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A B S T R A C T

Exosomes are bioactive vesicles derived from the cell’s endosomal membrane system and secreted into

surrounding body fluids. Exosomes contain cell and cell-state specific cargos of protein, mRNA and

miRNA. Exosome formation, cargo content, and delivery to surrounding cells is of immense biological

interest considering the role that exosomes are believed to play in various pathological conditions. They

aid antigen presentation by immune cells and can exhibit either anti-inflammatory or pro-inflammatory

properties depending on the parent antigen-presenting cell’s conditioning. Viruses can hijack a host

cell’s exosomal machinery to evade host defense systems aiding in the trans-infection of viruses.

Tumor derived exosomes may help establish an oncogenic niche systemically via delivery of protein,

mRNA, and miRNA that can aid angiogenesis, cell proliferation, and cell survival. Exosomes have also

been implicated in the spread of neurodegenerative diseases.

Studies have shown that exosomes are selectively taken up by cells distal from their release. They can

reprogram the recipient cells due to their active molecular cargo. Cell-lineage and state-specific

exosomes imply that they may therefore harbor body fluid-based biomarkers of unparalleled accuracy,

particularly for tissues that are difficult or impossible to access.

Exosome-specific membrane proteins provide markers enabling exosome identity and selection,

while cell type and cell condition-specific protein, mRNA and miRNA cargo provide a rich potential

source of biomarkers. This review serves to provide an overview of the current state of the science in the

burgeoning field of exosome biology.

� 2012 Elsevier Inc. All rights reserved.
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1. Cells communicate with their environment via multiple
mechanisms

Organisms, tissues and cells must all continuously correspond
with their environment in order to best adapt to their surrounding
microcosm. Classically, cells were known to secrete protein cues
into extracellular space by shedding the plasma membrane with
the associated protein and lipid components or by expelling a
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variety of vesicular particles containing a subset of the cell’s
protein and membrane content. To date the long distance
transmission of signals between cells and tissues has commonly
been described by protein-based signaling systems exemplified by
enzymes, hormones, cytokines, and chemokines.

The mode by which proteins aid cellular communication is
varied and classified primarily on the basis of the ‘‘range of action’’
of the signaling molecules. For example, juxtacrine signaling (also
r bodies; ATPase, adenosine triphosphatase; DNA, deoxyribonucleic acid; TSG101,

in brain’’ GTPase; GTPase, guanosine triphosphatase; SNAREs, SNAP (soluble NSF

71 kDa protein; PI3K, phosphatidyl inositol-3-kinase; CD, cluster of differentiation;

s, antigen presenting cells; TGF, tumor growth factor; TNF, tumor necrosis factor; IL,

e function-associated antigen 1; CXCL5, C-X-C motif chemokine 5; MIF, macrophage

llular matrix metalloproteinase inducer; HIV, human immunodeficiency virus; EBV,

SARS, severe acute respiratory syndrome; VEGF, vascular endothelial growth factor;

r encoded by human leukocyte antigen complex; TSPAN, tetraspanin; KRAS, protein

 transcriptase PCR; PSA, prostate-specific antigen; PCA3, prostate CAncer gene 3; I/R,

sporter; AKI, acute kidney injury; CKD, chronic kidney disease; ATF3, cyclic AMP-

unosorbent assay; FACS, fluorescence activated cell sorting.

gies, Discovery Medicine and Clinical Pharmacology, Bristol-Myers Squibb Co.,

ton), michael.burczynski@bms.com (M.E. Burczynski).

http://dx.doi.org/10.1016/j.bcp.2011.12.037
mailto:saumya.pant@roche.com
mailto:holly.hilton@roche.com
mailto:michael.burczynski@bms.com
http://www.sciencedirect.com/science/journal/00062952
http://dx.doi.org/10.1016/j.bcp.2011.12.037


S. Pant et al. / Biochemical Pharmacology 83 (2012) 1484–1494 1485
known as contact-dependent signaling), involves actual cell-to-cell
contact with the exchange of cytoplasmic materials through
nanotubes or gap junctions (exemplified by the Notch signaling
pathway). Paracrine signaling refers to the signaling effect of
released molecules in close proximity to the source/producing cell.

Finally in endocrine signaling, protein molecules produced by a
cell are transported systemically through the blood stream to act
distally, and may act either generically on all or many cells or
specifically on select recipient cells containing the appropriate
molecular characteristics (i.e., correct receptor, etc.). The function
of such protein-based signaling cues is generally tri-phasic
involving, (i) binding to a cell surface receptor, (ii) internalization
into the cell, and (iii) downstream signaling that translates into a
measurable response in the cell.

In contrast to well-studied protein based cell-to-cell signaling
discussed above, the possibility of RNA (ribonucleic acid) based
cell-to-cell signaling has come to the forefront only recently. This
resulted from the discovery that cell-extruded membranous
bioactive vesicles called ‘exosomes’ transfer both functional
protein and RNA species from one cell to another resulting in a
change in the recipient cell [1–3]. Because of these properties,
exosomes may be a rich source of stable and reproducible
biomarkers in a variety of conditions.

The present review provides a brief description of the
biogenesis and molecular properties of exosomes as established
Fig. 1. Exosomes contain diverse types of proteins, mRNA and miRNA. This figure shows
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considered only those proteins and RNA that are part of the top physiological functional
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functional protein clusters. According to recent reports exosomes also contain mitocho
to date. It reviews studies that have implicated functional activities
of exosomes in a few model systems and finally, reviews the
biomarker potential of exosomes with respect to soluble/accessi-
ble biomarkers.

2. Exosomes

Cells secrete a variety of small, defined vesicles variously
termed ‘‘exosomes’’, ‘‘microparticles’’, ‘‘microvesicles’’, and ‘‘apo-
ptotic blebs’’. In general, there remains a state of ambiguity
regarding classification of particles into these categories and the
terms are often used interchangeably. The classification of a
particle strictly as an exosome is based primarily on size, density,
and membrane composition. The presence of late endosome
components like Alix, TSG101 (tumor susceptibility gene 101) and
tetraspanins reveals the multivesicular body (MVB) origin of
exosomes [4].

