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The Transferrin Receptor and the Tetraspanin Web
Molecules CD9, CD81, and CD9P-1 Are Differentially
Sorted Into Exosomes After TPA Treatment of K562 Cells
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Abstract Here we show that treatment of K562 cells with the phorbol ester TPA induces the down-modulation of
various surface antigens. Among them, the transferrin receptor (TfR), the tetraspanin CD81, and a CD81-associated
protein, CD9P-1, were unique in that their expression levels were lower after 24 h incubation than after 3 h. We
demonstrated that like the TfR, CD81 was internalized at early times, and was less synthesized at latter times. Despite the
association of a fraction of the TfR with CD81, these two molecules were subjected to different fates. TPA increased
targeting of CD81 and CD9P-1 into exosomes but strongly reduced the localization of the TfR in these vesicles. Using this
model we have shown that a fraction of CD81 and CD9P-1 in exosomes comes from a surface pool and that these
molecules remain associated in exosomes. However, CD9P-1 could be targeted to exosomes in the absence of CD81 and
of another tetraspanin, CD9. The targeting of CD9 into exosomes did not require palmitoylation of the protein. J. Cell.
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Key words: tetraspanins; exosomes; CD81

Tetraspanins are molecules with 4-trans-
membrane domains that are expressed in all
cell types. Specific sequence conservation and a
specific fold in the second extracellular region
help to distinguish these molecules from other
molecules with 4-transmembrane domains.
Tetraspanins have been implicated in various
biological processes such as cell adhesion,
migration, cell fusion, co-stimulation, signal
transduction, and differentiation (reviewed
in Boucheix and Rubinstein, 2001; Hemler,
2003; Levy and Shoham, 2005). Although their
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precise function remains unknown, they are
believed to organize new types of microdomains,
different from rafts [Boucheix and Rubinstein,
2001; Hemler, 2003; Levy and Shoham, 2005].
Several tetraspanins associate directly with a
limited number of specific partner molecules,
which they may connect to these microdomains
[Charrin et al., 2003b]. For example laminin-
binding integrins (x3p1, a6p1, a7p1, a6p4) are
partners for CD151 [Yauch et al., 1998; Serru
et al., 1999; Sterk et al., 2000], while two
partners of CD9 and CD81 are newly identified
proteins with Ig domains called CD9P-1/EWI-F
(CD315) and EWI-2 (CD316) [Charrin et al.,
2001; Clark et al., 2001; Stipp et al., 2001a,b].
Tetraspanin-to-tetraspanin interactions are
likely to be crucial for the formation of the
microdomains, and have been shown to rely at
least in part on the palmitoylation of the
proteins and on an interaction with cholesterol
[Charrin et al., 2003b,c].

If tetraspanins are present at cell surface,
some of them are also localized in intracellular
compartments. A study of the expression of
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tetraspanins on the megakaryoblastic cell line
Mo7e showed that the intracellular localization
of tetraspanins CD63 and CD151 was predomi-
nant as compared to tetraspanins CD9 and
CD81 [Fitter et al., 1999]. In thisregard CD63 is
highly enriched in late endosomes, lysosomes,
and multivesicular bodies (MVB) which also
contain several other tetraspanins such as
CD81, CD53, and CD82 [Escola et al., 1998].
Consistent with the expression of these mole-
culesin MVB internal vesicles, tetraspanins are
also highly enriched on exosomes [Escola et al.,
1998].

Exosomes are small 50-100 nm vesicles
produced by many cell types including reti-
culocytes [Johnstone et al., 1987], platelets
[Heijnen et al., 1999], B and T lymphoid cells
[Raposo et al., 1996; Blanchard et al., 2002;
Fritzsching et al., 2002], dendritic cells [Thery
etal., 1999], as well as epithelials cells [van Niel
et al.,, 2001]. These vesicles originate from
exocytosis of vesicles contained by MVB, which
are formed by inward budding from the limiting
membrane into the lumen of endosomes [Stoor-
vogel et al., 2002; Thery et al., 2002b]. Exosomes
have been shown to mediate antigen presenta-
tion [Zitvogel et al., 1998] and also to transfer
material from one cell to another [Fritzsching
et al., 2002; Thery et al., 2002a]. Exosome
release plays an important role in the matur-
ation of reticulocytes by contributing to the
clearance of obsolete proteins [Blanc et al.,
2005]. Some retroviruses and in particular
HIV have the ability to hijack the intracellular
machinery of MVB biogenesis for budding at cell
surface in lymphoid T cells [Pelchen-Matthews
et al., 2003]. Additionally, in macrophages HIV
accumulates and buds mainly in MVB [Raposo
et al., 2002; Pelchen-Matthews et al., 2003].
Accordingly, HIV particles produced by macro-
phages express several tetraspanins, including
CD63[Pelchen-Matthews et al., 2003], and anti-
CD63 mAb inhibits infection by macrophage
strains [von Lindern et al., 2003].

How proteins are targeted to MVB and
exosomes is poorly understood. MVBs receive
biosynthetic cargo from the trans-Golgi net-
work (TGN), as well as molecules that have been
internalized by way of endocytosis [Stern et al.,
2006]. The transferrin receptor (TfR) molecules
present on exosomes produced during reticulo-
cyte maturation originate from a surface pool
that was internalized. The targeting of TfR to
exosomes was suggested to involve a sequence

encompassing the Yxx® (where ® is a hydro-
phobic amino acid and x any amino acid) inter-
nalization motif which interacts with the heat
shock protein hsc70 and Alix, a component of
the machinery for sorting proteins in the
intralumenal vesicles of MVB [De Gassart
et al., 2004]. In contrast, in antigen-presenting
cells, MHC class II molecules are transported
through the Golgi apparatus to organelles of the
endocytic pathway, including MVB, collectively
referred as to MHC class II compartments
MIICs [Geuze, 1998]. Additionally, the C-term-
inal cytosolic tail of the tetraspanin CD63 ends
with a GYxx® motif that interacts with several
adaptor protein complexes and is critical to the
sorting into late endosomes/lysosomes [Bonifa-
cino and Traub, 2003]. A substantial fraction of
CD63 passes through the plasma membrane
before reaching lysosomes [Janvier and Bonifa-
cino, 2005], but other data suggest that a
fraction of CD63 may be directly transported
from the TGN to late endosomes, [Rous et al.,
2002; Janvier and Bonifacino, 2005]. Most
tetraspanins, including CD9, CD81, and many
exosomes proteins do not have a Yxx® motif,
indicating that several mechanisms are used for
sorting proteins into exosomes. In this regard
lipid rafts-resident proteins were recently iden-
tified in exosomes secreted by lymphoid B cells
and K562 cells [De Gassart et al.,, 2003].
Additionally, the lipid composition of exosomes
resembles that of rafts, and exosomes contain
detergent resistant membranes [Wubbolts
et al., 2003]. These data led to the suggestion
that rafts may contribute to proteins sorting
into exosomes [De Gassart et al., 2004; Wub-
bolts et al., 2003]. Palmitoylation allows the
targeting of cytoplasmic and transmembrane
proteins to rafts [Resh, 1999], butitis not known
whether this post-translational modification
contributes to exosome targeting.

In this study, we have developed a model
where the targeting of CD81 and other tetra-
spanins into exosomes can be synchronously
augmented. We have used this model to further
characterize the sorting of CD81 and its mole-
cular partner CD9P-1 into exosomes.

