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Abstract

®

Check for
updates

Exosomes were first described as waste carriers implicated in reticulocyte maturation but has during the past decade been
associated with many other cellular functions. The biogenesis of exosomes has been extensively studied and several protein
machineries have been identified to dictate their production and release. The newly discovered branches of the autophagy system
implicate secretion of waste in endosomal-derived vesicles as is thought for exosome release. Many of the proteins that have been
identified as responsible for the formation and release of these vesicles are the same as those identified in exosome biogenesis. In
this Perspective, we discuss the possibility of exosomes being a part of the autophagy machinery and the consequences this could

have on interpretation of exosome functions.

Keywords Exosomes - Extracellular vesicles - Autophagy - Secretory autophagy - EV - Vesicles

Introduction

Conventional protein secretion typically requires a signal peptide
to guide proteins through the endoplasmic reticulum (ER) and
Golgi apparatus. Secretion of proteins from cells without in-
volvement from the ER-Golgi network can also occur, a process
defined as unconventional secretion. Several types of unconven-
tional secretion have been described including secretion of ves-
icles derived from the autophagosome or endosome (Rabouille
2017). Vesicular secretion of cellular content has gained great
attention, and the understanding of the many functions and
mechanisms governing these processes is continuously growing.
Different pathways of vesicle release from cells have been iden-
tified during normo- and pathophysiological processes, includ-
ing the endosomal-derived exosomes, plasma membrane-
derived microvesicles (or ectosomes), lysosomal vesicle secre-
tion, and secretory autophagy (Yafiez-Mo et al. 2015; Ponpuak
et al. 2015; Galluzzi et al. 2017). Extracellular vesicles (EVs) is
an umbrella term, which generally covers exosomes,
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microvesicles, and apoptotic bodies, whereas lysosomal vesicle
secretion and secretory autophagy vesicles are typically not as-
sociated with this particular field of research. Although these
vesicles definitely are EVs in principle terms, we will in this
paper not include them when addressing EVs but rather mention
them separately to avoid confusion.

The field of EV research has seen a surge in publications as
indicated by 8.000 out of the 12.000 publications within this
field have been published during the past 5 years only. The
functions of EVs have been suggested to span widely, being
included in various cell-cell communication pathways within
many different organisms, liquid biopsy and biomarker discov-
ery, and as drug delivery vehicles (Johnsen et al. 2014; Yaiez-
Mo et al. 2015). Exosomes are generated in cells by inward
budding of early endosomal membranes creating intraluminal
vesicles (ILVs), hereby generating multivesicular bodies
(MVB)/late endosomes inside the cell. For exosomes to be
released to the external environment, the MVB fuses with the
cell membrane via Rab-GTPases and SNAREs. EVs, including
exosomes, can be isolated from a wide variety of body fluids
such as blood plasma/serum, cerebrospinal fluid, synovial fluid,
urine, and cell culture medium (Hessvik and Llorente 2018).
Numerous isolation methodologies exist with the most widely
used being differential centrifugation with ultracentrifugation,
density gradient ultracentrifugation, size-exclusion chromatog-
raphy and polymer-based precipitation (Boing et al. 2014;
Gudbergsson et al. 2015; Johnsen et al. 2018).

Autophagy governs cellular homeostasis and ensures cell sur-
vival by adapting cellular metabolism to stressful environments.
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Several types of autophagy exist including the canonical
macroautophagy, chaperone-mediated autophagy, and the less
studied microautophagy (for review see (Galluzzi et al. 2017)).
Two subsets of microautophagy have recently been described,
namely the endosomal (micro)autophagy (EA) and secretory
autophagy (SA). Typically, compounds destined for
macroautophagy are sorted into intermediate structures called
omegasomes that mature into autophagosomes, and
autophagosomes then deliver the content to lysosomes for deg-
radation. In EA, proteins are sorted into endosomal vesicles
(ILVs) by inward budding into endosomal membranes via
Hsc70 (HSPAS) to generate MVBs (Sahu et al. 2011,
Uytterhoeven et al. 2015; Mejlvang et al. 2018). MVBs can then
fuse with lysosomes to degrade the content. EA can be induced
by starvation and has therefore been called starvation-induced
autophagy. SA encompasses the fusion of an autophagosome
with a MVB/late endosome forming the amphisome. This initial
fusion initiates a process resulting in the release of autophagic
content to the extracellular milieu by fusion of the amphisome
with the plasma membrane (Ponpuak et al. 2015).

