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Developing strategies toward safe and effective drug delivery
into the central nervous system (CNS) with improved target-
ing abilities and reduced off-target effects is crucial. CNS-
targeted drug carriers made of synthetic molecules raise
concerns about their biodegradation, clearance, immune
responses, and neurotoxicity. Cell-derived nanovesicles
(CDNs) have recently been applied in CNS-targeted drug de-
livery, because of their intrinsic stability, biocompatibility,
inherent homing capability, and the ability to penetrate
through biological barriers, including the blood-brain barrier.
Among these CDNs, extracellular vesicles and exosomes are
the most studied because their surface can be engineered
and modified to cater to brain targeting. In this review, we
focus on the application of CDNs in brain-targeted drug de-
livery to treat neurological diseases. We cover recently devel-
oped methods of exosome derivation and engineering,
including exosome-like particles, hybrid exosomes, exosome-
associated adeno-associated viruses, and envelope protein
nanocages. Finally, we discuss the limitations and project
the future development of the CDN-based brain-targeted de-
livery systems, and conclude that engineered CDNs hold great
potential in the treatment of neurological diseases.
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INTRODUCTION
The brain is the major component of the central nervous system
(CNS) and the most complex part of the human body. Neurological
diseases, such as brain tumors, brain infection, epilepsy, Alzheimer’s
disease (AD), Parkinson’s disease (PD), and Huntington’s disease are
among themost expensive and devastating illnesses inmedicine.1 The
World Health Organization predicts that brain diseases will surpass
cancer as the second leading cause of death by 2040.2 Over the past
few decades, researchers have developed promising neurotherapeutic
agents to target these diseases. However, because of the hindrance
posed by the blood-brain barrier (BBB), the translation of these agents
from bench to bedside has become difficult. Thus, contemporary
research in this area is to search for new promising drug delivery ve-
hicles and to improve the current ones for preferred pharmacoki-
netics and increased drug penetrability to the brain.3,4
M
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In recent years, new strategies have been developed to facilitate the
passage of drugs across the BBB, including direct intrathecal or intra-
cerebroventricular injections and osmotic disruption of the BBB, but
these techniques are highly invasive, and the recipients are susceptible
to infection. The rapidly developing nanotechnology has provided
new possibilities for transporting therapeutic drugs across the BBB
to treat brain diseases: a variety of synthetic nanoparticles have
emerged as effective non-invasive drug carriers for brain diseases,
including liposomes, dendrimers, carbon quantum dots, micelles,
polymeric nanoparticles, etc.5 Considering the biocompatibility,
safety, and complexity of the production process, naturally occurring
nanovesicles are superior to these synthetic nanocarriers. Over the
past decade, cell-derived nanovesicles (CDNs), especially extracel-
lular vesicles (EVs) and exosomes, have delineated their roles as
promising drug delivery tools. EVs/exosomes have exhibited prom-
ising potential in delivering therapeutic agents across the BBB tomiti-
gate the symptoms of neurological disorders.6–10 Native EVs/exo-
somes or EVs/exosomes loaded with small-molecule drugs or gene
therapy agents have shown great potential in treating neurological
diseases. The exploitation of engineered EVs/exosomes and EV/exo-
some derivatives for brain-targeted drug delivery further offered new
possibilities.6–10 In this review, we start with the biogenesis, composi-
tion, and function of CDNs, provide insights into the mechanism of
how exosomes transport cargos across the BBB, summarize available
strategies for engineering exosomes and loading cargos, and elaborate
on the current state-of-the-art research on CDNs as brain-targeting
nanocarriers for the treatment of neurological disorders. In particular,
we focus on how surface engineering achieves better brain-targeted
delivery. Because of the ambiguity in the definitions of different types
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Figure 1. Structure and biological transport mechanisms of the BBB

(A) The BBB is mainly composed of vascular endothelial cells surrounded by pericytes, basal lamina, a layer of astrocyte terminal protrusions, and microglia. These cells are

involved in maintaining the integrity of the BBB.

(B) Representative pathways of CDVs crossing the BBB including receptor-mediated transcytosis, adsorptive-mediated transcytosis, transporter-mediated transcytosis, and

paracellular pathway. ZO-1, zonula occludens-1, also known as tight junction protein-1; ZO-2, zonula occludens-2; JAM, junctional adhesion molecules.12
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of CDNs in the literature and considering the similar roles they play
in drug delivery, although we try to use CDNs as the overall term
throughout the manuscript, in some scenarios the terms EVs and exo-
somes are used interchangeably or one of them is selected based on
the choice of the original literature.

THE BBB
The CNS is tightly sealed from the blood environment by barriers,
such as the BBB, the blood-cerebrospinal fluid barrier, and the
blood-retina barrier.11 The BBB regulates material transport to the
brain but also presents a major barrier in brain-targeted drug delivery.
Only a few CNS diseases, such as schizophrenia, chronic pain, epi-
lepsy, and depression are currently treatable with small-molecule
drugs. The BBB thus represents a major roadblock in developing ther-
1208 Molecular Therapy Vol. 31 No 5 May 2023
apies for brain-specific disorders. The BBB is mainly composed of
tightly connected microvascular endothelial cells, astrocytes, and
pericytes. In addition to these three cells, there are other components,
such as neurons and innervating cells, adjacent to microglia that also
participate in the structural and functional regulation of the BBB un-
der physiological and pathological conditions (Figure 1A). Endothe-
lial cells (ECs) are the major functional components of the BBB, and
they are connected by tight junctions, adherens junctions, and gap
junctions. These endothelial junctions form a thin layer to ensure
vascular stability and BBB integrity. Molecules, such as claudins, oc-
cludins, junction adhesion molecules, and zonula occludens, form the
basic seal of the BBB by tightly attaching to ECs. These tight junctions
keep the ECs 50–100 times more tightly connected than ECs located
in the wall of peripheral microvessels, which impedes the passage of
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cells and small molecules into the brain.13,14 Furthermore, BBB ECs
have fewer pinocytotic vesicles than peripheral ECs.15 Ions or small
molecules (e.g., glucose) are transported across the BBB by active
transport. The transportation routes for proteins and peptides include
paracellular and transcellular transcytosis, receptor-mediated trans-
cytosis (RMT), transporter protein-mediated transcytosis, cell-medi-
ated transcytosis, and absorptive-mediated transcytosis. Paracellular
diffusion is the passage of solute molecules through gaps between
two adjacent ECs. The driving mechanism for this non-specific trans-
port is the negative concentration gradient from the blood to the
brain. Only hydrophilic small molecules (molecular weight <500
Da) can cross the BBB by paracellular diffusion.16,17 Carrier trans-
porters, including glucose transporter 1 (GLUT1), monocarboxylic
acid transporter 1 (MCT1), and L-type amino acid transporter
(LAT1), are expressed at the BBB to facilitate the transport of
nutrients and metabolites into or out of the brain.18,19 GLUT-1,
responsible for glucose uptake, is involved in the transport of insulin
or transferrin to specific receptors in the brain, whereas MCT1 selec-
tively transports small molecules into the brain. LAT1 transports
neutral amino acids with large molecular weights, such as leucine,
phenylalanine, methionine, etc., but they are incapable of mediating
the macromolecular drug delivery.20

