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Abstract

It is widely believed that extracellular vesicles (EVs) mediate intercellular communications by functioning as messengers. EVs
contain various biomolecules, including nucleic acids and proteins, as cargo in the internal space. Thus, it has been postulated that
this cargo can be transferred from donor cells to recipient cells, leading to phenotypic changes in the recipient cells. However,
there is a lack of experimental evidence for the aforementioned hypothesis, that EVs function as messengers. This is presumably
because of a lack of rigorous methodologies for EV research. Although cells usually incorporate nanoparticles (NPs) from the
extracellular space via endocytosis, these NPs are processed through the endo/lysosomal system and do not escape to the
cytoplasm unless they disrupt or fuse with the endo/lysosomal membrane. Whether EVs actually are capable of escaping
endo/lysosomes is still debatable. In contrast, viruses have evolved to efficiently deliver their cargo (viral proteins and genetic
material) into the cytoplasm of host (recipient) cells by circumventing endo/lysosomal degradation. Thus, it may be helpful to
compare EVs to viruses in terms of cargo delivery. The present technological issues that hinder obtaining support for the “EV
cargo transfer hypothesis” are summarized and potential solutions for EV research are proposed.
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Abbreviations are enriched in EVs, thus cells likely employ a sorting mech-

EV Extracellular vesicle anism to package specific molecules into EVs (Hagiwara et al.
miRNA MicroRNA 2015; Shurtleff et al. 2016; Ageta et al. 2018). Notably, Valadi
NP Nanoparticle et al. reported that small EVs secreted from human and mouse

RI8 Octadecyl rhodamine B chloride cells contain RNA species such as microRNAs (miRNAs) and

VSV Vesicular stomatitis virus messenger RNAs (mRNAs) (Valadi et al. 2007).

Numerous studies have explored the physiological and
pathological roles of EVs and their potential as intercel-
lular delivery tools for cargo, mainly in mammalian sys-

Introduction

Extracellular vesicles (EVs) are nanoparticles (NPs) that are
secreted from virtually all cell types that range in size from 20
to 1000 nm. Several EV nomenclatures have been proposed,
including exosomes, microvesicles, and apoptotic bodies, de-
pending on their size, site of biogenesis, and function (Raposo
and Stoorvogel 2013; Théry et al. 2018). Certain molecules
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tems. Nevertheless, despite considerable research over the
past few decades, many details regarding the functions of
EVs remain unclear (Margolis and Sadovsky 2019).
Although the “EV cargo transfer hypothesis” has attracted
many scientists from broad fields of biology and numer-
ous studies have argued that EVs can deliver cargo from
donor to recipient cells based on the findings of in vitro
experiments, rigorous confirmational in vivo studies have
not been reported. This is presumably because the true
nature of EVs is difficult to assess, due to difficulties in
purification, no standardization of materials and methods,
and a lack of reliable bioassays for determining the func-
tionality of EVs and obtaining solid evidence of intracel-
lular trafficking. In addition to these technological
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problems, a fixed bias in support of the “EV cargo trans-
fer hypothesis” has probably hampered the interpretation
of EV research results.

In contrast to EVs, there is strong evidence that natural
viruses are capable of delivering their cargo (i.e., genetic ma-
terials) into host cells. This is because viruses employ a so-
phisticated mechanism that overcomes the cellular barriers to
delivering their genetic materials and establishing an infec-
tion. Viruses utilize viral proteins that enable specific receptor
binding, cellular uptake, and membrane fusion with the host
cell membrane and thus function as delivery vesicles for viral
material cargo. Thus, it would be useful to compare the cellu-
lar uptake and delivery mechanisms of viruses with those of
EVs. Therefore, the cargo delivery mechanism of viruses is
discussed in this review.

Based on these considerations, the “EV cargo transfer hy-
pothesis” in mammalian systems (derived mainly from human
and mouse studies) is carefully reviewed and the present
methodological issues are summarized. In 2018, the
International Society for Extracellular Vesicles (ISEV) pub-
lished “MISEV2018” as a general guideline for EV research
(Théry et al. 2018). Certain issues discussed in the
MISEV2018 somewhat overlap with those discussed in this
review. Although the MISEV2018 and this review both high-
light the importance of rigorous research, this review specifi-
cally focuses on the “EV cargo transfer hypothesis.”

