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depleted from exosomes in CD81-deficient cells.

\_

(Bacl(ground: Tetraspanin-enriched microdomains (TEM) are ubiquitous specialized membrane platforms enriched in
Results: Intracellular TEM interactome accounts for a great proportion of the exosome proteome. Selected CD81 ligands are

Conclusion: Insertion into TEM may be necessary for protein inclusion into exosomes.
Significance: Exosome cargo selection remains largely unexplored. TEM may be specialized platforms to route exosome components.
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Extracellular vesicles are emerging as a potent mechanism of
intercellular communication because they can systemically
exchange genetic and protein material between cells. Tetraspanin
molecules are commonly used as protein markers of extracellular
vesicles, although their role in the unexplored mechanisms of cargo
selection into exosomes has not been addressed. For that purpose,
we have characterized the intracellular tetraspanin-enriched
microdomain (TEM) interactome by high throughput mass spec-
trometry, in both human lymphoblasts and their derived exo-
somes, revealing a clear pattern of interaction networks. Proteins
interacting with TEM receptors cytoplasmic regions presented a
considerable degree of overlap, although some highly specific
CD81 tetraspanin ligands, such as Rac GTPase, were detected.
Quantitative proteomics showed that TEM ligands account for a
great proportion of the exosome proteome and that a selective rep-
ertoire of CD81-associated molecules, including Rac, is not cor-
rectly routed to exosomes in cells from CD81-deficient animals.
Our data provide evidence that insertion into TEM may be neces-
sary for protein inclusion into the exosome structure.

Tetraspanin-enriched microdomains (TEM)? are ubiquitous
specialized membrane platforms (1) formed by the engagement
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of tetraspanins in molecular associations with lipids (2) and
selected transmembrane proteins, mostly integrins, immuno-
globulin-superfamily receptors, and metalloproteinases (1-3).
In addition to the regulation of intracellular trafficking, inser-
tion of receptors in TEM increases their local concentration at
the membrane, which is crucial for adhesion processes during
sperm-egg fusion, embryo development, immune system acti-
vation, and extravasation of immune or tumor cells (1). Differ-
ent pathogens, such as hepatitis C, HIV and papilloma virus, or
malaria-causing parasite, use TEM as entry gateways, intracel-
lular reservoirs, or export routes (1).

Tetraspanin molecules are routinely used as protein markers
of extracellular vesicles (EVs), such as exosomes or ectosomes,
and regulate the internalization and recycling of associated
receptors (4). Extracellular vesicles are emerging as a novel
mechanism of intercellular communication (5), being involved
in antigen presentation, antitumor immunity, and pathogen
transmission (6). These vesicles carry genetic material, mRNA
or microRNA (7-9), enabling their horizontal transfer between
cells (7, 8, 10, 11) and acting as natural nanocarriers with a
potential systemic distribution. However, little is known on
how specific receptors or nucleic acids are routed to be
exported into EVs. The expression in EVs of tetraspanins CD82
and Tspan8 confers them tumorigenic and angiogenic capacity
(12, 13); however, the putative structural role of TEM in the
unexplored process of cargo selection into exosomes has not
been addressed.

Most studies on tetraspanins have emphasized their role as
scaffolds of membrane microdomains, and some high through-
put proteomic analyses of their associations at the membrane
have been conducted (14). However, emerging evidence sug-
gests that tetraspanins might also connect receptors to signal-

Analysis; NTA, Nanoparticle Tracking Analysis; RP-HPLC-LIT, reverse phase-
HPLC-linear ion trap; FDR, false discovery rate.
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ing cascades and the cytoskeleton. In this regard, the intracel-
lular regions of tetraspanins are usually short, with no
conserved features. The C-terminal regions of some tetraspan-
ins have a net basic charge (15); others contain a PDZ-binding
motif (16) or canonic internalization sequences (17, 18).
Although it has been described that some tetraspanins associ-
ate with type-II phosphatidylinositol 4-kinase (19), activated
PKC (20), 14-3-3 (21), syntenin-1 (16), or ERM proteins (ezrin,
radixin, and moesin) (15), the identity of intracellular tetraspa-
nin partners is still very incompletely defined.

In this work, we have used a collection of peptide ligands
containing the intracellular C-terminal region of a representa-
tive set of tetraspanins and some tetraspanin-associated recep-
tors and have performed a systematic characterization of intra-
cellular TEM interactome in human lymphoblasts and their
derived exosomes. Our results demonstrate that TEM ligands
form a network of interactions and that this network accounts
for a great proportion of the exosomal proteome, suggesting
that TEM play a pivotal role in stabilizing the exosomal struc-
ture. Moreover, using CD81-deficient mice, we demonstrate by
high throughput quantitative proteomics that depletion of this
tetraspanin diminishes the concentration in exosomes of some
of their associated partners in the network, thus providing evi-
dence that TEM may play a role in defining the protein content
of EVs.

EXPERIMENTAL PROCEDURES

Cell Cultures—Human primary lymphoblasts were obtained
from peripheral blood lymphocytes of healthy donors by PHA/
IL-2 stimulation. Mouse lymphoblasts were obtained from
C57BL6 wt or CD81-KO animals (kindly provided by S. Levy,
Stanford University). Splenocytes were stimulated with 2
pg/ml concanavalin A (Sigma) for 36 h and further cultured for
7 d.

Extracellular Vesicle Isolation and Quantification—For
extracellular vesicle preparation, donor primary lymphoblast
cells were cultured in RPMI 1640 supplemented with 10% FBS
(depleted of bovine exosomes by overnight centrifugation at
100,000 X g). Cell supernatants were subjected to consecutive
filtration and ultracentrifugation (100,000 X g) steps (6, 11),
and the vesicles obtained were assessed by negative staining
transmission electron microscopy. Extracellular vesicles were
counted and sized by Nanoparticle Tracking Analysis (NTA)
with Nanosight LM10 and NTA 2.3 Software (Nanosight, Wilt-
shire, UK).

