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Epstein-Barr virus (EBV), a human gammaherpesvirus, establishes a lifelong latent infection in B lymphocytes and epithe-
lial cells following primary infection. Several lines of evidence suggest that exosomes derived from EBV-infected cells are
internalized and transfer viral factors, including EBV-encoded latent membrane protein and microRNAs, to the recipient
cells. However, the detailed mechanism by which exosomes are internalized and their physiological impact on the recipient
cells are still poorly understood. In this study, we visualized the internalization of fluorescently labeled exosomes derived
from EBV-uninfected and EBV-infected B cells of type I and type III latency into EBV-negative epithelial cells. In this way,
we demonstrated that exosomes derived from all three cell types were internalized into the target cells in a similar fashion.
Internalization of exosomes was significantly suppressed by treatment with an inhibitor of dynamin and also by the knock-
down of caveolin-1. Labeled exosomes were colocalized with caveolae and subsequently trafficked through endocytic path-
ways. Moreover, we observed that exosomes derived from type III latency cells upregulated proliferation and expression of
intercellular adhesion molecule 1 (ICAM-1) in the recipient cells more significantly than did those derived from EBV-nega-
tive and type I latency cells. We also identified the EBV latent membrane protein 1 (LMP1) gene as responsible for induc-
tion of ICAM-1 expression. Taken together, our data indicate that exosomes released from EBV-infected B cells are inter-
nalized via caveola-dependent endocytosis, which, in turn, contributes to phenotypic changes in the recipient cells through
transferring one or more viral factors.

Epstein-Barr virus (EBV), a human gammaherpesvirus, estab-
lishes a persistent, latent infection in B lymphocytes and epi-

thelial cells following primary infection (1). EBV has been impli-
cated as a cause of lymphomas and epithelial malignancies such as
Burkitt’s lymphoma (BL), Hodgkin’s disease (HD), nasopharyn-
geal carcinoma (NPC), and gastric carcinoma (GC).

The particular expression pattern of different latent genes defines
three latency types specific to individual EBV-associated tumors (1).
EBV-encoded nuclear antigen 1 (EBNA1) is indispensable for the
replication and persistence of the viral episomes in the nucleus and is
consistently expressed in all types of latencies. Latency type I is asso-
ciated with BL and GC and is restricted to the expression of EBNA1,
the EBV-encoded small RNAs (EBERs), and BamHI A rightward
transcripts (BARTs). Latency type II, which is associated with HD
and NPC, expresses EBNA1, both EBERs, BARTs, and the latent
membrane proteins (LMP1, LMP2A, and LMP2B). Latency type III,
which is characteristic of EBV-transformed lymphoblastoid cell lines
(LCLs) and posttransplant lymphoproliferative disease, expresses
both the transcripts and all the EBV latent proteins, including the 6
nuclear antigens (EBNA1, EBNA2, EBNA3A, EBNA3B, EBNA3C,
and EBNA-LP) and three membrane proteins (LMP1, LMP2A, and
LMP2B).

Several lines of evidence demonstrate that EBV-infected cells
secrete exosomes (2–9). Exosomes are microvesicles with diame-
ters of 80 to 160 nm and are actively secreted into all body fluids,
including blood, urine, saliva, and breast milk, from various cell
types (10). Exosomes are generated from the luminal membranes
of multivesicular bodies (MVBs), which as late endosomes bud off
parts of their membrane into their lumen to form intraluminal
vesicles, and are extracellularly secreted by fusion of endosomes
with the plasma membrane (11, 12). Exosomes play important

roles in adaptive immune responses to pathogens and tumors by
transferring proteins, soluble factors, mRNA, and microRNAs
(miRNAs) to the recipient cells. Previous reports demonstrated
that exosomes possess a variety of functions in adaptive immune
responses to pathogens and tumors by transferring specific mole-
cules (6, 7, 13, 14). Although it has been proposed that exosomes
are released from EBV-positive NPCs and LCLs, their function in
the recipient cells is varied and only now being elucidated. Exo-
somes derived from LCLs possess EBV-encoded glycoprotein
gp350, which antagonizes the infection of EBV in B cells by block-
ing the interaction of gp350 on virions and EBV’s receptor, CD21
(8). Exosomes derived from LCLs transfer viral miRNA and sup-
press the expression of target genes in recipient dendritic cells
(DC) (5). Other reports suggest roles for EBV-encoded latent
membrane protein 1 (LMP1) as an immune modulator and sig-
naling activator, which is transferred to the target cells via LCLs
and NPC-derived exosomes. LMP1-positive exosomes derived
from LCLs inhibit the proliferation of peripheral blood mononu-
clear cells (15). NPC cells release human leukocyte antigen (HLA)
class II-positive exosomes containing LMP1 and galectin 9, which
exhibit intrinsic T cell inhibitory activity (2). However, the mo-
lecular mechanism by which exosomes derived from EBV-in-
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fected cells are internalized and the possible roles of exosomes in
the phenotypic modulation of the recipient cells are not fully un-
derstood.

