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Abstract: Cell to cell communication is essential for the coordination and proper
organization of different cell types in multicellular systems. Cells exchange information
through a multitude of mechanisms such as secreted growth factors and chemokines, small
molecules (peptides, ions, bioactive lipids and nucleotides), cell-cell contact and the
secretion of extracellular matrix components. Over the last few years, however, a
considerable amount of experimental evidence has demonstrated the occurrence of a
sophisticated method of cell communication based on the release of specialized
membranous nano-sized vesicles termed exosomes. Exosome biogenesis involves the
endosomal compartment, the multivesicular bodies (MVB), which contain internal vesicles
packed with an extraordinary set of molecules including enzymes, cytokines, nucleic acids
and different bioactive compounds. In response to stimuli, MVB fuse with the plasma
membrane and vesicles are released in the extracellular space where they can interact with
neighboring cells and directly induce a signaling pathway or affect the cellular phenotype
through the transfer of new receptors or even genetic material. This review will focus on
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exosomes as intercellular signaling organelles involved in a number of physiological as
well as pathological processes and their potential use in clinical diagnostics and therapeutics.
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1. Introduction

The physiological cellular behavior within a normal tissue includes a regulated proliferation,
adhesion, programmed cell death and ability to differentiate. It has become evident that a tight signal
integration between growth factors and their receptors, cell-cell adhesion molecules, cell-matrix
receptors, and intracellular signaling proteins, is required to coordinate all of these processes.
Activation of one or more of these cellular components through growth factors and/or direct contact
with molecules of the extracellular matrix (ECM) regulates intracellular signaling events resulting in
cell behavior changes. In normal cells, these signals are purposefully switched on and off depending
on the presence or absence of appropriate stimuli. As a consequence, the cell can dynamically modify
its phenotype and then revert to its normal behavior when the stimulus ceases.

Schematically, signaling pathways start with receptor proteins commonly found at the cell surface,
where they bind to extracellular molecules that cannot pass through the plasma membrane. Receptors
can bind to signaling proteins such as growth factors and peptide hormones, small molecules such as
nutrients, ECM proteins or other receptors located on adjacent cells. As a result of this interaction, a
signal is transferred across the plasma membrane that may result in the stimulation of an activity that is
integral to the intracellular part of the receptor. One of the most common activities is the
phosphorylation of substrates by serine/threonine or tyrosine kinases. Other receptors may function as
ion channels, allowing ions to flow into or out of the cell to control cellular functions. Alternatively,
the part of the receptor within the cell may interact with other signaling proteins and transfer the
information to them by inducing changes in conformation and activity. Cell-surface receptors such as
integrins interact with ECM components or receptors on other cells thus playing a key role in
establishing tissue architecture but also in informing cells of the presence of other cells and of the
matrix. Finally, receptors inside the cell bind to signaling molecules that can penetrate the plasma
membrane, such as steroid hormones and nitric oxide. Inside the cell, receptors pass on the signal to a
variety of other molecules through the assembly of multimolecular signaling complexes that result in
changes in the localization or activity of enzymes. Some proteins in these complexes, referred to as
“docking” proteins, may work only to recruit other signaling molecules. Generally, signaling pathways
end in the nucleus with a change in the gene-expression of the cell thus leading to the modulation of
cell phenotype.

A number of pathologies, including cancer, are considered diseases of deranged signaling [1],
therefore a greater knowledge of the strategies through which cells communicate is required to
increase our weapons against different pathological disorders.

Cells are known to deliver proteins and molecules between the intracellular organelles via
membrane vesicles containing definite receptors to ensure traffic specificity; the results accumulated
over the last ten years have demonstrated that a heterogeneous group of vesicles are also released from
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the cell surface and used as intercellular signalosomes in information exchange, even over a long
distance [2]. These membranous vescicles, released by a variety of cells and generally termed
extracellular vescicles (EVs), can be divided into three main classes: exosomes, microvescicles and
apoptotic bodies. Among these, exosomes have recently received most of the attention and will be
discussed in this review. While exosomes are vescicles of endocytic origin and homogeneous in shape
and size (40—-100 nm), apoptotic bodies, released by cells undergoing programmed cell death, and
microvescicles, are derived directly from the plasma membrane and show variable size (50-500 nm for
apoptotic bodies, 100-1000 nm for microvescicles) and shape. EVs have been originally also named
on the basis of their tissue origin; for example, prostasomes are vesicles secreted by prostate epithelial
cells and secreted into the seminal fluid, argosomes are exosome-like vesicles isolated from
Drosophila melanogaster and oncosomes, vescicles released by cancer cells [3].

A precise and clear distinction between these vesicles is still lacking, and in April 2012 in Goteborg
a special committee of the newborn International Society of Extracellular Vesicles (ISEV) has been
appointed to shed light on the nomenclature and methods to be used to distinguish between all of these
membrane particles. In this review we will focus on exosomes and their role in health and disease.

2. Origin, Molecular Composition and Delivery of Exosomes to Target Cells

During the first years of 1980, many groups reported in vitro data on the release of vesicles
containing enzymatic activities from different cell lines. Electron microscopy observations together
with pulse-chase experiments also showed that, in differentiating reticulocytes, non lysosomal
multivesicular endosomes were able to fuse back with the plasma membrane and release their inner
content extracellularly, including several circular membrane fragments [4-6]. In 1987 the term
“exosome” was coined to describe these small vesicles [7]. Exosome research was considered a highly
specific field of investigation with almost no interest in the cell biology community until a paper by
Raposo and colleagues showed that Epstein-Barr virus-transformed B-lymphocytes stimulate T cell
proliferation by secreting exosomes containing MHC II dimers conjugated to antigenic peptides [8].
This seminal paper and others from the same group represented a milestone in this field, indicating that
exosomes may be considered cellular structures used for cell-cell communication and not simple
containers for waste disposal.

Exosomes are released in vitro by several cell types including B and T cells [9], dendritic cells [10],
mast cells [11], mesenchymal stem cells [12], epithelial cells [13,14], astrocytes [15], endothelial cells [16]
and cancer cells of almost all histotypes [17-21]. In vivo, exosomes have been isolated and characterized
by a variety of body fluids such as plasma, urine, saliva, cerebrospinal, amniotic and synovial fluids [22-26].

The first step in exosome biogenesis is the formation of intraluminal vesicles (ILV) following the
inward budding of the limiting membranes of late endosomes. These organelles, also called
multivesicular bodies, move up to the cell surface, fuse with the plasma membrane and release the ILV
outside the cell. The exosomes are between 40 and 100 nm in diameter, float at 1.1-1.19 g/mL in
sucrose density gradient, have a particular cup-shaped morphology and, as showed by biochemical and
proteomic analyses, have membranes enriched in special lipids (cholesterol, sphingomyelin and
ceramide) and a unique protein composition that characterizes them as discrete organelles [3,27].
Although exosomes from different sources have a common set of proteins representing molecules that
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regulate membrane cytoskeleton dynamics and membrane fusion events such as the Rab family of
GTPases [28], Alix and ESCRT (an endosomal sorting complex required for transport) proteins [29], a
specific molecular signature that varies depending upon the nature and conditions of the cell type of
origin is often observed. For example, the tetraspanins (CD81, CD9) and chaperons (HSP60, HSP70
and HSP90) that are involved in peptide loading on MHCI and II are often found in immune
cell-derived exosomes [30], perforin and granzyme on cytoxic T-lymphocytes [31], transmembrane
protein A33 on intestinal epithelial cells [32] and subunits of glutamate receptors on neurons [33]. A
scientific debate is still ongoing to establish if a finely regulated cellular mechanism has evolved to
determine the specific loading of the exosomes in the different cell types or if the exosome content is
imposed by the unpredictable engulfment process during ILV biogenesis. Shen ef al. identified plasma
membrane anchors (e.g., myristoylation or palmitoylation tag) or different sequence motifs and
structures (e.g., acylation sites or phospholipid binding domain) that target the proteins to
exosomes [34,35]. Another element is the higher order oligomerization of target proteins: tetraspanins,
one of the exosome marker proteins, are commonly found in large complexes that contribute to
exosomes protein sorting pathway [36,37]. ESCRTs proteins are another example of exosomes cargo
that are found at the plasma membrane and are located in membrane bound highly oligomeric protein
complexes; it has recently reported that ESCRT-binding motifs induce the budding of proteins such as
ARRDCI (arrestin domain containing protein-1) and syntenin by recruiting a catalytic activity of the
ESCTR machinery [38,39]. Alix, a protein associated with the ESCRT molecular apparatus, is
specifically required for sorting the transferrin receptor into exosomes [40]. It remains to better
elucidate how the cell recognizes protein that contain these signals and how signal containing proteins
and/or protein complexes are targeted to exosomes.

Exosomes are enriched for specific nucleid acids, in particular miRNAs and RNAs that generally
exist in complex with proteins, Ming Yang and Gould reported that selective trafficking of miRNA to
endosomes can be mediated through RNP complexes; these complexes are transported towards late
endosomes via kinesin and dynein motors, resulting into selective budding of their cognate RNAs [34].
For example, bicoid RNA binds ESCRT II complex and this interaction may allow the localization of
the RNA in the endosomal system [41]; other studies have demonstrated that a subset of plasma
miRNAs are bound to Ago2, which is often found inside the exosomes [42].

Exosome secretion can be constitutive or inducible depending on the cell type. Savina and
colleagues showed that the release of exosomes from erythroleukemia K562 cells was markedly
enhanced by MON treatment, a Na'/H" exchanger that induces changes in intracellular calcium (Ca®™)
implying a requirement for Ca®" in this process [43]. Levine’s group demonstrated that mouse embryo
fibroblasts with a wild-type p53 gene produced exosomes after DNA damage but isogenic MEFs with
no p353 genes (from knockout mice) failed to produce exosomes after the same genotoxic stress. A
p53-regulated gene product, TSAP6, was shown to be involved in exosome production thus alerting
adjacent cells and the immune system of these events [44]. Once released in the extracellular space,
exosomes interact with target cells inducing, according to the delivered molecules, a modulation of the
phenotype toward a differentiated or activated state.

How exosomes may interact with a target cell is not yet fully known and several mechanisms have
been hypothesized [2,32,45]. For example, exosomes can fuse with the target cell resulting in the
non-selective transfer of proteins and RNA from exosome to the recipient cell. Parolini showed that
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exosome uptake from melanoma cells increases at a low pH and that this mechanism is dependent on
the presence of sphingomyelin/ganglioside GM3. Moreover, they showed that fusion efficiency is
higher with exosomes released from metastatic cells compared to those derived from primary tumors
or normal cells [46]. Montecalvo and colleagues showed that dendritic cells (DCs) communicate with
neighboring DCs through exosome-shuttle miRNAs, this cell-cell interaction was mediated via a
“2-step event” consisting of exosome hemifusion with the cell membrane followed by the complete
fusion of the exosomes with the limiting membrane of the phagosome; interestingly, they also
observed that exosome content could vary according to the maturation of the parental DCs thus
reinforcing the notion of an accurate selectivity in molecules sorted in exosomal cargos [47].
Exosomal membrane proteins can interact with the target cell in a juxtacrine fashion, acting as a ligand
for cell surface receptors. Segura and colleagues studied the interaction between exosomes released by
bone marrow-derived dendritic cells and CD8" dendritic recipients cells showing that exosomes
interact with DCs through a specific saturable receptor. Furthermore, they showed that exosomes
secreted by mature DCs, bearing both functional MHC class II-peptide complexes and high amounts of
ICAM-1 molecules, are captured and presented in vivo to non migrating murine CD8" DCs through
specific interactions with LFA-1, the naturally occurring counter-receptor of ICAM-1[48]. It is well
established that rafts play an important role in signal transduction providing a well organized
micro-environment, where the phosphorylation state of the resident proteins can be modified by local
kinases and phosphatases, resulting in downstream signaling. Calzolari and colleagues demonstrated
for the first time that activation of transferrin receptor 2 (TfR2) induces the activation of ERK1/2 and
p38 MAPK pathways, supporting the hypothesis that TfR2 may function as a signaling receptor. In
particular they showed that TfR2 is a new raft component sorted in exosomes and the localization of
TfR2 in lipid rafts is essential for its signaling. Through the exosomal pathway TfR2 could act as an
intercellular messenger, carrying a message about cell iron status [49]. Another example of
receptor-ligand interaction mediated by exosomes on target cells is reported by Clayton and
colleagues: using a panel of tumor cell lines, they showed that tumor exosomes may suppress a key
tumor cell recognition pathway involving NKG2D, a receptor found in NK, NKT, CD8" and
gammadelta T cells. In particular they demonstrated that tumor exosomes carry NKG2D ligand, such
as MICA and MICB, triggering a selective down regulation of cell surface NKG2D. These effects
mediate suppression of lymphocyte functions, even in the presence of inflammatory cytokines such as
IL-15, and consequently may mediate immune evasion in cancer [18].

