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SUMMARY

Exercise stimulates the release of molecules into the
circulation, supporting the concept that inter-tissue
signaling proteins are important mediators of adap-
tations to exercise. Recognizing that many circu-
lating proteins are packaged in extracellular vesicles
(EVs), we employed quantitative proteomic tech-
niques to characterize the exercise-induced secre-
tion of EV-contained proteins. Following a 1-hr bout
of cycling exercise in healthy humans, we observed
an increase in the circulation of over 300 proteins,
with a notable enrichment of several classes of pro-
teins that compose exosomes and small vesicles.
Pulse-chase and intravital imaging experiments sug-
gested EVs liberated by exercise have a propensity
to localize in the liver and can transfer their protein
cargo. Moreover, by employing arteriovenous bal-
ance studies across the contracting human limb,
we identified several novel candidate myokines,
released into circulation independently of classical
secretion. These data identify a new paradigm by
which tissue crosstalk during exercise can exert sys-
temic biological effects.

INTRODUCTION

It is well known that exercise capacity is a powerful predictor of
mortality (Korpelainen et al., 2016; Myers et al., 2002), and even
short periods of physical inactivity are associated with impaired
metabolic homeostasis, manifested as decreased insulin sensi-
tivity, reduced postprandial lipid clearance, loss of muscle

mass, and accumulation of visceral adiposity (Pedersen and
Febbraio, 2012). These acute changes provide a link between
physical inactivity and increased risk of acquiring chronic dis-
eases such as obesity, type 2 diabetes, cardiovascular disease,
and cancer (Booth et al., 2012; Febbraio, 2017; Pedersen and
Febbraio, 2012). Many of the benefits of physical activity
have been attributed to several mechanisms, including reduced
adiposity and increased cardio-respiratory capacity, as dis-
cussed previously (Febbraio, 2017). Despite the fact that tissue
crosstalk was proposed as a mechanism for the physiological
effects of exercise over 60 years ago (Goldstein, 1961; Kao
and Ray, 1954), the concept has been, until recently, both
understudied and underappreciated. Since the turn of the mil-
lennium, however, numerous tissues such as skeletal muscle
(Febbraio et al., 2004; Moon et al., 2016; Rao et al., 2014), liver
(Hansen et al., 2011, 2015), adipose tissue (Hondares et al,,
2011; Stanford et al., 2013), brain (Lancaster et al., 2004),
and bone (Mera et al., 2016) have been shown to secrete pro-
teins during exercise, perhaps mediating some of the benefits
of physical activity and exposing the possibility for therapeutic
manipulation of the positive benefits of exercise. It is important
to note that most, if not all, of the previously identified proteins
described above have been discovered via serendipity or tran-
scriptomic screens that filter for gene products that possess
a signal sequence peptide. As a consequence, the concept
of tissue crosstalk during exercise has focused upon uncover-
ing novel proteins or peptides, classically secreted, that act
in ligand-receptor-binding complexes (for review, see Whitham
and Febbraio, 2016).

Insight into the dynamic interchange of proteins between tis-
sues via the circulation requires an approach that overcomes
considerable technical hurdles. Much like the challenges facing
plasma biomarker discovery (Geyer et al., 2017), identifying
specific proteins in the midst of the vast proteomic complexity
of plasma is not trivial (Whitham and Febbraio, 2016). Mass
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spectrometry (MS)-based proteomics offers unbiased and hy-
pothesis-free analysis of vast numbers of different proteins,
sometimes exceeding as many as 10,000 in cell lines or tissue
samples simplified by extensive fractionation (Mann et al.,
2013). However, proteomic coverage in plasma samples has
so far largely been limited to a few hundred proteins, hampered
severely by the presence of highly abundant proteins such as
albumin, which constitutes roughly 50% of total protein mass
(Geyer et al., 2017). Without addressing this issue, therefore,
only highly abundant plasma proteins are identified while pro-
teins conceivably participating in tissue crosstalk may remain
undetected.

The secretion of extracellular vesicles (EVs) from cells or tis-
sues into the extracellular environment is an evolutionary
conserved process increasingly appreciated as an essential
mechanism of intercellular communication (Raposo and Stoor-
vogel, 2013). Healthy cells shed microvesicles of varying size
from their plasma membranes. In addition, exosomes are gener-
ated within multi-vesicular endosomal compartments, which
fuse with the cell membrane to be released into the extracellular
environment (Kowal et al., 2014). While first assumed to contain
debris with no biological significance, EVs are now recognized
not only as important carriers of proteins, lipids, and nucleic
acids in plasma, but also as being capable of transferring such
cargo to recipient cells (Kowal et al., 2014; Raposo and Stoorvo-
gel, 2013; Wiklander et al., 2015). Indeed, adipose tissue se-
cretes exosomes containing microRNAs capable of regulating
gene expression in the liver and other tissues (Thomou et al.,
2017). Importantly, exosomes transplanted from adipose tissue
macrophages of obese mice into lean mice induce an insulin-
resistant phenotype, while the reverse experiment (transplanta-
tion from lean to obese mice) induces insulin sensitivity (Ying
et al.,, 2017). Extracellular vesicle trafficking, therefore, repre-
sents an important biological process, capable of profound
metabolic effects, which has been understudied in the context
of tissue crosstalk during exercise. Furthermore, by focusing
specifically on the EV fraction of plasma, one derives a conve-
nient separation of lowly abundant proteins from plasma pro-
teins such as albumin that hamper proteomic coverage. Proteo-
mic analysis of EVs therefore facilitates an in-depth insight into
protein dynamics in plasma during a complex metabolic stimulus
such as exercise.

