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Abstract

With recent advances in nanotechnology and therapeutic nucleic acids (TNAS), various nucleic
acid nanoparticles (NANPs) have demonstrated great promise in diagnostics and therapeutics.
However, the full realization of NANPs’ potential necessitates the development of a safe, efficient,
biocompatible, stable, tissue-specific, and non-immunogenic delivery system. Exosomes, the
smallest extracellular vesicles and an endogenous source of nanocarriers, offer these advantages
while avoiding complications associated with manufactured agents. The lipid membranes

of exosomes surround a hydrophilic core, allowing for the simultaneous incorporation of
hydrophobic and hydrophilic drugs, nucleic acids, and proteins. Additional capabilities for post-
isolation exosome surface modifications with imaging agents, targeting ligands, and covalent
linkages also pave the way for their diverse biomedical applications. This review focuses on
exosomes: their biogenesis, intracellular trafficking, transportation capacities, and applications
with emphasis on the delivery of TNAs and programmable NANPs. We also highlight some

of the current challenges and discuss opportunities related to the development of therapeutic
exosome-based formulations and their clinical translation.
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Exosome-mediated delivery of NANPs and/or other functional moieties. After isolation and
purification of exosomes, cargos of interest are loaded into the exosome lumen and used for
the delivery to target cells.
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Nucleic acid-based therapeutics have demonstrated great potential in nanomedical
applications. The 2018 release of ONPATTRO®), the first FDA (Food and Drug
Administration)-approved RNAI drug?, marked a milestone and furthered the rapid
development of therapeutic nucleic acids (TNAs)2, with another therapy (GIVLAARI®)3
entering the market only a year later and two more therapeutics, OXLUMO™ and
LEQVIO®, just approved by the FDA and European Commission*-6. Currently, in addition
to these formulations, at least 30 more different therapeutic RNAI therapies are undergoing
clinical trials, and more candidates are being tested preclinically’. Other emerging classes of
TNAs are exemplified by antisense oligonucleotides (KYNAMRO®) as an adjunct therapy
for homozygous familial hypercholesterolemia®; mRNA vaccines against SARS-CoV-2
(BNT162b2 and mRNA-1273); aptamers (MACUGEN®) inhibiting vascular endothelial
growth factor®; and a triple combination vector containing an anti- zat/rev short hairpin
(sh)RNA, a nucleolar-localizing TAR decoy, and an anti-CCR5 ribozyme for autologous
peripheral blood stem cell transplantation. The lattermost example (ClinicalTrials.gov study
NCT01153646) has received FDA approval for treatment of AIDS and lymphoma patients in
clinical trials10,

As interest in TNA development and nucleic acid technologies grows, a new class

of TNAs formulated with nucleic acid nanoparticles (NANPs) becomes an expanding
research focus involving more and more investigators worldwide each yearll. NANPs
are fully programmable nanoparticles made exclusively of nucleic acids and/or their
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chemical analogs that are rationally designed to self-assemble and reproducibly assume
structures that can serve as nanoscaffolds capable of carrying numerous functional moieties
and TNAs2-17_ Functionalized NANPs offer a unique and novel platform for various
applications as therapeutics, diagnostic nanodevices, and functional materials. For example,
NANPs functionalized with a cocktail of RNAI inducers have been shown to simultaneously
target multiple regions of the HIV-1 genome, including BS-matrix, capsid, protease, reverse
transcriptase, envelope, Nef, and Rev-Tat!8. Also, different techniques for the conditional
intracellular activation of TNAs have been introduced to expand the therapeutic options

of NANPs. One of the approaches relies on splitting the TNAs into cognate inactive

pairs of RNA/DNA hybrids with their original functionalities being restored only through
intracellular re-association. Using this strategy, the activation of RNA interference, NF-xB
decoys, RNA transcription, immunostimulation, Forster resonance energy transfer, and RNA
aptamers was demonstrated in human cells and animal models!3: 15.19-29 " Another approach
for the conditional intracellular activation of TNAs combines the diagnostic and therapeutic
steps, as exemplified by two-stranded RNA switches. After binding to the intracellular
target, the switches change their conformations, thereby releasing sShRNA-like structures that
act as therapies30. 31,

Besides being the carriers and actuators of TNAs, NANPs can also effectively modulate
immune responses, thus providing controlled and fine-tunable immunostimulation as

an additional therapeutic modality or remaining immunoquiescent to assist NANP
delivery?l. 24, 25,3245 Therefore, the relationship between NANPS’ architectural parameters
and immunostimulatory properties must be clearly defined to permit their successful and
safe translation into a clinical setting. Pro-inflammatory cytokines and interferons (IFNs)
are key players in nucleic acid sensing by human immune cells and quantitative structure-
activity relationship (QSAR) modeling can be implemented for measured physical and
chemical properties of NANPs to predict their pro-inflammatory responses®6. In a recent
study, a set of NANPs composed of RNA and/or DNA was characterized using this
process, which showed that the relative chemical stability of NANPs appeared to be the
parameter which contributed the most to NANPS’ immunorecognition, followed by melting
temperature, molecular weight, GC content, dissociation constant, and, finally, the size of
NANPs. In addition, systematic investigations of IFNs’ induction with NANPs of various
shapes, connectivity, and composition carried out in freshly collected primary human
peripheral blood mononuclear cells*’ demonstrated varying and specific responses from
different immune cells*8. It was discovered that linear NANPs elicit the lowest immune
responses, while planar structures lead to higher immunostimulation and globular NANPs
cause the highest immune responses. It was also shown that DNA NANPs exhibit less
immune stimulation than their RNA analogs, while NANPs functionalized with multiple
TNAs can be coordinated to minimize their immunorecognition through changing the extent
and orientation of the functional groups. Importantly, all NANPs used without a delivery
carrier appeared to be immunoquiescent and for a given delivery carrier, the dimensionality
and composition of NANPs define the therapeutic efficacy, immunostimulation, and
biodistribution of the formulation*®. While different carriers are used to deliver NANPS,
the immune cells in the peripheral blood lead to different subsequent cytokine responses®.
Moreover, recent mechanistic studies revealed that chemical modifications can additionally
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define the mechanism and extent of the NANPs’ immune recognition®L. It is now apparent
that a more comprehensive understanding of how NANPs contribute to immune stimulation
would allow for broader applications of this technology in various applications®2. For
example, while immunoquiescent NANPs can be used for TNA delivery and construction
of dynamic and sensing nanodevices, the regulated activation of the immune system may
become beneficial in cancer treatments. As a systemic disorder, cancers are characterized
by dysfunction of various immune pathways and the cancer-immunity cycle refers to a
series of events that must be initiated and expanded iteratively and efficiently in order for
an anticancer immune response to effectively terminate cancer cells®3. Production of type
I IFNs and proinflammatory cytokines resulting from NANPs can behave as stimulatory
factors that act on cancer immunity cycles and promote anticancer effects3. Immune
responses elicited by NANPs may also help restore normal immune function in a host

by activating antigen presenting cells and functional moieties that regulate expression

of immune checkpoint proteins and homing cytokines®*. This immunostimulation may
become useful as a vaccine adjuvant that would aim in avoiding necrosis at the vaccine
administration site, as well as an immunotherapy adjuvant that can restore and maintain
immune homeostasis®*. Furthermore, since NANPs’ efficacy in targeting NF-xB activity
has been demonstrated®®, programming NANPs with NF-xB decoys can reduce NF-xB-
dependent pro-inflammatory cytokine and IFN production®8.