2.1. Discovery and biogenesis of exosomes from the endosomal system

Exosomes were first described in 1981 as exfoliation from
monolayer cultures containing ecto-ATPase (adenosine tripho-
sphatase) and ecto-50 exonuclease activity. This suggests that they
are derived from specific sub-domains of the plasma membrane
[5]. Early research by Johnstone et al. established that such
 the exosomal content of exosomes derived from MC9 mouse cells [2]. The exocarta
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microvesicles help maturing erythrocytes get rid of transferrin
receptors and other obsolete proteins [6]. Visualization by electron
microscopy and correlation of the vesicle release kinetics with the
well established endocytosis kinetics of markers such as the
transferrin receptor (TfR), revealed that a subset of endosomal
vesicles are released intact to the cell exterior in a mechanism
distinct from endocytic recycling [6].

In a process that involves invagination of the limiting membrane
to form a structure budding into the lumen of the late endosome,
these exosomes are known to encapsulate material from the cell
cytoplasm including RNA, protein and DNA (deoxyribonucleic acid)
(Fig. 1). Two membrane inversions occur during the formation of an
exosome from a membrane patch on the plasma membrane. These
two membrane inversions allow exosomes to present trans
membrane cargo in the same orientation relative to the cytoplasm
as at the plasma membrane [7,8]. One inversion occurs at the plasma
membrane during endocytic internalization as the plasma mem-
brane invaginates prior to budding off. The second inversion occurs
as the intraluminal vesicles (ILVs) bud off into the lumen of the late
endosome (Fig. 2a).

Rather than being directed into a lysosomal compartment as is
the fate for a well characterized branch of the late endosome MVB
population, fusion of the multivesicular bodies with the plasma
Fig. 2. The biogenesis and molecular relevance of exosomes. (a) Exosomes arise from th
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on specific protein interactions and domain based sorting. The early endosome matures 
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topology as the plasma membrane due to the two membrane inversion events. Sorting

membrane sub-domains as well as interactions with the tetraspanin web. (b) Exosomes

some distance from the donor cell (paracrine uptake) or they may spread through sys

specificity in exosome uptake as a function of recipient cell lineage. Exosome surface mar

may begin protein based signaling functions even as they adhere to the host cell. Uptak

specific receptors for exosomal surface proteins or the Tim-4 receptor. Once internali

endosome. (c) The exosomal lipid, protein, RNA, miRNA and DNA content can alter a rec

Some possibilities for exosomal cargo mediated recipient cell reprogramming may inclu

regulation of signaling cascades, protein localization and turnaround, key enzymatic re

recipient cell may determine which of these molecular mechanisms predominate. Intrig

molecule. EE, early endosome, MVB, multivesicular body, LE, late endosome, ILV, int

endosomal sorting complex required for transport.
membrane releases exosomes into the extracellular space. This
process of directed transport relies on several components of the
endocytic machinery such as the Rab GTPases (Ras-related in brain)
Rab 11, Rab 27 a and b, cytoskeleton regulatory proteins, molecular
motors such as myosins, and SNAREs (SNAP (soluble NSF attachment
protein) receptor) for targeted fusion (Fig. 2a).

While cells of the hematopoietic lineage such as B-cells, dendritic
cells, mast cells, T-cells and platelets were initially characterized for
exosome production, in later years non-hematopoietic cells such as
various epithelial cell types, neurons, and a very wide variety of
tumor cells have also been shown to produce exosomes [9]. Of
particular interest are tumor cells that exhibit enhanced production
of exosomes. The mechanism or need for such enhanced production
of exosomes is not understood but may indicate a role for exosomes
in tumor development [10]. Since exosome production is a
continuous cell function, certain cell types like platelets can be
treated with agonists to induce degranulation and enhanced release
of microvesicles and exosomes [11]. Exosome secretion is also
increased on free radical stress or UV irradiation, decreased
membrane cholesterol, and increased intracellular calcium. In vivo,
exosomes have been characterized in most circulating body fluids
such as plasma, urine, saliva, broncheoalveolar lavage (BAL),
cerebrospinal fluid (CSF), and others [12,13].
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Exosomes from different sources have a common core set of
proteins that help to characterize them as endosome-derived
cellular vesicles. The extent of common mRNA and miRNA content
is not well established due to the limited number of global studies
which have profiled both species. Online resources exist, such as
the Exocarta compendium of all exosome based studies, which
compile protein, mRNA, and miRNA data from different sources
into a searchable format [14]. Additionally, the urinary exosome
resource from the Knepper Lab at NIH also provides a detailed
dataset of urine exosomal protein content (Urinary Exosome
Protein Database). Augmenting this core set of components, the
biology of exosomes originates from the cell type and cell
condition specific cargo of protein, lipid, RNA, miRNA and DNA
(Fig. 1). This dependence of biomolecular content on cell context,
and variations between normal and diseased cells, has garnered
much interest in exosomes as harbors of disease biomarkers which
could be thought of as a ‘‘fluidome’’ or ‘‘liquid biopsies’’ where
extraction of exosomes from body fluids can provide a snapshot
into the donor cell condition [15]. The results obtained in such
biomarker studies to date has prompted some authors to suggest
that an exosome is a miniature cell in terms of healthy vs. normal
status [16].

2.2. Routing and sorting of cargo into exosomes

Exosomes arise within the cellular endosomal compartments so
it is reasonable to presume that cytoplasmic cargo must be
represented in exosomes. This is exemplified by the presence of
membrane markers on the exosome like Tsg101 and Alix which are
involved in MVB biogenesis. The mono ubiquitination of cargo and
its sorting for lysosomal degradation in MVBs is a well-studied
process. MVB topology serves as a sorting station where
ubiquitinated cargo is directed to ILVs fated for degradation while
membrane sequestration allows other proteins to be directed to
the recycling compartment.