Another path is through adsorptive-mediated transcytosis (AMT),
which involves the binding of polycations to negative charges on the
serosa.15 However, since this pathway lacks specificity, a wide range
of molecules can be absorbed, and the targeting effect is thus difficult
to achieve. RMT is another pathway for transporting macromolecules,
which involves the binding of a specific ligand to receptors and can be
harnessed to realize efficient targeted drug delivery. Receptor-mediated
endocytosis involves binding macromolecules to receptor proteins,
accumulation in intracellular invaginations, and entering the ECs as
complexes in clathrin-coated pits through endocytosis of surface recep-
tor transporters that are recycled to the cell surface or transported to
lysosomes for degradation. RMT and AMT can effectively promote
brain drug delivery, especially for macromolecular drugs.21 The path-
ways for crossing the BBB are summarized in Figure 1B.

TRANSPORTING EXOSOMES ACROSS THE BBB
Some CDVs, including exosomes (30–150 nm), are known to enter
the brain and serve as delivery vehicles for brain-targeted drug deliv-
ery.22 For example, Yang and co-workers explored how exosomes
mitigated across the BBB and reported that bEND.3 cell-derived exo-
somes loaded with rhodamine 123 could be delivered to the brain
through the brain endothelium region, while rhodamine 123 alone re-
mained in the blood vessels, indicating that exosomes can pass the
BBB and increase the ability of drugs to cross the BBB. They then uti-
lized bEND.3 cell-derived exosomes to deliver anticancer drugs for
the treatment of neuronal glioblastoma (GBM), which showed a sig-
nificant cytotoxic effect.23

Although many findings report that exosomes could deliver drugs
across the BBB, how exosomes interact with the BBB and enter brain
regions remains elusive. Chen and co-workers revealed that exosomes
were internalized by brain microvascular ECs (BMECs) via endocy-
tosis. Using HEK293T-derived exosomes and in vitro BBB mono-
layers as model systems, they demonstrated that exosomes passed
across the BBB primarily through active endocytosis of BMECs using
the transcellular pathway rather than the passive paracellular
pathway.24 The binding of exosome surface ligands to brain EC recep-
tors is currently considered the primary mechanism for exosomes to
cross the BBB. Yuan et al. revealed that modification with brain hom-
ing peptides is not required to penetrate the BBB.11 Macrophage
(M4) exosomes crossed the BBB through the interaction between
the intercellular adhesion molecule-1 and integrin lymphocyte func-
tion-associated antigen 1.25 Blood-derived exosomes also exhibited
natural brain targeting capability via interaction with transferrin re-
ceptors (TfRs).26 CD46 has been found to be the main receptor of
BBB cells for the uptake of exosomes derived from brain metastatic
tumor cells.27

Certain types of exosomes have been reported to harness various re-
ceptors or cellular pathways to cross the BBB. For example, under
brain inflammation, upregulation of intracellular adhesion molecule
1 (ICAM-1) in brain inflammation correlated with the enhanced up-
take of M4 exosomes by BBB cells.25 Exosomes can also achieve BBB
crossing through endocytosis of BMECs by means of special adhesion
proteins on the surface of exosomes, such as integrins, tetraspanins,
CD11b and CD18 receptors, major histocompatibility complex, etc.
Exosomes released from neuronal and non-neuronal cells mediate
the information exchange within CNS. Furthermore, most exosomes
cross the BMEC monolayer through the transcellular pathway, endo-
cytosis, multivesicular body (MVB) formation, and exocytosis, while
only a few exosomes pass through the BBB via passive diffusion, i.e.,
paracellular path.24 Intuitively, under the condition of BBB break-
down due to inflammation or immune responses, the paracellular
diffusion route may increase.28 The strategies to achieve drug delivery
across the BBB generally involve modulation of physiological barriers,
opening tight junctions, and inhibiting efflux pumps. Using an
in vitro model, Banks et al. tested the ability of 10 exosome popula-
tions derived from mouse, human, cancerous, and non-cancerous
cell lines to cross the BBB. The authors discovered a vast rate differ-
ence of over 10-fold, and different exosome populations acted differ-
ently to modulators suggesting heterogeneity in the transport mech-
anism.29 Thus, deciphering the mechanism of this highly selective
barrier will further facilitate the development of new approaches to
aid the crossing of the BBB by rationally designing effective exo-
some-based brain delivery systems.30

BIOGENESIS OF EXOSOMES
Exosomes originate from early endosomes that mature and become
late sorted endosomes (LEs) (Figure 2). LEs, also referred to as
MVBs, are formed upon the invagination and budding of portions
of the endosomemembrane into the lumen.31–33 Intraluminal vesicles
(ILVs) are released into the extracellular space by fusion of the LE
membrane with the plasma membrane. Microvesicles are larger
than exosomes and are formed through outward budding of the
plasma membrane. Within exosomes, nucleic acids (DNA, RNA,
Molecular Therapy Vol. 31 No 5 May 2023 1209
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Figure 2. Schematic illustrations showing the biogenesis and secretion of exosomes and their cellular update pathways

GA, Golgi apparatus; MVB, multivesicular body; EE, early endosome; LE, late endosome; MHC, major histocompatibility complex; CD, cluster of differentiation; TSPAN,

tetraspanins.31–33
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and miRNAs), lipid rafts (cholesterol and flotillin-1), proteins (adhe-
sion molecules, tetraspanins, cytoplasmic proteins, and endosomal
sorting complex required for transport [ESCRT]) can be found. After
the ILVs are released into the extracellular space as exosomes, they
can be internalized by recipient cells via different endocytic pathways,
such as clathrin-dependent and clathrin-independent endocytosis,
phagocytosis, and micropinocytosis.31–33 Exosomes interact with
the target cells through different mechanisms. They can fuse with
1210 Molecular Therapy Vol. 31 No 5 May 2023
the target cell membrane and release their cargo directly into the
cytoplasm of the target cell. Or, without being internalized, they
can activate downstream signaling cascades by attaching to target
cell membranes through ligand-receptor interactions.31–33

Exosomes play key roles in intercellular communications in regu-
lating normal physiological processes as well as contributing to path-
ological conditions. In the nervous system, exosomes are involved in
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maintaining myelin sheaths, immune defense, inflammatory
response, neurogenesis, and eliminating waste products.34 Also, exo-
somes in the brain play a role in CNS diseases, such as stroke, AD, PD,
prion disease, and chronic traumatic encephalopathy. Containing
multiple biologically active substances, exosomes are viewed as mini-
ature compartments of the intracellular environment and encode in-
formation about the disease progression. Exosomes from the CNS can
be found in CSF and peripheral body fluids, and the change in their
contents with neurological conditions may serve as collectable sam-
ples for early diagnosis of brain diseases. For example, increased exo-
somal content of glutaminase C has been reported to be associated
with the early pathogenesis of AD.35 On the other hand, exosomes en-
riched with growth factors or miRNA are released by neural stem/
progenitor cells during neural stem cell (NSC) differentiation.36,37

