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Abstract: Extracellular vesicles (EVs) are nanoscale lipid bilayer vesicles released during cell activation, cellular damage, or
apoptosis. They carry nucleic acids, proteins, and lipids facilitating intercellular communication and activate signaling pathways in
target cells. In non-small cell lung cancer (NSCLC), EVs may contribute to tumor growth and metastasis by modulating immune
responses, facilitating epithelial-mesenchymal transition, and promoting angiogenesis, while potentially contributing to resistance to
chemotherapy drugs. EVs in liquid biopsies serve as non-invasive biomarkers for early cancer detection and diagnosis. Due to their
small size, inherent molecular transport properties, and excellent biocompatibility, EVs also act as natural drug delivery vehicles in
NSCLC therapy.
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Introduction
With increasing population and global aging, cancer has become a leading cause of premature death and reduced life
expectancy in many countries, with lung cancer as one of the primary contributors to cancer-related mortality worldwide.
According to 2020 statistics from the World Health Organization, there were approximately 2.2 million new cases of lung
cancer worldwide, resulting in about 1.8 million deaths, accounting for 11.4% and 18.0% of the total cancer cases and
cancer-related deaths, respectively.' Lung cancer incidence and mortality rates vary among countries, influenced by
factors such as population demographics and economic development. Globally, China has the highest number of new
lung cancer cases and mortality rates, accounting for 37.0% of total cases and 39.8% of deaths, followed by the United
States and Japan.” Smoking, both active and passive, remains a major risk factor for lung cancer.® The lack of specific
clinical symptoms in early-stage lung cancer makes early diagnosis challenging, causing most patients being diagnosed at
advanced stages or with metastases, resulting in a 5-year survival rate of less than 5% for advanced lung cancer
patients.*” Non-small cell lung cancer (NSCLC), accounting for approximately 85% of all lung cancer histological
types, includes three subtypes: adenocarcinoma (including bronchioloalveolar carcinoma), squamous cell carcinoma, and
large cell carcinoma.®’ Despite pathological differences among these subtypes, treatment approaches are generally
similar. The treatment of NSCLC is typically determined by tumor staging and histological type and may include
a combination of surgical resection, radiotherapy, chemotherapy, targeted therapy, and immunotherapy.® ' Therefore,
alleviating the disease burden caused by NSCLC, understanding its pathogenesis in depth, and exploring diagnostic and
therapeutic modalities applicable to clinical practice have become urgent priorities in the medical community.
Communication between newly emerged tumor precursor or malignant cells and other cells within the tumor, as well
as with local tissues and host cells throughout the body, facilitates cancer initiation and progression. Intercellular
communication can induce microenvironmental changes, thereby influencing tumor growth and the dissemination of
cancer cells. This signaling can occur through the secretion of soluble factors or the exchange of extracellular vesicles
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(EVs). EVs, which are nanoscale lipid bilayer vesicles released by nearly all cells upon activation, injury, or apoptosis,
have increasingly been recognized as key participants in the tumor microenvironment in recent years.'''* At the pan-
cancer level, EVs play several critical roles in cancer biology. They are involved in tumor progression, metastasis, and
immune regulation, and they serve as biomarkers and therapeutic delivery systems, reflecting their common mechanisms
across various types of cancer. Various cargo molecules carried by EVs are believed to contribute to metastasis and
organotropism.'* EVs are abundant in various human biological fluids, including blood and urine to cerebrospinal fluid
and semen.'*!” Protected by a lipid bilayer membrane structure, EVs carry a variety of bioactive molecules on their
membranes and within their vesicles, including proteins, nucleic acids, and lipids.'® Depending on their biogenesis
pathways, EVs are generally classified into three major types: exosomes, microvesicles, and apoptotic bodies, as shown
in Figure 1A. Exosomes are derived from endosomes and form when multivesicular bodies (MVBs) fuse with the plasma
membrane, releasing intraluminal vesicles into the extracellular space.'” In contrast, microvesicles are usually larger and
bud directly from the plasma membrane. These vesicles, also known as shedding vesicles or ectosomes, form when
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Figure | (A) Biogenesis of the three main groups of EVs. (B) The principal physiological functions of EVs. Created with BioRender.com.

8140 e International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Wu and Chen

molecular cargo is transported to the cell surface. The release of microvesicles is often triggered by an increase in
intracellular calcium levels, activating the plasma membrane.” Microvesicles, like exosomes, possess unique lipid
compositions and are enriched in phosphatidylserine.?!’ Many protein markers are expressed on exosomes and micro-
vesicles, including tetraspanins (eg, CD9, CD63, and CDS81), membrane transport proteins, fusion proteins (eg, annex-
ins), EV synthesis proteins (eg, TSG101), and other EV-related proteins.*> Apoptotic bodies are primarily secreted by
cells undergoing apoptosis. Generally larger than exosomes and microvesicles, they contain DNA fragments and
organelles from apoptotic cells and form during plasma membrane budding processes.”® In our review, we summarize
the key roles of EVs in the occurrence, progression, and metastasis of NSCLC, as well as their impact on treatment
responses, their potential as biomarkers, and their role in the development of cancer therapies.

Physiological Functions of EVs

EVs play several important roles in physiology, including intercellular communication, signal transduction, immune
regulation, blood clotting, vascular function, and extracellular matrix remodeling, as shown in Figure 1B. In terms of
intercellular communication, EVs facilitate this process by transporting essential biomolecules such as proteins and
nucleic acids, contributing to the maintenance of cellular homeostasis and coordination of functions both locally and
distantly. This information transfer is not confined to neighboring cells but can extend across tissue and organ boundaries,
exerting a broader regulatory influence.”* Regarding signal transduction, EVs transport biomolecules, including cyto-
kines, growth factors, and nucleic acids, which influence the signaling pathways of recipient cells, thereby regulating
their physiological functions.”>® EVs in the bloodstream also play roles in blood clotting and vascular function by
influencing thrombus formation, vascular permeability, and angiogenesis. They also carry antigens and immune-
regulatory factors that influence immune cell function and balance. Additionally, EVs modulate extracellular matrix

