within 15 min. The blood was
centrifuged at 1500 x g for 10 min at 4°C, and the resulting
plasma was transferred to a new tube and centrifuged again at
2500 x g for 10 min at 4°C. After centrifugation, the plasma was
aliquoted into a clean polypropylene centrifuge tube and stored
at —80°C until EV isolation. Tissue microarrays (TMAs) included

20f16

Journal of Extracellular Vesicles, 2025



75 NSCLC tumour tissue samples (30 LUSC, 35 LUAD, seven
adenosquamous carcinomas and three large cell carcinomas),
and 75 paired adjacent lung tissue samples were purchased from
Shanghai Outdo Biotech. The preparation of TMAs was approved
by the Research Ethics Committee of Shanghai Outdo Biotech.

We randomly selected 19 plasma samples from a control group of
133 healthy individuals and pooled them at 13 mL per sample for
the quantitative proteomics of immunocaptured EVs. Similarly,
we selected nine plasma samples from 45 individuals diagnosed
with NSCLC and pooled them at the same volume. Individual
plasma samples were used for parallel reaction monitoring (PRM)
verification and immunological detection.

2.3 | Isolation of EVs

EVs were isolated from plasma or culture supernatants via
sequential ultracentrifugation. The plasma EV isolation process
followed the Standardized Reporting Tool for Blood EV Research
(Human) (Lucien et al. 2023). Before EV isolation, quality con-
trol measurements of plasma samples were performed using a
haematology analyser (HEMAVET HV950). Only plasma samples
meeting the quality control criteria were used for subsequent EV
isolation. Briefly, supernatants (plasma diluted 1:10 in PBS) were
centrifuged at 300 x g for 10 min, 1000 X g for 15 min and 3000 X g
for 20 min at 4°C to remove dead cells and debris, followed by
centrifugation at 10,000 x g for 30 min at 4°C to eliminate large
vesicles. After filtration through a 0.22 um filter, the supernatants
were transferred to centrifuge bottles (Beckman Coulter, 355622)
and centrifuged at 100,000 X g for 90 min at 4°C using an Optima
XPN-100 ultracentrifuge. For cell culture supernatants, the pellets
were resuspended in PBS and subjected to ultracentrifugation.
The EV pellets were then resuspended in PBS.

For isolating total EVs from plasma, high-abundance proteins,
such as immunoglobulins and albumin, were removed using
protein A/G magnetic beads (MedChemExpress, HY-K0202) and
immunoprecipitated with anti-albumin antibody (Sino Biologi-
cal, 68001-R101). Subsequently, the samples were ultracentrifuged
and resuspended in PBS.

For immunocaptured EVs, after biotinylation of anti-CD155 (Sino
Biological, 10109-RP02) and anti-CD63 (Santa Cruz Biotechnol-
ogy, SC-5275) using a biotinylation kit (Bomeida Life Science,
G-MM-IGT) following the manufacturer’s protocol, 500 ug of
EVs in 500 puL PBS were subjected to immunocapture using
streptavidin magnetic beads charged with biotin-labelled anti-
bodies. Briefly, total EVs from the NSCLC group or the healthy
control group were incubated overnight at 4°C with biotin-
labelled anti-CD155 or anti-CD63 antibodies, respectively. Next,
30 uL of streptavidin magnetic beads (MedChemExpress, HY-
K0208) were added to the EV-antibody complexes and incubated
for 6 h at 4°C. Subsequently, the recovered bead-bound complexes
were washed thrice with wash buffer (0.01% Tween 20 in PBS) and
then boiled with 30 pL of 1x SDS-PAGE loading buffer.

2.4 | Preparation of EV-Depleted Plasma

The diluted plasma was sequentially centrifuged at 300 X g
for 10 min, 1000 X g for 15 min, 3000 x g for 20 min and

20,000 x g for 40 min at 4°C. Subsequently, the supernatant
was ultracentrifuged at 100,000 x g for 16 h at 4°C. The final
supernatant (EV-depleted plasma) was aliquoted and stored at
—80°C for further analysis.

2.5 | Construction of Stable Cell Lines

To generate a stable cell line overexpressing human CD155, the
cDNA encoding CD155 was cloned into the pLVX-T2A-mCherry-
Puro vector. For CD155 gene knockout (KO), a single-guide
RNA (sgRNA) targeting CD155 (human CDI55 sgRNA: 5'-
CACCGCTGTTCGTCACGTTCCCGCA-3’, 5-AAACTGCGGGA
ACGTGACGAACAGC-3’) synthesized by Sangon Biotech (Bei-
jing, China) and cloned into the lentiCRISPRv2 vector (Addgene,
#52961). All constructs were verified by gene sequencing.

Lentiviruses were produced by co-transfecting HEK293T
cells with third-generation packaging plasmids pMD2.G
(Addgene, #12259) and psPAX2 (Addgene, #12260), and either
pLVX-CD155-T2A-mCherry-Puro (for CD155 overexpression)
or lentiCRISPRv2-CD155-KO (for CDI155 knockout), using
Lipofectamine 3000 (Thermo Fisher Scientific, L3000015). The
lentiviral supernatant was collected 48 h post-transfection,
filtered through a 0.45 pm membrane, and used to transduce
H1975 cells with polybrene (10 ug/mL, Beyotime, C0351) for
48 h. Subsequently, transduced cells were then selected with
puromycin (4 pg/mL, Beyotime, ST551) for 1 week. The surviving
cells were sorted using FACSAria IIIu (BD Biosciences),
expanded and validated by immunoblotting and sequencing.

2.6 | Cell Proliferation Assay

H1975 stable cell lines (CD155-overexpressing and CD155-
knockout) and wild-type H1975 cells were seeded into 96-well
plates at a density of 2 x 10° cells per well. Cell proliferation was
assessed using the CCK-8 assay (LABLEAD, CK001) according to
the manufacturer’s instructions. Briefly, 10 uL of CCK-8 reagent
was added to each well, and the plates were incubated at 37°C
for 2 h. The optical density (OD) at 450 nm was measured daily
for three consecutive days using a microplate reader (BIO-TEK,
CYT3MFV). All experiments were performed in triplicate.