Inspired by the growing body of data implicating EVs in the
participation of tissue communication, we hypothesized that ex-
ercise might stimulate EV secretion and provide a mechanism by
which tissues can transfer important signaling molecules from
one tissue to another. While this concept has been speculated
upon in the literature (Egan et al., 2016; Fruhbeis et al., 2015;
Guescini et al., 2015; Safdar et al., 2016; Whitham and Febbraio,
2016; Zierath and Wallberg-Henriksson, 2015), experimental
data are lacking. Here we report a temporal analysis of the exer-
cise-induced EV proteome in human plasma taken before and
after exercise. We demonstrate a robust exercise-induced in-
crease in several classes of proteins associated with small ves-
icles and exosomes. We identify some of the proteomic cargo
enclosed within these vesicles, demonstrate that this cargo
can be transferred to recipient tissues and cells, and highlight
the considerable scope with which EV trafficking can mediate
biological change during exercise.
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RESULTS

Deep Proteomic Analysis of EV-Cargoed Proteins via
Nano-UHPLC Tandem Mass Spectrometry

EVs are present within diverse body fluids, including breast milk,
saliva, and plasma, and can be isolated via a range of centrifuga-
tion, immunoaffinity, and gel filtration techniques (Pocsfalvi et al.,
2016). Arguably the most typical of these methods is ultracentri-
fugation, with the consensus that samples require prolonged
(>1 hr) centrifugation at 100,000 x g to isolate small vesicles
and exosomes that participate in intercellular communication.
However, recent progress in proteomic analyses of EV lysates
has been rapid, uncovering an unappreciated depth of analytic
coverage in samples derived via relatively simple high-speed
centrifugation in a bench-top microcentrifuge (Harel et al.,
2015). We therefore considered whether nano-ultra-high-perfor-
mance liquid chromatography (UHPLC) tandem mass spectrom-
etry (MS/MS) analysis facilitates a quantitative analysis of small
EVs and exosomes in plasma when the vesicles are derived
via centrifugation at 20,000 x g. Interestingly, we identified
a host of small-vesicle and exosomal markers, including SDCBP,
TSG101, PDCD6IP (ALIX), CD63, and CD9, in 20,000 x
g-derived EV lysates of three healthy human donors (Figure S1).
Further, we observed no significant quantitative differences in
any EV markers between samples subjected to 20,000 or
100,000 x g centrifugation (Figures S1B and S1C). These data
indicate that a quantitative proteomic analysis of small-vesicle
and exosomal protein cargo is possible with the relative practical
convenience of 2 X 60-min spins in a bench-top microcentrifuge.
We show here how this analysis can reveal novel insights into
dynamic changes in circulating proteins in vivo.

We next applied this methodology to identify the exercise-
induced EV proteome. We initially analyzed plasma in samples
obtained from an indwelling cannula in the femoral artery before
(rest), immediately after (exercise), and 4 hr after (recovery) a
60-min bout of cycle ergometer exercise in 11 healthy males.
All samples were processed for the isolation of EVs as outlined
in Figure 1A. This isolation methodology gave rise to the fraction-
ation of vesicles in the region of 50-350 nm in size, as indicated
by nanoparticle tracking analysis (Figure 1B) and cryoelectron
microscopy (Figure 1C). EV pellets were then analyzed by
nano-UHPLC-MS/MS and identified proteins were quantified
by label-free quantitation (Cox et al., 2014). In parallel, we also
analyzed pooled EV lysates from the samples taken at rest and
exercise fractionated via a BEH C18 HPLC column in order to
create areference proteome with which to increase protein iden-
tification in our experimental samples via feature matching (Fig-
ure 1A). In total, we detected 5,359 proteins at a false discovery
rate of 1% with an expected large majority of these proteins be-
ing identified in the reference proteome (Figure 2). In agreement
with recent, similar analyses of plasma-derived EVs (Harel et al.,
2015; Hurwitz et al., 2016), the present dataset achieves a similar
depth of proteomic coverage to the peptide atlas compendium
of over 120 studies and adds ~2,780 proteins not specifically
annotated as plasma proteins (Figure 2A). Furthermore, we
observed a large overlap between our dataset and the manually
curated EV database, Vesiclepedia (Kalra et al., 2012) (Figure 2B)
and we were again able to detect a host of known exosomal and
small-vesicle markers such as TSG101, CD63, CD81, CD9,
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Figure 1. Methodological Approach to the
Quantitative Proteomic Analysis of Exer-
cise-Induced EV Proteins

EV pellets from plasma samples were derived from
11 healthy male participants carrying out 1 hr
(80 min at 55%, 20 min at 70%, and ~10 min [until
exhaustion] at 80% of VO.,max) of cycle exercise
by high-speed centrifugation and subjected to
nano-UHPLC-MS/MS.

(A) Both arterial and venous circulations were
sampled.

(B and C) The EV isolation method gave rise to
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indicated by nanoparticle tracking analysis (B) and
visualized by cryoelectron microscopy (C).
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SDCBP, EHD1, and PDCDG6IP (ALIX) (Figure 2D). Strikingly, anal-
ysis of the amino acid sequences of all identified proteins via the
SignalP server (Petersen et al., 2011) revealed just 16.3% had a
predicted signal peptide (Figure 2C). Taken together, this implies
that our optimized method targets EVs and allows in-depth anal-
ysis of the protein cargo within these vesicles, a large proportion
of which are not known to be released into the circulation or to
contain a signal peptide sequence.

Exercise Leads to an Increase in Circulating Small
Vesicles and Exosomes

We derived a quantitative comparison of 1,199 proteins between
samples taken at rest, immediately after exercise, and after 4 hr
of recovery. To our knowledge, this is the first acute, temporal,
in vivo analysis of the human plasma EV proteome. We identified
322 proteins that were significantly different between exercise
and rest (Figure 2E; full list of proteins in Table S1). Furthermore,
just three proteins were significantly different between rest and
recovery samples, demonstrating transient effects of exercise
on EV protein abundance in circulation (Figure 2E; list of proteins
in Table S1). Notably, a large proportion of the upregulated
proteins with exercise belong to protein groups thought to

