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SUMMARY

Exosomes/small extracellular vesicles (SEVS) can serve as multifactorial mediators of cell-to-cell
communication through their miRNA and protein cargo. Quantitative proteomic analysis of five
cell lines representing metabolically important tissues reveals that each cell type has a unique sEV
proteome. While classical SEV markers such as CD9/CD63/CD81 vary markedly in abundance,
we identify six SEV markers (ENO1, GPI, HSPA5, YWHAB, CSF1R, and CNTN1) that are
similarly abundant in SEVs of all cell types. In addition, each cell type has specific SEV markers.
Using fat-specific Dicer-knockout mice with decreased white adipose tissue and increased brown
adipose tissue, we show that these cell-type-specific markers can predict the changing origin of
the serum sEVs. These results provide a valuable resource for understanding the SEV proteome
of the cells and tissues important in metabolic homeostasis, identify unique sEV markers, and
demonstrate how these markers can help in predicting the tissue of origin of serum SEVs.
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In brief

By performing comparative proteomics, Garcia-Martin et al. identify markers common to
exosomes/SEVs from multiple cell types, as well as markers unique to each cell type. Using a
lipodystrophy mouse model, they demonstrate the use of this SEV proteome dataset to predict the
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tissue of origin of circulating exosomes/sEVs in vivo.

INTRODUCTION

Exosomes and other small extracellular vesicles (SEVS) have emerged as important
mediators of cell-to-cell communication and metabolic regulation (Crewe et al., 2018;
Thomou et al., 2017; Zhao et al., 2018). SEVs contain a wide range of molecules,

including proteins, different subclasses of coding and non-coding RNAs, DNA, and several
metabolites (Kalra et al., 2016; van Niel et al., 2018). SEVs are present in every fluid in

the organism, including plasma/serum, urine, and cerebrospinal fluid. Because sEV cargo

is influenced by physiological and pathological status, they can be used as markers for
diagnosis and predicting the prognosis of a wide variety of diseases, including diabetes,
obesity, cancer, and cardiovascular and neurodegenerative diseases (Hoshino et al., 2020;
Kalluri and LeBleu, 2020; Mori et al., 2019). For example, SEVs in the circulation of

obese patients have increased perilipin levels (Eguchi et al., 2016), whereas those from
patients with Alzheimer’s disease have higher levels of b-amyloid and phospho-tau protein
(Rajendran et al., 2006; Saman et al., 2012). Tumor markers such as epidermal growth factor
receptor variant I11 (EGFRvIII) and prostate-specific antigen have also been found increased
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in serum sEVs from patients with glioblastoma or prostate cancer, respectively (Logozzi et
al., 2017; Skog et al., 2008).

While work over the last decade has clearly established that the micro RNA (miRNA) cargo
in SEV is regulated and cell type dependent (Garcia-Martin et al., 2021; Valadi et al., 2007;
Wei et al., 2017), less attention has been paid to how protein sorting into SEVs may differ
among different cell types (Angulski et al., 2017; Hoshino et al., 2015; Yoshioka et al.,
2013). In the present study, we have used quantitative proteomics to compare the protein
cargo of sEVs isolated from different cell lines representing the main tissues involved

in metabolic disease, including white and brown adipocytes, muscle cells, hepatocytes,

and endothelium, as well as differentiated murine stromal vascular fraction (SVF)-derived
adipocytes. We show that while classic tetraspanin markers vary considerably in SEVs from
different cell types, these metabolically important tissues release SEVs with similar levels

of the metabolic enzymes enolase (ENO1) and glucose-6-phosphate isomerase (GPI), the
chaperone HSPAS (also known as BiP), the 14-3-3 protein beta/alpha (YWHAB), colony-
stimulating factor receptor (CSF1R), and the GPl-anchored protein contactin-1(CNTN1),
which could be used as potential SEV markers. In addition, SEVs from each cell type contain
unique proteins representing specific cell-type markers. Using this dataset, we can also
predict the tissue of origin of some of the SEV proteins in serum samples. Thus, comparing
SEVs from normal mice to mice with adipose tissue-specific Dicer knockout (AdicerKO),
which have been shown to have enlarged brown adipose tissue (BAT) and decreased white
adipose tissue (WAT) (Mori et al., 2014; Thomou et al., 2017), we found 25% of the proteins
were significantly altered, including several that marked sEVs of white or brown adipocyte
origin such as high-molecular-weight (HMW) adiponectin (ADIPOQ), which sits on the
surface of the SEV membrane where it would be accessible to bind to its receptors in target
cells. These data demonstrate the unique nature of the proteins in sEVs of different cell types
and how levels of these could be used as biomarkers for the identification of the tissue of
origin.

Cells produce widely varying levels of sEVs with distinct proteomes

To characterize and compare the sEV/exosomal protein cargo of the major metabolic tissues,
we used five murine cell lines that are widely used as models of metabolic regulation: i.e.,
differentiated 3T3-L1 cells representing white adipocytes, immortalized differentiated brown
adipocytes (BrAd), AML12 cells representing hepatocytes, differentiated C2C12 myotubes
representing skeletal muscle, and SVEC representing endothelial cells. All cells were grown
to confluence, differentiated when necessary (3T3-L1, BrAd, and C2C12 cells), and then
put in medium supplemented with exosome-free fetal bovine serum. After 48 h, the SEVs/
exosomes from each of the cell types were isolated using a standard ultracentrifugation
(UC)-based method (Thery et al., 2006) (Figure 1A).

For all cell types, the obtained vesicles ranged in size between 50 and 200 nm,
corresponding to exosome size, as measured by electron microscopy (Figure 1B). As we
previously reported, the size distribution of the sEVs did not differ among the different
cell types as measured by nanoparticle tracking analysis (Garcia-Martin et al., 2021). The
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number of vesicles released by these cells into the culture medium over 48 h differed
significantly among cell types. Differentiated 3T3-L1 white adipocytes released significantly
more SEVs per cell than all other cell types, while differentiated C2C12 myotubes released
the least (Figure 1C). Protein concentrations of the vesicles paralleled the number of vesicles
released (Figure 1D). As the size of vesicles released from different cell lines did not differ,
these data suggest that SEVs from different cellular origins contain a similar protein load

but are released at different rates, with white adipocytes being the highest SEV producer and
C2C12 the lowest, at least of the five cell types studied. This is consistent with our previous
observation that adipose tissue is a major contributor of circulating exosomal miRNAs and
that KO of the miRNA processing enzyme Dicer in adipose tissue causes a marked reduction
in circulating exosomal miRNAs (Thomou et al., 2017).

SEV protein cargo is different among cell types

To explore potential differences in the protein cargo among the sEVs released from these
different cells, we subjected the isolated SEVs to tandem mass tag (TMT) labeling, followed
by liquid chromatography/tandem mass spectrometry (LC-MS/MS)-based proteomics. In
total, 431 proteins were identified, 349 of which were identified in at least 2 of 3

biological replicates (Table S1). Gene Ontology (GO) cellular component ontology of these
proteins revealed that most of them were from the extracellular region (cell surface and
secreted proteins), cytoplasm, and plasma membrane (Figure S1A). Functionally, there was
enrichment for proteins involved in protein metabolism, macro-molecule processing, signal
transduction, and the stress response (Figure S1B).

Principal-component analysis (PCA) of the 349 sEV proteins revealed that the 5 cell types
fell into 2 main clusters, with myotubes (C2C12) and hepatocytes (AML12) forming one
group and white adipocytes (3T3-L1), BrAd, and endothelial cells (SVEC) forming the
second (Figure 2A). Consistent with the PCA analysis, we identified 63 proteins in the
cluster shared by sEVs from AML12 hepatocytes and C2C12 myotubes, while there was a
total of 49 proteins in the second cluster, with 13 proteins enriched in sEVs of both white
adipocytes and BrAd, 25 proteins enriched in sEVs from BrAd and endothelial cells, and
11 proteins enriched in SEVs released by white adipocytes and BrAd and endothelial cells
(Figures 2A-2C). In addition to these overlapping proteins, SEVs of each cell type showed
some unique or highly enriched proteins compared to all of the other cell types, with 12
proteins uniquely enriched in 3T3-L1 sEVs, 19 proteins in AML12 sEVs, 67 proteins in
C2C12 sEVs, 13 proteins in SVEC sEVs, and 17 in BrAd sEVs (Figures 2C and 2D; Table
S1).

To determine possible functional links of the SEV proteins in each cell type, we performed
pathway analysis. This revealed a similar bimodal clustering pattern. Thus, SEVs released
by endothelial cells and white and brown adipocytes were enriched in proteins involved in
catabolic processes and the metabolism of organic acids, carboxylic acids, and nitrogen
compounds (Figure S1C). Strikingly, SEVs isolated from these cells by differential
centrifugation also contained detectable levels of 10 of the 12 enzymes in the glycolytic
pathway (Figures 3A and 3B). This finding was confirmed in sEVs isolated using an
additional step of purification (i.e., size exclusion chromatography [SEC]) after differential
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centrifugation (Figures S1D and S1E). In addition, SEVs from endothelial cells and brown
and white adipocytes were enriched in important enzymes of fatty acid synthesis, such as
ATP-citrate lyase (ACLY) and fatty acid synthase (FASN), and lipoprotein metabolism such
as low-density lipoprotein receptor-related protein 1 (LRP1) (Figures S2A and S2B). In
contrast, SEV proteins released by AML12 hepatocytes and C2C12 myotubes showed an
enrichment in proteins involved in cell migration/adhesion, immune response, regulation

of cellular architecture, and lipid and glycerophospholipid metabolism (Figure S1C). The
latter cluster also contained multiple members of the serpin superfamily. Serpins are
involved in a broad range of functions, including inhibition of immune cell-derived proteases
(Serpinalb and a3k); transport of glucocorticoids, progestin, and thyroxine (Serpina6 and
a7); regulation of coagulation and fibrinolysis (Serpincl, d1, and f2); and inhibition of
complement (Serpingl) (Law et al., 2006; Silverman et al., 2001) (Figure S2C). These data
demonstrate that despite the remarkable differences among these metabolically important
cell lines, there are unexpected similarities in SEV protein cargo, resulting in two clear
patterns in these different cell types.

