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Extracellular vesicles (EVs) are membrane-enclosed particles secreted by a variety
of cell types. These vesicles encapsulate a diverse range of molecules, including
proteins, nucleic acids, lipids, metabolites, and even organelles derived from their
parental cells. While EVs have emerged as crucial mediators of intercellular
communication, they also hold immense potential as both biomarkers and
therapeutic agents for numerous diseases. A thorough understanding of EV
biogenesis is crucial for the development of EV-based diagnostic
developments since the composition of EVs can reflect the health and disease
status of the donor cell. Moreover, when EVs are taken up by target cells, they can
exert profound effects on gene expression, signaling pathways, and cellular
behavior, which makes these biomolecules enticing targets for therapeutic
interventions. Yet, despite decades of research, the intricate processes
underlying EV biogenesis by donor cells and subsequent uptake by recipient
cells remain poorly understood. In this review, we aim to summarize current
insights and advancements in the biogenesis and uptake mechanisms of EVs. By
shedding light on the fundamental mechanisms governing EV biogenesis and
delivery, this review underscores the potential of basic mechanistic research to
pave the way for developing novel diagnostic strategies and therapeutic
applications.
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1 Introduction

Extracellular vesicles (EVs), which are lipid bilayer-enclosed, nano-sized vesicles, are
ubiquitously secreted from various cell types. These mediate cell-to-cell communications
and thus ensure life-sustaining physiological functions through the transport of diverse
biological compounds (Li, 2021) while the lipid bilayer shields the cargo from harsh
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extracellular environments, such as digestive enzymes (Skotland
et al., 2020). The use of EVs as biomarkers and therapeutic agents for
numerous diseases is a highly active area of research. Several reviews
on EV cell biology, lipid components, and clinical application with
current research advances have been published recently (van Niel
et al., 2018; Zhi et al., 2022; Ghadami and Dellinger, 2023).

Upon secretion, EVs mediate both paracrine and endocrine
signaling by delivering their cargo to target cells which consequently
regulates the behavior of recipient cells. Generally, EVs are enriched
in cytoskeleton, cytoplasmic, heat shock, cell membrane, and vesicle
transport proteins with a paucity of organellar proteins in the cell
(Li, 2021; Kalluri and McAndrews, 2023). EVs are notably variable
as compositions can differ considerably based on the physiological
state of their originating cells (Li, 2021). Depending on the context,
certain EVs may be particularly enriched with endosome-associated
proteins (e.g., Rab GTPase, SNAP receptor proteins called SNAREs,
annexins, and flotillins) involved in the biogenesis of multivesicular
bodies (MVB). Additionally, there can be variations in the types and
levels of nucleic acids in EV; ranging from complete messenger RNA
(mRNA), fragments of mRNA, long non-coding RNA (lncRNA),
micro RNA (miRNA), ribosomal RNA (rRNA), single-stranded
DNA (ssDNA), and mitochondrial DNA (mtDNA) to double-
stranded DNA (dsDNA). Another variable is the EV membrane
composition carrying ligands and receptors from source cells which
are crucial determinants in the EV uptake process on recipient cells
as compositional changes in the membrane can alter target
specificity (Zhang X. et al., 2021).

Notably, EVs have gained attention for their role in
pathophysiological processes (Busatto et al., 2021; Sun et al.,
2022) like cell death, inflammation (Sanwlani and Gangoda,
2021), angiogenesis (Guo et al., 2017), and even cancer
progression. With the following evidence, cancer-derived EVs
exhibit distinct lipid and protein compositions when compared
with normal cells. Strikingly, malignancy can be a result of EVs
transferring their oncogenic materials to normal cells (Tai et al.,
2019). EVs can further facilitate tumor invasion and metastasis by
delivering matrix metalloproteinases (MMPs) and other proteases to
the target sites (Han et al., 2019) and stimulating angiogenesis by the
transfer of pro-angiogenic factors to endothelial cells (Phelps et al.,
2023). Collectively, these findings suggest that EVs are key players in
mediating communications between cancer cells and their
surrounding stroma, where they contribute to shaping the tumor
microenvironment (Kim et al., 2002; Berumen Sánchez et al., 2021).

Since EVs can be isolated from assorted biological fluids such as
blood, urine, and saliva and components and functions of EVs are
distinct for each EV source, their detection in non-invasive liquid
biopsies shows promise for diagnostic marker applications (Cheng
et al., 2014; Chiabotto et al., 2019). Therapeutically, EVs are also
being investigated as novel nanoparticle drug carriers, necessitating
an in-depth understanding of cargo selection during EV biogenesis
and target cell specificity during uptake. For instance, EVs produced
by mesenchymal stem cells have immunomodulatory properties and
are currently being trialed for treating inflammatory diseases (Lai
et al., 2010; Sun et al., 2018). Moreover, EVs can be engineered to
carry specific therapeutic molecules to specific cells and tissues (Aqil
et al., 2019; Vakhshiteh et al., 2021).

In this review, we first provide an overview of current
understanding of EV biogenesis, delivery pathways, and

respective cargos. On another note, we delve into the biogenesis
of diverse EV types, discuss their uptake mechanisms, and examine
the functional roles of EV regulators using public EV databases (e.g.,
EVpedia) to assist with assessments of their potential both as disease
biomarkers and therapeutic agents.

2 EV biogenesis

EVs are broadly classified into three categories (Figure 1A) based
on their biogenesis pathway: exosomes, ectosomes, and apoptotic
bodies (Busatto et al., 2021). Exosomes are intraluminal vesicles,
typically less than 150 nm in diameter, originating from the fusion of
MVBs with the plasma membrane. Contrarily, ectosomes, or
microvesicles, ranging from approximately 100–1,000 nm, are
produced by budding and shedding from the plasma membrane
(Li, 2021; Lim et al., 2021; Han et al., 2022). Similarly, exosomes and
ectosomes mediate intercellular communications. The tetraspanin
protein family has been identified as an essential cellular effector
during the biogenesis of these vesicles, though their specific
functions differ between exosome and ectosome formation
(Perez-Hernandez et al., 2013). Apoptotic bodies, on the other
hand, are released during programmed cell death, i.e., apoptosis,
in the form of cell vesicles (Nagata, 2018).

2.1 Exosomes

Exosomes originate from the inward budding of the endosomal
membrane, which leads to the formation of MVBs (Zhang et al.,
2019), as shown in Figure 1A. TheseMVBs either fuse with lysosomes
for degradation or merge with the plasma membrane to release
exosomes (Han et al., 2022). The biogenesis of exosomes relies on
the coordination of multiple pathways and can be classified into two
primary routes: the endosomal sorting complex required for
transport (ESCRT)-dependent and ESCRT-independent pathways.
The ESCRT-dependent pathway involves the formation of
intraluminal vesicles (ILVs) by the sequential action of ESCRT-0,
-I, -II, and -III complexes, including ALIX, TSG101, and VPS4
(Baietti et al., 2012). On the contrary, the ESCRT-independent
pathway involves formation of ILVs by tetraspanin-enriched
microdomains (TEMs) and lipid rafts. Tetraspanins, including
CD9, CD81, and CD63, are abundant in TEMs and regulate cargo
sorting and packaging into exosomes (van Niel et al., 2011). Recent
models of exosome release have revealed a new function for the
endoplasmic reticulum. At the contact sites between the endoplasmic
reticulum and late endosome membranes, it plays a crucial role in
controlling the movement and maturation of late endosomes, which
is associated with the activity of small GTPases. These processes are
vital for the fusion of MVBs with the plasma membrane, leading to
the release of exosomes (Gurung et al., 2021). Small Rab GTPases
(RAB27a/b, RAB11, RAB7, RAB35) govern vesicle budding and
motility, thereby facilitating the transport of MVBs for exosome
release. Additional players include members of SNARE proteins
(Vamp7, YKT6), which are indispensable for the fusion of MVBs
with the plasma membrane (Xie et al., 2022), syndecan heparan
sulfate proteoglycans, phospholipase D2 (PLD2), ADP ribosylation
factor 6 (ARF6), and syntenin (Ghossoub et al., 2014).
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2.2 Ectosomes

