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In addition to conventional protein secretion, dependent on the specific cleavage of signal
sequences, proteins are secreted by other processes, all together called unconventional.
Among the mechanisms operative in unconventional secretion, some are based on two
families of extracellular vesicle (EVs), expressed by all types of cells: the exosomes (before
secretion called ILVs) and ectosomes (average diameters ~70 and ~250 nm). The two
types of EVs have been largely characterized by extensive studies. ILVs are assembled
within endocytic vacuoles by inward budding of small membrane microdomains
associated to cytosolic cargos including unconventional secretory proteins. The
vacuoles containing ILVs are called multivesicular bodies (MVBs). Upon their possible
molecular exchange with autophagosomes, MVBs undergo two alternative forms of
fusion: 1. with lysosomes, followed by large digestion of their cargo molecules; and 2.
with plasma membrane (called exocytosis), followed by extracellular diffusion of
exosomes. The vesicles of the other type, the ectosomes, are differently assembled.
Distinct plasma membrane rafts undergo rapid outward budding accompanied by
accumulation of cytosolic/secretory cargo molecules, up to their sewing and pinching
off. Both types of EV, released to the extracellular fluid in their complete forms including
both membrane and cargo, start navigation for various times and distances, until their
fusion with target cells. Release/navigation/fusion of EVs establish continuous
tridimensional networks exchanging molecules, signals and information among cells.
The proteins unconventionally secreted via EVs are a few hundreds. Some of them are
functionally relevant (examples FADD, TNF, TACE), governing physiological processes and
important diseases. Such proteins, at present intensely investigated, predict future
discoveries and innovative developments, relevant for basic research and clinical practice.

Keywords: endocytosis, multivesicular body, exocytosis, pinching off, navigation, vesicle fusion, interconnected
networks

1 DISCOVERY OF UNCONVENTIONAL PROTEIN SECRETION

The existence of specific protein secretion, a property of all types of cells, was already known at the
beginning of the last century. At that time, however, the mechanisms of the process were unknown
and remained so for decades. Information started to emerge at the beginning of 1960. Digestive
enzymes of pancreatic acinar cells, in the course of their synthesis by bound polyribosomes, are
transported to the lumen of the endoplasmic reticulum (ER). Segregated enzymes were found to
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move to the Golgi complex (GC), and then concentrate in the
cargo of secretory granules, which accumulate in the cytoplasm
during jejunum. Upon food intake or cell stimulation the granules
were found to undergo exocytosis by fusion of their membrane to
the plasmamembrane, followed by extracellular discharge of their
cargos (Palade et al., 1962; Caro and Palade, 1964). Subsequent
studies demonstrated that mechanisms analogous to those of the
pancreas operate also in other cell types (Schramm, 1967;
Meldolesi et al., 1978). In addition, the general processes
governing the various steps of the secretory pathways started
to be discovered. The first step, concerning the signal recognition
particles of the ER membrane surface, was shown to induce
translocation of pre-secretory proteins into the corresponding ER
lumen. For years, cleavage of signal sequences (Walter and Blobel,
1981; Müller et al., 1982; Walter et al., 1984) was considered
necessary for the development of a secretion now called
conventional or canonical.

For over 2 decades, progress about secretion concerned only the
conventional pathway. Around 1990, however, evidence
incompatible with that interpretation begun to emerge. Cytosolic
proteins lacking a signal sequence in their gene, such as interleukin-
β1, bacterial enzymes and growing numbers of proteins and factors,
were shown to be discharged by unconventional secretion
(Rubartelli et al., 1990; Rubartelli et al., 1993; Akatsuka et al.,
1995; Nickel and Rabouille, 2009). Initially these processes were
proposed to activate, in the plasmamembrane, various types of pore
permeable to secretory proteins (Rubartelli et al., 1990; Nickel and
Rabouille, 2009). Plasma membrane pores, together with a channel
in the ER/Golgi membranes, are still considered of relevance in the
trans-membrane transport of proteins lacking signal peptides
(Rabouille, 2017; Zhang et al., 2020). At present, however, the
major pathways of unconventional protein secretion appear based
on the participation of various types of organelles (Rabouille, 2017;
Gruenberg, 2020).

In the cytoplasm, at least three types of organelles, involved also
in other important functions, are known to participate in
unconventional secretion. These organelles include: lysosomes,
with many enzymes necessary for catabolism; autophagosomes,
that in their journey from ER to lysosomes fuse with vesicles and
integrate cytosolic molecules and nutrients (Zhao and Zhang, 2019);
and multivesicular bodies (MVBs), the only endocytic vacuoles
known to accumulate large numbers of small intraluminal
vesicles, the ILVs (Karim et al., 2018) (Figure 1). This review is
focused on two types of extracellular vesicles (EVs), expressed by all
types of cells and active in unconventional secretion: ILVs (called
exosomes upon their release to the extracellular space) and the larger
ectosomes (also known as microvesicles and microparticles). The
exosomes are released upon exocytosis of MVBs; the ectosomes,
independent of MVBs, are generated and released by shedding from
the plasma membrane.