NATIVE CDVs FOR BRAIN-TARGETED DRUG
DELIVERY
Some native CDVs can cross the BBB. For example, tumor-derived
exosomes show organ-specific tropism through the action of integ-
rin.38 Morad and co-workers confirmed that tumor-derived exo-
somes cross the BBB via transcytosis in several models of BBB,
including the cell-based in vitro model, zebrafish model, and mouse
model.39 Mechanistic studies elucidated that tumor-derived CDVs
have the intrinsic ability to circumvent the reduced rate of transcyto-
sis in the BBB by decreasing rab7 expression in brain ECs and
enhancing their uptake efficiency by astrocytes.39 Exosomes derived
from gliomas can upregulate Lipocalin-2 expression in BMECs,
thereby increasing endothelial membrane fluidity in the BBB.40

Such BBB-crossing glioma-derived exosomes offer an effective thera-
peutic strategy for drug delivery to the brain. Tumor cell-derived exo-
somes, however, may increase the risk of tumorigenicity and immu-
nogenicity in the host cells. Their use in clinical applications,
therefore, raises concerns about the safety issue.

Microglia are the resident M4s of the central nervous system. Micro-
glia-derived nanovesicles mediate cell-cell communications and regu-
late neuronal inflammation and immune responses. Li et al. injected
CDVs derived from M2 microglia into mice (M2-EVs) via tail vein
injection, and found M2-EVs reduced brain atrophy volume, pro-
moted functional recovery, oligodendrogenesis and white matter
repair in vivo, increased oligodendrocyte precursor cell proliferation,
survival, and differentiation in vitro. Further studies showed that
M2-EVs promote white matter repair via miR-23a-5p, possibly by
directly targeting Olig3 after ischemic stroke.41 Reynolds et al. utilized
microglia-derived exosomes as a vehicle to deliver small interfering
RNA (siRNA) across the BBB to target human telomerase reverse
transcriptase-immortalized human microglial cells (HTHU) latently
infected by HIV (HTHU-HIV). The result showed that HTHU exo-
somes could cross the BBB and efficiently deliver the cargo to the
CNS.42 Microglial EVs can deliver to recipient cells not only miRNAs
but also cytokines, such as TNF and IL-4,43,44 bioactive lipids,45,46 and
growth factors, such as TGF-beta.47 Therefore, engineered microglial
EVs may also represent a multimodal drug delivery platform to target
different CNS cells to promote regeneration.
M4-derived exosomes can also bypass the BBB. M4s loaded with
catalase could facilitate drug delivery to cells in neurovascular units,
such as neurons, astrocytes, and BMECs.48 A considerable number
of M4-derived exosomes loaded with the antioxidant catalase were
detected in PD mouse brains after intranasal administration and
offered a remarkable neuroprotective effect.49 Moreover, the pathol-
ogy of the brain also promotes the selective uptake of exosomes by
BBB cells. Upregulation of the inflammatory factor ICAM-1
enhanced the cellular uptake of M4 exosomes by BBB cells. M4 exo-
somes accumulate in the inflamed brain 5.8-fold higher than that in
the healthy brain.25 Overall, M4-derived exosomes loaded with cata-
lase have potential in the treatment of inflammatory and neurodegen-
erative diseases. These findings have important implications for the
use of M4-derived exosomes as nanocarriers to deliver therapeutic
proteins across the BBB. T cell-derived exosomes loaded with curcu-
min (Cur) exhibited a high affinity with microglial cells (�60%) and
subsequently induced microglial apoptosis.50

Brain EC-derived exosomes have the inherent ability to bypass the
BBB for brain delivery or they may protect neurons from hypoxic
injury. For example, cerebral EC (bEnd.3 cell)-derived exosomes
(EC-Exos) were used to treat acute ischemic brain injury.51 EC-
Exos promoted functional motor recovery in the model of ischemic
stroke produced by temporary middle cerebral artery occlusion and
reperfusion. The regulation of apical transmission, synaptic plasticity,
and synaptic vesicle cycle was significantly improved after exosome
treatment. In addition, EC-Exo-mediated delivery of microRNA-
126-3p could protect nerve cells from apoptosis and increased neurite
outgrowth. bEnd.3 cell-derived exosomes decreased the infarct vol-
ume and improved neurobehavioral recovery after ischemic stroke.
Furthermore, neural progenitor cell proliferation and migration
were activated after exosome treatment. These findings demonstrated
the mechanism by which EC-Exos play a role in the remodeling of
neuronal and vascular units and altered brain plasticity in acute brain
ischemic injury conditions.51 Other studies have also exploited this
BBB crossing ability of the EC-Exo carrier for targeted drug delivery
in brain cancer treatment.23

Besides, mesenchymal stem cell (MSC)-derived exosomes have also
found use in the treatment of stroke, AD, and neurodevelopment dis-
order.52–54 MSC-derived exosomes can reduce inflammation at the
injury site, thereby improving recovery from brain injury by
enhancing neurogenesis and angiogenesis.55,56 Studies found that
the administration of MSC-derived exosomes induces neuronal re-
covery and improved motor and cognitive deficits after traumatic
brain injury. Moreover, exosomes can effectively improve brain func-
tional outcomes after stroke. Intravenous administration of MSC-
derived exosomes improved functional recovery and enhanced
neuritis remodeling, neurogenesis, neurovascular plasticity, and
behavioral and neurological performance.57,58 Table 1 summarizes
the preclinical studies of treating neurodegenerative diseases with
EVs/exosomes. For example, MSC-derived exosomes inhibited the
expression of pro-inflammatory protein-inducible nitric oxide syn-
thase to alleviate nerve damage, repair synaptic transmission, and
Molecular Therapy Vol. 31 No 5 May 2023 1211
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Table 1. Summary of native EVs/exosomes for brain drug delivery and therapy in preclinical studies

Exosomes/MVs source Cargo Administration route Brain disease (animal model) Reference

Macrophages catalase intranasal or intravenously injected Parkinson’s disease Haney et al.49

EL-4 T cells curcumin intranasal administration brain inflammation Zhuang et al.50

bEnd.3 cells doxorubicin intravenous injection glioblastoma Zhang et al.59

HEK293T Cre recombinase intranasal delivery across the BBB Sterzenbach et al.60

Human bone marrow-
derived mesenchymal stem cells (hBM-
MSCs)

glucose-coated gold nanoparticle
(GNP)

intranasal administration stroke model Betzer et al.61

Human adipose mesenchymal stem cell
(hADSC)

miR-124 intracerebroventricular ischemic stroke Wang et al.55

MSCs miRNA-17-92 intravenous ischemic stroke Xin et al.62

Gingival MSC TNF-a-stimulated intraocular injection
retinal ischemia-reperfusion
injury