1

)

constitute small vesicles and exosomes
(Figure 3A). Indeed, we observed a signif-
icant increase in proteins previously asso-
ciated with multi-vesicular body formation
(ALIX), membrane trafficking (Rab pro-
teins and Annexins), chaperone (heat
shock proteins) and cytoskeletal (tubulins,
actins, and myosins) functions, lipid rafts
(Flotilin 1 and 2), and vesicle adhesion
(Integrins and tetraspanins) and signaling
(14-3-3 and G proteins) (Figure 3A). By
way of support for these data, nanopar-
ticle tracking analysis of a subset of sam-
ples revealed an increase in particles in
the size range attributed to small vesicles,
post-exercise (Figure 1B). Further, in
recognition that many previously labeled
exosome markers are, in fact, not unique
to small 40-150 nm vesicles and endo-
some-derived exosomes (Haraszti et al.,
2016; Keerthikumar et al., 2015b; Kowal
et al., 2016; Minciacchi et al., 2015; Willms et al., 2016), we spe-
cifically searched our data for markers previously highly enriched
in small EVs. We observed a significant increase in the circulation
of ACTN4 (Willms et al., 2016), ADAM10 (Kowal et al., 2016), ALIX
(Haraszti et al., 2016), ANAX11 (Kowal et al., 2016), and CD81
(Haraszti et al., 2016; Keerthikumar et al., 2015b; Kowal et al.,
2016). In addition, when carrying out gene ontology (GO)
enrichment analysis on proteins significantly upregulated with
exercise, we observed a significant enrichment of proteins
associated with a variety of intracellular origins, including endo-
somal compartments, filopodium, and cilium (Figure 3B). Taken
together, these data provide evidence that exercise leads to a
significant, transient release of EVs into circulation, largely char-
acteristic of exosomes and other small vesicles of cellular origins
such as plasma membrane-derived extensions.

Exercise Induces a Release of EV-Packaged Proteins
Involved in a Broad Array of Biological Processes

A significant release of small vesicles into the circulation implies
that cells might communicate during exercise by packaging
signaling proteins into EVs. To investigate this in greater depth,
we carried out further enrichment analysis on the dataset,
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seeking non-random associations between significantly upregu-
lated proteins and GO categorical annotations over-represented
in these data, such as molecular functions and biological
processes. Overall, we observed significant enrichment in 146
GO-term-defined biological processes (Figure S2A; q < 0.02),
ranging from signal transduction to regulation of immune
cell proliferation. In line with these findings, the exercise data
demonstrated significant enrichments in several molecular func-
tions, most notably G-protein and GTPase signaling (Figure S2B).
Since many of the GO terms overlap, we simplified the enrich-
ment analysis to focus on general UniProt keywords (Figure 4A).
Interestingly, we observed a notable enrichment of proteins
with the keyword “glycolysis” (enrichment factor 3.08, corrected
p value = 0.002). We investigated this further by filtering the rest,
exercise, and recovery data for proteins involved in glycolysis
(Figure 4B). Several of these glycolytic enzymes appeared in
circulation with the present exercise protocol. Furthermore,
analysis of the amino acid sequence of each protein (Petersen
et al., 2011) revealed none of these proteins have a predicted
signal sequence peptide suggestive of a classically secreted
protein (Table S2A). Conversely, all proteins are annotated
in the Vesiclepedia database (Kalra et al., 2012). These data
suggest that cells secrete glycolytic enzymes in EVs during the
high energy demands of exercise and support published works
demonstrating that glycolytic enzymes delivered by small vesi-
cles can influence glycolytic rate in recipient cells (Garcia et al.,
2016; Zhao et al., 2016). While the functional relevance of this,
from a metabolic standpoint, remains unclear, these findings
support the view that proteins capable of changing biological
function in recipient cells are secreted in EVs during incremental
exercise, independently of classic protein secretion.

Exercise-Liberated EVs Demonstrate Tropism to

the Liver

Fundamental to the hypothesis that EVs participate in tissue
crosstalk during exercise is the uptake of these vesicles in
recipient tissues. Indeed, that we observed little changes in
vesicle protein abundance after 4 hr of recovery implies that
the vesicle-cargoed proteins are removed from circulation via
uptake into tissues. To investigate the biodistribution of EVs
once they are liberated into circulation during exercise, we iso-
lated EVs from treadmill-exercised or sedentary C57BL6/J
donor mice and labeled them with lipophilic carbocyanine
DiOC+5(7) (DiR). These labeled EVs were then intravenously
administered to recipient mice, which were then analyzed by
whole-body intravital imaging. Three hours after injection of a
48-pg dose of labeled vesicles, we detected fluorescence in
mice receiving vesicles from exercising, but not resting, donors
(Figure 5A), indicating that vesicles liberated into circulation by

exercise more readily concentrate in tissues in the abdominal
viscera. We then carried out repeat experiments in mice
receiving labeled vesicles from a single donor at a one-to-one
ratio and observed fluorescent signal only in the liver (Fig-
ure S4A). Importantly, we discovered a significant difference
in fluorescence in the livers of mice receiving vesicles from
exercised versus rested donors 1 hr after injection (Figure 5B),
indicating that vesicles liberated into circulation during exercise
more readily localize in the liver.

SILAC Pulse-Chase Experiments Reveal Extensive
Internalization of Exosomal/Small-Vesicle Protein