In another study, the interaction between exosomes and the cell surface of target cells was mediated
by an extracellular matrix component, fibronectin; B-lymphocytes also release exosomes that show
high levels of integrin receptors on their membranes. The addition of these exosomes to
TNF-alpha-activated fibroblasts triggered integrin-dependent changes in cytosolic calcium, measured
by single cell imaging thus demonstrating not only that these receptors are fully functional but also that
they may represent a novel mode of delivering adhesion signals over long distances[50].

Finally, a recent paper by Feng and colleagues showed that in phagocytic cells, exosomes can be
internalized efficiently via phagocytosis [45]. Their experimental data demonstrated that exosomes
adhered easily to the cell surface of non phagocytic cells but could not be internalized, as they could be
removed by trypsinization or with extensive acid washing. In contrast, the same treatment did not
remove exosomes from phagocytes, as they were already inside the cell [45].
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3. Exosomes in Cell Physiology

Exosomes are now considered as an integral part of the intercellular microenvironment and may act
as regulators of cell-to-cell communication. They may act as immune modulators with
immunosuppressive or immune-activating effects by delivering proteins or nucleic acid to recipient
cells. Exosomes, once released, may locally affect the behavior of target cells or enter in a biological
fluid thus reaching distant sites. As our knowledge on exosome content and their modality of action
increases, a higher number of physiological processes will be demonstrated to be regulated by these

nanovesicles (Table 1).

Table 1. Functions of tissue derived-exosomes in physiology and pathology.

Tissue/cell .
. Target Function References
derived-exosomes
) . Modulation of immune response and maintaining antigen
Activated B cells CD4" T cells . [51,52]
specific memory T cells
Mature DCs CD8' T cells Vehicle of antigen transfer between different DCs [47]
Suppression of Th1-type hypersensitivity response;
Plasma T cells ppress Ybe yper v resp [53,54]
suppression of Th2-type allergic response
Monocytes and  Delivering of specific exogenous siRNAs targeting MAPK
Plasma [25]
lymphocytes pathway
i Modulation of T cell activity;
Placenta Fetus and child ) . . ) [55-57]
immune surveillance and recognition of paternal antigens
) Modulation of infant’s immune cell function via miRNAs
Breast milk Infant . . . . o [58-60]
involved in T cell regulation and B cell differentiation
Primary bone . .
. Regulated exchange of genetic material
Mouse mast cells marrow-derived . [61]
(mRNAs and miRNAs)
mouse mast cells
Cancer Associated Breast cancer . ) . .
) Promotion of cells’ protrusive activity and motility [62]
Fibroblasts (CAFs) cells
Metastatic melanoma Bone marrow Support of tumor vasculogenesis, invasion and metastasis [19]
cells progenitor cells  through MET
Toll Like receptor o o
. Activation of prometastatic inflammatory response through
Lung cancer cells (TLR) family in ) . [63]
) specific miRNAs
immune cells
Chronic . . .
Human vascular  Induction of an angiogenic phenotype through the release of
myelogenous ) T ) [21,64,65]
. endothelial cells  IL8 (21, 110) or activation of Src Kinase (111)
leukaemia cells
Acute myeloid . . . . . . .
. Ba/F3 progenitor ~ Alteration of proliferative, angiogenic and migratory
leukaemia blasts o [66]
cells responses through specif miRNAs
and cells
. Transmission of y-sinuclein thus promoting the aggregation
Neuronal cells Glial cells . . [67]
of intracellular protein
) smooth muscle Transfer of specific miRNAs thus preventing SMC
Endothelial cells . o [16]
cells (SMCs) de-differentiation
Synovial fibroblast N Induction of AKT and NF-«B pathways leading to apoptosis
CD4' T cells [68]

from AR patients

resistance
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3.1. Exosomes as Immune-Modulators

Since 1996, we have known that immune system cells release exosomes [8]. At first, immunologists
supposed that exosomes might be extracellular organelles important to intercellular communication,
with a potential role in immune-modulation. Currently, it is well known that exosomes contain several
molecules used to vehicle messages between immune cells or between immune and target cells, and
thus have an immunosuppressive or immune-activating effects on different steps of the immune
response. Activated mouse DCs directly increase B cell effector functions through the release of
exosomes, as evidenced by Wan and colleagues [69]. On the other hand, CD40 and IL-4 induce the
release of exosomes in primary B cells, suggesting that B cells require proper activation for exosome
production and that this process is strictly regulated by CD4" T cells-derived stimuli [70].

The activation of T helper (Th) cells and the subseqgent initiation of adaptative immunity are
regulated by different types of antigen presenting cells (APC): in the absence of either self or
pathogen-derived inflammatory products, DCs survey the antigenic environment and interact with T
cells resulting in either tolerance or the regulatory cell’s induction. When infection occurs, antigen
uptake by DCs increases and consequently the percentage of relevant MHC complexes, thus resulting
in Th cell activation. In relation to MHC complexes, the activation of B cells by T cells (BCR/TLR or
CD40/MHC 1I ligation) increases exosome production and releases MHC II complexes on B cell
exosomes; the recycled MHC II complexes on exosomes directly stimulate CD4" T cells, suggesting
that B cell derived exosomes have a role as modulators of the immune response or as maintainers of
antigen specific memory T cells [51]

Mature dendritic cells also secrete exosomes showing functional peptide-bearing MHC class I and
11 molecules on their membranesthat can directly bind to T-cell receptors and activate CD4" or CD8" T
cells inducing an adaptive immune response [51,71]. As anticipated in the previous section, Segura
and colleagues demonstrated that CD8" DCs use LFA-1 to present exosomes in the lymph nodes
confirming that exosomes might represent a vehicle for antigen transfer between DCs in vivo [48].
Subsequently, Nolte and collaborators demonstrated that the transfer of MHC class II-peptide complexes
also occurs, in vivo, from DCs to CD4" T cells, that DC derived exosomes are determinant for T-cell
recruitment and that the T cell-DC interaction is mediated by high affinity LFA-1/ICAM-1 binding [52].

Exosomes secreted by immature or suppressive DCs reduce adaptive immune activation by
inducing T cell apoptosis and thus promoting a tolerogenic immune response as seen in murine models
of transplantation and autoimmune diseases. Suppressive exosomes may also influence the balance
between pro-inflammatory and anti-inflammatory effector T cells inducing T helper Th17/Thl cells to
differentiate into Th2 and Foxp3" regulatory T cells [72]. For this reason, exosomes could potentially
be used to avoid graft rejection or as a treatment of autoimmune diseases. For example, in a mouse
model of rheumatoid arthritis, the administration of exosomes derived from different DCs, genetically
modified to express IL-4 or Fas-L reduced the clinical manifestation of the disease [73,74]; a study of
Cai and colleagues demonstrated that immunosuppressive exosomes from TGF-1 gene-modified DCs
attenuated Thl7-mediated inflammatory autoimmune disease by inducing regulatory T cells [75].
Recently, a potential role of exosomes as immune adjuvants has been demonstrated in transplants. For
example, Peche and colleagues showed that the injection of immature DC-derived exosomes in rats
induces tolerance and a prolonged survival time after a cardiac transplantation [76]; similar results
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were obtained by Yang and collaborators after an intestinal transplantation in rats [77]. A more
complex approach was used by Li and colleagues which demonstrated that the combined treatment of
exosomes derived from immature DCs and rapamycin can prolong cardiac allograft survival and
induce specific allograft tolerance in mice [78]. Moreover, Montecalvo and colleagues showed that,
after transplantation, graft-infiltrating leukocytes release exosomes but leukocytes also need DC
derived-exosomes to stimulate donor reactive T cells in secondary lymphoid organs [79]. In
conclusion, exosome-mediated cell-cell communication may constitute a potential mechanism by
which DCs in lymphoid organs transfer alloantigens to effector cells and amplify the proliferation of
donor-reactive T cell clones following transplantation.

3.2. Exosomes in Biologic Fluids

Exosomes are found in body fluids including plasma, urine, saliva, synovial fluid, breast milk,
bronchoalveolar lavage fluid and epididymal fluid [26,80-87], supporting their in vivo role in
physiological processes. Most of the studies have focused on the immunomodulatory abilities of these
exosomes; the epithelial cells of the prostate gland release microvesicles in the seminal fluid, called
prostasomes, which contain immunologically relevant proteins able to immunomodulate the
microenvironment within the female reproductive tract. In particular, the authors showed their
presence on prostasomes of CD48, a ligand for the NK-activating receptor CD244, supporting the idea
that CD48—CD244 interaction might downregulate CD244 on NK cells, thus reducing their function.
The immunomodulation of NK cell activity, mediated by prostasomes, is a new mechanism to increase
sperm life-span, thus preventing immune-mediated sperm destruction and prolonging their survival
rate [88]. During mammalian pregnancy, the maternal-fetal tolerance involves a number of
immunosuppressive factors produced by the placenta; placental exosomes are involved in maternal
immune surveillance and the recognition of the paternal antigens through the modulation of T-cell
activity. Taylor and colleagues showed that exosomes isolated from the serum of pregnant women,
who subsequently delivered at term, contained high levels of biologically active components, including
Fas ligand (FasL) and HLA-DR. Fas signaling is a major mechanism for the induction of the
peripheral clonal deletion of lymphoid cells. The authors correlated the release of exosomes expressing
high levels of FasL with the pregnancies delivering at term, thus suggesting that Fas signaling might
be one mechanism by which the placenta promotes the state of immune privilege essential for the
birth [89]. Other authors also showed that Fas ligand is displayed on exosomes derived from
trophoblasts inducing immune cell apoptosis thereby confirming the involvement of Fas ligand in the
promotion of a state of immune privilege for the fetus, mediated by the downregulation of T cell
activation [55,56]. Furthermore, cultured placental explants release exosomes containing NKG2D
ligands able to selectively down-regulate the NKG2D receptor in CD8" and gammadelta T cells,
leading to the reduction of their in vitro cytotoxicity [57]. Interestingly, human and bovine milk
exosomes contain bioactive molecules (protein, mRNA and miRNA) that can be transferred to immune
cells to potentially modulate immune cell function and influence the immune system of the infant,
promoting a state of immune privilege of the fetus [58,59,74,90,91]. Blood-borne exosomes with
immunosuppressive or tolerogenic effects have been observed in different animal models. Kim and
colleagues demonstrated that exosomes isolated from murine plasma were able to suppress the
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inflammatory response; the antiinflammatory effect was mediated by MHC class II-plasma exosomes
and was also dependent upon the presence of FasL in the plasma exosomes [92]. On the other hand,
plasma-derived exosomes isolated from antigen-immunized mice were shown to suppress Thl-type
hypersensitivity as well as Th2-type allergic responses [53,54,93]. In line with these observations, more
recently Prado and collaborators demonstrated that exosome-like vesicles, isolated from bronchoalveolar
lavage fluid of BALF mice, can induce tolerance and protection against allergic sensitization thus
indicating exosomes as an alternative to the conventional therapy for allergic diseases [94].

A number of data have been accumulated also for exosomes released into the urine from cells
belonging to the entire renal tubule. Street and collaborators showed that urine exosomes may
modulate nephron function; in particular they demostrated that murine cortical collecting duct
cell-derived exosomes can transfer functional aquaporin to cells that did not previously express the
protein thus resulting in a significant increase in water flow [95]. Proteomic studies of urine exosomes
have suggested the processes in which exosomes may be involved; Wang and colleagues identified,
through multidimensional protein identification technology (MudPIT), proteins that are known to play
important roles in kidney function, such as proteins involved in water, drug, sodium, chloride, proton
and glucose transport as well as some potential disease biomarkers for kidney diseases [96].