Yu et al.63

Macrophages
lipopolysaccharide (LPS)-
stimulated

intravenous injection ischemic stroke Zheng et al.64

Macrophages curcumin tail vein injection ischemia-reperfusion injury He et al.65

MSC – tail vein injection intracerebral hemorrhage Han et al.66

Blood dopamine intravenous injection Parkinson’s disease Qu et al.26

Plasma edaravone
intravenous injected into rats via tail
vein

ischemic stroke Guo et al.67

MSC – intravenous Parkinson’s disease Chen et al.68

Bone marrow-derived MSCs (BM-MSCs) SDF-1alpha intravenous PD rat model Cova et al.69

BM-MSCs – intravenously injected by tail vein stroke Xin et al.57

BM-MSCs – tail vein injection traumatic brain injury Zhang et al.70

Human umbilical cord mesenchymal stem
cells (hUC-MSCs)

– injection Alzheimer’s disease Ding et al.71

hUC-MSCs
hBM-MSCs

– intranasally administered autism mouse model
Liang et al.53; Perets
et al.72
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long-term potentiation in AD mice.73 MSC-derived exosomes alle-
viate the symptoms of PD by enhancing angiogenesis and neuropro-
tective activity.74,75 MSC-derived exosomes may also treat brain
diseases by transferring miRNAs (miRs). MSC-derived EVs amelio-
rate AD by delivering miR-29c-3p into neurons to target BACE1
and activate the Wnt/b-catenin pathway.76 In other examples,
MSC-derived exosome-mediated delivery of miR-133b promoted
neurite outgrowth and functional recovery in stroke.77,78 Engineered
exosomes derived from MSCs enriched with miR-17-92 promoted
neurogenesis, oligodendrogenesis, and neurite plasticity, and
enhanced neurological recovery after stroke.62 Because miR-124 has
been shown to exert a therapeutic effect in acute ischemic stroke by
promoting neurogenesis, a recent clinical trial (NCT03384433) eval-
uated the potential of miR-124-loaded MSC-derived exosomes in
reversing the disability of patients with acute ischemic stroke. Other
ongoing clinical trials are summarized in Table 2.

EVs released from NSCs also provide therapeutic effects by modu-
lating the function of neurons and glia in the brain. NSC-derived
EVs exhibited better brain repair in a mouse stroke model
compared with MSC-EVs.79 hNSC-derived EVs by intravenous
administration attenuated AD-related behavioral and molecular
1212 Molecular Therapy Vol. 31 No 5 May 2023
neuropathology in the AD mice model.80 These results suggest
that EVs from native sources can improve brain function by
enhancing neurite remodeling and neurogenesis, inhibiting brain
cell apoptosis, improving the brain microenvironment, mediating
immune responses, inducing vascular remodeling, and alleviating
inflammation. Although native EVs or exosomes can cross the
BBB under normal conditions, they may accumulate in the liver
and spleen at the condition of brain injury. Increasing the enrich-
ment of EVs and exosomes in the brain by developing new engi-
neering strategies is thereby a valuable research direction. For
example, EVs can be engineered to target dopaminergic neurons
in PD, medium spiny interneurons in Huntington’s disease, and
motor neurons in amyotrophic lateral sclerosis.81
SURFACE ENGINEERING FOR BRAIN-TARGETED
DRUG DELIVERY
Although native EVs/exosomes can cross the BBB, recent studies have
shown that systemically injected unmodified EVs/exosomes from
various cell types mainly accumulate in the liver and spleen, with
only <1% reaching the brain.82,83 Endowing EVs/exosomes with
brain-targeting capability will increase the accumulation in the brain.
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Table 2. Ongoing clinical trials of EVs/exosomes for treatment of brain diseases

EVs/Exosomes Sponsor/organization Administration route Brain disease Reference

miR-124-Loaded MSC-
Exos

Saeed Oraei Yazdani intranasal acute ischemic stroke
NCT03384433
phase 1
phase 2

Adipose MSC-exos
Ruijin Hospital, Shanghai Jiao Tong
University

stereotaxis/intraparenchymal Alzheimer’s disease
NCT04388982
phase 1
phase 2

Neonatal stem cell-Exos
Neurological Associates of West Los
Angeles

intravenously, epineural using ultrasound
guidance

craniofacial neuralgia NCT04202783

Allogenic exosomes
Neurological Associates of West Los
Angeles

ultrasound delivery of exosomes
refractory depression, anxiety disorders,
neurodegenerative diseases

NCT04202770

www.moleculartherapy.org

Review
Some exosomal surface proteins can be the points of modification.
Lysosome-associated membrane glycoprotein 2b (Lamp2b) on the
surface of the exosomes can be modified by genetic engineering
without compromising the structural integrity and properties of the
exosomes.84 In one example, a 29-amino-acid peptide derived from
rabies virus glycoprotein (RVG) that specifically binds to nicotinic
acetylcholine receptor was engineered onto the surface of exosomes
through genetic fusion with Lamp2b. Dendritic cell-derived exosomes
carrying Lamp2b-RVG could deliver siRNA to the mouse brain. The
Lamp2b-RVG-modified exosomes (RVG-Exos) were loaded with
exogenous siRNA targeting BACE1, an important regulatory gene
related to the pathogenesis of AD, and were injected intravenously.
BACE1 siRNA was delivered to neurons, microglia, and oligodendro-
cytes in the brain, resulting in the knockdown of BACE1.85 In another
report, RVG-modified exosomes from MSCs were delivered to the
brain region, attenuated the neuroinflammation induced by amy-
loid-beta, and improved learning and memory dysfunction in a
mouse model of AD.86 Modification with the RVG sequence resulted
in a 3-fold increase of exosomes in the cortex and hippocampus. Also,
loading miR-124 in RVG-modified MSC-derived exosomes effec-
tively delivered miRNA to the infarct site and ameliorated brain
injury by promoting neural progenitor cells to acquire a neuronal
phenotype, thereby protecting against ischemic injury.87 Intravenous
delivery of HMGB1 siRNA into the ischemic brain using RVG pep-
tide-modified exosomes also reduced HMGB1 levels and infarct
size.88 These studies show that Lamp2b-RVG-Exos can be used for
targeted delivery of gene drugs to the brain and may find use in the
treatment of brain-related diseases. This vehicle can also find use in
treating viral infection. Zhang et al. reported the use of RVG-modified
small EVs for targeted delivery of antiviral siRNA to the head of fetal
mice, which significantly inhibited Zika virus infection and alleviated
fetal microcephaly caused by virus infection.89

