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Abstract

Extracellular vesicles (EVs) are lipid bilayer-enclosed nanoparticles released outside the cell. EVs have drawn
attention not only for their role in cell waste disposal, but also as additional tools for cell-to-cell communication.
Their complex contents include not only lipids, but also proteins, nucleic acids (RNA, DNA), and metabolites. A
large part of these molecules are involved in mediating or influencing signal transduction in target cells. In
multicellular organisms, EVs have been suggested to modulate signals in cells localized either in the neighboring
tissue or in distant regions of the body by interacting with the cell surface or by entering the cells via endocytosis or
membrane fusion. Most of the EV-modulated cell signaling pathways have drawn considerable attention because
they affect morphogenetic signaling pathways, as well as pathways activated by cytokines and growth factors.
Therefore, they are implicated in relevant biological processes, such as embryonic development, cancer initiation
and spreading, tissue differentiation and repair, and immune response. Furthermore, it has recently emerged that
multicellular organisms interact with and receive signals through EVs released by their microbiota as well as by
edible plants. This review reports studies investigating EV-mediated signaling in target mammalian cells, with a
focus on key pathways for organism development, organ homeostasis, cell differentiation and immune response.
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INTRODUCTION

Extracellular vesicles (EVs) are a heterogeneous family of nanoparticles surrounded by a double-layer lipid
membrane. These nanostructures have been isolated from both eukaryotes and prokaryotes, including
animals, parasites, plants, and microorganisms. In humans, EVs have been retrieved from all biological
fluids analyzed so far: blood, urine, saliva, tears, milk, sweat, as well as cerebrospinal, bronchoalveolar,
ascitic, amniotic, synovial, and follicular fluid. Additionally, they are released in the growth medium by
cultured cells, thus facilitating the in vitro investigation of their properties in a variety of cell models". From
a functional point of view, EVs have been initially considered an additional mechanism of elimination of
unnecessary or potentially harmful cell content. Although this role has proven to be relevant, substantial
evidence has indicated that they also represent an additional modality of cell-to-cell communication®.

Indeed, EVs contain molecules, such as proteins, lipids, metabolites, and different types of nucleic acids,
that allow them to interact with target cells and play a role in physiological, as well as pathological,
processes'”. In this review, we will concentrate our attention on recent studies investigating EV-mediated
signaling in target cells, with a focus on pathways modulated in mammalian cells by EV's via the presence of
signaling pathway components, such as ligands and receptors.

EV PROPERTIES

EVs are a heterogeneous family of nanoparticles, and based on their origin, three main types have been
defined. Exosomes are small particles (30-120 nm) originating from the inward invagination of late
endosomal membranes that produce intraluminal vesicles (ILVs) within the endosome, called for this
reason multivesicular bodies (MVBs). ILVs may be either released extracellularly upon exocytosis or
delivered to lysosomes for degradation”. Microvesicles (100-1000 nm), sometimes termed ectosomes,
derive from the outward budding of plasma membrane!. Apoptotic bodies (50-5000 nm) are generated
during apoptosis by cell blebbing”. Despite their easy definition based on their biogenesis, these EVs have
overlapping properties in terms of size and density. The current most employed isolation techniques, such
as differential centrifugation, possibly followed by density gradient separation, size exclusion
chromatography, and polymer precipitation, do not allow separation, for instance, of exosomes from
microvesicles””. Consequently, the current International Society for Extracellular Vesicles (ISEV) guidelines
recommend using the terms small EVs, enriched in exosomes, and medium/large EVs, possibly enriched in
microvesicles, according to the separation method employed, unless the biogenesis process was specifically
investigated"”. Additionally, the complexity of the EVs family has increased over the last decade. EV's also
include large particles, such as migrasomes (500-3000 nm) released from retraction fibers during cell
migration""'!, large oncosomes (1-10 um) released from cancer cells"?, and other types of less characterized
nanovesicles"”. In addition, non-vesicular (not surrounded by a lipid bilayer) extracellular particles, such as
exomeres (less than 28-50 nm)"" and supermeres (22-32 nm)"", have also been described. The number of
EV subtypes is still increasing, and their classification could possibly be re-shaped in the next few years by
the addition of new members, in synergy with the development and setting up of innovative separation
technologies.

The biochemical contents of EVs have shed light on their function. First, EVs contain proteins that are
related to their biogenesis process. As for exosomes, biogenesis may either rely on the endosomal sorting
complex required for transport (ESCRT) or be ESCRT-independent. ESCRT-dependent biogenesis requires
the ESCRT complexes, which are soluble multiprotein complexes, termed ESCRT-I to -1V, recruited to the
cytosolic side of the endosome to sort selected proteins into ILV's
been reported to rely on ceramide produced by sphingolipid metabolism or on tetraspanin
oligomerization"”"". ESCRT components (such as Alix and Tsg101) and tetraspanins usually co-localize
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with small EVs enriched in exosomes, although they can also be detected in larger EVs®. As for
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microvesicles, biogenesis requires the cargo buildup on the cytosolic side of the plasma membrane and its
outward protrusion and fission"”. Therefore, biogenesis and release happen almost simultaneously.
Enzymes that modulate membrane curvature by acting on phospholipids, such as sphingomyelinases, are
involved in this process”. In addition, the ESCRT machinery is also implicated in microvesicle biogenesis,
as the knockdown of ESCRT proteins, such as Alix and Tsg101, affects their formation”'. Other proteins,
such as ARFs, Rab and Rho small GTPase family members, are also implicated*.

The EV biochemical contents are complex. As mentioned above, EVs contain several proteins involved in
their biogenesis process, such as ESCRT components and tetraspanins, which are enriched in small EVs but
can also be detected in medium/large EVs. In addition, EV's usually contain proteins that are specific to the
releasing tissue and/or cell, with many of them involved in signaling processes"”. The EV double-layer
membrane is usually enriched in cholesterol and sphingomyelin, resembling that of detergent-resistant
microdomains', but the presence of bioactive lipids and/or precursors has also been reported™”, thus
suggesting that EVs may spread lipid-mediated signaling. Finally, a remarkable feature of EV cargo is
related to the presence of nucleic acids. The discovery that EVs contain many types of RNA and DNA has
been a breakthrough in the field. EVs were shown to transfer mRNA, as well as miRNA, into recipient cells,
thus contributing to modulating gene expression in target cells through horizontal transfer of genetic
information™. More recently, other types of RNA have been reported to be associated with EVs, such as
long noncoding RNAP, circular RNA®, and transfer RNA®. The DNA associated with EV's has been
reported to be of either genomic or mitochondrial origin®?. A further layer of complexity to EV
biochemical contents was added by the discovery of their “protein corona”. When released extracellularly,
EVs bind free ligands and other molecules they have an affinity for, such as proteins and nucleic acids.
Although these molecules are not loaded into EVs during their biogenesis, they impact their function””.

EVs have been implicated in a variety of processes, both physiological and pathological, i.e. immune
response, cancer biology (including metastasis), tissue homeostasis (including regenerative processes such
as angiogenesis and wound healing), and also in degenerative processes such as aging and age-associated
disorders”. However, most details related to the molecular mechanisms underlying the role of EVs in these
processes still need to be fully understood.

