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The field of extracellular vesicles (EVs) has expanded
tremendously over the last decade. The role of cell-to-cell
communication in neighboring or distant cells has been
increasingly ascribed to EVs generated by various cells.
Initially, EVs were thought to a means of cellular debris or
disposal system of unwanted cellular materials that provided
an alternative to autolysis in lysosomes. Intercellular exchange
of information has been considered to be achieved by well-
known systems such as hormones, cytokines, and nervous
networks. However, most research in this field has searched
for and found evidence to support paracrine or endocrine
roles of EV, which inevitably leads to a new concept that
EVs are synthesized to achieve their paracrine or endocrine
purposes. Here, we attempted to verify the endocrine role of
EV production and their contents, such as RNAs and bioactive
proteins, from the regulation of biogenesis, secretion, and
action mechanisms while discussing the current technical
limitations. It will also be important to discuss how blood EV
concentrations are regulated as if EVs are humoral endocrine
machinery.
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EXTRACELLULAR VESICLES (EVs)

Small vesicles delimited by a lipid bilayer released from cells

are now defined as EVs (Witwer and Thery, 2019). Virtually
all cells, if not all, in any tissue or organ can be the source
of EVs (Mathieu et al., 2019). Exosomes typically have size
distributions smaller than 150 nm, whereas ectosomes have
diameters larger than 150 nm.

EVs can be defined in subpopulations based on their gen-
erating mechanism as “ectosomes” or are called “microve-
sicles” that are shed directly from the plasma membrane,
“exosomes” are released by exocytosis of multivesicular
bodies (MVBs), where the limiting membrane of MVBs is in-
wardly budded while exosomes (intraluminal vesicles [ILVs])
are formed in the internal space of this endosome (Mathieu
et al.,, 2019). Therefore, the term “exosomes” is defined by
their intracellular biogenesis. It starts from endocytosis, which
forms an early endosome. Early endosomes mature into late
endosomes, in which ILVs are generated. Late endosomes
containing multiple ILVs are called MVBs. Finally, exosomes
are secreted from cells by exocytosis of the MVB contents.

There have been extensive reviews of the reported func-
tions (El Andaloussi et al., 2013; Gézsi et al., 2019; Kalluri
and LeBleu, 2020; Kita et al., 2019b), biogenesis mechanism
(Colombo et al., 2014; Hessvik and Llorente, 2018; Jadli et
al., 2020; Kita and Shimomura, 2021; Xie et al., 2022), and
isolation of EVs (Poupardin et al., 2021; Théry et al., 2006);
here, we briefly summarize the most current views on these
specific aspects and discuss them based on the endocrine
roles of EVs.
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EXOSOME BIOGENESIS

From plasma membrane endocytosis to exosome secretion,
the term “exosome biogenesis” refers to ILV formation in
the late endosome, MVBs. Exosome biogenesis progresses
with the conserved membrane-neck-directed activities of the
endosomal sorting complex required for transport (ESCRT)
complexes (Xie et al., 2022). ESCRTs are composed of ap-
proximately 20 proteins assembled into 4 complexes (e.g.,
ESCRT-0, -I, -Il, and -lll) with associated proteins (e.g., VPS4,
VTA1, and ALIX) and are conserved from yeast to mammals
(Henne et al., 2011). ILV biogenesis starts with the formation
of a nascent bud toward the interior of an MVB, which is
connected via a membranous stalk to the endosomal lim-
iting membrane (Fig. 1). The subsequent severing of this
nascent ILV from the limiting membrane requires membrane
fission activity of the ESCRT complex (van Niel et al., 2018).
Currently, what makes a nascent bud become an MVB is
obscure. Exosome biogenesis is mediated by a variety of ES-
CRT proteins, including Hrs, CHMP4, TSG101, STAM1, and
VPS4 (Colombo et al., 2013; Hessvik and Llorente, 2018).
The syntenin-Alix-ESCRT-IIl system is also important and has
physiological significance, especially in tumor cells (Baietti et
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al., 2012; Ghossoub et al., 2014; Imjeti et al., 2017; Roucourt
et al., 2015). ILVs are considered to form independently of
ESCRTs (Stuffers et al., 2009). Sphingolipid regulation also
plays a significant role in both exosome biogenesis and secre-
tion (Verderio et al., 2018). The abundance of tetraspanins,
such as CD63, also affects exosome biogenesis (Andreu and
Yanez-Mo, 2014, Ghossoub et al., 2020).

