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Abstract Natural extracellular vesicles (EVs) play important roles in many life processes such as in the

intermolecular transfer of substances and genetic information exchanges. Investigating the origins and

working mechanisms of natural EVs may provide an understanding of life activities, especially regarding

the occurrence and development of diseases. Additionally, due to their vesicular structure, EVs (in small

molecules, nucleic acids, proteins, etc.) could act as efficient drug-delivery carriers. Herein, we describe

the sources and biological functions of various EVs, summarize the roles of EVs in disease diagnosis and
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Drug delivery
 treatment, and review the application of EVs as drug-delivery carriers. We also assess the challenges and

perspectives of EVs in biomedical applications.

ª 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Extracellular vesicles (EVs) are lipid-bound vesicles that are
naturally released from prokaryotes and eukaryotic cells to the
extracellular milieu under physiological and pathological con-
ditions1e4. In 1946, Chargaff and West5 pioneered the search for
subcellular activators of blood clotting in mammalian tissues. The
activators converting prothrombin to thrombin and triggering
blood coagulation were isolated by ultracentrifugation and were
determined to be high-molecular-weight lipoproteins5. In 1967,
the morphology of these lipoprotein activators in serum was
revealed by transmission electron microscopy (TEM) to be lipid-
bound vesicles, and these vesicles were named as platelet dust6.
The diameter of platelet dust was between 20 and 50 nm and their
density varied between 1.020 and 1.025 g/mL. Lipid component
analysis and TEM investigations revealed that the platelet dust is
rich in phospholipids and selectively released from platelets,
rather than from platelet membrane fragments, and contains key
protein components to induce the coagulant activity of blood6.

In 1983, Pan and Johnstone7 observed the selective external-
ization of transferrin receptors of sheep reticulocytes during the
maturation process of reticulocytes, i.e., immature red blood cells,
into the supernatant of culture medium in the form of nano-
vesicles. The released nanovesicles, which were termed as exo-
somes, can be harvested by centrifugation at 100,000�g for
90 min7,8. The phospholipids extracted from these exosomes
contain phosphatidylethanolamine, phosphatidylcholine, sphin-
gomyelin, and phosphatidylserine8. The total protein cargos of
exosomes include membrane proteins as well as cytosolic pro-
teins: transferrin receptor, hemoglobin, acetylcholinesterase, the
nucleoside carrier, the glucose carrier, and Naþ/Kþ-ATPase8.
These protein cargoes allow reticulocyte-derived vesicles to
implement a series of biological functions, such as shedding of
specific membrane proteins (e.g., the transportation of transferrin
receptor from the original cells), nitrobenzylthioinosine binding
(mediated by the nucleoside carrier), cytochalasin B binding
(mediated by the glucose carrier), and ATPase activity (mediated
by Naþ/Kþ-ATPase)8.

In parallel, Harding, Heuser, and Stahl9 investigated the
endocytosis of transferrin in rat reticulocytes and found that the
cellular uptake of transferrin is reversible, i.e., the internal trans-
ferrin can be released into the culture medium in an intact form.
They further labeled transferrin with colloidal gold particles,
which strongly scatter electrons, to achieve image-tracking of the
externalization process of the bound transferrin in a reticulocyte
by electron microscopy. In the electron microscopy images, the
colloidal gold-modified transferrins were bound to the wall of
multivesicular bodies (MVBs), densely clustered around the in-
clusions, and released into the extracellular space as
nanovesicles9.

These early discoveries lay the foundations for the emerging
research field of EVs. Currently, growing evidence demonstrates
that the distribution of EVs is widespread and can be collected
from various cell types and extracellular media. Many types of
cells have been reported to possess the capacity to secrete EVs,
including dendritic cells (DCs)10, B cells11, T cells12, mast cells13,
epithelial cells14, and tumor cells15. Additionally, EVs can be
found in all body fluids (urine, blood, ascites, and cerebrospinal
fluid)3. Their diverse cell sources and biogenesis pathways make
EVs highly heterogeneous with regards to their structure and
function. Based on the structural features, EVs can be generally
divided into four subclasses: exosomes, microvesicles, membrane
particles, and apoptotic vesicles3,16 (Fig. 1).

Exosomes are mainly formed via an exocytosis pathway, in
which intraluminal vesicles (ILVs) form within MVBs and are
consequently transported to the extracellular space as exosomes
when MVBs fuse with the plasma membrane. The size of cup-
shaped exosomes ranges from 50 to 100 nm and their density
falls within 1.13e1.19 g/mL. The main protein markers of exo-
somes are tetraspanins (CD63, CD9), Alix, and tumor suscepti-
bility gene 101 (TSG101)3,16e18. Microvesicles are directly shed
from the plasma surface upon stimulation. They are also cup-
shaped but their diameters are between 100 and 1000 nm. Spe-
cific protein markers include integrins, selectins, and CD40
ligand3,16,19e21. Membrane particles, which are specifically
released by epithelial cells, can be small round vesicles
(50e80 nm in diameter) or large round particles (w600 nm in
diameter), with a density of 1.04e1.07 g/mL. CD133 is the spe-
cific protein marker of membrane particles3,16,22. Apoptotic bodies
are formed during the execution phase of the apoptotic process.
They display striking morphological variability and their size
ranges between1000 and 5000 nm,with a density of 1.16e1.28 g/mL.
Histone proteins are the chief markers of apoptotic bodies3,16,23,24.
Beyond the main subclasses mentioned above, EVs also include
ectosomes, exosome-like vesicles, and oncosomes, among others3,16.

EVs play essential roles in the horizontal transfer of substances
and genetic information in intercellular communications by
entering and releasing their cargos (lipids, proteins, RNA, DNA,
and other cellular components1,25,26) to the neighboring or distant
recipient cells1e3,16. In 2007, Lötvall et al.25 unraveled the pres-
ence of substantial and heterogeneous RNA species in the exo-
somes derived from mouse and human mast-cell lines (MC/9 and
HMC-1) as well as from human primary bone marrow-derived
mast cells. The exosomal RNAs are resistant to RNase and
trypsin treatment, indicating that the RNAs are packed inside of
exosomes rather than exposed on the exterior surface. By using
microarrays, 1272 messenger RNAs (mRNAs) can be detected in
the exosomes. These exosomal mRNAs have been proven to be
intact and active, i.e., they carry genetic information and are
capable of being translated into proteins in vitro. Intriguingly, the
incubation of human mast-cell HMC-1 with mouse MC/9 exo-
somes leads to the expression of mouse mRNA-encoded proteins
in human cells25, indicating that exosomes act as a vehicle to
achieve the intercellular transfer of mRNAs and the genetic ex-
change between cells. Not only limited to mRNA which contains
the protein-coding information from DNA, non-protein-coding

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 The discrete structural and compositional characteristics of four types of extracellular vesicles.
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RNAs, such as microRNA (miRNA), long non-coding RNA, short
interfering RNA (siRNA), piwi-interacting RNA, are also identi-
fied from EVs1. The presence of enriched RNA cargos suggests
the potency of EVs to modulate the gene expression and function
of recipient cells. EVs can affect the recipient cells/tissues at
distant sites by travelling in biofluids; thus, EV-based cellecell
communication has been recognized as an important step in
many physiological and pathological processes such as cell
signaling, antigen presentation, and cancer progression1,3.

Due to their unique biological characteristics, EVs have
promising potential for clinical translation and have therefore
become an emerging research topic27. The abundance of EVs
circulating in blood, urine, and other biological fluids make them
readily obtained and their biological content can be utilized as
biomarkers for the diagnosis and prognosis of diseases28,29. The
generation, transport, and internalization pathways of EVs provide
a potential target for therapeutic intervention to prevent disease
progression30. Furthermore, due to the unique role of EVs in
intercellular communications and targeted cargo delivery, diverse
natural EVs or synthetic EV-derivatives have been explored as
novel nanomedicine or drug-delivery platforms for pharmaceutical
purposes31. EVs is a hot research topic as documented in many
reviews1,3,4,32e38. Different from the reviews which focus on the
studies of EVs derived from mammalian cells, we will also
include the recent advances made in the fields of vesicles extracted
from plant and bacterial cells. Our review aims to introduce the
recent progress made in the medical applications of EVs relating
to the diagnosis and therapy of diseases. We also elucidate the
biogenesis, cellular uptake, and the molecular mechanisms un-
derlying the bioactivities conferred by EVs and envision the
development of EVs as the next generation of nanomedicines.