2.7 | Immunohistochemistry (IHC) and
Immunofluorescence Staining

Immunohistochemical staining of the TMAs was performed as
previously described (Jin et al. 2024). Briefly, a 1:100 dilution of an
anti-CD155 antibody (Abcam, ab267788) was used, and 43 paired
samples were excluded from subsequent analyses owing to partial
slice escape after staining. Finally, 32 paired specimens, including
15 LUAD and 17 LUSC, were included in the subsequent analyses.

H1975 cells were cultured in confocal dishes (Nest, 801001). Cells
were fixed with 4% paraformaldehyde in PBS for 10 min at room
temperature (25°C). Subsequently, the cells were permeabilized
with PBS containing 0.2% Triton X-100 (Beyotime, ST1723) for
10 min at room temperature, and then blocked with 5% goat serum
(Beyotime, C0265) in PBS for 30 min at room temperature. The
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samples were incubated overnight at 4°C with a 1:100 dilution of
different primary antibodies, including anti-CD155 (Proteintech,
84138-1-RR), anti-CD63 (Santa Cruz Biotechnology, sc-5275), anti-
Rab5 (Santa Cruz Biotechnology, sc-46692) and anti-Rab7 (Santa
Cruz Biotechnology, sc-376362). After washing, the samples were
incubated at 37°C for 60 min with secondary antibodies (goat
anti-rabbit IgG H&L, Abcam, ab150080 or goat anti-mouse IgG
H&L, Abcam, ab150113) at a 1:2000 dilution. Prior to imaging,
the samples were mounted with antifade mounting medium
containing DAPI (Beyotime, P0131). Images were acquired using
a confocal microscope (A1R+, NIKON, Japan) equipped with
405, 488 and 594 nm lasers. Image processing, including the
determination of co-localization scores of CD155 with CD63, Rab5
and Rab7, was performed using NIS-Elements AR 4.60 software
(Nikon, Japan).

2.8 | Quantitative Analysis of IHC Staining

The TMA slides were scanned using an Aperio Scanscope CS2
(Leica Microsystems, Germany) at 200X magnification with a
resolution of 0.5 um/pixel. The background illumination levels
were standardized using a pre-scan procedure. Digital images
representing whole tissue sections were assessed for quality
(Krajewska et al. 2009). The percentage of positive cells and the
average positive intensity were quantified using the ImageScope
analysis software (Aperio Technologies, USA). Scores were allo-
cated as follows: positive area (0, <5%; 1, 5%-25%; 2, 26%-50%;
3, 51%-75%; 4, >75%) and staining intensity (0, negative; 1, weak;
2, medium; 3, strong). The final staining score was computed by
multiplying the scores for staining intensity and the positive area.

2.9 | Characterization of EVs

To characterize the morphology of the isolated EVs, they were
fixed with 2% paraformaldehyde for 5 min. Subsequently, 10 uL
of the EV solution was loaded onto 300-mesh copper electron
microscopy grids coated with thin formvar/carbon film, which
were glow-discharged using PELCO easiGlow (PELCO, 91000).
After negative staining, the EVs were examined using a Tecnai
Spirit transmission electron microscopy (TEM) (FEI Company,
USA) operating at 120 kV.

For immuno-electron microscopy (iEM) analysis of EVs isolated
from cell lines, the grids were washed thrice with PBS after EV
loading. They were then treated with 0.05M glycine for 10 min and
subsequently blocked with PBS containing 1% BSA for 60 min.
The grids were incubated overnight at 4°C with either an anti-
CD155 antibody (Proteintech, 84138-1-RR) or rabbit IgG (Sangon
Biotech, D110502), followed by incubation with anti-rabbit IgG
conjugated to 10 nm gold particles (Solarbio, K1034G-G10).
Finally, the grids were negatively stained and examined by TEM
as described above.

To evaluate CD155 on both the surface and the lumen of
plasma-derived EVs, the EVs were fixed in a mixture of 4%
paraformaldehyde and 0.5% glutaraldehyde in PBS, embedded in
gelatin, and infused with 2.3M sucrose. The gelatin blocks were
frozen in liquid nitrogen, and ultrathin sections (80 nm) were pre-
pared using a Leica EM FC7 ultramicrotome. The sections were

mounted on 100-mesh copper grids using 2% methylcellulose in
2.3M sucrose, blocked with 1% BSA, and immunolabelled with
anti-CD155 (Proteintech, 84138-1-RR) and anti-CD63 (Santa Cruz
Biotechnology, sc-5275) antibodies. They were then incubated
with gold-conjugated secondary antibodies (goat anti-rabbit,
6 nm, Aurion, 25104; goat anti-mouse, 15 nm, Aurion, 25133) and
visualized using TEM following the aforementioned procedures.

The size distribution and concentration of the isolated EVs were
quantified via nanoparticle tracking analysis (NanoSight NS300,
Malvern Panalytical Instruments, UK).

2.10 | Deglycosylation of CD155

RIPA lysis buffer (Millipore, 20-188) supplemented with 1%
protease inhibitor cocktail (Beyotime, P1005) was added to both
H1975 cells and EVs isolated from H1975 cells and plasma.
The samples were lysed on ice for 10 min, then centrifuged
at 16,000 x g for 10 min at 4°C, and the supernatants were
transferred to new tubes. Next, the samples were treated with
either PNGase F (Novoprotein, PEO11) or Endo H (Novoprotein,
PE017) to deglycosylate CD155 according to the manufacturer’s
instructions. Finally, the samples were boiled with SDS-PAGE
loading buffer for subsequent western blotting analysis.