3.3. Exosomes and Genetic Materials: RNA Delivery and the Role of miRNA

The intercellular exchange of endogenous genetic material may occur in eukaryotic cells through
several modalities including nanotubes, apoptotic bodies and nucleic acid- binding proteins [97]. In the
last few years exosomes have been reported as containing not only proteins but also nucleic acids such
as DNA, RNA, miRNA and long non coding RNA [61,98,99]. RNA-containing exosomes may
represent an alternative pathway of cellular communication with significant implications in the
modulation of cell phenotypes. The first experimental indication of the presence of mRNA and
miRNA in exosomes from mouse and human mast cell lines was reported by Valadi and
co-workers [61]; they showed that exosome mRNAs were functional, could be transferred in target
cells and translated into proteins. Moreover, the gene profile analysis displayed differences in the
quality of mRNA transcripts isolated from exosomes versus donor cells thus suggesting that a
regulated mechanism of the intracellular sorting of exosomal mRNAs occurred in donor cells.
Examples were let-7, miR-1, miR-15, miR-16, miR-181 and miR-375, which play a role in
angiogenesis, hematopoiesis, exocytosis and tumorigenesis [61]. The authors subsequently showed, by
affymetrix microarray analysis, which the exosomal mRNA content not only differs between
exosomes and donor cells, but also between exosomes released from cells grown under different
conditions such as serum deprivation or oxidative stress instead of normal conditions. Interestingly,
these differences in mRNA content had a functional role since exosomes released by cells exposed to
oxidative stress provided, in recipient cells, resistance to oxidative stress and cell death [100]. Other
strong evidence for a selective sorting of miRNAs into exosomes comes from a recent study by
Mittelbrunn ef al. which demonstrated the existence of an antigen-driven unidirectional transfer of
miRNAs from T cells to APCs that was mediated by the delivery of CD63" exosomes [101].
Considering that specific miRNA populations are selectively sorted into exosomes, the exchange of
genetic material may occur in the microenvironment close to the producing cells, but potentially also at
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a distance, through the systemic circulation in a endocrine-like way or through other body fluid types.
For example, exosomes derived from human plasma can deliver RNAs to blood mononuclear cells
such as monocytes and lymphocytes; Wahlgren and colleagues successfully introduced exogenous
siRNAs into various kinds of human exosomes to deliver siRNA to human mononuclear blood cells.
They demonstrated that plasma exosomes can deliver exogenous short interfering RNA (siRNA) to
monocytes and lymphocytes causing the gene silencing of mitogen activated protein kinase 1 [25]. In
relation to breast milk, human breast milk contains immune-related miRNAs capable to support the
development of an infant’s immune system, as previously discussed. An analysis of miRNAs
microarray from breast milk exosomes revealed the presence of T-cell-regulating miRNAs, in
accordance with the role of human breast milk exosomes as immune modulators [84], miRNAs
involved in B-cell differentiation, such as miR-181 and miR-155 [102—-104] and the let-7-family of
miRNAs, are all key miRNA regulators in development [60,105].

4. Exosomes in Pathology: Exosomes and Cancer

The evolution of a clinically significant invasive carcinoma requires an active collaboration of
different actors found at the tumor-host interface: malignant epithelial cells, extracellular matrix,
cancer-associated fibroblasts, inflammatory immune cells and normal mesenchymal cells [106].

A variety of cytokines, growth factors, adhesion molecules and extracellular matrix proteins are
secreted by both tumor and non-tumor cells, mediating cell-to-cell communication within the tumor
microenvironment and providing a suitable niche for cancer cell growth and survival. A wealth of
information has been obtained on the role these molecules and cell types play in promoting cancer
invasion and metastasis. Recently, exosomes have been considered as new vehicles of these molecules
into the tumor microenvironment and, for this reason, data is beginning to accumulate on their role as
new actors in the crosstalk between cancer and normal cells in the tumor microenvironment (Table 1).
Exosomes may function in an autocrine or paracrine manner to promote tumor-induced immune
suppression, angiogenesis or premetastatic niche formation [19,107] (Figure 1).

Luga and collaborators have recently shown that cancer associated fibroblasts (CAFs) secrete
exosomes that are able to promote, in an autocrine fashion, breast cancer cell protrusive activity and
motility via Wnt-planar cell polarity (PCP) signaling. In particular, their results reveal a complex
intercellular communication pathway, whereby CAF-secreted exosomes are internalized, modified and
loaded with Wntl1 into breast cancer cells; exosomes are then released to activate an autocrine PCP
signaling in breast cancer cells, thus promoting cancer cell migration and the acquisition of invasive
behavior [62]. Bone marrow derived human mesenchymal stromal/stem cells (MSC), adjacent to
primary tumor cells, have been shown to affect cancer progression by providing a favourable
microenvironment and therefore promoting tumor growth, invasion and also metastasis through a
process called premetastatic niche formation [108—111]. Recently, in fact, Zhu and colleagues have
demonstrated that MSC release exosomes able to strongly trigger VEGF- and CXCR4-mediated
pathways in tumor cells through the activation of Erk 1/2 and p38 MAPK kinases, thus resulting in an
enhanced angiogenesis and tumor growth in vivo [112]. On the other hand, exosomes released by
cancer cells could affect tumor growth, invasion and metastatic niche formation, angiogenesis and
resistance to chemotherapy. Peinado and colleagues have recently shown that cancer-derived
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exosomes modulate the crosstalk between malignant cells and the bone marrow microenvironment;
they reported, for the first time, that metastatic melanoma cells release exosomes that are able to
“educate” bone marrow progenitors thereby inducing their mobilization which supports tumor
vasculogenesis, invasion and metastasis, through the activation of the MET receptor tyrosine kinase.
They identified that the MET-activated signaling proteins are expressed in highly metastatic melanoma
derived-exosomes and that the transfer of the exosomal receptor tyrosine kinase MET from tumor
derived-exosomes to bone marrow progenitor cells promotes the metastic process in vivo. These results
suggest that bone marrow cells retain the educated phenotype after engraftment into a new host [19].
In lung cancer, Croce’s research group has reported that tumor derived-exosomes are enriched in
particular miRNAs (miR-21, miR-27 and miR-29-a), that not only can be used as molecular markers of
this cancer histotype but also act as paracrine agonists of the Toll like receptor (TLR) family in
immune cells thus triggering a TLR-mediated prometastatic inflammatory response that induces tumor
growth as well as the formation of secondary colonies at the metastatic site [63]. Several studies have
revealed the role of cancer derived-exosomes in activating signal transduction pathways involved in
cancer cell proliferation and survival. For example, Demory Beckler and colleagues detected KRAS in
exosomes released by colon cancer cells and showed that the mutated KRAS can alter the signals
induced by cells via exosomes, leading to a growth advantage in the recipient non-transformed
wild-type KRAS-expressing cells [113]. Qu et al. have demonstrated that gastric cancer
derived-exosomes promote, through an autocrine mechanism, the proliferation of tumor cells by
PI3K/Akt and MAPK/ERK activation [114].

Figure 1. Schematic representation of exosome-mediated crosstalk. Tumor and normal
stroma cells communicate through exosomes to establish a favourable tumor
microenvironment and promote cancer growth, invasion and metastasis. Exosomes contain
soluble factors, mRNA and miRNAs that may affect the phenotypes of different cytotypes
such as fibroblasts, vascular endothelial cells and immune cells.
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Although most of the studies on cancer exosomes have been done on solid tumors, little data has
been produced for hematopoietic malignancies such as leukemia. Our group has reported that human
Chronic Myelogenous Leukaemia (CML) cell lines such as LAMAR84 and Imatinib-resistant LAMAS84
cells as well as patients’ leukemic blasts, release exosomes that directly affect endothelial cells thus
modulating the process of neovascularization. Specifically, the stimulation of vascular endothelial cells
(HUVEC) with LAMAS84-exosomes activate signal transduction pathways leading to the release of
IL-8 and the induction of an angiogenic phenotype in vitro and in vivo [21,64]. Moreover, Mineo and
colleagues have shown that exosomes, released from K562 CML cells, are internalized by HUVEC
during tubular differentiation on Matrigel and move within and between nanotubular structures,
connecting the remodeling endothelial cells; this exosome-induced angiogenic activity was mediated
by Src kinase [65]. Exosomal miRNAs may have an important role in leukemia-endothelial cell
communication; miR-92-a was detected in K562 derived- exosomes and has been demonstrated as
having a role in enhancing endothelial cell migration and tube formation [115]. Recent data from
Kurre’s group examined the role of exosomes released by Acute Myeloid Leukemia cells in
modulating cell signaling in the bone marrow microenvironment. They showed that both primary
AML blasts and AML cell lines released exosomes enriched in microRNA relevant to AML
pathogenesis. In particular, they reported that the enrichment of miR-150 in AML derived-exosomes
modified transcriptional responses and protein secretion in recipient cells; exosome transfer to Ba/F3
progenitor cells was, in fact, associated with a loss of CXCR4 surface expression and a consequent
decrease in cell migration toward SDF-1a [66]. Hypoxia plays an important role in human tumor
progression from in sifu to metastatic cancers. Growing tumors are forced to survive in a poorly
vascularized microenvironment characterized by hypoxia. To survive and grow in this hypoxic
environment, tumor cells use adaptive mechanisms to promote proliferation, become resistant to
apoptosis, induce angiogenesis, evade immune attack and migrate to less hypoxic areas; these
mechanisms are mediated by the Hypoxia Inducible Factor (HIF) family of transcription
factors [116,117]. Hypoxic tumor cells have been shown to release more exosomes to promote their
own survival, angiogenesis and invasion; breast cancer cells exposed to a hypoxic environment
enhance the production of exosomes in part due to HIF induction as shown using the HIF hydroxylase
inhibitor dimethyloxalylglycine and siRNA interference. Interestingly enough, exosomes were also
enriched in miR-210, a regulator of endothelial cell tubulogenesis and DNA repair pathways [118—121].
Other significant data were obtained through a quantitative proteomics study carried out on the A431
human epidermoid carcinoma. In this work, the authors reported that under hypoxia, cells secreted
higher levels of proteins involved in angiogenesis, focal adhesion formation, extracellular
matrix-receptor interaction and immune cell recruitment in comparison to cells undergoing normoxic
and reoxygenation conditions. They found that more than 50% of these secreted proteins,
predominantly classified as cytoplasmic and membrane proteins, were localized in exosomes [120].

Exosomes may indirectly contribute to tumor progression and metastasis development by
interfering with the action of therapeutic agents, possibly through the transfer of mRNAs, miRNAs
and/or proteins involved in drug resistance that drive the phenotypic changes of recipient cells.
Exosomes may carry proteins involved in multidrug resistance, such us the P-glycoprotein or
alternatively sequester the chemotherapeutic agent thereby decreasing the intracellular amount. Safei
and coworkers demonstrated that cisplatinum-resistant ovarian cancer cells actively expelled
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anticancer drugs by enhancing the release of exosomes. Moreover, they reported that exosomes
released by cisplatinum-resistant cells were enriched in cisplatinum and expressed higher levels of the
transporters MRP2, ATP7A and ATP7B in comparison to sensitive cells [122]. Further studies showed
that, in ovarian cancer cells, resistance to cisplatinum is also associated with an increased secretion of
annexin A3, a member of the Ca’" and phospholipid-binding annexin family, which prevents the
uptake or accumulation of platinum in cells [123]. Electron microscopy observations have shown that
annexin A3 detected in culture medium was localized in exosomes, revealing yet another
exosome-mediated mechanism that affects a drug’s action [124]. Recently, Battke and colleagues have
shown that exosomes can hamper the action of anticancer therapies by interfering with antibody-based
drugs. The authors demonstrated that breast cancer cell lines over expressing HER2, release exosomes
expressing a full-length HER2 molecule that is able to bind, both in vitro and in vivo, to the HER2
antibody, Trastuzumab, resulting in a reduced amount of antibodies available for the antibody-dependent
cytotoxicity [125].

Data discussed in this section shows the key role of exosomes in modulating the tumor
microenvironment: exosomes are not simply vehicles of molecules targeted into recipient cells, but
also induce phenotypic changes in neighboring cells by activating specific cell signaling pathways,
leading to cancer progression.