EV-mediated cargo delivery

RNA cargo in EVs

EVs contain various molecules in their inner space, and
RNA is the most widely studied EV cargo. This RNA
cargo is thought to be transferred from donor cells to
recipient cells and involved in intercellular communica-
tions in mammalian systems (Valadi et al. 2007; Kosaka
et al. 2010; Pegtel et al. 2010; Zhang et al. 2010). The
RNA species detected inside EVs include miRNAs
(Mittelbrunn et al. 2011; Chevillet et al. 2014), mRNAs
(Ratajczak et al. 2006; Xiao et al. 2012; Yokoi et al.
2017), and long-noncoding RNAs (Liu et al. 2016), as
well as other RNA species (Baglio et al. 2015).
Numerous studies have reported that specific RNA spe-
cies are enriched in EVs, and it was shown that small
RNAs are predominant (Valadi et al. 2007), presumably
because smaller RNA species are easier to encapsulate
into EVs than larger RNAs, such as rRNAs and
mRNAs. Among the small RNA species found in EVs,
tRNAs might be one of the most abundant, and tRNAs
comprise >50% and ~30% of total small RNAs in human
adipose-derived and bone marrow-derived mesenchymal
stem cells, respectively (Baglio et al. 2015). In contrast,
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the fraction of regulatory RNAs, such as miRNAs and
small nucleolar RNAs, in EVs is relatively small, at 2—
5% of the total small RNAs. However, it is important to
note that the RNA species present in EVs vary between
studies, depending on the raw materials (body fluid or cell
type), sample processing protocol, and analytical methods
used (Schageman et al. 2013; Shurtleff et al. 2017). In
addition, the cellular total RNA composition generally
differs from the EV-enriched RNA composition, indicat-
ing that cells may utilize specific mechanisms for sorting
RNAs into EVs (Ferguson and Nguyen 2016).

A previous study reported that the average copy number
per particle for a single miRNA of interest is less than 0.01
(Chevillet et al. 2014). This estimation is in agreement with
other reports stating that the amount of miRNA is much less
than one copy per EV (He et al. 2019). These studies sug-
gested that the majority of EVs do not possess small regula-
tory RNAs, such as miRNAs. Whether abundant miRNAs can
be encapsulated in EVs or if only a specific population of EVs
contains substantial functional RNAs remains unclear.

Protein cargo in EVs

In addition to RNA cargo, several proteins have been reported
to be present inside EVs. EV-enriched proteins, such as Alix
(Baietti et al. 2012), glyceraldehyde-3-phosphate dehydroge-
nase, and heat shock proteins (Théry et al. 1999), are found in
the ExoCarta (http://www.exocarta.org) (Keerthikumar et al.
2016) and Vesiclepedia (http://microvesicles.org) databases
(Kalra et al. 2012). Certain proteins, including Alix and
TSG101(Théry et al. 2001), in EVs are thought to be involved
in the biogenesis of EVs. Some RNA-binding proteins have
also been detected in EVs. For example, YBX1 is present in
EVs and may control global RNA sorting into EVs (Shurtleff
et al. 2017). In addition, cytoplasmic proteins, such as actin
and tubulin are loaded into EVs (Théry et al. 2001), presum-
ably by passive loading machinery, during the biogenesis of
EVs.

The protein cargo composition inside EVs largely depends
on the parental cells and the subpopulation of EVs. The pro-
tein concentration in EVs is presumed to be equivalent to that
of the parental cells. Considering that a single HeLa cell, with
a diameter of 10-20 wm (BNID 115568 and 100432 (Milo
etal. 2010)), contains ~150 pg of protein mass (BNID 109385
(Milo et al. 2010)), a single vesicle, at 100 nm in diameter,
representing about one-millionth of the volume compared to
that of the cell, would contain ~1.5 x 10™'® g of protein mass.
This assumption is in accordance with a previous review
(Sverdlov 2012). If the average molecular weight of a protein
is 50 kDa, the number of proteins in a single EV is on the order
of thousands, and may be ~2000/vesicle. Smaller vesicles,
such as those that are only 30 nm in diameter, theoretically
have hundreds of protein molecules.


http://www.exocarta.org
http://microvesicles.org
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EV cargo delivery mechanism

EVs are generated, with their cargo, secreted from parental cells,
and taken up by other cells. During EV uptake, it is presumed
that certain molecules on the recipient cell bind to EVs.
Candidate EV-binding molecules on recipient cells have been
described in the literature (Mulcahy et al. 2014). A few studies
have suggested that EVs can directly fuse with the cellular mem-
brane (Fig. 1a) (Parolini et al. 2009; Montecalvo et al. 2012).
Although direct fusion between EVs and the plasma membrane
cannot be ruled out (Prada and Meldolesi 2016), experimental
evidence for direct fusion is lacking. Most studies have hypoth-
esized that EV's are taken up by cells via the endocytosis pathway
(Fig. 1b). Notably, cellular uptake of EVs depends on not only
the biomolecules present on the EV's but also their physicochem-
ical properties, such as their size (Lu et al. 2009) and surface
potential (He et al. 2010). The correlation between the physico-
chemical properties of NPs and their cellular uptake has been
extensively investigated in the field of nanotechnology. These
studies will likely be helpful for understanding how EVs are
internalized in recipient cells.