2 PRESENTATION OF ILV/EXOSOMES AND
ECTOSOMES

Before the generation and function of ILV/exosomes and
ectosomes, illustrated in the next two Sections, the vesicles are

presented in their general properties. Let’s start with MVBs and
ILVs. Upon its ILV accumulation, MVBs undergo their
maturation. Their destiny is two fold. Upon interaction with
the Rab7 ortolog Ypt2 and the multisubunit tethering complex
HOPS, a fraction of MVBs proceed to specific fusion with
lysosomes by a process including the Qa-SNARE Pep12. The
ILVs discharged to the lysosomal lumen are thus exposed to
hydrolases for catabolism (Karim et al., 2018). Other, apparently
distinct MVBs, by interacting with actin and microtubule
cytoskeleton move towards the microtubule-organizing center
and then to the plasma membrane. From such location they
undergo exocytosis in response to appropriate cell stimulation
(Hessvik and Llorente, 2018; Raudenska et al., 2021). Details
about their discharge are illustrated in the following Section 3.1.
New aspects of the processes involving MVBs include a co-
operation with autophagosomes (Figure 1). Comparative
studies of exocytosis with and without autophagy inhibitors
have revealed that, during their intracellular traffic, MVBs and
autophagosomes interact with each other with exchange of their
cargo proteins. When autophagosomes are not available,
exocytosis of MVBs is greatly reduced (Bebelman et al., 2020).
The interaction of the two organelles plays therefore an integrated
form of unconventional secretion.

Stimulation of the MVB exocytosis discussed so far is followed
by the diffusion of many ILV/exosome vesicles, from the lumen to
the extracellular space (Figure 1) (Rabouille, 2017; Bebelman
et al., 2020; Gruenberg, 2020; Zhang et al., 2020; Gurung et al.,
2021; Ras-Carmona et al., 2021; Raudenska et al., 2021). In many
cases such process is accompanied by the release of ectosomes, the
other type of EVs, generated not within the cytoplasm but at the
plasma membrane. Being a single process, ectosome generation
and release are not presented here. They will be illustrated in the
subsequent Section 3.2, i.e. just after 3.1, the Section dedicated to
the nature and generation of exosomes.

In order to complete the presentation of the two EV types, I
intend to emphasize three properties of their research. For many
years, simple procedures such as ultracentrifugation,
precipitation, filtration, chromatography, and immune-affinity-
based approaches, have been employed to separate the two types
of vesicle present in extracellular fluids. However, these
approaches yielded poor results (Shtam et al., 2020). As a
consequence, research interests were primarily focused on only
one type, the exosomes. Results about ectosomes remained
marginal. Among reported differences only one was
conclusive, concerning the different size of the two types of
vesicles, with diameters between 30 and 150 nm for exosomes,
between 100 and 400 (or more) nm for ectosomes. Other
differential properties, including protein and RNA
composition, fusion to cell targets, and functional effects,
became convincing only upon development of better isolation
procedures (see for example Meldolesi, 2018; Van Niel et al.,
2018; Royo et al., 2020). The results obtained by such procedures
have shown the two types of vesicles to differ considerably in
some cells, and not so much in other cells (Pizzirani et al., 2007;
Kowal et al., 2016; Meldolesi, 2018; Van Niel et al., 2018; Cocozza
et al., 2020; Royo et al., 2020; Lim et al., 2021; Mathieu et al.,
2021).
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At variance with granules and vesicles of conventional
secretion, of which only cargos are discharged upon cell
activation, the discharge to the extracellular space occurs by
whole EVs, composed by cargos bound by their membrane. In
fact, membranes are essential for the EV navigation and for its
specific binding and fusion to their target cells. As long as the EVs
are intact their cargo components: many proteins, various types
of RNAs, short DNA sequences, a few types of lipids, metabolic
molecules and various ions, remain largely assembled.

Exosomes and ectosomes are unconventional secretory vesicles,
released by all types of cells. Their heterogeneity depends on their
distinct differentiation and also on their cells of origin. At variance
with the other cellular organelles, discharged exosomes and ectosomes
are very resistant, they withstand harsh conditions such as those of the
human stomach. Based on these properties, their origin has been
hypothesized more ancient than that of intracellular organelles
(Askenase, 2021). For these unique natural properties, and also for
their engineered treatments of biotechnological relevance, EVs are
considered of interest for a number of pathologies, including cancers,
neurodegenerative and viral diseases. These properties deal not only
with unconventional secretion, but also with other functions that will
not be presented here. Nevertheless, they are of high medical
relevance, already presented by a vast literature.

3 DEVELOPMENT OF SECRETORY
VESICLES WITHIN THE CELL

Before detailed illustration of EVs, let’s consider the
nomenclatures valid for the two secretory vesicles, ILVs and
ectosomes within the cell, exosomes and ectosomes, upon their
release. Relevant studies have emphasized the heterogeneity of
single EV populations (Pizzirani et al., 2007). In the future,
therefore, unexpected results dependent on the coexistence of
vesicle subtypes cannot be excluded. In various articles the
EVs, in addition to exosomes and etosomes, have been
reported to include larger structures, with diameters of one
um and more. Most of these structures, however, are
membrane fragments and cell debris. Because of their non-
vesicular nature they will not be considered in the present
review.

