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Abstract

Emergence of the field of exosome biology has opened an exciting door to better understanding
communication between cells. These tiny nanovesicles act as potent regulators of biological
function by delivering proteins, lipids and nucleic acids from the cell of origin to target cells.
Recently, several enzymes including membrane-type 1 matrix metalloproteinase (MT1-MMP),
insulin-degrading enzyme (IDE), sialidase and heparanase, among others, were localized on the
surface of exosomes secreted by various cell types. These exosomal surface enzymes retain their
activity and can degrade their natural substrates present within extracellular spaces. To date,
enzymes on exosome surfaces have been associated with the mobilization of growth factors,
degradation of extracellular matrix macromolecules and destruction of amyloid p plaques. This
review focuses on the emerging role of exosomal surface enzymes and how this mechanism of
remodeling within the extracellular space may regulate disease progression as related to cancer,
inflammation and Alzheimer’s disease.
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Introduction

Exosomes are extracellular vesicles contained within a lipid bilayer that range in size from
~30-150 nm. Although the identification of exosomes is somewhat complicated because
there is no single protein marker or set of markers that positively identifies a vesicle as an
exosome, by definition they are generated intracellularly within endosomes. This
distinguishes exosomes from microvesicles that are extracellular vesicles derived from the
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cell surface and are generally much larger, ranging in size up to ~1 pm. Exosomes bear
cargo that can be transferred to recipient cells and alter cell behaviors thereby impacting
both normal and pathological cell functions. These functions, to name a few, include
alteration of cell signaling, changes in patterns of cell adhesion and migration, and
regulation of cell proliferation and gene expression. A number of excellent comprehensive
reviews that discuss the biogenesis, secretion and functions of exosomes are available [1-3].

The cargo of exosomes includes nucleic acids, lipids and proteins. Nucleic acids include
mRNAs, miRNAs and other noncoding RNAs and together these have been found to
regulate the expression of numerous genes in recipient cells [4]. Proteins found in exosomes
include those involved in antigen presentation, adhesion, signal transduction as well as those
composing the cytoskeleton [1]. In addition, exosomes are endowed with a host of
membrane transport proteins and those involved in the formation and secretion of exosomes
including the ESCRT proteins (the endosomal sorting complex required for transport protein
family). Also, a number of proteolytic proteins have been found in exosome cargo, many of
which are members of the metalloproteinase family including the secreted MMPs, the
membrane-anchored MMPs as well as the ADAMs and ADAMTS proteases [5]. Together
these can cleave a wide range of substrates within the extracellular matrix (e.g., collagens) as
well as cleave and sometimes activate soluble proteins that are thereby released from the cell
surface (i.e. act as sheddases). There is also evidence that exosomes can carry glycosidases
as cargo. Although this class of enzymes has not been extensively studied in exosomes,
evidence is emerging that they are present and can actively degrade substrates on cells or
within extracellular matrices [6-8].

Much of exosome function is dependent on their capacity to dock with nearby cells or to
travel locally or distally before docking. Once exosomes have docked with a recipient cell,
they can directly activate signaling cascades at the cell surface or their membranes can fuse
with the recipient cell and the exosomal contents released into the cytoplasm. Alternatively,
exosomes can be endocytosed by a recipient cell and the exosomal contents released when
the exosomes are lysed within endosomal/lysosomal compartments. In addition to functions
resulting directly from exosome docking with cells, biologically active molecules on the
surface of exosomes can play important functional roles. For example, Wnts were found on
the surface of exosomes secreted by Drosophilaand human cells and could activate Wnt
signaling on recipient cells [9]. Fibronectin has been found on the surface of exosomes
secreted by many types of cells and demonstrated to be important in exosome docking and
in promoting cell motility [10, 11].

