Chapter 16
Extra-Cellular Vesicles: A Promising
Approach for Translating Cell-Based Therapy

Benjamin Buller, Michael Chopp, and Zheng Gang Zhang

Abstract As cell-based therapies have demonstrated efficacy in the treatment of
experimental and clinical stroke, their mechanisms of action warrant intense investi-
gation and are being investigated in greater depth. It is becoming increasingly clear
that one of the main ways that cell therapies based on mesenchymal stem cells (MSC)
and other cells impart functional benefits to animals is through release of exosomes
and other extracellular vesicles in vivo. Mounting evidence shows that MSCs release
exosomes, and that these exosomes induce predictable and impactful changes in
recipient cells. These exosome-induced cellular changes are likely mediated through
the content of the exosomes, which comprise mRNA, miRNA, proteins, and other
macromolecules. Many studies that have been published in the last several years have
shown that treatment of animals with exosomes, harvested from MSCs and other
cells, after stroke and traumatic brain injury (TBI) recapitulate the effect of the parent
cells. Exosomes lack the safety and manufacturability issues that plague cell therapy,
and they therefore may represent the next generation of cell-free therapies. Their
biology and potential use as therapies for CNS injuries are discussed herein.
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CSF Cerebral-spinal fluid
dli4 Delta-like 4
EV Extracellular vesicle

IncRNA  Long non-coding RNA

MCAo Middle cerebral artery occlusion
miRNA  MicroRNA

MSC Mesenchymal stem/stromal cell
MVB Multivesicular body

RISC RNA-induced silencing complex
TBI Traumatic brain injury

1 Introduction

Cell-based therapy may be the most promising approach to achieving a clinically
viable restorative therapy for stroke and other neurologic diseases. In a series of
preclinical studies first published by our laboratory beginning in 2000, we showed
that administration of bone marrow mesenchymal stromal cells (MSC), leads to
enhanced neurological recovery in rats that are subjected to middle cerebral artery
occlusion (MCAo) [1-4]. This work has been repeated and reproduced by many
laboratories around the world [5—8], and other cell types have also been shown to be
effective in aiding recovery from stroke [9—12]. Despite the acceptance of cell ther-
apy as an effective treatment for animal models of stroke, the mechanisms by which
it imparts functional recovery have remained elusive.

It was first hypothesized that MSC transdifferentiate into neural cells and thereby
regrow brain tissue. This hypothesis was abandoned relatively quickly in favor of a
paracrine hypothesis—that the cells secrete factors that stimulate growth [13]. This
hypothesis too evoked skepticism, because treating animals with any number of
secreted growth factors from cells has never reproduced the effect of treating with
cells directly.

Extracellular vesicles (EV), including exosomes and microvesicles, are small,
membrane bound spheroids of approximately 30-200 nm in diameter. They contain
macromolecular cargo that includes receptors, ligands, and nucleic acids. The
nucleic acid cargo of EVs comprises a mixture of mRNA, tRNA, vault RNA,
microRNAs (miRNA), and long non-coding RNA (IncRNA). While the biologic
functions of the majority of the contents of EVs remain unclear, their miRNA con-
tents have been shown to be functional in vivo, which is particularly important given
that many roles have been described for miRNAs in both the pathogenesis of, and
recovery from, stroke (for review of the miRNA and stroke, see e.g. [14]). The role
of exosomes and other EVs in mediating cell therapy repair, with particular atten-
tion paid to MSCs, and the putative mechanism by which they operate are discussed
below.



