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A B S T R A C T

Mantle cell lymphoma (MCL) is an aggressive and incurable mature B cell neoplasm. The current treat-
ments are based on chemotherapeutics and new class of drugs (e.g. Ibrutinib®), which in most cases ends
with tumor resistance and relapse. Therefore, further development of novel therapeutic modalities is needed.
Exosomes are natural extracellular vesicles, which play an important role in intercellular communica-
tion. The specificity of exosome uptake by different target cells remains unknown. In this study, we observed
that MCL exosomes are taken up rapidly and preferentially by MCL cells. Only a minor fraction of exosomes
was internalized into T-cell leukemia and bone marrow stroma cell lines, when these cells were co-
cultured with MCL cells. Moreover, MCL patients’ exosomes were taken up by both healthy and patients’
B-lymphocytes with no apparent internalization to T lymphocytes and NK cells. Exosome internaliza-
tion was not inhibited by specific siRNA against caveolin1 and clathrin but was found to be mediated by
a cholesterol-dependent pathway. These findings demonstrate natural specificity of exosomes to
B-lymphocytes and ultimately might be used for therapeutic intervention in B cells malignancies.

© 2015 Elsevier Ireland Ltd. All rights reserved.

Introduction

Mantle cell lymphoma (MCL) is a well-defined, aggressive, lym-
phoid neoplasm characterized by proliferation of a distinctive
population of mature B-lymphocytes [1]. The neoplastic cells tend
to colonize the mantle zone of the lymphoid follicles and spread
throughout the body, infiltrating lymphoid tissues, bone marrow,
peripheral blood and extranodal sites [2]. Conventional chemother-
apy induces remission in the majority of newly treated patients.
However, within a few years, most patients experience relapse with
severe drug-resistant phenotype that often leads to death with rel-
atively short median survival duration of 5–7 years [3]. Therefore,
the discoveries of novel biological pathways involved in MCL pro-
gression and resistance may lead to new therapeutic agents with
improved treatment outcomes [4].

Exosomes are small extracellular membrane-enclosed vesicles
of 30–150 nm in diameter. Exosomes originate from the inward
budding of the endosomal membrane, forming multivesicular bodies
(MVBs). They are secreted into the extracellular environment or into

biological fluids as a result of fusion of intracellular MVBs with the
plasma membrane and are considered as messengers in intercel-
lular communication [5,6]. Exosomes are released by different types
of healthy cells such as leukocytes (B lymphocytes [7,8], T lympho-
cytes [9] and natural killer cells (NK) [10]) as well as by cancer cells,
lymphocytic cell lines [10,11] and by primary chronic lympho-
cytic leukemia (CLL) and acute myelogenous leukemia (AML) cells
[12,13]. Their biological role depends on the cell of origin and re-
cipient cell. The putative function of exosomes in cancer is based
on the recently described findings of transfer of genetic material
and signaling proteins, resulting in increased angiogenesis, metas-
tasis, drug resistance and immunosuppressive environment
[5,14–16]. Increasing evidence emphasize the role of exosomes
secreted by various leukemic cells in reprograming the micro-
environment and supports disease progression. Exosomes re-
leased by K562 cells, a chronic myeloid leukemia (CML) cell line
induce angiogenic activity of human umbilical endothelial cells
(HUVEC) [17]. These exosomes when released from K562 cells
overexpress microRNA-92a, were able to transfer this microRNA to
HUVEC, and enhance their migration and blood vessel formation
[18]. Recently, CML-derived exosomes were shown to promote,
through an autocrine mechanism, the proliferation and survival of
tumor cells, both in vitro and in vivo, by activating anti-apoptotic
pathways [19]. Primary and cell line AML-derived exosomes
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transfer mRNA and alter the secretion of growth factors from bone
marrow stromal cells, thereby supporting the survival of the neo-
plastic cells [13]. Furthermore, leukemia and lymphoma derived
exosomes were shown to immunosuppress the cytotoxic activity
of NK cells by binding the NK group 2 receptor (NKG2D), thus as-
sisting in the immune evasion of malignant cells [20].