remodeling, affecting tissue growth, development, and tumor invasion.?’ *°

The Functional Roles and Mechanisms of EVs in NSCLC

EVs and Immunity

A substantial body of research has underscored the increasing focus on EVs in cancer research, particularly within the
tumor microenvironment. EVs play a pivotal role in regulating tumor cell behavior and influencing the tumor
microenvironment.*'*? They transmit information to cancer, immune, and stromal cells by carrying molecules that can
impact cancer growth, metastasis, and immune responses. EVs assist cancer cells in evading immune surveillance by
carrying immunosuppressive factors such as PD-L1 and TGF-, and can also promote immune tolerance, thereby aiding
cancer cell survival.*> However, EVs can also carry tumor-associated antigens that may trigger immune responses.
Despite this, the presence of immunosuppressive factors frequently suppresses these responses, thereby promoting tumor
growth and evasion.>* Additionally, EVs from immune cells can exert both inhibitory and stimulatory effects, carrying
immune-stimulating molecules such as interferon and tumor necrosis factor, which promote immune activation and
cancer cell apoptosis.®> Thus, EVs play a dual role in cancer immunity, influencing both tumor progression and immune
responses, as shown in Figure 2A.

EVs-Mediated NSCLC Immunosuppression

Numerous studies have demonstrated that tumor-derived EVs play a significant role in immune suppression.®®>’ Ligands
on the surface of EVs can bind to homologous receptors on immune cells, transmitting inhibitory signals, which promote
tumor progression. Specifically, EVs transfer immunosuppressive molecules to immune cells via direct contact or
paracrine signaling, resulting in their functional inhibition.*® Extracellular vesicle PD-L1 plays a crucial role in mediating
immune evasion by cancer cells. When EVs carrying PD-L1 enter the lymphatic system, they can inhibit T cell activity,
thereby preventing immune cells from recognizing and killing tumor cells.***° Additionally, EVs can further promote
tumor progression and metastasis by inhibiting T cell activation and proliferation, inducing regulatory T cells (Treg) and
myeloid-derived suppressor cells (MDSCs), and suppressing natural killer cells and CD8+ T cells.>”*! A study demon-
strated that EVs from NSCLC cells expressing PD-L1 contribute to immune evasion by reducing T cell activity and
promoting tumor growth.*> Furthermore, EVs isolated from lung cancer cells contain abundant epidermal growth factor
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Figure 2 (A) The association between EVs and immune response in NSCLC. (B) The relationship between EVs and metastasis as well as drug resistance in NSCLC. Created
with BioRender.com.
Abbreviations: ECM, extracellular matrix; EMT, Epithelial-Mesenchymal Transition.

receptor (EGFR), which can induce tolerogenic dendritic cells, thereby suppressing the function of tumor antigen-specific
CD8+ T cells.** Additionally, EVs derived from NSCLC can also promote CD8+ T cell dysfunction and immune
suppression by secreting substances such as circUSP7 (Circular Ubiquitin-Specific Peptidase 7) and S100A4 (S100
Calcium-Binding Protein A4), exacerbating tumor development.**** Thus, these research findings collectively indicate
that EVs from NSCLC evade immune surveillance through various mechanisms, promoting tumor cell survival and
offering important therapeutic targets for the development of cancer immunotherapy strategies.

EVs and NSCLC Immunotherapy

The primary goal of tumor immunotherapy is to activate the host immune system to recognize and overcome the immune
suppression induced by cancer cells. EVs are regarded as potential immunotherapeutic agents, widely used in immu-
notherapy, antigen delivery, and gene transfer systems.*® Dendritic cells (DCs) are considered important sources of EVs.
Both immature and mature dendritic cells can produce EVs. EVs produced by mature DCs contain higher levels of Major
Histocompatibility Complex (MHC) I, MHC 1I, and co-stimulatory molecules, thus exhibiting stronger immune-
stimulatory effects. EVs derived from DCs carry MHC/peptide complexes on their surface, facilitating the proliferation
and activation of NK cells dependent on Interleukin-15 Receptor Alpha (IL-15Ra) and Natural Killer Group 2 Member
D (NKG2D), while also enhancing the anti-tumor activity of T cells.*’**® In the treatment of NSCLC, the feasibility and
potential efficacy of using DC vaccines carrying the melanoma antigen gene MAGE (Melanoma Antigen Gene) have
been demonstrated.*® Studies have shown that DCs can enhance the anti-tumor immune capability of NK cells in patients
with late-stage NSCLC.>* Furthermore, compared to EVs from other sources, those derived from NK cells exhibit higher
stability, greater potential for modification, and lower immunogenicity.’’ Chimeric antigen receptor T (CAR-T) cells are
genetically engineered T cells designed to recognize and attack cancer cells expressing specific antigens on their surface,
thereby enhancing the immune system’s ability to target cancer cells. EVs derived from CAR-T cells represent an
alternative approach to tumor immunotherapy. EVs secreted by antigen-presenting cells (APCs) can stimulate T cell
proliferation in vitro and induce anti-tumor immune responses in vivo.”> A study demonstrated that EVs derived from
NSCLC containing CD39 can effectively reduce ATP levels in targeted T cells, inducing the activation of AMP-
Activated Protein Kinase (AMPK) and the inactivation of the Mechanistic Target of Rapamycin (mTOR). Therefore,
targeting tumor CD39 may correct the aberrant differentiation of CD4+ T cells in human NSCLC.>® In conclusion, EVs,
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as a potential immunotherapeutic agents, have broad prospects in NSCLC immunotherapy. They can stimulate host
immune system responses and promote the immune recognition and clearance of NSCLC cells, thereby offering new
strategies and possibilities for NSCLC immunotherapy.

