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ABSTRACT
Membrane proteins are of great research interest, particularly because they are rich in targets for
therapeutic application. The suitability of various membrane proteins as targets for therapeutic
formulations, such as drugs or antibodies, has been studied in preclinical and clinical studies. For
therapeutic application, however, a protein must be expressed and purified in as close to its
native conformation as possible. This has proven difficult for membrane proteins, as their native
conformation requires the association with an appropriate cellular membrane. One solution to
this problem is to use extracellular vesicles as a display platform. Exosomes and microvesicles are
membranous extracellular vesicles that are released from most cells. Their membranes may
provide a favourable microenvironment for membrane proteins to take on their proper confor-
mation, activity, and membrane distribution; moreover, membrane proteins can cluster into
microdomains on the surface of extracellular vesicles following their biogenesis. In this review,
we survey the state-of-the-art of extracellular vesicle (exosome and small-sized microvesicle)-
based therapeutics, evaluate the current biological understanding of these formulations, and
forecast the technical advances that will be needed to continue driving the development of
membrane protein therapeutics.
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Introduction

Exosomes and microvesicles are lipid bilayer-enclosed
nano-sized extracellular vesicles (EVs) that exist in all
body fluids; exosomes are formed by almost all cells
that contain intracellular multivesicular bodies
(MVBs), while microvesicles bud directly from the
plasma membrane [1–5]. Exosomes are released into
the extracellular space when MVBs fuse with the
plasma membrane. Because of their inherently small
size and status as a natural cellular product, EVs can be
passively delivered everywhere in the body and should
cause relatively few undesirable immune reactions (i.e.,
they are naturally biocompatible). EVs can have intrin-
sic targeting properties depending on their composi-
tion and origin [6], and they may cross biological
barriers and deliver their cargoes to recipient cells
with virus-like efficiency [7]. Given the problems asso-
ciated with many of the current nanoparticle delivery
systems, they hold great appeal as “nature’s delivery
system” for the distribution of native biological mole-
cules and as drug-delivery vehicles [8–11]. EVs have

also been applied for the development of cancer vac-
cines [12–17] and cell-free therapeutics [16–19].

Crucially, EVs have the advantage of being able to
display native membrane proteins on their surfaces
(Figure 1). Membrane proteins, which are encoded by
approximately 30% of all open-reading frames [20–22],
are very important in biology, drug discovery, and
vaccination. Because they have important functions in
various cellular processes, such as signal transduction,
cell-to-cell interaction, membrane trafficking, and cel-
lular metabolism, membrane proteins are targeted by
more than 60% of drugs in clinical use today [23,24].
Remarkably, most membrane protein-related human
diseases arise from unregulated signal transduction
pathways or defective transport systems. A number of
clinically relevant antagonists and agonists commonly
target membrane proteins that are integral to such
signalling pathways. However, the treatment of diseases
related to membrane proteins (e.g., transporters) often
requires that protein function be restored, which is a
more difficult proposition.
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Even though membrane(-associated) proteins are cri-
tical for cellular processes and are considered to be
important for the development of therapeutics, relatively
little is known about their structure–function relation-
ships compared to their water-soluble protein counter-
parts. Given that membrane proteins are embedded in
membranes comprised of several kinds of lipids, a major
challenge in restoring membrane protein function is the
need to stably maintain the proteins in a lipid-like envir-
onment. Detergents, which are often used to purify mem-
brane proteins, are associated with protein instability,
show poor compatibility with biophysical/structural stu-
dies, and cannot provide the lipid bilayer-based environ-
ment required for the stability of membrane proteins
[25–27]. Moreover, the methods for reconstituting pur-
ified membrane proteins in a lipid vesicle system (e.g.,
small unilamellar vesicles) are technically difficult
[28,29]. These fundamental issues with expressing and
purifying membrane proteins have hindered both the
acquisition of proper structural information and the
application of such proteins for therapeutic purposes
[30,31].

Recently, emerging technologies have begun to
enable researchers to delve into previously inaccessi-
ble areas of membrane protein research. EVs are
relatively easy to control and highly versatile in
terms of their surface engineering and cargo encap-
sulation [32,33]. They are expected to have therapeu-
tic effects against various membrane defect-related
diseases, and molecules attached to the EV surface
have been shown to confer targeting ability, exhibit
increased expression levels, offer enhanced solubility,
and trigger antigen immunogenicity [34,35]. In this
review, we focus primarily on recent progress in the

study of membrane protein-harbouring EVs and dis-
cuss the hurdles that must be overcome if we hope to
further develop EV-based therapeutics. Note that in
this review, the term “EV” is used in reference to
both small microvesicles and exosomes.