Ectosomes are another type of extracellular vesicle formed by the
outward budding of the plasma membrane, as shown in Figure 1A.
Unlike exosomes, ectosome biogenesis does not rely heavily on the
endosomal trafficking pathways (Lim et al., 2021). The factors
involved in ectosome biogenesis remain elusive; however, formation of
ectosomes on the plasmamembrane requires rigorous rearrangements of
membrane and cytoskeletal constituents (Kalra et al., 2016; Meldolesi,

2021). During nucleation, proteins with lipid anchor modifications
(e.g., myristoylated, palmitoylated) accumulate in the lumen to initiate
membrane curvature formation for budding (Cocucci and Meldolesi,
2015). Transmembrane proteins and lipids also cluster in specific
membrane domains, and ESCRT-I subunits are recruited to the
plasma membrane, respectively (Nabhan et al., 2012). A small
GTPase, ARF, is also known to regulate cargo assembly and secretion
of ectosomes (Sedgwick et al., 2015). In the final budding process,
ectosomes must be pinched off from the plasma membrane. For this

FIGURE 1
(A) EV biogenesis. EVs are largely categorized into (a) exosomes, (b) ectosomes, and (c) other types such as apoptotic bodies or exomeres. Exosome
biogenesis occurs through both (a-i) ESCRT-dependent and (a-ii) ESCRT-independent pathways. PM: plasma membrane (B) EV uptake pathways.
Exosomes can be internalized by (a) membrane fusion, (b) clathrin-dependent endocytosis, and (c) clathrin-independent endocytosis including (c-i)
caveolin-mediated uptake, (c-ii) macropinocytosis, (c-iii) phagocytosis, and (c-iv) lipid raft-mediated internalization. PSGL-1: P-selectin
glycoprotein ligand-1, PS: phosphatidylserine, AP2: adipocyte protein 2, TIM4: T-cell immunoglobulin and mucin domain containing 4.
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process, loosening the cytoskeleton coincides with sorting cytosolic
proteins and RNA molecules into ectosomes (Cocucci and Meldolesi,
2015). Ca2+ induces membrane reorganization and cytoskeleton
disassembly, as well as ESCRT-III complexes are required for the
pitching-off and release of ectosomes (Gurunathan et al., 2021; Sun
et al., 2021).

2.3 Other types: apoptotic bodies,
exomers, etc.

Other types of EVs include apoptotic bodies and nonvesicular
nanoparticles such as exomeres, which deserve attention here as well
(Figures 1A–C). Apoptotic bodies emerge from cells during the final
stage of apoptosis and were previously regarded as mere debris of
dead cells (Yu et al., 2023). They range from 50 nm to 3 μm in size
and contain DNA fragments, histones, and/or immature glyco-
epitopes. Like other EV types, their composition reflects their
cellular origins. Upon uptake by other cells, apoptotic bodies can
trigger anti-inflammatory or tolerogenic responses (Mohan et al.,
2020). This has led to some controversy. While some researchers
support the classification of apoptotic bodies as a subclass of EV
based on their similarities in size and contents, others view apoptotic
bodies solely as dead cell remnants (Caruso and Poon, 2018). The
precise mechanisms and genes involved in forming apoptotic bodies
are not yet fully understood. However, emerging evidence suggests
that apoptotic bodies are formed through a process called apoptotic
cell disassembly, characterized by a series of tightly regulated
morphological steps (Santavanond et al., 2021).

Recently, exomeres and supermeres, generally smaller than
50 nm in diameter, have been identified as additional
nonvesicular nanoparticles. Exomeres exhibit distinct proteomic
profiles and bio-distribution patterns compared to small EVs.
Similarly, supermeres are enriched with RNAs and show
enhanced accumulation in tissues compared with exomeres and
small EVs (Zhang Q. et al., 2021).

3 EV delivery

EVs facilitate the exchange of information between cells. Upon
uptake via various mechanisms (Figure 1B), EVs can alter the
biological characteristics and functions of recipient cells. These
cellular effectors can trigger intracellular signaling pathways in
recipient cells through surface ligand–receptor interactions, thereby
delivering their contents into these cells. Changes in gene expression
and disrupted signaling activities via EV uptake can lead to
phenotypic modifications, instigating disease onset and progression
(Kwok et al., 2021). This underscores the potential for EVs in novel
therapeutic avenues.

The mechanism of EV uptake varies depending on the specific
type of EV and the recipient cell. Broadly speaking, uptake can be
categorized into three primary mechanisms: membrane fusion,
clathrin-dependent endocytosis, and clathrin-independent
endocytosis which includes both pinocytosis and phagocytosis.
Furthermore, lipid rafts and specific protein–protein interactions
have been identified as factors in the EV uptake process (Mulcahy
et al., 2014).

3.1 Cell membrane fusion

Themost straightforwardmechanism of EV uptake is through cell
surface membrane fusion (Figures 1B-a), which involves direct fusion
of the EV membrane with the plasma membrane of the target cell.
This mechanism is reminiscent of how some viruses infect cells by
fusing their viral envelopes with the cell membrane (Conner and
Schmid, 2003). However, any alterations in pH, temperature, lipid
composition, andmembrane can impact EV fusion (Perissinotto et al.,
2021). This mechanism allows luminal and membrane-associated
cargo transfer without involving endocytic or lysosomal pathways
(Morandi et al., 2022). Fusion process can be inhibited by either
annexin V or a PSGL-1 antibody, highlighting the crucial role of these
proteins (Del Conde et al., 2005). Nevertheless, the molecular
mechanisms and regulatory factors mediating this process are still
poorly understood and warrant further investigation.

3.2 Clathrin-dependent endocytosis

Clathrin-dependent endocytosis (Figure 1B-b) is one of the
main routes for EV uptake (Mulcahy et al., 2014). Various cell
types adopt this uptake route, including macrophages (Feng et al.,
2010), ovarian cancer cells (Escrevente et al., 2011), colon cancer
cells (Horibe et al., 2018), hepatocellular carcinoma cells (Xu et al.,
2023), and neuronal cells (Milosevic, 2018). The pathway requires
plasma membrane to form clathrin-coated pits, and the EVs are
subsequently taken up into the cell in clathrin-coated vesicles
following the scission process. This step is catalyzed by the large
GTPase dynamin, cutting the neck of the invaginated membrane
(Kaksonen and Roux, 2018). Several studies have shown that
inhibiting dynamin-2 reduces EV uptake by recipient cells
(Barrès et al., 2010; Feng et al., 2010). After internalization, the
clathrin coat is removed, which allows the EVs to fuse with
endosomes (Mettlen et al., 2018).

3.3 Caveolin-mediated uptake

Caveolin-mediated uptake (Figure 1B-c-i) involves the
formation of small invaginations on the plasma membrane called
caveolae, which can be formed by the expression of a small integral
membrane protein called caveolin. Each caveola has around
140–150 caveolin-1 (Kiss and Botos, 2009). Caveolin-1 forms
dimers, which recruit cavin proteins (CAVIN1/2/3/4) to the
caveolae. It also binds cholesterols and brings them onto the
cellular surface for uptake and intracellular trafficking. Caveolar
vesicles are highly organized and enriched in saturated
phospholipids, sphingolipids, plasmenylethalomines, and
cholesterol (Haddad et al., 2020).

3.4 Macropinocytosis

Macropinocytosis (Figure 1B-c-ii) is an endocytic pathway that
involves the formation of large, actin-driven membrane protrusions
called macropinosomes. These protrusions extend from the cell
surface and engulf extracellular material, forming large vesicles
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within the cell. The macropinosomes then fuse with endosomes,
which allows the internalized material to be processed and utilized
by the cell. This process is utilized by specific cell types, such as
macrophages and microglia, which play important roles in immune
responses and clearance of cellular debris. The process of
macropinocytosis is dependent on the actin cytoskeleton,
phosphatidylinositol 3-kinase activity, and dynamin-2 function
(Petrovčíková et al., 2018).