The initial life of the two EVs is profoundly different. They are
not only generated at different sites and by different processes
(Figure 1), they differ also in their subsequent intracellular life:
long lasting for ILVs segregated within MVBs; very short for
ectosomes. In view of these differences, the intracellular life of the
two vesicles, focused on the mechanisms of their occurrence, are
presented separately.

FIGURE 1 |Generation and release of both exosomes and ectosomes. The dependence of exosome generation on the Endocytic System is illustrated at the center
of the figure. The multivesicular body (MVB) is an endocytic vacuole occupied by vesicles corresponding to distinct intraluminal vesicles (ILVs) filled by specific cargo
accumulated from the cytosol. The inward budding of the vesicles is followed by their fission and the release of ILVs into the MVB lumen (50–150 nm diameter). Upon
their generation, the MVBs can proceed in two alternative directions (arrows): towards lysosomes (Lyso) or towards the plasma membrane. Their close interaction
with autophagosomes) can induce reciprocal exchange of cargo components and ensuing increased fusion in response to stimulation. MVB exocytosis is followed by
prompt extracellular release of vesicles, now named exosomes (Exo). The assembly and release of ectosomes, on top left of the cell surface, take place at the plasma
membrane. The initial step is the assembly of membrane larger microdomains (100–400 nm in ectosome diameter). Their composition is distinct from that of the plasma
membrane of origin and partially similar to that of ILV membranes. Concomitantly specific cargos, composed of proteins, lipids and nucleic acids, accumulate in the
vesicle lumen. Upon their rapid outward curvature and budding, the ectosome vesicles (Ecto) undergo pinching off and shedding to the extracellular space. N = nucleus.
Modification of the image reproduced with permission from Meldolesi (2018).
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3.1 ILVs/Exosomes
As already mentioned in Section 1, generation of ILVs induces
the conversion of normal endosomal vacuoles into peculiar
MVBs. The conversion starts with two processes: budding
inside the vacuoles of the small membrane protrusions
concomitantly loaded with their cargo content.

Membrane. The generation of ILV membrane processes are
mostly governed by the Endosomal Sorting Complexes Required
for Transport proteins, i.e. by ESCRT-0, -I and -II, working
together with their associated protein factors to induce
membrane curvature (Gruenberg, 2020; Pavlin and Hurley,
2020; Juan and Fürthauer, 2018a). ESCRT-III subunits operate
assembled with Alix and other proteins. Their interaction with
helical filaments of various forms of vacuolar protein sorting
(VPS) including an ATPase, mediates membrane remodeling
(Huber et al., 2020). Fission occurs when ESCRT-III is
removed, leading to scission of the ILVs neck (Figure 2B)

(Huber et al., 2020; Johnson et al., 2018; Tseng et al., 2021).
The membrane of ILVs contain a peculiar lipid, LBPA, present
together with many specific proteins in the unique MBV
endocytic vacuoles (Gruenberg, 2020). Abundant are the small
tetraspanins (predominant CD63), critically important during
vesicle assembly with membrane and cargo protein trafficking.
Additional proteins of lower concentration, including adhesion
proteins, receptors, glycoproteins and metalloproteases, are
present in ILV membranes (Figure 2A) (Meldolesi et al., 1978;
Pizzirani et al., 2007). In a variety of cell types ILV loading within
MVBs and the ensuing release of exosomes depend on sirtuin2, a
deacetylase enzyme known to participate also in several other
processes (Lee et al., 2019).

Cargos. Luminal cargos begin their accumulation in the initial
ILV membrane protrusions. Among proteins, those concentrated
in the lumen are typical of growing vesicles. Unconventional
secretory proteins are also present, however at concentration

FIGURE 2 | Structure of exosomes (A) and assembly of ectosomes (B). (A) shows the composition of the membrane and luminal cargos of an exosome. The
components shown in the membrane are among the most abundant in these vesicles. The content shows numerous proteins, some of which bound to miRNAs. Other
components are fluid factors such as cytokines and growth factors shown as arrows. ESCRT complexes participate of membrane growth. mRNAs and ns-RNAs are
other nucleotides accumulated here from the cytosol. (B) illustrates an example of ectosome rapidly assembled from the initial microdomain of the plasma
membrane. To the left, 1) shows an initial curvature, already associated to a first cargo, followed by its budding 2) and then by its fission dependent on ESCRT-III
interaction with VPS 3). To the right 4) the ectosome is free, ready to navigate in the extracellular fluid. The ectosome yellow sequences shown in the (B) lumen
correspond to those drown in the exosome lumen of (A).