Advantages of EVs over other nanoparticles
from the view of harbouring a native
membrane protein

Structural features of EVs as a biocompatible
membrane scaffold

Membranes are an integral part of life. They define the
cellular structures that have evolved to compartmentalize
metabolic activity, protect cells and organelles, and pro-
vide the means for communication over long and short
distances. Membrane dynamics, which regulate cellular
processes, depend on the function of membrane proteins.
Thus, the dysregulation of the biological activity of such
proteins is associatedwith various negative consequences,
including inappropriate cellular responses to exogenous
infection, cancers, and genetic diseases [36]. Most mem-
brane protein-related human diseases arise from dysregu-
lation of signal transduction pathways or defective
function of membrane proteins. Several antagonists and
agonists commonly target membrane proteins to control
signalling pathways. However, diseases related to defec-
tive or missing membrane proteins often require that
protein function be restored, which is a more difficult
proposition. Inmany cases, replacement of faulty proteins
by gene therapy may be the solution for membrane
defects; however, such strategies do not allow for the
time- and dose-controlled expression of the exogenous

Figure 1. Advantages of displaying membrane proteins on the surfaces of EVs. When membrane proteins are embedded naturally
or artificially in the phospholipid bilayer of the EV surface, they can have various physiological properties, as indicated.
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protein [37–39]. Also, the DNA may integrate near an
oncogene, leading to undesired immune responses and
potential toxicity [40–42]. These risks and limitations
have motivated researchers to explore alternative
approaches for modifying cell functions. However, we
still lack an appropriate platform to replace or recover
the function of membrane proteins.

While many membrane proteins are considered to
be high-priority targets for drug design, their therapeu-
tic development has proven mechanistically difficult
because many of the biochemical and biophysical
approaches used to produce soluble protein drugs are
not applicable for insoluble aggregates. One of the
major challenges in the development of membrane
protein therapeutics is the need to recover sufficient
amounts of recombinant proteins from classical
expression systems, such as those based in mammalian
cells, yeast, and bacteria [43,44]. Despite continuing
efforts to develop membrane protein therapeutics, the
high content of hydrophobic amino acids in such pro-
teins makes it difficult to generate a sufficient quantity
of functional membrane proteins to enable structural
studies and functional applications.

For membrane proteins to be used as therapeutics,
they must first undergo solubilization. Historically,
membrane proteins were solubilized by detergents to
form mixed protein–lipid micelles [45]. However,
detergents may destabilize membrane proteins, and
excess micelles can disrupt certain assay techniques
(e.g., by resulting in non-ideal light scattering) [46].
Detergents are also regarded as technical obstacles dur-
ing the purification of membrane proteins, because
they often co-concentrate with the proteins and cause
their inactivation or denaturation [47]. Furthermore,
most membrane proteins require specific phospholi-
pids to maintain their intrinsic activities, and such an
environment cannot be mimicked by detergent-based
micelles.

Methods for reconstituting membrane proteins in
lipid-based nanoparticles (liposomes) or high-density
apolipoprotein particles (nanodiscs) have been offered
as a possible solution for these issues [46,48,49]. Such
approaches have been used routinely for biochemical,
biophysical, and structural studies of membrane pro-
teins. In particular, liposome systems have been used to
reconstitute membrane proteins such as ion channels,
which require compartmentalization of each side of the
bilayer [46]. It is difficult to precisely control the sta-
bility, size, and stoichiometry of reconstituted mem-
brane proteins, however, and many techniques are
currently being developed to overcome these challenges
[46,50]. Moreover, it is relatively laborious to optimize
the technologies for individual membrane proteins.

Compared to the above systems, EVs offer a number
of potential benefits. They are more biocompatible
than the relevant viruses, which have evolved mechan-
isms to fight or avoid the human immune system to
infect the body. The greatest advantage offered by EVs
is their ability to provide a perfect membrane environ-
ment for membrane proteins, in terms of both
dynamics and stability. Membrane proteins can be
expressed naturally on the surface of an EV during its
biogenesis [51], and thus there is no need for addi-
tional solubilizing processes. We now know that trans-
membrane domains (TMDs) and membrane-anchored
domains are not simply passive membrane-spanning
anchors for membrane proteins, but also play active
roles in oligomerization/clustering and specifically
drive protein–protein interactions within the plasma
membrane [52]. EVs enable such interactions, and
thus are ideal vehicles for the purpose of supporting
membrane proteins and enabling their study
(Figure 1).

EV biogenesis and membrane protein display

Especially, exosomes are nano-sized EVs that are
secreted from MVBs. MVBs are generated by a two-
step invagination process [53–55] that consists of the
inward budding of the plasma membrane to create an
endosome, and the subsequent invagination of parts of
the endosomal membrane towards the endosome
lumen to form an intraluminal vesicle (ILV) that selec-
tively contains cytoplasmic molecules. When MVBs
fuse with the plasma membrane, ILVs are released to
the outside of cells, where they are termed exosomes
[56,57]. As one might expect given this two-step inva-
gination theory, an exosome will have the same mem-
brane orientation as the plasma membrane of its
producer cell. Exosomes comprise various membrane
proteins, such as endosome-associated proteins (Alix,
Tsg101, and Rab proteins), tetraspanins (CD63, CD81,
CD82, CD53, and CD37), lipid raft-associated proteins
(glycosylphosphatidylinositol and flotillin), and lipids
that are highly enriched in cholesterol, sphingomyelin,
and glycerophospholipids [58–60].