Known and newly identified sEV markers differ among cell lines

Tetraspanins represent a conserved family of proteins involved in many different functions,
including cell adhesion, motility, and proliferation, and are involved in SEV cargo selection
and trafficking (Andreu and Yanez-Mo, 2014; Kowal et al., 2016). Previous studies have
shown that tetraspanins such as CD63, CD9, and CD81 are enriched in the SEV proteome,
and thus, these have often been used as markers for SEV identification, quantitation, or
purification (Escola et al., 1998; French et al., 2017; Jeppesen et al., 2019; Kowal et

al., 2016). However, our comparative proteomic analysis revealed that CD9, CD63, and
CD81, the most commonly used markers of sEV, display very different levels in the SEV
derived from different cell types. Thus, by quantitative LC/MS-MS, these three tetraspanins
were very abundant in SEVs from hepatocytes and myotubes but were present at 5- to
20-fold lower levels in sEVs from endothelial cells and white and brown adipocytes (Figure
4A). These results were confirmed by immunoelectron microscopy, showing CD63 as
being much more abundant in C2C12-derived SEVs than in SVEC-derived SEVs and by
immunoblotting (Figures 4B and 4C). In addition, cellular proteins calnexin (CANX) and
GM130, as well as mitochondrial CYC1 and TOMMZ20 were not detected in SEV samples
(Table S1).

In contrast to the variable presence of the tetraspanins, we identified six proteins that

were present at similar levels among the sEVs from all of the cell types that may serve

as better markers of sSEVs. These include the cytosolic enzymes ENO1 and GPI (Figure

3B), heat shock protein family A member 5 (HSPAb, also known as HSP70 or BiP), and
YWHAB (Figure 4D). In addition, sEVs contain similar amounts of two membrane proteins,
CNTNL1 and CSF1R (Figure 4D). Whereas the first group of proteins and enzymes would

be predicted to localize in the SEV lumen, the latter are categorized as membrane proteins,
which could also serve as surface markers.
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Identification of cell-type-specific sEV markers

One of the main goals of the present study was to identify proteins specifically enriched

in sEVs of individual cell types that could serve as tissue- or cell-type-specific markers.
From our quantitative proteomics data, we identified 38 proteins that were highly enriched
in sSEVs from 3T3-L1 cells, and of these, 12 were 3T3-L1 specific. Similarly, 84 proteins
were highly enriched in sEVs of AML12 cells, with 19 of these being AML12 specific; 137
proteins were detected in SEV of C2C12 cells, with 67 of these being C2C12 specific; 55
proteins were enriched in SEV of SVEC, with 13 being SVEC specific; and 69 proteins were
enriched in sEVs from BrAd, with 17 being BrAd specific (Figures 2C, 2D, and S2D-S2H;
Table S1).

The specific markers identified by proteomics in SEVs isolated from each of the five

cell types can be confirmed by immunoblotting (Figure 5). Thus, proteomic analysis of
SEVs derived from 3T3-L1 white adipocytes show enriched ADIPOQ and the fatty acid
translocase CD36 compared to the other cell types, and this enrichment was confirmed by
immunoblotting (Figures 5A, S3A, S4A, and S4B). More interesting, SEVs from AML12
hepatocytes were enriched with two plasma membrane receptors, EGFR and integrin beta-1
(ITGB1Y), in the proteomics analysis, and this was verified by immunoblotting (Figures

5B, S3B, S4C, and S4D). Western blot analysis also confirmed that C2C12-derived sEVs
were enriched with secreted protein acidic and cysteine-rich (SPARC) and insulin growth
factor-binding protein 5 (IGFBP5) (Figures 5C, S3C, S4E, and S4F), whereas SVEC were
highly enriched with the important chaperone HSP90 (Figures 5D and S4G). Finally, both
mass spectrometry (MS) and western blot analysis showed enrichment of periostin (POSTN)
and thrombospondin-1 (THBS1) in BrAd sEVs (Figures 5E, S3D, S4H, and S4l). Thus, each
cell type releases sEV with cell-type-specific markers, and these can be identified by both
MS and western blotting.

The incorporation of proteins in SEVs may depend on abundance in a cell type or sorting
into the pathway of exosomal secretion. Immunoblotting showed that some of the proteins
found in SEVs were present in proportion to their levels in the cell, such as ADIPOQ (Figure
5A), SPARC (Figure 5C), FASN (Figure S2B), and IGFBP5 (Figure S3C). However, for
other proteins such as ITGB1, HSP90, and POSTN, their abundance in SEVs released by
some cell types was markedly elevated even compared to the cellular levels. For instance,
ITGB1, an AML12-specific SEV marker (Figures 5B and S4C), displayed similar levels of
expression in AML12, C2C12, and SVEC cell bodies, but a high level of this protein only
in sEVs derived from AML12 cells (Figure 5B), indicating the existence of a hepatocyte-
specific sorting mechanism for ITGB1 into SEVs. Likewise, POSTN was highly enriched
only in sEVs from BrAd, although 3T3-L1, AML12, SVEC, and BrAd cells showed
comparable levels of this protein in their cell bodies, and C2C12 cells had an even higher
cellular content, but little in its SEV (Figures 5E and S4H). Thus, BrAd must have a
cell-specific sorting mechanism to direct POSTN into its released vesicles that is absent in
these other cell types.

To determine whether the sEV proteome of these cultured cell models was similar to their
primary cell counterparts, we isolated the SVF from the subcutaneous inguinal WAT (SWAT)
depots of wild-type (WT) mice, differentiated these cells into adipocytes, and isolated their
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released SEVs by differential centrifugation in parallel with sEVs from differentiated 3T3-L1
white adipocytes. We subjected the sEVs derived from both cell models to MS proteomic
analysis. A very strong correlation in the SEV proteome of 3T3-L1 and SVF-derived
adipocytes was observed (r2 = 0.7195; Figure S5A; Table S2). Several previously identified
3T3-L1-specific sEV markers (CD36, FABP4, COL6A3, and CAV1) were found enriched

in SEVs released by SVF-derived adipocytes and depleted in hepatocyte models (AML12
and primary hepatocytes) (Figure S5B). These data indicate that the exosomal/sEV proteome
released by 3T3-L1 cells, the widely used /n vitro model for adipocytes, closely resembles
the exosomal/sEV proteome of SVF-derived adipocytes, in line with previous observations
(Durcin et al., 2017).

Moreover, we compared the reproducibility of the SEV proteome obtained by differential
centrifugation with the proteome of sEV isolated using an additional step of purification,
namely SEC. To this end, we isolated sEVs from differentiated 3T3-L1 adipocytes and
AML12 cells with the differential centrifugation protocol used for our previous experiments
(here labeled sEV-p100). An aliquot of these samples was subjected to SEC, and the
flow-through was collected in 30 fractions (Figure S6A). Fractions 7-10 were enriched

in small vesicles as measured by nanoparticle tracking analysis (NTA), showed a peak of
protein concentration and were positive for classical SEV markers CD63 and CD9 (Figure
S6B-S6D). These further purified vesicles were labeled SEV-SEC. For comparison, we

also collected fractions 17-24, which showed a peak of protein concentration, but showed
no vesicles as accessed by NTA and were depleted from sEV markers by Western blot
analysis (Figures S6B-S6D). Comparison of the proteome of the SEV isolated by differential
centrifugation (SEV-p100) and the sEV isolated by differential centrifugation plus SEC
(SEV-SEC) showed a very strong correlation in the identity and abundance of the proteins.
This was true for both 3T3-L1 sEV (r2 = 0.9481) and AML12 SEV (r2 = 0.7544) (Figures
S6E and S6F; Table S2). These data indicate that SEV isolated by UC alone, as was used for
the 5 cell types (i.e., 3T3-L1, AML12, C2C12, SVEC and BrAd), show a similar and high
level of purity as sEV purified by SEC and are largely depleted from contaminants such as
large protein complexes or lipoproteins.