2. The biogenesis, secretion, transportation, and uptake of
EVs

To date, the mechanisms underlying the intracellular trafficking
and intercellular communications of EVs are only partially un-
derstood. Different subgroups of EVs implement distinguishable
bioactivities that are interdigitated to form a complex interaction
network. In this section, we provide a brief introduction to sum-
marize the knowledge of the biogenesis, secretion, intercellular
transportation, and internalization processes of EVs.

2.1. EV biogenesis and secretion

Considering the diverse and heterogeneous nature of EVs, we
herein focus on exosomes as a representative EVand introduce the
biogenesis, secretion, transportation, and uptake of exosomes.
Currently, studies on the biosynthesis mechanisms of exosomes
are mainly focused on exosomes derived from mammalian cells. A
three-step MVB/ILV model is proposed to understand the
biogenesis and secretion processes of exosomes (Fig. 2). In the
first step, the inward budding of the plasma membrane packages
cytosolic and transmembrane cargos (proteins, nucleic acids, and
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small molecules) into the small membranous vesicles to form
intracellular endosomes39. In the second step, intracellular endo-
somes with their contents fuse together to associate into early
endosomes for further recycling, degradation, or exocytosis40.
Finally, the early endosomes further mature and transform into
late endosomes, also referred to as MVBs, encapsulating ILVs
with a diameter of 30e100 nm. The MVBs can fuse with lyso-
somes to generate endolysosomes or with the plasma membrane to
release ILVs into the extracellular environment as exosomes40.
This ILV/MVB model depicts a general scenario for the genera-
tion of exosomes. However, there is controversy with regards to
the molecular mechanisms underlying the formation of ILV/
MVBs and of MVB fusion with the plasma membrane. Two
distinct mechanisms, the endosomal sorting complex required for
transport (ESCRT) family-dependent pathway and the ESCRT-
independent pathway, are proposed to interpret the formation of
MVBs. The ESCRT machineries, consisting of four members, i.e.,
ESCRT-0, I, II, and III, are involved in the endosomal binding,
sorting, and clustering of ubiquitinated cargos41,42. In the ESCRT-
dependent pathway, the mono-ubiquitinated proteins are initially
recognized by the hepatocyte growth factor-regulated tyrosine
kinase substrate (Hrs) domain of ESCRT-0 and recruit ESCRT-I to
form an ESCRT-0/ESCRT-I complex. The ESCRT-0/-I complex
exploits ESCRT-II to trigger the onset of nascent ILV budding.
This leads to the inclusion of cytosolic cargoes by the lumen of
ILVs. Subsequently, ESCRT-III converges with the ESCRT-0/-I/-II
complex to detach from the membrane and releases the cargo-
Figure 2 The biogenesis and release of exosomes in mammalian cells.

transmembrane cargos to form early endosomes, which transform into l

dependent pathways or ESCRT-independent pathways. The MVBs fuse wit
containing vesicles, i.e., ILVs, into the endosome. Deubiquitinat-
ing enzymes switch the mono-ubiquitinated protein to its deubi-
quitinated state. Vacuolar protein sorting protein-4 (Vps4)
disassembles the ESCRT machinery and allows the ESCRT
members to be recruited for the next cycle of ILV formation.
Finally, when MVBs are fused with the plasma membrane, the
ILVs are transported into the extracellular environment and are
donated as ‘exosomes’41. In addition to the ESCRT-dependent
pathway, several alternative pathways, referred to as the ubiq-
uitin- and ESCRT-independent pathways, have been identified,
including the oligomerization of the tetraspanin complexes43,
phospholipase D2 and ADP ribosylation factor-6-mediated ILV
budding44, and the sphingomyelinase pathway, which catalyzes
the transformation of sphingomyelin into ceramide and initiates
ILV formation41. Although the biogenesis of exosomes has often
been described as either an ESCRT-dependent or ESCRT-
independent mechanism, these pathways might not be entirely
disconnected as they may work synergistically33.

Multiple factors are responsible for the formation and secretion
of exosomes in parental cells and have been implicated in the
regulatory network of exosomes. Lipids (e.g., ceramide), cell type,
culture conditions, and the genomic health of the cell exhibit a
correlation with the biogenesis of exosomes32,45e50. Diverse
proteins are also involved in the regulation of exosome biogenesis
and secretion. For example, specific members of the Rab guano-
sine triphosphatase (GTPase) family, such as Rab27a and Rab27b,
are manifested to participate in the translocation of MVBs to the
The inward budding of the plasma membrane packages cytosolic and

ate endosomes (MVBs) with intraluminal vesicles through ESCRT-

h the plasma membrane and release intraluminal vesicles as exosomes.



Figure 3 The proposed models for the biogenesis and secretion of extracellular vesicles in plant cells and in Gram-negative bacteria. (A) In

plant cells, the trans-Golgi network plays a similar function as the early endosome in mammalian cells. (B) In Gram-negative bacteria, the outer

membrane is an asymmetrical bilayer membranous structure with lipopolysaccharide in the outer leaflet and phospholipids in the inner leaflet. The

phospholipid layer possesses different molecular packing manners and triggers the budding of the outer membrane (① and ②). Finally, the

budding of the outer membrane is enclosed and released as outer-membrane vesicles (③).
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cell periphery and in their fusion with the plasma membrane. The
knockdown of Rab27 and/or the effectors (exophilin-5 and
synaptotagmin-like protein-4) results in a reduction in the secre-
tion of exosomes in HeLa cells35,51. Additionally, the soluble N-
ethylmaleimide-sensitive factor attachment protein receptor
(SNARE) complex was observed to drive membrane fusion and
the secretion of the exosomes52. Baietti et al.53 found that
syndecan-syntenin could support the intraluminal budding of
endosomal membranes with the help of apoptosis-linked gene-2-
interacting protein X (Alix). Yu et al.54 showed that the tumor
repressor protein p53 and its downstream effector tumor
suppressor-activated pathway-6 (TSAP6) increase the production
of exosomes.

Compared to mammalian cells, in which the biogenesis of
exosomes involves the maturation of early endosomes, plant and
prokaryotic cells engage different mechanisms to generate exo-
somes. In plant cells, the trans-Golgi network, in which the
freshly synthesized proteins are packaged into transport carriers, is
suggested to play similar functions as the early endosome in
mammalian cells55. The secretory, recycling, and membrane
trafficking of vacuolar protein cargoes by the sorting station trans-
Golgi network are followed by the maturation of MVBs and the
internalization into ILVs by inward budding of the MVBs56,57.
MVBs fuse with either the vacuole, where they release their
contents for degradation, or the plasma membrane to release ILVs
as plant exosomes58e60 (Fig. 3A). In prokaryotic cells, the natu-
rally released spherical membrane structures are termed as outer-
membrane vesicles (OMVs; roughly 10e300 nm in diameter)61.

The proteins governing the trafficking of lipids play important
roles in the biogenesis of OMVs61; for example, the ATP-binding
cassette transport system, VacJ/Yrb, is crucial for the generation of
OMVs in Gram-negative bacteria. The outer membrane of Gram-
negative bacteria is an asymmetrical bilayer membranous struc-
ture presenting lipopolysaccharide (LPS) in the outer leaflet and
mostly phospholipids in the inner leaflet. The lipid asymmetry of
the outer membrane is maintained by the lipid transport system,
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VacJ/Yrb, which prevents the accumulation of phospholipids in
the outer leaflet. Roier et al.61 discovered that a decreased or
diminished expression of VacJ with or without Yrb results in an
upregulated production of OMVs in two distantly related Gram-
negative bacteria, Haemophilus influenzae and Vibrio cholera.
The weakened VacJ/Yrb system disrupts the trafficking of phos-
pholipids from the outer leaflet and contributes to an enrichment
and segregation of phospholipids in the LPS-rich outer leaflet of
the outer membrane. Relative to LPS, phospholipids possess
different molecular packing parameters and thus induce a change
in the membrane curvature, which triggers the budding of the
outer membrane. Finally, the budding of the outer membrane is
enclosed and released as OMVs61. Not only limited to the VacJ/
Yrb system, the biogenesis of OMVs is also found to be correlated
with other types of proteins (e.g., lipoprotein NLPI, outer mem-
brane protein A, peptidoglycan), lipids (e.g., phospholipids, lipo-
polysaccharide, and 2-heptyl-3-hydroxy-4-quinolone), and
external factors (e.g., temperature, the antibiotic concentration in
the growth environment)62e68 (Fig. 3B).