Recent papers have reported that exosomes also
include the small-sized microvesicles (around
100 nm) that bud directly from plasma membranes
[61]. There is no molecular marker to strictly separate
MVB-derived exosomes from small-sized microvesicles
that have budded from the plasma membranes. In this
review, we collectively refer to exosomes and small-
sized microvesicles as “EVs”.

In addition to effectively presenting bioactive mem-
brane proteins, naturally derived EVs may also allow
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these proteins to form functional domains. For example,
both GPI-anchored proteins and membrane-associated
ligand proteins were shown to cluster into microdo-
mains on the exosome surface [62]. Also, EGFRvIII
proteins expressed on microvesicles were found to
transfer oncogenic activity by activating signalling path-
ways (MAPK and Akt) [63].

Compared to EVs, it is more difficult to add soluble
domains to synthetic lipid nanoparticles because pep-
tide ligands affect the stability and material properties
of lipid-based nanoparticles and increase the complex-
ity of their synthesis [64,65]. A related approach in
which liposomes containing NTA-Ni lipids were used
to display histidine-tagged proteins failed due to low
dissociation constants associated with unstable immo-
bilization [66,67].

Although challenges remain in terms of controlling
the stability and expression level of proteins on EVs,
protein ligands can be genetically fused to EV mem-
brane proteins, making it relatively simple to engineer
the display of functional domains on an EV. EV mem-
brane can provide a suitable membrane scaffold to
support the activity and membrane distribution of the
membrane-bound proteins. Bioactive membrane pro-
teins can be naturally located and expressed on EV
surfaces, and their functions can be maximized in the
EV membrane [51].

Protein cargo loading through fusion with
membrane proteins

Since the EV membrane is enriched with membrane
proteins that associate with lipid rafts, any transmem-
brane protein on the surface of an EV can theoretically
be used as a fusion partner. In order to deliver protein
cargoes, researchers have fused cargo proteins with
membrane proteins of EVs, such as tetraspanin and
lactadherin [68–70]. Exosomal membrane proteins
were also successfully fused with luciferase and fluor-
escent proteins to enable the tracking of exosomes in
animal models and allow their fates to be monitored
[68,71,72]. The “XPack lenti-viral vector” developed by
System Biosciences is a tool for delivering an encoded
protein cargo for expression as a fusion protein that
can be packaged into exosomes for secretion [73].

Recently, Yim et al. reported a new system called
EXPLORs (exosomes for protein loading via optically
reversible protein–protein interactions) [74]. The
authors used the photoreceptor, cryptochrome 2
(CRY2), and the CRY-interacting protein (CIBN),
which bind under blue light illumination. In the pre-
sence of blue light, the transient docking of CRY2-
conjugated cargo proteins with CD9-conjugated CIBN

was observed in the generated exosomes. When the
blue light was removed, the proteins detached and the
cargoes were released into the intraluminal space of the
exosomes, enabling the cargo proteins to be delivered
to target cells.

Therapeutic applications of surface-modified
EVs

Functional membrane proteins can be expressed on
the EV surface, and thus EV surface display has begun
to emerge as a state-of-the-art therapeutic technique.
Peptides directed to the surface of EVs can exhibit
increases in their in vitro expression level, solubility,
and activity [75]. For example, exosomes carrying
MHC-peptide complexes can trigger antigen-specific
immunogenicity to improve vaccine efficacy [76,77].
Moreover, homing ligands addressed on the EV sur-
face can enable EV targeting and have been used for
the targeted delivery of drugs and RNA therapeutics
[78–82]. In this chapter, we discuss the therapeutic
uses of EVs, which depend on the type of membrane
protein(s) found on the EV surface.

Membrane proteins on the EV surface for targeting

EVs are released from various cell lines, and these
released EVs may be studied for the specificity of
their uptake by different target cells. Such studies
revealed that EVs can show natural specificity and
tropism, as exemplified by the specific uptake of mantle
cell lymphoma-derived exosomes by B lymphocytes
[83]. The cellular origin of an EV can guide its sur-
face-expressed proteins, intrinsic targeting properties,
and target cell tropism. For example, Hoshino et al.
reported that tumour cell-derived exosomes display
different integrins depending on the tumour origin,
and these proteins mediate tumour metastasis to spe-
cific organ sites; exosomes expressing ITGαvβ5 speci-
fically bind to Kupffer cells and thus mediate liver
tropism, whereas exosomal ITGα6β4 and ITGα6β1
bind lung-resident fibroblasts and epithelial cells to
govern lung tropism [84]. Another study showed that
tetraspanin-associated receptors on exosomal mem-
branes can play an important role in target cell selec-
tion, as exosomes containing tetraspanin–integrin
complexes (span8–integrin α4 complexes) could target
CD54-expressing endothelial and pancreatic cells [85].

