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Background: Exosome vesicles can transfer molecular information previously shown to stimulate tumor development;

however, the mechanism of exosome uptake is unknown.

Results: Mammalian cells internalize exosomes through lipid raft-mediated endocytosis negatively regulated by caveolin-1.
Conclusion: Our findings provide novel insights into cellular uptake of exosomes.
Significance: Our data provide potential strategies for how the exosome uptake pathway may be targeted.

The role of exosomes in cancer can be inferred from the obser-
vation that they transfer tumor cell derived genetic material and
signaling proteins, resulting in e.g. increased tumor angiogenesis
and metastasis. However, the membrane transport mechanisms
and the signaling events involved in the uptake of these virus-like
particles remain ill-defined. We now report that internalization of
exosomes derived from glioblastoma (GBM) cells involves nonclas-
sical, lipid raft-dependent endocytosis. Importantly, we show that
the lipid raft-associated protein caveolin-1 (CAV1), in analogy with
its previously described role in virus uptake, negatively regulates
the uptake of exosomes. We find that exosomes induce the phos-
phorylation of several downstream targets known to associate with
lipid rafts as signaling and sorting platforms, such as extracellular
signal-regulated kinase-1/2 (ERK1/2) and heat shock protein 27
(HSP27). Interestingly, exosome uptake appears dependent on
unperturbed ERK1/2-HSP27 signaling, and ERK1/2 phosphoryla-
tion is under negative influence by CAV1 during internalization
of exosomes. These findings significantly advance our general
understanding of exosome-mediated uptake and offer potential
strategies for how this pathway may be targeted through modu-
lation of CAV1 expression and ERK1/2 signaling.

The process of endocytosis involves multiple mechanisms in
mammalian cells differing in the type of cargo and fate of cargo
upon internalization. Described mechanisms of classical endocy-
tosis include clathrin-dependent endocytosis, macropinocytosis,
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clathrin-independent endocytosis pathways such as caveolae-
mediated uptake associated with lipid rafts (or cholesterol-
enriched membrane microdomains) in the plasma membrane and
non-classical pathways involving non-clathrin, non-caveolae-me-
diated endocytosis (1-4). Secreted vesicles, here classified as exo-
somes (also referred to as microvesicles, shedded vesicles, ecto-
somes, microparticles, plasma membrane-derived vesicles) are
complex biological vehicles enclosed with cytoplasmic compo-
nents and genetic material (5—8). The putative function of exo-
somes in cancer are based on the recently described findings of the
transfer of genetic material and signaling proteins, resulting in e.g.
increased angiogenesis and metastasis (8—12). Exosomes are
released from multivesicular bodies (MVBs)? upon their fusion
with the plasma membrane (13). Recent studies suggest that
released vesicles may transfer functional RNA as well as trans-
membrane proteins contributing to the propagation of a trans-
formed cell phenotype (9, 10, 14). Accordingly, exosomes can be
regarded as multi-purpose delivery vehicles in analogy with an
endogenous virus-like particle infecting cells in the surrounding
environment. Importantly, recent reports have documented key
processes involved in exosome release and have identified similar-
ities in topology and mechanisms to retroviral budding (15, 16). It
is still controversial whether vesicular uptake is cell type specific
(17), and whether it involves membrane fusion or endocytosis (18,
19). Thus, studies elucidating the mechanisms involved in exo-
some uptake remain an important challenge. We have previously
reported on microvesicle-induced pro-angiogenic signaling; a
process highly relevant in the most aggressive brain tumor type
GBM (20). Here we set out to elucidate the unknown mechanisms
of the uptake of GBM cell-derived vesicles and the signaling events
involved in the internalization process.

2 The abbreviations used are: MVB, multivesicular body; GBM, glioblastoma;
CAV, caveolin; HSP, heat shock protein; NTA, nanoparticle tracking analy-
sis; TIRF, total internal reflection fluorescence; TF, tissue factor; Tfn, trans-
ferrin; Ctx, cholera toxin; MBCD, methyl-B-cyclodextrin; HMG-CoA; 3-hy-
droxyl-3-methylglutaryl coenzyme A.
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EXPERIMENTAL PROCEDURES

Cell Culture—Human umbilical vein endothelial cells
(HUVECSs, Lonza) were cultured in endothelial basal medium
supplemented with 10% heat-inactivated fetal bovine serum
(FBS), 2 mM L-glutamine, 100 units/ml penicillin, 100 pg/ml
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streptomycin, 10 ng/ml hydrocortisone, and 20 pg/ml human
recombinant EGF. Human cervix adenocarcinoma (HeLa,
ATCC), HeLa cells previously generated to stably overexpress
CAV1-YFP (21), human GBM cells (U87 MG, ATCC) and wild-
type (WT) or CAV1 knock out (cav-1 (—/—)) mouse embryonic
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fibroblasts (MEF, ATCC) were cultured in DMEM supple-
mented with 10% FBS, 2 mm L-glutamine, 100 units/ml penicil-
lin, 100 pg/ml streptomycin (growth medium). CHO-K1 and
COS-7 cells were cultured in F12K supplemented with 10%
FBS, 2 mMm L-glutamine, 100 units/ml penicillin, 100 ug/ml
streptomycin. U87 MG shRNA negative control (NC) and
shRNA CAV1 were routinely cultured in growth medium sup-
plemented with 1 pg/ml puromycin. U87 MG cells transfected
with a CD63-mCherry plasmid were sorted with FACSAria by
fluorescence intensity and clones were further selected by neo-
mycin resistance. U87 MG-CD63-mCherry cells were routine
cultured in growth medium supplemented with 1000 ug/ml
G418. All cells were cultured in a humidified incubator with 5%
CO,at 37 °C.