Cargo into Recipient Cells

Several lines of evidence using luciferase reporter cell lines
(Montecalvo et al., 2012), lipophilic dyes (Tian et al., 2013), and
accompanying flow cytometry and confocal microscopy tech-
nigues (Mulcahy et al., 2014) support the view that small vesicles
(and their cargo) are internalized into recipient cells. To investi-
gate further the penetration of exosomes and small vesicles
into live liver cells, we treated alpha mouse liver (AML12)
cells with 1,1-dioctadecyl-3,3,3,3-tetramethylindodicarbocya-
nine (DiD) fluorescently labeled exosomes isolated via ultracen-
trifugation from C2C12 myotubes. Confocal microscopy analysis
(Figure S3) revealed that cells were labeled with punctate DiD
containing structures on and in the cells. Some DiD was also pre-
sent on the plasma membrane of cells, suggesting that small-
vesicle/cell fusion may have occurred, mixing membranes and
releasing contents to the cell. We then adopted a quantitative
proteomic approach to investigate further the incorporation of
small-vesicle and exosomal-derived proteins into liver cells, us-
ing plasma samples obtained from a tissue bank of fully labeled
3Ce-lysine SILAC mice. In this model, wild-type C57BL/6 mice
are fed chow containing stable isotope or “heavy” labeled lysine,
which is incorporated into the entire mouse proteome (Kruger
et al., 2008). These mice, therefore, secrete heavy labeled pro-
tein, distinguishable by MS, within EVs. We hypothesized that
isolation of exosomes and small vesicles from heavy labeled
plasma sampled after treadmill exercise would enable pulse
chasing to confirm uptake into cells (Figure 6A). Nanoparticle
tracking analysis revealed isolation of vesicles within the range
attributed to exosomes and small vesicles (~90 nm) (Figure S5A).
To assess the degree of incorporation of heavy labeled, EV-car-
goed protein into recipient cells, we treated AML12 hepatocytes
with (1) vesicles isolated from heavy labeled exercise plasma, (2)
the depleted plasma fraction from which the vesicles were iso-
lated from, or (3) a control containing only PBS. After a 4-hr incu-
bation, we removed the conditioned media and washed the
cells. We then analyzed the cell lysates via nano-UHPLC-MS/
MS, using the software Maxquant (Cox et al., 2009), to identify

Figure 3. Exercise Induces the Enrichment in Circulation of Proteins Associated with the Biogenesis and Function of Small Vesicles and

Exosomes

(A) Label-free quantitative (LFQ) data from arterial-derived plasma EVs are presented as volcano plots revealing results of two-sample t tests (exercise versus
rest) following permutation-based false discovery rate (FDR) correction. Proteins highlighted in blue are significantly differentially expressed in circulation with
exercise versus rest. Proteins belonging to the indicated group are indicated in red (n = 11).

(B) Gene ontology cellular component (GOCC) enrichment analysis on proteins significantly altered during exercise. GO terms are presented as a word cloud with
the size of the word indicating the enrichment factor (degree of over-representation in the data calculated from the intersect between total number of proteins
observed with the annotation and the number of these differentially regulated by exercise), and the color indicating the FDR-corrected p value. MVB, multi-

vesicular body.
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Figure 5. Intravital Imaging of Recipient Mice Treated Intravenously
with DiR-Labeled Vesicles from Exercising or Rested Donor Mice
(A) Whole-body fluorescence imaging of animals treated with a 48-ug dose
of vesicles from 12 exercised or sedentary donor mice. Images were taken 3 hr
after tail vein injection. Max, maximum; Min, minimum.

(B) Quantitative fluorescent imaging of livers taken from recipient mice
receiving a physiological (4 nug) dose of labeled vesicles from resting or exer-
cised donors. Images were taken at 1 hr. Data are mean percentage
fluorescence + SD; ***p < 0.001; n = 6. Individual images are presented in
Figure S4B.

proteins within the cell lysates that contained a heavy label (Fig-
ure 6A). In total we detected 6,531 proteins. As expected, treat-
ing cells with only PBS identified barely any heavy labeled
proteins (<10 heavy labeled proteins potentially arising from
false-positives [<0.24%]). The proteomic analysis of cells treated
with heavy labeled plasma depleted of EVs identified proteins
incorporated into the AML12 cells, largely associated with

244 Cell Metabolism 27, 237-251, January 9, 2018

secreted peptides, glycoproteins, and regulators of immune
and coagulation processes typical with circulating plasma pro-
teins (Figure S5B). Importantly, parallel analyses of cells treated
with small EVs revealed a large incorporation of the heavy
labeled proteins, indicating transfer of vesicle-derived proteins.
Furthermore, of the incorporated proteins identified, several
markers of small vesicles (Figure 6B) and exosomes were pre-
sent and heavy labeled, implying that not only were these pro-
teins in circulating vesicles of exercised mice, but they were
also transferred to recipient cells. These data support the notion
that small vesicles and exosomes released from exercised mice
can transfer their protein cargo to recipient cells. Indeed, by way
of added support for this, we cross-referenced proteins elevated
in circulation with exercise in our human dataset with their mouse
homologues that were incorporated into hepatocytes from
vesicle origins. GO cellular component enrichment analyses on
this subset revealed they were of largely vesicular, endosomal,
plasma membrane, and cell projection origins, indicating that ex-
ercise stimulates an increase in circulation of both exosomes
and small vesicles and that these vesicles have the capacity to
transfer their contents to live liver cells (Figure 6D). Also, we
observed hepatocyte incorporation of vesicle-derived adhesion
proteins such as tetraspanins and integrins thought to at least
partially mediate vesicle-recipient cell interaction (Mulcahy
et al., 2014) (Figure 6C).

Extracellular Vesicles Provide a Novel Mechanism for
Myokine Secretion

While exercise has been shown to result in the release of bio-
logically active molecules from many tissues, it is not surpris-
ing that the majority of exercise-induced secreted molecules
originate from skeletal muscle, given that this is the organ un-
dergoing contraction and major disruption to metabolic ho-
meostasis. Since the initial discovery of IL6 as a myokine
(Febbraio et al., 2004), several other myokine candidates
have been proposed to mediate diverse biological functions,
such as adipose tissue browning (Bostrom et al., 2012; Rao
et al., 2014), cognition (Moon et al., 2016), and immune cell
mobilization (Pedersen et al., 2016). Since our data show
that exercise induces an efflux of EVs into the circulation,
we postulated that this might be a mechanism by which skel-
etal muscle can release myokines independent of the classic
secretory pathway. In an attempt to identify novel myokine
candidates, we carried out a temporal quantitative proteomic
analysis on EV fractions taken from indwelling catheters in the
femoral vein of our 11 exercising human participants. By sub-
tracting the quantitative assessments of proteins in these
samples from those made in the previously described arterial
sample analyses, and then factoring in the estimation of blood
flow, we derived the net flux, either uptake or release, of over
600 proteins. In order to ensure high-confidence protein iden-
tifications and quantification we filtered the data on conserva-
tive criteria and vesicle annotation and observed 35 proteins
with significant rates of release either during exercise or after
recovery (Table 1). By way of preliminary validation of these
myokine candidates, the majority of these proteins are ex-
pressed in skeletal muscle (Deshmukh et al., 2015), and Des-
trin, eukaryotic initiation factor 4A1, Tetraspanin CD151, and
Integrin beta 5 (ITGB5) have been detected in EVs collected
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(control) were then placed on AML12 hepatocytes for 4 hr, removed, and the cell lysates analyzed by nano-UHPLC-MS/MS.

