1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Annu Rev Pharmacol Toxicol. Author manuscript; available in PMC 2015 May 27.

-, HHS Public Access
«

Published in final edited form as:
Annu Rev Pharmacol Toxicol. 2015 ; 55: 439-464. doi:10.1146/annurev-pharmtox-010814-124630.

Therapeutic Applications of Extracellular Vesicles: Clinical
Promise and Open Questions

Bence Gyo6rgy*1:2, Michelle E. Hung”3, Xandra O. Breakefield!, and Joshua N. Leonard*
IMolecular Neurogenetics Unit, Department of Neurology and Center for Molecular Imaging
Research, Department of Radiology, Massachusetts General Hospital and Program in
Neuroscience, Harvard Medical School, Boston, Massachusetts 02114

2Howard Hughes Medical Institute, Harvard Medical School, Boston, Massachusetts 02115

3Interdepartmental Biological Sciences Graduate Program, Northwestern University, Evanston,
lllinois 60208

“Department of Chemical and Biological Engineering, Robert H. Lurie Comprehensive Cancer
Center, Chemistry of Life Processes Institute, Northwestern University, Evanston, lllinois 60208

# These authors contributed equally to this work.

Abstract

This review provides an updated perspective on rapidly proliferating efforts to harness
extracellular vesicles (EVs) for therapeutic applications. We summarize current knowledge,
emerging strategies, and open questions pertaining to clinical potential and translation. Potentially
useful EVs comprise diverse products of various cell types and species. EV components may also
be combined with liposomes and nanoparticles to facilitate manufacturing as well as product
safety and evaluation. Potential therapeutic cargoes include RNA, proteins, and drugs. Strategic
issues considered herein include choice of therapeutic agent, means of loading cargoes into EVs,
promotion of EV stability, tissue targeting, and functional delivery of cargo to recipient cells.
Some applications may harness natural EV properties, such as immune modulation, regeneration
promotion, and pathogen suppression. These properties can be enhanced or customized to enable a
wide range of therapeutic applications, including vaccination, improvement of pregnancy
outcome, and treatment of autoimmune disease, cancer, and tissue injury.
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INTRODUCTION

Secretion and exchange of cellular contents via extracellular vesicles (EVSs) is emerging as a
universal feature of cellular life, potentially decorating every branch of the tree of life. Early
progress in harnessing EVs for therapeutic applications has engendered great interest;
promising results and the rapidly unfolding picture of EV biogenesis have been extensively
discussed elsewhere (1-5). In this review, we first contextualize the therapeutic potential of
EVs within the broader emerging view of EVs as universal components of cellular biology
and then provide an updated perspective on outstanding questions pertaining to the
translation of EV-based therapies from preclinical demonstrations to viable clinical
products. In each of the following sections, we summarize contemporary understanding and
accomplishments within the EV field and conclude by offering open questions, the
investigation of which could further the ultimate goal of harnessing EVs for therapeutic
applications.

NATURALLY OCCURRING VESICLES

EV Sources and Biogenesis

EVs have evolved conceptually from being considered debris in mammalian cell culture to
comprising a vast empire of cellular satellites with a multitude of missions. Recognition of
the reality of EVs has derived in part from increased microscopic resolution. These
membrane-bound structures vary in size from 50 nm to 2 um in diameter and appear to be
both a mode of communication among cells through transfer of protein, nucleic acids, and
lipids and a means of disposal of unwanted substances from cells. Essentially all cells appear
to release vesicles, and each cell type may release a heterogeneous composite of vesicle
subtypes. Vesicles are released by mammalian cells (6), gram-positive and -negative
bacteria (7), fungi (8), yeast (9), single-cell parasites such as the malaria-causing protozoa
(10), plant cells (11, 12), nematodes (13), and flies (14). EV functions include delivery of
virulence factors, modulation of inflammation and immune responses, and transfer of
developmental and physiologically modulating signals in multicellular organisms. In some
organisms, it is unclear how these membrane-derived vesicles pass through the cell wall-a
process that may be facilitated by cell wall lipids or hydrolytic enzymes. The multitude of
modes by which EVs are produced and loaded with specific cargo by different organisms
provides an ensemble of mechanisms that may be harnessed for applications in
biotechnology.

Ever-expanding research on mammalian EVs has increased understanding of their
complexity. EVs comprise a mixture of membrane vesicles originating, for example, by
fusion of endosomally derived multivesicular bodies with the plasma membrane releasing
exosomes, or by direct budding from the plasma membrane generating ectosomes or
microvesicles. “Exosome” is a confusing term in that it has also been used to describe a
complex of 3’ to 5" exonucleases in cells (15). In fact, the terminology used to describe the
heterogeneous array of vesicles released by cells is continually expanding and is based
primarily on vesicle size and cell of origin, with various types of vesicles distinguished by
density, biochemical constituents, and ultrastructural appearance (16). For example, very
large vesicles (1-2 pm) released from tumor cells have been termed oncosomes (17), and
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some tumor cells also release retrovirus-like particles due to expression of human
endogenous retroviral sequences (18). In this review, we use the collective term EVs to
encompass all types of secreted vesicles, as different subtypes are not well defined and there
is not yet consensus on descriptive terminology. For terms and relationships between
vesicles, see the International Society for Extracellular Vesicles at http://www.isev.org, the
American Society for Exosomes and Microvesicles at http://www.asemv.org, Vesiclepedia
at http://microvesicles.org (19), and the exRNA Research Portal at http://exrna.org.

EV biogenesis involves various cellular mechanisms but is generally thought to involve
ubiquitination and the endosomal sorting complex required for transport (ESCRT), with
ectosome budding associated with lipid rafts, higher-ordered oligomerization of membrane
proteins, and segregation into ceramide-rich microdomains (for a review, see Reference 20).
Cells also release apoptotic blebs and autophagy-derived vesicles (21). EV generation is
intimately related to certain biological processes, for example, the biogenesis of viruses.
Infected cells release vesicles even prior to release of membrane-bound virions, including
herpes simplex virus type 1, vaccinia virus, and Epstein Barr virus (EBV) (for a review, see
Reference 22), and retrovirus biogenesis mechanisms parallel those of ectosomes (23). Cell
membrane dynamics, such as the formation of plasma membrane ruffles, lamellipodia,
filopodia, protrusions, blebs, cilia, and nanotubules, can all be accompanied by pinching off
of cellular contents into EVs (13, 24, 25).

EV composition is determined largely by the cell type and physiological state of the
producer cells. Typically, EV membranes are enriched in glycosphingolipids (26),
cholesterol (26, 27), and phosphatidylserine (PS) (27, 28). EVs exhibit an overall lipid
profile that is similar to, but distinguishable from, that of the cell of origin (29). For a review
of lipidomic studies of EVs, see Reference 30. The proteomic content of the EVs is
multifactorial: Some proteins are present in most EVs, including HSP70, Alix, tetraspanins
[cluster of differentiation 63 (CD63), CD81, CD9], and major histocompatibility complex
class Il (MHCII) proteins (31, 32), and other proteins are associated with specific EV
subsets. As with lipids and nucleic acids, the ensemble of proteins incorporated into EVs is
related to, but distinct from, the overall protein pool in the cell of origin, suggesting the
possible existence of EV sorting mechanisms. Incorporated proteins include receptors and
other membrane proteins that confer various functions. The nucleic acid content of vesicles
is also variable and includes DNA, ribosomal RNA, mRNA, and noncoding RNASs such as
microRNAs (miRNAs). The extent to which these incorporated RNAs are intact and
functional or represent inactive fragments is an area of active investigation.