Serum sEV proteins as indicators for tissue alterations in metabolic disease

We have previously shown that adipose tissue is a major contributor for the pool of

serum miRNAs in exosomes/sEVs such that fat-specific AdicerKO, the endoribonuclease
responsible for miRNA maturation, leads to a marked downregulation of almost half of

the miRNAs found in serum exosomes/sEVs (Thomou et al., 2017). The AdicerKO mouse
also exhibits severe lipodystrophy of WAT, enlargement and altered morphology of BAT,
and multiple metabolic abnormalities, including marked reduction in serum adiponectin,
increased levels of FGF-21, marked glucose intolerance, and insulin resistance (Mori et al.,
2014; Thomou et al., 2017). Some components of this phenotype, such as the increased
FGF-21, could be attributed directly to the reduction in circulating exosomal miRNAs, since
replacement of some of these miRNAs returned FGF-21 levels toward normal. To determine
whether SEV protein cargo was also altered and may contribute to the metabolic phenotype,
we isolated serum sEV from 12-week-old control and AdicerKO mice and subjected them to
comparative proteomics (Figure 6A).
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A total of 349 proteins were reproducibly identified in SEVs of at least two-thirds

of samples. Of these, 86 (24.6%) were differently expressed between control and KO

mice, with 40 upregulated and 46 downregulated in AdicerKO versus control SEVs

(false discovery rate [FDR] < 0.05) (Figure 6B; Table S3). Enrichment and GO

categorical analysis revealed that among the top 10 upregulated pathways represented by
the differentially abundant proteins were pathways involved in retinol metabolism and
complement activation, including significantly altered levels of retinol binding 4 (RBP4),
transthyretin (TTR), and complement factors H (CFH) and 3, 5, 7, and 9 (C3/5/7 and -9)
(Figures 6C and 6D; Table S3). By contrast, among the downregulated proteins, the top 10
processes identified were the inflammatory response and iron metabolism, with significant
decreases in serum amyloid p-component (APCS), serum amyloid A protein (SAA1) and
C1 esterase inhibitor (Serpingl), ceruloplasmin (CP), haptoglobin (HP), hemopexin (HPX),
and extracellular superoxide dismutase [Cu-Zn] SOD3 (Figures 6E and 6F; Table S3).
Interestingly, the highly changed proteins included proteins normally secreted by the liver, as
well as adipose and other tissues (Arner et al., 2014; Maffei et al., 2016; Smith and Kahn,
2016).

In an attempt to track the likely tissue of origin of the significant altered proteins in
AdicerKO sEV, we intersected each of these proteins with the /n vitro data on the cell-type-
specific SEV proteins identified above. Using this approach, three of the proteins changed in
serum sEV of AdicerKO mice were predicted to be from hepatocytes (i.e., they were highly
abundant or uniquely detected in SEV from AML12 cells), and all of these were increased
in SEVs from AdicerKO mice (Figures S7A and S7B). Only one protein was predicted

to be derived from SVEC (complement factor C3), and this was also upregulated in the
AdicerKO mice (Figures S7A and S7B). However, 25 proteins were predicted to be derived
from muscle cells, based on the high abundance in sEVs from C2C12 cells, 12 of which
were upregulated and 13 were downregulated (Figures S7A and S7B). Most important,

five proteins were predicted to be adipocyte specific. Of these, all of the sEV proteins
predicted to be from white adipocytes, including the glycolytic protein phosphoglycerate
mutase (PGAML), the protease inhibitor Serpinal0, prenylcysteine oxidase-like (PCYOX1)
and the adipokine ADIPOQ, were decreased in serum sEVs from AdicerKO mice. In
contrast, EFEMP1 (EGF-containing fibulin-like extracellular matrix protein 1, also called
fibulin-3), which is unique to BrAd sEVs, was increased (Figures 7A and 7B). These
changes are consistent with the marked decrease in WAT and increase in BAT observed

in these mice. Western blotting confirmed a significant decrease in PGAM1 specifically in
SWAT of AdicerKO mice, with no change in BAT, liver, and muscle. Moreover, a slight but
not significant increase in EFEMP1/fibulin-3 protein in the BAT of AdicerKO mice was also
observed, while its expression was decreased in liver and unchanged in the SWAT or skeletal
muscle of AdicerKO mice (Figures 7C, 7D, S7C, S7D, and S7F). These data suggest that
changes in the abundance of proteins in serum sEVs can reflect changes in tissue mass and
protein expression in the tissue that selectively export these proteins into their SEV.

Adiponectin as a marker of sEVs from white adipocytes

We further explored the adipokine ADIPOQ since it is an important insulin sensitizer, is
known to be secreted uniquely from adipocytes (Ouchi et al., 2011), and serves as a unique
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marker of white adipocyte SEVs. ADIPOQ is a 244-amino acid polypeptide that exists in

the circulation in three oligomeric complexes: a low-molecular-weight (LMW) trimer of ~70
kDa, a medium-molecular-weight (MMW) hexamer of ~140 kDa, and an HMW oligomer

of ~300 kDa containing at least 18 monomers (Peake et al., 2005; Shapiro and Scherer,
1998). HMW adiponectin is the major bioactive form and, when bound to its receptors
AdipoR1/2, activates AMP-activated protein kinase (AMPK) or peroxisome proliferator-
activated receptor gamma (PPAR) pathway in a tissue-dependent manner (Yamauchi and
Kadowaki, 2013; Zhou et al., 2009). In addition, HMW adiponectin binds to T-cadherin in
endothelial cells, regulates vascularization (Parker-Duffen et al., 2013), and has been shown
to stimulate SEV release (Obata et al., 2018).

Immunogold staining confirmed the presence of ADIPOQ in sEVs (Figure 7E). Enzyme-
linked immunosorbent assay (ELISA) and western blot analysis of serum before and after
SEV isolation revealed that most of the ADIPOQ in serum is free and that only a small
fraction is present in SEV fractions, with the MMW and HMW forms being the most
abundant forms in both fractions (Figures 7F and 7G). In AdicerKO mice, there was a
decrease in the abundance of both forms in serum and sEV (Figures 7F and 7G). This
possibly occurred due to the lipodystrophy observed in the KO group, considering that
ADIPOQ protein expression in SWAT of both control and AdicerKO mice was similar
(Figures S7E and S7F). To determine whether ADIPOQ in SEV was on the surface or in the
lumen of the vesicle, we treated sEVs with proteinase K both before and after disruption

of the vesicular membrane with Triton X-100. We found that proteinase K was able to
digest the ADIPOQ associated with sEVs both before and after the addition of the detergent
(Figure 7H). Thus, ADIPOQ is a unique marker of SEVs from white adipocytes localized on
the outer membrane of these SEVs, and therefore has the potential to bind to the ADIPOQ
receptors (e.g., AdipoRs, T-cadherin) and affect the targeting of these exosomes/sEVS.

DISCUSSION

Exosomes and other sEVs represent an important means of transport of molecules and
information between cells of the body (Crewe et al., 2018; Thomou et al., 2017; Ying

et al., 2017). These informational molecules include miRNAs, DNAs, and proteins. Here,
we have applied quantitative proteomics to characterize the proteins of the exosomes/sEVs
released by five different cell types that play major roles in the regulation of systemic
metabolism (white and brown adipocytes, hepatocytes, myotubes, and endothelial cells) and
used this dataset to predict the tissue of origin of serum sEV proteins in a lipodystrophic
insulin-resistant mouse model.

We found that although there are common or shared proteins among SEVs, each of these
five cell types releases SEVs containing unique or almost unique proteins that could be
identified by MS and confirmed by immunoblotting. SEVs released by 3T3-L1 white
adipocytes contain 12 unique proteins, including ADIPOQ and CD36; seV from AML12
hepatocytes had 19, including ITGB1 (CD29) and EGFR; sEV from C2C12 myotubes had
67, including SPARC and IGFBP-5; sEVs from endothelial cells had 13, including HSP9O0;
and sEVs from BrAd had 17, including POSTN and THBS1. For some of these, such as
ADIPOQ, the unique presence of the protein in the SEVs reflected the unique presence

Cell Rep. Author manuscript; available in PMC 2022 February 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Garcia-Martin et al.

Page 10

in the cell. In several cases, the relatively high level of the protein in the SEV was not

due to unique or high expression in the cell but to selective sorting of the protein by

the cell for exosomal export. For example, ITGB1/CD29, which serves as a cell surface
receptor for integrin al/a2, was present in the cell bodies of many of the cell types studied
but was highly abundant only in the sEVs from AML12 hepatocytes, indicating a more
effective sorting of this protein into SEVs in hepatocytes compared to the other cell types.
Likewise, POSTN, which functions as a ligand for aVV/p3 and a /@5 integrins and is
involved in the adhesion and migration of epithelial cells, is expressed in multiple cell

types but more efficiently packaged in the SEVs from BrAd than other cells. These data
suggest that the packaging mechanism is selective, not only for the protein to be sorted

but also for the secreting cell type. Selective sorting may be functionally important since
several of these proteins can serve as receptors or ligands for cell surface receptors, thus
serving to target the sEVs to specific cell types that have the complementary protein on their
surface. Protein cargo selection is a complex process that involves different components

of the endosomal route and the plasma membrane, such as endosomal sorting complexes
required for transport (ESCRT) proteins, lectins, syntenin, syndecans, tetraspanins, and even
the specific lipid composition of the plasma membrane (Mathieu et al., 2019; Villarroya-
Beltri et al., 2014). Exactly how certain proteins are more efficiently sorted than others

and how this is regulated in a cell-type-specific manner remains unknown, although
post-translational protein modification, level of polymerization of the protein, and their
interactions with members of the endosomal route may favor its selection into the exosomes
(Moreno-Gonzalo et al., 2014; Yang and Gould, 2013).