Endosomal cargo can be rerouted from a recycling fate and
delivered to exosomes by lateral segregation on the membrane
with GPI-anchored or lipid-raft enriched micro-domains, antibody
mediated higher order oligomerization, and via aggregation
(Fig. 2a). Other proteins undergo a recycling or exosomal
containment fate depending on the binding partners. For example,
during reticulocyte maturation, decreased clathrin adaptor AP2
levels cause the transferrin receptor to associate with Hsc70 (heat
shock cognate protein) and Alix rather than binding to AP2.
Highlighting the intricacy of such a molecular balance, the same
binding motif is utilized in both interactions.

There remains a significant gap in understanding the mecha-
nisms that allow the rerouting of proteins (or possibly entire ILVs)
marked for degradation to exosomes for release. Exosome biology
suggests the existence of separate subsets of MVBs, where some
rely on ESCRT-dependent (ESCRT, endosomal sorting complex
required for transport) sorting of signaling receptors. Others
appear formed primarily by ceramide synthesis as a driving factor
for exosome formation [7,17] (Fig. 2a). The molecular mechanisms
that direct the two processes are likely to be distinct and require
further elucidation.

One of the most intriguing aspects of exosome biology remains
the packaging of diverse proteins and RNA into exosomes (Figs. 1
and 2a). Initial reports suggest that it is unlikely that exosomal
content simply reflects the non-specific stoichiometric abundance
of proteins and RNA throughout the cytoplasm. For example, the
study from Skog et al. [3] demonstrated that glioblastoma derived
microvesicles were enriched (relative to unfractionated glioblas-
toma cells) for several proteins, mRNAs and miRNAs that would aid
tumor growth through angiogenesis, cell cycle disruption, control
of translation, and immune suppression.
Similarly, ‘‘stemness-imparting characteristics’’ are enriched in
stem-cell derived exosomes, demonstrating a cell context specific
selection of exosomal cargo [1]. It is noteworthy that several
molecules and adapters from the clathrin-coated pit are also found
in exosomes [14], suggesting that membrane deformation and
cargo selection may utilize the same molecular machinery as the
plasma membrane.

Recently tetraspanin proteins have been implicated in exosome
cargo selection along with providing the mechanistic framework
for the formulation of exosomes [18]. It’s interesting to note that
the ESCRT complex which has been implicated in exosome
formation is also involved in selective protein sorting, e.g. binding
of bicoid RNA to the ESCRT II complex allows sorting into the
endosomal system [19]. Furthermore, a recent report that the MVB
system is linked with a maturing RISC complex [20] provides an
alternatively novel mechanism for the loading of RNA and miRNA
species into exosomes.

Recent studies indicate that a subset of plasma miRs are bound
to Ago2 or LDL and this may be yet another mechanism that allows
loading into exosome like vesicles exiting the cell [21,22]. Given
the variety of potential mechanisms of exosome formation and
exosomal loading, there remains a clear need to establish the
adaptors or sorting motifs and the lipid–protein, lipid–RNA/
miRNA, RNA–protein, miRNA–protein, protein–mRNA–miRNA
interactions that allow specific cargo packaging into exosomes.

3. Functions of exosomes

Originally, exosomes-derived from cancer cell lines were
credited with nucleotidase and ATPase activity [5]. The paper also
suggested that exosomes were taken up by recipient cells. Exosomes
were later described as sinks for disposal of obsolete proteins such as
the transferrin receptor, acetylcholinesterase, cytochalasin B
binding (glucose transporter) nucleoside transporter and excess
plasma membrane as reticulocytes matured into erythrocytes.

In recent times, the dominant mode of exosome uptake into
recipient cells appears to be phagocytic processes dependent on
dynamin2 and PI3K (phosphatidyl inositol-3-kinase). The uptake
process also relies on a variety of specific cell surface molecules on
the receptor cell (T-cell membrane protein 4 Tim4, but not Tim1, has
been shown to be involved in exosomes uptake) as well as proteins
like integrins, annexins, galectin, and ICAM1 (inter-cellular adhesion
molecule 1) on the exosomal surface. Uptake of exosomes is possibly
a non-random event and recent papers [18] suggest a mechanistic
basis to target cell selection by invoking tetraspanins as entry
selection markers. This is supported by a defined set of exosome-
associated tetraspanins that appear to direct targeting to endothelial
cells to promote angiogenesis and vasculogenesis. It has also been
shown by Valadi et al. [2]. that DC-derived exosomes are efficiently
taken up only by DC lineage cells. In recent papers there is well
documented evidence that exosomes can act systemically and
behave as endocrine moieties in that respect [23]. Long range
targeting, tissue specificity in uptake and stability of exosomes in
systemic circulation is yet another interesting and potentially
therapeutically exploitable aspect of exosome biology.

Post internalization, exosomes have been found in the
phagolysosome along with phagocytosis-inducing biospheres
[24], or found co-localized with the late endosomal compartment.
This indicates that there may be cell type specific trajectories in the
recipient cell post-uptake (Fig. 2b). The mode of release of
exosomal content into the cytoplasm is not known although it
has been suggested that exosomal surface proteins may perform
some signaling functions at the host cell surface as they adhere to
the cell for internalization. The release of exosomal cargo of
protein, DNA, lipids, mRNA and miRNA can cause alterations in the
recipient cell that are similar to a cellular signaling based response
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system; with exosomes being the global signaling moiety that
signals a cascade of responses within the cell (Fig. 2c). The range of
molecular effects is quite diverse and is summarized in Fig. 2c to
reflect the role that the various cargo identified in exosomes to
date can have upon host cell gene expression profiles.