In the present study, we analyzed the internalization of fluo-
rescently labeled exosomes derived from EBV-uninfected and
type I and type III latency EBV-infected cells into EBV-negative
epithelial cells. In using this approach, we first showed that exo-
somes released from all three cell types were internalized into the
target cells via caveola-dependent endocytosis. We also observed
that exosomes derived from type III latency cells upregulated cell
proliferation and the expression of intercellular adhesion mole-
cule 1 (ICAM-1) in the recipient cells more than did those from
EBV-negative and type I latency cells. Finally, we identified EBV-
encoded LMP1 as playing a role in mediating upregulation of
ICAM-1. The possible roles of exosomes derived from EBV-la-
tently infected B cells in EBV-associated malignancies are dis-
cussed.

MATERIALS AND METHODS
Cell culture. Cell lines used in this study were kindly provided by Kenzo
Takada (EVEC, Inc.). Mutu I and Mutu III, which are type I and type III
latency EBV-infected B cell lines, respectively, were established from the
same BL tumor (16). An EBV-negative subclone (Mutu�) was isolated
from Mutu I by the limiting-dilution methods (17). LCLs were generated
by transformation of the B lymphocyte component within the peripheral
blood lymphocyte population by the Akata EBV strain (18). Mutu�,
Mutu I, and Mutu III cells and LCLs were maintained in RPMI 1640
medium containing 10% fetal bovine serum (FBS) and antibiotics. EBV-
negative human NPC cell lines, CNE1 (19–23) and HONE1 (24), a human
GC cell line, NU-GC-3 (25–28), and a human lung adenocarcinoma line,
A549 (29), were grown in high-glucose Dulbecco’s modified Eagle’s me-
dium (DMEM) containing 10% FBS and antibiotics. Cells were main-
tained at 37°C in 5% CO2.

Purification and fluorescent labeling of exosomes. For the purifica-
tion of exosomes, Mutu�, Mutu I, and Mutu III cells and LCLs (2 � 108

cells each) were grown in RPMI 1640 medium containing 10% exosome-
depleted FBS, which was prepared by centrifugation at 25,000 rpm for 4 h
at 4°C (30). Culture medium containing exosomes was harvested and
centrifuged at 1,500 rpm for 10 min and at 6,000 rpm for 20 min to
remove cells and cell debris, respectively. The exosomes were pelleted by
centrifugation at 25,000 rpm for 1 h at 4°C with an SW28 rotor (Beckman,
Fullerton, CA). The pelleted exosomes were resuspended in TNE buffer
(10 mM Tris-HCl [pH 7.6], 100 mM NaCl, 1 mM EDTA) overnight and
fractionated by use of a 0.25 to 2.5 M sucrose gradient in TNE buffer at
25,000 rpm for 15 h at 4°C with an SW41 rotor (Beckman). The fraction-
ated exosomes were pelleted at 35,000 rpm for 1 h at 4°C and resuspended
in TNE buffer. The fractions containing exosomes were confirmed by
Western blot analysis with anti-CD63 monoclonal antibody (clone MEM-
259, 1:1,000 dilution; Abnova, Taipei, Taiwan) and anti-LMP1 mono-
clonal antibody (clone S12, 1:10,000 dilution; kindly provided by Ter-
uhito Yasui, Osaka University). The total protein concentration in the
fractions containing exosomes was determined by the Bradford protein
assay (Bio-Rad Laboratories, Hercules, CA). Exosomes were fluorescently
labeled as described previously (31, 32). Briefly, 1 ml of fractionated
exosomes (100 ng/ml) was incubated with 6 �l of a 100 �M stock solution
of 1,1=-dioctadecyl-3,3,3=,3=-tetramethylindocarbocyanine perchlorate
(DiI) (Life Technologies, Carlsbad, CA) for 1 h in the dark at room tem-
perature with gentle agitation.

Retroviral infection. Recombinant retroviruses for the expression of
clathrin light chain a (CLCa)-enhanced green fluorescent protein (eGFP),
caveolin-1 (Cav1)-eGFP, eGFP-Rab5, eGFP-Rab7, and eGFP-CD63 were
produced and purified as previously described (27, 32). For retroviral
infections, CNE1, HONE1, NU-GC-3, or A549 cells grown to 20 to 30%
confluence were incubated with viral stocks (107 to 108 infectious units/

ml) for 1 h at 4°C at a multiplicity of infection (MOI) of 5. After being
washed twice with complete medium, the cells were cultured in complete
medium for 48 h, and the expression of individual proteins was confirmed
with a confocal laser scanning microscope.