EVs and NSCLC Metastasis

Tumor metastasis is a major cause of cancer-related deaths. Over the years, researchers have focused on unraveling the
mechanisms of tumor metastasis, emphasizing the interactions between tumors and host biology. Recent studies show
that EVs play a crucial role in tumor metastasis by transmitting specific information between cells. Additionally, EVs
may regulate epithelial-mesenchymal transition (EMT) and remodel the extracellular matrix (ECM).>** In NSCLC, the
role of EVs is especially prominent. By carrying tumor-related signaling molecules such as miRNA, proteins, and DNA
fragments, EVs promote the growth, migration, and invasion of tumor cells. Moreover, EVs can modulate the tumor
microenvironment by promoting angiogenesis and suppressing immune responses, thereby facilitating the establishment
of pre-metastatic niches. In NSCLC, the role of EVs in regulating tumor angiogenesis and immune evasion has garnered
particular attention. Furthermore, EVs play a key role in determining organ metastasis. By carrying organ metastasis-
related molecules such as miRNA and transcription factors, EVs regulate the microenvironment of target organs,
providing favorable conditions for tumor cell migration and settlement, as shown in Figure 2B.%®®

Regulation of EMT

EMT is a biological process in which epithelial cells acquire mesenchymal characteristics. During this transition, cells
lose epithelial traits, such as cell polarity and cell-cell junctions, while gaining mesenchymal traits, including enhanced
migratory and invasive capabilities. EMT is crucial for various physiological and pathological processes, such as
embryonic development, tissue repair, and tumor metastasis.’>*°* In this process, tumor cells are influenced by cancer-
associated fibroblasts (CAFs) in the tumor microenvironment, leading to the acquisition of mesenchymal properties and
the loss of cell polarity and cell-cell connections, ultimately enhancing their migratory and invasive potential.®'%?
Research has demonstrated the significant role of EVs in EMT in NSCLC, particularly involving oncogenic miRNAs.
For instance, miRNAs like miR-23a, miR-193a-3p, miR-210-3p, and miR-5100 are implicated in regulating cell
migration.®*** Additionally, EVs in the serum of patients with EGFR-mutant NSCLC can stimulate cell invasion by
promoting a mixed EMT.®> Moreover, the intracellular expression of FAM3C (Family with Sequence Similarity 3
Member C) in NSCLC cells promotes cancer cell growth and invasion, with EVs containing FAM3C inducing invasive
phenotypes in recipient cells.®® Studies have shown that EV-derived miRNAs transferred by tumor cells can affect
sensitivity to EGFR-TKI (Tyrosine Kinase Inhibitor) and serve as prognostic biomarkers in EGFR-mutant NSCLC.®’
Conversely, miRNAs like miR-4739 and miR-224-5p activate the Wnt/p-catenin signaling pathway, promoting EMT and
angiogenesis in NSCLC, thereby contributing to drug resistance and metastasis regulation.®®’® Additionally, EVs
secreted by M2-type tumor-associated macrophages (TAMs) are enriched with miR-155 and miR-196a-5p, enhancing
cell viability, migration, invasion, and EMT in NSCLC.”" ¢-Src (cellular-src tyrosine kinase), a non-receptor tyrosine
kinase, is linked to EMT promotion. Recent studies show that EVs with high c-Src expression in metastatic NSCLC cells
elevate c-Src levels in primary NSCLC cells, promoting EMT through the TGF-B1 pathway.”* In summary, EVs play
a pivotal role in modulating the EMT process by influencing the expression of miRNAs and other molecules, impacting
tumor cell invasion, metastasis, and drug sensitivity, and offering novel avenues for research and potential therapeutic
interventions in NSCLC.

Regulation of NSCLC Angiogenesis

Angiogenesis within tumor environments is a multifaceted and crucial process governed by factors such as cytokines,
cellular signaling cascades, and microenvironmental cues. Hypoxic conditions in tumor tissues, resulting from rapid
proliferation and metabolic demands, prompt tumor cells to release pro-angiogenic factors such as vascular endothelial
growth factor (VEGF) and fibroblast growth factor (FGF). These factors stimulate the proliferation, migration, and
formation of new blood vessels by surrounding vascular endothelial cells, ensuring a sustained supply of nutrients and
oxygen to the tumor and facilitating cancer cell metastasis.”>*”* In NSCLC, the hypoxic microenvironment triggers the
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release of EVs by tumor cells. EVs serve as crucial messengers, mediating communication between tumor cells and
endothelial cells. These vesicles contain a myriad of molecular signals, including cytokines, growth factors, and
miRNAs, which, upon transfer between cells, activate endothelial cell proliferation and migration, thereby fostering
the formation of new blood vessels.”> Notably, EVs released by NSCLC harbor specific molecules such as CCL18
(Chemokine Ligand 18) and MFI2-AS1 (MFI2 Antisense RNA 1), which bolster angiogenesis by modulating signaling
pathways, including the CCL18-mediated pathway and the miR-107/NFAT5/AKT axis.”®’” Additionally, molecules such
as angiopoietin-like 4 (ANGPTL4) EV-derived protein and miR-1260b contribute to promoting angiogenesis through
distinct mechanisms.”®’® Furthermore, certain miRNAs, such as miR-619-5p, exert regulatory control over target genes
like RCAN1.4 (Regulator of Calcineurin 1, Isoform 4), influencing the progression of angiogenesis.** Investigations have
unveiled the involvement of other molecules abundant in NSCLC-derived EVs, such as SYT7 (Synaptotagmin VII) and
miR-3157-3p, in facilitating endothelial cell migration, proliferation, and tube formation, while also modulating gene
expression to augment vascular permeability.®'**> Moreover, LRG1 (Leucine-Rich Alpha-2-Glycoprotein 1) enriched in
EVs derived from NSCLC tissues and cells is implicated in activating the TGF- pathway to orchestrate angiogenesis,
underscoring its potential as a therapeutic target for NSCLC.** These cumulative findings provide invaluable insights into
the mechanisms underpinning NSCLC angiogenesis, paving the way for the identification of novel therapeutic targets.