Delivery of TNAs and therapeutic NANPs.

Nucleic acid nanomaterials and their unique and controllable properties offer a means

for the specific targeting of cellular components or the scaffolded delivery of TNAs. For
example, TNA-carrying RNA/DNA fibers have been shown to conditionally target the
mutated BRAF gene in human melanoma cells®®. High quantum yield malachite green
RNA aptamers conjugated with flavin mononucleotides or theophylline have been developed
as biosensors®’, while aptamer-siRNA chimeras have been shown to induce apoptosis in
cancer cells by targeting the eukaryotic elongation factor 2 gene®®. The packaging RNA of
bacteriophage phi29 DNA-packaging motors has been used to silence metallothionein-Ila
and survivin in ovarian cancer®®. Synthetic oligodeoxynucleotides with unmethylated CpG
motifs (CpG DNA) have been shown to induce both innate immunity and specific adaptive
immune responses as vaccine adjuvants®0. All of these successful examples illustrate the
diversity of these therapeutic platforms.

Because both TNAs and therapeutic NANPs are composed of hydrophilic and negatively
charged nucleic acids, they are inefficient at crossing biological membranes. In addition,
unmodified naked TNAs and NANPs are susceptible to rapid nuclease degradation in the
blood. These obstacles prevent direct intracellular use of NANP-based drugs without the
assistance of appropriate carriers. Over the last decade, extensive investigations of stable,
efficient, and safe carriers for therapeutic NANPs have been undertaken. So far, most
clinically approved carriers for therapeutics have fallen into lipid-61 62 polymer-4°, and
inorganic nanoparticle-based3%: 63. 64 categories. Despite their advantages, the manufactured
nanomaterials often suffer from immunogenicity, cytotoxicity, rapid blood clearance,

and poor biodistribution, all of which additionally hinder the clinical translation of
NANPs85-71 Therefore, the development of new delivery methods aiming to overcome the
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aforementioned complications associated with synthetic materials remains a great challenge
for nucleic acid nanotechnologists.

Extracellular vesicles.

Extracellular vesicles (EVs) are membrane-bound, cytosol-containing particles secreted
into the extracellular space by almost all living cells. EV's have been found in bodily

fluids including blood, urine, saliva, breast milk, cerebrospinal fluid, sputum, bile, semen,
amniotic fluid, broncho-alveolar lavage fluid, and ascites’? 73, The content, size, and
membrane composition of EVs depend on their cellular source and physiological conditions.
At present, three subgroups of EVs have been broadly classified and generally accepted
based on their sizes and biogenic pathways: apoptotic bodies, microvesicles, and exosomes.
Apoptotic bodies are larger vesicles around 800-5,000 nm in diameter which cells release
while undergoing programmed cell death’4. Microvesicles are generally smaller (50-1,000
nm in diameter) membranous vesicles produced via plasma membrane budding and are
associated with cell shedding”. The smallest EVs are exosomes, which range from 40-150
nm in diameter and undergo release during the fusion of multivesicular bodies (MVBSs)
with the plasma membrane. Due to their heterogeneous and dynamic nature, EV subgroup
differentiation is challenging. Intercellular communication relies heavily on EVs and they
contribute to numerous physiological and pathological functions. Moreover, EVs derived
from cancer cells have shown to promote angiogenesis and coagulation, support tumor
progression, and generate pre-metastatic niches’®.

A diverse array of quantitative methods is available for vesicle characterization. Assessment
of EV sizes and morphologies can be undertaken with transmission electron microscopy
and cryogenic electron microscopy. Nanoparticle tracking analysis, tunable resistive pulse
sensing, dynamic light scattering, and high-resolution flow cytometry not only reveal EVS’
sizes, but also provide information regarding EVs’ concentrations’®. Traditional methods of
EV isolation such as ultracentrifugation’’, density gradient centrifugation’’, size exclusion
chromatography’8, ultrafiltration, and gel filtration’® utilize EV size and buoyant density. A
relatively new method of isolation called polymer-based precipitation utilizes the changes
in solubility of exosomes using volume-excluding polymers such as polyethylene glycol
(PEG) to promote aggregation80. Other novel isolation methods that have recently appeared
are integrated microfluidic systems with on-chip immunoisolation8! and lipid-nanoprobe
systems that enable for spontaneous labelling of EVs with rapid subsequent magnetic
enrichment®2,

EVs contain luminal biologically active cargo such as proteins, nucleic acids, and lipids that
can be taken up by recipient cells, potentially altering their operations (Figure 1). Based

on proteomic studies, EVs are highly abundant in cytoskeletal, cytosolic, heat shock, and
transmembrane proteins, as well as proteins associated with intracellular trafficking83. EV
protein content can be assessed by immunoblotting, immuno-gold labelling with electron
microscopy, and antibody-coupled bead flow cytometry analysis®3. Some transmembrane
proteins found enriched in EVs are adhesion molecules such as integrins, tetraspanins (e.g.,
cluster of differentiation (CD) 9, CD81, CD63, CD82, CD53, CD37), intercellular adhesion
molecules (ICAM, also known as CD54), globule-epidermal growth factor-factor V111
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(also called lactadherin), antigen presentation proteins such as the major histocompatibility
complex (MHC) class I and class Il, membrane transport and fusion proteins for
intracellular trafficking (such as annexins, flotillins, and Ras-associated binding), and
ADP-ribosylation factor GTPases83-87. Cytosolic proteins found in the EV lumen include
cytoskeletal proteins (such as actin, cofilin, moesin, and tubulin), signal transduction
proteins (such as heterotrimeric G, B-catenin, and 14-3-3), enzymes (such as elongation
factors, glyceraldehyde 3-phosphate dehydrogenase, peroxidases, pyruvate kinase, and
enolase), chaperone proteins (such as heat shock protein (HSP)70 and HSP90), and
biogenesis factors (such as programmed cell death 6-interacting protein, tumor susceptibility
gene 101, syntenin, ubiquitin, clathrin, and vacuolar protein sorting 4 and 36)73: 88, Many of
these proteins are also commonly considered to be specific markers for EV subgroups. CD9,
CD63, CD81, Alix, Tsg101, and HSP70 are exosomal markers; integrins, flotillin-2, CD62,
and CD40 are markers for microvesicles; and Annexin V and phosphatidylserine are used

to identify apoptotic bodies’3: 8% 90 Common EV protein signatures are critical to ensure
their correct operation. The protein syntenin is a key component in MVB formation and
exosome biogenesis®?. The expression of glycosylphosphatidylinositol-anchored CD55 and
CD59 protect EVs from complement-mediated lysis®2 while surface glycosylation patterns
assist EV uptake by recipient cells®3. Cytokine and chemokine secretions affiliated with EVs
(e.9., IL-1a%, IL-1p%, CXCL8% and CX3CL1%) regulate the immune responses in target
cells.