2.11 | Western Blotting

The total protein content of cell lysates and EVs was quantified
using a BCA protein assay kit (Beyotime Biotechnology, P0010)
and separated on 10% SDS-PAGE gels (Sangon Biotech, C631100).
The proteins were then transferred onto PVDF membranes
(Millipore, IPVH00010). After transfer, the membranes were
stained with Ponceau S (Sangon Biotech, C640005) to visualize
whole protein as a normalization factor. The membranes were
incubated with different primary antibodies, including anti-CD63
(Santa Cruz Biotechnology, sc-5275), anti-TSG101 (ABclonal,
A5789), anti-Alix (ABclonal, A2215), anti-Syntenin-1 (Protein-
tech, 22399-1-AP), anti-Calnexin (ABclonal, A4846), anti-GRP94
(ABclonal, A26311), anti-CD155 (Sino Biological, 84138-5-RR),
anti-GAPDH (Beyotime, AF2823), anti-albumin (Sino Biologi-
cal, 68001-R101), anti-human IgG (Solarbio, SE101), anti-MVP
(Proteintech, 16478-1-AP), anti-GYS1 (Abcam, ab40810), anti-
SERPINA3 (Proteintech, 12192-1-AP), anti-HECTD3 (Protein-
tech, 11487-1-AP), anti-SERPING1 (Proteintech, 12259-1-AP), anti-
TPM4 (Abcam, ab181085) and anti-APOD (Proteintech, 10520-1-
AP). Subsequently, the membranes were incubated with HRP-
conjugated goat anti-rabbit IgG (Sangon Biotech, D110058) or
HRP-conjugated goat anti-mouse IgG (Sangon Biotech, D110087)
for 60 min at room temperature. Blots were developed using an
ECL Enhanced Kit (ABclonal, RM00021) and detected using an
Amersham Imager 600 (GE Healthcare Life Science, USA).

212 | ELISA

The concentration of EV CD155 was measured using a CD155
ELISA Kit (CUSABIO, CSB-EL019093HU) following the manu-
facturer’s instructions, with EV lysates as the input material.
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2.13 | Flow Cytometry

On-beads flow cytometry of EVs was performed following a
previously described method (Huang et al. 2018). Briefly, 20 ug
EVs were attached to 10 pL 4 pum aldehyde/sulphate latex
beads (Invitrogen, A37304). Subsequently, EVs-bound beads were
incubated with APC anti-human CD63 (Biolegend, 353007) and
FITC anti-human CDI155 (Biolegend, 337627) or APC Mouse
IgGl, x isotype control (Biolegend, 400121) and FITC Mouse
IgGl, «x isotype control (Biolegend, 400109) for 60 min at room
temperature. All data were acquired and analysed using the
BD FACSCalibur (BD Biosciences, FACSAria IIT) and FlowJo
software.

2.14 | In-Gel and In-Solution Digestion and
Desalting

In-solution digestion was performed as previously described
(Zhang et al. 2021). Briefly, 50 ug of total protein from EVs isolated
from cell lines was lyophilized and resolubilized in lysis buffer
(8 M urea/100 mM NH,HCO;). Proteins were reduced using
20 mM dithiothreitol (Sigma-Aldrich, 43815) at 37°C for 90 min,
followed by alkylation using 40 mM iodoacetamide (Sigma-
Aldrich, 11149) for 45 min at room temperature in the dark.
Subsequently, the samples were diluted in 50 mM NH,HCO; to
lower the urea concentration to <2 M. Samples were digested
overnight at 37°C using trypsin (Promega, V511C) at a trypsin-to-
protein ratio of 1:50 (w/w).

In-gel digestion was performed as described previously (Chen
et al. 2017). SDS-PAGE gels were cut into small pieces and
destained with 50 mM triethylammonium bicarbonate in
40% acetonitrile. Gel dehydration was performed in 100%
acetonitrile (ACN). Proteins were reduced using 5 mM Tris
(2-carboxyethyl) phosphine, followed by alkylation with
10 mM methyl methanethiosulfonate. Digestion was performed
overnight at 37°C with trypsin at a trypsin-to-protein ratio of 1:50
(w/w), and the reaction was quenched with formic acid (FA,
0.1%, v/v). All peptides were desalted using C18 ZipTip pipette
tips (Millipore, ZTC18S008). Peptides were eluted in 40 pL of 40%
ACN/0.1% FA and 40 pL of 60% ACN/0.1% FA, and the eluted
peptide solutions were combined and lyophilized.

2.15 | Data-Independent Acquisition (DIA)-MS
Data Acquisition

All nanoLC-MS/MS experiments were performed on Orbitrap
Eclipse (Thermo Fisher Scientific) equipped with an Easy-nL.C
1200 HPLC system (Thermo Fisher Scientific). The peptides were
loaded on a trap column (100 um X 2 cm) packed with Reprosil-
Pur C18 5 um particles and then separated on an analytical
column (75 pm X 25 cm) with Reprosil-Pur C18 3 um particles (Dr.
Maisch GmbH).

The peptides bound to the column were eluted with a 103-min
linear gradient using mobile phase A (0.1% FA in water) and
mobile phase B (0.1% FA in acetonitrile) as follows: 5%-8% B for
8 min, 8%—-22% B for 50 min, 22%-32% B for 12 min, 32%-95% B for

1 min, and maintained at 95% B for the final 7 min, at a flow rate
of 300 nL/min.

MS analysis was performed using an Orbitrap Eclipse mass
spectrometer (Thermo Fisher Scientific). In DIA mode, the MS
data were acquired at a high resolution of 120,000 (m/z 200)
across the mass range of 400-1210 m/z. The target value was
4.00E + 05, with a maximum injection time of 50 ms. One full
scan was followed by 40 windows with an isolation width of
16 m/z for fragmentation in the ion-routing multipole with an
HCD-normalized collision energy of 30%. MS/MS spectra were
acquired at a resolution of 30,000 at m/z 200 in the mass range of
200-2000 m/z. The target value was 4.00E + 05, with a maximum
injection time of 50 ms. For the nano-electrospray ion source
setting, the spray voltage was 2.0 kV with no sheath gas flow and
a heated capillary temperature of 320°C.

2.16 | DIA Data Analysis

The DIA raw data from Orbitrap Eclipse were analysed using
Spectronaut version 18 (Biognosys) with the “DirectDIA” mode
for protein identification and quantification. The UniProt human
protein database (updated on November 2022) was used to search
for data from the EVs samples. The most important searching
parameters were set as the default, as follows: trypsin as the
enzyme, with two missed cleavages allowed for searching; mass
tolerance of the precursor set as 10 ppm and the product ion
tolerance at 0.02 Da; cysteine carbamidomethylation as a fixed
modification; and methionine oxidation as a variable modifica-
tion. The false discovery rate (FDR) was set to 1% for both protein
and peptide identifications. The data were filtered by g-value, and
the “Global Normalization” was set as “Median” with enabled
cross-run normalization.