MATERIALS AND METHODS

Monoclonal Antibodies, Indirect
Immunofluorescence, and Reagents

The anti-tetraspanins mAbs used in this
study have been previously described [Charrin
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etal., 2001, 2003a]: SYB-1 (CD9), TS81 (CD81),
TS53 (CD53), TS63 (CD63), TS82, TS82b
(CD82), and T'S151 (CD151). Other anti-tetra-
spanin mAbs were M38, Z81 (CD81, [Imai and
Yoshie, 1993; Azorsa et al., 1999]), and 11B1G4
(CD151, [Sincock et al., 1999]). The mAb 1F11
(CD9P-1), 12A12 (CD55), and V5-vif (integrin
a5 subunit) have been produced in our labora-
tory [Lozahic et al., 2000; Charrin et al., 2001,
2003a]. The anti-TfR mAb 12B11 was produced
in our laboratory and was used for immunopre-
cipitations. The anti-TfR mAb B-G24 from
Diaclone (Besancon, France) was used for
cytometry analysis and the anti-TfR mAb
H68.4 (Zymed, San Francisco, CA) was used
for Western-blot and confocal microscopy.
Other mAb were anti-Annexin 2 (BD Transduc-
tion Laboratories, Lexington, KY), anti-Tsg101
(Genetex, San-Antonio, TX), and 1B5 (anti-
HSC-70, Stressgen, Victoria, BC Canada).
Flow-cytometry analysis was performed as
previously described [Rubinstein et al., 1996],
after labeling intact cells at 4°C with the
appropriate mAb. TPA (12-O-Tetradecanoyl-
phorbol 13-Acetate) was from Sigma (St. Louis,
MO) and was used at 10 ng/ml. The PKC
inhibitor GF109203X and the tyrosine kinase
inhibitor herbimycin A were from Calbiochem
(La Jolla) and used at 2 pM.

Isolation of Exosomes

Exosomes were isolated by differential cen-
trifugation as described previously [Raposo
et al., 1996; Escola et al., 1998]. K562 cells were
washed in RPMI, resuspended at the con-
centration of 10° cells/ml in the same medium
and incubated for 20—24 h, in the presence or
absence of 10 ng/ml TPA. The cells were
centrifuged for 10 min at 200g (pellet P1) and
the supernatant was removed and centrifu-
ged twice for 10 min at 600g. Supernatants
were then sequentially centrifuged at 2,000g
twice for 15 min, once at 10,000¢ for 30 min and
once at 100,000g for 60 min (yielding pellet P5),
using a SW41 rotor (Beckman Instruments,
Inc., Fullerton, CA). P1 contained the cells,
whereas P5 was enriched in exosomes. The cells
(P1) were lysed at the concentration of 2 x 107/
ml in a buffer containing 1% Triton X-100 in
lysis buffer (see below) before addition of
concentrated Laemmli buffer in the post-
nuclear supernatant. P5 was directly solubi-
lized in Laemmli sample buffer without redu-
cing agents. For the P1 fraction, an extract

corresponding to ~266,000 cells was analyzed.
For the P5 fraction, each lane was loaded with
the pellet obtained from ~107 cells.

Metabolic Labeling, Biotin-Labeling,
and Immunoprecipitation

For metabolic labeling, K562 cells treated or
not with TPA for 20 h were washed twice in
RPMI medium and incubated for 30 min at 37°C
in cysteine and methionine-deficient medium at
the concentration of 15 x 10° cells/ml. [3°S]
Methionine and [*°S] cysteine (expre®’S®°S,
Perkin Elmer Life Sciences, Zaventem, Bel-
gium) were then added for 30 min (final
concentration 200 uCi/ml) before washing with
ice-cold PBS. The cells were chased in complete
medium and lysed in a buffer containing 1%
Triton X-100 (Roche Molecular Biochemicals,
Meylan, France) in lysis buffer (10 mM Tris pH
7.4, 150 mM NaCl, and protease inhibitors).

For surface biotin-labeling, the cells were
washed three times in PBS and incubated in
PBS containing 0.5 mg/ml EZ-link-Sulfo-NHS-
LC-biotin. After 30 min incubation at 4°C, the
cells were washed three times in PBS and
resuspended in RPMI medium in the presence
or absence of 10 ng/ml TPA. After 20 h treat-
ment, the cells and exosome fractions were lysed
in lysis buffer supplemented with 1% Brij 97
(Sigma) and 1mM CaCl, and 1mM MgCl,.
Immunoprecipitations and Western-blot were
performed as previously described [Charrin
et al., 2001].

RNA Interference

The cells were washed twice in RPMI and
resuspended at a concentration of 2.5 x 107
cells/ml. Four hundred microliters of the cell
suspension was electroporated (300V, 500 pF)
using the GenePulser apparatus (Biorad, Her-
cules, CA) in the presence of 0.2 nmol siRNA
specific to CD81 or a control siRNA. After 24 h, a
second electroporation was performed using a
CD9 siRNA. TPA was added 24 h after the
second transfection. The sequences targeted by
RNAi were GAG CAT CTT CGA GCA AGA A
(CD9) and CAC GTC GCC TTC AAC TGT A
(CD81).

Confocal Microscopy

K562 cells treated or not with TPA were
seeded on poly-lysine coated slides, before
fixation for 20 min in acetone at —20°C. After
drying at room temperature, the cells were
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incubated 10 min in PBS containing 10% heat-
inactivated goat serum and then with a combina-
tion of mAb TS81 (IgG2a) and either TS63 or
H68.4 (both IgG1) in the same buffer for 20 min at
room temperature in a moist chamber. The cells
were then washed in PBS and further incubated
for 20 min with a combination of goat anti-mouse
IgG2a and IgG1l, respectively labeled with Alexa
488 and Alexa 568 dyes. After three washes the
samples were mounted in mowiol. Analysis was
performed with a TCS SP2 confocal microscope
(Leica, Wetzlar, Germany).

Endocytosis Assays

To test for the endocytosis of CD81, cells were
incubated for 30 min at 4°C in the presence of
10 pg/ml TS81 mAb, washed and incubated at
37°C in RPMI supplemented or not with TPA for
the indicated time. For confocal microscopy
analysis, they were then treated as above except
that the mAb TS81 was omitted during the
labeling step. For quantification by flow-cytome-
try, the TS81 mAb was Alexa 488-labeled, thus
providing a relative measure of total cell-asso-
ciated TS81 mAb and the fraction of TS81
remaining at cell surface was stained at 4°C
using a phycoerythrin-labeled goat anti-mouse
polyclonal antibody. Analysis was performed
using a FacScan cytometer (BD Biosciences)
using appropriate compensation settings. The
percentage of endocytosis was calculated as
follows: 100 x[1—(FL2, x FL1o)/(FL2y x FL1,)],
where FL1, or FL1, and FL2, or FL2, are the
Alexa 488 and phycoerythrin mean fluorescence
intensities measured in the FL1 and FL2
detectors, respectively (after subtraction of the
value obtained with non-labeled cells) at time 0 or
at each time point.

Electron Microscopy

Pellets of exosomes were fixed in PBS contain-
ing 2% paraformaldehyde and loaded on for-
mvar/carbon-coated grids. The samples were
then postfixed in 1% gluteraldehyde, negatively
stained or contrasted in 2% methylcellulose/
0.4% uranyl acetate, pH4, and observed in a
Zeiss EM 902 electron microscope at 80 kV.