3.5 Phagocytosis

Phagocytosis (Figure 1B-c-iii) is a process that facilitates the
internalization of large particles by cells through receptor-mediated
mechanisms without requiring direct contact with internalized
molecules or the extension of membrane ruffles, and the
internalization of EVs is one of its application (Gordon, 2016).
Phagocytic cells internalize EVs more efficiently through this process
(Feng et al., 2010). This efficiency is dependent on the phagocytes’
differentiation states (Czernek et al., 2015). Phagocytosis of EVs is
facilitated by various factors, including phosphatidylserine (PS), which
is enriched on the outer membrane of EVs and implicated to play a role
in facilitating EV entry into recipient cells (Fomina et al., 2003).
Phosphoinositide 3-kinases (PI3Ks) are another key regulator that
enables membrane insertion into forming phagosomes. PI3K
inhibitors, namely, wortmannin and LY294002, can be used to
inhibit EV uptake in a dose-dependent manner (Feng et al., 2010).
Similarly, pharmacological inhibition of ERK1/2 inhibited EV uptake,
suggesting that these signaling pathways may also contribute to EV
uptake (Christianson et al., 2013).

3.6 Lipid raft-mediated internalization

Lipid rafts are detergent-resistant membrane microdomains
(Mulcahy et al., 2014) enriched in cholesterol, glycosphingolipids,
and glycosyl-phosphatidylinositol (GPI)-anchored proteins. These
rafts act as organizing centers for signaling molecules (Nabi and Le,
2003) and internalization of EVs (Figure 1B-c-iv), which was proved
by reduced EV uptake via inhibitors affecting lipid rafts (Izquierdo-
Useros et al., 2009). Imaging studies revealed that poor co-
localization of fluorescently labeled EVs was observed with
caveolin-1 (Koumangoye et al., 2011; Svensson et al., 2013). This
suggests that the lipid rafts used by EVs are caveolae-independent
(Escrevente et al., 2011; Svensson et al., 2013). These lipid rafts can
also be found in planar regions of the plasma membrane marked by
a family of proteins called flotillins (Palecek et al., 1996). Flotillins
positively regulate lipid raft-mediated endocytosis (Phuyal et al.,
2014), which is independent of clathrin and caveolin (Glebov et al.,
2006; Otto and Nichols, 2011; Meister and Tikkanen, 2014). The role
of lipid rafts in EV uptake was confirmed in several independent
studies employing inhibitors of cholesterol and glycosphingolipid
synthesis (Wang et al., 1991; Platt et al., 1994). For example, methyl-
β-cyclodextrin reduces exosome uptake in breast cancer cells
(Koumangoye et al., 2011). Overall, these findings support the
hypothesis that lipid rafts are involved in the EV uptake
mechanism; however, the route’s scale and precise mechanisms
remain to be elucidated.

4 Network analysis of EV biogenesis
and uptake regulators

To visualize and discover key players in EV biogenesis and
uptake, we ran a comprehensive analysis of genes involved in
these processes (Figure 2) from the EVpedia protein database
(version 2018 April 30) (Kim et al., 2013; Kim et al., 2015a; Kim
et al., 2015b), specifically focusing on human datasets. The
frequency of each protein was calculated and fitted in a two-
component mixture model of gamma and standard normal
distributions, ranging from 1 to 410. The intersection of the
gamma and standard distributions was established as a cut-off
point at 73.52, which led to the selection of Uniport accessions
that appeared 74 times or more. Out of 25,118 human proteins in
the dataset, 1,670 satisfied this criterion. These proteins were
further analyzed using the STRING (version 2.0.1) protein
inquiry in Cytoscape (version 3.10.0) with a confidence cut-off
of 0.9, which resulted in a significant network with 1,340 nodes.
Spatial Analysis for Functional Enrichment (SAFE, version 1.0.0.
beta7), which categorizes the network based on their Gene
Ontology (GO) annotation (go_Hs_P_160509) by different
colors, revealed many housekeeping genes that are crucial for
both cell survival and EV biogenesis or uptake. Other enriched
hits included genes involved in translation, tRNA
aminoacylation, glycolysis, construction and maintenance of
the cytoskeleton, and various activities within the spliceosome,
ribosome, and proteasome (Figure 2A). Next, the MCL (Markov
Cluster Algorithm) clustering method was used to find sub-
networks, and each was named based on their functional
annotation (Huang et al., 2009).

As expected, we identified ESCRT-0, -I, -II, and -III complexes
that are vital for the biogenesis of MBVs and, therefore, for exosome
biogenesis. Note that ESCRT-I and -III complexes are also involved
in ectosome biogenesis. The genes identified within the “Packaging”
cluster play crucial roles in encapsulating proteins into EVs,
specifically facilitating their transport from the ER to the Golgi
by COPII machinery (Bisnett et al., 2020). Furthermore (Figure 2B),
it was identified that the RAS protein family involvement in Golgi to
plasma membrane transportation affects EV biogenesis
(Pantazopoulou et al., 2023).

This network analysis also detected the undeniable roles of
clathrin subunits and clathrin assembly complexes in the
formation of clathrin-coated vesicles and the delivery of EV
cargo into recipient cells. Other than the expected players, there
were a few other interesting complexes enriched in the sub-network
analysis. For example, our analysis highlighted the secondary
involvement of actin and integrin complexes, which are
considered to be among the most important proteins in cells, in
ectosome biogenesis and EV uptake. Integrins appeared as one of the
main factors in the cell membrane fusion uptake pathway while
macropinocytosis uptake pathway is dependent on the actin
cytoskeleton. Similarly, genes in the “Lipid Raft-Mediated
Uptake” cluster can first be viewed as a housekeeping cluster
because of their role in cell adhesion. However, the presence of
the flotillin family (FLOT1 and FLOT2) strongly supports their role
in the internalization of EVs. Although we are not ruling out the
potential role of lipid rafts in other forms of EV biogenesis and lipid
redistribution (Figure 2C).
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5 Discussion: role of EVs in disease
diagnosis and prognosis, and
therapeutic potential

EVs have promising potential as diagnostic and prognostic
biomarkers in a spectrum of diseases, including chronic
cardiovascular diseases and cancer. For chronic cardiovascular
diseases, such as atherosclerosis, aortic stenosis, and aortic
aneurysms, the diagnostic utility of EVs is linked to the detection
of miRNAs such as miR-222, miR-143, etc., and proteins like HSP60,
VCAM1, etc. (Martin-Ventura et al., 2022). Moreover, certain
molecules like proteins, proteoglycans, and miRNAs in tumor-
derived EVs have shown potential in the diagnosis of specific
cancers (Melo et al., 2015; Giallombardo et al., 2016; Hu et al.,
2022). Intriguingly, a subgroup analysis showed that the use of small
EVs is more accurate as a biomarker in serum samples from nervous
system cancer compared with other cancer types, hinting that small
EVs in serum represent promising diagnostic tool development for
nervous system cancers (Liu et al., 2021). Beyond their diagnostic
potential, EVs can be utilized as promising therapeutic tools. One

prospective avenue is their potential use for drug delivery. EVs
loaded with therapeutic agents can be delivered to target cells. This
approach offers several advantages over traditional drug delivery
methods, like protecting the therapeutic agents from degradation
and enabling precise targeting of specific cell types. This ensures
increased efficacy and reduced side effects (Sun et al., 2023).
Additionally, EVs isolated from existing stem cells have gained
popularity in the field of regenerative medicine. For instance,
EVs derived from mesenchymal stem cells (MSCs) show
therapeutic potential in various diseases, including cardiovascular,
liver, and kidney diseases, by promoting tissue repair and
regeneration (Park et al., 2019). Notably, umbilical cord-derived
MSCs have been utilized to treat COVID-19 patients (Alzahrani
et al., 2020).