Regulation of ECM Remodeling

The ECM consists of diverse components, including collagen, fibronectin, glycosaminoglycans, and proteoglycans.
These constituents intricately influence the phenotype and function of both tumor cells and surrounding stromal cells
in the tumor microenvironment. Serving as both a structural scaffold and a regulatory milieu, the ECM profoundly affects
tumor cell behavior. Alterations in ECM composition and structure play crucial roles in tumor growth, invasion, and
metastasis.**® EVs emerge as crucial mediators in modulating the tumor microenvironment by orchestrating ECM
remodeling, ultimately fostering tumor metastasis. Of particular interest in lung adenocarcinoma is the expression pattern
and functional significance of SPON2 (Spondin 2), a specific ECM protein secreted by CAFs. Remarkably, elevated
SPON?2 expression levels significantly correlate with the invasiveness and metastatic potential of lung adenocarcinoma.
Furthermore, SPON2 enhances the pro-invasive effects of CAFs on lung adenocarcinoma cells. Recent investigations
have revealed that EVs released by lung adenocarcinoma cells carry SPON2 and HOTAIRM1 (HOXA Transcript
Antisense RNA, Myeloid-Specific 1). Notably, HOTAIRM1 modulates SPON2 expression by sequestering miR-328-
5p, augmenting the invasive and metastatic capacities of lung adenocarcinoma.®® Moreover, in patients with NSCLC,
serum miR-17 and miR-20a correlate with significant downregulation of tissue inhibitor of metalloproteinase 3 (TIMP3)
expression. This downregulation may contribute to ECM remodeling within the cancer microenvironment.®” Alterations
in ECM composition are closely linked with changes in the tumor microenvironment, with EVs emerging as key players
in ECM remodeling. These findings provide valuable insights into the mechanistic underpinnings of ECM remodeling in
the tumor microenvironment.

Regulation of Organotropic Metastasis

Tumor metastatic target organs are specific tissues or organs where cancer cells tend to migrate and establish secondary
growths during metastasis. These organs typically offer a microenvironment conducive to cancer cell survival, prolifera-
tion, and dissemination. The selection of target organs for metastasis is often influenced by interactions between these
organs and the primary tumor, possibly mediated by cell surface receptor-ligand interactions, activation of cell factors
and signaling pathways, and unique local microenvironmental properties.***’ Studies have elucidated the role of EVs in
shaping the pre-metastatic microenvironment, thus impacting the outcome of metastasis. Proteomic analyses have
revealed distinct integrin expression profiles in tumor cell-derived EVs from different organs. For instance, integrins
a6B4 and a6P1 are associated with lung metastasis, while integrin avp5 is linked to liver metastasis. Downregulation of
integrin a6f4 and avP5 expression can reduce EV uptake by target organ cells, thereby mitigating lung and liver
metastasis, respectively.”’ In NSCLC, brain and bone metastases are prevalent, posing significant challenges to patient
survival. Various gene mutations are implicated in NSCLC metastasis.”' °* However, emerging evidence highlights the
crucial role of the tumor microenvironment (TME) in metastasis, encompassing invasion at the primary site and
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colonization at distant sites.”* °® Studies show that EVs induce M2 polarization of microglia by delivering LINC00482,
which regulates the miR-142-3p/TGF-B1 axis, modulating the pre-metastatic niche and promoting NSCLC brain
metastasis.”” Moreover, SUMOylated hnRNPA2B1 interacts with the SIM motif in ALIX to activate ALIX, facilitating
the packaging of circTLCD4-RWDD3 into EVs, thereby inducing lymphangiogenesis and lymph node metastasis in
NSCLC.”® Conversely, a novel ceRNA regulatory pathway shows that Inc-MMP2-2 upregulates EPB41L5 expression by
sequestering miR-1207-5p, promoting Endothelial-to-Mesenchymal Transition (EndoMT), disrupting tight junctions,
increasing Blood-Brain Barrier permeability, and ultimately facilitating NSCLC brain metastasis.”” M2-exos significantly
enhance the migration and invasion of NSCLC cells by delivering integrin aVB3.'%® Additionally, the transfer of lung
cancer EV-miR-122-5p promotes hepatocyte migration, potentially contributing to the pre-metastatic microenvironment
and liver metastasis.'®' Studies have also found that NSCLC EVs containing Amphiregulin (AREG) activate the EGFR
pathway in preosteoclasts, leading to increased Receptor Activator of Nuclear Factor Kappa-B Ligand (RANKL)
expression. RANKL can induce protease expression, a hallmark of osteoclastogenesis, initiating a vicious cycle of
osteolytic metastasis.'> Another study found that NSCLC cell-derived EVs containing IncRNA-SOX20T regulate
osteoclast differentiation and stimulate bone metastasis by targeting the miRNA-194-5p/RACI1 signaling axis and the
TGF-p/pTHrP/RANKL signaling pathway in osteoclasts.'®®> These findings underscore the pivotal role of EVs in NSCLC
metastasis, providing crucial insights into metastatic mechanisms and the exploration of novel therapeutic strategies.

EVs and NSCLC Drug Resistance

NSCLC is a prevalent malignant tumor type, and chemotherapy is a common treatment option for advanced-stage
patients. Cisplatin is a widely used platinum-based chemotherapy drug in NSCLC treatment that inhibits cancer cell
proliferation by interfering with DNA replication and transcription. It is typically used in combination with other
chemotherapy agents such as paclitaxel or gemcitabine. Gefitinib and erlotinib are EGFR tyrosine kinase inhibitors
used to treat NSCLC patients with tumors that are EGFR mutation-positive. They suppress tumor cell proliferation and
survival by inhibiting the activation of the EGFR signaling pathway. Osimertinib is a third-generation EGFR tyrosine
kinase inhibitor that selectively targets tumor cells with EGFR mutations and is used to treat late-stage NSCLC patients
with EGFR T790M mutation-positive tumors. Anlotinib is a multi-targeted receptor tyrosine kinase inhibitor with anti-
angiogenic and antitumor activities, suitable for advanced NSCLC patients who have progressed after receiving at least
two chemotherapy agents and targeted therapies.'®*'%> Tumor drug resistance is a frequent cause of treatment failure, and
increasing evidence suggests that EVs can promote drug resistance through various mechanisms. EVs can transport
miRNAs, IncRNAs, and proteins to target cells, facilitating signal transduction between drug-resistant cells, sensitive
cells, stromal cells, and tumor cells, thereby inducing drug resistance in tumor cells.'*¢'%®