16  Extra-Cellular Vesicles: A Promising Approach for Translating Cell-Based Therapy 313
2 EV Biogenesis Pathways

EVs comprise several subtypes, and they are secreted by virtually all cells [15].
They exist in all body fluids, including blood, cerebrospinal fluid (CSF), urine, asci-
tes, and saliva [16-20]. The two most well studied types of EVs are exosomes and
microvesicles. Each of these two types has unique attributes and a distinctive bio-
genesis pathway. Exosomes are spheroids that have an approximate size of
30-100 nm [21] that are generated by the endosomal pathway [22]. In this pathway,
the cell membrane invaginates to form an endosome, and then successive invagina-
tions of the endosome create a multivesicular body (MVB). Fusion of the MVB
with the cell membrane releases exosomes to the extracellular space where they
may dock locally or distally with other cells, or perhaps be taken up by endocytosis
or macropinocytosis [23]. By contrast, microvesicles are thought to bud directly
from the membrane; they have more amorphous shapes than exosomes, and they
have a much larger average diameter, perhaps any size up to 2000 nm [24].
Figure 16.1 describes these separate biogenesis pathways.

Exosomes and microvesicles can be distinguished by their surface markers.
Exosomes, uniform lipid bilayer spheroids, are generally marked by tetraspanin
proteins including CD63, CD81, and CD?9, as well as flotillin and Alix [25, 26].
Microvesicles, in contrast, generally lack tetraspanins and are of varying size, shape,
and density [27]. Separating exosomes from microvesicles is difficult practically, as
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Fig. 16.1 Extracellular vesicles are shed by two primary mechanisms. In the endosomal pathway,
exosomes are created by successive invaginations of the plasma membrane to create an MVB. The
MYVB then fuses with the plasma membrane to release the exosomes into the extracellular space.
Microvesicles are created by direct budding of the membrane. EVs can be taken up by the recipient
cell by direct membrane fusion or by endocytosis/macropinocytosis
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their densities and sizes have a significant amount of overlap. However, separation
of subpopulations of EVs may be more important from a technical scientific stand-
point than a medical one. It is unclear which EV subtype, if any, contributes more to
their therapeutic effects. Some studies have implicated exosomes [28], while others
have implicated microvesicles [29] as the more important vesicle type in mediating
the effects of parent cells. This debate may not be settled soon; however, exosomes
are generally thought to be the more biologically relevant EV subtype, and the
majority of the literature therefore focuses on exosomes, although it should be noted
that much of the early work in EVs was clouded by a lack of consistent nomencla-
ture to distinguish between the various subtypes of EVs.

3 Potential Therapeutic Applications

EVs have been shown to be therapeutic for many of the same neurologic diseases
and injuries as have been demonstrated for their parent cells, including traumatic
brain injuries and stroke [30, 31], and they are the only cell product that has been
shown to recapitulate the therapeutic effect of the parent cells. EVs have only begun
to be deployed clinically, so it is not entirely clear what their eventual impact may
be; however, we can speculate that their adoption will be swift should they be shown
to be as efficacious as parent cells in treatment of injury and disease. They have
several inherent advantages over cells that make them ideal replacements for or
adjuvants to cell-based therapy.

Foremost and most obvious, EVs do not divide. One of the biggest safety con-
cerns with cell therapy is the risk of teratoma formation. Although rare, teratoma
formation or other uncontrolled cell division is a real concern. Cultured cells often
are observed to have genomic aberrations, and the risk of tumor transformation has
tempered enthusiasm for their use, especially from regulatory agencies. Therefore,
completely mitigating the risks posed by dividing cells can only be counted as a
positive development. EVs are not cells, so their immediate effects are transient, and
they cannot form tumors.

Second, exosomes appear to not cause microvascular embolization, nor do they
induce formation of thrombi. MSC and other cells can lead to vascular occlusions
in some circumstances, which can cause significant complications to the patient. By
contrast, exosomes, perhaps owing to their small size, have never been reported to
cause thrombosis or otherwise occlude vessels. This fact may make swifter clinical
adoption more likely by further reducing risk.