Antibodies and Reagents—Antibodies for CAV1 (ab2910),
CD63 (ab8219), TSG101 (ab30871), clathrin heavy chain
(ab21679), p-HSP27 (ab17937), HSP27 (ab5579), flotillin-1
(ab41927), calnexin (ab2798), B-actin (ab8227), and a-tubulin
(ab7291) were from Abcam. TF antibody (10H10) and siRNA
for clathrin (sc-35067) were from Santa Cruz Biotechnology.
Secondary antibodies conjugated with 5 or 15 nm gold were
from Electron Microscopy Sciences, Fort Washington, PA.
Total ERK1/2 antibody (9102) and siRNA for HSP27 (#6526S)
were from Cell Signaling. Normal mouse IgG was from Molec-
ular Probes. siRNA for CD63 (#4392420, ID:s2701), Mission
Lentiviral transduction particles (SHCLNV) (shRNA) for
CAV1 (NM_001753 clone TRCN000008002) and negative
control (NC) (SHCO16V, pLKO.1-puro), phosphorylated
(Thr183/Tyr185) ERK1/2 antibody (M8159), PKH67 Green
Fluorescent cell linker midi kit, PKH26 red fluorescent cell
linker midi kit, CellVue labeling kit, cholera toxin subunit B
FITC conjugate, FITC conjugated 10 kDa dextran, FITC-con-
jugated transferrin, Phalloidin-TRITC, amiloride, methyl-B-
cyclodextrin (MBCD), filipin III, nocodazole, puromycin
dihydrochloride, G418, Cytochalasin D, and Lantrunculin A
were all from Sigma Aldrich. Dynabeads® Protein G and
Hoechst 33342 were from Invitrogen. SEA Block Blocking
buffer was from Thermo Scientific. Dil-labeled acetylated
LDL was from Harbor Bioproducts. Simvastatin was from

Calbiochem. Complete protease inhibitors and phosphatase
inhibitors were from Roche. Human phosphokinase anti-
body array (#ARY003) was from R&D Systems. U0126 was
purchased from Selleck Chemicals. Plasmid encoding CD63-
mCherry was kindly provided by Dr Lippincott-Schwartz
and CD63-GFP plasmids was a gift from Dr. Takahisa Takino
(Kanazawa University). The plasmid encoding pIRESneo-
EGFP-a-tubulin was obtained from Addgene (Patricia Wad-
sworth, plasmid #12298). Plasmid encoding CAV1-YFP
(pEX_EF1_CAV1-YFP) was from ATCC.

Exosome Purification and Characterization—Secreted vesi-
cles were isolated from cell culture medium of U87 MG as pre-
viously described (20). Transmission electron microscopy was
performed to validate the presence and purity of intact exo-
somes and analyzed for size using nanoparticle tracking analy-
sis (NTA). Protein amounts were quantified with BCA™ pro-
tein assay kit (Pierce) in each vesicle preparation. Isolated
exosomes were in indicated experiments labeled with PKH67,
PKH26 or cellvue midklaret fluorescent labeling kit according
to the manufacturer’s protocol (Sigma). Each vesicle prepara-
tion was stored at 4 °C and used within 5 days after isolation.

Confocal Laser Scanning Microscopy and Live-cell Imaging of
Internalized Exosomes—All experiments were performed in
Zeiss LSM 710 confocal scanning equipment using excitation
wavelengths of 405, 488, 546, 633 nm, and a Plan-Apochromat
20X /0.8M27 objective and a C-Apochromat 63X/1.20W korr
M27 glycerol immersion objective. Image analysis was per-
formed using the Zeiss LSM software. Live cell imaging of inter-
nalized exosomes was performed with the same microscope
equipped with heat incubator set at 37 °C with 5% CO,. For live
cell confocal laser scanning microscopy experiments, cells were
grown in glass bottom chamber slides, and 10-20 ug/ml of
labeled exosomes were added to subconfluent cells in phenol
red-free and serum-free conditions and incubated as indicated
in the figure legend. Surface-bound exosomes were removed by
extensive washing with 1 M NaCl and serum-free medium, fol-
lowed by live cell imaging of intracellular exosomes in phenol-
red free medium. For colocalization studies, 10 pg/ml CtxB-
FITC, 100 ug/ml Dx10-FITC, or 150 mg/ml Tfn-FITC was

