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MOTIVATION Extracellular vesicles (EVs) are detected in most body fluids including circulation, and
emerging data indicate their potential role in inter-organ communications. Currently, a variety of ap-
proaches are used to purify EVs from plasma for molecular characterization; however, important parame-
ters such as method precision and quantitative performance have not been described. To facilitate studies
that characterize the function and composition of plasma EVs, there is a critical need for optimized methods
that allow for reliable, reproducible, and efficient plasma EV isolation that are compatible with downstream
molecular analysis, especially for proteins, EVs’ most abundant cargo.

SUMMARY

Extracellular vesicles (EVs) are released into blood from multiple organs and carry molecular cargo that
facilitates inter-organ communication and an integrated response to physiological and pathological stimuli.
Interrogation of the protein cargo of EVs is currently limited by the absence of optimal and reproducible
approaches for purifying plasma EVs that are suitable for downstream proteomic analyses. We describe
a size-exclusion chromatography (SEC)-based method to purify EVs from platelet-poor plasma (PPP) for
proteomics profiling via high-resolution mass spectrometry (SEC-MS). The SEC-MS method identifies
more proteins with higher precision than several conventional EV isolation approaches. We apply the
SEC-MS method to identify the unique proteomic signatures of EVs released from platelets, adipocytes,
muscle cells, and hepatocytes, with the goal of identifying tissue-specific EV markers. Furthermore, we
apply the SEC-MS approach to evaluate the effects of a single bout of exercise on EV proteomic cargo

in human plasma.

INTRODUCTION

Integrated physiology relies on proper communication between
different organs, and interest in extracellular vesicles (EVs) has
grown rapidly in recent years, because of their role in inter-organ
communication (Colombo et al., 2014; Guay and Regazzi, 2017;
van Niel et al., 2018). EVs are membranous structures released
from most cells that serve as vehicles to exchange protein, nu-
cleic acid, and lipid cargo (Korutla et al., 2019; Minciacchi
et al., 2015; van Niel et al., 2018) between distant organs. To un-
derstand the role of EVs in physiological and pathological states,
reliable and reproducible profiling of circulating EV molecular
cargo is critically important. Currently, a variety of approaches
are used by investigators to purify EVs from plasma (Wu et al.,
2019), including ultracentrifugation and commercial kit-based
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isolations. Many of these methods suffer from poor reproduc-
ibility or incompatibility with downstream analytical approaches,
highlighting the need to establish a robust and reproducible
approach for purifying plasma EVs to allow in-depth character-
ization and accurate quantification of their molecular content.
Although EVs derived from cell culture media can be isolated
with high purity and in relatively large amounts (Kowal et al.,
2016), isolation of plasma-derived EVs poses several unique
technical and analytical challenges. For example, proteomic
characterization of plasma-derived EVs isolated with differential
ultracentrifugation (UTC) has been confounded by the co-isola-
tion of an overwhelming number of plasma protein contaminants
(Bard et al., 2004; Gyorgy et al., 2011). Proteomic analysis of EVs
is also limited by notoriously low isolation yield due to EV loss
associated with successive washing steps (Livshits et al,
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2015). Alternative approaches include commercially available
kits based on membrane affinity (Kuang et al., 2019), polymer
precipitation (Turay et al., 2016), and immunoprecipitation
(Ghosh et al., 2014). Although these methods are suitable for
some types of downstream analyses, they are also incompatible
with unbiased, in-depth characterization of EV proteins. Size-
exclusion chromatography (SEC)-based EV isolation was re-
ported to rapidly isolate relatively pure EVs from plasma (Boing
et al., 2014; Corso et al., 2017; Kreimer and Ivanov, 2017) and
was shown to produce exosomes that are suitable for down-
stream proteomics analysis (Jeannin et al., 2018; Karimi et al.,
2018). Although this method is promising, post-isolation pro-
cessing methods need to be developed to allow for in-depth
characterization of plasma EV cargo. Furthermore, optimized
pre-analytical methods need to be coupled with sensitive high-
resolution mass spectrometry (MS) analysis to achieve precise
relative quantification of proteome differences between groups.
Finally, there is a need to benchmark the analytical performance
of the SEC method in relation to other EV isolation approaches to
serve as a resource for those interested in EV proteomics
research.

Another technical challenge of investigating plasma-derived
EVs is the contribution of platelets, which are believed to
contribute 70%-90% of circulating EVs and are known to release
EVs ex vivo when activated during sample-handling procedures.
A particularly problematic issue is the several-fold increase in
plasma EV concentration caused by platelets upon cooling/
freezing (Artoniet al., 2012; Gyorgy et al., 2012). This is especially
important because cooling/freezing is a necessary pre-analytical
step when analyzing a large number of plasma samples that
require some interim storage. To address this issue, rigorous
pre-analytical guidelines have been established by the Interna-
tional Society of Extracellular Vesicles (ISEV) and International
Society on Thrombosis and Haemostasis (ISTH) to limit ex vivo
generation of platelet EVs (Artoni et al., 2012; Ayers et al.,
2011; Burnouf et al., 2014; LaCroix et al., 2012).

Inthe current study, we systematically evaluated an innovative
approach by using SEC coupled to high-resolution MS (SEC-
MS) for comprehensive proteomic characterization of human
plasma EVs. We address several important factors, including
sample purity, method reproducibility, and downstream MS
analysis that are important for characterizing the EV protein
cargo of large sample groups in both research and clinical set-
tings. We also demonstrate the importance of following the
rigorous pre-analytical guidelines established by the ISEV and
ISTH to limit ex vivo generation of platelet EVs (Artoni et al.,
2012; Ayers et al., 2011; Burnouf et al., 2014; LaCroix et al.,
2012). Additionally, sample-processing steps downstream of
EV isolation require careful attention because of the challenging
nature of these samples. Finally, we address the lack of a bench-
mark for plasma EV proteomics method reproducibility and
quantitative performance. Toward this goal, we provide an opti-
mized and reproducible method for isolating plasma EVs from
human plasma that is suitable for downstream analysis of protein
cargo. To demonstrate the sensitivity of this analytical approach
to detect physiological changes in exosome proteomic cargo,
we evaluated the effects of acute exercise on proteome cargo
of EVs isolated from human plasma samples.
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RESULTS

SEC improves plasma EV proteomics characterization
SEC is a low-resolution, size-based fractionation technique.
Larger EVs do not interact with the SEC resin and pass through
the column rapidly, whereas smaller particles (e.g., plasma pro-
teins) interact with the resin and pass through at a slower rate.
This separation enables improved proteomic characterization
of EVs (Jeannin et al., 2018; Karimi et al., 2018), largely by
increasing isolation yield and reducing plasma protein contami-
nation (Stranska et al., 2018). We investigated the proteomic
profiling compatibility of plasma EVs that were isolated with
SEC compared with several conventional plasma EV isolation
methods. We used platelet-poor plasma (PPP) collected from
healthy donors in the resting state after overnight fast to reduce
ex vivo contribution of platelets to the plasma EV population.
PPP was prepared as previously described (Lacroix et al.,
2013) with modifications (see STAR Methods). EVs were also
isolated from PPP by differential ultracentrifugation (UTC), SEC
(9EV Original), polymer precipitation (ExoQuick), and membrane
affinity (ExoEasy). We show that SEC outperformed other
methods, on the basis of the ability to detect greater numbers
of exosome proteins (defined by the ExoCarta database; Fig-
ure S1A). Furthermore, SEC identified more canonical EV marker
proteins (Kowal et al., 2016) from less sample volume than with
the UTC and ExoEasy methods (Figure S1B).