Third, manufacture and delivery of EVs may prove to be simpler and produce a
more reliable supply chain than cells. Cell therapy requires that cells be grown for
each patient, and that they then be delivered intact and sterilely at the point of care.
This requires the infrastructure to thaw and formulate the cells on site, or else a
manufacturing facility in very close proximity. By contrast, EVs are stable at 4 °C
for relatively long periods of time, with little detectable difference in the cargo of
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exosomes that were collected fresh or stored for several weeks [32]. This remark-
able property makes central manufacturing and formulation much nearer to reality
than could ever be possible with parent cells. For example, EVs could potentially be
loaded into premade IV bags that could be stored on site at hospitals that serve
stroke and TBI patients. Because of their relative stability, the product could be on
site for immediate use, with a time buffer of potentially many weeks. Pre-formulation
of a hypothetical exosome product obviates the need for experienced technicians to
prepare treatments on site on a patient-by-patient basis, and allows for central qual-
ity control in a way that cell therapy does not.

The most pressing barrier to quick clinical adoption of EVs for treatment of
stroke is their relatively short history compared to cell therapy. Some of the earliest
investigations of EVs for treatment of any neurologic disease were published by our
lab in 2013 [30]. These first reports demonstrated that MSC derived EVs could
impart therapeutic benefits to rats after stroke when delivered at 24 h after MCAo,
and that the functional recovery of these animals is caused by enhanced white mat-
ter remodeling, including new axon growth and myelination, as well as angiogene-
sis. MSCs have long been known to cause remodeling of neurites and angiogenesis
[33-36], further evidence that MSCs enhance functional outcomes via release of
exosomes and other EVs. This finding that MSC exosomes promote recovery after
stroke has been reproduced and verified by several independent labs in rats and in
mice [37, 38]. Furthermore, using human cells to generate exosomes does not
impact their ability to enhance neurologic recovery in rats subjected to TBI [39].
The above renders it likely that exosome-induced functional recovery after neuro-
logic injury is generalizable across multiple species, and thus also likely applicable
to human disease.

To date, the therapeutic potential of EVs derived from MSCs has been investi-
gated most extensively preclinically. MSCs are a robust source of exosomes and
other EVs, producing an abundance of them compared to other cell types [40].
However, the majority of cell types produce exosomes and microvesicles, and sev-
eral of these cell types have been explored as potential sources of therapeutic EVs.
For example, exosomal miR-126 is pro-angiogenic [41], and may underlie human
cord blood cell mediated recovery from stroke in diabetic animals [42]; endothelial
cell derived exosomes have been used to treat hindlimb ischemia [43]; and dendritic
and other immune cell derived exosomes are being explored extensively as a ther-
apy for cancer [44-48].

Most of the clinical work focused on exosomes has been dedicated to their poten-
tial as biomarkers (for review see e.g., [49, 50]). Despite their short history as a
therapeutic agent, exosomes have begun to appear in clinical trials. Table 16.1 is a
list of all current registered trials on clinicaltrials.gov for which ‘exosome’ is a
keyword and that are targeting therapy and not biomarkers. The range of diseases is
diverse, and only one so far uses MSC as a source. However, this is likely to change
rapidly in the coming years.
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Table 16.1 List of trials using exosomes as a therapeutic

Identifier Institution Disease Source Phase

NCT02565264 Kumamoto Cutaneous wound Plasma I
University healing/ulcers

NCT02138331 General Committee | Type I diabetes mellitus | MSC /1
of Teaching

Hospitals and
Institutes, Egypt

NCTO01159288 Gustave Roussy, Non-small cell lung Dendritic 11
Cancer Campus, cancer cells
Grand Paris

NCT01668849 James Graham Chemoradiation- Grape 1
Brown Cancer induced oral mucositis
Center, University
of Louisville

NCT01294072 James Graham Colon cancer Curcumin- 1
Brown Cancer loaded plant

Center, University
of Louisville

3.1 Mechanism

It is apparent that among the most important cargo that exosomes carry are miRNAs.
miRNAs are often highly conserved across disparate organisms, and although they are
frequently gained during evolution, they are rarely lost [51]. The number of miRNA
that a species possesses correlates well with morphologic complexity [52], and any
given miRNA may target many genes in a single gene network, thereby possessing the
ability to efficiently shut down redundant systems [53]. More than 700 miRNAs can
be detected in exosomes and other EVs [54], and they are mostly bound to Argonaute
2 (Ago2) [55, 56], amajor constituent of the RNA-induced silencing complex (RISC).
Silencing of targets by miRNA is RISC-dependent, so the fact that miRNA in exo-
somes are bound to Ago2 suggests that they are destined to bind to mRINAs in recipi-
ent cells (i.e. be functional). All this points to exosomes being a potent system to pass
“information” from cell to cell in a manner that other macromolecules cannot.