Frontiers in Cell and Developmental Biology | www.frontiersin.org June 2022 | Volume 10 | Article 8773444

Meldolesi Unconventional Protein Secretion

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


lower than that of tetraspanins (Meldolesi, 2018). Small cytosolic
proteins are also trapped within ILVs. In addition to proteins,
cargos contain molecules of different nature: various types of
RNA (mostly microRNAs, miRs, together with messenger RNAs,
mRNAs, long non-coding RNAs, lncRNAs, and ribosome RNAs,
rRNAs), small sequences of DNA, lipids and metabolic molecules
(Figure 2A) (Yang and Gould, 2013; Ras-Carmona et al., 2021).
Recent studies have shown ubiquitin and ubiquitin-like proteins
to participate in protein post-translational modifications and in
the control of protein complex composition (Chen et al., 2021;
Padovani et al., 2022), thus contributing to their accumulation
within ILVs (Yang and Gould, 2013; Chen et al., 2021; Ras-
Carmona et al., 2021). Surface proteins of cargo are often
anchored to the ILV membrane by myristoylation,
palmitoylation or other sequences. The mechanisms of cargo
accumulation remain unclear. Discoveries of a few years ago
demonstrated the targeting and association of single proteins to
the growing ILV lumen (Chen et al., 2021). Details have been
clarified by the identification of proteins, such as endofin and
arrestin-domain containing protein (ARRDC1), in the assembly
of cargos (Ageta and Tsuchida, 2019; Kazan et al., 2021).
Condensates of another protein of ample specificity, YBX1,
have been shown to induce abundant liquid-liquid phase
separations selectively recruiting a single miRNA, miR223 (Liu
H. et al., 2021). The present hypothesis is that, in cargo
development, other RNA-binding proteins undergo
condensation. By such mechanism various proteins, together
with important factors such as IL-1β and TNF-α, undergo a
selective engulfment within ILVs before release by
unconventional secretion. (Bello - Gamboa et al., 2020).

Journey and exocytosis of MVBs. Once established, MVBs
travel within the cell. In immune and other cells, actin
reorganization induces convergence of the non-lysosome
binding fraction to the microtubule-organizing center (Bello -
Gamboa et al., 2020). In response to various types of stimulation
MVBs move, approaching the plasma membrane (Figure 1)
(Calvo and Izquierdo, 2020). Understanding of these processes
has been strengthened by the use of optical reporters associated
with ILV markers (Verweij et al., 2018; Liu X.-M. et al., 2021).
Upon tethering to specific sites (Davis et al., 2021), some
heterogeneity in the molecules participating in MVB
exocytosis has been reported among various cell types. The
first Ras GTPase reported in the process has been Ras 11.
Additional forms, such as Rab27a and Rab 27b, as well as the
Rho, Rac, cdc42 family, have been reported to operate in many,
but not in all types of cells (Hessvik and Llorente, 2018; Hyenne
et al., 2018; Colombo et al., 2021). Concerning the fusion
complex, the factor most frequently involved in various tissues
and also in cancers (Peng et al., 2021) is the R-SNARE VAMP7
(vesicle-associated protein 7) together with the Q-SNARE
SNAP23. Other R-SNAREs, such as VAMP3 and VAMP8, are
also effective, however with lower frequency (Verweij et al., 2018;
Zhao et al., 2022). Their ternary complex, established with
SNAP23 associated to Syntaxin-4, induces the generation of
enlarging pores, called invadopodia, key sites for MVB fusion
with the plasma membrane and for the ensuing ILV release (Puri
and Roche, 2006; Verweij et al., 2018; Colombo et al., 2021; Peng

et al., 2021; Zhao et al., 2022). Q-SNAREs analogous to SNAP23,
such as SNAP25, are ineffective in such fusion. Additional small
GTPases involved include Ral, Rab (especially Rab35) and other
Ras (Zhu et al., 2015; Yang et al., 2019). The integrated analysis of
the various participants has revealed the role of non-coding RNAs
(Yang et al., 2019) and G protein-coupled receptors. The latter,
via their cAMP effect, promote the fusion via a SNAP23
phosphorylation occurring at the Ser 110 position (Verweij
et al., 2018). SNARE dependence participates also in the
unconventional secretion of important proteins such as α-
synuclein (Zhao et al., 2022). The latter aspect will be
presented in the following Section 5.

During the last few years, exocytosis and exosome secretion
have been intensely investigated by a variety of techniques. The
recent development of pH-dependent fluorescence microscopy
has introduced the direct revelation of the processes. Fluorescent
proteins of exosome membranes, such as CD63-pHfluorin, start
emitting fluorescence upon exocytosis. The steps revealed by
these approaches are numerous, from the efficacy and
intracellular signaling of exogenous stimuli to the frequency,
localization and machinery of exocytosis, up to the navigation
of the released vesicles (Liu X.-M. et al., 2021; Gurung et al.,
2021). The exosome localization studies have revealed various
unexpected results. In lymphocytes the site of exocytosis is
redistributed upon the establishment of immune synapses
(Bello - Gamboa et al., 2020). In epithelial cells, where the
plasma membrane includes two distinct areas, MVB exocytosis
addressed to the baso-lateral area are different from those
addressed to the apical area. Differences have been
demonstrated also between the two corresponding families of
released exosomes (Colombo et al., 2021; Matsui et al., 2021).
Heterogeneity is therefore a common property even of exosomes
secreted by single cells.