SEC-MS can reproducibly distinguish EV-associated
proteins from plasma contaminants

To further characterize and optimize the SEC-MS assay, we
analyzed the elution patterns of canonical EV marker proteins
and plasma contaminants by using SEC. Fasting PPP (2 mL)
was obtained from a donor, and plasma EVs were isolated by us-
ing a qEV2 SEC column (I1zon Science, Christchurch, New Zea-
land). For clarity, we defined SEC fractions as each 1-mL incre-
ment eluted from the SEC column. For this experiment, individual
1-mL SEC fractions spanning the region where EVs elute from
the SEC column (fractions 12-22) were collected and processed
individually with a label-free proteomics workflow (see STAR
Methods). The intensities of six canonical EV marker proteins
measured in sequential SEC column fractions were used to
generate SEC EV elution profiles (Figure 1A). The elution profiles
of all six EV marker proteins show distinct peaks that co-eluted
over seven distinct SEC fractions (fractions 15-21) (Figure 1A).
High-molecular-weight plasma protein contaminants such as
fibrinogen, apolipoprotein B, and immunoglobulin M, also eluted
in this region; however, the peak profiles of these common
plasma contaminant proteins were right-shifted (Figure 1A),
thereby differentiating them from the well-resolved EV marker
SEC peaks. These results indicate that SEC can effectively sepa-
rate EVs from plasma contaminants.

Orthogonal separation of the EVs and plasma contaminants by
SEC was used to refine the method and develop an algorithm to
flag potential plasma contaminants in EV SEC-MS experiments.
Toward this goal, we established a reference elution range for
EVs by using the ExoCarta top 100 (ECT100), a list of the most
commonly observed proteins in exosomes (Keerthikumar et al.,
2016). Seventy-nine of 84 ECT100 proteins detected displayed
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Figure 1. Size-exclusion chromatography separation of extracellular vesicles from plasma proteins

(A) Size-exclusion chromatography (SEC) fraction profiles of several extracellular vesicle (EV) markers and high-molecular-weight plasma proteins to illustrate sepa-
ration of EVs from plasma proteins. Profiles are generated from protein intensities derived from label-free analysis of individually analyzed 1-mL fractions across the EV
elution range as described in STAR Methods. Scaled protein abundance was obtained by adjusting protein intensity measurements from all fractions to a mean of 100.
(B) Bar plot of intensity apex versus SEC fraction for proteins in the ExoCarta top 100 (ECT100) to show where EVs are eluting from the SEC column.

(C) Schematic of a bioinformatics-based filtering process to identify potential contaminant proteins. Proteins remaining after the filtering process have low plasma
concentrations and low molecular weight, indicating that they are enriched for EV-derived proteins.
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Gaussian-shaped profiles, which reached their intensity apex, an
indicator of maximum abundance, between fractions 17 and 19
(Figures 1B and 1C). The five ECT100 proteins that reached in-
tensity apexes outside of fractions 17-19 exhibited chromato-
graphically distinct peak profiles (Figures S2 and S3) that were
mainly associated with the delayed elution of plasma contami-
nants rather than EV-derived proteins (Figure S2A). These pro-
teins also have high molecular weights and high plasma concen-
trations (A2M, FN1) or the ability to form multi-molecular
complexes (THBS-1 and LGALS3BP) (Sasaki et al., 1998; Tan
et al., 2006). The large size and chromatographic association
with plasma contaminants suggest that these proteins might
be of plasma origin rather than EV derived. Consistent with this
concept, serum albumin, a known plasma contaminant and
ECT100 protein, exhibited an elution profile that was distinct
from all other ECT100 proteins. Further review of all proteins
co-eluting with albumin revealed that none of them were associ-
ated with ECT100 and those fractions contained several abun-
dant erythrocyte proteins such as hemoglobin, band-3 anion
transport protein, and peroxiredoxin-2 (Kakhniashvili et al.,
2004). These observations suggest that erythrocyte fragments
and large protein aggregates containing albumin elute before
EVs (Figures S2A and S2B). Therefore, we determined that the
reference EV SEC elution range was between fractions 17 and
19, and all proteins in the dataset with an apex falling within
this fraction range were extracted and categorized as “EV-asso-
ciated proteins.” Finally, high-molecular-weight proteins
(>200 kDa), proteins known to form large complexes (immuno-
globulin, apolipoproteins, complement), and common contami-
nants (keratin and hemoglobin) were filtered out (Figure 1C). After
the filtering process, 454 of the original 758 identified proteins re-
mained (Figure 1C). EV-associated proteins were less abundant
than contaminants (EV-associated proteins: median = 32 ng/mL,
interquartile range [IQR] = 7.0-180 ng/mL; contaminants: me-
dian = 28 ug/mL, IQR = 0.21-290 pg/mL; p = 2.2 x 107'6).
Considering these characteristics, it is reasonable to hypothe-
size that the proteins with apex intensities within SEC fractions
17-19 are contained within a vesicle. It should be noted, howev-
er, that it might be possible for some proteins to be associated
with both EVs and the EV-independent plasma proteome. In
comparison with the co-migration-based filtering, 686 of the
758 proteins were contained in the ExoCarta database, suggest-
ing that this peak filtering strategy is a more conservative but
more accurate strategy to distinguish between EV and contam-
inant proteins.

We evaluated the reproducibility of SEC separation by using
three replicate PPP samples processed by using three different
SEC columns. Each replicate PPP sample was processed with
each SEC column, and fractions were processed in 2-mL incre-
ments (12-13, 14-15, 16-17, 18-19, 20-21, and 22-23) for a total
of 6 concatenated fractions to reduce the total number of sam-
ples. Each 2-mL fraction was subjected to proteomics analysis,
and protein SEC elution profiles were constructed to determine
reproducibility of EV separation. In total, 85 of the ECT100 pro-
teins were identified in each replicate, and their elution profiles
were highly correlated both within the same SEC column and
across SEC columns (Figures S3AB and S3C). Furthermore,
the four ECT100 proteins identified above as possible plasma

4 Cell Reports Methods 7, 100055, July 26, 2021

Cell Reports Methods

contaminants (A2M, FN1, THBS1, and LGALS3BP) displayed
reproducible shifts in elution, differentiating them from all other
ECT100 proteins (Figure S3D). We also assessed the reproduc-
ibility of EV protein intensities by using this replicate analysis. To
this end, we summed the intensity of each protein observed in
each sample across all six fractions of each SEC column. The
median coefficient of variation (CV) of protein intensities was
20.89 (IQR 16.75-30.54; Table S1), which is within the accept-
able limits of typical label-free proteomics experiments (Al
Shweiki et al., 2017; Shen et al., 2018; Tabb et al., 2010).

Collecting and analyzing individual SEC fractions is labor
intensive, error prone, and restricts sample throughput. To
streamline SEC-based exosome analysis, we tested the feasi-
bility of pooling the EV-containing SEC fractions together as
one sample for subsequent proteomic analysis. For this, SEC
fractions 14-21 obtained from three additional replicates of the
above reproducibility experiment were pooled as a single EV
sample for each replicate. We identified a similar number of pro-
teins when analyzing pooled or individual SEC EV fractions
(pooled: 800 + 46; fractions: 826 + 23; Figure S4A), and a majority
(76%) of proteins were identified by both types of sample anal-
ysis (Figure S4B). Importantly, the CV of protein intensities was
slightly better when analyzing a pooled EV sample versus indi-
vidual EV fractions of a single sample (Figures S4C and S4D).
Taken together, these results indicate that EVs elute from SEC
columns in a predictable and quantitatively reproducible manner
that is amenable to downstream MS analysis of pooled SEC
fractions.

