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Abstract

Lung cancer is the most frequently diagnosed malignancy and remains the
leading cause of cancer-related mortality worldwide, accounting for
approximately 1.8 million deaths annually. The majority of cases
(approximately 85%) are classified as non-small cell lung cancer (NSCLC), which
includes adenocarcinoma, squamous cell carcinoma, and large cell carcinoma.
Despite therapeutic advances, including immunotherapy, five-year survival
rates remain low, with only a subset of patients—identified through
biomarkers such as PD-L1—achieving meaningful clinical benefit.

A major challenge lies in the intrinsic heterogeneity of lung tumors, which is
often underestimated by conventional biopsies. These provide only a limited
snapshot of the disease and fail to capture its dynamic evolution or the
emergence of therapy resistance. In this context, liquid biopsies have emerged
as a minimally invasive and promising approach, enabling the detection of
circulating tumor cells, nucleic acids, and extracellular vesicles (EVs). EVs,
enriched with proteins, DNA, RNA, and lipids, represent a valuable source of
biomarkers for early diagnosis, monitoring treatment response, and identifying
novel driver mutations.

Unlike genomics and transcriptomics, which are already widely applied in liquid
biopsy, the proteomic profiling of blood remains relatively underexplored,
despite the central role of proteins in intercellular communication and
biological regulation. Proteomic analysis of the tumor microenvironment
(TME), combined with three-dimensional (3D) in vitro models based on cancer
stem cells and tumor spheroids, offers the opportunity to better recapitulate
tumor heterogeneity and to study the secretome under physiologically
relevant conditions.

This project aims to identify novel biomarkers and potential therapeutic targets
through mass spectrometry (MS)-based proteomic analysis of the TME
focusing on EVs isolated from liquid biopsies of cancer patients and from 3D
cell culture models that mimic the TME in vitro.”



1.0 Background
1.1 No Small Cell Lung Carcinoma (NSCLC)

Lung carcinoma is one of the most widespread epithelial malignancies
worldwide. Although it is the second most common neoplasm in both sexes, it
remains the leading cause of cancer-related mortality, with incidence trends
showing significant differences between men and women. Beyond its high
prevalence, lung cancer is considered one of the major oncological “big killers”
because its mortality closely parallels its incidence, resulting in a diagnosis that
is frequently associated with a poor prognosis and a high likelihood of fatal
progression.

The natural history of non-small cell lung carcinoma (NSCLC) is strongly
influenced by the clinical stage at the time of diagnosis. Prognosis varies
significantly depending on whether the neoplasm is identified at an early, so-
called “limited” stage, or at an advanced stage. When detected early, patients
may undergo surgical treatment with curative intent, resulting in substantially
better survival outcomes. Conversely, in patients diagnosed at an advanced
stage, the prognosis is extremely unfavorable: five-year survival rates remain
around 5%, despite therapeutic advances in recent years such as targeted
therapies and immunotherapies.

Unfortunately, most cases are still diagnosed at advanced stages. This pattern
reflects the insidious nature of NSCLC, often asymptomatic in its early phases,
and reinforce the need for effective screening and early diagnostic strategies
to enable intervention at potentially curable stages, improve clinical outcomes,
and reduce associated mortality.

According to World Health Organization, in 2020 alone approximately 2.2
million new cases and as many as 1.8 million deaths were recorded. These
figures highlight the devastating impact of the disease and underscore the
urgency of developing increasingly effective strategies for prevention, early
diagnosis, and treatment [1]. The most recent projections indicate that,
despite a slight decline in incidence in high-income countries, global mortality
from lung cancer remains high, particularly in low- and middle-income settings
where access to early diagnosis and innovative therapies is still limited [2].



1.1.1 Epidemiology

The situation in Italy is similar concerning. According to the latest ISTAT survey
published in 2023, lung cancer remains among the top three causes of cancer-
related death, with a higher incidence in males, although a progressive
increase is also observed among females, consistent with the rise in tobacco
consumption in younger female cohorts [3]. The ISTAT “Health for All-Italia”
information system, updated to 2025, shows a trend toward stabilization in
overall incidence, although marked regional and socioeconomic differences
persist. These findings emphasize the urgency of implementing primary
prevention strategies, particularly anti-smoking initiatives, along with targeted
screening programs and equitable access to personalized therapies. Moreover,
the growing availability of real-world data and national cancer registries
represents an opportunity to monitor the effectiveness of health policies and
improve clinical outcomes in the population affected by NSCLC.

NSCLC accounts for approximately 85% of all lung cancers, making it the most
prevalent form of pulmonary neoplasm. It encompasses several histological
subtypes, adenocarcinoma, squamous cell carcinoma, and large cell
carcinoma, each with distinct biological and clinical characteristics. Globally,
lung cancer remains the leading cause of cancer-related death, with five-year
survival rates varying significantly depending on the stage at diagnosis: from
45% in stage IB up to 76% in stage lll, while about 70% of patients are
diagnosed at an advanced stage, with survival rates below 35% (Fig. 1).

In recent years, the therapeutic landscape of NSCLC has undergone a profound
transformation. The introduction of targeted therapies based on molecular
alterations (such as EGFR, ALK, ROS1, and BRAF mutations) and the use of
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Figure 1: Percentage distribution of the incidence of new cancer cases and associated mortality worldwide.
Lung cancers are the most frequent and lethal, followed by breast, colorectal, liver, and stomach cancers.
[Bray et al. Cancer J Clinicians. 2024]



immunotherapy have significantly improved the prognosis of selected patient
subgroups. In particular, neoadjuvant immunotherapy and combinations of
checkpoint inhibitors with chemotherapy have shown promising results,
contributing to the redefinition of standard treatment strategies.

From a clinical perspective, the management of NSCLC requires a
multidisciplinary approach that integrates advanced imaging diagnostics, liquid
biopsy, genomic profiling, and an accurate assessment of the patient’s overall
health status. The incresing complexity of therapeutic options necessitates a
personalized clinical decision-making process, guided by biological, clinical, and
individual patient factors.

1.1.2 Risk Factors

Tobacco smoke is the leading cause of lung cancer, accounting for about 85—
90% of cases. Cigarettes contain dozens of carcinogenic substances that
directly damage DNA and drive malignant transformations [3,4,5]. Passive
smoking, as well as pipe and cigar use [6-7], also significantly increase the risk.
In addition to tobacco, several environmental and genetic factors contribute
to NSCLC development, including exposure to radon and asbestos, air
pollution, especially fine particulate matter [8,9,10], and individual
susceptibility. A family history of lung cancer further increases risk, with first-
degree relatives showing nearly double the likelihood of developing the
disease compared with the general population [11]. Gender-specific
differences may amplify these risks: women appear to exhibit a greater
susceptibility to tobacco carcinogens, and hormone replacement therapy may
additionally increase the likelihood of lung adenocarcinoma [12].

1.1.3 Clinical aspects

The primary symptons of NSCLC typically include chest pain, cough, dyspnea,
and hemoptysis. Cough occurs in 75% of patients, often due to endobronchial
mass or post-obstructive pneumonia; dyspnea affects approximately 60% of
patients and is usually related to airway obstruction caused by tumor mass;
chest painis reported in 50% of cases, while hemoptysis occurs in 35% of cases.
Although acute bronchitis is the main cause of hemoptysis, lung cancer must
be considered in any patient over 40 years of age presenting this sympton [13].
Clinical evaluation is essential for the initial assessment of the patient and for
guiding both disease diagnosis and prognostic evaluation. It has been shown
that patients with a worse prognosis at diagnosis present constitutional
symptoms such as weight loss, asthenia, and/or symptoms related to



1.1.

metastatic spread. Importantly, studies have demonstrated a direct correlation
between the number of clinical abnormalities, encompassing symptoms,
physical findings, and laboratory alterations, and the probability of identifying
metastatic disease on imaging. Conversely, in asymptomatic patients or in
those with symptoms limited to the primary tumor, the likelihood of detecting
metastases on CT is extremely low [14,15].

4 Diagnosis and Staging

Following the formulation of a diagnostic suspicion of lung cancer, it is
essential to accurately reconstruct the patient’s clinical history (smoking
habits, comorbidities, weight loss, performance status, and family history of
neoplasms). Subsequently, diagnosis and clinical staging rely on a combination
of imaging techniques and biopsy sampling methods.
The histopathological classification of lung carcinoma is primarily based on the
distinction between NSCLC and small cell lung cancer (SCLC), two entities with
profoundly different biological and clinical characteristics. NSCLC, which
accounts for about 85% of cases, includes histological subtypes such as
adenocarcinoma, squamous cell carcinoma, and large cell carcinoma, each
defined by specific morphological patterns and molecular profiles.
Classification today integrates traditional morphology with
immunohistochemistry and genomic profiling, which are essential for
identifying driver mutations that guide the use of targeted therapies.
Conversely, SCLC represents about 15% of lung tumors and is characterized by
rapid growth and high aggressiveness; histologically, it shows small cells with
hyperchromatic nuclei and scant cytoplasm, along with a neuroendocrine
phenotype. The fundamental difference between NSCLC and SCLC therefore
lies not only in morphology but also in clinical and therapeutic behavior: while
NSCLC requires a personalized approach based on molecular biomarkers, SCLC
is generally treated with chemotherapy and radiotherapy, given its high initial
sensitivity to drugs but rapid tendency to relapse [16,17,18].

Each NSCLC subtype can, in turn, be divided into many other variants and
combinations of clinical subtypes, characterized by a high rate of genetic
instability. For example, among patients diagnosed with NSCLC, approximately
15% present mutations in EGFR (Epidermal Growth Factor Receptor), another
15% in K-RAS (homolog of the Kirsten Rat Sarcoma viral oncogene), and around
5% in ALK (Anaplastic Lymphoma Kinase), indicating significant molecular
heterogeneity within the NSCLC population. Furthermore, according to the



American Cancer Society, heterogeneity also exists within each specific
mutation; it has been shown that identifying a single driver mutation in the
tumor is not sufficient to understand the clinical complexity of NSCLC,
highlighting the need to analyze genomic alterations in multiple genes
simultaneously [19].

Adenocarcinoma is the most common NSCLC subtype; it originates from
alveolar cells in the epithelium of the small airways. The WHO classification
also recognizes early stages of lung cancer, such as adenocarcinoma in situ (a
pre-invasive lesion), minimally invasive adenocarcinoma, and invasive
adenocarcinoma, distinguished based on the degree of invasiveness and size
[20].

Unfortunately, in most cases, NSCLC is not diagnosed until the disease reaches
an advanced stage. Diagnosis requires a biopsy for histological confirmation
and determination of tumor extent to define the stage of the lesion, which
ultimately guides cancer treatment options. For this purpose, the TNM
classification system is used, an international system that classifies the disease
using an alphanumeric code, simplifying patient staging and prognosis. In the
TNM system:

e T (Tumor): describes the size and local extent of the solid tumor, using values
from 1 to 4 and “IS” for in situ lesions;

¢ N (Nodes): indicates the involvement of regional lymph nodes, using values
from O to 4;

¢ M (Metastasis): assesses the presence or absence of distant metastatic
spread from the primary tumor, categorized as MO or M1

1.1.5 Liquid Biopsy

Given the need to obtain information on the molecular characterization of the
neoplasm, which is often only partially achievable through tissue biopsy, NSCLC
is one of the main cases where liquid biopsy has found significant clinical
application and continues to expand rapidly.
Liguid biopsy is an innovative and promising technique that, through the
analysis of body fluids (primarily blood, but also urine, ascitic fluid, pleural
effusions, and cerebrospinal fluid), provides non-invasive molecular insights
about the neoplasm. Liquid biopsy was first clinically adopted to detect EGFR
mutations in plasma, particularly the T790M resistance mutation, which
represents the main mechanism of acquired resistance to first- and second-



generation Tyrosine Kinase Inhibitors (TKis) [21,22].
The components that can be analyzed through liquid biopsy include: circulating
cell-free DNA (cfDNA), which may originate from both tumor and normal cells;
circulating tumor DNA (ctDNA), a subtype of cfDNA that derives directly from
tumor cells, correlates with tumor burden, and whose abundance varies
depending on stage, site, and tumor size; ctDNA can also be expressed as the
percentage of tumor DNA relative to cfDNA, referred to as Tumor Fraction (TF)
[ 23,24 ]. Additionally, circulating tumor cells (CTCs) can be identified, which
may contribute to the formation of distant metastatic foci; exosomes and
extracellular vesicles (EVs), nanometer-sized structures that transport
proteins, DNA, RNA, and other molecules; as well as microRNAs (miRNAs), long
non-coding RNAs (IncRNAs), circular RNAs (circRNAs), and tumor-educated
platelets (TEPs) [ 25,26 ] (Fig. 2). Several techniques can be used to analize
liquid biopsy composition, such as real-time polymerase chain reaction (rt-
PCR), which offers good sensitivity but is limited to analyzing a restricted set of
predefined mutations. In contrast, next-generation sequencing (NGS)
techniques allow the analysis of a broader panel of genes enabling the
identifications of point mutations, insertions, deletions, rearrangements, and
copy number variations (CNVs). The International Association for the Study of
Lung Cancer (IASLC) recommends performing liquid biopsy using NGS both in
patients who have not yet undergone any treatment and in oncogene-addicted
patients with acquired resistance to targeted therapy [27]. However, liquid
biopsy does not replace tissue biopsy and remains a complementary
investigative technique that supports, but cannot substitute, histological and
molecular evaluation of tumor tissue. The clinical applications of liquid biopsy
are varied and continuously evolving, including the monitoring of disease
burden, investigation of primary and acquired resistance mechanisms to
targeted therapies in oncogene-addicted disease, and the assessment of
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blood-based tumor mutational burden (bTMB) as a potential predictive marker
of response to immunotherapy [ 28,29,30].