Enzymes, including proteases and glycosidases, can localize on the exosome surface. One
possibility as to how this occurs can be understood by examining the fate of cell surface
enzymes during exosome biogenesis (Fig. 1). Endosomes form following invagination of the
cell membrane leaving molecules on the cell surface localized to the luminal side of the
endosomal membrane. Multiple small invaginations of the endosomal membrane occur
resulting in the cell surface molecules now being present on the surface of the forming
vesicles. These vesicles collect within the multivesicular body, which eventually fuses with
the cell membrane and releases the newly formed exosomes into the extracellular space (Fig.
1). Thus, enzymes having transmembrane domains (e.g., MT1-MMP), or enzymes bound to
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other cell surface molecules (e.g., heparanase), localize on the surface of exosomes. Another
possibility is that soluble enzymes bind to the surface of exosomes within either the
endosomal compartment, or following secretion of the exosomes into the extracellular space.

Once localized on the exosome surface, the enzymes are available to act on molecules they
encounter either at the cell surface or with soluble or insoluble components of the
extracellular matrix. Several examples of exosomal surface enzyme activity have been
described and their functions studied. Figure 2 summarizes the activity of four of these
enzymes and highlights their potential importance in pathological states. Degradation of
extracellular molecules by intact exosomes represents a new area of investigation that will
likely expand dramatically as more enzymes on the surface of exosomes are discovered and
their functions delineated.

Protease activity on the exosome surface

MT1-MMP

MT1-MMP (MMP-14) is a transmembrane protein present on the surface of many cell types
including both normal and pathologically altered cells. MT1-MMP is credited with playing a
major role in promoting migration of cells, particularly during tumor invasion and
metastasis, because it degrades fibrillar collagens (types I, Il and I11) as well as other matrix
components including fibronectin, vitronectin and some members of the laminin family [12].
In addition, MT1-MMP also acts as a sheddase by cleaving, for example, syndecan-1,
ICAM-1 and CD44 releasing them from the surface of cells and thereby altering cell
behavior. MT1-MMP also cleaves a host of soluble molecules with varying effects including
activation of proMMP-2 and proMMP-13. Through these activities MT1-MMP is involved
in angiogenesis, epithelial morphogenesis, skeletal development, wound healing and
inflammation [12].

Because it is expressed on the surface of cells, it is not surprising that MT1-MMP has also
been localized to the exosome surface. Exosomes secreted by cells of the G361 human
melanoma cell line displayed MT1-MMP on their surface as determined by immunoelectron
microscopy [13]. Incubation of exosomes secreted by HT-1080 human fibrocarcinoma cells
stably expressing recombinant MT1-MMP readily degraded its substrate type I collagen into
its characteristic peptide fragments [13]. When exosomes from MT1-MMP expressing
HT-1080 cells were incubated with MMP-2 proenzyme, the MMP-2 was activated as
detected in zymograms [13]. Together these findings indicate that tumor cells can secrete
exosomes having surface MT1-MMP that is biologically active and targets the ECM.

Interestingly, MT1-MMP has been credited with playing a key role in the formation and
function of invadopodia, membrane protrusions prominent on metastatic tumor cells. These
protrusions bear enzymes that degrade extracellular matrix, including MT1-MMP. Inhibition
of MT1-MMP protease activity, or sSiRNA knockdown of MT1-MMP in MDA-MB-231
breast cancer cells resulted in decreased formation of invadopodia and the invadopodia that
did form failed to degrade ECM [14]. In related studies with SCC61 carcinoma cells, it was
shown that multivesicular bodies, the intracellular sites of exosome genesis, localize to
invadopodia [15]. Exosomes from these cells were strongly positive for MT1-MMP. When
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Rab27a, a docking factor key for formation of exosomes, was knocked down in these cells,
there was a dramatic decrease in the rate of invadopodia formation and in the lifetime of
invadopodia that did form [15]. Also, after Rab27a knockdown, the percentage of
invadopodia that were MT1-MMP positive was greatly diminished compared to control
invadopodia that did form. Introduction of exogenous purified exosomes to the Rab27a
knockdown cells growing in culture stimulated new invadopodia formation and extended
invadopodia lifetime. The authors speculate that induction of invadopodia is a consequence
of the tumor cells being simulated by growth factors or signaling molecules associated with
the exosomes, or that exosome proteinases, membrane or other cargo may stabilize
developing invadopodia. In total, these studies indicate that exosomes play a critical function
in regulating invadopodia and that exosomal MT1-MMP-mediated degradation likely is a
key factor in this process. Moreover they provide evidence that formation of invadopodia
enhances exosome secretion that not only supports invadopodia but likely impacts the local
tumor microenvironment and aids in establishment of metastatic niches, events that together
drive tumor progression [15].