2.2. EV transportation

EVs are not only captured and internalized in situ by cells and
extracellular matrix in the proximity of parent cells but also gain
access to the systemic circulation for distant transportation. The
transfer of EVs shuttles biomolecules affect the functionality of
recipient cells. For example, subcutaneously injected melanoma
exosomes can travel through the lymphatic system and emerge as
mediators of tumorigenesis and influence the lymph node distri-
bution pattern of free melanoma cells69. In vivo imaging and
tracing experiments showed that the terminals of intravenously
injected melanoma-derived exosomes trafficking in the blood
circulation were the preferred sites of metastasis, such as spleen,
lung, liver, and bone marrow70,71. EVs derived from the central
nervous system are observed to regulate the peripheral cytokine
response towards inflammatory brain injury, stimulating the
migration of leukocytes into the brain72. EVs have the potential to
pass through diverse tissue barriers, such as the tight endothelial
cell junction in the blood‒brain barrier (BBB)73. Three types of
mechanisms might be involved in the transportation of EVs across
the BBB. First, the BBB permeability is upregulated under in-
flammatory conditions74. For example, the peripheral adminis-
tration of LPS, a pathogen stimulating the innate immune system,
can trigger the transcytosis of a-synuclein-rich erythrocyte-
derived EVs across the BBB, promoting the progression of Par-
kinson’s disease75. Another example is the brain metastatic cancer
cells which release microRNA-181c to activate PDKL1 targeted
degradation, resulting in endothelial dysfunction and increased
BBB permeability76. Second, the transcytosis of EVs is mediated
by some membrane proteins in the BBB, such as the receptor for
advanced glycation end products (RAGE) protein and the low-
density lipoprotein receptor (LDLR)77,78. Third, the neuron-
specific proteins or peptides, which are presented on the surface
of EVs, endow EVs with the potential to target and penetrate
across the BBB. For instance, the EVs fused with neuron-specific
rabies viral glycoprotein (RVG)-derived peptides can shuttle EVs
from intravenous fluid to brain neurons79.

2.3. The cellular internalization of EVs

A better understanding of EV uptake is essential to potentiate the
capacity of EVs to induce phenotypic changes in recipient cells.
Several hypotheses, including plasma membrane fusion, phago-
cytosis, macropinocytosis, clathrin-mediated endocytosis (CME),
and caveolin-dependent endocytosis (CDE), have been proposed,
attempting to unmask the molecular mechanism underlying the
internalization of EVs80e82 (Fig. 4). However, our understanding
of EV uptake remains limited. Herein, we briefly summarize the
current progresses regarding the EV uptake routes and
mechanisms.

Plasma membrane fusion refers to the direct membrane merge
between EVs and the recipient cells83e85. When the two distinct
lipid bilayer membranes come in close contact, a hemi-fusion
stalk is formed due to the fusion of the outer leaflets. The stalk
spreads and propagates along the interface between the two con-
tacted membranes, producing the hemi-fusion diaphragm bilayer.
Finally, the fusion of an EV with the cell membrane opens a pore
that releases the EV cargo directly into the cytoplasm83e85. Pro-
teins such as Rab, Sec1/Munc-18 related proteins, lysosomal-
associated membrane protein-1 (LAMP-1), and SNAREs partici-
pate in the process of plasma membrane fusion86. Membrane
fusion can be modulated by the microenvironment of EVs. For
example, the fusion of the melanoma-derived exosomes with the
plasma membrane is enhanced under acidic conditions87.

Phagocytosis is a dynamic actin cytoskeleton-mediated inter-
nalization process by which a cell uses its plasma membrane to
swallow nanoparticles, including EVs88. This process can be
regulated by several specific transmembrane receptors (e.g.,
scavenger, Toll-like receptors, complement receptors) that are
essential for the membrane invagination surrounding the nano-
particles88e90. The phosphatidylserine on the outer leaflet of EV
membranes is a crucial checkpoint to manage the phagocytosis of
EVs91. For instance, the incubation of mouse macrophages with
an antibody that targets the phosphatidylserine receptor, T cell
membrane protein-4 (TIM-4), interrupting the phosphatidylserine-
dependent phagocytosis pathway, results in a reduced level of
internalized exosomes82. Phosphatidylinositol 3-kinase (PI3Ks)
can affect phagocytosis by enabling the plasma membrane inser-
tion into phagosomes92. Other proteins, such as actin cytoskeleton
and dynamin 2, are also implicated in the process of
phagocytosis93.

Macropinocytosis is a means by which cells ingest extra-
cellular liquid and dissolved species depending on actin-driven
membrane protrusions94. Different from phagocytosis, direct
contact between the internalized species and the recipient cell is
not necessary in macropinocytosis, rather the growth and
elongation of actin filaments drive the extension of sheet-like
protrusions from the cell surface. The closure of membrane
protrusions generates endocytic vesicles encompassing EVs,
resulting in an intracellular separation of the macropinosomes
from the plasma membrane90. Several experiments suggest that
the Naþ/Hþ exchanger, cholesterol, actin, dynamin, PI3K, Ras,
Src, Rac1, and GTPase are implicated in the process of
macropinocytosis94e100.

CME is an endocytic process that involves the formation of a
mechanistic framework by clathrin101e103. Clathrin is a 190-
kDa triskelion-shaped scaffold protein composed of three
heavy chains and three light chains and able to self-assemble or
co-assemble with adaptor proteins into rigid cages with
pentagonal, hexagonal, and heptagonal faces104. During the
internalization of cargoes, adaptor proteins (e.g., AP1, AP2, and
AP3) gather to the local membrane surrounding the cargoes and
recruit clathrin to interact with plasma membrane. The forma-
tion of clathrin and adaptor protein supramolecular lattices



Figure 4 The cellular internalization of extracellular vesicles. Membrane fusion, phagocytosis, micropinocytosis, clathrin-mediated endocy-

tosis, and caveolin-dependent endocytosis processes are separately illustrated.
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renders an invagination of the membrane. During the process of
membrane invagination, the intracellular vesicles containing
cargoes pitch off from the plasma membrane and transfer
cargoes into the cell. The coated clathrin assemblies dissociate,
allowing clathrin to be recruited for the next cycle of CME105.
Molecules such as chlorpromazine, which inhibit the clathrin
association and coating, can affect CME-mediated EV
internalization106,107.

CDE is a process mediated by caveolin, a dimeric protein that
can oligomerize into a highly condensed domain, i.e., caveolae, in
the plasma membrane108. Caveolae is a specific lipid raft
composed of cholesterol and sphingolipid-rich microdomains and
displays a flask-shaped invagination. With the assistance of
dynamin 2, caveolae can assemble and expand in the plasma
membrane, achieving endocytic internalization via transcellular
shuttling89,109e111. Thus, dynamin-specific inhibitors (e.g., dyna-
sore) or knockdown of caveolin protein significantly suppress the
CDE-mediated cellular uptake of EVs112,113.