2.17 | Spectral Library Construction and PRM
Analysis

The SpectroDive 11.12 software (Biognosys, Switzerland) was used
for PRM analysis (Li et al. 2023). To develop the PRM assay, all
raw DIA data were searched using the Pulsar engine against the
human SwissProt FASTA database (20,601 entries) for spectral
library generation. Other search parameters were set as follows:
enzyme was selected as trypsin/P; carbamidomethyl (C) as a fixed
modification, whereas acetyl (Protein N-term) and oxidation (M)
were set as variable modifications; ion types b and y; and other
settings were set as default. The top 100 DEPs including CD155
identified in the discovery cohort were selected for the following
settings for the assay panel generation: precursor m/z, 350-1500;
precursor charge, 2-3; missed cleavages, 0; peptide length, 8-
25; only proteotypic; allowed modification, carbamidomethyl (C);
fragment m/z, 300-1800; max fragment charge, 2; ion types, b
and y; min fragment length, 3; and top N fragments, 6. The
PRM analysis was performed using an Orbitrap Eclipse (Thermo
Fisher Scientific) equipped with an Easy-nLC 1200 HPLC system
(Thermo Fisher Scientific). Peptides from each sample were
equally mixed together, and 1 ug of the mixed peptides spiked
with 10x iRT standard peptides were used for unscheduled PRM
MS/MS analysis. Full MS scans were acquired at a resolution
of 60,000 at m/z 200 across the mass range of 350-1200 m/z
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with an AGC of 6e5 and a maximum injection time of 50 ms.
MS/MS spectra were acquired at a resolution of 30,000 at m/z
200, an isolation window of 1, a collision energy of 30%, and
an AGC target value of 2E5 with a maximum injection time of
80 ms. We discarded precursors with poor signal and peak shapes
based on the results of the unscheduled PRM. After retention
time calibration, the precursors of the proteins to be targeted
were selected for the modified PRM panel and the scheduled
method generation. The retention time window was set for
+3 min. For PRM assay development and data analysis, a g-value
cutoff of 0.01 was set for peptide selection. All selected peaks
were manually checked after automated peak detection using
SpectroDive. Product ion signal peaks with significant interfering
signals around the peak apex were excluded, and more than three
transitions per precursor were selected for quantification using
SpectroDive.

2.18 | Bioinformatics and Statistical Analysis
CD155 RNA expression data and primary tumour size (T stage)
were obtained from The Cancer Genome Atlas (TCGA) NSCLC
cohort. RNA expression values were normalized to transcripts
per million. Cases lacking T stage or RNA expression data were
excluded from the analysis. Patients were stratified into high
(top 25%) and low (bottom 25%) CD155 expression groups based
on RNA levels. Differences in T stage between the groups were
assessed using Chi-square test, with statistical significance set at
p <0.05.

Protein abundance data were imputed with the sequential k-
nearest neighbours algorithm for missing values, followed by
ASINH-transformed to normalize the values and enable a more
robust comparison between the two groups. The transformed
data were visualized using statistical plots, including heatmaps
and violin plots. For DEPs analysis, a two-sample t-test was
performed on the protein abundance data. A p value of 0.05
was considered statistically significant (*p < 0.05, **p < 0.01,
***p < 0.001 and ****p < 0.0001). For the proteomics of EVs
from cell lines, proteins with a Log2 fold change (FC) > 1.5 or
<-1.5 were considered upregulated or downregulated proteins,
respectively. For the proteomics of immunocaptured EVs from
plasma, proteins with a Log2 FC > 1.0 or <—1.0 were considered
upregulated or downregulated, respectively. ROC curve analysis
was performed using the R package pROC for statistical assess-
ment. For targeted proteomics, normalization was performed
using the total ionic chromatography signal from MS1. The R
packages glmnet, random forest, and Boruta were used for the
feature selection.

3 | Results

3.1 | Characterization of EVs Isolated From
NSCLC Cell Lines and the Plasma of Patients

EVs were isolated from cell culture supernatants and plasma via
ultracentrifugation. TEM images revealed the characteristic cup-
shaped morphology of the EVs, with sizes ranging from 60 to
200 nm (Figure 1A). The average diameters of EVs from cell cul-
ture supernatants and plasma were determined to be 128.9 + 1.9

and 163.2 + 8.6 nm, respectively, using nanoparticle tracking
analysis, with the peak diameters being 120.5 and 159.8 nm,
respectively (Figure 1B). Western blotting results confirmed the
presence of the positive EV markers CD63, TSG101, Alix and
Syntenin-1, whereas the negative EV markers (Calnexin and
GRP94) were absent (Figure 1C). These results confirmed the
successful isolation of EVs from both cell culture supernatants
and plasma samples.

3.2 | Proteomic Profiling of EVs Isolated From
NSCLC Cell Lines Using DIA Mass Spectrometry

Untargeted proteomic analyses were performed on EVs isolated
from NSCLC cell lines (NSCLC-EVs) and human bronchial
epithelial cell lines (control-EVs) for the proteomic character-
ization of EVs from NSCLC, and the proteomic data were
processed using multivariate statistical techniques. The principal
component analysis (PCA) revealed clear distinctions between
the NSCLC and control groups, indicating significant differences
in protein expression profiles (Figure 2A). The Venn diagrams
presented in Figures 2B,C and S1A revealed 4874, 2912, 4537, 3271
and 4561 proteins in NSCLC-EVs, A549-EVs, H1975-EVs, H460-
EVs and SK-MES-1-EVs, respectively. Meanwhile, 3633, 3291, 3447
and 2784 proteins were identified in control-EVs, BEAS-2B-EVs,
BEP2-D-EVs and HPAEpiC-EVs, respectively. Additionally, 4355
and 3289 proteins in NSCLC-EVs and control-EVs, respectively,
are previously recorded in the Vesiclepedia database (Kalra et al.
2012). The raw proteomic results of the EVs isolated from each cell
line sample, including protein identifiers, abundance levels and
annotations, are provided in Table S2.

We analysed the fold change and significance of protein abun-
dance using univariate statistical tests to identify DEPs between
NSCLC-EVs and control-EVs. We identified 257 DEPs, with 139
and 118 showing higher and lower abundances in NSCLC-EVs,
respectively (Table S3), as visualized in volcano plots (Figure 2D).