Notably, exosomes secretion has also been found to be essential for directional and efficient
cell migration [11]. Exosomes enhanced the speed of tumor cell migration by delivering
ECM constituents present on the exosome surface that served to promote adhesion
formation. Fibronectin, attached to the exosome surface via interaction with integrins, was
found to be critical for promoting tumor cell motility. Essentially, secreted exosomes provide
a fibronectin-rich ECM *“carpet” on which the leading edge of the migrating cell can adhere
to and travel [11]. Presumably, the ability to migrate on this exosome carpet depends on both
making new adhesion interactions as well as breaking those interactions as needed for
progressive movement. Again, MT1-MMP may be involved in the latter because it can
degrade ECM substrates including fibronectin and vitronectin as well as cell surface
syndecan-1, a molecule that via its heparan sulfate chains mediates exosome binding to
fibronectin [10].

ADAM-17, an important sheddase of many cell surface molecules, was also found on the
surface of exosomes secreted by lung epithelial A549 cells following their stimulation with
phorbol-12-myristate-13-acetate (PMA) [16]. Interestingly cell activation in this manner led
to downregulation of cell surface ADAM-17 indicating that cell activation caused a re-
routing of ADAM-17 to the extracellular compartment through its association with
exosomes. Immunostaining and flow cytometry confirmed the presence of ADAM-17 on the
exosome surface. Similarly, monocytes and primary endothelial cells when stimulated with
lipopolysaccharide (LPS) induced exosomal ADAM-17 release [16]. Incubation of
ADAM-17 exosomes with cells expressing the ADAM-17 substrates TGFa. or amphiregulin
caused shedding of both substrates. These data indicate that activation of cells can
downregulate cell surface ADAM-17 and stimulate release of exosomal ADAM-17 which
can then mediate shedding of ADAM-17 substrates at distal sites [16]. This has important
implications in numerous disease states whose characteristics can be regulated by the
shedding of cell surface molecules, many of which are cleaved by ADAM-17. Beyond its
role as a sheddase, ADAML17 has a diverse array of substrates including cytokines and
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growth factors as well as adhesion molecules that are activated or inactivated by their
cleavage with ADAM-17 [17]. It is therefore not surprising that ADAM-17 is implicated in
driving numerous human diseases including cancer, heart disease, diabetes, rheumatoid
arthritis, kidney fibrosis and Alzheimer’s disease. The finding that ADAM-17 can be
delivered and traffic within the extracellular space as cargo on the surface of exosomes
provides new insight into the complex biology of this enzyme and its relationship to disease
progression.

Insulin-degrading enzyme (IDE)

Accumulation of amyloid B (AB) peptides within plaques is thought to play a significant
role in the development and progression of Alzheimer’s disease. Thus, mechanisms
regulating plague formation and degradation are of great interest in understanding the
disease and in developing interventional therapies. Insulin-degrading enzyme (IDE), also
known as insulysin, is a 110 kDa thiol zinc-metalloendopeptidase localizing in the cytosol,
peroxisomes, endosomes and the cell surface. Multiple functions have been attributed to IDE
including degradation of insulin, amylin and glucagon as well as modulation of the
ubiquitin-proteasome system indicating it may regulate protein turnover and homeostasis
[18]. IDE is known to cleave the amyloid B-protein and the g amyloid precursor protein and
to eliminate the neurotoxic effects of Ap peptides [19-21]. Moreover, it has been
demonstrated that in vivo, IDE regulates the levels of amyloid B-protein and the p-amyloid
precursor protein intracellular domain [22].