1.1.6 The Tumor Microenvironment

The tumor microenvironment (TME) is a complex ecosystem surrounding
neoplastic cells, which profoundly shapes tumor initiation, progression, and
therapeutic response. It consists of tumor cells and non-neoplastic
components such as fibroblasts, immune cells (macrophages, myeloid cells, T
and B lymphocytes), endothelial cells, extracellular matrix (ECM), and soluble
molecules (cytokines, growth factors) that collectively promote survival,
proliferation, and therapy resistance [31] (Fig. 3). Although immune cells are
recruited to the tumor site, their antitumor functions are progressively
downregulated and often co-opted to support tumorigenesis. Tumors evade
immune surveillance through mechanisms that inhibit effector functions or
induce apoptosis, thereby exploiting immune cell infiltration to create a
growth-promoting microenvironment. This process underlies the concept of
cancer immunoediting, whereby the immune system, while capable of
eliminating transformed cells, also exerts selective pressure that promotes the
emergence of immune-resistant tumor variants [32,33,34]. A key indicator of
immune response is the presence of tumor-infiltrating lymphocytes (TILs),
which correlates with favorable prognosis in several cancers. TlLs are mainly T
lymphocytes, divided into two major subsets: CD8+ cytotoxic T cells, which play
a central role in cancer immunobiology and whose infiltration within the tumor
is strongly associated with improved survival, and CD4+ helper T cells, which
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Figure 2: lllustration shows comparison of percutaneous biopsy versus liquid biopsy
characteristics. CTC = circulating tumor cell, ctDNA = circulating tumor DNA, miRNA = microRNA,
TEP = tumor-educated platelet [Underwood et al. 2020].

promote CD8+ recruitment and sustain an inflammatory microenvironment
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through cytokines such as IL-2 and IFN-y [ 35,36]. Notably, a high presence of
Th1l CD4+ cells is linked to better outcomes in multiple malignancies.
Conversely, regulatory T cells (Tregs), characterized by CD4+ and CD25+
expression, suppress antitumor responses both directly and indirectly, thereby
supporting disease progression. High levels of Treg infiltration is associated
with poor prognosis [37,38]. Tumor progression is also linked to increased
expression of T-cell exhaustion markers, resulting in functional impairment:
reduced IL-2 production, diminished proliferative capacity and cytotoxicity,
and lower secretion of pro-inflammatory cytokines. The primary exhaustion
marker is PD-1 (Programmed Cell Death-1), an immune checkpoint expressed
on CD4+ and CD8+ T cells that normally regulates tolerance and limits immune
response duration [39,40]. Within the TME, PD-1 interaction with its ligands
(PD-L1/PD-L2) inhibits effector T-cell activity, promoting anergy. Chronic

Lymphocytes Myeloid populations

Figure 3: Schematic representation of the tumor microenvironmentTME, a complex system composed of diverse
cell types and components, including tumor cells, cancer-associated fibroblasts, immune infiltrates, pericytes,
and vascular and lymphatic networks. The tumor microenvironmentTME plays a critical role in tumor initiation,
growth, differentiation, invasion, metastasis, angiogenesis, and treatment response, representing a potential
diagnostic, prognostic, predictive, and therapeutic biomarker. (Adapted from Zhang et al.2022)

antigen exposure drives persistent PD-1 expression, a key mechanism of
immune escape. Studies indicate that blocking the PD-1/PD-L1 pathway can
significantly improve clinical outcomes [41].
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Beyond immune cells, the TME includes Cancer-Associated Fibroblasts (CAFs),
one of the most abundant stromal populations. CAFs, similar to fibroblasts
activated during wound healing, fail to undergo apoptosis and remain
persistently activated. Initially, they may limit tumor progression, but under
the influence of tumor-derived signals, they shift toword a pro-tumorigenic
phenotype, promoting growth, invasion, and angiogenesis. CAFs secrete ECM
components (collagen, fibronectin, laminins) and pro-inflammatory molecules
such as osteopontin (OPN), CXCL1, CXCL2, and IL-6 [42,43]. They also drive
angiogenesis directly (via VEGF, MMP-9) and indirectly through the
recruitement of pro-angiogenic macrophages. Recent studies show that tumor
cells actively reprogram fibroblasts into CAFs through miRNAs (MiR-31, miR-
214, miR-155), thereby inducing CAF-specific gene expression such as a-SMA
and MMPs [44].

Given the complexity of the TME and its role in cancer progression, deeper
understanding of these mechanisms is essential to identify novel therapeutic
targets, enhance treatment efficacy, and develop diagnostic and prognostic
biomarkers.

1.1.7 Therapies

Therapeutic approaches for NSCLC can be used individually or in combination
and include surgery, radiotherapy, chemotherapy, targeted therapy, and the
more recent immunotherapy. The choice of treatment depends on both the
physical characteristics of the tumor and the patient’s overall health status,
comorbidities, age, and sex. Consequently, NSCLC treatment is highly stage-
specific and divided into three clinical categories: early (stage | and ), locally
advanced (stage Ill), and metastatic (stage V).

For stage | or Il NSCLC, treatment is primarily surgical, involving tumor
resection and, if necessary, adjuvant therapy. However, most patients
experience recurrence within two years [45]. Management of stage Il or IV
NSCLC is far more complex, as surgery is often not feasible at these stages.
Treatment typically shifts toward chemotherapy and/or radiotherapy to
address both locoregional disease and distant micrometastases.
Unfortunately, prognosis for stage Ill NSCLC remains poor, with only 15% of
patients alive at five years [46,47].

Targeted therapies and novel immunotherapies based on immune checkpoint
inhibitors (ICls) have significantly improved outcomes for NSCLC over the past
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two decades [48]. Targeted therapies have become a major research focus due
to their specificity for tumor cells and their generally lower toxicity compared
to conventional treatments. These therapies aim to block or inhibit various
receptor tyrosine kinases (RTKs) involved in cell growth and survival, which are
frequently mutated in NSCLC. Currently available inhibitors target proto-
oncogenes such as EGFR, ALK, RET (Rearranged during Transfection), BRAF
(serine/threonine kinase B-Raf), ROS1 (ROS tyrosine kinase), NTRK
(Neurotrophic Tyrosine Receptor Kinase), MET, and KRAS. Many of these drugs
are now standard of care, while others remain under development. However,
fewer than 25% of NSCLC patients benefit from targeted therapy, and most
eventually develop acquired therapeutic resistance [49].

To date, among biomarkers approved by the European Medicines Agency
(EMA) and the U.S. Food and Drug Administration (FDA), only PD-L1 is available
for NSCLC. For patients whose tumors lack actionable molecular alterations,
first-line therapy is selected based on clinical conditions and PD-L1 expression
on tumor cells. Monoclonal antibodies such as pembrolizumab, cemiplimab, or
atezolizumab are the preferred treatment for patients with high PD-L1
expression (=50%) [50].

1.1.8 Immunotherapies

Over the past decade, therapies based on immune checkpoint inhibition (ICls)
have emerged as the first generation of antibody-based treatments capable of
acting on immune cells within the TME by targeting inhibitory pathways such
as CTLA-4 and PD-1. These therapies work by blocking the receptor-ligand
interactions, which drive the tumor immune evasion [51,52,53]. Among the
most studied immune checkpoints is programmed cell death receptor 1 (PD-1)
and its ligands, programmed death-ligand 1 (PD-L1) and programmed death-
ligand 2 (PD-L2). PD-1 plays a key role in regulating and maintaining the balance
between T-cell activation and immune tolerance and is widely expressed not
only on T cells but also on B cells and NK cells. Its primary function is to limit T-
cell activity in peripheral tissues during cell-mediated immune or inflammatory
responses. PD-L1, the major PD-1 ligand, is commonly upregulated in several
human solid tumors, including lung cancer, melanoma, and ovarian cancer
[54,55].

Currently, among biomarkers approved by the European Medicines Agency
(EMA) and the U.S. Food and Drug Administration (FDA), only PD-L1 is routinely
used for NSCLC. For patients whose tumors lack actionable molecular
alterations, first-line therapy is based on clinical conditions and PD-L1
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expression on tumor cells. Monoclonal antibodies such as pembrolizumab,
cemiplimab, or atezolizumab are the preferred treatment for patients with
high PD-L1 expression (>50%) [50].

Compared to chemotherapy, immunotherapy is associated with fewer side
effects and has been shown to prolong survival and improve quality of life.
However, only a minority of cancer patients (approximately 20%) achieve
durable survival with these treatments [56]. These findings highlight the need
to identify robust and clinically meaningful predictive factors to select patients
most likely to benefit from immune-based therapies.

1.2.0 The Evolution of EV Research

The first observations of EVs date back to 1946 thanks to the work of Chargaff
and West [57], who identified them in plasma as procoagulant particles of
platelet origin, later referred to as “platelet dust” by Wolf in 1967 [58].
Between the 1970s and 1980s, other studies identified EVs released into
plasma from microvilli cells of rectal adenoma [59], virus-like particles secreted
into the culture media of human cells or detected in bovine serum used as a
culture supplement [60,61] as well as vesicles, later called prostasomes [62],
in seminal fluid [63]. During this period, erly descriptions of tumor membrane
fragments were reported, revealing their procoagulant properties [64]. In
1983, structural studies demonstrated that vesicles were released from
multivesicular bodies (MVBs) after their fusion with the cell membrane during
red blood cell differentiation [65]. More than a decade later, Raposo et al.
showed that these vesicles, later named exosomes, isolated from Epstein-Barr
virus—transformed B lymphocytes, were antigen-presenting particles capable
of inducing a response in T cells [66]. Subsequently, it was discovered that EVs
contain nucleic acids, DNA, RNA, and proteins. From that point onward,
knowledge and characterization of these vesicles grew exponentially, to the
extent that since 2014 the International Society for Extracellular Vesicles (ISEV)
has worked to define criteria for EV classification, acknowledging the
complexity of EV subpopulations defined by size, function, cargo, cell/organ
type, and even species of origin [67]. The term Extracellular vescicles (EVs)
refers to nanometer-sized particles released by cells, bounded by a lipid bilayer
and incapable of autonomous replication, as they lack a functional nucleus
(68].
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1.2.1 Biogenesis

EVs display significant variability in terms of their cellular origin, molecular
content, size, and biological activity [69,70]. Their first classification was based
on size categorizes EVs into apoptotic bodies (1-5 um), microvesicles (0.1-1
um), and exosomes (30-150 nm) [71]. However, alternative classifications
have been proposed, introducing considerations such as tissue of origin (e.g.,
prostasomes and oncosomes) and functional parameters [72]. EV proteins
constitute a key aspect of their classification, reflecting both the cellular origin
and the contents of the originating compartments. Exosomes (Exo) are
generated by the endocytic pathway through the interaction between the
endocytic vesicles and the endosomal sorting complex required for transport
(ESCRT) system, and afterwards, they are released by the fusion of
multivesicular bodies (MVBs) with the plasma membrane [73]. ESCRTs are
involved in Exo production regulation also through the autophagy system.
Autophagy-related genes (Atg) represent key factors for Exo release and their
expression has been found to be deregulated in cancer cells, promoting
proliferation and metastasis [74]. The complex network between autophagy
and Exo trafficking includes many regulatory proteins and was recently revised
by Zubkova and coworkers [75]. Conversely, microvesicles (MV) and apoptotic
bodies arise directly from the plasma membrane. In particular, MVs derive
from membrane budding, whereas apoptotic bodies form from the blebbing of
cells that undergo apoptosis. Cancer cells markedly enhance EV release to
promote cancer development, proliferation, and metastasis. Among the EVs
released from cancer cells are oncosomes, a subtype that differ in size and
composition from other EVs, and associated with the transfer of oncogenic
material.
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Figure 4: Overview of extracellular vesicleEV subtypes and their uptake, biogenesis, and release. They are classified into
different sub-classes and are generated through the endosomal pathway, released as exosomes (30-150 nm),
microvesicles (0.1-1 um), apoptotic bodies (1-5 um), and oncosomes (>1 um) (Carreca et al. Cancers 2024).

1.2.2 EVsin Lung Cancer Diagnosys and Therapy

EVs represent a mechanism of intercellular communication adopted by cells
and are involved in both physiological and pathological processes. They are
implicated in tumor formation and development by participating in
mechanisms such as migration, invasion, angiogenesis, hypoxia, and immune
system evasion [76]. By exploiting their ability to mediate cell-to-cell
communication and thereby enable the transfer of the cancerous phenotype,
EVs constitute an important biological mechanism underlying the conditioning
of the TME, leading to the formation of pre-metastatic niches [77]. The
information they carry can influence the behavior of target cells in multiple
ways. In particular, they can act as carriers, transferring membrane proteins
and receptors to target cells, or modifying their phenotype through the
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horizontal transfer of genetic information. It has been demonstrated that EVs
can deliver not only proteins or lipids, but also miRNAs, other ncRNAs, and
MRNAs [78]. The analysis of EV miRNA levels in lung cancer patients has shown
a significant difference compared to control samples, suggesting that
circulating EV miRNAs might represent a useful screening tool [79]. Compared
to other circulating biomarkers such as cell-free DNA (cfDNA) and CTC, EVs
have the advantage of being more abundant and more stable, given their lipid
layer, which also protects the transported cargo. These characteristics are
crucial for establishing sensitive and easily repeatable protocols for the early
diagnosis of disease. Their role is central in certain pathological phenomena;
for instance, it is now widely demonstrated that a tumor cell can release more
than 20,000 of these vesicles in 48 h [80], highlighting their contribution to
shaping the TME. The analysis of EVs can represent a low-impact source for
lung cancer characterization; notably, it has been demonstrated that EVs
derived from bronchoalveolar lavage fluid (BALF) liquid biopsy can be used
proficiently for epidermal growth factor receptor (EGFR) genotyping and the
evaluation of EGFR mutations [81]. This method, together with digital droplet
PCR (ddPCR) and next-generation sequencing (NGS) techniques, can allow for
the stratification of patients for TKI treatment without invasive methods such
as tissue biopsy [82].

Over the last ten years, EV research has focused on their potential application
as therapeutic agents. As already underlined, EVs can carry molecules,
particularly non-coding RNAs, influencing cancer growth, progression,
metastasis, or drug resistance. EVs can be considered a promising vector for
anti-cancer delivery systems due to their natural and advantageous properties,
such as their high biocompatibility and limited systemic toxicity. Specific
nanocarrier-targeted action can be improved by engineering and
functionalizing their surface, for example, by inducing the expression of
specific proteins on the EV membrane or through the loading of miRNA, which
can be inserted exogenously on isolated EVs (electroporation, sonication, and
RNA cholesterol conjugation), or indirectly by genetic modification of the
donor cells before EV isolation (RNA transfection, RNA encoding plasmid
transfection, and virus transfection) [83].
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1.3 In vitro models: from 2D to 3D approaches

In biomedical field, experiments are conducted on models consisting of cell
cultures derived from human or animal sources. These cultures, defined in
vitro, allow researchers to study and investigate various aspects of cellular
functions, aiming to reproduce as faithfully as possible the physiological
characteristics of a tissue or organ. A classic model is represented by two-
dimensional (2D) cultures, in which cells grow as a monolayer within flasks or
Petri dishes. Although these systems are highly useful for evaluating
parameters such as cytotoxicity, cell proliferation, inflammatory response,
gene and protein expression, and the pharmacokinetics and
pharmacodynamics of new compounds, they present certain limitations.
Specifically, the reproduction of biological phenomena observed in vivo is
limited, as these cultures fail to fully mimic the cellular and extracellular
interactions typical of living tissues, resulting in reduced biomimetic capacity.
Due to these discrepancies between in vitro and in vivo environments, the
development of 3D models has become essential. These systems recreate a
more complex and realistic microenvironment, promoting cell-cell and cell-
ECM interactions through the formation of three-dimensional structures (Fig.

