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Peter J. Wermuth and Mỹ G. Mahoney are co-last
authors.

Funding information
National Institutes of Health, Grant/Award
Number: R01-AR074314

Abstract
The translation of pre-clinical anti-cancer therapies to regulatory approval has been
promising, but slower than hoped. While innovative and effective treatments con-
tinue to achieve or seek approval, setbacks are often attributed to a lack of efficacy,
failure to achieve clinical endpoints, and dose-limiting toxicities. Successful efforts
have been characterized by the development of therapeutics designed to specifi-
cally deliver optimal and effective dosing to tumour cells while minimizing off-target
toxicity. Much effort has been devoted to the rational design and application of
synthetic nanoparticles to serve as targeted therapeutic delivery vehicles. Several chal-
lenges to the successful application of this modality as delivery vehicles include the
induction of a protracted immune response that results in their rapid systemic clear-
ance, manufacturing cost, lack of stability, and their biocompatibility. Extracellular
vesicles (EVs) are a heterogeneous class of endogenous biologically produced lipid
bilayer nanoparticles that mediate intercellular communication by carrying bioac-
tive macromolecules capable of modifying cellular phenotypes to local and distant
cells. By genetic, chemical, or metabolic methods, extracellular vesicles (EVs) can be
engineered to display targeting moieties on their surface while transporting specific
cargo to modulate pathological processes following uptake by target cell populations.
This review will survey the types of EVs, their composition and cargoes, strategies
employed to increase their targeting, uptake, and cargo release, and their potential as
targeted anti-cancer therapeutic delivery vehicles.
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 INTRODUCTION

It is essential for cells to communicate effectively with one another, and with their microenvironment to sustain proper tis-
sue structure and function during development and to maintain homeostasis (Lowenstein, 1990; Plotnikov et al., 2017). Altered
communication between cells and their microenvironment is pivotal in the development, progression, and metastasis of many
tumours (Dominiak et al., 2020; Ebrahim et al., 2024; Zefferino et al., 2021). Cells communicate with neighbouring cells and their
environment by direct interactions mediated by cell adhesion transmembrane proteins, including integrins (Pang et al., 2023),
cadherins (Yulia et al., 2018), selectins (D’Arcy &Kiel, 2021), and immunoglobulin superfamily members (Brummendorf & Lem-
mon, 2001). Cells also communicate with neighbouring and distant cells by secreting diverse classes of soluble biomolecules,
such as cytokines (Altan-Bonnet & Mukherjee, 2019), growth factors, chemokines (Singh & Gray, 2021), ion channels
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F IGURE  Diversity of extracellular nanoparticles. EVs are a heterogeneous assortment of lipid bilayer nanoparticles comprised of particles classified
based on several criteria. Small and large exosomes are generated by inward budding of endosomal membranes. The membrane encloses an assortment of
bioactive macromolecules, including DNA, coding, and non-coding RNAs, proteins, lipids, and metabolites. Ectosomes (microvesicles, exomeres, supermeres,
apoptotic bodies, and cancer-derived large oncosomes) result from budding from the plasma membrane. EPs are amembranous particles comprised of cell-free
proteins (histones), nucleic acids (dsDNA, mRNA, miRNA), and lipids (HDL, IDL, LDL) and can induce a TLR-mediated inflammatory response. EP,
extracellular particles; EV, extracellular vesicles; TLR, toll-like receptor.

(Jackson, 2022), neurotransmitters (Heasley, 2001), and hormones (Padmanabhan & Cardoso, 2020). A novel mechanism that
has emerged as critical for intercellular communication is the biogenesis and export of membrane-bound extracellular vesicles
(EVs) and amembranous extracellular particles (EPs) that serve as active carriers of biologically important material (Dominiak
et al., 2020; Ebrahim et al., 2024; Zefferino et al., 2021). EVs have generated intense interest for their potential to serve as powerful
therapeutic tools for the targeted delivery of anti-cancer agents.

. The diversity of EVs

EVs comprise a diverse collection of particles, including apoptotic bodies, cancer-derived large oncosomes, microvesicles, and
exosomes (Figure 1). EVs are distinguished by their mode of biogenesis, unique cargo composition, and role in cellular com-
munication (Théry et al., 2018; Welsh et al., 2024). When classified by mode of biogenesis, EVs are divided into exosomes that
arise via inward budding from endosomal membranes, and ectosomes that bud outward from the plasma membrane. Apoptotic
bodies (∼0.8–5 μM), arising as byproducts from programmed cell death, participate in immune responses and microenviron-
mental homeostasis (Kakarla et al., 2020). The makeup of their cargo and their interactions with immune cells play a critical
role in controlling the immune response in the tumour microenvironment (TME). Cancer-derived large oncosomes (∼1–10 μM)
are membrane-bound EVs generated by cancer cells that contain a variety of biomolecules, including proteins, nucleic acids,
lipids, organelles, and smaller EVs (Choi et al., 2017; Choi et al., 2019; Meehan et al., 2016). Cancer-derived large oncosomes can
facilitate intercellular communication and provide a means for cancer cells to manipulate their microenvironment, promoting
tumour growth, metastasis, and immune evasion. Microvesicles (0.1–100 μM), are shed directly from the cell membrane and
can influence cancer cell survival and angiogenesis (Skog et al., 2008). These membrane-bound vesicles play a crucial role in
advancing tumour development by aiding in the creation of new blood vessels to sustain the expanding tumour. Exosomes (50–
120 nm), small membrane-bound vesicles of endocytic origin, contribute to tumour progression and immune evasion (Johnson
et al., 2023). The biogenesis of exosomes is a complex process that involves the inward budding of vesicles in the multivesicular
body (MVB). Their small size allows for the efficient intercellular transport of bioactive molecules, shaping the communication
network within the TME.
Within the realm of EPs, a diverse array of structures has been identified, encompassing exomeres, supermeres, migrasomes,

and protein condensates (Figure 1). Exomeres (< 28–50 nm), one of the more recently identified EPs, are smaller in size and have
been implicated in various physiological and pathological processes such as immune modulation, cancer progression, and tissue
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F IGURE  Diversity of exosome cargo and components. Exosomes are bound by a bilayer membrane containing various lipids including ceramides,
sphingomyelin, and cholesterol. Peripheral and integral proteins are present in the membrane including tetraspanins, receptors, and major histocompatibility
complex proteins. Exosomal cargo is diverse and includes nucleic acids, soluble and cytoskeletal proteins, lipids, metabolites, and amino acids.

generation. Although originally dismissed as artefacts of ultracentrifugation, exomeres have been detected by asymmetric field
flow fractionation (Zhang et al., 2018). Although exosomes and exomeres contain some of the same lipids and proteins, there are
distinct differences. Exomeres, for example, are enriched in the Argonaute (Ago 1–3) proteins and in several enzymes involved
in various metabolic pathways (Jeppesen et al., 2023). Supermeres (22–32 nm), another class of EPs, other extracellular con-
densates, dynamic biomolecular assemblies, and larger subpopulations of EVs and EPs collectively shape the complex language
of intercellular communication within the TME (Zhang et al., 2022). Migrasomes (∼0.5–3 μm), recently identified as a distinct
type of extracellular vesicle, are involved in cell migration and cancer metastasis (Jiang et al., 2023; Zhang et al., 2022). These
vesicles are formed at retraction fibres of the cellular migration-associated protrusions and contain various proteins and lipids
that aid in cell movement and invasion into surrounding tissues (Jiang et al., 2023). Additionally, protein condensates (< 10 nm)
are formed through liquid-liquid phase separation, and play a significant role in gene expression, protein translation, and signal
transduction, thereby contributing to the broad range of cellular processes and interactions (Jiang et al., 2020).

. The diversity of EV cargo

The intense interest in the study of EVs is motivated primarily by two factors: their potential to serve as a non-invasive source
of diagnostic and prognostic surrogate biomarkers for many diseases including cancer (Liu et al., 2021; Sunkara et al., 2016; Xu
et al., 2020; Zhou et al., 2020) and as paracrine signalling mediators capable of modifying target cell phenotypes (Zocco et al.,
2014; Zou, Li et al., 2023; Zou, Lei et al., 2023). The copious literature on exploiting EVs as a source of biomarkers for cancer
and other diseases has been extensively reviewed elsewhere (Liu et al., 2021, Sunkara et al., 2016; Xu et al., 2020; Zhou et al.,
2020). This review will examine the characteristics of EVs that render them attractive as potential therapeutic tools, particularly
as delivery vehicles for anti-cancer therapies. EVs can carry a complex array of bioactive macromolecules as depicted in Figure 2.
EV cargo molecules are comprised of proteins, lipids, metabolites, and nucleic acids, including DNA and most coding and non-
coding RNA species (Colombo et al., 2014; Jeppesen et al.; 2019, Lee et al., 2024). EV cargo composition varies based on the genes
expressed in the cell of origin when EVs are being packaged and released. Changes in the physiologic state of the cell therefore
alter EV cargo composition (Haraszti et al., 2016; Tancini et al., 2019; van Niel et al., 2018; Zhang et al., 2023). EV functional
properties are conferred by macromolecules displayed on the outer surface of their lipid membranes or carried within the vesicle
lumen (Colombo et al., 2014; Jeppesen et al., 2019; Haraszti et al., 2016; Mause & Weber, 2010; Lee et al., 2024; Tancini et al.,
2019; Zhang et al., 2023). Since EV cargoes can modify cellular processes impacting tumour progression, immune modulation,
and microenvironmental dynamics, EVs have tremendous potential to serve as attractive therapeutic tools for cancer and other
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diseases (Batrakova & Kim, 2015; Ou et al., 2021; van Niel et al., 2018; Wiklander et al., 2015; Zhu et al., 2017). This potential is
enhanced by the ability to engineer EVs to increase their cell-specific targeting and their biocompatibility as evidenced by the
low levels of toxicity and immunogenicity induced by prolonged dosing in vivo (Zhu et al., 2017).

Understanding the mechanisms regulating the cellular uptake and cargo unloading of diverse endogenous EV subtypes is
pivotal for exploiting them as novel treatment modalities and devising engineering strategies to maximize their potential. The
following comprehensive exploration offers insights into the intricate dynamics of EV uptake and cargo release in cancer delving
further into the complex landscape to foster a deeper understanding of themolecular and cellular interactionsmodulated by EVs
that govern disease progression.