EVs and recipient cells interact via a range of mechanisms that are still under study.
Interactions include ligand docking on the vesicle surface to receptors on cells, potentially
triggering a signaling response; transfer of membrane proteins from vesicles to cell
membranes; fusion of the vesicle and cell membranes; vesicle uptake through endocytotic
processes, including clathrin-coated pits, pinocytosis, caveolae, macropinocytosis, and
phagocytosis; and extrusion through a vesicle-cell channel (33, 34). The fate of vesicular
components in recipient cells may depend on the mode of uptake, with processing through
the endosomal pathway potentially leading to degradation of EV contents, even though this
is the primary route of entry (35). Although the mechanisms of information transfer remain
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to be elucidated, natural EVs exert diverse and potent effects on recipient cells. For example,
prokaryotes can transmit virulence factors (36) such as cholesterol-binding toxins (37), HIV
can transfer receptors that make a previously noninfectable cell infectable (38), cytotoxic
CD4* T cells release costimulatory vesicles (39), tumor cells can transfer oncoproteins [e.g.,
EGFRvIII (40)], and miRNAs in vesicles derived from EBV-infected cells can alter the
immune response of recipient cells (41). As discussed below, this diversity of mechanisms
by which EVs are generated and confer effects provides both opportunities and challenges
for developing EV-based therapeutics.

Open Questions

1. How many types of naturally occurring EVs are there and how do they differ
among producer cell type and physiological state? Many methods are used to
isolate EVs, and EV contents and properties overlap with those of the cells of
origin and other EV types. Formalizing EV nomenclature and defining attributes is
awork in progress. There is a pressing need for useful standards to enable cross-lab
comparisons and reproduction of results.

2. What is the fate and function of EV content in recipient cells? The mechanisms of
EV uptake and content delivery (or degradation) vary among EV types and
recipient cell types. Elucidating and understanding these processes is critical for
harnessing EVs as therapeutic delivery vehicles.

3. To what extent does natural EV-mediated transfer of biomolecules modulate
recipient cell state in vivo? Multiple lines of evidence indicate that EVs can transfer
biomolecules to modulate recipient cell state in vivo, for example, following bolus
injection of purified or concentrated EVs. However, the extent to which such
processes naturally shape cellular function and intercellular communication,
particularly under homeostatic conditions, remains poorly understood. Moreover,
we do not understand the relative importance of EV-mediated transfer between
proximal cells, for example, when diffusional barriers lead to local accumulation of
secreted EVs rather than transfer of EVs via the circulation, where EV
concentrations may be lower.

THERAPEUTIC USES OF EVS

Intrinsic Therapeutic Activity

EVs from various cell sources have therapeutic potential. Vesicles derived from
mesenchymal stem cells (MSCs) appear particularly useful for enhancing recovery from
various injuries. For example, injection of EVs derived from mouse MSCs suppressed
hypoxia-induced inflammation and hypertension in mice (42). MSC-derived EVs also
reduced myocardial infarct size in mice following myocardial ischemia/reperfusion injury
(43). MSC EVs may exert a neuroprotective effect after brain injury (44). Similarly, EVs
from oligodendrocytes promote remyelination of the central nervous system (CNS) (45).
EVs from mouse MSCs delivered miR-16 and other molecules to mouse breast cancer cells,
conferring downregulated expression of vascular endothelial growth factor and decreased
tumor growth (46).
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EVs can also mediate therapeutic benefits by alternatively attenuating or promoting immune
responses and inflammation (as summarized in Reference 16, figure 4). For instance,
vesicles derived from dendritic cells (DCs) overexpressing interleukin-4 (IL-4),
transforming growth factor-p, or IL-10 are potently immunosuppressive and protective in
many inflammatory conditions, including collagen-induced arthritis, delayed type
hypersensitivity (DTH), and drug-induced colitis (for reviews, see Reference 47 and
Reference 48, figures 2 and 3). Placental EVs inhibit maternal immune rejection of the fetus
through display of ligands (i.e., Fas ligand and tumor necrosis factor-related apoptosis-
inducing ligand) that inhibit T cell signaling and induce lymphocyte apoptosis (49, 50). EVs
from tolerized immune cells suppress a wide variety of inflammatory diseases in mice,
including contact sensitivity (51), DTH, and collagen-induced arthritis (52-54). Colitis is
prevented in mice by exogenous EVs, such as Bacteroides fragilis outer membrane vesicles
(OMVs) containing polysaccharide A (55) or grape-derived EV-like nanoparticles (12). EVs
can also be harnessed as antiviral therapeutics by activating specific types of immune
function. Placental EVs protect nonplacental cells from viral infection by upregulating
autophagy through transfer of miRNAs (56). EVs derived from interferon-a (IFN-a)-treated
macrophages or liver sinusoidal cells deliver antiviral RNAs and proteins to hepatocytes,
which decreases replication of hepatitis B virus (57). How various naturally occurring EVs
promote these diverse responses remains to be elucidated.

Vaccination Against Infectious Disease

One of the first therapeutic uses of EVs was vaccination against infectious disease (58).
Such vaccination typically uses vesicles with proinflammatory properties. For example, EVs
generated by bone marrow-derived macrophages primed with lipopolysaccharide (LPS) and
adenosine triphosphate (ATP) include vesicles containing I1L-18, caspase-1, and
inflammasome components (59). EVs derived from antigen-pulsed macrophages or DCs
induce immune responses when introduced into naive animals. In some cases, the immune
response induced by EVs is more effective than that induced by protein subunit-based
vaccines. EV vaccines often induce T helper 1 (Th1)-type immune responses and cell-
mediated immunity, which is most effective for clearing viral and bacterial infections. For
example, EVs derived from DCs pulsed with diphtheria toxoid and from macrophages
treated with Mycobacterium tuber cul osis proteins both induced immune responses with
strong Th1l biases, whereas comparable subunit-based vaccines induced Th2-type immune
responses, which favor antibody-mediated immunity (60, 61). Such differences impact
vaccine efficacy—EV vaccination conferred decreased growth of M. tuberculosis in mouse
lungs compared to antigen-based vaccines. In cases in which no effective antigen-based
vaccine exists, EV-based vaccines also provide a new therapeutic strategy. For example,
chickens vaccinated with EVs derived from Eimeria tenella antigen-pulsed chicken DCs
developed stronger antibody responses and had increased survival after challenge compared
to antigen-vaccinated chickens (62). EV-based vaccines administered during pregnancy may
prevent diseases in newborns. Vaccination of pregnant mice with EVs from DCs pulsed with
Toxoplasma gondii—derived antigens increased survival in pups subsequently challenged
with T. gondii (63).
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Microbe-derived vesicles can also be used as vaccines. Mice vaccinated with OMVs from
Bordetella pertussis controlled infection following challenge with several strains of that
bacterium (64). Like EV vaccines, OMV vaccines promoted a Th1-type immune response,
whereas the comparable antigen-based vaccine favored a Th2-type response. Indeed, the
OMV-based vaccines MenBVac and MeNZB have proven efficacious in protecting humans
against serogroup B meningococcal disease (65). Following this success, a second-
generation OMV-based vaccine, in which a Neisseria meningitidis strain was engineered to
express increased levels of the protein antigens and less toxic forms of lipid A and LPS,
proved both safe and effective in humans (66).