3.2 Ectosomes
As already mentioned knowledge of ectosomes, more limited
than that of ILV/exosomes, has been questioned for many
years. This because the preparations employed were widely
contaminated by membrane fragments of other origin; and
because the studies of ectosomes were less numerous and less
detailed compared to those of ILV/exosomes. Nevertheless, the
information about ectosomes has grown, dependent in many
cases on parallel studies about both exosomes and ectosomes
(Van Niel et al., 2018; Meldolesi, 2018). Compared to
exosomes, the intracellular life of ectosomes is much
shorter. In cells stimulated by a variety of agents, such as
ATP, ectosome generation by outward budding and pinching
off of small plasma membrane microdomains starts within a
few minutes (Van Niel et al., 2018) (Figure 2B). Regulation of
ectosome generation depends on various factors. Cdc42, a
small G protein of the Rho family, is a convergent node of
multiple regulatory signals. The binding to its downstream
effector, Ras GTPase-activating-like protein 1 (IQGAP1), is
required for ectosome shedding (Wang et al., 2021; Dai et al.,
2019). Additional stimulatory events are the up-regulation of
RhoA, Rock and phosphorylated LINK1, a kinase that controls
actin cytoskeleton dynamics. RhoA inhibitors suppress the
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production of ectosomes (Sun et al., 2021). Subsequent
developments are supported by involvement of ESCRTs and
their associated proteins analogous, but not identical, to those
of ILVs (Gruenberg, 2020; Pavlin and Hurley, 2020; Juan and
Fürthauer, 2018a; Huber et al., 2020). At least two complexes
activate typical processes, i.e. their membrane dynamics
involves outward budding and fission of corresponding
plasma membrane microdomains. (Askenase, 2021; Pavlin
and Hurley, 2020). ESCRT-III, followed by appropriate
ATPase, governs the increased curvature, with ensuing
narrowing of the neck followed by final scission
(Figure 2B) (Johnson et al., 2018; Huber et al., 2020; Tseng
et al., 2021; Wang et al., 2021). Regulation of further processes
depends also on protein phosphorylation and calmodulin
activation (Ni et al., 2020). Based on their properties,
ectosomes and their molecules play a critical role in the
regulation of cellular biology (Lv et al., 2019).

Membranes, Cargo, Release. The microdomains involved in
the generations of ectosomes exhibit differences with respect to
the rest of the plasmamembrane. Their asymmetric phospholipid
layers are rapidly rearranged. Several membrane proteins are
analogous, but not identical to those of ILVs. For example, the
most abundant tetraspanin in ectosomes is not the CD63 of ILVs
but CD9 (Mathieu et al., 2021). Proteins of plasma membrane are
present in ectosome membranes during and after their
generation, however at low concentration.

Knowledge about ectosome cargo is limited. Accumulation of
proteins by high affinity binding to miRNAs are processes known
within exosomes (Yang and Gould, 2013; Chen et al., 2021). They
might occur also within the ectosome lumen. Among such
proteins is ARRDC1, an adaptor of ubiquitin ligases, involved
in the regulation of ectosome generation and release (Anand
et al., 2018). Loading of ectosome cargos with both RNA-binding
proteins and miRNAs are supported by the LC3-conjugated
machinery, an example of vesicle/autophagy interaction (Leidal
et al., 2020). The ectosome cargo formation is regulated by
caveolin-1, a structural protein as abundant as in plasma
membrane caveolae. In contrast in exosome cargos caveolin-1
is not abundant (Ni et al., 2020) In addition, the ectosome cargos
contain IL-1β, various cytokines and factors of the TNF family,
together with other proteins of unconventional secretion (Cohen
et al., 2020). Upon release from the plasma membrane, ectosomes
coincide to EVs characterized by their large size and specific
extracellular properties. In epithelial cells, plasma membrane
areas induce two distinct types of such EVs, characterized by
different functional roles (Colombo et al., 2021).

4 EVS: ORIGIN, NAVIGATION AND FUSION
WITH TARGET CELLS

Contrary to some conventional beliefs, EVs are not membrane
fragments released as a result of cell leakage. They are two types of
extracellular vesicles, secreted by all cells and providing routes of
intercellular communication. In fact, they transmit in vitro and in
vivo biological messages between cells, with activation of specific
signal transductions in their target cells. As a consequence, EVs

are important tools active for unconventional secretion. Upon
reaching their extracellular space, EVs start their navigation. An
unexpected property of such activity is the vastness of its traffic,
which is not restricted to the space adjacent to their cells of origin
but is almost unlimited in the whole body. EVs are in fact the only
membrane-bound structures to which the blood-brain barrier
and various types of intercellular junctions are largely permeable.
This property explains the EV circulation among organs and in
the fluid spaces of the body, most important being the central
spinal fluid and the blood plasma. Summing up, the wide
navigation is essential for EV interaction and fusion with
target cells. Their signal transduction cascades are activated at
all distances of intercellular communications.