Despite their tropic properties, exogenous EVs are
limited therapeutic use because they are removed by
macrophages of the liver and spleen [86,87]. Genetic
engineering can be used to engineer the EV surface via
the fusion of a moiety of interest (e.g., a ligand/homing
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peptide) with an EV transmembrane protein to
enhance the targeting ability and therapeutic efficiency
of the EVs. For example, targeting peptides have been
fused with both the Lamp2b membrane glycoprotein
and the pDisplay vector, which harbours the PDGFR
transmembrane domain that allows exogenous proteins
to be displayed on the extracellular side of a membrane
[88]. The lactadherin C1C2 domain, which can bind
non-covalently to phospholipids that are present in
membranes, has also been used as a fusion partner
[89] (Table 1). Since lactadherin is a membrane-asso-
ciated protein, not a membrane-spanning protein, the
tethering of fusion peptides on the exosomal mem-
brane using the C1C2 domain of lactadherin would
be less robust than that obtained using other exosomal
transmembrane partners [90].

A number of targeting peptides have been used to
date, including EBV glycoprotein 350, which targets
CD19+ B cells [91]; rabies viral glycoprotein (RVG)
peptide fused with Lamp2b, which targets acetylcholine
receptors on neurons [78,79,92,93]; Lamp2b-fused
iRGD, which targets the ɑv-integrins and neuropilins
of tumours [81]; Lamp2b-fused interleukin 3 (IL3),
which targets the IL3 receptor on chronic myeloid
leukaemia cells [94]; GE11 synthetic peptides inserted
into the pDisplay vector, which target epidermal
growth factor receptor (EGFR) [95]; and antigens or
soluble proteins fused with the C1C2 domain of lac-
tadherin, which target immune cells or blood cells
[76,89,96–98] (Table 1). In addition, GPI-anchored
membrane proteins were used to express ligands such
as anti-EGFR nanobodies on the surface of EVs [99].

The published studies have shown that EV targeting
may not change the biodistribution profile of unmodi-
fied EVs, but it can shorten the time required to reach
the therapeutic concentration in targeted tissues and
significantly decrease the off-target effects, leading to

increased therapeutic efficacy. Recently, modified
“iExosomes” were reported for the delivery of small
RNAs to KRAS-mutant pancreatic cancer cells. These
exosomes harbour CD47 (a fundamental “don’t eat
me” signal) on their surface, and were found to evade
phagocytosis by circulating monocytes. This strategy
could contribute to limiting the clearance of exosomes
from circulation and enhance their accumulation in
target tumour tissues [100].

EVs as cancer vaccines: delivery of vaccine peptides

Among the EVs, exosomes of intracellular origin often
present signalling-related membrane proteins, such as
MHC, HSP70, and tetraspanins. In addition, exosome-
expressed tumour-specific antigens show strong anti-
gen immunogenicity, and thus could be used to
develop cancer vaccines and produce monoclonal anti-
bodies [76,89].

In the late 1990s, it was reported that dendritic cell
(DC)-derived exosomes could inhibit the growth of
established tumours in mice. Similar to DCs, DC-
derived exosomes bearing MHC-I complexed with
tumour-derived peptides were found to activate T
and/or B cells to induce anti-tumour immune
responses [17,77,101,102]. To test the potential for
exosomes to be used as cell-free vaccines against can-
cers, DC-derived exosomes have undergone phase I
trial and are currently in phase II trial [12,103–105].
In addition to MHC-bound antigens expressed on the
exosomal surface, mature DC-derived exosomes also
show surface expression of ICAM-1, which is impor-
tant for the induction of immune responses, such as
T-cell activation [106], and the NKG2D ligand, which
is a TNF superfamily ligand that binds directly to NK
cells to induce their activation/proliferation and cause
an anti-tumour immune response [107,108].

Table 1. Functional peptides fused with transmembrane domains for EV surface display.
Transmembrane protein Functional moiety Target Purpose Ref

Lamp2b RSV (Peptide) Brain (neuron) BACE1 siRNA delivery [78]
RSV (Peptide) Brain (neuron) siRNA delivery [79]
RSV (Peptide) Brain (neuron) Opioid receptor Mu (MOR) siRNA delivery [92]
RSV (Peptide) Brain (neuron) miRNA-124 delivery [93]
iRGD (Peptide) ɑv-Integrin-expressing breast tumour Doxorubicin delivery [81]
IL3 (Soluble protein) IL3 receptor-expressing CML Imatinib or with BCR-ABL siRNA delivery [94]

C1C2 domain of lactadherin CEA and HER2 (Antigen) T cells Vaccination [76]
PSA or PAP (Antigen) T cells Increased immune response

against PSA or PAP
[96]

Human IL2 and GM-CSF
(Soluble protein)

B cells Antibody generation [89]

Ova (Antigen) T cells Vaccination [97]
Ova (Antigen) T cells Vaccination [98]

PDGFR of pDisplay vector GE11 (Peptide) EGFR-expressing breast tumour Let-7a miRNA delivery [95]
GPI-anchor signal peptide Anti-EGFR nanobody EGFR-expressing tumour Targeting [99]

BACE1: beta secretase 1; Ova: ovalbumin; MOR: opioid receptor mu; CML: chronic myeloid leukaemia; CEA: carcinoembryonic antigen; PSA: prostate-specific
antigen; PAP: prostatic acid phosphatase
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To improve vaccine potency, tumour-specific anti-
gens expressed on the surface of a tumour cell-derived
exosome can be used to induce DC priming and T cell
activation, leading to anti-tumour immunity [109,110].
For example, the addition of exosome membrane-
bound HSP70 has been suggested as a method to
maximize the vaccination effect of tumour cell-derived
exosomes and induce a stronger immune response
[111]. The engineering of exosomes for the surface
expression of non-mutated tumour-associated antigen
(TAA) has also been used to improve vaccine potency.
Exosomes with surface expression of non-mutated
TAA fused with C1C2 domain of lactadherin were
found to deliver antigens to APC cells and thus trigger
increased immunogenicity [76] (Table 2).