Imaging of internalization of DiI-exosomes in live cells. CNE1,
HONE1, NU-GC-3, A549 cells, or their derivatives expressing CLCa-
eGFP, Cav1-eGFP, eGFP-Rab5, eGFP-Rab7, or eGFP-CD63 were grown
in 35-mm glass bottom culture dishes (Matsunami, Osaka, Japan). DiI-
labeled exosomes (DiI-exosomes) derived from Mutu�, Mutu I, or Mutu
III cells or LCLs (1.5 �g each) were adsorbed onto the cells in 50 �l of
phenol red-free MEM (Life Technologies) containing 10% FBS for 30 min
at room temperature. After removal of unbound exosomes by washing in
the same medium, the cells were subsequently incubated for various times
at 37°C. Internalization of DiI-exosomes and colocalization of DiI-exo-
somes with eGFP-positive vesicles were analyzed with a confocal laser
scanning microscope (FluoView FV10i; Olympus, Osaka, Japan). Images
were collected with a 60 � water objective lens (numerical aperture
[NA] � 1.3) (Olympus) and acquired by using FV10-ASW software
(Olympus). For analysis of the internalization of exosomes, the number of
DiI-exosomes was measured in 30 individual cells (approximately 5 to 10
dots/cell). For analysis of colocalization, the number of DiI-exosomes that
colocalized with eGFP-Rab5 or eGFP-Rab7 was measured in 30 individual
cells, and the percentage of colocalization in the total DiI-exosomes was
determined. Colocalization percentages (proportion of colocalized DiI-
exosomes with eGFP fusion proteins to total DiI-exosomes) of individual
images were analyzed by measuring the colocalization coefficient with
ImageJ software. For the inhibitor treatment, CNE1 cells grown in 35-mm
glass bottom culture dishes were pretreated with dimethyl sulfoxide
(DMSO), 150 �M dynasore (Sigma-Aldrich), 75 �M 5-(N-ethyl-N-iso-
propyl)amiloride (EIPA) (Sigma-Aldrich), or 20 mM NH4Cl for 30 min at
37°C and then incubated with DiI-exosomes for 2 h as described above in
the presence of inhibitors. To analyze the inhibitory effects of dynasore or
EIPA, the cells were incubated with exosomes in the presence of 1 �g/ml
of Alexa Fluor 647-labeled transferrin (Life Technologies) for 5 min or
0.25 mg/ml of Alexa Fluor 647-labeled dextran (Mw, 10,000; Life Tech-
nologies) for 2 h, respectively. Uninternalized surface-bound exosomes
and Alexa Fluor 647-labeled ligands were removed by treatment with
0.25% trypsin for 1 min at 37°C, and the intracellular DiI signals in 30
individual cells were subsequently measured by a confocal laser scanning
microscope.

Cell proliferation assay. CNE1 cells (1.8 � 103/well) were grown in a
96-well plate in DMEM containing 4% FBS in the absence or presence of
0.25 �g/ml of exosomes derived from Mutu�, Mutu I, or Mutu III cells for
4 days. The growth rate of the cells was measured each day with a Cell
Counting Kit-8 (Dojindo, Kumamoto, Japan).

siRNA treatment and transfection. Target sequences corresponding
to the human clathrin heavy chain (CHC) (33), Cav1 (34), sorting nexin 1
(SNX1) (35), and LMP1 (36)-coding sequences were selected and synthe-
sized (Life Technologies). CHC small interfering RNA (siRNA) or Cav1
and SNX1 siRNAs were transfected into CNE1, HONE1, NU-GC-3, or
A549 cells by using MultiFactam (Promega, Fitchburg, WI) or TransIT-
TKO (TaKaRa Bio, Shiga, Japan), respectively. For analysis of efficiency of
downregulation of target genes, the cells were harvested at 48 h posttrans-
fection, fixed in 4% paraformaldehyde (PFA) for 10 min at room temper-
ature, permeabilized with phosphate-buffered saline (PBS) containing
0.05% Triton X-100 for 10 min at room temperature, and blocked in PBS
containing 1% bovine serum albumin (BSA) and 0.05% Triton X-100 for
20 min at room temperature. The cells were incubated with rabbit anti-
CHC polyclonal antibody (1:200 dilution; Abcam, Cambridge, United
Kingdom), rabbit anti-Cav1 polyclonal antibody (1:200 dilution; Ab-
cam), or rabbit anti-SNX1 polyclonal antibody (1:200 dilution; Abcam)
for 1 h at room temperature, respectively. The cells were then incubated
with Alexa Fluor 488-labeled secondary antibodies (1:1,000 dilution; Life
Technologies) for 30 min at room temperature and subjected to flow
cytometric analysis (FACSCalibur; Becton, Dickinson and Company,
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Franklin Lakes, NJ). The effect of siRNA treatment on the internalization
of exosomes was analyzed by measuring the number of DiI-exosomes
in 30 individual cells at 48 h posttransfection. Control or LMP1 siRNA
was transfected into Mutu III cells by electroporation (Bio-Rad Gene
Pulser II; 0.2 kV, 950 �F; Bio-Rad, Hercules, CA), and the effect of
siRNA treatment on ICAM-1 expression was analyzed at 48 h post-
transfection. For analysis of the downregulation of LMP1, Mutu III
cells were fixed, permeabilized, and blocked as described above at 48 h
posttransfection. LMP1 expression was analyzed by flow cytometric
analysis using mouse anti-LMP1 antibody (clone S12, 1:5,000 dilu-
tion). An LMP1 expression vector, which carries the simian virus 40
(SV40) promoter-driven LMP1 cDNA derived from the Akata EBV
strain, was transfected into Mutu� cells by electroporation, and LMP1
expression was analyzed as described above.