A heatmap generated using hierarchical clustering analysis high-
lighted the top 30 proteins with the most significant differences
in expression (Figure 2E). Furthermore, 128 and 18 proteins were
exclusively detected in NSCLC-EVs and control-EVs, respectively
(Table S4). The 15 most abundant proteins in each group are
presented in Figure 2F. Among the identified DEPs, we focused
on CDI155, a transmembrane glycoprotein that is significantly
overexpressed in various cancers and is strongly associated with
tumour progression and immune evasion (Liu et al. 2021; Freed-
Pastor et al. 2021; Jin et al. 2022). Notably, CD155 was exclusively
detected in NSCLC-EVs while absent in control-EVs, suggesting
its potential as a marker for capturing TDEVs.

3.3 | Elevated CD155 Expression in EVs Derived
From NSCLC Cells and the Plasma of Patients

To determine whether CD155 could serve as a potential tumour
biomarker, we quantified its expression in EVs and NSCLC tis-
sues, and then evaluated its association with disease progression.
We assessed CD155 expression in NSCLC-derived EVs and cells
to understand its role in NSCLC-EVs. CDI155 was exclusively
detected in NSCLC-EVs compared with the control-EVs using
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FIGURE 1 |

Characterization of EVs derived from cell lines and clinical plasma. (A) Representative TEM images of purified EVs. Scaled bars:

100 nm. Left: EVs derived from cell culture supernatant. Right: EVs isolated from plasma. (B) Analysis of the size distribution and concentrations of
isolated EVs using nanoparticle tracking analysis. Left: EVs isolated from cell culture supernatant. Right: EVs isolated from plasma. (C) EV biomarker

detection using western blotting.

western blotting and flow cytometry (Figure 3A,B). In addition,
Western blotting analysis of cell lysates confirmed significantly
higher CD155 expression in NSCLC cells compared to control cells
(Figure S2A).

Next, we evaluated CD155 levels in plasma-derived EV lysates
and EV-depleted plasma to differentiate EV-associated CD155
from its soluble form. We observed that CD155 was not only
present in EVs (Figure S2B) but also significantly elevated in EV
lysates from NSCLC patients compared to healthy individuals
(Figure 3C-E). Receiver operating characteristic (ROC) curve
analysis showed an area under the curve (AUC) of 0.872 for
EV CD155 in distinguishing patients with NSCLC from healthy
individuals (Figure 3F). Additionally, a significant correlation was

observed between CD155 levels in plasma EVs and the maximum
tumour diameter (p = 0.0079, Figure 3G).

In addition, we examined CD155 expression in NSCLC tissue
microarrays using immunohistochemistry (IHC). CD155 was
specifically localized on the tumour cell membrane, whereas
adjacent normal cells exhibited undetectable CD155 levels. Quan-
titative analysis of IHC staining intensity indicated an association
between elevated CDI155 levels and advanced disease stages
(Figure 3H).

To further elucidate the role of CD155 in tumour progression,
we conducted both in vitro functional assays and analyses of
clinical data from the TCGA NSCLC cohort. It was revealed
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FIGURE 2 |
control cell lines using DIA mass spectrometry. (A) PCA of the protein
profiles of NSCLC-EVs and control-EVs. (B) Venn diagram showing the
identified proteins in NSCLC-EVs and control-EVs. (C) Venn diagram
showing the identified EV proteins in each sample of NSCLC and
control groups. (D) Volcano plots representing the differences in protein
expression between NSCLC-EVs and control-EVs. (E) Heatmap showing
hierarchical clustering of the top 30 proteins with the most significant

Proteomic profiling of EVs isolated from NSCLC and

differences in expression between EVs from NSCLC and control cell lines.
The colour scale represents normalized protein expression levels. (F)
Heatmap displaying the 15 most abundant proteins exclusively detected in
NSCLC-EVs (top) and control-EVs (bottom). The colour scale represents
the relative abundance of these proteins, white indicating proteins that
were not detected.

that CD155-overexpressing H1975 cells exhibited significantly
enhanced proliferative capacity compared to wild-type cells,
while CD155-knockout H1975 cells showed markedly suppressed
proliferation (Figure S2C). Furthermore, we analysed CD155 RNA
expression and T stage data from the TCGA NSCLC cohort. It
can be observed that patients with high CD155 expression (top

25% of expression values) had significantly larger tumour volumes
compared to those with low expression (bottom 25%, p = 0.0002,
Figure S2D). Taken together, these findings suggested that CD155
may serve as a potential indicator of tumour aggressiveness.

3.4 | CDI155 Localized on EV Membrane and
Originated From the Cell Surface

Considering CD155 is a transmembrane protein, we hypothesized
that EV CD155 primarily originates from the cell surface. To test
this hypothesis, we examined the co-localization of CD155 with
CD63 (a marker of multivesicular bodies), Rab5 (a marker of
early endosomes) and Rab7 (a marker of late endosomes) using
immunofluorescence. As shown in Figure 4A,B, CD155 was pre-
dominantly localized on the cell membrane and exhibited greater
co-localization with CD63 and Rab5 than with Rab7, suggesting
its involvement in endosome maturation. Since cargos directly
from the endoplasmic reticulum and Golgi are packaged into
EVs as the endosome matures (van Niel et al. 2018), we further
investigated whether EV CD155 originates from these organelles
by taking advantage of its glycosylation (Zibert and Wimmer 1992;
Stanley 2011). As shown in Figure 4C, treatment with PNGase F
effectively removed the oligosaccharide chains of CD155, whereas
these chains were resistant to Endo H cleavage, indicating that EV
CD155 does not derive directly from the endoplasmic reticulum
or early Golgi. In addition, in EVs derived from H1975 cells,
CD155 was clearly localized on the EV membrane, whereas it
was not observed in EVs from BEAS-2B cells (Figure 4D). As
demonstrated in Figure 4E, EVs containing CD63 and CD155
immunocaptured with antibodies were confirmed by western
blotting. Moreover, the iEM images further confirmed that CD155
is localized on the EV membrane rather than within the lumen of
EVsisolated from plasma (Figure 4F). Collectively, these findings
demonstrated that CD155 localizes on EV membrane and is
derived from the cell surface, prompting us to apply a similar
strategy to isolate potential CD155+ TDEVs from the total plasma
EVs for further analysis.