EVs from irradiated cell lines promote radioresistance in previously unexposed NSCLC cells by transferring miR-
23a. Additionally, EVs derived from CAFs containing IncRNA SNHG12 enhance resistance to cisplatin in NSCLC cells
by binding with RNA-binding protein HuR, thereby promoting RNA stability and XIAP (X-linked Inhibitor of Apoptosis
Protein)-dependent apoptosis suppression.'® EV-mediated circVMPI targets the miR-524-5p-METTL3/SOX2 axis to
promote NSCLC progression and cisplatin resistance.''® Moreover, hypoxia-induced EVs confer cisplatin resistance to
sensitive NSCLC cells by delivering PKM2."'" Furthermore, EV-derived miR-4443 facilitates cisplatin resistance in
NSCLC by regulating ferroptosis mediated by FSP1 (Ferroptosis Suppressor Protein 1) m6A modification.''> EVs
derived from CAFs confer cisplatin resistance to NSCLC cells by transferring miRNA-130a, with PUM?2 being a critical
factor in packaging miRNA-130a into EVs.'"> In other chemotherapy contexts, EVs isolated from gefitinib-resistant
NSCLC cell line cultures contain miR-21, which can confer resistance to gefitinib-sensitive cells by activating p-Akt.'™*
Similarly, EVs from erlotinib-resistant NSCLC cell lines contain IncRNA H19, which induces resistance in erlotinib-
sensitive cells by targeting miR-615-3p."'> Conversely, studies have shown that wild-type EGFR protein can confer
osimertinib resistance to mutant EGFR NSCLC cells via EVs, followed by activation of the PI3K/AKT and MAPK
signaling pathways.'®* MiR-522-3p, transmitted by EVs shed from EGFR-TKI-resistant cells with the T790M mutation,
can induce gefitinib resistance in sensitive cells by activating the PI3K/AKT signaling pathway.''® EVs derived from M2
tumor-associated macrophages promote osimertinib resistance in NSCLC via the MSTRG.292666.16-miR-6836-5p-
MAPKSIP3 axis.''” Additionally, miR-7 delivered by EVs can reverse gefitinib resistance in NSCLC by targeting
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YAP.'"® Moreover, the expression levels of miR-184 and miR-3913-5p from EVs in peripheral blood of NSCLC patients
serve as biomarkers for osimertinib resistance.''” In NSCLC, EVs carrying circKIF20B inhibit gefitinib resistance and
cell proliferation via the circKIF20B/miR-615-3p/MEF2A axis, thereby suppressing the cell cycle, promoting apoptosis,
and reducing OXPHOS.'*° Lastly, EV-derived miR-136-5p from anlotinib-resistant NSCLC cells can promote NSCLC
cell proliferation and anlotinib resistance by targeting PPP2R2A. Conversely, miR-136-5p antagonist derived from
anlotinib-resistant NSCLC cell EVs can restore anlotinib responsiveness in NSCLC cells.'*!

Furthermore, studies have revealed that plasma-derived EVs from NSCLC patients who develop resistance to
immunotherapies such as nivolumab and pembrolizumab exhibit elevated levels of EV-bound PD-L1.'?* Patients with
higher baseline level of PD-L1+ EVs in their bloodstream demonstrate significantly better responses to immunotherapy
and longer survival periods. This is particularly evident in subsets of NSCLC patients with low or absent tumor PD-L1
expression, identifying PD-L1-positive circulating EVs as novel predictive and prognostic markers for
immunotherapy.'*® In summary, EVs play a crucial role in NSCLC by mediating the generation and dissemination of
drug resistance through various mechanisms, thereby providing new insights and therapeutic strategies for combating
drug resistance.

EV and NSCLC Diagnosis

Compared to traditional tumor biomarker assays, the identification of EV content offers a more comprehensive source of
information, as EVs contain various biomolecules from the source cells, including miRNAs, IncRNAs, and proteins.
Monitoring specific biomarkers within tumor EV content offers a convenient non-invasive diagnostic method and is
expected to become a standard for monitoring disease progression and treatment efficacy.'** In NSCLC, despite efforts in
various clinical trials, improved supportive care, novel drugs and targeted therapies, and modern diagnostic technologies,
the prognosis remains challenging. Therefore, there is an urgent need to discover new biomarkers for the early diagnosis
of NSCLC. Compared to traditional tissue biopsies, liquid biopsies are non-invasive and more easily implemented,
making them highly feasible for clinical testing.'*> In this regard, EVs as biomarkers have indispensable advantages: they
are easy to obtain, isolate, and store. Furthermore, the biomolecules within EVs can reflect the status of the source cells,
offering important insights into NSCLC biology. Thus, research utilizing EVs as biomarkers holds great potential and is
expected to lead to breakthroughs in the early diagnosis and treatment of NSCLC.