One surprising finding of this study is that the “classical” markers of SEV, the tetraspanins
CD9, CD63, and CD81, are not equally abundant in sEVs from all cell types. While sEVs
from muscle have high levels of all three tetraspanins, SEVs from AML12 liver cells were
rich in only CD9 and CD81, and the other three cell types had low levels of all three
tetraspanins. Similar differences in tetraspanin markers have been observed for sEV-released
multiple cell lines (Kugeratski et al., 2021; Saunderson et al., 2008). By contrast, we could
identify six proteins that were almost equally abundant in the sEVs of all five cell types: two
glycolytic enzymes (ENO1, GPI), two protein-binding proteins (HSPA5 and YWHAB), and
two membrane proteins (CSF1R and CNTNZ1). The latter proteins could represent a novel
signature of sEVs. The latter two proteins could also play a role in the docking of the sEV to
target cells or the uptake of SEVs from serum, since they would be predicted to reside in the
membrane of the vesicle.

In addition to the proteins that were unique to each cell type or common to all cell types,
we were able to identify two main types of SEVs based on overlapping protein cargo.
Hepatocytes and myotubes formed one cluster, while endothelium and white and brown
adipocytes formed the second. Considering the very different complement of proteins in
these diverse cell types, the finding of these similarities in the protein content of these

two clusters suggests some conserved protein sorting mechanisms among these two groups.
Almost 20% (63 of 349) of proteins were common between sEVs from hepatocytes and
myotubes, despite the large differences in the protein repertoire of these cells (Wu et

al., 1994; Yaffe and Saxel, 1977). Among the common proteins for this cluster were
multiple members of the serpin superfamily that have a wide range of functions, including
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the inhibition of immune cell-derived proteases (Serpinal, -b, and -3k); the transport of
glucocorticoids, progestin, and thyroxine (Serpina6 and 7); the regulation of coagulation and
fibrinolysis (Serpincl, -d1, and -f2), and the inhibition of complement activation (Serpingl)
(Law et al., 2006; Silverman et al., 2001). The presence of these serpins in SEVs from
muscle and liver suggests a role for these SEVs in the regulation of some of these functions.

The sEVs of endothelial cells and white and brown adipocytes formed the second cluster and
shared 11 proteins that were highly enriched. There were 25 additional proteins shared

by the sEVs of endothelial cells and BrAd and 13 shared by sEVs from brown and

white adipocytes. Among the proteins in this second cluster, several enzymes involved in
carbohydrate metabolism (phosphoglycerate kinase 1 [PGK1], pyruvate kinase isozymes
M1/M2 [PKM], and lactate dehydrogenase B [LDHB]) or the synthesis of fatty acids (ACLY
and FASN) were identified. Previous studies have shown that EVs can transfer enzymes
from one cell type to another and promote the activity of metabolic pathway in the target
cell (Gabriel et al., 2013; Sano et al., 2014; Yoshida et al., 2019; Zhang et al., 2019), and

our data suggest that this may be especially important for sEVs from endothelial cells and
adipocytes.

Identification of proteins that could specifically mark the tissue of origin of circulating
SEVs could be useful in the management and diagnosis of diseases associated with altered
exosomal/sEV profiles, such as various types of cancer, Alzheimer’s disease, or metabolic
diseases (Eguchi et al., 2016; Logozzi et al., 2017; Mariscal et al., 2016; Rajendran et al.,
2006; Saman et al., 2012; Skog et al., 2008). To explore this possibility, we studied serum
SsEVs from AdicerKO. Phenotypically, these mice show a marked loss of WAT, enlargement
and whitening of BAT, insulin resistance and glucose intolerance, and a massive reduction
in circulating SEV miRNAs (Thomou et al., 2017). In the present study, we show that there
is also a change in the proteome of the circulating SEV, and based on the specific proteins
altered, it appears that both white and brown adipose depots, as well as other tissues,
contribute to these differences. The fact that the 3T3-L1-derived SEV proteome paralleled
closely the proteome of sEV released from differentiated SVF-derived adipocytes supports
the idea of using /n vitro cell lines as models for the tissue of origin of SEV in vivo. Thus,
four proteins present in circulating SEV (ADIPOQ, PGAML, Serpinal0, and PCYOX1)
are predicted to represent white fat based on our /in7 vitro analysis, and all of them were
decreased in serum SEVs. Conversely, the one protein predicted to represent SEVs from
BrAd, EFEMP1/fibulin-3, was increased.

Other changes in the serum SEV proteome are more complex. For instance, RBP4 is
produced mainly, but not exclusively, in the liver (Norseen et al., 2012) and was highly
abundant in sEVs from AML12 and C2C12 in the cell-specific proteomic analysis. It is
also increased in the sEVs isolated from the serum of the AdicerKO mice. RBP4 has
been shown to be elevated in the circulation in insulin-resistant states and contributes to
glucose intolerance (Yang et al., 2005). A study by Deng et al. (2009) found that adipose
tissue from obese mice secrete SEVs containing high levels of RBP4, which are capable
of inducing interleukin-6 (IL-6) production in macrophages. High-fat-fed AdicerKO mice
exhibit slightly increased levels of circulating IL-6 (Mori et al., 2014). Thus, the increase
in RBP4 in circulating sSEVs could come from hepatocytes or white adipocyte fat and
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contribute to the metabolic phenotype. In addition, many complement proteins, including
CFH and C3/5/7 and 9, are also upregulated in circulating SEVs of AdicerKO mice.
Increased levels of complement proteins have been previously observed in obesity, insulin
resistance, and type 2 diabetes mellitus (Figueredo et al., 1993; Phieler et al., 2013a, 2013b;
Shim et al., 2020); however, how many of these proteins are free or in SEVS in serum is
unclear. By contrast, serum sEVs in AdicerKO mice have a downregulation of proteins that
are important for oxidative metabolism and iron metabolism. Iron is essential for a variety
of metabolic enzymes of oxygen metabolism (e.g., oxidases, peroxidase, catalases), electron
transfer (cytochromes), and reactions involved in energy metabolism and DNA synthesis
(Ponka, 1999).

One striking finding of this study is the high representation of almost all of the enzymes
involved in the glycolytic pathway in SEVs, especially those from white and brown
adipocytes. The presence of these enzymes in SEVs has been debated. While some studies,
like ours, have found multiple glycolytic enzymes in circulating SEVs (in this case, in the
context of exercise) (Whitham et al., 2018), others have suggested that they are contaminants
present in SEV preparation isolated using a differential UC protocol (Jeppesen et al., 2019).
In our study, not only were these glycolytic enzymes detected by MS-based proteomics and
western blotting but we also found them in 3T3-L1-derived sEVs isolated by UC and UC
combined with SEC, suggesting that their presence in SEVs is not simply contamination. To
what extent these adipose adipocyte-derived proteins play roles in metabolic crosstalk will
require further study; however, PGAM1, which regulates step 8 of glycolysis (Hitosugi et
al., 2012), is significantly downregulated in circulating SEVs of AdicerKO mice.

The insulin sensitizer ADIPOQ is also downregulated in circulating SEVs in AdicerKO
mice. Interestingly, the predominant form of ADIPOQ in sEVs is the HMW form, which is
the most biologically active form (Pajvani et al., 2004). Based on protease sensitivity, this
ADIPOQ is localized on the outer membrane of the SEV, indicating that it could bind to its
receptors AdipoR1/2 or T-cadherin, leading to AMPK activation (Yamauchi and Kadowaki,
2013) or stimulation of endocytosis, followed by vesicle internalization and cargo delivery
(Obata et al., 2018).

In summary, comparison of SEV proteins of five cell types representing the major tissues
involved in diabetes, obesity, and the metabolic syndrome reveals that SEVs from each
cell contain both unique and common proteins, with some of the latter being common

to phenotypically and functionally different cell types, such as hepatocytes and myotubes
or endothelium and white and brown adipocytes, indicating highly regulated sorting
mechanisms present in each cell type. Importantly, the classical SEV markers (i.e., the
tetraspanins) show very different levels in the sEVs of these five cell types, making them
poor markers for the SEVs of these tissues. However, we have identified a set of proteins
homogeneously released in SEVs of all of the cell types examined, which may prove to be
more suitable SEV markers for metabolic disease. Finally, we demonstrate that by using
markers identified in the /n vitro data, we can predict the origin of SEV proteins in body
fluids and how these change in metabolic disease. This could help to improve disease
treatment by creating innovative methods to target only the affected tissue, thus avoiding
possible side effects in healthy organs.
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Limitations of the study

Although we have confirmed that for cells in culture, sequential UC provides an
exosomal/sEV isolate of similar purity to that obtained using an additional purification

step of SEC, we cannot exclude the possibility that traces of abundant circulating proteins
and lipoproteins could co-purify with sEV derived from serum samples. The relatively

small amount of serum that can be obtained from a mouse (350-400 L), together with

the loss of SEVSs in each purification step, however, limits the application of combined
isolation techniques for murine studies. In addition, in the present study, we have shown that
ADIPOQ is present in/on the surface of white adipocyte-derived exosomes/sEVs. While the
primary source of ADIPOQ is adipose tissue, as demonstrated by our work and multiple
studies using ADIPOQ promoter to drive the expression of genes specifically in adipocytes
(Brandao et al., 2020; Crewe et al., 2018; Eguchi et al., 2011; Mori et al., 2014), we cannot
exclude the possibility that some circulating ADIPOQ is adsorbed from serum to the surface
of sEVs derived from other cell types. However, this is likely to be very minor compared to
the direct release of ADIPOQ in white adipocyte-derived SEVs.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources should be directed to and
will be fulfilled by the lead contact, C. Ronald Kahn (c.ronald.kahn@joslin.harvard.edu).