3.5 | Proteomic Profiling of CD155+ TDEVs From
the Plasma of Patients With NSCLC Using DIA Mass
Spectrometry

Considering that CD155 is selectively overexpressed in cancer
cells and is localized on the EV membrane, we further inves-
tigated the proteomic profiles of CD155+ TDEVs. To obtain
high-quality CD155+ TDEVs, we first isolated total EVs from
pooled plasma samples using differential ultracentrifugation.
We then removed immunoglobulins (Igs) and albumin (ALB)
using immunoprecipitation to eliminate high-abundance protein
contamination from plasma (Figure S3A). A substantial quantity
of CD155+ TDEVs were detected in the EVs of the patients
with NSCLC (Figure 5A). In contrast, CD155+ TDEVs were not
detected in the EVs from the healthy control group.

After purifying the immunocaptured EVs, we identified 2021
and 2234 proteins in the NSCLC and healthy control groups,
respectively, using quantitative proteomic analysis of the 12 EV
samples (Figure 5B). Notably, we identified 281 DEPs in CD155+
TDEVs, with 126 and 155 showing higher and lower abundances,
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FIGURE 3 | Elevated CD155 expression in EVs from NSCLC cells and patient plasma compared with healthy individuals. (A) Western blotting
analysis of CD155 in EVs isolated from NSCLC and control cell lines. (B) Flow cytometry analysis of CD155 and CD63 in EVs isolated from H1975 and
BEAS-2B cells. (C) Western blotting analysis of CD155 abundance in EVs from the plasma of patients with NSCLC and healthy individuals in three
independent tests. (D) Quantitative assessment of the fold change in CD155 expression from panel C, normalized to whole protein. (E) CD155 expression
in EVs isolated from plasma of patients with NSCLC (LUAD, n = 20; LUSC, n = 4) and healthy individuals (n = 16) using ELISA. (F) ROC curve analysis
of the diagnostic potential of EV-CD155 in distinguishing patients with NSCLC from healthy individuals. (G) Pearson correlation analysis of CD155
expression in EVs and tumour size in patients with NSCLC (n = 24). (H) IHC analysis for CD155 expression in NSCLC tissue microarrays. Left: THC
staining images of paired tumour tissues (TT) and adjacent tumour tissues (ATT) (n = 35). Right: quantitative analysis of IHC intensity for CD155 (n = 49).
T1, T2, and T3 in the quantification data refer to the tumour stages defined by the TNM classification system of NSCLC.

respectively (Table S4). Detailed raw proteomic data, including
protein identifiers and abundance levels, are available in Table
S5, while the full list of DEPs with fold changes and p values
are presented in Table S6. As detailed in Table S5, CD155 was
consistently identified in CD155+ TDEVs. In contrast, CD155
was detected in only one out of seven CD63+ HC-EVs, and its
abundance in this sample was significantly lower than in CD155+

TDEVs. PCA and hierarchical clustering of these DEPs effectively
differentiated patients with NSCLC from healthy individuals
(Figures 5C and S3B). Volcano plots clearly showed significant
differences in protein expression between the NSCLC and healthy
control groups (Figure 5D). The 50 most important proteins
ranked by the random forest algorithm for the classification of
the two groups are presented in Figure 5E.
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iEM images of plasma EVs demonstrating CD155 localized on the EV membrane rather than within the lumen. Scale bars: 100 nm.

3.6 | Determination of EV Biomarker Candidates
in the Verification Cohort

To validate whether the identified differential proteins from the
discovery cohort could serve as potential biomarkers, a total
of 89 tryptic peptides derived from 51 proteins were subjected
to targeted proteomics using PRM in 71 individual samples
(LUAD, n = 29; LUSC, n = 9; healthy individuals, n = 33).
Notably, 49 proteins were successfully quantified, of which 21
exhibited statistically significant differences between the NSCLC
and healthy control groups (Figure 6A, Table S7). To ensure
robust and comprehensive biomarker selection, we utilized three
complementary machine learning algorithms: LASSO regres-
sion for feature selection, random forest for ranking feature
importance, and Boruta for identifying statistically significant
features. The combination containing MVP, GYS1, SERPIA3,
SERPINGI, CP, IGLL1 and APOD from the 21 DEPs was selected
using LASSO (penalized coefficients, A = 0.07) (Figure 6B). The
importance of the classification of the two groups of the 21 DEPs

ranked by random forest and Boruta is shown in Figure 6C,D.
To identify the optimal biomarker combination, we tested the
feature variables from the three algorithms using a confusion
matrix, evaluating diagnostic performance and excluding vari-
ables that did not enhance sensitivity or specificity. Notably, a
panel of seven proteins—MVP, GYS1, SERPINA3, HECTD3, SER-
PINGI1, TPM4 and APOD—demonstrated good performance with
92.3% sensitivity and 88.9% specificity in the confusion matrix
(Figure 6E). Interestingly, a panel of 21 DEPs exhibited 76.9%
sensitivity and 77.8% specificity. Furthermore, western blotting
results demonstrated significant differences in the expressions of
these candidate biomarkers (MVP, GYS1, SERPINA3, HECTD3,
SERPINGI and TPM4) in plasma EVs from patients with NSCLC
and healthy individuals (Figure 6F,G). Furthermore, this panel
of seven biomarkers in the ROC curve analysis achieved an AUC
of 1.0 with 100% sensitivity and specificity based on targeted pro-
teomics data (Figure 6H). Finally, the PCA results demonstrated
that this panel effectively discriminated patients with NSCLC
from healthy individuals better than the set of 21 DEPs (Figure 61).