FIGURE 1. Endocytosis of GBM cell-derived exosome-like extracellular vesicles. A, characterization of U87 MG-derived vesicles by nanoparticle tracking
analysis. B, electron microscopy validates intact vesicles. Scale bar, 100 nm. C,immunoblot analysis of cells and exosome-like vesicles for the exosomal markers
CD63, TF, and flotillin-1, and the ER marker calnexin. D, confocal microscopy analysis of exosome uptake in the absence or presence of an excess (X4) unlabeled
exosomes. Scale bars, 15 um. E and F, time (E), and concentration (F)-dependent uptake of exosomes using flow cytometry analysis. G, insignificant passive
uptake of exosomes at 4 °C. H, exosome uptake in human cervix adenocarcinoma cells (HelLa), chinese hamster ovary cells (CHO K1), mouse embryonic
fibroblasts (MEF), U87 MG and HUVEC cells (n = 3). Values are normalized to HUVEC ( = 1). Control (Ct/) represents cells without exosomes. Flow cytometry
graphs represent mean fluorescent values of one of two representative experiments generating similar results, error bars are £ S.D.; a.u., arbitrary units.
I, exosomes move along microtubule tracks. COS-7 cells were transfected with pIRESneo-EGFP-a-tubulin 24 h prior to the addition of PKH26 labeled exosomes
for an additional 16 h. Movie sequences display (4 boxed individual images, 0's, 12's, 25 s, 54 s) of exosome transport (yellow) along microtubule (white).
Arrowheads depictintracellular, motile exosomes. Images were captured using a C-Apochromat 20X/0.8 M27 objective, 4.0 zoom, pinhole setting of 31 um and
laser gains of 5.5% (561 nm) and 5% (488 nm). Image size was x:512, y:512, and images were captured during 2 min and 11 s. Scale bar, 20 um. For full-length
movie, see supplemental video S2.J, reduced exosome transportin HUVECs treated for 10 min with 10 wg/ml nocodazole (lower panels) compared with Control
(no treatment, upper panels). Pictures shown (Exo movement) represent color-coded data from time series of exosome movement in an overlay in which every
time point (during 40 s) corresponds to a color. Images were captured using a C-Apochromat 63X/1.20W korr M27 objective (zoom 3.6). Scale bars, 50 um. For
full-length movies, see supplemental videos S3 and S4. K; cell viability is intact as measured by trypan blue exclusion after 10 min of nocodazole (10 pg/ml)
treatment. L, electron microscopy images of compartments with internalized tissue factor (TF)-bearing exosomes over time. Low magnification overviews
(upper panels, scale bars, 100 wm) confirm the intracellular localization of exosomes, and cropped pictures (lower panels, scale bars, 100 nm) demonstrate
intraluminal vesicles (red arrowheads) positive for a-TF 5 nm gold particles. Note that endogenous vesicular structures in HUVECs are negative for TF (lower left
panel, white arrowhead). M, electron microscopy colocalization studies in HUVECs of GBM cell-derived exosomes detected by o-TF 5 nm gold particles and
MVBs distinguished by anti-TSG101 15 nm gold particles (scale bars, 100 um). Ctl: no addition of exosomes. N-O, exosomes reside in a CD63-positive
compartment after long-term incubation (24 h) but do not colocalize with CD63 at the cell surface. U87MG cells stably expressing CD63-mCherry (N) or
transiently transfected with CD63-GFP (O) were incubated with PKH-labeled exosomes for the indicated time periods. Cells were washed in 1 m NaCl and PBS
to remove nonspecifically bound exosomes before fixation and confocal microscopy analysis. CD63 (turquoise) and internalized exosomes (red) were captured
at the indicated time points. Scale bars, 15 um.
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co-incubated with labeled exosomes and incubated for 30 min.
Cells were washed as above and fixed using 2% (w/v) parafor-
maldehyde for 5 min at room temperature. Cells were immedi-
ately analyzed. The weighted colocalization coefficients were
calculated in representative cells using the Zeiss LSM software,

and represent the number of red pixels (exosomes) that colo-
calize with turquoise pixels (CtxB or Dx10) divided by the total
number of turquoise pixels.

TIRF Microscopy of Cell Surface-bound Exosomes—Total
internal reflection fluorescence (TIRF) microscopy experi-
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ments were performed using an inverted microscope (Axio
Observer Z1; Zeiss) equipped with a Zeiss TIRF module and a
100X 1.45 NA DIC M27 Zeiss TIRF oil immersion lens and
acquisitions were made by using Slidebook 5.5 (3I). Subconflu-
ent HeLa CAVI1-YFP cells were incubated with labeled exo-
somes for 1 h in serum-free medium prior to live cell micros-
copy in phenol red-free medium.

Flow Cytometry Analysis—Subconfluent cells were incu-
bated with labeled exosomes for the indicated time periods.
Cells were washed in PBS, detached with trypsin, and subse-
quently washed twice in PBS supplemented with 1% BSA (w/v)
and analyzed by flow cytometry on a FACS-Calibur instrument
integrated with Cell-Quest software (BD Biosciences). Graphs
show mean fluorescent values (10,000 events/sample) of one of
three representative experiments (n = 3) with similar results =
S.D. unless stated otherwise.

Electron Microscopy—Isolated exosomes or cells incubated
with or without exosomes were washed twice in Tris-buffered
saline (TBS), pelleted, fixed for 1 h at 20 °C, and overnight at
4°Cin 2.5% glutaraldehyde in cacodylate buffer. For uptake
of exosomes in HUVEC:s, cells were incubated with 10 ug/ml
exosomes followed by trypsinization, washing in TBS and
fixation in 2.5% glutaraldehyde in cacodylate buffer over-
night at4 °C. Some samples were incubated with the primary
antibodies TF (10H10 titer 1:50) and tsg101 polyclonal (rab-
bit, titer 1:100) or flotillin-1 antibody (rabbit, 10 wg/ml) fol-
lowed by detection with secondary antibodies conjugated
with 5 nm gold, TF (1:10), or 15 nm gold (tsg101 and flotil-
lin-1, titer 1:20) and analyzed using a JEOL JEM 1230 trans-
mission electron microscope (JEOL, Peabody, MA) as previ-
ously described (20).

Transfections and Transductions—DNA plasmid transfec-
tions were performed in U87 MG cells (CD63-GFP), COS-7
(tubulin-GFP) or MEF, U87MG, CHO-K1, and HeLa (CAV1-
YFP) seeded in chamber slides for confocal imaging or 24-well
plates for flow cytometry analysis and grown in their respective
medium w/o antibiotics. RNA interference was performed in
HUVECs or U87 MG seeded in respective growth medium w/o
antibiotics. All transfections were performed using Lipo-
fectamine (Invitrogen) and 100 nMm siRNA against CD63,
HSP27, or clathrin following the recommendations of the man-
ufacturer. U87 MG cells were transduced using Mission Lenti-
viral transduction particles (SHCLNV, Sigma Aldrich) for
CAV1 (NM_001753 clone TRCN000008002) and negative con-

trol (negative control (SHCO16V, pLKO.1-puro)) at a MOI of
0.2 and selected by 1 ug/ml puromycin.