The specific properties of the various EVs are mostly due to the
elaborate assembly of their precursors. During their biogenesis,
the bending away and the ensuing budding and fission of
membranes are established with the contribution of ESCRT
complexes (Juan and Fürthauer, 2018; Cocozza et al., 2020;
Pavlin and Hurley, 2020; Askenase 2021; Lim et al., 2021; Sun
et al., 2021). Recent evidence has demonstrated that ESCRT
complexes contribute also to a variety of EV processes,
including their membrane specificity and the integrated
structure of their cargos (Juan and Fürthauer, 2018). The
membrane composition is complex. In addition to members of
the teraspanin family, tthey include glycoproteins, adhesion
molecules, various lipids and also receptors (Figure 2A),
important for binding to other vesicles and target cells. Their
cargos include long-term proteins often bound tomiRNAs, which
are known to possess sorting sequences involved in the regulation
of their secretion (Garcia-Martin et al., 2021). Additional
components include other types of non-coding RNAs and
coding mRNAs together with lipids, enzymes, cytokines,
growth factors and various proteins of unconventional
secretion, most often originated from the cytoplasm (Boilard,
2018; Greening and Simpson, 2018; Garcia-Martin et al., 2021).
Among phospholipid components, abundant are the arachidonic
acids and other polyunsaturated eicosanoids (Juan and
Fürthauer, 2018). Release of EVs to the extracellular space
depends on the functional state of their cells of origin
(Hessvik and Llorente, 2018; Cohen et al., 2020; Sun et al.,
2021). Additional mechanisms known to regulate the EV
generation and function depend on the media of their culture.
For example, addition of fetal bovine serum, widely used
commercially, induces negative effects, whereas with various
growth factors and also with glucose the induced effects are
positive (Bost et al., 2021; Guan et al., 2021).

Comparative analysis of the EVs derived from exosomes and
ectosomes have revealed interesting aspects of heterogeneity.
Proteins of important families, from their membranes
(tetraspanins) and lumena (proteins associated to transport
and fusion) are present in both types of EVs, however with
differences in their levels and components (Pizzirani et al., 2007;
Van Niel et al., 2018; Bost et al., 2021; Guan et al., 2021; Mathieu
et al., 2021). Differences have been reported also for weakly
expressed proteins, some of which heterogeneous also among
EVs from distinct subtypes of cellular vesicles (Greening and
Simpson, 2018; Gurunathan et al., 2021). Exosomes and
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ectosomes differ also in metabolites, a property relevant for
navigation fluids, including blood plasma (Bost et al., 2021;
Gurunathan et al., 2021; Lim et al., 2021). In addition, recent
evidence has demonstrated the ability of EVs to establish surface
protein-protein interactions. It appears, therefore, that at least a
fraction of EVs tends to show functionally integrated complexes
(Leidal et al., 2020; Levy et al., 2021; Nikoloff et al., 2021; Razzauti
and Laurent, 2021). At present, populations of single EV type can
be isolated by various techniques based on distinct approaches,
including monoclonal antibodies (Levy et al., 2021; Lim et al.,
2021). The state of knowledge and techniques are already
advanced. Additional developments are expected for the future
including their markers and signatures, useful for the
identification of subtype-specific EVs and the unconventional
secretion of their proteins (Garcia-Martin et al., 2021; Levy et al.,
2021; Nikoloff et al., 2021; Razzauti and Laurent, 2021).

After navigation in their extracellular fluid, EVs can undergo
fusion with target cells, not only in the proximity but also at large
distances from their cells of origin. Such fusions need to be
efficient and specific, inducing transfer of their cargos to target
cells. The first step is a tethering, which is essential, established
between vesicles and the surface of target cells. In fact, block of

tethering results in the prevention of all fusions (Guan et al., 2021;
Gurunathan et al., 2021). On the other hand, tethering is not
followed by fusion in all cases. The ensuing interactions are not
always of the same type. The specific binding of a vesicle agonist
to its receptor at the cell surface can be transient followed by
generation of intracellular signals. In many cases, however,
binding is followed by insertion of the vesicle membrane in
the plasma membrane, with enlargement of the cell surface
area and cargo discharged into the cell cytoplasm (Levy et al.,
2021; An et al., 2021). Upon the introduction of new techniques
to reveal the progressive changes of the EV protein distribution,
the membrane and cargo events have been intensively
investigated (Lim et al., 2021; Bost et al., 2021). Where does
the EV fusion occur in target cells? In only a fraction of cases the
process occurs at the surface, and cargos are discharged through
the plasma membrane (Figure 3) (Somiya and Kuroda, 2021;
Perissinotto et al., 2021; Song et al., 2021; Hung and Leonard,
2016). Inmany other cases fusion, preceded by the internalization
of EV in the endocytic system, occurs in a moderately acidic
environment (Figure 3) (Joshi et al., 2020; Somiya, 2020). A
possible consequence of this pathway is the capture of EVs by the
endo/lyso system, with limited escape of their cargos to the
cytoplasm. However, the disruption of discharged cargo
molecules is not always the case. Rather, many proteins
remain intact and functional, as it happens with receptors still
active upon their discharge (Hung and Leonard, 2016; Somiya,
2020; Levy et al., 2021). During and after such fusions also target
cells release vesicles of their origin, containing at least part of the
components received by their EV fusion. A process of this type is
usually called recycling (Somiya, 2020). In conclusion, secretion
pathways of EVs and their components appear more complex
than previously expected. The problem is further discussed in the
following Section focused exclusively on unconventional
secretion.