Numerous studies have implicated endocytosis pathways
in the uptake of EVs, such as phagocytosis (Feng et al. 2010),
clathrin-mediated endocytosis (Tian et al. 2014),
micropinocytosis (Tian et al. 2014; Costa Verdera et al.
2017), and caveolae-mediated endocytosis (Nanbo et al.
2013). The uptake pathway depends on several factors, such
as the parental cell type, recipient cell type, and even the
culture conditions of the recipient cell.
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Fig. 1 Schematic representation of the proposed cargo delivery pathways
of EVs. EVs are taken up by recipient cells via either (a) a direct fusion
pathway or (b) the endocytic pathway. a In the direct fusion pathway, EVs
directly fuse with the plasma membrane and release their cargo into the
cytoplasm. b In the endocytic pathway, after endocytosis (i.e., receptor-
mediated endocytosis or micropinocytosis), EVs are transported to early
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Once EVs are taken up, they are transported by the vesic-
ular system via membrane trafficking. When the endosomes
mature, the EVs are processed from early endosomes to late
endosomes, and eventually to lysosomes. In the lysosomes,
which are acidic degradation compartments, components of
EVs may be enzymatically degraded. To complete cargo de-
livery, EVs need to escape the endo/lysosomal membrane
(Fig. 1); in a process is known as “endosomal escape.” This
may be the rate-limiting step in cargo delivery by EVs.

Endosomal escape: The rate-limiting step of cargo
delivery

In the delivery of EV cargo to recipient cells, endosomal es-
cape is the rate-limiting step. Hung and Leonard demonstrated
that the mRNA and protein cargo within EVs from
HEK293FT cells can be delivered to the endo/lysosomes of
recipient PC-3 cells. However, the cargo was unable to escape
from the endosomal compartment into the cytoplasm (Hung
and Leonard 2016). They carefully designed their experiments
and included appropriate controls, and further concluded that
despite cellular uptake of the EVs by the recipient cells, the
low efficiency of endosomal escape limits the delivery of car-
go into the cytoplasm. Sutaria et al. reported that EVs from
293 T cells were unable to deliver an miRNA to recipient cells
to silence its target gene (Sutaria et al. 2017), indicating that
EVs are generally incapable of delivering cargo into the cyto-
plasm of recipient cells. Other studies demonstrated that RNA
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(pH ~5) (pH <5)
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Endosomal escape

endosomes, late endosomes, and eventually lysosomes. During endocytic
transport, the pH of the endosomal compartment decreases, and EVs are
ultimately processed and degraded in the lysosome. EVs may only
achieve cargo delivery if the cargo leaves the endosomal compartment
and enters the cytoplasm (endosomal escape)
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transfer by EVs is not available because of the lack of efficient
endosomal escape (Kanada et al. 2015).

If the “EV cargo transfer hypothesis” holds true, then EVs
must escape from the endosome or lysosome. Numerous stud-
ies have claimed that EVs can functionally deliver cargo to
recipient cells and induce substantial phenotypic changes
(Alvarez-Erviti et al. 2011; Ohno et al. 2013; Kamerkar
et al. 2017). However, there is no direct evidence that EVs
can escape the endo/lysosome. Thus, there is a knowledge gap
in the “EV cargo transfer hypothesis,” as it is in fact still
unclear whether EVs are capable of escaping the endo/
lysosome or not.

EV-mediated RNA delivery
Problems in RNA/EV research

In addition to the lack of direct evidence for cargo delivery,
there are several other issues and difficulties in EV research;
for example, the lack of stoichiometric experiments and ap-
propriate methodologies. Typically, the transfer of small
RNAs via EVs has been studied as follows: EVs containing
a cargo RNA are isolated from donor cells and added to a
recipient cell culture, and then the cells are observed for some
phenotypic change (gene expression, cellular function, etc.).
The EV cargo is analyzed, and the small RNA that is respon-
sible for the phonotypic change observed in the recipient cells
is identified. These aforementioned studies were conducted in
a well-organized manner. However, alteration of target gene
expression in the recipient cells does not prove that the RNA
cargo of the EVs was functionally delivered, as there are sev-
eral potential unexpected causes, such as non-cargo EV com-
ponents, contaminants in the EV sample, non-RNA cargo, etc.
Indeed, our group has reported that both empty liposomes and
EVs from bovine milk can alter lipid metabolism, suggesting
that uptake of lipid NPs, without any specific cargo, can in-
duce phenotypic changes in recipient cells (Fujita et al. 2019).
Thus, various unexpected and cargo-independent factors can
affect recipient cells and induce phenotypic changes.

Stoichiometric speculation: miRNA delivery by EVs

In experimental biology, it is generally essential to interpret
the data and draw conclusions in a stoichiometric manner.
Unfortunately, in some EV studies, a stoichiometric analysis
was out of question. Here, the experimental design of EV
studies was validated in a stoichiometric manner. To simplify
the evaluation, only the bulk and averaged values were used.