Syntenin-ALIX-ESCRT-lIl system

The syntenin-ALIX-ESCRT-IIl system facilitates signaling-in-
duced sorting of plasma membrane proteins to endosomes
and intracellular biogenesis of exosomes (Baietti et al., 2012).
One plausible mechanism of exosome biogenesis may be
membrane budding by clustering of membrane proteins
(Hurley et al., 2010). Interestingly, higher order oligomeri-
zation of proteins with membrane anchoring was shown to
be sufficient for protein sorting into the exosome (Fang et
al., 2007). Clustering of an extremely abundant membrane
protein, syndecan, which is associated with cytosolic syntenin
and in turn syntenin, binds ALIX, a component of ESCRT, and
is facilitated by the enhancement of ILV biogenesis (Baietti et
al., 2012). In this study, Baietti et al. (2012) demonstrated ac-
cumulations of DAB-stained ILVs in MVBs by incubating them
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Fig. 1. Exosome biogenesis pathways. Exosomes are intracellularly generated inside MVBs. Endocytosis of the plasma membrane starts
with endosome maturation, in which the limited membrane is invaginated to form ILVs. If ILVs are secreted outside the cells, they are
called exosomes. Membrane protein clustering is an important mechanism by which membrane budding occurs. Syndecan clustering,
tetraspanin enrichment, and high-molecular-weight multimer adiponectin-induced T-cadherin clustering are all supposed to enhance ILV
biogenesis. Ceramide generation may affect membrane protein clustering in the late endosome and thereby induce ILV biogenesis. ER,

endoplasmic reticulum.
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with anti-CD63:HRP conjugates for one hour. This strategy
enables visualization of newly generated ILVs in MVBs and
thus enables direct evaluation of the speed of exosome bio-
genesis (Baietti et al., 2012). Because exosome secretion can
be regulated in multiple steps, including ILV biogenesis and
MVB fusion with the plasma membrane, a direct evaluation
strategy of ILV genesis such as this is mandatory.

In this syntenin-ALIX system, it was also revealed that
small GTPase ADP ribosylation Factor 6 (ARF6) regulates ILV
biogenesis (Ghossoub et al., 2014). Because the formation
of a bud from a flat membrane requires thermal energy, the
involvement of a small GTPase is reasonable (Hurley et al.,
2010).

[t was reported that heparanase overexpression in human
cancer cells (e.g., myeloma, lymphoblastoid, and breast can-
cer) enhances exosome secretion (Thompson et al., 2013).
The addition and knockdown of heparanase affect exosome
biogenesis, as revealed by the dependence on Rab27a, and
the effects of heparanase depend on syndecans and interac-
tions of syntenin with ALIX (Roucourt et al., 2015). Hepara-
nase is the only mammalian enzyme capable of cleaving hep-
aran sulfate internally and is upregulated in many cancers.
Although heparanase can activate several signal transduction
pathways independently of its enzymatic activity and can en-
hance cell survival and cell migration, it may promote tumor
progression by increasing tumor exosome biogenesis (Rou-
court etal,, 2015; Thompson et al., 2013).

The syntenin-ALIX exosome biogenesis system is also regu-
lated by a proto-oncogene, Src (Imjeti et al., 2017). Src plays
important roles in cell proliferation, invasion, motility, and sig-
nal transduction induced by various external stimuli, such as
growth factors and integrins. It was reported that Src directly
phosphorylates syndecan and syntenin, thereby enhancing
syndecan endocytosis and syntenin-syndecan endosomal
budding (Imjeti et al., 2017).