(B and C) Heavy/light (H/L) metabolic label ratio of selected small-vesicle markers (B) and adhesion molecules (C) identified in hepatocyte lysates treated with
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(D) Visual depiction of the cellular origin of proteins both enriched in circulation during exercise and transferred to hepatocytes from EVs isolated from exercised
rodent plasma. Enrichment factor and FDR-corrected p value are indicated in bold. SAX, strong anion exchange.

from conditioned media of myotubes (Forterre et al., 2014).
Consistent with our other EV datasets, 15 proteins with signif-
icant rates of release from the exercising limb do not have a
predicted signal sequence peptide (Table S2B) (Petersen
et al,, 2011). Although validation of endocrine or paracrine
function of these myokine candidates is warranted, these

data provide evidence that EVs provide a novel mechanism
in which myokines could be secreted. Of note, a wide array
of cell types in different tissues and in circulation, such as im-
mune cells and platelets, are known to release EVs. Aside
from this estimation of the contribution of muscle-derived
vesicles to the observed systemic effect, other cells may
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and until exhaustion [~10 min] at 80% of VO,max) of cycle exercise. Table details candidate myokines with significant rates of net release at exercise or post-recovery. Data are mean LFQ/mL/min/

Mean net protein flux from the contracting limb before (Rest), immediately after (Exercise), and after 4 hr of recovery in 11 healthy male participants carrying out 1 hr (30 min at 55%, 20 min at 70%,

2018

leg + SEM and analyzed via one-sample t test to indicate significant difference from zero (no net uptake or release) at each time point. Also indicated are whether the protein had significantly different
flux between pre- and post-exercise, pre- and post-recovery, vesicle (Vesiclepedia) or exosome (Exocarta) annotation, expression in skeletal muscle (Deshmukh et al., 2015), the EV fraction of

myotube conditioned media (Forterre et al., 2014), or a predicted signal peptide sequence (SignalP 4.1).

also conceivably contribute to the pool of liberated vesicles
during exercise, which warrants further investigation.

DISCUSSION

Exercise represents a highly complex perturbation of homeosta-
sis in a large number of tissues, largely consequential of the
increasing metabolic demands of contracting skeletal muscle.
The integrated responses to these demands not only restore ho-
meostasis in the short term, but also, when challenged regularly,
produce adaptations associated with improved health and well-
being (Hawley et al., 2014). While the concept of tissue crosstalk
during exercise is, in itself, not novel, the field has focused upon
uncovering new secretory factors that act in ligand-receptor
binding complexes (Whitham and Febbraio, 2016). Here, we
have utilized the enormous discovery potential of quantitative
proteomics, in relatively simply derived samples, to reveal
comprehensive and compelling evidence of a contribution of
EV trafficking to the coordinated responses to exercise. Recog-
nition that vast numbers of proteins that lack a signal sequence
peptide can be secreted into circulation within EVs provides a
paradigm shift in the concept of cell-cell communication during
exercise.

Exosomes and small vesicles are heterogeneous nano-sized
vesicles with unique protein, lipid, and nucleic acid compositions
capable of eliciting different effects on recipient cells (Willms
et al., 2016). That this heterogeneity might be coordinated during
exercise is an intriguing concept. Elemental to this is the directed
transport of vesicles to specific tissues. In support of this we
herein show, at least in transplanted rodents, that the bio-
distribution of vesicles following a prolonged exercise bout dif-
fers from that seen in the absence of an exercise stimulus (Fig-
ure 5). Since blood flow in recipient animals would be equal,
and the same amount of EVs from exercise and rest donors
were injected, the observed difference in localization must be
driven by factors intrinsic to the vesicles. The target specificity
of small EVs is thought to be mediated by adhesion proteins
such as integrins and tetraspanins on the surface of the vesicles
(Raposo and Stoorvogel, 2013). Interestingly, we observed a sig-
nificant increase in a wide range of adhesion proteins in the sys-
temic circulation with exercise (Figure 3A) and many of these
molecules were transferred to liver cells treated with EVs from
exercised mice (Figure 6B). It is entirely conceivable, therefore,
that localization of vesicles to specific tissues such as the liver
is mediated by adhesion proteins found by us to be significantly
different in circulation during exercise versus rest. Indeed, the
liver-tropic metastatic behavior of selected tumor cells appears
to correlate with ITGB5 expression in vesicles derived from these
cells (Hoshino et al., 2015). Since we observed a significant
release of ITGB5 from the exercising limb and a marked incorpo-
ration of this protein in liver cells treated with EVs from exercised
mice (Figure 6B), it is tempting to speculate ITGB5 might be one
adhesion protein involved in the complex systemic targeting of
EVs to the liver during exercise.

The present data describing proteins circulating in EVs during
exercise show non-random associations with a wide array of
biological processes. While such enrichment analyses do not
demonstrate causality, previous research supports the view
that EVs are capable of mediating significant biological change



in recipient cells/tissues (Alexander et al., 2015; Thomou et al.,
2017; Tkach and Théry, 2016; Ying et al., 2017). Allied to this,
we show here, via femoral arteriovenous difference analysis,
several novel myokine candidates released from the contracting
limb via EVs, highlighting the potential for long-range signaling
between tissues, independent of classic protein secretion and
ligand/receptor binding complexes. As shown in Figure 4B,
several enzymes in the glycolytic pathway were significantly
increased in the exercise samples compared with the rest and
recovery samples. Whether these glycolytic enzymes, or indeed
other proteins, nucleic acids, and lipids packaged in EVs, play a
role in modulating metabolism during exercise requires further
study. Exercise exerts considerable metabolic demands on the
human body and these are intuitively unequal among tissues.
Since fundamental cellular processes like de novo protein trans-
lation and protein degradation cost energy (Kafri et al., 2016;
Peth et al., 2013), vesicle trafficking of metabolic mediators
might be an evolutionary conserved process by which tissues
can share resources during the high energy demands of physical
exertion. Although the temporal aspects of exosome and small-
vesicle biogenesis and transport in an exercise context are un-
known, the release of exosomes is generally associated with in-
creases in intracellular calcium (Ca®*) (Savina et al., 2003). Since
motor neuron stimulation of skeletal muscle fibers leads to a
rapid release of Ca2* from the sarcoplasmic reticulum (Melzer
etal., 1984), itis plausible that muscle has the capacity to release
small vesicles rapidly into circulation and actuate signaling be-
tween important metabolic tissues.