Exosomes were originally described by Johnstone et al. in
1987 as possible secreted containers of waste during reticulo-
cyte maturation (Johnstone et al. 1987) but has since then been
described to be much more than that (Yanez-Mo et al. 2015).
Still, several mechanisms in EV biogenesis seem to overlap
with different autophagy processes although only very few
studies investigate both aspects at the same time (see below).
This stimulates the following question: Could some or most of
the vesicles secreted from the cell have the function of getting
rid of waste material as a part of maintaining cellular homeo-
stasis through autophagy, as was originally hypothesized in
the early work on exosomes? The new branch of secretory
autophagy certainly suggests an interconnection between
EA/SA and exosomes since they share characteristics with
respect to both formation and secretion. Many specific func-
tions have been attributed to EVs in a wide variety of diseases,
insinuating that we know what they are and what their purpose
is. This implies that we 1) know all the different types of EV's
and where they originate from, and 2) know how to isolate and
quantify the specific subsets of EVs. At this point, the latter is
not possible (Sodar et al. 2016; Simonsen 2017; Johnsen et al.
2018). In this Perspective, we wish to highlight the similarities
between subsets of the autophagy system and exosome bio-
genesis to discuss the possibility of exosomes being an inte-
grated part of the autophagy system.

Interconnection between exosome
and autophagy pathways

To understand any possible interconnection between the

exosome- and autophagy-related secretory pathways, one
can study the protein machinery employed to facilitate the
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two processes. Many proteins involved in different autophagy
processes have also been discovered in EV experiments
(Table 1) (Baixauli et al. 2014; Xu et al. 2018). Leading ex-
perts in autophagy research recently published a review in the
EMBO Joumal defining autophagy processes based on key
proteins involved (Galluzzi et al. 2017). We compared this list
of key proteins against the EV protein database Vesiclepedia
(Table 1) (Kalra et al. 2012) and found that almost all proteins
had been identified in EV experiments to varying degrees.
Four of the proteins related to autophagy were in the Top
100 of most widely identified EV proteins, namely HSPAS
(3/100), HSP90AAT (8/100), VCP (24/100), and Rab7A (81/
100). This could indicate an interconnection between the two
pathways, and in the coming sections we will discuss this
possible connection in more detail.

Exosomes

Mechanisms regarding exosome formation and release have
been studied widely during the past decade where several
protein machineries have been identified (see reviews
(Kowal et al. 2014; Hessvik and Llorente 2018)). Exosomes
are formed by inward budding into the early endosome
resulting in maturation into late endosome/MVB. Several pro-
teins are key in the process of inward budding and cargo
sorting, such as the ESCRT proteins Hrs, CHMP4, TSG101,
STAMI1, VPS4, other proteins such as the Syndecan-syntenin-
ALIX complex, nSMase2, PLD2 and CD?9, alongside differ-
ent post-translational modifications of proteins (Fig. 1)
(Colombo et al. 2013; Ghossoub et al. 2014; Kowal et al.
2014; Villarroya-Beltri et al. 2014; Hessvik and Llorente
2017). After formation, the MVB can either fuse with the
lysosome to degrade its content or fuse with the plasma mem-
brane to release the ILVs as exosomes. The release of
exosomes to the extracellular milieu is driven by proteins of
the Rab-GTPase family, including RAB2B, 5A, 7, 9A, 11, 27
and 35. SNARE family proteins VAMP7 and YKT6 have also
been implicated in the release (Fader et al. 2009; Ostrowski
et al. 2010; Gross et al. 2012; Kowal et al. 2014; Hessvik and
Llorente 2018).