5 RELEVANT EXAMPLES OF
UNCONVENTIONAL PROTEIN SECRETION

Interest about EVs is growing depending on their properties such
heterogeneity, navigation, fusion and recycling. In previous
Sections unconventional secretion of proteins has been
described, however only marginally. Here their presentation is
expanded, focusing on the physiology of well-know examples. At
present, in fact, unconventional protein secretion is not
interesting only for basic physiology. It is relevant in
diagnoses, therapies and clinical applications of diseases in the
brain, heart and vessels, bones, and other tissues (Ng and Tang,
2016; Joshi et al., 2020; Gurunathan et al., 2021; He et al., 2021). In
the present review, however, no space is available to deal with the
EV role in these diseases. News about them will be reported in a
future review to be published elsewhere.

Mechanisms underlying unconventional secretion have been
deciphered during the last several years (Ng and Tang, 2016;
Cohen et al., 2020). Recent developments about immune
modulations, cell signaling, growth, redox control, as well as
moonlighting activities, have started to be identified and

FIGURE 3 | Various forms of EV fusion with target cells. The different size
of the EVs illustrates the parallel processes of ectosomes and exosomes. (A)
shows vesicles inducing only signaling upon binding to receptors. In (B) the
fusion of single vesicles followed by the integration of the membrane the
plasma membrane (PM), induces release of cargo to the cytoplasm. In (C) the
EVs, bound to receptors such as those in (A), are internalized in an endosomal
cisterna, and the same occurs in (D) for EV groups internalized by
phagocytosis or macro-pinocytosis. Upon internalization, the EVs of (C,D) are
accumulated within pseudo multi-vesicular bodies (pMVB). Elimination of
these structures by ectosomal block and possible fusion with lysosomes do
not appear in this Figure. Alternatively, the EV membranes fuse with
endosome membrane and the cargos are released in the depth of the
cytoplasm. The possible integration of molecules from fused EVs with
molecules generated locally to participate in a new generation of EVs is
suggested by the word Recycling. Figure reproduced with permission from
Meldolesi (2018).
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characterized (Cohen et al., 2020; Sitia and Rubartelli, 2020).
High interest for EV crosstalk has been demonstrated with other
structures and functions, such as autophagy and inflammasomes.
Autophagy is best known for its role in organelle and protein
turnover. In addition their machinery, together with MVBs,
participates in ILV assembly (Bebelman et al., 2020;
Raudenska et al., 2021). Machinery and MVBs often fuse with
lysosomes, and in these cases they are often digested. In other
cases, however, changes occur during MVB traffic towards the
plasma membrane. Upon their integration in EV structure,
autophagy components follow the EV pathway, from their
exocytosis to navigation and cell fusion, activating the
unconventional accumulation of important proteins in target
cells (Hassanpour et al., 2020; Raudenska et al., 2021). Among
such proteins is tau, known to play a critical role in brain diseases
such as Alzheimer’s and tau diseases. Its autophagy crosstalk with
the two types of EV appears relevant for unconventional secretion
involving neurons, astrocytes and microglia (Brunello et al., 2020;
Jiang and Bhaskar, 2020). Another example of crosstalk concerns
SCAMP5 (Secretory Carrier Membrane Protein 5), an inhibitor
of autophagosome fusion with lysosomes. Its increased activity
promotes a fragmentation of GC with block of its conventional
and increased unconventional secretion (Yang et al., 2017). This
unexpected switch of the secretory processes is relevant because it
results in physiological changes including the metabolism of
important proteins such as α-synuclein (Yang et al., 2017;
Zhao et al., 2022). Interestingly, once α-synuclein metabolism
is switched away from conventional secretion, it can be addressed
not only to EVs but also to other unconventional pathways
including autophagosomes and lysosomes (Zhao et al., 2022).
In addition to brain physiology, unconventional secretion is
important for inter-neuronal transmission (Yang et al., 2017;
Bieri et al., 2018). Moreover, autophagic crosstalk concerns two
proteins unconventionally secreted by teratocyte cells of insects
upon their accumulation within exosomes (Salvia et al., 2019).

The most important form of vesicle crosstalk deals however
with inflammasomes. The latter are large protein complexes
assembled by variously recognized receptors together with
pathogen-associated or damage-associated protein patterns,
both activated by caspase-1 (Dai et al., 2019). Generation of
various exosomes by inflammations results in the activation of
several tasks including unconventional secretion of IL-1β, IL-
18 and many other proteins. Moreover, exosomes can induce
promotion or inhibition of various types of inflammasome
(Bieri et al., 2018; Salvia et al., 2019). Finally, crosstalk of a
peculiar inflammation with ectosomes, rather than exosomes,
regulates the expression and unconventional secretion of an
important protein, FADD, involved in a number of important
processes: cell death, proliferation, immunity and
inflammation (Cypryk et al., 2018; Noonin and
Thongboonkerd, 2021). Thus, EVs of the two families,
combined to various inflammasomes, induce distinct effects
of critical importance for unconventional secretion (Bieri
et al., 2018; Cypryk et al., 2018; Salvia et al., 2019; Noonin
and Thongboonkerd, 2021).