Some factors are considered critical, as they affect the endo-
cytotic process of EVs. First, the size of EVs is important. For
example, micropinocytosis is a pathway to selectively internalize
small EVs instead of large EVs5. Second, the cellular uptake
pathway of EVs is also dependent on the surface composition of
recipient cells. Different types of recipient cells prefer distinct
mechanisms to internalize EVs: melanoma cells (membrane
fusion), microglia (macropinocytosis, phagocytosis, CME, and
CDE), neurons (CDE, phagocytosis), epithelial cells (CME),
DCs (phagocytosis, receptor-mediated endocytosis), and tumor
cells (macropinocytosis, lipid raft-/cholesterol-dependent
endocytosis)82,87,91,107,113e118. Inhibitors, antibodies, and small
interfering RNAs that target the checkpoints in the endocytotic
process of EVs can be used to regulate and control the cellular
uptake pathways of EVs5.
3. The application of EVs in the diagnosis and treatment of
disease

EVs inherit unique membrane and cytoplasmic components
(proteins and lipids) from their parental cells, playing an important
role in intercellular communication and producing a variety of
biological effects such as signal transduction, coagulation, disease
resistance, and immune defense71,119,120. Therefore, EVs have
been widely applied in the diagnosis of and treatment against
various diseases, including tumors, cardiovascular diseases, dia-
betes, neurodegenerative diseases, and other pathological
states121e123. In this section, we aim to review the recent efforts
made to exploit the clinical applications of EVs with regards to
disease biomarkers, immune regulation, modulating cell prolifer-
ation and differentiation, and drug delivery. We will also outline
the advances made in the application of EVs derived from plants
and microbes.

3.1. Application as disease biomarkers

EVs exist in all types of body fluids and reflect the different states
of the host cells. Thus, they can be regarded as important bio-
markers for the diagnosis and prognosis of disease. For example,
exosomes, the major subgroup of EVs, can be identified from the
extracellular matrix in almost all types of eukaryotic cells,
including immune cells10e12,124, neurons125, epithelial cells14,
endothelial cells126, fibroblast cells127, and tumor cells128.
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Exosomes can also be found in all types of body fluids, including
human saliva, plasma, breast milk129, cerebrospinal fluid130,
semen131, urine132, pleural effusion133, amniotic fluid134, and
bronchoalveolar lavage fluid135. To date, 9769 proteins, 1116
lipids, 3408 mRNA, and 2838 miRNA have been identified in the
cargoes of exosomes (http://www.exocarta.org/)32. In a homeo-
static state, a constant basal level of exosomes is preserved to
maintain homeostasis. An abnormal level of EV secretion is
correlated with a deviation from the normal range of the body’s
physiological conditions136. Thus, EVs can serve as disease bio-
markers for clinical diagnostics.

Currently, EVs have been implicated as diagnostic markers in
the clinical liquid biopsy for cancer, central nervous disorders,
cardiovascular diseases, and immune diseases, among others49.
Relative to other types of biomarkers in liquid biopsy, e.g.,
circulating tumor DNA (ctDNA) and circulating tumor cells
(CTCs), the main advantages of EVs are as follows: first, the
concentration of EVs in body fluids (i.e., 109 vesicles/mL in the
peripheral circulation) is high enough for downstream analyses,
whereas the concentration of CTCs is extremely low. Second, EVs
have a membrane structure to stabilize the encapsulated cargoes,
whereas ctDNAs is directly exposed in vivo and susceptible to
degradation. Third, EVs are present in the majority of body fluids,
whereas the transportation and distribution of CTCs in the human
body are restricted by various physiological barriers. Fourth, EVs
are secreted by living cells, providing effective information to
reflect the status of parental cells. In contrast, ctDNA is released
by dying cells via apoptosis, necrosis, and phagocytosis, lacking
the potential to reflect the status of parental cells in time. Finally,
many methodologies have been developed to extract EVs from
samples and therefore the clinical application of EVs in liquid
biopsy is feasible137e140.

Herein, tumor-derived EVs are used as an example to manifest
the potency of exosomes as biomarkers for cancer diagnosis.
Glioma is the most common type of malignant brain tumor, has a
high morbidity and mortality, and lacks a reliable non-invasive
diagnostic method137. Wang et al.137 isolated EVs from the serum
of patients with glioma and optimized a microbead-facilitated flow
cytometry method to quantify the expression level of epidermal
growth factor receptor (EGFR) on the surface of EVs. They found
that the expression of EGFR was significantly higher in EVs
derived from patients than in those of healthy donors. Following
surgical removal of the tumor, the level of EGFR in serum EVs
correspondingly decreased. The expression of EGFR in serum EVs
was also positively correlated with the grade of glioma based on the
World Health Organization classification. Indeed, receiver operating
characteristic analysis revealed that EGFRþ EVs are effective
diagnostic and prognostic markers of glioma, with a high sensitivity
(87%) and specificity (84%). Similarly, EGFRvIII mRNA in the
microvesicles isolated from patient serum can be regarded as a
potential biomarker for the diagnosis of glioblastoma141. Hoshino
et al.140 investigated the EVs and particles in 426 cancer patient
samples and healthy donors by proteomic profiling. The EV pro-
teome analysis revealed that the EV cargoes, such as versican,
tenascin C, and thrombospondin 2, can be used as reliable diag-
nostic markers to distinguish cancer tissue from normal tissue with
a sensitivity of 90% and a specificity of 94%140 (Fig. 5).

3.2. Application in immune modulation

The immune system is composed of the innate immune system
and the adaptive immune system, both of which play vital roles in
protecting the body against pathogens, such as bacteria, virus, and
other foreign substances, through numerous pathways. The innate
immune system contains macrophages, DCs, mast cells, neutro-
phils, and natural killer (NK) cells that act as the body’s first line
of defense against pathogens, responding quickly and non-spe-
cifically142. In contrast, the adaptive immune system, also referred
to as the acquired immune system, is composed of highly
specialized lymphocytes and responds slowly and specifically142.
B cells and T cells are the major types of lymphocytes in the
adaptive immune system. The innate and adaptive immune sys-
tems are tightly linked and work synergistically. The cross-talk
between these two systems is dependent on intercellular com-
munications and the release of soluble cytokines/chemokines, in
which EVs are engaged in and play an important function as
immunomodulators143,144.

EVs are essential in the cross-talk between antigen-presenting
cells (i.e., B cells, DCs, and macrophages) and T cells to initialize
an adaptive immune response145. For example, EVs derived from
B lymphocytes carrying antigen-specific major histocompatibility
complex (MHC) class II stimulate CD4þ T cell responses11,
whereas EVs secreted by tumor peptide-pulsed DCs prime tumor-
specific cytotoxic T lymphocytes146. Of note, T cells exclusively
recognize the antigens bound to MHC molecules and DCs are
adept at using MHC I or MHC II to internalize foreign antigens
and presenting them to the naı̈ve CD4þ or CD8þ T cells. Thus,
among the diverse EVs identified from the immune system, DC-
derived EVs lie at the center of the activation of T cells147,148.
Tkach et al.149 isolated EVs released by human primary DCs and
showed that they carry MHC class II and exhibited a potency to
bind to CD4þ T cells, upregulating early T-cell activation marker
CD69 in the T cells. The presence of DC-derived EVs also
facilitated the proliferation of CD4þ T cells in a dose-dependent
manner and activated the CD4þ T cells to release cytokines
after 6 days of EV incubation. A similar activation of CD8þ T
cells was also observed by the DC-derived EVs. Taken together,
DC-derived EVs can activate the CD4þ and CD8þ T cells in an
MHC-dependent pathway149. The activation of T cells by DC-
derived EVs displays a correlation with the maturation state of
the EV donor DCs. Relative to EVs derived from immature DCs,
EVs released by mature DCs that experience LPS exposure induce
T cell proliferation and activation more efficiently and confer the
potency of activating naı̈ve T cells to B cells148.