Interestingly, in addition to its cellular localization, IDE is also found extracellularly,
although it lacks a signal sequence necessary for targeting proteins to the secretory pathway.
Studies using BV-2 microglial cells or N2a neuroblastoma cells demonstrated that a large
proportion of the secreted IDE is associated with exosomes [23, 24]. Studies with the
microglial cells revealed that statins enhanced both exosome secretion and the level of IDE,
resulting in a dramatic increase in AP degradation, a finding confirmed in vivo by treating
mice with lovastatin [24]. In N2a cells, exosomal IDE was found to be proteolytically active
and treatment of purified exosomes with proteinase K removed exosomal surface proteins
including IDE indicating that the enzyme is present on the exosome surface and available to
degrade AP peptides [23]. Growth of the N2a cells in hypoxic conditions enhanced the
exosome secretory rate and increased IDE levels extracellularly. Interfering with formation
of exosomes by disrupting the ATPase Vps4 resulted in reduced IDE secretion and
subsequent increase of ~43% in the amount of extracellular Ap peptide compared to cells
secreting normal levels of exosomes. These results imply that IDE present on the exosome
surface plays a key role in destruction of Ap peptides within the extracellular matrix of the
brain.

It is noteworthy that in a separate study it was demonstrated that the cellular prion protein
PrP¢ is present on the surface of exosomes secreted by N2a cells and that this protein binds
to oligmers of AP, sequestering them on the exosome surface and preventing their
accumulation within the extracellular matrix [25]. Thus exosomes, in addition to acting as
carriers of IDE, may have additional functions as negative regulators of Alzheimer’s plaque
formation. In patients with early stage Alzheimer’s disease, it has been shown that
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abnormally large early endosomes are present [26]. Because endosomes are precursors of
the multivesicular bodies that contain newly formed exosomes, their abnormal size may
signal disruption in exosome formation. Misregulation of exosome secretion or failure of
IDE to be properly loaded into exosomes could lead to accumulation of A peptides thereby
contributing to the onset or progression of Alzheimer’s. Therapeutics that increase exosome
secretion and/or enhance IDE expression (e.g., statins) have potential to diminish the level of
extracellular Ap and disease severity. Statins have been tested in Alzheimer’s patients and
while a number of studies indicated that statins can reduce Alzheimer’s severity, this
remains controversial and awaits further clinical trials [27].

The case of exosomal IDE and its relationship to degradation of Ap peptides provides a
potential opportunity for an exosome-based therapy. A recurring challenge in delivering
drugs to the brain is the necessity to cross the blood-brain barrier. In a recent paper, a
methodology was described in which an exosome address signal was engineered into a
protein resulting in that protein being specifically targeted to exosomes [28]. When delivered
through the nasal route, the exosomes crossed the blood-brain barrier and delivered the
biologically active protein to recipient neurons in a number of brain regions. A strategy
similar to this might prove useful for delivering exosomes bearing enzymatically active IDE
into regions containing aggregates of AP peptides.

Other ECM-degrading exosomal proteins

Exosomes secreted by a rat pancreatic adenocarcinoma cell line (BSp73ASML) were shown
to bind to and degrade extracellular matrix proteins including collagens, laminins and
fibronectin [29]. Binding to ECM was not random; rather it varied depending on ECM
composition and adhesion receptor profile of the exosomes. Flow cytometry analysis of
purified exosomes bound to latex beads detected the presence of a number of proteases
including MMPs -2, -3, -9, -13, -14, ADAM-10, ADAM-17, ADAMTS-5, ADAMTS-8,
UPAR and the glycosidase hyaluronidase [29]. As some of these are secreted enzymes, it is
not known if or how they become associated with the exosome surface and whether these
associations occur within the multivesicular body during exosome formation, or after the
exosomes are secreted. Results also suggested that exosome degradation of the ECM could
impact tumor and host cell adhesion, motility and invasiveness [29].