5. Exosomes in Pathology: Exosomes and Neurological, Cardiovascular and
Rheumatologic Diseases

Exosomes have been proposed as being a way of intercellular communication in the normal
physiology of the nervous system; several reports have demonstrated the release of exosomes by
different cell types such as astrocytes [126] or microglial neurons [127]. Recently, Lachenal and
collaborators demonstrated that exosomes released by differentiated neurons are regulated by synaptic
glutamergic activity, and might thus be part of normal synaptic physiology [128]. Exosomes may also
play a key role in neuronal communication during neurodegenerative diseases, such as Alzheimer’s,
Parkinson’s or Prion diseases. Prion diseases are infectious neurodegenerative disorders linked to the
accumulation of the abnormally folded scrapie prion protein (PrPsc) in the central nervous
system [129]. In 2004, Fevrier and colleagues demonstrated that naturally occurring cellular prion
proteins (PrPc) and PrPscs are released by cells in association with exosomes [130]; subsequently,
exosomes from prion-infected neuronal cells have been demonstrated as being efficient initiators of
prion propagation in uninfected recipient cells and, more importantly, producing prion disease when
inoculated into mice [131]. Alzheimer’s and Parkinson's disease are also characterized by the
accumulation of misfolded proteins; recent studies have shown that the misfolded protein
incorporation into exosomes protects them from degradation and also facilitates their delivery over
long distances [132]. Parkinson’s disease is characterized by intracellular aggregates of a-synuclein,
the Lewy bodies, in dopaminergic neurons. Alvarez-Ervit and colleagues showed that alpha-synuclein
released from cells over expressing the protein is efficiently transferred to recipient normal cells
through exosomes [133]. Moreover, Surgucheva showed that another member of the synuclein family,
y-synuclein, secreted from neuronal cells into exosomes can be transmitted to glial cells, thus
promoting the aggregation of intracellular proteins [67]. Alzheimer’s disease (AD) is another
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neurodegenerative disorder, characterized by extracellular aggregates of beta amyloid peptides known
as amyloid plaques [134]. In Alzheimer’s disease, exosomal proteins were found to accumulate in the
plaques of AD patient brains, thus suggesting that exosome-associated-amyloid peptides may be
involved in plaque formation with exosomes playing a significant role in the pathogenesis and the
progression of AD [135]. Another characteristic of Alzheimer’s disease is the intraneuronal
aggregation of abnormally modified microtubule-associated Tau proteins. Saman and colleagues have
recently shown that tau proteins are mainly secreted through exosomes in vitro and in vivo [136].

Exosome-mediated cellular communication is also involved in the pathogenesis of cardiovascular
disease. Kuwabara and colleagues reported that the serum levels of miR-1 and mir-133a, involved in
the regulation of cardiac hyperplasia [137], are localized inside exosomes and are significantly
increased in patients with acute myocardial infarction and angina pectoris [138]. Furthermore
cardiovascular diseases have been associated with reduced vascular function and many studies have
reported the presence of exosomes into the blood of patients with vascular disfunction. As shown by
Pontes Azevedo, circulating platelet-derived exosomes from septic patients induced myocardial
dysfunction in isolated heart and papillary muscle preparations in a nitric-oxide dependent
mechanism [139]. Exosome-mediated cell-to-cell communication is also involved in atherosclerosis.
Hergenreider and colleagues have recently reported that endothelial and smooth muscle cells (SMCs)
communicate through exosomes which are enriched in miR-143/145; the expression of these miRNAs,
in endothelial cells, is regulated by KLF2 (Kriippel-like factor 2), a key transcription factor able to
mediate an atheroprotective endothelial phenotype generated by shear stress. They showed that
these miRNAs are transferred into SMCs acting on miRNA targets thus preventing SMC
de-differentiation [16].

Another emerging field is the role of exosomes in the disease progression of some autoimmune
disorders such as Rheumatoid Arthritis (RA). RA is a chronic; systemic autoimmune disorder in which
persistent synovial inflammation leads to joint destruction. Altered apoptosis sensitivity of
fibroblast-like synoviocytes and T lymphocytes; leading to both synovial hyperplasia and chronic
inflammation; have been extensively demonstrated in patients with rheumatoid arthritis (RA).
Exosomes produced by synovial fibroblasts obtained from patients with RA contain a membrane form
of TNF-a that; by inducing AKT and NF-«xB; renders these cells resistant to apoptosis [68].
APO2L/TRAIL has been described as a TNF super family member capable of inducing apoptosis in
tumor cells in a Fas-independent manner. Interestingly enough; the amount of bioactive
APO2L/TRAIL associated with exosomes in synovial fibroblasts from RA patients appears to be low
compared to that found in the synovial fibroblast of control patients. In this respect; Martinez-Lostao
and co-workers have recently demonstrated that tethering APO2L/TRAIL to the liposome membrane
(a surrogate of naturally occurring exosomes) increased its bioactivity; resulting in a more effective
treatment of experimental arthritis compared with soluble; unconjugated APO2L/TRAIL; with
substantially reduced synovial hyperplasia and inflammation in rabbit knee joints [140]. Over the past
decade, it has become apparent that citrullinated proteins/peptides; and in particular the autoantibodies
directed to them (anti-citrullinated protein antibodies (ACPA); are likely to be involved in the
development of RA [141]. Synovial exosomes contain citrullinated proteins [26] and the expression of
these proteins plays an important role in the induction and distribution of citrullinated proteins and
presumably in the activation of those subsets of T cells that are specific to citrullinated proteins [142].
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Altogether, these findings seem to suggest that a defective control of apoptosis by exosomes and their
ability to promote T cell activation may play a role in the perpetuation of synovial inflammation in
RA. In view of this evidence; answering some basic questions about the role of exosomes in RA
becomes increasingly important. For example; little is known about the role of exosome in modulating
the Th17 response; which seems to play a major role in the pathogenesis of RA. Thus, whether
exosomes may be modulated by traditional disease modifying anti-rheumatic drugs and/or through
biologic therapies remains to be determined as does the contribution of exosomes to immune responses
in other rheumatic diseases such as Ankylosing Spondylitis and connective tissue diseases.

6. Exosomes in Clinical Diagnostic and Therapeutic Approaches

Exosomes, due to their cellular origin, their role in both physiologic and pathologic conditions and
to recent technological developments that allow their selective capture, characterization and
manipulation, are expected to significantly change many areas of clinical science. Clinical applications
of exosomes have not yet hit the market place or routine medical practice, but pioneer applications
both in diagnostics and in therapy are under development in several academic and industrial settings.

6.1. Diagnostics and Companion Diagnostics

The first attempts applying exosomes in clinical diagnostics were made several years ago. Due to
their protein and nucleic acids contents, which closely reflects the nature and state of their parental
cells, exosomes are considered veritable concentrations of information. All of the molecules found in
exosomes are potentially useful for diagnostic/prognostic purposes (screening testing, confirmatory
diagnostics, patient profiling and companion diagnostics, monitoring of treatments). Moreover, several
viruses (HSV-1, EBV, HIV and many others) and infectious proteins (prions and prion-like proteins)
have also been described as associated to exosomes. Recently published literature abounds
with evidence in this regard, which is nicely summarized in recent reviews [143—145].
More data on exosomes associated proteins and nucleic cargos is also available on Exocarta
(http://www.exocarta.org) [27] and on Vesiclepedia (http://www.microvesicles.org) [146].

The exosomal heterogeneous content, which is well protected by a lipid bilayer membrane that
confers a high degree of stability, is enriched at its source thanks to specific sorting mechanisms, and
includes some biomarkers that are otherwise scarce and under detected using traditional
approaches [147]. Of course, due to their nanoscale dimension, not all exosomes, even if originating
from a single cell, carry exactly the same amount and quality of proteins and nucleic acids [148]. The
abundance of exosomes of different origins and different compositions in peripheral blood makes a
further enrichment of the relevant biomarkers for a specific condition via a selective immune-capture
of the exosomes of a specific origin, i.e., coming from a specific tissue or expressing a specific
biomarker [3], necessary when considering exosomes for diagnostic or companion diagnostic
purposes. Several strategies for the efficient selective immune-capturing of exosome subpopulations
are currently being verified (company data not shown). Targeting exosome associated biomarkers in
different pathologic conditions does not only allow the discovery of novel biomarkers, but also gives
unexpected new value to well-known disease biomarkers such as PSA (company data not shown).
Much progress has been made in oncology where exosome-derived miRNAs have been associated
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with disease progression. For example, Rabinowits and colleagues showed the significant difference in
total exosome and miRNA levels between lung cancer patients and controls, suggesting that circulating
exosomal miRNAs might be useful as a screening test for lung adenocarcinoma [149]. Moreover,
Taylor and colleagues showed that microRNA signatures of tumor-derived exosomes can be used as
diagnostic biomarkers of ovarian cancer [150].

Recent proteomic studies have indicated that exosomes from cancer patients show specific protein
patterns, thus indicating that the protein composition of exosomes might be useful for the early
detection of various cancers. For example, a proteomic analysis of urinary exosomes allowed the
identification of eight proteins that were potential bladder cancer biomarkers [151]. Liang and
collaborators performed a high quality proteomic study of ovarian cancer-derived exosomes. The gene
ontology (GO) analysis results revealed that exosomes may carry tissue specific proteins, which may
provide some new biomarkers for the diagnosis of ovarian cancer [152]. Through the same approach,
Chen and colleagues have recently identified differentially expressed proteins in urinary exosomes as
novel candidate biomarkers for the discrimination of low-grade and high-grade bladder cancer [153].
Advances in technologies in exosome capture and their characterization will bring this important area
to the clinic in the next few years.

6.2. Therapy and Regenerative Medicine

Interest in using exosomes in therapeutic approaches as well as evidence of their efficiency is an
even more recent development. In these applications, exosomes are mostly regarded as a new delivery
system for several therapeutic agents and for cell-free approaches in regenerative medicine. The use of
natural autologous exosomes from MSC or synthetically created exosome mimetic nanoparticles is
currently under investigation and has attracted a great deal of interest and expectations. Several
functional studies available in recent literature have demonstrated that exosomes have a specific cell
tropism, according to their characteristics, which can be used to target them to specific tissues and/or
organs. This interaction causes the modulation of phenotype of target cells through a mechanism
which is similar to a cellular signaling based response. Moreover, exosomes or exosome mimetic
nanoparticles can be engineered and/or loaded with several molecules (drugs, small molecules, oligos,
nanoparticles) and targeted to specific organs, and therefore can be used for the delivery of therapeutic
agents in a targeted manner while enhancing the stability of the molecular cargo and protecting it from
metabolic degradation.

In 2010, Alvarez-Erviti et al. first described the possibility of delivering siRNA to a mouse brain
via a systemic injection of targeted exosomes, thus postulating a potential therapeutic approach to
Alzheimer’s disease [154]. A nice protocol for the generation of targeted exosomes through the
transfection of an expression vector, the loading of modified vesicles with BACEI siRNA and their
use to efficiently deliver siRNA in vitro and in vivo into the mouse brain was published by the same
group in 2012 [155]. Ohno et al. showed that systemically injected exosomes targeted to
EGFR-expressing breast cancer cells may deliver Let-7a antitumor miRNA, and thus represent a
vehicle for conveying drugs to tumors [156]. Wahlgren et al. described that human plasma exosomes
can be used as gene delivery vectors of siRNA to T cells and monocytes, suggesting their use in gene
therapy provides target cells with heterologous siRNA [25]. The mentioned examples show that
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exosomes are currently considered good vehicles to shuttle oligonucleotides for therapeutic
approaches, despite some technological, functional and safety features that are still to be addressed.

Other studies have also provided good evidence of the possibility of loading exosomes with
conventional drugs. For example, in 2010 Sun et al. demonstrated that exosomes can be used as a
vehicle to improve the solubility, stability and bioavailability of curcumine, an anti-inflammatory
agent, and to enhance the delivery of the drug to activated monocytes, with an overall improved
anti-inflammatory activity of the drug, in the absence of any side effects [157].

Also, in the field of regenerative medicine, due to the exosome’s afore-mentioned capabilities of
altering the status of recipient cells and to the lack of evidence that cells employed to regenerate
damaged solid organs give rise to any significant replacement of organ-specific cell populations, the
concept of using a cell-free approach by injecting exosomes into the host instead of engrafting cells, is
raising interest within the scientific community. The role of paracrine factors and mechanisms in
mediating the positive results reported in several pre-clinical and clinical studies is currently central in
the scientific debate. Nice reviews from Lai [158] Biancone [159] and Ratajczak [160] effectively
discuss these issues and offer a future perspective in the field. The group of Lim in Singapore, working
on acute myocardial infarction repair, has recently proposed a model consisting of MYC transformed
human embryonic stem cell-derived MSC a scalable manufacturing process to obtain exosomes either
as therapeutic agents or as delivery vehicles [161].

Even though all of the studies presented above do clearly indicate the feasibility of using exosomes
for therapeutic approaches and pave the way for their clinical use, there are still several issues to be
addressed and solved before such solutions can be widely proposed in clinical practice. Among these
issues, a better understanding is needed of the organ/tissue specific tropism of different
sub-populations of exosomes, the mechanisms of cell uptake, the efficiency of targeting strategies, the
degree of integrity of the shuttled cargo, the degree of interference between the natural exosomes cargo
and the artificially loaded one. Moreover, clinical translations of exosome based therapeutic
approaches also require the development of scalable generations of exosomes or exosome mimetic
particles for human use and/or cost effective methods of generating scalable patient-derived exosomes.