Vaccination to Treat Cancer

EV vaccines have potential for treating cancer. Treatment of mice bearing ovalbumin
(OVA)-expressing melanoma with DC-derived EVs [containing OVA and a-
galactosylceramide, an invariant natural Killer T cell (iNKT) immune cell ligand] increased
antitumor CD8* T cell infiltration and decreased tumor growth (67). Vaccination with
vesicles derived by homogenization and sonication of melanomas decreased tumor growth
and metastasis in mice (68). These results have motivated the production of EV vaccines
that are now in clinical trials.

EV-Mediated Delivery of Exogenous Therapeutic Biomolecules

EVs display characteristics of ideal delivery vehicles, including a lipid composition that
enhances vesicle stability in circulation (28) and proteins that slow EV clearance, such as
inhibitors of complement and phagocytosis (69, 70). Furthermore, EVs can deliver
therapeutic biomolecules ranging from nucleic acids to small molecules. For example,
delivery of the immunosuppressive drug curcumin (which has poor bioavailability) was
enhanced by loading it into EVs derived from mouse lymphoma cells (EL-4) (71). This
formulation conferred protection in a mouse model of septic shock. Intratumoral injection of
HEK?293-derived EVs loaded with mRNA (and protein) encoding a prodrug-converting
enzyme combination conferred reduced growth of a schwannoma xenograft when the
nontoxic prodrug (5-fluorocytosine) was administered systemically (72).

Targeting EVs to specific cell types can reduce off-target effects and enhance specific
uptake by target recipient cells. EVs derived from HEK293 cells overexpressing let-7a
miRNA and targeted to epidermal growth factor receptor (EGFR) via a phage display—
derived peptide decreased growth of breast cancer xenografts in a manner that required the
targeting ligand (73). Doxorubicin loaded into EVs displaying an av integrin—specific
arginine-glycine-asparagine (RGD) peptide trafficked selectively to breast cancer xenografts
in mice and significantly reduced tumor growth, whereas untargeted EV's went primarily to
the liver and spleen without reducing tumor growth (74). EVs may also enable transport
across the blood-brain barrier (BBB). Intranasal delivery of EVs derived from EL-4 cells
delivered curcumin across the BBB to microglial cells and attenuated experimental
autoimmune encephalomyelitis (EAE) in mice (75). Systemic delivery of EVs displaying
rabies virus glycoprotein (RVG) peptide and carrying small interfering RNA (SiRNA)
downregulated proteins associated with Alzheimer’s disease in the mouse brain (76).
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In sum, there is mounting preclinical evidence that EV-based therapeutics are promising and
perhaps uniquely well suited to some applications. Moving these approaches to the clinic
will require focus on translational questions, including the following and the practical
considerations discussed in subsequent sections of this review.

Open Questions

1

How will EV source affect recipient immune response? Because EVs display MHC
(77) and carry a wide variety of allogeneic proteins, it may be necessary to derive
therapeutic EVs from an autologous source, which would greatly impact the
scalability and ultimate cost of EV therapies. This question has not been directly
investigated, but some evidence indicates that allogeneic EVs (from other
individuals of the same species) are tolerated in immune-competent animals.
BALB/c EVs did not induce maturation of splenic DCs upon intravenous injection
into B10 mice, although B10 splenic DCs were able to mature upon incubation
with an agonistic CD40 antibody, suggesting that BALB/c EVs neither induced nor
inhibited immune responses in B10 mice (27). Additionally, T cells isolated from
B10 mice after intravenous injection of BALB/c EVs were not stimulated in a
mixed leukocyte reaction with BALB/c antigen-presenting cells, which suggests
that allogeneic EVs can even have a tolerizing effect (78). Furthermore, xenogenic
EVs may also be tolerated in vivo. EVs derived from human MSCs were tolerated
and functional in immune-competent mice (43). However, robust immune profiling
following repeated injection of nonsyngeneic EVs has not been investigated and
constitutes a central question that could guide translation of EV therapies to various
clinical applications.

Do tumor-derived EVs have oncogenic potential? Tumor-derived EVs promote
angio-genesis, metastasis, and immune suppression (79-87). These EVs contain
retrotransposon elements, oncogenic mMRNA and miRNA, and transcription factors
that can potentially alter the genome and the transcriptome of recipient cells,
favoring proliferation and transformation (40, 88-90). Thus, although tumor-
derived EVs can be harnessed as cancer vaccines, their potential cancer-promoting
effects must be considered and monitored in therapeutic contexts.

How should dosing of EVs be evaluated? EV-mediated signaling is dose-
dependent (91), so the tuning of EV dose may enable the balancing of potential
deleterious and therapeutic effects of EV administration. Understanding the role of
EV dose is also important for achieving therapeutic efficacy. For example, at a
vaccination rate of once a week for 3 weeks, the Escherichia coli OMV dose
needed to provide 100% protection against lethal E. coli challenge was 1 ug,
whereas 0.5 pg provided only 80% protection (92). Thus, intermediate therapeutic
benefits may result from suboptimal vesicle dosing.
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Strategies for loading therapeutically active cargo molecules into EVs can be divided into ex
vivo and in vitro strategies (Figure 1). In the former, EVs are purified and then loaded with
therapeutic cargo molecules. In the latter, cargo molecules are incorporated into EVs during
vesicle biogenesis. Each methodology can be applied to different types of cargo molecules
and has both advantages and disadvantages.

The most broadly applied ex vivo loading strategy is electroporation of molecules into EVs.
This approach has been used to load small-molecule drugs (71, 74, 75, 93) and siRNA (76,
94). It is not clear, however, if RNA cargo molecules such as siRNA, miRNA, and mRNA
are effectively loaded into EVs by electroporation (73). Commonly used electroporation
conditions may induce siRNA precipitation and yield low siRNA incorporation into EVs
(95). It may be possible to reduce aggregation of EVs and cargo RNA by optimizing
electroporation conditions, as demonstrated using a trehalose-containing pulse medium (96).
Even so, the efficiency with which EVs can be loaded by electroporation will be limited by
the small volume occupied by EVs compared to the volume of the medium in which they are
typically suspended. It is not yet clear to what extent the concentration of EVs and cargo
molecules can be increased to improve EV loading before aggregation of either component
becomes problematic during electroporation.