. Shared properties of EVs and viruses

EVs, particularly exosomes, share many properties with enveloped viruses, such as Influenza type A, HIV, vaccinia, and SARS-
CoV-2 (Badierah et al., 2021; Metzner & Zaruba, 2021; Nolte-’t Hoen et al., 2016). These viral particles could be considered as
a type of pathogenic exosome (Badierah et al., 2021; Gould et al., 2003; Metzner & Zaruba, 2021; Nolte-’t Hoen et al., 2016).
Viral particles enter cells and deliver cargo (the viral genome and proteins) that coopt normal cellular functions to replicate new
viral particles whereas EVs enter target cells to deliver cargo (nucleic acids, proteins, lipids) that modify cellular phenotypes.
Remarkably, exosomes produced by virus-infected cells can contain the entire viral genome and capsid proteins, thus facilitating
viral spread to non-infected cells (Boson et al., 2021; Skehel & Wiley, 1995, Locker et al., 2013; Weiss & Göttlinger, 2011). The
source of the membrane that envelops viral particles and EVs depends on their source. Some enveloped viruses, such as HIV-1
and Influenza type A, derive their membranes by budding from lipid raft regions enriched in virally encoded envelope proteins,
resembling the budding of the ectosomal microparticles, microvesicles, and apoptotic bodies (Skehel & Wiley, 1995; Weiss &
Göttlinger, 2011). Other enveloped viruses, such as vaccinia viruses and SARS-CoV-2, bud from endoplasmic reticulum and
trans-Golgi, whereas exosomes are generated by inward budding from late endosomes and multivesicular bodies (Boson et al.,
2021; Locker et al., 2013). Viralmembranes contain glycoproteins that bind to specific target cell membrane receptors andmediate
the fusion of viral and plasma membranes (Mebatsion et al., 1996; Yamauchi & Helenius, 2013). Membrane fusion has also been
proposed as an EV entry mechanism (Bonsergent & Lavieu, 2019; Hemler, 2003; Yao et al., 2018).
Viral vectors are employed in gene therapy approaches to take advantage of the naturally evolved ability of viruses to enter

target cells and deliver nucleic acid cargo. The effectiveness of these vectors is diminished by their ability to trigger an immune
response and often by the induction of insertional mutagenesis (Thomas et al., 2003). Since EVs demonstrate lower toxicity and
immunogenicity (Zhu et al., 2017) and do not induce insertional mutations, they offer an attractive alternative to viral vectors as
a system to deliver therapeutic bioactive cargo to target cells.

. Mechanisms of EV uptake

1.4.1 Non-endocytic mechanisms

Direct receptor engagement
The most direct route for EVs to modify target cell phenotypes is first by direct interaction between proteins in the outer leaflet
of the EV lipid bilayer with surface receptors on target cell plasma membranes. For example, EV-associated Distal-like canonical
Notch ligand 4 (Dll4) inhibits Notch signalling in target endothelial cells (Sheldon et al., 2010). It has also been reported that
exosomes isolated from mature CD8+ dendritic cells carry intercellular adhesion molecule 1 (ICAM1) on their surface mem-
brane and can bind to lymphocyte function-associated antigen 1 (LFA-1) on the surface of activated T cells (Segura et al., 2007)
and antigen-presenting cells (Nolte-’t Hoen et al., 2009) inducing their proliferation. Multiple studies have demonstrated that
exosomal major histocompatibility complex (MHC)-peptide complexes can activate target T cells by directly binding to the T
cell receptor (Admyre et al., 2006; Muntasell et al., 2007; Nolte-’t Hoen et al., 2009; Raposo et al., 1996).

Membrane fusion
EVs interacting with proteins on the plasmamembrane outer leaflet can undergo fusion of the EV bilayer membrane to the target
cell plasma membrane. This allows for the direct release of EV cargo into the cytoplasm and bypasses the need for endosomal
sorting and cargo escape. This membrane fusion involves the two outer membrane leaflets forming a hemifusion due to their
proximity (Chernomordik et al., 1987; Chernomordik & Kozlov, 2008; Jahn et al., 2003). Expansion of this hemifusion region
allows the opening of a fusion pore, permitting the two hydrophobic leaflets to mix and form one structure. Membrane fusion
is exploited by many viruses to gain entry of viral cores into target cells. Membrane fusion requires the action of several protein
families such as Ras-associated binding (Rab) proteins, soluble N-ethylmaleimide-sensitive factor attachment protein receptors
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F IGURE  Overview of endocytosis pathways. Cells employ various mechanisms to internalize particles. Macropinocytosis involves the engulfment and
import of large particles whereas phagocytosis refers to the import of smaller particles. Both processes require actin-mediated extension of the plasma
membrane to engulf the particles. Clathrin-mediated endocytosis is a complex process requiring the formation of clathrin-coated pits that trap extracellular
particles and mediate their internalization and intracellular transport within the cell. Caveolin-dependent endocytosis occurs via the association of particles
with the caveolin-1 protein, the major component of caveolae. Dynamin is required for both clathrin-mediated and caveolin-mediated endocytosis. There are
other clathrin- and caveolin-mediated endocytosis pathways, some requiring dynamin as well as dynamin-independent pathways such as the CLIC/GEEC.
During transcytosis, EVs endocytosed by clathrin- or caveolin-mediated endocytosis, or by macropinocytosis are transported intracellularly from one luminal
surface to another and released. It occurs in central nervous system endothelial cells and allows EVs to cross the blood-brain barrier. Following uptake by the
cell by any of these pathways, the internalized cargo is shuttled intracellularly (solid and dotted arrows), eventually fusing with the early endosome or the
lysosome. (Dotted arrows indicate evidence of alternative destinations.). CLIC, clathrin-independent carrier; GEEC, glycosylphosphatidylinositol-anchored
protein-enriched endosomal compartments.

(SNARE), and Sec1/Mammalian homolog of Caenorhabditis elegans uncoordinated gene 18 (Munc-18) related proteins (Jahn &
Scheller, 2006; Han et al., 2017; Südhof & Rothman, 2009).

1.4.2 Endocytic mechanisms

While the direct engagement of EVs with target cell membrane proteins and receptors is a key component of EV-mediated cell-
to-cell communication, most EVs exert their effects after being endocytosed by target cells. The major types of endocytosis, as
depicted in Figure 3, encompass clathrin- and dynamin-dependent endocytosis, caveolin- and dynamin-dependent endocytosis,
lipid raft-dependent endocytosis, macropinocytosis, and phagocytosis, as well as other minor pathways (Colombo et al., 2014;
Gurung et al., 2021; Joshi et al., 2020). EV endocytosis is an energy-dependent process that can occur as rapidly as 15 min after
dosing (Christianson et al., 2013;Montecalvo et al., 2012; Tian et al., 2014; Xu et al., 2022) and requires a functional actin cytoskele-
tal network (Atay et al., 2011; Escrevente et al., 2011; Feng et al., 2010; Fitzner et al., 2011; Grimmer et al., 2002; Gurung et al., 2021;
Hao et al., 2007; Joshi et al., 2020; Montecalvo et al., 2012; Morelli et al., 2004; Obregon et al., 2009; Ridley, 2006; Svensson et al.,
2013; Swanson, 2008; Tian et al., 2014; Xu et al., 2022). Heparan sulphate proteoglycans (HSPG) of both the glypican and syndecan
families were found on the surface of exosomes and were required for their efficient uptake by endocytosis (Christianson et al.,
2013).

Clathrin-dependent endocytosis
Clathrin-dependent endocytosis of EVs involves the interaction of EV membrane ligand proteins with areas of the outer leaflet
of the target cell plasma membrane characterized by clusters of the molecular scaffold protein clathrin (Kirchhausen, 2000,
Kirchhausen et al., 2014). The clathrin molecules are arranged in a cage-like lattice in 60–120 nm structures called clathrin-
coated pits. Dynamin-2 mediates the inward membrane deformation to form a vesicular bud that subsequently pinches off to
form clathrin-coated vesicles. Clathrin then uncoats from the vesicles and is recycled to the plasma membrane and the vesicles
fuse to the endosome for sorting back to the Golgi apparatus or the plasma membrane. Vesicles and proteins to be degraded
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are sorted by members of the endosomal sorting complex required for transport (ESCRT) protein family and Rab proteins into
intraluminal vesicles that bud off from the endosomal membrane which transforms the late endosome into the MVB (Gurung
et al., 2021; Joshi et al., 2020; Kirchhausen, 2000; Kirchhausen et al., 2014; Ridley, 2006; Xu et al., 2022). Non-degraded EVs can
fuse to the endosomal membrane, releasing their cargo into the cytoplasm.

Caveolin-dependent endocytosis
The best characterized clathrin-independent endocytosis pathway that forms 50–80 nm invaginations on cellular plasma mem-
branes is the caveolin-dependent endocytosis pathway (D’Alessio, 2023; Dalton et al., 2023; Kiss & Botos, 2009; Simón et al.,
2020). Caveolae are enriched in sphingolipids and cholesterol that are associated with caveolin-1, an integral membrane protein
(D’Alessio, 2023, Pelkmans et al., 2002). The molecular cascade that triggers caveolae formation begins with the assembly of a
hetero-oligomeric complex composed of caveolin-1 and caveolin-2 in the endoplasmic reticulum. This complex moves to the
Golgi complex where it binds to cholesterol followed by shuttling from the Golgi to the plasma membrane (D’Alessio, 2023; Dal-
ton et al., 2023; Kiss & Botos, 2009; Simón et al., 2020). After the accumulation and fusion of multiple caveolae to the plasma
membrane, other proteins such as cavins, dynamin, the Eps15 homology domain-containing 2 (EHD2) ATPase, and protein
kinase C and casein kinase II interacting protein 2 (PACSIN2) are recruited to stabilize the caveolae structure (D’Alessio, 2023;
Dalton et al., 2023; Kiss & Botos, 2009; Simón et al., 2020). Interactions between EV membrane ligands and plasma membrane
receptors mediate the association between EVs and the caveolae. Tyrosine phosphorylation of caveolins triggers caveolin inter-
nalization while dynamin mediates membrane deformation and pinching off caveolin-lined vesicles that travel along the actin
cytoskeleton to fuse with the endosomal compartment (D’Alessio, 2023, Pelkmans et al., 2002).

Lipid raft-dependent endocytosis
Lipid raft-dependent endocytosis encompasses an array of clathrin-independent, cholesterol-sensitive endocytosis pathways. As
with caveolin-dependent endocytosis, lipid raft domains are membrane protein microdomains enriched in sphingolipids and
cholesterols as well as in proteins bound to glycosylphosphatidylinositol anchor protons (GPI-APs) that are associated with the
outer leaflet of the plasma membrane and in transmembrane proteins (Dermine et al., 2001; Lajoie & Nabi, 2007; Li et al., 2016;
Sezgin et al., 2017). The GPI-APs and transmembrane proteins can interact with EV-associated membrane proteins. Lipid raft-
dependent endocytosis can be further subdivided based on whether dynamin-mediated pinching to form the mature vesicles
is required and are classified by the specific cellular membrane proteins such as adenosine diphosphate-ribosylation factor 6
(ARF6), flotillin, Ras homolog A (RhoA), or GTPase regulator associated with focal adhesion kinase-1 (GRAF1) that are present
(Dermine et al., 2001; Lajoie & Nabi, 2007; Li et al., 2016; Sezgin et al., 2017).