EV-mediated therapeutic membrane protein
delivery

Protein therapeutics
For therapeutic purposes, a protein needs to be
expressed and purified in as close to its native confor-
mation as possible. However, this can be difficult to
achieve for membrane proteins, which must be asso-
ciated with cellular membranes. Historically, recombi-
nant membrane-associated enzymes could be produced
only in truncated forms that were cleaved of the mem-
brane-bound domain [112–114]. To circumvent this
problem, researchers turned to using EVs as a display
platform that can maintain the native conformation of
a protein. EVs can provide a suitable membrane scaf-
fold for membrane-bound proteins to exhibit their
proper activity and membrane distribution. Bioactive
membrane proteins can be naturally located to and
expressed on EV surfaces [51], and membrane-asso-
ciated proteins known to cluster into microdomains,
such as GPI-anchored proteins, are selectively sorted in
EV membranes [62,115–117]. Thus, it is expected that
the biological activity of membrane (-associated) pro-
teins will be maximized in the membrane environment
offered by EVs.

Katsuda et al. reported that human adipose tissue-
derived mesenchymal stem cells (ADSCs) secrete exo-
somes carrying enzymatically active neprilysin (NEP),
which is a type 2 integral membrane protein that acts
as an Aβ-degrading oligopeptidase enzyme in the
brain. The authors showed that NEP-containing
ADSC-derived exosomes had enzymatic activity and
decreased the intracellular and secreted levels of Aβ
in N2a cells [118]. These results suggested that
ADSC-derived exosomes could have therapeutic rele-
vance for NEP protein delivery, potentially overcoming
the unexpected risks of virus-mediated NEP gene
delivery.

Recently, we developed an engineered exosome that
harbours GPI-anchored PH20 hyaluronidase on its
membrane surface. Our experiments revealed that the
generated exosomes could effectively degrade HA both
in vitro and in vivo. Remarkably, PH20 proteins were
found to be highly enriched in the lipid raft fraction of
these exosomes, and their enzymatic activity was 3-fold
higher than that of truncated recombinant proteins
[119]. Using the GPI-anchor signal peptide of decay-
accelerating factor (DAF), which can be selectively
sorted to EVs during reticulocyte maturation,
Kooijmans et al. further showed that GPI-anchored
EGFR nanobodies could effectively bind EGFR-expres-
sing tumour cells under static and flow conditions [99].

Membrane proteins on the EV surface can also
deliver signals to target cells. For example, exosomes
harbouring membrane-bound TRAIL were demon-
strated to deliver proapoptotic signals to cancer cells
and inhibit growth in different tumour models [120].
Given that the induction of tumour apoptosis by solu-
ble TRAIL has been limited, it seems that TRAIL-
armed exosomes could prove useful as an innovative
tool for anti-cancer therapeutics.

EVs can be used as antagonists for delivering
immune checkpoint blockade proteins that harbour a
transmembrane domain (e.g., PD1, CTLA4, OX40,
etc.). For example, Koh et al. developed exosomes
harbouring signal-regulatory protein alpha (SIRPα),
and found that they exhibited augmented antagonizing

Table 2. Vaccine peptides expressed on dendritic cell/tumour cell-derived exosomes.
Exosome source Vaccine peptide Function Ref

Dendritic cell-derived exosomes MHC bound antigen T cell activation [101]
MHC bound antigen T cell or B cell activation [102]
MHC bound antigen Priming specific cytotoxic T cells/inhibition of tumour growth [17]
ICAM-1 T cell activation [106]
TNF superfamily ligand Promotion of NK cell proliferation and activation [107]
NKG2D Promotion of NK cell proliferation and activation [108]

Tumour cell-derived exosomes Tumour-specific antigen Dendritic cell priming/T cell activation [109]
Tumour-specific antigen Antigen delivery/T cell activation [110]
HSP70 Stimulation of type 1 CD4+ helper T cells, CD8 + T cells, & NK cell activation [111]
Non-mutated TAA Antigen delivery/dendritic cell priming [76]
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activity against CD47–SIRPα interactions [121].
Emerging data suggest that the binding of tumour
cell-surface CD47 to SIRPα on phagocytic cells can
inhibit their phagocytic function [122]. Because CD47
is expressed on most cancer cell types, it represents a
potentially tractable and widely applicable target for
therapeutic blockade in cancer patients. Recently,
recombinant SIRPα proteins were developed as a com-
petitive antagonist to human CD47; they showed
blocking activity in vitro, but the higher-affinity var-
iants did not eliminate tumours in vivo when applied as
a mono-treatment [123]. To address these issues, an
exosome-based platform was developed to provide high
avidity to CD47. SIRPα-exosomes were found to highly
antagonize the “don’t eat me” signal of CD47 on cancer
cells, thereby enhancing the phagocytosis of tumour
cells by bone-marrow derived macrophages in vitro
and suppressing tumour growth in xenografts [121].
Remarkably, the therapeutic index of this exosome-
mediated CD47 blockade against tumour growth was
higher than that of the same dose of monomeric SIRPα.
Given that native SIRPα proteins form and work as
homodimers when they bind with CD47, the mem-
brane scaffold offered by naturally derived exosomes
could facilitate the formation of membrane-spanning
SIRPα clusters, augmenting their effect against
CD47 [121].