Because both syntenin and ALIX are ubiquitously expressed
throughout the body in fetal and adult humans (Zimmer-
mann et al., 2001) and in mouse tissues (Jeon et al., 2013),
it is expected that a loss of syntenin would affect whole-
body exosome biogenesis and therefore the physiological
significance of exosome biogenesis at the whole-body level.
However, systemic syntenin knockout mice were reported to
be viable, showed no major defects, and had normal fertility
(Kashyap et al., 2021). Moreover, surprisingly, EVs secreted
by the MEFs of syntenin KO mice did not differ in their num-
bers and sizes compared to those of WT mice (Kashyap et al.,
2021). The congenital deficiency of syntenin may be com-
pensated for by some other factors.

We found that knockdown of ALIX in human adipose-de-
rived mesenchymal stem cells (MSCs) reduced exosomal car-
go secretion by more than 95% and significantly attenuated
the therapeutic effects of intravenously injected cells in a
pressure-over load-induced heart failure model (Nakamura et
al., 2020). ALIX deficiencies in these stem cells did not affect
the cytokine profile, growth of cells, or differentiation poten-
tial to adipocytes, chondrocytes, and osteoblasts (Nakamura
et al., 2020). Because “loss-of-exosome” studies are crucially
important to know the roles of exosomes, transient knock-
down of ALIX may be an ideal method to study the functions
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of exosomes in at least the cultured MSCs.

Sphingolipids and their metabolizing enzymes
Sphingolipid ceramide is composed of sphingosine and
fatty acids and is contained in high concentrations within
cell membranes. Using a mouse oligodendroglial cell line,
Trajokovic et al. (2008) reported that ILV biogenesis into an
MVB depends on ceramide, purified exosomes are enriched
in ceramide, and the release of exosomes decreases after
inhibition of neutral sphingomyelinases (nSMase) (Trajkov-
ic et al., 2008), which convert sphingomyelin to ceramide
and phosphocholine. This suggests proposing a lipid-based
mechanism for exosome biogenesis where inward mem-
brane budding to form ILV proceeds at sphingolipid-rich
membrane microdomains through enzymatic generation of
ceramides and subsequent coalescence into larger domains
(Trajkovic et al., 2008). Indeed, small membrane vesicles such
as exosomes need ceramides, cone-shaped structures, to
stably form sharp curvatures. From this finding, many stud-
ies employed the nSMase inhibitor, GW4869, or an siRNA
against nSMase2 to limit exosome biogenesis. Intraperitoneal
injections of GW4869 were reported to reduce the levels of
brain and serum exosomes in a mouse model of Alzheimer's
disease (Dinkins et al., 2014). The same group also reported
decreased numbers of exosomes for a genetic deficiency of
nSMase2 using the same mouse model (Dinkins et al., 2016).
Therefore, these studies suggest that ceramide regulation
of exosome biogenesis has physiological importance in vivo.
Ceramide generated by nSMase2 is considered to mediate
ESCRT-independent exosome biogenesis (Stuffers et al.,
2009; Trajkovic et al., 2008). The sphingomyelin metabolite,
sphingosine-1-phosphate (S1P), was shown to induce car-
go sorting to ILVs and maturation of MVBs by continuously
activating Gi-coupled S1P receptors in MVBs (Kajimoto et
al., 2013). Recently, it was shown that nSMase2 inhibition
induces V-ATPase complex assembly that drives MVB lumen
acidification and consequently reduces exosome secretion
(Choezom and Gross, 2022). Rab31 was shown to mediate
flotillin sorting into ILVs and inhibit MVB fusion to the lyso-
some and enhance exosome secretion (Wei et al., 2021). The
effects were also dependent on lipids and were inhibited by
nSMase inhibitors or cholesterol biosynthesis inhibitors (Wei
etal., 2021).

To date, however, it has been unreported whether such
lipids and their metabolism affect exosome biogenesis in
terms of the ILV biogenesis rate. Furthermore, the effects of
inhibition or deficiency of sSMase2 on exosome biogenesis
and secretion do not seem to be general (Colombo et al.,
2013; Phuyal et al., 2014, Skotland et al., 2017; van Niel et
al., 2011). We also found that knockdown of sSMase2 in
cultured murine endothelial cells or human adipose-derived
MSCs did not change the yield of EVs (Nakamura et al., 2020;
Obata et al., 2018). Because inhibition of nSMase seems
to have different effects depending on cell type despite the
physicochemical basis of the ceramide, it will be important
to understand what causes the differences among cell types
(Verderio et al., 2018).
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Tetraspanin