RESULTS

Expression of Various Surface Molecules During
Treatment of K562 Cells by TPA

We first studied by immunofluorescence
and flow-cytometry the expression levels of

tetraspanins, TfR, and other surface molecules
after 3 or 24 h treatment with TPA (Fig. 1A).
Among the molecules tested here, CD9 and
CD82 were strongly upregulated at the surface
of K562 cells after 24 h TPA treatment. The
surface expression of CD63 did not change,
while the expression of CD151 and CD53
dropped rapidly by 40% and 50%, respectively.
Not all surface molecules were subjected to
changes in expression as there was little change
in CD55 expression and the increase in integrin
a5PB1 expression was late and moderate. CD81,
CD9P-1, and the TfR were unique among the
molecules tested here as their expression levels
were lower after 24 h TPA treatment than after
3 h treatment. For example, the level of CD81
expression dropped to 25—40% of initial level
after 24 h treatment, according to the experi-
ments. The strong diminution of TfR expression
upon TPA treatment was previously reported
[Kohno et al., 1986].

The expression of some of these molecules was
examined more frequently during the first
hours of treatment (Fig. 1B). The expression
levels of all molecules tested (CD81, CD9,
CD9P-1, TfR, and the integrin o5) were sub-
jected to a similar initial diminution of expres-
sion, which reached 25-50% after 2 h of
treatment with TPA. After 3 h, the expression
levels of CD9 and of the integrin o5 were
restored to the initial levels and then continued
to increase. The expression levels of CD81,
CD9P-1, and TfR continued to decrease but at
a lower rate.

TPA is a known activator of PKC, but it may
activate other pathways as well [Rambaratsingh
et al., 2003]. The PKC inhibitor GF109203X
(Fig. 1C) inhibited the down-modulation of
CD9P-1 and CD81 induced by TPA. Thus, PKC
actually plays a role in this phenomenon.

TPA-induced CD81 Down-Modulation Is Due to
Internalization Followed by Reduced Synthesis

TPA has a dual effect on TfR: it increases the
rate of internalization and shuts down its
synthesis at later time points [Schonhorn
et al., 1995]. The similar outcome of CD81 and
TfR expression levels led us to characterize the
mechanisms by which CD81 expression was
down-modulated.

The initial down-modulation of CD81 is the
consequence of internalization, as determined
by immunofluorescence on permeabilized cells
and confocal microscopy. In unstimulated cells
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Fig. 1. Expression of tetraspanins during TPA treatment of K562
cells. K562 cells treated or not with TPA for the indicated time
were analyzed by indirect immunofluorescence and flow-
cytometry for the expression of various surface molecules. The
results are shown as the expression level expressed as a percent of
control cells. A: Expression of the indicated molecules, without

the labeling of CD81 was mainly at the
membrane while as expected CD63 was for the
most part intracellular (Fig. 2A). A small
fraction of CD81 was however intracellular
and co-localized with CD63. Reciprocally, a
fraction of CD63 was at the cell surface, but is
not visible at the exposure used in Figure 2A.
After 1 h TPA treatment, the fraction of CD81 at
the membrane was diminished while the intra-
cellular fraction strongly increased. The intra-
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TPA treatment, or after 3 h or 24 h treatment. B: The expression
level of integrin a5, TfR, CD9, CD81, and CD9P-1 was analyzed
more frequently during the first 6 h of treatment. C: Effect of the
PKC inhibitor GF109203X (2 puM) and the tyrosine kinase
inhibitor herbimycin A (2 pM) on the down-modulation of
CD81 and CD9P-1 expression induced by TPA.

cellular CD81 labeling had a tendency to
concentrate over time, while in contrast the
CD63 labeling got dispersed in the cell (Fig. 2A,
6 h). After 6 h of treatment, the major fraction of
intracellular CD81 co-localized with CD63. As
previously described, the bulk of TfR was
intracellular in K562 cells [Schonhorn et al.,
1995]. There was little co-localization of this
receptor with CD81, both in resting and TPA-
treated cells (Fig. 2B).
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Fig. 2. Change in CD81 cellular distribution following TPA
treatment of K562 cells. K562 cells treated or not with TPA for the
indicated time were attached to polylysine-coated coverslips,
fixed with acetone and labeled with CD81 (green) and either
CD63 (red, A) or anti-TfR (red, B) mAb. The localizations of CD63

To determine whether TPA could affect inter-
nalization of CD81, cells were treated with the
CD81 mAb and then incubated for various time
at 37°C before confocal microscopy analysis. As
shown in Figure 3A, a substantial fraction of the
TS81 mAb was intracellular and co-localized with
CD63 after 6 h of treatment, whether cells were
treated or not with TPA. At earlier time points,
the internalization of the CD81 mAb was more
evident in TPA-treated cells than in non-treated
cells. The rate of internalization of CD81 was
quantified by flow-cytometry, as described in
Material and Methods section. As expected,
the level of surface CD81 mAb decreased faster
after TPA treatment (Fig. 3B). However, in both
cases, the total level of cell-associated CD81
mADb remained very similar. This result, together
with the confocal microscopy analysis, indicates
that TPA accelerates CD81 endocytosis. Thus
~50% of CD81 was internalized after 1 h TPA
treatment as compared to only ~20% in
non-treated cells.

CD81 could be easily detected by Western-
blot during the first 6 h to TPA treatment.
(Fig. 4A). However, after 24 h treatment, there
was a marked reduction of CD81 in the cells. At
these latter time points, the down-regulation
of CD81 is due to an inhibition of synthesis
as determined by a pulse chase experiment

CD81 TR Overlay

and TfR are mainly intracellular, while in control cells CD81 is
mainly localized at the plasma membrane. A large fraction of
CD81 becomes localized in intracellular compartments after
TPA treatment. All images were acquired using the same settings.
Bar 10 um.

(Fig. 4B). As a control the synthesis of CD9 was
strongly increased in the same cells. Quantita-
tive RT-PCR experiments demonstrated a two-
fold reduction of CD81 mRNA level while a large
increase of the level of CD9 mRNA was
observed, consistent with our previous study
[Le Naour et al., 1997] (data not shown).

Release of Tetraspanins From K562 cells Via
Exosomes and Upregulation After TPA Treatment

In preliminary studies we observed that a
fraction of CD81 was present in the supernatant
of K562 cells (data not shown). The MW of this
CD81 fraction was identical to that of cell
membrane-bound CD81 excluding the possibi-
lity of a proteolytic cleavage. We thus examined
whether this fraction of CD81 could be present
on exosomes produced by K562 cells. Exosomes
can be purified by sequential centrifugations
[Raposo et al., 1996]. This approach yields five
pellets with P1 corresponding to the cells and P5
being highly enriched in exosomes. Examina-
tion of the P5 pellet by electron microscopy
showed that this fraction indeed contained
small 50—100 nm vesicles resembling exosomes
(Fig. 5B). Analysis of the protein composition of
the P5 fraction by western-blot further con-
firmed that these vesicles are exosomes
(Fig. 5A). This fraction is indeed enriched in
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Fig. 3. TPAaccelerates endocytosis of CD81. A: Internalization
of CD81. K562 cells were incubated with the CD81 mAb TS81 at
4°C and incubated at 37°C for the indicated time in the presence
or not of TPA. They were then attached to polylysine-coated
coverslips, fixed with acetone and labeled with the CD63 mAb
TS63. The mAb TS81 and TS63 were revealed by a combination
of alexa-488-labeled anti-mouse 1gG2a (TS81, green) and alexa-
568-labeled anti-mouse 1gG1 (TS63, red) before confocal
fluorescence microscopy analysis. Bar 10 pm. B: TPA accelerates
CD81 internalization. K562 cells were incubated at 4°C in the
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cipitation of CD9 or CD81. The results show a strong induction of
CD9 synthesis and a strong reduction of CD81 synthesis after TPA
treatment.
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presence of Alexa 488-labeled TS81 mAb, washed and
incubated at 37°C for the indicated time in the presence or
absence of TPA. They were then stained using a phycoerythrin-
labeled goat anti-mouse polyclonal antibody, and analyzed by
flow-cytometry. In this experiment, the Alexa 488 fluorescence
provides a relative measure of total cell-associated TS81 mAb
(top panel, ““total,”” and the phycoerythrin fluorescence a relative
measure of TS81 still bound to the cell surface (top panel,
“surface”). In the lower panel, CD81 internalization was
quantified as described in Material in Method section.