3.1. Role of exosomes in immune function

Interest in exosomes in immune response burgeoned in 1996
with the discovery that antigen presenting cells (APCs) enhance
the immune cell response by utilizing exosomes for antigen
presentation [25]. Endosomes of APCs are enriched for MHC (major
histocompatibility complex) class II molecules, MHC class II-
associated chaperone Ii, and proteases that are required for Ii
degradation and antigen processing [26]. Exosomes from APCs are
similarly enriched in MHC I, MHC II, and immuno-modulatory
proteins. A strong immunogenic response by dendritic cell (DC)
exosomes (also known as dexosomes), generally relies on the
presence of co-stimulatory molecules on the APC. However in
some cases dexosomes have been shown to stimulate a sufficient
immune response dependent solely on the MHC I concentration
and in the absence of APCs and corresponding co-stimulatory
molecules [27]. B-cell derived exosomes elicit an immune response
by direct antigen presentation to T-cells [28].

However, in the most common mechanism of exosome-
stimulated immune response exosomes do not interact directly
with T-cells [25]. Immature dendritic cell-derived exosomes
(immature Dex or ‘‘iDex’’) induce an indirect T-cell activation via
presentation of MHC/antigen complex to receptor DCs. CD4+ (CD
cluster of differentiation) T-cells are activated by MHC-II/antigen
complex transfer to recipient DCs. Similarly, MHC-I/antigen
complex transfer to DCs aids polarization of Tc1 CD8+ T-cells
[29,30]. The iDex response in vivo relies on CD8a+ DCs in a process
dependent on LFA-1 (lymphocyte function-associated antigen 1)
for exosome capture, and continues without exosome internaliza-
tion and processing [31].

Tc1 response requires the administration of DC maturing agents
like Toll like receptors TLR-3 and TLR-9 indicating the requirement
for APCs in inducing the Dex response. Cytotoxic T-lymphocyte
target cell recognition induces rapid polarization of both Rab-11+
recycling endosomes as well as Rab-27+ exosomes in a process
mediated by hm-munc13. This vesicle mobilization is necessary
for the release of cytotoxic granules [32]. Additionally, immature
DC derived exosomes may transfer processed antigen-MHC
complexes to other DCs and thus increase the effective number
of APCs.

While DC exosome to DC MHC-antigen presentation is
common, it has also been shown that mast cell derived exosome
peptide cargo may be presented on the surface of recipient B-cells
and DCs [33]. In terms of mechanisms for inducing an immune
response, recent reports suggest that exosomes carry bioactive
cytokines exemplified by the presence of IL-1b and other
inflammasome components [34]. The concentration of tumor
necrosis factor TNF-a in dexosomes indicates that in addition to a
role in adaptive immunity, exosomes could also trigger an innate
immune response and in fact mediate the amplification of such a
response via the cargo of protein, RNA and miRNA that it can
transfer to responsive tract epithelium [35,36].

There has continued to be an intensive amount of research
derived on such findings and many studies have established that
exosome content and functions depend on the precise maturation
stage, cell lineage, and stimulation state of the parent immune cell.
For example, immature DCs produce a larger number of MVBs and
exosomes then do immature DCs; however, at the level of inducing
an antigen specific T-cell response, mature DC derived exosomes
show twice the potency [36]. Immune functions of DC-derived
exosomes can be tailored to be immunogenic or tolerizing,
depending on the presence of specific molecular cargo. This has
increasingly found uses in creating highly specialized therapeutics
termed ‘designer dexosomes’ that are utilized in cancer therapy,
vaccine development, and transplant tolerance induction as
recently reviewed in Viaud et al. [36].

3.2. Role of exosomes in the virus life cycle

Exosomes and viruses seem to have developed in close
association prompting some virologists to suggest that they co-
opted molecular machineries as they evolved. Immature DCs are
tasked with delivering viral antigens from the periphery to
lymphoid organs and an additional mechanism significantly
increases the number of virus challenged DCs. This amplification
involves mature DCs phagocytosing antigen-bearing DC’s, or
antigen-loaded exosomes produced by infected DCs. The exosome
antigen dissemination pathway intrinsic to DCs involves an
enrichment of functional epitope–MHC complexes on the exo-
some, and their release from the cell followed by uptake by other
immune effector cells.

Such an exosomal packaging system allows the virus to survive
within the endocytic system without lysosomal degradation, and
allows subsequent trans-infection of CD4+ T-cells (Fig. 3b). HIV
(human immunodeficiency virus) and other retroviruses utilize a
dexosome based and predominantly MHC-II antigen complex
presentation schema to trans-infect CD4+ T-cells [37]. Immature
DCs exhibit a budding of HIV into a structure that becomes an
exosome at the stage of reverse budding in the late endosome.

On a per particle basis, exosome associated particles are 10-fold
more infectious than cell-free virus particles [37]. Mature DC-
internalized viral particles need to compete with virion-like
particles (VLP) and exosomes at the vesicle internalization stage
for segregation into lipid-raft like, cholesterol enriched micro
domains on the DC. Glycosphingolipids from the exosome-
producing cells are known to be critical for the process of VLP
and exosome internalization at the mature host DC plasma
membrane. This probably occurs through facilitating interaction
of the exosome or viral membrane with the host [37,38].

Conversely, as an indicator of how viruses hijack the host
system to survive and propagate, the ‘‘Trojan exosome hypothesis’’
proposes that enveloped retroviruses like HIV utilize the host cell’s
endosomal system, including the exosome pathway, to move
between APCs while searching for the best target cells (Fig. 3b)
[39]. It is well known that HIV viral budding occurs in an MHC II-
enriched compartment similar to the MVB.

The generation of ILVs/exosomes result from the binding of the
hepatocyte growth factor tyrosine kinase substrate (Hrs) to
ubiquitinated cargo, followed by recruitment of Tsg101. HIV-1
Gag mimics Hrs and thereby usurps Tsg101 and other components
of the MVB machinery in order to facilitate viral budding. The
similarity of the exosome and viral budding pathways prompted
comparative studies which indicated that viruses disguised as ILVs
may be co-opted in the exosome pathway and released with the
typical exosomal membrane and lipid composition. This allows
propagation without engaging the host immune response. In this
mechanism of disguised propagation the virus is also able to
conserve resources on fusion with the cell and utilizes the exosome
internalization machinery to enter the host cell [40].