EVS AS MEDIATORS OF CELL-TO-CELL COMMUNICATION

Following their release, EVs interact with target cells, either in neighbor tissues or in distant regions of the
body. The interaction of EV's with target cells has been extensively investigated and may occur in different
ways. In addition, there is evidence that a single cell may release different types of EVs, and it is not possible
to exclude that different types of EVs released from the same cell may interact with the same target cell in
different manners”. EVs may deliver their contents to the cytoplasm by direct membrane fusion””. On the
opposite side, EVs in the proximity of a cell may exert their effect by binding to cell surface receptors
without requiring cargo transfer into the recipient cell®. A typical and well-characterized example of this
type of interaction without cell entry is the activation of T cells by the MHC class II-antigen complex
localized on the EV surface™. However, the interaction of EVs with receptors on target cells may also lead
to EV internalization via endocytosis. The endocytic process may occur via different mechanisms that may
be either relatively unspecific, such as macro or micropinocytosis, or receptor-specific, such as clathrin-
dependent and clathrin-independent endocytosis"™”.. Irrespective of the mechanism, endocytosis leads to EV
internalization into endosomes. These may either release their contents into the cytoplasm by back fusion
with the endosomal membrane or deliver them into lysosomes for degradation and/or recycling. Moreover,
there is also evidence that EVs may enter the endosomal system of a target cell and be released
extracellularly as intact as they entered"”. Independently from the mechanism of EV-target cell interaction,
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current evidence implicates EVs in the modulation of several cell signaling pathways required for
fundamental biological processes during development, as well as for the communication among tissues and
organs in normal or stress conditions. In the next sections, we summarize the role of EVs in mediating
morphogenetic signals involved not only in embryo development but also in pathological and physiological
processes such as cancer, i.e., Wnt, Hedgehog (Hh), Notch and Eph/ephrins. We also report on the current
literature related to the role of EVs in cell signaling pathways mediated by cytokines and growth factors
involved in tissue differentiation and proliferation, such as transforming growth factor p (TGF-B) and
epidermal growth factor (EGF). Many studies investigated the activation of cell signaling pathway
components in target cells and described the activation of protein kinases, such as extracellular signal-
regulated kinase (ERK)"**”), AMP-activated protein kinase (AMPK)"**), phosphatidylinositol 3-kinase
(PI3K)**, or the modulation of transcription factors function, such as the inhibition*” or activation*’ of
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-B). However, our attention will mostly
focus on studies describing the presence of signaling elements in EVs, such as ligands and receptors, or even
nucleic acids.

The role of EVs in morphogenetic signaling pathways

Morphogens are substances involved in determining cell and tissue differentiation, as well as cell fate and
proliferation, during embryonic development. A subset of morphogens is released into the extracellular
environment and mediates cell-to-cell communication”. Among morphogens, Wnt and Hh have been
extensively studied over the last decades. These secreted morphogens initially represented a challenge since,
from a biochemical point of view, they are unable to disperse as soluble factors in the extracellular space
because they are post-translationally modified by adding a lipid moiety and associated with the plasma
membrane bilayer. A key discovery in solving this puzzle has been the evidence that Wnt and Hh proteins
are carried by EVs and that EVs play a key role in transmitting these morphogenetic signals'*?. Notch and
Eph/ephrin pathways both play a role in a variety of developmental processes, including neurogenesis. Their
activation was thought to require physically adjacent cells, but the discovery of Notch and Eph/ephrin
components associated with EVs demonstrated that this may not be a mandatory requirement. In the next
sections, we are going to summarize how investigations on EVs have added a layer of complexity to the
molecular mechanisms involved in these signaling pathways, all mediating fundamental biological
processes, and have unraveled EVs as an essential component in the transmission of these signals.

The Wnt pathway

Wt are a family of 19 proteins in vertebrates*’ that act as ligands for several receptors and co-receptors.
Among these, the best characterized are the Frizzled family of receptors, which are 7-transmembrane G
protein-coupled receptors (GPCRs) localized in the plasma membrane of target cells. Wnt signaling
comprises both canonical and non-canonical pathways’. The canonical Wnt pathway relies on the
intracellular activation of p-catenin, which translocates into the nucleus and activates transcription factors
of the T-cell factor/lymphoid enhancer factor (TCF/LEF) family, regulating the expression of target genes
such as matrix metalloproteinases and c-Myec. It is known as the Wnt/p-catenin pathway and is involved in
regulating cell proliferation, including in pathological conditions like cancer”". The non-canonical Wnt
pathways are p-catenin-independent and the two best characterized are the Wnt planar cell polarity and the
Wnt/Ca* pathways, involved in the regulation of cell polarity and migration. In addition, the Wnt/
receptor tyrosine kinase-like orphan receptor (ROR) pathway also emerged as a non-canonical pathway
because of its role in cancer!™.

The presence of Wnt signaling components in EVs is well documented. In 2010, Chairoungdua et al. first
reported that CD82 and CD9 expression induces B-catenin export via exosomes, which was blocked by a
sphingomyelinase inhibitor, GW4869"*. Gross et al. showed that Wnts are secreted in exosomes during
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Drosophila development and in human cells. Interestingly, also evenness interrupted (Evi), which is
required in Drosophila for the secretion of Wnt1, was found to be secreted in exosomes"*>**! and Wntsa was
reported to be localized both in plasma membrane-derived microvesicles as well as in exosomes from
macrophages and breast cancer cells””. Both B-catenin”¥ and oncogenic mutant p-catenin®’ were found to
be secreted in EV's and able to activate the oncogenic Wnt pathway in target cells. More recently, Frizzed 10

receptor was found to be associated with EVs'®”

, as well as tyrosine kinase-like orphan receptors ROR1 and
ROR2". A few of these studies provided not only evidence of association of Wnt signaling pathway
components to EVs, but also confirmed their ability to activate Wnt signaling in target cells. Dovrat et al.
observed that 14-3-3 and B-catenin are secreted via EVs to induce Wnt signaling in HEK target cells**.
Kalra et al. reported that oncogenic p-catenin in EVs released by a colon cancer cell line stimulated Wnt
signaling in a colon cancer cell line expressing wild-type p-catenin®. This study was particularly relevant
because it showed that EVs may transfer the oncogenic mutated version of a protein to a cell expressing the
wild-type protein, leading to the activation of oncogenic signaling"*”. This finding underlines the notion that
EVs may act as a shuttle, delivering key molecules to target cells lacking the pathway components necessary
for signaling activation [Figure 1A]. Due to its relevance in regulating morphogenetic processes such as cell
proliferation and cell migration, which are also relevant in cancer biology, the Wnt signaling pathway has
been implicated in tumor initiation as well as in tumor progression and metastasis'®. Accordingly, evidence
has suggested that EVs carrying Wnt components are involved in different aspects of oncogenesis by
activating Wnt signaling in cells undergoing oncogenic transformation as well as in cells localized in the
tumor microenvironment, affecting processes such as cell migration and proliferation'**, tumor
progression'™, metastasis'”, angiogenesis'”, and resistance to chemotherapy*. Besides cancer, EV-
mediated Wnt signaling has also been implicated in the modulation of tissue crosstalk. For example, non-
pigmented ciliary epithelium cells release EVs targeting primary trabecular meshwork cells to regulate
aqueous humor production and EV-mediated Wnt signaling regulates tissue fibrosis via p-catenin in
kidney” and liver!".