DNA and RNA are also present in EVs. RNA pools in EVs have been identified using high-
throughput RNA sequencing and verified by RT-qPCR. These RNA populations include
MRNAs, mRNA fragments, IncRNA, miRNAs, snoRNAs, snRNAs, piRNAs, rRNAs, and
fragments of tRNAs and rRNAs’3: 98. 99 E\V RNA may regulate gene expression and protein
translation in recipient cells. A 3’-untranslated region of mMRNA which is rich in regulatory
sequences is carried by EVs and serves as a binding site for numerous RNA-binding
proteins. These “external” mMRNAs may compete with the recipient cell’s mRNA for miRNA
binding and specific RNA-binding proteins in the recipient cell, potentially leading to
downregulation of protein production therel%. Regarding the RNA sorting mechanism into
EVs, growing evidence indicates that RNAs are not loaded into EVs randomly and passively.
Instead, a certain population of RNAs becomes EV-enriched compared to their parental
cells, suggesting that cells selectively deliver these RNAs to enhance or modify target cell
functioning!01. Additionally, the RNA content of EVs is regulated by cells’ physiological
states. MiR-150, noted for its participation in hematopoiesis, is preferably packaged into
microvesicles in lipopolysaccharide-treated human blood cells'92. During immune synapse
formation, miR-335 is selectively sorted into EVs derived from T lymphoblasts and
unidirectionally transferred to antigen-presenting cells (APCs), resulting in downregulation
of SRY-related HMG-box (SOX)-4 mRNA translation103. In contrast to RNA, little is known
about EV-transported DNA’s functions, and its physiological significance in recipient cells
remains under investigation83. However, genomic DNA, oncogenic DNA, mitochondrial
DNA (mtDNA), ssDNA, and dsDNA have been detected in EVs104-107,

Finally, EVs possess a lipid bilayer in which the lipid distribution in the outer and
inner membranes are expected to resemble the cell membrane due to similar formation
mechanisms98, Compared to their cells of origin, EVs are enriched in sphingomyelin
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(SM), phosphatidylserine (PS), cholesterol, and sphingolipids1%®. However, not all EV's
contain high amounts of lipids. Reticulocyte-derived EVs display no enrichment of PS

or SM, whereas ceramide amounts change during reticulocyte maturation into red blood
cells!10, Therefore, EVs’ lipid composition is dynamic and influenced by the cell’s
physiological status. Lipids perform essential functions in EVs; cholesterol appears to
regulate EV trafficking by selecting membrane rafts and tetraspanin-enriched microdomains
for budding®11. Cholesterol, along with long saturated sphingolipid fatty acids, provides
tight packaging and structural rigidity to EVs83. In cancerous conditions, SM stimulates
endothelial cell migration and mediates angiogenic activity12. PS in platelet-derived EVs
contributes to thrombin formation and promotes coagulation13,

Components are not consistent throughout all EVs. Instead, they are rather specific and
dependent on size, the EV’s cell of origin, and purported functions!14. Breast cancer
cell-derived microvesicles and exosomes exhibit distinct protein profiles for extracellular
matrix degradation, cancer invasion and metastasis, and cell survivall1>. A subpopulation of
exosomes called “exomeres” lack external membranes or a spherical shape while containing
different types of proteins based on proteomic analysis!16. Likewise, EVs from diverse
origins consist of different components of proteins, nucleic acids, and lipids that influence
various physiological and pathological functions in recipient cells. Renal collecting duct
cells excrete EVs that contain vasopressin-regulated water channel aquaporin-2, a protein
involved in Na* transport and control of water permeability across the nephronl1’. Platelet-
derived EVs contain CD154 which stimulates antigen-specific 1gG production to modulate
inflammation and adaptive immunity at recipient cells distant from the activation site118,
Saliva-derived EVs carry tissue factors that initiate thrombin formation from the zymogen
prothrombin to elicit blood coagulation in target cells!19. A panel of 59 well-characterized
and immune-related miRNAs have been detected to be enriched in breast milk-derived EVs
and are shown to assist with development of the infant immune system120, Lipidomic studies
reveal a high cholesterol to phospholipid ratio in prostate gland epithelial cell-derived EVs,
namely in prostasomes isolated from human semen. Fusion of the sperm plasma membrane
with prostasomes contributes to sperm stability, enabling for sperm’s greater resistance to
untimely acrosomal reactions!?1.

Compositions of specific cell type-derived EVs also change in response to fluctuations in
the extracellular environment as well as different physiological conditions or differentiated
cell states. For instance, EVs secreted by vascular endothelial cells under ischemia-induced
hypoxia caused cytoskeletal and extracellular matrix rearrangements due to changes in EV
protein and MRNA contents!22. EVs secreted by cells containing the mutated Kirsten rat
sarcoma viral oncogene homolog (KRAS), which occurs in 30-40% of colorectal cancer
cases, dramatically affect proteomic vesicle composition, such as tumor-promoting proteins
KRAS, EGFR, SRC kinase, and integrins123. Mature dendritic cell (DC)-derived EVs
treated with LPS contain 50-to 100-fold more proteins, with notable enrichment of MHC
class Il, B7-2 (CD86), and intercellular adhesion molecule 1 (ICAM-1). Compared to EVs
from immature DCs, the mature DC-derived EVs displayed greater antigen-specific T cell
activation to trigger effector T-cell responses and activate naive T cells to APCs124,
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Exosome biogenesis and trafficking.

Exosomes, the smallest members of the EV family, are released by fusion of the endosome
with the plasma membranel25. With exponential growth in exosome research over the past
30 years, their essential roles in healthy and pathological cells as well as their potential
clinical diagnostic and therapeutic applications have been investigated. In 1987, the term
“exosome” was introduced based on observations of reversed endocytotic activity in which
internal cellular contents were externalized through a membrane-bound vesicle released by
the same cell126. Detailed knowledge of molecular mechanisms behind the biogenesis and
transport of exosomes can aid in understanding exosomal functions and further exploration
of their medical utility.

Exosome biogenesis starts within the endosomal system (Figure 2A). The endocytic
pathway consists of distinct membrane compartments which internalize molecules from
extracellular components, recycle them to the plasma membrane, and/or sort them for
degradation12?. Early endosomes are the first compartments that receive molecules coming
from the cell surface. They primarily function as sorting organelles; at an acidic pH,
endocytosed ligands dissociate from their receptors!28. Intraluminal vesicles (ILVs) are
formed by the inward budding of early endosomal membranes with specifically selected
molecules. During the maturation of early endosomes to late endosomes, ILVs accumulate
in the lumen of transvesicular compartments, such as multivesicular bodies (MVBs), where
the sorting process continues in preparation for the transcytotic pathway128. Generally,
lysosomes are the last compartment of the endocytic pathway and most MVBs will fuse
with lysosomes, wherein lysosomal hydrolases will degrade their contents. However, some
MVBs, especially those containing high amounts of cholesterol, may fuse with the plasma
membrane and the released ILVs are denoted as exosomes (Figure 2B)129. MVB populations
are cell-dependent and regulated by various cellular conditions and external factors12>.