Antibodies—Anti-ERM (90:3) has been described previously
(15). Anti-filamin, anti-a-actinin, anti-nucleolin, and anti-f-
actin antibodies were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA), and anti-Rac1/2 and anti EF-1a were
from Millipore (Billerica, MA).

Pulldown Assay—Biotinylated peptides with the following
sequences were obtained from Ray Biotech, Inc. (Norcross,
GA): CD147, biotin-SGSG-KRRKPDQTLDEDDPGAAPLK-
GSGHHMNDKDKNRQRNAT; CD69, MSSENCFVAENSSL-
HPESGQENDATSPHFSTRHEGSFQ-GSGSK-biotin; CD151,
biotin-SGSG-YRSLKLEHY; CD81, biotin-SGSG-CCGIR-
NSSVY; EWI-2, biotin-SGSG-CCFMKRLRKR; ICAM-1, bio-
tin-SGSG-RQRKIKKYRLQQAQKGTPMKPNTQATPP; VCAM-
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1, biotin-SGSG-RKANMKGSYSLVEAQKSKYV; ICAM-3,
biotin-REHQRSGSYHVREESTYLPLTSMQPTEAMGEEPSRAE;
CD9, biotin-SGSG-CCAIRRNREMV; CCR7, biotin-KFRN-
DLFKLFKDLGCLSQEQLRQWSSCRHIRRSSMSVEAETTTT-
FSP; CXCR4, biotin-KFKTSAQHALTSVSRGSSLKILSKG-
KRGGHSSVSTESESSSFHSS. Each peptide (30 nmol) was cou-
pled to 40 ul of streptavidin-Sepharose microbeads (GE
Healthcare). Bound beads were incubated with total cell lysate
or exosome extract for 60 min and washed three times in lysis
buffer and 10 times in 50 mm ammonium bicarbonate, pH 8.8.
Isolated proteins were then processed for digestion and peptide
identification or Western blot.

Electron Microscopy—For electron microscopy, cell pellets
were fixed in situ with 2% glutaraldehyde (Sigma) and 4% para-
formaldehyde and embedded in epoxy resin (TAAB Laborato-
ries). Ultrathin sections were counterstained with uranyl ace-
tate and lead citrate and viewed under a Jeol JEM-1010 electron
microscope. For negative staining of exosomes, ionized carbon
and collodion-coated copper EM grids were floated on a sample
drop, washed, and stained with 2% uranyl acetate (in double-
distilled water) for 1 min.

Flow Cytometry—Cells were stained with the corresponding
FITC-, phycoerythrin-, allophycocyanin-, and biotin-conju-
gated antibodies followed by streptavidin-allophycocyanin
antibody. All antibodies used for flow cytometry were from BD
Biosciences. Cells were analyzed using a FACSCanto II flow
cytometer.

Quantitative RT-PCR—For quantitative RT-PCR, total cell
mRNA was isolated with RNeasy Plus mini kit (Qiagen) and
subjected to RT-PCR with High Capacity cDNA reverse tran-
scription kit (Applied Biosystems) followed by quantitative
PCR with Power SYBR Green PCR master mix (Applied Biosys-
tems). mRNAs were normalized to that of B-actin, YWHAZ,
and B2M housekeeping genes.

In-gel Protein Digestion—Proteins were in-gel digested using
a previously described protocol (22). Briefly, 75 ul of beads were
suspended in 25 ul of sample buffer and loaded in 2.8-cm-wide
wells of an SDS-PAGE gel. The run was stopped as soon as the
front entered 3 mm into the resolving gel. The protein band was
visualized by Coomassie Blue staining, excised, and digested
overnight at 37 °C with 60 ng/ul trypsin at 5:1 protein:trypsin
(w/w) ratio in 50 mM ammonium bicarbonate, pH 8.8, contain-
ing 10% acetonitrile and 0.01% 5-cyclohexyl-1-pentyl-B-p-
maltoside. The resulting tryptic peptides were extracted by a
1-h incubation in 12 mM ammonium bicarbonate, pH 8.8. TFA
was added to a final concentration of 1%, and the peptides were
finally desalted onto C18 Oasis cartridges, dried down, and ana-
lyzed separately by RP-HPLC-LIT for protein identification or
subjected to '*0/°0 labeling and isoelectric focusing fraction-
ation for protein quantification.

Peptide '®0 Labeling and Isoelectric Focusing Fractiona-
tion—Dried peptides from wild-type mice were labeled with
%0 and peptides from CD81 knock-out mice were labeled with
80 as described previously (22). Labeling with 'O or '*0 (95%;
Isotec, Miamisburg, OH) was performed by incubation in 500
mM sodium citrate, pH 6, 20% acetonitrile, at a 1:200 (v/w)
immobilized trypsin/protein ratio. After labeling, trypsin was
removed by filtration (Wizard minicolumns, Promega) and by
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adding the irreversible trypsin inhibitor 2Na-p-tosyl-L-lysine
chloromethyl ketone at 1 mm for 1 hat 37 °C. The paired labeled
samples were diluted to 2% acetonitrile, pH adjusted to 3 with 1
M ammonium formate, desalted onto C18 Oasis cartridges, and
dried down. The peptide pools were taken up in focusing buffer
(5% glycerol and 2% IPG buffer, pH 3-10, GE Healthcare),
loaded into 24 wells over a 24-cm-long Immobiline DryStrip
gel, pH 3-10 (GE Healthcare), and separated by isoelectric
focusing on a 3100 OFFGEL fractionator (Agilent, Santa
Clara, CA). The recovered fractions were desalted, using
OMIX C18 tips, with 50% acetonitrile in 5 mM ammonium
formate, pH 3, and peptides were dried down prior to RP-
HPLC-LIT.