SEC-MS increases EV protein identifications and
precision compared with those of ultracentrifugation
The performance of SEC-MS in isolating EVs for proteomic anal-
ysis was compared with the conventional ultracentrifugation
(UTC) approach. We isolated EVs from pooled PPP acquired
from healthy donors (n = 2) in the rested and fasted state by using
SEC and UTC. Five replicate measurements were performed.
Nanoparticle tracking analysis showed similar particle size for
both methods (SEC 78 + 12 nm, UTC 82 + 14 nm; p = 0.90). How-
ever, particle counts were higher for SEC than for UTC (SEC
1.49 x 10" + 3.6 x 10°% UTC 2.05 x 107 + 1.2 x 107, p =
0.0008; Figures 2A and 2B), indicating increased recovery of
EVs with SEC compared with UTC. EVs isolated with SEC also
appeared to be intact and have a diameter of less than 100 nm
by transmission electron microscopy (Figure 2C). Proteomics
analysis revealed that SEC produced significantly more protein
identifications than UTC (SEC 1,268 + 102, UTC 319 + 45; p =
2.6 x 107 (Figure 2D). The CV of the protein intensities obtained
from SEC-MS was significantly lower than those obtained via
UTC-MS (Figure 2E). In total, 562 proteins quantified by SEC-
MS had CVs less than 25% when compared with only 73 pro-
teins reaching this threshold for UTC-MS. Moreover, CVs of ca-
nonical EV marker proteins were lower with SEC-MS than with
UTC-MS (Figure 2F). A closer inspection of the canonical EV pro-
tein marker intensity data suggested that UTC-MS was either un-
able to detect these proteins or detected them with a lower inten-
sity than SEC-MS, which resulted in a higher CV for these
proteins (Figure 2G). This is suggestive of suboptimal EV recov-
ery with UTC, which was noted by others (Livshits et al., 2015).
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Figure 2. Comparison of extracellular vesicle protein identifications after SEC and ultracentrifugation

(A and B) Size distribution (A) and particle count (B) characterization of extracellular vesicles (EVs) isolated from platelet-poor plasma (PPP) by using size-
exclusion chromatography (SEC) or ultracentrifugation (UTC) by nanoparticle tracking. SEC resulted in a significantly higher particle count than when using UTC
(p = 0.0008).

(C) Transmission electron microscopy image of EVs isolated from plasma by using SEC.

(D) Experiments from five replicate analyses of pooled PPP showed that SEC produced approximately 3-fold more identifiable proteins compared with UTC.
Dark-blue bars represent the total number of protein identifications for each replicate, and light-blue bars represent the number of the identified proteins that
associate with the ExoCarta database.

(E) Histogram displaying the coefficient of variation (CV) calculated from protein intensity measurements of each identified protein over the five replicates. In total,

562 proteins with a CV of less than 25% were identified with SEC, compared with just 73 with UTC.

(F) CVs for several EV marker proteins identified by SEC and UTC.

(G) Protein identifications from each method plotted as ranked abundance against log; intensity shows that SEC results in higher recovery of EV proteins than

UTC.

SEC-MS measurements are linear and precise

SEC-MS outperformed the conventional UTC-MS approach for
plasma-derived EV proteomic analysis. To test the quantitative
performance of SEC-MS across a range of EV abundance, we
serially diluted human plasma with exosome-depleted bovine
serum (EDBS). For this experiment, non-platelet depleted
plasma was used (i.e., platelet-rich plasma [PRP]) to extend
the top end of the EV dynamic range. Five replicates of a dilution
series (neat plasma, x2, x4, x8, and neat EDBS) were gener-
ated, and each dilution series replicate was processed by using
a separate SEC column. With this design, it was possible to
simultaneously assess reproducibility across SEC columns and
linearity of the dilution. More than 2,080 proteins were detected

across the experiment, and 1,418 proteins remained after
filtering out proteins that were indistinguishable from bovine pro-
teins on the basis of the observed peptide evidence. Protein in-
tensities of multiple canonical EV proteins displayed linear
curves across the dilution range (Figure 3A). A dilution curve
analysis of the entire dataset found 850 proteins with an R? >
0.9 (Figure 3B), indicating high linearity across the quantitative
range. Protein intensity precision of replicate measurements at
each dilution point was also measured. This analysis identified
564, 564, 424, and 239 proteins with CVs less than 25% at the
neat plasma, x2, x4, and x8 dilution points, respectively (Fig-
ure 3C). To test the potential for using total EV-associated pro-
tein intensity as a measure of overall EV abundance, we plotted

Cell Reports Methods 7, 100055, July 26, 2021 5
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Figure 3. Evaluation of quantification performance in biological samples

(A) Pooled human plasma was serially diluted with exosome-depleted fetal bovine serum, and EVs were isolated from five replicates of each dilution level. Five
separate SEC columns were used, one for each replicate dilution curve as indicated by the experimental schematic. Dilution curves fit with a linear regression are
displayed for several select EV marker proteins. Average protein abundance values at each dilution point were used to fit the curve.

(B) Histogram representing mean R? values of the replicate dilution curves for all identified proteins showed that 850 proteins had an R? value >0.9.

(C) Analysis of the CVs of the five replicate measurements at each dilution point showed low variation at each dilution point.

(D) Linear regression showing the high correlation between summed EV protein intensity and dilution factor. Correlation is much higher when contaminants
identified by using the co-migration-based filter process are removed prior to summing protein intensity (contaminants filtered, R? = 0.992 versus no filtering, R? =
0.815). High correlation indicates that total EV abundance can be estimated by summed EV protein intensity after contaminant filtering.
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actin filament-based movement 132 25 11.2 <2.2E-12  <2.2E-12

Figure 4. Comparison of EV protein content from different cell types

(A) Venn diagram showing the protein composition overlap of EVs isolated from primary human myotube, primary human adipocyte, HUH7 hepatocyte, platelet,
and leukocyte conditioned medium. Although many of the identified proteins were common to several cell types, some were unique to each.
(B) Over-representation enrichment analysis of proteins identified uniquely in each cell type identified gene sets associated with each respective tissue. FDR, false

discovery rate.

the total intensity of all EV-associated proteins (i.e., proteins re-
maining after filtering contaminants identified by the co-migra-
tion-based filtering process described above) observed in a
sample against its dilution factor (Figure 3D). Summed EV-asso-
ciated protein intensity was highly correlated with the dilution
factor (R? = 0.992), indicating that this approach might provide
an accurate readout of total EV abundance. Plotting summed
EV plus contaminant protein intensity for each sample against
the dilution factor produced a lower R? of 0.815, reinforcing the
notion that the co-migration-based filtering process is useful
for identifying contaminants.