3.3. Role in tumorigenesis via altering microenvironment (tumor

growth, angiogenesis)

It has been shown that part of the physiological role of
exosomes is their ability to alter their micro-environment through
their protein and RNA based cargo. For instance, studies on tumor



Fig. 3. Exosomes can alter the molecular profile of their microenvironment and recipient cells and can affect tissue health. (a) Exosomes help to establish a metastatic niche to

aid tumor growth and tumor metastasis. Utilizing VEGF and cytokine cargo, exosomes enhance recruitment of hematopoietic and endothelial precursor cells to enhance neo-

angiogenesis in the tumor. Exosomes have also been suggested to influence planar cell polarity and the extracellular matrix to allow tumor cell mobilization. To aid tumor

growth, exosomes are additionally known to trigger apoptotic reduction in anti-tumor immune cells through FasL and TNF-pathways. The growth factor and cytokine cargo

helps exosomes to attract disseminated tumor cells from the primary tumor site as well as cells of the myeloid and erythropoietic lineages to the pre-metastatic niche to aid

tumor spread. (b) Exosomes share many characteristics with viruses in the molecular machinery of budding from the plasma membrane. Retroviruses like HIV utilize the cell-

encoded intercellular vesicle traffic as a means to protect themselves from the host cell’s proteolytic system. Segregating into the exosomes during the exosome formation

event, the virus is camouflaged and avoids the host surveillance system and proteolysis. The exosome encapsulated virus is furthermore able to disseminate and move

between cells utilizing the exosome pathway for entering a host cell without utilizing its own fusion machinery as it searches for optimal target cells. Exosomes thus aid the

trans-infection of viruses. (c) Amyloid plaques of the Alzheimer’s disease afflicted brain have aggregates of amyloid beta peptide processed from amyloid precursor protein

(APP). APP is processed by at least three proteases termed a-, b-, and g-secretases, which lead to the generation of a number of proteolytic fragments, including Ab when APP

is cleaved by b- and g-secretases. Exosomes have been found to contain APP, Ab and other proteolytic fragments of APP, a-, b-, and some components of g-secretase. It has

also been suggested that exosomes from an unhealthy brain cell may cause spread of cellular insults in the form of RNA and protein to surrounding healthy cells and thus aid

the spread of neurological disorders. EE, early endosome, AICD, amyloid precursor protein intracellular cytoplasmic/C-terminal domain.
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derived exosomes reveal that they may perform several functions
aiding tumor survival and metastasis (Fig. 3a). The presence of
HLA-G in exosomes secreted by melanoma cells might indicate a
role in creating a tumor tolerance associated response [41].
Tolerogenic activity of exosomes has been associated with Fas- and
TRAIL-expression in exosome membranes inducing FasL- and
TRAIL-mediated apoptosis of anti-tumor T-cells [42]. Incubation
with tumor derived exosomes can disrupt the maturation of
differentiating CD14+ and HLA-DRlow/neg monocyte precursors into
DCs [43]. The resulting lack of T-cell stimulatory effects on
exosome co-culture is primarily due to the altered monocyte
cytokine profile exemplified by inflammatory cytokines such as
TNF-a, interleukin IL-6, and pro-angiogenic and immuno-sup-
pressive factors, e.g. TGF-b, IL-8 and IL-10.

In support of this result, peripheral blood of melanoma patients
revealed the predicted CD14+ and HLA-DRlow/neg (MHC class II cell
surface receptor) tumor growth factor TGF-b secreting myeloid
cell population which was absent in healthy individuals [44].
Tumor derived exosomes contain several cytokines and growth
factors such as tumor necrosis factor TNF-a, IL-1b, and TGF-b as
well as functional receptors like TNFR1 and TfR2. Consequently,
tumor derived exosomes by their very nature support neo-
angiogenesis since they are enriched in tetraspanins which
enhance the secretion of VEGF (vascular endothelial growth
factor) and metalloproteinases from target cells [45]. A striking
result from Skog’s study on glioblastoma derived microvesicles
revealed that tumor derived exosomes could support cell culture
based angiogenesis of HUVEC (human umbilical vein endothelial
cells) to almost the same extent as extraneously added growth
factors [3].

Melanoma exosomes were shown to induce endothelial cell
spheroid formation and moved between endothelial tubule cells
using tunneling nanotube structures and acting in a primarily
paracrine manner [46]. In an adenocarcinoma model, exosomes
induced several angiogenesis related genes including von Will-
ebrand factor, Tspan8, chemokines CXCL5 (C-X-C motif chemokine
5), MIF (macrophage migration inhibitory factor), and chemokine
receptor CCR1. This indicated involvement of VEGF independent
processes in exosome-mediated angiogenesis [47,48].

A recent study showed that exosomes from a mutant KRAS
allele bearing cell line have greater invasive potential than
exosomes from an autologous cell line with the mutant KRAS
removed by homologous recombination [10]. Such properties
could clearly aid the formation of pre-metastatic niches. Exosomes
also aide the spread of the human tumor Epstein Barr Virus, EBV
oncogene protein called ‘‘latent membrane protein 1’’ to uninfect-
ed cells. EBV can enrich exosomes with proteins that are cancer
associated and thus induce the enhanced cell growth, angiogene-
sis, and transformation of other cells. They do this while evading
the immune response by being encapsulated in the circulating
exosomal delivery system [49].

3.4. Potential role in propagating neurodegenerative diseases

Exosomes have additional functions where they can mediate
the spread of cell damage or alter the microenvironment in various
metabolic and nervous system disorders [4]. As an example, the
microenvironment altering properties of exosomes have been
implicated in Alzheimer’s disease (AD) (Fig. 3c) and have been
associated with processed Alzheimer’s proteins and enzymes [50–
52]. The ‘‘Trojan Exosome’’ model of Alzheimer’s (similar in
concept to the Trojan Exosome model in viral infection), proposes
that the initial insult of Alzheimer’s may spread to surrounding
cells via exosomes laden with amyloid beta (Ab) peptide and other
proteins and RNA associated with precipitating Alzheimer’s
pathogenesis. This is supported by the finding of depositions of
exosome proteins in amyloid plaques in AD brains [53]. Finally,
exosomes have also been associated with the spread of prion
proteins indicating multiple roles for exosomes in neurodegener-
ative diseases.