6.3. Immunotherapy and Vaccines

Already, over a decade ago, patents for using exosomes for vaccines were filed by several
companies and several clinical trials using exosomes in cancer vaccine strategies were conducted; they
were shown to be safe and potent inducers of an immune response against tumors. Since 1998,
Zitvogel et al. have proposed the use of cell-free vaccines in tumors, showing that DC-derived
exosomes promote a T cell-dependent antitumor immune response in vivo [71] and, in subsequent
years, the same group supported their theory with further evidence and elucidated the mechanisms of
CTL priming by exosomes in vivo [162,163]. In line with this, Cho et al. reported the use of exosomes
engineered to express a specific tumor antigen to generate an immune response against tumors,
showing that tumor-cell derived exosomes stimulate immune system and reduce tumor growth [164].

Similarly, exosome based vaccines have also begun to be considered and proposed in several
vaccine orphan infectious diseases [165]. Martin-Jaular et al. have shown that exosomes from
Plasmodium yoelii-infected reticulocytes protect mice from lethal infections, thereby opening new



Int. J. Mol. Sci. 2013, 14 5355

avenues for the modulation of anti-malaria responses [166], while Nanjundappa et al. have shown that
a GP120-specific exosome-targeted T cell-based vaccine is capable of stimulating DC- and CD4"
T-independent CTL responses and may be useful in the induction of efficient CTL responses in AIDS
patients with DC dysfunction and CD4" T cell deficiency [167]. In their recent review Yin et al.
analyze and discuss the possible use of immature DC-derived exosomes as a subcellular vaccine in
autoimmunity [72]. Finally, in a recent original paper, Lattanzi et al. describe and propose a new
method of incorporating protein antigens in exosomes, relying on the unique properties of a mutant of
the HIV-1 Nef protein, a biologically inactive mutant they found by incorporating it into exosomes at
high levels while also fusing at its C-terminus with foreign proteins [168].

Despite the nice and successful experimental evidence mentioned above (as well as other evidence
unmentioned here), so far a vaccine approach in cancer has been limited by the fact that exosomes
must be prepared locally using the treated patient’s dendritic cells, thus causing on one side variation
in the yield of tumor antigen-loaded exosomes and therefore variation in the amount of treatment
received, and on the other side a scalability problem because this personalized approach inhibits the
wide diffusion of such kinds of treatments. Moreover, applications in the field of infectious disease are
still immature, with only early reports and pilot studies. In the future, technological advancements in
exosome manipulation/bioengineering or in the use of synthetic exosome mimetic nanoparticles,
together with a better knowledge of exosome characterization and physio/pathology may solve those
problems that currently limit the adoption of exosome based vaccine strategies to diseases and allow a
wider diffusion of this approach.

Conflict of Interest
The authors declare no conflict of interest.
Acknowledgements

This work was supported by the Associazione Italiana per la Ricerca sul Cancro (AIRC) to RA; and
by the University of Palermo (International Cooperation) to G.D.L; ex 60% MURST to R.A and to G.D.L.

References

1. Alessandro, R.; Kohn, E.C. Signal transduction targets in invasion. Clin. Exp. Metastasis 2002,
19,265-273.

2. Simons, M.; Raposo, G. Exosomes—Vesicular carriers for intercellular communication. Curr.
Opin. Cell Biol. 2009, 21, 575-581.

3. Mathivanan, S.; Ji, H.; Simpson, R.J. Exosomes: Extracellular organelles important in
intercellular communication. J. Proteomics 2010, 73, 1907-1920.

4.  Harding, C.; Heuser, J.; Stahl, P. Receptor-mediated endocytosis of transferrin and recycling of
the transferrin receptor in rat reticulocytes. J. Cell Biol. 1983, 97, 329-339.

5. Pan, B.T.; Teng, K.; Wu, C.; Adam, M.; Johnstone, R.M. Electron microscopic evidence for
externalization of the transferrin receptor in vesicular form in sheep reticulocytes. J. Cell Biol.
1985, 101, 942-948.



Int. J. Mol. Sci. 2013, 14 5356

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Trams, E.G.; Lauter, C.J.; Salem, N., Jr.; Ursula, H. Exfoliation of membrane ecto-enzymes in
the form of micro-vesicles. Biochim. Biophys. Acta 1981, 645, 63-70.

Johnstone, R.M.; Adam, M.; Hammond, J.R.; Orr, L.; Turbide, C. Vesicle formation during
reticulocyte maturation. Association of plasma membrane activities with released vesicles
(exosomes). J. Biol. Chem. 1987, 262, 9412-9420.

Raposo, G.; Niyjman, H.W.; Stoorvogel, W.; Liejendekker, R.; Harding, C.V.; Melief, C.J;
Geuze, H.J. B lymphocytes secrete antigen-presenting vesicles. J. Exp. Med. 1996, 183,
1161-1172.

Zech, D.; Rana, S.; Buchler, M.W.; Zoller, M. Tumor-exosomes and leukocyte activation: An
ambivalent crosstalk. Cell Commun. Signal. 2012, 10, 37.

Thery, C.; Regnault, A.; Garin, J.; Wolfers, J.; Zitvogel, L.; Ricciardi-Castagnoli, P.; Raposo, G.;
Amigorena, S. Molecular characterization of dendritic cell-derived exosomes. Selective
accumulation of the heat shock protein hsc73. J. Cell Biol. 1999, 147, 599—610.

Carroll-Portillo, A.; Surviladze, Z.; Cambi, A.; Lidke, D.S.; Wilson, B.S. Mast cell synapses and
exosomes: Membrane contacts for information exchange. Front. Immunol. 2012, 3, 46.

Lai, R.C.; Arslan, F.; Lee, M.M.; Sze, N.S.; Choo, A.; Chen, T.S.; Salto-Tellez, M.; Timmers, L.;
Lee, C.N.; El Oakley, R.M.; et al Exosome secreted by msc reduces myocardial
ischemia/reperfusion injury. Stem. Cell Res. 2010, 4, 214-222.

Mallegol, J.; van Niel, G.; Lebreton, C.; Lepelletier, Y.; Candalh, C.; Dugave, C.; Heath, J.K;
Raposo, G.; Cerf-Bensussan, N.; Heyman, M. T84-intestinal epithelial exosomes bear mhc class
II/peptide complexes potentiating antigen presentation by dendritic cells. Gastroenterology 2007,
132, 1866-1876.

Kapsogeorgou, E.K.; Abu-Helu, R.F.; Moutsopoulos, H.M.; Manoussakis, M.N. Salivary gland
epithelial cell exosomes: A source of autoantigenic ribonucleoproteins. Arthritis Rheum. 20085,
52, 1517-1521.

Wang, G.; Dinkins, M.; He, Q.; Zhu, G.; Poirier, C.; Campbell, A.; Mayer-Proschel, M.;
Bieberich, E. Astrocytes secrete exosomes enriched with proapoptotic ceramide and prostate
apoptosis response 4 (par-4): Potential mechanism of apoptosis induction in Alzheimer disease
(ad). J. Biol. Chem. 2012, 287, 21384-21395.

Hergenreider, E.; Heydt, S.; Treguer, K.; Boettger, T.; Horrevoets, A.J.; Zeiher, A.M.;
Scheffer, M.P.; Frangakis, A.S.; Yin, X.; Mayr, M.; et al. Atheroprotective communication
between endothelial cells and smooth muscle cells through mirnas. Nat. Cell Biol. 2012, 14,
249-256.

Ristorcelli, E.; Beraud, E.; Verrando, P.; Villard, C.; Lafitte, D.; Sbarra, V.; Lombardo, D.;
Verine, A. Human tumor nanoparticles induce apoptosis of pancreatic cancer cells. FASEB J.
2008, 22, 3358-3369.

Clayton, A.; Mitchell, J.P.; Court, J.; Linnane, S.; Mason, M.D.; Tabi, Z. Human tumor-derived
exosomes down-modulate nkg2d expression. J. Immunol. 2008, 180, 7249-7258.

Peinado, H.; Aleckovic, M.; Lavotshkin, S.; Matei, I.; Costa-Silva, B.; Moreno-Bueno, G.;
Hergueta-Redondo, M.; Williams, C.; Garcia-Santos, G.; Ghajar, C.; ef al. Melanoma exosomes
educate bone marrow progenitor cells toward a pro-metastatic phenotype through met. Nat. Med.
2012, 718, 883—-891.



Int. J. Mol. Sci. 2013, 14 5357

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Al-Nedawi, K.; Meehan, B.; Rak, J. Microvesicles: Messengers and mediators of tumor
progression. Cell Cycle 2009, 8, 2014-2018.

Taverna, S.; Flugy, A.; Saieva, L.; Kohn, E.C.; Santoro, A.; Meraviglia, S.; de Leo, G;
Alessandro, R. Role of exosomes released by chronic myelogenous leukemia cells in
angiogenesis. Int. J. Cancer 2012, 130, 2033-2043.

Dear, J.W.; Street, J.M.; Bailey, M.A. Urinary exosomes: A reservoir for biomarker discovery
and potential mediators of intra-renal signaling. Proteomics 2012, doi:10.1002/pmic.201200285.
Gallo, A.; Tandon, M.; Alevizos, L.; Illei, G.G. The majority of micrornas detectable in serum
and saliva is concentrated in exosomes. PLoS One 2012, 7, €30679.

Torregrosa Paredes, P.; Esser, J.; Admyre, C.; Nord, M.; Rahman, Q.K.; Lukic, A.; Radmark, O.;
Gronneberg, R.; Grunewald, J.; Eklund, A.; et al. Bronchoalveolar lavage fluid exosomes
contribute to cytokine and leukotriene production in allergic asthma. Allergy 2012, 67, 911-919.
Wahlgren, J.; de L. Karlson, T.; Brisslert, M.; vaziri Sani, F.; Telemo, E.; Sunnerhagen, P.;
Valadi, H. Plasma exosomes can deliver exogenous short interfering rna to monocytes and
lymphocytes. Nucleic Acids Res. 2012, 40, e130.

Skriner, K.; Adolph, K.; Jungblut, P.; Burmester, G. Association of citrullinated proteins with
synovial exosomes. Arthritis Rheum. 2006, 54, 3809-3814.

Mathivanan, S.; Simpson, R.J. Exocarta: A compendium of exosomal proteins and RNA.
Proteomics 2009, 9, 4997-5000.

Savina, A.; Fader, C.M.; Damiani, M.T.; Colombo, M.I. Rab11 promotes docking and fusion of
multivesicular bodies in a calcium-dependent manner. Traffic 2005, 6, 131-143.

Hurley, J.H.; Odorizzi, G. Get on the exosome bus with alix. Nat. Cell Biol. 2012, 14, 654-655.
Petersen, S.H.; Odintsova, E.; Haigh, T.A.; Rickinson, A.B.; Taylor, G.S.; Berditchevski, F. The
role of tetraspanin c¢d63 in antigen presentation via mhc class II. Eur. J. Immunol. 2011, 41,
2556-2561.

Lugini, L.; Cecchetti, S.; Huber, V.; Luciani, F.; Macchia, G.; Spadaro, F.; Paris, L.; Abalsamo, L.;
Colone, M.; Molinari, A.; et al. Immune surveillance properties of human nk cell-derived
exosomes. J. Immunol. 2012, 189, 2833-2842.

Mathivanan, S.; Lim, J.W.; Tauro, B.J.; Ji, H.; Moritz, R.L.; Simpson, R.J. Proteomics analysis
of a33 immunoaffinity-purified exosomes released from the human colon tumor cell line lim1215
reveals a tissue-specific protein signature. Mol. Cell Proteomics 2010, 9, 197-208.

Faure, J.; Lachenal, G.; Court, M.; Hirrlinger, J.; Chatellard-Causse, C.; Blot, B.; Grange, J.;
Schoehn, G.; Goldberg, Y.; Boyer, V.; et al. Exosomes are released by cultured cortical
neurones. Mol. Cell Neurosci. 2006, 31, 642—648.

Yang, J.M.; Gould, S.J. The cis-acting signals that target proteins to exosomes and microvesicles.
Biochem. Soc. Trans. 2013, 41, 277-82.

Shen, B.; Wu, N.; Yang, J.M.; Gould, S.J. Protein targeting to exosomes/microvesicles by
plasma membrane anchors. J. Biol. Chem. 2011, 286, 14383-95.

Fehon, R.G.; McClatchey, A.L.; Bretscher, A. Organizing the cell cortex: The role of ERM
proteins. Nat. Rev. Mol. Cell Biol. 2010, 11, 276-87.