Macropinocytosis
Macropinocytosis is initiated by the actin- and microtubule-dependent formation of membrane ruffles that fold over and fuse,
forming large (> 250 nm) intracellular vacuoles calledmacropinosomes (Ahram et al., 2000; Dermine et al., 2001; Grimmer et al.,
2002; Ridley, 2006; Stephens et al. 2002; Swanson, 2008). Phosphatidylinositol-3 kinase can stimulatemembrane ruffle formation
(Hoeller et al., 2013). This process is independent of membrane receptor engagement and results in the specific engulfment of
extracellular material. Macropinocytosis is mediated by small non-Rho GTPases such as Cell division cycle 42 (Cdc42), Ras-
related C3 botulinum toxin substrate 1 (Rac1), and Rac2 that promote Actin-related protein 2/3 (Arp2/3)-dependent branched
actin polymerization (Ahram et al., 2000; Dermine et al., 2001). The Rab5 and Rab34 GTPases are required for the fusion of
macropinosomes to the early endosome whereas Rab7 mediates fusion to the late endosomes (Harrison et al., 2003; Kasmapour
et al., 2012; Kasmapour et al., 2013).

Phagocytosis
Phagocytosis results in the engulfment and ingestion of extracellular material ranging from exosomes to large particles such
as apoptotic bodies. The cascade of phagocytic events is initiated by membrane receptor engagement that triggers the actin-
dependent formation ofmembrane pseudopods that engulf the particle and formphagosomes (Ridley, 2006; Stephens et al., 2002;
Swanson, 2008). Phosphatidylinositol-3 kinase stimulates membrane ruffle formation, which occurs independent of membrane
receptor engagement and results in the engulfment of extracellular material (Hoeller et al., 2013). The phagosomes then fuse with
the early endosomes, then shuttle to late endosomes and eventually lysosomes. Phagocytosis, as the name implies, commonly
occurs in dedicated phagocytic cells such as dendritic cells, neutrophils, monocytes, and macrophages; however, the process has
been described in numerous non-phagocytic cells (Ridley, 2006; Stephens et al., 2002; Swanson, 2008).

Transcytosis
A specialized, tightly regulated form of transport by which biomolecules and larger complexes, including EVs, can cross the
blood–brain barrier has been termed transcytosis (Bora et al., 2022; Erickson et al., 2023; Morad et al., 2019; Pandit et al., 2020).
In this process, macromolecules and/or EVs are endocytosed by central nervous system endothelial cells, shuttled through the
cytoplasm, and released into the brain. Transcytosis can bemediated by clathrin-, caveolae-, and lipid raft-dependent endocytosis.
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. EV uptake in normal and cancer cells

For EVs tomediate intercellular communication in cancer and other diseases, and to serve as therapeutic cargo delivery vehicles,
they must deliver their cargo to the cytoplasm of the target cells. Determining the cell type-specific EV uptake pathways involved
in this process is a major focus of investigation. Identifying the specific endocytic pathway responsible for EV uptake in distinct
cell types is usually accomplished by treating cells with chemical inhibitors of each pathway or by siRNA directed against specific
genes that mediate the pathways and comparing changes in uptake amongst treated and control cells. Complete inhibition of
EV uptake following treatment with one of these inhibitors is rare and has been interpreted as an indication that several uptake
pathways are operating simultaneously. The potential for an inhibitor to interfere with more than one pathway must also be
considered when attempting to attribute EV uptake to a specific pathway.
Research into EV uptake by target cells is motivated by the desire to better understand the factors that can be modified or

engineered to maximize the uptake of therapeutic vesicles by the target cell while minimizing off-target delivery to bystander
cells. Table 1 summarizes the pathways employed for EV uptake by twenty-one normal and cancer cell types in seven cell classes
from twenty-six studies (Cheung et al., 2016; Cooper et al., 2018; Eguchi et al., 2019; Escrevente et al., 2011; Feng et al., 2010; Fitzner
et al., 2011; Horibe et al., 2018; Li,Wang et al., 2020; Li, Pinilla-Macua et al., 2020; Li et al., 2021; Montecalvo et al., 2012; Morishita
et al., 2021; Nanbo et al., 2013; Sagar et al., 2016; Skelton et al., 2023; Svensson et al., 2013; Temchura et al., 2008; Tian et al., 2014;
Tu et al., 2021; Verdera et al., 2017; Wang et al., 2020; Wei et al., 2017; Yoon et al., 2020; Zhang et al., 2022; Zheng et al., 2019). A
direct comparison of pathway utilization in malignant and normal cells derived from the same tissue was not possible from the
existing data, but some general trends emerged.
The most common endocytosis pathways utilized across all cell types were caveolin-dependent, clathrin-dependent, and

macropinocytosis. Themost reported pathwaywas caveolin-dependent endocytosis with 14 of the 21 cell types utilizing this path-
way. Twelve cell types employed clathrin-dependent endocytosis, 11 cell types used micropinocytosis, 2 cell types used lipid-raft
dependent endocytosis, and dendritic cells and phagocytic cells utilized membrane fusion and phagocytosis, respectively.
One of the most striking observations from pooling existing reports is that 15 of the 21 cell types employed multiple endo-

cytosis pathways for EV uptake, with 5 cell types utilizing 3 pathways and 10 cell types using two pathways. Amongst the
cells utilizing 3 pathways, 4 cell types (multiple myeloma cells, neuroblastoma cells, ovarian cancer cells, and hepatocytes)
used caveolin-dependent endocytosis, clathrin-dependent endocytosis, and macropinocytosis, while dendritic cells employed
clathrin-dependent endocytosis, membrane fusion, andmacropinocytosis. Six cell types used a single endocytosis pathway. Both
osteosarcoma cells and vascular smoothmuscle cells employed only caveolin-dependent endocytosis, while psoriatic T-cells and
cardiomyocytes used only clathrin-dependent endocytosis. In contrast,microglia utilizedmacropinocytosis, and phagocytic cells
employed phagocytosis exclusively.
Intriguingly, all seven cancer cell lines and four of the five mesenchymal cell lines utilized caveolin-dependent endocytosis.

Caveolin-1 expression is upregulated in many cancers in vivo and cancer cell lines including lung, breast, liver, kidney, and
colon (Burgermeister et al., 2008). Caveolin-1 can act either as a tumour suppressor or an oncogene depending on the tumour
type or stage (Gupta et al., 2014). Caveolin-1 facilitates tumorigenesis by facilitating anchorage-independent growth metastasis,
and drug resistance while inhibiting apoptosis (Goetz et al., 2008; Núñez-Wehinger et al., 2014). It is an important regulator of
transforming growth factor-β (TGF-β). TGF-β is critical in the induction of epithelial-to-mesenchymal transition (EMT) which
is often activated during cancer progression (Kannan et al., 2014), and may be a major regulator of caveolin-mediated EV uptake
in these cells.

. EV cargo release

The final step of EV-mediated cell-to-cell communication is mediated by the modification of the target cell phenotype by the
EV cargo. This can be accomplished either by direct engagement of target cell membrane receptors, described previously, or by
releasing EV contents into the cytoplasm following EV uptake into the cell. Direct evidence of EV cargo release is minimal due to
the challenges of efficiently labelling and following the fate of limited quantities of EV cargo but instead has been inferred to have
occurred based on themodification of cell phenotypes following the introduction ofmiRNA or protein cargoes (Chen et al., 2018;
Flemming et al., 2020; Ohno et al., 2013; Overmiller et al., 2017; Usman et al., 2018; Valadi et al., 2007; Yang et al., 2017; Zhang
et al., 2014). Although direct fusion of EVs is one potential mechanism to deliver EV cargo into the cytoplasm, endocytosis is the
dominant mechanism of EV uptake (Ahram et al., 2000; Atay et al., 2011; D’Alessio, 2023; Dalton et al., 2023; Dermine et al., 2001;
Escrevente et al., 2011; Feng et al., 2010; Fitzner et al., 2011; Grimmer et al., 2002; Gurung et al., 2021; Hao et al., 2007; Hoeller et al.,
2013; Joshi et al., 2020; Kirchhausen et al., 2014; Kirchhausen, 2000; Kiss & Botos, 2009; Lajoie &Nabi, 2007; Li et al., 2016;Morelli
et al., 2004; Obregon et al., 2009; Pelkmans et al., 2002; Ridley, 2006; Sezgin et al., 2017; Simón et al., 2020; Stephens et al., 2002;
Svensson et al., 2013; Swanson, 2008; Stephens et al., 2002; Xu et al., 2022). Therefore, some mechanism that permits endosomal
escape is needed to allow cargo access to host cytoplasmic components, such as the RNA-induced silencing complex. Several
mechanisms for endosomal escape have been proposed including endosomal lysis, endosomal membrane permeabilization, and
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fusion of the EV and endosomal membranes (Heusermann et al., 2016; Stewart et al., 2016). Recently, methods employing the
use of dual fluorescent and luminescent reporter constructs have permitted closer and more quantitative analysis of EV uptake
and cargo unloading (Hung & Leonard, 2016; Lai et al., 2015).
A recent elegant study used innovative molecular tools and a combination of light and electron microscopy (EM) to trace

EV cargo unloading following EV uptake (Joshi et al., 2020). EVs were loaded with GFP fused to the C-terminus of the CD63
tetraspanin protein expressed in EV-producing cells. These EVs displayed the GFP moiety on the cytoplasmic EV surface. An
HEK293 cell line was engineered to express an anti-GFP fluobody that recognizes and binds to the cargo. This allowed tracking
the location and fate of the cargo following EV uptake and cargo release. Following endocytic EV uptake, a cytoplasmic punc-
tate staining pattern was detected by light microscopy. Electron microscopy localized the EVs to the endosomal compartment.
Transducing these cells with a construct encoding anAzumi green-tagged galectin-3 protein that can bind to β-galactosides in the
luminal endosomal membrane revealed the absence of endosomal permeabilization. Generating EVs containing an N-terminal
GFP-CD63 cargo protein where the GFP moiety faces the EV lumen allowed for detecting released EV cargo since the GFP
would be inaccessible to the anti-GFP fluobody in intact EVs. Using this approach, EV cargo release was localized to MVB/late
endosomes and lysosomes (Joshi et al., 2020).
Since the ability of viruses to fuse with endosomes is regulated by cholesterol and endosomal pH, target cells in another study

were treated either with Bafilomycin A, an inhibitor of endosomal acidification (Pinilla-Macua et al., 1998), or with U18666A, a
cholesterol transport inhibitor (Elgner et al., 2016). Treatment of cells with these inhibitors blocked cargo release, indicating that
the fusion of the EV membrane to the endosomal membrane was the mechanism used for cargo release in these cells.