Strategies for loading EVs in vitro may be further subdivided into passive and active loading
approaches. Passive loading relies on overexpression of the therapeutic cargo molecule
(typically a protein or RNA) and uses either native trafficking mechanisms or mass action to
achieve loading during EV biogenesis. The sorting of proteins into EVs during biogenesis is
increasingly well understood (97-99). One strategy to enhance cargo protein loading uses a
natural mechanism through which oligomeric, membrane-anchored proteins traffic to EVs
by fusing a cargo protein to two additional domains that promote aggregation and membrane
localization (e.g., via myristoylation) (100). The rules governing the sorting of RNASs into
EVs are more elusive. Multiple proteins and ribonucleoproteins (RNPs) have been
implicated in active RNA sorting into EVs (101-104). Three sorting mechanisms have been
implicated in facilitating or limiting the loading of RNAs into EVs: (a) Zipcode mRNA
sequences may interact with proteins to promote mRNA loading into EVs (105); (b)
heterogeneous nuclear RNP A2B1 binding motifs can increase loading of miRNAS into EVs
(104); and (c) post-transcriptional modifications may impair loading of miRNA into EVs
(106). Passive loading into EVs has been used to incorporate natural miRNAs (73, 107,
108), miRNAs chemically modified prior to transfection into EV-producing cells (109),
small hairpin RNAs (shRNAs) (107), and mRNAs (72, 110). In the case of mMRNA cargo, it
is often difficult to distinguish between effects caused by the mRNA itself or the mRNA.-
encoded protein, as both may be incorporated into EVs and transferred to recipient cells
(72). In either case, EVs loaded with such cargo molecules would modulate the function of
recipient cells. The efficiency of passive loading also presents challenges, as it may enable
loading of undesired cargo species from the EV-producing cell, including proteins, small
regulatory RNAs, retroviral genomes (23), and host cell-derived mRNA and miRNA.
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Active loading may increase the concentration of cargo molecules within EVs, potentially
impacting the potency and efficacy of EV-based therapeutics. The most commonly
employed method for cargo protein loading is expression of a genetic fusion between the
cargo and a protein that natively localizes into EVs. The N termini of the lactadherin C1C2
domain or the lysosomal protein Lamp2 have been fused to proteins (111) or peptides (76,
112) to display cargo proteins on the EV surface; a similar approach for peptide display has
used the platelet-derived growth factor receptor (73, 113). Active loading of cargo proteins
into the EV lumen has not yet been described.

Another approach for loading nucleic acids into EVs is to exploit viral packaging strategies.
Many viruses hijack cellular membranes for efficient propagation, and virus-EV hybrid
particles (termed vexosomes, vector-exosomes, or retrovirus-like particles) represent novel
gene therapy vehicles. Nonenveloped viruses such as adeno-associated virus (AAV) (114)
and hepatitis A virus (115) can be incorporated into EVs during propagation. AAV is
particularly interesting, as it is a commonly used viral vector for gene therapy in clinical
trials. Vexosomes contain AAV vectors within the EVs and combine the advantages of both
components: The EV component is potentially less immunogenic and may confer enhanced
penetration across biological barriers through genetic modification of the producer cells, and
the AAV component is effective for gene delivery with long-term stability in nondividing
cells.

Open Questions

1. To what extent are cargo molecules intact when incorporated into EVs? This
concern is especially relevant for RNA cargo loaded by producer cells, for which
degradation in the cytoplasm or incorporation of nucleases may decrease integrity
of the cargo molecule. Typical profiles of RNA contained in EVs reveal primarily
small RNAs in the 200 bp range, with a low level of longer RNASs (up to about 5
kb) (88). It remains unknown whether natural mechanisms for selectively
packaging RNA into EVs via RNP association may be harnessed to protect the
integrity and stability of longer RNAs such as translatable mRNAs.

2. How do various loading strategies impact potency and heterogeneity of EV-based
delivery vehicles? To date, quantitative characterization of EV-mediated delivery
vehicles is generally lacking. To evaluate the feasibility of EV-mediated delivery,
compare EVs to comparable synthetic delivery vehicles (such as liposomes), and
identify potential opportunities for improving EV-based delivery, the following
questions require investigation: What is the maximum loading capacity of EVs for
different types of cargo with various types of EVs? How heterogeneous are EVs
loaded by passive or active means, and do EVs loaded by either approach represent
only a subset of EVs produced? How does loading efficiency and composition
within EVs impact EV-mediated cargo molecule delivery and efficacy?

3. Isit possible to selectively exclude some molecules from EVs during biogenesis?
Packaging of some cell-derived proteins, RNA, and lipids may be undesirable in an
EV-based therapeutic product. If the offending component(s) cannot be removed
from the producer cell stock entirely (e.g., by genome editing of a producer cell
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line), alternative strategies may be required to ensure that such components are
minimally loaded into EVs. EV-based products may need to be monitored for such
contamination.

DELIVERY AND FATE OF THERAPEUTIC VESICLES

Biodistribution

Although the pharmacokinetics of injected liposomes and nanoparticles have been well
studied, only recently have such properties of injected EVs been characterized. By labeling
EVs with luciferase, Lai et al. (113, 116) used bioluminescence to track the fate of EVs in
mice after intravenous injection. Thirty min after injection, most of the signal was detected
in the spleen, liver, lung, and kidney, with some signal detectable in the brain, heart, and
muscle. High EV levels in the spleen resulted from its high vascularity. The decay of the
signal in blood followed a two-phase exponential decline, with a short half-life of 20 min
and a longer half-life of more than 3 h. The first phase is likely attributed to a rapid
redistribution of EVs to organs (mainly liver and lung), whereas the second phase probably
represents the final elimination of the vesicles from the body. The authors suggested
mechanisms of renal and hepatic clearance of the labeled vesicles, with a peak signal in the
urine at ~60 min postinjection. Most importantly, intravenously injected EVs trafficked to a
tumor, presumably because of the enhanced permeability and retention effect and leaky
vasculature of the tumor.

The organ distribution of EVs after in vivo administration has also been evaluated using
membrane dyes such as PKH or XenoLight DiR. PKH-labeled vesicles were found in the
liver, spleen, lung, and bone marrow (90), whereas XenoLight DiR-labeled vesicles were
found in the liver, lung, spleen, kidney, brain, intestines, and tumor tissue (73). The reports
with dyes, however, indicate a relatively long retention time for EVs in the body (24 h), in
contrast to the bioluminescent imaging data (6 h). This difference could be explained by the
relatively long half-life of membrane-labeling dyes, which may be retained in recipient cells
and metabolized more slowly than the reporter proteins in or on vesicles. Therefore, the dye-
labeling strategy is effective in tracking the early fate of vesicles, but protein-based
bioluminescent imaging may provide more accurate temporal data over longer times.

Some cell types bind to intravenously or subcutaneously administered vesicles. In one study,
biotinylated B cell-derived EVs were primarily taken up by hepatic and splenic
macrophages5 min after systemic administration (117). Intriguingly, this study reported
rapid kinetics for the elimination of EVs from the circulation (half-life of 2 min), which may
be attributed to the use of B cell-derived EVs being efficiently taken up by the spleen and
liver.

In contrast to systemic administration, locally administered EVs may achieve very high
concentrations at target cells. Intranasally administered EVs containing curcumin and
JSI1124 (a STATS3 inhibitor) were taken up by microglial cells in the brain and alleviated
inflammation in an LPS-induced brain inflammation model and in a myelin
oligodendrocytes glycoprotein—-induced EAE model; these drug-loaded EVs also reduced the
growth of gliomas in the brain (75). The exact route of EV entry into the brain was not
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addressed, but the kinetics suggest transfer through the olfactory and the trigeminal nerves
as well as the vasculature (118). Therefore, intranasal delivery of EVs may circumvent the
BBB and lead to sufficient drug accumulation in certain regions of the CNS. The fate of EVs
administered using other routes into the CNS (e.g., intrathecal, intracerebral, or
intraventricular) has not been reported.