Immunoblotting and Immunoprecipitation—Cells or exo-
somes were washed with ice-cold PBS and lysed in a reducing
RIPA buffer containing 20 mm Tris-HCl (pH 7.5), 150 mm
NaCl, 1 mm Na,EDTA, 1 mm EGTA, 1% Nonidet P-40, 1%
sodium deoxycholate, 2.5 mM sodium pyrophosphate, 1 mm
B-glycerophosphate, 1 mm Na;VO,, 1 ug/ml leupeptin, and
complete mini protease inhibitor mixture (Roche Diagnostics).
For CD63 antibody requiring non-reduced conditions, samples
were lysed in Triton-X buffer (20 mm Tris-HCI, pH 8.0, 137 mm
NaCl, 1% (v/v) Triton X-100, 2 mm EDTA) supplemented with
complete mini protease inhibitor mixture. Proteins were frac-
tionated by electrophoresis, blotted, and developed using HRP
substrate. The intensity of the bands was quantified using
Image] software (NIH) using a-tubulin as loading control
unless stated otherwise. For immunoprecipitation using mag-
netic Protein G® beads, cells were lysed in denaturing lysis
buffer, and 500 ug of protein were immunoprecipitated using 1
pg of CAV1 antibody and incubated with rotation at 4 °C over-
night. Resuspended Dynabeads were added (1.5 mg) and incu-
bated with rotation at 4 °C for 3 h. Dynabeads®-Ab-antigen
complexes were washed four times in PBS with Ca*"/Mg?>"
before elution and further Western blotting analysis using 20%
SEA Block in TBS supplemented with 1% (v/v) Tween20 as
blocking buffer and for incubation with primary and secondary
antibodies. Proteins were fractionated by electrophoresis, blot-
ted, and developed using HRP substrate.

Phosphokinase Array—HUVECs were starved for 16 h in
serum free medium and were either untreated or stimulated
with exosomes (20 ug/ml) for 10 or 30 min for phosphokinase
antibody array (#ARY003, R&D) before lysate collection. Levels
of phosphorylated proteins (200 ug per sample) were analyzed
in cell lysates according to the protocol provided by the manu-
facturer. Corresponding protein amounts were used as a con-
trol of phosphoproteins residing in exosomes. The arrays were
quantified using Image] software (NIH). Values are expressed
as the mean intensity relative to reference (Ref) of the respective
blot.

Statistical Analysis—All data are presented as the mean of
triplicates = S.D. Statistical significance was evaluated with
Student’s two-tailed unpaired ¢ test using Microsoft Excel. In
some cases, the error bars were smaller than the symbols.

FIGURE 2. Endocytic uptake of exosomes requires intact lipid membrane rafts. A, confocal microscopy analysis shows no colocalization of Tfn (turquoise,
upper panel) or AcLDL (red, lower panel) with exosomes (red/turquoise) at 30 min. Scale bars, 15 um. B, knockdown validation of clathrin heavy chain using siRNA
against clathrin (si Clath) as compared with negative control sequence (si NT) and normalized to a-tubulin (C). D, flow cytometry analysis of exosome uptake
shows no difference in si Clath as compared with si NT-transfected cells. £, confocal microscopy analysis shows colocalization of CtxB (turquoise) and exosomes
(red) at 30 min of uptake in HUVECs (upper panel) and U87 MG cells (lower panel). Scale bars, 15 um. F, confocal microscopy analysis shows limited colocalization
of Dx10 (turquoise) and exosomes (red) at 30 min of uptake in HUVECs. Scale bars, 15 um. G, weighted colocalization coefficients display 20% (mean value)
colocalization of CtxB and exosomes, and ~15% for exosomes and 10 kDa dextran (Dx10). Colocalization coefficients were calculated (Dx10/exosomes, n = 23
cells; CtxB/exosomes, n = 22 cells) using Zeiss Zen software. *, p = 0.0182. Allimages were captured using a C-Apochromat 63X/1.20W korr M27 objective using
laser gain of 6.0% in both lasers. H, macropinocytosis inhibitor amiloride (100 um) decreases Dx10uptake (¥, p = 0.01) while Tfn uptake is less affected.
I, amiloride has no significant effect on exosome uptake at a wide range of concentrations. J and K, cholesterol-depleting drug MBCD dose-dependently
inhibits exosome uptake. J, HUVECs (p values, ¥, 0.005, **,0.0023, ***, 0.0008); K, U87 MG cells (*, p = 0.068). L, uptake of Tfn is not affected by MBCD (2.5 mwm),
while CtxB and exosome uptake are reduced, suggesting specific inhibition of lipid raft-dependent uptake (p values, *, 0.0006, **, 0.02). M, simvastatin
dose-dependently inhibits exosome uptake (p values, ¥, 0.014, **, 0.011). N, sequestration of lipid rafts by filipin lll substantially inhibits exosome uptake (left
panel) while Dx10 (middle panel) and Tfn (right panel) uptake are less affected (*, p = 0.001). Presented graphs show mean fluorescent values (10,000
events/sample) of one of three representative experiments (n = 3) with similar results + S.D.
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RESULTS AND DISCUSSION

Exosomes Enter Cells by Endocytosis and Travel Along Endo-
somal Cytoskeletal Routes—The GBM cell line U87 MG
secretes exosome-like microvesicles or exosomes previously
characterized by us and others for features and function (9-11,
20). Nanotracking analysis and electron microscopy showed
50-400 nm-sized vesicles (Fig. 1, A and B) that were further

characterized for the presence of the exosomal markers CD63,
Tissue Factor (TF), and flotillin-1 and the absence of the ER
marker calnexin, demonstrating purity of vesicles (Fig. 1C). The
internalization of exosomes was visualized by confocal fluores-
cence microscopy in human umbilical vein endothelial cells
(HUVEC:) (Fig. 1D, left panel) and U87 M@ cells (supplemental
video S1). The specificity of the uptake of fluorescent exosomes
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was supported by efficient attenuation by an excess of unla-
beled exosomes (Fig. 1D, right panel).