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 partner repository with the dataset
identifier PXD030240.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—Control (AdipoQ-Cre™ Dicer/fly and AdicerkO (AdipoQ-Cre* Dicerf/f) (Mori et
al., 2014) were males and 12 weeks of age in C57BI/6J background. Mice were maintained
at a 12-hr light-dark cycle with ad /ibitum access to tap water and normal chow diet (Mouse
Diet 9F; PharmaServ). At sacrifice, serum and tissues were collected, snap-frozen in liquid
nitrogen, and stored at —80°C. Wild-type 8-10 week-old C57BI/6J male mice (Jackson mice
00664) were used for isolation of preadipocytes (stromal vascular fraction of inguinal fat
pad) and primary hepatocytes as described below. All animal experiments were conducted in
accordance with institutionally review board (IRB) approved protocols.

Cell culture—3T3-L1 cells (ATCC, catalog nr CL-173, male genotype) were grown in
growth medium [DMEM-high glucose (Thermofisher) supplemented with 10% fetal bovine
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serum (Atlas Biologicals), 1% penicillin/streptomycin (Thermofisher) and 0.2% normocin
(Invivogen). For all experiments, cells were grown to full confluence and differentiated
using a differentiation cocktail containing 0.5 mM IBMX, 5 pg/mL insulin and 0.25 pM
dexamethasone in growth medium for 3 days. Thereafter, cells were maintained in growth
medium only supplemented with 5 g/ml insulin for 8 additional days. Brown pre-adipocytes
(BrAd, male genotype) were generated as described previously (Fasshauer et al., 2000) and
grown in DMEM-high glucose, 20% fetal bovine serum, 1% penicillin/streptomycin and
0.2% normaocin. For the experiments, cells were grown to full confluence and differentiated
by supplementing growth medium with 0.5 mM IBMX, 0.125 mM indomethacin, 1 uM
dexamethasone, 20 nM insulin, 1 uM rosiglitazone and 1 nM T3 for 2 days. After that,

cells were grown in culture medium supplemented with 20 nM insulin and 1 nM T3 for

9 more days. AML12 hepatocytes were purchased from ATCC (catalog nr CRL-2254,

male genotype) and grown in DMEM/F12 high glucose, 10% fetal bovine serum, 1%
penicillin/streptomycin and 0.2% normocin supplemented with insulin-transferrin-selenium-
sodium pyruvate mixture (ITS-A, Thermofisher), 2.5 mM L-glutamine (Thermofisher), 15
mM HEPES (Millipore-Sigma) and 40 ng/ml dexamethasone. SVEC endothelial cells and
C2C12 myoblasts were purchased from ATCC (catalog # CRL-2181, male; and CRL-1772,
female, respectively) and cultured in the same growth medium as 3T3-L1 adipocytes. Upon
confluence, C2C12 myoblasts were differentiated by culturing the cells in DMEM-high
glucose supplemented with 2% horse serum, 1% penicillin/streptomycin and 0.2% normocin
for six additional days. All reagents above were purchased from Millipore-Sigma unless
otherwise stated.

METHOD DETAILS

Stromal vascular fraction (SVF) isolation and adipocyte differentiation—Wild-
type C57BI/6J male mice (8-10 weeks old) were anesthetized with avertin. Subcutaneous
inguinal adipose tissue (SWAT) was collected and further digested in isolation buffer (123
mM NaCl, 5 mM KCl, 1.3 mM CaCl,, 5 mM Glucose, 100 mM HEPES, 1% penicillin/
streptomycin and 4% BSA) containing 1.5 mg/mL of collagenase type I (Millipore-Sigma)
for 30 minutes at 37°C. At the end of digestion, 10% FBS was added to stop the reaction.
The stromal vascular fraction containing the preadipocytes was pelleted by centrifuging
once at 1,000 rpm for 5 minutes at room temperature. The supernatant was discarded

and fresh growth medium DMEM high glucose, 20% FBS, 1% penicillin/streptomycin
and 20 mM HEPES was added. Cells were mixed, filtered through 100 pm strainer and
centrifuged again. The supernatant was discarded, and fresh growth medium was added.
Cell viability was assessed by counting number of cells stained with trypan blue (>90%
viability). After isolation, cells were plated, allowed to recover and proliferate for 5 days.
Next, cells were split again (400,000 cells per well in 6 well-plates) and allowed them

to reach 100% confluence before beginning adipocyte differentiation. Each sample was
derived from pooled SVF of 10 mice, plated in five 6-well plates. For differentiation, cells
were incubated in growth media containing 0.5 mM IBMX, 5 pg/mL insulin, 0.25 pM
dexamethasone and 0.5uM rosiglitazone for 2 days, then maintained in growth medium
supplemented with 5 g/ml insulin and 0.5uM rosiglitazone for 8 additional days. At the end
of differentiation, cells were cultured with growth medium only for 24 hours, then washed

Cell Rep. Author manuscript; available in PMC 2022 February 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Garcia-Martin et al.

Page 15

with PBS and incubated in DMEM-high glucose containing 10% exosome-free FBS and 1%
penicillin/streptomycin for 48 h for sEV isolation as described below.

Primary hepatocyte isolation—Wild-type C57BI/6J male mice (8-10 weeks old) were
purchased from Jackson mice (reference 00664) and anesthetized with avertin. The liver was
perfused through the inferior vena cava with PBS-0.5 mM EDTA at a rate of 5 mL/min for

4 minutes followed by a solution of 1.2 mg/mL collagenase type | (Thermofisher) in DMEM
high glucose medium at 5 mL/min for 8 min. The portal vein was cut to allow exit of the
solution. Liver pieces were then shaken in a Petri dish to collect released cells. Hepatocytes
were pelleted by centrifuging twice in FBS-containing DMEM high glucose at 50 g for

90 sec and filtered through a 100 um strainer. Cell viability was assessed by counting
number of cells stained with trypan blue (>90% viability). One million live cells/well were
seeded in collagen pre-coated [overnight, 4°C in collagen-from calf skin (Millipore-Sigma)]
in four to five 6-well plates per sample. Each sample was derived from the liver of one
mouse. The next day, cells were washed and incubated in DMEM-high glucose containing
10% exosome-free FBS and 1% penicillin/streptomycin for 48 hours for SEV isolation as
described below.

Small extracellular vesicle (sEV) isolation—Blood was obtained from mice by
cardiac puncture, let sit in microtainer SST tubes (BD) for 30 min to allow blood
coagulation prior to centrifuging at 12,000 g for 5 min at room temperature. Serum was
directly processed for SEV isolation as described below. All cell lines were grown to

full confluence and differentiated as described above. To collect SEV, cells were washed
with PBS and incubated for 48 hours in exosome-free medium [DMEM-High Glucose
(Thermofisher), 10% exosome-free medium (System Biosciences) and 1% Pen/Strep
(Thermofisher)]. Medium was collected and SEV were isolated by differential centrifugation
protocol (Thery et al., 2006). Briefly, medium was successively centrifuged at 500 g, 4,000
g, and 10,000 g for 10 min. In the case of serum, samples were diluted 4 times with 0.22 um
double-filtered PBS and centrifuged at 10,000 g for 10 min. In both serum- and cell-derived
samples, supernatant from the 10,000 g spin was later filtered (0.22 um) and ultracentrifuged
at 100,000 g for 70 min using a SW-28 rotor. Pellets were washed with PBS and centrifuged
again at 100,000 g for additional 70 min. Pellets (p100) were resuspended in PBS and
subjected either to the TMT-Mass spectrometry procedure, nanoparticle tracking analysis or
protein isolation procedure for immunoblotting. Similarly, cells that produced the SEV were
washed with PBS after the incubation in exosome-free medium and subjected to protein
extraction using RIPA lysis buffer (Millipore-Sigma) for immunoblotting.

For some experiments, SEV samples were subjected to an additional isolation step using
size exclusion chromatography (SEC). Briefly, the sEV pellet obtained after the second
ultracentrifugation at 100,000 g (p100 pellet) was resuspended in 0.5 mL PBS and loaded
onto a resin column (gEV 70 nm pore size, polysaccharide resin, iZON). The flow-through
was collected in 30 fractions of mL each. An aliquot of each fraction was used for

particle concentration determination by nanoparticle tracking analysis (NTA). For protein
determination, some fractions were pooled and concentrated using Amicon centrifugal
filters (>3 KDa, Millipore-Sigma), as initial protein concentrations were low. All samples
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were also subjected to immunoblotting for CD63 and CD9. Two peaks of protein were
identified: one, the SEV-SEC, corresponded to fractions 7-10, where most of the vesicles
were identified by NTA and samples were positive for CD63 and CD9; and the other,

the non-vesicular (NV-SEC) from fractions 17 to 24 having no vesicles by NTA and

no CD63/CD9 signal by immunoblotting. For the proteomic study, new freshly prepared
SEV-p100 and sEV-SEC samples were isolated. SEV-SEC fractions were concentrated using
Amicon 100K centrifugal units (Millipore-Sigma), and both type of samples (SEV-p100 and
SEV-SEC) were subjected to mass spectrometry as described below.