. EVs as therapeutics

1.7.1 Nanoparticles and targeted anticancer therapies

Anticancer drugs are, by their very nature, extremely toxicmostly due to off-target effects (Basak et al., 2021; Kirk, 2012). The same
can be said ofmany anticancer genetic therapies (Kohn et al., 2023;Mullard, 2021). It is therefore vital to designmethods capable of
delivering the highest possible effective dose of these agents thereby minimizing systemic drug- or treatment-associated toxicity.
Such methods are designed to achieve four primary goals (Mills & Needham, 1999). First, the desired effective dose of the agent
must be retained and delivered by the vehicle. Second, the delivery system must evade the immune response to maximize its
presence in the circulation and tumour site. Third, once arriving at the tumour, the system must specifically interact with the
target cells to minimize off-target effects and toxicity. Finally, the drug or biological agent must be released at the tumour site
while retaining its antitumor function.
Traditional drug delivery pathways such as oral, inhalation, parenteral, and intravascular administration rely on systemic

circulatory dispersal of ‘naked’ drugs or biological agents such as nucleic acids or proteins. Since the 1990s, synthetic nanoparticles
(NPs) have been touted as ideal drug delivery systems that can be engineered to solve the barriers associatedwith effective targeted
delivery of therapeutic agents (Hoffman, 2008). These barriers include the insolubility of many drugs in the aqueous circulatory
system environment (ten Tije et al., 2003), the vulnerability of drugs or molecular agents to chemical or enzymatic degradation
(Erikson et al., 2008), the rapid clearance of therapeutic agents from the circulation by macrophages and other immune system
components (Krishna & Nadler, 2016), non-specific uptake by cells, and toxicity (Lin et al., 2019; Li et al., 2022).
NPs encompass a diverse collection of particles ranging in size from ∼20 nm to 1 μM composed of biodegradable polymers,

gold nanoparticles, silica nanoparticles, dendrimers, iron-oxide nanoparticles, liposomes, or carbon nanotubes (Briolay et al.,
2021; Eftekhari et al., 2023; Merisko-Liversidge & Liversidge, 2008; Sousa de Almeida et al., 2021). Synthetic NPs can facilitate
high-capacity loading and delivery of hydrophobic water-insoluble drugs by carrying nanosuspensions of pure drug particles in
a stabilized solution of surfactants, increasing drug bioavailability while reducing solvent-associated toxicity (Zakir et al., 2011;
Zhao et al., 2018; Zu et al., 2014). In addition, encapsulating drugs and biological agents in NPs protects them from degradation.
Conversely, the NPs themselves can be modified to degrade, enabling controlled drug or biological agent release (Kamaly et al.,
2016; Perrigue et al., 2021; Vuong et al., 2022). The targeting of synthetic NPs to specific cell populations can be accomplished by
conjugating or coating them with ligands or antibodies that specifically bind to receptors or other proteins overexpressed on the
cell subpopulation to be targeted (Gao et al., 2019; Kutova et al., 2019; Yoo et al., 2019).
Following their intravenous (IV) administration, synthetic NPs encounter another obstacle due to their rapid clearance from

the circulatory system by phagocytic cells, primarily macrophages, leukocytes, dendritic cells, and platelets. Interactions with
these immune cells are facilitated by the acquisition of a protein corona composed of plasma proteins adsorbed to the NP surface
(Bashiri et al., 2023; Kopac, 2021; Meng et al., 2022; Rampado et al., 2020). An inner ‘hard’ corona is bound directly to the NP
surface whereas the outer ‘soft’ corona associates with the ‘hard’ corona through weak protein–protein interactions’ (Bashiri
et al., 2023, Kopac, 2021, Meng et al., 2022; Rampado et al., 2020). NP size, shape, and molecular composition affect protein
corona makeup as does the solution temperature, pH, plasma protein size, and protein concentration. The major components
of the synthetic nanoparticle protein corona are comprised of anti-thrombin III, complement C3, complement factor H, factor
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V, fibronectin, and immunoglobulin G (Zhang et al., 2020). Intriguingly, variations in the composition of the NP protein corona
can serve as diagnostic and pharmacodynamic biomarkers (Kamaly et al., 2022; Meng et al., 2022).
IV administration of NPs loaded with antitumor drugs and biological agents disperses them throughout the entire body.

Unlike normal tissues, the vasculature in a solid tumour is irregular and heterogeneous, with leaky vessels and poor lymphatic
drainage (Konerding et al., 1999; Warren et al., 1978). This allows NPs that are too large for excretion by the kidney yet small
enough to escape entrapment by the reticuloendothelial system to accumulate at the tumour site, a phenomenon known as the
enhanced permeability and retention (EPR) effect (Kobayashi & Brechbiel, 2005; Maeda et al., 2016; Matsumura &Maeda, 1986).
The magnitude of this effect can vary significantly; however, leakage is slow and often achieves only a 2-fold increase in NP
delivery, which is typically insufficient to allow accumulation of the agent to effective therapeutic levels (Prabhakar et al., 2013).
One strategy to subvert immune cell-mediated clearance of NPs and extend their circulation lifetime is the grafting of

poly(ethylene glycol), or PEGylation, to the NP surface (Hamilton et al., 2002; Harris & Chess, 2003). This can extend the cir-
culatory persistence of NPs from minutes to hours. Treatment with PEGylated NPs, however, can result in the appearance of
anti-PEG IgG and IgM antibodies that activate the complement system followed by rapid synthetic NP clearance and trigger
hypersensitivity reactions (Estapé Senti et al., 2022; Kozma et al., 2020). More recently, cloaking synthetic NPs with natural or
engineered cell membranes has emerged as a promising alternative to PEGylation to aid in evading immune cell-mediated NP
clearance and promoting cell-specific targeting (Alyami et al., 2020; Jiang et al., 2019; Jiang et al., 2020; Li et al., 2018; Nie et al.,
2020; Xuan et al., 2018; Zhang et al., 2019).
Synthetic NPs can address, at least to some extent, the barriers to effective targeted therapies. However, despite their promise

to increase anticancer drug delivery and the efficacy of drugs and biological agents, significant concerns persist. These include
their potential to provoke a protracted immune response, the costs of their manufacture, lack of stability, and their compatibility
with human tissue. The shedding of vesicles containing the transferrin receptor and other membrane-associated proteins during
the maturation of cultured reticulocytes into erythrocytes is the first reported description of what came to be called exosomes
(Johnstone et al., 1987; Pan et al., 1985). These reports led to the hypothesis that these shedded vesicles or exosomes served to rid
the cells of unnecessary proteins (Johnstone, 1992). It was the observation that these vesicles could be internalized by other cells
that led to the realization that EVs function as more than a passive cellular waste disposal system but carry biomolecular cargo
between cells. This potential for EVs to serve as therapeutic vehicles has been the focus of subsequent intensive research.
Since the intercellular communication abilities of EVs have evolved in the very organisms in which they would be employed,

their intrinsic properties offermultiple advantages over their syntheticNP counterparts as drug delivery vehicles.Unlike synthetic
NPs, EVs are cell-derived, biocompatible, less toxic, and are assembled and loaded by endogenous cellular processes (Jiang et al.,
2019; Jiang et al., 2020; Mendt et al., 2018; Schindler et al., 2019; Sun et al., 2016; Walker et al., 2019). Since they are naturally
recycled as part of the endosomal system, EVs are biodegradable (de Gassart et al., 2004; O’Brien et al., 2022) and, because
EVs are isolated from benign or autologous sources that do not express exogenous proteins, they are less likely to be cleared
by phagocytic cells or to trigger an immune response compared to NPs (Mendt et al., 2018; Sun et al., 2016; Zhu et al., 2017).
Importantly, unlike viral-based gene therapy approaches, EVs are not mutagenic and cannot replicate (Elsharkasy et al., 2020;
Liu et al., 2022). Finally, EVs possess the ability to cross biological barriers such as the endosomal and plasmamembranes as well
as the blood–brain barrier, which renders them a valuable resource for the treatment of neurologic disorders including cancer
(Elliott &He, 2021; Elsharkasy et al., 2020; Kawikova&Askenase, 2015; Kawikova&Askenase, 2015; Liu et al., 2022;Moyano et al.,
2016; Zheng et al., 2019). Exosomes may also be able to bypass P-glycoprotein efflux-mediated multi-drug resistance (MDR) in
cancer cells (Kim et al., 2016).

EVs, like synthetic NPs, also accumulate a protein corona when exposed to human serum or plasma and the proteins present
may be influenced by an individual’s health status (Dietz et al., 2023; Palviainen et al., 2020; Tóth et al., 2021). Exposingmonocyte-
derived dendritic cells to EVs isolated from cultured THP1 cells that were exposed plasma isolated from healthy donors or from
donors with rheumatoid arthritis demonstrated that both healthy and RA-derived protein coronas efficiently induced TNF-α
production and dendritic cell maturation, suggesting the possibility of a tonic proinflammatory effect of the protein corona
(Tóth et al., 2021). The EVs isolated from patients with systemic lupus erythematosus display elevated levels of complement C3d-
opsonized immune complexes and decreased levels of C3b and C3ib (Winberg et al., 2017). While this reduced EV phagocytosis,
it also prolonged EV transit time in the circulation leading to prolonged inflammatory conditions.
The highly variable composition of the protein corona surrounding syntheticNPs and cell-derived EVs is influenced by various

factors including the particle size, composition, and surface features, and also reflects the individual demographic characteristics
and health status of the source of the plasma or other biological fluids. A subsequent study demonstrated that EVs can accumulate
this corona in vitro and that its components are derived from proteins present in the culture as well as the cytoplasm of the
producer cells (Liam-Or et al., 2024). Albumin is the major protein found in the EV protein corona (Dietz et al., 2023; Liam-Or
et al., 2024), along with a core of 17 other proteins including integrins, lipoproteins ApoA1 and ApoB, and complement proteins
(Singh et al., 2020). Some of the functions attributable to the EV protein corona are increased EV uptake (Dietz et al., 2023;
Liam-Or et al., 2024), alterations in immune responses, angiogenesis, regeneration (Gomes et al., 2022; Wolf et al., 2022), and
EV in vivo distribution (Liam-Or et al., 2024).

It is important to acknowledge that despite the advantages of EVs as targeted therapeutic vehicles, several drawbacks exist.
Rational engineering of EVs is a major research focus to address three of the major weaknesses of EV-mediated therapies:
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targeting EVs to specific cell subpopulations, augmenting target cell uptake of therapeutic EVs, and maximizing EV cargo load-
ing/release (Esmaeili et al., 2022; Rhim et al., 2023). Another challenge to the successful deployment of EV-based therapies lies
in their heterogeneity. Multiple EV subpopulations that differ in size, cell of origin, biogenesis mechanism, and composition
have been described and this heterogeneity may result in differences in cell-specific targeting, mode of uptake by target cells,
and the phenotypic changes they mediate (Colombo et al., 2013; Kim et al., 2019; Sharma et al., 2020). Methods to isolate desired
EV subpopulations consistently and efficiently need to be developed. Therapeutic EVs must be free from contaminating viruses,
and bacteria. They must be isolated from serum-free culture media to prevent contamination by serum EVs before they can be
deemed suitable as human disease therapies (Burnouf et al., 2019).

. Tumour microenvironment influence on EV properties and function

Several crucial factors need to be carefully considered before undertaking EV engineering for use as targeted therapeutics. To
successfully study the effects of EV-mediated signalling in cancer and to develop appropriately engineered therapeutic EVs,
efforts should be focused on developing clinically relevant in vitro models that replicate the pathophysiology of the relevant
TME as closely as possible. The TME is comprised of cancer cells with a heterogeneous population of tissue-specific stromal
and immune cells that communicate with each other and with the extracellular matrix (ECM) in which they are embedded (Li
et al., 2024; Nishida-Aoki & Ochiya, 2024; Wang et al., 2017). EV-mediated signalling has been implicated in multiple aspects of
tumour initiation and progression including tumour cell proliferation, immunosuppression, angiogenesis, invasion, metastasis,
and the development of multidrug resistance (Kanada et al., 2016; Kalluri, 2016; Minciacchi et al., 2015; Tkach & Théry, 2016).