The materials included EVs of interest and recipient cells.
In Table 1, a typical experimental design is presented. About
10 pg of EVs from donor cells was mixed with recipient cells,
and the results were observed. Herein, 1 pg of EVs corre-
sponds to ~10°~10'° particles in some studies (Sverdlov
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2012; Webber and Clayton 2013). Therefore, 10 ng of EVs,
equivalent to 10'°-10"" particles, are present in the culture
supernatant. The miRNA present in EVs is not a single spe-
cies; in fact, sometimes thousands of miRNA species can be
detected in EVs. Based on stoichiometric studies (Chevillet
et al. 2014; He et al. 2019), if the EVs contain 0.01 copy of
miRNA per particle, a maximum of 10%-10° copies of an
miRNA are present in the medium. If a phenotypic change
is observed in the recipient cells, one might expect that an
miRNA in the EVs caused the change.

In contrast, when the function of a given miRNA is studied,
cells are transfected with miRNA mimics or miRNA-expression
vectors. Transfection with an miRNA mimic using conventional
transfection reagents typically requires 1-10 nM miRNA (as
shown in Table 1), and for some miRNAs, a higher concentration
is required to obtain a silencing effect. This corresponds to 1—
10 pmol or 10''-10" copies of a specific miRNA in the medi-
um. Comparison of the cargo miRNAs present in EVs to the
miRNA mimics used for transfection reveals a large difference
in miRNA copy number, on the order of 10>~10*. Moreover,
experimental evidence has shown inefficient endosomal escape
(1-3.5% of the total intracellular siRNA) of siRNAs delivered
using synthetic NPs, which enable functional delivery of the
siRNA and potent silencing in vivo (Gilleron et al. 2013;
Wittrup et al. 2015). Although it is possible that the transfer
efficiency of EVs is far superior to that of conventional transfec-
tion reagents and delivery tools in some situation, it seems to be
unlikely. One study indicated that EVs are far less efficient to
deliver miRNA than conventional transfection reagent
(Stremersch et al. 2016).

Similar stoichiometric speculation has already been de-
scribed in the literature (Sverdlov 2012); however, only a
few studies have provided quantitative analyses.
Stoichiometric and quantitative interpretations are notably
neglected in most EV research. Furthermore, because the EV
fraction contains heterologous EVs with numerous diverse
miRNAs, it is nearly impossible to identify a single species
of miRNA as the molecule that is responsible for any pheno-
typic change in the recipient cells, especially since a combi-
nation of miRNAs (and even other molecules) can induce the
same phenotypic change.

A physiologically relevant amount of EVs must be used in
cargo transfer experiments, as an excessive amount of EVs
may lead to inappropriate interpretations. It is still a matter
of debate whether the 10 pg of EVs (equivalent to 10'°—
10" particles; Table 1) used in many in vitro experiments is
a physiologically relevant amount. The yield of EVs from raw
materials (culture supernatant or body fluid) is often quite low
(0.5 ug of protein/mL of supernatant, and even lower in many
EV studies); thus, extensive enrichment of EVs is typically
performed. Considering an yield of 0.5 pg of protein/mL of
supernatant, 10 pg of EVs can be obtained from 20 mL of
medium. In this experiment, EVs were enriched 20 fold.
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Table 1

In vitro experimental design for the evaluation of EVs and their cargo (miRNA or protein)

Culture

EVs with miRNA/protein cargo

miRNA transfection

EVs miRNA* Protein miRNA mimic
Experimental setting 10° cells in 1 mL of medium 10 pg of protein 0.01 copies/EV 10 pg (50 kDa) 1-10 nM
Number - 10"-10" particles ~ 10%-10° 12x10" 6x10'"-10"
[mol] [02-1.7x10 " mol]  [2.0x10 ' mol]  [1-10 pmol]
Molecules/cell - 10°-10* 12x10° 10°-107

*The number of miRNA copies inside the EVs is based on calculations in the literature (Chevillet et al. 2014; He et al. 2019)

Delivery of RNA by EVs: A lack of evidence for functional
delivery

Similar to miRNA, mRNA transfer by EVs has also been report-
ed. However, even in the historical paper published in 2007
(Valadi et al. 2007), only a limited evidence of EV-mediated
functional mRNA transfer was provided. The study proved that
exosomes contain mRNA that is potentially translated to full-
length proteins by in vitro translation technique. Although trans-
fer of mRNA into recipient cells was confirmed by using *H
uracil-labelled RNA, functional cargo delivery (translation of
mRNA into proteins inside recipient cells) was not verified.
They detected mouse proteins in the recipient human cells treated
with mouse cell-derived exosomes by mass spectrometry.
However, it is still possible that direct transfer of mouse proteins
in mouse cell-derived exosome fraction was detected, not from
the mRNA-mediated production in recipient human cells.