Secretion of other proteins can occur by either conventional or
unconventional pathways depending on their structure or

binding to other component. This is the case of the cytokine
TNF, which is switched off by the conventional secretion of ATP.
In contrast, ATP induces TNF accumulation within ectosomes
followed by exocytosis, navigation and fusion, thus establishing
cell-to-cell connections (Noonin and Thongboonkerd, 2021).
Another protein, the proinflammatory transmembrane
protease TACE, when expressed upon its tyrosine
phosphorylation, induces loss of a trafficking factor followed
by its translocation into EVs and secretion via their
unconventional pathway (Zhao et al., 2019). On the other
hand, galectin-3 was found to include in its amino terminus a
highly conserved tetrapeptide motif necessary for its direct
binding to Tsg101, an associated protein of the ESCRT
complex. Such motif is necessary for galectin to undergo
unconventional secretion with exosomes. Mutations of its
tetrapeptide prevents secretion of galectin-3 (Bänfer et al., 2018).

6 CONCLUSION

The unconventional secretion emerging from the present review
is unique. As emphasized in Section 1, its discovery was based on
the recognition of properties distinct from those of conventional
secretion. Here attention has been focused on the two
unconventional secretory EVs, the small exosomes and the
larger ectosomes. In the last Section the properties of the two
EVs are summarized together, including processes that in
previous Sections are presented separately.

The membranes and cargos of the two types of EV are largely,
but not completely, different from the membranes and cytoplasm
of their original cells. Various distinctions exist between these two
types of vesicles, concerning not only their size but also their
molecular composition (Meldolesi, 2018; Van Niel et al., 2018;
Royo et al., 2020; Raudenska et al., 2021), intracellular life
(Rabouille, 2017; Van Niel et al., 2018; Gurung et al., 2021;
Raudenska et al., 2021), and release processes (Van Niel et al.,
2018; Shtam et al., 2020; Gurung et al., 2021; Ras-Carmona et al.,
2021; Raudenska et al., 2021). A major distinction of EVs,
however, exists with respect to the vesicles and granules of
conventional secretion. From such organelles only cargos are
secreted, most often into the extracellular space. During their
release the membranes are first integrated in the plasma
membrane and then recycled by endocytosis to the cytoplasm
of secretory cells. In contrast the EVs, upon their release and
during navigation, maintain their whole structure, composed by
both membranes and cargos. Upon their fusion to specific target
cells, their membranes are integrated into the plasma or endocytic
membranes, while the cargos are discharged and diffuse in the
cytoplasm (Bost et al., 2021; Guan et al., 2021). Depending on
their properties, the intracellular distribution of the received
cargo proteins varies: a l fraction goes to the nucleus, others to
the plasma membrane/intracellular membranes, or remain in the
cytosol (Somiya and Kuroda, 2021). In each animal, received
cargo proteins recycle within re-assembled EVs, circulating along
their pathways distributed following dynamic, possibly
interconnected networks. Based on the present knowledge, the
distinction of the two EVs with respect to conventional secretory
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organelles has been hypothesized to depend on their ancient
evolutionary origin (Askenase, 2021).

The results of EV fusions induce many operational effects,
distinct from those of conventional secretion, including
epigenetic mechanisms, widely spread among cells.
Unconventionally secreted proteins presented in the review
include tau, α-synuclein, SCAMP, FADD, interleukins (Yang
et al., 2017; Bieri et al., 2018; Cypryk et al., 2018; Salvia et al.,
2019; Brunello et al., 2020; Hassanpour et al., 2020; Jiang and
Bhaskar, 2020; Sitia and Rubartelli, 2020). A list of highly
relevant protein secretion can switch from conventional to
unconventional and vice-versa, depending on the cells
involved and their specific environmental conditions (Yang
et al., 2017; Bieri et al., 2018). Moreover, interaction with
autophagy can lead to fusion including machinery molecules
(Hassanpour et al., 2020; Raudenska et al., 2021); and crosstalk
of EVs with inflammasomes induces unconventional secretory
proteins dependent on immune responses (Cypryk et al., 2018;
Mouasni et al., 2019; Noonin and Thongboonkerd, 2021). In
conclusion, the wide circulation of EVs can operate by
biological and also medical processes dependent on critical
molecules that do not diffuse independently through

intercellular fluids but exchanges by reciprocal fusion of
EVs between cells.

Compared to conventional secretion, knowledge of
unconventional secretion is still limited, however it is
growing, especially in the disease areas already intensely
investigated (see for example the reviews Gonzalez et al.,
2020; Raffaele et al., 2020; Ganesan and Cai, 2021). In the
near future, therefore, the role of unconventional protein
secretion will become more and more relevant in key areas,
from physiology to medicine and especially to clinical
practice.
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