Glycosidase activity on the exosome surface

Sialidase

Present in abundance on many cell types are sialic acids, nine-carbon-backbone
carboxylated sugars [30]. Sialic acids are usually present as monosialyl residues at non-
reducing terminus of glycoproteins and glycolipids where they play important functional
roles in a diverse array of ligand-receptor interactions [30]. Sialic acids are occasionally
present in a2—8-linked polysialic acid chains. An example of this is on the surface of
neuronal cells where a polymer of the NeuSAc (N-acetylneuraminic acid) sialic acid is
present and associated with embryonic brain development and adult brain functions [31, 32].
Polysialic acid mediates neural cell adhesion and migration and binds to neurotrophins
including brain-derived neurotrophic factor (BDNF), fibroblast growth factor-2 (FGF2) and
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neurotransmitters [33, 34]. Neurotrophins are a family of proteins that promote the survival,
development and function of neurons. They are essential for development of the vertebrate
nervous system and in general act through cell surface receptors including Trk receptor
tyrosine kinases and the p75 neurotrophin receptor [35]. Binding of neurotrophins to
polysialic acid regulates their availability and concentration in the brain, thus precise control
of polysialic acid levels at the cell surface plays an important functional role. This control is
mediated by sialyltransferases that synthesize and sialidases that degrade sialic acid.
Sialidases fall within the family of enzymes known as glycosidases, enzymes that catalyze
the hydrolysis of glycosidic linkages, thereby degrading oligosaccharides and
glycoconjugates. Often, hydrolysis of these linkages at the cell surface results in breaking
the interaction between proteins and carbohydrates; interactions that mediate a large number
of biological functions including cell adhesion and cell signaling.

Treatment of the microglial cell line Ra2 with LPS to simulate inflammatory conditions
resulted in loss of polysialic acid from the cell surface [6]. This loss was rapid, with 80%
being lost within 10 minutes of exposure of cells to LPS. The effect of LPS could be blocked
by the sialidase inhibitor Neu5Ac2en, pointing to an endogenous extracellular sialidase as
the mediator of polysialic acid loss from the cell surface. Further analysis revealed the
sialidase to be neuraminidase-1 (Neul). Examination of extracellular vesicles secreted by
the microglial cells following stimulation with LPS revealed that upon density gradient
centrifugation, Neul was present in the low-density membrane fraction (1.13-1.19 g/ml) and
co-presented with CD63 and CD9, molecules known to be associated with exosomes [6].
Further analysis confirmed the presence of Neul on the vesicle surface. Interestingly,
trimming of the cell surface polysialic acid by Neul present on the exosomes triggered the
release of BDNF [6]. This exosome-facilitated mechanism of neurotrophin regulation is
potentially of great importance as microglia are known to be involved in maintenance of
brain cells and in development of neurological diseases including Alzheimer’s and multiple
sclerosis [36]. Moreover, this control of neurotrophin release may regulate adult neural
plasticity and participate in response and repair of damage caused by inflammation or other
tissue insults.

This example of an intact exosome degrading a surface carbohydrate to release a factor that
can stimulate cell signaling is particularly interesting as it highlights a previously
unrecognized function of exosomes. It will be important to assess whether other cell types
respond to stimuli by releasing a burst of exosomes and whether those exosomes have a
similar impact on regulating the availability of growth factors at the cell surface. If this is the
case, it would suggest that exosome release may be used by cells as a means to rapidly
respond to changing conditions within tissue microenvironments.