It has been shown that miRNA expressed in one cell can suppress protein expres-
sion in another cell through innate mechanisms [57]. Although more than one path-
way for targeted inhibition of translation from one cell to another may exist,
exosomes represent a major mechanism by which this information transfer occurs.
It has been shown in many studies across multiple independent labs that specific
proteins can be suppressed in cells in a predictable way when the cells are incubated
with exosomes containing targeting miRNA [57-60]. Therefore, the likeliest way
that exosomes function is to release their miRNA contents into target cells upon
being internalized, thereby affecting gene networks in the recipient cells. This
hypothesis is supported by a number of studies in which the miRNA cargo of exo-
somes was altered to target specific genes. Xin et al. showed that over-expressing
miR-133b in MSC exosomes enhances functional recovery after MCAo to an
even greater extent that naive exosomes [61, 62]. Additionally, miR-17-92 cluster
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expression can target neurons and promote axonal growth via suppression of PTEN
[63], and exosomes enriched in miR-17~92 constituents promote functional recov-
ery and axonal growth more efficiently than naive exosomes [64, 65]. It is likely that
in the future, better methods of expression and more predictive targeting algorithms
will allow for even more refined tuning of the therapeutic properties of exosomes.

3.2 Neurovascular Niche

Recovery from stroke is dependent on remodeling of the neurovascular niche [66,
67]. Exosomes have been shown to affect multiple aspects of the neurovascular unit
during recovery from stroke and brain injury, and in in vitro injury models. For
example, when exposed to MSC exosomes, astrocytes are stimulated to release exo-
somes of their own, which in turn induce downstream remodeling of axons [68].
Indeed, exosome treatment after stroke is associated with improved axonal growth
and myelination [30, 64, 68]. In an apparent feedback loop, neuronal exosomes also
contain biomolecules that target astrocytes, including PTEN and miR-124, which
limit astrocyte proliferation and increase expression of the amino acid transporter
GLT-1, respectively [69]. Furthermore, oligodendrocytes secrete exosomes that
impact neuronal behavior, helping to coordinate myelination [70, 71] and supplying
protective molecules in stress conditions [72].

As the name suggests, the other half of the neurovascular unit comprises cerebral
blood vessels, whose function after stroke is coupled to recovery of brain paren-
chyma, and exosomes from MSCs promote angiogenesis [30, 37, 73]. Endothelial
cells communicate with each other via exosome secretion. For example, endothelial
cell exosomes contain miR-214 and miR-126, both of which are pro-angiogenic
miRNAs, and they also contain angiopoietin-1 (Angl), the primary ligand of Tie2
receptor and a potent inducer of angiogenesis [43, 74]. Endothelial exosomes also
contain delta-like 4 (dl14), a notch ligand that maintains endothelial stasis [75]. The
exosome system may represent a way for a large and distributed tissue such as the
endothelium to maintain homeostasis over a large surface area and long distances.
Treatment of hindlimb ischemia with endothelial derived exosomes significantly
improves recovery of function and angiogenic sprouting [76], suggesting that sup-
porting the natural cell communication system in the endothelium could be a strat-
egy for treating cardiovascular disease. Dysfunction of the natural endothelial cell
exosome axis may lead to pathologic conditions that are prevalent in stroke and
other cardiovascular disease, such as atherosclerosis. Endothelial cells from scle-
rotic vessels secrete exosomes with cargo that is distinct from healthy cells [77],
which may trigger damage and recruitment of inflammatory cells.