Tetraspanin is a four transmembrane protein superfamily
that organizes membrane microdomains termed tetraspan-
in-enriched microdomains by forming clusters and interacts
with a large variety of transmembrane and cytosolic signaling
proteins (Andreu and Yanez-Mo, 2014). Tetraspanins such
as CD9, CD81, and CD63 are major constituents of EVs and
serve as canonical surface markers for EVs. Tetraspanin plays
roles in both ESCRT-dependent and ESCRT-independent
exosome production and cargo sorting. For example, the me-
lanocyte-specific glycoprotein, PMEL ESCRT, independently
enters ILVs and is secreted into exosomes upon interaction
with CD63 (van Niel et al., 2011). It was also reported that
exosome release from dendritic cells generated from CD9
knockout mice is reduced compared to that from wild-type
dendritic cells (Chairoungdua et al., 2010). From a transmis-
sion electron microscopy analysis, substantial evidence sup-
ported the role of tetraspanin in exosome biogenesis (Bari et
al., 2011). The tetraspanin, CD81, promotes microvillus for-
mation and/or extension, whereas CD82 does not. CD81 en-
hances outward bending of the plasma membrane, whereas
CD82 inhibits it (Bari et al., 2011). Because tetraspanins
interact with various membrane proteins, the mechanism of
how overexpression and/or depletion of one specific tetra-
spanin affects the membrane budding reaction that leads to
endocytosis and forms ILVs in an MVB is not well understood.
Recently, a connection between the tetraspanin system and
syntenin-ALIX-ESCRT-IIl system was reported (Baietti et al.,
2012; Ghossoub et al., 2020). TSPN6, a poorly characterized
tetraspanin, supports lysosomal degradation of SDC4 and
syntenin and suppresses exosome biogenesis (Ghossoub et
al., 2020). Tetraspanins, by forming a membrane protein
network including syndecans and flotillin, may facilitate both
ESCRT-dependent and ESCRT-independent pathways and
regulate membrane homeostasis and exosome biogenesis.

Adiponectin/T-cadherin system

Adiponectin is a secretory protein produced specifically by
adipocytes. It is considered a beneficial protein that decreases
with obesity progression and has various organ-protect-
ing effects, such as insulin sensitization and cardiovascular
protection (Kita and Shimomura, 2021; Kita et al., 2019b).
We found that adiponectin, an adipocyte-derived factor,
enhances ILV biogenesis and subsequent exosome secretion
by binding to cell-surface T-cadherin, a sole physiologically
proven receptor for adiponectin (Fukuda et al., 2017; Kita et
al., 2019a; Obata et al., 2018) (Fig. 1). Adiponectin increases
the numbers of DAB-stained ILVs counted by immune elec-
tron microscopy in an MVB during a one-hour incubation
period with a labeled antibody against CD63 following trans-
fection with siRNA against Rab7 and Rab27a to damn up
MVB fusion with lysosomes or the plasma membrane (Obata
et al.,, 2018). Moreover, the adiponectin/T-cadherin system
strongly affects the total levels of small EVs in the plasma of
mice (Obata et al., 2018). A deficiency in either adiponec-
tin or T-cadherin similarly decreased plasma EVs in almost
half of wild-type mice. Overexpression of adiponectin, in
turn, increased plasma EVs. To our knowledge, adiponectin/
T-cadherin is the only mechanism that is proven to regulate
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systemic concentrations of EVs by regulating ILV biogenesis in
T-cadherin-expressing cells, including endothelial cells (Obata
et al.,, 2018), skeletal and heart muscle cells (Tanaka et al.,
2019), and tissue residential stem/stromal cells (Kita and
Shimomura, 2021; Kita et al., 2019b; Nakamura et al., 2020;
Tsugawa-Shimizu et al., 2021). Interestingly, this system also
affects cellular ceramide contents (Obata et al., 2018). The
addition of adiponectin decreases cellular ceramide contents
and increases secreted ceramides associated with EVs, which
could be sedimented by ultracentrifugation (Obata et al.,
2018). However, as mentioned above, exosome production
was not decreased by nSMase inhibition or silencing in cul-
tured endothelial cells (Obata et al., 2018).