ICAM-1 expression assay. For analysis of ICAM-1 expression,
CNE1 cells (2 � 105/well) were grown in a 24-well plate in the absence
or presence of 0.25 �g/ml of exosomes derived from Mutu�, Mutu I,
or Mutu III cells for 24 h. The cells were harvested in PBS containing
0.5 mM EDTA and fixed in 4% PFA. Cells were incubated with anti-
ICAM-1 monoclonal antibody (clone Ab-2, 1:200 dilution; Thermo
Scientific, Waltham, MA) for 1 h at room temperature, incubated with
Alexa Fluor 488-labeled secondary antibody (1:1,000 dilution; Life
Technologies) for 30 min at room temperature, and subjected to flow

cytometric analysis. For the exosome transfer assay, CNE1 cells (5 �
104/well) were grown in the basolateral chamber of a 24-well transwell
plate (Corning, Toledo, OH). Mutu�, Mutu I, Mutu III, LMP1 siRNA-
transfected Mutu III, and LMP1 expression vector-transfected Mutu�

cells (1 � 105 each) were added to the membrane inserts with pore size
of 0.4 �m and incubated for 3 days. CNE1 cells were harvested in PBS
containing 0.5 mM EDTA and then fixed in 4% PFA, and ICAM-1
expression was analyzed as described above. For the inhibitor treat-
ment of exosome secretion, DMSO or 10 �M GW4869 (Sigma-Al-
drich) was added and the coculture was incubated for 3 days. For the
LMP1 transfer analysis, CNE1 cells (2 � 105/well) were grown on
coverslips in the basolateral chambers of membrane inserts with a pore
size of 0.4 �m. Mutu�, Mutu I, or Mutu III cells (1 � 105 each) were
added to the membrane inserts and incubated for 3 days. CNE1 cells
were harvested, fixed, permeabilized, and blocked as describe above.
The LMP1 localization in CNE1 cells was analyzed by immunofluores-
cence staining with anti-LMP1 antibody (clone S12, 1:5,000 dilution).

RESULTS
Internalization of fluorescently labeled Mutu cell-derived exo-
somes in CNE1 cells. To assess the mechanism of internalization
of EBV-negative and -positive B cell-derived exosomes, we estab-
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FIG 1 Internalization of exosomes derived from Mutu cells into EBV-negative NPC cells. (A) Purified exosomes derived from EBV-negative and latency type I
and type III EBV-infected Mutu cells. (Left) Exosomes were purified from culture medium of Mutu� (1st lane), Mutu I (2nd lane), and Mutu III (3rd lane) cells.
Four micrograms of exosomes was analyzed by Western blotting with anti-CD63 and anti-LMP1 monoclonal antibodies. The arrow indicates the bands that
correspond to CD63. (Right) Transferred proteins on the membrane were stained with Coomassie brilliant blue (CBB) R-250. (B) Internalization of DiI-labeled
exosomes derived from Mutu cells into CNE1 cells. After adsorption of DiI-labeled exosome (�) (left), exosome (I) (middle), or exosome (III) (right) at room
temperature for 30 min, CNE1 cells were incubated at 37°C for 2 h, and intracellular DiI signals (red) were monitored by use of a confocal laser scanning
microscope. Outlines of individual cells are drawn in white. (C) Quantitative analysis of the internalization of DiI-exosomes into CNE1 cells. At 2 h post-
temperature shift, the numbers of internalized DiI-exosomes were measured in 30 individual CNE1 cells. Each experiment was performed in triplicate, and the
average and its SD are shown under each condition.

Nanbo et al.

10336 jvi.asm.org Journal of Virology

http://jvi.asm.org


lished a real-time monitoring system for fluorescently labeled exo-
somes. Exosomes released from Mutu� cells (EBV uninfected),
Mutu I cells (infected with type I latency), or Mutu III cells (in-
fected with type III latency EBV) were purified by sucrose gradient
centrifugation [exosome (�), exosome (I), or exosome (III), re-
spectively]. The fractions containing exosomes were determined
by the expression of an exosome marker, CD63 (37). Exosome
(III) showed the highest level of CD63 (Fig. 1A). We also con-
firmed that exosome (III) expresses LMP1, but exosome (�) and
exosome (I) were LMP1 negative (Fig. 1A). Purified exosomes
were fluorescently labeled with a lipophilic tracer, DiI. We syn-
chronized the internalization of DiI-labeled exosomes into CNE1
cells by adsorbing them for 30 min at room temperature. We then
shifted the temperature to 37°C and monitored the intracellular
localization of labeled exosomes by using a confocal laser scanning
microscope. DiI-labeled exosome (�), exosome (I), and exosome
(III), which were visualized as red particles, were internalized into
CNE1 cells in a similar fashion (Fig. 1B and C).

Exosomes derived from Mutu cells were internalized into
CNE1 cells via the classical endocytic pathway. Next, we assessed
the mechanism by which exosomes are internalized into CNE1
cells by treatment with inhibitors of endocytosis. Clathrin- and
caveola-mediated endocytosis depends on dynamin 2, a large
GTPase that plays an essential role in vesicle scission during en-
docytosis (38). Treatment with a dynamin-specific inhibitor, dy-
nasore (39), reduced the internalization of fluorescently labeled
transferrin (Tf), a specific ligand of the clathrin-mediated pathway

(Fig. 2A, top, green), and also the internalization of DiI-labeled
exosome (III) (Fig. 2A, top, and Fig. 2B, red). These data indicate
that clathrin- and/or caveola-mediated endocytosis is involved in
the internalization of exosomes. We also tested the effect of 5-(N-
ethyl-N-isopropyl)amiloride (EIPA), an inhibitor of the Na�/H�

exchanger that specifically inhibits macropinocytosis (40). EIPA
inhibited the uptake of fluorescently labeled dextran (Mw,
10,000), which is a specific ligand of macropinocytosis (Fig. 2A,
bottom, green); however, EIPA did not affect the internalization
of exosomes (Fig. 2A, bottom, red), indicating that the internal-
ization of exosomes is independent of macropinocytosis. We also
found that the internalization of exosome (�) and exosome (I) is
mediated by a dynamin-dependent endocytic pathway but not by
macropinocytosis (Fig. 2B).