Rana, S.; Yue, S.; Stadel, D.; Zoller, M. Toward tailored exosomes: The exosomal
tetraspaninwebcontributes to target cell selection. /nt. J. Biochem. Cell Biol. 2012, 44, 1574—1584.



Int. J. Mol. Sci. 2013, 14 5358

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Nabhan, J.F.; Hu, R.; Oh, R.S.; Cohen, S.N.; Lu, Q. Formation and release of arrestin domain-
containing protein 1-mediated microvesicles (ARMMSs) at plasma membrane by recruitment of
TSG101 protein. Proc. Natl. Acad. Sci. USA 2012, 109, 4146—4151.

Baietti, M.F.; Zhang, Z.; Mortier, E.; Melchior, A.; Degeest, G.; Geeraerts, A.; Ivarsson, Y.;
Depoortere, F.; Coomans, C.; Vermeiren, E.; et al. Syndecan-syntenin-ALIX regulates the
biogenesis of exosomes. Nat. Cell Biol. 2012, 14, 677-85.

Geminard, C.; de Gassart, A.; Blanc, L.; Vidal, M. Degradation of ap2 duringreticulocyte
maturationenhances binding of hsc70 and alix to a common site on tfr for sorting into exosomes.
Traffic 2004, 5, 181-193.

Irion, U.; St Johnston, D. Bicoid RNA localization requires specific binding of an endosomal
sorting complex. Nature 2007, 445, 554-558.

Turchinovich, A.; Weiz, L.; Langheinz, A.; Burwinkel, B. Characterization of extracellular
circulating microrna. Nucleic Acids Res. 2011, 398, 7223-7233.

Savina, A.; Furlan, M.; Vidal, M.; Colombo, M.I. Exosome release is regulated by a
calcium-dependent mechanism in k562 cells. J. Biol. Chem. 2003, 278, 20083-20090.

Yu, X.; Riley, T.; Levine, A.J. The regulation of the endosomal compartment by p53 the tumor
suppressor gene. FEBS J. 2009, 276, 2201-2212.

Feng, D.; Zhao, W.L.; Ye, Y.Y.; Bai, X.C.; Liu, R.Q.; Chang, L.F.; Zhou, Q.; Sui, S.F. Cellular
internalization of exosomes occurs through phagocytosis. Traffic 2010, 11, 675—687.

Parolini, I.; Federici, C.; Raggi, C.; Lugini, L.; Palleschi, S.; de Milito, A.; Coscia, C.; Iessi, E.;
Logozzi, M.; Molinari, A.; et al. Microenvironmental ph is a key factor for exosome traffic in
tumor cells. J. Biol. Chem. 2009, 284, 34211-34222.

Montecalvo, A.; Larregina, A.T.; Shufesky, W.J.; Stolz, D.B.; Sullivan, M.L.; Karlsson, J.M.;
Baty, C.J.; Gibson, G.A.; Erdos, G.; Wang, Z.; et al. Mechanism of transfer of functional
micrornas between mouse dendritic cells via exosomes. Blood 2012, 119, 756-766.

Segura, E.; Guerin, C.; Hogg, N.; Amigorena, S.; Thery, C. Cd8" dendritic cells use 1fa-1 to
capture mhc-peptide complexes from exosomes in vivo. J. Immunol. 2007, 179, 1489—-1496.
Calzolari, A.; Raggi, C.; Deaglio, S.; Sposi, N.M.; Stafsnes, M.; Fecchi, K.; Parolini, I;
Malavasi, F.; Peschle, C.; Sargiacomo, M.; et al. TfR2 localizes in lipid raft domains and is
released in exosomes to activate signal transduction along the MAPK pathway. J. Cell Sci. 2006,
119, 4486-98.

Clayton, A.; Turkes, A.; Dewitt, S.; Steadman, R.; Mason, M.D.; Hallett, M.B. Adhesion and
signaling by B cell-derived exosomes: The role of integrins. FASEB J. 2004, 18, 977-979.
Muntasell, A.; Berger, A.C.; Roche, P.A. T cell-induced secretion of mhc class II-peptide
complexes on b cell exosomes EMBO J. 2007, 26, 4263—-4272.

Nolte-‘t Hoen, E.N.; Buschow, S.I.; Anderton, S.M.; Stoorvogel, W.; Wauben, M.H. Activated T
cells recruit exosomes secreted by dendritic cells via Ifa-1. Blood 2009, 113, 1977-1981.
Karlsson, M.; Lundin, S.; Dahlgren, U.; Kahu, H.; Pettersson, 1.; Telemo, E. “Tolerosomes” are
produced by intestinal epithelial cells. Eur. J. Immunol. 2001, 2892-2900.

Almqvist, N.L.A.; Hultkrantz, S.; Rask, C.; Telemo, E. Serum-derived exosomes from
antigen-fed mice prevent allergic sensitization in a model of allergic asthma. Immunology 2008,
125,21-27.



Int. J. Mol. Sci. 2013, 14 5359

55.

56.

57.

38.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Frangsmyr, L.; Baranov, V.; Nagaeva, O.; Stendahl, U.; Kjellberg, L.; Mincheva-Nilsson, L.
Cytoplasmic microvesicular form of fas ligand in human early placenta: Switching the tissue
immune privilege hypothesis from cellular to vesicular level. Mol. Human Reprod. 2005, 11,
35-41.

Abrahams, V.M.; Straszewski-Chavez, S.L.; Guller, S.; Mor, G. First trimester trophoblast cells
secrete fas ligand which induces immune cell apoptosis. Mol. Human Reprod. 2004, 10, 55—63.
Hedlund, M.; Stenqvist, A.C.; Nagaeva, O.; Kjellberg, L.; Wulff, M.; Baranov, V.
Mincheva-Nilsson, L. Human placenta expresses and secretes nkg2d ligands via exosomes that
down-modulate the cognate receptor expression: Evidence for immunosuppressive function.
J. Immul. 2009, 183, 340-351.

Reinhardt, T.A.; Lippolis, J.D.; Nonnecke, B.J.; Sacco, R.E. Bovine milk exosome proteome.
J. Proteomics 2012, 75, 1486—-1492.

Hata, T.; Murakami, K.; Nakatani, H.; Yamamoto, Y.; Matsuda, T.; Aoki, N. Isolation of bovine
milk-derived microvesicles carrying mrnas and micrornas. Biochem. Biophys. Res. Commun.
2010, 396, 528-533.

Zhou, Q.; Li, M.; Wang, X.; Li, Q.; Wang, T.; Zhu, Q.; Zhou, X.; Gao, X.; Li, X. Immune-related
micrornas are abundant in breast milk exosomes. Int. J. Biol. Sci. 2012, 8, 118—123.

Valadi, H.; Ekstrom, K.; Bossios, A.; Sjostrand, M.; Lee, J.J.; Lotvall, J.O. Exosome-mediated
transfer of mrnas and micrornas is a novel mechanism of genetic exchange between cells.
Nat. Cell Biol. 2007, 9, 654—659.

Luga, V.; Zhang, L.; Viloria-Petit, A.M.; Ogunjimi, A.A.; Inanlou, M.R.; Chiu, E.; Buchanan, M.;
Hosein, A.N.; Basik, M.; Wrana, J.L. Exosomes mediate stromal mobilization of autocrine
wnt-pcp signaling in breast cancer cell migration. Cel/l 2012, 51, 1542—1556.

Fabbri, M.; Paone, A.; Calore, F.; Galli, R.; Gaudio, E.; Santhanam, R.; Lovat, F.; Fadda, P.;
Mao, C.; Nuovo, G.J.; et al. Micrornas bind to toll-like receptors to induce prometastatic
inflammatory response. Proc. Natl. Acad. Sci. USA 2012, 109, E2110-E2116.

Corrado, C.; Flugy, A.; Taverna, S.; Raimondo, S.; Guggino, G.; Karmali, R.; de Leo, G.;
Alessandro, R. Carboxyamidotriazole-orotate inhibits the growth of imatinib-resistant chronic
myeloid leukaemia cells and modulates exosomes-stimulated angiogenesis. PLoS One 2012, 7,
e42310.

Mineo, M.; Garfield, S.; Taverna, S.; Flugy, A.; de Leo, G.; Alessandro, R.; Kohn, E. Exosomes
released by k562 chronic myeloid leukemia cells promote angiogenesis in a src-dependent
fashion. Angiogenesis 2012, 15, 33-45.

Huan, J.; Hornick, N.; Skinner, A.; Goloviznina, N.; Roberts, C.; Kurre, P. RNA trafficking by
acute myeloid leukemia exosomes. Cancer Res. 2012, doi:10.1158/0008-5472.CAN-12-2184.
Surgucheva, 1.; Sharov, V.; Surguchov, A. I'-synuclein: Seeding of a-synuclein aggregation and
transmission between cells. Biochemistry 2012, 51, 4743-4754.

Zhang, H.; Liu, C.; Su, K.; Yu, S.; Zhang, L.; Zhang, S.; Wang, J.; Cao, X.; Grizzle, W.;
Kimberly, R. A membrane form of TNF-a presented by exosomes delays T cell
activation-induced cell death. J. Immunol. 2006, 176, 7385-7393.

Wan, S.; Zhou, Z.; Duan, B.; Morel, L. Direct b cell stimulation by dendritic cells in a mouse
model of lupus. Arthritis Rheum. 2008, 58, 1741-1750.



Int. J. Mol. Sci. 2013, 14 5360

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

&3.

Saunderson, S.C.; Schuberth, P.C.; Dunn, A.C.; Miller, L.; Hock, B.D.; MacKay, P.A.; Koch, N.;
Jack, R.W.; McLellan, A.D. Induction of exosome release in primary B cells stimulated via cd40
and the il-4 receptor. J. Immunol. 2008, 180, 8146—8152.

Zitvogel, L.; Regnault, A.; Lozier, A.; Wolfers, J.; Flament, C.; Tenza, D.; Ricciardi-Castagnoli, P.;
Raposo, G.; Amigorena, S. Eradication of established murine tumors using a novel cell-free
vaccine: Dendritic cell-derived exosomes. Nat. Med. 1998, 4, 594—600.

Yin, W.; Ouyang, S.; Li, Y.; Xiao, B.; Yang, H. Immature dendritic cell-derived exosomes: A
promise subcellular vaccine for autoimmunity. Inflammation 2012, doi:10.1007/s10753-012-9539-1.
Kim, S.H.; Bianco, N.; Menon, R.; Lechman, E.R.; Shufesky, W.J.; Morelli, A.E.; Robbins, P.D.
Exosomes derived from genetically modified dc expressing fasl are anti-inflammatory and
immunosuppressive. Mol. Ther. 2006, 13, 289-300.

Kim, S.H.; Bianco, N.R.; Shufesky, W.J.; Morelli, A.E.; Robbins, P.D. Effective treatment of
inflammatory disease models with exosomes derived from dendritic cells genetically modified to
express il-4. J. Immunol. 2007, 179, 2242-2249.0

Cai, Z.; Zhang, W.; Yang, F.; Yu, L.; Yu, Z.; Pan, J; Wang, L.; Cao, X.; Wang, J.
Immunosuppressive exosomes from TGF-fl1 gene-modified dendritic cells attenuate
th17-mediated inflammatory autoimmune disease by inducing regulatory t cells. Cell Res. 2012,
22,607-661.

Péche, H.; Renaudin, K.; Beriou, G.; Merieau, E.; Amigorena, S.; Cuturi, M.C. Induction of
tolerance by exosomes and shortterm immunosuppression in a fully mhc-mismatched rat cardiac
allograft model. Am. J. Transplant. 2006, 6, 1541-1550.

Yang, X.; Meng, S.; Jiang, H.; Zhu, C.; Wu, W. Exosomes derived from immature bone marrow
dendritic cells induce tolerogenicity of intestinal transplantation in rats. J. Surg. Res. 2011, 171,
826-832.

Li, X.; Li, J.J.; Yang, J.Y.; Wang, D.S.; Zhao, W.; Song, W.J.; Li, W.M.; Wang, J.F.; Han, W_;
Zhang, Z.C.; et al. Tolerance induction by exosomes from immature dendritic cells and
rapamycin in a mouse cardiac allograft model. PLoS One 2012, 7, e44045.

Montecalvo, A.; Shufesky, W.J.; Stolz, D.B.; Sullivan, M.G.; Wang, Z.; Divito, S.J.;
Papworth, G.D.; Watkins, S.C.; Robbins, P.D.; Larregina, A.T.; et al. Exosomes as a short-range
mechanism to spread alloantigen between dendritic cells during T cell allorecognition.
J. Immunol. 2008, 180, 3081-3090.