The uptake mechanism of exosomes has been a matter of
debate, i.e. whether exosomes enter cells through direct fusion
with the plasma membrane of recipient cells or through endo-
cytosis (18, 19). Here, exosomes displayed time and concentra-
tion-dependent uptake kinetics (Fig. 1, E and F), and incubation
at 4 °C efficiently attenuated uptake, suggesting an energy-de-
pendent process rather than passive membrane passage (Fig.
1G). Further, several normal and transformed cell-lines were
able to internalize exosomes at significant levels (Fig. 1H),
which argues against that exosome transfer is restricted to spe-
cific cell-types as has previously been suggested (17). Live con-
focal imaging with tubulin-GFP-expressing cells revealed that
internalized exosomes travel along microtubules following
their uptake (Fig. 1/ and supplemental video S2). The mobility
of internalized exosomes was substantially reduced by interfer-
ence with microtubule polymerization using nocodazole (Fig.
1J and supplemental videos S3 and S4). Importantly, under
these conditions nocodazole had no unspecific effect on cell
viability (Fig. 1K). These data are consistent with an endocytic
process rather than membrane fusion as exosomes followed a
time, concentration, and temperature-dependent pathway.
The fact that disruption of microtubule attenuated intracellular
exosome transport further indicates that exosomes are not
fused with the plasma membrane, but rather are dependent on
the regular endosomal transportation machinery for further
intracellular sorting. To corroborate these data, tissue factor
(TF), previously shown to reside in GBM cell-derived exosomes
while absent in HUVECs (20), was used to discriminate
between endogenous vesicles and internalized exosomes in
electron microscopy analysis. Inmunolabeling for TF demon-
strated that internalized exosomes are enclosed in double
membrane structures and do not merge with the plasma mem-
brane of recipient HUVECs (Fig. 1L).

Exosomes were shown to be sorted to larger compartments
positive for the MVB marker TSG101 (tumor susceptibility
gene 101 protein) (22) (Fig. 1M). In further support of the
sorting of endocytosed exosomes to MVBs, a substantial frac-
tion of internalized vesicles were located in a CD63 (LAMP-3,
Tspn30)-positive compartment (Fig. 1N). Experiments with
exosomes derived from CD63-GFP transfected cells pre-incu-
bated with PKH-labeled exosomes, suggested that mixing of

exosomal constituents can occur during maturation in MVBs,
resulting in the generation of compound vesicles (supplemental
Fig. S1, A and B). However, siRNA-mediated knockdown of
CD63 or antibody-mediated cell-surface blocking of CD63 did
not significantly affect exosome uptake (supplemental Fig. S1,
C-E). These results, and the fact that exosomes did not colo-
calize with CD63 at short incubation times (Fig. 10), suggest
that although exosomes are sorted to CD63-positive vesicles in
recipient cells, CD63 has no direct role in the endocytic uptake
of exosomes.

Role of Lipid Raft-mediated Endocytosis in Exosome Uptake—
We next sought to define the distinct, cellular pathways associ-
ated with the endocytic uptake of exosomes. We found no
colocalization of exosomes either with transferrin (Tfn) or
acetylated LDL (Fig. 2A), i.e. conventional ligands of classical,
clathrin-dependent endocytosis (2). Accordingly, 80% knock-
down of clathrin (heavy chain) (Fig. 2, Band C) had no effect on
exosome uptake (Fig. 2D). Interestingly, when evaluating by
confocal microscopy the colocalization coefficient of exosomes
and the lipid raft marker cholera toxin subunit B (CtxB) at
short-term incubation, we found ~20% colocalization (Fig. 2, E
and G). CtxB binds strongly to GM1 (monosialotetrahexosyl-
ganglioside), an established constituent of membrane lipid
rafts, the integrity of which depends on the high abundance of
cholesterol. We found some colocalization of exosomes and the
macropinocytosis/fluid-phase marker 10 kDa dextran (Dx10);
however, significantly less than between exosomes and CtxB
(Fig. 2, F and G). Amiloride, ie. an inhibitor of Na*/H*
exchange important for macropinocytotic uptake expectedly
inhibited Dx10 uptake (Fig. 2H); however, amiloride had no
significant effect on exosome uptake at any concentration
tested (Fig. 2). In support of a role of membrane rafts, exosome
uptake was highly sensitive to membrane cholesterol depletion
by MBCD. Exosome internalization was inhibited by MBCD in
a dose-dependent manner, and at the highest concentration
used ~60% reduction of uptake was shown in HUVECs (Fig. 2]).
Importantly, this effect was not restricted to HUVECs, as
MPBCD similarly inhibited exosome uptake in U87 MG cells
(Fig. 2K). The uptake of fluorescently labeled Tfn was intact
while CtxB uptake was expectedly inhibited (Fig. 2L), confirm-
ing that MBCD preferentially inhibits non-clathrin dependent
endocytosis under these conditions. MBCD could potentially
also disrupt cholesterol-rich domains of the exosomal mem-