To obtain evidence for EV-mediated transfer of mRNA
cargo, a reporter assay using a bacteriophage P1-derived Cre
recombinase was developed (Zomer et al. 2015). Utilizing this
Cre reporter assay, Zomer et al. demonstrated that a Cre-
encoding mRNA can be transferred from donor cancer cells
to recipient cells via an in vivo EV model. Despite their ex-
cellent study, a small amount of Cre protein, even undetect-
able by western blotting, may exist inside the EVs and con-
tribute to the observed recombination, as tiny amounts of Cre,
theoretically a single molecule, can induce recombination in
the recipient reporter cells. Furthermore, the recombination
efficiency of EV-mediated mRNA transfer was low in
in vivo studies. Thus, it remains unclear whether EV-
mediated mRNA transfer is a physiologically significant
event. Another problem is that the Cre reporter assay is a
qualitative assay, as the reporter cell can only be off or on.

In another study, it was reported that 5'-triphosphate RNA
can be transferred to recipient cells via EVs (Boelens et al.
2014). 5'-triphosphate RNA from stromal cells is recognized
by the RNA sensor RIG-I in the cytoplasm of cancer cells,
which activates antiviral immunity. In the study, the effect of
EVs in the recipient cells was completely abrogated by RNase
treatment of the EVs, suggesting that a non-EV RNA may be
responsible for the phenotypic change since the RNAs within

EVs should be protected from the RNase. Based on these
findings, although cargo RNA transfer by EVs is still possible,
it remains unclear whether EV-mediated mRNA transfer is a
physiologically relevant phenomenon.

EV-mediated protein cargo delivery
Protein cargo delivery by EVs

Similar to RNA, proteins may be transferred from donor cells to
recipient cells by EVs. A Cre reporter assay was used evaluate
the transfer of Cre proteins from donor cells to recipient cells via
EVs as only cytoplasmically delivered Cre can induce recombi-
nation and the recombination-dependent readout in the reporter
cells. It is obvious that some fraction of Cre-containing EVs was
taken up by the recipient cells and that recombination was in-
duced; however, Cre-containing EVs generally yield a limited
fraction of the recombination-positive cells in vitro (~1% of the
total reporter cells (Sterzenbach et al. 2017)). This is presumably
owing to the inefficient endosomal escape of Cre after endocy-
tosis of the EVs.

In contrast, Yim et al. reported the efficient transfer of Cre
protein via HEK293T-derived EVs using a light-activated pro-
tein engineering system called EXPLORs (Yim et al. 2016).
They confirmed the presence of up to one protein molecule
per vesicle in their system. The engineered EVs delivered Cre
protein and achieved nearly 100% recombination in vitro.
They claimed that EVs were delivered by direct fusion with
the plasma membrane of the recipient cells, although relevant
evidence was missing from the study. While the study did not
include proper controls, such as non-EV Cre, for the Cre-
containing EVs, it is plausible that EVs enriched with a spe-
cific cargo can achieve functional delivery.

Stoichiometric speculation: Protein delivery by EVs

EVs contain several proteins. Stoichiometric speculation was
used to validate whether EV-mediated cargo protein delivery
is possible in a model experiment (Table 1). If we assume (for
simplicity) that all the protein mass in the 10 pug of EVs is
cargo protein, and the protein of interest (50-kDa) comprises
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1% of the total EV protein, a maximum of 0.1 pg (1.2 x 10
molecules/cell) of protein may potentially be delivered to the
recipient cells. However, due to the low efficiency of
endosomal escape, only a limited amount of protein would
be delivered. Assuming that the efficiency of endosomal es-
cape delivers 1% of the total protein, 1.2 x 10> molecules/cell
of the protein of interest would reach the cytoplasm. Since the
median protein copy number in HeLa cells is 18,000 (BNID:
108425 (Milo et al. 2010)), it is likely that 1.2 x 10° protein
molecules/cell may be enough to exert its function in the re-
cipient cells. Nevertheless, the amount of each cargo protein in
the EVs varies. Furthermore, the efficiency of endosomal es-
cape of EVs remains unclear. Thus, the hypothesis needs to be
carefully interpreted in a stoichiometric manner.

Is the EV-mediated intercellular communication
hypothesis true or false?

Is the cargo in EVs substantially transferred?

In the aforementioned sections, it was shown that EV-
mediated cargo transfer is likely possible in few circum-
stances. However, experimental artifacts and a lack of rigor-
ous methodology, which may lead to in a misunderstanding or
misinterpretation of study results, remain a concern. The po-
tential risk factors that create confusion regarding the “EV
cargo transfer hypothesis” include EV fraction contaminants
and the non-cargo molecules in EVs.