Heparanase is an endoglycosidase that trims heparan sulfate chains thereby altering the cell
surface and remodeling the ECM. Heparanase, via both enzymatic and non-enzymatic
mechanisms, stimulates a range of biological activities including tumor growth, metastasis,
angiogenesis and inflammation [37-40]. Interestingly, syndecan heparan sulfate
proteoglycans were found to be essential for formation of at least a significant portion of
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exosomes expressed by some cell types. This occurs through syndecan interaction with the
PDZ domains of the cytoplasmic adaptor syntenin, a protein that also binds ALIX, an
auxiliary component of the ESCRT family [41]. The syndecan-syntenin-ALIX complex
supports the membrane budding process leading to generation of multivesicular endosomes
that eventually fuse with the plasma membrane and release exosomes. The process of
membrane budding within endosomes also requires heparan sulfate thus raising the
possibility that trimming of heparan sulfate by heparanase regulates this process [41]. In
support of this nation, analysis of CAG human myeloma or ARH-77 human lymphoblastoid
cells transfected with the cDNA for heparanase revealed a dramatic increase in exosome
secretion compared to control cells [7]. Addition of exogenous recombinant heparanase to
wild-type CAG myeloma or MDA-MB-231 breast cancer cells also stimulated exosome
secretion. Upregulation of exosome secretion by heparanase was dependent on heparanase
enzymatic activity, indicating that heparanase degradation of heparan sulfate chains was
regulating exosome secretion [7]. Subsequently this was confirmed by demonstration that
trimming of syndecan heparan sulfate chains by heparanase modulated the syndecan-
syntenin-ALIX pathway resulting in enhanced endosomal intraluminal budding and
biogenesis of exosomes [42].

In addition to enhancing exosome secretion, heparanase alters exosome composition in ways
that stimulated tumor cell spreading and endothelial cell invasion significantly more than did
exosomes from control cells [7]. Included in the changes in exosome composition was the
finding that heparanase itself was present as exosome cargo. In another set of experiments it
was discovered that exposure of myeloma cells to bortezomib, a proteasome inhibitor widely
used to treat myeloma patients, caused increased heparanase expression and a burst of
exosome secretion [8, 43]. These exosomes (referred to as chemoexosomes) were loaded
with very high levels of heparanase. When chemoexosomes were bound to magnetic beads
using anti-CD63 antibodies, heparanase was detected on the exosome surface by flow
cytometry [8]. Treatment of the bead-bound exosomes with bacterial Heparinase 111 released
the heparanase from the exosome surface. This demonstrates that heparanase is bound to
heparan sulfate chains present on the exosome surface. These heparan sulfate chains are
likely from syndecan-1, a heparan sulfate-bearing proteoglycan known to be present in a
high level on exosomes secreted by myeloma cells [7]. Moreover, western blotting of the
chemoexosomes following removal of surface-bound heparanase revealed that no detectable
heparanase remained. This indicates that most, if not all, of the heparanase present in
chemoexosomes is associated with the exosome surface. To determine if the heparanase
present on the chemoexosome surface could degrade heparan sulfate, intact chemoexosomes
were incubated with an ECM deposited by bovine endothelial cells. Following 16 hours of
exposure of chemoexosomes to the ECM, heparan sulfate fragments liberated by the
exosomal heparanase were detected in the culture medium [8]. Similarly, exosomes secreted
by CAG myeloma cells expressing a high level of heparanase also degraded heparan sulfate
within the ECM [8]. However, consistent with their having lower levels of exosomal
heparanase, the exosomes secreted by heparanase-high cells liberated less heparan sulfate
than did the chemoexosomes. Together these findings demonstrate that heparanase present
on the surface of exosomes can degrade heparan sulfate present within the ECM. Moreover,
the finding that chemoexosomes are loaded with a high level of surface heparanase and that
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this can degrade ECM reveals a previously unappreciated potentially negative side effect of
anti-tumor therapy.