5).
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Figure 5: Schematic
representation of
conventional 2D (A)
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cell culture systems
(B), highlighting
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organization and key
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Cells can be cultured within artificial 3D matrices or using scaffold-free
approaches, such as ultra-low attachment plates (ULA) [84]. Among the most
representative 3D models, arranged in increasing order of biomimetic
complexity, are spheroids, organoids, bioreactors, and organ-on-chip systemes.
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These models allow for a more accurate simulation of in vivo complexity and
represent highly relevant tools for advanced biomedical research [85].

1.3.1 Spheroids

Spheroids are the simplest 3D models, consisting of aggregates of cells, and are
often used as in vitro models for studying neoplastic conditions. Spheroids are
able to develop gradients of oxygen, nutrients, metabolites, and soluble signals
eventually producing a heterogeneous cell population. They also display a
defined geometry, with cell-to-cell and cell-to-ECM interaction. Spheroid
formation occurs through the action of integrins, a class of membrane
proteins. This process can occur through several mechanisms: (i) dispersion of
cell aggregates due to a long chain of ECM fiber consists of RGD motifs that can
allow the binding of the integrin leading to the upregulation of cadherins; (ii)
cadherin aggregates on the surface of the cell; and (iii) hemophilic cadherin-
to-cadherin binding between adjacent cells, which strengthens the connection
between cells and spheroids [86]. Spheroids exhibit a spherical geometry and
are structurally organized into three main regions: (i) Proliferative Zone: the
outermost region, where conditions are optimal for oxygen and nutrient
diffusion, and waste products can be rapidly removed; (ii) Quiescent Zone: an
intermediate area where most cells remain viable but exhibit very low
metabolic activity; under certain conditions, these cells can regain full
functionality; (iii) Necrotic Core: the innermost region, where limited oxygen
and nutrients diffusion lead to cell death [87].

Cells adhere to each other, forming small aggregates with a diameter of 50-
100 microns, which can be collected using standard micromanipulation
techniques and individually seeded into culture medium. As cell proliferation
continues, these aggregates increase in size, reaching volumes on the order of
a cubic millimetre, corresponding to approximately one million cells. Thanks to
their 3D architecture, spheroids acquire unique biological properties that are
not observed in traditional monolayer cultures.

Spheroid cultures can be established using either immortalized cell lines or
primary human cells. Immortalized lines allow long-term testing but offer
limited biomimicry compared to human tissue, whereas primary cells provide
higher physiological relevance but cannot be cultured for extended periods
due to the risk of senescence [88].

Moreover, 3D spheroids can be generated using homotypic or heterotypic cell
combinations, allowing a more faithful representation of in vivo cellular
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heterogeneity and enabling the study of environmental interactions that
influence tumor progression and treatment responses.
Tumor-derived spheroids are unique because they are often used for the
enrichment of cancer stem cells (CSCs) or cells with stem cell-related
characteristics. These spheroids are grown as floating spheres and have been
used as surrogate systems of solid tumors in vitro [89].

1.3.2 Cancer Stem Cells (CSCs)

CSCs, first identified in 1990 [90] are a small group of cancer cells that possess
properties of normal stem cells, such as self-renewal and pluripotency
[91]. The CSC model, also known as the hierarchical model, provides a
paradigm for people to understand intratumoral heterogeneity, as they can
differentiate into various cancer cell phenotypes while maintaining their own
population [92]. CSCs are also characterized by an enhanced ability to initiate
tumor growth, proliferate, invade, migrate, and resist therapeutic effects. This
implies a central role of CSCs in cancer development and makes their targeting
an invaluable strategy for anti-cancer treatments. The CSC population exhibits
both typical tumor cell activities and features similar to normal stem cells
(NSCs), namely the cell population responsible for physiological tissue
homeostasis, such as self-renewal capacity, undifferentiated state, and
multipotency (i.e., the ability to generate mature cells belonging to different
cell types) [93]. CSCs have been shown to give rise to tumors again when
transplanted in vivo into immunodeficient mice [94,95].

The main distinctive characteristics of CSCs, which differentiate them from
NSCs, are multiple. First of all, they have marked plasticity, as they can recreate
intra-tumoral and inter-tumoral heterogeneity, giving rise to different cell
populations [ 96,97,98]. They also possess a high and uncontrolled proliferative
capacity, which allows them to escape the normal control of tissue
homeostasis. CSCs, due to specific genetic alterations, tend to undergo a
greater number of symmetric divisions (i.e., from one stem cell two stem
daughter cells originate) rather than asymmetric divisions (i.e., from one stem
cell a stem daughter cell and a more differentiated cell originate), which are
instead typical of normal stem cells [99]. CSCs are capable of accumulating
various mutations in their DNA and transmitting them to subsequent
generations, due to alterations in DNA repair mechanismes.
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Another fundamental peculiarity is their ability to resist the main therapeutic
treatments, such as chemotherapy [101] and radiotherapy [102]. In this way,
they constitute a small reservoir of cells responsible for tumor relapse and
metastasis formation. Among the multiple characteristics of CSCs are their
ability to initiate and sustain tumor growth, their plasticity [103,104], and their
genetic instability, which make them capable of establishing specialized niches
that support metastatic development [105,106]. Given all these peculiarities,
CSCs are able to replicate by forming clones in in vitro cell cultures, which grow
in suspension and have the characteristic spherical shape [107,108]. Many of
the tumors with the highest incidence worldwide are heterogeneous tumors,
containing cell populations with various stem-like properties [109]. The onset
of a tumor can be driven either by transformed differentiated cells or by
transformed stem cells residing in tissues. Transformation may occur during
tissue regeneration and can also be initiated and/or accelerated in response to
infections, toxins, radiation, or metabolic influences that cause mutations [110,
111]. During the transformation process (Fig. 6), oncogenes are overexpressed
and tumor suppressors are inactivated, promoting uncontrolled proliferation.
As a result, cells dedifferentiate and acquire stem cell-like characteristics [112].
CSCs have the peculiarity of expressing specific surface markers that allow their
isolation in culture. These markers are shared with normal stem cells and
progenitor cells, highlighting their probable derivation and origin. The
spheroids originating from them are defined as oncospheres, or more
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Figure 6: CSTs exhibit multiple characteristics that make them particularly invasive and capable of generating
tumors, both in primary and secondary sites, thus leading to metastasis formation. Among their distinctive
features, a key aspect is their ability to evade major treatments, including chemotherapy and radiotherapy.
(Frank NY, et. al., J. of Clinical Investigation 2010).
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specifically according to the tissue of origin, for example, colon-spheres or
lung-spheres. The first studies on oncospheres were carried out on cells
isolated from colon tumors [113], showing that CD133+ cells exhibited high
aggressiveness and replicative capacity. Isolated CD133+ cells were able to
form spheres in suspension culture and, when transplanted into
immunodeficient mice, were capable of regenerating the tumor [95].
Subsequently, it was demonstrated that CD44, a transmembrane protein
involved in cell adhesion, could be proposed as an alternative marker [114].
CD44+ cells isolated from carcinomas display CSC-like characteristics, as they
can form spheres in culture starting from a single cell and regenerate the tumor
when transplanted in vivo [115,116]. The microenvironment in which stem
cells reside (the stem cell niche) plays a crucial role in maintaining their
characteristics and regulating differentiation and proliferation processes. Stem
cells are located within a dense network of blood vessels, immune system cells,
adipocytes, fibroblasts, and components of the ECM, which collectively
maintain a proper environment for preserving stemness. Stem cells
communicate with the microenvironment through adhesion molecules, which
bind to the ECM, and soluble molecular signals, such as cytokines and growth
factors, which they exchange with the different components of the niche [117].
Ultimately, a reciprocal exchange of signals occurs between CSCs and the TME,
establishing conditions suitable for tumor growth and development. This
environment is sustained by CSCs, which have been recognized as an essential
component of the TME and actively contribute to tumor progression [118,119].
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2.0 Aim

The study aims to identify new predictive and/or prognostic biomarkers or
therapeutics targets of NSCLC through a proteomic approach called “bottom-
up,” to shed new light on the proteins that play a central role in the complex
TME of NSCLC patients. These new potential biomarkers may be present in the
cargo of EVs and carried into the bloodstream, or they may be “secreted”
directly by tumor cells. Both components could be important for early
detection and diagnosis of the disease, for determining prognosis, and for
predicting therapeutic efficacy through a molecular model that differs from
that found in healthy patients.

The main objective of this project is to evaluate the potential value of
secretome and exosome analysis as predictive and prognostic markers using a
simple and non-invasive method in patients with NSCLC at the early stage of
the disease. Once specific molecular signatures are defined for each patient,
better patient stratification and application of more appropriate therapies will
be possible.

Secondary Objective: in parallel, the development of a 3D model based on CSCs
will be pursued to recreate in vitro the pathophysiological conditions of the
TME. The use of heterotypic 3D cell culture model in vitro will allow the
evaluation of individualized therapies and treatment responses, as well as the
identification of new potential biomarkers.
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3.0 Materials and Methods

3.1.0 Proteomic analysis of plasma samples: defining procedures

3.1.1 Plasma sample collection

Two and a half milliliters of plasma were collected from four different healthy
donors from 10 mL of blood in Vacutainer K2-EDTA collection tubes, blood cells
were removed from plasma by centrifugation for 15 min at 1100 x g at 4 °C.
The samples were maintained at 2—8°C while handling and were aliquoted into
0.5 ml fractions and stored at —=80°C.

3.1.2 EV isolation from plasma

The isolation of EVs from body fluids is challenging because they are prone to
contamination with non-EV proteins, lipoproteins, and high-density
lipoproteins (HDL). Such contaminants interfere with obtaining pure EVs for
therapeutic, diagnostic, or prognostic purposes. The various EV isolation
methods can be categorized based on the physicochemical properties
exploited for isolation: centrifugation-based methods, size-based isolation,
affinity-based isolation, precipitation, and recently developed microfluidic
techniques. Each method has advantages and disadvantages, and the choice
largely depends on the intended application of EVs.

In this study, two methods were initially tested to determine the most suitable
for our purpose:

e differential ultracentrifugation (DU) as described in literature [120];

o affinity-based enrichment using VN96, a synthetic peptide
incorporated in the ExoSel Kit (Exosomics) [121]. This synthetic peptide
binds selectively EVs from plasma due to its affinity for specific
membrane proteins, particularly heat shock proteins (HSPs), which are
abundant on EV surfaces. The method exploits a molecular affinity
mechanism, forming stable complexes with EV surface proteins that
can be easily separated from the plasma matrix, allowing rapid and
reproducible isolation to enrich the EV sample. This approach was
developed to be compatible with diagnostic workflows, offering
reduced processing times and high yield, supporting its application in
liquid biopsy for the detection of DNA, RNA, and protein biomarkers.
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Plasma from three healthy donors was processed using both isolation
methods, after which the resulting EV pellet was resuspended in Laemmli

25KDa "~ H Rab5
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Fig.7: Western Blot analysis of EVs extracts from plasma samples with two different isolation methods:
differential ultracentrifugation (DUC) or ExosSel kit from Exosomics. Probed forRab5.

buffer and analyzed by Western blot using an antibody against the EV surface
marker RAB5. The results show that affinity-based EV isolation was more
effective compared with DU (Fig. 7).

3.1.3 Analysis of EVs by Nanoparticle Tracking Analysis

Nanoparticle Tracking Analysis (NTA) (NanoSight NS300) is the gold standard
method for assessing both concentrations and size of EVs. This method relies
on measuring the characteristic movement of EVs as a function of Brownian
motion [122]. Following laser illumination, the instrument records the
scattered light produced by individual particles, allowing the software to
calculate their hydrodynamic diameter through the Stokes-Einstein equation,
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Figure 8: NTA analysis shows size distribution and concentration of EVs isolated from healthy donor
plasma using two different approaches: DU method and ExoSel Kit method.
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together with particle tracking information. Figure 8 shows the NTA profiles of
EVs isolated using the DU method and the ExoSel Kit method, respectively.

Both methods show a predominant population of particles around 115 nm,
which is consistent with the expected size range of EVs. However, the EV
sample obtained through the DU method displayed a more heterogeneous
profile, with multiple peaks extending beyond 400 nm, suggesting the
presence of larger aggregates or contaminants. In contrast, the EV sample
isolated with the ExoSel Kit method yielded a more defined distribution, with
fewer secondary peaks and a slightly higher concentration. These observations
indicate that the ExoSel Kit provides superior enrichment and purity compared
to the DU, which is particularly advantageous for downstream proteomic
analyses requiring highly consistent EV populations.

3.1.4 Reduction of plasma volume: new perspectives in EV isolation

Optimizing a protocol for isolating EVs from small plasma volumes is essential
when working with NSCLC patients. These patients, already in fragile clinical
conditions, should not undergo invasive or excessive blood draws, as each
procedure may adversely affect their health and well-being. Liquid biopsy
offers a less invasive alternative to tissue biopsy, but its true clinical value
depends on requiring minimal amounts of blood. Further reducing the plasma
volume needed for analysis helps preserve patient comfort, minimize
sampling-related risks, and increase the sustainability and feasibility of the
protocol in real clinical settings, without compromising data quality. A
promising approach to enhance EV purity is to combine different isolation
methods to reduce contamination rate [123]. For this purpose, plasma samples
collected from healthy donors were processed using different isolation
methods and their combinations, to identify the most effective procedure for
EV isolation and high abundant protein (HAP) depletion starting from 1 mL of
plasma. These procedures are summarized in Figure 9.
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Figure 9: Schematic overview of the processing workflows tested for EV isolation from 1 ml plasma. Five protocols
(T1-T53) were compared, incorporating different combinations of peptide-affinity isolation (WVn96 peptide), albumin
and IgG depletion (Sigma kit), rotation protocol, and ultracentrifugation (UC protocol )

As illustrated in Figure 10, western blot was performed to assess the suitability
of the various combined isolation workflows. Lanes 4 and 5 clearly indicate that
workflows T4 and T5 introduce interfering substances that fail to migrate

properly through the polyacrylamide matrix.

This impaired migration renders the identification of these components
unfeasible, leading to the exclusion of these workflows from further analyses.
Consequently, only EVs isolated using workflows T1-T3 were characterized.