These findings highlight the potential of EV-based
platforms, as follows: (i) Naturally derived EVs can
efficiently present bioactive membrane proteins,
increasing the activity and avidity of particle-bound
membrane proteins. (ii) EVs are considered to be well
suited to improving the bioavailability and stability of
therapeutic proteins.

Membrane protein delivery through fusogenic
exosomes
As proteins are widely used to treat many diseases,
extensive research has focused on developing techni-
ques for transporting these biomolecules [124–126].
The purpose of a protein drug delivery system is to
decrease nonspecific targeting, improve the effect of
the drug, and reduce its side effects [127]. Over the
years, researchers have developed several techniques to
deliver bio-macromolecules into the cytosol and
nucleus of living cells [128–130].

A cell uses its membrane to communicate with the
outside world; thus, most membrane protein-targeting
therapeutics work to alter cellular signalling. In the case
of membrane protein defects, replacement of the faulty
proteins by gene therapy or protein replacement may
be the only solution [131]. However, there are potential
risks and limitations associated with gene therapy, and

the clinical application of protein therapy has been
hampered by the lack of effective vehicles and issues
with protein production [132–134]. For example, the
viral vectors commonly used in gene therapy can trig-
ger immune responses and may have off-target effects
on other cells [135,136]. Moreover, despite a great deal
of research effort, we largely lack an effective method
to deliver membrane proteins to specific membrane
environments. Thus, we need to explore alternative
approaches for controlling the functions of membrane
proteins and developing therapeutic vehicles for mem-
brane protein delivery.

Engineered vesicles have been used to successfully
deliver exogenous proteins into human cells. For exam-
ple, an EV-based protein-transduction system was used
to transport the membrane proteins, TetR transactiva-
tor and murine cationic amino acid transporter-1
(mCAT-1, the receptor for the murine leukaemia
virus [MLV] envelope protein), as well as other cyto-
plasmic and nuclear proteins [137]. Recently, Yang
et al. developed a fusogenic exosome harbouring the
viral fusogen, vascular stomatitis virus (VSV)-G pro-
tein, which can fuse with and modify plasma mem-
branes [138]. The presence of VSV-G was expected to
facilitate the transfer of therapeutic proteins into the
target cell membranes. Indeed, the generated fusogenic
exosomes were found to effectively transfer GFP-
tagged CD63 or glucose transporter 4 (GLUT4) to
plasma membranes both in vitro and in vivo.
Moreover, the transferred GLUT4 enhanced the glu-
cose uptake of recipient cells both in vitro and in vivo.
These findings highlight the potential of fusogenic exo-
somes to deliver membrane proteins [138].

The highly efficient delivery of membrane proteins
using fusogenic exosomes has appeal for both research
and clinical applications. In genetic diseases, fusogenic
exosomes could open new therapeutic avenues; in cys-
tic fibrosis, for example, they could be used to transfer
normal cystic fibrosis transmembrane conductance
regulators into the affected epithelial cell membranes.
Beyond such a membrane-editing function, fusogenic
exosomes might also be used to modulate intracellular
signalling by delivering signalling molecules directly
into the cytosol, bypassing the need for endocytic
trafficking.

Improving the methods for delivering proteins into
living cells is of major interest for both research and
medical purposes. Despite the continued evolution of
transfer systems, such as the introduction of cell-pene-
trating peptides, virus-like particles, and proteolipo-
somes, the efficiencies of these approaches can still be
limited by endosomal entrapment [139–141] and the
techniques require the laborious purification of
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recombinant proteins. By contrast, when fusogenic
exosomes are used, the loaded therapeutic cargoes can
directly enter the cytosol of targeted cells via fusion,
which bypasses the potential for becoming entrapped
in an endosome. Thus, fusogenic exosomes loaded with
soluble cargoes, such as transcription factors or cyto-
solic proteins, can be used to alter or supplement the
biological pathways of recipient cells.

Limitations and factors that should be
overcome for the therapeutic use of EVs

Although EVs are able to carry cargoes, we currently
lack efficient loading techniques. For example, the elec-
troporation-mediated loading of siRNAs or plasmid
DNAs to EVs shows a very low efficiency [142–144].
We also do not yet have a reliable means to quantify
the amount of cargo loaded to an EV [79].

The therapeutic application of EVs is still in its
infancy, and we need to improve our understanding
of EV biogenesis and address issues with their large-
scale production and in vivo biodistribution if we hope
to develop a successful EV-based therapeutic platform.
Moreover, our incomplete understanding of the patho-
physiological role of EVs makes it difficult to predict
their long-term safety and therapeutic effects.