Quantitative mass spectrometry analysis

a) Comparative analysis of the sV proteome from five cell types: 3T3-L1,
AML12, C2C12, SVEC and BrAd

a.l) Sample preparation: Samples were prepared as previously described (Weekes et
al., 2014) with some modifications. SEV were lysed in 8 M Urea, 1% SDS, 50 mM

Tris pH 8.5 with cOmplete Protease and PhosStop Phosphatase inhibitor cocktail tablets
(Roche) and protein content was measured by micro-BCA assay (Thermofisher). Proteins
were reduced and alkylated as previously described (Weekes et al., 2014). Protein was
precipitated using methanol/chloroform. Four volumes of methanol were added to lysate,
followed by one volume of chloroform, and three volumes of water. The mixture was
vortexed and centrifuged to separate the chloroform phase from the aqueous phase. The
precipitated protein pellet was washed with one volume of ice-cold methanol and allowed to
air dry. Precipitated proteins were resuspended in 4 M Urea, 50 mM Tris pH 8.5. Proteins
were first digested with LysC (1:50; enzyme:protein, Wako) for 12 hours at 25°C.

Samples were diluted in 1 M Urea and 50 mM Tris pH 8.5 and digested with trypsin (1:100;
enzyme:protein, Thermofisher) for another 8 hours at 37°C. Peptides were desalted using a
C18 solid phase extraction cartridges as previously described (Weekes et al., 2014). Dried
peptides were resuspended in 200 mM EPPS, pH 8.0. Peptide quantification was performed
using the micro-BCA assay (Pierce). 50 ug of peptide from each sample was labeled with
tandem mass tag (TMT10) reagents (1:4; peptide:TMT label) (Thermo Fisher) for 2 hours

at 25°C. Modification of tyrosine residue with TMT was reversed by the addition of 5%
hydroxyl amine for 15 minutes at 25°C. The reaction was quenched with 0.5% TFA and a
small aliquot of equal volumes of each sample was combined to serve as an internal standard
and to check for TMT labeling efficiency and total signal to noise per channel. Final samples
were combined to equalize total TMT signal to noise across all channels and desalted on a
C18 solid phase extraction cartridge.

a.2) Liquid chromatography-MS3 spectrometry (LC-MS/MS): TMT10 multiplexed
samples were analyzed with an LC-MS3 data collection strategy (McAlister et al., 2014) on
an Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific) equipped with a Proxeon
Easy nLC 1000 for online sample handling and peptide separations. Approximately 5 ug of
peptide resuspended in 5% formic acid +5% acetonitrile was loaded onto a 100 pm inner
diameter fused-silica micro capillary with a needle tip pulled to an internal diameter less
than 5 um. The column was packed in-house to a length of 35 cm with a C18 reverse

phase resin (GP118 resin 1.8 um, 120 A, Sepax Technologies). The peptides were separated
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using a 180 min linear gradient from 3% to 25% buffer B (100% ACN + 0.125% formic
acid) equilibrated with buffer A (3% ACN + 0.125% formic acid) at a flow rate of 600
nL/min across the column. The scan sequence for the Fusion Orbitrap began with an MS1
spectrum (Orbitrap analysis, resolution 120,000, 400-1400 m/z scan range, AGC target 2
x 106, maximum injection time 100 ms, dynamic exclusion of 90 seconds). The “Top10”
precursors were selected for MS2 analysis, which consisted of CID (quadrupole isolation
set at 0.5 Da and ion trap analysis, AGC 8 x 103, NCE 35, maximum injection time

150 ms). The top ten precursors from each MS2 scan were selected for MS3 analysis
(synchronous precursor selection), in which precursors were fragmented by HCD prior to
Orbitrap analysis (NCE 55, max AGC 1.5 x 105, maximum injection time 150 ms, isolation
window 2.5 Da, resolution 60,000.

Because we had 27 samples in total, we equally distributed them based on their source for
each 10-plex. For each 10 plex, we chose two control mouse serum sV, two AdicerKO
serum SEV and one sample for each of the five cell lines SEV (n = 9). To be able to combine
and analyze the data from three different 10-plexes, we used a mix of all our 27 samples and
ran it in all 3 x 10plexes.

b) Analysis sEV proteome to compare primary vs immortalized cells and UC
vs UC+SEC

b.1) Sample preparation: Exosome samples were reduced with 5 mM DTT for 30 min,
alkylated with 10 mM lodoacetamide for 30 minutes in the dark and quenched with 10 mM
DTT for 15 mins. Protein was TCA-precipitated prior to protease digestion. The pellet was
re-suspended in 200 mM EPPS, 8 M Urea (pH 8.0) by vortexing. The samples were digested
by shaking overnight at room temperature with Lys-C protease at a 50:1 protein-to-protease
ratio. Trypsin was then added at a 50:1 protein-to-protease ratio, and the reaction was
incubated on a shaker for 6 h at 37°C. The digestion process was quenched with TFA.
Acidified digested peptide were desalted over C18 stage tip following protocol described
before (Ong et al., 2002).

Six dried, desalted peptides samples were reconstituted with 200 mM EPPS buffer, pH 8.0
and labeled with their respective first 13 of the 16-plex tandem mass tag (TMTPro) reagent.
The labeling reactions were performed for 1 hour at room temperature. Modification of
tyrosine residues with TMT was reversed by the addition of 5% hydroxyl amine for 15 min,
and the reaction was quenched with 0.5% TFA. Samples were combined, further desalted
over stage-tip, eluted into an Autosampler Inserts (Thermo Scientific), dried in a speedvac,
and reconstituted with 5% acetonitrile-5% TFA for MS analysis.

b.2) Liquid chromatography-MS2 spectrometry (LC-MS/MS): A labeled peptide sample
from previous step was analyzed with an LC-MS2 data collection strategy on an Orbitrap
Fusion Lumos Tribird mass spectrometer (Thermo Fisher Scientific) equipped with a
Thermo Easy-nL.C 1200 for online sample handling and peptide separations. Resuspended
peptide samples were loaded onto a 100 um inner diameter fused-silica micro capillary
with a needle tip pulled to an internal diameter less than 5 um. The column was packed
in-house to a length of 35 cm with a C18 reverse phase resin (GP118 resin 1.8 um, 120
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A, Sepax Technologies). The peptides were separated using a 180 min linear gradient from
5% to 32% buffer B (90% ACN + 0.1% formic acid) equilibrated with buffer A (5% ACN
+ 0.1% formic acid) at a flow rate of 550 nL/min across the column. The scan sequence
for the Fusion Lumos Orbitrap began with an MS1 spectrum (Orbitrap analysis, resolution
120,000, 400 — 1500 m/z scan range, 250% normalized AGC target, maximum injection
time 60 ms, dynamic exclusion of 180 seconds). The instrument was operated in “Top
Speed” mode with 3 second cycle time, selecting precursors for HCD MS2 analysis in the
orbitrap, with quadrupole isolation set at 0.5 Da, normalized AGC 250%, Collision Energy
35%, maximum injection time 150 ms, resolution 50,000).

For these proteomic studies, we had 12 sEV samples (two biological replicates for each
condition) derived from primary vs immortalized cells and SEV isolated by differential
ultracentrifugation vs differential ultracentrifugation combined with size exclusion column.
A mix of all the samples was added as one sample to each plex and used to normalize the
data. In total we had 13 samples and a single 16-plex was enough to perform the experiment.

c) Mass spectrometry data analysis: A suite of in-house software tools was used to

for .RAW file processing and controlling peptide and protein level false discovery rates,
assembling proteins from peptides, and protein quantification from peptides as previously
described (Li et al., 2020). Peptide spectral matches were filtered to a 1% false discovery
rate (FDR) using the target-decoy strategy combined with linear discriminant analysis.
MS/MS spectra were searched against a Uniprot Mouse database with both the forward
and reverse sequences. Database search criteria are as follows: tryptic with two missed
cleavages, a precursor mass tolerance of 50 ppm, fragment bin tolerance of 0.02, static
alkylation of cysteine (57.02146 Da), static TMT labeling of lysine residues and N-termini
of peptides (304.2071 Da), and variable oxidation of methionine (15.99491 Da). TMT
reporter ion intensities were measured using a 0.003 Da window around the theoretical m/z
for each reporter ion. Proteins with <200 summed signal-to-noise across all channels and
<0.5 precursor isolation specificity were excluded from the final dataset. The proteins were
filtered to a <1% FDR.