The molecular mechanism of the adiponectin/T-cadher-
in system is not fully understood. Balatskaya et al. recently
demonstrated clustering of T-cadherin by incubation with
high-molecular-weight adiponectin (Balatskaya et al., 2019).

EXOSOME RELEASE

The numbers of released exosomes per hour, namely, the
exosome production speed, was determined by both exo-
some biogenesis as discussed above and by MVB fusion rates
to the plasma membrane (Fig. 2). In this chapter, we will
discuss regulation of the release of already matured MVBs
in which ILVs are formed. MVB movement and fusion to the
plasma membrane are conducted by the Rab GTPase family
and SNARE family proteins (Fader et al., 2009). Intracellular
calcium concentrations are a key factor affecting these steps
(Savina et al., 2003). Additionally, the ability of the lysosome
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Fig. 2. MVB fate determines exosome secretion. MVB can
fuse with both lysosomes and the plasma membrane. The latter
secretes exosomes. MVB fusion with lysosomes can be affected
by senescence, similar to treatments with bafilomycin A or CQ.
Lysosome stress is a hallmark of aging-related cellular dysfunction
and may regulate exosome secretion.



to degrade the cargos of MVBs determines MVB fates and
therefore affects the exosome secretion rate.

MVB fate

MVB is one of the late endosomes that matures from early
endosomes. If MVB fuses with lysosomes, then the MVB
contents are degraded in lysosomal acidic and strongly
proteolytic circumstances. If an MVB fuses with the plasma
membrane, the ILVs in this MVB are released to form exo-
somes. Release of exosomes into the extracellular milieu is
driven by proteins of the Rab GTPase family, including RAB27
(Ostrowski et al., 2010) and SNARE family proteins (Fader
et al., 2009). Currently, it is thought that there are different
subgroups of MVBs in cells: one is utilized for lysosomal deg-
radation, and the other is utilized for exosomal secretion. The
molecular mechanism of this regulatory event is unclear (Gu-
runathan et al., 2021). On the other hand, it is well known
that lysosome status affects exosome secretion (Eitan et al.,
2016). It has been shown that inhibition of lysosomes with
different alkaline agents increases EV secretion. Treating cells
expressing a-synuclein, as a cargo of ILVs, with bafilomycin A,
a lysosome inhibitor, increases the levels of o-synuclein that
are released in EVs (Alvarez-Erviti et al., 2011). Lysosome inhi-
bition by bafilomycin A not only increases EV cargos but also
increases the EV numbers that are secreted into the media,
as determined by nanoparticle tracking analysis (NTA) (Miao
et al., 2015). We also found that bafilomycin A increases
multiple exosome cargo secretions, including T-cadherin, the
binding partner of adiponectin, from endothelial cells (Obata
etal., 2018).

Autophagy

Bafilomycin A specifically inhibits the enzyme activity of vacu-
olar-type H™-ATPase (V-ATPase), a membrane-spanning pro-
ton pump that acidifies endosomes such as lysosomes (Fedele
and Proud, 2020). Because lysosome fusion and subsequent
cargo degradation are the final step of autophagy, bafilomy-
cin A and chloroquine (CQ) have been used interchangeably
to block autophagy in in vitro experiments, assuming that
they both block autophagy itself or its final step (Devis-Jau-
regui et al., 2021). According to this assumption, autophagy
inhibition may increase exosome secretion. However, these
compounds inhibit lysosomes, which are alternative deposits
of MVBs that fuse with the plasma membrane and release
exosomes (Devis-Jauregui et al., 2021) (Fig. 2). However,
it is also true that the autophagy-lysosome pathway is also
involved in exosome secretion. It has been reported that the
ubiquitin-like ATG12 protein and its ligase, ATG3, interact
with ALIX. ALIX regulates MVB fusion of autophagosomes
and release of exosomes (Murrow et al., 2015). However,
whether autophagosome fusion with lysosomes and MVB
fusion with lysosomes are coordinately regulated in response
to cellular status is not well understood.