The other relevant question in cell therapy with respect to the cerebral endothelium
is whether MSC exosomes can cross the blood-brain barrier (BBB). Several lines of
evidence suggest that they can. First, brain tumor exosomes can readily be detected in
blood, which suggests crossage of the BBB [78]. Second, in vitro evidence shows that
endothelial cells can actively transport exosomes across the BBB [79]. Although cir-
cumstantial, these reports provide clear evidence of instances in which exosomes can in
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fact cross the BBB intact. Due to their heterogeneous nature as aggregates of biomole-
cules that can be disaggregated in vivo, directly observing exosomes in vivo after injec-
tion is difficult, but it seems likely that therapeutic exosomes can enter the brain [80].

3.3 Inflammatory System

The inflammatory system, both in the brain and in the periphery, may mediate cell
therapy after stroke [81]. When introduced IV, exosomes encounter macrophages
and other immune cells of the periphery almost immediately, and macrophage
depleted animals clear exosomes much slower than wild-type animals [82]. The
half-life of injected exosomes in wild type rats may be as little as 2 min, with total
clearance happening by 4 h [83]. The exact role of the peripheral immune system in
mediating cell therapy has not been fully described, but some evidence suggests that
its presence is necessary for enhancing recovery [84, 85]. Additionally, the majority
of injected exosomes lodge in the peripheral organs, including the lungs, liver, and
spleen [82, 83, 86], although these studies do not agree as to which organ is the
primary point of exosome uptake, which may be cell source dependent. An open
question for scientists who are developing exosome therapies is whether the interac-
tion of exosomes with peripheral organs contributes to or inhibits their effectiveness
as therapeutic agents. It may be that one of the ways in which exosomes from MSCs
and other cells impart functional benefits is by “reprogramming” the immune sys-
tem to behave in a way that supports recovery. Secreted vesicles from MSCs sup-
press secretion of pro-inflammatory cytokines from stimulated microglia in vitro
[87]. In turn, secreted inflammatory factors from microglia, such as IL-la and
TNFa, stimulate astrocytes to suppress synapse formation [88], which may have
serious deleterious effects on recovery. Indeed, microglia help coordinate tissue
remodeling after injury, and can encourage oligodendrocyte differentiation and
myelination during recovery [89-91]. Conversely, neuronal secreted exosomes can
recruit microglia to prune synapses [92], which may be an innate mechanism for
normal function, but also could potentially contribute to dysfunction in degenerative
disease states, as aberrant synapse pruning is a hallmark of early Alzheimer’s dis-
ease and other forms of dementia, for example [93, 94]. Therefore, the potential of
MSC exosomes to reprogram microglia to adopt a pro-recovery phenotype is per-
haps one of their greatest assets.

4 Summary and Conclusion

The use of cell therapies for recovery from stroke has gained prominence and trac-
tion in recent years due to their effectiveness in treating animal models of brain
injury. Their use in clinical trials, of which hundreds now are registered, is therefore
warranted, as no other regenerative or restorative treatment is available to patients.
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However, exosomes are only now beginning to be investigated as a potential next
generation replacement for or adjuvant to cell therapy, but awareness of them is ris-
ing quickly. Several clinical trials have been registered to investigate the use of
exosomes for diseases such as cancer, wound healing, and diabetes. Should they
prove to be safe and effective, exosomes will become one of regenerative medi-
cine’s best hopes for treating patients with stroke and other debilitating CNS dis-
eases. In animal models of stroke, TBI, cognitive decline, and other CNS diseases,
they have been shown to have a great impact at lessening the disease severity and
quickening and deepening recovery.

The therapeutic impact of exosomes is multifactorial, but is certainly dependent
on three identifiable factors: (a) the surface proteins that determine the targeted cell
type; (b) the miRNA cargo that determines their function in target cells; and (c)
secondary release of exosomes and paracrine factors from target cells. Deeper
understanding of each of these factors will doubtlessly affect our ability to design
custom treatments for stroke and other CNS diseases that are currently untreatable.
Exosomes represent a unique opportunity to advance cell therapy to a place of
safety, efficacy, and manufacturability that currently does not exist.
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