The Hh pathway

The Hh pathway consists of only one gene in Drosophila but includes three paralogs in vertebrates, among
which Sonic Hedgehog (Shh) is the best characterized”. It is present in all organisms presenting a bilateral
symmetry and is required in the embryo, as its gradient in embryonic cells is necessary to orchestrate
differentiation signals”. Due to its involvement in cell differentiation, it has also been implicated in
pathological processes related to abnormal cell differentiation, like cancer”. As in the case of Wnt, all Hh
proteins are lipidated: the N-terminus, which carries the biological activity, is palmitoylated, whereas a
cholesterol moiety is added to the C-terminus. Additionally, similar to Wnt, Shh can activate either a
canonical or a non-canonical pathway. Shh binds to Patched 1, a 12-pass transmembrane cell surface
receptor, which modulates the Smoothened (Smo) receptor, a 7-pass transmembrane cell surface receptor.
Smo, in turn, acts on downstream targets, i.e. the Gli transcription factor family members, Gli1, Gli 2, and
Gli 3. In the absence of the Shh ligand, Patched 1 represses Smo activity, and consequently downregulates
Gli members activation, maintaining them in the cytoplasm, so the transcription of their target genes is
repressed. The suppressor of fused (Sufu) is one such negative regulator of Hh signaling. In the presence of
the Shh ligand, Patched 1 is addressed to lysosomes for degradation, and Smo is active and leads to nuclear
translocation of Gli members and activation of Hh target genes [Figure 1B]. The non-canonical Hh pathway
instead refers to the activation of Gli factors independently of the Smo status. A variety of signaling
pathways have been reported to be involved in the non-canonical activation of Gli, like MAPK, PI3K/

[75]

protein kinase B (AKT)/mammalian target of rapamycin (mTOR) and protein kinase C (PKC)
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Figure 1. Schematic representation of EV-mediated morphogen signaling. A: Wnt ligands localized on the EV surface may bind to
Frizzled receptors on a target cell, activating the canonical Wnt pathway. EVs may also contain B-catenin transcription factor or Frizzled
receptor, and deliver them to target cells, thus converting them into cells responsive to Wnt pathway activation. Co-receptors are not
shown; B: Shh localized on the EV surface may bind to Patched receptor, removing its inhibitory action on Smo receptor. In turn,
activated Smo promotes Gli translocation into the nucleus; C: Notch ligands present in the membrane of EVs can bind to Notch
receptors localized on the target cell surface (left panel). The presence of unprocessed Notch receptors on ARMMs can lead to the
delivery of Notch receptors to the target cell, making it responsive to Notch signaling (right panel); D: EVs may carry either ephrin
ligands (A and B), activating forward signaling in target cells expressing Eph receptors (left panel), or Eph receptors, activating reverse
signaling in target cells (right panel). EV: Extracellular vesicles; Smo: Smoothened; ARMMSs: arrestin domain-containing protein 1-
mediated microvesicles; Sufu: suppressor of fused; Shh: sonic Hedgehog.

The first evidence that EV's could be involved in mediating the activation of the Hh pathway came from
studies investigating the role of the endosomal system in modulating Hh signaling in model organisms. In
2006, Liégeois et al. first demonstrated that in C. elegans, the vacuolar ATPase, responsible for maintaining
an acidic pH in the endo-lysosomal compartment, was required for the secretion of Hh via a multivesicular
compartment”. In 2014, key studies in Drosophila reinforced this evidence: Matusek et al. showed that
ESCRT-positive vesicles transported Hh extracellularly””, whereas Gradilla et al. reported that Hh was
localized in vesicles transported via the cytoneme, a specialized type of signaling filopodium™. These
studies calculated that EV-mediated Hh transport accounted for about 50% of signaling activation.
However, calculations were mostly based on impaired signaling following the perturbation of ESCRT
components, and it is necessary to remember that the ESCRT system has pleiotropic and fundamental
functions, so that the complete knockdown of most components is impossible. Soon after these studies were
published, studies on vertebrates provided similar evidence. Vyas et al. observed that Shh was secreted in
two types of EVs with different signaling properties: both Shh-containing vesicles could activate a Gli-
luciferase construct, but only the vesicle-type co-expressing integrins could activate endogenous Shh target
genes””. This was a very interesting observation, suggesting that the signaling properties and abilities of EVs
may rely on the combinations of proteins on their surface and not on the presence of a single signaling
molecule. The same group later reported that oligomerization-defective Hh was not incorporated into EVs
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because it could not be efficiently internalized into MVBs™\. The evidence that Shh may be released via a
specific subpopulation of EVs was further reinforced in another study demonstrating that the human
microcephaly gene CHMP1A regulates the secretion of Shh into a subpopulation of EVs containing AXL,
Rab18, and transmembrane emp24 domain-containing protein 10 (TMED10), called ART vesicle for this
reason”’. Recently, the relevance of the partition of Hh not generically in EVs but in specific EV
subpopulations has been reinforced by a study also in Drosophila showing that the signals for wing imaginal
disc development were carried out by EVs released from microvilli, structures that characterize the apical
membrane of epithelial cells®”. The authors proposed that EVs released from microvilli at the apical pole of
the epithelial cells mediate the long-range effect of the morphogen, whereas those released from the
basolateral zone were responsible for Hh short-range activity.

The developmental biology studies demonstrating the presence of Hh in EVs have prompted studies
investigating the role of EV-mediated Hh signaling in cancer. Zhao et al. reported that Shh localized in EV's
released from cancer-associated fibroblasts (CAFs) promoted the proliferation and migration of esophageal
squamous carcinoma cells™. In melanoma, EV's derived from hyaluronan synthase 3-overexpressing cells
led to the upregulation of c-Myc through the Indian Hh signaling pathway"®*. When Shh was knocked down
in a hepatocellular carcinoma cell line, the ability to form tumors in a xenograft model by co-injecting cells
and their released EVs was impaired™. Cervical cancer-derived EVs were shown to promote a pro-
angiogenic response in endothelial cells through the transfer of Hh-Gli signaling components™. An effect
on angiogenesis was reported by Zhou et al., as EVs released from periodontitis-compromised dental pulp
stem cells promoted local angiogenesis by activating the Hh/Gli1 signaling®”. During high-fat exposure,
EVs released by human adipose-derived stem cells inhibited lipogenesis via activation of the Hh signaling
pathway™.

The Notch pathway

Notch is an evolutionarily conserved pathway that plays a major role in a variety of processes in the context
of developmental biology, including cell fate determination during lineage differentiation™. A
distinguishing feature of the Notch pathway is that ligands are localized on the surface of the plasma
membrane and bind to transmembrane receptors localized on adjacent cells, so signals are usually
transmitted among physically close cells®”. In humans, five Notch ligands have been described: delta-like
ligand (DLL) 1, DLL3, DLL4, Jagged-1 (JAG1) and JAG2"", as well as four Notch receptors (Notch, 2, 3,
and 4). All of them are transmembrane proteins. Notch receptors reach the plasma membrane by the ER-
Golgi secretory route. During this process, they are extensively modified by glycosylation (in the ER) and
proteolytic cleavage (in the Golgi), producing a heterodimer made of a Notch fragment non-covalently
bound to another fragment, a type I transmembrane protein®. The first Notch fragment is localized
extracellularly and interacts with Notch ligands on the adjacent cell. This interaction leads to the proteolytic
cleavage of the second fragment in its transmembrane moiety, guiding the release of the intracellular
domain, which translocates into the nucleus and acts as a transcription factor. The activation of the Notch
receptor upon ligand binding is known as the canonical Notch signaling pathway. However, the Notch
pathway can also be initiated by atypical ligands in a non-canonical manner. In this case, intracellular
proteases, such as the -secretase, are responsible for Notch receptor cleavage®*.