Cellular senescence

Concerning the above notion, it is important to discuss exo-
some secretion from senescent cells. Senescence is associated
with the secretion of factors, the so-called senescence-as-
sociated secretory phenotype (SASP). Several studies have
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suggested the involvement of EVs as a secretion feature of
SASPs, namely, “senescence-associated EVs (Kadota et al.,
2018; Misawa et al., 2020; Salminen et al., 2020; Takasugi,
2018; Urbanelli et al., 2016).” Both aspects of EV secretion
are included, the alternative waste disposal method and cell-
to-cell communication. Takahashi et al. (2017) reported that
inhibition of exosome secretion results in nuclear DNA accu-
mulation in the cytoplasm, thereby activating the cytoplasmic
DNA sensing machinery. The authors used ALIX or Rab27a
knockdown, ILV biogenesis inhibition or MVB movement,
and fusion to the plasma membrane to examine the roles of
exosome secretion in cellular senescence (Takahashi et al.,
2017). This will imply that both waste disposal from cytosolic
compartments to ILVs and from intracellular degradation
through MVBs to lysosomes equally save cells from cellular
senescence. Recently, the importance of lysosomal function
in cellular senescence has emerged (Johmura et al., 2021;
Suda et al., 2021). Two different studies targeting senescent
cells found lysosome functions for “senolysis,” removal of
senescent cells. It was found that cellular senescence is asso-
ciated with lysosomal membrane damage causing lower in-
tracellular pH, induction of glutaminase 1 (GLS1) expression,
and glutaminolysis-induced ammonia production for neutral-
ization. GLS1 inhibition successfully induces senolysis in vivo
(Johmura et al., 2021). By searching for molecules with trans-
membrane domains specifically expressed in senescent cells,
Suda et al. (2021) found glycoprotein nonmetastatic mela-
noma protein B (GPNMB) as a molecular target for senolytic
vaccine development. Importantly, GPNMB is a lysosomal
protein that is overexpressed due to cellular senescence and
becomes located in the plasma membrane (Suda et al., 2021;
2022). GPNMB can be upregulated by lysosomal stress and
maintains lysosomal integrity (Suda et al., 2022).

It was reported that DNA damage-induced cellular se-
nescence increases sEV secretion (Hitomi et al., 2020) (Fig.
2). It upregulated nSMase2 expression and downregulated
SMS2, a counter enzyme against SMase, thereby increasing
ceramide synthesis (Hitomi et al., 2020). In this study, the
authors also showed that lysosome inhibition by CQ or bafilo-
mycin A1 induced SASP expression along with the p16Ink4a
gene, a master regulator of cellular senescence (Hitomi et al.,
2020). In both cross-sectional and longitudinal analyses of
EVs in the context of age in human subjects, circulating EVs
analyzed using NTA suggested that EV concentrations de-
clined with advancing age (Eitan et al., 2017). The decreased
EV concentrations in aged people were explained by the in-
creased uptake into B cells and monocytes in the blood (Eitan
etal., 2017) (Fig. 2).

ACTION MECHANISM OF EVs

RNA cargos
Based on the discovery of ribonucleic acids in small EVs (Va-
ladi et al., 2007), numerous reports have demonstrated the
importance of RNA cargos such as microRNA and long non-
coding RNA (IncRNA) and messenger RNA (mRNA) in EVs by
having paracrine and endocrine roles (O'Brien et al., 2020).
Genetic information is stored in genomic DNA in the nu-
cleus. RNA is transcribed using this DNA as a template, and
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proteins are translated based on RNA. That is the central
dogma. It turns out that there are only approximately 30,000
genes in the human genome, but the genes mentioned here
are those that are transcribed into RNA to become mRNA
and translated into proteins. The total human genome is very
long at 3.1 billion base pairs, but even if all parts that eventu-
ally become proteins are added, these form less than 2% of
the total genome length (Yao et al., 2019). More than 98%
of this region of the genome encodes at least thousands
of noncoding RNAs (ncRNAs), and in fact, approximately
80% of genomic DNA has been revealed to encode ncRNAs.
Of course, tRNA (transfer RNA) carries amino acids at the
translation stage, and rRNA (ribosomal RNA), which is the
location translation occurs, is also a type of ncRNA. On the
other hand, microRNA is a single-stranded RNA consisting of
21-25 bases that complementarily binds to the nonprotein
region of the 3' end of mMRNA that is translated into a pro-
tein. It regulates the expressions and translations of various
genes by suppressing protein translation and guiding RNA to
degradation. Additionally, INcRNAs with two hundred bases
or more have a wide range of lengths and various functions.
Most IncRNAs are present in the nucleus and function in the
structural regulation of chromatin, transcriptional regulation
of mRNA, and regulation of stability (Yao et al., 2019). The
characteristic of these ncRNAs is that one ncRNA regulates
the expressions of a large number of genes. Since the roles of
ncRNAs have been reported to include the processes of cell
differentiation, transformation, and tumorigenesis, ncRNAs
may play a role in such aspects of the coordinated regulation
of the entire cell.