FIGURE 3. Exosome internalization is negatively regulated by CAV1. A, mouse embryonic fibroblasts from wild-type (MEF WT) and cav-1 knock-out mice
(MEF cav-1(—/—)) were analyzed for CAV1 protein. B, confocal images show elevated uptake of exosomes (red) in MEF cav-1 (—/—) as compared with MEF WT
cells. Scale bars, 15 um. C, graph shows quantitative measurement of exosome uptake in MEF WT and MEF cav-1 (—/—) cells by flow cytometry, and represents
mean fluorescent values (20,000 events/sample) of three independent experiments (n = 9) = S.D. (¥, p = 0.000003). D, stable knockdown (by ~80%) of CAV1
by lentiviral shRNA transduction in U87 MG cells. E, flow cytometry analysis demonstrates increased exosome uptake (left panel), no significant difference in Tfn
uptake (middle panel), and decreased uptake of Dx10 (right panel) in CAV1 shRNA cells, as compared with cells transfected with control shRNA (shRNA NC).
Graph represents mean fluorescent values (20,000 events/sample) of one of three representative experiments (n = 4) = S.D. (*, p = 0.0019 in left panel). F, flow
cytometry analysis of CAV1-YFP transfection efficiency; MEF WT (gray area), MEF cav-1 (—/—) (black line), and MEF cav-1 (—/—) cells transfected with
pEX_EF1_CAV1-YFP plasmid (gray line). G, introduction of CAV1-YFP in MEF cav-1 (—/—) cells (YFP, turquoise) reduces uptake of exosomes (red). Note that the
high CAV1-YFP-expressing cell (arrowhead) displays reduced exosome uptake as compared with the low CAV1-YFP expressing cell. Scale bars, 15 um. H, dot
plot analysis of exosome uptake versus CAV1-YFP expression in MEF cells, as indicated. /, quantification of the uptake in H. Graph represents mean fluorescent
values (20,000 events/sample) of a representative experiment (n = 4) = S.D. (¥, p = 0.0009). J, immunoblotting for CAV1 in HeLa cells stably transfected with
CAV1-YFP. K, reduced uptake of exosomes in CAV1 overexpressing Hela cells as compared with HeLa WT cells. L, reduced uptake of exosomes in transiently
CAV1 overexpressing U87 MG cells (left panel) and CHO-K1 cells (right panel) as compared with control cells transiently transfected with eGFP. Graph represents
mean fluorescent values (20,000 events/sample) of one out of two independent experiments (n = 3) = S.D. (¥, p = 0.018). M, no colocalization between
CAV1-YFP (turquoise) and exosomes (red) using confocal microscopy analysis. Scale bars, 15 um. N, no colocalization between CAV1-YFP (green) and exosomes
(red) using TIRF microscopy analysis. Scale bars, 10 um. O, electron microscopy colocalization studies in HUVECs of exosomes detected by a-TF 30 nm gold
particles and lipid rafts distinguished by anti-flotillin-1 10 nm gold particles. Scale bars, 100 wm. Left panel: Ct/, no addition of exosomes.
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brane. We therefore performed experiments with a statin (sim-
vastatin), which acts through inhibition of the rate-limiting
enzyme of cholesterol biosynthesis, 3-hydroxyl-3-methylglu-
taryl coenzyme A (HMG-CoA) reductase, and that is widely
used as a cholesterol lowering drug in humans. Notably, simv-
astatin was previously shown to reduce intracellular cholesterol
levels in HUVECs (23). We show that simvastatin can dose-

dependently inhibit exosome internalization in these cells
(Fig. 2M).

Non-classical endocytosis pathways (also defined as lipid raft
associated pathways) can be either dependent or independent
of CAV1 (2, 4). Caveolae-dependent endocytosis is a well stud-
ied clathrin-independent pathway and shares many features
with membrane lipid rafts (24, 25). Importantly, filipin III, an
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inhibitor of lipid raft-dependent and caveolar endocytosis, was
shown to inhibit exosome uptake by ~50% (Fig. 2N, left panel).
As controls of filipin specificity, the uptake of Dx10 and Tfn was
almost unaffected (Fig. 2N, middle and right panels).

CAV1 Negatively Regulates Exosome Uptake—The above
data prompted further studies on the role of CAV1 in endocytic
uptake of exosomes. Intriguingly, CAV1 knock out cells (MEF
cav 1 (—/—)) (Fig. 3A) displayed increased levels of exosome
uptake as compared with wild type cells (MEF cav 1 (+/+), here
denoted as MEF WT) as demonstrated by confocal microscopy
(Fig. 3B) and flow cytometry analyses (Fig. 3C). Somewhat
unexpectedly, these results suggested a negative regulatory role
of CAV1 in exosome uptake. This was also true for U87 MG
cells, as stable knockdown of CAV1 (Fig. 3D) resulted in signif-
icantly increased uptake of exosomes (Fig. 3E, left panel). As
important controls, knockdown of CAV1 did not significantly
alter the uptake of clathrin-mediated endocytosis, and mac-
ropinocytosis was slightly decreased, as evaluated by Tfn and
Dx10 uptake, respectively (Fig. 3E, middle and right panels).
Moreover, rescue experiments in which CAV1-YFP was ectop-
ically expressed in MEF cav 1 (—/—) (Fig. 3F), showed reduced
exosome uptake by ~50% as compared with control MEF cav 1
(—/—) cells (Fig. 3, G-I). In line with these results, HeLa cells
stably transfected to highly overexpress CAV1-YFP exhibited
significantly reduced uptake of exosomes (Fig. 3, J and K). We
could show that these effects were not restricted to MEF and
HeLa cells, as U887 MG and CHO-K1 cells transfected with
CAVI1-YFP plasmid displayed significantly reduced exosome
uptake as compared with control plasmid transfected cells
(Fig. 3L).

It has previously been shown that endocytic uptake of virus
particles is negatively regulated by CAV1 by stabilization of
specific plasma membrane lipid raft domains (1, 26, 27). We
next employed confocal microscopy co-localization studies of
CAV1-YFP and PKH-labeled exosomes. As shown in Fig. 30,
we could not detect any colocalization at 30 min of incubation,
suggesting that exosomes are not associated with CAV1-posi-
tive endosomal structures. Confocal microscopy cannot fully
discriminate between newly internalized and cell-surface asso-
ciated exosomes, i.e. the above data do not exclude the possibil-
ity of exosomal association with CAV1-containing lipid rafts at
earlier time points than 30 min. We therefore applied TIRF
microscopy to visualize exosomes present in the membrane
region close to the cell surface, and during early phases of inter-
nalization. These analyses confirmed that exosomes do not

appear to colocalize with CAV1 upon internalization (Fig. 3N).
Together, these findings indicate that the negative regulatory
function of CAV1 does not occur through stabilization of lipid
raft domains directly involved in exosome uptake. To corrobo-
rate confocal microscopy data, showing that internalized exo-
somes are associated with lipid rafts (Fig. 2E), we next per-
formed immunoelectron microscopy colocalization studies of
exosomes (by tissue factor antibody staining to discriminate
from endogenous endosomes) and the lipid raft marker flotil-
lin-1. We found a substantial colocalization at 30 min of inter-
nalization, signifying that exosomes indeed are taken up
through lipid rafts (Fig. 30).