Endosomal autophagy

Starvation of cells, a key inducer of autophagy, induces en-
largement of MVB structures and a co-localization of Rab11
and LC3 in these structures, an indication of autophagy-
related processes associated to the MVB (Fig. 1) (Fader
et al. 2008). The sorting of autophagy-related cargo into the
MVBs is dependent on Hsc70 (HSPAS), VPS4 and TSG101
and independent on LAMP-2A, hereby excluding a role of the
lysosome (Sahu et al. 2011). Hsc70 was responsible for
sorting specific proteins with the pentapeptide sequence
KFERQ into MVBs (Sahu et al. 2011), and for MVB-
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Table 1 List of key autophagy

proteins from Galluzzi et al. 2017

and the number of times these
proteins have been identified in
EV experiments according to
Vesiclepedia

mediated protein turnover at neuronal synapses (Uytterhoeven
et al. 2015). Cellular starvation also induce a rapid EA re-
sponse within 3060 min (Mejlvang et al. 2018). A study by
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Gene # of times identified in EV Gene # of times identified in EV
experiments experiments
ACBD3 39 NBRF2 0
ACBD5 21 OPTN 34
AMBRA1 1 PARK?2 1
ATG2A,B 10 PEX2 1
ATG3 46 PEX3 3
ATG4A,B,C,D 33 PEXS5 2
ATGS5 1 PEX13 1
ATG7 37 PEX14 16
ATGYA, B 21 PHB2 76
ATG10 2 PIK3C3 5
(VPS34)
ATGI12 1 PIK3R4 34
(VPS15)
ATG13 2 PINK1 2
ATG14 1 PLEKHM1 2
ATG16L1 3 PSMD4 45
(RPN10)
ATG101 0 RAB7A, B* 216
BCL2 30 RABI11A 115
BCL2L13 22 RB1CC1 6
BECNI 10 RNF166 1
BNIP3 (NIP3) 18 RUBCN 2
(RUBICON)
BNIP3L (NIX) 1 SMURF1 5
CALCOCO2 4 SNX4 29
EI24 (EPG4) 22 SNX18 51
EPG5 28 SQSTMI (p62) 73
ENDOG 2 STX17 2
FAM134B 1 TAX1BP1 51
FANCC 1 TBK1 27
FUNDCI1 14 TECPRI 8
GFAP 36 TFEB 24
HSPA8 (HSC70)* 292 TGM2 93
HSP90AAT1* 270 TOLLIP 125
INPP5SE 3 TRIMS 1
LAMP1 145 ULK1 (ATG1), 8
ULK2
LAMP2 115 UVRAG 23
LGALS3 105 VCP* 214
LGALSS 36 WDFY3 24
(ALFY)
MAPILC3A,B.B2 35 WIPI1,2,3.4 2
(LC3)
GABARAP, 65 VMP1 20
GABARAPLI,L2
MTOR 73 WAC 3
NBR1 4 ZFYVEI1 2

*Top 100 proteins most frequently identified in EV experiments (Vesiclepedia — microvesicles.org)

Mejlvang et al. showed the presence of p62 in ILVs in MVBs,
and by blocking MVB dynamics with the cholesterol trans-
porter inhibitor U18666A, the EA response was abrogated. To
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Fig. 1 Schematic representation of proteins involved in the biogenesis and secretion of exosomes, endosomal autophagy and secretory autophagy

investigate whether this response was lysosomal-dependent,
knockdown of SNARE STX17 was performed to inhibit ly-
sosomal fusion, but no effect on EA was seen, indicating a
strict endosomal response (Mejlvang et al. 2018). The exis-
tence of a rapid autophagy response to cellular stress was
further demonstrated by Wang et al. (2019). By applying me-
chanical stress to tumor cells for up to 60 min., increases in
LC3II and p62 was seen in the EV fraction. These results
clearly point towards an intersection of EA processes with
exosome formation and secretion since both pathways are
characterized by MVB formation. Whether the ILVs generat-
ed in EA are secreted in the same manner as exosomes has not,
to our knowledge, been reported. However, since the ESCRT
machinery is instrumental in both biogenesis pathways
(Raiborg and Stenmark 2009; Lefebvre et al. 2018), the po-
tential of EA ILVs being secreted as exosomes is not
farfetched. Besides the involvement of ESCRT proteins, EA
also relies on core autophagy receptors such as p62/SQSTMI,
LC3 and GABARAPL2 (Mgjlvang et al. 2018). According to
the EV database Vesiclepedia (microvesicles.org) these
proteins have been identified in numerous EV experiments
and in published EV studies (Kalra et al. 2012; Miao et al.
2015; Hessvik et al. 2016).