Mass Spectrometry and Data Analysis—Isolated peptides
were analyzed by LC-MS/MS using a Surveyor LC system cou-
pled to a linear ion trap mass LTQ spectrometer (Thermo
Fisher) as described previously (23). For peptide identification,
the LTQ was operated in a data-dependent MS/MS mode using
the 15 most intense precursors detected in a survey scan from
400 to 1,600 m/z, whereas for quantification of **Q/**0 labeled
peptides, the LTQ was operated in data-dependent ZoomScan
and MS/MS switching mode (23, 24). Protein identification was
carried out as described previously (23) using the SEQUEST
algorithm (Bioworks 3.2 package, Thermo Finnigan). The
MS/MS raw files were searched against the Human Swiss-Prot
database (UniProt release 14.0, 19,929 sequence entries for
human) supplemented with porcine trypsin and bacterial
streptavidin. SEQUEST results were validated using the prob-
ability ratio method (25), and false discovery rates were calcu-
lated using the refined method (26). Peptide and scan counting
was performed assuming as positive events those with an FDR
equal to or lower than 5%. Peptide quantification from Zoom-
Scan spectra and calculation of labeling efficiencies for all iden-
tified peptides with an FDR lower than 5% were performed as
described (27, 28).

Statistical Analysis of Proteomics Data—The median num-
ber of peptides obtained in the pulldowns from all the baits and
from the negative control was used as a reference for each pro-
tein, and the standard deviation was estimated by the median
absolute deviation method. A protein interaction was consid-
ered to be specific in a given experiment when the number of
peptides identified with a bait increased with respect to the
median with a statistical significance of p < 0.05. In experi-
ments with fewer than four baits, statistical significance was
calculated using the negative control as reference. To detect
interactions with low abundance proteins, we also considered
as specific those proteins for which one peptide was detected
with only one bait. Specific interactions were considered signif-
icant when found in at least half of the experiments performed
with the bait. Interactions in exosome pulldown experiments
were validated by using one-tailed paired Student’s ¢ test, com-
paring results from either CD81 or EWI-2 pulldown experi-
ments with those from the controls, and applying a statistical
significance of p < 0.05. Dataset normalization was performed
by taking the maximum number of unique peptides identified
with each bait as reference. Quantitative data from O'® labeling
were analyzed on the basis of a random effects hierarchical
model implemented in the QuiXoT software platform (28).
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Details of the statistical model and the algorithm can be found
in previous publications (22, 28).

Systems Biology Analysis of Interacting Proteins—Interac-
tomes were analyzed with Ingenuity Pathway Analysis (IPA;
Ingenuity Systems, Mountain View, CA).

RESULTS

Proteomic Characterization of Intracellular Tetraspanin-en-
riched Microdomain Interactome—Our fist aim was to define
the full interactome of tetraspanin-based membrane platforms
in a high throughput approach. We performed a series of pull-
down assays using as baits biotinylated peptides spanning the
C-terminal regions of tetraspanins CD9, CD81, and CD151 and
of the tetraspanin-associated immunoglobulin superfamily
receptors ICAM-1, VCAM-1 (29) and EWI-2 (30, 31) (Fig. 1A),
which were bound to streptavidin-coated Sepharose beads. As
controls, we used uncoated beads as well as beads coated with
biotinylated peptides spanning the intracellular sequences of
immunoglobulin superfamily members CD147 and ICAM-3,
the C-lectin CD69, and the chemokine receptors CXCR4 and
CCR?7.

To identify interacting partners, the beads were incubated
with total cell lysates of human primary lymphoblasts. Bead-
bound proteins were buffer-washed, and after SDS addition,
they were subjected to concentrating SDS-PAGE, according to
a previously optimized in-gel trypsin digestion protocol whose
reproducibility has been previously tested using stable isotope
labeling approaches (22); the resulting peptides were then iden-
tified by high throughput mass spectrometry (Fig. 14). Interac-
tion specificity of a protein with a bait was attested by statistical
comparison with the results obtained with all other baits and
naked beads. The background distribution of nonspecific inter-
actions was constructed by ordering proteins by the median of
the number of peptides identified in all pulldowns and was
remarkably similar for the different baits used in the same pull-
down experiment so that specific interactions clearly stood out
from the background distribution (Fig. 1B) and could be
detected by a simple statistical test, as explained under “Exper-
imental Procedures.” To sort out interactions that showed a
biological reproducibility, a second specificity filter was
imposed to the data by comparing the results obtained from
different experimental replicas and performing a second statis-
tical analysis. In total, 53 pulldown experiments, each one fol-
lowed by high throughput mass spectrometry analysis, were
performed using lysates from primary lymphoblasts from seven
different human donors (supplemental Table S1). A total of
4,918 unique peptides, belonging to 1,957 different proteins,
were identified from all the pulldown experiments (supplemen-
tal Data File 1). The majority of specific interactions were con-
sistently observed in biological replicates; however, to increase
the sensitivity and detect those interactions with low abun-
dance proteins, we considered as specific interactions those
that were detected in at least half of the experimental replicas.
Finally, and as a further validation step, some selected interac-
tions were confirmed by Western blot analysis (Fig. 2).