Regarding the cargo, RVG-Exos have been used to deliver siRNA,
miRNA, circRNAs, mRNA, and proteins to the brain and showed
therapeutic efficacy. RVG-Exos delivered circDYM to the brain
through intravenous injection-inhibited microglial activation, and
astrocyte dysfunction, and improved depression-like behavior,
bringing hope to patients with mental disorders.90 In the first
nonhuman primate study, RVG-Exo-mediated delivery of
circSCMH1-EVs improved motor function recovery, especially
finger-grasping abilities after stroke in the monkey.91 Systemic
administration of recombinant human NGF protein and its mRNA
by RVG-Exos efficiently delivered the cargo into the ischemic cortex
and translated directly into recipient cells to reduce ischemic injury. A
functional study exhibited that brain-targeted RVG-Exo-mediated
delivery of NGF reduces ischemic injury by remodelingmicroglial po-
larization, promoting inflammatory cell survival, and increasing
the number of doublecortin-positive cells.92 In another report, Ren
et al. packaged aptamer F5R2, which recognizes the fibrillar a-synu-
clein into RVG-Exos, and observed that this treatment cleared a-syn-
uclein aggregates in cultured neurons, prevented synaptic protein
loss and neuronal death, and improved the associated motor
dysfunction.93

Modifying exosomes with a ligand specific to GBM could lead to
GBM-targeted gene therapy. Installing a TfR-binding peptide T7 on
the surface of exosomes produces T7-Lamp2b-Exo for the treatment
of GBM.94 T7-Lamp2b-Exo targeted TfR-rich C6 GBM cells more
efficiently than unmodified exosomes or RVG-modified exosomes.
Intravenous administration of T7-Lamp2b-Exo-loaded anti-miR-21
effectively reduced miR-21 levels in GBM and led to higher tumor
suppression and reduced side effects.95 Kim et al. reported the com-
parison of exosomes decorated by a TfR-binding peptide T7
(T7-exo) and exosomes decorated by the RVG-Exo in the delivery
of antisense miRNA oligonucleotides against miR-21 (AMO-21)
to the brain for the treatment of GBM. The authors showed that
T7-exo had a higher delivery efficiency both in vitro and in vivo,
but that T7-exo/AMO-21 and RVG-exo/AMO-21 showed compara-
ble therapeutic effects on the brain tumor as a result of the systemic
injection. This result is perplexing and awaits further clarification.95

T7 peptide has been generally regarded as a superior tumor-targeting
peptide because of the tight binding affinity between T7 and TfR
(KD around 10 nM) and the high expression levels of TfRs in the brain
tumor.96–98

An increase in the expression level of stromal cell-derived factor
(SDF-1) was observed in ischemic stroke. Among all the chemokines,
CXCR4 is a major cell surface receptor that orchestrates cell migra-
tion upon binding to its ligand SDF-1. CXCR4-overexpressing cell
Molecular Therapy Vol. 31 No 5 May 2023 1213
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membranes functionalized nanocarrier presented efficient delivery of
drugs in the ischemic brain or stroke.99,100 Further studies showed
that overexpression of CXCR4 enhanced the migration of exosomes
to the ischemic brain. Exosomes derived from BMSCs overexpressing
CXCR4 can promote the proliferation and tube formation of micro-
vascular ECs, and enhance the recovery of vascular function and
nerve repair after ischemic cerebral infarction.101 Furthermore, as
the SDF-1/CXCR4 axis plays an important role in tumor cell metas-
tasis, exosomes expressing CXCR4 together with chemotherapeutic
drugs exerted remarkable activity against brain metastasis of breast
cancer in vivo.102

Besides, the tetraspanin superfamily proteins CD63/CD9/CD81 can
also be used for surface functionalization and protein fusion. Tetra-
spanins can be modified to display cell-targeting sequences by fusing
targeting moieties into the extracellular loops of the tetraspanins. For
example, the low-density lipoprotein receptor (LDLR)-mediated
transcytosis pathway can be harnessed for exosome delivery by engi-
neering ApoB-expressing exosomes through ApoB and tetraspanin
CD9 conjugation. The accumulation of CD9-ApoB exosomes in
cortical blood vessels extended the retention time in the brain for
up to 24 h103 These findings reveal that expressing specific ligands
that bind receptors, e.g., TfR, LDLR, and GLUT1, on exosomal sur-
face proteins can enhance CNS targeting capabilities.

Altogether, these studies demonstrate the feasibility of genetic engi-
neering of exosomal surface proteins for brain-targeted drug delivery
and disease treatment. Genetic engineering of the exosomal surface
proteins is a viable method to introduce targeting peptides, but this
method has several pitfalls. First, genetic engineering is laborious
and expensive in clinical applications. Second, this method cannot
be applied to pre-separated CDVs or CDVs collected from tissue or
body fluids, or hard-to-transfect cells, including red blood cells and
stem cells. Also, the step of gene transfer incurs additional risk. In
addition to genetic engineering of brain-targeted exosomes, other
strategies for surface modification of exosomes include covalent
conjugation reactions (click reaction, enzymatic reactions, and meta-
bolic engineering of exosome parent cells) and non-covalent modifi-
cations (multivalent electrostatic interactions, aptamer-based modifi-
cations, ligand-receptor interactions, hydrophobic interactions, and
modifications with CP05 anchor peptide) (summarized in Figure 3
and Table 3). Chemical modification, instead, avoids the risk of
gene transfer and the multi-step manipulation. But the key is to
form a stable linkage between the targeting sequence and CDVs
and the removal of the excess chemical entities.

Chemical modifications of exosomes for brain delivery have also
shown success. For example, peptide RVG-modified poly(2-ethyl-2-
oxazoline)-dioleoylphosphatidylethanolamine can insert into the
lipid membrane of exosomes and display RVG peptide on exo-
somes.86 MSC-Exos chemically modified with RVG exhibited
increased targeting to the cortex and hippocampus after intravenous
administration, which resulted in reduced Ab levels and rescued
memory deficits in a mouse model of AD.86 In another example,
1214 Molecular Therapy Vol. 31 No 5 May 2023
MSC-Exos were modified with a neuropilin-1 targeting peptide by
“click” reaction to achieve glioma targeting. The modified exosomes
were loaded with superparamagnetic iron oxide nanoparticles and
Cur for simultaneous diagnosis and brain cancer therapy.109 Tian
and co-workers conjugated an RGD peptide onto exosomal surfaces
via the copper-free click reaction. In a mouse stroke model,
c(RGDyK) peptide-conjugated exosomes showed 11-fold higher de-
livery to the ischemic region of the brain compared with exosomes
conjugated with a scrambled peptide.104 Furthermore, Cur-loaded
cRGD-Exos showed that cRGD-Exo-Cur attenuated inflammation
and neural apoptosis in the lesion area, indicating the potential use
for the treatment of ischemic injury.104 The RGD-modified exosomes
also delivered miR-210 to the brain and induced angiogenesis for
brain tissue repair after cerebral ischemia.108 Alternatively, Tian
and co-workers recombinantly expressed a fused lactadherin protein
domain with RGD-4C peptide, and functionalized EVs based on the
interaction between this fusion protein and EVs.114

LDLR-related protein (LRP-1) on brain capillary ECs and glioma cells
can transport endogenous proteins and small molecules into the brain
through transcytosis.115 This pathway can be harnessed for exosome-
mediated brain delivery. The angiopep-2 peptide is a high-affinity
ligand of LRP-1.116 Liang et al. developed angiopep-2-functionalized
exosomes (angiopep-2-Exos), which were used to deliver signal trans-
ducers and activators of transcription 3-siRNA.110 Exosome mimics
coated with angiopep-2 also enhanced the brain tumor targeting abil-
ity.112 Moreover, dual-targeting exosomes with both angiopep-2 and
CD133 RNA aptamers showed efficient internalization by both
U87MG and GBM stem cells.111 Collectively, these studies indicated
that angiopep-2 peptide-displaying exosomes hold promise in GBM
therapy.