The first evidence that EVs could be involved in mediating Notch signaling was reported by Sheldon
et al®. In this study, authors showed the presence of the Notch ligand DLL4 in EVs released by both
endothelial cells and tumor cells overexpressing DLL4. The presence of DLL4 in EVs and its ability to
activate Notch signaling in endothelial cells was confirmed in another study"™. Tan et al. revealed the
presence in EVs of another Notch ligand, JAG1, providing evidence that JAG1-EVs inhibited Notch
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signaling and, consequently, endothelial cell proliferation and migration"”. The presence of JAG1 was also
reported in EVs from fetal dermal mesenchymal stem cells (MSCs). In this case, JAG1-EVs were reported to
increase adult dermal fibroblast cell motility and secretion, accelerating cutaneous wound healing, via the
activation of Notch signaling"*. Besides the canonical activation of Notch signals, there is also evidence of
EV-mediated non-canonical Notch signal activation®. Arrestin domain-containing protein 1-mediated
microvesicles (ARMMs) originating from the outward budding of the plasma membrane were
demonstrated to contain active Notch2 receptors. When ARMMs were delivered to recipient cells, Notch2
receptor was activated by proteolytic cleavage, leading to Notch-dependent gene expression in EV-recipient
cells. This report is of particular interest because, in the case of Wnt and Hh signaling, the evidence of the
association of signaling components with EV's explained how these membrane-anchored proteins such as
Wnt and Hh could diffuse extracellularly, whereas in the case of Notch signaling, the presence of Notch2
receptor in ARMMs indicated an additional mechanism for transmitting Notch signals, i.e. at a distance via
EVs, without requiring direct cell-to-cell contact. In summary, current evidence indicates that EVs may be
responsible either for the activation of canonical Notch signaling at a distance via the presence of Notch
ligands in EVs, or for the non-canonical activation of Notch signaling via the uptake of Notch receptors
present in EVs [Figure 1C].

Notch signaling is involved in cancer development and many reports have underlined that EV-associated
Notch components may play a relevant role in this process. Initially, the presence of Notch ligands or
receptors in EVs was not directly detected, but Boelens et al. observed that vesicles released from stromal
cells induced Notch3s activation in breast cancer cells"*”, whereas Wang et al. reported that breast cancer
cells release EVs promoting breast cancer cell drug resistance via Notch1 activation""". Consistently, Yang et
al. showed that EV's released by endothelial cells favored osteosarcoma cell stemness by activating the Notch
signaling pathway!*”. More recently, Giannandrea ef al. investigated EV-associated Notch2 in the tumor
microenvironment, revealing that multiple myeloma cells can transfer Notch2 to distant cells via EVs,
increasing Notch signaling in recipient cells and stimulating the pro-tumorigenic behavior of endothelial
cells and osteoclasts"*.

Eph/ephrin pathway

Eph receptors and ephrin (Eph receptor-interacting protein) ligands are fundamental players in many
processes, including axon guidance, cell adhesion/repulsion, migration, and proliferation. As in the case of
Notch, this pathway is characterized by the fact that both Eph receptors and ephrin ligands are plasma
membrane proteins, so their activation occurs via direct cell-to-cell contact"*". Eph receptors are divided
into A and B classes (10 and 6 members in mammals, respectively). EphA receptors bind to all ephrin-A
ligands, whereas EphB receptors bind to ephrin-B ligands. EphA and EphB receptors are both single-pass
transmembrane proteins with a complex extracellular ephrin-binding domain and intracellular tyrosine
kinase activity. Ephrin-A ligands are anchored to the plasma membrane through a
glycosylphosphatidylinositol moiety and ephrin-B ligands are single-pass transmembrane proteins with a
small cytoplasmic domain"*. Upon Eph/ephrin binding, a peculiar bidirectional signaling is activated,
termed forward signaling in Eph receptor-expressing cells and reverse signaling in ephrin ligand-expressing
cells"*. Consequently, Eph/ephrin interaction was initially thought to require cell-to-cell contact and be
limited to short-range signaling. However, EVs were demonstrated to contain ephrin ligands (B1, B2 and
A2) and Eph receptors"”'*”. In 2016, Gong et al. demonstrated that EVs containing Eph type B2 (EphB2)
receptors induced ephrin-B1 reverse signaling, causing neuronal axon repulsion"*. Small EV's released
from senescent cells contained Eph type A2 (EphA2) receptors and promoted proliferation via EphA2/
ephrin-A1 reverse signaling!"”. Sato et al. reported that EphB2 receptors carried on EVs activated reverse
signaling, inducing angiogenesis""" [Figure 1D]. The activation of ephrin-Eph forward signaling by EV's was
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also recently described, as the ephrin-A1 ligand carried by EV's released from metastatic breast cancer cells
was shown to activate AMPK""”. Altogether, these findings indicated that ephrin-Eph bidirectional signals
may occur not only at a short distance via cell-to-cell contact, but also at a long distance via EVs. The
specific biochemical features and functional roles of the two different types of Eph/ephrin signal
transmission are unknown.

Pathways activated by cytokines and growth factors

Cytokines are involved in cell signaling, mostly, but not exclusively, as immunomodulating agents""”.
Although most cytokines were reported to be secreted via the classical ER/Golgi secretion route, the
presence of cytokines in EVs, such as TGF-B, suggested that this may be an alternative secretory route'*,
with EV-associated cytokines participating in the modulation of cytokine-mediated signaling in addition to
their soluble forms. Growth factors, such as EGF, are also secreted via the classical ER/Golgi secretion
route""”, but EGF was also found to be related to EVs"'?, indicating that EV-associated growth factors may
participate in the modulation of cell signaling. In this section, we summarize our current knowledge of the
role of TGF-B and EGF signaling components associated with EVs, to shed light on the role of EVs as
additional carriers of these signaling molecules, usually considered to be released only by the classical ER/
Golgi secretory route.

TGE-P pathway

Many studies have investigated the role of EVs in mediating TGF-p signaling. TGF- is a cytokine with
several functions in adult organisms as well as in the developing embryo. It regulates cell growth and
differentiation, showing mostly immunomodulatory and wound-healing properties'"'”. TGF-B is released in
the extracellular space in an inactive form, whose activation involves an unusual mechanism. Indeed, TGF-B
is inactive because of its interaction with the latency-associated peptide (LAP). It becomes active when it
dissociates from LAP as a result of mechanical interaction between LAP and integrins on the cell surface.
Following this, free TGF-p binds to its receptor on the target cell plasma membrane. TGF-B receptors are of
either type I (TGFBRI, also termed TGFBR1) or type II (TGFBRIL also termed TGFBR2). Following ligand
binding to TGFBR2, TGFBR2 and TGFBR1 oligomerize and become active kinases""”. Remarkably, co-
receptors also have great relevance; for example, the TGFBRIII co-receptor, also known as betaglycan,
presents TGF-p ligands to TGFBR2 and TGFBR1 receptors in order to activate downstream signaling.
TGFBR1 kinase substrates are the transcription factors of the Smad family members 2 and 3 (Smad2 and
Smad3), which, upon phosphorylation, oligomerize with Smad4, accumulate in the nucleus and regulate
gene expression""”. In addition to this canonical pathway, non-canonical pathways have been reported to
play a role in TGEF-p signaling, as the kinase activity of TGFBR receptors may regulate the activity of
downstream targets other than Smads, namely Rho, PI3K, and MAPK"*.