Figure 10: Western blot analysis of EVs isolated from
plasma using five different protocols (T1-T5) and the
anti-CD63 antibody (50-53 kDa)

Band intensities reflect variable isolation efficiency
across workflows. T4 and T5 ehibited an altered
signal, likely due to incomplete albumin removal
from the sample and impaired electrophoretic
migration. In contrast, T1-T3 workflows produced
cleaner profiles, with distincts CD63 band, despite a
nonpecific 25 kDa band present in all samples.
Overall, T1-T3 yielded the strongest CD63 signal,
suggesting superior EV recovery compared to other
anti-CD63 (50-53 kDa) methods.
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As shown in the Western blot in Figure 11, these three methods yielded EV
preparations with clearly detectable and well-expressed markers.
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Based on these results, workflows T1, T2, and T3 were identified as the most
effective. Importantly, they allow reliable processing from a minimum starting
volume of 1 mL of plasma, allocating 500 pL for proteomic analysis of plasma
after HAP depletion and 500 pl for EV isolation. Efficient EV recovery from
such limited limited volumes was achieved using the Vn96 peptide, which binds
to heat shock proteins (HSPs) on the EV surface, enabling effective enrichment.
These standardized procedures establish a robust framework for plasma
processing and EV isolation for subsequent MS-based proteomic analyses.
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Figure 11: Western blot characterization of EVs isolated using three different protocols (T1-T3). EV markers
Alix (95 kDa), CD63 (50 kDa), and CD81 (26 kDa) were detected in all samples, confirming successful isolation
and enrichment of EVs across all workflows.

3.1.5 Plasma high abundant proteins (HAP) depletion

To define SOPs for MS analysis and remove HAPs, two commercial depletion
kits (BioRad and Sigma Aldrich), both designed for the selective binding and
simultaneous removal of albumin and IgG from plasma were used. To validate
albumin and IgG depletion, protein concentration was measured by using the
colorimetric 562nm bicinchoninic acid assay (BCA). Depleted plasma samples
were resuspended in Laemmli sample buffer (Bio-Rad) and analyzed by SDS-
PAGE followed by Coomassie Blue staining (Fig. 12).
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Figure 12: SDS-PAGE of human plasma protein fractions after depletion using the Aurum Serum Protein Mini Kit
and PROTEOPREP columns. Lanel: Unstained Marker (10-250kDa); Lanes 2-4: Depleted plasma obtained with
the Aurum Serum Protein Mini Kit; Lanes 5-7: Depleted plasma obtained with the Proteoprep; Lane 8: Unstained
Marker (10-250kDa); Lanes 9-11: HAPs bound to the Proteoprep columns.

3.1.6 Sample preparation for liquid chromatography tandem mass
spectrometry (LC-MS/MS)

EV protein concentration was determined by BCA, and 30 ug per sample was
processed using filter aided sample preparation (FASP) [124] with 10 kDa
Vivacon 500 spin filters. Briefly, proteins were reduced and free cysteine
residues were alkylated to allow enzymatic digestion of the proteins by LysC
and trypsin (Promega). The resulting peptides were eluted into collection tubes
and acidified with formic acid (Sigma Aldrich) at a final concentration of 0.1%.
Afterward, proteolytic peptides were desalted by stop-and-go extraction
(STAGE) with self-packed C18 tips (Empore) [125]. Peptides were eluted with
60% acetonitrile (Sigma Aldrich) and 0.1% formic acid, dried by vacuum
centrifugation, and concentrated and dissolved in 20ul of 0.1% formic acid.
Final peptide concentrations were measured using NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific).
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3.1.7 Proteomic analysis using LC-MS/MS

A total of 1.2 pg peptide per sample was injected into a Vanquish UHPLC
system (Thermo Scientific) coupled to an Exploris 480 Hybrid Quadrupole-
Orbitrap mass spectrometer (Thermo Fisher Scientific). Data-independent
acquisition (DIA) was used for label-free quantification (LFQ). Plasma samples
was analyzed with MaxQuant (maxquant.org, Max-Planck Institute Munich).
MS data were searched against the reviewed canonical Homo sapiens UniProt
FASTA database. Protein LFQ values generated by MaxQuant were further
analyzed in Perseus. Peptide and protein LFQ intensities were logs-
transformed, and proteins were retained only if detected in at least one
biological replicate per group. A comprehensive list of identified proteins was
also generated. When comparing the performance of the two depletion Kkits,
Sigma Kit achieved a more efficient removal of serum albumin than the BioRad
kit (Fig. 7). However, these results show minor discrepancies compared with
the SDS-PAGE analysis (Fig. 13), likely reflecting methodological differences
between gel-based visualization and MS-based quantification (Fig. 13).
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Fig 13: Serum albumin LFQ intensity detected by LC-MS/MS after depletion with BioRad or Sigma kits compared to
undepleted, crude plasma.

The Venn diagram in figure 14, which represents the distribution of proteins
identified across the two depletion conditions, including both shared and
unique proteins, indicates that the Sigma HAP depletion kit enables the
recovery of 10.4% unique proteins, compared to only 1.8% with the BioRad kit.
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Figure 14: Venn diagram showing the distribution of plasma proteins indentified by LC-MS/MS, after depletion of high
abundant proteins (HAPs) using BioRad or Sigma commercial kits, as part of SOP development for NSCLC patient

plasma processing.

These findings highlight how interference from HAPs cansignificanly affect the
LC-MS/MS performance and the overall protein identification. Based on these

results, the Sigma kit appears to be the most appropriate option for continuing
our investigations. LC-MS/MS analysis also provided insights into the
subcellular localization of the proteins identified following HAP depletion (Fig.

15).
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Figure 15: Subcellular localization of proteins identified in plasma following depletion of HAPs using two
commercial kits, Sigma and BioRad.
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Additional MS analyses were subsequently performed on EVs isolated from
plasma either by Differential ultracentrifugation (DU) or using the ExoSel
Kit, comparing the protein profiles obtained after plasma HAP depletion with
those derived from combined HAP and EV depletion by DU. As shown in figure
16, EVs isolated with the ExoSel kit yielded a substantially higher number of
identified proteins compared with EVs isolated by DU.
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Figure 16: Subcellular localization of proteins identified in EVs isolated from plasma using two different
isolation methods, the ExoSel kit and differential ultracentrifugation (DU).

3.2 Exploring Plasma and EV Proteomes in Patient Samples

Plasma samples were obtained through liquid biopsies from patients
diagnosed with advanced-stage NSCLC undergoing treatment at the Oncology
Unit of the Policlinico of Palermo. Samples were stratified according to the time
of collection, with baseline samples (PO) collected prior to treatment initiation
and follow-up samples (P1) obtained at the time of radiological assessment.
Furthermore, patients were grouped based on the therapeutic regimen
received, including chemotherapy, immunotherapy, or combined chemo-
immunotherapy. For each treatment category and time point, three plasma
samples were collected, ensuring a representative distribution for comparative
analyses. This sampling strategy enabled the evaluation of both plasma and EV
proteome profiles across different treatment modalities and time points,
providing insights into dynamic molecular changes associated with therapy
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response. Starting from 5-15 ml peripheral blood was collected in tubes
containing EDTA. To obtain plasma samples, the blood was centrifuged for 15
min at 1500g and stored at -80°C in aliquots until use.

Once again, in accordance with the 2023 guidelines of the ISEV,
characterization of the isolated vesicles was performed using two
complementary approaches: Nanoparticle Tracking Analysis (NTA) and
Western blot assay. Both methods confirmed successful EV isolation, as
evidenced by the clear detection of EV surface markers, CD63 and CD81,
shown in Figure 17. For Western blot, 20 pg of EV protein were mixed with 4x
Laemmli sample buffer, loaded on 4-15% mini-PROTEAN TGX stain-free gels,
transferred using a trans-blot turbo system and visualized with the ChemiDoc
Touch System (all from BioRad).
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Figure 17: Rappresentative Western blot analysis of EV markers CD63 and CD81 in plasma-derived
extracellular vesicles EVs isolated from two plasma patients at different times of treatment.

Primary antibodies included mouse anti-CD63 (Clone MX49; Santa Cruz) and
mouse anti-CD81 (Clone: B11; Santa Cruz). After overnight incubation at 4°C,
membranes were washed and incubated with an HRP-conjugated secondary
antibody (Promega). Immune complexes were visualized using the Clarity Max
chemiluminescence substrate (BioRad).

Plasma from the same patients was processed to remove high-abundance
proteins (HAPs) using the Bio-Rad Aurum Serum Protein Kit, following the
manufacturer’s instructions and starting from 500 pL of plasma.
Both the isolated EVs and the HAP-depleted plasma were then subjected to
protein characterization using a bottom-up approach, data processing with a
DIA (Data-Independent Analysis) strategy, and interpolation with protein
databases for the identification of proteins present in the sample.
Figure 18 summarizes the complete experimental workflow, from blood
collection to LC-MS/MS analysis, using plasma from patients with advanced-
stage NSCLC, collected at baseline (PO) and at the time of radiological
assessment (P1). FASP protocol was performed as already mentioned.
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Figure 18: Workflow outlining sample processing, from patient plasma collection through EV isolation,
followed by LC-MS/MS and subsequent bioinformatic data processing.

3.2.1 Mass Spectrometry

The FDR for peptide and protein identification was set at 0.01%. LFQ was used
for protein quantification and analyzed with Perseus (version 1.6.15.0) [126].
LFQ values were log2 transformed, and a two-sided Student’s t test was used
to evaluate statistical changes in relative protein abundance between groups,
with a significance threshold set at a p-value of less than 0.05. Protein groups
were retained for statistical analysis only if they were quantified in at least 70%
of the samples in one or more of the study groups.

Subsequently, the resulting protein lists were subjected to functional analysis
using enrichment tools such as Gene Ontology (GO)[127] and KEGG [128],
which enable data interpretation in terms of biological processes and
molecular pathways [129]. Finally, platforms like STRING [130] allowed the
construction of protein—protein interaction networks based on experimental
evidence and computational predictions, providing an integrated view of the
functional relationships among the identified proteins. This workflow enables
the transition from spectrometric data to a biological and systemic
understanding of the mechanisms involved. In the bioinformatic analyses for
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this study, GO and KEGG were essential tools for interpreting the biological
significance of the identified proteins. The integration of GO and KEGG in
enrichment analyses thus allowed the transformation of protein lists into
structured biological information, facilitating the interpretation of tumor
progression mechanisms and treatment responses in NSCLC.

Principal Component Analysis (PCA), which is particularly useful in proteomics
because it helps visualize sample clustering, detect outliers, and identify
sources of variance across experimental groups, was performed on the
proteomic data obtained and revealed substantial differences between whole
plasma and EVs from NSCLC patients. PCA of plasma, figure 19, showed a
marked overlap among groups, with an Adjusted Rand Index (ARI) of 0.144,
indicating poor discriminative power. The dispersion of samples along the
principal components suggests that the overall protein content of plasma does
not provide sufficiently robust information to distinguish patient subgroups.
This reduces the relevance of further investigations based exclusively on
plasma, as the lack of clustering limits the possibility of identifying specific
biomarkers. Conversely, EV-derived proteomes exhibited a clearer tendency
to separate according to clinical groups, with an ARl of 0.305, indicative of a
moderate consistency between data distribution and clinical classification. This
behavior suggests that EVs preserve distinctive biological signals, likely
reflecting tumor- and treatment-related molecular changes, and therefore
represent a more promising matrix for patient stratification and biomarker
identification. For this reason, the study proceeded by focusing on EV analysis,
as EVs more effectively reflect biological differences among groups, as
illustrated in the results section. They represent selective molecular
microenvironments that are less influenced by systemic factors, making them
ideal candidates for biomarker identification and for elucidating pathogenic
mechanisms in NSCLC.
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Figure 19: Principal Component Analysis (PCA) of proteomic profiles across three treatment-based experimental
groups. Left panel: PCA of EVs isolated from plasma. Right panel: PCA of plasma samples depleted of high-
abundance proteins (HAPs). Colors represent experimental groups, while point shapes indicate sample clustering
sectors.

3.3.0 3D heterotypic NSCLC cell cultures for TME studies

3.3.1 Cell Lines

NSCLC-derived cell lines A549 and H460 were kndly donated by Prof. Ugo
Cavallaro, Director of Unit of Gynecological Oncology Research at [EO in Milan.

A549 and H460 are two widely used cell lines serving as experimental models
for the study of NSCLC, the most common form of lung cancer. The A549 cell
line originates from a human lung adenocarcinoma and exhibits well-defined
epithelial characteristics. It is particularly employed to investigate biological
processes such as cell proliferation, drug response, and interactions with the
tumor microenvironment, thanks to its ability to produce surfactant and
maintain a phenotype similar to type Il alveolar cells.

Conversely, the H460 cell line derives from a large-cell carcinoma and exhibits
a more aggressive phenotype, with high proliferative and invasive capacity.
This makes it a valuable model for studying mechanisms of tumor progression
and treatment resistance. From a molecular perspective, both cell lines harbor
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common mutations found in NSCLC, such as alterations in TP53 and KRAS,
making them representative of clinically relevant disease subtypes.

3.3.2 Generation of Homotypic 3D cell culture and Flow Cytometry

A549 and H460 tumor cell lines were tested for the absence of mycoplasma
and cultured initially in 2D cultured, using high glucose Dulbecco's Modified
Eagle Medium (DMEM) and Roswell Park Memorial Institute 1640 (RPMI1640)
respectively, both supplemented with 10% fetal bovine serum (HyClone) and
1% penicillin-streptomycin (Gibco). Cells were maintained at 37°C in a
humidified atmosphere with 5% CO, until reaching confluence and underwent
one passage to recover from thawing. To allow sphere formation, cells were
cultured in a serum-free DMEM-F12 medium supplemented with specific
growth factors, including EGF (1 ng/uL), FGF (10 ng/uL), and B27 supplement
(50X), under low-adhesion conditions. This approach enables the selection of
CSCs from the bulk cancer cell population. To obtain the first generation of
oncospheres (F1), tumor cells previously grown in 2D were enzymatically
detached, collected, and centrifuged at 125 x g at 4 °C for 5 minutes. The
resulting cell pellet was washed with sterile PBS and resuspended in complete
medium. Cells (2 x 10° per well in 1.5 mL of medium) were plated in low-
attachment 6-well plates, exploiting their ability to grow in suspension and
form spheres (Fig. 20). The cells were incubated for four days, after which 500
uL of fresh complete medium was added, and the cultures were examined
under a light microscope to verify oncosphere formation in suspension.

H460

A549

day 4 day 8 day 12

Figure 20: Morphological evolution of 3D spheroids from H460 and A549 cell lines under low-attachment
conditions.
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Oncospheres were collected on the eighth day of culture in ultra low-
attachment (ULA) plates and dissociated both enzymatically and mechanically.
The resulting single-cell suspension was then analyzed by flow cytometry to
verify whether the oncospheres have been successfully selected and enriched
in stem-like cells.