We report here several candidate myokines that appear to
be released into circulation in EVs during exercise. Notably, we
observed little overlap between these newly identified proteins
and those previously described in the literature, some of which
have been identified in EVs (Safdar et al., 2016). However, our
proteomic screen of the human samples was far from complete
and we detail within our methods ways in which we can improve
the observed quantitative coverage. Notably, this is possible
in simply derived EV samples via high-speed centrifugation
and proteomic sample preparation methods that are rapidly
becoming routine.

In summary, we provide evidence for the involvement of EV
trafficking in inter-tissue communication during exercise. The
role of secreted proteins released from cells via classic secretory
pathways to act as ligands for cell surface receptors during ex-
ercise is unequivocally important. Nonetheless, our data intro-
duce a new paradigm, namely EV trafficking, by which tissue
crosstalk during exercise can exert systemic biological effects.
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Mark
Febbraio (m.febbraio@garvan.org.au).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human Participants

One male and two female healthy volunteers donated 30 ml of whole blood after written informed consent for initial optimisation of
methods. These procedures were approved by the St Vincents research ethics committee. For the human exercise study, twelve
healthy males were recruited after written informed consent. One subject was excluded from the study due to poor sample condition
and insufficient vesicle yield. General participant characteristics were as follows (Mean +/- SEM); Age 27 +/-1, body mass index
23.9 +/- 0.6 kg/m? , body fat 20.9 +/- 1.3%, fasting plasma glucose 98.9 +/- 1.8 mg/dL,. VO,max 46.2 +/- 1.8 ml/kg/min. All proced-
ures were approved by the regional ethics committee in Denmark (Journal number H-3-2012-140) and carried out in accordance with
the Declaration of Helsinki Il.

Animals

Eight week old, healthy male and female C57BL/6J mice were selected for SILAC labelling in order to create a tissue bank for spike-in
or pulse-chase quantitative proteomics. Mice were paired for breeding in standard housing under standard light/dark cycle condi-
tions while feeding ad libitum on custom "3Cg Lysine chow (MouseExpress L-Lysine 13C6, 99%, Cambridge isotopes MLK-LYS-C).
Resultant litters were weaned and paired again for F3 offspring, in order to allow full incorporation of the lysine label into the mouse
proteome confirmed by mass spectrometry. For treadmill exercise eight week old male C57BL/6J were used and randomly assigned
to treatment groups. All procedures were approved by the Alfred Medical Research Education Precinct and Garvan Institute/St
Vincents Animal Ethics Committees, and animals were provided humane care in line with the “Principles of Laboratory Care”
(NIH publication no. 85-23, revised 1985) and in accordance with the National Health and Medical Research Council of Australia
Guidelines on Animal Experimentation.

Cell Lines

The immortalised, male mouse hepatocyte cell line AML12 was purchased from ATCC (CRL2254) and grown in a 1:1 mixture of
Dulbecco’s modified Eagle’s medium (DMEM) and Ham’s F12 medium with 0.01 mg/ml insulin, 0.005 mg/ml transferrin, 6.7 ng/mi
selenium, and 40 ng/ml dexamethasone, 90%; fetal bovine serum (FBS), 10%, in a humidified incubator at 37C, 5% CO,. Media
was changed 2 to 3 times a week. The immortalised, mouse skeletal muscle cell line C2C12 was purchased from ATCC (CRL-
1772) and grown in DMEM supplemented with 10% FBS in a humidified incubator at 37C, 5% CO.. Media was changed 2 to 3 times
a week until 70% confluence after which cells were differentiated into myotubes in DMEM, 2% FBS.

METHOD DETAILS

Exercise Study

All participants were catheterized in the femoral artery and vein as previously described (Wojtaszewski et al., 2003) and subjected
to bicycling at increasing intensities. Arterial and venous blood samples were taken at baseline and after 60 min of exercise
(80 min at 55%, 20 min at 70% and until exhaustion (~10 min) at 80% of VO,max) and after 4 hours of recovery. Blood was obtained
in heparinised syringes and quickly transferred to microcentrifuge tubes and mixed with 30 1l 200mM EDTA /1500ul blood. Blood was
rapidly (2 min) centrifuged at 15,000 g and plasma collected into clean microcentrifuge tubes. Samples were placed onice until frozen
at -80°C. Leg blood flow was measured using ultrasound techniques (a high-frequency 9-3 MHz linear array transducer in Power
Doppler mode) during rest as previously described (Sjoberg et al., 2014) and estimated during exercise using the formula proposed
by Jorfeldt and Wahren (1971)

Vesicle Isolation

For both human and rodent samples, plasma was defrosted on ice and centrifuged at 3,200g for 20min at 4°C to remove particulate
matter. 1-6 ml pre-cleared plasma was then diluted in equal volumes of ice cold PBS and centrifuged for 60 min at 20,0009
or 100,000g, 4°C. Supernatants were removed and the vesicle pellet was resuspended in ice cold PBS, followed by a repeat
spin. Supernatants were removed and the vesicle pellets were lysed for mass spectrometry sample processing.