Several components of the TGF- signaling pathway were reported to be associated with EVs [Figure 2A].
Initial studies provided evidence of an immunosuppressive role of TGF-B localized on vesicles. In 2009,
Xiang et al. reported the presence of prostaglandin E2 (PGE2) and TGF-B in tumor exosomes, both
mediating in vivo tumor progression via the differentiation of myeloid-derived suppressor cells"*"\. Xie et al.
showed that tumor apoptotic bodies inhibit cytotoxic T lymphocyte responses via membrane-bound TGF-
pl'*?. Additional evidence of the immunosuppressive function of vesicular TGF-p toward T regulatory cells
(Treg) was observed for EVs isolated from malignant pleural effusions*. EVs from colorectal cancer cells
were enriched in TGF-B and induced a Treg-like phenotype in T cells via TGF-p/Smad signaling"*".
Microvesicles in sera from patients with acute myeloid leukemia"*! and from hypoxic tumor cells were
shown to inhibit natural killer (NK) cells, an effect dependent on vesicular TGF-$ transfer*’. More
recently, Ludwig et al. reported that head and neck squamous cell carcinoma cells released EV's carrying
TGF-p that reprogramed macrophages toward a pro-angiogenic phenotype"””, whereas Fu et al. observed
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Figure 2. Schematic representation of EV-mediated TGF-B and EGF signaling. A: TGF-f is inactive because of its interaction with LAP.
When it dissociates from LAP upon mechanical interaction between LAP and integrins on the membrane, EVs containing TGF-B
influence biological processes by binding to TGF-f receptors on the cell surface, whose kinase substrates are the transcription factors
of the Smad family. EV's may carry TGF-p type Il receptors that are transferred to cells devoid of them, resulting in the activation of
TGF-B signaling; B: EGF receptor family members are present on the EV surface. They can be transferred via EVs to cells lacking them,
leading to the activation of downstream signaling pathways. EVs may also contain EGFR ligands, leading to the activation of
downstream signaling pathways in cells already expressing EGFRs. EV: Extracellular vesicles; TGF-B: transforming growth factor f3; EGF:
epidermal growth factor; LAP: latency-associated peptide; EGFR: EGF receptor.

that meningioma-associated M2 macrophages released EVs promoting tumorigenesis through the TGF-p
pathway"**. The association of TGF-p-enriched EVs with higher immunosuppression was so robust that the
suppression of TGF-B expression in cancer cells was used as a strategy to increase the efficacy of tumor
exosome-based vaccines*. Moreover, the level of TGF-$ in circulating EVs was used to identify patients
that would benefit from immune checkpoint inhibitor therapy in non-small cell lung cancer, as patients
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with higher levels of EV-TGF-p were considered immunosuppressed and less sensitive to the therapy"*.

Beyond tumor immunosuppression, EVs enriched in TGF-f also influenced other pathological processes.
Circulating EVs from human immunodeficiency virus (HIV) patients affected by pulmonary hypertension
contained higher levels of TGF-B. These EVs enriched in TGF-B1 originated from HIV-infected
macrophages differentiated from monocytes and were linked to the pulmonary endothelium damage and
smooth muscle hyperplasia that characterize pulmonary hypertension!*".

In the context of the tumor microenvironment, the differentiation into fibroblasts was affected by vesicular
TGF-p. Webber et al. showed that TGF-p present in EVs was able to activate Smad-dependent signaling,
inducing the differentiation of fibroblasts into myofibroblasts"*?. From a biochemical point of view, this
work is of great interest because vesicular TGF-B was associated with betaglycan and present in its latent
form, i.e., complexed with LAP. In addition, it induced the production of higher levels of fibroblast growth
factor-2 (FGF-2) by fibroblasts, as compared to soluble TGF-p. The same authors later reported that
vesicular TGF-B1 was able to support fibroblast differentiation into a myofibroblast phenotype that could
support angiogenesis and accelerate tumor growth, whereas soluble TGF-1 differentiated myofibroblasts
that could neither support angiogenesis nor promote tumor growth"*. This evidence that soluble and
vesicular TGF-p could co-exist and mediate different biological effects is of great relevance, as it underlines
the notion that the release of TGF-p both as a soluble and vesicular protein could be an additional
mechanism to finely tune the same cell signaling pathway. A possible molecular mechanism explaining the
signaling peculiarities of vesicular vs. soluble TGF-B1 was proposed by Shelke et al"**. This study identified
TGF-B1 on mast cell EVs, discovering that EVs containing TGF-p1 were taken up by MSCs and ended up in
the endosomal compartments. This resulted in the prolonged activation of TGF-p1 signaling as compared to
soluble TGF-B1. The differentiation of fibroblasts into CAFs by vesicular TGF-p transfer was also reported
for EVs released by bladder cancer cells"*, whereas EVs released by gastric cancer cells induced the
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l. Osteosarcoma EVs
containing TGF-B prompted an inflammatory phenotype in MSCs, which became able to promote tumor

differentiation of MSCs into CAFs by activation of TGF-p canonical signaling

growth after this treatment"”..

The epithelial-mesenchymal transition (EMT) is another tumor-associated process in which vesicular TGF-
B has been involved. TGF-B is a well-characterized inducer of EMT in a variety of cell models"**. EVs
carrying TGF-B derived from hepatocellular carcinoma and pancreatic cancer cells could mediate EMT
through the TGF-B/Smad signaling pathway"*'*’. Mast cell-derived EVs mediated the induction of EMT in
A549 airway epithelial cells because they not only carried TGEF-B1"*”, but also induced TGE-p receptor
expression in target cells"*. EVs released from MSCs induced EMT in lung cancer cells, and when TGF-p1
expression was abrogated, EV-mediated EMT in lung cancer cells was also prevented, demonstrating that
the effect was mediated by vesicular TGF-B""*!. Tan et al. provided evidence that resistance to adriamycin in
breast cancer cells was associated with the release of EVs characterized by a higher content of TGF-p1!'*l.

Although many studies on vesicular TGF-B have focused their attention on cancer and cancer-related
processes, TGF-B also exerts an important role in processes leading to either tissue regeneration or fibrosis.
Kidney tubular epithelial cells in hypoxia conditions produced vesicles that induced fibroblasts to initiate
tissue repair, a mechanism dependent on vesicular TGF-p1 mRNA"*/. In a diabetic nephropathy model,
kidney-infiltrating macrophages released EVs, inducing activation and proliferation of mesangial cells via
their vesicular TGF-B1 mRNA"*! In tenocytes, TGF-B1-containing vesicles isolated from bone marrow
(BM) MSCs promoted not only proliferation and migration, but also fibrotic activity"*’. A positive effect in
preventing the apoptosis associated with stroke-induced damage was reported for EVs released from
hypoxia-preconditioned microglia and was mediated by TGF-sp/Smad2/3 signaling"*”. The regrowth of
neurons in spinal cord injured rats was ameliorated by EV's released by MSCs carrying TGF-p and able to
upregulate Smads transcription factor in neural stem cells"*.

In addition to ligands, a few studies also described the presence of other components of the TGF-B signaling
pathway in EVs. Languino et al. reported that stromal fibroblasts isolated from patients with squamous cell
carcinoma carried the TGF type II receptor*!. This could be transferred via EVs to cancer cells lacking the
receptor, resulting in the activation of TGF-B signaling in cells that required this vesicular transfer!*.
Gautheron et al. observed that EVs released from BM-MSCs contained the TGF-p downstream
transcription factor Smadz2, which played a pivotal role in the maintenance of hematopoietic stem cells in
murine models"*.