Immunoblotting—sEV and cells were resuspended in RIPA lysis buffer (Millipore-Sigma)
and incubated on ice for 20 min prior to centrifugation at 12,000 g for 10 min. Supernatants
were used for western blotting in SDS-PAGE electrophoresis. Protein concentration

was determined by a BCA kit (Thermofisher). The following antibodies were used:
ADIPOQ (AB3269P, Millipore-Sigma), CD36 (ab133625, Abcam), HSP90alpha (PA3-013,
Thermofisher), POSTN (ab14041, Abcam), PGAM1/4 (sc-376638, Santa Cruz); THBS1
(14778, Cell Signaling), ITGB1 (4706, Cell Signaling), EGFR (2232, Cell Signaling),
SPARC (8725, Cell Signaling), IGFBP5 (AF578, R&D systems), CD9 (ab92726, Abcam),
CD63 (ab68418, Abcam), CANX (ab22595, Abcam) and FASN (ab22759, Abcam). Given
the large difference in the abundance for some of the proteins among different cell types,
some of the blots were overexposed to show the signal in as many cell types as possible.
Because of this, in some cases, the signal is beyond the linear range, and thus the
quantification might not be absolutely accurate. Band intensity quantification was performed
using ImageJ software (NIH).
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Adiponectin enzyme-linked immunosorbent assay (ELISA)—Serum from 12-
week-old AdicerKO and control mice were isolated as described above with some
modifications. Briefly after serum isolation by using microtainer SST tubes, an aliquot

of serum was separated and frozen (serum samples). The rest proceeded to PBS dilution
and centrifugation at 10,000 g for 10 min. The supernatant was filtered with 0.22 um filter
and centrifugated at 100,000 g for 70 min. The supernatant was concentrated by using

two Amicon Ultra-15 Centrifugal Filter Unit 3K columns per sample (Millipore-Sigma)
and centrifuging at 4,000 g for 1 h at 4°C prior to freezing (SEV-free serum samples;
approx. final volume was 500 uL from both filters together). Pellets from the 100,000

g centrifugations were resuspended in 400 uL PBS and frozen (SEV samples). For the
adiponectin ELISA, we used a total adiponectin ALPCO ELISA kit (catalog nr. 47-ADPMS-
E01) and followed manufacturer’s instructions. All samples were subjected to protein
determination by BCA assay (Thermofisher). Serum samples required 1/100 dilution for the
adiponectin ELISA. Aliquots from sEV-free samples containing the same amount of protein
than serum samples were prepared and diluted similarly 1/100 prior the ELISA assay. In

the case of sEV, samples were incubated with RIPA lysis buffer for 30 min on ice to open
up vesicles and run BCA assay, and 50 uL were used for the ELISA. For the calculations,
adiponectin values were normalized by the protein content measured by BCA assay.

Nanoparticle tracking analysis—EV concentration and size distribution was
determined by the dynamic light scattering technology in a Nanosight LM10 (Malvern
Panalytical) at the Nanosight Nanoparticle Sizing & Quantification Facility at Massachusetts
General Hospital (Charlestown, MA). The script was programmed to take 4 videos for 30 s
each for every sample. The final size and concentrations were determined as the average of
the 4 quantifications.

Electron microscopy—sEV preparations resuspended in PBS were kept on ice without
freezing and submitted to the Electron Microscopy Facility at Harvard Medical School
(Boston, MA). For the negative staining of the vesicles, 5 pl of the sample was adsorbed for
1 minute to a formvar/carbon coated grid. Excess liquid was blotted off with a filter paper
(Whatman #1), floated on a drop of water to wash away phosphate or salt, blotted again

on a filter paper and stained with 0.75% uranyl formate for 30 seconds. After removing

the excess uranyl formate with a filter paper, the grids were examined in a JEOL 1200EX
transmission electron microscope and images were recorded with an AMT 2k CCD camera.
For the CD63 and adiponectin immunostaining, 5 pl of the sample was adsorbed to a
carbon coated grid. After blocking with a 1% bovine serum albumin (BSA) solution, grids
were incubated with a primary antibody against CD63 (BioLegend 143901, 1:20 dilution)
and adiponectin (AB3269P, Millipore-Sigma, 1:40 dilution) for 30 min, washed, and later
incubated with a rabbit anti-mouse bridging antibody in 1% BSA (Abcam ab6709, 1:50
dilution) for 20 min. After another wash, grids were incubated with a Protein-A gold 10 nm
in 1% BSA (University Medical Center Utrecht, the Netherlands, 1:50 dilution) for 20 min
prior to more washing steps. Samples were stained afterwards with 0.75% uranyl formate
and examined as the negative staining described above.
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Proteinase treatment—Serum sEV were resuspended in PBS, treated with either 100
pg/mL of recombinant, PCR grade, Proteinase K (Millipore-Sigma), 0.5% v/v Triton-X100,
or both for 15 minutes on ice. After treatment, all samples were incubated with ImM PMSF
proteinase inhibitor (Biotool) for 15 minutes, before undergoing western blotting protocol.

QUANTIFICATION AND STATISTICAL ANALYSIS

For experiments using cell lines, biological replicates were considered cells growing and
being treated/differentiated in different plates and their released exosomes/sEV isolated in
different tubes and analyzed separately. In addition, many experimental procedures were
performed, and the different biological replicates were collected on separate days or at
different times of the day to assure reproducibility of results.

For the analysis of the TMT-Mass Spectrometry results of mouse- and the five cell type-
derived sEV (3T3-L1, AML12, C2C12, SVEC and BrAd), each 10-plex consists of 9
samples (2 control mouse serum SEV, 2 AdicerKO serum sEV, and one sEV samples

derived from each of the five cell types) and a bridge channel created by pooling material
from all 27 experimental samples to be used for normalization across 10-plexes. From the
initial 431 proteins identified, 82 were filtered out as not being found in at least two of

the three replicates, leading to a total number of 349 different SEV proteins. To discover
differential SEV protein expression, we used Limma, an R package for linear modeling that
powers differential expression analyses (Ritchie et al., 2006), and a false discovery rate
(FDR) < 0.25 (cells in vitro) and FDR < 0.05 (mouse data). For the cell types, bar graphs
were normalized to the 3T3-L1 value as 1. For the TMT-Mass Spectrometry of primary
cells-sEV and SEC-derived SEV, we used a single 16-plex filled with: 2 x 3T3-L1 UC

SEV, 2 x 3T3-L1 UC+SEC, 2 x AML12 UC sEV, 2 x AML12 UC+SEC sEV, 2 x primary
adipocytes UC sEV, 2 x primary hepatocytes UC sEV and a mixed sample by pooling all
these 12 samples for normalization. For the pathway analysis, peptides were annotated to the
MSigDB database (UCSD, San Diego, CA; Broad Institute, Cambridge, MA) and compared
to our whole dataset as background by Gene Ontology (GO) cellular component (CC) and
biological process (BP). Repetitive terms were filtered out of the GO analyses. To identify
proteins similarly abundant in SEV from all cell types, the peptides with smallest variance of
expression between cell types were selected. The subcellular protein location was extracted
from Compartments database (Binder et al., 2014) with a confidence = 4. Statistical analysis
of comparisons between more than two groups was performed using One-way Analysis of
Variance (ANOVA) followed by Bonferroni post hoc T-test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Different cell types release unique patterns of exosomal/sEV proteins

SEV markers, like tetraspanins, vary in abundance in sV of different cell
types

In vitro SEV proteome can serve to predict tissue-of-origin of circulating sEV
in vivo

Adiponectin is an adipose tissue-specific SEV marker
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Figure 1. Experimental design and characterization of SEVs released by each cell type
(A) Diagram representing the experimental model. Differentiated white adipocytes (3T3-

L1), differentiated immortalized brown adipocytes (BrAd), differentiated C2C12 myotubes,
hepatocytes (AML12), and endothelial cells (SVEC) were cultured in exosome-free medium
for 48 h and sEVs were collected by differential centrifugation. Protein was isolated and
equal amount from each cell type was subjected to a quantitative proteomics based following
TMT labeling.

(B) Representative electron microscopy images from sEVs isolated from each cell type.
Scale bar, 500 nm in the low-magnification pictures (larger squares, above) and 200 nm in
the higher-magnification pictures (smaller squares, below).

(C) Number of sEVs released by each cell type normalized by the number of cells in

the culture plates from which the vesicles were collected. For 3T3-L1 cells, the value
corresponds to the average of 4 different clones.
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(D) Protein concentration determined by bicinchoninic acid (BCA) of the SEVSs released to
the culture medium by each cell type and normalized by the number of cells present in the
culture plates.

Data are expressed as means + SEMs; n = 4. *p < 0.05 between indicated cell type and the
other 4, ***p < 0.001 between the indicated cell type and the other 4.
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Figure 2. Proteomic patterns observed in the isolated sEVs
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(A) Principal-component analysis (PCA) of the SEV proteome by each cell type showing 2
distinct clusters: hepatocytes/myotubes and endothelium/white adipocytes/brown adipocytes.
This and all of the subsequent figures are based on 3 biological replicates for SEVs of each

cell type.

(B) Heatmap showing some proteins characteristic of each cluster found in the PCA
depicted in (A): 12 proteins were enriched in SEV derived from AML12 hepatocytes and

C2C12 myotubes, 6 proteins were enriched in SEV from 3T3-L1 adipocytes and BrAd, and
11 proteins were significantly enriched in sEV from SVEC endothelial cells, 3T3-L1 white

adipocytes, and BrAd brown adipocytes.

(C) Venn diagram showing the number of unique proteins significantly enriched in the sEVs

from each cell type and their combinations. The number in the center represents those
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proteins present at similar levels in the SEVs from all of the cell types. The total number of
unique proteins is 349. FDR < 0.25.