Besides of the adaptive immune system, EVs are also impor-
tant in the regulation of immune response in the innate immunity
system. For example, the surface of DC-derived EVs contains
multiple tumor necrosis factor (TNF) superfamily members, such
as TNF-a, Fas ligand, and TNF-related apoptosis-inducing ligand
(TRAIL), which provide a direct binding to the surface receptors
of NK cells to enhance their cytotoxic activity150. LPS-treated,
mature, DC-derived EVs can activate epithelial cells and induce
the release of cytokines and chemokines such as interleukin-8 (IL-
8) and CeC motif chemokine ligand 5 (CCL5), both of which are
engaged in the pathogenesis of sepsis151. EVs that are released by
other types of donor cells are also reported to participate in the
modulation of innate immunity response. Eosinophils could in-
crease the release of EVs containing cationic proteins (such as
major basic protein) and eosinophil peroxidase upon interferon-g
stimulation152. T cell-derived EVs stimulate mast cells and in-
crease the production of cytokines153. Collectively, these data
support the notion that EVs are involved in intercellular
communication between multiple cell types among the immune
systems (Fig. 6).
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Figure 5 The application of extracellular vesicles as disease biomarkers. (A) EGFRþ extracellular vesicles (EVs) are non-invasive biomarkers

in glioma. The TEM image of EVs isolated from the serum of patients with glioma (left). The flow cytometry data and percentage of EGFRþ EVs

showed the expression level of EGFR on the surface of EVs in healthy individuals (n Z 12), preoperative glioma patients (n Z 23), and

postoperative glioma patients (n Z 8) (middle). The ROC curve showed the discriminative ability of EGFRþ EVs in differentiating patients with

glioma (n Z 23) from healthy donors (n Z 12) (right). Adapted with permission from Ref. 137. Copyright ª 2019 Ivyspring International

Publisher. (B) A liquid chromatography tandem-mass spectrometry-based proteomic analysis of EVs and particles identified the tumor-associated

EVs and particle signatures in the surgically removed tissues and plasma from patients with multiple tumor types. The predictive values were

predicted by random forest algorithm. The number of samples identified is noted in each box. Adapted with permission from Ref. 140. Copyright

ª 2020 Elsevier Inc.
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Figure 6 Dendritic cell-derived extracellular vesicles modulate innate and adaptive immune responses. The extracellular vesicles (EVs)

released from mature dendritic cells stimulate the innate immune response in immune cells and other cell types. They could induce the cytotoxic

activity of natural killer cells or stimulate epithelial cells to secrete cytokines (left). The EVs released from mature dendritic cells present

peptideeMHC complexes that could directly target CD4þ T cells or CD8þ T cells, and consequently promote the activation of adaptive immune

responses (right).
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The above-mentioned impacts of EVs in the immune system
indicate that they can be exploited as an immune modulator (i.e.,
as a vaccine) in medical practice. Vaccines induce humoral and
cellular immunity against various disease-causing pathogens.
Ideal vaccines should be safe, stable, molecularly defined, and
ready-made reagents that can effectively trigger effector and
memory antigen-specific T cell-based immune responses. The
utilization of EVs as vaccines has received substantial attention
due to the potent immunostimulatory functions of EVs146,154,155.

EVs that are secreted by tumor cells presenting tumor antigens
can be applied as vaccines to induce anti-tumor immunity for
cancer immunotherapy. For example, exosomes derived from DCs
carry the tumor-specific antigenic peptide and can initialize an
anti-tumor immune response mediated by T cells and NK cells in
experimental animals as well as in cancer patients146,156. The
potency of DC-derived exosomes is retained in the treatment of
malignant tumors with poor response to immunotherapy. In mouse
models of hepatocellular carcinoma with antigenic and patho-
logical heterogeneity, EVs derived from the antigen-expressing
DCs triggered strong antigen-specific immune responses,
showing a significant anti-tumor function and resulting in a pro-
longed survival rate157. In the past decade, the safety and efficacy
of DC-derived EVs as a novel cell-free therapeutic cancer vaccine
to induce anti-tumor immunity have been assessed in several
clinical trials, including in phase I studies of immunotherapy in
the patients with advanced non-small cell lung cancer, metastatic
melanoma, or colorectal cancer156,158e160.

EVs that are released from mammalian cells infected by
pathogenic microbes serve as vaccines to induce antigen-specific
cellular and humoral immune responses against infec-
tion155,161,162. For example, EVs derived from macrophages
treated with Mycobacterium tuberculosis culture filtrate proteins
provide protection against the invasion of M. tuberculosis by
stimulating a T-helper 1 cell and boosting the relevant immune
response161. EVs extracted from the peripheral blood of BALB/c
mice infected with the reticulocyte-prone non-lethal Plasmodium
yoelii 17X strain carry the virulence factors of malaria parasite.
The administration of mice with these EVs led to a substantial
attenuation in the progression of parasitemia, which works parallel
with a protective anti-malaria immune response to achieve a
prolonged survival time155. EVs derived from bone marrow-
derived cells presenting antigens efficiently initialize an immune
response protecting mice from the lethal infection of Leishmani-
asis major162,163. Thus, EVs are important immunomodulators to
induce a specific, long-lasting immune response against tumors or
microbial infections146,155,164. Finally, EVs derived from cancer
cells may be involved in cancer progression, metastasis and drug
resistance165, and thus a safety evaluation is necessary before their
clinical application166.

3.3. Regulating cellular proliferation and differentiation

The intercellular communication mediated by EVs is involved in a
wide range of cell expansion and division processes in normal as
well as in pathological tissues. The dysregulation in EV leads to
an aberration in homeostasis and the occurrence of disease. For
example, EVs engaged in the tumor microenvironment and cir-
culation participate in angiogenesis, thrombosis, and tumor cell
proliferation167,168. The tumor microenvironment is an interactive
cellular environment responsible for tumorigenesis through
cellular communication, composed of stromal fibroblast cells,
endothelial cells, immune cells, and other cell types169,170. Tumor-
derived EVs shuttle nucleic acids and oncogenic proteins to
stromal cells, preparing the normal cells to favor tumor growth,
invasion, and metastasis.

3.3.1. Angiogenesis
Collective evidence demonstrates that cancer-derived EVs support
the growth of cancer vasculature and blood vessels by interacting
with endothelial cells and their progenitors168. An in vitro
angiogenesis assay found that the tubule length of brain micro-
vascular endothelial cells elongated after 16 h in culture in
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endothelial basal medium with the glioblastoma-derived EVs141.
By evaluating the expression level of angiogenic proteins in cells
and EVs, this effect was attributed to the glioblastoma-derived
EVs transferring angiogenic proteins to the receipt endothelial
cells141. Several key angiogenic proteins and their corresponding
mRNAs have been identified in the cargo of tumor-derived EVs;
for example, the tetraspanin family contributes to the internali-
zation of EVs by endothelial cells and promotes vessel branch-
ing171,172, delta-like four protein suppresses the Notch signaling
pathway to drive the formation of filopodia and vessel branch-
ing173, and EGFR protein elevates the autocrine secretion of
vascular endothelial growth factor (VEGF) and vascular endo-
thelial growth factor receptor-2 (VEGFR-2)168,174. The miR-17-92
cluster and other microRNAs from tumor-derived EVs participate
in the genetic exchange between endothelial cells and tumor cells
to facilitate vessel formation25,175.

3.3.2. Tumor-associated stroma
Fibroblasts of the stroma are regulated by tumor-derived EVs to
favor the promotion of tumor progression and metastasis, the
chemoresistance of cancer cells, and the enhancement of
immunosuppression176e178. Normal fibroblasts in the mesen-
chymal stroma can be activated by tumor-derived EVs to initialize
the differentiation into cancer-associated fibroblasts. Fang et al.179

analyzed EVs isolated from highly metastatic hepatocellular car-
cinoma (HCC) cells and revealed that EVs released from highly
metastatic cancer cells were more abundant in population than
those from lowly metastatic cancer cells. HCC-derived EVs
exhibited a strong potency to enter into fibroblasts and induced the
expression of cytokines and fibroblast markers in vitro and in vivo.
The internalization of tumor-derived EVs was positively corre-
lated with the metastatic ability of tumor cells. Subsequently,
miR-1247-3p from EVs secreted by highly metastatic HCC cells
was shown to mediate fibroblast activation, and B4GALT3 is the
target gene of miR-1247-3p. Both the overexpression of miR-
1247-3p or knockdown of B4GALT3 can induce cytokine
expression and cell migration179. Similarly, exosomes secreted
from breast cancer cells differentiate mesenchymal stem cells into
myofibroblast-like cells with high expression levels of a-smooth
muscle actin (a-SMA), stromal derived factor-1 (SDF-1), and
Figure 7 The role of extracellular vesicles in regulating cellular prolife
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VEGF, among other proteins180. EVs carrying oncogenic stem cell
factor receptor tyrosine kinase in the gastrointestinal stromal
tumor convert progenitor smooth muscle cells to tumor-promoting
stromal cells181 (Fig. 7A).