A total of 240 protein partners showed specific interaction
with at least one bait. From these, a very limited number of
interactions were observed with baits CD147, CD69, CD151,
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FIGURE 1. Scheme of the protocol followed for the high throughput analysis of the interactome of the tetraspanin-enriched microdomains.
A, biotinylated, synthetic peptides containing the intracellular regions (C-terminal in all cases except for CD69) of tetraspanins CD9, CD81(depicted in the
figure), and CD151, their associated receptors (EWI-2, ICAM-1, and VCAM-1), or different control receptors (CD147, CD69, ICAM-3, CCR7, and CXCR4) were
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were washed and directly subjected to concentrating SDS-PAGE. Protein bands were trypsin-digested, and the resulting peptides were identified by liquid
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from the proteins is indicated by the arrows, which show specific interactions with one or more baits are shown.

VCAM-1, and ICAM-3, indicating that the specificity controls
were stringent enough to sort out nonspecific interactions. In
clear contrast, EWI-2, ICAM-1, and CD81 produced a large
number of interactions judged to be specific according to the
same criteria. There were protein interactions, such as those
with actin, that were detected with a large number of peptides,
but with most of the peptide baits, and hence did not pass the
specificity filters (Fig. 2F). In contrast, some of the specifically
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interacting proteins, such as a-actinin, filamin, and nucleolin
(Fig. 2, A-C, left panels), were also detected with a large number
of peptides; however, they were only detected in the pulldowns
with CD81, ICAM-1, and EWI-2 baits and barely detected with
any of the other baits. Interestingly, ICAM-1, EWI-2,and CD81
shared a large proportion of binding patterns (supplemental
Table S2 and Fig. 3B). Nevertheless, some of the interactions
were specific of only one of these baits; this is the case for Ras-
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related proteins such as the GTPase Rac (Fig. 2D) and elonga-
tion factor 1-a (EF1-w), which were only detected with CD81
(Fig. 2E). Finally, when interactions were analyzed with [PA
software, a clear network of interconnected interactions was
revealed that linked most of the detected partners of the three
TEM components. The proteins in the network formed five
main clusters, including actin-related proteins, tubulins, ribo-
somal and nucleic acid-related proteins, and histones (Fig. 34),
which were not detected with any of the other 8 baits.
Tetraspanin Interactome in Exosomes—The interactions of
TEM components with ribosomal, nucleic acid-binding, and
processing proteins may have functional consequences during
adhesion and spreading (32, 33). They may also be relevant for
the sorting of mRNA and microRNA to extracellular vesicles,
including exosomes, for which tetraspanin proteins are com-
monly employed as molecular markers (34). To explore the role
of TEM in EVs, we isolated them from primary human lympho-
blast cultures. Electronic microscopy of negatively stained sam-
ples revealed a prevalence of cup-shaped vesicles with the typ-
ical size of exosomes (not shown). High throughput mass
spectrometry protein identification of our samples revealed the
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presence of 489 proteins in at least three out of five different
human donors. This list is the most detailed characterization to
date of the protein composition of primary human T-lympho-
blast-derived exosomes (supplemental Table S3 and supple-
mental Data File 2), with 74% of the identified peptides belong-
ing to proteins found in ExoCarta database, confirming the
purity of our samples. EVs were enriched in tetraspanins or
previously identified tetraspanin-associated molecules such as
MHC isoforms, CD4, CD8, ADAM-10, CD44, CD98, integrins,
ERMs, and syntenin (1) (supplemental Table S3). These data
have been also incorporated into the Vesiclepedia database
(59).

We then performed an exhaustive analysis of the exosomal
TEM interactome, using the same approach employed for total
cell lysates of human primary lymphoblasts. For these analyses,
we chose CD81 and EWI-2 C-terminal peptide baits, which
produced the most representative results in cell lysates, and
also uncoated beads as negative controls. We performed a
total of 15 pulldown experiments using EVs from lympho-
blasts from five different human donors. A total of 172 pro-
teins were found that interacted specifically with CD81, EWI-2,

VOLUME 288+-NUMBER 17+APRIL 26,2013



CELL SIGNALING

o |PPPICA_

® GNAIM
M\ / FYN /)
S/
@ CcB1e Txn ® TNFAIP3 - ) TRAF1
a o HSPATL ~4 o PPPIR16B

Tetraspanin Intracellular Interactome

MEMBRANE
RECEPTORS

® ) SiT1 ® CD3E
7
\
Y CDgZ e ) ADAM10
HLAA ~ ~
® HLAB ® | CD3D

N\
\ e|cou [\ \U
PTPRC 4 @ 'SPN
V)

* | SELPL e | CD8A /™
¢ ITGB7

N/

® HSPA8 >
L Ol L\ ¢ (- DSTAT ® 0EF6 o pockio \RAS RELATED
: % PROTEINS
HISTONES TUBULINS @ raci 1 ARPRC) TeciDio
% .RAPM ® | IQGAP2
HISTH4 @ TUBB2A : ch\Zz —— * |RAB8B
[ ] HIST1HgBd—HST3H3 e TUBB' ® TUBB4B
x L ® RACZ

METABOLISM o ) HIST1H2AA @ ueain [

ACTIN RELATED

o | CAPZA1
peli2 + | CAPZB

CFL1

NUCLEIC-ACID
RELATED PROTEINS

EZR

[ ) SL"MSN

e VIN
s DR

~

® ARRDC1
@ crooris+

@ DpiP2B

e  HBB

« B2M

/. @Hea

® CD81 @ EWI-2 @ CD81+EWI-2

N
@ PrNt @ socs ® | CYFIP1
\_/ 1G
® A
B
‘AC @ | POTEKP @ FINX
« | ABI

* | TNXB

a

7 ® ) CLTC
@ EHD4
©®) ANXA11
7 A
@ |ARF1
RIBOSOMAL w - kenet @anxas
PROTEINS
@ a2 @) ARF6