Both endocytosis [21–23] and phagocytosis [24] pathways in-
volved in delivery of functional cargo to recipient cells [25,26].
Proteomic analysis of exosomes reveals elevated levels of adhe-
sion proteins that promote absorption to the cell surface [27,28].
In addition, exosomes have been shown to attach to recipient cells
via phosphatidylserine receptors [29]. Previous studies have sug-
gested that tumor derived exosomes are more readily associated
with cancer cells as compared to normal cells ex-vivo [30,31].
However, specificity of exosomes to recipient cells and the mem-
brane molecules that are involved in the recognition of exosomes
by recipient cells are mostly unknown. In this study, we character-
ized exosomes of the MCL cell line and primary cells, elucidate their
internalization mechanism and decipher their cell specificity.

Materials and methods

Simvastatin, Dynasore, PKH-26 and PKH-67 were purchased from Sigma-
Aldrich, Israel. Nystatin was purchased from Biological Industries Ltd, Israel. Gefitinib
was pursued from Cayman Chemicals, USA. All other materials were of chemical grade.
MEBCYTO® apoptosis kit was purchased from MBLI.

siRNA sequences

siCLTC and siCAV1 were purchased from siGENOME SMARTpool – Thermo Sci-
entific Dharmacon. The following combination of four different siRNA oligos for
clathrin heavy chain (CLTC) and caveolin1 (CAV1) were employed:

siCLTC – (GCAAUGAGCUGUUUGAAGA; GAAAGAAUCUGUAGAGAAA;
UGACAAAGGUGGAUAAAUU; GGAAAUGGAUCUCUUUGAA).
siCAV1 – (GCAAAUACGUAGACUCGGA; AUUAAGAGCUUCCUGAUUG;
GCAGUUGUACCAUGCAUUA; CUAAACACCUCAACGAUGA). The luciferase gene as
control sequence (siLUCsense strand: CUUACGCUGAGUACUUCGA) were de-
signed and screened by Alnylam Pharmaceuticals (Cambridge, MA, USA).

Cell culture

Mantle cell lymphoma cell line, Jeko-1 (CRL-3006) was purchased from Leibniz-
Institut DSMZ – Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ,
Germany) and Mino cell line (CRL-3000) was purchased from the American Type
Culture Collection (ATCC). Jeko-1 and Mino cell lines were cultured in RPMI-1640
(Gibco, Life Technologies), supplemented with 20% or 15% exosome-depleted, Fetal
Bovine Serum (FBS) (Biological Industries Ltd, Israel), respectively supplemented with
2% glutamine (Gibco, Life Technologies) and 1% penicillin/streptomycin (Biological
Industries Ltd, Israel). Jurkat (TIB-152), human acute T cell leukemia cell line and
HS-5 (CRL-11882) human bone marrow derived stroma cell line were purchased from
ATCC and cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Life Tech-
nologies), supplemented with 10% exosome-depleted FBS (Biological Industries Ltd,
Israel), 2% glutamine (Gibco, Life Technologies) and 1% penicillin/streptomycin (Bi-
ological Industries Ltd, Israel).

Healthy and MCL patients’ mononuclear cell isolation

Peripheral blood (PB) and serum samples were obtained from healthy donors
and from patients with MCL who were treated at the Rabin Medical Center (Petah
Tikva, Israel) and the Rambam Medical Center (Haifa, Israel) after obtaining insti-
tutional review board-approved informed consent. The clinical characteristics of the
patients whose PB samples were studied are presented in Table 1. To isolate low-
density cells, PB cells were fractionated using Ficoll-Paque™ PLUS (GE Healthcare,
Life Sciences). Fractionated cells were used immediately or frozen for additional
studies.