There have been reports on the roles of RNA cargos, in-
cluding microRNAs and IncRNAs, in EVs. For example, fat-de-
rived exosomal microRNAs regulate Fgf21 expression in the
liver (Thomou et al., 2017). Obesity-associated exosomal
microRNAs affect glucose and lipid metabolism (Castano
et al., 2018). The IncRNA, PUNISHER, is upregulated in pa-
tients with coronary artery disease and can induce vascular
endothelial growth Factor A (VEGFA) mRNA expression and
promote an angiogenic response in recipient endothelial cells
(Hosen et al., 2021). Several studies have demonstrated that
RNA-binding proteins (RBPs) are particularly involved in the
selective loading of RNAs into EVs (Fabbiano et al., 2020;
Garcia-Martin et al., 2022; Tosar et al., 2021).

Here, we attempt to argue against such a genetic commu-
nication paradigm (Fig. 3). One important question regard-
ing this paradigm is raised from the finding that tRNAs are
among the most abundant RNAs involved in EVs (Tosar et al.,
2021). The levels of tRNAs are much greater than those of
others, including microRNAs (Tosar et al., 2021). Moreover,
the number of molecules of a particular microRNA contained
in an EV is too low to exert its effect (Tosar et al., 2021).
There are also issues with the experimental strategies used to
support the genetic communication paradigm in EV studies
(Jeppesen et al., 2019; Murillo et al., 2019). In addition, tech-
nigues such as overexpressing specific microRNAs of interest,
overexpressing a molecule called an antagomir that comple-
mentarily inhibits function, or knocking out the microRNA
in its encoding genomic region are employed. However, as
mentioned above, microRNAs play an important role in the
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cells that produce them, such as changing the traits of these
cells; therefore, such a method may alter the phenotype of
the producing cells (Yao et al., 2019). The same thing can be
said of RBPs. RBPs impact multiple aspects of RNA biology,
and their silencing could affect cellular phenotypes other
than RNA sorting into EVs (Tosar et al., 2021).

Other mechanisms

The membranes of EVs, especially those of exosomes, are de-
rived from the plasma membrane. In particular, lipid rafts are
thought to invaginate inside cells to form early endosomes.
ILVs are generated by inward budding of their membranes.
Because lipid rafts are thought to be specialized membranes
rich in integral membrane proteins such as signaling receptors
along with ceramides and cholesterol, exosomes represent
membrane proteins at the surface and are important for sig-
naling, such as PD-L1 (Chen et al., 2018), MHC class switch
(Clayton et al., 2001), Notch ligand Delta-like 4 (Sheldon et
al.,, 2010), and EphA2 (Takasugi et al., 2017). Importantly,
these membrane proteins have become recognized as the
functional mechanism by which EVs transfer signals to recip-
ient cells. Similar to cell cell junctions, EV membrane proteins
may facilitate cell cell communications in distant locations
(Fig. 3).

Exosomes are signaling packages that integrate all of the
nucleic acids, various bioactive proteins, and lipids, and these
various signals must act cooperatively at various stages in re-
cipient cells.

ﬁ\t cell

Combined multiple
receptors-ligands signaling

Recipient cell

as if it were the n.