In addition, cells can host different subpopulations of MVBs. For example, MVBs with
lysobisphosphatidic acid (LBPA) and without it coexist in human B lymphocytes, with the
latter destined for degradation?30,

The process of MVB formation involves more than 20 proteins, most of which belong to
the ESCRT (endosomal sorting complex required for transport) system23, ESCRT consists
of four different protein complexes—ESCRT-O0, -1, -1l, and -l11l—along with associated
vacuolar protein sorting 4/suppressor of K* transport growth defect 1 (Vps4/SKD1) and
ALG-2-interacting protein X (ALIX) protein complexes31, MVB sorting involves the
recognition of endocytic cargo subsets that become concentrated in endosomal membrane
regions, a process which is conserved throughout eukaryotes32. The ESCRT-0 complex
consists of the hepatocyte growth factor-regulated tyrosine kinase substrate (HRS) which
sorts monoubiquitinated membrane proteins into MVBs and associates with the signal
transducing adaptor molecule (STAM). HRS recruits TSG101 of the ESCRT-1 complex,
whose roles include transferring ubiquitinated proteins between the ESCRT-0 and -I1
complexes and recruiting the ESCRT-111 complex via ESCRT-11 or ALIX. ESCRT-I and

-11 together induce an inward invagination from the endosomal membrane and form a neck
structure of the nascent vesicle, while ESCRT-I1 and -111 pinch off the neck and release the
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vesicle into the MVB lumen?3, Finally, ESCRT-III associates with \Vps4/SKD1 ATPase to
dissociate and recycle the ESCRT machinery using energy from ATPase activity (Figure 3).

In the ESCRT-dependent pathway, ubiquitin is critical for the sorting of membrane cargos
into the MVB. However, MVB formation also occurs independently of ubiquitination.
Heparin sulphate proteoglycans promote exosome biogenesis through syntenin, which binds
syndecan with ALIX. ALIX then interacts with TSG 101 and charged MVB protein

4 (CHMP4), creating an intermediate between ESCRT-1 and ESCRT-I1I for vesicular
budding and scission processes33. Additionally, MVB formation can take place without
ESCRT complexes and proteins. One alternative pathway involves the segregation of cargos
associated with raft-based microdomains which possess highly enriched sphingomyelinases.
Removal of the phosphocholine moiety from sphingomyelinases via hydrolysis leads

to ceramide formation34. Ceramides have a cone-shaped morphology that promotes
spontaneous inward curvature of the endosomal membrane and promotes domain-induced
budding, facilitating exosomal lipid-sorting during exosome biogenesis!3®. In another case,
tetraspanin-enriched microdomains serve as specialized membrane platforms for partitioning
receptors and signaling proteins in the plasma membrane, aiding in the selection of receptors
and intracellular components sorted into exosomes36. Many other molecules and cellular
structures, including small integral membrane proteins of lysosomes and late endosomes,
contribute to MVB formation using ESCRT-independent mechanisms37.

There are two outcomes of MVB formation: one is fusion with the plasma membrane

and the subsequent release of internal vesicles as exosomes, while the other is lysosomal
degradation. Except for the fact that high levels of cholesterol seem to promote fusion with
the plasma membrane, the mechanism which controls MVBs’ route remains unclear38,

The final fate of MVBs, however, is not immutable, but changes under different cellular
conditions such as starvation, rapamycin treatment, 1SGylation, ezc*39 140, In these cases,
MVBs are prone to lysosomal degradation4?, Exosome release involves contributions from
several Rab proteins which act as essential regulators of intracellular vesicle transport.

The Rab family is composed of more than 60 GTPases that associate with membranes

via geranylgeranylation to regulate cellular trafficking processes like vesicle budding,
transport, and tethering, as well as mediating fusion by cycling between the active guanosine
triphosphate (GTP)-bound state and the inactive guanosine diphosphate (GDP)-bound
state141, Rab GTPase mechanisms are cell-specific; Rab2b, Rab4, Rab5A, Rab7, Rab9a,
Rabl1, Rab27a, Rab27b, and Rab35 have been implicated in various stages of exosome
release among different cell types'42 143, Subcellular MVB location depends on interactions
of MVBs with the microtubule cytoskeleton and actin. Cholesterol content partially controls
movement of MVBs along the microtubules as well'44. Once MVBs are docked to the
plasma membrane, Rab and soluble A-~ethylmaleimide-sensitive factor attachment protein
receptor (SNARE) proteins participate in fusion of the MVB membrane with the plasma
membrane, ultimately releasing exosomes into the extracellular spacel45.

As messengers of intercellular communication, exosomes secreted by their cells of origin are
assumed to interact with destination cells to deliver molecular information. This exosomal
intracellular trafficking and communication takes place through the coordination of several
steps. First, exosome-cell surface binding is mediated by classical adhesion molecules
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(integrins and ICAMS) specific to cell-cell interactions. Several classical ligand/receptor
pairs such as ICAM-I/lymphocyte function-associated-antigen-1 (LFA-1) are involved in
exosome uptake by mature dendritic cells246, while integrin CD49d and Tspan8 support
exosome binding to endothelial cells#” and T cell immunoglobulin and mucin domain-
containing protein-3 (TIM-3) help mature Thl lymphocytes capture galectin-9-bearing
exosomes48, In some situations, an exosome binding to the plasma membrane of a
recipient cell may be sufficient enough to initiate a signhaling cascade. For example, MHC
on the surface of APC-derived exosomes presents to antigen-specific T lymphocytes49.
For most cases, exosomal contents must be delivered inside recipient cells. Internalization
occurs via three main pathways: direct fusion®0, receptor-mediated endocytosis!®1, and
micropinocytosis'®2 (Figure 2A). Exosome-membrane fusion is more likely to occur

at acidic endosomal sites rather than at the neutral plasma membranel44. Capabilities

for endocytosis or micropinocytosis depend on recipient cells which are typically
non-phagocytic. In phagocytic macrophages, neutrophils, and monocytes, exosomes are
internalized via phagocytosis1®3,

Once internalized, exosomal contents are then released into the cytoplasm directly or via
backfusion with the endosomal membrane. A subsequent effect on the recipient cell may
take placel®. For instance, nucleic acid-induced gene expression modification in recipient
cells can be instigated by exosome delivery. Released miRNA and exogenously modified-
siRNA molecules potentially inhibit mRNA translation and thus silence target genes, or
released mRNA can be translated into a protein using the recipient cell’s cellular machinery.
Both exosome cargo and functionality solely depend on their cell of origin. Exosome-based
intercellular trafficking and communication is a dynamic system, so message modification
is feasible and dependent on the physiological and pathological states of the producing
cells1®5,

Exosomes as natural vehicles for the delivery of TNAs and NANPs.