10 of 16

Journal of Extracellular Vesicles, 2025



A B \OOQ C’(
NSCLC group HC group Q\O?{ibb‘\ @0\3 c
\ 79
Input_CD155 rigG Input_CD63 migG__ _ . o BE C
a
coiss [*= SB gy = " | 1830
192 25
Syntenin-1 |..,- iu.. — 35 kDa
10751
Vesiclepedia
(12798)
C ) E
® NSCLC group ® HC group PRPSAP1 - .
60 MYCBP2 - °
PRDX2 A .
il IQGAP2 1 .
2 801 . IGLL1 1 .
g C4A 1 b
s - ATP6V1D
= HPSE ] .
. |
S t COL3A1 ] h
T ° MVP ]
30 .
FUBP1 | .
AP2A1 | .
-60 PRPS1 | .
40 20 0 20 i ok .
L °
PC1 (23.1%) RPL31 ] e
D TPM4 { o
© Down-regulated ~ Not-significant @ Up-regulated SLCOA3R1 { *
T i PIK3R1 1 *
* COL3A1 : ; csBq ®
8 1 ! ! NARS1 | ®
1 ! c4aBPB | °
: ! RPS9 | 2
_ . . : RPUSD4 ] ¢
g |colial [cOLIAZ i FKBP15 ]
ER : 1Eo STIM1 ]
a ; : PRSS58 | o
= 1 1 MVP SERPING1 Je
= ; e ZZEF1 |
S RPS9 | CDH13 T T T T 1
24| TPM3° e 22 24 26 28 30
3 PDIAs!  ABCBSL pRpg - Mean decrease accuracy
3 CHMP6 &1 MROHR«A{ HPX S
3 RPS10 i . AMBP >gs SAP1 S 01
< TPM4, PRPS2 o
HpsE FUBP1: 1 PRPSAP2'¢%°\ FKBP15 5 0.075 1
PRSS58 2 MTMS T 0051
5 | RPL31 /60' ;,,u.., . T
ATPSPO % v S 0.025 { \/_\
""""""""" it k. i it g 0
-4 0 4 o 0 100 200
Log2 FC Number of signatures

FIGURE 5 |

DIA proteomic profiling of immunocaptured EVs from plasma of patients with NSCLC and healthy control groups. (A) Western blotting

analysis of the immunocaptured EVs from the total plasma EVs from patients with NSCLC and healthy control groups. (B) Venn diagram showing the
identified proteins in immunocaptured EVs from the two groups. (C) PCA results of the identified proteins in immunocaptured EVs from NSCLC and
healthy control groups. (D) Volcano plots demonstrating the significant differences in protein expression of immunocaptured EVs from NSCLC and
healthy control groups. (E) The top 50 important proteins identified using the random forest algorithm.

Collectively, these findings indicated the promising potential of
this panel for NSCLC screening.

4 | Discussion

This study aimed to identify potential biomarker-based TDEVs for
liquid biopsy in NSCLC by characterizing tumour biomarkers in
TDEVs to effectively distinguish them from normal cell-derived
EVs in body fluids. Comparative proteomic analysis of samples
from patients with cancer and healthy individuals revealed
significant upregulation of CD155 in the plasma EVs of patients

with NSCLC. Using CD155 as a bait to enrich CD155+ TDEVs was
a crucial step in this study.

Previous studies have reported significantly higher CD155 expres-
sion in various tumours compared with the low or undetectable
levels in most healthy tissues (Zhan et al. 2022; Brlic et al. 2019).
CD155 regulates multiple cellular functions, including adhe-
sion, contact inhibition, migration, proliferation, and immune
responses (Wang et al. 2022; Zhou et al. 2023). Notably, blocking
CD155 interaction with its inhibitory receptors enhances the
antitumor activity, suggesting its potential as a therapeutic target
(Zhou et al. 2024; Chiang and Mellman 2022). Importantly,
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FIGURE 6 | Identification and evaluation of the candidate biomarkers in EVs for NSCLC screening. (A) Violin plots showing the abundance of the
21 DEPs in EVs between NSCLC patients and healthy individuals. (B) Feature selection from the 21 DEPs using LASSO regression. (C) Random forest
algorithm evaluating the importance of the 21 DEPs in the classification of NSCLC patients and healthy individuals. (D) Boruta algorithm evaluating
the importance of the 21 DEPs in the classification of NSCLC patients and healthy individuals. (E) Confusion matrix showing the classification of the
two groups with the selected 7- and 21-protein panels. (F) Western blotting analysis of the expression of seven biomarkers in the plasma EVs (LUAD,
n = 16; LUSC, n = 4; healthy individuals, n = 22). (G) Statistical analysis of the relative expressions of the seven biomarkers from panel G, normalized
to whole protein. Dashed lines, black dots, and grey dots represent p = 0.05, p < 0.05 and p > 0.05, respectively. (H) ROC curve analysis of the panel
of seven proteins in distinguishing between NSCLC patients and healthy individuals. (I) The classification of NSCLC patients and healthy individuals
based on the panel of 7 and the panel of 21 DEPs using PCA.

the surface localization of CDI155 confers distinct advantages and EpCAM antibodies to immunocapture EVs from LIM1863
over luminal EV proteins, making it particularly suitable for cells revealed distinct protein profiles (Mathivanan et al. 2010;
downstream applications such as liquid biopsy and targeted Tauro et al. 2013), and obtaining tumour-related biomarkers in
therapies. In this study, CD155 was rarely detected in EVs from plasma EVs of chronic lymphocytic leukaemia and colon cancer
the plasma of healthy individuals but was significantly higher patients through immunoaffinity separation of EpCAM+ EVs
in the EVs from the patients with NSCLC. CD155+ TDEVs were (Belov et al. 2016; Ostenfeld et al. 2016).

immunocaptured from the total EVs of patients with NSCLC.