Secretory autophagy
SA has only been scarcely studied in mammalian cells but

drawing parallels to yeast homologs has aided in under-
standing the process in mammals (Ponpuak et al. 2015).

@ Springer

Several proteins are involved in the regulation and biogen-
esis of SA compartments such as GRASPs, LC3, Rab8a,
ESCRTs, SNAREs along with several Atg proteins (Fig.
1) (Dupont et al. 2011; Patel et al. 2013; Ponpuak et al.
2015). SA biogenesis has been related to omegasomes
(equivalent to yeast CUPS) that are rich in PI3P, which ul-
timately end up maturing into the autophagosome (Axe
etal. 2008; Ponpuak et al. 2015). Griffiths et al. showed that
autophagosomes could fuse with MVBs to form the
amphisome and release vesicles to the external environment
(Griffiths et al. 2012). Since both SA and EA are character-
ized by endosomal influence, there could be an overlap be-
tween these two newly described pathways. In line with
this, SA has also been shown to be induced by starvation
(Pallet et al. 2013; Ponpuak et al. 2015). The first protein to
be described as secreted by SA was IL-1(3, which is also
considered an EV-associated cytokine (Dupont et al. 2011;
Yanez-Mo et al. 2015). The overlap between EA, SA and
exosome proteins could indicate that at least parts of these
pathways intersect. Similarities between autophagy-related
pathways and exosomes has previously been mentioned in
other studies and reviews (Record et al. 2014; Baixauli et al.
2014; Ponpuak et al. 2015; Hessvik et al. 2016; Hessvik and
Llorente 2018; Xu et al. 2018; Pleet et al. 2018; Levine and
Kroemer 2019). These studies describe crosstalk between
the two pathways but do not directly describe exosomes as
being a part of the autophagy system. In the coming sec-
tions, we discuss the possibility of exosomes being an inte-
grated part of the autophagy machinery.
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Tampering with canonical
autophagy-lysosome pathways affects vesicle
secretion

Several studies investigating secretion of EVs or SA have
shown that by inhibiting or stimulating canonical autophagy
pathways, exosome biogenesis and release was altered. The
autophagy proteins Atgl2-Atg3 were shown to form a com-
plex with Alix, and by knocking either of these proteins down,
ILV formation in MVBs and exosome secretion was reduced
(Murrow et al. 2015). In support of this, knockdown of Atg5
and Atgl6L1 was also shown to reduce exosome secretion,
and Atg5 and LC3 were demonstrated to be responsible for
de-acidification of MVBs, another stimulating factor in the
release of exosomes (Guo et al. 2017). Inhibition of autophagy
with chloroquine or wortmannin resulted in an increased se-
cretion of the EV-associated proteins CD63, TSG101 and Alix
(Hurwitz et al. 2017). Hessvik et al. showed that inhibition
(using apilimod) and knockdown of the phosphoinositide ki-
nase, PIKfyve, whose substrate PI(3)P is heavily involved in
canonical autophagy, increased exosome secretion (Hessvik
etal. 2016). Interestingly, the EVs became more enriched with
autophagy-related proteins such as NBR1, p62, LC3 and
WIPI2, and it was observed using immuno-electron micros-
copy that p62 and CD63 were localized to the same exosomes
(Hessvik et al. 2016). A similar mechanism was observed with
the autophagy-inhibitor Bafilomycin A1, where exosome re-
lease increased and enrichment of LC3 and SQSTMI in
exosomes was seen as a result (Minakaki et al. 2018).