Contaminants in the EV fraction

EV research is intrinsically complex because EVs are multi-
component materials. Because researchers cannot uniformly
purify EVs to a similar extent as recombinant proteins, EV's
are often used as a crude fraction that presumably contains
abundant non-EV components. The potential non-EV con-
taminants depend on the raw materials, i.e., culture superna-
tant or body fluid, and include cytokines, hormones, lipopro-
tein particles, protein aggregates, and RNA-protein complexes
(Arroyo et al. 2011), as well as others that can potentially
affect the function of recipient cells. Furthermore, in experi-
ments using cell culture supernatant, materials from fetal bo-
vine serum may be contaminants. Tosar et al. reported that the
RNAs detected in the EV fraction can be contaminants (Tosar
et al. 2017). In addition, some serum-free defined media also
contain biological materials, such as growth factors and pro-
teins. These materials can bring non-EV RNAs to the EV
fraction. Similar criticisms have been published recently
(Auber et al. 2019), indicating that despite using serum-free
medium, non-EV RNAs can contaminate the EV fraction.
These studies suggested that substantial non-EV materials
can contaminate the EV fraction, and thus interfere with the
experiments.
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Non-cargo components of EVs

In addition to the cargo, non-cargo molecules in EVs can also
function in intercellular communication. Recent reports sug-
gest that functional proteins on the surface of EVs can stimu-
late recipient cells. For example, it was discovered that TGF3-
1 on the surface of EVs derived from mast cells can stimulate
mesenchymal stem cells and induce a migrating phenotype
(Shelke et al. 2019). Moreover, it was reported that cancer-
derived EVs carry EV-bound proteins that induce phenotypic
changes in recipient cells. A shorter form of vascular endothe-
lial growth factor (VEGF) can bind to EVs via its affinity to
heparin and can evade neutralizing antibodies (Ko et al. 2019).
Based on these observations, it is clear that the surface mole-
cules on EVs might be involved in EV-mediated intercellular
communications. Stremerschs et al. attempted to deliver en-
dogenous miRNA with B16F10 cell-derived EVs, which
failed (Stremersch et al. 2016). They concluded that the non-
specific effects of a non-cargo component (lipid or protein) of
the EVs can impede the interpretation of cargo delivery
studies.

What is the true role of EVs?

Although we believe that EVs play a role in intercellular com-
munication by delivering cargo, they may have other biolog-
ical functions. One possibility is that secretion of EVs with
unnecessary materials is a mechanism of cellular homeostasis.
In fact, it was demonstrated that EVs can exclude fragmented
DNA from the cytoplasm to the extracellular space in senes-
cence (Takahashi et al. 2017). Although cells can degrade
intracellular materials through various mechanisms, such as
autophagy (Mizushima 2007), is seems to be reasonable that
EV secretion is a cellular disposal mechanism for maintaining
homeostasis.

Comparison of EVs and viruses: Two vehicles for cargo
delivery

Delivery mechanism of virus

Viruses are natural delivery vehicles that contain genetic ma-
terials. There are two major groups of viruses, enveloped and
capsid. In this review, only enveloped viruses are considered
in the comparison of EVs with viruses as delivery vehicles.
Infection, essentially the delivery mechanism of viruses,
varies according to virus, but the mechanisms are generally
classified into two types: direct fusion and endosomal escape,
which is thought to be similar to that of EVs (Fig. 1) (Cohen
2016). The former mechanism is utilized by paramyxovirus
(Aguilar et al. 2016) and human immunodeficiency virus-1
(HIV-1) (Stein et al. 1987). In this mechanism, interaction of
aviral protein with a host receptor on the cell surface leads to a
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conformational change in the viral fusion protein, resulting in
the fusion of the viral envelope and plasma membrane. In the
latter mechanism, which is used by vesicular stomatitis virus
(VSV) (Kim et al. 2017) and influenza virus (Skehel et al.
1982), after endocytosis, the decreased pH of the endosomal
compartment induces a conformational change in the viral
fusion protein, leading to membrane fusion. These two mech-
anisms share an important characteristic: viral fusogenic pro-
teins are involved in the membrane fusion process; thus, viral
cargo delivery requires efficient fusion. The essential part of
membrane fusion is that specific receptors, a pH change, or
other stimuli, lead to the fusogenic activity of the envelope
proteins and the induction of membrane fusion.

Comparison of the fusion capability of EVs to that of viruses

In contrast to viruses, the membrane fusion capability of EVs
is unknown. This concern was also described in the position
paper of ISEV published recently (Russell et al. 2019). If the
“EV cargo transfer hypothesis™ is true, like viruses, EVs must
achieve either direct fusion or endosomal escape. Moreover, if
EVs are capable of fusing with the cellular membrane, specific
molecules that are responsible for membrane fusion must ex-
ist. Some EV-specific proteins, such as CD9 and CD81, are
known to be involved in membrane fusion (Stein et al. 2004).
It would be interesting to determine whether these EV-specific
molecules contribute to the membrane fusion of EVs during
cargo delivery.

As mentioned above, experimental proof of the
fusogenicity of EVs has been reported in few studies
(Parolini et al. 2009; Montecalvo et al. 2012). In these
pioneering studies, a lipophilic fluorescence dye, octadecyl
rhodamine B chloride (R18), was used as a probe to monitor
the membrane fusion of EVs with a model membrane or cel-
lular membrane. However, it is generally accepted that assays
using R18 often yield false-positive results, as R18 inserted
into the membrane can diffuse via non-specific probe transfer
between membranes (Stegmann et al. 1993; Trikash et al.
2010). Therefore, results from membrane fusion assays utiliz-
ing R18 must be appropriately controlled and carefully
interpreted.