Caby, M.P.; Lankar, D.; Vincendeau-Scherrer, C.; Raposo, G.; Bonnerot, C. Exosomal-like
vesicles are present in human blood plasma. Int. Immunol. 2005, 17, 879-887.

Pisitkun, T.; Shen, R.F.; Knepper, M.A. Identification and proteomic profiling of exosomes in
human urine. Proc. Natl. Acad. Sci. USA 2004, 101, 13368—13373.

Gonzales, P.A.; Pisitkun, T.; Hoffert, J.D.; Tchapyjnikov, D.; Star, R.A.; Kleta, R.; Wang, N.S.;
Knepper, M.A. Large-scale proteomics and phosphoproteomics of urinary exosomes. 2009, 20,
363-379.

Ogawa, Y.; Kanai-Azuma, M.; Akimoto, Y.; Kawakami, H.; Yanoshita, R. Exosome-like
vesicles with dipeptidyl peptidase iv in human saliva. Biol. Pharm. Bull. 2008, 31, 1059-1062.



Int. J. Mol. Sci. 2013, 14 5361

&4.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Admyre, C.; Johansson, S.M.; Qazi, K.R.; Filen, J.J.; Lahesmaa, R.; Norman, M.; Neve, E.P.A_;
Scheynius, A.; Gabrielsson, S. Exosomes with immune modulatory features are present in human
breast milk. J. Immunol. 2007, 179, 1969—-1978.

Admyre, C.; Grunewald, J.; Thyberg, J.; Gripenbidck, S.; Tornling, G.; Eklund, A.; Scheynius, A.;
Gabrielsson, S. Exosomes with major histocompatibility complex class II and co-stimulatory
molecules are present in human bal fluid. Eur. Respir. J. 2003, 22, 578-583.

Gatti, J.L.; Métayer, S.; Belghazi, M.; Dacheux, F.; Dacheux, J.L. Identification, proteomic
profiling, and origin of ram epididymal fluid exosome-like vesicles. Biol. Reprod. 2005, 72,
1452-1465.

Gonzalez-Begne, M.; Lu, B.; Han, X.; Hagen, F.K.; Hand, A.R.; Melvin, J.E.; Yates, J.R.
Proteomic analysis of human parotid gland exosomes by multidimensional protein identification
technology (mudpit). J. Prot. Res. 2009, 8, 1304—1314.

Tarazona, R.; Delgado, E.; Guarnizo, M.C.; Roncero, R.G.; Morgado, S.; Sanchez-Correa, B.;
Gordillo, J.J.; Dejulian, J.; Casado, J.G. Human prostasomes express ¢d48 and interfere with nk
cell function. Immunobiology 2011, 216, 41-46.

Taylor, D.D.; Akyol, S.; Gercel-Taylor, C. Pregnancy-associated exosomes and their modulation
of T cell signaling. J. Immunol. 2006, 176, 1534—1542.

Lasser, C.; Alikhani, V.S.; Ekstrom, K.; Eldh, M.; Paredes, P.T.; Bossios, A.; Sjostrand, M.;
Gabrielsson, S.; Lotvall, J.; Valadi, H. Human saliva, plasma and breast milk exosomes contain
rna: Uptake by macrophages. J. Transl. Med. 2011, 9, 1-8.

Xiao, H.; Wonga, D.T. Proteomic analysis of microvesicles in human saliva by gel
electrophoresis with liquid chromatography-mass spectrometry Anal. Chim. Acta 2012, 723, 61-67.
Kim, S.H.; Bianco, N.R.; Shufesky, W.J.; Morelli, A.E.; Robbins, P.D. Mhc class II+ exosomes
in plasma suppress inflammation in an antigen-specific and fas ligand/fas-dependent manner.
J. Immunol. 2007, 179, 2235-2241.

Ostman, S.; Taube, M.; Telemo, E. Tolerosome-induced oral tolerancies mhc dependent.
Immunology 2005, 116, 464-476.

Prado, N.; Marazuel, E.; Segura, E.; Fernandez-Garcia, H.; Villalba, M.; Théry, C.; Rodriguez, R.;
Batanero, E. Exosomes from bronchoalveolar fluid of tolerized mice prevent allergic reaction.
J. Immunol. 2008, 181, 1519-1525.

Street, J.; Birkhoff, W.; Menzies, R.; Webb, D.; Bailey, M.; Dear, J. Exosomal transmission of
functional aquaporin 2 in kidney cortical collecting duct cells. J. Physiol. 2011, 589, 6119-6127.
Wang, Z.; Hill, S.; Luther, J.; Hachey, D.; Schey, K. Proteomic analysis of urine exosomes by
multidimensional protein identification technology (mudpit). Proteomics 2012, 12, 329-338.
Belting, M.; Wittrup, A. Nanotubes, exosomes, and nucleic acid-binding peptides provide novel
mechanisms of intercellular communication in eukaryotic cells: Implications in health and
disease. J. Cell Biol. 2008, 183, 1187-1191.

Wang, K.; Zhang, S.; Weber, J.; Baxter, D.; Galas, D.J. Export of micrornas and
microrna-protective protein by mammalian cells Nucleic Acids Res. 2010, 38, 7248—7259.

Chen, X.; Liang, H.; Zhang, J.; Zen, K.; Zhang, C.Y. Horizontal transfer of micrornas: Molecular
mechanisms and clinical applications. Protein Cell 2012, 3, 28-37.



Int. J. Mol. Sci. 2013, 14 5362

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

I11.

112.

113.

114.

Eldh, M.; Ekstrom, K.; Valadi, H.; Sjostrand, M.; Olsson, B.; Jernas, M.; Lotvall, J. Exosomes
communicate protective messages during oxidative stress; possible role of exosomal shuttle
RNA. PLoS One 2010, 5, 1-8.

Mittelbrunn, M.; Gutierrez-Vazquez, C.; Villarroya-Beltri, C.; Gonzalez, S.; Sanchez-Cabo, F.;
Gonzalez, M.A.; Bernad, A.; Sanchez-Madrid, F. Unidirectional transfer of microrna-loaded
exosomes from t cells to antigen-presenting cells. Nat. Commun. 2011, 2, 282-292.

Li, Q.J.; Chau, J.; Ebert, P.J.; Sylvester, G.; Min, H.; Liu, G.; Braich, R.; Manoharan, M.;
Soutschek, J.; Skare, P.; et al. Mir-181a is an intrinsic modulator of t cell sensitivity and
selection. Cell 2007, 129, 147-161.

Chen, C.Z.; Li, L.; Lodish, H.F.; Bartel, D.P. Micrornas modulate hematopoietic lineage
differentiation. Science 2004, 303, 83—86.

Vigorito, E.; Perks, K.L.; Abreu-Goodger, C.; Bunting, S.; Xiang, Z.; Kohlhaas, S.; Das, P.P.;
Miska, E.A.; Rodriguez, A.; Bradley, A.; et al. Microrna-155 regulates the generation of
immunoglobulin class-switched plasma cells. Immunity 2007, 27, 847—859.

Kosaka, N.LLH.; Sekine, K.; Ochiya, T. Microrna as a new immune-regulatory breast milk.
Silence 2010, 1, 1-8.

Hass, R.; Otte, A. Mesenchymal stem cells as all-round supporters in a normal and neoplastic
microenvironment. Cell Commun. Signal. 2012, 10, 26-39.

Taylor, D.D.; Gercel-Taylor, C. Exosomes/microvesicles: Mediators of cancer-associated
immunosuppressive microenvironments. Semin. Immunopathol. 2011, 33, 441-454.

Zhu, W.X.W_; Jiang, R.; Qian, H.; Chen, M.; Hu, J.; Cao, W.; Han, C.; Chen, Y. Mesenchymal
stem cells derived from bone marrow favor tumor cell growth in vivo. Exp. Mol. Pathol. 2006,
80, 267-274.

Karnoub, A.E.; Dash, A.B.; Vo, A.P.; Sullivan, A.; Brooks, M.W.; Bell, G.W.; Richardson, A.L.;
Polyak, K.; Tubo, R.; Weinberg, R.A. Mesenchymal stem cells within tumor stroma promote
breast cancer metastasis. Nature 2007, 449, 557-563.

Shinagawa, K.; Kitadai, Y.; Tanaka, M.; Sumida, T.; Kodama, M.; Higashi, Y.; Tanaka, S.;
Yasui, W.; Chayama, K. Mesenchymal stem cells enhance growth and metastasis of colon
cancer. Int. J. Cancer 2010, 127, 2323-2333.

Psaila, B.; Lyden, D. The metastatic niche: Adapting the foreign soil. Nat. Rev. Cancer 2009 9,
285-293.

Zhu, W.; Huang, L.; Li, Y.; Zhang, X.; Gu, J.; Yan, Y.; Xu, X.; Wang, M.; Qian, H.; Xu, W.
Exosomes derived from human bone marrow mesenchymal stem cells promote tumor growth
in vivo. Cancer Lett. 2012, 315, 28-37.

Demory Beckler, M.; Higginbotham, J.; Franklin, J.; Ham, A.-J.; Halvey, P.; Imasuen, I.;
Whitwell, C.; Li, M.; Liebler, D.; Coffey, R.J. Proteomic analysis of exosomes from mutant kras
colon cancer cells identifies intercellular transfer of mutant kras. Mol. Cell. Proteomics 2012, 12,
343-355.

Qu, J.; Qu, X.; Zhao, M.; Teng, Y.; Zhang, Y.; Hou, K.; Jiang, Y.; Yang, X.; Liu, Y. Gastric
cancer exosomes promote tumor cell proliferation through pi3k/akt and mapk/erk activation.
Digest. Liver Dis. 2009, 41, 875—-880.



Int. J. Mol. Sci. 2013, 14 5363

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Umezu, T.; Ohyashiki, K.; Kuroda, M.; Ohyashiki, J. Leukemia cell to endothelial cell
communication via exosomal mirnas. Oncogene 2012, doi:10.1038/onc.2012.295.

Harris, A.L. Hypoxia—A key regulatory factor in tumor growth. Nat. Rev. Cancer 2002, 2,
38-47.

Kai, R.; Gang, S.; Gaoliang, O. Role of hypoxia in the hallmarks of human cancer.
J. Cell. Biochem. 2009, 107, 1053—-1062.

King, H.W.; Michael, M.Z.; Gleadle, J.M. Hypoxic enhancement of exosome release by breast
cancer cells. BMC Cancer 2012, 12, 421.

Crosby, M.E.K.R.; Ivan, M.; Glazer, P.M. Microrna regulation of DNA repair gene expression in
hypoxic stress. Cancer Res. 2009, 69, 1221-1229.

Park, J.E.; Tan, H.S.; Datta, A.; Lai, R.C.; Zhang, H.; Meng, W.; Lim, S.K.; Sze, S.K. Hypoxic
tumor cell modulates its microenvironment to enhance angiogenic and metastatic potential by
secretion of proteins and exosomes. Mol. Cell. Proteomics 2010, 9, 1085-1099.

Camps, C.; Buffa, F.M.; Colella, S.; Moore, J.; Sotiriou, C.; Sheldon, H.; Harris, A.L.;
Gleadle, J.M.; Ragoussis, J. Hsa-mir-210 is induced by hypoxia and is an independent prognostic
factor in breast cancer. Clin. Cancer Res. 2008, 14, 1340—-1348.

Safaei, R.; Larson, B.; Cheng, T.; Gibson, M.; Otani, S.; Naerdemann, W.; Howell, S. Abnormal
lysosomal trafficking and enhanced exosomal export of cisplatin in drug-resistant human ovarian
carcinoma cells. Mol. Cancer Ther. 2005, 4, 1595-1604.

Yan, X.; Yin, J.; Yao, H.; Mao, N.; Yang, Y.; Pan, L. Increased expression of annexin a3 is a
mechanism of platinum resistance in ovarian cancer. Cancer Res. 2010, 70, 1616—1624.

Yin, J.; Yan, X.; Yao, X.; Zhang, Y.; Shan, Y.; Mao, N.; Yang, Y.; Pan, L. Secretion of annexin
a3 from ovarian cancer cells and its association with platinum resistance in ovarian cancer
patients. J. Cell Mol. Med. 2012, 16, 337-348.

Battke, C.; Ruiss, R.; Welsch, U.; Wimberger, P.; Lang, S.; Jochum, S.; Zeidler, R. Tumor
exosomes inhibit binding of tumor-reactive antibodies to tumor cells and reduce adcc.
Cancer Immunol. Immunother. 2011, 60, 639—-6438.