Nanoparticle Tracking Analysis (NTA) & Cryo Electron Microscopy

For both NTA and Cryo-EM, vesicle samples were resuspended in PBS. For NTA, EVs were measured and quantified using a Nano-
sight LM10-HS with a 532 nm laser running NTA v3.2 software. Immediately prior to measurement EV aggregates were broken up by
gentle passage through a 29G needle. Samples were diluted empirically with 0.22um filtered PBS to achieve 20 - 60 particles/frame
(manufacturer’s optimum measurement range). Data were collected from 3 x 60 sec videos recorded at a constant 25°C with viscos-
ity 1.05cP, camera level 9, detection threshold 5, and all other parameters set as default. For imaging, vitrified EV specimens were
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analysed with cryo-TEM and were prepared using the following method; lacey carbon grids (Pro Sci Tech, QLD, Australia) were
hydrophilized by glow discharge for 60 s (Pelco easiglow; Ted Pella, CA, USA). Specimens were then prepared within a controlled
environment using the Leica EM GP (Leica, NSW, Australia), relative humidity 99% at 25°C. Two microliters of the sample solution
was then pipetted onto the hydrophilized lacey grid, and blotted for 1.5s. The grid was then automatically plunged into liquid ethane at
its freezing temperature (- 183°C) to form a vitrified layer. The grids were then transferred to a Dewar of liquid nitrogen (- 196°C) for
transport and storage. The vitrified samples were examined using a FEI Tecani (FEI, OR, USA), operating at an accelerating voltage of
200kV. A Gatan 626 cryo holder (Gatan, CA, USA), was used to maintain the sample temperature below -172°C during both the trans-
fer and imaging processes. Images were recorded digitally using an Eagle 2k CCD camera (FEI) and Digital Micrograph (Gatan). All
samples were analysed using the low-dose software (FEI) to minimise beam exposure and electron beam radiation damage.

Mass Spectrometry of EV Lysates

Human EV pellets were lysed in denaturing lysis buffer containing 6M Urea, 2M Thiourea in 0.1M HEPES. Where source plasma
volumes were greater than 1ml, lysates were precipitated in ice-cold acetone and resuspended in lysis buffer. Lysates were soni-
cated 2 x 30s in a Bioruptor, vortexed for 10 min and pulse spun before quantification by Qubit protein assay (Thermo Fisher Scien-
tific). Samples were normalised for total protein and volume in lysis buffer before reduction in 10mM DTT for 1h, shaking at 800rpm.
Samples were then alkylated in 25mM IAA, protected from light and shaken at 800rpm for 1h. Samples were quenched in the same
volume of DTT followed by digestion in LysC (Wako) at a 1:20 ratio for 5h at room temperature. Samples were diluted in 5 volumes of
0.1M HEPES and further digested in trypsin (modified, Promega) overnight at 37°C at a ratio of 1:20 with 1ImM CaCl added to aid
digestion. Samples were acidified to a final concentration of 1% trifloroacetic acid and desalted on in-house made SDB-RPS
(BM empore) stage tips as previously described (Rappsilber et al., 2007). Peptides were resuspended in loading buffer containing
2% acetonitrile, 0.5% acetic acid and loaded onto a 50cm x 75um inner diameter column packed in house with 1.9um C18AQ par-
ticles (Dr Maisch GmbH HPLC) using an Easy nLC-1000 UHPLC operated in single column mode loading at 700bar. Peptides were
separated using a 180min linear gradient at a flow rate of 200nl/min using buffer A (0.1% formic acid) and a 5-30% buffer B (80%
Acetonitrile, 0.1% formic acid). MS data were acquired on a Q Exactive classic operated in data dependent mode. MS spectra
were acquired at 70,000 resolution, m/z range of 300-1750 and a target value of 3e® ions, maximum injection time of 100ms. The
top 20 precursor ions were isolated for MS/MS spectra after fragmentation with 2m/z isolation, 8.3€® intensity threshold, normalised
collision energy of 30 at 17,500 resolution at 200m/z, a 60ms injection time and 5e® AGC target.

Intravital Imaging of Transpanted EVs

Donor C57BL/6J male mice were randomly assigned to either exercise or sedentary groups. Exercise mice were familiarised to tread-
mill running environment for 3-4 days prior to testing. Mice were exercised to exhaustion for ~90 min using a ramped treadmill ex-
ercise protocol starting at 10m/min and increasing by 2m/min every 10 min. Mice were defined as exhausted when remaining at the
back of the treadmill for greater than 5 s despite gentle encouragement. Both exercised or sedentary mice were sedated by isoflurane
inhalation and blood was sampled by cardiac puncture followed by euthanasia via cervical dislocation. Vesicle isolation was carried
out as previously described and labelled in 1 uM DiR. 48ug or 4ug of washed, labelled vesicles from exercise or sedentary donors
were injected via tail vein into male, 8 weeks old C57BL/6J recipients. Recipient animals and untreated controls were sedated by
isoflurane inhalation and imaged at 1-3h post injection on an IVIS Spectrum (PerkinElmer). For tissue analysis, recipient mice
were euthanized by cervical dislocation and tissues dissected and imaged. Fluorescence was detected using excitation and emis-
sion filters at 745nm and 800nm respectively.

Confocal Imaging of Fluorescently Labelled Exosome Treated Cells

AML12 cells were grown on glass coverslips (No.1.5) and were incubated for 4 hours with PBS with the lipophilic dye 1,1-Diocta-
decyl-3,3,3,3-tetramethylindodicarbocyanine (DiD) or 18 pg protein equivalent of exosomes labelled with DiD. Cells were then fixed
for 15 min. with 4% (w/v) paraformaldehyde in PBS and washed in PBS. Coverslips were stained with DAPI. Confocal images were
generated on a Leica SP8 System with Hybrid GaAsP (HyD) detectors on a DMI 6000 stand equipped with 40x/1.10 (HCX PLAPO W
motCORR CS) and 63x/1.2 (HC PL APO W motCORR CS2) objectives, 405nm, 488nm (from ArKr laser), 561nm and 633nm excitation
lasers running LAS X software (Leica, Wetzlar, Germany). Where required, image z stacks were obtained using the ‘pinhole’ set to
0.55 Airy units and oversampling more than 2x in x-y and z. Deconvolution was performed with Huygens Professional software (Sci-
entific Volume Imaging, Hilversum, The Netherlands). Analysis was performed using LAS X and Fidi/lmaged (Schindelin et al., 2012).