Under these conditions, CSCs are able to replicate and form clones that grow
in suspension as spherical aggregates, whereas non-stem cancer cells fail to
adhere to the flask and consequently undergo apoptosis. Upon the appearance
of the first CSC clones, the supernatant containing the spheres was collected,
centrifuged for 10 minutes at 800 rpm, and the pellet was subsequently
dissociated using TrypLE. The oncospheres were then washed with sterile PBS
and labeled with antibodies such as anti-CD44 and anti-CD133, well-known
cancer stem cell markers in lung cancer [131]. Cells were incubated in the dark
for 30 minutes, washed with PBS, and analyzed by flow cytometry (BD
FACSDiva 9.0). The results, shown in Figure 21, indicate positivity for stemness
markers such as CD44 and CD133, which are also associated with increased
tumorigenic potential. The expression of CD44 is significantly correlated with
early-stage lung adenocarcinoma and with mutations in the epidermal growth
factor receptor (EGFR)[132 133].
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Figure 21 : Characterization of CSCs by flow cytometry analysis using a panel of stemness markers. Red
peaks represent markers positive cells, green peaks indicate unstained controls

These markers have different structures and functions but are closely
associated with stemness potential and the uncontrolled proliferation of
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cancer cells [133]. CD44 is a biomarker expressed not only in solid tumors but
also in hematological malignancies. Its expression is associated with increased
proliferation,  self-renewal, and  metastasis. In  other studies,
CD44"high/CD133”high cells have shown enhanced tumorigenic capacity
[134]. Compared to CD44*ow/CD133%low cells, those with high CD44 and
CD133 expression exhibited more stem cell-related genes and demonstrated
greater tumorigenic potential.

Furthermore, the absence of CD90, a marker characteristic of fibroblasts from
various species and tissues and proposed as a CAF marker [135], confirms the
non-fibroblast nature of H460 cells. To better simulate the TME, MRC5 cell line
was also used. MRC5 are a diploid cell derived from fetal lung fibroblasts, which
are commonly used as feeder cells and to maintain stem cells in an
undifferentiated state. Therefore, these cells were also characterized by flow
cytometry, confirming their fibroblastic identity through high CD90 expression
(fig. 22).
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Figure 22: Marker expression in MRCS cells. Flow cytometry histograms show high CD90 positivity in
fibroblasts. Red peaks represent markers positive cells, green peaks indicate unstained controls.

3.3.3 Tumor cells expressing GFP or RFP through lentiviral transfection

To identify the relationships between cell types within the 3D co-cultures by
fluorescence, third-generation lentiviral vectors (LV-GFP and LV-RFP) were
used to transduce either Green Fluorescent Protein (GFP) or Red Fluorescent
Protein (RFP). Both cell lines, H460 and A549, previously cultured in 2D, were
infected with the indicated lentiviral vectors.

Lentiviral particles were produced in human embryonic kidney HEK 293T cells.
Approximately six million cells were seeded in 100 mm plates to reach about
70% confluence. The following day, each plate was co-transfected with the
plasmid of interest and the lentiviral packaging plasmids in appropriate
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proportions. In this system, one plasmid (LV-GFP, ~7500 bp) encodes the EGFP
gene under a strong promoter, enabling green fluorescent protein expression
for cell tracking.

The second plasmid (LV-RFP, ~7539 bp) carries the mCherry gene, which
encodes a red fluorescent protein enabling stable expression of red fluorescent
protein (Fig. 23). Two hours before transfection, the culture medium was
replaced with fresh medium containing serum but without antibiotics, and a
transduction-enhancing compound was added to enhance viral production.

e’ Sat e

Figure 23: Lentiviral vector maps showing the organization of key genetic elements, including promoters,
selection markers, and regulatory sequences.

DNA mixes were prepared using a transfection reagent at a 1:3 ratio (DNA:
reagent), incubated at room temperature for 20 minutes, and then added to
the cells. The day after transfection, the medium was replaced with fresh
complete medium. After 48 and 72 hours, the supernatant containing lentiviral
particles was collected, centrifuged, and filtered. Aliquots were then stored at
-80 °C until use.

Figure 24: Lentiviral
transfection of A549 and H460
cells in 2D culture.

Representative images show
control cells (CT), GFP-
expressing cells (green), and
A549 GFP A549 RFP RFP-expressing cells (red) after
lentiviral transduction. A549
(top row) and H460 (bottom
row) exhibit robust
fluorescence signal, confirming
efficient lentiviral transduction
and stable transgene
expression.
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To perform the infection with the produced lentiviral particles, each cell line of
interest was seeded in 6-well plates at a concentration of 2.5 x 10° cells per
well. The next day, cells were infected with the lentiviral particles using
different virus concentrations at a final volume of 1.5 mL per well (Fig. 24).

Day 4

A549

H460

Figure 25: Lentiviral transduction of A549 and H460 cells forming oncospheres in 3D culture. Representative
images at Day 4, Day 8, and Day 12 show GFP-expressing (green) and RFP-expressing (red) oncospheres. Both
cell lines maintain stable fluorescence signals over time, confirming efficient lentiviral integration and transgene
expression during spheroid growth.

Subsequently, the selection process was repeated to allow the cells to grow as
oncospheres, following the previously described protocol. The images in figure
25 clearly show that both lentiviral vectors successfully integrated into both
cell lines, A549 and H460, without affecting their capacity to form spheroids.

3.3.4 Volumetric analysis of oncospheres

For further characterization of the spheroids, the area of each oncosphere
was measured on days 4, 8, and 12 after seeding in low-attachment plates,
and their volume was calculated in mm?3. We observed an increase in size and
diameter of the spheroids over time for all cell lines, both those treated with
lentivirus and those untreated. By day 12, there appeared to be a slowdown
in volumetric growth, although the trend continued even after lentiviral
transduction (Fig. 26)
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Figure 26: Measurement of spheroid volume at days 4, 7, and 12 for H460 (left) and A549 (right) cell lines.
Growth curves compare control (CT, gray), GFP-expressing (green), and RFP-expressing (red) spheroids.

Moreover, assessing PD-L1 expression in tumor spheroids is essential because
this immunomodulatory ligand enables neoplastic cells to evade immune
surveillance through interaction with PD-1 on T cells. Analyzing it first in 2D and
then in 3D allows us to highlight how microenvironment complexity influences
its regulation: 2D models provide a controlled and simplified condition,
whereas 3D spheroids reproduce oxygen, nutrient, and paracrine signaling
gradients typical of in vivo tumors, which can increase or modulate PD-L1
expression. This characterization is crucial for designing heterotypic co-
cultures so a flow cytometry was performed and results are showed in fig. 27.
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Sample Name PD-11 (CD274) Sample Name PD-L1 (CD274)
A549 2D 97% H460 2D 99.2%
A549 3D 99% H460 3D 99.4%

A549 2D Unstain 0.3% H460 2D Unstain 0.1%
A549 3D Unstain 0.1% H460 3D Unstain 0.1%

Figure 27: Flow cytometry analysis of PD-L1 (CD274) expression in A549 and H460 tumor cell lines
cultured under 2D and 3D conditions.
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Flow cytometry analysis shows PD-L1 (CD274) expression in the tumor cell
lines A549 and H460, cultured under 2D (red) and 3D (orange) conditions, with
unstained controls correctly included to define the background.

The comparison reveals that both cell lines express PD-L1 at very high levels,
regardless of the culture type. However, the transition from 2D to 3D results
in a marginal but consistent increase (approximately 1-2%), suggesting that
three-dimensional culture may further enhance PD-L1 expression, likely due
to microenvironmental factors such as hypoxia and nutrient gradients. This
finding is biologically relevant because it confirms that 3D models better
reproduce in vivo conditions and could influence immune response and the
effectiveness of immune checkpoint therapies.

3.3.5 Generation of Heterotypic Spheroids

The TME generally consists of irregularly formed tumor vessels, ECM, cancer-
associated fibroblasts (CAF), and immune cells [135]. It interacts with cancer
cells via paracrine signalling and cell-to-cell contact mechanisms, allowing
growth factors, cytokines and chemokines, ECM proteins and EVs to promote
tumor formation [136]. The proportion of cancer cells and non-cancer cells
varies interindividually and intraindividually during disease progression
[137,138]. Previous studies have demonstrated a crucial impact of fibroblasts
and CAFs in proliferation and the initial steps of ovarian cancer metastasis by
secreting cytokines and chemokines. Despite this importance of CAFs in
tumour behaviour, little is currently known about how cancer cells convert
normal fibroblasts into CAFs. Through the release of soluble factors, CAFs
actively promote tumour progression by stimulating survival, proliferation, and
invasion. Paracrine signalling between cancer cells and fibroblasts showed
mutual proliferative stimulation and the induction of drug resistance.
Therefore, in the development and analysis of new tumour models,
consideration of the microenvironment is essential to better represent the in
vivo situation and to better assess the long-term effects of anti-cancer drugs.
In recent years, there have been numerous ideas to improve the development
of in vitro tumour models. One approach is to create 3D multicellular tumour
spheroids with physiological properties that are similar to in vivo tumour tissue
and TME for efficient drug screening and successful drug development [139,
140].
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Traditional spheroid culturing using exclusively tumour cells is now extended
to co-culturing cancer cells with fibroblasts. More in vivo-like properties were
observed for co-culture models, strongly supporting their usefulness as
preclinical tumour models for drug screening and TME interactions [141,142].
Therefore, the MRC-5 fibroblasts cell line was chosen. MRC5 were first cultured
in 2D in complete DMEM medium and subsequently, like the other cell lines,
grown as spheroids using the same culture medium enriched with growth
factors and without FBS serum. To enable traceability of MRC5 fibroblasts
within the 3D heterotypic model, MRC5 cells were transduced with a lentiviral
vector encoding the GFP (Fig. 1B), as previously done for tumor cells using
lentiviral plasmids. Just like the cancer cells, fibroblasts also formed stable
spheroids in monoculture and were subsequently seeded in co-culture with
the oncospheres from both cell lines.

To better mimic the immune component of the tumor microenvironment,
peripheral blood mononuclear cells (PBMCs) isolated from healthy donor
blood were incorporated into this in vitro model. PBMCs are a heterogeneous
population of different cell types found in peripheral blood. They include
monocytes, lymphocytes (B cells, T cells), and Natural Killer (NK) cells, and may
also comprise dendritic cells and differentiated macrophages. In humans, the
frequency of these populations varies among individuals, but generally
lymphocytes account for 70-90%, monocytes for 10-20%, while dendritic cells
are rare, representing only 1-2% [143].

PBMCs are widely used in biomedical research, translational studies, and
clinical applications, where they serve to evaluate the efficacy of
immunomodulatory treatments, support vaccine development, and assist in
pharmacological screening. For this study, PBMCs were isolated from the blood
of three healthy donors for subsequent in vitro experiments using Lympholyte-
H, a density gradient medium specifically designed to isolate viable
lymphocytes and monocytes from human peripheral blood. After
centrifugation at 700 x g for 30 minutes without brake, distinct layers were
observed: plasma at the top, an opalescent white ring containing PBMCs, the
Lympholyte-H layer, and at the bottom, the erythrocyte and
polymorphonuclear cell fraction. PBMCs were labeled with CellTrace™ Violet
(Thermo Fisher Scientific) (Fig. 28C), a fluorescent dye primarily designed for
tracking cell proliferation, but also used in fluorescence microscopy with a
readout at 450 nm. The three cell lines were initially cultured separately under
spheroid conditions, then dissociated, counted, and combined in co-culture at

45



a ratio of cancer cells: fibroblasts: PBMCs of 5:3:2. Fluorescence imaging using

the EVOS microscope enabled detection of the signal from each cell line. The

corresponding images, including those from individual cultures and the

heterotypic co-culture, are presented in the Results section (Fig. 28).

3.3.6 Protocol for TME 3D-model

The in vitro TME model was established as follows:

Spheroid formation:

Tumor cells (A549 or H460) were seeded at 100,000 cells per well
together with 60,000 MRC5 fibroblasts in 6-well Ultra-Low Attachment
(ULA) plates using serum-free oncosphere medium.

Cultures were maintained at 37 °C with 5% CO, for 4 days, monitoring
spheroid formation by phase-contrast or fluorescence microscopy.

PBMC preparation:

Peripheral blood mononuclear cells (PBMCs), after gradient isolation and
washing, were stimulated with IL-2 (10 U/mL) for 24 h in RPMI-1640
medium. Subsequently, CD8* T cells were activated by incubation for
48 h with anti-CD3 (1 ug/mL) and anti-CD28 (1 ug/mL) in RPMI-1640
supplemented with IL-2.

Co-culture assembly:

On day 5, PBMCs were added to the cancer cell-fibroblast spheroids and
incubated for 24 h.

Drug treatments:

The following conditions were applied:
Chemotherapy: Carboplatin (50 uM)

Immunotherapy: Pembrolizumab (anti—-PD-1 monoclonal antibody)
(10 pg/mL)

Chemo-immunotherapy: Pembrolizumab + carboplatin + pemetrexed
(10 pg/mL + 100 pg/mL + 10 uM)
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Before treatment, 50% of the culture medium was replaced with fresh
medium containing the drugs. Each experimental condition included a
heterotypic co-culture control.

Culture maintenance:

e Spheroids were maintained for 8 days, with IL-2 supplementation every
48 h.

At the end of the 8-day period, spheroids were dissociated and analyzed by
flow cytometry using lineage-specific markers: CD45 for PBMCs, CD90 for
MRCS5 fibroblasts, and CD44 for cancer cells (A549 or H460). After dissociation
and washing, cells were analyzed using a FACSCelesta™ flow cytometer (Becton
Dickinson). The gating strategy included FSC/SSC selection, doublet exclusion
(FSC-A vs. FSC-H), and viability assessment using 7-AAD (Becton Dickinson). To
evaluate CD4+ T and CD8+ T maturation status, the lymphocyte component
was analyzed in all 3D culture conditions. Specifically, the maturation status
(naive, central memory (CM); effector memory (EM); terminal effector
memory (TEM) of CD4+ and CD8+ cells was analyzed and compared to the
control lymphocytes. We phenotyped T cells using a panel of markers that
distinguish lymphocyte cell subsets in T helper CD4+ or cytotossic T CD8+. In
detail, we analyzed the CD4+ T cells’ differentiation states using different
marker combinations, CD4+ naive (CD45+CD62L+), CD4+ CM (CD45RA-
CD62L+), CD4+ EM (CD45RA- CD62L-), and CD4+ TEM (CD45RA+ CD62L-). Same
panel of markers was used to evaluate CD8+ naive (CD45+CD62L+), CD8+ CM
(CD4SRA- CD62L+), CD8+ EM (CD45RA- CD62L-), and CD8+ TEM (CDASRA+
CD62L-). Data were analyzed with FlowJo software (FlowJo LLC, Ashland, OR,
United States), with fluorescence intensity and marker expression evaluated
relative to isotype controls. Flow cytometry analysis and evaluations are shown
in results session.
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4.0 Results

4.1.0 Impact of standard therapies on a 3D Heterotypic Model
Mimicking the NSCLC TME

The EVOS inverted microscope, equipped with fluorescent filters, enabled
visualization of the 3D cultures of individual spheroids for each cell line, as well
as the heterotypic co-culture, in which the interaction among the three cell
lines and the formation of 3D structures are clearly evident. The panel in
Figure 28 provides a representative overview of these results.