In vivo delivery of NANPs remains a significant challenge that precludes their broader
biomedical applications. Various nanocarriers have been investigated and, because most

of them are chemically fabricated, the formulations suffer from issues related to
immunogenicity, toxicity, rapid blood clearance, and poor biodistribution. Exosomes are
natural EVs that are non-immunogenic and are not known to activate nonspecific innate
immune responses such as complement system-related pseudoallergy (CARPA)56, thus
offering serious advantages over many synthetic materials. A benefit of “self-generated”
exosomes is the absence of any immune attack against them while they remain in
circulation. As a delivery vehicle, the structure of choice should be devoid of any
immunologically stimulating activity that could bring forth an inflammatory response.
Exosomes’ ability to hide from the immune system comes from an “inheritance” of
parental cell surface molecules which aid in their recognition as “self1>7.” Such surface
molecules, including CD46, CD55, CD59, and CK2, effectively escape detection!®’,
Currently, numerous cell types have been exploited as exosome factories, with some seeing
more frequent use than others. Human embryonic kidney variant HEK293T cells are one of
the most popular sources, and their immunostimulation is well investigated. One study using
these cells measured 23 different cytokines /7 vivoand in detectable ranges. The results
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revealed no differences in cytokine production between exosomes obtained from HEK293T
cells and the buffer control. Therefore, exosomes obtained from HEK293T were concluded
to exhibit favorably low immune stimulation1®8. As drug delivery systems, exosomes loaded
with therapeutic cargos must also undergo proper immunological assessment. A follow-up
study using the same HEK293T cell-derived exosomes loaded with miR-199a-3p, a TNA
with anti-invasion and anti-migration effects on hepatocellular carcinoma, confirmed slightly
higher concentrations of several cytokines compared to free exosome levels and indicated an
overall very limited immune responsel®®.

Immature dendritic cells bear low levels of MHC-11 and costimulatory molecules which
reduce immune activation by transforming T cells into type 2 T helper (Th2) and
regulatory T cells (Treg) or by causing T cell apoptosis, thereby promoting a tolerogenic
immune response’0. Exosomes derived from tumor cells are a source of tumor MHC-I
molecules, tetraspanins, HSP70-80, lysosomal-associated membrane protein 1 (LAMP1),
tumor rejection antigens, and various immunosuppressive molecules. These molecules can
inactivate T lymphocytes or natural killer cells or promote the differentiation of regulatory
T lymphocytes to suppress the immune responsel61. 162 Mesenchymal stem cell-derived
exosomes lack MHC-I, MHC-I1, and costimulatory molecules such as CD80 and CD86,
rendering them less susceptible to immune rejection and more suitable for allogeneic
therapeutics163,

Although toxicity is a downside of synthetic formulations, no clear evidence of exosomal
cytotoxic effects exists. The spleen, as the largest lymphoid organ, plays an important role
in the immune system, and it is considered a good indicator for initial immunotoxicity
screening®’. Data showed that splenocytes treated with HEK293T cell-derived exosomes
loaded with miR-199a-3p had no effect on spleen cell composition, and neither did

free exosomes!®8. Furthermore, no significant histopathological changes were reported

in harvested spleen, heart, thymus, lung, liver, kidney, adrenal, ovary, uterus, or brain
tissues ex vivo, indicating an absence of observable organ toxicity. Hematological analysis
showed little effect on red blood cell, white blood cell, platelet, neutrophil, lymphocyte,
and monocyte counts, or on hematocrit and hemoglobin levels between the groups treated
with free and loaded exosomes and the untreated control. With a total of 14 markers tested
in blood chemistry, no significant difference was observed between all exosome-treated
and control groups1°8, However, some surface molecules present on exosomes can serve
to eliminate cytotoxicity. For example, placenta-derived exosomes bear natural killer group
2 member D (NKG2D) ligands and induce the down-regulation of the NKG2D receptor
on cytotoxic effector cells, leading to reduction of their cytotoxicityl64. From benchtop to
bedside, exosomes consistently show negligible toxicity. The first exosome Phase I clinical
trial used exosomes derived from autologous monocyte derived-DC cultures pulsed with
melanoma antigen 3 (MAGE 3) peptides to vaccinate stage 111/IVV metastatic melanoma
patients. Exosomes generated with functional MHC molecules promoted T-cell immune
responses including tumor rejection. No grade 11 toxicity was observed, and no maximal
tolerated dose was achieved, demonstrating the safety of exosome administration165,

As drug carriers, exosomes, along with their behavior /n vivo, must be properly understood.
This includes detailed analysis of their clearance from systemic circulation. As mentioned
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earlier, cells of origin determine exosomes’ content, functionality, and, consequently, their
biological fate. However, exogenously administered exosomes may fail to reach their
targets due to very brief half-lives. Recently, a pharmacokinetic profile of intravenously
injected exosomes derived from murine melanoma cells showed a circulation half-life of
approximately 2 minutes with only minimal retention at 4 hours post-injection. These
exosomes were rapidly cleared from circulation by macrophages in the mononuclear
phagocyte system at a rate comparable to that of synthetic liposomes>1, Additionally, it has
been reported that exosomes derived from bone marrow-dendritic cells1®8, splenocytes!®7,
and rat pancreatic adenocarcinomal®® and delivered to mice via intravenous injection

ended up being engulfed by macrophages. To compensate for this problem, the exosome’s
membrane may be modified using PEGylation to decrease hepatic clearancel69. As
naturally occurring carriers, exosomes have their own strategies to bypass the MPS. They
contain transmembrane and membrane-anchored proteins that may enhance endocytosis and
promote content delivery. CD47, a widely expressed integrin-associated transmembrane
protein, serves as the ligand for signal regulatory protein a which produces a signal

to prevent attack by macrophages. Intranasally administered monocyte- and macrophage-
derived exosomes and intraperitoneally administered primary fibroblast-like mesenchymal
cell-derived exosomes display CD47 on their membranes to shield them from macrophage
consumption, resulting in retarded clearancel?0. 171,

The development of medications that act on the central nervous system to target
neurodegenerative disorders and brain cancers is severely hampered by a lack of efficient
drug delivery systems to carry therapeutics to the brain. It is estimated that only a small
fraction (<1%) of injected antibodies enter the brain by passive diffusion, while the rest
must be administered by peripheral injection or invasive intracranial procedures!’2. Studies
have shown that exosomes derived from endothelial bEND.3 cells and dendritic cells are
capable of carrying small molecule drugs and siRNAs across the blood-brain barrierl73: 174,
Because of this unique ability, exosomes can outcompete most current delivery systems.
An understanding of /n7 vivo biodistribution following exosome administration provides a
basis for dosage prediction, route of administration, and potential off-target effects. Also,

it provides indications for specific therapeutic applications to target tissues. Due to their
differing cells of origin, exosomes contain specific proteins on their surfaces that mediate
tissue tropism. For instance, Wnt4-associated exosomes derived from thymic epithelial
cells were shown to accumulate in the thymus of micel’®. Tumor-homing exosomes
carrying therapeutic agents have also been employed as delivery vehicles. Hypoxic tumor-
derived exosomes loaded with LYNPARZA®, a medication used for the treatment of
BRCA-mutated advanced ovarian cancer in adults, displays increased apoptosis and retarded
tumor growth 7 vivol’®. Moreover, the genetic modification of exosomal surface proteins
was reported to increase target-specificity, such as for rabies viral glycoprotein (RVG) for
brain-targeting and human epidermal growth factor receptor 2 (HER2) or the TM domain of
platelet-derived growth factor receptor (PDGFR) for cancer targetingl//-179,