EVs derived from different cell types contain both
common and unique protein cargo

Cell-culture-based EV experiments were performed to identify
EV proteins that might be unique to specific EV-producing tis-
sues (e.g., platelets, skeletal muscle, adipose, liver, leuko-
cytes). EVs were isolated from media collected from cultured

primary human myotubes, primary human adipocytes, Huh7
hepatocytes, leukocytes, and isolated human platelets, and
their protein cargo was profiled by using SEC-MS. Many iden-
tified EV proteins were common to all cell types, but a large
number of putative cell-specific EV proteins were also identified
(Figure 4A). A total of 118, 310, 350, 180, and 121 unique pro-
teins were identified in platelet, leukocyte, myotube, hepato-
cyte, and adipocyte EVs, respectively. Gene ontology over-rep-
resentation enrichment analysis of putative cell-type-specific
EV proteins revealed several distinct gene sets including actin
filament-based movement and muscle structure development
(myotube), proteolysis (adipocyte), intracellular transport (hepa-
tocyte), blood coagulation (platelet), and immune effector pro-
cess (leukocyte) (Figure 4B). Putative cell-specific EV proteins
were merged with tissue-specific proteins from the Human Pro-
tein Atlas (HPA) (Uhlén et al., 2015). Prior to merging putative
cell-specific EV proteins with HPA data, proteins which were
unique to the combined list of platelet plus leukocyte EVs
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Figure 5. Differential comparison of extra-
cellular vesicle proteins derived from
platelet-poor and platelet-rich plasma

(A) Mass spectrometry analysis of EVs isolated
from six replicates of pooled platelet-poor plasma
(PPP) or platelet-rich plasma (PRP) showed
significantly increased protein identifications in
PRP (p=6.0 x 1079).

(B) Volcano plot representing the relative differ-
ence in protein abundance between PPP and
PRP. Proteins identified only in EVs derived from
isolated platelets or leukocytes are colored in blue
to illustrate the overwhelming increase in abun-
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(platelet + leukocyte-specific proteins) were determined

because HPA considers “blood” as one tissue. HPA “tissue-
enhanced” and “tissue-enriched” data aligned with 67 myo-
tube (“muscle” in HPA) and 120 platelet + leukocyte (“blood”
or “lymphoid” in HPA) specific proteins EV proteins, whereas
only four adipocyte (“adipose” in HPA) and hepatocyte (“liver”
in HPA) putative cell-specific EV proteins each agreed with
HPA data (Table S2 and Figure S5). These data are a valuable
resource in efforts to track the composition and origin of circu-
lating EVs.

Platelet- and leukocyte-derived EVs are abundant in
plasma and can be released ex vivo

Ex vivo platelet activation is a well-characterized phenomenon
with implications in transfusion medicine and blood processing.
Several-fold increases in platelet-derived EVs have been
observed after freeze-thaw of standard plasma (i.e., PRP) (Artoni
et al., 2012; Gyorgy et al., 2012). Obtaining unfrozen plasma to
avoid platelet EV release prior to EV analysis is logistically diffi-
cult for human studies. Therefore, it is important to assess the
effect of platelet depletion on SEC-MS toward the goal of mak-
ing SEC-MS compatible with frozen plasma samples. Blood was
collected from two healthy volunteers, pooled, and divided to be
prepared as PPP or PRP. EVs were isolated and analyzed from
six replicate samples of each preparation type by using SEC-
MS. As expected, the average number of protein identifications
was significantly higher in the PRP than in the PPP (PRP = 1,147
£ 20, PPP = 877 + 32, p = 6.0 x 1078 (Figure 5A). Furthermore,
the abundance of platelet + leukocyte-specific proteins were
significantly higher in the standard plasma than in PPP (Figure 5B
and Table S3). In total, 308 platelet + leukocyte-specific proteins
were identified in the PPP versus PRP comparison. Of these,
124 were significantly increased in PRP compared with in PPP
>log,-fold change of 1.0. These results provide evidence that
platelet- and leukocyte-derived EVs released ex vivo account
for a majority of the increased EV proteins observed in standard
plasma (i.e., PRP).
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Log";(’Fc) 25 50 dance of platelet- and leukocyte-derived EVs in
PRP plasma. Abbreviation is as follows: FC, fold
Higher in PRP
change.
H (C) Table showing the number of identified and

upregulated proteins form EVs derived from each
cell type.

Acute exercise triggers EV release

We applied the SEC-MS method to evaluate the effect of acute
exercise as a physiological stimulus on plasma EV proteome
cargo in humans. The effects of exercise on EV release into cir-
culation has been investigated by others (Fruhbeis et al., 2015;
Whitham et al., 2018), and we considered acute exercise as an
appropriate physiological intervention to determine the ability
of the approach to detect the EV proteome changes. Although
the objective was not to compare and contrast with the previous
reports, we wanted to determine whether the current PPP-SEC-
MS approach with its methodological innovations allow the
detection of similar or larger numbers of proteins from human
EVs released after exercise. Moreover, we also sought to identify
the specific cellular origin of many EV proteins. We determined
the differential responses of EV protein abundance after one
bout of acute high-intensity aerobic exercise (aerobic: n = 14)
and a moderate bout of single-leg resistance exercise (resis-
tance: n = 16) (Table S7).

Fourteen healthy individuals performed a single bout of aero-
bic exercise at ~90% of VO, peak (Robinson et al., 2017), and
samples were collected before exercise, then within 10 min
and at 1 h and 3 h after exercise. Sixteen additional individuals
performed a single bout of unilateral knee extensor resistance
exercise consisting of three sets of ten repetitions at 70% of their
1-repetition maximum (1RM) (Robinson et al., 2017). Each partic-
ipant’s 1RM was determined at least 7 days, but no more than
30 days, prior to the study visit. Samples were collected before,
then within 10 min and at 30 min and 60 min after exercise. All
samples were analyzed by PPP-SEC-MS. We identified 2,736
proteins in the aerobic exercise group (Figure 6A). Time-course
analysis of the response to aerobic exercise utilizing summed
EV-associated protein intensity showed a significant increase
in circulating EV protein abundance immediately after aerobic
exercise (p = 0.0006), which returned to pre-training levels by
3 h after exercise (Figures 6B, S6A, and S6B). Notably, a similar
trend was observed in ADAM10-positive particles measured by
nano-flow cytometry (nFLC) immediately after training (p =
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Figure 6. Aerobic exercise triggers an in-
crease in EV protein abundance

! (A) Volcano plots showing the increase in protein
! abundance immediately after aerobic exercise and
! resistance exercise. Abbreviation is as follows: FC,
! fold change.

1 (B) Summed EV-associated protein intensity
1 normalized to pre-exercise is displayed for aerobic
| oo oo, and resistance exercise to illustrate temporal
1 changes in EV abundance. Summed EV-associ-
1 ated protein is significantly increased after exercise
| (***p = 0.0006) and returns to pre-exercise levels by
1 3h.