Figure 28: 3D heterotypic co-culture. A) Cancer cell oncospheres (H460) expressing RFP; B) MRC5
fibroblast spheroids expressing GFP; C) PBMC spheroids labeled with Cell Trace Violet (CTV); D)
Heterotypic spheroid formed from the co-culture, after 24h, of the three previously labeled cell
lines.

The heterotypic co-cultures, set up accordingly, were further exposed to the
most commonly used therapeutic agents in accordance with international
NSCLC treatment guidelines, namely chemotherapy, immunotherapy, and
combined chemo-immunotherapy, as previously described in the Materials
and Methods section.

Flow cytometry analysis of heterotypic 3D spheroid models derived from
NSCLC cell lines (H460 and A549) highlights distinct responses to chemo,
immuno, and combined chemo-immunotherapy, are shown in figures 29 and
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30. Cell mortality remained low (<13%) across all treatments, consistent with
the inherent drug resistance conferred by 3D culture systems. Notably, A549
spheroids exhibited the lowest mortality under immunotherapy (2.9%),
confirmed that anti—PD-1 treatment primarily induces immunomodulatory
rather than direct cytotoxic effects [144]. Immunotherapy significantly
increased CD45+ immune cell proliferation in both models (=35-40%), whereas
the chemo-immuno combination diminished these levels (8-13%), reflecting
chemotherapy-induced PBMC toxicity. Remarkably, immunotherapy led to
near-complete fibroblast depletion (CD90+, 0.3-0.4%), conferming potent
immune-mediated stromal remodeling, while chemotherapy alone or in
combination left fibroblast levels largely stable [145].

Crucially, both cell lines showed a reduction in tumor stem-like cells (CD44+)
following immunotherapy, with effects more pronounced in A549 (15.1%) than
H460 cells (23.3%), whereas the chemo-immunotherapy regimen failed to
further decrease this population (=31-36%). This suggests that anti—PD-1
therapy preferentially targets aggressive subpopulations, while chemotherapy
alone or in combination lacks such selectivity [146].

Our findings are consistent with emerging evidence that immune-checkpoint
blockade primarily remodels the TME, enhancing T cell infiltration, depleting
stromal support, and reducing stem-like phenotypes, rather than inducing
widespread cytotoxicity. This is in line with preclinical spheroid studies
reporting similar immune-stromal reprogramming and with clinical data
demonstrating improved outcomes when checkpoint inhibitors modulate both
the TME and tumor cells [147].

The low overall mortality underscores the physiological relevance of 3D
models, suggesting that additional functional endpoints, such as immune-cell
activation, cytokine production, ECM remodeling, and invasion metrics, are
required to fully evaluate therapeutic efficacy [148].

Finally, the differential responses between H460 and A549 spheroids,
particularly in immune infiltration and retention of CD44* cells under
combination therapy, in support of literature examining genetic drivers of
immunotherapy resistance, such as KEAP1 and SMARCA4 mutations, point to
the need for model-specific strategies. These data underscore the complexity
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Figure 29: Flow cytometry profiles of H460 heterotypic 3D spheroids under different treatment conditions.
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Figure 30: Flow cytometry profiles of A549 heterotypic 3D spheroids under different treatment conditions.
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In summary, our results demonstrate that anti—-PD-1 immunotherapy
effectively remodels the TME within 3D NSCLC spheroids, targeting immune
and stromal components as well as stem-like cancer populations. In contrast,
combinating anti-PD-1  with standard chemotherapy did not improve
cytotoxicity or enhance TME modulation, suggesting that simple additive
regimens may not provide benefit in this context. Future works should focus
on optimizing combination treatment strategies by adjusting dosing,
sequencing and timing, and applying advanced profiling technologies such as
spatial transcriptomics and single-cell analyses to dissect cellular
heterogenicity and uncover mechanisms of therapeutic resistance [149].

In conclusion, the heterotypic 3D NSCLC model developed in this study
represents a physiologically relevant and versatile platform for exploring
multiple dimensions of the TME. By integrating cancer cells, fibroblasts, and
immune components, this system enables comprehensive evaluation of
therapeutic effects beyond cytotoxicity, including stromal remodeling,
immune cell dynamics, the persistence of stem-like populations, and
biomarker discovery. Its complexity and resemblance to in vivo conditions
make it a powerful tool for preclinical research, offering opportunities to
investigate drug resistance mechanisms, optimize combinatorial strategies,
and advance translational approaches in NSCLC.

4.2.0 LC-MS/MS proteomic bioinformatic analysis of EVs

As previously mentioned, since the PCA analysis did not yield data of interest
for the in-depth study of EV-depleted plasma, the investigation focused on the
protein content derived from the analysis of EVs isolated from patient plasma,
following the procedures described in the Materials and Methods section. The
analysis of the isolated EVs revealed differential expression and the logarithmic
value of the p-value (-LOG (p-value)) between patients at time point PO and
those at P1, as shown in the volcano plot in Figure 31.

The volcano plot displays proteins significantly expressed in PO patients in blue;
proteins significantly expressed in P1 patients in red; and proteins with no
significant variation in gray. Overall, this analysis identified a total of 418
proteins, of which 65 were more highly expressed in EVs from P1 patients (red),
and 43 were more highly expressed in PO patients (blue).
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4.2.1 Protein expression analysis in EVs from patients at PO and P1

To explore the molecular heterogeneity associated with different therapeutic
regimens in NSCLC, protein expression profiles in EVs were analyzed at two
time points: PO (baseline, pre-treatment plasma) and P1 (post-treatment
plasma collected at the time of radiological assessment). Samples were
stratified according to treatment type, chemotherapy (CHEMIO),
immunotherapy (IMMUNO), and chemo-immunotherapy (CHEMIO-
IMMUNO), based on current NSCLC treatment guidelines. To visualize the
distribution and overlap of EV proteins among the groups, two Venn diagrams
were generated (Fig. 32), representing protein profile at PO and P1,
respectively. These diagrams are useful in identifying both unique and shared
elements among the therapeutic groups, aiding the discovery of potential
biomarkers and providing insights into the mechanisms of treatment response.
For clarity, PO refers to baseline protein profile, while P1 refers to post-
treatment protein profile (plasma collected at the time of radiological
assessment).

The PO Venn diagram reveals a notable heterogeneity in protein contents
across the three groups. The CHEMIO-IMMUNO PO group exhibited the highest
number of unique elements (97), followed by IMMUNO PO with 78exclusive
elements, whereas CHEMIO PO displayed only 11 exclusive elements;
furthermore, the overlap among all three sets is limited (11 elements). This
suggests that in EV protein expression, initially, distinct pathways are active
with limited molecular convergence, which could complicate patient
stratification in the early phase.
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The intersection between CHEMIO-IMMUNO PO and IMMUNO PO included 54
shared elements, suggesting a strong similarity between these two patient
groups even before treatment initiation. These findings underline the intrinsic
biological heterogeneity of NSCLC prior to therapy and suggests that unique EV
signatures in the IMMUNO and CHEMIO-IMMUNO groups may be harnessed
to stratify patients or predict responsiveness to specific therapeutic strategies.
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Figure 32: Venn diagrams and numerical distribution of elements identified in samples PO (XA) and P1 (XB) for the
three treatment groups: CHEMO (green), CHEMO-IMMUNO (blue), and IMMUNO (pink). The diagrams show the
number of exclusive and shared elements among the groups, while the bar charts report the total size of each set.
The bottom bar indicates the distribution of elements specific to one list (1) or shared by two or three lists.

The P1 Venn diagram further highlights the heterogeneity in EV expression
following treatment. Here, the CHEMIO P1 group demonstrated the highest
number of unique elements (30), indicating a distinctive proteomic
reprogramming in response to chemotherapy. IMMUNO P1 and CHEMIO-
IMMUNO P1 groups showed 40 and 76 exclusive proteins, respectively. A
significant finding is the large intersection (70 proteins) between IMMUNO P1
and CHEMIO P1, suggesting a progressive integration of biological
mechanisms. Notably, 36 proteins were shared across all three treatment
groups at P1, representing a central post-treatment EV signature, possibly
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associated with common mechanisms of response or regulation across
treatment modalities.

In the P1 phase, following exposure to treatment, a significant increase in
overlap among the groups is observed: the triple intersection rises from 11 to
36 elements, and pairwise overlaps also expand (e.g., CHEMIO-IMMUNO from
24 to 70). This convergence indicates a progressive integration of biological
mechanisms induced by therapy, likely related to cellular adaptation
phenomena, metabolic stress, or cross-talk between immune and
chemotherapeutic pathways. Furthermore, the reduction in exclusive
elements and the more balanced size of the sets in P1 reflect a more
coordinated and less heterogeneous response compared to the pre-treatment
phase.

Three main trends emerge from this analysis: (i) an increase in shared elements
post-treatment, suggesting a reduction in initial specificity and greater
molecular interaction; (ii) a decrease in exclusive elements, indicative of a
more uniform response across groups; (iii) persistence of a substantial overlap
between IMMUNO and CHEMO-IMMUNO, both before and after therapy,
supporting the existence of a shared immune-related molecular program
throughout the treatment course. These observations highlight the potential
value of both unique and shared EV proteins as biomarkers of response and
resistance, and as functional indicators of treatment-induced molecular
dynamics.

To identify biologically and clinically relevant proteins within the shared
subsets, a detailed analysis was performed on the proteins commons to all
three treatment groups at both P1 and PO.

These proteins were cross-referenced with data from the Human Protein Atlas
(HPA), an open-access, high-resolution resource that maps the expression and
localization of human proteins in tissues, cells, and organelles. The HPA
database integrates multiple data types, including immunohistochemistry,
immunofluorescence, RNA-seq, and proteomics, providing insights into protein
function, spatial distribution, and associations with normal and tumor tissues.
It includes specific annotations for various cancers, including NSCLC, making it
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a valuable tool for spatial proteomics and biomarker discovery [150]. Two lists
(Table 1) summarize the proteins identified as common to all three therapeutic
groups at PO and P1, respectively, and indicate their known association with
cancer prognosis based on HPA annotations. This integrative strategy supports
the identification of candidate biomarkers for response prediction, disease
monitoring, and future therapeutic targeting in NSCLC patients.

Gene tipo di cancro correlato Gene tipo di cancro correlato
COHS Kidney renal clear cell carcinoma, Kidney renal MASP2
pepillry cel carcinoma Liver hepatocellular carcinoma
Kidney chromophobe, Kidney renal papilary cell
5LC2A1 carcinoma, Liver hepatocellular carcinoma, Lung APOCA Liver hepatocellular carcinoma
adenocarcinoma, Pancreatic adenocarcinoma
uE Kidney renal clear cell carcinoma, Liver 002 Kicney renal clear cell carcinoma,

hepatocellular carcinoma Liver hepatocellular carcinoma

Proteins
inEVs
atP1

Proteins ervical squamous cell carcinoma and endocervical
in EVs TFRE adenocarcinorma, Glioblastoma multiforme, Kidney
atPo chromophobe, Liver hepatocelular carcinoma, Lung
squamous cell carcinoma

Kidney chromophobe, Kidney renal
STOM clear cel carcinoma, Kidney renal
papilary cell carcinoma

Glioblastorra mutiforme, Kidney renal clear cel Cervical squamous cel carcinoma

SERPINAS ;
carcinoma, Lung squamous cel carcinoma PROS1 and endocenvical adenocarcinoma,
Kidney renal clear cell carcinoma,
] Somach adenocarcinoma
SELENOP Kidney renal clear cell carcinoma, Lung
adenocarcinoma EFEMPL Kidney renal clear cell carcinoma,
Kidney renal papilary cell carcinoma
$100A8 Glioblastoma muftforme Kidney renal clear cel carcinome
FGL1 '
Stomach adenocarcinoma
SERPINALD Liver hepatocellular carcinoma, Pancreatic
adenocarcinorma, Stomach adenocarcinoma L8P Kidney renal clear cell carcinoma,
Kidney renal papillary
APOA1L Pancreatic adenocarcinoma

Table 1: Proteins shared across all three treatment groups (chemotherapy, immunotherapy and chemo-immunotherapy),
identified at baseline (PO highlighets in blue) and post-treatment (P1, highlighted in red), and previously reported as
potential tumor biomarkers. The correlatio with specific cancer types was determined using data from The Human Protein
Atlas database.

4.2.2 Bioinformatic Tools for Pathway and Network Interpretation

To support the functional interpretation of EV proteomics, additional
bioinformatic analyses were performed using Enrichr and STRING. Enrichr is an
enrichment tool that enables the identification of associations between gene
lists and biological pathways, diseases, or experimental datasets, providing a
statistical overview of the most significant perturbations [151,152]. In this
study, Enrich was applied to analyze a list of genes derived from shared EV
protein subsets, using both GO categories and KEGG pathways to identity
biological processes and molecular functions, potentially involved in common
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mechanisms of treatment response.
STRING, on the other hand, is a platform dedicated to constructing protein-
protein interaction networks based on experimental evidence, computational
predictions, and co-expression data, which is useful for understanding
functional relationships among proteins [153].