The heterogeneity of EVs

To apply EVs to therapeutic drug delivery systems,
particularly those for the delivery of membrane-asso-
ciated therapeutic proteins, we require a better under-
standing of the molecular composition, biogenesis, and
heterogeneity of EVs. For example, exosomes derived
from the same cells were long thought to be similar in
their protein, nucleic acid, and lipid compositions, but
recent reports have shown that exosomes originating
from the same parental cells can have different mole-
cular compositions [145–147]. This heterogeneity
occurs because the biogenesis of MVB and sorting of
components to intraluminal vesicles require both the
transport (ESCRT)-dependent and -independent path-
ways [59,60,148].

Although EVs with targeting abilities are expected to
apply their payloads to target cells for the induction or
inhibition of a desired reaction, we found that not all
EVs isolated from a given engineered cell line had the
same targeting moiety. Therefore, gaining a better
understanding of the heterogeneity and molecular com-
position of EVs could allow us to determine more sui-
table subpopulations for certain EV-based therapeutics
(i.e., by identifying subpopulations that can exert parti-
cular effects without unwanted side-effects). The vesicle

doses have varied across the existing studies, ranging
from 1 to 500 μg per in vivo injection [12,104,105,149–
151], further emphasizing that the heterogeneity of EVs
needs to be characterized to avoid the induction of
adverse effects in patients. Although some methods
have been developed to detect EV heterogeneity, their
detection sensitivities and specificities must be
improved to enable researchers to precisely characterize
each subpopulation and the compositions of individual
vesicles.

In vivo biodistribution of systemically
administrated EVs

Exosomes and small-sized microvesicles are spherical
30–100 nm vesicles, and are thus small enough to
passively diffuse into tumours via the enhanced perme-
ability and retention (EPR) effect. Although the EPR
effect has not yet been fully proven in humans, nano-
particles (including small EVs) can escape from the
vasculature through leaky endothelial tissue via the
EPR effect, and this constitutes an important mechan-
ism for size-dependent “passive targeting” [152,153].
However, according to previous studies of their biodis-
tribution, less than 5% of systemically administered
nanoparticles reach tumour tissues [154,155].
Remarkably, most exosomes and small-sized microve-
sicles distribute to the liver, and less than 2% of the
injected vesicles were found to accumulate in tumour
tissues after systemic administration [156]. A great deal
remains unknown regarding the in vivo properties of
EVs, including their tissue distribution, half-life, blood
levels, and urine clearance. All of these parameters will
be important to defining the therapeutic effectiveness
and potential toxicity of EVs.

Recently, Wiklander et al. studied the biodistribu-
tion of systemically delivered EVs in mice, comparing
them according to the delivery route (i.v., i.p., and s.c.),
cell source (muscle cell-derived C2C12 cells, melanoma
cell-derived B16F10 cells, and primary immature bone
marrow-derived DCs), and injection dose [157].
Indeed, the cellular origin, administration route, and
injected dose of EVs all influenced their biodistribution
pattern, highlighting the importance of considering
these and other factors during the design of in vivo
studies of exosome-based therapeutics.

Most of the clinical trials of EV-mediated therapies
have focused on visualizing their treatment effects in
the human body. Several EV-labelling methods invol-
ving the use of lipid fluorescence dyes or luciferase
proteins have been applied to monitor the in vivo
biodistribution of EVs in animal models; however,
these methods act at fairly shallow depths, limiting
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their usefulness for clinical applications [158,159]. In
addition, the application of indirect labelling methods
that involve gene transduction into cells causes ethical
issues for clinical applications [160]. Nuclear imaging
using direct labelling, which is safe and has no depth
limitation, has recently emerged as a more useful
option for clinical applications [161,162].
Radioisotopes such as radioiodine, 111In-oxine and
99mTc-hexamethylpropyleneamineoxime (HMPAO)
can be used for clinical translation studies [163–165],
although an appropriate and specific labelling strategy
for EVs should be determined for each experimental
setting. To measure the in vivo biodistribution of EVs,
we need to further develop imaging techniques that can
overcome the current technical issues.

A pharmacokinetic analysis of blood concentration–
time profiles revealed that B16-BL6 exosomes disap-
peared very quickly from the blood circulation, with a
half-life of approximately 2 min [72]. In contrast, other
studies have found that EVs have many of the features
desired for an ideal drug delivery system, including a
long circulating half-life, the intrinsic ability to target
tissues, good biocompatibility, and minimal or no
inherent toxicity issues [6,8,166]. Given these conflict-
ing results, it remains unclear whether EVs will prove
useful as universal biologics-transferring agents. For
the future therapeutic applications of EVs in general,
we urgently need the technological advances that will
enable us to track them in vivo.