3.3.3. Metastasis
The distant dissemination of EVs in the circulation drives tumor
spread. For example, melanoma-derived EVs accumulate in
sentinel lymph nodes, facilitating the seeding of tumor metas-
tasis69. The exosomes released from melanoma can also establish
metastatic sites in brain and bone and train bone marrow pro-
genitor cells to have a pro-metastatic phenotype71.

3.3.4. Immune evasion
Diverse and complex mechanisms are involved in the construction
of the tumor microenvironment mediated by EVs to escape from
immune surveillance of host, such as the lymphocyte apoptotic
death induced by the Fas-ligand bearing EVs119, the down-
regulation in the antigen recognizing and responding ability of
lymphocytes mediated by the specific protein cargoes in the
EVs182, an impaired lymphocyte response to interleukin-2183, and
the tolerance of DCs to antigen generated by the conversion of
DCs into a non-responsive phenotype by EVs168,184.

EVs also act as modulators to facilitate tissue repair and
regeneration by promoting the growth and differentiation of cells.

3.3.5. Angiogenesis
Endothelial progenitor cell (EPC)-derived exosomes can be taken
up by human microvascular endothelial cells, contributing to the
repair of blood vessels185. The internalization of EPC-derived EVs
significantly improved the proliferation and migration ability of
human microvascular endothelial cells and upregulated the level
of a series of pro-angiogenic cytokines, including endothelial ni-
tric oxide synthase (eNOS), IL-8, angiopoietin-1 (ANG-1), E-
selectin, VEGF factor A, VEGFR-2, hypoxia inducible factor-1a
(HIF-1a), chemokine (C-X-C motif) ligand-16 (CXCL16), and
platelet-derived growth factor-a polypeptide (PDGFA). This result
suggests that EPC-derived EVs are responsible for activating the
angiogenic process in endothelial cells, which can benefit wound
healing in diabetes and the endothelialization of blood vessels
ration and differentiation. (A) The role of tumor-derived extracellular

ivate the normal fibroblasts to initialize the differentiation into cancer-

onvert dendritic cells into a non-responsive phenotype. (B) The role of

wound healing. EPC-derived EVs increase the level of a series of pro-

f human microvascular endothelial cells, which facilitates tissue repair
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after vascular injury185. The exosomes secreted by human induced
pluripotent stem cell-derived cardiac cells participate in the re-
covery from myocardial infarction by promoting endothelial tube
and microvessel formation and reducing apoptosis186 (Fig. 7B).

3.3.6. Osteogenesis
A local injection of EPC-derived EVs into the distraction gap
between the segments of membranous bone resulted in accelerated
bone formation and consolidation187. The bone regeneration
therapeutic effect of EVs is attributed to the complex activity
exerted by the RNA cargo of EPC-derived EVs, that is, miR-126,
via a pathway involving the activation of angiogenetic genes.
Furthermore, angiogenesis stimulated by the EPC-derived EVs
can accelerate bone regeneration by inducing osteogenesis187.
Zhai et al.188 modified the surface of Ti-alloy scaffolds with
exosomes extracted from pre-differentiated human mesenchymal
stem cells and used this Ti scaffolds as implanted materials for
bone regeneration. The human mesenchymal stem cell-derived
exosomes carry the osteogenic miRNAs, including Hsa-miR-
146a-5p, Hsa-miR-503-5p, Hsa-miR-483a-3p, Hsa-miR-129-5p,
and activate the PI3K/Akt and MAPK signaling pathways to
facilitate the new bone differentiation on the exosome-loaded Ti
scaffold both in vitro and in vivo188.

3.3.7. Neurogenesis
The therapeutic application of EVs can also be leveraged to rescue
the deficits in neural development by promoting neurogenesis and
circuit assembly189. The exosomes extracted from human induced
pluripotent stem cell-derived neurons carry neurodevelopmental
signaling proteins to facilitate the proliferation in human primary
neurons in vitro. The exosomes derived from neurons also
increased the number and intensity of synaptic puncta and
initialized a synchronized response among different neurons dur-
ing the maturation of neural circuits by reversing the deficient
phenotypes. A similar neurodevelopmental activity mediated by
exosome was displayed in vivo; an injection of exosomes har-
vested from rodent primary neural cells into the lateral ventricles
of mice was observed to significantly improve the density of cells
in the granule cell layer of the dentate gyrus189.

3.4. Applications in drug delivery

Extracellular vesicle-based drug delivery systems have attracted
considerable attention due to the following reasons: the membrane
proteins and signal peptides carried by EVs promise active tar-
geting of specific regions; the membrane structure of EVs can be
engineered to encapsulate the external payloads such as synthetic
organic compounds and macromolecular drugs; EVs exhibit a
strong potential to cross various physiological barriers, including
the bloodebrain barrier; and EVs are biocompatible and less
immunogenic relative to artificial drug carriers (e.g., liposomes or
lipid-based nanoparticles)170,187,190e192.

Substantial advances have been made in the application of EVs
as drug delivery carriers for the treatment of a variety of diseases,
including cancer, cardiovascular disease, diabetic wound-healing,
and neurodegenerative diseases52,79,190,193,194. For example, Sonic
hedgehog (Shh) is a secretory protein with angiogenic properties,
and Mackie et al.193 functionalized CD34þ cells by transfecting a
Shh vector and found that EVs released by the functionalized
CD34þ cells act as a shuttle to transfer Shh to other cells. In the
mouse model of myocardial infarction, the Shh-contained EVs
reversed ventricular dilation and preserved cardiac function
against ischemic myocardium by promoting angiogenesis. How-
ever, a direct administration of Shh does not induce a protective
effect. This result highlights the hitchhiking role of EVs in the
delivery of bioactive macromolecules193. More examples can be
found in the research field of anti-tumor agent delivery52.

TRAIL is a protein initiating the apoptotic signaling cascade,
resulting in programmed cell death. Rivoltini et al.195 engineered
K562 cells to release EVs presenting TRAIL. In vitro experiments
demonstrated that TRAILþ EVs induced significant apoptosis of
TRAIL receptor-bearing cells. The intratumor injection of
TRAILþ EVs inhibited the progression of tumors that express the
TRAIL receptor, such as lymphoma SUDHL4 and melanoma
INT12, and led to necrosis in KMS11 tumors195. Chemothera-
peutic compounds, such as paclitaxel196, doxorubicin197, curcu-
min, and JSI124 (a signal transducer and activator of transcription-
3 inhibitor), can be packaged into EVs, with the ability to cross the
bloodebrain barrier to treat brain inflammatory-related diseases
such as glioblastoma190. Monocyte- and macrophage-derived EVs
loaded with the antioxidant catalase can be intranasally or intra-
venously administered, accumulating in the brain neurons and
microglial cells, providing a neuroprotective therapy effect against
Parkinson’s disease198. Recently, the EV-based drug exoIL-12,
which bears IL-12 on surface, was tested in a phase I clinical
trial in cutaneous T cell lymphoma. Another artificially engi-
neered EV-based drug, exoSTING, which includes a cGAS‒
STING pathway activator (cyclic dinucleotide) in the inner space
and presents prostaglandin F2 receptor-negative regulator
(PTGFRN) on the exosome surface, has entered phase I/II clinical
trials in the treatment against head and neck squamous cell car-
cinoma, triple-negative breast cancer, anaplastic thyroid carci-
noma, and squamous cell carcinoma. EVs improve the stability of
cargoes, providing a feasible approach to protect RNAs from
degradation. They benefit the clinical applications of RNA drugs,
i.e., miRNAs and siRNAs, in the treatment of diabetic wound-
healing, tumors, and neurodegenerative diseases52,79,194. For
instance, human adipose stem cell-derived EVs loaded with miR-
21-5p improved diabetic wound-healing by promoting re-
epithelialization, angiogenesis, collagen remodeling, and vessel
maturation in vivo194. Exosomes derived from the normal
fibroblast-like mesenchymal cells expressing CD47 protein, an
integrin associated transmembrane protein that protects cells from
phagocytosis199, have a high retention time in the circulation
system. Such exosomes display a powerful potency to deliver
miRNAs to pancreatic tumors by specifically targeting the onco-
genic KRAS in pancreatic ductal adenocarcinoma200.