1 (C) Venn diagram showing common and uniquely
regulated proteins for aerobic and resistance ex-
ercise.
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including glycolysis and signaling via
Rho GTPase, interleukin-8, and integrin
were also differentially regulated by exer-
cise (Table S6). We next overlaid these
data with the cell-type-specific EV data
we generated previously (Figure 4A) to
assess the source of circulating EV pro-
teins. When using cell-type-specific EV
proteins, we found proteins specific to
myotubes (n = 96), hepatocytes (n = 58),
adipocytes (n = 59), leukocytes (n = 189),
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0.055; Figure S6D). Conventional nanoparticle tracking analysis
(Figure S6E) did not reveal the same post-exercise increase in
particle count as summed EV protein intensity of nFLC. This sug-
gests that SEC-MS and nFLC are more sensitive methods for de-
tecting shifts in EV abundance with exercise compared with par-
ticle counting. The immediately after (10 min) aerobic exercise
time point revealed an increase in the abundance of 321 EV-
associated proteins (Figures 6A and S7; Table S4). Functional
enrichment analysis of these proteins indicated that they are
central to CDC42-mediated cell migration, integrin signaling,
and immune function as indicated by enrichment of lymphocyte
adhesion molecules, monocyte surface molecules, and regula-
tion of T cell activation (Table S5). Similarly, Ingenuity Pathway
Analysis (IPA) showed that these proteins were enriched for
additional immune regulation processes such as leukocyte
extravasation and CXCR4 signaling. Additional pathways

and platelets (n = 93) (Figures 7A and
7B). Interestingly, at the immediate post-
exercise time point we found significantly
upregulated proteins that were specific to
each cell type profiled, including 30 leuko-
cyte EV-specific and 5 myotube EV-spe-
cific proteins, of which 19 and 3 were sup-
ported by HPA tissue-specific data,
respectively, demonstrating that EVs
from different tissues can be measured
in the plasma circulation. Collectively,
these data highlight that one session of
high-intensity aerobic exercise leads to
robust changes in circulating EV protein
abundance, which might play an important role in regulating
the metabolic and immune responses of training.

The samples from the single-leg resistance exercise analysis
identified a total of 3,138 proteins. EV-associated protein inten-
sity displayed an upward trend after exercise; however, this in-
crease failed to reach significance (p = 0.17) (Figure 6B). Anal-
ysis of the post-resistance exercise time point found only seven
proteins that were significantly upregulated and one protein
that was downregulated, in stark contrast to the robust in-
crease of EV proteins triggered by the acute bout of aerobic ex-
ercise (Figure 6A). Of the seven upregulated proteins, three
were commonly upregulated by the aerobic exercise bout (Fig-
ure 6C). Interestingly, two of the three commonly upregulated
proteins were found to be specific to leukocytes in our cell-
type-specific experiments, further implicating immune modula-
tion in response to different modes and intensities of exercise.
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Figure 7. Cell-specific EV proteins are upregulated after aerobic exercise

(A) Volcano plots illustrating the increase in EV protein abundance after aerobic exercise. Proteins identified uniquely from each cell type (Figure 5) are highlighted
in individual volcano plots and significantly upregulated proteins (log, fold change [FC] > 0.5) are labeled.

(B) Table showing the number of identified and upregulated proteins from each cell type. The highest number of cell-type-specific proteins were found to be from

leukocytes and platelets.

Among the upregulated proteins common to both exercise re-
sponses was MMP9 (matrix metallopeptidase 9), which is
involved in functions that include neutrophil action, angiogen-
esis, and wound healing.

DISCUSSION

Here, we describe an optimized SEC-MS method for proteomic
analysis of plasma EVs that offers superior quantitative perfor-
mance and reproducibility compared with conventional EV
analytical approaches. Importantly, this SEC-MS method ex-
hibited linearity over a biologically relevant dynamic range and
is sensitive to small differences in protein abundance. Addition-
ally, the orthogonal separation of EVs and plasma protein con-
taminants provided by the SEC column was leveraged to filter
contaminants from plasma proteins within the EV proteome. Us-
ing SEC-MS, we demonstrate the importance of using PPP to
avoid the confounding effects of ex vivo release of platelet
EVs. After benchmarking quantitative performance of SEC-MS,
we used the method to demonstrate the time-related effects of
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two different modes and intensities of acute exercise bouts on
changes in plasma EV protein abundance.

The proteomic depth of plasma EVs isolated with UTC or
commercially available kits is limited by factors including plasma
protein contamination and low EV recovery (Figure S1). We show
that SEC purification of EVs followed by proteomic analysis sub-
stantially mitigates plasma protein contamination. Particle
counts, EV protein intensities, and EV protein identifications
were markedly higher when plasma EVs were isolated with
SEC in comparison with UTC (Figures 2A, 2B, and 2D). Further-
more, the precision of replicate SEC-MS measures is far superior
to that based on UTC-MS, capable of quantifying >500 proteins
with CV less than 25% (Figure 2E).

Beyond demonstrating the utility of SEC for isolating EVs, we
also present a strategy, based on the fractionation properties
of SEC, to distinguish EV-associated proteins from plasma pro-
tein contaminants on the basis of their elution patterns (Fig-
ure 1C). This process relies on identification of proteins that
co-elute with known EV proteins, allowing us to reproducibly
identify four proteins in the ECT100 as likely plasma protein con-
taminants rather than EV-derived proteins (Figure S3D).
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However, we cannot categorically exclude the possibility that
some proteins might be commonly present in both EVs and
plasma proteome. Nevertheless, the SEC-MS method can
discern whether the majority of the protein abundance in a sam-
ple is derived from plasma contaminants or EVs. This is particu-
larly useful because accurate EV abundance measurements are
obtained by filtering contaminants and summing EV-associated
protein intensities (Figure 3C). Additionally, SEC-MS can be used
to validate whether a candidate protein is derived from EV, with
an added advantage of being applicable for any EV protein and
not limited to EV membrane proteins. There are previous reports
(Jeannin et al., 2018; Whitham et al., 2018) of the relative
quantification of plasma EV proteome. However, the quantitative
performance of those methods has not been described. We
benchmarked the quantitative performance of SEC-MS to vali-
date it for relative quantification of EV-associated proteins in bio-
logical samples. Using a dilution series experiment, we showed
that over 850 EV proteins can be measured from human plasma
with an R? > 0.9. We also observed low quantitative CVs at mul-
tiple dilution points, indicating high precision. Ex vivo activation
of platelets is known to cause a massive release of EVs, resulting
in sample contamination and confounding results. To avoid this
issue, ISEV and ISTH guidelines recommend including a platelet-
depletion step prior to refrigerating plasma. Although this step is
strongly recommended and widely recognized by the EV
research community, several recent studies examining the
plasma EV proteome have utilized frozen serum or plasma
without platelet depletion (Chen et al., 2017; Jeannin et al.,
2018; Whitham et al., 2018; Zhang et al., 2018), which facilitates
analysis of samples from previous well-characterized studies. To
assess the extent of platelet-derived EVs released during sample
processing, we performed a differential analysis on pooled
plasma with and without platelet depletion by using SEC-MS.
The detected proteins were also cross-referenced with platelet +
leukocyte-specific EVs derived from the cell-culture-based EV
experiment. This analysis showed large increases in platelet-
and leukocyte-specific EV protein identifications and abun-
dances in non-platelet-depleted plasma in relation to PPP.
These results highlight the importance of the platelet-depletion
step in avoiding sample contamination and confounding results.
This study demonstrates that the SEC-MS offers an opportunity
to analyze the PPP EV proteome, which contains fewer EVs but
more accurately reflects the composition of circulating EVs.
We applied SEC-MS to characterize the acute effects of a sin-
gle bout of high-intensity aerobic exercise or resistance exercise
on plasma EV proteome. We identified 3,409 proteins in this
experiment by using a short 1-h MS method, substantially
shorter than UTC-MS methods described previously (Whitham
et al., 2018). In the present study, >300 proteins were signifi-
cantly increased after a single bout of aerobic exercise. We
also noted that an acute single-leg resistance exercise bout
increased only seven EV proteins, of which three of them are
common to both exercise modes. Increased cardiac output
and more dynamic nature and high intensity (90% of VO,peak)
of aerobic exercise are likely reasons for the substantially more
robust response to aerobic exercise in comparison with the
response to the modest one-leg resistance exercise. Although
the goal of this exercise was not to contrast the effects of exer-