TfR, a classical marker of exosomes, previously
reported to be present on exosomes produced by
K562 cells [Savina et al., 2002], and in annexin
II, previously identified in exosomes produced
by dendritic cells [Thery et al., 1999]. It also
contains the ESCRT protein Tsgl101 as well as
several tetraspanins such as CD53, CD63, and
CD81. We did not detect the heat shock protein
Hsc-70 or the GPI-anchored molecule CD55 in
the exosome fraction, contrasting with previous
studies. Hsc-70 was found regularly in exo-
somes produced by various cells, including K562
cells [Savina et al., 2002; Wubbolts et al., 2003],
while CD55 was observed on exosomes pro-
duced by erythrocytes [Rabesandratana et al.,
1998]. Our data do not exclude the possibility
that a small fraction of these molecules is
present on exosomes produced by K562 cells,
but indicate that they are not enriched in this
fraction, in contrast with the TfR.

While CD81, CD9P-1, and TfR were all
diminished at cell surface after TPA treatment,
they were subjected to different fates. TPA
treatment induced an increase of the amount of
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Fig. 5. K562 cells produce exosomes enriched in several
tetraspanins and CD9P-1. A: The supernatants of K562 cells
treated or not with TPA for 20 h were subjected to differential
centrifugation. The last pellet (P5), enriched in exosomes, was
analyzed by Western-blot in comparison with the cell extract
(P1). B: Exosomes from control or K562 cells treated with TPA for
20 h were observed by electron microscopy. Bar 100 nm.

CD81 and CD9P-1 in the P5 fraction, but a
decrease of TfR. This diminution of TfR in the
exosome fraction (an approximately fourfold
diminution) is of the same magnitude as the
diminution of material in this fraction as deter-
mined using the Bradford assay (data not shown)
and direct examination by electron microscopy
(Fig. 5B). It is interesting to note that the large
increase of CD9 expression at cell surface follow-
ing TPA treatment was associated with a large
increase of the localization in exosomes.

The TPA-Induced Targeting of CD81 and
CD9P-1 to Exosomes Does Not Require a
Neo-Synthesized Pool

To characterize the origin of CD81 and CD9P-
1 molecules present in exosomes, the cells were
treated by Brefeldin A (BFA), a drug that
prevents the egress from the ER to the Golgi
[Jackson, 2004]. This drug did not have sig-
nificant effect on the steady state levels of TfR,
CD9P-1, CD81, and CD9 (Fig. 6). It resulted in
the apparition of a second band revealed by the
anti CD9P-1 mAb, which probably corresponds
to a molecule lacking extensive glycosylation.
BFA treatment had little effect on the localiza-
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CHX BF, CHX BFA
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™ Sl 8-~ -
~ B55EE 38

Fig. 6. Effect of cycloheximide and Brefeldin A on the presence
of various proteins in exosomes. K562 cells were treated or not
with TPA for 20 h. Then, the supernatants were subjected to
differential centrifugation and the last pellet (P5) was analyzed by
Western-blot in comparison with the cell extract. In some
samples cycloheximide (CHX, 100 ng/ml) or Brefeldin A (BFA, 10
pg/ml) were added 30 min before addition of TPA.

tion of CD81 in exosomes produced by non-
treated K562 cells but diminished the amount of
TfR and CD9P-1 that could be recovered in
exosomes. This differential effect could reflect
the half-life of the proteins or the effect of BFA
on the endosomal compartment [Lippincott-
Schwartz et al., 1991]. Importantly, BFA treat-
ment blocked the increase of CD9 in the
exosome fraction observed after TPA treatment,
but not that of CD9P-1 and CD81. This shows
that the increased amount of CD81 or CD9P-1in
exosomes after TPA treatment is not dependent
on a neosynthesized pool. The effect of BFA on
CD9 is consistent with the strong increase of
CD9 synthesis upon TPA treatment (Figs. 1
and 4). The decrease of CD9 Mr upon BFA
treatment is most likely due to the inhibition of
palmitoylation [Charrin et al., 2002; Yanget al.,
2002]. The effect of cycloheximide pretreatment
was markedly different since this translation
inhibitor inhibited the TPA-induced enrich-
ment of CD81 and CD9P-1 into exosomes. The
differential effects of BFA and cycloheximide on
the enrichment of these two molecules in
exosomes strongly suggest that protein synth-
esis of CD81 and CD9P-1 is not necessary, but
that this enrichment is regulated by a protein
whose synthesis is required during the time of
treatment.

Pattern of Surface Proteins Associated With
CD81 in K562 Cells and Association of CD81
With the TfR

As a first step to test the hypothesis that
tetraspanins could allow the sorting of the
molecules to which they associate into exosomes,
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Fig. 7. Association of a fraction of TfR with CD81. K562 cells
were biotin-labeled, lysed in Brij 97, and immunoprecipitations
(IP1) were performed with mAb directed to the TfR, CD81, and
the integrin o5 as indicated. A higher exposure of the bottom of
the blot is shown. In the right panel (IP2), the proteins co-
immunoprecipitated with CD81 were eluted with 1% Triton X-
100 and subjected to a second immunoprecipitation with the
anti-TfR and anti integrin o5 mAb. The additional band of ~95
kDa present in the anti-TfR immunoprecipitate but not identified
in the figure corresponds to a TfR monomer as it is labeled by a
TfR mAb (data not shown). The * indicates an Ig band. CD9P-1 in
the CD81 immunoprecipitate and the integrin $1 subunit in the
integrin o5 immunoprecipitate co-migrate.

we characterized the pattern of molecules asso-
ciated with CD81 in K562 cells. As shown in
Figure 7, the two main molecules co-immunopre-
cipitated with CD81 after lysis with Brij 97
(a mild detergent widely used to study the
interaction of membrane proteins) had a Mr of
125 and 63 kDa (non-reducing conditions) and
corresponded to CD9P-1 and EWI-2, respectively.
A ~180 kDa band present in the CD81 immuno-
precipitate co-migrated with the disulfide-bound
TfR homodimer. Reciprocally, a band co-migrat-
ing with CD81 was present in the TfR immu-
noprecipitate but not the integrin o5
immunoprecipitate. To check that the ~180
kDa band present in the CD81 immunoprecipi-
tate is indeed the TfR, the proteins co-immuno-
precipitated with CD81 were eluted in Triton X-
100 and subjected to a second immunoprecipita-
tion. We could immunoprecipitate the TfR but not
the integrin o5 from the eluted material (Fig. 7,
right panel) indicating an interaction of CD81
with a fraction of this receptor. Similar results
where obtained after cell lysis with Brij 58.

Cells

IP: None ~ CD9  CD81 CDSP1 CDSS
TPA: - + -+ -+ -+ -+
205

+ CDOP-1
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58.1- = EWl-2
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e — + cost
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Fig. 8. Association of CD81 with CD9P-1 in exosomes. K562
cells were Biotin-labeled before treatment or not with TPA for 20
h. Then, the cells (top) and exosomes (bottom) were lysed in Brij
97 and immunoprecipitations with CD9, CD81, anti-CD9P-1 or
CD55 mAbs were performed.