A crucial step in the preparation of EV-based drug carriers is
the uptake of the drugs by EVs. Several loading techniques have
been developed, such as simple co-incubation, electroporation,
chemical-facilitated transfection, and engineering the parental
cells to produce cargo-loaded EVs34,201e203. The methodologies
of loading different cargoes, i.e., small molecules, proteins, and
nucleic acids, into EVs are distinct. Simple co-incubation can be
applied to load small molecules, such as low molecular anti-
oxidant, curcumin190,204, anticancer agents, doxorubicin
(Dox)205,206 and paclitaxel (PTX), into EVs. Electroporation
and chemical-facilitated transfection have been used to incor-
porate EVs with nucleic acids, including mRNA, siRNA,
miRNA, noncoding RNA, mitochondrial DNA, and genomic
DNA79,199,201,207e209. Specifically, electroporation is a process
by which an external electric field is applied to generate pores
on the membrane of EVs to promise nucleic acids enter into
EVs199. However, electroporation sometimes leads to the
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aggregation of EVs or the aggregation of siRNAs, decreasing
the loading efficiency201,209. An alternative method to prepare
siRNA-loaded EVs is chemical-facilitated transfection that uses
chemical reagents to create transmembrane pores199,210. For
delivering proteins, overexpressing a certain gene in EV-donor
cells to produce cargo protein-loaded EVs is as an effective
method199,201,211.

EV-based drug delivery platforms can achieve passive target-
ing to shuttle cargoes. For instance, the exosomes derived from
DCs are targeted to activate T cells by the interactions between the
intercellular cell adhesion molecule-1 (ICAM-1) carried by the
DC-exosomes and the lymphocyte function-associated antigen-1
(LFA-1) expressed on T cells212. The exosomes derived from B
cells are capable of specifically recognizing splenic macrophages
mediated by the interactions between the a2,3-linked sialic acids
on the B cell-derived exosomes and the sialoadhesin (CD169)
expressed on macrophages213. However, EVs secreted by most
types of cells lack the potency to selectively recognize their target.
Thus, bioengineering approaches, such as introducing the target
ligand to the outer surfaces of EVs, are needed to endorse EVs
with cell- or tissue-targeting specificity36,52,214. For instance,
immature DCs were engineered to express a fusion protein of
iRGD peptide and lysosome associated membrane glycoprotein-
2b (Lamp2b) and secreted iRGD-Lamp2bþ EVs. The iRGD-
Lamp2bþ EVs can load doxorubicin via electroporation and
selectively target to breast cancer tissues, reducing tumor growth
in mice206. EVs isolated from DCs or bone marrow mesenchymal
stem cells that are engineered to co-express central nervous
system-specific rabies viral glycoprotein (RVG) and Lamp2b,
deliver siRNAs or miRNAs specifically to neurons. The admin-
istration of RVG-Lamp2bþ EVs induced neural progenitors to
differentiate into neuronal phenotypes at the infarct sites in a
model of chronic neurodegenerative disorders79,215. Similarly,
exosomes released from GATA-4-overexpressing mesenchymal
stem cells can increase the survival of cardiomyocytes and reduce
cardiomyocyte apoptosis, providing cardioprotection and regen-
erating the ischemic myocardium216 (Fig. 8).

Evaluation of EV biosafety is critical before clinical applica-
tion. The immunogenicity of EVs is comprehensive and dependent
on the composition of EVs. For example, the immune system of
C57BL/6 mice was inert to the EVs derived from human sources.
After an intravenous or intraperitoneal administration of the EVs
derived from HEK293T cells for 3 weeks, the hematology test,
blood chemistry, immune marker analysis with blood and the
immunophenotypic analysis with spleen cells revealed that no sign
of immunogenicity or toxicity was observed217. A parallel study
demonstrated that the intravenously administrated HEK293T-
derived EVs can be eliminated from the spleen, liver, kidney,
and lung of mice with an elimination half-life of 3 h218. However,
a change in the composition of EVs might lead to different
immunogenic property. For example, the engineered HEK293T-
derived EVs carrying miR-199a-3p displayed low immunoge-
nicity and a minimal evidence of changes in immune markers was
observed after the treatment of mice by engineered EVs217. Some
strategies have been proposed to reduce the immunogenicity of
EVs, such as fabricating heterozygous vesicles by the combination
of EVs/liposomes or EVs/enveloped protein nanocage, or gener-
ating EVs in immature dendritic cells79,219,220. In the future, more
feasible approaches for regulating the immunogenicity of EVs
need to be discovered.
3.5. The application of plant-derived vesicles

Plant-derived vesicles are a collection of membrane-bound ve-
sicular structures isolated from dietary plants and plant-based
products after manufacturing processes221e224. Similar to EVs
secreted by mammalian cells, plant-derived vesicles contain
lipids, proteins, nucleic acids, and secondary metabolites. The
origins of plant-derived vesicles are diverse; most are extracted by
using fruit and vegetable juices, including cell lysis steps, thus
originating from both the intracellular and extracellular space in
plants221,225. Alternatively, some of plant-derived vesicles are
isolated from the decoction of plants following a heating process
and are therefore artificially created221,226. Moreover, the lipids
and bioactive molecules identified from plant-derived vesicles can
also be utilized as building blocks to co-assemble into function-
alized liposomes as mimics of natural vesicles221,226,227.

Collective research results have demonstrated that plant-
derived vesicles provide a novel therapeutic approach towards
the treatment of numerous diseases due to their striking roles in
the regulation of mammalian and microbial cellular processes. For
instance, ginger-derived nanoparticles were isolated from ginger
juice and purified via sucrose-gradient ultracentrifugation225;
these ginger-derived nanoparticles displayed a cup-shaped ge-
ometry with a diameter of w200 nm and were composed of lipids
(mainly phosphatidic acids, digalactosyldiacylglycerol, and
monogalactosyldiacylglycerol), miRNAs, active small molecules
(6-gingerol and 6-shogaol), cytosolic proteins (actin and proteol-
ysis enzymes), and membrane proteins (aquaporin and chloride
channels). In vivo experiments revealed that the oral administra-
tion of ginger-derived nanovesicles greatly reduced mRNA levels
of pro-inflammatory cytokines TNF-a, IL-6, IL-1b, and the
proliferation-related cyclin D1225. The therapeutic potential of this
plant-derived nanovesicle to regulate the expression of inflam-
matory factors has been shown in mouse colitis models, in which a
decrease in the tumor numbers and tumor loads was parallel with
an increase in the survival and proliferation of intestinal epithelial
cells225. The biological functions of vesicles isolated from plants
can be summarized as regulating host gene expression and acting
as an efficient delivery system to reduce drug degradation.

Plenty of functional small RNAs (sRNAs) have been identified
from plant-derived vesicles and found to regulate the host gene
expression. Following entry into the animal body, plant sRNAs are
found to escape from degradation, surviving in the functional form
and affecting the genetic expression of the host cell, a term known
as cross-kingdom gene regulation225,228,229. For example, PGY-
sRNA-6 is a plant-derived sRNA carried by the nanovesicles
existing in the decoctions of Pu Gong Ying (PGY, TARAXACI
HERBA, Taraxacum mongolicum)226. Following the oral admin-
istration of the nanovesicles encapsulating PGY-sRNA-6, PGY-
sRNA-6 targets the RELA gene, downregulating the mRNA
expressions of the relevant cytokines such as IL-1b, IL-6, and
TNF-a226.