Exosomes derived from Mutu cells and LCLs were internal-
ized via a caveola-dependent endocytic pathway into epithelial
cells. To identify the internalization pathway of exosomes, we further
examined the effect of downregulation of clathrin heavy chain
(CHC), caveolin-1 (Cav1), and sorting nexin 1 (SNX1) expression
with small interfering RNAs (siRNA). CHC, Cav1, and SNX1 play
roles in clathrin-, caveola-, and macropinocytosis-mediated internal-
ization, respectively (33–35). The effect of siRNAs on the expression
of individual proteins in CNE1 cells was confirmed by flow cytometry
(Fig. 3C). Downregulation of Cav1 expression significantly sup-
pressed the internalization of DiI-exosome (III) (Fig. 3A and B), in-
dicating that caveola-mediated endocytosis contributes to the inter-
nalization of exosomes into CNE1 cells. However, internalization of
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DiI-exosomes was not blocked by downregulation of CHC and SNX1
(Fig. 3A and B), further supporting the conclusion that clathrin-me-
diated endocytosis and macropinocytosis are not critical for their in-
ternalization. The internalization of DiI-exosome (�) and DiI-exo-
some (I) was also suppressed by downregulation of Cav1 but not by
that of CHC or SNX1 (Fig. 3B).

To verify our observations in general, we also analyzed the

internalization of exosomes derived from LCLs [exosome (LCL)]
into a variety of human epithelial cell lines such as HONE1, NU-
GC-3, and A549 cells, an EBV-negative human NPC, a human
gastric cancer (GC), and a human lung adenocarcinoma cell line,
respectively. We observed that internalization of exosome (LCL)
was suppressed by knockdown of Cav1 significantly but not by
knockdown of CHC or SNX1 (Fig. 4). We also confirmed that
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exosome (III) was internalized in these three epithelial cells via
caveola-dependent endocytosis (data not shown). Thus, our find-
ings demonstrate that caveola-dependent endocytosis is a general
means for internalization of exosomes derived from EBV-infected
B cells into human epithelial cells.

The significance of caveola-mediated endocytosis for the inter-
nalization of exosomes was further examined by live-cell imaging.
Cav1 fused to enhanced green fluorescent protein (Cav1-eGFP),
which allows visualization of individual caveolae, was expressed in
CNE1, HONE1, NU-GC-3, and A549 cells. We found that DiI-
exosome (III) colocalized with Cav1-eGFP in CNE1 cells (Fig. 5A,
left) at 15 min after a temperature shift. On the other hand, we did
not detect colocalization of eGFP-fused clathrin light chain a
(CLCa-eGFP), which enabled the visualization of clathrin-coated
pits, with DiI-exosomes in CNE1 cells (Fig. 5A, right). We also
observed that DiI-exosomes (LCL) were efficiently colocalized
with Cav1-eGFP (Fig. 5B to D, left) but not with CLC-eGFP in
HONE1, NU-GC-3, and A549 cells (Fig. 5B to D, right). These

results taken together show that caveola-mediated endocytosis
but not clathrin-mediated endocytosis is critical for the internal-
ization of exosomes derived from EBV-infected cells into epithe-
lial cells.

Internalized Mutu cell-derived exosomes trafficked to endo-
somal compartments. It has been proposed that intracellular vesi-
cles generated by caveola-dependent endocytosis subsequently ma-
ture in endocytic vesicles (41). In this study, we sought to confirm the
endosomal localization of Mutu cell-derived exosomes. The small
GTPases Rab5 and Rab7 specifically associate with early and late en-
dosomes, respectively (42, 43) and serve as markers for these com-
partments. The tetraspanin CD63 is defined as a marker of MVBs as
well as late endosomes (37). We therefore analyzed the colocalization
of internalized DiI-labeled exosomes with eGFP-Rab5, -Rab7, or
-CD63, which were stably expressed in CNE1 cells. We also assessed
the kinetics of the colocalization of DiI-exosomes with Rab5-, or
Rab7-positive vesicles. DiI-labeled exosome (�), exosome (I), and
exosome (III) colocalized with eGFP-Rab5 in a time-dependent
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FIG 4 Effect of siRNA treatment on the internalization of exosomes derived from LCLs into a variety of EBV-negative epithelial cells. (A) Quantitative analysis
of the effect of siRNA treatment on internalization of exosomes derived from LCLs into epithelial cells. HONE1, NU-GC-3, or A549 cells were transfected with
control siRNA or siRNA to downregulate Cav1, CHC, or SNX1 expression. DiI-exosomes (LCL) were adsorbed on to the cells at 48 h posttransfection and
incubated for 2 h at 37°C. After removal of surface-bound DiI-exosomes, the number of intracellular DiI signals was analyzed in 30 individual cells by use of a
confocal laser scanning microscope. Each experiment was performed in triplicate, and the results are presented as means � SDs. *, P � 0.05 versus respective
control (Student’s t test). (B to D) Efficiency of downregulation of target genes by siRNA treatment in HONE1 (B), NU-GC-3 (C), and A549 (D) cells. The
efficiency of downregulation of individual target proteins was analyzed by flow cytometry at 48 h posttransfection. Each experiment was performed in triplicate,
and the results are presented as means � SDs. *, P � 0.05 versus respective control (Student’s t test).
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manner. Colocalization of DiI-exosomes with eGFP-Rab5 reached
levels of 40 to 60% at 40 min post-temperature shift and then de-
creased (Fig. 6A, left, and B). DiI-exosomes were also colocalized with
eGFP-Rab7 time dependently, with approximately 80% of DiI-exo-
somes colocalizing with eGFP-Rab7 within 150 min of the tempera-