For some viruses, membrane fusion with host cells was
studied using an imaging technique. In one study, Blanc
et al. demonstrated that membrane fusion of VSV in endo/
lysosomes can be visualized by using a lipophilic fluorescence
dye (Le Blanc et al. 2005). The membrane fusion process of
EVs could be visualized with a similar method. Although
direct evidence demonstrating that EVs fuse with the cellular
membrane of recipient cells in physiologically-relevant exper-
iments is lacking, these imaging techniques may help to an-
swer the question of whether EVs are capable of fusing with
the cellular membrane of recipient cells.

Possible cargo transfer mechanism of EVs using viral infection
machinery

During viral infection, cells express viral components, such as
fusogenic proteins. Therefore, it is possible that EVs secreted
from virus-infected cells can acquire fusogenic activity.
Indeed, certain studies have suggested that EVs from virally
infected cells deliver viral cargo molecules to recipient non-
infected cells (Rodrigues et al. 2018). Additionally, a recent
report demonstrated that hepatitis D virus (HDV), a satellite
virus that usually requires the envelope protein of hepatitis B
virus (HBV) for infectivity, can become infectious in the ab-
sence of HBV envelope proteins by using the envelope pro-
teins from other viruses, such as VSV or hepatitis C virus
(Perez-Vargas et al. 2019). This study suggested that viral
envelope proteins may promote the delivery of nonspecific
cellular components from virus-infected cells to the surround-
ing cells.

Mammalian cells possess endogenous virus-derived genes
in their genome, such as endogenous retrovirus (ERV) se-
quences. Sometimes these genes are activated and express
virus-like fusion proteins at certain developmental stages or
in specific organs. If an endogenous fusion protein, such as
syncytin, is present on the surface of the EVs, they may be-
come fusogenic and efficiently deliver the cargo molecules to
recipient cells. However, such endogenous fusion proteins are
only expressed in limited organs (reproductive organs)(Mi
etal. 2000) or at early developmental stages. In some diseases,
such as various cancers (Larsson et al. 2007) and systemic
lupus erythematosus (Tokuyama et al. 2019), the expression
levels of endogenous retroviral fusion proteins are significant-
ly upregulated. Under these circumstances, EVs can bear en-
dogenous retroviral proteins and become fusogenic.

Potential solutions for rigorous EV studies

As previously mentioned, although the “EV cargo transfer
hypothesis” was validated, a few methodological problems
still exist in the field of EV research. In this section, potential
solutions that may facilitate more reliable and rigorous EV
research are summarized (Table 2).

Stoichiometric experiments

In general, it is important to design experiment in a stoichio-
metrically appropriate and physiologically relevant manner.
“Always include appropriate controls” is an aphorism in ex-
perimental biology. The inclusion of appropriate controls may
help to provide support for the RNA cargo transfer hypothesis.
In EV cargo transfer experiments, a conventional transfection
reagent might be an appropriate positive control. In experi-
ments assessing EV-mediated small RNA transfer in which
recipient cells are treated with EVs, as a control, “recipient”
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Table 2 Present challenges and
potential solutions for EV cargo
transfer studies

Challenges

Solutions

Stoichiometry

Lack of reliable bioassays

Interference by non-EV
contaminants

Stoichiometric experiments

a) Absolute quantification of cargo molecules
b) Stoichiometrically appropriate control
Development of a feasible reporter assay

a) Quantitative reporter assay

b) Fusion assay

¢) Imaging to track intracellular trafficking

Removal of non-EV components by a combination of affinity
purification methods

Removal of EVs by immunoprecipitation to confirm that EVs are essential for
the phenotypic changes in recipient cells

Cargo-specificity

Using specific inhibitors that diminish the function of cargo

a) miRNA inhibitors for miRNA cargo
b) siRNAs for mRNA cargo

cells can be transfected with a small RNA mimic at the same
dose as predicted to be inside the EVs. If the recipient cells in
both experiments show the same phenotype, such as target
gene silencing, the small RNA in the EVs might be functional
in the recipient cells. Conventional transfection reagents are
generally good enough to functionally deliver small RNAs
into cells. Since the transfer efficiencies of EVs and conven-
tional transfection reagents may differ, a stoichiometrically
adequate control may also be necessary to support the possi-
bility of small RNA transfer by EVs.

The same applies to mRNA and protein transfer experi-
ments. For example, in mRNA transfer experiments, the re-
cipient cells are treated with mRNA-containing EVs, whereas
in the control, the cells can be transfected with in vitro-
synthesized mRNA using a transfection reagent. The mRNA
dose should be equivalent in both assays. If the two different
mRNA transfers lead to a similar change in gene expression or
phenotype, then it can be concluded that mRNA transfer and
expression by EVs are possible.