Although animal models, usually rodent-based, can address some shortcomings of 2D cell culture systems in replicating the
TME in vitro, they entail significant investments of time and cost with no guarantee that the results will be replicated in human
trials (Doncheva et al., 2021; Shanks et al., 2009). The development of patient-derived xenograft models allows for the retention
of patient genomic features of different cancer stages and subtypes and permits the assessment of responses to various treatments.
These models may not accurately mimic the native TME since the xenograft cells are often implanted at non-physiologic sites
and the issues of cost and time compared to in vitro systems remain (Jung, 2014; Lee et al., 2019).
To address deficiencies of 2D cell culture systems and to provide alternatives to animal models, much effort is now being

focused on the development of 3D cell culture models including organoids (Saito et al., 2019; Yin et al., 2016), spheroids (Nunes
et al., 2019; Zoetemelk et al., 2019), microfluidics (Jiang et al., 2024; Kühlbach et al., 2018), hydrogels (Castellote-Borrell et al.,
2023; Lupu et al., 2023), 3D scaffolds (Górnicki et al., 2024; Kuriakose et al., 2019), and 3D bioprinting (Langer et al., 2019; Zhang
et al., 2024) that more accurately mimic the TME. These approaches permit the co-culture of multiple cell types andmore closely
replicate the cell-cell and cell-matrix interactions that occur in the native TME. As a result, they produce EVs with different
compositions and cargo than those that were isolated from 2D cultures (Brown & Wilson, 2004; Wilson & Hay, 2011; Zhang
et al., 2024). Importantly, the 3D conformations achieved by these techniques can duplicate the hypoxic and low pH found in the
native TME (Bister et al., 2020; Han et al., 2023, Yan et al.; 2023). Hypoxic and low pH culture conditions stimulate EV biogenesis
and release, and target cell uptake of EVs (Liu et al., 2020; Ural et al., 2021; Zhang et al., 2017; Zhu et al., 2018). The composition,
cargo, and downstream functional effects of EVs isolated from cells cultured in hypoxia or low pH conditions are altered in a cell
type-specific way compared with EVs produced by cells cultured at neutral pH or normoxic conditions (Parolini et al., 2009).
The choice of the cell source fromwhich the EVswill be isolated profoundly affects their innate properties. EVhoming capacity

to target cells, EVmembrane, and cargo composition, and their therapeutic effects in target cells are all affected by the phenotypic
characteristics of the EV-producing cells (Chiou et al., 2018; Jiang et al., 2022; Lázaro-Ibáñez et al., 2017). It is also important to
consider the effect of artificial 2D monolayer cell culture systems on EV biogenesis, secretion, and composition. Cells grown
in monolayer display altered morphology, gene expression, mRNA splicing, differential cell motility, cytokine, growth factor
signalling, integrin, and chemokine expression compared with cells grown in 3D culture systems (Baker & Chen, 2012; Fitzgerald
et al., 2018; Hoarau-Véchot et al., 2018; Hurwitz et al., 2016; Sung et al., 2015; Sung et al., 2020; Yamada&Cukierman, 2007).Many
of these altered cellular processes affect vesicle biogenesis and cargo sorting (Tauro et al., 2013; Zanetti-Domingues et al., 2020),
generating a population of EVs that do not accurately represent the composition and cargo of the EVs produced by these cells in
vivo nor will they produce the same effects in target cells.

. Engineering EVs to serve as therapeutics

1.9.1 Maximizing EV targeting

As discussed previously, despite the ability to efficiently synthesize lipid nanoparticles as drug delivery vehicles, their utility is
limited by several considerations, such as their rapid accumulation in the liver following systemic administration (Di et al., 2022);
instability due to several factors such as pH, temperature, and lyophilization (Young et al., 2022); and the difficulty of achieving
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high drug loading (Yoon et al., 2013). The area ofmost intense research has focused on strategies to improve cell-specific or tissue-
specific ligand-mediated targeting of synthetic nanoparticles using insertion of targeting ligands into preformed lipid particles
and direct conjugation of ligands to lipids (Lee et al., 2023). Alternatively, methodologies are being evaluated to actively target
without ligands by modification of nanoparticle components such as cationic lipids, cholesterol, phospholipids, or polyethylene
glycol (Lee et al., 2023).
Themajor factors limiting the potential of EVs as therapeutic agents involve their ability to effectively target specific cell popu-

lations, the efficiency of EV uptake by the targeted cells, and the ability of the unloaded EV cargo to avoid lysosomal degradation
(Gurung et al., 2021; Joshi et al., 2020; Xu et al., 2022). EV targeting and uptake are not completely independent since the first step
in the uptake process involves an interaction between the EV and plasma membranes. Although numerous methods to improve
EV targeting have been described, they all employ a similar underlying strategy. This entails engineering the display of amolecule
on the outer surface of the EV membrane that interacts with a molecule that occurs at a higher density on the target cell plasma
membrane than it does on non-target cells. It is crucial to carefully select the molecules involved in this interaction to maximize
the specificity of the interaction (Briolay et al., 2021; Eftekhari et al., 2023; Sousa de Almeida et al., 2021).
Many proteins, receptors, lipids, or other molecules have been reported to be differentially expressed on the plasma mem-

branes of a specific tumour cell subpopulation. Although this heterogeneity has been known for decades, with the advent of
novel techniques such as spatial transcriptomics, mass spectrometry, and artificial intelligence (AI)-mediated deep learning for
novel biomarker discovery correlated with histologic features, it is evident that the selection of optimal molecules for targeted
therapeutics is not a simple matter of identifying overexpressed antigens (Bae, 2009; Capone et al., 1984; Li & Hall, 2010; Wen
et al., 1995; Williams et al., 2024). At a minimum, the optimal target molecules selected for EV engineering methods should be
present at high density on the target cell membranes but at very low density on non-target cell membranes. This will maximize
specific EV targeting whileminimizing off-target effects (Bae, 2009; Capone et al., 1984; Li &Hall, 2010;Wen et al., 1995;Williams
et al., 2024).
Some commonly used methods that can achieve EV cell-specific targeting are depicted in Figure 4. EV engineering can be

accomplished either by manipulating the EV biogenesis and assembly process in the producing cells (Figure 4a-c) or by direct
modification of the EVs after their isolation (Figure 4d-4f). The most reported methodology involves the modification of EV
membrane proteins to display a moiety that can bind to a molecule in the target cell plasma membrane (Figure 4a). A diverse
array of molecules can be used as targeting moieties including proteins, peptides, antibodies, single-chain variable fragments
(scFv), and aptamers.
Numerous tumour-targeting peptides have been described that bind to proteins overexpressed on specific cancer cells. The

K237 peptide specifically binds the VEGFR2 receptor on breast tumours (Yu et al., 2010), whereas the IL4RPep1 peptide targets
the interleukin 4 receptor (IL4R) on lung, breast, and colon tumours (Chi et al., 2015; Guruprasath et al., 2017; Jeon et al., 2013;
Kim et al., 2012; Namgung et al., 2014). The LyP-1 peptide targets the mitochondrial p32 protein in melanoma tumours (Karmali
et al., 2009). Glioblastoma and melanoma tumours overexpressing integrin αvβ3 can be targeted using the iRD peptide (Chen
et al., 2017; Su et al., 2013; Yu et al., 2013), whereas the RGD4C peptide that binds to the same integrin has been used to target
melanoma, glioblastoma, colon, and ovarian tumours (Chen et al., 2022; Echigo et al., 2022; Kato et al., 2022). Finally, CD206
which is overexpressed on breast tumour cells can be targeted by the mUNO peptide (Figueir, 2021).
Exosome membranes are characterized by a high density of proteins found in the MVB from which the vesicles were gen-

erated. These include proteins such as the endosomal sorting complex required for transport (ESCRT) protein family involved
in membrane transport, MVB biogenesis proteins such as the tumour susceptibility gene 101 (TSG101) and ALG-2-interacting
protein X (ALIX), andmembers of the tetraspanin protein family (Escola et al., 1998; Kalra et al., 2016). Some tetraspanins (CD9,
CD63, CD81, and CD151) are present in most EV subpopulations whereas others (CD37, CD53, and CD82) are more restricted
in their distribution (Maecker et al., 1997; Wright et al., 2004). The levels of EV-associated CD9 are decreased in many solid
tumours and the EVs produced by these tumours, whereas CD151 levels are increased (Brzozowski et al., 2018).
The first reported example of a targeting peptide approach genetically modified EVs to express a fusion of the lysosomal-

associated membrane protein 2B (LAMP2B) with the rabies virus glycoprotein peptide that enabled targeting of the EVs to
oligodendrocytes, microglia, and neurons (Alvarez-Erviti et al., 2011). Fusion of LAMP2B to a targeting moiety is one of the
most frequently reported strategies, with fusions to CD63 and EV-associated tetraspanins also commonly used (Bellavia et al.,
2017; Kanuma et al., 2017; Tian et al., 2014). The inclusion of glycosylationmotifs to the outward-facing portion of the protein can
enhance the display of these fusion proteins by protecting them from acid-mediated endosomal proteolysis (Hung & Leonard,
2015). Even more complex fusion transmembrane proteins designed to display a targeting moiety on the outer EV membrane
fused to specific cargo proteins or nucleic acids on the inner EV membrane have been reported (Liu et al., 2024; Zheng et al.,
2023). A recent study that assessed the surface and luminal display capabilities of 115 EV-associated transmembrane proteins and
129 EV-associated non-transmembrane proteins by a bioluminescence assay found 24 conserved proteins present in EVs isolated
from five different cell types (Zheng et al., 2023).