Another relevant example is the ginger-derived exosome-like
nanoparticle shaping the gut microbiota224. Teng et al.224 found
that the exosomal miRNAs carried by the ginger-derived nano-
particles can target the genes in gut bacteria Lactobacillus
rhamnosus (LGG) and consequently alter gut microbiome func-
tion. Specifically, gma-miR396e reduces the mRNA level of LGG
transcription repressor LexA. Mdo-miR7267-3p binds to the LGG
ycnE gene, leading to an increase in the level of indole-3-



Figure 8 Applications of extracellular vesicles in drug delivery. (A)‒(C) The antitumor activity of TRAIL extracellular vesicle treatments

against KMS11 multiple myeloma. (A) Intratumor treatment. KMS11-bearing mice were treated by TRAIL EVs every 48 h and then measured by

the TUNEL assay. (B) and (C) Systematic treatment. Hematoxylin and eosin staining images (B) and determination of necrotic areas (C) of
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Figure 9 The applications of plant-derived vesicles. Regulation of

host gene expression (left) and delivery systems for RNA and

chemotherapy drugs (right).
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carboxaldehyde (I3A). The upregulated I3A production amelio-
rates gut barrier function by facilitating the secretion of IL-22.
MiR167a-5p decreases the expression of the LGG pilus-specific
SpaC gene weakening the migration ability of LGG invading
into gut epithelial cells and other tissues224. Commensal micro-
biota co-exists with human forming an indivisible ecosystem. The
profound impacts of plant-derived vesicles on the gut microbiota
suggest a valuable strategy to modulate host physiology by tar-
geting the commensal microbiota.

Another promising application of plant-derived vesicles is as
carriers for drug delivery due to their low immunogenicity, sta-
bility in the gastrointestinal tract, and selective targeting230. For
example, methotrexate (MTX) is an anti-cancer chemotherapy
drug a high dose of which can lead to kidney toxicity. To reduce
the side effects of MTX, grapefruit-derived nanovesicles, extrac-
ted from grapefruit juice by a sucrose gradient centrifugation,
were used to encapsulate MTX to generate an oral delivery sys-
tem231. Grapefruit-derived nanovesicles are easily taken up by
intestinal macrophages. Consequently, the in vivo biodistribution
of MTX was altered by the grapefruit vesicles, resulting in a
reduction in toxicity and an improved therapeutic effect in a
mouse model of colitis231. Plant-derived vesicles also have
promising potential in RNAs delivery for the treatment of dis-
eases. For example, the liposomes made by the grapefruit-derived
lipids can deliver miR-18a via intravenous administration to
suppress liver metastasis of colon cancer232. The vesicles formed
by the co-assembly of the T. mongolicum lipid (sphinganine) and
PGY-sRNA-6 can ameliorate bleomycin-induced lung fibrosis and
poly (I:C)-induced lung inflammation via oral administration226

(Fig. 9).

3.6. The application of vesicles derived from bacteria

Vesicles derived from microbes play important roles in the
communication between bacteria and their hosts and have been
applied to regulate the balance between the host innate immune
system and microbes, as described below 233e235.

First, bacteria-derived vesicles serve as antibiotics against
bacterial infection. During the production of vesicles by bacteria,
peptidoglycan hydrolase and other types of cell wall-degrading
enzymes in the periplasmic space are packaged into the released
vesicles, rendering them capable of lysing different bacteria in the
environment236. For example, vesicles isolated from various
strains, including Citrobacter, Enterobacter, Escherichia, Klebsi-
ella, Morganella, Proteus, Salmonella, and Shigella, possess the
lytic ability to degrade the surrounding Gram-positive bacteria as
well as Gram-negative bacteria by shuttling peptidoglycan hy-
drolase into their recipient bacteria. The OMVs derived from two
strains of non-pathogenic soil bacteria, Cystobacter velatus Cbv34
and Sorangiineae SBSr073, exhibit antibiotic activity against
Escherichia coli through membrane fusion233.

Second, bacteria-derived vesicles are non-replicative, immu-
nogenic mimics of their parental bacteria and are able to regulate
tumors of KMS11-bearing mice were treated by four intravenous treatments

mice accepting NGFR EVs; n Z 10 mice accepting TRAIL EVs). Adap

sociation for Cancer Research. (D)e(F) Treatment with JSI124-EVs preve

rate of mice treated with EV-JSI124, JSI124, EV and control administration

growth potential of cells (F) of mice treated with JSI124, EV, or EV-JSI1

American Society of Gene & Cell Therapy. (G) The human adipose stem

healing. Adapted with permission from Ref. 194. Copyright ª 2020 Ame
both the innate and adaptive immunity of host237,238. For example,
the OMVs derived from Bacteroides fragilis induce a promotion
of regulatory T cells and anti-inflammatory cytokine secretion via
the activation of the host DCs239. B. fragilis is a symbiotic Gram-
negative bacterium identified from the gastrointestinal tract of
mammals. Different from the replication of pathogenic bacteria,
which typically causes infection and illness in a host, the growth
and propagation of commensal bacteria have beneficial impacts on
host health. Particularly, B. fragilis secretes an immunomodula-
tory molecule, polysaccharide A, which ameliorates human in-
flammatory disorders such as inflammatory bowel disease and
multiple sclerosis240,241. The OMVs derived from B. fragilis are
rich in polysaccharide A, thus displaying a therapeutic activity
comparable to its parental bacterium with regards to immune
regulation239. Thus, the vesicles released by the numerous non-
pathogenic commensal bacteria provide valuable therapeutic re-
sources for humans.

Additionally, vesicles derived from symbiotic bacteria have a
low toxicity and good immunogenicity, allowing them to be used
as vaccine adjuvants to promote comprehensive immune re-
sponses242,243. Intranasal administration of OMVs extracted from
an intestinal Gram-negative bacterium Bacteroides thetaiotaomi-
cron caused the presence of large organized lymphoid follicles in
the nasal cavity and lungs of mice, indicative of the activation of
an immune response244. When these OMVs were loaded with
exogenous protein cargoes, such as the vaccine antigen of Sal-
monella, OMVs exhibited a potent adjuvant effect generating both
systematic and mucosal antibody responses. Specifically, the
administration of OMVs presenting the vaccine antigen of
of TRAIL EVs, NGFR EVs, or saline every 48 h (nZ 5e6 saline and

ted with permission from Ref. 195. Copyright ª 2016 American As-

nts the in vivo growth of injected brain tumor cells. (D) The surviving

. (E) and (F) A representative photo of brain tumor signals (E) and the

24. Adapted with permission from Ref. 190. Copyright ª 2011 The

cell-derived EVs loaded with miR-21-5p improved diabetic wound

rican Chemical Society.



Figure 10 The applications of vesicles derived from bacteria. Outer-membrane vesicles (OMVs) derived from bacteria serve as antibiotics

against bacterial infection (left). OMVs are potential vaccines against bacterial infections (middle). OMVs can also be used as competent ad-

juvants in vaccines (right).

Extracellular vesicles and analogues 2129
Salmonella via either oral or intranasal routines led to a signifi-
cantly high level of antigen-specific serum IgG and IgA
antibodies244.

Vesicles released by pathogenic bacteria can also be used as
adjuvants in vaccines. For instance, OMVs isolated from Neisseria
meningitidis, a life-threatening bacterium that causes meningo-
coccal disease, can induce potent protective immune responses by
the host to prevent meningococci and have been successfully
applied as adjuvants in several commercial vaccine for-
mulations238,245e248. Similarly, the administration of OMVs
derived from V. cholera induce a long-lasting immune response
against cholera164 that can be transferred from pregnant mice to
their offspring164. To expand the potential use of vesicles derived
from bacteria in vaccines, genetic engineering approaches have
been used to create recombinant vesicles carrying exogenous
protein antigens, stimulating a specific and strong immune
response by the host242,249. Thus, vesicles derived from bacteria
provide a new immunomodulatory strategy to fight against path-
ogens, serving as a potential candidate for the treatment of dis-
eases and revealing an inter-kingdom communication mechanism
between the microbiota and mammals (Fig. 10).
4. Conclusions, challenges and perspectives

Herein, we have introduced the sources, biological functions, and
biomedical applications of various types of EVs, showing that
they exhibit great potential in disease diagnosis and treatment as
well as drug delivery. However, many challenges need to be
overcome before the EVs become ideal biomaterials. For example,
the preparation of exosomes is difficult to scale up, especially for
mammalian cell-derived exosomes, limiting their application as
translational nanomedicines. Thus, plant-derived EVs and bacte-
rial OMVs, which can be obtained in large quantities, have
promising potential as drug carriers. Furthermore, it is difficult to
guarantee a high purity of specific EVs due to the size distribution
is not clear for different subgroups of EVs. Therefore, specific
labeling of EVs is supposed helpful to distinguish the type of EVs
and to trace the EVs when applied in vivo.
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