* 'RPL27A
EHD1
®  RPS8

VESICLE RELATED PROTEINS

* | SLC1A5

*  SLC1A4

'Y cos1

12%

ATP1A1

@ cuci ) ™8

TRAFFICKING RELATED
PROTEINS

Exosome
55,4%

CD81+EWI-2
21,6%

FIGURE 4. Protein interaction networks for CD81 and EWI-2 ligands identified in human primary lymphoblast-derived exosomes. A, intracellular
ligands of CD81 and EWI-2 were manually clustered into groups according to their function using the IPA analysis program. Symbol size is proportional
to the number of peptides identified for each protein in the pulldown assays. B, proportions of proteins in exosomes that were identified as ligands of
EWI-2 and CD81 in exosomes. The proportions were calculated on the basis of the number of peptides identified per protein in total exosome lysates.

or both (supplemental Table S4 and S5, Fig. 2, right panels, and
supplemental Data File 3). Consistently, a large number of inter-
acting partners previously identified in total cell lysates were also
detected in exosome extracts, including «a-actinin, filamin, his-
tones, tubulins, ribosomes, and Ras-related proteins. IPA anal-
ysis of the exosomal interactome revealed again a coherent net-
work (Fig. 4A4), containing the same clusters detected in cell
lysates. Some of these clusters, such as those containing actin-
and Ras-related and cell signaling proteins, were now detected
with a larger number of proteins due to the increased sensitivity
attained in a less complex proteome. Interactions with proteins
highly enriched in exosomes such as ERMs could now be detected
(Figs. 2G and 4A). In addition, new interaction clusters were now
revealed that were not detected before; these included membrane
receptors and trafficking- and vesicle-related proteins. These cat-
egories included tetraspanin-associated transmembrane recep-
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tors such as CD44, ADAM-10, CD8, HLA, and integrins, suggest-
ing that intracellular cross-linking of proteins in TEM might
reinforce their associations.

Role of Tetraspanin-enriched Microdomains in the Protein
Composition of Exosomes—To analyze the relative proportion
of the tetraspanin network in the protein composition of exo-
somes, we analyzed how many of the protein components of the
interactomes of EWI-2 and CD81 were detected in the total
exosomal proteome. Assuming that the protein amount is
roughly proportional to the number of peptides identified by
mass spectrometry (35), we found that 45% of the protein con-
tent of exosomes was formed by members of the interactome of
these TEM components (Fig. 4B). In contrast, only three out of
the 753 proteins annotated in the Human MitoCarta database
coincided with those found in pulldowns with CD81 or EW1I-2
baits with either total cell lysates or exosome extracts (not
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shown). These findings support the hypothesis that the incor-
poration of receptors or soluble proteins into TEM might route
them to exosome compartmentalization.

To directly explore the potential role of TEM in exosomal

pendent protein cargo in exosomes allowed us a complete
depletion of tetraspanin CD81 in primary cells, which cannot
be attained with siRNA in primary T-lymphoblasts of human
origin. Moreover, thanks to the high proteome coverage we

cargo selection, we analyzed the effect of depleting tetraspanin
CD81 on the protein composition of exosomes. For this pur-
pose, we made a comparative study of exosomes secreted from
lymphoblast cultures obtained from wild-type and CD81-defi-
cient mice. The use of a KO mouse model to study CD81-de-

A

obtained in both models, we could confirm that exosome cargo
similarity is higher than 80% (supplemental Data Files 2 and 4).

Consistently, with the highly redundant nature of TEM,
depletion of CD81 did not produce an appreciable effect in the
size or amount of released exosomes, as revealed by both elec-
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tron microscopy (Fig. 54) and NTA analyses (Fig. 5, B and C).
We could readily find multivesicular bodies in both WT and
CD81-deficient lymphoblasts (Fig. 54). We then performed a
high throughput quantitative proteomic analysis using the *O-
stable isotope labeling technique (22). The protein extracts
from exosomes from WT and CD81-deficient animals were
digested, and the peptides were labeled with either '°O or '*0,
mixed, fractionated, and subjected to mass spectrometry quan-
tification. We were able to quantify a total of 1,945 peptides
corresponding to 692 proteins (supplemental Data File 4). Most
proteins were similarly abundant in both genotypes (Fig. 5D,
gray dots), and consistently, the distribution of protein log,
ratios closely followed the null hypothesis trend described by
the statistical model (Fig. 5B, inset). These results indicated that
the vast majority of proteins were present in the same propor-
tion in the two exosome preparations. However, a small pro-
portion of proteins, 25 out of the 692 quantified proteins, was
significantly less abundant in the CD81-deficient EV prepara-
tion (Fig. 5D, numbered dots, Table 1, and supplemental Data
File 4). The affected molecules included CD81-associated
transmembrane molecules, such as components of the B-cell
receptor complex, CD20, ICAM-1, and HLA isotypes; ion
transport channels; and ribosomal proteins (Table 1). Notably,
there was a marked reduction in the group of Ras-related pro-
teins (Fig. 5D, colored dots). To rule out the possibility that
changes in exosome composition just reflected changes in total
protein expression in the cell, we analyzed the expression by
RT-PCR (Fig. 5E) or flow cytometry (Fig. 5F) of a number of
molecules shown to be reduced in exosomes from CD81 KO
lymphoblasts. We analyzed by RT-PCR the mRNA levels of
nine different molecules, including membrane receptors
(CD20, CD25, ICAM-1, and semaphorin 4A) and GTPases
(Cdc42, Rac-2, Rlp5, Rap-1, and RhoG). From all these mole-
cules, only CD20 expression levels were found to be reduced in
CD81-deficient cells (Fig. 5D). Moreover, when we analyzed by
flow cytometry the actual protein content of the cells, we could
not detect any reduction in CD25, ICAM-1, CD4, IgM, IgD, or
MHC-I mean fluorescence intensity (Fig. 5F). As controls, we
confirmed previous data that reported no changes in CD4,
CDS8, and B220 but a drastic decrease on CD19 surface levels
(36 —38)(Fig. 5F). The activation markers CD69 or tetraspanin
CD9 were also unaffected (Fig. 5F).