Considering cancer, EVs fine-tune the tumormicroenvironment
and may potentially play a pivotal role in cancer metastasis. Thus,
the uptake of cancer-associated EVs could open new therapeutic
areas. Previous research has identified phagocytosis as the most
efficient mechanism for EV internalization from cancer and
leukemic cells (Feng et al., 2010; Emam et al., 2018). This

FIGURE 2
Network analysis of genes involved in EV biology. (A) SAFE analysis of genes that have appearedmore than 73 times in articles (based on EVpedia). (B)
Significant MCL sub-networks with crucial genes in EV biogenesis annotated. (C) Significant MCL sub-networks involved in EV uptake by different
mechanisms.
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efficiency can be attributed to the diverse array of surface receptors
displayed on phagocytic cells, allowing them to bind numerous
ligands on EV surfaces, rendering phagocytes as highly suitable
recipient cells (Wall et al., 2020). Consequently, targeting EVs to
phagocytes can be advantageous for exploring novel treatment
options. This strategy is not limited to oncology since immune
cells significantly influence other diseases (Liu et al., 2017), such as
Parkinson’s disease (Ren et al., 2023) and neuroinflammation
(Verweij et al., 2021), wherein EV-mediated macrophage
polarization or phenotype switching in microglia holds potential.
To this end, significant attention has been devoted to developing
camouflage strategies to prevent EV recognition by phagocytes.
Introducing molecules such as CD47 or CD24 on tumor cell- or
fibroblast-derived EVs shields them from phagocytosis (Kamerkar
et al., 2017; Karnas et al., 2023). Other molecules like CD31, CD44,
or β2-microglobulin are also being tested to enhance phagocytosis
evasion further, thus extending the circulation half-life of EVs
(Parada et al., 2021).

Lastly, EVs are being explored for cancer vaccine applications
(Santos and Almeida, 2021). Specifically, dendritic cell-derived
exosomes (DCexos) and tumor cell-derived exosomes (Texos) are
being tested as cancer vaccine candidates. DCexos, which carry
major histocompatibility complex (MHC) class I/II and co-
stimulatory molecules, have so far demonstrated increased anti-
tumor efficacy in pre-clinical models compared with dendritic cell
vaccines; conversely, while Texos are attractive candidates for cancer
vaccines, their inherent immune-suppressive functions pose
challenges (Yao et al., 2021).

Author contributions

JY: Conceptualization, Visualization, Writing–original draft,
Writing–review and editing. SS: Conceptualization, Formal Analysis,
Visualization, Writing–original draft, Writing–review and editing.
J-EK: Conceptualization, Visualization, Writing–original draft,
Writing–review and editing. SY: Visualization, Writing–review and
editing. H-JK: Validation, Writing–review and editing. KBJ: Validation,
Writing–review and editing. JW: Writing–review and editing. NK:
Writing–review and editing. KL: Writing–review and editing. HO:
Writing–review and editing. KT: Writing–review and editing. AP:
Writing–review and editing. XW: Visualization, Writing–review and
editing. CH: Visualization, Writing–review and editing. HL:
Conceptualization, Funding acquisition, Visualization,
Writing–original draft, Writing–review and editing. D-KK:
Conceptualization, Formal Analysis, Funding acquisition,
Methodology, Visualization, Writing–original draft, Writing–review
and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by startup funds from Roswell Park Comprehensive
Cancer Center (D-KK); and Korea University Grants, National
Research Foundation of Korea (2022R1F1A1074610 and
2022R1A4A1025913; HL). Editorial assistance for this publication
was provided by Roswell Park’s Scientific Editing and Research
Communications Core (SERCC) Resource, which is supported by a
National Cancer Institute (NCI) Cancer Center Support Grant (NCI
P30CA016056). Figure illustration assistance for this publication was
provided by Roswell Park’s Applied Technology Laboratory for
Advanced Surgery (ATLAS) Studios Resource, which is supported
by the Alliance Foundation (XW and CH).

Acknowledgments

The authors would like to thank the laboratory members of the
Kim and Lee labs for critical reading of the manuscript. We thank
Deanna E. Conners (Roswell Park) for the editorial support.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmolb.2023.1330400/
full#supplementary-material

References

Alzahrani, F. A., Saadeldin, I. M., Ahmad, A., Kumar, D., Azhar, E. I., Siddiqui, A. J.,
et al. (2020). The potential use of mesenchymal stem cells and their derived exosomes as
immunomodulatory agents for COVID-19 patients. Stem Cells Int. 2020, 8835986.
doi:10.1155/2020/8835986

Aqil, F., Munagala, R., Jeyabalan, J., Agrawal, A. K., Kyakulaga, A.-H., Wilcher, S. A.,
et al. (2019). Milk exosomes - natural nanoparticles for siRNA delivery. Cancer Lett.
449, 186–195. doi:10.1016/j.canlet.2019.02.011

Baietti, M. F., Zhang, Z., Mortier, E., Melchior, A., Degeest, G., Geeraerts, A., et al.
(2012). Syndecan-syntenin-ALIX regulates the biogenesis of exosomes. Nat. Cell Biol.
14, 677–685. doi:10.1038/ncb2502

Barrès, C., Blanc, L., Bette-Bobillo, P., André, S., Mamoun, R., Gabius, H.-J., et al.
(2010). Galectin-5 is bound onto the surface of rat reticulocyte exosomes and modulates
vesicle uptake by macrophages. Blood 115, 696–705. doi:10.1182/blood-2009-07-
231449

Frontiers in Molecular Biosciences frontiersin.org07

Yu et al. 10.3389/fmolb.2023.1330400

https://www.frontiersin.org/articles/10.3389/fmolb.2023.1330400/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmolb.2023.1330400/full#supplementary-material
https://doi.org/10.1155/2020/8835986
https://doi.org/10.1016/j.canlet.2019.02.011
https://doi.org/10.1038/ncb2502
https://doi.org/10.1182/blood-2009-07-231449
https://doi.org/10.1182/blood-2009-07-231449
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2023.1330400


Berumen Sánchez, G., Bunn, K. E., Pua, H. H., and Rafat, M. (2021). Extracellular
vesicles: mediators of intercellular communication in tissue injury and disease. Cell
Commun. Signal. 19, 104. doi:10.1186/s12964-021-00787-y

Bisnett, B. J., Condon, B. M., Lamb, C. H., Georgiou, G. R., and Boyce, M. (2020).
Export control: post-transcriptional regulation of the COPII trafficking pathway. Front.
Cell Dev. Biol. 8, 618652. doi:10.3389/fcell.2020.618652

Busatto, S., Morad, G., Guo, P., and Moses, M. A. (2021). The role of extracellular
vesicles in the physiological and pathological regulation of the blood-brain barrier.
FASEB Bioadv 3, 665–675. doi:10.1096/fba.2021-00045

Caruso, S., and Poon, I. K. H. (2018). Apoptotic cell-derived extracellular vesicles:
more than just debris. Front. Immunol. 9, 1486. doi:10.3389/fimmu.2018.01486

Cheng, L., Sun, X., Scicluna, B. J., Coleman, B. M., and Hill, A. F. (2014).
Characterization and deep sequencing analysis of exosomal and non-exosomal
miRNA in human urine. Kidney Int. 86, 433–444. doi:10.1038/ki.2013.502

Chiabotto, G., Gai, C., Deregibus, M. C., and Camussi, G. (2019). Salivary extracellular
vesicle-associated exRNAas cancer biomarker.Cancers 11, 891. doi:10.3390/cancers11070891

Christianson, H. C., Svensson, K. J., van Kuppevelt, T. H., Li, J.-P., and Belting, M.
(2013). Cancer cell exosomes depend on cell-surface heparan sulfate proteoglycans for
their internalization and functional activity. Proc. Natl. Acad. Sci. U. S. A. 110,
17380–17385. doi:10.1073/pnas.1304266110