The ability of exosomal heparanase to degrade heparan sulfate as exosomes diffuse through
the tumor microenvironment could be important in promoting cell migration through ECM
during tumor metastasis and/or inflammation. This may be particularly relevant regarding
degradation of basement membranes that are known to be rich in heparan sulfate due to the
presence of the perlecan heparan sulfate proteoglycan. Additionally, exosomal heparanase
may participate in endothelial cell migration during angiogenesis, wound healing and
inflammation. Fibronectin, a common component of exosomes and known to be involved in
cell migration, associates with the exosome surface at least in part via interaction with
exosomal heparan sulfate chains [10]. Heparanase trimming of exosomal heparan sulfate
could possibly release fibronectin into the ECM in ways that modulate cell-ECM adhesion.
Thus, heparanase on the surface of exosomes could impact exosome-target cell interactions
in either positive or negative ways. In addition, heparan sulfate on the surface of cells binds
to fibronectin on exosomes to mediate exosome docking [10, 44]. As such, heparan sulfate
seems an appropriate target to block exosome docking as a potential therapeutic intervention
of tumor-host crosstalk. Within this context, the heparin mimic Roneparstat was found to
block exosome docking with target cells presumably by competing against cell surface
heparan sulfate [10].

Acknowledgments

Funding information

Original research related to heparanase was supported by grants from the National Institutes of Health CA138340
and CA211752 (to RDS) and the United States — Israel Binational Science Foundation (jointly to RDS and IV).
Israel Vlodavsky is a Research Professor of the Israel Cancer Research Fund (ICRF). The content of this
publication is solely the responsibility of the authors and does not necessarily represent the official views of the
National Institutes of Health.

Abbreviations used

AB amyloid

ADAM a disintegrin and metalloproteinase

ADAMTS a disintegrin and metalloproteinase with thrombospondin motifs
ALIX ALG-2-interacting protein X

BDNF brain-derived neurotropic factor

ECM Extracellular matrix

ESCRT endosomal sorting complex required for transport

FGF2 fibroblast growth factor 2

HPSE heparanase

HS heparan sulfate
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IDE insulin-degrading enzyme
LPS lipopolysaccharide
MMP matrix metalloproteinase
MT1-MMP membrane-type 1 matrix metalloproteinase
Neul neuraminidase 1
PMA phorbol-12-myristate-13-acetate
TGFa transforming growth factor alpha
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Summary and future perspectives

Exosomes have emerged as important regulators of cell behavior in both normal and
pathological settings. The recent finding that enzymes important in regulating various
aspects of cell behavior can localize to the exosome surface extends the importance of
these extracellular vesicles and raises new questions about their function. Although there
are at present a limited number of examples of exosomal surface enzymes, within this
context it is possible to envision a number of activities in which exosomes may
participate where surface enzymes could play a role. This underscores the importance of
further assessing the enzymes associated with exosomes, and determining their
localization (e.g., exosome surface and/or encapsulated within exosomes). It will also be
important in future studies to understand how enzymes are associated with the exosome
surface. This could be via transmembrane domains as a component of the enzymes
structure (as with MT1-MMP) or by their binding to molecules on the exosome surface
as demonstrated in the case of heparanase binding to exosomal surface heparan sulfate. In
addition, it is possible that enzymes form complexes with other molecules at the exosome
surface, some of which may regulate the activity of the enzyme or protect the enzyme
from proteolytic degradation. As described in two of the examples in this review,
stimulation of cells by LPS or chemotherapy resulted in a burst in secretion of exosomes
having a high level of enzyme on their surface. It will be important to determine if
exosomes from these same cells prior to stimulation display the enzyme on their surface,
or whether the stimulation event caused relocation of the enzyme to the exosome surface.
Exosomes are also being closely investigated for their potential as biomarkers for disease
diagnosis and prognosis. Because the exosomal surface enzymes described to date are
linked to disease processes, they may prove to be useful biomarkers particularly as
related to cancer progression. Also, because they are on the exosome surface they are
rendered relatively easy to detect. Lastly, exosomes and their manipulation provide a ripe
opportunity for development of new therapeutic approaches. As it is now becoming
feasible to load exosomes with specific proteins, enzymes that degrade specific
pathological complexes such as Ap peptides could be used to combat Alzheimer’s
disease. Targeted delivery of exosomes bearing sialidases on their surface could release
cell-bound neurotrophins that would stimulate growth of injured nerve tissue thereby
helping to speed recovery and regain nerve function. In conclusion, the emerging
evidence that enzymes can be localized to the exosome surface, retain their enzymatic
activity and regulate biological processes within the extracellular space opens exciting
new opportunities to probe, understand and treat a myriad of human diseases.
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. Exosomes regulate cell communication by transferring proteins, lipids and