CD81 and CD9P-1 Present on Exosomes Originate
From the Cell Surface and Remain Associated

To directly demonstrate that a fraction of
CD81 and CD9P-1 present at cell surface at the
time of treatment was targeted to exosomes,
K562 cells were surface-labeled with biotin.
Then, after TPA treatment or not, immunopre-
cipitations were performed on cell (Fig. 8, top)
and exosome (Fig. 8, bottom) extracts obtained
after lysis with Brij 97 (Fig. 8). The presence of
these molecules in the immunoprecipitates
was determined by blotting with streptavidin
peroxydase. Thus only the fraction present at
cell surface at the time of labeling is analyzed.

Both biotin-labeled CD81 and CD9P-1 were
clearly detected in exosomes (Fig. 8, bottom).
Only a faint band of CD9 could be observed.
After TPA treatment, the band corresponding to
CD81 was of higher intensity, indicating a
higher recruitment of CD81 from the plasma
membrane. In contrast, the intensity of the
band corresponding to CD9 was not changed
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after TPA treatment, contrasting with the
sharp increase of CD9 in the exosome fraction
after TPA treatment as determined by Western-
blotting (Fig. 5). Thus, most of the CD9
molecules present in exosomes after TPA treat-
ment were not at cell surface when TPA was
added to the cells. This is consistent with the
observation that BFA blocks the increase of CD9
in exosomes (Fig. 6). Analysis of the entire
pattern of biotinylated proteins in exosomes
(Fig. 8, bottom, left) showed that TPA treatment
did not dramatically change the pattern of
major (biotinylated) proteins present in exo-
somes showing the specificity of CD81 enrich-
ment in this fraction. Note that other
tetraspanins are poorly labeled with biotin and
therefore are not visualized.

As shown in Figure 8, CD81 could strongly
precipitate CD9P-1 not only from the cell lysate
(Fig. 8, top) but also from exosome lysate (Fig. 8,
bottom). CD81 immunoprecipitated as much
CD9P-1 as did the anti-CD9P-1 mAb indicating
that in these cells the bulk of CD9P-1 molecules
is associated with CD81. CD9P-1 only co-
immunoprecipitated a fraction of CD81 mole-
cules, from both cell and exosomes extracts.
This is consistent with the expression level of
CD9P-1 being lower than that of CD81 in K562
cells (data not shown). In contrast, the co-
immunoprecipitation of EWI-2 with CD81 was
strongly reduced in exosomes. It is noteworthy
that although the amount of CD9 in the exosome
fraction was strongly increased after TPA
treatment, the CD9 mAb did not co-immuno-
precipitate higher levels of biotin-labeled CD81
and CD9P-1. This result indicates that the
CD9 pool synthesized after TPA addition and
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Fig. 9. CD9P-1 is sorted into exosomes in the absence of CD9
and CD81.K562 cells stably expressing CD9P-1 were transfected
with siRNA directed to CD81, CD9 or a control siRNA, as
indicated. The cells were then treated or not with TPA for 20 h
and the presence of CD9P-1 and CD81 in exosomes was
analyzed by Western-blot.
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Fig. 10. Palmitoylation of CD9 is not required for sorting into
exosomes. K562 cells were transfected with a vector encoding
CD9 or a mutant CDY lacking all palmitoylation sites (CD9'™).
The Mr of this CD9 mutant is slightly lower than that of WT CD9.
The cells were treated or not with TPA for 20 h and the presence of
CD9 and CD9P™ in exosomes was analyzed by Western-blot.

targeted to exosomes does not associate with the
pre-existing CD81/CD9P-1 complex, and clearly
demonstrates that the observed associations do
not result from a post-lysis artefact.

CD9P-1 is Sorted to Exosomes in the
Absence of CD81 and CD9

The above data showed that CD81 and CD9P-
1 in exosomes come from a surface pool and
specifically remain associated. This made pos-
sible the hypothesis that CD81 could allow the
targeting of CD9P-1 into exosomes. K562 cells
overexpressing CD9P-1 were treated with spe-
cific siRNA to silence CD81 alone or along with
CD9. Both tetraspanins were silenced because
CD9P-1 is a molecular partner of both CD9 and
CD81 [Charrin et al., 2001; Stipp et al., 2001b],
The knock-down of these molecules was checked
by flow-cytometry (data not shown) and Wes-
tern-blot (Fig. 9). CD9P-1 was still recovered in
the exosome fraction after silencing of CD9 and
CD81 while as a control CD9 or CD81 could no
longer be detected in this fraction. Thus the
sorting of CD9P-1 into exosomes is independent
from these two tetraspanins.

Palmitoylation of CD9 Is Not Required for
Exosome Targeting

The demonstration that the lipid composition
of B-cell derived exosomes resembles that of
rafts [Wubbolts et al., 2003], with in particular
enrichment in cholesterol, led to the suggestion
that some proteins may be sorted into the
inwardly budding vesicles of MVB through a
particular interaction with lipids [De Gassart
et al., 2003; Wubbolts et al., 2003]. Because
tetraspanins interact with cholesterol, and a
non-palmitoylated mutant CD9 was defective
in the interaction with this lipid [Charrin
et al., 2003c], we examined a possible role of



660 Abache et al.

palmitoylation in sorting CD9 into exosomes
(Fig. 10). Both WT and non-palmitoylated CD9
(CD9P'™) were stably expressed in K562 cells.
The non-palmitoylated CD9 molecule migrates
slightly faster than WT CD9 [Charrin et al.,
2002]. Both proteins were sorted to exosomes to
the same extent, in the presence or not of TPA.
The increase of the ectopically expressed mole-
cule after TPA treatment is likely to be due to an
activation of the CMV promoter in the plasmid
[Chan et al., 1996].

DISCUSSION

In the course of reticulocyte maturation,
elimination of the TfR and other surface
proteins relies on internalization and targeting
to MVB, which release internal vesicles after
fusion with the plasma membrane [Johnstone,
2005]. Whether other integral proteins present
on exosomes also originate from the plasma
membrane and whether they are targeted
through a mechanism similar to that of TfR is
not known. This question is especially pertinent
for tetraspanins which not only accumulate in
the plasma membrane at the steady-state level,
but also, for some of them, especially CD63, in
intracellular compartments such as lysosomes
and MVB. The generation of exosomes, and
therefore the targeting of the proteins they
contain is probably a continuous process. We
reasoned that the availability of a model where
the targeting of molecules into exosomes
could be induced would facilitate the study
of the mechanisms underlying targeting into
exosomes.

Activation of PKC by TPA induced the rapid
internalization of CD81 in K562 cells. TPA
treatment of K562 cells was shown to promote
the interaction of tetraspanins (including CD81)
with PKCo and PKCP2 in K562 cells while
activation of Jurkat T cells with anti-CD3
antibodies was shown to induce the association
of PKCa with tetraspanins [Zhang et al., 2001].
Because no PKC binding site could be identified
in tetraspanins [Zhang et al., 2001], we could not
directly address the possible contribution of this
interaction in the TPA-induced internalization of
CD81. It is however unlikely that the TPA-
induced internalization of CD81 is a consequence
of this interaction as TPA causes the rapid
internalization of various surface molecules
([Klausner et al., 1984; DiSanto et al., 1989;
Moraru et al., 1990; Dietrich et al., 1994] and this

article). In this regard, the TfR is rapidly
internalized following PKC activation (including
in K562 cells) [Klausner et al., 1984] even when
the PKC phosphorylation site in TfR is mutated
[Zerial et al., 1987]. Rather, PKC is thought to
activate the internalization machinery. This is
consistent with TPA augmenting pinocytosis in
K562 cells [Schonhorn et al., 1995].