4. Applications of exosomes

Having discussed the various physiological and pathophysiologi-
cal roles exosomes may play in different cell and tissue types, it is
clear that many opportunities exist to harness exosome biology as
either a therapeutic or treatment strategy. As an example, the
capacity to differentially challenge DCs to produce dexosomes with
either pro- or anti-inflammatory properties is finding exciting uses
in the field of cancer vaccines, humoral immunity, SARS (severe
acute respiratory syndrome) vaccine and transplant tolerance
induction, delayed type hypersensitive response, rheumatoid



Table 1
Exosome-associated biomarkers.

Disease Biosample/methodology Exosome/microvesicle BM Reference

Bladder cancer Urine/LC–MS/MS Up regulated proteins epidermal

growth factor receptor pathway,

the alpha subunit of GsGTP binding

protein, resistin, and retinoic

acid-induced protein 3

[62]

Urine and bladder cancer

cell lines/LC–MS/MS

Basigin, galectin-3, trophoblast

glycoprotein (5T4)

[61]

Human colon cancer cell line Cell media/A33 affinity

capture + MS

Cadherin-17, carcinoembryonic

antigen, epithelial cell surface

antigen (EpCAM), proliferating

cell nuclear antigen, epidermal

growth factor receptor, mucin 13

[55]

Human ovarian cancer Plasma/RT-PCR miR-21, -141, -200a, -200b, -200c,

-203, -205, -214

[72]

Malignant ascites fluid,

ovarian cancer plasma/MS

Tumor progression-related proteins

(L1CAM, CD24, ADAM10 and EMMPRIN)

[57]

Plasma/MS Claudin [74]

Breast cancer Plasma/RT-PCR miR-21 [75]

Prostate cancer Urine/Western blot PSA, PCA3 [63,64]

Nasopharyngeal

carcinoma (NPC)

(EBV infected)

Cell media and plasma/RT-PCR BART viral miRNA [76]

NSCLC diagnosis

and prognosis

Plasma/RT-PCR let-7f, miR-20b, miR-30e-3p,

miR-223 and miR-301

[77]

Apoptotic Jurkat cells Cell media/nucleic acid

visualization, RT-PCR

Laddered DNA [78]

Acute kidney injury Urine/MS Fetuin-A [67]

Renal I/R injury Urine/Western blot Reduced aquaporin-1 (AQP1) [79]

Nephrotic-range proteinuria Urine/MS Neprilysin, aquaporin-2,

and podocalyxin

[80]

Bartter syndrome type

I patients

Urine/Western blot Absence of the NKCC2

sodium–potassium–chloride

cotransporter

[60]

Sjogren’s syndrome Saliva/RT-PCR miRs [70]

List of biofluid based nucleic acid based biomarkers, probably contain exosomal origin nucleic acids

Disease/pathology Differentially expressed or modified circulating nucleic acids Reference

Diffuse large B-cell lymphoma (DLBCL) miR-21, miR-155, miR-210 [81]

Diffuse large B-cell lymphoma (DLBCL) relapse free survival miR-21 [81]

Acute myeloid leukemia (AML), acute lymphoblastic leukemia (ALL) miR-92a [82]

Gastric cancer (GC) miR-17-5p, miR-21, miR-106a, miR-106b, let-7a [82]

Pancreatic ductal adenocarcinoma miR-21, miR-155, miR-196a, miR-210 [82]

Pancreatic cancer miR-210 [83]

Hepatocellular carcinoma miR-500 [82]

Colorectal cancer miR-17-3p, miR-92, miR-29a, miR-92a [82]

Melanoma Tyrosinase mRNA [84]

Lung cancer miR-25, miR-223, miR-17-3p, miR-21, miR-106a,

miR-146, miR-155, miR-191, miR-192, miR-203,

miR-205, miR-210, miR-212, miR-214, miR-1,

miR-30d, miR-486, miR-499

[82]

Lung cancer survival miR-7i, miR-146b, miR-206, miR-21 [85]

NSCLC survival prediction miR-486, miR-30d, miR-1 and miR-499 [85]

NSCLC Hypermethylation pattern of DAP kinase in

serum and plasma DNA

[84]

Squamous vs. non squamous NSCLC miR-205 [86]

Oral and squamous cell cancer miR-184, miR-31, miR-24 [82]

Squamous head and neck cancer Human papilloma virus (HPV) DNA [84]

Medulloblastoma miR-124, miR-125a, miR-9 [87]

Medulloblastoma stratification miR-21, mir-17/92 cluster [87]

Glioma miR-21, miR-124, miR-128 [3,87]

Breast cancer miR-155, miR-195, miR-10b, miR-34a [82]

Ovarian cancer miR-21, miR-29a, miR-92, miR-93, miR-99b,

miR-126, miR-127 and miR-155

[88]

Cervical cancer Human papilloma virus (HPV) DNA [84]

Prostate cancer miR-16, miR-34b, miR-92a, miR-92b,

miR-103, miR-107, miR-197, miR-328,

miR-485-3p, miR-486-5p, miR-574-3p,

miR-636, miR-640, miR-766, miR-885-5p

[82]

Acute liver injury mir-122 [89]

Alzheimer’s disease CSF miR-15b, miR-142-5p, miR-146, mir-181a,

miR-191, miR-204, miR-221

[90]

Myocardial infarction miR-499, miR-208b [91]

Heart failure miR-423-5p [92]

Myocardial infarction Elevated plasma DNA [84]

Stroke Elevated plasma DNA [84]
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List of biofluid based nucleic acid based biomarkers, probably contain exosomal origin nucleic acids

Disease/pathology Differentially expressed or modified circulating nucleic acids Reference

Acute tissue injury Elevated plasma DNA [84]

Systemic lupus erythematosus Elevated extrachromosomal plasma DNA [84]

Systemic sclerosis Elevated extrachromosomal plasma DNA [84]

Sex-linked diseases Maternal circulation plasma DNA [84]

Paternally inherited diseases Y-chromosome DNA [84]
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arthritis treatment, etc. [36]. Additional studies are ongoing to
establish exosomes as nanocarriers for delivery of a variety of
therapeutic modalities [23].