Targeting Recipient Cells

Targeting EVs to specific recipient cell types may be mediated by natural EV components or
bioengineered moieties on the EV surface (Figure 2). Native EV proteins reflect the donor
cell type, so selection of optimal donor-recipient cell combinations may facilitate specific
uptake of therapeutic EVs. For example, EVs from T cell lines are efficiently taken up by
myeloid cells such as macrophages and microglial cells (75), whereas mature DC—derived
EVs are efficiently internalized by activated T cells (119). EBV-infected B cell-derived
vesicles bind very efficiently to other B cells (120). In general, however, the attributes
needed for efficient and specific uptake (i.e., EV uptake by target cells compared to various
other cell types in vivo) have not been systematically and comprehensively evaluated.

Identifying ligand-receptor combinations involved in cell type—associated EV uptake may
also inform EV engineering. For example, EBV-infected B cell-derived vesicles present the
viral gp350 peptide, which binds the CD21 surface receptor on B cells (120). Expression of
the gp350 peptide in HEK293T cells leads to its incorporation into EVs, which B cells
internalize more effectively. Interestingly, EV-mediated delivery of CD40 ligand and gp350
peptide to B cells from patients with B chronic lymphocytic leukemia caused EBV-specific
T cells to target these B cells in vitro (121). Thus, EV-mediated targeting could represent a
novel type of immunotherapy for B cell malignancies. Similar strategies might target EVs to
T cells, which bind DC-derived vesicles via interactions between intercellular adhesion
molecule-1 (ICAM-1) and lymphocyte function—associated antigen-1 (LFA-1) (119).

An alternative to harnessing natural targeting mechanisms is to engineer EVs to display
targeting moieties on the vesicle surface (Figure 2). Fusion of the RVG peptide, which
targets neurons in the CNS, to the EV marker Lamp2b promoted EV transport across the
BBB and release of functional cargo (siRNA) in the brain (76). EVs displaying an av
integrin—specific internalizing RGD (iRGD) peptide (74) or EGFR-specific GE11 peptide
(73) fused to Lamp2b exhibited potent tumor cell targeting in cell culture and in vivo.
Notably, doxorubicin-loaded, iIRGD-targeted EVs exhibited less cardiac toxicity in vivo than
did control EVs loaded with this drug, the latter being more similar to commercially
available liposomal doxorubicin (74).

EV Uptake by Recipient Cells

EV binding is mediated by receptors that interact with either universal EV molecules, such
as lipids and carbohydrates, or specific peptides present on subsets of EVs. In the spleen, EV
binding to macrophages is dependent on CD169 (sialoadhesin), which interacts with a2,3-
linked sialic acids on vesicles, although CD169 does not play a role in EV uptake by
Kuppfer cells in the liver (117). Surface glycosaminoglycans such as heparan sulfate have
also been implicated in vesicle uptake. Soluble heparin, which mimics heparan sulfate,
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inhibits EV uptake by recipient cells via interaction with heparin-binding sites on both the
cells and EVs (122, 123). Chinese hamster ovary cells deficient in cell surface heparan
sulfate proteoglycans take up fewer EVs than do wild-type cells, whereas enzymatic
depletion of heparan sulfate chains on EVs do not abrogate the cellular uptake of these EVs
by wild-type cells (123), suggesting that cell surface heparan sulfate proteoglycans bind to
as-yet unidentified EV components. Receptor-ligand interactions specific for vesicles of
particular cell origins also play an important role in the uptake of EVs into tissues (124).
Common EV-associated molecules that have been associated with uptake include integrins,
tetraspanins, milk-fat globules, EGFVIII protein, and PS.

Following initial binding, cells internalize EVs by processes that include receptor-mediated
phagocytosis or endocytosis via receptors that include T cell immunoglobulin- and mucin-
domain-containing molecule-4 (TIM4), which binds to PS on EVSs; scavenger receptors;
integrins; and complement receptors (124). How EV cargo is released into the cytoplasm
after entry into recipient cells is unclear. Possible mechanisms include membrane fusion in
cells, EV membrane degradation, and selective cargo release. Membrane fusion requires
similar fluidities of the EV and target cell membranes, which are mismatched at neutral pH
but are more similar at acidic pH (~5) and may then promote fusion (28). This low pH can
occur in the endocytic compartment, but EV fusion with the plasma membrane is unlikely,
except in acidic milieus such as the tumor microenvironment (125). Release of cargo in cells
may require breakdown of the endosomal membrane, as occurs, for example, with AAV
virions (126). In many cases, EV cargo can be degraded by recipient cells, thereby inhibiting
therapeutic delivery but limiting the impact of off-target delivery.

The identification of natural communication routes between cells (i.e., donor-recipient cell
combinations exhibiting functional modulation) may help to identify mechanisms for
enhancing functional cargo delivery through EV engineering. For example, expressing the
vesicular stomatitis virus glycoprotein (VSV-G) on the EV surface may promote EV—plasma
membrane fusion and enhance the delivery of EV cargo (127). However, AAV vexosomes
incorporating VSV-G were inferior to those lacking VSV-G in mediating transduction,
indicating that EV—plasma membrane fusion does not universally lead to increased cargo
delivery (114).

Open Questions

1. What processes limit or promote the functional delivery of cargo biomolecules to
recipient cells? Uptake of cargo into a cell is not equivalent to cargo functionality.
For instance, EVs may potentially pass through cells within the multivesicular body
compartment, which could explain how EVs cross the BBB (i.e., via a
transendothelial route). Endocytotic mechanisms must circumvent the lysosomal
degradative pathway, and direct fusion between the EV and target cell plasma
membrane or endocytotic membrane does not always ensure functionality of the
contents. In general, the fate of EVs within the body and cells remains poorly
understood and requires additional investigation to elucidate how these processes
impact functional EV-mediated delivery.
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2. How can functional EV-mediated delivery be enhanced? The rate-limiting steps
restricting EV-mediated delivery have not been characterized quantitatively, in
contrast to drug and gene delivery. Moreover, it is not clear whether functional
delivery by EVs derived from different sources or targeting different cell types is
limited by similar or distinct steps in the overall delivery process described above.
Advancing EV-based therapies to the clinic will require quantitative, mechanism-
driven analyses of EV-mediated delivery.

MANUFACTURING VESICLES FOR THERAPEUTIC USE

Producer Cell Type Choice

Vesicle biogenesis is a universal cellular process, and thus the menu of potential producer
cells types is lengthy (see above). Mammalian vesicles can be produced in cell lines or
primary cells. Immortalized cell lines [e.g., HeLa (128) or EL-4 mouse lymphoma lines
(71)] typically produce more vesicles than do primary cells and can be cultured indefinitely.
However, the function of cell line—derived EVs is less well characterized, and as discussed
above, these vesicles carry some risk of oncogenic potential. In contrast, primary cell-
derived vesicles often have well-characterized functions (see above for MSC- or DC-derived
EVs) that may complement the action of exogenously loaded therapeutic agents. Autologous
primary cell-derived EVs may also reduce the risk of immunological rejection.
Disadvantages of primary cells include lower vesicle yield and limiting passage numbers,
making it harder to generate a cell bank. Nonmammalian cells, including bacterial, yeast,
and plant cells, can also be used to produce vesicles for delivery. For example, grape EVs
were internalized by both mammalian hematopoietic and nonhematopoietic cells in culture
and exhibited excellent bioavailability in vivo without any apparent toxic effects (12).
However, other than in vaccine applications, the clinical potential of these nonmammalian
sources has not been evaluated.