ture shift (Fig. 6A, middle, and C). DiI-exosomes colocalized with
CD63-positive vesicles in a fashion similar to that of eGFP-Rab7 (Fig.
6A, right). These results indicate that internalized exosomes traf-
ficked through the endosomal pathway. We also found that the DiI
signals were enlarged and overlapped with Rab7-positive vesicles at

FIG 5 DiI-labeled exosomes colocalize with Cav1-eGFP. CNE1 (A), HONE1 (B), NU-GC-3 (C), or A549 (D) cells stably expressing Cav1-eGFP or CLCa-eGFP
were grown in 35-mm glass bottom culture dishes. DiI-exosomes (III) or DiI-exosomes (LCL) were adsorbed to the cells, and the cells were incubated for various
times at 37°C after removal of unbound exosomes. Colocalization of DiI signals (red) with Cav1-eGFP (green; left) or CLCa-eGFP (green; right) was analyzed
with a confocal laser scanning microscope at 15 min post-temperature shift. Insets show DiI-exosomes (red), Cav1-eGFP (green), and merged images of the
boxed areas. Colocalized signals are indicated by white arrows. The percentage of colocalization (proportion of colocalized DiI-exosomes with eGFP-fusion
proteins to total DiI-exosomes) is shown in the individual images.
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eGFP-Rab5, eGFP-Rab7, or eGFP-CD63 were grown in 35-mm glass bottom culture dishes. DiI-exosomes were adsorbed to the cells, and the cells were incubated
for various times at 37°C after removal of unbound exosomes. Colocalization of DiI signals (red) with eGFP-Rab5 (green; left), eGFP-Rab7 (green; middle), or
eGFP-CD63 (green; right) was analyzed with a confocal laser scanning microscope at the indicated time points after a temperature shift. Insets show DiI-
exosomes (red), eGFP-positive vesicles (green), and merged images of the boxed areas. White arrows indicate colocalized signals. The percentage of colocaliza-
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of DiI-exosomes with eGFP-Rab5. Shown are the colocalization efficiencies of DiI-exosomes with eGFP-Rab5 at the indicated time points after a temperature
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exosomes with eGFP-Rab7. Shown are the colocalization efficiencies of DiI-exosomes with eGFP-Rab7 at the indicated time points after a temperature shift to
37°C. The number of colocalized DiI-exosomes with eGFP-Rab7-positive vesicles was measured in 30 individual cells, and the percentage of colocalization in the
total DiI-exosomes is shown. Each experiment was performed in triplicate, and the results are presented as means � SDs. (D) Effect of inhibition of acidification
in endosomes on DiI signals. CNE1 cells expressing eGFP-Rab7 cultured in 35-mm glass bottom culture dishes were pretreated with or without 20 mM NH4Cl
for 30 min at 37°C. DiI-exosomes were adsorbed to the cells for 30 min at room temperature in the presence or absence of NH4Cl. Cells were then washed with
the same medium and incubated for 5 h at 37°C in the presence or absence of NH4Cl. Colocalization of DiI-exosomes (red) with eGFP-Rab7 (green) in the
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merged images of the boxed areas. The percentage of colocalization (proportion of colocalized DiI-exosomes with eGFP fusion proteins to total DiI-exosomes)
is shown in the individual images.
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5 h post-temperature shift (Fig. 6D, left). Following treatment with
NH4Cl, which inhibits the acidification of endosomes, the DiI signals
localized with eGFP-Rab7 but remained as small dots (Fig. 6D, right),
suggesting that enlarged DiI was derived from the fusion of mem-
branes of exosomes and endosomes and that NH4Cl inhibited this
process.

Effect of Mutu cell-derived exosomes on growth of CNE1
cells. Previous reports indicated that expression of LMP1 in EBV-
negative NPC cells promotes the release of exosomes containing
fibroblast growth factor 2 (FGF-2), which upregulates cell growth
in human umbilical vein endothelial cells (HUVEC) (44). An-
other report indicates that EBV-negative NPC and cervical cancer
cell lines that stably express LMP1 secrete exosomes bearing
LMP1, which activate growth-signaling pathways such as that of
extracellular signal-regulated kinase (ERK) and Akt in HUVEC
(3). Therefore, we examined the effect of internalized exosomes
derived from Mutu cells on the growth in CNE1 cells. We incu-
bated CNE1 cells in the presence of exosome (�), exosome (I), or
exosome (III) for 4 days and found that exosomes all enhanced the
proliferation of CNE1 cells. Strikingly, exosome (III) showed a
more significant effect on cell proliferation than did exosome (�)
and exosome (I) (Fig. 7).