Large-scale production of EV-based therapeutics

Unlike shed large-sized microvesicles and apoptotic
bodies, exosomes and small-sized microvesicles can be
purified from biological fluids and cell culture-condi-
tioned media using various techniques, including ultra-
centrifugation (UC), density-based separation, size-
dependent methods such as ultrafiltration and size-
exclusion chromatography, precipitation using poly-
mers like ExoQuickTM, and immune-affinity capture
methods [167,168]. To enable the therapeutic use of
EVs, however, we urgently need more efficient and
reliable methods for isolating large amounts of highly
pure EVs.

The traditional and widely accepted method for
isolating exosomes is differential UC. A low-speed
centrifugation step (300 g for 10 min) is first used
to eliminate dead cells and large apoptotic bodies,
and a subsequent higher-speed centrifugation step
(2000–10,000 g) is applied to remove larger micro-
vesicles and debris. A final ultracentrifugation at
over 100,000 g is then used to collect the precipi-
tated exosomes and small-sized microvesicles [169].

This protocol has been considered a gold standard
because it yields UC-separated small EVs of high
purity. However, the run time of the technique
exceeds 6 h, the physicochemical functions of the
vesicles can be damaged by the high relative cen-
trifugal field (RCF), and the production yield is low
[170]. Thus, it is currently impractical to use UC-
isolated vesicles in therapeutic studies.

Sucrose gradient separation, which resolves vesicles
based on their flotation densities (exosomes, 1.08–
1.22 g/ml), may yield high-purity exosomes [171].
Recently, an iodixanol (OptiprepTM) gradient was
used to separate the AChE-containing exosome frac-
tion (8.4–12%) from viruses (at 15.6%) [172].

EVs have also been isolated by size-based methods
(filtration and size-exclusion chromatography) that
take advantage of the size differences between small
vesicles and other EVs. Filtration can rapidly separate
small EVs of moderate purity using simple devices, but
such techniques can run into problems with contam-
ination of other proteins or vesicles, EV aggregation,
and the trapping of vesicles in the filter pores [167].
Size-exclusion chromatography has shown remarkable
reproducibility in yielding moderate quantities of high-
purity EVs [173]. In contrast to the filtration method,
however, the process is lengthy and not amenable to
large-scale expansion [174].

Recently, a readily scalable tangential flow filtration
(TFF) system was developed for the high-enrichment
isolation of EVs; however, the potential for contamina-
tion with large-sized microvesicles of similar size
means that additional steps are needed, including (den-
sity gradient) UC [175].

Several water-excluding polymers (e.g.,
ExoQuickTM) have been developed to providing a
quick and easy way to isolate exosomes [176].
However, little has been reported regarding the purity,
quality, and clinical applicability of exosomes obtained
using ExoQuickTM [53]. Although System Bioscience
has developed a product called ExoQuick-CGTM for the
quick and easy production of clinical-grade (cGMP)
exosomes, further confirmation is needed before this
procedure applied for clinical use [177].

Clearly, we need additional strategies for producing
EVs that meet the GMP standards. Lamparski et al.
produced exosomes for clinical trial I/II by properly
combining filtration, UC, and sucrose-gradient meth-
ods. They also developed quality-control assays for the
quantification and phenotypic characterization of
cGMP exosomes [178]. The ExoTESTTM kit, which
uses double-sandwich ELISA, was also developed for
quantitative and qualitative analysis of exosomes [179].
However, the isolation of EVs is still a major technical
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challenge. In the future, we must develop an optimal
technique for the large-scale production of clinical-
grade EVs.

Conclusions and outlook

EVs function as natural carriers of biomacromolecules,
which makes them attractive candidates for the ther-
apeutic delivery of various synthetic and biological
molecules. They have been shown to have advantages
as delivery systems, owing to their nano-sized particles,
low immunogenicity, lack of cytotoxicity, and long-
term safety [7,82,180–183]. Moreover, many peptides
capable of targeting specific tissues have been identi-
fied, offering an opportunity to improve EV-based
strategies by reducing their unwanted homing/accumu-
lation in the liver before reaching target sites [10,82]. In
this review, we describe the state-of-the-art strategies
for the therapeutic applications of engineered EVs. As
one would expect from their biogenesis process, EVs
provide an excellent biological scaffold for the display
of membrane proteins [51] that can be used for tissue
targeting, as tumour vaccines, and as signalling mole-
cules [184]. EVs have intrinsic functional properties
that can be harnessed by engineering them to express
exogenous therapeutic proteins. EVs can thus be pro-
posed as a bio-inspired alternative for membrane pro-
tein therapeutics.

We also highlight key translational challenges and
opportunities in this rapidly growing field. Before engi-
neered EVs can become a therapeutic reality, their com-
ponents need to be characterized in the contexts of EV
heterogeneity, the dose of EVs required for a given
human patient, and immune reactions [185–187]. In
addition, we need to develop and standardize protocols
for the large-scale production of very pure high-quality
EVs, as well for efficiently loading themwith therapeutic
payloads [53,188].

Despite these challenges, EVs clearly represent
excellent candidates as therapeutic agents in vivo.
Uncovering the pathophysiological roles of EVs may
provide us with the tools we need to further improve
EV-based therapeutics, and particularly their use for
membrane protein delivery. Based on our current
knowledge of EV technology, we expect to be able to
explore these future directions moving towards clinical
applications.
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