Taylor, A.R.; Robinson, M.B.; Gifondorwa, D.J.; Tytell, M.; Milligan, C.E. Regulation of heat
shock protein 70 release in astrocytes: Role of signaling kinases. Dev. Neurobiol. 2007, 67,
1815-1829.

Potolicchio, I.; Carven, G.J.; Xu, X.; Stipp, C.; Riese, R.J.; Stern, L.J.; Santambrogio, L.
Proteomic analysis of microglia-derived exosomes: Metabolic role of the aminopeptidase cd13 in
neuropeptide catabolism. J. Immunol. 2005, 175, 2237-2243.

Lachenal, G.; Pernet-Gallay, K.; Chivet, M.; Hemming, F.J.; Belly, A.; Bodon, G.; Blot, B.;
Haase, G.; Goldberg, Y.; Sadoul, R. Release of exosomes from differentiated neurons and its
regulation by synaptic glutamatergic activity. Mol. Cell. Neurosci. 2011, 46, 409—418.
Weissmann, C.; Enari, M.; KlIohn, P.C.; Rossi, D.; Flechsig, E. Transmission of prions.
Proc. Natl. Acad. Sci. USA 2002, 99, 16378—16383.

Fevrier, B.; Vilette, D.; Archer, F.; Loew, D.; Faigle, W.; Vidal, M.; Laude, H.; Raposo, G. Cells
release prions in association with exosomes. Proc. Natl. Acad. Sci. USA 2004, 101, 9683-9688.



Int. J. Mol. Sci. 2013, 14 5364

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Vella, L.J.; Sharples, R.A.; Lawson, V.A.; Masters, C.L.; Cappai, R.; Hill, A.F. Packaging of
prions into exosomes is associated with a novel pathway of prp processing. J. Pathol. 2007, 211,
582-590.

Aguzzi, A.; Rajendran, L. The transcellular spread of cytosolic amyloids, prions, and prionoids.
Neuron 2009, 64, 783-790.

Alvarez-Erviti, L.S.Y.; Schapira, A.H.; Gardiner, C.; Sargent, I.L.; Wood, M.J.; Cooper, J.M.
Lysosomal dysfunction increases exosome-mediated alpha-synuclein release and transmission.
Neurobiol. Dis. 2011, 42, 360-367.

Selkoe, D.J. Alzheimer’s disease results from the cerebral accumulation and cytotoxicity of
amyloid beta-protein. J. Alzheimers Dis. 2001, 3, 75-80.

Rajendran, L.; Honsho, M.; Zahn, T.R.; Keller, P.; Geiger, K.D.; Verkade, P.; Simons, K.
Alzheimer’s disease b-amyloid peptides are released in association with exosomes. Proc. Natl.
Acad. Sci. USA 2006, 103, 11172—-11177.

Saman, S.; Kim, W.; Raya, M.; Visnick, Y.; Miro, S.; Saman, S.; Jackson, B.; McKee, A.;
Alvarez, V.; Lee, N.; et al. Exosome-associated tau is secreted in tauopathy models and is
selectively phosphorylated in cerebrospinal fluid in early alzheimer disease. J. Biol. Chem. 2012,
287, 3842-3849.

Chen, J.; Mandel, E.; Thomson, J.; Wu, Q.; Callis, T.; Hammond, S.; Conlon, F.; Wang, D. The
role of microrna-1 and microrna-133 in skeletal muscle proliferation and differentiation.
Nat. Genet. 2006, 38, 228-233.

Kuwabara, Y.; Ono, K.; Horie, T.; Nishi, H.; Nagao, K.; Kinoshita, M.; Watanabe, S.; Baba, O.;
Kojima, Y.; Shizuta, S.; ef al. Increased microrna-1 and microrna-133a levels in serum of patients
with cardiovascular disease indicate myocardial damage. Circ. Cardiovasc. Genet. 2011, 4, 446—454.
Azevedo, L.; Janiszewski, M.; Pontieri, V.; Pedro, A.; Bassi, E.; Tucci, P.; Laurindo, F.
Platelet-derived exosomes from septic shock patients induce myocardial dysfunction. Crit. Care
2007, 11, R120.

Martinez-Lostao, L.; Garcia-Alvarez, F.; Basanez, G.; Alegre-Aguarén, E.; Desportes, P.;
Larrad, L.; Naval, J.; Martinez-Lorenzo, M.J.; Anel, A. Liposome-bound apo2l/trail is an effective
treatment in a rabbit model of rheumatoid arthritis. Arthritis Rheum. 2010, 62, 2272-2282.

Van Venrooij, W.J.; van Beers, J.J.; Pruijn, G.J. Anti-ccp antibodies: The past, the present and
the future. Nat. Rev. Rheumatol. 2011, 7, 391-398.

Ireland, J.; Herzog, J.; Unanue, E.R. Cutting edge: Unique T cells that recognize citrullinated
peptides are a feature of protein immunization. J. Immunol. 2006, 177, 1421-1425.

Pant, S.; Hilton, H.; Burczynski, M.E. The multifaceted exosome: Biogenesis, role in normal and
aberrant cellular function, and frontiers for pharmacological and biomarker opportunities.
Biochem. Pharmacol. 2012, 83, 1484—1494.

Vlassov, A.V.; Magdaleno, S.; Setterquist, R.; Conrad, R. Exosomes: Current knowledge of their
composition, biological functions, and diagnostic and therapeutic potentials. Biochim. Biophys. Acta
2012, 1820, 940-948.

Fais, S.; Logozzi, M.; Lugini, L.; Federici, C.; Azzarito, T.; Zarovni, N.; Chiesi, A. Exosomes:
The ideal nanovectors for biodelivery. Biol. Chem. 2013, 394, 1-15.



Int. J. Mol. Sci. 2013, 14 5365

146.

147.

148.

149.

150.

I51.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Kalra, H.; Simpson, R.; Ji, H.; Aikawa, E.; Altevogt, P.; Askenase, P.; Bond, V.C.; Borras, F.E.;
Breakefield, X.; Budnik, V.; et al. Vesiclepedia: A compendium for extracellular vesicles with
continuous community annotation. PLoS Biol. 2012, 10, €1001450.

Raimondo, F.; Morosi, L.; Chinello, C.; Magni, F.; Pitto, M. Advances in membranous vesicle
and exosome proteomics improving biological understanding and biomarker discovery.
Proteomics 2011, 11, 709-720.

Smalheiser, N. Exosomal transfer of proteins and RNAs at synapses in the nervous system.
Biol. Direct 2007, 2, 1-15.

Rabinowits, G.; Gergel-Taylor, C.; Day, J.; Taylor, D.; Kloecker, G. Exosomal microrna: A
diagnostic marker for lung cancer. Clin. Lung Cancer 2009, 10, 42—-46.

Taylor, D.; Gercel-Taylor, C. Microrna signatures of tumor-derived exosomes as diagnostic
biomarkers of ovarian cancer. Gynecol. Oncol. 2008, 110, 13-21.

Smalley, D.M.; Sheman, N.E.; Nelson, K.; Theodorescu, D. Isolation and identificationof
potential urinary microparticle biomarkers of bladder cancer. J. Prot. Res. 2008, 7, 2088-2096.
Liang, B.; Peng, P.; Chen, S.; Li, L.; Zhang, M.; Cao, D.; Yang, J.; Li, H.; Gui, T.; Li, X; et al;
Characterization and proteomic analysis of ovarian cancer-derived exosomes. J. Proteomics
2013, 80, 171-182.

Chen, C.L.; Lai, Y.F.; Tang, P.; Chien, K.Y.; Yu, J.S.; Tsai, C.H.; Chen, HW.; Wu, C.C,;
Chung, T.; Hsu, C.W.; et al. Comparative and targeted proteomic analyses of urinary
microparticles from bladder cancer and herniapatients. J. Prot. Res. 2012, 11, 5611-5629.
Alvarez-Erviti, L.; Seow, Y.; Yin, H.; Betts, C.; Lakhal, S.; Wood, M.J. Delivery of sirna to the
mouse brain by systemic injection of targeted exosomes. Nat. Biotechnol. 2011, 29, 341-345.
El-Andaloussi, S.; Lee, Y.; Lakhal-Littleton, S.; Li, J.; Seow, Y.; Gardiner, C.; Alvarez-Erviti, L.;
Sargent, I.L.; Wood, M.J. Exosome-mediated delivery of sirna in vitro and in vivo. Nat. Protoc.
2012, 7, 2112-2126.

Ohno, S.; Takanashi, M.; Sudo, K.; Ueda, S.; Ishikawa, A.; Matsuyama, N.; Fujita, K;
Mizutani, T.; Ohgi, T.; Ochiya, T.; ef al. Systemically injected exosomes targeted to egfr deliver
antitumor microrna to breast cancer cells. Mol. Ther. 2013, 21, 185-191.

Sun, D.; Zhuang, X.; Xiang, X.; Liu, Y.; Zhang, S.; Liu, C.; Barnes, S.; Grizzle, W.; Miller, D.;
Zhang, H.G. A novel nanoparticle drug delivery system: The anti-inflammatory activity of
curcumin is enhanced when encapsulated in exosomes. Mol. Ther. 2010, 18, 1606—-1614.

Lai, C.P.; Breakefield, X.O. Role of exosomes/microvesicles in the nervous system and use in
emerging therapies. Front. Physiol. 2012, 3, 228.

Biancone, L.; Bruno, S.; Deregibus, M.C.; Tetta, C.; Camussi, G. Therapeutic potential of
mesenchymal stem cell-derived microvesicles. Nephrol. Dial. Transplant. 2012, 27, 3037-3042.
Ratajczak, M.Z.; Kucia, M.; Jadczyk, T.; Greco, N.J.; Wojakowski, W.; Tendera, M.; Ratajczak, J.
Pivotal role of paracrine effects in stem cell therapies in regenerative medicine: Can we translate
stem cell-secreted paracrine factors and microvesicles into better therapeutic strategies?
Leukemia 2012, 26, 1166—-1173.



Int. J. Mol. Sci. 2013, 14 5366

161.

162.

163.

164.

165.

166.

167.

168.

Chen, T.S.; Arslan, F.; Yin, Y.; Tan, S.S.; Lai, R.C.; Choo, A.B.; Padmanabhan, J.; Lee, C.N_;
de Kleijn, D.P.; Lim, S.K. Enabling a robust scalable manufacturing process for therapeutic
exosomes through oncogenic immortalization of human esc-derived mscs. J. Transl. Med. 2011,
9, 1-10.

Andre, F.; Chaput, N.; Schartz, N.E.; Flament, C.; Aubert, N.; Bernard, J.; Lemonnier, F.;
Raposo, G.; Escudier, B.; Hsu, D.H.; ef al. Exosomes as potent cell-free peptide-based vaccine. 1.
Dendritic cell-derived exosomes transfer functional MHC class I/peptide complexes to dendritic
cells. J. Immunol. 2004, 172, 2126-2136.

Schartz, N.E.; Chaput, N.; André, F.; Zitvogel, L. From the antigen-presenting cell to the
antigen-presenting vesicle: The exosomes. Curr. Opin. Mol. Ther. 2002, 4, 372-381.

Cho, J.A.; Yeo, D.J.; Son, H.Y.; Kim, HW.; Jung, D.S.; Ko, J.K.; Koh, J.S.; Kim, Y.N.;
Kim, C.W. Exosomes: A new delivery system for tumor antigens in cancer immunotherapy. Int.
J. Cancer 2005, 114, 613-622.

Hosseini, H.M.; Fooladi, A.A.; Nourani, M.R.; Ghanezadeh, F. Role of exosome in infectious
disease. Inflamm. Allergy Drug Targets 2012, in press.

Martin-Jaular, L.; Nakayasu, E.S.; Ferrer, M.; Almeida, I.C.; del Portillo, H.A. Exosomes from
plasmodium yoelii-infected reticulocytes protect mice from lethal infections. PLoS One 2011, 6,
€26588.

Nanjundappa, R.H.; Wang, R.; Xie, Y.; Umeshappa, C.S.; Chibbar, R.; Wei, Y.; Liu, Q.;
Xiang, J. Gp120-specific exosome-targeted T cell-based vaccine capable of stimulating dc- and
cd4(+) T-independent ctl responses. Vaccine 2011, 29, 3538-3547.

Lattanzi, L.; Federico, M. A strategy of antigen incorporation into exosomes: Comparing
cross-presentation levels of antigens delivered by engineered exosomes and by lentiviral
virus-like particles. Vaccine 2012, 30, 7229-7237.

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