EGF pathway

The role of EVs in mediating the EGF signaling pathway has been extensively investigated"'?, with most
studies focused on the presence of EGF receptor (EGFR) in EVs. The EGF signaling pathway involves a
family of four receptors: EGFR, also known as HER1 or ERBB1, HER2/ERBB2, HER3/ERBB3, and HER4/
ERBB4. These four receptors can form either homodimers or heterodimers. They are all single-pass
membrane proteins with an intracellular domain with tyrosine kinase activity, although HER3/ERBB3 is
catalytically defective"*". Ligands for EGFR, like EGF, TNF-qa, TGF-B, amphiregulin (AREG) and epiregulin,
can bind both EGFR homo- and heterodimers. HER3 and HER4 can also bind neuregulins, EGF-related
signaling proteins mediating functions in both neuronal and non-neural systems. There are no known
ligands for HER2/ERBB2 homodimers"*”. Following EGFR homo- or hetero-dimerization upon ligand
binding, the intracellular domain tyrosine kinase activity is activated, leading to monomer cross-
phosphorylation. Several adaptors can bind phosphorylated residues, triggering cascades that ultimately
activate MAPK, PI3K or even signal transducer and activator of transcription 3 (STAT3)"*"\.
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The presence of EGFR in EVs was first described in 2007 by Al-Nedawi et al. This study provided evidence
that glioma cells expressing the truncated form of EGFR, known as EGFRVII], can transfer it via EVs to cells
lacking this form, leading to the activation of downstream signaling pathways'*. This paper was of great
importance because it demonstrated that EVs could biologically mediate the transfer of oncogenic
properties to cells lacking oncogenic mutations. Additionally, the truncated EGFRVIII form was also
retrieved in circulating EVs from glioblastoma patients"*”, reinforcing the evidence of an in vivo
pathological relevance of oncogenic proteins in EVs as well as the translational importance of EVs as an in
vivo source of biomarkers. Sanderson et al. showed that EVs released by a keratinocyte cell line contained
not only the transmembrane form of EGFR but also a soluble form resulting from the cleavage of its
extracellular domain by metalloproteases'*”. Furthermore, the packaging of EGFR into EVs was stimulated
by EGF binding to its receptor, thus shedding light on a mechanism of signal amplification mediated by
EVs. Adding a further layer of complexity to the EGFR signaling pathway, EV-associated EGFR was shown
to be transported directly into the nucleus, despite the absence of a nuclear localization signal, leading to the
direct phosphorylation of proteins important for DNA replication, such as proliferating cell nuclear antigen
(PCNA)"™. Many other studies have investigated EV-mediated EGF signaling components in cancer cell
models. Functional EGFR was detected in EV's released by several cancer cell lines, such as A431, A549, and
DLD-1. These EVs were taken up by endothelial cells showing angiogenic properties, including the ability to
prompt vascular endothelial growth factor (VEGF) expression"*". EVs released by cancer cell lines such as
As49, HepG2, MCF10A, and MCEF-7 prolonged monocyte survival, prompting the development of tumor-
associated macrophages (TAM) via the transfer of phosphorylated EGFR, thus promoting an inflammatory
microenvironment"*”. Transfer of EGFR to macrophages by tumor-derived EVs impaired innate antiviral
immunity"*”. Lung cancer EVs containing a mutated form of EGFR (EGFR E746-A750) stimulated
immunosuppressive activity in dendritic cells (DCs)!'". EVs from cancer cells overexpressing EGFR
packaged EGFR in EVs and prompted EMT via an EGFR-dependent pathway"*. EVs from gastric cancer
cells containing EGFR deliver it to liver cells, prompting metastasis'*”. Tumor-associated viruses such as the
Epstein-Barr virus (EBV) provided evidence that EV's released by EBV-infected cells packaged high levels of
EGFR, suggesting an effect of EBV infection on the proliferation of neighboring cells via EVs"*. Most of
these studies did not specifically investigate the orientation of the tyrosine kinase domain. Depending on
the directionality of the tyrosine kinase domain of the receptor-ligand complex, that orientation could differ
based on EV biogenesis and uptake route.

In addition to the presence of receptors, a more limited number of studies have reported the presence of
ligands in EV's [Figure 2B]. EV's released by breast and colorectal cancer cells carry the EGFR ligands AREG,
transforming growth factor o (TGF-a), and heparin-binding EGF-like growth factor (HB-EGF)"*\. The
presence of AREG was also found in EVs from chronic myeloid leukemia cells and patients’ blood. These
EVs were able to activate EGFR signaling in stromal cells, indicating their relevant role in the crosstalk
between leukemic and stromal cells, which promotes cancer cell proliferation"*. The presence of AREG in
vesicles isolated from non-small-cell lung cancer” and multiple myeloma"** cells was also described,
providing evidence that these EVs induced osteoclastogenesis, a process involved in bone metastasis,
through the activation of the EGFR pathway. Another ligand, epiregulin, was retrieved in EVs isolated from
salivary adenoid cystic carcinoma cells"*.. Interestingly, EGFR family ligands were also found in
exomeres'”. These are very small nanoparticles (less than 50 nm in diameter) that are not surrounded by a
lipid bilayer and contain several metabolic enzymes. Their function remains elusive, but exomeres from a
Madin-Darby canine kidney (MDCK) cancer cell line overexpressing AREG presented functionally active
AREG that, like the AREG included in small EVs, could elicit prolonged EGFR downstream signaling in
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recipient cells, effectively enhancing the growth of colonic tumor organoids!
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VEGF pathway
VEGE-A, usually termed VEGF, plays a role in regulating angiogenesis via its binding to VEGF receptors
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(VEGFR) 1 and 2. It exists in multiple isoforms resulting from alternative exon splicing"”"!. Few studies have
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reported the release of VEGF upon treatment with EVs containing EGFR"" or released by human adipose-
derived stem cells"””. A pro-angiogenesis effect was reported for EVs isolated from ovarian cancer cells that
increased the expression of VEGFR, leading to higher levels of endothelial cell migration and
angiogenesis''””. However, an opposite effect was observed in another study for EVs released by MSCs,
which downregulated VEGF expression and angiogenesis in breast cancer cells”. Some investigations have
provided evidence of the direct presence of VEGF signaling components in EVs. In 2006, Taraboletti et al.
reported that relevant amounts of VEGF but not FGF-2 were detectable in EVs"”. In 2017, Feng et al.
observed that EV's could activate VEGFRs and tumor angiogenesis through a unique 90 kDa form of VEGF
(VEGF90K)"". Glioblastoma stem cells release EV's containing VEGF-A that have angiogenic effects on
endothelial cells"””. Pancreatic adenocarcinoma cells release EVs with an elevated presence of VEGF-C'”.
These reports indicate that EVs may play a relevant role in the processes related to angiogenesis in tumors,
but more detailed studies are needed to address what cell type and condition could be involved in mediating
specific pro- or anti-angiogenic effects.

Brain-derived neurotrophic factor pathway

Brain-derived neurotrophic factor (BDNF) plays a fundamental role in brain development and
maintenance"”. The human BDNF gene is transcribed from nine alternative promoters, translated into the
same pre-pro-BDNF and cleaved into the precursor pro-BDNF!'. It binds with high affinity to the
tropomyosin receptor kinase B (TrkB) receptor, which activates signaling pathways modulating several
neural functions via the activation of downstream effectors such as phospholipase C-, PI3K/mTOR, and
MAPK/ERK. Recent investigations have shown that plasma EVs contain BDNF" and the level and
biochemical properties of BDNF are potential biomarkers for conditions such as walking speed decline in
older adults" and disturbance-related motor symptoms in patients with Parkinson’s disease*.. In
addition, Solana-Balaguer et al. found BDNF in EVs derived from neuronal cultures, showing that neuron-
derived EVs promote spine formation and activate BDNE-TrkB signaling in recipient neurons, suggesting a
potential role of neuron-derived EVs in neuromodulation and as a possible therapeutic tool to fight
neurodegeneration"*.