A unique effect of TPA on TfR, CD81, and
CD9P-1 was that the expression levels of these
three molecules were lower after 24 h treatment
than after 3 h. Exposure of K562 cells to TPA
was indeed shown to reduce synthesis of TfR
[Schonhorn et al., 1995] and we have now
determined that it induces a down-regulation
of CD81 protein synthesis, in relation with a
diminution of CD81 mRNA levels, as deter-
mined by quantitative RT-PCR. This two-step
down-regulation of CD81 (internalization and
reduced synthesis) is very similar to what has
been reported in lymphoid T cells upon activa-
tion by CD3 and CD28 mAb [Fritzsching et al.,
2002]. Interestingly, like TPA treatment, acti-
vation of T cells causes an activation of serine/
threonine kinases of the PKC family [Bauer and
Baier, 2002]. The synchronization of internali-
zation and the strong reduction of synthesis
make the K562 model especially useful to study
the fate of CD81 molecules after internalization.

TPA increased the localization of several
tetraspanins into exosomes. For some molecules
such as CD9 and CD82 (data not shown), this is
due to an increased synthesis. Indeed, the TPA-
induced increase in CD9 release was blocked by
BFA, and very little CD9 present in exosomes
was at cell surface at the time of treatment. In
contrast, TPA reduced the expression of CD81,
CD9P-1, and TfR, but had strikingly different
effects on their targeting into exosomes. This
treatment increased the release into the extra-
cellular medium of CD9P-1 and CDS81, but
decreased the amount of TfR recovered in this
fraction. The bulk of CD81 and CD9P-1 mole-
cules present on exosomes after TPA treatment
comes from a pre-existing pool, as treatment of
cells with BFA did not diminish the release of
these molecules in the supernatant. Moreover,
at least a fraction of these molecules was
present at the cell surface at the time when
TPA was added. Indeed, when surface proteins
were biotin-labeled before TPA treatment, a
fraction of labeled-CD81, CD9P-1 (and other
molecules) was recovered in the exosome frac-
tion. These data show that sorting of TfR and
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CD81 (and CD9P-1) into exosomes is regulated
by different mechanisms.

How tetraspanins are targeted to exosomes is
so far completely unknown. In contrast to other
tetraspanins such as CD63 and CD82, CD81 and
CD9 do not have a tyrosine-based Yxx® motif.
These molecules interact with cholesterol [Char-
rin et al., 2003¢] and GM3 [Ono et al., 2001], and
can be present in a detergent-resistant membrane
environment different from rafts [Claas et al.,
2001; Charrin et al., 2002]. On the other hand, the
lipid composition of B-cell derived exosomes
resembles that of rafts [Wubbolts et al., 2003],
displaying a particular enrichment in cholesterol
and GM3. This led to the suggestion that some
proteins may be sorted into the inwardly budding
vesicles of MVB through a particular interaction
with lipids [Wubbolts et al., 2003; De Gassart
et al., 2004]. Protein palmitoylation is a way to
increase the interaction of proteins with lipids
[Resh, 1999], and tetraspanins are highly palmi-
toylated [Berditchevski et al., 2002; Charrin et al.,
2002; Yang et al., 2002]. This post-translational
modification contributes to the interaction of
tetraspanins with each other and possibly to the
interaction with cholesterol [Berditchevski et al.,
2002; Charrin et al., 2002; Yang et al., 2002].
However, palmitoylation does not play a major
role in CD9 sorting into exosomes since a CD9
mutant lacking all palmitoylation sites was sorted
into exosomes.

Many tetraspanin-associated proteins are
present in exosomes, such as a subset of
integrins [Wubbolts et al., 2003], ADAM-10
[Le Naour et al.,, 2006; Stoeck et al., 2006],
MHC molecules (for review see [Stoorvogel
et al., 2002; Thery et al., 2002b; De Gassart
et al., 2004]) and CD9P-1 (our study). This led to
the suggestion that tetraspanins may help in
sorting into exosomes some of the proteins to
which they interact with [Stoorvogel et al.,
2002; De Gassart et al., 2004]. In this regard,
the intracellular traffic of some tetraspanin-
associated proteins can be regulated by the
tetraspanins to which they associate (for
review, see [Berditchevski and Odintsova,
2007]). We have demonstrated in this study
that an important fraction of CD9P-1, a common
molecular partner of CD9 and CD81, still
traffics to exosomes after knocking-down these
two tetraspanins. Therefore, the role of CD81 is
not to target CD9P-1 to exosomes. It is unlikely
that CD9P-1 could in turn allow the sorting of
CD9 or CD81 into exosomes as these tetraspa-

nins can be found in exosomes produced by cells
not expressing this molecule such as lymphoid
cells.

CD81 plays a major role in the infection of
hepatocytic cells by two major infectious agents,
the hepatitis C virus and Plasmodium, the
parasite causing Malaria. Recently the demon-
stration that a CD81 mAb could inhibit model
pseudoparticles entry after attachment to
the cells led to the suggestion that CD81 func-
tions as a post-attachment entry co-receptor
[Cormier et al., 2004]. However, previous
studies have shown that the internalization
rate of CD81 is slow [Petracca et al., 2000], and
comparable to the internalization of CD81 in
K562 cells. The finding that this internalization
can be accelerated upon proper stimulation may
have implications for better understanding the
role of CD81 during HCV infection.

ACKNOWLEDGMENTS

We are grateful to Dr. F. Lanza and Dr. O.
Yoshie for providing mAb, and to Dr. G. Pierron
for critical review of the manuscript. Toufik
Abache was supported by fellowships awarded
by the French government and by the Associa-
tion Nouvelles Recherches Biomédicales. This
work was supported in part by the Association
Nouvelles Recherches Biomédicales, by the
Association pour la Recherche contre le Cancer
and by the Institut de Cancérologie et d'Immu-
nogénétique.

REFERENCES

Azorsa DO, Moog S, Cazenave JP, Lanza F. 1999. A general
approach to the generation of monoclonal antibodies
against members of the tetraspanin superfamily using
recombinant GST fusion proteins. J Immunol Methods
229:35-48.

Bauer B, Baier G. 2002. Protein kinase C and AKT/protein
kinase B in CD4+ T-lymphocytes: New partners in TCR/
CD28 signal integration. Mol Immunol 38:1087—1099.

Berditchevski F, Odintsova E. 2007. Tetraspanins as
Regulators of Protein Trafficking. Traffic 8:89—-96.

Berditchevski F, Odintsova E, Sawada S, Gilbert E. 2002.
Expression of the palmitoylation-deficient CD151 weak-
ens the association of alpha 3 beta 1 integrin with the
tetraspanin-enriched microdomains and affects integrin-
dependent signaling. J Biol Chem 277:36991-37000.

Blanc L, De Gassart A, Geminard C, Bette-Bobillo P, Vidal
M. 2005. Exosome release by reticulocytes—an integral
part of the red blood cell differentiation system. Blood
Cells Mol Dis 35:21-26.

Blanchard N, Lankar D, Faure F, Regnault A, Dumont C,
Raposo G, Hivroz C. 2002. TCR activation of human T



662 Abache et al.

cells induces the production of exosomes bearing the
TCR/CD3/zeta complex. J Immunol 168:3235—-3241.

Bonifacino JS, Traub LM. 2003. Signals for sorting of
transmembrane proteins to endosomes and lysosomes.
Annu Rev Biochem 72:395-447.

Boucheix C, Rubinstein E. 2001. Tetraspanins. Cell Mol
Life Sci 58:1189-1205.

Chan YJ, Chiou CJ, Huang Q, Hayward GS. 1996.
Synergistic interactions between overlapping binding
sites for the serum response factor and ELK-1 proteins
mediate both basal enhancement and phorbol ester
responsiveness of primate cytomegalovirus major
immediate-early promoters in monocyte and T-lympho-
cyte cell types. J Virol 70:8590—8605.