HYBRIDIZATION OF EXOSOMES WITH OTHER
VECTORS
Besides using native EVs/exosomes and surface modified exosomes
for brain-targeted drug delivery, EVs/exosomes can also be hybrid-
ized or fused with other vectors or vehicles to realize brain-targeted
delivery. Adeno-associated virus (AAV) vectors have shown promise
in gene therapy. Recently, it was found that AAVs are also naturally
secreted via EVs and exosomes; AAVs enveloped in the lipid mem-
brane of exosomes are termed vexosomes or exo-AAVs.117 Compared
with AAVs, exo-AAVs outperformed in crossing the BBB; systemic
delivery of exo-AAVs enabled stable transduction of brain cells (neu-
rons, astrocytes, ECs) with a more widespread and longer gene
expression.118 Importantly, no cytotoxicity was observed in exo-
AAV-transduced cells. Although exo-AAVs constructed from native
exosomes are BBB-penetrating vehicles, we still can enhance their
brain targeting capability by surface modification with brain targeting
ligands.

Exosomes can self-assemble with protein nanostructures to form
hybrid carriers. Votteler et al. designed self-assembling protein
nanocages that direct their own release from human cells inside small
vesicles in a manner that resembles some viruses, known as enveloped
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Table 3. Examples of engineering exosomes for brain targeting and delivery

Carrier proteins Method of engineering Cargo Effect Reference

T7-Lamp2b (HAIYPRH, T7) genetic engineering antisense miR-21 (AMO-21)
target delivery AMO-21 into intracranial
GBM

Kim et al.95

CD9-ApoB genetic engineering N/A prolong retention in the brain
Tian
et al.104

RVG-LAMP-2B

genetic engineering BACE1 siRNA
directing BACE1 siRNA to brain
neurons with great potential for AD
therapy

Cui et al.86

genetic engineering HMGB1-siRNA
higher brain accumulation, effective
gene silence in ischemic strokes.

Kim et al.88

genetic engineering miR-124
promotes gene-drug delivery to the
ischemic cortex of the brain and
attenuates ischemic damage

Yang et al.87

genetic engineering opioid receptor mu (MOR) siRNA
delivery of siRNA to the central nervous
system and restrain the morphine
relapse

Liu et al.105

genetic engineering mRNA (e.g., nluc, catalase)
deliver cargomRNA to the brain, rescues
neurotoxicity and neuroinflammation in
Parkinson’s disease

Kojima
et al.106

genetic engineering circDYM ameliorates depressive-like behaviors Yu et al.90

genetic engineering circSCMH1
enhance functional recovery in both
rodent and nonhuman primate ischemic
stroke models

Yang et al.91

genetic engineering nerve growth factor protein and mRNA
simultaneous delivery of nerve growth
factor mRNA and protein to
the ischemic cortex

Yang et al.92

genetic engineering BM-MSC exos
targeted MSC-derived exosomes to
cortex and hippocampus rescue memory
deficits in AD mouse

Xin et al.77

genetic engineering aptamer F5R1 or F5R2
decrease the a-synuclein aggregates in
the PD model

Ren et al.93

genetic engineering MSC-exosome
regulate neuroinflammatory responses
in the AD brain

Cui et al.86

RVG-CP05 anchor peptide RVG-CP05
exosomal anchor peptide enables direct
functionalization of exosomes for brain-
targeted delivery

Gao et al.107

CXCR4
genetic engineering MSC-exosome

enhances the delivery of exosomes to the
ischemic brain tissue

Li et al.101

genetic engineering TRAIL anti-brain metastases of breast cancer Liu et al.102

RGD-C1C2 (ACDCRGDCFC, RGD) genetic engineering neural progenitor cell-exosome
target the lesion region of the ischemic
brain and anti-inflammatory activity

Gao et al.107

c(RGDyK) peptide
(Arg-Gly-Asp-D-Tyr-Lys)

bio-orthogonal copper-free click
chemistry

MSC-exosome, curcumin
target ischemic tissue, anti-
inflammatory approaches to ischemic
stroke

Tian
et al.104

c(RGDyK) peptide
bio-orthogonal copper-free click
chemistry

MSC-exosome, miR-210
targeted delivery to the ischemic brain,
regulate angiogenesis in ischemic brain
injury

Zhang
et al.108

NRP-1 targeted peptide (RGERPPR,
RGE)

click chemistry
superparamagnetic iron oxide
nanoparticles, curcumin

brain-targeted imaging and treatment of
glioma

Jia et al.109

Angiopep-2
(TFFYGGSRGKRNNFKTEEY, An2)

–
signal transducers and activators of
transcription 3 siRNA

crossed the BBB and targeted to glial
cells, enhanced
GBM’s median survival rate

Liang
et al.110

Angiopep-2; CD133 RNA aptamers amphiphilic molecule bridge temozolomide, O6-benzylguanine
dual targeting effect of exosomes, anti-
GBM properties

Liang
et al.111

(Continued on next page)
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Table 3. Continued

Carrier proteins Method of engineering Cargo Effect Reference

Angiopep-2 DSPE-PEG2000-Angiopep-2 docetaxel
targeted brain-tumor drug delivery and
therapy

Wu et al.112

Iron oxide nanoparticles physical engineering –

accumulate to the ischemic lesion,
promote anti-inflammatory response,
angiogenesis, and anti-apoptosis in the
ischemic brain lesion

Kim et al.113
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protein nanocages (EPNs).119 EPNs incorporating the vesicular sto-
matitis viral glycoprotein can fuse with desired cells and deliver their
cargo, thus transporting contents from one cell to another. Each EPN
can actively load up to 60 different therapeutic proteins, thereby
greatly increasing EV capacity, and the modification of the EPN
sequence is well tolerated, offering the potential for packaging specific
macromolecules and delivering them to target cells for clinical appli-
cations. Ovchinnikova et al. showed that the loading of engineered
EVs mediated by modified EPN-Fos nanocages improved active pro-
tein loading inside EVs and their delivery into target cells.120 This new
type of EV/exosome derivatives may be harnessed for brain-specific
delivery in the future.