¢ CellP’ress

cise modality on circulating EV cargo, it is interesting to note that
some modest changes in EV proteomic cargo could be detected
even after a low-intensity, short-duration bout of single-leg resis-
tance exercise. We also performed cell-culture-based EV
profiling experiments and identified candidate tissue-specific
proteins that are released immediately after an aerobic exercise
bout. Although skeletal muscle contributed to the circulating EV
pool, it is of great interest that EV proteins specific to other tis-
sues including leukocytes were dominant after a bout of aerobic
exercise and linked these proteins with important functions
including signaling, immunological response, repair, and angio-
genesis (Table S6). How aerobic exercise interacts with other
tissues, especially leukocytes, remains to be determined. It
has been shown that exercise-induced muscle tissue damage
attracts many circulating cells, including those involved in immu-
nological reactions that remove degraded proteins and stimulate
protein synthesis (Pedersen and Hoffman-Goetz, 2000). It ap-
pears that acute exercise stimulates these circulating cells to
release proteins via EVs, which might enable the transport of
important signals to multiple organs. It remains to be determined
whether these signals contribute to the exercise responses in
remote organs such as liver and brain. The exact mechanism
of exercise-mediated EV release from liver, adipocytes, and
platelets also remain to be determined.

In summary, our study describes the development and quan-
titative performance of a reproducible SEC-MS assay for plasma
EV protein analysis. We demonstrate that this assay yields
deeper proteomic coverage and higher precision when
compared with more commonly used approaches, especially
UTC-MS. Our study makes an important advance in the quest
to determine the tissues of origin of EVs found in circulation.
We demonstrate the importance of PPP in avoiding ex vivo
contamination from platelet-derived EVs. We also describe an
approach to filter plasma protein contamination even after
SEC-based exosome isolation. We benchmarked the quantita-
tive performance of SEC-MS and demonstrated that it can be
usefully employed in human clinical studies. Finally, we demon-
strated the EV proteome response to acute bouts of exercise.
Future studies will be needed to determine the effects of exercise
intensity, duration, and modality on the molecular cargo of circu-
lating EVs in humans.

Limitations of the study

Isolating EVs from plasma for proteomics analysis is technically
challenging, and the currently presented method has several
limitations. In the present study we demonstrated the reproduc-
ibility of EV elution from the SEC column with up to three repli-
cate samples on three different columns (Figures S3A-S3C).
We also report the ability of the method to measure known differ-
ences in biological samples (Figure 3), reusing the column up to
four times. However, we have not extensively characterized
column performance beyond a reuse of four times, and investi-
gators should take this into consideration when designing exper-
iments. We also have not assessed the EV elution range for each
new lot of SEC columns. Regarding the exercise study, the
endurance and resistance exercise protocols were not intensity
balanced and we did not intend to compare differences in exo-
somal protein composition or abundance between two different
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exercise modalities. Rather, our aim was to demonstrate the
ability to measure physiological changes with the approach.

In conclusion, we believe that SEC-MS is a powerful tool for in-
vestigators interested in studying the composition and function
of plasma EVs in biological systems.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Purified anti-human ADAM10 Antibody BioLegend Cat# 352702; RRID: AB_10897813
Chemicals, peptides, and recombinant proteins

Sequencing Grade Modified Trypsin Promega V5073

TCEP HCI (tris(2-carboxyethyl)phosphine hydrochloride) Sigma 646547
Methanol (Optima™ LC/MS) Fisher Scientific Cat# A454SK-4
Water (Optima™ LC/MS) Fisher Scientific Cat# W6-4
Acetonitrile (Optima™ LC/MS) Fisher Scientific Cat# A9554

Honeywell Fluka™ Formic acid, for mass spectrometry
Phosphate Buffered Saline (PBS)

ProteaseMAX™ Surfactant

Dithiothreitol (DTT)

lodoacetamide (IAA)

Triflouroacetic Acid (TFA)

ZWITTERGENT® 3-16 Detergent

Isopropanol (Optima™ LC/MS)

Fisher Scientific
BioRad
Promega
Millipore Sigma
Millipore Sigma
Millipore Sigma
Millipore Sigma
Fisher Scientific

Cat# 60-006-17
Cat# 1610780
Cat# V2072

Cat# 10708984001
Cat# 11149

Cat# 302031

Cat# 693023

Cat# A461-1

Deposited data

Mass Spectrometry Raw and Analyzed Data This Study PRIDE: PXD026483
Experimental models: Cell lines
Human Skeletal Muscle Myoblasts (HSMM) Lonza Cat# CC-2580

Isolated Human Platelets
Isolated Human Leukocytes

Mayo Clinic Blood Bank
Donor

NA
NA

Software and algorithms

MaxQuant Quantitative Software (v1.6.7.0)
Perseus (v1.6.7.0)

Cox and Mann, 2008
Tyanova et al., 2016

https://www.maxquant.org/

https://maxquant.net/perseus/

FlowdJo (v10.5) FlowJo https://www.flowjo.com/
Other
qEV 2.0 Size Exclusion Chormatography Izon Cat# qEV 2.0

Column (70nm Pore Size)

Self-Pack PicoFrit Columns 360x75x10
EXP®2 Stem Trap

Skeletal Muscle Cell Growth Medium

Gibco™ Dulbecco’s Modified Eagle
Medium/F-12 (DMEM/F-12)

Gibco™ Fetal Bovine Serum, exosome-depleted
Preadipocyte Growth Medium-2 (PGM-2 Bullekit)
Gibco™ Fetal Bovine Serum (FBS)

New Objective
Optimize Technologies
Cell Applications
Fisher Scientific

Fisher Scientific
Lonza
Fisher Scientific

Part# PF-360-75-10-N-5
Part# 04003HNC18
Cat# 151K-500

Cat# 11320

Cat# A2720801
cat# PT-8002
Cat# A31605

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact: K Sree-

kumaran Nair (nair@mayo.edu).
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Materials availability
This study did not generate new unique reagents.

Data and code availability
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol
et al., 2019) partner repository with the dataset identifier PXD026483.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Study overview

This study was approved by the Mayo Clinic Institutional Review Board and conducted in accordance with the Declaration of Hel-
sinki. For method development and analytical validation, blood was collected from a group of volunteers composed of both males
and females. For the high intensity aerobic exercise study seven male and seven female subjects were recruited. For the resistance
exercise study eight male and eight female subjects were recruited. Subject characteristics are summarized in Table S7.

Cell culture

Human skeletal muscle myoblasts (HSMM) were purchased from Lonza and grown in skeletal muscle cell growth medium (Cell Ap-
plications, cat# 151K-500). Media was changed three times a week until he cells reached 70% confluency at which point they were
differentiated to myotubes in Dulbecco’s Modified Eagle Medium/F-12 (DMEM/F-12) containing penicillin(100 U/mL), strepto-
mycin(100 ug/mL) and 2% horse serum. After differentiation the cells washed twice with PBS and were placed back into growth me-
dium supplemented with 2% exosome depleted bovine serum (EDBS,Gibco,cat# A2720801). After 24hours the media was harvested
and frozen.