Charrin S, Le Naour F, Oualid M, Billard M, Faure G,
Hanash SM, Boucheix C, Rubinstein E. 2001. The major
CD9 and CD81 molecular partner: Identification and
characterization of the complexes. J Biol Chem 276:
14329-14337.

Charrin S, Manie S, Oualid M, Billard M, Boucheix C,
Rubinstein E. 2002. Differential stability of tetraspanin/
tetraspanin interactions: Role of palmitoylation. FEBS
Lett 516:139-144.

Charrin S, Le Naour F, Labas V, Billard M, Le Caer JP,
Emile JF, Petit MA, Boucheix C, Rubinstein E. 2003a
EWI-2 is a new component of the tetraspanin web in
hepatocytes and lymphoid cells. Biochem J 373:409-421.

Charrin S, Manie S, Billard M, Ashman L, Gerlier D,
Boucheix C, Rubinstein E. 2003b Multiple levels of
interactions within the tetraspanin web. Biochem Bio-
phys Res Commun 304:107-112.

Charrin S, Manie S, Thiele C, Billard M, Gerlier D,
Boucheix C, Rubinstein E. 2003¢c A physical and func-
tional link between cholesterol and tetraspanins. Eur J
Immunol 33:2479-2489.

Claas C, Stipp CS, Hemler ME. 2001. Evaluation of
prototype transmembrane 4 superfamily protein com-
plexes and their relation to lipid rafts. J Biol Chem 276:
7974-7984.

Clark KL, Zeng Z, Langford AL, Bowen SM, Todd SC. 2001.
Pgrl is a major cd81-associated protein on lymphocytes
and distinguishes a new family of cell surface proteins.
J Immunol 167:5115-5121.

Cormier, EG, Tsamis F, Kajumo F, Durso RJ, Gardner JP,
Dragic T. 2004. CD81 is an entry coreceptor for hepatitis
C virus. Proc Natl Acad Seci 101:7270-7274.

De Gassart A, Geminard C, Fevrier B, Raposo G, Vidal M.
2003. Lipid raft-associated protein sorting in exosomes.
Blood 102:4336-4344.

De Gassart A, Geminard C, Hoekstra D, Vidal M. 2004.
Exosome secretion: The art of reutilizing nonrecycled
proteins? Traffic 5:896—903.

Dietrich J, Hou X, Wegener AM, Geisler C. 1994. CD3
gamma contains a phosphoserine-dependent di-leucine
motif involved in down-regulation of the T cell receptor.
EMBO J 13:2156-2166.

DiSanto JP, Klein JS, Flomenberg N. 1989. Phosphoryla-
tion and down-regulation of CD4 and CD8 in human
CTLs and mouse L cells. Immunogenetics 30:494—501.

Escola JM, Kleijjmeer MJ, Stoorvogel W, Griffith JM,
Yoshie O, Geuze HJ. 1998. Selective enrichment of
tetraspan proteins on the internal vesicles of multi-
vesicular endosomes and on exosomes secreted by human
B-lymphocytes. J Biol Chem 273:20121-20127.

Fitter S, Sincock PM, Jolliffe CN, Ashman LK. 1999.
Transmembrane 4 superfamily protein CD151 (PETA-3)
associates with beta 1 and alpha IIb beta 3 integrins in
haemopoietic cell lines and modulates cell-cell adhesion.
Biochem J 338:61-70.

Fritzsching B, Schwer B, Kartenbeck J, Pedal A, Horejsi V,
Ott M. 2002. Release and intercellular transfer of cell
surface CD81 via microparticles. J Immunol 169:5531—
5537.

Geuze HJ. 1998. The role of endosomes and lysosomes in
MHC class II functioning. Immunol Today 19:282—287.

Heijnen HF, Schiel AE, Fijnheer R, Geuze HdJ, Sixma JJ.
1999. Activated platelets release two types of membrane
vesicles: Microvesicles by surface shedding and exosomes
derived from exocytosis of multivesicular bodies and
alpha-granules. Blood 94:3791-3799.

Hemler ME. 2003. Tetraspanin proteins mediate cellular
penetration, invasion, and fusion events and define a
novel type of membrane microdomain. Annu Rev Cell
Dev Biol 19:397-422.

Imai T, Yoshie O. 1993. C33 antigen and M38 antigen
recognized by monoclonal antibodies inhibitory to syncy-
tium formation by human T cell leukemia virus type 1 are
both members of the transmembrane 4 superfamily and
associate with each other and with CD4 or CD8in T cells.
J Immunol 151:6470—6481.

Jackson CL. 2004. The Sec7 family of Arf guanine
nucleotide exchange factors. In: Kahn RA, editor.
ARF family GTPases. Vol. 1. Netherlands: Springer.
pp 71-99.

Janvier K, Bonifacino JS. 2005. Role of the endocytic
machinery in the sorting of lysosome-associated mem-
brane proteins. Mol Biol Cell 16:4231-4242.

Johnstone RM. 2005. Revisiting the road to the discovery of
exosomes. Blood Cells Mol Dis 34:214-219.

Johnstone RM, Adam M, Hammond JR, Orr L, Turbide C.
1987. Vesicle formation during reticulocyte maturation.
Association of plasma membrane activities with released
vesicles (exosomes). J Biol Chem 262:9412—-9420.

Klausner RD, Harford J, van Renswoude J. 1984. Rapid
internalization of the transferrin receptor in K562 cells is
triggered by ligand binding or treatment with a phorbol
ester. Proc Natl Acad Sci USA 81:3005-3009.

Kohno H, Taketani S, Tokunaga R. 1986. Phorbol ester-
induced regulation of transferrin receptors in human
leukemia K562 cells. Cell Struct Funct 11:181-190.

Le Naour F, Francastel C, Prenant M, Lantz O, Boucheix C,
Rubinstein E. 1997. Upregulation of CD9 expression
during TPA treatment of K562 cells. Leukemia 11:1290—
1297.

Le Naour F, Andre M, Greco C, Billard M, Sordat B, Emile
JF, Lanza F, Boucheix C, Rubinstein E. 2006. Profiling of
the tetraspanin web of human colon cancer cells. Mol Cell
Proteomics 5:845—-857.

Levy S, Shoham T. 2005. The tetraspanin web modulates
immune-signalling complexes. Nat Rev Immunol 5:136—
148.

Lippincott-Schwartz J, Yuan L, Tipper C, Amherdt M, Orci
L, Klausner RD. 1991. Brefeldin A’s effects on endo-
somes, lysosomes, and the TGN suggest a general
mechanism for regulating organelle structure and mem-
brane traffic. Cell 67:601-616.

Lozahic S, Christiansen D, Manie S, Gerlier D, Billard M,
Boucheix C, Rubinstein E. 2000. CD46 (membrane



Sorting of Tetraspanins Into Exosomes 663

cofactor protein) associates with multiple betal integrins
and tetraspans. Eur J Immunol 30:900-907.

Moraru II, Laky M, Stanescu T, Buzila L, Popescu LM.
1990. Protein kinase C controls Fc gamma receptor-
mediated endocytosis in human neutrophils. FEBS Lett
274:93-95.

Ono M, Handa K, Sonnino S, Withers DA, Nagai H,
Hakomori S. 2001. GM3 ganglioside inhibits CD9-
facilitated haptotactic cell motility: Coexpression of
GM3 and CD9 is essential in the downregulation of
tumor cell motility and malignancy. Biochemistry 40:
6414-6421.

Pelchen-Matthews A, Kramer B, Marsh M. 2003. Infectious
HIV-1 assembles in late endosomes in primary macro-
phages. J Cell Biol 162:443—-455.