Nucleic Acids in EVs

EVs contain various nucleic acids, including mRNA, miRNA, IncRNA, circRNA, and DNA. MiRNAs are short,
endogenous non-coding RNAs. They are typically transcribed from DNA sequences into primary miRNAs, which are
then processed into mature miRNAs from precursor miRNAs. MiRNAs typically interact with the 3’ untranslated region
(3° UTR) of target mRNAs, leading to mRNA degradation and translational inhibition. However, studies have revealed
that miRNAs also interact with other regions, including the 5> UTR, coding sequences, and promoters.'**'?® These
miRNAs can be transported to target cells either through protein binding or encapsulation in EVs.'**3% EV-derived
miRNAs play crucial roles in regulating cellular functions and gene expression across various cancers, as illustrated in
Figure 3A."3""'32 In histological studies, Poroyko et al identified 13 miRNAs in EVs from patients with small cell lung
cancer (SCLC) and NSCLC, which are suitable for distinguishing between these two types of cancer. Among these, miR-
331-5p, miR-451a, and miR-363-3p demonstrated the highest specificity and sensitivity in distinguishing SCLC from
NSCLC."** Rabinowits et al previously reported that miR-203 is useful for identifying NSCLC and SCLC cases, with
a sensitivity of 80% and a specificity of 100%.'** Another study suggested that EV miR-126 could serve as a potential
diagnostic biomarker for NSCLC."?3 Furthermore, a panel of three miRNAs (miR-21, miR-205, and miR-155) has been
proposed for the early detection of NSCLC."*® Similarly, Jin et al identified four EV miRNAs (miR-let-7b-5p, miR-let
-Te-5p, miR-23a-3p, and miR-486-5p) as potential diagnostic biomarkers for stage I NSCLC patients, with a sensitivity
of 80.5% and a specificity of 92.31%."*” EVs containing MALAT-1 exhibit high specificity (96%) and acceptable
sensitivity (56%) and can be used to differentiate NSCLC patients from healthy individuals, supporting its potential as
a blood-based microRNA biomarker for NSCLC diagnosis.'*® Additionally, EVs containing circSHKBP1, which is
associated with NSCLC progression via the miR-1294/PKM?2 axis, may serve as diagnostic and therapeutic biomarkers
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Figure 3 (A) The utilization of differentially expressed proteins or nucleic acids enriched in EVs in liquid biopsy for NSCLC. (B) The relationship between EVs and
antitumor therapy in NSCLC. Created with BioRender.com.

for NSCLC."*® Furthermore, circSATB2, involved in NSCLC progression, exhibited differential expression in lung
cancer tissues and serum EVs, potentially serving as a diagnostic biomarker for NSCLC.'*° The study also indicated that
circEML4 from TAM-derived EVs could serve as a diagnostic biomarker for NSCLC, particularly in patients with
a history of smoking.'*'

EVs are present not only in blood but also in other fluids such as bronchoalveolar lavage (BAL) fluid, pleural effusion,
urine, and cerebrospinal fluid, with extensive studies aiming to identify novel diagnostic biomarkers. A study confirmed
elevated levels of EV-derived miRNAs in both plasma and BAL samples from NSCLC patients compared to non-tumor
individuals.'** Additionally, some studies identified nine EV-derived miRNAs (miR-141-3p, miR-200a-3p, miR-200b-3p,
miR-200c-3p, miR-205-5p, miR-375, miR-483-5p, miR-429, miR-203a-3p) that are primarily present in lung cancer but
absent in pulmonary tuberculosis and other benign lesions in pleural effusion.'**'** Furthermore, detection of EV-derived
miR-200 in pleural effusion has been proposed to distinguish lung adenocarcinoma from benign effusion.'*> Recently,
research found elevated expression of miR-182 and miR-210 in malignant adenocarcinoma pleural effusion compared to
benign effusion.'*® Differential levels of IncRNA in urine EVs are considered potential diagnostic biomarkers for NSCLC,
with enriched IncRNA potentially associated with tumor cell proliferation, apoptosis, and the pathogenesis of NSCLC.'*’
EV-derived miRNAs in cerebrospinal fluid can also serve as diagnostic or monitoring biomarkers for NSCLC brain
metastases.'*® A related study demonstrated high-accuracy diagnosis using EV-derived DNA collected from BALF from
lung cancer patients, establishing a rapid and reliable method for EV DNA-targeted gene identification and overcoming the
low sensitivity and instability issues associated with circulating free DNA detection.'*’

In summary, nucleic acids carried by EVs, including mRNA, miRNA, IncRNA, circRNA, and DNA, have promising
potential for the diagnosis and treatment of NSCLC. Monitoring specific biomarkers in EVs allows for convenient, non-
invasive diagnosis and tracking of disease progression, offering new insights and strategies for personalized therapy.
Therefore, nucleic acids in EVs have significant potential for the diagnosis, treatment, and prognosis assessment of
NSCLC, potentially becoming indispensable tools in future clinical practice.

Proteins in EVs
In recent years, the widespread use of proteomic techniques has revealed the composition and function of proteins in
EVs, attracting significant attention for their roles in predicting, diagnosing, and understanding tumor progression.'*® For
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instance, serum EVs from NSCLC patients contain overexpressed proteins such as nyeso-1, EGFR, PLAP (Placental
Alkaline Phosphatase), EpCam (Epithelial Cell Adhesion Molecule), and Alix (ALG-2-interacting Protein X), which are
closely associated with poorer overall survival rates.'>' Sun et al systematically compared the protein profiles of saliva
and serum EVs from healthy volunteers and lung cancer patients using liquid chromatography-mass spectrometry,
identifying differentially expressed proteins that could serve as biomarkers for lung cancer diagnosis.'>? Additionally,
EV-derived EGFR has been proposed as a diagnostic biomarker to distinguish between NSCLC and chronic lung
inflammation.'>® Huang et al found that approximately 80% of EVs from cancer biopsies were EGFR-positive, while
only 2% of EVs isolated from chronic inflammatory lung tissue were EGFR-positive. DCs that take up EGFR-containing
cancer-derived EVs produce indoleamine 2.3-dioxygenase, which suppresses the function of tumor-specific CD8+
T cells.*? CD91, derived from EVs, acts as a transmembrane receptor, regulating ligand internalization and molecular
trafficking to lysosomes. Furthermore, combining ELISA with cancer embryonic antigen detection of EVs CDO91
significantly improves the sensitivity (71.4%) and specificity (91.8%) for lung adenocarcinoma diagnosis.'** LRGI,
associated with protein interactions, signal transduction, and cell adhesion, is highly expressed in urine-derived EVs and
lung tissues of NSCLC patients. Thus, urinary LRG1 derived from EVs may serve as a potential biomarker for detecting
NSCLC."® Lipopolysaccharide-binding protein in EVs can distinguish healthy donors from NSCLC patients with an
area under the curve of 0.713, sensitivity of 65%, and specificity of 75.6%. Additionally, significant differences in LBP
(Lipopolysaccharide-Binding Protein) levels exist between metastatic and non-metastatic NSCLC patients, with an AUC
of 0.803, sensitivity of 83.1%, and specificity of 67%.'>® One study identified 1220 proteins in EVs, with an initial set of
biomarkers showing potential for early NSCLC diagnosis and correlating directly with patient survival time. Another set
of biomarkers was identified for assessing NSCLC metastasis, with CFHRS (Complement Factor H-Related Protein 5)
alone significantly correlating with the overall survival rate of NSCLC patients.">” Another study identified 302
differentially secreted proteins from EV-activated lung fibroblasts, confirming that these proteins may alter ECM
composition and promote cancer cell growth.'>®