It is formally possible, although currently unlikely, that
targeting exosome release could represent a viable therapeutic
strategy. However, should future research demonstrate that
exosomes are critical for certain pathological disease processes,
a strategy of targeting the formation and/or release of exosomes in
specific cell types (e.g. primary tumor cells, etc.) would represent a
novel route of therapeutic intervention. Designing a strategy that is
specific to the formation of exosomes in a single cell type rather
than creating a general ‘‘exosomal poison’’ is likely to be both
tantamount, and a tremendous challenge, to the development of
such a drug. The specificity of exosomal disruption would be
critical since it is unlikely that a general shutdown of exosome
formation would be tolerated without adverse consequences.
Achieving such specificity of destruction or modulation might be a
challenge due to the non-redundant nature of most exosome
formation regulators and the difficulty of identifying a molecule
with the specificity required to target a cell-specific exosomal
formation process in the body. However, we believe this approach
can’t be ruled out as a potential therapeutic strategy in the years to
come. With innovative therapeutic modalities emerging today (bi-,
tri-specific antibodies, etc.) and others on the horizon, such a
pharmacological approach may become feasible should exosomes
be conclusively implicated in disease in the future.

In this review, we will discuss in detail strides that have been
made to align exosome biology with biomarker development to aid
better health care standards.

4.1. Biomarkers

In terms of exosome-based applications the major facet of
exosome biology that is finding utilization is the usage of cell- and
condition-specific cargo as biomarkers. Given that an exosomal
profile reflects the cell’s content, exosomes provide a means for a
‘‘liquid biopsy’’ which is minimally invasive and highly enlighten-
ing. Table 1 summarizes the main exosome derived biomarkers
associated with different disease conditions and from cell culture
based studies. This emerging field is still relatively young
considering the vast wealth of information that emerges regularly
about new exosomal content. For example, it has been discovered
fairly recently that exosomes contain DNA. This is represented by
mitochondrial DNA as well as retro-transposon and amplified DNA
of oncogenes in tumor cell derived exosomes [10].

The power of exosomes as biomarkers relies on the enrichment
of markers within the exosome which otherwise constitute only a
very small proportion of the secretome, e.g. exosomal proteins
represent less than 0.01% of the total plasma proteome. Healthy
human circulating exosomes contain about 66 proteins [54] with
an enrichment of cell trafficking and protein sorting related
proteins reflecting the endosomal origin of exosomes (Fig. 1). The
very highly enriched protein entities in plasma and urine will
normally dampen out the minor presence of relevant biomarkers.
The exosome biomarker strategy therefore truly exemplifies ‘‘less
being more’’ since the small number of proteins and RNA
nevertheless give very insightful information into a disease or
pathology.

An enrichment at source, exemplified by cargo sorting into the
exosome, helps the discovery of relatively lowly expressed
biomarkers that normally would go undetected. Several studies
have shown that purification of fluid level protein and RNA can also
provide biomarkers (Table 1). The authors suggest a practical and
case-by-case based scenario where the sensitivity provided by
exosome isolation may be crucial for certain diagnostics; while the
biomarker differential may be high enough in other disease
conditions that the isolation of exosomes can be bypassed and fluid
based biomarker analysis may be sufficient.

The multitude of secretomes converging in body fluids, and the
variety of cell types contributing to the secretome can confound a
fluid-based analysis system. For example, plasma exosomes in
normal individuals originate from a variety of cell sources
including red blood cells, leukocyte lineages and platelets. Tissues
that directly or indirectly contact the blood stream such as
endothelial cells and large fenestrated organs like the placenta and
liver also allow passage of exosome vesicles into the body fluids. In
cases where the biomarker change can be indicative of more than
one condition, exosomes would be the method of choice to trace
the cell lineage producing the change.

Another advantage of using exosomes as biomarkers is the
ability to immuno-isolate exosomes from particular tissue types.
The exosomal membrane reflects a cell’s plasma membrane and
can therefore be immuno-isolated utilizing a significantly enriched
protein on the membrane surface. For example, plasma exosomes
of hepatic origin can be enriched using an antibody specific to the
relatively liver-specific enzyme carbamoyl phosphate synthetase
1. In cell culture, A33 affinity-isolation of colorectal cancer cell line
exosomes [55], and CD45 isolation of Jurkat T-cell line exosomes
[56] has yielded very specific cell based signatures and holds the
promise of being applied similarly to plasma exosome isolation. In
a study that compared ovarian carcinoma cell line derived
exosomes vs. exosomes from malignant ascites and sera from
ovarian carcinoma patients, tumor progression-related proteins
like L1CAM (L1 cell adhesion molecule), CD24, and EMMPRIN
(extracellular matrix metalloproteinase inducer) were found
enriched on exosomes. This study also indicated that the exosomes
become systemic via the blood stream [57].

Urinary exosome profiling studies have probably been estab-
lished in greatest detail owing to easy accessibility of urine
samples. Seminal work by the Knepper and Star Labs established
conditions for collecting and storing samples, and optimization of
design for mass spectrometry or gel chromatography based
techniques for urinary exosome analysis [58,59]. It has been
established that urinary exosomes contain the majority of renal
proteins that indicate renal cell injury including, but not limited to,
aquaporins, polycystins and podocyn [60]. Successful studies have
been performed for various disease conditions where a cellular
contact with urine or glomerular filtrate would be possible, e.g.
acute kidney injury (AKI) models (cisplatin or ischemia-reperfu-
sion), prostate cancer, bladder cancer, etc.