Two sides of the same coin?

The cellular state or “health” is reflected in the content of EVs,
where both protein and RNA signatures changed in response
to starvation (de Jong et al. 2012). Mechanisms for sorting
cargo into MVBs and exosomes include ubiquitination,
SUMOylation and phosphorylation of proteins (Villarroya-
Beltri et al. 2013; Moreno-Gonzalo et al. 2018). The same
post-translational modifications are implicated in sorting of
cargo to autophagosomes (Mizushima and Komatsu 2011;
Grumati and Dikic 2018). In neurodegenerative diseases such
as Parkinson’s and Alzheimer’s, exosomes were identified as
extracellular carriers of the aggregate-prone proteins, such as
o-synuclein and B-amyloid, respectively (Alvarez-Erviti et al.
2011; Yuyama and Igarashi 2017; Sardar Sinha et al. 2018).
From an autophagy perspective, this vesicle (exosome) secre-
tion could possibly be dictated by the autophagy machinery.
This was evidenced by a reduction of extracellular B-amyloid
plaques in Atg7 knockout/amyloid precursor protein (APP)
knock-in mice compared to APP mice with functional Atg7
(Nilsson et al. 2013, 2015). x-synuclein secretion was shown
to be increased four-fold by inhibiting autophagosome fusion

with lysosomes in neuron-like cells expressing the
aggregation-prone x-synucleinazop, suggesting a secretion-
based compensation for the lack of o-synuclein degradation
(Ejlerskov et al. 2013). Similarly, another study showed that
EV-mediated a-synuclein secretion could be increased up to
five-fold by inhibiting conventional macroautophagy with
bafilomycin A1 (Minakaki et al. 2018).

Another similar process that seems to overlap between
these cellular machineries is the system that viruses use for
propagation. It has been proposed that different viruses hi-jack
the MVB-exosome pathway for budding (Nolte-‘t Hoen et al.
2016; Sadeghipour and Mathias 2017; Hurwitz et al. 2017,
Pleet et al. 2018), and knockdown of autophagy proteins
Beclinl and Atg7 was shown to inhibit exosome-mediated
release of HCV particles to the extracellular space
(Shrivastava et al. 2016). Miao et al. showed that cells were
capable of non-lytic expulsion of bacteria via delivery of the
bacteria from autophagosomes to MVBs, which were then
ultimately secreted into urine in exosomes (Miao et al.
2015). They also demonstrated that the encapsulated bacteria
were positive for both the exosome marker CD63 and the
autophagy marker LC3, and showed that knockdown of
TSG101 or Alix markedly decreased the bacterial expulsion
(Miao et al. 2015). Exosome secretion could also relieve cel-
lular stress by carrying harmful DNA in the excosome, includ-
ing chromosomal fragments, to prevent the generation of too
many reactive oxygen species (Takahashi et al. 2017). This
could indicate that exosome secretion could be an autophagy-
related response to discard compounds that are harmful to the
cell, and to compensate if canonical degradative autophagy
pathways are defect or overloaded. In support of this, several
of the top 100 EV proteins on Vesiclepedia are of cytoskeletal
(actinins, actins, myosin, cofilin) or nuclear (histones) origin,
which could indicate that the EVs are implicated in cell ho-
meostasis via autophagy-driven pathways (Kalra et al. 2012;
Luo et al. 2016).

Navigating the vesicular fog: Is the waste
the message?