Effect of exosomes derived from Mutu cells on ICAM-1 ex-
pression in CNE1 cells. We also examined the effect of exosomes
derived from Mutu cells on the expression of ICAM-1 in the re-
cipient cells. We incubated CNE1 cells with exosome (�), exo-
some (I), or exosome (III) for 24 h and assessed the expression of
ICAM-1 in CNE1 cells by flow cytometry. We found that exo-
somes derived from Mutu cells upregulated the expression of
ICAM-1, and exosome (III) showed the most significant effect on
the upregulation of ICAM-1 expression (Fig. 8A). ICAM-1 ex-
pression increased at 24 h after treatment of exosomes (Fig. 8B).
Most of exosomes were colocalized with Rab7-positive vesicles in
150 min (Fig. 6C), suggesting that upregulation of ICAM-1 is
induced by de novo synthesis after uptake of exosomes but not

transferred via exosomes. We also cocultured CNE1 cells with
Mutu�, Mutu I, or Mutu III cells, which were separately grown in
a membrane insert for 3 days, and analyzed the expression of
ICAM-1 in CNE1 cells. We observed the most efficient upregula-
tion of ICAM-1 expression in CNE1 cells when the cells were
cocultured with Mutu III (Fig. 8C). To confirm the importance of
the exosome secretion from Mutu cells, the cocultured cells were
treated with GW4869, an inhibitor of sphingomyelinase that
markedly reduces exosome secretion (45). GW4869 significantly
inhibited ICAM-1 expression in CNE1 cells cocultured with Mutu
III (Fig. 8C), indicating that exosomes secreted from Mutu III cells
were transferred to CNE1 cells and contributed to ICAM-1 ex-
pression.

LMP1 was transferred to the target cells and was responsible
for upregulation of ICAM-1 expression. Because it has been
shown that LMP1 induces the expression of cellular proteins, includ-
ing ICAM-1 in EBV-infected cells (46), we assessed whether LMP1 is
responsible for exosome-mediated upregulation of ICAM-1 expres-
sion in the recipient cells. First we tested whether LMP1 transfers
from type III latency EBV-infected Mutu III cells to the recipient cells
through exosomes by immunofluorescent staining. CNE1 cells
cocultured with Mutu III, but not with Mutu� or Mutu I, exhibited
punctate LMP1 distribution in the cytoplasm (Fig. 9A). GW4869
treatment suppressed the LMP1 signal, indicating that transfer of
LMP1 was mediated by exosomes.

We further analyzed the role of LMP1 on ICAM-1 upregula-
tion by coculturing CNE1 cells with Mutu� cells stably expressing
LMP1. We confirmed that the LMP1 expression level in the trans-
fected Mutu� cells was approximately 80% of that of Mutu III at
48 h posttransfection (Fig. 9B). Coculture with Mutu� expressing
LMP1 significantly accelerated ICAM-1 expression in CNE1 cells,
and its upregulation was suppressed by GW4869 treatment (Fig.
9C). We also elucidated the role of LMP1 by coculturing CNE1
cells with Mutu III cells, which were transfected with LMP1
siRNA. Coculture with LMP1 siRNA-treated Mutu III cells de-
creased ICAM-1 expression (Fig. 9D). These results together in-
dicate that LMP1 is transferred to recipient cells from EBV-in-
fected cells through exosomes and can induce expression of
ICAM-1 in those recipient cells.

DISCUSSION

The present study provides a tractable system to examine the in-
ternalization of exosomes in the recipient cells. We used this sys-
tem to demonstrate that exosomes derived from EBV-uninfected
and -latently infected B cells are internalized via caveola-mediated
endocytosis (Fig. 3 to 5) and eventually traffic through an endo-
somal pathway (Fig. 6).

Although accumulating evidence has shown that endocytosis
followed by fusion is the dominant mode for the transfer of exo-
somes to target cells, a detailed mechanism by which exosomes are
taken up has remained controversial. It has been proposed that
exosomes derived from bone marrow DC and rat pheochromocy-
toma cells were endocytosed into the same cell types, respectively,
and eventually colocalized with various endosomal markers (47–
49). Exosomes derived from B lymphocytes and cervical cancer
cells were distributed in the intracellular compartment in DC and
HUVEC, respectively (3, 5). One report indicates that exosomes
derived from human erythroleukemia and human T-lymphotro-
pic virus (HTLV)-transformed T cell leukemia cells are internal-
ized into phagocytic cells via phagocytosis (50). Further investiga-
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FIG 7 Effect of exosomes derived from Mutu cells on proliferation in the
target cells. CNE1 cells were grown in a 96-well plate in the absence or presence
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tion will be required to determine whether caveola-mediated
endocytosis is a general pathway for the internalization of exo-
somes through use of the combinations of cell types as donors and
recipients. It has been proposed that an acidic environment is
important for transfer of exosomes to recipient cells (51, 52), in-
dicating that low pH-dependent membrane fusion of exosomes is
critical for transfer of exosomes. However, it has not been shown
whether exosomes fuse at the cell surface or with endosomal
membranes. We first visualized membrane fusion of exosomes in
the endosomal compartment and demonstrated that this process
is low-pH dependent (Fig. 6D), suggesting that the exosomal con-
tents and exosome-bearing membrane proteins are subsequently
released into the cytoplasm and to endosomal membranes, re-
spectively.