Petracca, R, Falugi F, Galli G, Norais N, Rosa D,
Campagnoli S, Burgio V, Di Stasio E, Giardina B,
Houghton M, Abrignani S, Grandi G. 2000. Structure-
function analysis of hepatitis C virus envelope-CD81
binding. J Virol 74:4824-4830.

Rabesandratana H, Toutant JP, Reggio H, Vidal M. 1998.
Decay-accelerating factor (CD55) and membrane inhibi-
tor of reactive lysis (CD59) are released within exosomes
during In vitro maturation of reticulocytes. Blood
91:2573-2580.

Rambaratsingh RA, Stone JC, Blumberg PM, Lorenzo PS.
2003. RasGRP1 represents a novel non-protein kinase C
phorbol ester signaling pathway in mouse epidermal
keratinocytes. J Biol Chem 278:52792—52801.

Raposo G, Nijman HW, Stoorvogel W, Liejendekker R,
Harding CV, Melief CJ, Geuze HJ. 1996. B lymphocytes
secrete antigen-presenting vesicles. J Exp Med 183:
1161-1172.

Raposo G, Moore M, Innes D, Leijendekker R, Leigh-Brown
A, Benaroch P, Geuze H. 2002. Human macrophages
accumulate HIV-1 particles in MHC II compartments.
Traffic 3:718-729.

Resh MD. 1999. Fatty acylation of proteins: New insights
into membrane targeting of myristoylated and palmitoy-
lated proteins. Biochim Biophys Acta 1451:1-16.

Rous BA, Reaves BJ, Thrke G, Briggs JA, Gray SR,
Stephens DdJ, Banting G, Luzio JP. 2002. Role of adaptor
complex AP-3 in targeting wild-type and mutated CD63
to lysosomes. Mol Biol Cell 13:1071-1082.

Rubinstein E, Le Naour F, Lagaudriere C, Billard M,
Conjeaud H, Boucheix C. 1996. CD9, CD63, CD81 and
CD82 are components of a surface tetraspan network
connected to HLA-DR and VLA integrins. Eur J Immunol
26:2657—2665.

Savina A, Vidal M, Colombo MI. 2002. The exosome
pathway in K562 cells is regulated by Rab11. J Cell Sci
115:2505-2515.

Schonhorn JE, Akompong T, Wessling-Resnick M. 1995.
Mechanism of transferrin receptor down-regulation in
K562 cells in response to protein kinase C activation. J
Biol Chem 270:3698-3705.

Serru V, Le Naour F, Billard M, Azorsa DO, Lanza F,
Boucheix C, Rubinstein E. 1999. Selective Tetraspan/
integrin complexes (CD81/04p1, CD151/0:3p1, CD151/
a6B1) under conditions disrupting tetraspan interac-
tions. Biochem J 340:103-111.

Sincock PM, Fitter S, Parton RG, Berndt MC, Gamble JR,
Ashman LK. 1999. PETA-3/CD151, a member of the
transmembrane 4 superfamily, is localised to the plasma

membrane and endocytic system of endothelial cells,
associates with multiple integrins and modulates cell
function. J Cell Sci 112:833—844.

Sterk LM, Geuijen CA, Oomen LC, Calafat J, Janssen H,
Sonnenberg A. 2000. The tetraspan molecule CD151, a
novel constituent of hemidesmosomes, associates with
the integrin alpha6beta4 and may regulate the spatial
organization of hemidesmosomes. J Cell Biol 149:969—
982.

Stern LdJ, Potolicchio I, Santambrogio L. 2006. MHC class II
compartment subtypes: Structure and function. Curr
Opin Immunol 18:64—69.

Stipp CS, Kolesnikova TV, Hemler ME. 2001a EWI-2 Is a
Major CD9 and CD81 Partner and member of a novel Ig
protein subfamily. J Biol Chem 276:40545—-40554.

Stipp CS, Orlicky D, Hemler ME. 2001b FPRP, a major,
highly stoichiometric, highly specific CD81- and CD9-
associated protein. J Biol Chem 276:4853—-4862.

Stoeck A, Keller S, Riedle S, Sanderson MP, Runz S, Le
Naour F, Gutwein P, Ludwig A, Rubinstein E, Altevogt P.
2006. A role for exosomes in the constitutive and
stimulus-induced ectodomain cleavage of L1 and CD44.
Biochem J 393:609-618.

Stoorvogel W, Kleijmeer MdJ, Geuze HJ, Raposo G. 2002.
The biogenesis and functions of exosomes. Traffic 3:321—
330.

Thery C, Regnault A, Garin J, Wolfers J, Zitvogel L,
Ricciardi-Castagnoli P, Raposo G, Amigorena S. 1999.
Molecular characterization of dendritic cell-derived exo-
somes. Selective accumulation of the heat shock protein
hsc73. J Cell Biol 147:599-610.

Thery C, Duban L, Segura E, Veron P, Lantz O, Amigorena
S. 2002a Indirect activation of naive CD4+ T cells by
dendritic cell-derived exosomes. Nat Immunol 3:1156—
1162.

Thery C, Zitvogel L, Amigorena S. 2002b Exosomes:
Composition, biogenesis and function. Nat Rev Immunol
2:569-579.

van Niel G, Raposo G, Candalh C, Boussac M, Hershberg R,
Cerf-Bensussan N, Heyman M. 2001. Intestinal epithe-
lial cells secrete exosome-like vesicles. Gastroenterology
121:337-349.

von Lindern JJ, Rojo D, Grovit-Ferbas K, Yeramian C,
Deng C, Herbein G, Ferguson MR, Pappas TC, Decker
JM, Singh A, Collman RG, O’Brien WA. 2003. Potential
role for CD63 in CCR5-mediated human immunodefi-
ciency virus type 1 infection of macrophages. J Virol
77:3624—-3633.

Wubbolts R, Leckie RS, Veenhuizen PT, Schwarzmann G,
Mobius W, Hoernschemeyer J, Slot JW, Geuze HdJ,
Stoorvogel W., 2003. Proteomic and biochemical analyses
of human B cell-derived exosomes. Potential implications
for their function and multivesicular body formation. J
Biol Chem 278:10963—-10972.

Yang X, Claas C, Kraeft SK, Chen LB, Wang Z, Kreidberg
JA, Hemler ME., 2002. Palmitoylation of tetraspanin
proteins: Modulation of CD151 lateral interactions,
subcellular distribution, and integrin-dependent cell
morphology. Mol Biol Cell 13:767—-781.

Yauch RL, Berditchevski F, Harler MB, Reichner J, Hemler
ME. 1998. Highly stoichiometric, stable, and specific
association of integrin alpha3betal with CD151 provides
a major link to phosphatidylinositol 4-kinase, and may
regulate cell migration. Mol Biol Cell 9:2751-2765.



664 Abache et al.

Zerial M, Suomalainen M, Zanetti-Schneider M, Schneider
C, Garoff H. 1987. Phosphorylation of the human
transferrin receptor by protein kinase C is not required
for endocytosis and recycling in mouse 3T3 cells. EMBO J
6:2661—-2667.

Zhang XA, Bontrager AL, Hemler ME. 2001. Transmem-
brane-4 superfamily proteins associate with activated

protein kinase C (PKC) and link PKC to specific beta(1)
integrins. J Biol Chem 276:25005—-25013.

Zitvogel L, Regnault A, Lozier A, Wolfers J, Flament C,
Tenza D, Ricciardi-Castagnoli P, Raposo G, Amigorena S.
1998. Eradication of established murine tumors using a
novel cell-free vaccine: Dendritic cell-derived exosomes.
Nat Med 4:594—-600.