Hybrid exosomes formed by membrane fusion of exosomes and lipo-
somes have been shown to enhance drug delivery.121 Compared with
exosomes alone, the hybrid exosomes can efficiently encapsulate large
plasmids, including the CRISPR-Cas9 expression vectors. Besides,
drug-loaded hybrid exosomes could be endocytosed by MSCs and
release cargos inside the cells, providing a new strategy to deliver
the CRISPR-Cas9 system for gene manipulation in the brain.
Hybrid vesicles resulted from the fusion of EVs derived from cardiac
progenitor cells (CPCs) and liposomes retained the functional regener-
ative properties of CPC EVs and efficiently delivered the siRNA.122

Liposome-EV hybrid vehicles showed an improved cellular delivery
efficiency of a chemotherapeutic agent 3–4 times higher than the
free drug or the drug-loaded liposome.123 Cheng et al. designed a
hybrid therapeutic nanovesicles, named hGLV, by fusing gene-engi-
neered exosomes with drug-loaded thermosensitive liposomes, and
demonstrated that theCD47-overexpressed hGLVexhibited longblood
circulation and improved theM4-mediated phagocytosis of tumor cells
by blocking CD47 signals.124 Furthermore, a bioinspired hybrid nano-
platform, namely miR497/TP-HENPs, was developed by fusion of
CD47-expressing tumor exosomes and targeting peptide cRGD modi-
fied liposomes to co-deliver the chemotherapeutic drug triptolide
(TP) and miR497.125

Hybridization of exosomes with inorganic nanoparticles has also been
reported. Mo and Li synthesized a core-shell hydroxychloroquine
(HCQ) nanocarrier comprising hollow zinc sulfide (ZnS) nanopar-
ticles covered by a shell of dual-stimuli responsive hybrid exosomes
containing exosomes and pH- and redox-responsive iRGD-derived
phosphatidylserine, named HCQ@ZnS@exo@iRGD. Functionaliza-
tion of HCQ@ZnS@exo with iRGD significantly improved BBB
crossing for better GBM therapy. The designed nanostructures fur-
1216 Molecular Therapy Vol. 31 No 5 May 2023
nished a synergistic photodynamic/chemotherapeutic nanoplatform
for brain tumors.126

CARGO LOADING
EVs/exosomes can load a range of cargos, including lipids, proteins,
nucleic acids, or other cellular components. Cargos can be loaded
into EVs/exosomes through various chemical and physical methods.
Several mechanisms are involved in loading cargo into EVs/exo-
somes, e.g., ESCRT-dependent, lipid raft, and ceramide-mediated
mechanisms conduct the sorting and loading of endogenous car-
gos.127–130 However, under native conditions, EVs/exosomes have
limited efficiency in endogenous cargo loading.127–130 Therefore,
multiple techniques have been employed to load therapeutic cargo
into EVs/exosomes through exogenous loading methods, such as in-
cubation of the cargo with EV/exosome-secreting cells and transfec-
tion of nucleic acid cargo into EVs/exosomes. Therapeutic cargos
(proteins, nucleic acids, and small molecules) can be loaded into
EVs/exosomes through packaging. Transient transfection of protein,
plasmid DNA, mRNA, or miRNAs into donor cells can pack them as
cargo into secreted EVs/exosomes. Co-incubating small molecules
with donor cells can load them into EVs/exosomes through the
endogenous exosome biogenesis pathway. Exogenous cargo can be
loaded directly into EVs/exosomes by electroporation, sonication,
extrusion, and freeze-thaw cycling.127–130 However, these physical
methods may lead to aggregation of exosomes and disruption of exo-
some membrane structure, and may require excessive purification
steps. In general, the cargo loading methods can be categorized as
endogenous and exogenous methods as summarized in Figure 4.

To address the issue of low loading efficiency, researchers took
various approaches to engineer EVs/exosomes. For example, cargo
molecules can be directly loaded into exosomes in situ inside the
host cells by fusing or interacting with the exosomal transmembrane
proteins. Yim et al. introduced a technique called exosomes for pro-
tein loading via optically reversible protein-protein interactions
(EXPLORs).131 In the donor cells, the exosomal membrane protein
CD9 was conjugated with CIBN, and CRY2 was fused with the cargo
protein (CIBN and CRY2 are a pair of photoresponsive interactive
proteins). Then continuous irradiation of blue light activated the
interaction between CIBN and CRY2, which induced the loading of
the cargo protein into the exosome. Ndfip1, a ubiquitin ligase adaptor
protein, was able to export the bound protein into the lumen of exo-
somes. Integrating a protein-protein interaction module controlled
by Ndfip1 and the WW tag, the fusion of target protein and the
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Figure 3. Surface engineering strategies of exosomes for targeted delivery

DBCO, dibenzocyclooctyne; DSPE, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine; PEG, polyethylene glycol; NHS, N-hydroxysuccinimide; LPXTG and LPX(G)n,

representing amino acid sequences; CP05, a CD63 binding peptide; C18, 18 C fatty acid stearic acid; Chol, cholesterol.7,8
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WW tag leads to interaction with NDfip, causing ubiquitination of
target protein and subsequent loading into exosomes. Using this
method, exosomes containing Cre recombinase were developed,
and engineered exosomes could cross the BBB to receptor neurons
in many brain regions via the nasal route.60 The ability of engineered
exosomes to load and deliver bioactive proteins across the BBB is an
important step in developing therapies to treat brain disorders. In
another example, Jiang et al. first identified that a viral protein of
quasi-enveloped HAV, pX, when fused with eGFP, guided eGFP
into exosome-like EVs by directing eGFP into MVBs.132 Mechanistic
studies of this observation revealed that apoptosis-linked gene
2-interacting protein X (ALIX) was responsible for this because of
Molecular Therapy Vol. 31 No 5 May 2023 1217
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Figure 4. Summary of cargo loading strategies into exosomes

ESCRT, endosomal sorting complex required for transport; Tsg101, tumor susceptibility gene 101; Vps, vacuolar protein sorting; CHMP, chromatin-modifying protein/

charged multivesicular body protein family; Smase, sphingomyelinase.127–130
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the interaction between pX and ALIX. Furthermore, the authors
delineated that the C-terminal half of pX was sufficient for guiding
the cargo into EVs. Therefore, this work identified a protein tag
that, through genetic fusion with the cargo protein, can guide the pro-
tein cargo into exosome-like EVs.133

Loading RNA into exosomes has also been achieved. Hung and Leo-
nard reported an approach of fusing the MS2 bacteriophage coat pro-
tein to EV-associated proteins and the cognate MS2 stem loop into
cargo RNAs to realize enhanced cargo RNA loading (up to 6-fold)
into EVs.133 Li et al. fused RNA binding protein HuR with the exoso-
mal membrane protein CD9, and the CD9-HuR exosomes could
1218 Molecular Therapy Vol. 31 No 5 May 2023
enrich the functional miRNA inhibitor or CRISPR/dCas9 when the
RNAs were engineered to have the AU-rich elements.134 The same
group also fused HuR to the C terminus of Lamp2b, and Lamp2b-
HuR exosomes drive the endogenous RNA targets recognized by
the RNA-binding motif to the lysosome for degradation in the recip-
ient cells, especially when the exosomes were acidified.135 Engineer-
ing-functionalized exosomes with RNA-binding proteins may find
use in RNA-based gene therapies for CNS diseases.