The molecular basis of internalization and membrane fusion of
exosomes has been under study. It has been shown that exosomes
of various cellular origins preferentially target specific cell types.

For example, DC-derived exosomes mainly interact with mono-
cytes but not with B cells (8). In contrast, exosomes derived from
LCLs preferentially target B cells (8). Previous observations sug-
gest that target cell preference of exosomes is dependent on some
specific combination of protein-protein interactions. Antibody-
blocking studies showed that the uptake of exosomes by target
cells is mediated by ligand-receptor interactions such as tetraspa-
nin complexes and adhesion molecules (47, 53–57). Exosomes
derived from LCLs carry an EBV glycoprotein, gp350, and then
preferentially target B cells by an interaction with its ligand, CD21
(8). Because exosome (�), exosome (I), and exosome (III) were
internalized in a similar fashion (Fig. 1C and D), the molecules
commonly expressed on exosomes derived from Mutu cells likely
contribute to their attachment to target cell surfaces and their
subsequent internalization. Proteomic analysis has revealed that
exosomes derived from B cells possess a variety of molecules, in-
cluding major histocompatibility complex (MHC) molecules,
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heat shock proteins, and tetraspanins (58). Identification of the
molecules both on exosomes and on the surfaces of recipient cells
involved in the uptake of exosomes should allow us to understand
the molecular basis of this process.

We demonstrate that exosome (III) when added to recipients
mediated proliferation and upregulation of ICAM-1 more ro-
bustly than did exosome (�) and exosome (I) (Fig. 7 and 8). We
also identified EBV-encoded LMP1 as one of key factors that con-
tributes to ICAM-1 upregulation (Fig. 9). LMP1 is defined as a
viral oncogene that contributes to EBV-induced transformation
of B lymphocytes and Rat-1 fibroblasts by activation of a variety of
signaling pathways (59–62). Exosomes bearing LMP1 are released
from type II (2, 15) and III (9, 15, 63) latency EBV-infected cells.
NPC and cervical carcinoma cells stably expressing LMP1 trans-
ferred this molecule to the target cells via exosomes, resulting in
the activation of the ERK and Akt signaling pathways (3). It has
also been shown that LMP1 can induce the expression of cellular
adhesion molecules, including ICAM-1, in various cell types (46,
64, 65).

One hypothesis to explain these findings involves exosome
(III)-mediated transfer of LMP1, which upregulates cell growth by
activation of cell signaling pathways and also induces de novo
ICAM-1 expression in the recipient cells. Alternatively, LMP1
could upregulate the expression of the epidermal growth factor
receptor (3) and FGF-2 (44) to concentrate them in the secreted
exosomes. This alternative hypothesis would mean that exosome
(III) transfers growth factors and/or their receptors, which subse-
quently influence the phenotypes of target cells. Transferred
LMP1 exhibited a cytoplasmic punctate distribution (Fig. 9A). A
previous report demonstrated that LMP1 signals from intracellu-
lar compartments containing lipid rafts (66). Another report in-
dicates that LMP1 is distributed within intraluminal vesicles of
MVBs to escape its degradation (9). Therefore, internalized exo-
somes likely release LMP1 to endosomal membranes following
low-pH-dependent membrane fusion.

Treatment with exosome (I) and coculture with Mutu I cells
also showed a slight upregulation of cell growth and ICAM-1 ex-
pression in the recipient cells compared with exosome (�) treat-
ment and coculture with Mutu� (Fig. 7 and 8), indicating that
type I latency-specific viral factors are also responsible for these
phenotypic modulations. It has been demonstrated that EBV-en-
coded noncoding regulatory miRNAs are transferred to target
cells through exosomes (3, 5) and subsequently downregulate
their target genes (5). The pattern of expression of viral miRNAs
varies among EBV-latently infected cells. For example, the expres-
sion of EBV BART miRNAs differs between Mutu I and Mutu III
cells (67). Therefore, it will be important to investigate which viral
and/or cellular miRNAs are transferred to target cells via exo-
somes and how they contribute to phenotypic changes.

It has also been proposed that ICAM-1 is involved in the pro-
cess of invasion and metastasis in a variety of cancers (68–71).
Although elevated levels of expression of ICAM-1 in EBV-positive
NPC cells have been reported (72), their significance in NPC has
not been elucidated. Previous observations demonstrate that in-
fection of epithelial cells with EBV is predominately mediated by
cell-to-cell contact (73–78). Exosomes may stabilize cell-to-cell
contact between EBV-infected cells and epithelial cells by trans-
ferring adherent molecules and facilitate EBV infection into target
epithelial cells. Because it has been shown that treatment of
HUVEC with exosomes derived from chronic myelogenous leu-

kemia cells induces upregulation of ICAM-1 and expression of
vascular cell adhesion molecule 1 (VCAM-1) and contributes to
angiogenesis (14), the roles of exosomes derived from EBV-in-
fected cells in various cell types should be further assessed. More-
over, a proteomic analysis is required to identify additional target
proteins induced by uptake of exosomes in recipient cells.

In this context, the inhibition of either exosome shedding or
blockage of exosome functions has been proposed as an approach
to cancer therapy (79). Our findings indicate that both blocking
exosome secretion from EBV-infected cells and blocking their in-
ternalization into target cells could be useful therapeutic targets
for EBV-associated tumors, including NPC.
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