Cocucci, E., and Meldolesi, J. (2015). Ectosomes and exosomes: shedding the
confusion between extracellular vesicles. Trends Cell Biol. 25, 364–372. doi:10.1016/j.
tcb.2015.01.004

Conner, S. D., and Schmid, S. L. (2003). Regulated portals of entry into the cell.Nature
422, 37–44. doi:10.1038/nature01451

Czernek, L., Chworos, A., and Duechler, M. (2015). The uptake of extracellular
vesicles is affected by the differentiation status of myeloid cells. Scand. J. Immunol. 82,
506–514. doi:10.1111/sji.12371

Del Conde, I., Shrimpton, C. N., Thiagarajan, P., and López, J. A. (2005). Tissue-
factor-bearing microvesicles arise from lipid rafts and fuse with activated platelets to
initiate coagulation. Blood 106, 1604–1611. doi:10.1182/blood-2004-03-1095

Emam, S. E., Ando, H., Lila, A. S. A., Shimizu, T., Okuhira, K., Ishima, Y., et al. (2018).
Liposome co-incubation with cancer cells secreted exosomes (extracellular vesicles)
with different proteins expressions and different uptake pathways. Sci. Rep. 8, 14493.
doi:10.1038/s41598-018-32861-w

Escrevente, C., Keller, S., Altevogt, P., and Costa, J. (2011). Interaction and uptake of
exosomes by ovarian cancer cells. BMC Cancer 11, 108. doi:10.1186/1471-2407-11-108

Feng, D., Zhao, W.-L., Ye, Y.-Y., Bai, X.-C., Liu, R.-Q., Chang, L.-F., et al. (2010).
Cellular internalization of exosomes occurs through phagocytosis. Traffic 11, 675–687.
doi:10.1111/j.1600-0854.2010.01041.x

Fomina, A. F., Deerinck, T. J., Ellisman, M. H., and Cahalan, M. D. (2003). Regulation
of membrane trafficking and subcellular organization of endocytic compartments
revealed with FM1-43 in resting and activated human T cells. Exp. Cell Res. 291,
150–166. doi:10.1016/s0014-4827(03)00372-0

Ghadami, S., and Dellinger, K. (2023). The lipid composition of extracellular vesicles:
applications in diagnostics and therapeutic delivery. Front. Mol. Biosci. 10, 1198044.
doi:10.3389/fmolb.2023.1198044

Ghossoub, R., Lembo, F., Rubio, A., Gaillard, C. B., Bouchet, J., Vitale, N., et al. (2014).
Syntenin-ALIX exosome biogenesis and budding into multivesicular bodies are
controlled by ARF6 and PLD2. Nat. Commun. 5, 3477. doi:10.1038/ncomms4477

Giallombardo, M., Chacártegui Borrás, J., Castiglia, M., Van Der Steen, N., Mertens,
I., Pauwels, P., et al. (2016). Exosomal miRNA analysis in non-small cell lung cancer
(nsclc) patients’ plasma through qPCR: a feasible liquid biopsy tool. J. Vis. Exp., 53900.
doi:10.3791/53900

Glebov, O. O., Bright, N. A., and Nichols, B. J. (2006). Flotillin-1 defines a clathrin-
independent endocytic pathway in mammalian cells. Nat. Cell Biol. 8, 46–54. doi:10.
1038/ncb1342

Gordon, S. (2016). Phagocytosis: an immunobiologic process. Immunity 44, 463–475.
doi:10.1016/j.immuni.2016.02.026

Guo, S.-C., Tao, S.-C., Yin, W.-J., Qi, X., Yuan, T., and Zhang, C.-Q. (2017). Exosomes
derived fromplatelet-rich plasma promote the re-epithelization of chronic cutaneouswounds
via activation of YAP in a diabetic rat model. Theranostics 7, 81–96. doi:10.7150/thno.16803

Gurunathan, S., Kang, M.-H., Qasim, M., Khan, K., and Kim, J.-H. (2021). Biogenesis,
membrane trafficking, functions, and next generation nanotherapeutics medicine of
extracellular vesicles. Int. J. Nanomedicine 16, 3357–3383. doi:10.2147/IJN.S310357

Gurung, S., Perocheau, D., Touramanidou, L., and Baruteau, J. (2021). The exosome
journey: from biogenesis to uptake and intracellular signalling. Cell Commun. Signal. 19,
47. doi:10.1186/s12964-021-00730-1

Haddad, D., Al Madhoun, A., Nizam, R., and Al-Mulla, F. (2020). Role of caveolin-1
in diabetes and its complications. Oxid. Med. Cell. Longev. 2020, 9761539. doi:10.1155/
2020/9761539

Han, L., Lam, E. W.-F., and Sun, Y. (2019). Extracellular vesicles in the tumor
microenvironment: old stories, but new tales. Mol. Cancer 18, 59. doi:10.1186/s12943-
019-0980-8

Han, Q.-F., Li, W.-J., Hu, K.-S., Gao, J., Zhai, W.-L., Yang, J.-H., et al. (2022). Exosome
biogenesis: machinery, regulation, and therapeutic implications in cancer. Mol. Cancer
21, 207. doi:10.1186/s12943-022-01671-0

Horibe, S., Tanahashi, T., Kawauchi, S., Murakami, Y., and Rikitake, Y. (2018).
Mechanism of recipient cell-dependent differences in exosome uptake. BMC Cancer 18,
47. doi:10.1186/s12885-017-3958-1

Hu, Y., Tian, Y., Di, H., Xue, C., Zheng, Y., Hu, B., et al. (2022). Noninvasive diagnosis of
nasopharyngeal carcinoma based on phenotypic profiling of viral and tumor markers on
plasma extracellular vesicles.Anal. Chem. 94, 9740–9749. doi:10.1021/acs.analchem.2c01311

Huang, D. W., Sherman, B. T., and Lempicki, R. A. (2009). Systematic and integrative
analysis of large gene lists using DAVID bioinformatics resources.Nat. Protoc. 4, 44–57.
doi:10.1038/nprot.2008.211

Izquierdo-Useros, N., Naranjo-Gómez, M., Archer, J., Hatch, S. C., Erkizia, I., Blanco,
J., et al. (2009). Capture and transfer of HIV-1 particles by mature dendritic cells
converges with the exosome-dissemination pathway. Blood 113, 2732–2741. doi:10.
1182/blood-2008-05-158642

Kaksonen, M., and Roux, A. (2018). Mechanisms of clathrin-mediated endocytosis.
Nat. Rev. Mol. Cell Biol. 19, 313–326. doi:10.1038/nrm.2017.132

Kalluri, R., and McAndrews, K. M. (2023). The role of extracellular vesicles in cancer.
Cell 186, 1610–1626. doi:10.1016/j.cell.2023.03.010

Kalra, H., Drummen, G. P. C., and Mathivanan, S. (2016). Focus on extracellular
vesicles: introducing the next small big thing. Int. J. Mol. Sci. 17, 170. doi:10.3390/
ijms17020170

Kamerkar, S., LeBleu, V. S., Sugimoto, H., Yang, S., Ruivo, C. F., Melo, S. A., et al.
(2017). Exosomes facilitate therapeutic targeting of oncogenic KRAS in pancreatic
cancer. Nature 546, 498–503. doi:10.1038/nature22341

Karnas, E., Dudek, P., and Zuba-Surma, E. K. (2023). Stem cell-derived extracellular
vesicles as new tools in regenerative medicine - immunomodulatory role and future
perspectives. Front. Immunol. 14, 1120175. doi:10.3389/fimmu.2023.1120175

Kim, C. W., Lee, H. M., Lee, T. H., Kang, C., Kleinman, H. K., and Gho, Y. S. (2002).
Extracellular membrane vesicles from tumor cells promote angiogenesis via
sphingomyelin. Cancer Res. 62, 6312–6317.