Physical Methods to Generate Lipid Nanoparticles

Physical methods can be used to derive biological nanovesicles from cells that may
recapitulate some features of secreted EVs. Such physical processes include extrusion of
cells through filters, resulting in cellular fragmentation, and generation of vesicles that
preserve the orientation of the plasma membrane (93). In mice with colon adenocarcinoma,
such vesicles targeted the endothelium of tumors through LFA-1 on the vesicle surface and
delivered doxorubicin that had antitumor activity. These nanovesicles were similar in size,
morphology, and protein content to endogenously produced EVs. The yield of physically
generated nanovesicles (in terms of protein content and total particle counts) was 100-fold
higher from the same number of cells. Another method to generate artificial vesicles is to
extrude cells through a microfluidic chamber (129). These fabricated vesicles are similar to
endogenous EVs in size, shape, and composition and can deliver RNA molecules to
recipient cells. Vesicles can potentially also be formed by sonication, lysis, electroporation,
and freeze-thawing of cells. In general, however, the membrane protein and lipid
composition of such physically derived vesicles will reflect that of the entire cell, which is
different than naturally secreted EVs. Whether this impacts delivery, toxicity, or other EV
properties has not been rigorously evaluated.
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Enhancing EV Yield and Scale-Up

Manufacturing therapeutic vesicle preparations necessitates large-scale production as well as
isolation and purification under controlled conditions. Vesicles produced by extrusion or
filtration of cells may be more easily scaled up to achieve high yields. For secreted vesicles,
scale-up is more difficult but mirrors challenges faced in the field of recombinant protein
therapeutics. Multiple strategies exist to increase vesicle release from cells. For example,
raising intracellular calcium increases vesicle production, so ionophore treatment (e.g., with
A23187 or ionomycin) or surface receptor stimulation (e.g., the P2X7 purinergic receptor)
(130, 131) can increase vesicle production. In addition, serum starvation or endotoxin
increases EV production (132). Different treatments (and physical methods) may alter the
composition and functionality of vesicles. Creation of immortalized cells from primary cells
is another strategy to scale up vesicle production. For example, EV release from embryonic
stem cell-derived MSCs was increased by overexpressing an oncogene, c-myc. EVs from
these cells retained their protective function in a mouse model of myocardial ischemia/
reperfusion injury, although transfer of c-myc DNA/RNA into normal cells may be
oncogenic.

Quantifying Potency of EV-Based Products

For therapeutic applications, rigorously quantifying EV product potency, efficacy, and dose
is crucial, which is challenging for such complex particles. Evaluating specific loading
(cargo molecules per vesicle) would require vesicles counts, which can be determined using
nanoparticle-tracking analysis (vesicles <800 nm) or flow cytometry (vesicles >1 um),
although the optimality and limitations of such methods are under debate (133, 134). Vesicle
components can also be quantitated, e.g., by measuring total protein, lipid, or RNA content,
but none of these is considered a gold standard. Importantly, vesicle dose determination may
be confounded by the presence of vesicle aggregates or stable, nonvesicular, extracellular
RNA complexes. Vesicle integrity and stability impacts dose efficacy, and freeze-thawing or
sonication of vesicles may reduce their biological activities; there is currently no general
quality control assay for the intactness of vesicles (54, 135).

EV-Inspired Bioengineered Artificial Vesicles

A strategy for combining ease of manufacturing and desirable EV functionalities is to
engineer artificial lipid vesicles that incorporate EV features or components. For example,
the high PS content of EV membranes results in a rigid vesicle that is resistant to lipolytic
and proteolytic degradation in the circulation (28). Mimicking this rigid structure could
enhance the stability of artificial lipid vesicles in vivo and increase their probability of
reaching targets prior to being cleared or degraded. The incorporation of EV lipids into
artificial vesicles could also enhance delivery of vesicle contents to recipient cells. PS is
important in EV uptake, and its incorporation into liposomes could enhance their uptake by
DCs and other phagocytes. EV lipids may also enhance other mechanisms of vesicle uptake,
such as plasma membrane fusion. The addition of cholesterol to PS vesicles increases the
rate of intervesicle fusion, serving as a proxy for vesicle fusion with lipid rafts in cell
membranes (136). Thus, liposomes that incorporate PS and cholesterol may be well suited
for cytoplasmic delivery of EV cargo. Furthermore, the use of EV lipids to enhance
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liposome delivery is effective in vivo. The addition of the glycosphingolipid N-
octanoylglucosylceramide to liposomes composed of hydrogenated soy phosphatidylcholine,
cholesterol, and distearylphosphatidylethanolamine-PEG5qqq increased delivery of
doxorubicin to B16 mouse melanoma cells in culture and in vivo (137), supporting the
combined use of artificial and natural lipids.

EV lipids may also be selected to modulate interactions between liposomes and the immune
system. The inclusion of PS in antigen-delivering liposomes induced Th1-type cell-mediated
immunity in a dose-dependent manner (138). In contrast, PS liposomes, but not
phosphatidylcholine liposomes, inhibited DC maturation in response to LPS stimulation
(139), indicating that PS may play varying roles in different immune contexts. Mixed EV
lipids can also modulate the immune response. Intestine-derived EV-like nanoparticles
(IDENSs) induced NKT cell anergy (140) via a process that required signaling between
prostaglandin E, (PGEy) displayed on IDENs and PGE receptors on NKT cells. Liposomes
formed using lipids purified from these intestinal EVs induced the same reduction in NKT
cell cytokine secretion as did IDENs. Thus, reconstitution of EV-derived lipids into
liposomes is a viable method for developing well-defined nanoparticles that replicate the
immune-modifying properties of the native vesicles. The effects of EV-derived lipids are
multifactorial, impacting liposome structure, circulation time, uptake by target cells, and
immune responses.

Mimicking the protein composition of EVs could also enable the development of immune
modulatory liposomes. Liposomes containing MHC-cytomegalovirus (CMV) peptide
complexes and Fab fragments to activate LFA-1, CD27, CD28, 4-1BB, and CD40L were
able to trigger the expansion of CD8* effector memory cells and the secretion of IFN-y
when incubated with peripheral blood mononuclear cells from CMV-positive individuals
(141). Thus, incorporating even a limited number of proteins into a liposome may achieve
EV-like properties such as antigen presentation and stimulation of an immune response.

Open Questions

1.  Which vesicle population is the most suitable for drug delivery? Given the
heterogeneity of vesicles, it is not clear which vesicle population will prove the best
for carrying appropriate amounts of different therapeutic cargoes, which will have
the highest bioavailability, and whether such optimal vesicle subsets will overlap.
For a given therapeutic indication, different vesicle populations should be tested in
parallel. For example, in mammalian vesicles, the total RNA content of small
vesicles appears higher than that of larger vesicles (142), but different types of
RNAs may be differentially distributed. Liposomes <100-150 nm in diameter are
superior in bioavailability, transcapillary passage, and biological activity compared
to larger particles (143). Thus, among EVs, small-size vesicles (the so-called
exosome fraction) are the most likely to be useful for drug delivery. For naturally
secreted vesicles, the desired size range could be achieved by selection of an
appropriate isolation and purification protocol. In the case of artificial vesicles,
vesicle size can be manipulated by tuning the process characteristics (e.g.,
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geometry of the microchannels during extrusion or pore sizes during filtration)
(129).