For RNA studies, stoichiometrically designed experiments
require absolute quantification of target RNA. Methods and
instruments that enable absolute quantification of cargo RNA
are available, including digital PCR (Bellingham et al. 2017)
and other specific devices (He et al. 2019; Ramshani et al.
2019). These methods should help improve stoichiometric
analysis and experiments in EV research.

Reliable, physiologically relevant assays

As discussed above, the Cre reporter system is useful for EV
transfer experiments, but it is also highly sensitive. Thus, a
more physiologically relevant reporter assay is required to
validate cargo transfer by EVs. One approach is to use a com-
ponent of the widely available Tet-OFF system (Gossen and
Bujard 1992). Using this system, it is possible to monitor the
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transfer of tTA protein from donor cells to recipient cells by
measuring the expression of a reporter gene under the control
of the tetracycline response element (TRE) promoter
(Mangeot et al. 2011). Since the expression level of the report-
er gene under the TRE promoter reflects the quantity of func-
tional cargo delivered into the recipient cells, use of this assay
would enable quantitative evaluation of EV-mediated transfer
of tTA protein or mRNA.

Rigorous membrane fusion assays are another key for val-
idating the fusogenicity and cargo transfer ability of EVs. As
described in the literature, the R18-based fusion assay often
leads to false-positive results. Therefore, the development of a
more reliable and rigorous membrane fusion assay may help
to understand whether EVs are capable of fusing with the
cellular membrane. Identification of the membrane fusion pro-
teins on EVs is the key to understanding how EVs escape the
endosome and deliver cargo into the cytoplasm. The siRNA
cargo delivery mechanism of lipid NPs was extensively stud-
ied using imaging techniques (Wittrup et al. 2015). Using this
imaging technology, the bursting of the NP cage and the re-
lease of the siRNA cargo into the cytoplasm can be quantita-
tively evaluated. A systematic and integrated approach is re-
quired to evaluate the cargo delivery mechanism of EVs.

EV-specific purification

As described above, the presence of non-EV components in
the EV fraction may lead to false-positive results, as pheno-
typic changes in the recipient cells can be induced by non-EV
components in the EV fraction. Thus, there is an urgent need
to develop a specific purification method to isolate pure EVs
from crude materials, such as culture supernatant and body
fluids. Purification by ultracentrifugation is still considered
the gold standard, and it is a popular, reliable method for
purifying EV from any sample. However, pure EVs cannot
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be isolated by pelleting using ultracentrifugation, as the EV
pellet always contains non-EV components.

Affinity-based methods would be more specific and may help
remove non-EV components from crude materials. Recently, a
purification method using the phosphatidylserine-binding protein
TIM4 was reported (Nakai et al. 2016). In addition, the heparin-
binding affinity of EVs may also be useful for purifying EVs
from raw materials (Balaj et al. 2015). Presumably, a combina-
tion of these methods could improve the purity of EVs. Shurtleff
et al. carefully isolated EVs by combining serial ultracentrifuga-
tion with immunoisolation using an anti-CD63 antibody to ana-
lyze the RNA cargo of EVs (Shurtleff et al. 2017). These
methods can exclude the possibility of interference by non-EV
components.

Conversely, the EV-cargo transfer hypothesis could be val-
idated by the removal of EVs from an EV sample. If the EVs
are required to induce the phenotypic changes in the recipient
cells, depletion of the EVs would negate the effect.
Immunoprecipitation using an EV-specific antibody can de-
plete specific EV components from the EV fraction, leaving
non-EV components.

Inhibitors

Pretreatment of recipient cells with specific inhibitors can be a
good control measure to verify the cargo transfer activity of EVs.
For example, in experiments evaluating miRNA transfer by EVs,
pretreatment of the recipient cells with an anti-miRNA should
prevent the phenotypic change in recipient cells induced by the
EVs and its cargo. Similarly, for mRNA transfer experiments,
pretreatment of recipient cells with a specific siRNA against the
target mRNA should diminish the functionality of the EV cargo
mRNA. It is also recommended to use a translational inhibitor,
such as cycloheximide, to distinguish whether the phenotypic
change is induced by mRNA or protein cargo (Hung and
Leonard 2016). Thus, cargo-specific inhibitors could help sup-
port the “EV cargo transfer hypothesis.”

Conclusions

As reported in the MISEV2018, various factors should be
considered in EV research. In particular, the functional aspects
of EVs must be carefully investigated. Interpretation of many
EV studies has been biased by the assumption that EVs deliver
cargo to recipient cells and induce phenotypic changes. The
development of rigorous methodologies will improve our un-
derstanding of the true functions of EVs. The mystery of the
tiny particles present in EVs also needs to be solved. Since
EVs have been considered to be potential delivery vesicles for
therapeutic cargo, such as synthetic siRNAs (Alvarez-Erviti
et al. 2011), deciphering the delivery mechanism of EVs may
lead to future clinical applications.
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