To confirm our proteomic results, we performed a semi-
quantitative Western blot analysis in both exosome lysates and
total cell extracts obtained from animals belonging to the two
genotypes on the CD81-specific interactor Rac. Our results
revealed that overall cellular Rac levels were unaltered (Fig. 5G);
however, the proportion of Rac in EVs released by CD81-defi-
cient cells was lower than in EVs from the control cells (Fig. 5G),
confirming the results obtained by quantitative proteomics.
Taken together, these results indicate that despite the redun-
dancy among tetraspanins and the overlap in the interactomes
of CD81 and its partners EWI-2 or ICAM-1, the genetic dele-
tion of CD81 specifically impairs the inclusion into EVs of a
selective repertoire of CD81-exclusive partners. These findings
suggest that TEM may act as compartmentalizing platforms of
receptors and signaling proteins for their selection toward
exosomes.
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DISCUSSION

In this work, we have set up a method to undertake a system-
atic exploration of the intracellular connections of tetraspanins
and tetraspanin-associated receptors. The method is based on a
robust in-gel digestion protocol that was previously demon-
strated to produce highly reproducible results in terms of pep-
tide identification as judged by statistical modeling by using
stable isotope labeling approaches (22). This reproducibility
was essential to discern specific interactions from the bulk of
nonspecific ones. We used as baits the cytoplasmic tails from a
collection of tetraspanins, as well as a series of related proteins,
which were bound to streptavidin-Sepharose beads. This
approach has been previously validated; the relative perform-
ance of this method to identify interacting molecules was seen
to be better than that obtained using as baits GST fusion pro-
teins and reproduced by direct immunoprecipitation of endog-
enous molecules (15). Basic stretches that function as ERM-
binding sites are found in the C-terminal regions of several
tetraspanin-associated receptors (15, 39) and CD81 (15).
Therefore, to rule out that the associations found in our screen
are merely charge-driven electrostatic interactions or that they
take place by indirect binding via ERM proteins, we included as
negative controls C-terminal peptides from ICAM-3, an ERM-
binding receptor (40) not reported to associate with tetraspan-
ins, and from other related non-ERM-binding proteins. Indeed,
we were able to confirm the association of ERM proteins with
the cytoplasmic regions of VCAM-1, and to a lesser extent,
EWI-2, ICAM-1, ICAM-3, and CD81. Note that despite the
large number of peptide baits tested in this work, our method
only produced a significant number of specific interactions
with three of the partners used, which were clearly detected
over the nonspecific background produced by the rest of the
baits. Some of the interactions were further validated by West-
ern blotting. Although our results have been obtained using an
in vitro assay, several lines of evidence indicate that these inter-
actions are specific. Firstly, a large proportion of the observed
interactions were consistently reproduced in both cell lysates
and exosomal preparations. Secondly, they could be repro-
duced and validated in several experiments performed using
extracts prepared from different human donors. Thirdly, the
observed interactions formed a consistent network in the two
models used. In addition, there is evidence that at least some of
the observed interactions are biologically relevant; thus, deple-
tion of one of the tetraspanins in a mouse model produced a
highly selective decrease in the proportion of some of the
detected interacting partners in exosomes. Besides, some of the
interactions identified in this work have been previously dem-
onstrated to take place in a more biological context by coim-
munoprecipitation of the endogenous molecules. Such is the
case for ICAM-1/filamin (41); ICAM-1/actinin (42); CD81/ac-
tinin (43); EWI-2/actinin (44); or CD81/Rac. (45). Some of
these interactions have been proven to be direct using purified
systems, such as CD81/ERMs, EWI-2/ERMs (15), and CD81/
Rac (45). However, we should note here that the experimental
design used in this work does not allow determining whether all
these interactions involve direct protein-protein contacts or are
mediated through intermediate partners. Hence, the strong
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binding to adaptor molecules a-actinin and filamin, known to
colocalize with elongation factors and polysomes at the branch
points of actin filaments (46), might mediate the interaction of
ICAM-1, EWI-2, and CD81 with nucleic acid-binding proteins,
which are detected in our analyses with a lower number of pep-
tides, being in any case specific and therefore potentially
relevant.

Tetraspanin-enriched microdomains play a role in many bio-
logical phenomena that involve adhesion to the extracellular
matrix or to other cells. Insertion into these specialized mem-
brane domains ensures a correct level of aggregation or cluster-
ing of the associated adhesion receptors, necessary for coordi-
nated cell adhesion and migration (1). However, mounting
evidence suggests that tetraspanins may also connect these
receptors with specific signaling pathways or link them to the
underlying cortical cytoskeleton. Nevertheless, the interactions
taking place in their cytoplasmic domains are very poorly char-
acterized, so an important result in this work corresponds to
the detailed map of TEM intracellular interactome.

Our data provide firm evidence for the role of tetraspanin-
enriched microdomain-dependent compartmentalization of
intracellular components. The connection of tetraspanin-en-
riched microdomains with RNA-binding proteins has potential
relevance in the process of cell spreading and migration. Nas-
cent adhesions incorporate RNA and RNA-binding proteins in
a structure called the spreading initiation center (33). More-
over, ribosomes are recruited to focal adhesion sites by integrin
ligation and mechanical tension (32). Adhesion to the extracel-
lular matrix regulates translation (47), and some translation
initiation factors and RNA-binding proteins have been shown
to interact with integrins (48 —50). In addition, the connection
with RNA and DNA-binding proteins might be important for
the incorporation of mRNA and microRNA into released vesi-
cles such as exosomes (6, 11, 51).