Among the many diverse vehicle candidates for TNA delivery, both synthetic carriers and
exosomes have been studied extensively. Synthetic carriers have the advantages of high
yield and straightforward, large-scale manufacturing, but their toxicity, immunogenicity,
biological instability, and lack of target specificity obstruct their broader clinical
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applications. These impediments can be overcome by using exosomes which mediate cell-
cell communication as an intrinsic function. Unlike the surface compositions of many
other entities, exosomes possess well-defined proteins on their membranes that assist

with target cell interactions and conceal them from the immune system. At the same

time, exosomes’ inherent messenger capabilities allow them to reach their target cells

and fulfill their biological fates. As with other carriers, exosome surface engineering may
yield greater performance. It is hypothesized that bioengineered surface molecules like
arginylglycylaspartic acid (or RGD) peptides or other targeting moieties may confer higher
binding specificity and affinity when expressed on exosomal membranes as opposed to
liposomes180,

Several studies have been undertaken to examine the delivery of a variety of nucleic acid-
based payloads. One pioneering work found that the use of low immunostimulatory DC-
derived exosomes with neuron-specific RVG peptide modifications successfully delivered
exogenous siRNAs into the brains of mice8L, Although the major hurdle for RNAi-based
therapeutics constitutes nucleic acid delivery across the cell’s plasma membrane, exosomes
derived from peripheral blood cells182, HelLa and ascites!83, aortic endothelial cells!84, and
DCs185 have achieved success as gene delivery vectors transporting exogenous siRNAs
into various target cells. The delivery of miRNAs, such as viral miRNA from Epstein-Barr
virus-infected cells to uninfected ones186, let-7a miRNA to EGFR-expressing xenograft
breast cancer tissue in Rag2—/— micel87, and miR-335 from T lymphocytes to APCs193,
has become possible with the use of exosomes. Also, the enhanced delivery of miR-124

at an ischemic injury site using RVG fused with exosomal protein lysosome-associated
membrane glycoprotein 2b was demonstarted!88. Later, in another study utilizing RVG-
decorated exosomes, the successful delivery of nerve growth factor (NGF) mRNA to the
ischemic cortex was achieved. Subsequently, a burst in NGF production with a concomitant
reduction of inflammation and improved cell survival was observed (Figure 4A)189, RNA
NANPs transferred by exosomes (¢e.g., three-way junction (3WJ) arrowtail RNA) contain
SiRNA against survivin and, upon successful delivery, enhance cancer suppression without
endosomal trapping (Figure 4B)1%0,

Recently, our team has successfully isolated naturally secreted exosomes further used

as vehicles for the delivery of several functional NANPs to a variety of target cells.

These transported NANPs exhibited different sizes, compositions, and shapes ranging from
globular RNA cubes to planar RNA rings to linear RNA/DNA fibers. RNA cubes and RNA
rings were designed to deliver six Dicer substrate (DS) RNAs, which upon intracellular
dicing would release six siRNAs from each NANP. RNA-DNA hybrids were designed

to carry several split functionalities (DS RNAs and NF-xB decoys) which would only

be activated upon the intracellular reassociation of individually delivered cognate fibers.
NANP-loaded exosomes were confirmed to be non-immunostimulatory and nontoxic and
the released NANPs produced high silencing efficiency and immunosuppressive effects in
their targets. Interestingly, the uptake efficiencies of NANP-loaded exosomes were found to
be significantly higher for cancerous cells when compared to primary cells, thus potentially
allowing for targeted exosome-mediated NANP delivery with reduced off-target effects in
healthy cells (Figure 4C)34.
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Dexamethasone sodium phosphate (Dex), one of the most frequently used glucocorticoids
(GCs), plays a role in the treatment of rheumatoid arthritis. A surface-engineered

exosome (modified with folic acid (FA)-PEG-cholesterol (FPC)) encapsulated Dex and

its performance was compared with Dex-delivering liposomes (Lip/Dex). Exo/Dex showed
better internalization and greater stability than Lip/Dex. The FPC-Exo/Dex system targeted
inflamed joints, downregulated proinflammatory cytokine expression, and upregulated anti-
inflammatory cytokines, leading to inhibition of macrophage-associated inflammation in
collagen-induced arthritic mice (Figure 4D)1°1,

As an alternative to loading TNAs within the exosome interior, exosomal surface
engineering can aid in the delivery of various motifs. For example, tumor cell-derived
exosomes designed to express streptavidin-lactadherin on their membranes can bind to
biotinylated CpG DNAs with high affinity. This exosome-based tumor antigen-adjuvant
codelivery system displayed augmented antitumor effects /7 vivo (Figure 4E)192, Table 2
lists other cargoes delivered by exosomes.

Current challenges in exosome research.

Exosomes’ ability to reprogram recipient cells via the delivery of functional proteins,
lipids, and nucleic acids makes them viable delivery systems for therapeutic genetic
materials. In addition, these structures possess an array of advantages: high safety and
efficacy, bioavailability, stability, high membrane permeation capacity (including the
blood-brain barrier), low toxicity, low immunostimulation, and low off-target effects.

All of these properties contribute to exosomes’ outstanding potential as tools for
personalized medicine. Despite their benefits, exaosomes and their clinical applications

still face several challenges. First, isolation and purification of exosomes suffers from
underdevelopment and a lack of standardized protocols. As of right now, conventional
isolation methods include ultracentrifugation, size exclusion chromatography, ultrafiltration,
immunological- or magnetic-activated methods, and polymer-based precipitations (Figure
5A). Ultracentrifugation is labor-intensive, time-consuming, and its separation efficiency
depends on various factors such as applied G force, rotor type, rotor 4-factor, sample
viscosity, efc. Due to the applied external force, morphological damage and sample
aggregation often occur, resulting in low exosome recovery yield93, Size-exclusion
chromatography can effectively separate albumin from purified exosomes, but this method
isolates less than 5% of the entire exosome volumel®4, Ultrafiltration methods are rapid
and achieve high purity by forcing exosomes to pass through selective pores, but the high
sheer stresses may deform the exosomes’ shapes or even break them apart. Additionally,
the filters may become clogged and introduce contaminating materials that interfere

with downstream applications193. Immunoaffinity isolation delivers high specificity and
enables for the isolation of specific exosome types. This method has the drawback of low
yield, however, because it relies solely on antibodies that interact with exosomal surface
proteins, and some markers may not be present or recognized on all collected exosomes!16.
Furthermore, the use of antibodies can be expensivel93: 195, Polymer-based precipitation

is easy to perform and has relatively low financial cost. Several commercial exosome
isolation kits are available for carrying out exosome precipitation from various bodily fluids
and culture medial9. Table 3 summarizes some commercially available exosome isolation
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kits. Nevertheless, this technique has one significant problem: non-exosomal molecules like
proteins may also precipitate. This issue, along with incomplete polymer removal, leads

to low exosome isolation purity®7. Both impurities and poor recovery yield hinder the
production of large amounts of high-quality exosomes.