2. How can clinical-grade EVs be produced? Clinical Good Manufacturing Practice
(cGMP)-grade standards for clinical use require uniformity, consistency, and
reproducibility in the quantity and quality of a given therapeutic agent. It is
particularly challenging to establish cGMP-grade EV preparations, as EVs are
highly complex and their composition and production are highly variable. The
factors contributing to this diversity are still under investigation. Furthermore, EV
stability also differs by vesicle source and preparation method, and a reliable
quality control test for membrane integrity is lacking.

3. How can natural EV and liposome components be combined to maximize stability,
targeting, and therapeutic delivery? Because manufacturing practices for liposomes
and nanoparticles are already well developed and enable efficient cargo molecule
loading, an attractive strategy may be to enhance the performance of these synthetic
delivery vehicles by incorporating specific lipids or proteins of EVs known to
increase stability, targeting, and uptake. This enhancement could use purified
molecules (e.g., synthetic lipids or recombinant proteins), or these elements could
be extracted from EVs, although extraction could lead to contamination with other
components. Importantly, such enhanced liposome formulations also provide a test
bed in which to study the effects of EV components in isolation and to identify the
components that best enhance the therapeutic properties of the EV-inspired
artificial vesicles.

CLINICAL TRIALS AND COMMERCIALIZATION

Clinical Trials

Building upon a growing body of promising preclinical evidence, EV-based therapies are
making their way into the clinic (Table 1). EV-based cancer vaccines have already been
tested in Phase | clinical trials evaluating safety (144). In one EV clinical trial, DCs were
isolated from patients with advanced metastatic melanoma and incubated with melanoma
peptide antigens to induce presentation of the antigen on the cell surface in association with
MHC. EVs were then isolated from the DC-conditioned medium and reintroduced into
patients to promote an immune response against melanoma. In some patients, minor
inflammatory responses at the site of EV injection (mild swelling, redness, and DTH
responses) and low-grade fever were observed after EV administration. However, patients
tolerated administration of EVs for up to 21 months (145). In a similar trial, non-small-cell
lung cancer patients injected with EVs weekly for 4 weeks manifested low-level
inflammatory responses (146). Finally, a clinical trial in which tumor ascites—derived EVs
were isolated and reintroduced along with granulocyte-macrophage colony-stimulating
factor demonstrated that the only adverse response to EV vaccination was mild
inflammatory responses at the site of vaccination (147). Thus, repeated administration of
autologous EVs is well tolerated. The therapeutic benefit of EV vaccination has not yet been
validated; however, disease progression was halted in some patients in the Phase I clinical
trials after EV vaccination (146, 147). Based on these promising results, DC EVs for non-
small-cell lung cancer treatment will soon be tested in a Phase 1l clinical trial (http://
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clinicaltrials.gov/show/NCT01159288). EVs are also being tested as potential therapeutic
delivery vehicles in a Phase I clinical trial of plant-derived EVs delivering curcumin for
treatment of colon cancer (http://clinicaltrials.gov/show/NCT01294072).

Commercialization

Biotechnology companies are actively involved in commercializing EV-based diagnostics,
and activity is moving toward therapeutic applications as well. Strategies for EV isolation
and purification are being commercialized by many companies (e.g., System Biosciences,
Life Technologies, Qiagen, HansaBioMed, Cell Guidance Systems, and Exosome
Diagnostics). EV-based diagnostic platforms are being developed and marketed for cancer
(Exosome Diagnostics, Exosomics Siena, Exosome Sciences), viral infection (Exosome
Sciences), and siRNA therapy (Alnylam). In addition, several large pharmaceutical
companies are investigating the potential of vesicle-based biomarkers. Finally, Aethlon
Medical is investigating the therapeutic value of EV depletion in cancer. Clinical evaluation
of EV therapeutics is still at an early stage but is rapidly expanding, and it is likely to drive
commercial investment if clinical evaluations can recapitulate promising preclinical data.

Open Questions

1. What regulatory mechanisms are required for clinical EV applications? Although
the US Food and Drug Administration regulates final approval for clinical
applications, the National Institutes of Health DNA Recombinant Advisory
Committee may also be involved in evaluating EVs derived from genetically
modified cells or EV-mediated delivery of genetic materials. Notably, the EV-
associated concerns discussed above, such as the oncogenic potential of EVs
produced by transformed cells and the presence of retrovirus-like particles and
possibly other viruses in EV preparations, are safety concerns for which substantial
precedence and experience exist in the context of other biological therapeutics
(148-150).

2. What clinical applicationswill berealized first? EVs have already made their
debut as vaccination vehicles with great promise to promote immune responses,
and this trend will likely continue with respect to infectious agents and potentially
cancer. The immunosuppressive potential of EVs may also prove to be a promising
therapeutic avenue for managing at-risk pregnancies and treating autoimmune
diseases. The ability of EVs to act as stealth vehicles that mediate delivery while
avoiding immune rejection may also promote their use for gene therapy, including
vector-mediated gene replacement and genome editing, as well as a more efficient
means to delivery antisense oligonucleotides and siRNAs.

CONCLUSION

The therapeutic potential of EVs presents exciting new avenues for intervention in many
diseases. EVs span a broad range of vesicle types, cells and species of origin, processes of
biogenesis, and modes of cellular uptake and fate. Promising aspects include the ability of
EVs to transport genetic information, as well as drugs and proteins, to target specific cell
types and to increase the stability of therapeutic cargoes in vivo. This new technology fits

Annu Rev Pharmacol Toxicol. Author manuscript; available in PMC 2015 May 27.


http://clinicaltrials.gov/show/NCT01159288
http://clinicaltrials.gov/show/NCT01294072

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gyorgy et al.

Page 18

well into current knowledge and use of gene therapy vectors, oligonucleotides, liposomes,
and nanoparticles, and great potential exists for engineering new vehicles that combine
advantageous elements. Two overall approaches are emerging: (a) harnessing the natural
therapeutic potential of cellular-derived vesicles and enhancing this capacity through the
introduction of molecules that facilitate targeting, uptake, and loading EVs with specific
protein or RNA cargoes; and (b) incorporating specific EV-mimetic features or molecules
into manufactured liposomes or nanoparticles to pair these novel features with platforms for
which manufacturing ease and clinical experience is currently superior. Realizing the
potential of EV-based therapies will require investigation of the open questions posed here
to drive EV research from promising phenomenological observations to quantitative
evaluation of translational investigations.
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Figure 1.
Strategies for incorporating therapeutic agents into extracellular vesicles (EVs). EVs can

carry DNA, RNA, proteins, lipids, or drugs, which are incorporated via various mechanisms.
@ Directing highly oligomeric proteins to EVs using plasma membrane anchors (100). @
Including zipcode-like sequences in the 3’ untranslated region to facilitate mMRNA loading
into EVs (105). @ Overexpressing mRNA to drive incorporation into EVs by passive
loading. @ Delivering an adeno-associated virus expression vector termed a vexosome
(114). @ Loading EVs with cargo by physical methods, including mixing (e.g., for
curcumin) (71) and electroporation for drugs (74) or RNA (76).
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Figure2.
Bioengineering extracellular vesicles (EVs) for therapeutic delivery. Targeting EVs to