(D) Heatmap showing the top-10 proteins significantly enriched in the sEVs from each cell
type in specific.
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Figure 3. Glycolytic enzymes are enriched in adipocyte-derived SEVs
(A) The glycolytic pathway scheme showing the enzymes involved at each step, their

substrates, and their products. In blue are the enzymes found in the sEVs in our experiments.
(B) Bar graphs for the sEV relative abundance in the proteomics study in each of the
indicated cell types. Data are expressed as means + SEMs. *p < 0.05 versus all other cell

types (n = 3).
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Figure 4. Tetraspanins are not equally expressed in sEVs from different cell types
Identification of other potential SEV markers.

(A) Bar graphs for the sEV abundance of CD9 (left), CD63 (center), and CD81 (right)
obtained from the proteomics study (n = 3).

(B) Representative immunoelectron microscopic images for CD63 of vesicles isolated from
C2C12 (up) and SVEC (down). Scale bar, 100 nm. Arrows indicate CD63" signal.

(C) Immunoblotting for CD9 in sEVs (upper blot) and cell bodies (lower blot) from the
indicated cell types.

(D) Bar graphs for the SEV relative abundance given by the proteomics study in the
indicated cell types of heat shock family A member 5 (HSPA5, also known as HSP70 or
BiP), 14-3-3 protein beta/alpha (YWHAB), colony-stimulating factor 1 receptor (CSF1R),
and contactin-1 (CNTN1).

Data are expressed as means + SEMs. n = 3 for SEV samples and n = 4 for cell samples. *p
< 0.05 versus all other cell types.
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Figure 5. Immunoblotting of sEV markers for each cell type
Immunoblotting (above) in SEVs (upper panel) and cell bodies (lower panel) and bar graphs

from proteomics study (below) from the indicated cell types for adiponectin (ADIPOQ) (A),
integrin b1 (ITGB1) (B), secreted protein acidic and cysteine-rich (SPARC) (C), heat shock
protein 90AAL (HSP90) (D), and periostin (POSTN) (E). Data are expressed as means *
SEMs. *p < 0.05 versus all other cell types (n = 3 for sEV and n = 4 for cell samples).
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Figure 6. Changes in serum sEV protein profile in AdicerKO mice
(A) Diagram representing the experimental model. Serum from random-fed control

(ADIPOQ-Cre~ Dicerf/fy and adipose tissue-specific Dicer knockout mice (AdicerkO,
ADIPOQCre* Dicerf/fy was collected, and sEVs were isolated. Equal amounts of protein of
each were then subjected to quantitative proteomics using the TMT-labeling technique.

(B) Heatmap showing the 86 proteins significantly regulated (FDR < 0.05) in the SEVs from
AdicerKO versus control.

(C) Top 10 upregulated biological processes determined by Gene Ontology (GO) from the
40 sEV proteins upregulated in the serum from AdicerKO compared to control mice (FDR <
0.01).

(D) Relative abundance by the proteomics assay for selected upregulated proteins in
AdicerKO compared to control mice (n = 6).
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(E) Top 10 downregulated biological processes from the 46 downregulated SEV proteins
determined by GO in the serum from AdicerKO mice compared to control mice (FDR <
0.01).

(F) Relative abundance measured by the proteomics assay of selected downregulated
proteins in AdicerKO compared to control mice (n = 6).

Data are expressed as means + SEMs. *p < 0.05 AdicerKO-versus control-derived SEVSs.
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Figure 7. High-molecular-weight ADIPOQ is downregulated in SEV from AdicerKO mice
(A) Venn diagram representing the intersection of the 86 differentially regulated SEV

proteins from AdicerKO vs control (large circle) with the 12 white adipocyte 3T3-L1
derived (left circle) and 17 BrAd derived (right circle) from our /n vitro comparative
proteomics.

(B) Heatmap showing the protein abundance in sEVs from AdicerKO and control sera for
the 5 SEV proteins predicted to be derived from adipocytes.

(C) Western blot for EFEMP1/fibulin-3 (up) and PGAM1 (down) in brown adipose tissue
(BAT) (n = 4 for control and 5 for AdicerKO) and subcutaneous inguinal white adipose
tissue (SWAT) (n = 5 for control and AdicerKO).

(D) Protein quantification from the blots depicted in (C) (n = 4 for control and n = 5 for
AdicerKO for BAT and n = 5 for control and AdicerKO for SWAT).
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(E) Representative immunoelectron microscopic images for ADIPOQ in serum SEVs. Scale
bar, 200 nm in both pictures.

(F) ADIPOQ levels detected by ELISA in serum, SEV-free serum, and SEVs, from
AdicerKO and control mice (n = 5).

(G) ADIPOQ western blot from serum, sEV-free serum, and isolated sEV from control (Ctl)
and AdicerKO (KO) mice. HMW indicates high molecular weight ADIPOQ, while MMW
refers to medium molecular weight ADIPOQ. Samples were pooled: wild type (WT) n =2
and AdicerKO n = 3 (3 animals per sample).

(H) sEVs were isolated and left untreated (first lane) or treated with either 100 pg/mL
recombinant proteinase K or 0.5% v/v Triton X-100, or both (representative of 2
independent experiments).

SDS gels for experiments shown in (G) and (H) were performed under non-reducing
conditions. Ponceau staining was used to normalize the tissue abundance of EFEMP1/
fibulin-3 and PGAML1 (Figure S7F). Data are expressed as means £ SEMs. *p < 0.05 versus
all other cell types.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Adiponectin Millipore-Sigma Cat#: AB3269P; RRID:AB_2273529
CANX Abcam Cat#: ab22595; RRID:AB_2069006
CD9 Abcam Cat#: ab92726; RRID:AB_10561589
CD36 Abcam Cat#: ab133625; RRID:AB_2716564
CD63 (immunoblotting) Abcam Cat#: ab68418; RRID:AB_10563972
CD63 (electromicroscopy) BioLegend Cat#: 143901; RRID:AB_11203908
EGFR Cell Signaling Cat#: 2232; RRID:AB_331707
FASN Abcam Cat#: ab22759; RRID:AB_732316
HSP90alpha Thermofisher Cat#: PA3-013; RRID:AB_2120934
IGFBP5 R&D Sytems Cat#: AF578; RRID:AB_2123485
ITGB1 Cell Signaling Cat#: 4706; RRID:AB_823544
Periostin Abcam Cat#: ab14041; RRID:AB_2299859
Pgam1/4 Santa Cruz Cat#: sc-376638; RRID:AB_11150476
SPARC Cell Signaling Cat#: 8725; RRID:AB_10860770
Thrombospondin-1 Cell Signaling Cat#: 14778

Goat anti-rabbit 1gG (H+L)-HRP conjugate BioRad Cat#: 1706515; RRID:AB_11125142
Rabbit Anti-Mouse 1gG H&L Abcam Cat#: ab6709; RRID:AB_956006

Sheep anti-mouse-HRP conjugate

GE Healthcare

Cat#: NA931V; RRID:AB_772210

Chemicals, peptides, and recombinant proteins

Auvertin (2,2,2-Tribromoethanol) Millipore-Sigma Cat#: T48402
Collagenase type-I Thermofisher Cat#: 17100017
Collagen from calf skin Millipore-Sigma Cat#: C8919

IBMX (3-1sobutyl-1-methylxanthine) Millipore-Sigma Cat#: 15879
Indomethacin Millipore-Sigma Cat#: 17378

Insulin Millipore-Sigma Cat#: 19278

ITS-A Thermofisher Cat#: 51-300-044
LysC (Lysyl Endopeptidase) Fujifilm-Wako Cat#: 125-05061
Rosiglitazone Millipore-Sigma Cat#: R2408

T3 [3,3",5-Triiodo-L-thyronine] Millipore-Sigma Cat#: T6397

Trypsin Thermofisher Cat#: 90058

Critical commercial assays

Mouse HMW & Total Adiponectin ELISA ALPCO Cat#: 47-ADPMS-EO01
Deposited data

Raw mass spectrometry data This paper Accession number PXD030240

Experimental models: Cell lines
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REAGENT or RESOURCE SOURCE IDENTIFIER
3T3-L1 ATCC Cat#: CL-173
AML12 ATCC Cat#: CRL-2254
C2C12 ATCC Cat#: CRL-1772
SVEC ATCC Cat#: CRL-2181
BAT Fasshauer et al. (2000) N/A

Experimental models: Organisms/strains

Mouse: Adiponectin-Cre Dicer floxed Mori et al. (2014) N/A
Mouse: C57BL/6J wild-type Jackson mice No. 000664
Software and algorithms

Excel Microsoft N/A
Biorender https://biorender.com/  N/A
Gen5v3.11.19 Biotek N/A

NTA v3.2 Malvern Panalytical N/A
GraphPad Prism v8 GraphPad software N/A

R software v4 R project N/A

SPSS v20 IBM N/A

Word Microsoft N/A

Other

Microtainer capillary blood collectors BD Cat#: 365967

SW28 rotor

gEVoriginal / 70nm

Nanosight LM10

Orbitrap Fusion Lumos Tribrid Mass Spectrometer
Open-Top Thickwall Polycarbonate Tube

Amicon Ultra-0.5 3K Centrifugal Filter Unit
Amicon Ultra-2 100K Centrifugal Filter Unit

Beckman Coulter
iZON

Malvern Panalytical
Thermofisher
Beckman Coulter
Millipore-Sigma
Millipore-Sigma

Cat#: 342207
SP1
N/A

Cat#: IQLAAEGAAPFADBMBHQ

Cat#: 355631
Cat#: UFC500324
Cat#: UFC210024
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