Notably, compared with unpurified EVs (Figure S4), the PCA In this study, we identified 281 and 21 DEPs in the discovery
results of the purified EVs demonstrated a better separation and verification cohorts, respectively. We then used machine-
between the NSCLC and healthy control groups. These results learning-based feature selection to select biomarkers from our
indicated that CD155+ TDEVs were derived from TDEVs. Similar high-dimensional proteomic data. Using LASSO regression, we
protocols were reported using magnetic beads coated with A33 identified a biomarker combination, including MVP, GYSI,
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SERPINA3, SERPINGI1, CP, IGLL1 and APOD. However, this
combination demonstrated 76.9% sensitivity and 77.8% speci-
ficity in the test set. In addition, the combination of the top
seven important proteins—MVP, GYS1, SERPINA3, HECTD3,
SERPINGI, TPM4 and IGLL1—selected using the random forest
algorithm did not improve diagnostic performance. The Boruta
algorithm identified 10 important variables, including MVP,
GYS1, SERPINA3, HECTD3, SERPING], TPM4, IGLL1, MYCBP2,
CP and PRPS2, with 69.2% sensitivity and 88.9% specificity.
We then individually tested feature variables from the three
algorithms using a confusion matrix algorithm to determine the
optimal biomarker combination. Consequently, feature variables,
including IGLL1, CP, MYCBP2 and PRPS2, which did not improve
diagnostic performance, were excluded from the diagnostic panel.
Notably, a diagnostic panel formed by a single algorithm or
the intersection of important variables may not exhibit opti-
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mal performance. Consequently, the feature variables from the
three algorithms were comprehensively analysed to develop the
most effective diagnostic panel. Finally, the panel comprising
MVP, GYS1, SERPINA3, HECTD3, SERPINGI, TPM4 and APOD
achieved an AUC of 1.0 with 100% sensitivity and specificity in
ROC curve analysis to distinguish patients with NSCLC from
healthy individuals. Additionally, this panel demonstrated 92.3%
sensitivity and 88.9% specificity in confusion matrix analysis.

Effective biomarkers must exhibit a significant statistical cor-
relation with disease and pathophysiological relevance, facil-
itating the analysis of disease progression and serving as
potential therapeutic targets (Karsdal et al. 2009; Jain and
Jain 2010). In this study, the biomarker panel included MVP,
GYSI1, SERPINA3, HECTD3, SERPINGI1, TPM4 and APOD. MVP,
a non-ATP-dependent transport protein associated with drug
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resistance, is significantly upregulated in NSCLC, and its activa-
tion by chemotherapeutic drugs leads to chemotherapy resistance
through multiple mechanisms, thus indicating its close asso-
ciation with NSCLC progression (Scheffer et al. 1995; Scheffer
et al. 2000; Lou et al. 2021). GYS1, which is associated with
a poor prognosis in NSCLC, is upregulated in irradiated A549
cells. Silencing GYSI inhibits A549 proliferation but enhances
resistance to radiotherapy, indicating its role as a rate-limiting
enzyme in glycogen synthesis, thus affecting NSCLC metabolic
reprogramming. This results in glycogen accumulation in tumour
cells and enhances their survival under immune pressure and
anticancer therapy (Giatromanolaki et al. 2017; Tsolou et al. 2023).
Additionally, GYS1 expression in lung cancer cells is positively
correlated with CCL5 and CSF1 and promotes M2-polarization of
tumour-associated macrophages, facilitating tumour progression
(Zhang et al. 2024; Kawamura et al. 2009; Li et al. 2020).
SERPINAS3 promotes tumour progression through inflammation-
mediated angiogenesis, anti-apoptosis, tumour microenviron-
ment remodelling, and immune suppression (Xing et al. 2021;
Hulmi et al. 2020; Yuan et al. 2021). Serum biomarker panels
containing SERPINA3 distinguish between patients with NSCLC
and healthy individuals with AUCs of 0.85 and 0.77, respectively,
with significant upregulation in NSCLC (Mehan et al. 2014; Jung
et al. 2017). HECTD3 is overexpressed in various tumours, regu-
lates apoptosis, and promotes tumour progression by modifying
multiple proteins. It also enhances polyubiquitination of MALT]I,
caspase-8, caspase-9, and c-Myc to promote cancer progression
(Li et al. 2013; Li et al. 2013; Zhang et al. 2022; Li et al. 2017).
SERPINGI, a complement regulator, is overexpressed in various
tumours (Roumenina et al. 2019), and spatial transcriptomics of
NSCLC brain metastases revealed significantly high SERPING1
expression associated with a poor prognosis (Zhang et al. 2022).
In lung cancer, TPM4 promotes cell migration by enhancing
F-actin assembly (Zhao et al. 2019). In esophageal squamous
cell carcinoma (ESCC), TPM4 enhances cell identity confusion
and promotes ESCC aggressiveness through the JAK/STAT/SOX2
pathway (Pan et al. 2022). Contrarily, TPM4 acts as a tumour
suppressor in cervical and colon cancers (Luo et al. 2022; Yang
et al. 2018). APOD expression trends also differ across cancer
types, with downregulation in liver cancer and colon cancer
and upregulation in gastric cancer and malignant melanoma,
correlating with a poor prognosis (Miranda et al. 2003; Wang
et al. 2024; Dong et al. 2023). In contrast, APOD downregulation
was reported in exosomes from intraductal papillary mucinous
neoplasms (Marin et al. 2023). In the discovery cohort of this
study, APOD was upregulated in the NSCLC group but showed
low abundance in the verification cohort. However, western blot-
ting results indicated higher APOD expression in patients with
NSCLC. These inconsistent results regarding APOD expression
using different assays highlight the need for further investigations
in larger cohorts. Similar to previous findings, western blotting
results revealed upregulation of MVP, GYS1 and SERPINA3 in
EVs from patients with NSCLC, suggesting that these biomarkers
may promote lung cancer progression via EVs through mecha-
nisms such as drug resistance, metabolic reprogramming, and
apoptosis inhibition. However, the expression and function of
HECTD3, SERPINGI, TPM4 and APOD in lung cancer require
further study.

Interestingly, regardless of immune enrichment, the biomarker
panel could significantly distinguish between patients with can-

cer and healthy individuals. This indicates that the established
biomarker panel reliably represents TDEVs and thus has the
potential application for NSCLC liquid biopsy. Notably, CD155, a
bait protein for enriching CD155+ TDEVs, was not included in
the diagnostic panel because its expression density was below the
PRM-targeted proteomics detection threshold. Considering the
intricate heterogeneity of cancers, future research should inte-
grate spatiotemporal omics and ultra-sensitive detection method
to map the associations between tumour evolution and antigen
fingerprints of TDEV, thus improving the reliability of liquid
biopsy (Liu et al. 2024; Yang et al. 2024).

In conclusion, this study revealed DEP characteristics of cir-
culating TDEVs through proteomics and machine learning. We
identified a biomarker panel showing diagnostic potential for
NSCLC liquid biopsy as well as for facilitating to understand the
underlying mechanisms of NSCLC progression.
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