Fig. 3. Hypothesis on the role of EV surface ligands and
receptors. Because there has been a lack of influential evidence
showing the importance of RNA cargos and because there have
been increasing numbers of reports on the role of EV surface
receptors/ligands, we propose a hypothesis in which EVs can
transmit high-precision signals between distant cells by using
multiple receptors and ligands as if they were the neighboring cell.



SYSTEMIC LEVELS OF EVs

It is of great interest to know which cell type or which organ
most strongly affects the total mass of EVs systemically in
the blood. Currently, multiple strategies and tools have been
developed to isolate EVs from biological fluids such as blood
(Sidhom et al., 2020). Additionally, multiple methods have
been developed to evaluate the masses of EVs. We have
reported that the adiponectin/T-cadherin system affects
plasma EV levels (Kita et al., 2019b; Obata et al., 2018). We
employed a combined method of PEG precipitation and dif-
ferential ultracentrifugation to semipurify EVs from plasma
(Kawada-Horitani et al., 2022; Nakamura et al., 2020; Obata
et al., 2018). A similar approach was fully validated recently
(Rider et al., 2016). Because such methods cannot exclude
contaminants such as aggregated proteins, we evaluated
sEV-specific markers by western blotting. Various approaches
have been employed to measure plasma sEV levels. PEG-
based precipitation combined with NTA offered insights
into the physiological changes of sEVs in plasma (Eitan et
al., 2017; Freeman et al., 2018). Increased particle numbers
in the fasting plasma of type 2 diabetes patients compared
with euglycemic control patients were reported (Freeman et
al., 2018). An age-related increase in plasma sEVs was also
reported using similar methods (Eitan et al., 2017). Quanti-
fication of exosomes in biological fluids is still challenging in
its methodology (Mateescu et al., 2017; Witwer et al., 2013).
Recently, a knockin mouse expressing the luciferase fusion
CD63 was reported (Luo et al., 2020). The strategy to enable
the measurement of sEVs by engineering CD63 fusion with
19 kDa small and efficient luciferase, nanoluc, was also es-
tablished at the cell culture level (Cashikar and Hanson, 2019;

EV biogenesis and
secretion

© ©

Clearance

/ (Macrophages, other recipient cells)

Fig. 4. Circulating EV levels are regulated by EV secretion and
clearance. Plasma EVs labeled with MFG-E8-fused glLuc were
cleared with a half-life of approximately 7 min in mice. The
plasma sEV secretion rate was calculated as 18 ug/min in mice
based on pharmacokinetic analysis (Matsumoto et al., 2020).
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Hikita et al., 2018; Kojima et al., 2018). Using mice express-
ing CD63-nanoluc fusion protein in the desired cell type may
be a simplified approach to study changes in SsEV secretion
in vivo. Apart from these, it was reported that plasma EVs
labeled with MFG-E8-fused glLuc were cleared with a half-
life of approximately 7 min in mice (Matsumoto et al., 2020).
The pharmacokinetic analysis further demonstrated that the
plasma SEV secretion rate was calculated as 18 ug/min in
mice (Matsumoto et al., 2020) (Fig. 4).

CONCLUDING REMARKS

For future studies to reveal the physiological and pharmaco-
logical significance of sEVs, exosome biogenesis, and secre-
tion, we propose several points below.

EVs isolated from biological fluids or even produced by a
single cell type are heterogeneous and contain substantial
amounts of contaminants with the currently available purifi-
cation technologies. A loss-of-exosome study will be required
to demonstrate the importance of exosomes.

Because endocrine functions depend on the concentration
changes in sEVs in biological fluids similar to other endocrine
factors, such as hormones, a versatile measurement tech-
nology for sEVs will be a key point. A detailed comparison
between a luciferase fusion exosome marker protein and
its native protein in various measurement technologies may
push this field forward.

Concerning this, an approach to measure tissue/
cell-type-specific sEVs in mice will have great importance. A
mouse expressing a space-temporal controllable luciferase
fusion exosome marker may be desired.

Regarding the mechanism by which sEVs transmit signals
to recipient cells, we propose the importance of cell-surface
ligands and receptors on the sEV surface (Fig. 3). SEVs may
be a tool to communicate with recipient cells at a distance by
engaging their plasma membranes with each other.
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