Collectively, these research findings demonstrate the significant potential of EV proteins for early diagnosis, treatment
selection, and prognosis evaluation of lung cancer. Studying EV proteins allows for more accurate identification of lung
cancer patients for early diagnosis and treatment initiation, as shown in Figure 3A.">"'** Moreover, these studies offer
new directions for personalized therapy, including targeted treatments based on specific proteins and adjustments to
treatment regimens according to protein composition. Future research should further explore the functions and mechan-
isms of EV proteins, as well as their relationships with lung cancer development and treatment responses, to better guide
clinical practice and improve patient outcomes.

Diagnosis of New Technology

In the field of NSCLC diagnosis and treatment, the continuous emergence of new technologies and methods presents
opportunities to enhance accuracy and treatment outcomes. One study employed a Tannic Acid-Iron (III) three-
dimensional network-coated mesoporous silica beads strategy, achieving an accuracy of 87.1% in distinguishing between
NSCLC and SCLC. The Tannic Acid-Iron (III) three-dimensional network-coated mesoporous silica beads feature label-
free, universal, low-cost, and scalable characteristics, offering an effective liquid biopsy technique for lung cancer
diagnosis and classification based on serum EVs.'® Another study utilized an on-demand EV isolation chip to achieve
rapid and specific separation of extracellular vesicles via catalyst-free click chemistry. Subsequently, the isolated
extracellular vesicles released dithiothreitol for downstream functional analyses. This combined isolation and release
process provides a powerful tool for selecting and quantifying target extracellular vesicles. The platform was tested for
selective isolation and release of EVs in NSCLC patient samples, showing 76% higher selectivity for the EGFR-assisted
platform compared to healthy donors.'®' Additionally, an immunogold surface-enhanced Raman scattering biosensor
chip was proposed for quantifying single extracellular vesicle RNA and proteins as a non-invasive alternative method.
Using just 20 pL of purified serum, the biosensor detected surface PD-1/PD-L1 proteins and PD-1/PD-L1 mRNA at
single-vesicle resolution, with sensitivity exceeding conventional batch analysis methods like ELISA and qRT-PCR by
1000-fold. By detecting dual single extracellular vesicle PD-1/PD-L1 mRNA, the method distinguished responders from
non-responders with an accuracy of 72.2%, and the diagnostic accuracy for NSCLC reached 93.2%.'% The emergence of

8148 e International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Wu and Chen

these innovative technologies offers new possibilities for lung cancer diagnosis and treatment, with the potential to
enhance patient survival rates and quality of life. However, despite these encouraging results, further research and clinical
validation are needed to ensure the effectiveness and reliability of these technologies in clinical practice.

EVs as Drug Carriers for Antitumor Therapy

Most drugs exert therapeutic effects only when delivered to the diseased site in sufficient quantities; otherwise, their
efficacy may be reduced, potentially leading to toxicity and adverse effects in patients. EVs, natural carriers of
intercellular information that facilitate biomolecule exchange between cells, are promising candidates for novel drug
delivery vehicles, as illustrated in Figure 3B for NSCLC. EVs offer advantages such as small size, natural molecular
transport properties, and excellent biocompatibility, making them more suitable than synthetic lipid carriers for drug
delivery systems. As drug carriers, EVs can preserve drug activity within their membranes and release the drugs without
inducing immune reactions. EV-based tumor therapy may become a crucial component of personalized medicine, as
numerous studies highlight the potential of EVs in cancer treatment.'®*'%*

In NSCLC, one study developed a novel therapeutic strategy using EV technology to modify T cells, targeting
mesothelin with a single-chain variable fragment-directed chimeric antigen receptor against Lewis lung carcinoma.'®’
Another study developed and evaluated a therapeutic approach that involved encapsulating miR-497 in EVs using a 3D
microfluidic device in an NSCLC model. This study demonstrated the multifunctionality of EV therapy, including stable
protection, effective delivery of miR-497, and inhibition of angiogenesis in NSCLC tumor endothelial cells.'®® Another
study found that EVs derived from cancer stem cells, loaded with APE1 (Apurinic/Apyrimidinic Endonuclease 1)
shRNA, could reverse erlotinib resistance in NSCLC through IL-6/STAT3 signaling.'®” Researchers also demonstrated
that EVs from breast cancer cells could specifically internalize into NSCLC cells by interacting with overexpressed
integrin 4 and surfactant protein C on the surface of these cells. These 231-Exo could recognize A549 cells in the
bloodstream and effectively evade immune surveillance in vitro.'®® Furthermore, a study engineered extracellular
vesicles (miR-449a Exo) that actively deliver miR-449a and are specifically taken up by A549 cells. Moreover, miR-
449a Exo demonstrated high efficiency in delivering miR-449a both in vitro and in vivo, effectively inhibiting A549 cell
proliferation and promoting apoptosis.'®’

In summary, these studies highlight the potential of EVs in cancer therapy, including enhancing drug delivery
efficiency through specific targeting and internalization mechanisms, and inhibiting tumor cell proliferation, migration,
and invasion through various pathways. Furthermore, the successful engineering of EVs and advancements in their size
and functionality provide new possibilities for cancer treatment. Furthermore, the successful engineering of EVs and

advancements in their size and functionality provide new possibilities for cancer treatment.