specific recipient cells may be achieved by expressing proteins in EV-producing cells,
including natural proteins such as EBV gp350 [selectively binds to B cells (121)], ICAM-1
[binds to T cells (119)], or sialic acid residues [promote uptake by macrophages (117)] (blue
text) and engineered proteins such as EV transmembrane proteins that display peptides on
the EV surface [e.g., GE11 (73), iRGD (74), and RVG (76)] (red text). Expression of other
exogenous proteins may facilitate other steps of EV-mediated delivery, including fusion of
EVs and donor cells [e.g., VSV-G (127)] (purple text). Other abbreviations: EBV, Epstein
Barr virus; EGFR, epidermal growth factor receptor; ICAM-1, intercellular adhesion
molecule-1; iRGD, internalizing arginine-glycine-asparagine; LFA-1, lymphocyte function—
associated antigen-1; nACh, nicotinic acetylcholine; PDGFR TM domain, platelet-derived
growth factor receptor, transmembrane domain; RVG, rabies virus glycoprotein; VSV-G,
vesicular stomatitis virus glycoprotein.
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Table 1

Clinical and preclinical investigation of extracellular vesicle-based therapies

Page 28

Vesicle type and source Administrative | Recipient Therapeutic effect Reference
route
Preclinical studies: mouse
Liposomes enriched with iv. Tumor-bearing nude mice | Enhanced Dox delivery to 137
N-octanoyl-glucosylceramide tumors via EV versus via
liposomes
EVs from mouse MSCs iv. Hypoxia-treated FVB/N Decreased lung inflammation 42
mice and hypoxia-induced
hypertension
EVs from the human ESC-derived v, C57BL6/J mice after Reduced myocardial infarct size 43
MSC line HUES9.E1 myocardial infarction and inflammation
before reperfusion
EVs derived from mouse bone s.c. with 4T1 BALB/c mice Reduced growth and 46
marrow MSCs cells vascularization of tumors
EVs derived from spleen and i.p. TNP-sensitized C57BL/6 Inhibited contact sensitivity 51
lymph node cells of mice
TNP-tolerized mice
EVs derived from mouse BMDC Footpad C57BL/6 mice prior to Suppressed DTH 53
overexpressing 1L-10, IL-4, or DTH induction
FasL
EVs derived from mouse BMDC iv. Collagen-immunized Delayed collagen-induced 53
overexpressing 1L-10, IL-4, or DBA/1 mice arthritis
FasL
Bacteroides fragilis OMVs with Oral BALB/c mice prior to Decreased colitis-induced 55
polysaccharide A colitis induction weight loss, colon shrinkage,
and colitis
EVs derived from grape juice Oral C57BL/6 mice concurrent | Decreased colitis-induced colon 12
with colitis induction shrinkage and mortality
EVs from RAW264.7 cell line i.n. vaccine C57BL/6 mice Decreased growth of 61
pulsed with Mycobacterium M. tuberculosisin the lung
tuberculosis proteins
EVs from a mouse splenic DC cell s.C. Female CBA/J mice prior | Fewer T. gondii cysts in mother 63
line, pulsed with Toxoplasma to mating and T. gondii and pup brains, increased pup
gondii antigens exposure survival
OMVs derived from Bordetella iv. BALB/c mice prior to Decreased B. pertussis counts 64
pertussis B. pertussis challenge and increased type 1 antibody
production compared to
animals given Tdap vaccine
before challenge
OMVs derived from Escherichiacoli | i.p. C57BL/6 and BALB/c 100% survival postchallenge, 92
mice prior to E. coli versus 20% for unvaccinated
challenge mice
EVs from BMDCs cultured with v, Tumor-bearing C57BL/6 Decreased tumor growth and 67

OVA peptide and a
glucosylceramide

mice

prolonged survival

Annu Rev Pharmacol Toxicol. Author manuscript; available in PMC 2015 May 27.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Gyorgy et al.

Page 29

Vesicle type and source Administrative | Recipient Therapeutic effect Reference
route
EVs from HEK293 expressing i.v. Tumor-bearing RAG™ Decreased tumor growth 73
let-7a and RGD-targeting mice
peptide
EVs from HEK293T Intratumoral Tumor-bearing nude Decreased tumor growth; elimination 72
expressing CD and UPRT injection mice of tumor in two-thirds of treated
mice
Dox-loaded EVs from DCs v, Tumor-bearing nude Decreased tumor growth compared to 74
expressing iRGD mice free Dox or untargeted EVs
Nanovesicles extruded from iv. Tumor-bearing Decreased tumor growth compared to 93
RAW264.7 cells in presence BALB/c mice Dox liposomes
of Dox
Curcumin-loaded EVs from i.p. with LPS C57BL/6 mice Increased survival of LPS-induced 71
EL-4 cells septic shock
Curcumin-loaded EVs from Intranasal C57BL/6 mice Decreased EAE clinical score 75
EL-4 cells compared to free curcumin
EVs derived from EL-4 cells Intranasal Tumor-bearing Decreased tumor size and prolonged 75
loaded with Stat 3 inhibitor C57BL/6 mice survival compared to free inhibitor
Phase| studies
EVs from autologous DCs Intradermal 15 patients Minor inflammation, no major 145
pulsed with melanoma and s.c. toxicity. One patient: MART-1-T
peptide antigens cell response and tumor shrinkage;
one patient: minor response (loss of
a
spinal cord lesion); two patients:
stabilization
EVs from autologous DCs Intradermal 9 patients No major toxicity. One-third of 146
pulsed with MAGE peptides and s.c. patients: MAGE-specific T cell
responses; two patients: increased
NK
cell lysis
EVs from autologous ascites s.C. 37 patients; 13 also No major toxicity. Patients receiving 147
fluid of colorectal cancer received GM-CSF EVs and GM-CSF: 80% showed
patients cytotoxic T cell responses to colon
cancer peptide CAP-1, with one
stabilization and one minor response
OMVs from Neisseria i.m. injection Human patients MenBVac and MeNZB vaccines are 65

meningitidis

safe and effective

Abbreviations: BMDC, bone marrow—derived DC; CAP-1, carcinoembryonic antigen peptide-1; CD, cluster of differentiation; DC, dendritic cell;
Dox, doxorubicin; DTH, delayed type hypersensitivity; EAE, experimental autoimmune encephalomyelitis; ESC, embryonic stem cell; EV,
extracellular vesicle; FasL, Fas ligand; GM-CSF, granulocyte-macrophage colony-stimulating factor; IL, interleukin; i.m., intramuscular; i.n.,
intranasal; i.p., intraperitoneal; iRGD, internalizing arginine-glycine-asparagine; i.v., intravenous; LPS, lipopolysaccharide; MAGE, Melanoma
Antigen GEne; MART-1, melanoma antigen recognized by T cells-1; MSC, mesenchymal stem cell; NK, natural killer; OMV, outer membrane
vesicle; OVA, ovalbumin; RGD, arginine-glycine-asparagine; s.c., subcutaneous; Tdap, tetanus-diphtheria-acellular pertussis; TNP, trinitrophenyl;

UPRT, uracil phosphoribosyltransferase.
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