EVs can be isolated from various fluids to be analysed for
their functional characteristics or have their composition de-
termined for use in biomarker discovery (Johnsen et al. 2018).
However, these isolation methodologies has severe limitations
with respect to obtaining a pure EV sample, especially for
blood plasma and serum (Simonsen 2017). We recently
showed through a systematic review of blood EV concentra-
tions that the EVs constitute a minority of particles in blood,
severely outnumbered by lipid nanoparticles (approximately
1:1,000,000) (Johnsen et al. 2018). This represents a large
technical hindrance of isolating a pure EV sample, but what
about the EV heterogeneity itself? (Kowal et al. 2016). To
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avoid contamination of EVs from serum, isolation of EVs
from cell cultures is frequently done by adding EV-depleted
serum to the culture medium, reducing the serum concentra-
tion or using serum-free medium for the period of EV produc-
tion (Gudbergsson et al. 2015). In turn, these conditions in-
duce cellular starvation to various degrees that induces a rapid
autophagy response, which could result in more vesicle re-
lease from the cells through EA and SA (Mejlvang et al.
2018). The immediate autophagy response to starvation is in
part to rapidly rid the cell of anabolic proteins through
endosomal and secretory autophagy, which might be secreted
in vesicles (Ponpuak et al. 2015; Mejlvang et al. 2018). This
could severely bias conclusions on EV function, for example
when assessing effects of EVs on cancer cell growth or me-
tastasis since the EV composition would favour these charac-
teristics due to the starvation during conditioning of the cul-
ture medium. Various chemotherapeutics also enhance EV
secretion and alter the EV proteomic profile in different ways
to present a pro-metastatic, proliferative, or apoptotic pheno-
type, including the potential of modulating the cell cycle and
matrix degradation (Kavanagh et al. 2017; Bandari et al. 2018;
Keklikoglou et al. 2018). To cells, chemotherapy is an exis-
tential threat and thus they elicit a response to this threat,
which includes autophagy. The autophagy response depends
on the type of chemotherapy used and can stimulate pro-
survival or pro-death responses (Sui et al. 2013). The fact that
chemotherapeutics induce autophagy could indicate that the
enhancement in EV secretion and alteration of their content is
due to EA and SA, but research is needed to elucidate this. In
support of this, the isolation protocols to obtain SA vesicles
has been shown to be similar to that of general EV isolation
protocols, utilizing differential centrifugation followed by ul-
tracentrifugation (Griffiths et al. 2012; Ejlerskov et al. 2013;
Hessvik et al. 2016).

The countless different proteins detected in EV samples
and the limited knowledge on EV and secretory vesicle biol-
ogy in general adds complexity to the secretome equation.
Where are the vesicles originating from, and why are they
produced by the cell? Is it an autophagy-lysosomal process
of maintaining homeostasis and a response to stressful envi-
ronments, or is the cell sending a specific message to its sur-
roundings independent of a metabolic response, or both? In
case of both, how do we distinguish between these messages?
Could the waste itself be the message, providing a real-time
status of cellular health to the surrounding resident cells and
immune cells? If we assume that all or some vesicle release
from cells is related to the autophagy and lysosome machin-
ery, does it make EVs less relevant in a functional or biomark-
er context? When interpreting the function of EVs, knowing
how and why they are produced is essential, and if there are
several different subsets of EVs tied to different cellular path-
ways, being able to distinguish them is crucial when estimat-
ing a certain function. For biomarker discovery, EVs could
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still represent an asset since it reflects the cellular health status,
however, there are still serious technical limitations with co-
precipitation of other particles from blood and thus concluding
that the biomarker is “enriched in EVs” could be wrong.
Considering this, the EV and SA fields still suffer from being
the new players on the field. To further dissect the relationship
between these two fields, more fundamental research on the
basic biology and technology for analysis is needed.

Concluding remarks

The discovery of EVs has opened a new and exciting avenue
of research and adds a new layer of complexity to cell biology
and intercellular communication. The parallel emergence of
EV research and the secretory branch of autophagy might
have led to scientific progress within the fields without them
crossing paths. Here, we argue that the understanding of EV
biology needs to include cellular autophagy in the equation
since many proteins involved in the regulation of both ma-
chineries seem to be shared. To fully determine EV function
and their use in biomarker discovery, more fundamental re-
search into the underlying mechanisms is crucial. As EVs
were first described as waste carriers, perhaps that notion is
not completely farfetched. We encourage researchers working
with EVs or the secretory branch of autophagy to further dis-
sect the underlying mechanisms behind these pathways as we
believe this could help understanding the connection between
regulation of individual and collective cellular health and in-
tercellular communication.
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