Exosome isolation and labeling

Exosomes were isolated by differential centrifugation [32] and were labeled by
PKH-26 red/PKH-67 green fluorescent cell linker cell membrane labeling (Sigma-
Aldrich) as described in Supplemental Materials and Methods. Exosomes were isolated
from serum by total exosome isolation reagent from serum (Life Technologies).

Exosome analysis by flow cytometry

Anti CD81 coated latex beads were bound to exosomes and analyzed by flow
cytometry as described in Supplemental Materials and Methods.

Structural analysis of exosomes by electron microscopy

MCL Exosomes were loaded onto formvar carbon coated grids (Ted Pella Inc,
Redding, USA). Next, the exosomes were fixed in 2% paraformaldehyde and washed.
The exosomes were immunostained with anti-CD81 antibody (BioLegend) fol-
lowed by staining with a 12 nm gold-conjugated secondary antibody (Jackson
ImmunoResearch). Staining with 12 nm gold-conjugated secondary antibody only
was used as a negative control. The exosomes were subsequently fixed in 2.5% glu-
taraldehyde, washed, contrasted in 2% uranyl acetate and embedded in a mixture
of uranyl acetate (0.8%) and methyl cellulose (0.13%). The preparations were exam-
ined with Jeol 1200EX TEM (Jeol, Japan).

Nanoparticle tracking analysis (NTA)

Size distribution analysis of exosomes based on Brownian motion was assayed
by NanoSight LM20 (NanoSight, Amesbury, United Kingdom) using NTA2.3 soft-
ware upon exosomes dilution into PBS pH 7.4.

Exosomes internalization assays

Exosomes were labeled with PKH-26 for confocal microscopy experiments or
with PKH-67 for flow cytometry analysis experiments, and uptake was deter-
mined by flow cytometry and confocal microscopy as described in Supplemental
Materials and Methods.

Western blot analysis

Lysates of cells and exosomes were separated by SDS/PAGE, transferred to ni-
trocellulose membranes, and incubated with antibodies as described in Supplemental
Materials and Methods.

Electroporation

1 nmole of each of the RNA duplexes (siCLTC, siCAV or siLUC) was electroporated
into 10 × 106 Jeko-1 cells using the Amaxa 4D-nucleofactor system (CM-119 program,
SF cell line solution).

Table 1
MCL patient characteristics.

MCL
patient
no.

PB/BM Sex Age Y WBCs
103/μl

Lymphocytes
(%)

Hemoglobin
g/dl

Platelets
103/μl

Immuno-
histochemistry
cyclin D1

IgH/CCND1
FISH

Alive = A
Death = D

Previous
treatment

1 PB M 65 16.7 10 13.6 78 Positive Positive D
2 PB M 50 3.37 19 8.3 79 Positive Positive A
3 BM M 51 6.38 33 13.1 139 Positive Positive in PB A RCHOP
4 PB F 57 223 81 9.8 112 Positive Positive D
5 PB M 62 104 94 10.2 96 Positive Positive D
6 PB M 75 94.35 86 12.3 93 Positive NA A
7 BM M 65 15.56 10 9.3 33.8 Positive Positive A
8 PB M 75 94.35 92 12.3 93 Positive positive A

MCL indicates mantle cell lymphoma; PB, peripheral blood; BM, bone marrow; M, male; F, female; WBC, white blood cell; CCND1, cyclin D1; NA, not available; RCOP, rituxan,
cyclophosphamide, hydroxydaunorubicin, oncovin and prednisone.
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Quantitative real-time PCR

Total RNA was isolated using EZ-RNA kit (Biological Industries, Israel) and cDNA
was generated with high capacity cDNA kit (Life Technologies, Carlsbad, CA, USA)
according to the manufacturers’ protocols. qRT-PCR was performed with Fast SYBR®
Green Master Mix and the ABI StepOnePlusTM instrument (Life Technologies).