Besides genetic engineering methods, physical treatments of the exo-
some membranes have long been explored to increase the loading ca-
pacity of exosomes. Small-molecule drugs can directly cross the lipid
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bilayer of parent cells and generate small-molecule drug-loaded exo-
somes. Hydrophobic drugs have a higher propensity to be included in
the lipid bilayer of the exosome. For hydrophilic drugs, special treat-
ment, such as electroporation, is required. Electroporation imposes
an electric field in the form of short high-voltage pulses to create tran-
sient micropores on the surface of exosomes, so that the drug can
easily diffuse and the integrity of the exosome membrane is restored.
Electroporation has been widely used to encapsulate a variety of car-
gos, including proteins and mRNAs. Exosomes loaded with doxoru-
bicin through electroporation exhibited an encapsulation efficiency
up to 20%.136 On the other hand, electroporation increases the
loading of siRNA or miRNAs, ranging from 30% to 60%.72,85

Notwithstanding, electroporation may induce aggregation of exo-
somes and cargos and optimization is often needed. Other methods
include the use of surfactant molecules, such as saponins or tritons,
which can increase membrane permeabilization. Saponin enhanced
the loading capacity of catalase into exosomes, thus promoting the
drug’s therapeutic effects in PD.49,137 Loading of porphyrins by hypo-
tonic dialysis also achieved increased drug loading efficiency.79 Alter-
nating freezing and thawing (usually at room temperature) in liquid
nitrogen or �80�C also helped cargo loading into the exosomes.138

Sonication can induce exosome membrane reorganization, and
applying sound waves to induce mechanical shear force upon the exo-
some membrane facilitates the cargo loading.127 Extrusion means
forcing exosomes through 100–400 nm porous membranes to induce
membrane deconstruction and reconstruction. Employing extrusion
exhibited increased loading of catalase (22.2%).49 Altogether,
although these methods disturb the membrane and could possibly
lead to functional disturbance or distortion on CDNs, they are very
convenient to use.

SUMMARY AND PERSPECTIVE
Although numerous potential neurotherapeutic agents have been
developed in various disease models, the fact that 98% of small-mole-
cule drugs and almost 100% of large-molecule drugs cannot cross the
BBB impedes their clinical applications. CDNs have attracted atten-
tion due to their potential as the new-generation drug carriers for
the treatment of brain diseases owing to their natural tendency to
cross the BBB and their capacities of being extensively engineered.
Notwithstanding such potential, challenges still remain.

Large-scale production of GMP-grade EVs/exosomes is a major
bottleneck in advancing EV/exosome-based therapies into the
clinic. The bioreactor-based culture system provides a possible solu-
tion.139 Watson et al. reported a hollow-fiber bioreactor culture that
yielded �40-fold more EVs per mL conditioned medium compared
with conventional cell culture.140 Haraszti et al. cultivated umbilical
cord-derived MSCs in scalable microcarrier-based three-dimensional
(3D) cultures. In combination with the conventional differential ul-
tracentrifugation, 3D culture yields 20-fold more exosomes (3D-
UC-Exos) than two-dimensional cultures (2D-UC-Exos). Tangential
flow filtration (TFF) in combination with 3D MSC cultures further
improves the yield of exosomes (3D-TFF-Exos) by 7-fold over 3D-
UC-Exos. 3D-TFF-Exos are seven times more potent in siRNA trans-
fer to neurons compared with 2D-UC-Exos.141 Currently, hollow fi-
ber bioreactors from commercial sources have been widely used for
large-scale production of EVs.142 Yang et al. compared exosomes
derived from cells cultured on 3D graphene scaffolds and 2D gra-
phene film and discovered dramatic differences in the levels of 195
kinds of miRNAs and proteins between the two. Exosomes from
3D culture also gave higher therapeutic effects on ameliorating the
memory and cognitive deficits in AD mice than exosomes from 2D
culture.143 Although it awaits further study about its generality, the
3D bioreactor likely provides a growth environment for cells that bet-
ter mimics that under the physiological conditions, and hence CDVs
more similar to the native ones.

The GMP-grade MSC-derived exosomes have been tested in in vitro
and in vivomodels without showing any significant side effects. How-
ever, the technology still needs further testing on different types of
cells, especially in the production of engineered EVs/exosomes. More-
over, for brain-targeted delivery, strategies to effectively label EVs/
exosomes and/or the cargos, together with advanced in vivo imaging
tools for high-accuracy quantitative monitoring of exosome delivery
to brain tissues are required, and the detailed mechanism of the BBB
penetration needs to be unveiled.

Pathological conditions in the brain lead to the breakdown of the
BBB, which affects the update of exosomes in the brain. BBB break-
down increases BBB permeability and is known to facilitate entry
into the brain of neurotoxic blood-derived products, cells, and path-
ogens.144 One of the consequences of BBB breakdown is cellular
infiltration: extravasation of red blood cells, peripheral M4s, and
neutrophils has been found in patients with AD, PD, and ALS,
which causes microbleeds and immune responses in the brain. Be-
sides cells, EVs containing a-synuclein have been found in the
CSF and blood, suggesting bidirectional transport of CDNs.145,146

Although neurologists commonly assume that BBB breakdown fa-
cilitates the delivery of large molecules, including CDNs, to the
brain, it has the opposite effect. The pathological BBB breakdown
is accompanied by vascular changes, such as endothelial degenera-
tion, reduced expression of tight junctions and adherens junctions,
increased endothelial bulk flow transcytosis, disrupted BBB
transporter expression, pericyte degeneration, perivascular accumu-
lation of toxic products, inflammation, and immune responses,
which adversely affect the entry of therapeutic drugs and the car-
riers.144 A generalizable model of how externally administered
CDNs enter the brain under BBB breakdown conditions is not avail-
able in the literature, and most of the exosome-mediated delivery
work focused on the therapeutic efficacy and did not compare the
delivery routes or efficiency to the healthy and diseased brain. As
one relevant example, Yuan et al. reported that brain inflammation
enhanced the delivery of the brain-derived neurotrophic factor by
naive M4 exosomes, possibly due to the overexpression of upregu-
lation of ICAM-1 in the inflamed brain.104,114 To better understand
exosome-mediated delivery under pathological conditions, a com-
parison of the exosome delivery to diseased and healthy brains is
needed.
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Figure 5. Schematic illustration showing the journal of exosomes from pre-clinical studies to clinical trials
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Overall, EVs/exosomes have exhibited great potential in the
treatment of brain diseases. To improve the effectiveness of treat-
ments, engineering brain-targeting EVs/exosomes with higher tar-
geting accuracy, improved circulation time, and enhanced cargo
loading is required to facilitate efficient delivery of cargo to
specific brain tissues or cells. Following the rapidly accumulating
preclinical data, there is an urgent need to conduct in-depth eval-
uations of the efficacy and safety of CDNs in the treatment of
brain diseases in vivo and push selected strategies to clinical trials
(Figure 5).
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