Another common modification strategy transfects EV producer cells with a construct encoding the targeting moiety fused
to a viral fusion protein such as the vesicular stomatitis virus glycoprotein (Figure 4b). VSV-G, one of five structural proteins
encoded in the single-stranded RNA genome of the vesicular stomatitis virus (VSV), is a class III fusion protein found in the
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F IGURE  Exosome engineering strategies. Two generalized approaches are employed to engineer exosomes to improve cell-specific targeting. The first
approach (a–c) relies on modifying the exosome biogenesis and assembly process in producing cells. The second approach (d–f) involves direct modification of
isolated exosomes. Producing cell modification: (a) Fusing EV membrane proteins with cell type-specific binding moieties; (b) Insertion of chimeric VSVG/cell
type-specific targeting moieties into exosome membrane; (c) Metabolic reprogramming of producing cells. Culturing producer cells in growth media
supplemented with modified amino acid analogues (e.g., ADA) and/or azide-containing saccharides introduces active sites for bioconjugation to target
cell-specific moieties via azide-involved biorthogonal reactions, that is, click chemistry. Direct exosome modification: (d) Introduction of alkyl groups to
exosome membrane proteins via modification by NHS, EDC, and 4-pentanoic acid allows for bioconjugation to azide-containing cell type-specific cargo
moieties mediated by CuSO4 and bathophenanthroline; (e) Binding biotinylated cell type-specific targeting moieties to streptavidin-conjugated glycolipids that
insert into the lipid bilayer exosome envelope; (f) Insertion of targeting moiety/anchoring peptides that recognize and bind to exosomal membrane proteins.
AHA, L-azidohomoalanine; CuSO4, cupric sulphate; EDC,5-ethynl-2-deoxycytidine; EV, extracellular vesicles; ManNAz, tetraacetylated N-acetylazido-D
mannosamine; MVB, multivesicular body; NHS, N-hydroxysuccinimide; scFv, single chain variable fragments.

viral envelope whose function is to promote the fusion of the viral and cellular membranes (Backovic & Jardetzky, 2009; Sun
et al., 2008). VSV-G-based lentiviral vectors have been developed as oncolytic therapies and vaccine vectors (Diaz et al., 2007;
Ebert et al., 2003; Lichty, Power et al., 2004; Lichty, Stojdl et al., 2004; Obuchi et al., 2003; Roberts et al., 1999).
Employing the VSV-G protein in EV engineering permits the incorporation of targeting moieties and protein or nucleic acid

cargoes into the fusion protein, and facilitates EV uptake by direct fusion to the target cell plasma membrane (Meyer et al., 2017;
Ovchinnikova et al., 2021). Cells engineered to express VSV-G produce significantly higher levels of EV release (Rolls et al., 1994).
The fusogenic activity of the VSV-G protein is induced by low pH, which may render it particularly efficacious for targeting EVs
to solid tumours (Yao et al., 2003).
A major limitation of VSV-G approaches for EV engineering is that this viral glycoprotein triggers a robust primary immune

response, producing strongly neutralizing antibodies and complement-mediated inactivation (DePolo et al., 2000; Kelley et al.,
1972). The effectiveness of these anti-VSV-G antibodies prevents repeated administrations of VSV-G-containing EVs. This
limitation has been overcome for vaccine vectors by employing viral pseudotypes (Rose et al., 2000) and by incorporating
sequences for complement regulatory proteins (Schauber-Plewa et al., 2005); however, the limitation remains for VSV-G-based
EV therapeutics.
Click chemistry, a class of simple, efficient, and high-yield cycloaddition chemical reactions used to join twomolecular entities

was first described in 2001 (Evans, 2007; Kolb et al., 2001). This type of reaction has been developed for targeting and isolating spe-
cific molecules in complex biological environments to generate products that are physiologically stable and non-toxic (Prescher
& Bertozzi, 2005, Prescher et al., 2004; Sletten & Bertozzi, 2009). These biorthogonal reactions have since become a powerful tool
for studying and modifying various molecules in living organisms, without generating toxic byproducts and with little reactivity
to endogenous functional groups (Scinto et al., 2021). Click chemistry-based engineering of EVs can be used for themodification
of EV-producing cells (Figure 4c) or directly on purified EVs (Figure 4d) to attach targeting moieties to EV membrane proteins
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F IGURE  Strategies for increasing EV uptake and cargo release. (a) Simultaneously increasing EV uptake and active loading of desired cargo into
engineered exosomes utilizing split GFP complementation. A plasmid encoding a fusogenic protein or peptide and a portion of GFP is cotransfected with a
second plasmid encoding the remaining GFP sequence linked to the desired cargo protein or nucleic acid. (b) Improving EV uptake by target cells employing
either fusogenic proteins, usually virally derived proteins such as VSV-G, or short CPPs. The fusion of two lipid bilayer membranes is generally accomplished
by forming a hemistable pore that is gradually expanded, allowing for the transfer of contents from the vesicle fused to the cells. CPPs are short hydrophobic
peptides, often modified from viral fusogenic sequences joined by a linker sequence with a cell-specific targeting sequence. CPP, cell-penetrating peptides; EV,
extracellular vesicles; VSV-G, vesicular stomatitis virus protein G.

(Smyth et al., 2014; Wang et al., 2015). The latter option will be essential for modifying patient EVs for treatments employing
autologous EVs (Murphy et al., 2019).
It is also possible to employ modified glycolipids to attach surface-displayed targeting moieties to EV membranes. A

modular synthesis pathway termed ‘membrane cloaking’ has been described that modifies PEGylated 1,2-Dimyristoyl-sn-
glycero-phosphoethanolamine (DMPE-PEG), a water-soluble derivative of phosphatidylethanolamine, by conjugating it to
streptavidin (Figure 4e). Incubation of streptavidin-DMPE-PEG and biotinylated targeting peptides or antibodies results in the
insertion of the modified lipid conjugated to the targeting moiety into the EV membrane (Antes et al., 2018). Another direct EV
modification technique (Figure 4f) incubates EVs with targeting peptides, scFv, antibodies, or aptamers conjugated tomembrane
anchor peptides (Gao et al., 2018).

1.9.2 Maximizing EV uptake and cargo release

Although contact between the EV and plasmamembranes is necessary for EV uptake, this interaction is not necessarily sufficient
to ensure the uptake of these EVs into the targeted cells. The various endogenous endocytic pathways employed by which native
EVs are taken up by cells have already been described. The result of EV uptake via these pathways usually results in the EVs
entering the endosome. The capacity for native EVs and their cargo to affect the target cell phenotype depends on their ability
to exit the endosomal/lysosomal degradation pathway. Although it is not known definitively what percentage of EVs and their
cargo is degraded, it is believed that it is substantial. Thus, methods allowing EVs and their cargo to either bypass the endoso-
mal/lysosomal pathway and escape the endosomewith its function intact are being developed. Two such approaches are depicted
in Figure 5.

The first technique involves modifying target cells to express the VSV-G viral fusion protein (Figure 5A). An elegant study
describes a procedure to generate two-component fluorescent ‘gectosomes’ carrying specific cargo proteins employing a GFP
complementation strategy (Zhang et al., 2020). This method employs a soluble engineered two-part self-assembling green flu-
orescent protein (GFP) system (Cabantous et al., 2005). GFP1-10 encodes the first ten β-strands while GFP-11 encodes the 16
amino acid (aa) eleventh β-strand. When separated, the fragments exhibit minimal fluorescence; however, they become highly
fluorescent following association and self-assembly. Transfecting EV-producing cells with an expression construct encoding the
VSV-G sequence fusedwith theGFP1-10 sequence and a second construct encoding a specific target protein fusedwith theGFP11
sequence generates ‘gectosomes’ by budding from the plasma membrane. Those ectosomes containing only the VSV-G/GFP1-
10 protein or the cargo/GFP11 will be non-fluorescent whereas ectosomes containing the self-assembled VSV-G/GFP1-11/cargo
protein will be fluorescent.
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‘Gectosome’ production allows the flow cytometry-mediated purification of the fluorescent particles, theoretically reducing
the concentration required to achieve a therapeutic effect and permitting tracking of EV uptake by the target cells. Although
an elegant method, the previously described immune response to the viral VSV-G protein limits the possibility for the repeated
administration of VSV-G-based EVs and seriously limits their potential usefulness. It should be possible tomodify the procedure
to fuse only the VSV-G fusion peptide to the GFP1-10 sequence, thereby minimizing any immune response (Zhang et al., 2020).
As a result of the immunogenicity of viral fusogenic proteins, attempts have been made to identify human endogenous fusion

proteins. One such protein, syncytin-1, has been found to enhance EV entry into cells with higher efficiency than VSV-G (Bui
et al., 2023). Syncytin-1 is expressed from the envelope sequence of an ancestral retroviral integration into the human genome
(Blond et al., 2000; Tolosa et al., 2012). The protein is highly fusogenic and immunomodulatory and participates in the fusion
of syncytiotrophoblast cells in the human placenta. Syncytin-1 fusogenic activity requires interaction with the human sodium-
dependent neutral amino acid transporter type 1 (hASCT-1) or hASCRT-2 genes which are human type Dmammalian retrovirus
receptors. The full-length protein consists of a surface subunit containing a signal peptide and a transmembrane subunit con-
taining a fusion peptide, an immunosuppressive domain, a transmembrane domain, and a cytoplasmic domain (Cheynet et al.,
2005; Grandi & Tramontano, 2018; Tolosa et al., 2015).

Despite the finding that syncytin-1 enhances EV release by producer cells and mediates EV membrane fusion to target cells
and cargo cytoplasmic release (Bui et al., 2023), caution is warranted. Elevated syncytin-1 has been reported to be associated with
multiple sclerosis, schizophrenia, and bipolar disorder (Antony et al., 2004; Chignola et al., 2019; Liu et al., 2018; Perron et al.,
2008; Wang et al., 2018). Syncytin-1 has also been reported to promote tumorigenesis, proliferation, and metastasis, in several
cancers including leukaemia, breast, endometrial, urothelial cell, and hepatocellular cancers (Chignola et al., 2019; Liu et al.,
2018; Sun et al., 2017; Yu et al., 2014; Zhou et al., 2021). Future research into the use of syncytin-1 could focus on using only the
syncytin-1 fusion peptide rather than the full-length protein to avoid potential oncogenic or neural pathological effects. Human
endogenous retroviral integrations comprise ∼8% of the human genome making it likely that there are numerous other human
fusogens with the potential to increase EV fusion-mediated uptake by target cells without the risk of inducing pathogenic effects
(Lander et al., 2001).
A second EV engineering technique to increase EV uptake and cargo release relies on pH-sensitive fusogenic peptides

(Figure 5B). Cell-penetrating peptides (CPPs), as their name suggests, have the capacity to cross cellular membranes (Angelova
et al., 2013; Jafari et al., 2015; Azmi et al., 2018; Varnamkhasti et al., 2020). The first CPPs, penetratin and TAT, were derived
from the Antennapedia homeodomain protein and the human immunodeficiency virus Trans-Activator of Transcription (HIV-
TAT protein) (Prochiantz, 2000). CPPs initially attracted attention for their high transduction efficiency in directly transporting
attached drugs or biomolecules into cells (Guidotti et al., 2017; Kang et al., 2017). The attachment of these molecules may be
covalent, but more commonly the attachment is mediated through electrostatic interactions (Bolhassani et al., 2017). With the
realization of the potential of EVs to serve as therapeutic drug delivery vehicles, the use of CPPs to facilitate EV uptake is an area
of active investigation (Derakhshankhah& Jafari, 2018; Kim et al., 2018;Morimoto et al., 2024; Noguchi et al., 2021; Varnamkhasti
et al., 2020). Most CPPs are cationic and are often enriched in arginine, but there are also amphipathic and hydrophobic CPPs
(, Hade et al., 2023; Nakase et al., 2017). A 30-amino acid amphiphilic synthetic peptide GALA forms a random coil at neutral
pH but assumes an amphipathic α-helix at acidic pH, allowing it to mediate endosomal escape (Li et al., 2004). This peptide has
now been employed for maximizing EV cargo escape from endosomal/lysosomal degradation (Morishita et al., 2017; Nakase &
Futaki, 2015).
The ability of natural and synthetic drug delivery systems such as EVs and synthetic lipid NPs to transfer and release

chemotherapeutic and biomolecular cargo in target cells while reducing off-target toxicity has focused interest on strategies for
lysosomal-mediated drug activation (Sun et al., 2023). The efficient intracellular release of therapeutic cargo is a critical step to
maximize therapeutic efficacy (Ahmad et al., 2019; Fu et al., 2020). The benefit of the strategic exploitation of lysosomal charac-
teristics to ensure the proper release of therapeutic agents has been demonstrated for the treatment of multiple diseases including
cardiovascular diseases (Bonam et al., 2019; Kong et al., 2022), lysosomal storage disease (Fernández-Pereira et al., 2021), autoim-
mune diseases (Schrezenmeier&Dörner, 2020), and cancer (Biswas&Torchilin, 2014;Wang et al., 2021). An array of pH-sensitive
moieties and other strategies to facilitate EV cargo endolysosomal escape are being adapted to enhance the intracellular release of
synthetic lipid nanoparticle therapeutic cargo (Sun et al., 2023). The research will continue to focus on how best to exploit the low
lysosomal pH that ranges from 3.5 to 5.5 to engineer pH-sensitive nanovesicles employing design elements such as protonable
amino groups, acid-decomposable calcium carbonate, acid-degradable bonds (e.g., boronic esters, acetal, benzoic-imine bonds,
hydrazone), endosomolytic peptides, drug-intercalated DNA structures to maximize either cargo release into the endolysosomal
compartment or the cytoplasm by causing disruption of the endolysosome.