4.2.3 Overlap of EV Profiles Between Treatment Groups and Stages

Enrichment analysis of proteins shared across all three treatment groups at PO
revealed significant functional terms in particular, the GO Biological Process
category (Fig. 33A) highlighted enriched pathways such as blood coagulation,
lipid metabolism, and response to external stimuli; in parallel, the GO
Molecular Function analysis (Fig. 33B) identified key functions including lipid-
binding activity, endopeptidase inhibition, and coagulation emerge. These
findings suggest that shared baseline EV proteins may be involved in host
defence, hemostasis, and inflammatory regulation, processes frequently
associated with tumor progression and systemic effects in NSCLC. The protein
interaction map using STRING (Fig. 33C) revealed a well-defined functional
module, centered around APOH, HPX, APCS, PLG, C9, and FCN3. These proteins
are primarily involved in complement cascade and coagulation [154,155].
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Figure 33: Functional enrichment analysis of EV proteins across all three treatment groups at basaseline (P0).(A) GO
Biological Processes and (B) GO Molecular Functions associated with the identified EV proteins. (C) Protein—protein
interaction network generated using STRING, showing functional clusters among shared EV proteins.
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Among the ten EV proteins common to all treatment groups (RBP4, APOH,
HPX, APCS, SERPINA3, PLG, IGHG1, C9, IGHG4, FCN3, IGKV1-27) [156],
several show strong functional and clinical relevance in cancer biology,
particularly in NSCLC:

e SERPINA3: it belongs to the serine protease inhibitor superfamily. Its
downregulation in tumors has been linked to cell growth and invasiveness.
In preclinical models, SERPINA 3 increases sensitivity to osimertinib,a
third-generation EGFR inhibitor [157-159].

e Retinol-binding protein 4 (RBP4): although not NSCLC-specific, has been
associated with poor survival in papillary renal carcinoma and
mesothelioma. Furthermore, RBP4 emerged as an independent
prognostic marker in hepatocellular carcinoma and pancreatic
adenocarcinoma [160].

e APOH (B2-glycoprotein 1): it participates in coagulation/inflammation
complexes [161], often altered in cancer patients.

e PLG, HPX, and C9: members of the complement/coagulation cascade. All
of which are involved in TME modulation in EV NSCLC models [162].
Moreover, GO and KEGG analyses show significant enrichment for
“complement/coagulation” and “cholesterol metabolism” [163].

Consistent with early findings, the integrated dataset continues to support a
central role for the complement system and related immune/coagulation
pathways in NSCLC. Proteins such as SERPINA3, RBP4, and APOH/PLG/HPX
were identified across all treatment groups. Because these proteins appear
consistently and have supportive from both the HPA database and studies on
tumor-derived EVs, they could emerge as candidate biomarkers for NSCLC
detection or monitoring.
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Regarding the proteins commonly expressed by patients at P1, the GO charts
(Fig. 34A) highlight strong enrichment in processes related to “intermediate
filament organization” and “supramolecular structure assembly”. These
findings ar consistent with the presence of several keratins (KRT2, KRT4, KRT10,
KRT13, KRT77, KRT78), as wells as proteins such as Filaggrin-2 (FLG2) and
Hornerin (HRNR). These proteins are typically associated with skin functionality
and regeneration, reflecting the epithelial origin of the tumor. Additionally, the
analyses revealed activation of immune and coagulation pathways
(Complement Activation, Lectin Pathway), involving proteins such as MASP1,
FCN2, and COLEC11. Their presence suggests a role for EVs in modulating both
the TME and systemic immune responses, potentially contributing to immune
evasion or inflammation associated with NSCLC progression.

In figure 34B, molecular functions identified through Enrichr, including
endopeptidase activity, calcium binding, cholesterol transfer activity, indicate
the involvement of both plasma proteins (APOA2, CETP, AHSG) and metabolic
enzymes (TXN, ENO1, GAPDH, CAT), associated with oxidative stress and lipid
metabolism, processes known to influence tumor progression and response to
immunotherapy in NSCLC.
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Figure 34: Functional enrichment analysis of EV proteins shared to all three treatments at P1.

(A) GO Biological Processes and (B) GO Molecular Functions associated with the identified EV proteins. (C) Protein—protein
interaction network generated using STRING, highlighting functional clusters among the shared EV proteins.

B

58



The STRING network (Fig. 34C) confirms this organization into functional
clusters: an epithelial cluster (keratins and structural proteins), an immune
cluster (ANXA2, ARG1, MASP1, FCN2), and a metabolic cluster (ENO1, TXN,
GAPDH). Some central nodes, such as ANXA2, AFP, ENO1, S100A7/A9, and
ARG1, are already described in the literature as biomarkers or mediators of
aggressiveness and immunomodulation in NSCLC. Specifically:

e Annexin A2 (ANXA2) is a calcium-dependent phospholipid-binding
protein that regulates cell growth [164,165]. ANXA2 is involved in
various  pathophysiological processes, including epithelial-to-
mesenchymal transition (EMT), fibrinolysis, and resistance to
anticancer drugs [166,167].

o o-fetoprotein (AFP) is a well-known marker for hepatocellular
carcinoma but is also present in advanced lung cancer contexts [168].

e o-Enolase (ENO1) is a multifunctional oncoprotein. Its glycolytic
function deregulates cellular energy, supports tumor proliferation, and
inhibits apoptosis. ENO1 also evades growth suppressors and helps
tumors escape immune destruction. Furthermore, ENO1 relocates to
the cell surface and acts as a plasminogen receptor, promoting tumor
invasion and metastasis by inducing angiogenesis [169].

e SI100A7 and S100A9 proteins are involved in cancer by promoting
tumor growth and metastasis through mechanisms such as cell
proliferation, migration, and invasion, often by activating inflammatory
pathways and recruiting immune cells [170].

e ARGI, the enzyme arginase 1, is a well-known modulator of the
immune microenvironment and an emerging target for combination
with checkpoint inhibitors. Neutrophils infiltrating NSCLC appear to
release ARG1, which inhibits T-cell proliferation by degrading
extracellular arginine [171]. This phenomenon seems to contribute to
local immune suppression, and possible vaccines to combine with ICI-
based immunotherapies are already under investigation [172].

In summary, these findings support the hypothesis that plasma EVs capture not
only the epithelial origin of the tumor, but also the systemic
immunomodulation and metabolic adaptations induced by therapy. Together,
these observations position plasma EVs as dynamic biomarkers of the TME for
monitoring immunotherapy response in NSCLC.
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4.2.4 Exclusive EV Protein Profiles in the Immunotherapy Group at
Baseline (PO) and Post-Treatment (P1)

The analysis of proteins contained in EVs isolated from plasma of NSCLC
patients at baseline (P0O), prior to immunotherapy, reveals a complex molecular
profile reflecting both the epithelial origin of the tumor and systemic processes
of immune and metabolic regulation. GO enrichment charts (Fig. 35A) show
strong representation of processes such as “intermediate filament
organization” and “supramolecular structure assembly”, consistent with the
presence of multiple keratins (KRT) and adhesion proteins (DSP, DSC1, JUP),
indicating maintenance of epithelial characteristics and structural integrity. In
parallel, enrichment for coagulation and complement pathways (F7, F8, F9,
F10, F12, F13A1, SERPINC1, SERPINA1, SERPINA5, SERPINA10, SERPINF1, C6,
C8G, CFH, CFl) emerges, associated with modulation of inflammation and the
TME, features known to influence progression and response to
immunotherapy in NSCLC.

The GO molecular functions (Fig. 35B) include calcium and metal binding,
endopeptidase activity, and serine protease inhibitor activity, suggesting an
active role for EVs in proteolytic regulation and tissue remodelling.

The STRING network highlights well-defined functional clusters: an epithelial
cluster (keratins and junction proteins), an immune-coagulative cluster
(complement factors and serpins), and a metabolic-antioxidant cluster (PRDX,
PKM, IGF2).

Several central nodes, such as APOA1, LTF, IGF2, S100A8/A11, SELENOP (Fig.
34C) have been already described in the literature as biomarkers or mediators
of aggressiveness and immunomodulation in NSCLC. In details:

e Apolipoprotein Al (APOA1), involved in lipid metabolism and
inflammation regulation, has been associated with tumor prognosis
and immune response. Reduced serum ApoA-| levels correlate with
progression of lung, liver, breast, kidney, endometrial, and cervical
cancers, and with metastasis development [173].

e Llactoferrin (LTF), a protein with immunomodulatory activity, is
reported as a modulator of the TME [174] and has been shown to
effectively block migration and/or invasion in a wide range of tumor cell
models, making it a potential molecular target in NSCLC [175].
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IGF2, an insulin-like growth factor, is associated with cell proliferation,
invasiveness, and therapeutic resistance in lung carcinoma. Through
IGF2, lung cancer cells activate fibroblasts into CAFs, which in turn
stimulate tumor cell migration and invasion via the AKT/NF-kB pathway
[176].

S100A8 and S100A11, members of the calcium-binding S100 protein
family, are associated with immunosuppression and tumor
progression. S100A8, involved in cancer-related inflammation, has
been linked to multiple malignancies, including breast, colorectal,
leukemia, cutaneous squamous cell carcinoma, laryngeal,
hepatocellular, head and neck, and bladder cancers; its overexpression
correlates with poor overall and progression-free survival in solid
tumors [177,178]. S100A11 is primarily associated with breast, ovarian,
and pancreatic cancers [179];

SELENOP is the major selenium transport protein in plasma, and its
circulating levels reflect systemic selenium availability [180,181]. Low
SELENOP expression in tumors or plasma correlates with poor overall
survival in several cancers, including lung adenocarcinoma (LUAD) and
hepatocellular carcinoma. Conversely, abnormal SELENOP activity can
promote colorectal cancer progression via WNT signaling [182]. In
NSCLC, SELENOP supports tumor resilience by maintaining redox
homeostasis and selenium supply; its expression inversely correlates
with immune-exhausted microenvironments, and restoring SELENOP
may enhance anti-tumor immunity by modulating oxidative stress and
immune cell function [183].
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e Peroxiredoxin-6 (PRDX6), an antioxidant enzyme, is frequently present
in various tumors and can promote proliferation, migration, and
invasion of A549 cells, making it a potential molecular target for further
study [184].
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Figure 35: Functional enrichment analysis of EV proteins from the IMMUNO group at PO.

Beyond these clusters, the presence of variable immunoglobulins (IGHV, IGKV,
IGLV) and proteins such as PIGR (Polymeric Immunoglobulin Receptor) and
CLEC3B (Tetranectin) suggests that EVs contribute in transporting immune
components and may participate in immune communication. Notably, high
CLEC3B levels have been recently associated with favorable prognosis in NSCLC
(184].

In summary, these data indicate that plasma EVs at baseline in NSCLC patients
eligible for immunotherapy are not mere reflections of the tumor but instead
carriers of complex signals integrating epithelial differentiation, immune
modulation, lipid metabolism, and stress response: Together, these features
position EVs as dynamic and informative biomarkers with sgrong potential for
predicting therapeutic response and improving patient stratification in
immunotherapy-based treatment strategies.
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After the first cycle of immunotherapy (P1), the analysis of proteins contained
in extracellular vesicles (EVs) isolated from plasma reveals a molecular profile
of interest for studying the impact of therapy on the TME and the immune
system. The GO diagramm shows enrichment (Fig. 36A) in processes such as
positive regulation of protein maturation, plasminogen activation, and
coagulation and complement cascades. These findings are consistent with the
presence of proteins including F13A1 [185], F7 [186], F12 [187], SERPIN’s
family with members C1, Al and F1 [188], all of wich known for their roles in
inflammation modulation and tumor progression. The GO molecular functions
in figure 36B highlight enrichments in calcium and metal ion binding,
endopeptidase activity, and serine protease inhibitor activity, suggesting that
EV proteome reflects proteolytic and immune remodeling induced by therapy.

The STRING network highlights distinct functional clusters (Fig. 35C):

e Coagulation—immune cluster: coagulation factors (F7, F12, F13A1) and
complement regulators (C6, CFH, CFI) interact with serpins (SERPINA1,
SERPINC1, SERPINF1), indicating a functional axis linking hemostasis,
inflammation and innate immunity.

e Metabolic—antioxidant cluster: proteins such as PKM (glycolytic
enzyme) and PRDX6 (peroxiredoxin) suggest mechanisms that support
tumor survival under oxidative stress and may contribute to treatment
resistance.

e Immunomodulatory cluster: Variable immunoglobulins (IGHV, IGKYV,
IGLV), and immune-related proteins such as CLEC3B and CLEC11A
suggest a role for EVs in immune component transport and in
mediating intercellular immune communication [189].

Among central nodes, IGF2 is associated with proliferation and therapeutic
resistance in NSCLC, while S100A11, a pro-inflammatory protein, is linked to
tumor progression and immunosuppression. Plasma proteins such as APOA1
and AZGP1 further reflect the interplay between lipid metabolism,
inflammation and immune response, both of which with prognostic
implications.
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Figure 36: Functional enrichment analysis of EV proteins expressed exclusively in the IMMUNO group at P1.

A comparison between EVs at baseline (P0O) and post-treatment (P1) in NSCLC
patients reveals significant functional shift associated with the initiation of
immunotherapy. At PO, GO enrichment in processes related to intermediate
filament organization, lipid metabolism regulation, and activation of
complement and coagulation cascades, suggests a procoagulant and structural
remodelling EV phenotype.

Following immunotherapy (P1), GO enrichment analysis indicates an
accentuation of coagulation and proteolytic processes, with molecular
functions such as serine protease inhibition, calcium and metal ion binding.
These changes suggest that immunotherapy not only modulates immune
reprogramming but also reshapes the TME through enhanced hemostatic and
protease-inhibitory processes.
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4.2.5 Analysis of proteins expressed exclusively in the Chemo-Immuno
group at PO and P1

The analysis of EVs at baseline (PO) in NSCLC patients scheduled to receive
chemo-immunotherapy reveals a complex molecular profile, characterized by
biological processes and molecular functions that reflect both the epithelial
origin of the tumor and a systemic predisposition to inflammatory and
metabolic responses. The GO Biological Process enrichment (Fig. 37A) indicates
involvement in heterochromatin formation, intermediate filament
organization, negative regulation of gene expression, and activation of
complement and coagulation cascades. These findings are consistent with the
presence of structural proteins, such as numerous keratins, junctional proteins
(DSP, DSC1, JUP), multiple coagulation factors (F7, F8, F9, F10, F12, F13A1), and
complement regulators (C1S, C6, C8G). Collectively, this enrichment indicates
a procoagulant and inflammatory baseline state, known to favor tumor
progression and metastasis formation in NSCLC patients [190,191].

Complemeting these findings, the GO Molecular Function analysis highlights
terms related to calcium and metal ion binding, endopeptidase activity, and
serine protease inhibition. These functions are consistent with the presence of
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Figure 37: Gene Ontology (GO) enrichment analysis of EV proteins expressed exclusively in the Chemio-Immuno group at PO
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serpins (SERPINA1, SERPINAS5, SERPINC1, SERPINF1, SERPINF2), as well as
proteins involved in proteolytic regulation [192,193] (Fig. 37B). Such proteins
play essential roles in tissue remodeling, immune regulation, and tumor—
stromal interactions, further supporting the interpretation of EVs as active
participants in systemic responses relevant to chemo-immunotherapy
outcomes.