Bladder cancer cell line derived exosomes contain about 350
proteins and 18 of these were also found in the urine derived
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exosomes from a small number of bladder cancer patients [61].
Urine micro particles from bladder cancer patients revealed that
eight proteins were elevated relative to controls, and many of these
proteins were linked to the epidermal growth factor receptor
(EGFR) signaling pathway [62]. Such examples suggest that the
exosomal biomarker discovery approach can be ‘topside up’ or
‘topside down’. An initial screen in conditioned media from
cultured cell lines can be used to build a predictive model for
pathways over or under represented in exosomes. These models
can then be translated to in vivo models and biological fluid
sampling from a large patient cohort.

Prostasomes are exosomes released from the prostate epitheli-
um into semen or urine. Analysis of urine exosome content
revealed that prostate cancer patients have tumor signatures, e.g.
PSA (prostate specific antigen) and PCA3 (Prostate CAncer gene 3)
[63,64]. PC-3 cell culture media derived exosomes and urine
prostasomes both exhibit enhanced d-catenin [65]. Rotavirus
related gastroentitis patients display exosome associated RV
antigen in stool samples [66].

In animal models of kidney injury, exosomal Fetuin-A was
identified as a marker reflecting nephrotoxic damage with a 50-
fold increase over healthy animals within hours of injury and prior
to the detection of the standard biomarker urine creatinine. In
renal ischemia-reperfusion (I/R), decreased exosomal aquaporin-1
(AQP1) in rats correlated with decreased AQP1 levels in a person
undergoing renal transplant [67].

In a pilot study on Bartter syndrome type I patients, the
sodium–potassium–chloride co-transporter, NKCC2 was absent in
urinary exosomes. Additionally, it has been shown by Zhou et al.
that transcription factors that are undetectable in whole urine
could be detected in urine derived exosomes, e.g. urinary ATF3
(cyclic AMP-dependent transcription factor) might be a novel AKI
renal tubular cell injury biomarker; while WT-1 (Wilms tumor
protein) might be a critical biomarker for chronic kidney disease
(CKD) associated with podocyte injury [68]. It is noteworthy that
currently the biomarker perspective for CKD is a clearly unmet
need with no consensus on predictive or prognostic biomarkers,
particularly in the context of early detection and sensitivity.

This discussion reflects the strength of exosomes as fluid-based,
minimally invasive biomarkers but also identifies the need for
larger cohort studies with well established protocols for a clinical
study. Such studies must have built in positive and negative
controls to validate the study design at various steps of sample
collection, timing, storage and processing as well as the protocols
for protein biomarker identification based on Western blot
analysis, ELISA (enzyme linked immunosorbent assay) or FACS
(fluorescence activated cell sorting) analysis.

In the context of RNA-based biomarkers, there have been only a
few studies to date. RNA composition of the human urinary
exosomes represents all regions of the nephron and the collecting
duct as determined by RT-PCR [69]. In a significant study on the
specificity of exosomal RNA as a biomarker, urinary exosomes of
the V-ATPase B1 subunit, knockout mice were found to faithfully
reflect the loss of this specific subunit mRNA while normal
amounts of the other V-ATPase B2 subunit and aquaporin 2 were
detected [69]. Preliminary studies have shown that salivary
exosome protein and miRNA content can be potentially useful
to detect disease conditions such as Sjorgen’s syndrome [70].

Increased breast tumor miR-195 levels were reflected in
systemic circulation exosomes [71]. Glioblastoma derived exo-
somes contain a diagnostic set of miRs in addition to mutant EGFR
vIII [3]. Prostate cancer plasma exosomes revealed up-regulated
miR-145 [64]. Circulating levels of miR-195 and let-7a decreased in
cancer patients post-operatively suggesting feasibility as a
prognosis biomarker as well. In this study, the level of certain
miRs also correlated well with clinico-pathological variables like
nodal status and estrogen receptor status. Significant changes to
both proteins and miRNAs was also reported for circulating
exosomes from patients suffering from ovarian cancers [72]. The
study found that a set of 8 miRs could distinguish benign vs.
malignant ovarian tumors. Peripheral blood exosomal miRs
showed the same profile as the lung adenocarcinoma in stages
I–IV patients [73]. The predictive capacity of exosomal miRNA was
quite outstanding as exemplified by two exosomal miRNAs
accurately discriminating acute lymphoid from acute myeloid
leukemia.

5. Future perspectives

The authors propose the term ‘‘fluidome’’ to capture the
complexity of secreted proteins, lipids, RNA, and DNA components
that allow insight into cellular processes at a biofluid or cell culture
medium level. In terms of RNA content, the earliest reports of
circulating RNA hypothesized that body fluid derived RNA must
somehow be protected from the degradative RNAse-rich content of
the body fluid. Many interesting theories have arisen over time to
answer this conundrum such as the presence of a novel
conformation that imparts resistance to nucleases, confinement
in exosome-like vesicles and, recently, the presence of Argonaute
bound and LDL bound RNA species in plasma. Other fascinating
questions in the field of exosome biology include cargo sorting
mechanisms, exosome uptake specificity, and the correlation
between the mRNA, miRNA and protein content of exosomes in
terms of selection for expulsion as well as in the landscape of
effects on the recipient cell.

So far, studies have focused on these individual biologics in the
exosome and there has been no dedicated effort to correlate the
effect of the molecules as integrated results at the cell function
level. Thus, it is obvious that basic research is needed to answer
some of these outstanding questions on exosome biology and
further strengthen the knowledge base in the field.

In conclusion, with continued advancements in technology for
profiling of exosomal content in a high throughput manner,
combined with the elucidation of more of the basic biology of the
system, exosomes provide a novel biomarker discovery and
therapeutic platform with great promise. Continued basic research
will set the foundation for transition of exosome-based diagnostic
and prognostic biomarkers to the clinic and a better understanding
of the molecular mechanisms of disease pathogenesis.
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