. Importance of EV isolation techniques

The selection of the most efficacious method for EV isolation is of paramount importance for research applications and the
use of EVs in therapeutic applications. A major factor in determining the proper technique is the source from which the EVs
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must be isolated. Each EV source can introduce different potential contaminants, thus requiring modification of the isolation
protocol to obtain the purest sample possible. EVs isolated from bodily fluids like serum, plasma, urine, or saliva will require
the elimination of contaminating microbes, lipids, lipoproteins, nucleic acids, and protein aggregates (Brinkmann et al., 2004;
György et al., 2011; Phillipson & Kubes, 2011; Vickers et al., 2011; Williams & Mackman, 2011). EVs isolated from cell culture
media can be contaminated by a variety of substances. The addition of fetal bovine serum (FBS) or other substances such as
culture-derived recombinant cytokines or growth factors to the culture media will introduce FBS-derived EVs at significant
concentrations (Jeppesen et al., 2014; Théry et al., 2006). Contaminating particles have also been detected in non-supplemented
culture media (Jeppesen et al., 2014; Szatanek et al., 2015). Therefore, extended ultracentrifugation of all media components
may be warranted to prevent contamination EV characterization of cargo and composition for biomarker analysis or skewing of
phenotypic changes induced in target cells.
Numerous methods for EV isolation and purification have been described with sequential ultracentrifugation being one of

the most common techniques (Sunkara et al., 2016; Théry et al., 2006; Witwer et al., 2013). The subpopulation of EVs to be
isolated will determine the parameters of g-force, temperature, and duration employed. Apoptotic bodies and cancer-derived
large oncosomes require a minimum of 2000 × g at 4◦C for 20 min (Liu et al., 2018) or 10,000 × g at 4◦C for 30 min (Minciacchi
et al., 2015), respectively for their isolation, whereas microvesicles require 20,000 x g at 4◦C for 90 min (Tutuianu et al., 2024).
Exosomes can be isolated at 100,000 × g at 4◦C for 16 h (Flemming et al., 2020; Overmiller et al., 2017) whereas migrasomes,
exomeres, and supermeres can be isolated at 150,000 × g at 4◦C for 4 h (Ma et al., 2015), 167,000 x g or 267,000 × g at 4◦C for
16 h (Zhang et al., 2021), respectively, and it is common that these four small EV subpopulations are subjected to additional
purification by sucrose or iodixanol gradients (Cantin et al., 2008; Dettenhofer & Yu, 1999; Keller et al., 2011; Poliakov et al.,
2009; Théry et al., 2006), immunoaffinity purification (Filipović et al., 2022; Nakai et al., 2016), or size exclusion chromatography
(Böing et al., 2014; Taylor et al., 2002).
A recent study has reported a new technique that employs direct imaging flow cytometry on EVs labelled with the fluorescent

lipophilic dialkyl carbocyanine Dil (1,1′–dioctadecyl-3,3,3′,3′-tetramethyl indocarbocyanine perchlorate) dye (Viveiros et al.,
2022). This method permits the direct imaging and characterization of EVs with minimal sample manipulation. This yields an
analysis of an EV population without processing-associated EV loss. These advanced imaging techniques will enable the analysis
of EV biogenesis, release, biodistribution, and their role in disease pathogenesis (Verweij et al., 2021). Finally, asymmetric-field-
flow fractionation can be used to detect, measure, and isolate discrete, highly purified EV subpopulations without extensive
ultracentrifugation (Wiedmer et al., 2023; Zhang et al., 2018).

. EV production by tumours

The role of EVs in the pathogenesis of cancer is extensive and ever-growing (Liao et al., 2023). EVs produced by tumour, stromal,
and immune cells promote tumorigenesis, immune evasion, drug resistance, angiogenesis, and the development of premetastatic
niches in solid cancers including breast (Dioufa et al., 2017; Piombino et al., 2021; Yáñez-Mó et al., 2015), pancreatic (Costa-Silva
et al., 2015; Jin et al., 2020; Ray, 2015; Stefanius et al., 2019), lung (Chen et al., 2017; Lobb et al., 2017; Pritchard et al., 2020; Wang
et al., 2016), and melanoma (Andrade et al., 2019, Hoshino et al., 2015; Logozzi et al., 2009, Lattmann & Levesque, 2022; Pfeffer
et al., 2015, Pompili et al., 2022). EVs are released at elevated levels from cancer cells and exosomal miRNA can be detected in
solid tumour cells (Logozzi et al., 2009; Pfeffer et al., 2015), suggesting EV contents may serve as a form of intercellular commu-
nication between neighbouring tumour cells. Cancer-derived EVs also possess the ability to set up distant environments more
permissive to tumour metastasis. Increased release of tumour-promoting EVs by tumour cells may contribute to therapy resis-
tance (Andrade et al., 2019). Expression of drug efflux pumps, the capture of monoclonal antibodies administered for cancer
therapy, or the transfer of nucleic acids, lipids, or proteins on EVs that confer physiologic changes in recipient cells to promote
the resistant phenotype has been demonstrated in various tumour types (Pompili et al., 2022). EV production by melanoma,
breast, pancreatic, and lung cancer cells increases after chemotherapy exposure, and this elevated production is accompanied by
increased chemoresistance (Lattmann & Levesque, 2022; Logozzi et al., 2009; Nannan et al., 2020; Shechter et al., 2020). More-
over, tumour-derived EVs can skew macrophages toward an anti-inflammatory M2 phenotype and foster alterations in stromal
and tumour cell biology that promote tumour growth (Andrade et al., 2019).

. EVs as cancer therapeutics

In addition to their ability to influence disease development and progression, EVs also offer promising therapeutic targets for
improving patient outcomes. Several strategies for targeting EV as cancer therapeutics are reviewed here, includingmanipulating
the tumour microenvironment via EV, engineering EV for targeted, minimally toxic drug delivery, using EV as cancer vaccines,
and modulating tumour-derived EV production.
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1.12.1 EV-induced antitumor immunity

The tumour microenvironment is commonly characterized as anti-inflammatory and tumour-promoting. Tumor-derived EVs
may contribute to this immunosuppressive microenvironment. In one study, EVs released by tumour cells in vitro and in vivo
enhance the suppression of cytotoxic T cells by myeloid-derived suppressor cells, thereby stimulating tumour growth (Chalmin
et al., 2010). When EV release was inhibited by amiloride, enhanced killing of tumour cells by cyclophosphamide was observed
(Chalmin et al., 2010). Thus, targeting tumour-derived EV production or using EV-based immunotherapeutic approaches to
overcome mechanisms of immunosuppression in the tumour microenvironment offers potential interventions for improving
anti-tumour immunity.
Based on our current understanding, the most direct approaches involve targeting the maturation or activation of immune

cells toward a more pro-inflammatory phenotype. For example, combined administration of engineered EVs loaded with either
the TGF-β receptor 1 kinase inhibitor (SD-208) or the Toll-like receptor (TLR) 7/8 agonist, resiquimod, promoted the release of
IL-6 and tumour necrosis factor (TNF)-alpha by dendritic cells (DCs) and macrophages (Lee et al., 2022). These proinflamma-
tory cytokines induced the transformation of macrophages from an anti-inflammatory to a proinflammatory phenotype which
markedly restrained prostate andmelanoma tumour cell growth (Lee et al., 2022). EVs have also been engineered to promote the
expression of FAP (fibroblast activation protein) in DCs leading to their maturation, which improved anti-melanoma immunity
(Hu et al., 2021). Modification of the glycosylation patterns on EVs may be another strategy for promoting DC maturation and
activation of T cells.Highmannose glycans are a natural ligand of ICAM-3 grabbing non-integrin (DC-SIGN) that is expressed on
DCs. Engagement of this receptor results in cargo internalization and antigen processing for presentation onMHC. Overexpres-
sion of these glycans onmalignantmelanoma-derived apoptotic EVs led to increasedCD4/CD8T cell activation (Morishita et al.,
2017). The ability of EVs to carry many conjugated peptides on their surface may allow for the development of antibody-based
cancer therapies that include the coordination of multiple components of the tumour microenvironment to enhance tumour
lysis. In one proof-of-concept study, the expression of α-EGFR/α-CD3 antibodies on EV enhanced the killing of EGFR+ breast
cancer cells in vitro (Cheng et al., 2018).

1.12.2 EVs as cancer vaccines

EVs display high safety profiles, are easy to store and preserve, can be mass-produced, and show enhanced specificity of the
immune response,making their use in vaccines fairly practical (Xu et al., 2020). Cancer vaccines can have as their therapeutic goal
either cancer prophylaxis or treatment. EVs can be designed to function either to deliver therapeutic agents or to function as a vac-
cine to prevent disease. A popular strategy for cancer vaccine design invokes tumour neoantigens to promote antigen-presenting
cell (APC)-T-cell interactions, triggering an anti-tumour adaptive immune response and immunologicmemory (Liu et al., 2022).
In several preclinical lung cancermodels, EV-based vaccination demonstrated favourable results.Most such strategies engineered
EVs to contain immunostimulatory molecules or pro-inflammatory cytokines to promote anti-tumour immunity. In one study,
lung tumour cell derived EVs modified to express CD40L led to a robust proliferation and activation of cytotoxic T-cells and
slowed tumour progression (Wang et al., 2014). In another, antigenic similarity between embryonic and tumour cells allowed EVs
from GM-CSF modified murine embryonic stem cells to diminish the implantation and expansion of lung cancer lines in vivo
(Yaddanapudi et al., 2019). A challenge to EV-based vaccination is ensuring that infusions reach lymphatic tissues to induce their
desired effects; however, EVmodifications such as the addition of highmannose glycans can trigger activation, phagocytosis and
trafficking of APC to areas of immune surveillance (Choi et al., 2019).
While Phase I and II clinical trials of DC and ascites-derived EV vaccines for cancer failed to achieve primary endpoints or

evoke antigen-specific T cell responses, they did demonstrate the ability to invoke innate natural killer (NK) immunity (Besse
et al., 2015), and it is generally believed that EV vaccines remain promising, particularly when used in combination with other in
cancer immunotherapeutic approaches, such as immune checkpoint inhibitors, traditional chemotherapies, and oncolytic viruses
to enhance the efficacy of each (, Garofalo et al., 2018; Lv et al., 2021; Ren et al., 2022). One relatively recent vaccination technique
combines EV- and nanoparticle-based technologies. In this study, microfluidic sonication was used to envelop poly(lactic-co-
glycolic acid) (PLGA) nanoparticles in EV membranes, with the goal of exploiting the membrane fusion properties and innate
immune evasion of proteins expressed on EV membranes (Liu et al., 2019). The same system also delivered CD80/86 with an
anti-PD-1 antibody to reverse tumour-mediated immune suppression and mediate remodelling of exhausted T cells in lung and
colon carcinoma cell models (Liu et al., 2022).
Another innovative anti-cancer vaccine strategy attempts to harness the antibacterial immune response to prevent cancer.