Although complex, the STRING network (Fig. 37C) confirms the organization of
EV proteins into well-defined functional clusters, including an epithelial cluster,
an immune-coagulative cluster, and a metabolic-antioxidant cluster.
Numerous immunoglobulins (IGHV, IGKV, IGLV) are present, along with
proteins such as Tetranectin (CLEC3B), which is significantly downregulated in
NSCLC and correlates with poor progression-free and overall survival. Its
expression positively associates with immune infiltration and activation, acting
as an independent prognostic risk factor [195]. Also notable is PIGR polymeric
immunoglobulin receptor), which has been correlated with poorer outcomes,
altered immunity, and EMT [196]. In summary, the EV profile at PO in patients
scheduled for chemo-immunotherapy reveals signals of structural remodeling,
coagulation activation, and metabolic adaptation processes that may influence
therapeutic response and serve as predictive biomarkers in NSCLC.

The analysis of EVs at P1 in NSCLC patients treated with chemo-
immunotherapy reveals a molecular profile strongly oriented toward immune
processes and tissue remodeling. GO Biological Process enrichment (Fig. 38A)
include processes such as negative regulation of complement activation,
adaptive immune response, regulation of defense response, and cell adhesion
mediated by synaptic junctions. These features indicate a potential role for EVs
in modulating cell—-cell communication and suppressing pro-inflammatory
pathways.

GO Molecular Function terms highlight binding to complement components,
interaction with immunoglobulins, and binding to growth factor receptors.
These functions align with the presence of numerous variable immunoglobulin
chains (IGHV, IGKV, IGLV), immunoglobulin light chains (IGLC3, IGLL1, IGLL5),
and regulatory complement proteins such as C4BPA, C4BPB, CFHR1-5,
indicating fine control of the complement cascade during the early therapeutic
phase (Fig. 38B).

The STRING network (Fig. 38C) further of distinct functional EV clusters:
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Immune cluster: dominated by immunoglobulins and complement

Metabolic cluster: characterized by proteins such as A2M (Alpha-2-
Macroglobulin), a broad-spectrum protease inhibitor in plasma, which
binds growth factors and inflammatory mediators [198]. Furthermore,
a reduced A2M expression in NSCLC correlates with tumor tissue
presence, while higher levels are linked to improved prognosis in lung
and colorectal cancers [199]. Also present is HP (Haptoglobin), an
acute-phase protein which, when elevated in NSCLC, associates with

[ ]

components [197].
[ ]

advanced stage, metastasis, and shorter survival [200].
[ )

Structural cluster [201]: includes cytoskeleton proteins such as VIM
(vimentin), whose high expression in NSCLC correlates with poor
prognosis [202], and FLNA (filamin A), a scaffold protein promoting
aggressive phenotype, metastasis, chemo-resistance, and poor clinical

outcomes [203].
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Additionally, proteins such as C-reactive protein (CRP) and leucine-rich alpha-
2-glycoprotein (LRG1) indicate a persistent systemic inflammatory response.
The presence of Transforming Growth Factor Beta-Induced (TGFBI) further
suggests involvement in tumor—stroma interaction, immune infiltration,

prognostis sgratification, and metastatic spread in NSCLC [204].
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The concurrent presence of inflammatory mediators, EMT-related proteins,
and metabolic regulators suggests that EVs actively contribute to shaping the
TME and may serve as dynamic biomarkers for treatment response and
resistance in NSCLC.

4.2.6 Protein expression in the Chemoterapy group: comparison between PO and P1.

Baseline EV analysis (PO) in NSCLC patients scheduled for chemotherapy
reveals a distinctive molecular profile dominated by processes related to metal
ion homeostasis, particularly copper and iron regulation. The GO Biological
Process (Fig. 39A) indicates enrichment in pathways such as intracellular
copper ion homeostasis, cellular defense response, and intracellular iron ion
homeostasis, suggesting an early involvement of metal-dependent oxidative
balance. Correspondingly, GO Molecular Functions terms (Fig. 38B) highlight
endopeptidase and serine protease activities, suggesting involvement in
proteolytic regulation and cellular defense.

These enrichments align with STRING network analysis (Fig. 39C), which reveals
presence of proteins central to copper and iron metabolism, inflammation and
extracellular remodelling. Among these ceruloplasmin (CP), a copper transport
protein, involved in angiogenesis and tumor neovascularization [205]. High CP
serum levels have been associated with recurrence in pancreatic carcinoma
[206], lung carcinoma [207], leukemia and Hodgkin’s lymphoma [208,209,210].
Moreover, elevated urinary CP levels are independent predictors of recurrence
in bladder tumors [211]. Complement Factor B (CFB), a crucial component of
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Figure 39: GO enrichment analysis of EV proteins expressed exclusively in the Chemioterapy group at PO.
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the alternative complement pathway, has been involved in the progression of
many tumors, including pancreatic cancer [212], cutaneous squamous cell
carcinoma, and nasopharyngeal carcinoma. Notably, CFB has recently been
shown to act as a tumor suppressor in lung adenocarcinoma through inhibition
of the Ras/MAPK pathway. Indeed, reduced CFB expression correlates with
poor prognosis [213], suggesting it as a potential biomarker and therapeutic
target [214]. STRING analysis also identified variable immunoglobulin chains
(IGHV, IGKV, IGLV) and Galectin-3-binding protein (LGALS3BP), a highly
glycosylated oligomeric protein that is produced at low levels by healthy cells
and tissues, whose overexpression is associated to poor prognosis in NSCLC
[216], breast cancer[215], head and neck squamous cell carcinoma[217], and
melanoma [218].

Analyzing the circulating EV profile in NSCLC before (PO) and after (P1)
chemotherapy reveals a clear shift in molecular signatures. At P1, EVs exhibit
a profile dominated by pro-coagulant, inflammatory, and lipoprotein
remodeling mechanisms, indicating substantial systemic and TME changes
induced by treatment. In particular, the post-chemotherapy condition ids
characterized by enhance activation of complement and coagulation
pathways, lipid transport, as well as the induction of proteins frequently
associated with cellular stress and therapeutic resistance (Fig. 40A-B). Notably,
these features are highly consistent with EV signatures described in cisplatin-
resistant NSCLC, which typically show increased levels of APOA1/APOE
apolipoproteins [219].
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Protein—protein interaction analysis shows a cohesive cluster (highlighted in
red) that includes coagulation factors (F2, F5, PROC), lipid-binding proteins
(APOE, APOB, APOC1/3, LPA), and inflammatory molecules (SAA1, SAA4), all of
which strongly interconnected (Fig. 40C). Among these, HABP2, a serine
protease detected in this study group, appears particularly relevant. HABP2 is
involved in extracellular matrix remodeling and regulation of proteolytic
activities, ans is known to interact with the urokinase-type plasminogen
activator (uPA) pathway. Through this interaction, HABP2 enhances the
conversion of plasminogen into plasmin, promoting extracellular matrix
degradation and thereby increasing tumor cell invasiveness [220].

Apolipoproteins alspo emerge as crucial biological mediators in NSCLC. APOE
plays a central role in regulating cholesterol metabolism, promoting tumor cell
invasiveness [221], and modulating inflammation and immune response [222].
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Figure 40: GO enrichment analysis of EV proteins expressed exclusively in the Chemotherapy group at P1.
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Meanwhile, APOB is associated with worsening clinical prognosis, and may
contribute to angiogenesis and vascular remodeling in the TME [223].

The second cluster (highlighted in green) containing ACTB, various tubulins,
and HSPB1, a group of proteins linked to cell motility and structural plasticity,
all key processes in NSCLC metastasis. B-actin (ACTB) is frequently
overexpressed in NSCLC and correlated with poor prognosis, as it facilitates
cellular plasticity and EMT [224]. 1 Heat Shock Protein Beta-1 (HSPB), a
chaperonin that stabilizes actin filaments and protects cells from oxidative
stress, also plays a critical role in tumor progression. In NSCLC, HSPB1 promotes
cell survival, drug resistance, and motility, thereby promoting metastatic
potential [225].

In contrast, the baseline sample (PO) shows a more generalized EV profile,
dominated by proteins involved in cellular homeostasis rather than the
pronounced pro-motility, pro-coagulant and inflammatory signatures
observed in P1. This shift further supports the notion that chemotherapy
induces a measurable remodeling of the EV proteome, emphasizing pathways
associated with stress adaptation, cytoskeletal reorganization, and tumor
aggressiveness.

5.0 Conclusions

NSCLC is one of the most frequent cancer types and remains responsible for
the majority of cancer-related deaths worldwide. Although its management
has considerably improved, especially over the past decade, advanced-stage
disease continues to pose major therapeutic challenges. In the early 2000s, the
median survival of a patient diagnosed with stage IV NSCLC rarely exceeded
one vyear [226]. Today, in 2025, thanks to targeted therapies and
immunotherapy, the 5-year survival rate has increased to 12—15%, with some
molecular subgroups achieving even better outcomes according to the 2025
American Society of Clinical Oncology (ASCO) guidelines. This progress reflects
a paradigm shift linked to the expanding knowledge of lung cancer biomarkers
and their role in prognosis, treatment selction, and patient stratification [227].

Tumor markers are crtical tools in early diagnosis, surveillance of recurrecy and
prognosis. Their reliability depends on sensitivity, specificity, and
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reproducibility, parameters still far from optimal for many circulating cancer
biomarkers. Human plasma represents an ideal biological matrix for biomarker
discovery: it is readily accessible, minimally invasive, and reflects systemic
physiological and pathological conditions. For this reason, extensive research
has been devoted to exploring plasma proteomes in search of clinically
meaningful tumor markers [228]. EVs have emerged as central mediators of
intercellular communication in cancer. Tumor-derived EVs present in blood
and other body fluids encapsulate proteins, lipids, and nucleic acids that mirror
the molecular state of their cells of origin. This makes EV-derived proteomes
particularly promising for liquid biopsy applications, with potential use in early
detection, disease monitoring, treatment response assessment, and therapy
resistance prediction [229].

Cancer deeply perturbs the proteome, altering both protein abundance and
post-translational modifications. Here, the plasma proteome functions as a
integrated biological entity, reporting physiological and pathological events
occurring throughout the body. MS-based proteomics offers unprecedented
depth for profiling these changes and is increasingly regarded as a future
component of routine clinical practice [230].

In this study, proteomic analysis of EVs isolated in NSCLC patients revealed
significant heterogeneity of molecular profiles across different therapeutic
regimens and between pre- and post-treatment time points. The data show
that EVs are not mere cellular byproducts, but dynamically reflect complex
biological processes, including extracellular matrix remodeling, lipid
metabolism, coagulation, and immune modulation.

In patients undergoing chemotherapy, the post-treatment profile is
characterized by an increase in proteins related to the coagulation cascade and
lipid transport, suggesting a role for these pathways in the response to drug-
induced stress and in tumor progression.

In the immunotherapy group, EVs show enrichment of immunomodulatory
proteins and metabolic factors, indicating a complex adaptation that integrates
epithelial and immune signals.

Finally, chemo-immunotherapy induces a marked reorganization toward
functions of complement control, cell adhesion, and structural plasticity, with
proteins associated with EMT and treatment resistance.
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Collectively, these results indicate that EVs have a strong potential as dynamic
biomarkers to monitor therapy response and to stratify patients. Therefore
accurate analysis of the vesicular cargo could substantially improve early
diagnosis, guide treatment tailoring, and reveal novel oncogenic drivers
[231,232]. Unlike genomics and transcriptomics, which are widely studied
through liquid biopsies, the complete plasma proteomic profile remains, to
date, relatively unexplored, yet holds enormous diagnostic and prognostic
promise. Further studies on larger patient cohorts will be necessary to validate
the observed associations, and to define a robust panel of markers with high
specificity and sensitivity. Such biomarkers should undergo rigorous functional
and clinical evaluation to yield diagnostic and predictive tools truly applicable
in clinical oncology.

Alongside clinical samples, 3D cell cultures are becoming essential platforms
for cancer research. These models provide an intermediate level of complexity
between standard 2D cultures and in vivo tumors. Therefore, we developed a
3D culture method applicable to NSCLC lines, designed to simulate the TME as
closely as possible. To study and analyze in a more physiological manner,
heterotypic tumor spheroids were chosen, as they present a cellular
organization and a 3D structure that can more efficiently mimic the TME. Thus,
to optimize the parameters that could in some way influence spheroid
formation and growth, it was necessary to perform cell titrations that
considered not only the initial number of cells for the individual phenotypes,
but also the ratio between the cell populations. The most effective ratios are
those already mentioned in section 4.1.0 of this thesis.

Three-dimensional (3D) in vitro models have been used in cancer research as
an intermediate model between in vitro tumor cell line cultures and the in vivo
tumor. The 3D microenvironment allows the imitation of different types of
cellular heterogeneity observed in vivo in various contexts. Among the
different 3D models, tumor spheroids, or oncospheres, derived from cultures
of cancer stem cells (CSCs), emerge. These cells display particular
characteristics such as high clonal capacity, self-renewal ability, expression of
embryonic stem cell markers, and a very high level of resistance to the main
chemo- and radiotherapeutic drugs most commonly used. Moreover, CSCs are
more aggressive than the majority of the tumor cell population, so tumor
malignancy could be correlated with the degree of cellular differentiation and
the abundance of the CSC fraction within the tumor mass [233,234].
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Several co-culture systems based on the use of spheroids have been
developed. The most frequently used cell types are tumor cells, immune cells,
fibroblasts, and endothelial cells. Generally, immune cells are added in
suspension to preformed spheroids, while endothelial cells and fibroblasts are
added either in suspension together with tumor cells or to preformed tumor
spheroids, as in this thesis study. The experimental system adopted shows that
the presence of tumor cells together with stromal and immune cells appears
able to mimic, albeit in a clearly simplified manner, the in vivo tumor
microenvironment [235].

From flow cytometry analyses performed after 10 days on heterotypic 3D
cultures and applying the most common therapies against NSCLC, it emerges
that the model appears suitable for further studies focused on the TME.
Specifically, these models could be used to culture primary tumor cells derived
from patients under clinical care, to be subjected to the action of the main
therapeutic agents used in clinical practice, leading to evidence that provides
an in-depth understanding of the tumor in each patient category, predicting
treatment response and improving outcomes by refining what is a personalized
therapy.

Proteomics, counted among the “omics” sciences now well established at the
international level, is the main tool for the study of the proteome, that is, the
entire set of proteins expressed in a given cell. Knowledge of the components
of the proteome can be a valuable tool for the discovery of new candidate
biomarkers detectable in blood through liquid biopsy [236]. Analogous to the
clinical objectives of genomics and transcriptomics-namely, to provide a
deeper understanding of a given disease that goes beyond the standard clinical
parameters of cancer diagnosis-proteomics offers a comprehensive view of the
molecular actors in a cell at a particular moment and in a specific state [237].
Especially in cancer research, proteomic analysis of tumors is fundamental to
gaining a complete understanding of dynamic molecular aberrations, including
protein phosphorylation, protein—protein interactions, protein structure, and
protein function [238, 239].
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