Intracellular pathways

In the previous sections, we have focused our attention on the activation of cell signaling by EV's containing
pathway components such as ligands and receptors. However, there is recent evidence that EV
administration may lead to the activation of a cell signaling pathway that does not require a specific cell-
surface receptor because it relies on multiple receptors usually activating other pathways, such as Hippo, or
involves receptors localized not only on the plasma membrane but also on endosomes, such as the pattern
recognition receptor (PRR) pathway. PRRs are key players in innate immune responses, crucial for the
elimination of infectious agents"*. They recognize either pathogen-associated molecular patterns (PAMPs)
originating from microbes and other external sources"*, or damage-associated molecular patterns
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(DAMPs) originating from damaged cells"*”. This evidence indicates that EVs may exploit complex ways to

hit their cellular targets.

The Hippo pathway

The Hippo signaling pathway is evolutionarily conserved and plays an important role in cell proliferation
and differentiation, as well as in embryogenesis, tissue development, and organ growth"*. It is a peculiar
pathway due to its lack of specific cell-surface receptors, but it is activated by several receptors that are
usually able to activate other pathways, such as integrins, tyrosine kinases, and GPCRs"*\. The Hippo
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pathway includes four kinases involved in a phosphorylation cascade, with macrophage stimulating 1/2
(MST1/2)/ salvador homolog 1 (SAV1) interaction, leading to MOB1 phosphorylation, and with MOB1, in
turn, phosphorylating large tumor suppressor kinase (LATS) 1/2. When the cascade is active, Yes-associated
protein (YAP)/transcription activator with PDZ binding motif (TAZ) remains in the cytoplasm. When the
cascade is inactive, YAP/TAZ is not phosphorylated and translocates to the nucleus where, upon
dimerization with DNA-binding factors of the transcriptional enhanced associated domain (TEAD) family,
it regulates the expression of downstream genes, most of which are involved in cellular mechano-
responses™’.

In 2018, Hu et al. demonstrated that EVs from cardiac endothelial cells contain (MST1) kinase and transfer
it to cardiomyocytes, leading to cardiomyopathy worsening"*!. On the other hand, EVs secreted from BM-
MSCs were reported to possess cardioprotective effects, as cardiomyocyte hypertrophy was ameliorated by
EVs via downregulation of YAP phosphorylation and upregulation of TAZ, which attenuated the Hippo
pathway"”. Several studies suggested that modulation of Hippo signaling by EVs may contribute to
alleviating fibrotic processes and promoting cell proliferation, prompting tissue regeneration. In a model of
renal fibrosis induced by mechanical stress and characterized by YAP nuclear activation, EVs from human
umbilical cord MSCs promoted YAP nucleocytoplasmic shuttling, attenuating renal fibrosis"*”. EVs from
the human umbilical cord MSCs improved ovarian function in premature ovarian insufficiency,
ameliorating the reproductive outcomes in mouse models in vivo and the proliferation of granulosa cells in
vitro, via nuclear translocation of YAP/TAZ!"*. Regenerative properties via the activation of the Hippo
pathway were also observed by Wang et al., using EVs released by BM-MSCs to treat models of
temporomandibular joint osteoarthritis and obtain an improvement in cartilage reconstruction*”. On the
other hand, EVs released from astrocytes stimulated neurite elongation and recovery of rats with spinal cord
injury via Hippo pathway activation, as measured by higher Mps one binder kinase activator 1A (MOB1A)
expression in target cells and reduced YAP levels"* [Figure 3A].

Dysregulation of the Hippo signaling pathway was shown to be involved in cancer, promoting the
migration, invasion, and malignancy of tumor cells"””. YAP/TAZ are commonly identified as oncogenes'*”
and MST1/2 and LATS1/2 as tumor suppressors"**, although recent evidence suggests that LATS1/2
kinases may also act as oncogenes'””. Accordingly, several studies have investigated the involvement of EV's
in modulating the Hippo signaling pathway in cancer. Glioblastoma cells release EVs containing a 120-kDa
isoform of VEGF, VEGF-C, that induces the nuclear translocation of TAZ in endothelial cells, stimulating
their viability, migration, and tubulation®'. EV's released by MSC-differentiated adipocytes promoted
breast cancer cell proliferation and migration via nuclear translocation of YAP/TAZ". In cervical cancer,
EVs isolated from highly metastatic cells promoted metastasis via YAP-suppressed nuclear localization,
leading to F-actin depolymerization””. In the tumor microenvironment, EVs released by CAFs promoted
colorectal cancer progression via MOB1A degradation, leading to Hippo pathway inhibition.
Gemcitabine resistance of pancreatic cells was promoted by EVs released in hypoxia conditions via the
transfer of the long noncoding RNA ROR, which inhibited the activation of the Hippo pathway™*.

PRR pathways

PRRs are a complex family and include Toll-like receptors (TLRs)"*), nucleotide-binding oligomerization
domain (NOD)-like receptors™, retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs)*”, the
intracellular DNA sensor cyclic GMP-AMP synthase (cGAS)"**, and C-type lectin receptors®. TLRs (10
members in humans, termed TLR1 to 10) are the most extensively investigated up to now and are expressed
not only in innate immune cells, but also in epithelial cells and fibroblasts”*. They are single-spanning
transmembrane proteins and recognize PAMPs or DAMPs as heterodimers"*. Their subcellular
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Figure 3. Schematic representation of EV-mediated Hippo and TLRs signaling. A: The Hippo pathway lacks a specific cell-surface
receptor and is activated by receptors belonging to other pathways. When the Hippo is on, YAP/TAZ is unable to translocate into the
nucleus; when the Hippo is off, YAP/TAZ translocates into the nucleus, activating transcription. EVs may lead to either YAP/TAZ
retention/degradation in the cytoplasm or the activation of YAP/TAZ-mediated transcription; B: EVs are vehicles for horizontal
dissemination of DAMPs and modulate the immune response via PRRs. TLRs localized in the plasma membrane are activated by
DAMPs carried by EVs and TLRs localized in the cytoplasm by EV-associated nucleic acids, in both cases leading to the transcription of
NF-B target genes. EV: Extracellular vesicles; TLRs: toll-like receptors; YAP: yes-associated protein; TAZ: transcription activator with
PDZ binding motif, DAMPs: damage-associated molecular patterns; PRRs: pattern recognition receptors; NF-B: nuclear factor kappa-
light-chain-enhancer of activated B cells.

localization is very relevant for their function, as TLRs may be either localized in the plasma membrane or
in the endosomal compartment, and the type of pattern recognized changes according to their localization.
Indeed, TLRs localized in the plasma membrane, such as TLR2, 4 and 10, recognize microbial membrane
components, i.e., lipids, proteins, and lipoproteins, whereas endosomal TRLs, such as TLR3, 7, 8, and 9,
recognize nucleic acids of internalized microbes and viruses, as well as self-derived nucleic acids in specitic
conditions”". Following molecular pattern binding, several adaptor proteins, such as myeloid
differentiation primary response 88 (MyDs88), can be recruited by TLRs. This induces the activation of
specific protein kinase complexes such as transforming growth factor--activated kinase 1 (TAK1), which, in

turn, activate NF-B and MAPK signaling, leading to the expression of pro-inflammatory genes™?.