Heterogeneity of exosome isolation causes a polydispersity of exosome sizes and leads

to challenges for exosome characterization. As mentioned earlier, exosome size ranges
overlap with microvesicles, resulting in co-isolation of other EV types and problems with
accurate exosome identification. The presence of exomeres, nano-sized particles with 35
nm diameters that lack external membranes and spherical shapes, also interferes with
size-based exosome isolation techniques!16. Exosome sizes range from 40-150 nm and
display polydispersity, leading to difficulties in distinguishing exosomes from microvesicles
(50-1,000 nm). Additionally, different-sized subpopulations of exosomes have been found
to contain different proteins. For example, proteins involved in MVB biogenesis, membrane
fusion, and vesicle budding are enriched in larger-sized exosome subpopulations, while
proteins involved in RNA polymerase 1l complex assembly; telomere maintenance; nucleic
acid, protein, and carbohydrate metabolism; and apoptosis signaling were enriched in
smaller-sized groups16. Such protein content differences may lead to characterization bias
of exosomal markers and proteomic analysis. Exosome shapes are also controversial—TEM
morphology analyses describe cup-shaped geometries'98, while SEM imaging reveals
spherical shapes9°.

Compared to natural cargo uptake, the therapeutic loading of exosomes with TNAS,
proteins, or drugs of various sizes presents a challenge. To achieve this goal, many
approaches have been considered and, as one might expect, each has its limitations. As with
exosome isolation and purification, no standardized methods for drug loading exist. Some
examples of techniques that encapsulate foreign materials into exosomes include incubation,
sonication, electroporation, and chemical transfection (Figure 5B). Incubation simply relies
on incubating foreign materials with exosomes for a certain time period?%. This method

is the simplest and most cost-effective, but also the most selective. Hydrophobic molecules
with low to medium molecular weights such as porphyrins2%1 and catalase?°2 are more
likely to be incorporated into exosomes using incubation. On the other hand, TNAs, NANPs,
and other hydrophilic molecules cannot be loaded into exosomes using this strategy?2°0.

Electroporation, a transfection method that creates temporary pores in the plasma membrane
using an electrical pulse, drives charged molecules by establishing an electric potential
across the plasma membrane. Electroporation voltages typically range from 150V to 700V
and depend on cell type. Although the process is highly stable and efficient, high voltage
pulses induce substantial lysing of the exosomes. Because of this, and the fact that
membrane repair is only partially successful, a greater exosome quantity must be used in this
procedure. Sonication employs ultrasonic waves to open small, transient holes in the plasma
membrane, thereby increasing membrane permeability and permitting foreign material entry.
Similar to electroporation, this physical transfection method inflicts damage to exosomes203,
Chemical transfection represents a promising alternative method for achieving direct cargo
loading. One commonly used agent, Lipofectamine, efficiently transfects nucleic acids into
cell cultures. Lipofectamine contains lipid subunits that form liposomes in an aqueous
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environment and trap nucleic acids. The positively charged liposome surface fuses with

the negatively charged plasma membrane and subsequently releases its payload. However,
its toxicity limits its applications for /7 vivo studies??4. Over the past few decades, other
effective reagents have become commercially available. Exo-Fect™, for example, uses cell-
penetrating peptides to transfect TNAs into exosomes. These Kits are fast and easy to

use, have proven high delivery efficiency, and coincide with the equipment necessary for
sonication or electroporation34 181,205,206 One of the potential disadvantages, however,

is that the amounts of Exo-Fect™ necessary to deliver large quantities of NANPs can be
prohibitively expensive.

Future directions and perspectives.

Although research has yielded significant progress over the past few decades, the
mechanisms of exosomes’ biogenesis, cargo sorting, functions, and biological fates among
various cell types still remain unclear. Moreover, understanding the fate of ILVs inside
MVBs—whether the MVBs will be autophagically degraded in the lysosome or fuse with
the cell membrane and release those ILVs as exosomes—may provide more perspectives

in terms of exosome secretion. More exclusive markers which could indicate the exosome
subpopulation would allow for production to be scaled up with high precision. Finally, in
order to provide guidance on using exosomes as drug delivery vehicles, an advanced real-
time imaging system is needed for exosome trafficking. As these limitations are overcome,
a better understanding of exosome formation and functioning, along with disparities
between healthy and diseased conditions, will be possible. Undoubtedly, a cost- and
time-effective approach to exosome isolation, more reliable characterization, more precise
targeting, and the safety of administration have to be realized before exosomes’ clinical
application. Therefore, new experimental approaches and technologies must be developed
to support the use of exosomes as personalized medicine. A potential workflow of such an
approach is collecting and isolating exosomes from the patient at the bedside, reformulating
exosomes with encapsulated therapeutic cargos, and decorating targeting moieties at the
exosomal surface. These engineered multifunctional exosomes will then be challenged
with the patient’s own peripheral blood mononuclear cells (PBMCs) for immunogenicity
validation.Exosomes’ intrinsic low toxicity, low immunogenicity, high specificity, and high
drug loading capacity represent a promising future in the field of nanomedicine. The
manipulation of exosomes’ compositions, properties, secretion, biodistribution, and cell-cell
interactions will effectively advance their roles in clinical applications as biomarkers and
drug delivery vehicles towards the use of exosomes as potent and effective personalized
medicines (Figure 6).
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Figure 1.

Proteins, lipids, and nucleic acids as representative biological components of exosome

content.
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Figure 2.
EV biogenesis and trafficking. (A) Exosomes are taken up by recipient cells via direct fusion

of the exosomal membrane and the plasma membrane of the recipient cell, leading to direct
release of their contents into the recipient cell’s cytoplasm. Alternatively, receptor-mediated
endocytosis and micropinocytosis involve exosome uptake into endosomes, but the exosomal
contents are released viaback fusion of the exosomal membrane and the recipient cell’s
endosomal membrane. (B) Biogenesis of microvesicles, exosomes, and apoptotic bodies.
Microvesicles shed from the cell via budding of the plasma membrane. Exosome biogenesis
begins with internalization of membrane proteins and lipid complexes via endocytosis and
engulfment of cytosolic proteins and nucleic acids into the intraluminal vesicles (ILVs) via
inward budding of the endosomal membrane. With endosome maturation, late endosomes
enclose numerous ILVs to become MVBs. Some MVBs are degraded in the lysosome;
exosome secretion occurs when MVB fuses with the plasma membrane. During apoptosis,
cell disassembly generates apoptotic bodies, which are released via blebbing and protrusion.
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Cytoplasm

Ubiquitylated cargo

MVB

Figure 3.
The endosomal sorting complex required for transport (ESCRT) pathway for cargo

recognition and sorting. The ESCRT-0 complex recognizes and sequesters ubiquitylated
cargo, whereas the ESCRT-I and -1l complexes are responsible for membrane deformation
which yields buds with ubiquitylated cargo. The ESCRT-I11 complex subsequently drives
vesicle scission, resulting in ILV formation. Various ESCRT-accessory proteins participate in
and assist with these processes.
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Figure 4.