SILAC Pulse Chase In Vitro Experiment

13C4-Lysine labelled exosomes were isolated from plasma derived from a SILAC mouse tissue bank, as described above. Plasma
was derived from 5 mice in total, with each mouse subjected to either a 30min or 90min treadmill exercise protocol or overnight
fast prior to euthanasia and blood sampling. Isolated vesicles were pooled and resuspended in PBS. AML12 hepatocytes were
gown to 80% confluence and changed to growth media with FBS replaced with EV depleted FBS (derived by overnight ultra-centri-
fugation at 100,0009). After 2 h, cells were spiked with 15 ng of SILAC vesicles or PBS control and incubated for 4 h. The supernatant
was then removed and cells were washed x3 in ice cold PBS. Cells were lysed and scraped in 6M Urea, 2M Thiourea, 0.1M HEPES
and transferred to a lo-bind microcentrifuge tube. Lysates were spun at 12,000rpm at 4°C for 20 min to remove cellular debris and
sonicated 2 x 30 s on high in a bioruptor. Protein was precipitated by adding 1ml ice cold acetone, incubated overnight and spun at
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2,000g for 15 min at 4°C. Pellets were dried and resuspended in lysis buffer by sonication. Samples were normalised for total protein
and volume and were reduced and alkylated as described above. Protein digest was carried out by 2 x LysC (Wako) incubations
(overnight and 8h) at a protease:protein ratio of 1:50. Peptides were acidified in 1% TFA and desalted as described above. Peptides
were then fractionated by Strong Anion Exchange (SAX) using in-house stage tips packed with empore Anion exchange disks (3M).
Peptides were eluted in BRUB buffer containing 20mM acetic acid, 20mM Phosphoric acid, 20mM boric acid altered to pH 11, 8, 6, 5,
4, and 2 with 1M Sodium Hydroxide. A seventh fraction was eluted in 10% TFA. All fractions were again desalted by SDB-RPS Stage
tips and resuspended in loading buffer for nano-UHPLC MS/MS. Peptides were analysed using the same instrumentation and
methods as indicated above for the EV lysates.

QUANTIFICATION AND STATISTICAL ANALYSIS

EV Exercise Data

Raw data files were searched against the human Uniprot database, downloaded on 27/09/16, using Maxquant v1.5.5.1. Data were
analysed with variable (Oxidation (M), Acetyl (Protein N Term) and fixed (carbamidomethyl (C) modifications with label free quantita-
tion and match between runs functions enabled. Protein quantitation was carried out on a minimum ratio count of 1 unique or razor
peptide. Quantitative data were extracted from the protein groups files and analysed in Perseus (v 1.5.5.3). Proteins were mapped in
Uniprot for their amino acid sequence and examined for signal peptide sequences using SignalP 4.1 (Petersen et al., 2011).

For all data sets, all proteins failing FDR but with a modified site, present in the decoy (reverse) database or known contaminants
were filtered out prior to statistical analyses. For the arterial EV data, further filtering for a minimum of 3 values in each group was
carried out, followed by normalisation of all data to a median of the resting values and log? transformed. Exercise vs rest data
were analysed via a paired, Two sample T test with an S0 of 0.1 and permutation based FDR correction P<0.05. Enrichment analyses
were carried out by fishers exact test against significant proteins as a categorical annotation versus annotations derived from Uniprot
and Vesiclepedia with Benjamini-Hochberg FDR truncation at a threshold value of 0.02. Presented in the manuscript are enrichment
factors that indicate the degree of over-representation of a particular term calculated from the intersect between proteins observed
with a particular term in the entire data set versus those changing with experimental intervention. Glycolytic protein data was filtered
from the main data set and analysed individually via ANOVA to determine differences in protein expression at rest, exercise and re-
covery (P<0.05).

For A-V difference calculations, raw LFQ data from both arterial and venous samples were multiplied by corresponding haematoc-
rit corrected blood flow data. Arterial data were then divided by venous data and filtered for a minimum of 4 values per condition, a
minimum of 2 unique peptides and a minimum Andromeda score of 100. Data were then log? transformed to derive net flux of protein
around zero. Two sample T-tests were carried out to determine significant differences in protein flux between rest and exercise, along
with 1 sample T-tests on exercise data to determine proteins presenting with a significantly different net protein flux from zero,
P<0.05. Proteins of interest were mapped in Uniprot for their amino acid sequence and examined for signal peptide sequences using
SignalP 4.1 (Petersen et al., 2011)

IVIS Analysis

Fluorescence data (total radiant efficiency) for each image was calculated using equal sized regions of interest in the Living Image
software. Fluorescence was summed for all control, rest and liver images and each individual data point expressed as a percentage
of total. Differences were determined via students T Test with significance set at P<0.05, calculated in the software package Prism.

Silac Pulse Chase Data

Raw data derived from hepatocyte fractions were searched against the mouse Uniprot database downloaded on 25/7/16 in
Maxquant. Data were analysed with variable (Oxidation (M), Acetyl (Protein N Term) and fixed (carbamidomethyl (C) modifications
with Lys6 labels and requantify, match between runs functions enabled. Peptide quantitation was carried out on a minimum of 2
peptide ratios. After removal of proteins failing FDR but with a modified site, present in the decoy (reverse) database or known con-
taminants, 1D annotation enrichment analysis was carried out on high values of H/L ratio, again versus GO terms from Uniprot.

DATA AND SOFTWARE AVAILABILITY

Searching of raw mass spec files and statistical analyses were carried out using Maxquant version 1.5.5.1 and Perseus v 1.5.5.3
available at http://www.biochem.mpg.de/5111795/maxquant. Gene mapping versus published datasets and creation of Venn
diagrams to visualise comparative proteomic coverage were carried out in Funrich, available at http://www.funrich.org/.
Signal peptide sequence analysis was carried out via SignalP 4.1 (http://www.cbs.dtu.dk/services/SignalP/) on amino acid se-
quences derived from Uniprot (http://www.uniprot.org/). The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier ProteomeXchange: PXD006501.
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