Multivesicular bodies and exosomes are well known to be
highly enriched in tetraspanins (52, 53). We have therefore
decided to expand our analyses to a cellular model, i.e. exo-
somes secreted by human primary T-lymphoblasts, with a high
biological relevance. The intracellular interactomes of CD81
and EWI-2 were found to contain a large number of interacting
partners previously identified in cell lysates. In addition, exo-
some lysates provided a richer source of potential tetraspanin-
interacting ligands, and the exosomal interactome contained

new clusters of proteins. These included ERM proteins, TEM-
associated transmembrane receptors, and integrins, suggesting
the existence of an intracellular network of proteins stabilized
through TEM. Remarkably, the tetraspanin interactome
accounted for almost half of the protein composition of exo-
somes, suggesting that TEM may play a regulatory role in exo-
some structure by targeting a selected repertoire of receptors to
exosomes. This issue is further supported by the decrease in
abundance of a selected set of CD81-binding partners found in
exosomes from CD81-deficient animals.

The role of tetraspanins in exosome biogenesis has been
addressed only tangentially. Defective exosome release was
reported in CD9 knock-out dendritic cells (13), based on West-
ern blot measurements of flotillin. Although the exosomal
abundance of CD81 is normally higher than that of CD9, we
detected no gross defects in exosome release or multivesicular
body morphology in CD81-deficient lymphocytes. This lack of
gross alterations in the number or size of exosome is consistent
with the TEM structure defined in our proteomic analysis,
which is based in a very redundant network of protein-protein
interactions, so that a given intracellular molecule may bind to
different transmembrane components of TEM. Although we
did detect reduced flotillin expression, CD81-deficient exo-
somes did not show a reduction in total protein content or in
the expression of other abundant proteins in exosomes such as
ERMs. In other studies, tetraspanin CD63 has been shown to be
fundamental to the biogenesis of lysosome-related organelles
(54) and to bind to syntenin (16), a PDZ protein necessary for
intraluminal vesicle formation (55). However, in these studies,
flotillin-enriched vesicles were found to be different from those
containing CD63 (55).

Regarding the selection of cargo for packaging into exo-
somes, targeting of CD9P-1 to exosomes occurs, at least par-
tially, even after silencing of its direct tetraspanin partners CD9
and CD81 (56). In contrast, detection of E-cadherin and
B-catenin in the exosomal fraction depends on their association
with tetraspanin CD82 (13). Our own data suggest that genetic
deletion of CD81 impairs the inclusion of a selective repertoire
of molecules into exosomes. This repertoire includes some
transmembrane CD81 partners, such as MHC molecules, B-cell
receptor, and ICAM-1. Moreover, lack of CD81 diminished the
proportion of Rac present in exosomes, and insertion of Rac
into tetraspanin-enriched microdomains was very specifically

FIGURE 5. Lack of CD81 alters the protein composition of exosomes. A, exosomes (left panels) were enriched from lymphoblast culture media as described
under “Experimental Procedures” and negatively stained. Cells (right panels) were pelleted and fixed with 2% glutaraldehyde and 4% paraformaldehyde and
embedded into epoxy resin. Ultrathin sections were viewed in a Jeol JEM-1010 electron microscope after counterstaining with uranyl acetate and lead citrate.
A multivesicular body is shown. B, exosome counts in the supernatants of 7-day cultures of mouse blasts from WT or KO animals by NTA. Data represent the
mean * S.E. of individual measurements. C, NTA profile of exosome samples derived from the supernatants of 7-day cultures of mouse blasts from WT or CD81
KO animals. Two different profiles are overlaid for each sample. D, quantitative proteomics comparison of the compositions of pooled exosome extracts from
three WT or three CD81 knock-out mouse lymphoblast cultures by stable isotope labeling with '°0 (wild type) or 80 (CD81 KO). The plot shows the distribution
of log, ratios of individual proteins, corrected for the grand mean, and ranked by their statistical weight, which is the inverse of the variance and measures the
accuracy of the quantification. Black dots indicate proteins with statistically significant abundance changes with respect to the bulk of nonchanging proteins
(gray dots). The quantified proteins are listed in supplemental Data File 4. The numbers indicate the proteins as listed in Table 1. The inset plot shows the
cumulative frequency distribution of the standardized variable Z, (black line), which expresses the quantitative data in terms of units of variance, showing the
agreement with the expected null hypothesis distribution (red line) and the deviation due to proteins changing their abundance. Quantified proteins from
the same ontological categories show a similar pattern of abundance changes. Colored points indicate ribosomal proteins, Ras-related proteins, and membrane
proteins associated with tetraspanins with a Z, = |2.4|. £, quantitative RT-PCR analyses of mRNA of selected molecules in 7-day cultures of mouse blasts from
three WT animals or three CD81 KO mice (mean = S.D.) F, flow cytometry analyses of selected receptors in 7-day cultures of mouse blasts from three WT animals
or three CD81 KO mice. Data represent the mean fluorescent intensity (MFI) (mean = S.D.) of the positive cells for each marker. G, Western blot analysis of Rac
content in exosomes and total cell lysates from independent lymphoblast cultures from wild-type (WT7-3) or CD81 knock-out (KO4-6) mice. Numbers
represent densitometric values of Rac signal corrected with ERM loading and normalized to WT1 sample.
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TABLE 1
Protein abundance changes between exosomes from CD81 knock-out mice as compared with exosomes obtained from wild type animals
Corrected
Number® Acc Number protein Name® . Fold Change Z FDR,®
log,-ratio

1 Q64514 Tripeptidyl-peptidase 2 -1,05 2,07 up - 0,00E+00
2 QO5CRO LOC72520 protein (Fragment) 0,61 1,53 up 4,22 8,82E-04