Human pre adipocytes were cultured in preadipocyte growth medium-2 (PGM-2 Bullekit, Lonza cat# PT-8002) and the media was
changed 2-3 times a week until the cells reached 80-90% confluency. The preadipocytes were differentiated to adipocytes according
to the manufacturer instructions. Once differentiated, the cells were washed twice with PBS and the media was replaced with PGM-2
prepared with 10% EDBS (Gibco,cat# A2720801 ) and cultured for an additional 24hrs before the media was collected and frozen.

Isolated platelets were obtained from the Mayo Clinic blood bank. Platelet EVs were prepared as previously described (Prokopi
et al., 2009). Briefly, the isolated platelets were washed with 3x in Tyrode-HEPES buffer (145mM NaCl, 2.9 mM KCI, 10mM HEPES,
1mM MgCl,, 5mM glucose, pH 7.3) and re-suspended at a concentration of 6X108/ml. Platelets were activated with thrombin (0.1U/
ml) and incubated at 37°C for 30min with rotation every 10min. Platelets were then pelleted by centrifugation at 3200x g for 10min and
the supernatant was collected and frozen at -80°C.

Huh7 hepatocytes were cultured in DMEM containing glucose(4.5 g/L) penicillin(100 U/mL), streptomycin(100 ug/mL) and 10%
fetal bovine serum (FBS). Cells were grown to 90% confluency on 150mm tissue culture dishes. Cells were washed twice with
PBS and then cultured for an additional 24hr in growth medium supplemented with 5% extracellular vesicle-depleted FBS, which
was prepared by overnight centrifugation at 100,000g at 4C and 1% bovine serum albumin.

Human leukocytes were isolated from blood donated by two donors. Whole blood was drawn into 10-ml ETDA tubes and placed on
the benchtop for 15minutes. After 15minutes each tube was centrifuged at 2,000xg for 10min at room temperature (RT) to pellet red
blood cells. The buffy coat was isolated from 10 blood collection tubes and transferred to a 50ml Falcon tube. Cells were then re-
suspended in 25ml of PBS, pelleted at 2,000xg and transferred to a new tube 3x to remove as many red blood cells as possible.
The isolated leukocytes were then re-suspended in 25ml of PBS and pelleted them at 800rpm. The supernatant was then removed
and this process was repeated 3x to remove platelets. Isolated leukocytes were then re-suspended in 10ml of PBS and placed onice
for 1.5hr. The supernatant containing the EVs was then collected for further processing.

METHOD DETAILS

Measurement of VO, ,,ax

VO,max Was measured with indirect calorimetry (Medgraphics Diagnostics) using an electronically braked cycle ergometer (Lode
Medical Technologies). VO,ax Was defined as reaching a perceived exertion > 17 on the Borg RPE scale with an RER > 1.1
(mean + SD [Range]: 1.17 + 0.02 [1.15-1.19]), and achieving a heart rate within 10% of the age-predicted maximal heart rate.

High intensity aerobic exercise
Subjects completed one bout of high intensity cycling (4 bouts of 4 min at > 90% of VO,max With 3 min pedaling at no load between
bouts), as previously described (Robinson et al., 2017).

Acute resistance exercise

Subjects completed one bout of one-legged knee extension exercise (3 sets of 10 repetitions at 70% of 1-repetition-maximum, with
1min rest in-between sets).

Cell Reports Methods 7, 100055, July 26, 2021 e2




¢ CelPress Cell Reports Methods

OPEN ACCESS

EV isolation from cell culture media

Myotube, adipocyte, hepatocyte, platelet and leukocyte conditioned media were centrifuged at 2,000xg for 10 minutes to pellet cell
debris. The media was then transferred to a new tube and centrifuged at 10,000xg for 20min to pellet large vesicles. The media was
then filtered through a 0.2um filter. Myotube, adipocyte, hepatocyte and platelet media were transferred to a 70-ml 100kD Centri-
con® Plus-70m filter unit to concentrate the media as previously described (Lobb et al., 2015). The concentrated media was then
diluted up to 2ml at which point the EVs were isolated using a qEV2.0 (Izon) size exclusion chromatography column and processed
as described for plasma EVs. Leukocyte and red blood cell EVs were processed by ultracentrifugation (UTC). Briefly, samples were
pelleted at 10,000 x g to pellet large vesicles. The supernatant was transferred to a new tube and centrifuged at 100,000 x g for 1.5hr
and digested as described for plasma EVs.

Blood collection and plasma preparation

Whole blood was drawn into ETDA tubes and placed on the benchtop for 15minutes. After 15minutes each tube was centrifuged at
2,000xg for 10min at room temperature (RT) to pellet red blood cells. The upper plasma fraction was then collected, transferred to a
new sterile tube, and centrifuged again at RT for 10min at 2000xg. Platelet poor plasma was isolated by carefully transferring the top
layer of plasma to a new tube and then frozen at -80°C in 1ml aliquots.

Isolation of plasma extracellular vesicles by size exclusion chromatography (SEC)

Frozen platelet poor plasma was removed from the freezer, thawed on ice and centrifuged at 2,000xg for 10 min to pellet debris. The
plasma was then transferred to a new microcentrifuge tube and centrifuged at 10,000xg for 10min to pellet larger vesicles. Following
centrifugation the plasma was transferred to a new tube and placed on ice until analysis. Extracellular vesicle isolation was performed
using a qEV 2.0 size exclusion chromatography column (Izon Science, Christchurch, New Zealand) following the manufactures pro-
tocol with minor modifications. Briefly, SEC columns were equilibrated to room temperature and flushed with 90ml of phosphate buff-
ered saline (PBS) before use. Prior to use, each column was passivated with 2ml of 5% BSA in PBS and flushed with 90ml of PBS.
Platelet poor plasma was transferred into the sample loading reservoir of the SEC column. All experiments utilized 2.0ml of plasma
except for exercise study, where limited sample volume was available and 1.2ml was used for 6 or the 14 aerobic exercise subjects.
The column cap was then removed and the plasma sample was allowed to completely enter the column, at which point the sample
loading reservoir was filled with PBS. The first 13ml of PBS fraction was discarded and the following 8ml’s of EV containing fraction
were collected for each sample. All samples were processed using pooled fractions (fractions 14-21) except for the fractionation ex-
periments where the individual fractions were processed as described in the text. The SEC columns were then flushed with 90ml of
PBS before the addition of the next sample. The 8ml of EV containing fraction for each sample was then pelleted by ultracentrifuga-
tion at 100,000xg for 1.5hr at 4°C in a swing bucket rotor with a conical bottom tube. Following ultracentrifugation the supernatant
was discarded and all residual PBS was removed before tryptic digestion.