Kim, D.-K., Kang, B., Kim, O. Y., Choi, D.-S., Lee, J., Kim, S. R., et al. (2013). EVpedia:
an integrated database of high-throughput data for systemic analyses of extracellular
vesicles. J. Extracell. Vesicles 2. doi:10.3402/jev.v2i0.20384

Kim, D.-K., Lee, J., Kim, S. R., Choi, D.-S., Yoon, Y. J., Kim, J. H., et al. (2015a).
EVpedia: a community web portal for extracellular vesicles research. Bioinformatics 31,
933–939. doi:10.1093/bioinformatics/btu741

Kim, D.-K., Lee, J., Simpson, R. J., Lötvall, J., and Gho, Y. S. (2015b). EVpedia: a
community web resource for prokaryotic and eukaryotic extracellular vesicles research.
Semin. Cell Dev. Biol. 40, 4–7. doi:10.1016/j.semcdb.2015.02.005

Kiss, A. L., and Botos, E. (2009). Endocytosis via caveolae: alternative pathway with
distinct cellular compartments to avoid lysosomal degradation? J. Cell. Mol. Med. 13,
1228–1237. doi:10.1111/j.1582-4934.2009.00754.x

Koumangoye, R. B., Sakwe, A. M., Goodwin, J. S., Patel, T., and Ochieng, J. (2011).
Detachment of breast tumor cells induces rapid secretion of exosomes which
subsequently mediate cellular adhesion and spreading. PLoS One 6, e24234. doi:10.
1371/journal.pone.0024234

Kwok, Z. H., Wang, C., and Jin, Y. (2021). Extracellular vesicle transportation and
uptake by recipient cells: a critical process to regulate human diseases. Process. (Basel) 9,
273. doi:10.3390/pr9020273

Lai, R. C., Arslan, F., Lee, M. M., Sze, N. S. K., Choo, A., Chen, T. S., et al. (2010).
Exosome secreted by MSC reduces myocardial ischemia/reperfusion injury. Stem Cell
Res. 4, 214–222. doi:10.1016/j.scr.2009.12.003

Li, S. (2021). The basic characteristics of extracellular vesicles and their potential application
in bone sarcomas. J. Nanobiotechnology 19, 277. doi:10.1186/s12951-021-01028-7

Lim, H. J., Yoon, H., Kim, H., Kang, Y.-W., Kim, J.-E., Kim, O. Y., et al. (2021).
Extracellular vesicle proteomes shed light on the evolutionary, interactive, and
functional divergence of their biogenesis mechanisms. Front. Cell Dev. Biol. 9,
734950. doi:10.3389/fcell.2021.734950

Liu, S.-Y., Liao, Y., Hosseinifard, H., Imani, S., andWen, Q.-L. (2021). Diagnostic role
of extracellular vesicles in cancer: a comprehensive systematic review andmeta-analysis.
Front. Cell Dev. Biol. 9, 705791. doi:10.3389/fcell.2021.705791

Liu, Y., Wang, Z., Liu, Y., Zhu, G., Jacobson, O., Fu, X., et al. (2017). Suppressing
nanoparticle-mononuclear phagocyte system interactions of two-dimensional gold
nanorings for improved tumor accumulation and photothermal ablation of tumors.
ACS Nano 11, 10539–10548. doi:10.1021/acsnano.7b05908

Martin-Ventura, J. L., Roncal, C., Orbe, J., and Blanco-Colio, L. M. (2022). Role of
extracellular vesicles as potential diagnostic and/or therapeutic biomarkers in chronic
cardiovascular diseases. Front. Cell Dev. Biol. 10, 813885. doi:10.3389/fcell.2022.813885

Meister, M., and Tikkanen, R. (2014). Endocytic trafficking of membrane-bound
cargo: a flotillin point of view.Membranes 4, 356–371. doi:10.3390/membranes4030356

Meldolesi, J. (2021). Extracellular vesicles (exosomes and ectosomes) play key roles in
the pathology of brain diseases. Mol. Biomed. 2, 18. doi:10.1186/s43556-021-00040-5

Frontiers in Molecular Biosciences frontiersin.org08

Yu et al. 10.3389/fmolb.2023.1330400

https://doi.org/10.1186/s12964-021-00787-y
https://doi.org/10.3389/fcell.2020.618652
https://doi.org/10.1096/fba.2021-00045
https://doi.org/10.3389/fimmu.2018.01486
https://doi.org/10.1038/ki.2013.502
https://doi.org/10.3390/cancers11070891
https://doi.org/10.1073/pnas.1304266110
https://doi.org/10.1016/j.tcb.2015.01.004
https://doi.org/10.1016/j.tcb.2015.01.004
https://doi.org/10.1038/nature01451
https://doi.org/10.1111/sji.12371
https://doi.org/10.1182/blood-2004-03-1095
https://doi.org/10.1038/s41598-018-32861-w
https://doi.org/10.1186/1471-2407-11-108
https://doi.org/10.1111/j.1600-0854.2010.01041.x
https://doi.org/10.1016/s0014-4827(03)00372-0
https://doi.org/10.3389/fmolb.2023.1198044
https://doi.org/10.1038/ncomms4477
https://doi.org/10.3791/53900
https://doi.org/10.1038/ncb1342
https://doi.org/10.1038/ncb1342
https://doi.org/10.1016/j.immuni.2016.02.026
https://doi.org/10.7150/thno.16803
https://doi.org/10.2147/IJN.S310357
https://doi.org/10.1186/s12964-021-00730-1
https://doi.org/10.1155/2020/9761539
https://doi.org/10.1155/2020/9761539
https://doi.org/10.1186/s12943-019-0980-8
https://doi.org/10.1186/s12943-019-0980-8
https://doi.org/10.1186/s12943-022-01671-0
https://doi.org/10.1186/s12885-017-3958-1
https://doi.org/10.1021/acs.analchem.2c01311
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1182/blood-2008-05-158642
https://doi.org/10.1182/blood-2008-05-158642
https://doi.org/10.1038/nrm.2017.132
https://doi.org/10.1016/j.cell.2023.03.010
https://doi.org/10.3390/ijms17020170
https://doi.org/10.3390/ijms17020170
https://doi.org/10.1038/nature22341
https://doi.org/10.3389/fimmu.2023.1120175
https://doi.org/10.3402/jev.v2i0.20384
https://doi.org/10.1093/bioinformatics/btu741
https://doi.org/10.1016/j.semcdb.2015.02.005
https://doi.org/10.1111/j.1582-4934.2009.00754.x
https://doi.org/10.1371/journal.pone.0024234
https://doi.org/10.1371/journal.pone.0024234
https://doi.org/10.3390/pr9020273
https://doi.org/10.1016/j.scr.2009.12.003
https://doi.org/10.1186/s12951-021-01028-7
https://doi.org/10.3389/fcell.2021.734950
https://doi.org/10.3389/fcell.2021.705791
https://doi.org/10.1021/acsnano.7b05908
https://doi.org/10.3389/fcell.2022.813885
https://doi.org/10.3390/membranes4030356
https://doi.org/10.1186/s43556-021-00040-5
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2023.1330400


Melo, S. A., Luecke, L. B., Kahlert, C., Fernandez, A. F., Gammon, S. T., Kaye, J., et al.
(2015). Glypican-1 identifies cancer exosomes and detects early pancreatic cancer.
Nature 523, 177–182. doi:10.1038/nature14581

Mettlen, M., Chen, P.-H., Srinivasan, S., Danuser, G., and Schmid, S. L. (2018).
Regulation of clathrin-mediated endocytosis. Annu. Rev. Biochem. 87, 871–896. doi:10.
1146/annurev-biochem-062917-012644

Milosevic, I. (2018). Revisiting the role of clathrin-mediated endoytosis in synaptic
vesicle recycling. Front. Cell. Neurosci. 12, 27. doi:10.3389/fncel.2018.00027