P07724 Serum albumin -0,51 1,43 up -2,99 0,07

D4A157 RAT Putative uncharacterized protein Rppl4 -0,79 1,73 up -2,95 0,07

008614 utrophin -0,37 1,29 up -2,79 0,10

0,81 1,76 up 279 0,10

-0,80 1,74 up 2075 0,11

Q8CCo6 Integrin alpha 6 -0,61 1,53 up -2,71 0,12

Q99LU0 Charged multivesicular body protein 1b-1 -0,42 1,34 up -2,66 0,13

P06332 T-cell surface glycoprotein CD4 -0,50 1,42 up -2,65 0,14

Q60769 Tumor necrosis factor alpha-induced protein 3 -0,45 1,37 up -2,51 0,19

Q9JHU9 Inositol-3-phosphate synthase 1 -0,59 1,51 up -2,46 0,21

Q8BFZ3 Beta-actin-like protein 2 -0,53 1,44 upP -2,44 0,22

Q9DCH4 Eukaryotic translation initiation factor 3 subunit F -0,65 1,57 up -2,42 0,21

T 0% RebGOPdsodatonmhbiorabha  o® 14 oown 200 o2

P62137 Serine/threonine-protein phosphatase PP1-alpha catalytic subunit 0,27 1,21 DOWN 2,41 0,22

P05213 Tubulin alpha-1B 0,35 1,27 DOWN 2,42 0,22

0,35 1,27 DOWN 2,43 0,21

P10404 MLV-related proviral Env polyprotein 0,29 1,23 DOWN 2,46 0,21

Q62178 Semaphorin-4A 0,39 1,31 DOWN 2,62 0,15

P34884 Macrophage migration inhibitory factor 0,56 1,48 DOWN 2,80 0,10

Q9D8NO Elongation factor 1-gamma 0,36 1,28 DOWN 2,83 0,09

Q97105 Chloride intracellular channel protein 1 0,31 1,24 DOWN 2,86 0,09

0,43 1,35 DOWN 2,88 0,08

0,43 1,35 DOWN 2,91 0,08

Q62422 Osteoclast-stimulating factor 1 0,80 1,75 DOWN 2,94 0,08

0,61 1,53 DOWN 3,03 0,06

3 P19437 B-lymphocyte antigen CD20 0,39 1,31 DOWN 3,17 0,04

4 Q9WTR1 Transient receptor potential cation channel subfamily V member 2 0,69 1,61 DOWN 3323 0,04

5 P62814 V-type proton ATPase subunit B, brain isoform 0,69 1,62 DOWN 3,34 0,02

6 P14483 H-2 class Il histocompatibility antigen, A beta chain 0,40 1,32 DOWN (= 0,01

7 Q6MGB8 RT1class I, A2 0,64 1,56 DOWN 0,01
0,51 1,42 DOWN 3,03E-03
0,55 1,47 DOWN 4,88E-04
10 P31254 Ubiquitin-like modifier-activating enzyme 1Y 0,89 1,85 DOWN 1,17€-04
11 P01872 Ig mu chain C region secreted form 0,53 1,44 DOWN 1,10E-04
12 P01590 Interleukin-2 receptor subunit alpha 0,67 1,60 DOWN 9,18E-05
Q9QzI9 Serine incorporator 3 0,70 1,63 DOWN 3,70E-05
0,89 1,85 DOWN 3,20E-05
15 P01898 H-2 class | histocompatibility antigen, Q10 alpha chain 0,74 1,67 DOWN 2,56E-05
16 Q64467 Glyceraldehyde-3-phosphate dehydrogenase, testis-specific 0,87 1,83 DOWN 1,99E-05
17 Q9ZON1 Eukaryotic translation initiation factor 2 subunit 3, X-linked 1,05 2,08 DOWN 2,09E-05
18 Q8ouL9 Junctional adhesion molecule-like 0,96 1,94 DOWN 1,75E-05
19 P13597 Intercellular adhesion molecule 1 0,74 1,67 DOWN 1,81E-05
20 A8SDUN2 Beta-globin 1,00 2,00 DOWN 8,12E-07
21 P14046 alpha-1-inhibitor 3 1,05 2,06 DOWN 2,13E-07
22 P16045 Galectin-1 1,20 2,30 DOWN 4,12E-08
24 P62880 Guanine nucleotide-binding protein G(1)/G(S)/G(T) subunit beta-2 0,97 1,96 DOWN 2,28E-09

26 P01882 Ig delta chain C region membrane-bound form 1,79 3,47 DOWN 0
27 P35762 CD81 antigen 2,34 5,07 DOWN 0

“ Proteins showing statistically significant abundance changes are numbered as in Fig. 5B.

? Proteins belonging to some selected ontological categories are colored using the same set of colors as in Fig. 5B.

¢ Log, ratios were corrected by subtracting the grand mean value.

4 Standardized normal values were obtained by dividing protein log, ratios by their variance. Only proteins with |Z,| = 2.4 are listed. Data are colored according to the color
scales on the bottom.

¢ False discovery rate of quantification at the protein level.
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directed by its association with CD81 and was not observed
with other tetraspanins or EWI-2.

Although to date the physiological functions of exosomes are
still mostly unknown, some of the phenotypic characteristics
exhibited by CD81 KO mice may be attributable to both cell and
exosome dysfunction (i.e. female infertility (57, 58) or T-cell-
dependent B-cell response (36, 38)). Future research will need
to explore this intriguing possibility.

In conclusion, our results suggest that TEM act as specialized
platforms for the compartmentalization of receptors and sig-
naling proteins in the plasma membrane and that this compart-
mentalization aids the selection of receptors and intracellular
components to be sorted toward exosomes. Tetraspanin-
driven insertion into exosomes therefore may have potential in
the design of genetic therapies to route a desired agent to these
natural nanocarriers.
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