Nano-particle tracking analysis (NTA) and transmission electron microscopy (TEM)

For the SEC versus UTC comparison, EVs isolated by SEC were measured by NTA using a 10 fold dilution of the pooled SEC column
eluate (Fractions 14-21). EVs isolated by UTC were re-suspended in PBS prior to measurement. For the exercise study, NTA mea-
surements were obtained using a 10-fold dilution of the pooled SEC column eluate (fractions 14-21). All NTA measurements were
obtained using a Nano-sight LM10-HS with a 532nm laser running on NTA software v3.2. Samples were diluted until they reached
the manufacturers recommended concentration of 20-60 particles per frame and data was acquired in 3 x 60sec videos with a vis-
cosity of 0.985-0.897cP, camera level 13, detection threshold 2 and temperature of 25°C. For TEM, a 1ml volume of the pooled SEC
column eluate (fractions 14-21) was fixed with 16% paraformaldehyde (4% final). The sample (5pl) was deposited on formvar-carbon-
coated nickel grid (150 mes), air dried for 15min, washed 6x with PBS, fixed in 1% glutaraldehyde/PBS for 5min and then washed 6x
for 2min with stilled water drops. The grid was then transferred to a drop mixture of 4% uranyl acetate and 2% methylcellulose (in a
1:9 ratio) for 5min. A paper filter was then used to remove excess solution and the sample was air dried for 1hr prior to observation
with a JEOL (Peabody, MA) 1400 electron microscope at 80 KV.

Nanoscale flow cytometry (NFLC)

Plasma samples were diluted 10-fold in particle-free PBS and incubated with ADAM10 antibody conjugated with PE (SHM14 clone,
Biolegend) for 30 minutes at 4°C. To control for non-specific binding and autofluorescence, samples were also incubated with anti-
body-matched isotype control. Samples were further diluted in particle-free PBS and analyzed using the A60-MicroPlus nanoscale
flow cytometer (Apogee Flow Systems Inc.). Samples were run at 0.75 pl/min for 1 minute. All samples were run in triplicates and data
were analyzed using FlowdJo v10.5 software.

Protein digestion and label free mass spectrometry analysis

Samples were processed in three separate batches. For the first batch, EV pellets were lysed with the addition of 50ul 0.04% Pro-
teaseMax Surfactant (Promega, Madison WI) in 50mM Tris buffer pH 8.2 and vortexed for 1min. 5ul of 110mM DTT (5mM final) was
then added to reduce disulfide bonds and the samples were heated at 70°C for 10min. Samples were then equilibrated back to room
temperature over 20 minutes before alkylation with 5ul 120mM IAA (10mM final) and incubated for 30min protected from light.
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Following alkylation an additional 0.675ul of 1.0% ProteaseMax was added prior to the addition of 0.1pug of Trypsin LysC mix. The
samples were then vortexed and incubated at 37°C for 16hr in the capped conical bottom ultracentrifugation tube. Finally, the diges-
tion was terminated by adding 5ul of 5.25% TFA. Sample batches two and three were processed with an optimized method to yield
deeper proteome coverage. For these samples, EV pellets were precipitated with the addition of 50ul of methanol. The methanol was
then evaporated in a SpeedVac (Thermo Scientific, Waltham MA) and protein was reconstituted with 50ul of 50mM Tris pH 8.2 con-
taining 0.002% zwittergent Z3-16 (EMD Millipore, Burlington MA) and subsequently heated at 95°C for 10min. All additional steps are
the same as described above except ProteaseMax wan not added before the digestion.

LC-MS conditions

Digested samples (15ul) were loaded onto a 0.33ul OptiPak trap column (Optimize Technologies) packed with Halo C18 peptide ES
stationary phase. The trap was then washed with an aqueous loading buffer composed of 0.2% FA and 0.05% TFA for 4 minutes at
10ul/min. After the wash, the 10-port valve was switched and peptides were flushed off of the trap onto a 25cm x 75um PicoFrit (New
Objective) analytical column packed with Waters BEH 1.7um stationary phase using a Dionex UltiMate 3000 RSLC liquid chroma-
tography (LC) system (Thermo Scientific). The analytical gradient for peptide separation began at 2% mobile phase B (MPB) and
98% mobile phase A (MPA) for 4min, MPB was then increased to 30% over 40min, raised to 40% MPB over 20min, increased to
95% over 10min, held for 2min, returned to 2% B in one minute and equilibrated for 15min. MPA was composed of 98:2 (water/aceto-
nitrile) with 0.2% FA and MPB was composed of 80:10:10 (acetonitrile/ isopropyl alcohol/water) with 0.2% FA. Analysis of the eluting
peptides was performed using an Orbitrap Fusion Lumos mass spectrometer (Thermo Scientific) operated in data dependent mode.
Survey scans were acquired from 300-1400m/z with 120,000 resolving power and an AGC of 4e5 and max fill time of 50ms. MS/MS
scans of selected precursor ions were performed for a maximum of 3s or until the list was exhausted and dynamic exclusion was set
to 45s. Quadrupole isolation for MS/MS scans was set at 0.7 m/z followed by fragmentation in the ion trap with “Rapid” scan speed
and an ion target value of 5e4 and maximum injection time of 22ms using normalized collision energy of 28% from 200-1200 m/z. The
monoisotopic precursor selection was set to peptide and charge states of 1, greater than 5, or unknown were excluded.

QUANTIFICATION AND STATISTICAL ANALYSIS

MS raw files were processed in MaxQuant software version 1.6.7.0 (Cox and Mann, 2008). Peptides were searched using the
Andromeda search engine against the human Uniprot FASTA database downloaded July 24™, 2019. Cysteine carbamidomethylation
was set as a fixed modification and N-terminal acetylation and methionine oxidations were set as variable modifications. Searches
were performed with a false discovery rate of 1% for both peptides and proteins using a target-decoy approach. A minimum of two
peptides were required, peptide length was at least 7 amino acids long and MS? match tolerance was set to 0.5 Da. Match between
runs was enabled with a retention time window of 0.7min. Enzyme specificity was set to trypsin and a maximum of 2 missed cleav-
ages were allowed. Protein data was extracted from the “proteinGroups.txt” file and differential quantitation was carried out in
Perseus version 1.6.0.7 (Tyanova et al., 2016). Aerobic exercise samples were processed in three separate batches and protein
quantification results were merged by gene name prior to statistical analysis. All other mass spectrometry data was processed using
custom R scripts.

For all exercise data, a minimum of 60% non-zero values were required in the post exercise group and the protein intensities were
log? transformed. The data was assessed for normality and the Pre versus Post exercise data were analyzed with a paired, two sam-
ple T test with the SO parameter set to 0.1 and a permutation based FDR threshold of P < 0.05 was applied to the data set.

MS raw files from the cell culture experiments and PPP versus PRP comparison were searched as described above. Method com-
parison and SEC fractionation experiment MS raw files searched against the human SwissProt FASTA database downloaded
February 2017, all other parameters are as described above, Proteomics, nFLC and NTA time course analysis measurements of total
EV abundance were analyzed using a one tailed two sample T test and data is displayed as mean + SEM. Plasma concentrations
obtained from the plasma proteome database for EV enriched proteins and contaminants were compared using the Mann-Whitney
U test. All other comparisons were performed using a two tailed two sample T test.

Pathway and functional enrichment analysis

Functional annotation enrichment analysis was carried out using DAVID Bioinformatics Resources functional annotation tool (v6.8).
Enrichment p values were FDR corrected using Benjamini-Hochberg procedure and gene sets with a p value < 0.05 were reported.
Proteins that were statistically up or down regulated after exercise were subjected to Ingenuity Pathway Analysis (IPA) and regulated
canonical pathways with a -log(p-value) > 1.3 and a non-zero z-score were reported. For cell culture experiments, proteins identified
uniquely in each cell type were subjected to an overrepresentation enrichment analyzed (ORA) using WEBGESTALT software.
Redundancy of enriched gene sets was then reduced with the affinity propagation method using the R package apcluster and
gene sets passing FDR (Benjamini-Hochberg procedure < 0.05) were reported.
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