Mohan, A., Agarwal, S., Clauss, M., Britt, N. S., and Dhillon, N. K. (2020).
Extracellular vesicles: novel communicators in lung diseases. Respir. Res. 21, 175.
doi:10.1186/s12931-020-01423-y

Morandi, M. I., Busko, P., Ozer-Partuk, E., Khan, S., Zarfati, G., Elbaz-Alon, Y., et al.
(2022). Extracellular vesicle fusion visualized by cryo-electron microscopy. PNAS Nexus
1, gac156. doi:10.1093/pnasnexus/pgac156

Mulcahy, L. A., Pink, R. C., and Carter, D. R. F. (2014). Routes and mechanisms of
extracellular vesicle uptake. J. Extracell. Vesicles 3. doi:10.3402/jev.v3.24641

Nabhan, J. F., Hu, R., Oh, R. S., Cohen, S. N., and Lu, Q. (2012). Formation and release
of arrestin domain-containing protein 1-mediated microvesicles (ARMMs) at plasma
membrane by recruitment of TSG101 protein. Proc. Natl. Acad. Sci. U. S. A. 109,
4146–4151. doi:10.1073/pnas.1200448109

Nabi, I. R., and Le, P. U. (2003). Caveolae/raft-dependent endocytosis. J. Cell Biol. 161,
673–677. doi:10.1083/jcb.200302028

Nagata, S. (2018). Apoptosis and clearance of apoptotic cells.Annu. Rev. Immunol. 36,
489–517. doi:10.1146/annurev-immunol-042617-053010

Otto, G. P., and Nichols, B. J. (2011). The roles of flotillin microdomains-endocytosis
and beyond. J. Cell Sci. 124, 3933–3940. doi:10.1242/jcs.092015

Palecek, S. P., Schmidt, C. E., Lauffenburger, D. A., and Horwitz, A. F. (1996). Integrin
dynamics on the tail region of migrating fibroblasts. J. Cell Sci. 109 (Pt 5), 941–952.
doi:10.1242/jcs.109.5.941

Pantazopoulou, M., Lamprokostopoulou, A., Karampela, D. S., Alexaki, A., Delis, A.,
Coens, A., et al. (2023). Differential intracellular trafficking of extracellular vesicles in
microglia and astrocytes. Cell. Mol. Life Sci. 80, 193. doi:10.1007/s00018-023-04841-5

Parada, N., Romero-Trujillo, A., Georges, N., and Alcayaga-Miranda, F. (2021).
Camouflage strategies for therapeutic exosomes evasion from phagocytosis. J. Advert.
Res. 31, 61–74. doi:10.1016/j.jare.2021.01.001

Park, K.-S., Bandeira, E., Shelke, G. V., Lässer, C., and Lötvall, J. (2019). Enhancement
of therapeutic potential of mesenchymal stem cell-derived extracellular vesicles. Stem
Cell Res. Ther. 10, 288. doi:10.1186/s13287-019-1398-3

Perez-Hernandez, D., Gutiérrez-Vázquez, C., Jorge, I., López-Martín, S., Ursa, A.,
Sánchez-Madrid, F., et al. (2013). The intracellular interactome of tetraspanin-enriched
microdomains reveals their function as sorting machineries toward exosomes. J. Biol.
Chem. 288, 11649–11661. doi:10.1074/jbc.M112.445304

Perissinotto, F., Rondelli, V., Senigagliesi, B., Brocca, P., Almásy, L., Bottyán, L., et al.
(2021). Structural insights into fusion mechanisms of small extracellular vesicles with
model plasma membranes. Nanoscale 13, 5224–5233. doi:10.1039/d0nr09075a

Petrovčíková, E., Vičíková, K., and Leksa, V. (2018). Extracellular
vesicles – biogenesis, composition, function, uptake and therapeutic applications.
Biologia 73, 437–448. doi:10.2478/s11756-018-0047-0

Phelps, J., Hart, D. A., Mitha, A. P., Duncan, N. A., and Sen, A. (2023). Physiological
oxygen conditions enhance the angiogenic properties of extracellular vesicles from
human mesenchymal stem cells. Stem Cell Res. Ther. 14, 218. doi:10.1186/s13287-023-
03439-9

Phuyal, S., Hessvik, N. P., Skotland, T., Sandvig, K., and Llorente, A. (2014).
Regulation of exosome release by glycosphingolipids and flotillins. FEBS J. 281,
2214–2227. doi:10.1111/febs.12775

Platt, F. M., Neises, G. R., Dwek, R. A., and Butters, T. D. (1994).
N-butyldeoxynojirimycin is a novel inhibitor of glycolipid biosynthesis. J. Biol.
Chem. 269, 8362–8365. doi:10.1016/s0021-9258(17)37202-2

Ren, J., Zhu, B., Gu, G., Zhang, W., Li, J., Wang, H., et al. (2023). Schwann cell-derived
exosomes containing MFG-E8 modify macrophage/microglial polarization for
attenuating inflammation via the SOCS3/STAT3 pathway after spinal cord injury.
Cell Death Dis. 14, 70. doi:10.1038/s41419-023-05607-4

Santavanond, J. P., Rutter, S. F., Atkin-Smith, G. K., and Poon, I. K. H. (2021).
“Apoptotic bodies: mechanism of formation, isolation and functional relevance,” in
New Frontiers: extracellular vesicles. Editors S. Mathivanan, P. Fonseka, C. Nedeva, and
I. Atukorala (Cham: Springer International Publishing), 61–88.

Santos, P., and Almeida, F. (2021). Exosome-based vaccines: history, current state,
and clinical trials. Front. Immunol. 12, 711565. doi:10.3389/fimmu.2021.711565

Sanwlani, R., and Gangoda, L. (2021). Role of extracellular vesicles in cell death and
inflammation. Cells 10. 2663. doi:10.3390/cells10102663

Sedgwick, A. E., Clancy, J. W., Olivia Balmert, M., and D’Souza-Schorey, C. (2015).
Extracellular microvesicles and invadopodia mediate non-overlapping modes of tumor
cell invasion. Sci. Rep. 5, 14748. doi:10.1038/srep14748

Skotland, T., Sagini, K., Sandvig, K., and Llorente, A. (2020). An emerging focus on
lipids in extracellular vesicles. Adv. Drug Deliv. Rev. 159, 308–321. doi:10.1016/j.addr.
2020.03.002

Sun, G., Gu, Q., Zheng, J., Cheng, H., and Cheng, T. (2022). Emerging roles of
extracellular vesicles in normal and malignant hematopoiesis. J. Clin. Invest. 132,
e160840. doi:10.1172/JCI160840

Sun, M., Xue, X., Li, L., Xu, D., Li, S., Li, S. C., et al. (2021). Ectosome biogenesis and
release processes observed by using live-cell dynamic imaging in mammalian glial cells.
Quant. Imaging Med. Surg. 11, 4604–4616. doi:10.21037/qims-20-1015

Sun, X., Shan, A., Wei, Z., and Xu, B. (2018). Intravenous mesenchymal stem cell-
derived exosomes ameliorate myocardial inflammation in the dilated cardiomyopathy.
Biochem. Biophys. Res. Commun. 503, 2611–2618. doi:10.1016/j.bbrc.2018.08.012

Sun, Y., Sun, F., Xu, W., and Qian, H. (2023). Engineered extracellular vesicles as a
targeted delivery platform for precision therapy. Tissue Eng. Regen. Med. 20, 157–175.
doi:10.1007/s13770-022-00503-y

Svensson, K. J., Christianson, H. C., Wittrup, A., Bourseau-Guilmain, E., Lindqvist, E.,
Svensson, L. M., et al. (2013). Exosome uptake depends on ERK1/2-heat shock protein
27 signaling and lipid Raft-mediated endocytosis negatively regulated by caveolin-1.
J. Biol. Chem. 288, 17713–17724. doi:10.1074/jbc.M112.445403