Schematic representations of some examples of exosome-mediated delivery of various
cargos. (A) NGF mRNA delivered by exosomes decorated with RVG. (B) 3WJ RNA
nanoparticles delivered by exosomes decorated with cholesterol and ligand. (C) RNA cube,
RNA ring, fiber sense, and fiber antisense delivered by exosomes. (D) Dex delivered by
exosomes decorated with Folic acid-PEG and cholesterol. (E) Biotinylated CpG DNA
delivered by exosomes decorated with streptavidin-lactadherin fusion protein.
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Chemical transfection

Different methods for exosome isolation and drug encapsulation. (A) Commonly used
methods for exosome isolation. (B) Commonly used methods for drug loading to exosomes.
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Figure 6.
Schematic summary of the workflow of exosome-mediated delivery of different

functionalized cargos. Exosomes are released by cells. After isolation and purification,
exosome surfaces can be engineered for specific targeting, or modified with covalent
linkages for various motifs. Therapeutic cargos are loaded into the exosome lumen or linked
on the exosome surface. After uptake by the destination cells, the therapeutic motifs are able
to elicit intended effects in target cells.
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Table 1.
Common exosomal markers.

Exosomal marker Gene Functions Reference
Programmed cell death 6-interacting . - .
protein ALIX PDCDG6IP | vesicle trafficking Naseri et al., Int. J. Nanomed., 2018
CD9 antigen CD9 integral membrane protein Naseri et al., Int. J. Nanomed., 2018
Annexin V ANX45 phospholipid-binding Jeppesen et al., Cell, 2019
Heat shock cognate protein 71kDa HSC70 protein folding Kowal et al., PNAS, 2016
CD63 antigen CD63 endosomal cargo sorting Hurwitz et al., Journal of Virology, 2018
CD81 antigen CD81 cell migration Tejera et al., Mol Biol Cell, 2013
Flotillin-1 FLOT1 vesicle trafficking Wang et al., Blood, 2014
Heat shock protein 70kDa HSP70 protein folding Wen et al., Cancer Res., 2016
gEOTe?Lsusceptlblllty gene 101 TSG101 vesicle trafficking Goh et al., Sci. Rep., 2017
Annexin A2 ANXA2 vesicle trafficking Chaudhary et al., Breast Cancer Res., 2020
Syntenin-1 SDCBP protein trafficking Rontogianni et al., Commun Biol., 2019
Peptidylprolyl isomerase A PPIA intracellular signaling Gomez-Molina et al., Int J Neuropsychophar., 2019
Integrin, beta-1 ITGB1 | @nchorage to ECM and cell- Clayton et al., FASEB J., 2004

surface adhesion
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Table 2.

Exosome-mediated delivery of various therapeutic cargos.

Class of cargo

Cargo

Reference

siRNA against RAD51 and RAD52

Shtam et al., Commun.signal., 2013

siRNA against MAPK1

Wahlgren et al., Nucleic Acids Res., 2012

SiRNA against luciferase

Banizs et al., Int J Nanomedicine, 2014

siRNA against GAPDH

Alvarez-Erviti et al., Nat. Biotec., 2011

siRNA against CD81

Pan et al., Gut, 2012

siRNA against Huntingtin

Didiot et al., Mol Ther., 2016

miR-214 Chen et al., Hepatology, 2013
miR-150 Zhang et al., Mol.Cell, 2010
miR-146b Katakowski et al., Cancer Lett., 2013
miR-143 Kosaka et al., J.Biol. Chem., 2012
TNAs
miR-133b Xin et al., Stem Cell, 2012
miR-124 Yang et al., Mol Ther. Nuc Acids, 2017
miR-335 Mittelbrunn et al., Nature com., 2011
miR-138 Li et al., Mol Ther. Nuc Acids, 2019
EBV-miR Pegtel et al., Proc Natl Acad Sci USA, 2010
Let-7a miRNA Ohno et al., Mol Ther., 2013
Cy5-anti-miR-9 Munoz et al., Mol. Ther. Nuc Acids, 2013
CpG DNA Morishita et al., Biomaterials, 2016
DNA Lamichhane et al., Mol. Pharmaceutics, 2015
NGF mRNA Yang et al., Mol Ther. Nuc Acids, 2020
catalase Haney et al., J Control Release, 2015
Proteins
porphyrin Fuhrmann et al., J Control Release, 2015
Lipids liposome Sato et al., Sci Rep., 2016
Curcumin Sun et al., Mol. Ther., 2010
Doxorubicin Tian et al., Biomaterials, 2013
Small molecules | Paclitaxel Agrawal et al., Nanomedicine, 2017

Paclitaxel and doxorubicin

Yang et al., Pharm Res., 2015

Olaparib

Jung et al., Biomaterials, 2018

Nanoparticles

NANPs functionalized with multiple
RNA.i inducers and NF-kB decoys

Nordmeier et al., Nanomedicine: Nanotechnology, Biology and Medicine,
2020

superparamagnetic iron oxide
nanoparticles (SPION5)

Hood et al., Analytical biochemistry, 2014

Metal-organic framework nanoparticles

Illes et al., Chem.Mater, 2017

3WJ arrowtail RNA Nanoparticle contain
siRNA against survivin

Pi et al., Nature Nanotechnology, 2018

dexamethasone sodium phosphate (Dex)
nanoparticle

Yan et al., J Nanobiotechnol, 2020

Other

Adeno-associated viral vector

Maguire et al., Mol. Ther., 2012
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Class of cargo

Cargo

Reference

JSI-124

Zhuang et al., Mol. Ther., 2011

CRISPR/Cas9

Lin et al., Adv Sci., 2018
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Product Isolation method Exosome source Price estimate Vendor Reference
Nordmeier et
. T Plasma, serum, ascites B . System al., Nanomedicine:
ExoQuick Precipitation fluid, cell culture $25 per reaction | giociences Nanotechnology, Biology

and Medicine, 2020

Invitrogen total

Plasma, serum, cell
culture, CSF, ascitic

~$4 — $19 per mL

Life Technologies

Le Gall et al, Skeletal

urine up to 500 ml

?sxoc::?irgrf Precipitation fluid, amniotic fluid, of sample Inc muscle, 2020
milk, saliva
: P Plasma, serum, cell ~$3 per mL of : Mercadal et al., Int J Mol
miRCURY Precipitation culture, CSF, urine sample Exiquon Inc Sci, 2020
ExoJuice Precipitation %Zzi:ulture and other ~$11 per reaction ExonanoRNA N/A
- Size-exclusion Plasma, cell culture, ~$21 — $50 per . Jakubec et al., PloS one,
qEVoriginal chromatography saliva column iZON Ltd 2020
. : Plasma, serum, cell . -
. Size-exclusion " oolivrn o ~$9 — $41 per Cell Guidance Kojima et al., Nat Comm,
Exo-spin chromatography culture, saliva and column Systems Ltd. 2018

Adv Drug Deliv Rev. Author manuscript; available in PMC 2022 September 01.



	Abstract
	Graphical Abstract
	Delivery of TNAs and therapeutic NANPs.
	Extracellular vesicles.
	Exosome biogenesis and trafficking.
	Exosomes as natural vehicles for the delivery of TNAs and NANPs.
	Current challenges in exosome research.
	Future directions and perspectives.
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table 1.
	Table 2.
	Table 3.