The inadequate activation of cancer-specific T-cells and an immunosuppressive TME are the primary hindrances of anti-cancer
immune responses (Dersh et al., 2021; Rabinovich et al., 2007). The primary mechanism that underlies the efficacy of PD-1/PD-
L1 targeted immunotherapy is its ability to induce the selective proliferation and reinvigoration of exhausted cancer-antigen-
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responsive T-cells (Im et al., 2016). However, 80%–90% of tumours do not respond well to antiPD-1/antiPD-L1 therapies due to
insufficient T-cell activation or the ineffective recruitment of activated T-cells to the tumour (Galon & Bruni, 2019).
In the 19th century, William Coley published reports of his comprehensive studies on the induction of tumour regression

following injection of Coley’s toxins, mixtures of extracts of heat-inactivated bacteria (Carlson et al., 2020; Coley, 1991). Re-
evaluation of these studies provide the rationale for employing EVs derived from the outer bacterial membrane of Gram-positive
and Gram-negative bacteria to induce potent and persistent immune responses, mediated by interferon-gamma (IFN-γ) and
C-X-Cmotif chemokine ligand 10 (CXCL10), that successfully eliminated tumours without significant toxicity (Kim et al., 2015).
EVs from Gram-negative bacteria that were engineered to either display the PD-1 ectodomain on the EV outer membrane (Li
et al., 2020) or that contained a DNA plasmid encoding PD-1 (Pan et al., 2022) were able to abrogate the inhibition of the
PD-1/PD-L1 system on T-cell effector functions. Intraperitoneal injection of these outer bacterial membrane-derived EVs that
contain copious amounts of pathogen-associated molecular patterns (PAMPs) was found to induce trained immunity by the
activation of inflammasome-mediated innate immune signalling and IL-1β secretion (Liu et al., 2024). This primes the immune
response, generating antigen-presenting cell progenitors and increasing the anti-cancer response following tumour antigen-based
vaccination.
Synthetic bacterial vesicles (SBVs), engineered by enzymatic treatment of outer Escherichia colimembranes followed by soni-

cation to form vesicles to minimize their ability to trigger a toxic systemic innate immune proinflammatory reaction were found
to induce activation of mouse bone marrow-derived dendritic cells (Park et al., 2021). Coimmunization of mice with SBVs and
EVs isolated frommelanoma cancer cells induced a Th-1mediated immune response that was enhanced by an anti-PD-1 inhibitor
and resulted in tumour regression in a melanoma xenograft model.
The large-scale production of bacterial EVs, a necessary step to render this treatment strategy feasible as a novel therapeutic

agent, has recently been reported (Won et al., 2023). The mass-produced E. coli-derived outer membrane vesicles were able to
induce complete tumour regression in syngeneic xenograft models in C57BL/6 and BALB/c mice by mediating the increased
infiltration of cancer antigen-specific CD8+ T-cells with high expression levels of Tumor cell factor 1 (TCF1) and PD-1. These
studies highlight the enormous potential of bacteria-derived EVs to serve as potent novel tools for the induction of anti-cancer
immunity.

1.12.3 EVs as targeted therapeutic delivery vehicles

One of the most exciting uses of EVs in cancer therapy is the targeted and encapsulated delivery of traditionally toxic and poorly
tolerated chemotherapies. Various designs for tumour-specific delivery of therapeutic EVs with reduced off-target toxicity have
been proposed. Both nucleic acid aptamer and peptide-based targeting molecules on EV surfaces have shown enhanced delivery
and tumour-specific killing of traditional chemotherapeutics (Hosseini et al., 2022; Lin et al., 2019). Although targeting with
specific binding epitopes on EV surfaces seems ideal, studies have shown that simply encapsulating drugs within EVs enhances
efficacy and reduces off-target effects, suggesting enhanced uptake of EV-encapsulated therapeutics by tumour cells relative to
healthy tissue (Bagheri et al., 2020; Li et al., 2020). The ability of EVs to be loaded with multiple therapeutic molecules allows for
multiplexed approaches to treatment, such as addressing drug resistance as well as drug delivery at once (Liang et al., 2020).

. Targeting tumour-derived EV production and the premetastatic niche

As mentioned above, EV production is often upregulated in cancers and tumour-derived EV exerts both local and distant
pro-tumour effects. Tumour-derived EV tropism for various organs may help set up premetastatic niches and partially explain
patterns ofmetastasis. Understanding these patternsmay identify targets for cancer therapy. An intriguing recent study employed
amultiparametric analysis that combinedmetabolomic, tissue, and spatial single-cell transcriptomics of pre-metastatic liver biop-
sies to classify the risk of liver metastasis in patients who had received pancreatic cancer resections (Bojmar et al., 2024). They
were able to classify patients into early or late liver metastasis, extrahepatic metastasis, and disease-free survivor groups and to
identify prognostic indicators for each group. A machine-based learning model was developed that could predict patient out-
comes before surgery with 78% accuracy. The characterization of EVs from these patients could potentially increase the accuracy
of this prognostic model.
It has been reported that integrin expression on EVs from melanoma, breast, and pancreatic tumour cell lines defines organ

tropism of metastasis (Hoshino et al., 2015; Lattmann & Levesque, 2022). The expression of α6β4 and α6β1 integrins on EVs has
been associated with lung metastasis, while the expression of integrin αvβ5 on EVs was linked to liver metastasis (Hoshino et al.,
2015). EVs expressing these integrins can redirect the metastasis of tumour cells to organs to which they would not normally
metastasize (Hoshino et al., 2015). Melanoma also commonly metastasizes to the brain. While the precise mechanism of how
EVs cross the blood-brain barrier remains poorly defined, CD46 has been described as the major receptor for the uptake of EV
derived from a brain metastatic melanoma cell line (Sk-Mel-28) by human blood–brain barrier endothelial cells (hCMEC/D3)
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cells (Kuroda et al., 2019). Reducing EV production by the tumour could reduce the risk ofmetastasis, and characterizing integrin
expression could identify sites most likely to harbour metastatic disease or identify pathways to deter progression from local to
more advanced disease.
To create distant premetastatic niches, tumour-derived EVs promote neovascularization and lymphatic remodelling. The path-

ways involved in this process could potentially be exploited to trigger a desirable therapeutic effect or counter an undesired effect
of EVs. For example, urokinase plasminogen activator receptor (uPAR, CD87) is expressed at low levels in healthy tissue, but its
expression increases onmalignancy and correlateswith invasion andmetastasis (Zhai et al., 2022). uPARexpression onmelanoma
EVs promotes angiogenesis and helps to establish the blood supply of the premetastatic niche by inducing VE-cadherin, EGFR,
uPAR and ERK1/2 signalling in endothelial cells (Biagioni et al., 2021; Lattmann & Levesque, 2022). EVs expressing elevated
levels of uPAR have been isolated from highly metastatic pancreatic tumour cells (Mu et al., 2013). Similarly, melanoma EV
expression of cellular adhesion molecules, such as VCAM-1, targets them for uptake into lymphatic endothelial cells, altering
gene expression and proliferation of recipient cells (Lattmann & Levesque, 2022; Leary et al., 2022). A key driver of melanoma
EV lymphatic endothelial cell targeting, lymphangiogenesis, and tumour cell adhesion is NGFR expression (García-Silva et al.,
2021; Lattmann & Levesque, 2022). In the B16 model, NGFR+ EVs promote lymphangiogenesis via induction of the ERK/NFKB
pathway and tumour cell adhesion via ICAM-1. Ablation of NGRF signalling decreased nodal metastasis and extended patient
survival (García-Silva et al., 2021; Lattmann & Levesque, 2022). These receptors may provide targets for countering the tumour-
permissive properties of melanoma-derived EVs. Compared to melanoma and other tumours, considerably less is understood
about EV production in non-melanoma skin cancer (NMSC). We recently demonstrated that desmoglein 2 (Dsg2) expression
modulates cutaneous squamous cell carcinoma (cSCC)-associated EV production and cargo sorting of cytokines, including IL-8,
which has chemotactic and angiogenic properties (Flemming et al., 2020; Overmiller et al., 2017). The ability of Dsg2 to increase
EV release from cSCC and alter cytokine properties could be manipulated in the design of EV-based therapeutics.
A more global approach to decreasing the ability of tumour-derived EVs to set up pro-tumour metastatic niches could be

downregulating EV production by tumour cells. Rab proteins are an essential part of vesicular and membrane trafficking that
help regulate the abundance and subcellular localization of proteins within cells and cellular signalling (Bhuin & Roy, 2014). Over
70 Rab family members have been defined as contributing to vesicle formation, mobility, and membrane fusion in normal and
tumour cells. Specific Rab protein impairments can manifest distinct disease phenotypes. Characterization of the unique Rab
proteins contributing to exosome packaging and production by tumour cells could lead to therapeutic targets for the downreg-
ulation of EV production by tumour cells, thus downregulating their ability to foster metastasis. Rab27a knockdown in highly
metastatic melanoma cells led to a reduction in exosome production, primary tumour size, and metastases (Peinado et al., 2012).
One challenge to this approach is the large number of Rab proteins and the potential for redundancy in cellular functions or
off-target effects.

 CONCLUSIONS

This review has highlighted the tremendous potential of EVs to serve as therapeutic tools in human diseases, particularly cancer,
while also recognizing the significant challenges to be overcome if they are to be successfully translated into viable targeted
therapeutic delivery vehicles. Their advantages include their low immunogenicity, low toxicity, ease of engineering, and ability
to protect drugs and bioactive molecules from degradation. Current research is focused on developing strategies to improve the
targeting specificity, uptake by target cells, and escape from lysosomal degradation. We presented examples of the effectiveness
of strategies to increase EV targeting, uptake by target cells, and cargo release in various solid tumours including melanoma,
breast, lung, and pancreatic cancers. This review has endeavoured to present an overview of the complex pathways involved in
EV uptake and how these pathways may be exploited to maximize EV therapeutic utility. This comprehensive survey of the EV
literature aims to provide insights into the current understanding of EV-mediated intercellular communication and bring focus
to their potential to serve as a novel and powerful addition to the therapeutic arsenal available to treat cancer.
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