Additional Studies on EVs

Due to their endogenous nature, EVs must be derived from parental cells to achieve high yields. Currently, EVs used for
therapeutic applications are typically sourced from MSCs, which are well-suited for large-scale production.'’® MSCs, or
multipotent mesenchymal stromal cells, are a type of adult stem cell that can be isolated from various tissues, including
bone, umbilical cord tissue, placental tissue, and adipose tissue.!”' 174 These cells have the potential to differentiate into
both mesodermal and non-mesodermal lineage tissues in vitro and in vivo.'”* Consequently, they are widely regarded as
having regenerative and reparative capabilities, making them suitable for treating various tissue injuries.'”> Recent
research has increasingly focused on the potential role of MSCs in cancer therapy. Research indicates that MSCs
preferentially migrate to tumor sites and integrate into the tumor stroma.'”®!”” Furthermore, MSCs can regulate the fate
of tumor cells through paracrine pathways rather than direct cell-to-cell interactions. In this process, MSC-derived EVs
are considered major paracrine effectors.'”® Excitingly, MSC-derived EVs, with their strong migratory capacity toward
tumor sites, are considered to have significant bioengineering potential as carriers for targeted anti-cancer drug
delivery.'”'® This discovery opens up new prospects and possibilities for cancer therapy.

In NSCLC treatment, MSCs have been extensively researched due to their low immunogenicity, multipotent
differentiation capabilities, and tissue regeneration-promoting properties. Studies have demonstrated that MSCs and
their secreted EVs, known as MSC-exosomes, significantly promote EMT, cell migration, anti-apoptosis, and autophagy
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in polyploid A549 and H1299 lung cancer cells by activating the AMPK signaling pathway.'®' During this process,
overexpression of miR-204 inhibits the activity of KLF7 (Kriippel-like Factor 7) and the AKT/HIF-1a pathway, leading
to impaired cell migration, invasion, and EMT.'®? Additionally, research has shown that EVs derived from MSCs are rich
in miR-598, which targets Thrombospondin-2, inhibiting the proliferation and migration of NSCLC cells both in vitro
and in vivo.'® Adipose-derived MSCs have sparked widespread interest in cancer therapy. Studies have shown that
adipose-derived MSCs have potential in treating gliomas, increasing the sensitivity of hepatocellular carcinoma cells to
chemotherapy, and inhibiting the malignant transformation of NSCLC cells via the miR-141-3p-LATS?2 axis carried by
CircRNA_100395.'%* Furthermore, bone marrow stromal cell-derived exosomes engineered with miR-193a can inhibit
colony formation, invasion, proliferation, and migration of NSCLC cells, and promote apoptosis of cisplatin-resistant
cells by downregulating LRRC1 (Leucine-Rich Repeat Containing 1).'"®> EVs carrying microRNA-144 from bone
marrow mesenchymal stem cells inhibit NSCLC progression by targeting CCNE1 (Cyclin E) and CCNE2.'®°

These studies suggest that MSCs and their EVs can influence lung cancer cell behavior through various pathways,
including promoting epithelial-mesenchymal transition, cell migration, apoptosis inhibition, and autophagy suppression.
Moreover, by regulating specific miRNAs, EVs derived from MSCs can inhibit tumor cell proliferation and migration,
and hold potential for reducing tumor cell resistance to chemotherapy. These findings offer new prospects for the
application of MSCs and their EVs in NSCLC treatment, providing valuable theoretical and practical foundations for
future therapies.

Conclusions and Future Prospects
In recent years, growing interest in EVs and their role in intercellular and intracellular communication has led to an
increasing number of studies focusing on their involvement in cancer, particularly in NSCLC development. As crucial
mediators of information exchange, EVs play a pivotal role in understanding their influence on NSCLC progression.
Primarily, EVs play a significant role in the immune response associated with NSCLC. Research indicates that EVs can
transmit signaling molecules between immune cells and NSCLC cells, thereby influencing the immune system’s
recognition and attack on cancer cells. Specifically, EVs contribute to NSCLC cells evading immune surveillance and
developing immune tolerance, which enhances cancer cell survival. Conversely, EVs from immune cells can exert
inhibitory effects on NSCLC cells. Studies suggest that these EVs carry immunostimulatory molecules, such as
interferons and tumor necrosis factors, which promote immune cell activation and apoptosis of NSCLC cells, thereby
inhibiting cancer cell proliferation and metastasis. Additionally, EVs are involved in crucial processes of NSCLC
metastasis, including epithelial-mesenchymal transition, angiogenesis, and extracellular matrix remodeling. These pro-
cesses are essential for cancer cell dissemination and invasion, and EVs influence these processes by carrying signaling
molecules or modulating gene expression. Furthermore, EVs can promote NSCLC drug resistance through various
mechanisms, including the transmission of drug-resistant genes and modulation of cell signaling pathways. In summary,
EVs regulate NSCLC signaling pathways by participating in processes related to its occurrence, development, and
metastasis, thus impacting cancer progression. This capability offers new insights and approaches for the diagnosis and
treatment of NSCLC. In terms of treatment, harnessing EVs to modulate the immune response and antigen presentation
within the NSCLC microenvironment could lead to the development of safe and effective vaccines. Additionally, as
natural drug carriers, EVs have targeting potential and can be utilized to deliver anticancer drugs for targeted therapy.
Despite the promising role of EVs in cancer therapy, several key challenges must be addressed before their clinical
application. One challenge is the limitations of current EV isolation and purification methods. Current isolation
techniques are often constrained by sample sources, and the purification process may result in loss or contamination
of EVs, impacting their stability and reliability in clinical settings. Additionally, the heterogeneity of EVs is a significant
issue that needs to be addressed. Since EVs can originate from various cell types and their composition can be influenced
by cellular states and environmental factors, this heterogeneity must be considered in clinical applications. Another
challenge is the susceptibility of EVs to immune system clearance in vivo. Since the immune system clears extraneous
substances, efforts are needed to enhance the stability and survival of EVs in vivo, potentially through surface
modifications or packaging to improve their ability to evade the immune system. Despite these challenges, EVs still
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hold significant potential for NSCLC therapy. Future research should focus on addressing these key issues to enable more
effective clinical applications of EVs.
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