. New evidence demonstrates that enzymatically active proteases and

. These enzymes on exosome surfaces can degrade the ECM, liberate growth

. This newly appreciated mechanism of exosome function has implications in
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nucleic acids between cells

glycosidases are present on the surface of some exosomes

factors and alter cell adhesion and invasion

the progression of cancer, inflammation and Alzheimer’s disease
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Figure 1.
This figure traces the route of MT1-MMP and heparanase through their endocytosis and

subsequent transit through early endosome, multivesicular body and eventual secretion as
surface components of the secreted exosomes. MT1-MMP localizes to the cell surface via its
transmembrane domain; heparanase is retained on the cell surface through binding to the
heparan sulfate chains of the transmembrane proteoglycan syndecan-1. Following membrane
invagination and formation of the early endosome, the cell surface MT1-MMP and
heparanase are present on the interior face of the early endosomal membrane. Within the
multivesicular body, vesicles begin to form as the membrane invaginates and the forming
vesicle fills with cytoplasmic contents (proteins, nucleic acids). Eventually the invaginations
are pinched off to form vesicles followed by merging of the multivesicular body with the cell
membrane and release of exosomes having MT1-MMP and heparanase on their surface.
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Figure 2.
Examples of enzymes on the exosome surface and their known functions. Depicted is an

exosome having active enzymes on its surface and the functional impact of those enzymes
within the extracellular space. The specific enzyme present depends on the cell that secreted
the exosome. 1, MT1-MMP is on the surface of exosomes secreted at the site of invadopodia
formation in breast and other cancers. MT1-MMP mediates shedding of cell surface
molecules including syndecan-1 and CD44 and degrades fibrillar collagens, a host of other
matrix molecules including fibronectin and vitronectin, and soluble molecules within the
extracellular space. In addition, MT1-MMP activates MMP-2. Through this range of
activities, MT1-MMP on the exosome surface may contribute to tumor migration and
invasion as well as angiogenesis. 2, N2a neuroblastoma cells or BV-2 microglial cells secrete
exosomes having a high level of insulin-degrading enzyme (IDE) on their surface. This
enzyme is capable of degrading Ap peptides that are prevalent in Alzheimer’s plagues.
Statins enhance secretion of these exosomes containing high IDE levels and thus could
prove therapeutically useful to attack plaques and diminish Alzheimer’s disease progression.
3, Microglial cells have high levels of polysialic acid on their surface. When stimulated by
LPS, the cells rapidly enhance secretion of exosomes having the sialidase neuraminidase 1
(Neul) on their surface. The sialidase cleaves the polysialic acid thereby liberating
neurotrophic factors that are bound to the polysialic acid. The released neurotrophic factors
have functional impact by regulating neural cell development and growth. 4, Myeloma cells
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expressing a high level of heparanase (HPSE) secrete exosomes having HPSE localized to
the exosome surface. When added to ECM, the HPSE on the exosomes is capable of
degrading heparan sulfate (HS) chains embedded within the ECM. This likely liberates
growth factors bound to HS and by degrading ECM promotes tumor invasion and metastasis.
Treatment of the myeloma cells with chemotherapeutic drugs enhances the secretion of
exosomes loaded with HPSE as cargo leading to enhanced ECM degradation.
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