Tai, Y.-L., Chu, P.-Y., Lee, B.-H., Chen, K.-C., Yang, C.-Y., Kuo, W.-H., et al. (2019).
Basics and applications of tumor-derived extracellular vesicles. J. Biomed. Sci. 26, 35.
doi:10.1186/s12929-019-0533-x

Vakhshiteh, F., Rahmani, S., Ostad, S. N., Madjd, Z., Dinarvand, R., and Atyabi, F.
(2021). Exosomes derived from miR-34a-overexpressing mesenchymal stem cells
inhibit in vitro tumor growth: a new approach for drug delivery. Life Sci. 266,
118871. doi:10.1016/j.lfs.2020.118871

van Niel, G., Charrin, S., Simoes, S., Romao, M., Rochin, L., Saftig, P., et al. (2011). The
tetraspanin CD63 regulates ESCRT-independent and -dependent endosomal sorting
during melanogenesis. Dev. Cell 21, 708–721. doi:10.1016/j.devcel.2011.08.019

van Niel, G., D’Angelo, G., and Raposo, G. (2018). Shedding light on the cell biology
of extracellular vesicles.Nat. Rev. Mol. Cell Biol. 19, 213–228. doi:10.1038/nrm.2017.125

Verweij, F. J., Balaj, L., Boulanger, C. M., Carter, D. R. F., Compeer, E. B., D’Angelo,
G., et al. (2021). The power of imaging to understand extracellular vesicle biology in
vivo. Nat. Methods 18, 1013–1026. doi:10.1038/s41592-021-01206-3

Wall, N. R., Gonda, A., Moyron, R., Kabagwira, J., and Vallejos, P. (2020). Cellular-
defined microenvironmental internalization of exosomes.

Wang, E., Norred, W. P., Bacon, C. W., Riley, R. T., and Merrill, A. H., Jr (1991).
Inhibition of sphingolipid biosynthesis by fumonisins. Implications for diseases
associated with Fusarium moniliforme. J. Biol. Chem. 266, 14486–14490. doi:10.
1016/s0021-9258(18)98712-0

Xie, S., Zhang, Q., and Jiang, L. (2022). Current knowledge on exosome biogenesis,
cargo-sorting mechanism and therapeutic implications. Membranes 12, 498. doi:10.
3390/membranes12050498

Xu, Y., Yao, Y., Yu, L., Fung, H. L., Tang, A. H. N., Ng, I. O.-L., et al. (2023). Clathrin
light chain A facilitates small extracellular vesicle uptake to promote hepatocellular
carcinoma progression. Hepatol. Int. 17, 1490–1499. doi:10.1007/s12072-023-10562-5

Yao, Y., Fu, C., Zhou, L., Mi, Q.-S., and Jiang, A. (2021). DC-derived exosomes for
cancer immunotherapy. Cancers 13, 3667. doi:10.3390/cancers13153667

Yu, L., Zhu, G., Zhang, Z., Yu, Y., Zeng, L., Xu, Z., et al. (2023). Apoptotic bodies:
bioactive treasure left behind by the dying cells with robust diagnostic and therapeutic
application potentials. J. Nanobiotechnology 21, 218. doi:10.1186/s12951-023-01969-1

Zhang, Q., Jeppesen, D. K., Higginbotham, J. N., Graves-Deal, R., Trinh, V. Q.,
Ramirez, M. A., et al. (2021a). Supermeres are functional extracellular nanoparticles
replete with disease biomarkers and therapeutic targets. Nat. Cell Biol. 23, 1240–1254.
doi:10.1038/s41556-021-00805-8

Zhang, X., Liu, D., Gao, Y., Lin, C., An, Q., Feng, Y., et al. (2021b). The biology and
function of extracellular vesicles in cancer development. Front. Cell Dev. Biol. 9, 777441.
doi:10.3389/fcell.2021.777441

Zhang, Y., Liu, Y., Liu, H., and Tang, W. H. (2019). Exosomes: biogenesis, biologic
function and clinical potential. Cell Biosci. 9, 19. doi:10.1186/s13578-019-0282-2

Zhi, Z., Sun, Q., and Tang, W. (2022). Research advances and challenges in tissue-
derived extracellular vesicles. Front. Mol. Biosci. 9, 1036746. doi:10.3389/fmolb.2022.
1036746

Frontiers in Molecular Biosciences frontiersin.org09

Yu et al. 10.3389/fmolb.2023.1330400

https://doi.org/10.1038/nature14581
https://doi.org/10.1146/annurev-biochem-062917-012644
https://doi.org/10.1146/annurev-biochem-062917-012644
https://doi.org/10.3389/fncel.2018.00027
https://doi.org/10.1186/s12931-020-01423-y
https://doi.org/10.1093/pnasnexus/pgac156
https://doi.org/10.3402/jev.v3.24641
https://doi.org/10.1073/pnas.1200448109
https://doi.org/10.1083/jcb.200302028
https://doi.org/10.1146/annurev-immunol-042617-053010
https://doi.org/10.1242/jcs.092015
https://doi.org/10.1242/jcs.109.5.941
https://doi.org/10.1007/s00018-023-04841-5
https://doi.org/10.1016/j.jare.2021.01.001
https://doi.org/10.1186/s13287-019-1398-3
https://doi.org/10.1074/jbc.M112.445304
https://doi.org/10.1039/d0nr09075a
https://doi.org/10.2478/s11756-018-0047-0
https://doi.org/10.1186/s13287-023-03439-9
https://doi.org/10.1186/s13287-023-03439-9
https://doi.org/10.1111/febs.12775
https://doi.org/10.1016/s0021-9258(17)37202-2
https://doi.org/10.1038/s41419-023-05607-4
https://doi.org/10.3389/fimmu.2021.711565
https://doi.org/10.3390/cells10102663
https://doi.org/10.1038/srep14748
https://doi.org/10.1016/j.addr.2020.03.002
https://doi.org/10.1016/j.addr.2020.03.002
https://doi.org/10.1172/JCI160840
https://doi.org/10.21037/qims-20-1015
https://doi.org/10.1016/j.bbrc.2018.08.012
https://doi.org/10.1007/s13770-022-00503-y
https://doi.org/10.1074/jbc.M112.445403
https://doi.org/10.1186/s12929-019-0533-x
https://doi.org/10.1016/j.lfs.2020.118871
https://doi.org/10.1016/j.devcel.2011.08.019
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1038/s41592-021-01206-3
https://doi.org/10.1016/s0021-9258(18)98712-0
https://doi.org/10.1016/s0021-9258(18)98712-0
https://doi.org/10.3390/membranes12050498
https://doi.org/10.3390/membranes12050498
https://doi.org/10.1007/s12072-023-10562-5
https://doi.org/10.3390/cancers13153667
https://doi.org/10.1186/s12951-023-01969-1
https://doi.org/10.1038/s41556-021-00805-8
https://doi.org/10.3389/fcell.2021.777441
https://doi.org/10.1186/s13578-019-0282-2
https://doi.org/10.3389/fmolb.2022.1036746
https://doi.org/10.3389/fmolb.2022.1036746
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2023.1330400

	Biogenesis and delivery of extracellular vesicles: harnessing the power of EVs for diagnostics and therapeutics
	1 Introduction
	2 EV biogenesis
	2.1 Exosomes
	2.2 Ectosomes
	2.3 Other types: apoptotic bodies, exomers, etc.

	3 EV delivery
	3.1 Cell membrane fusion
	3.2 Clathrin-dependent endocytosis
	3.3 Caveolin-mediated uptake
	3.4 Macropinocytosis
	3.5 Phagocytosis
	3.6 Lipid raft-mediated internalization

	4 Network analysis of EV biogenesis and uptake regulators
	5 Discussion: role of EVs in disease diagnosis and prognosis, and therapeutic potential
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