Several studies clearly converged on the evidence that tumor-released EVs modulate the immune response
via the TLR2-MyD88-NF-B pathway. Initially, Liu et al. reported the contribution of MyDs8 in the
differentiation of myeloid-derived suppressor cells by tumor cell-released EVs””, a finding confirmed by
Chalmin et al.”"*!. Interesting results were obtained by administering EVs from different body fluids and
tumors (amniotic fluid, liver cirrhosis ascites and ovarian cancer ascites) to THP1 monocytes, as EV-
mediated TLR-dependent signaling was reported to trigger NF-B activation, stimulating the production of
pro-inflammatory cytokines”. Similarly, various types of macrophages were shown to internalize EVs, but
only EVs isolated from cancer cells could stimulate TLR2 and MyD88-dependent activation of NF-B®*.
EVs also triggered a pro-inflammatory phenotype in MSCs, as EVs released by A549 lung cancer cells
induced NF-B activation via TLR2"”"” [Figure 3B].

Some studies also investigated the effect of EVs on the activation of TLR4. In DCs, the expression of TLR4
was downregulated by pancreatic cancer cell-derived EVs”'®, whereas in neutrophils, the NF-B pathway was
activated by gastric cancer cell-derived EVs via TLR4". When non-polarized macrophages were co-
cultured with EVs derived from a colorectal cancer and a multiple myeloma cell line, EVs induced pro-
inflammatory cytokine expression via the TLR4 signaling pathway". These studies confirmed the role of
EVs released by cancer cells in creating pro-inflammatory conditions in the tumor microenvironment.
Additionally, the direct transfer of TLR4 via EVs was also observed”':: EVs released by DCs transfer TLR4
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to DCs derived from TLR4-knockout mice, inducing the activation of NF-B signaling. This study clearly
demonstrated that functional TLR receptors could be transferred, at least among DCs, via EVs.

Furthermore, studies on TLR activation by EVs revealed another important aspect, namely the activation of
TLRs by the nucleic acid carried by EVs. Fabbri et al. reported that a few vesicular miRNAs (miR-21 and
miR-29a) bound as ligands to human TLR8 (and murine TRL7), triggering an inflammatory response,
possibly contributing to tumor growth and metastasis”?. Liu et al. showed that lung epithelial cells were the
target of vesicular RNAs via TLR3". These EVs stimulated chemokine secretion by epithelial cells,
promoting neutrophil recruitment and a lung pre-metastatic niche.

TLRs were not the only receptors targeted by EVs, as recent investigations showed that other PRRs could be
modulated by EVs. The stimulator of interferon genes (STING) is part of a signaling pathway activated by
cyclic GMP-AMP produced by cGAS upon stimulation by the presence of pathogenic DNA in the cytosol.
STING activates the NF-B transcription factors and the expression of inflammatory cytokines. In the
interplay between innate and adaptive immune response, the cGAS/STING cytosolic DNA-sensing pathway
was stimulated in DCs by EVs released by activated T cells upon antigen contact, via their content in
genomic and mitochondrial DNA, thus leading to antiviral responses'”. EV's released by breast cancer cells
treated with the chemotherapeutic topotecan also activated the STING signaling pathway in DCs via their
DNA content, promoting anticancer immunity”*”. RLRs are mostly located in the cytosol and are activated
by RNAs with specific biochemical features, such as viral RNAs with a triphosphate at their 5" end.
Activation of RLRs induces the transcription of type I interferons, known to play a pivotal role in the
antiviral response. Studying the interaction between stromal fibroblasts and cancer cells, Nabet et al.
discovered that in specific conditions, breast cancer cells released the RN7SL1 noncoding RNA without its
binding proteins in EVs®. This “naked” RNA activated the RIG-I signaling pathway, promoting tumor
growth and metastasis. Nucleotide-binding oligomerization domain-containing protein 1 (NOD1)
recognizes bacterial peptidoglycan components, inducing inflammatory responses in macrophages by
activation of NF-B and MAPK downstream pathways. EV's released from colorectal cancer cells prompted
the secretion of inflammatory cytokines in macrophages in a NOD-1-dependent manner®”. Altogether,
these studies clearly indicate that EVs may be a vehicle for the horizontal dissemination of DAMP signals
and play a role in activating cell signaling pathways that are important for the clearance of harmful stimuli
via innate and adaptive immune responses"*”.

CONCLUSION

EVs were initially identified as a tool for cell garbage disposal and later recognized as an additional means of
cell-to-cell communication. The discovery of cell signaling molecules, both ligands and receptors, in EV's
has also shed light on cell signaling pathways that had been investigated for years but whose biochemical
mechanism of signal transmission had remained elusive. Wnt/p-catenin and Hh morphogenetic pathways
both relied on membrane-anchored proteins released extracellularly, but it was not easy to figure out how
they could reach their target, as they were not soluble. EVs have provided a solution to this riddle.
Nevertheless, many issues still need to be addressed. For Wnt and Hh, alternative localization mechanisms
beyond vesicular transport have been suggested, such as cell prolongations, specifically cytonemes. As for
Notch and Eph/ephrin, EVs may represent an additional mechanism for activation of signals at a distance
without cell-to-cell contact. Regarding TGEF-f, a fraction of it is released via EV's and the rest as a soluble
factor. There is evidence that soluble and EV-associated TGF-p may elicit responses of diverse intensity,
higher for EV-associated TGF-B. Overall findings indicated that for these pathways, EV-mediated signaling
co-exists with other mechanisms of signal transmission. As there are no means of blocking EV release,
probably because different and simultaneous biogenetic pathways are present in the same cells, it is difficult
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to demonstrate to what extent these pathways depend on EV release. From an evolutionary point of view,
the presence of morphogens such as Wnt and Hh in EVs poses the question of how ancient this mechanism
of cell-to-cell communication is. Did Wnt and Hh evolve primarily using EV's as a tool to deliver signals or
did this mode of transmission evolve later? How did Notch and Eph/ephrin begin to use EVs as a tool to
transmit signals in addition to cell-to-cell contact? These issues are far from being elucidated. In addition, it
is also worth mentioning that most information relies on studies investigating signaling abnormalities in
cancer models. However, EV-associated signaling molecules also play relevant roles in other contexts, such
as the differentiation and homeostasis of the nervous system. For this reason, the role of cell signaling
modulation by EVs in neurodegenerative diseases may need to be specifically reviewed.

Technical matters are also relevant. In most articles published to date, cell and animal models were often
subjected to repeated administration of high doses of EVs. Although results often indicated EV-mediated
cell signaling and significant biological effects in target cells, more sophisticated experimental approaches,
possibly employing more physiological EV concentrations and more sensitive detection techniques, are
needed to demonstrate the role of EVs in mediating specific cell signaling in vivo, as well as the contribution
of each specific EV subtype. Although separation methods for obtaining specific EV subtypes are still
lacking, there is an indication that specific EV subtypes may be released upon the activation of specific
pathways. Furthermore, stress conditions alter EV release, presumably favoring the release of some types of
EVs at the expense of others. However, our current knowledge of the specific presence of cell signaling
molecules on EV subpopulations upon specific stressing stimuli is also limited. Finally, studies based on the
involvement of EVs in mediating gain or loss of function of other proteins, e.g. oncogenes, are mostly based
on overexpression or inhibition of those candidates, and these perturbations may per se influence EV
release. Therefore, caution is required when claiming that a specific factor alters the release and contents of
EVs and their associated signaling properties. Recently, the evidence of a protein corona formation on the
surface of EVs drew attention to the limitations of many studies, because older studies did not consider the
presence of the EV corona, including in their experiments the degradation steps or other methods allowing
the localization of bioactive molecules. In conclusion, current knowledge identifies EVs as playing a pivotal
role in important and evolutionarily conserved signaling pathways, but a clearer picture will be obtained as
advancements enable more efficient separation of EV subpopulations, shedding light on the heterogeneity
and diversity of EV's in terms of signaling molecule contents and functional properties.
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