Role of ERKI1/2-HSP27 Signaling Activation in Exosome
Uptake—Our findings that CAV1 negatively regulates mem-
brane raft-dependent exosome uptake without apparent co-lo-
calization with exosomes, prompted further mechanistic stud-
ies on the role of CAV1. Apart from its role as a structural
component of lipid rafts, CAV1 has been shown to modify the
activity of several signaling proteins, such as Src family mem-
bers, epidermal growth factor receptor, and integrins (28 —30).
Consequently, we set out to explore potential signaling mech-
anisms involved in exosome uptake. In initial experiments,
using phospho-kinase arrays, we found that short-term incuba-
tion with exosomes resulted in 2—4.5-fold induction of several
lipid raft associated proteins; p-FAK, the heat-shock protein
p-HSP27, and p-ERK1/2 and its downstream target p-MSK1/2
(Fig. 4, A and B) (for a complete list of relative phospho-kinase
levels, see supplemental Fig. S2). Exosomal induction of
p-ERK1/2 and p-HSP27 were validated by Western blotting
(Fig. 4, Cand F). The mitogen-activated protein kinase (MAPK)
pathway may be initiated at the cell surface and continue during
endosomal sorting, while more recent studies suggest that
MAPK signaling is a required element of endocytosis (31).
Interestingly, pharmacological targeting of ERK1/2 signaling
using the specific inhibitor.

U0126 (Fig. 4C) dose-dependently decreased exosome
uptake in HUVECs (Fig. 4D) as well as in HeLa cells (Fig. 4E).
We next turned our interest to exosome-dependent induction
of p-HSP27 (Fig. 4, A and B) as HSPs besides from being local-
ized in the cytosol, have been associated with the cellular mem-
brane and lipid rafts (32). Accordingly, previous reports have
shown a role of p-HSP27 in macromolecular internalization by
regulation of actin cytoskeleton dynamics (33, 34). We found
that inhibition of ERK1/2 signaling dose-dependently reduced
p-HSP27 levels (Fig. 4F), suggesting that, at least in the context

FIGURE 4. Exosome internalization depends on ERK1/2 and HSP27 signaling activation and an intact cytoskeleton. A, levels of phosphorylated kinases
in HUVECs with no treatment (Ct/), or incubated with exosomes for 10 min (70 min Exo) or 30 min (30 min Exo). As a comparison, same protein amount of
exosomes was used to visualize phosphoproteins residing in exosomes (Exo content). B, quantification of the mean value (n = 2 in each blot) of p-ERK1/2,
p-MSK1/2, p-HSP27, and p-FAK relative unstimulated cells (Ct). C, relative protein levels of p-ERK1/2 with or without exosome stimulation in the absence or
presence of U0126. D, reduced exosome uptake in HUVECs treated with U0126. Graphs represents mean fluorescent values (20,000 events/sample) of one of
three independent experiments (n = 3) (*, p = 0.01, **, p = 0.002) = S.D. E, reduced exosome uptake in Hela cells treated with U0126, expressed as mean
fluorescent values (20,000 events/sample) of one of two independent experiments (n = 4) (*, p = 0.000009) = S.D. F, induction of p-HSP27 protein by exosomes
is counteracted by ERK1/2 inhibition using U0126. G, representative blot of relative HSP27 protein expression after siRNA knockdown. H, reduced exosome (red)
uptake in HSP27 knockdown cells. White, f-actin; blue, nuclei. Scale bars, 15 um. /, flow cytometry analysis of cells in H from a representative experiment (n =
4) (*, p = 0.002) = S.D. J, actin cytoskeleton phalloidin stainings in HSP27 siRNA and siRNA NT-transfected cells. Note the abnormal cytoskeleton in siHSP27-
transfected cells (right panel, red arrowheads). Scale bars, 100 um. K, quantification of the average number of cells with abnormal cytoskeleton relative the total
number of cells counted in seven independent microscopic fields; siNT cells (n = 116) and siHSP27 knockdown cells (n = 209). Data are mean values =+ S.D. (¥,
p = 0.00018). L, disruption of the actin cytoskeleton (f-actin, white) using 0.5 um Cytochalasin D or Lantrunculin A. Scale bars, 100 um. M and N, exosome uptake
in cells treated with varying concentrations of Cytochalasin D (M) or Lantrunculin A (N). Graphs are mean fluorescent values (10,000 events/sample) of two
independent experiments with similar results = S.D. All values (*) were significantly different from control (0 um) with a p value of < 0.0001.
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FIGURE 5. CAV1 negatively regulates ERK1/2-dependent endocytosis of
exosomes. A, shown is a representative blot for p-ERK1/2 and total ERK1/2
(t-ERK1/2) in MEF WT and MEF cav-1 (—/—) cells stimulated with exosomes for
the indicated times (left panel), and quantification of relative protein levels
(right panel). B, reversal of exosome-mediated induction of p-ERK1/2 by
U0126 in MEF cells. Graph shows quantification of Western blot analysis.
C, up-regulation of exosome uptake in CAV1-deficient cells is counteracted by
ERK1/2 inhibition. Graph represents mean fluorescent values (20,000 events/
sample) of one of three independent experiments with similar results = S.D. ¥,
p = 0.02, **, p = 0.00001. D, overexpression of CAV1-YFP suppresses exo-
some-mediated induction of p-ERK1/2 and p-HSP27 in Hela cells. Shown are
representative blots for p-ERK1/2, t-ERK1/2, p-HSP27, total HSP27, and tubu-
lin (upper panel), and quantification of relative protein levels (lower panel) in
HelLa WT and CAV1-YFP cells stimulated with exosomes for the indicated
times. E, schematic figure of the major findings of the present work. Exosomes
are internalized by lipid raft-associated endocytosis, which is under negative
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of exosome uptake, HSP27 is activated downstream of ERK1/2.
A direct role of HSP27 as an effector molecule in exosome inter-
nalization was supported by significantly reduced exosome
uptake upon siRNA-mediated knock-down of HSP27 (Fig. 4, H
and /). In agreement with the previously understood role of
HSP27 in cytoskeleton rearrangement, cells transfected with
siRNA for HSP27 as compared with non-target siRNA exhib-
ited an abnormal actin cytoskeleton as assessed by phalloidin
staining (Fig. 4, J and K). Pharmacological disruption of the
actin cytoskeleton (Fig. 4L) using Cytochalasin D or Lantrun-
culin A inhibited uptake of exosomes under similar conditions
(Fig. 4, M and N), reinforcing the notion that an intact actin
cytoskeleton is required for efficient exosome uptake. We con-
clude that exosomes may trigger lipid raft mediated endocyto-
sis through signaling activation of ERK1/2-dependent path-
ways that include a specific role of HSP27.

CAV1 Regulates Uptake of Exosomes through Suppression of
ERK1/2 Signaling—From the above findings, we next explored
the hypothesis that CAV1 negatively regulates exosome uptake
through interference with ERK1/2 signaling. We could appre-
ciate that the induction of p-ERK1/2 during exosome uptake
was enhanced in MEF cav-1 (—/—) as compared with MEF WT
cells at all time points tested (Fig. 5A4). Previous studies sug-
gested CAV1-mediated down-regulation of MAPK signaling in
rodents but not in human fibroblasts (35); however, in the con-
text of exosome uptake we observed CAV1-mediated suppres-
sion of p-ERK1/2 induction in both mouse (MEF) and human
(HeLa)-derived cells (Fig. 5, A and D). Consistent with the find-
ings in HUVECs (Fig. 4D) and HeLa cells (Fig. 4E), reduced
levels of p-ERK1/2 by U0126 treatment in MEF cells (Fig. 5B)
resulted in decreased internalization of exosomes (Fig. 5C).
More importantly, enhanced exosome uptake by CAV1-de-
fiency could be directly linked to ERK1/2 signaling, as U0126
treatment efficiently counteracted exosome uptake in MEF
cav-1 (—/—) cells (Fig. 5C). Accordingly, in HeLa-CAV1-YFP
overexpressing as compared with wild-type HelLa cells, we
found reduced capability of exosomes to induce p-ERK1/2 sig-
naling and subsequent p-HSP27 induction at multiple time
points of exosome stimulation (Fig. 5D). We conclude that exo-
some uptake commences through lipid raft-mediated endocy-
tosis associated with and dependent on signaling activation of
ERK1/2 and HSP27. Further, our data indicate that CAV1 local-
ized in the plasma membrane negatively regulates endocytic
uptake of exosomes at least partly through suppression of
ERK1/2 signaling activation (for a schematic overview, see
Fig. 5E).

Here, we present several significant findings that advance our
understanding of exosome uptake at the level of membrane
uptake pathways and signaling regulation. First, we establish
that exosome uptake mainly occurs through non-clathrin
dependent, lipid raft-mediated endocytosis. To circumvent
limitations caused by the high sensitivity of labeled exosomes to
detergents and fixation solutions, we have in our studies

control by CAV1. Additional signaling proteins involved are ERK1/2 and
HSP27, and probably additional ERK1/2 downstream targets. HSP27 is known
to be involved in rearrangement of the actin cytoskeleton important for the
invagination of the plasma membrane during endocytosis.
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applied live microscopy using fluorescent fusion protein con-
structs, fluorophore-labeled ligands and/or mild fixation pro-
cedures in combination with electron microscopy studies. Data
from these studies strongly suggest that exosomes are internal-
ized by endocytosis rather than by membrane fusion at the
plasma membrane. More importantly, we identify specific sig-
naling mechanisms implicated in the uptake process, and find
an unexpected and significant role of CAV1 in regulating exo-
some uptake. Our data suggest that negative regulation of
endocytic uptake of exosomes occurs through stabilization of
lipid rafts by CAV1. However, these results do not exclude mul-
tilevel signaling through the described or other pathways regu-
lated by or independent of CAV1. Further studies investigating
other related pathways are of high interest.

Although we provide convincing evidence that ERK1/2 is
activated by exosomes especially in the context of CAV1 defi-
ciency, and that ERK1/2 activity is required for efficient exo-
some uptake, our studies do not fully elucidate the protein
interactions involved. A reciprocal regulation of ERK1/2 and
CAV1 has previously been described in other systems, where
the activation of ERK1/2 was suppressed by CAV1, and the
up-regulation of ERK1/2 in turn was shown to suppress CAV1
mRNA levels (36). Moreover, ERK1/2 was shown to localize to
caveolae in the plasma membrane, and the caveolar localization
of ERK1/2 negatively regulated further signal transduction to
the nucleus (36, 37). In the context of exosome internalization,
however, we failed to demonstrate a direct protein interaction
of CAV1 and ERK1/2, as determined by confocal microscopy
analyses and anti-CAV1 antibody pulldown experiments (sup-
plemental Fig. S3, A and B). The protein interactions responsi-
ble for CAV1-mediated negative regulation of ERK1/2 signal-
ing during exosome uptake remains has to be determined in
future studies. Based on our findings of a role for CAV1 and
ERK1/2 in exosome internalization, it may be speculated that
uptake of extracellular vesicles is governed by the signaling sta-
tus of recipient cells. In the context of the tumor microenviron-
ment, this may be determined by specific oncogenetic events in
malignant cells and the availability of e.g. growth factors, cyto-
kines, and their respective receptors in the stromal compart-
ment. Thus, future studies should explore the possibility of dif-
ferential transfer of vesicles in the context of CAV1 and ERK1/2
expression, as these proteins are frequently deregulated at var-
ious stages of tumor development (38, 39). Moreover, as exo-
some-based delivery of mRNA and miRNA has been proposed
as a feasible, therapeutic approach in cancer and other patho-
logical conditions (40), further comprehensive understanding
of vesicular uptake mechanisms should offer a more rational
design of exosomes as drug delivery vehicles.
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