CLTC (Fwd: TCGCTACCTGGTACGTCGAAA; Rev: GCCTTTACAGTTACTGACACTTCTTCA)
or Caveolin1 (Fwd: GTCAACCGCGACCCTAAAC; Rev: TTCCAAATGCCGTCAAAACT) ex-
pression was normalized to the housekeeping genes eIF3a (F:TCCAGAGAGC
CAGTCCATGC, R:CCTGCCACAATTCA TGCT) and eIF3c (F:ACCAAGAGAGTTGTCCGCAGTG,
R:TCATGGCATTACG GATGGTCC). Analysis was done with the StepOneTM software V
2.1 (Life Technologies) using the multiple endogenous controls option. When using
multiple endogenous controls, the software treats all endogenous controls as a single
population, and calculates the experiment-appropriate mean to establish a single
value against which the target of interest is normalized.

Results

Structural and biochemical characterization of exosomes derived
from MCL cells

To isolate and characterize exosomes of MCL cells, we utilized
a classic exosome isolation protocol that exploits their differential
sedimentation properties [33]. Exosomes were isolated from the con-
dition media of Jeko-1 cells, a human MCL cell line, 72 h post cell
culturing. Transmission electron microscopy (TEM) analysis of these
vesicles showed spherical, membrane encapsulated particles. A
typical electron micrograph of Jeko-1 stained vesicles illustrated a
mean diameter of 150 nm (Fig. 1A). To visualize further these vesicles,
we utilized immunogold labeling technique in combination with
an anti-CD81 mAb, a tetraspanin known to be expressed on
exosomes. The detection of immune-colloidal gold on the outer layer
of Jeko-1 vesicles by TEM analysis, confirmed that these vesicles are
exosomes (Fig. 1B). Nanoparticle tracking analysis demonstrated a
bell-shaped curve, indicating a homogeneous population of Jeko-1
exosomes with a mean diameter of 121 ± 87 nm (Fig. 1C). Expres-
sion of exosomes proteins markers [34] was characterized by flow
cytometry and western blot analyses. Western blotting using protein
lysates of exosome preparations revealed the presence of the multi-
vesicular bodies’ protein TSG101 and enrichment in CD81 compared
to whole cell lysate of Jeko-1 cells. Lysates of Jeko-1 exosomes do
not express the endoplasmic protein, calnexin (Fig. 1D). Exosomes
were bound to aldehyde-sulfate latex beads coated with anti-
CD81 mAb. Flow cytometry analysis revealed the presence of
exosomal marker proteins CD63 and CD81 as well as the B-cells
marker, CD19 in 92% of the beads (Fig. 1E).

To strengthen our results, we have isolated exosomes from pe-
ripheral blood mononuclear cells (PBMC) of primary MCL patients
(MCL4, MCL5 and MCL6 see Table 1). Analyzing these patients’ mon-
ocular cells by flow cytometry revealed that 90–95% of the cells are
MCL malignant B-cells (CD5+CD19+), therefore the vast majority of
the exosomes released by these patients’ PBMCs are originated from
MCL cells. Exosomes were isolated from the conditioned media as
described in the Materials and methods section. TEM analysis il-
lustrates the size distribution of ~100 nm in the diameter of primary
MCL exosomes (Fig. 2A). Nanoparticle tracking analysis showed a
homogeneous population of MCL primary exosomes with a mean
size diameter of 94 ± 62 nm (Fig. 2B). Next, we wanted to know if
MCL primary cells release exosomes and therefore it will be pos-
sible to purify these exosomes directly from MCL patients’ serum.
To this end, exosomes were purified from serum of three MCL pa-
tients, two patients with high white blood cells (WBC) count and
one with low WBC count (MCL4, MCL8 and MCL7, respectively)
(Table 1). MCL exosomes were subjected to flow cytometry analy-
sis and identified by expression of CD81 and CD63 and the B-cell
marker, CD20. MCL derived exosomes are present in the serum of
all three MCL patients (Fig. 2C), with higher amount in patients with
higher WBC count.

MCL derived exosomes are rapidly and preferentially internalized
by B-lymphocytes

In order to study the uptake of MCL derived-exosomes by MCL
cells, we incubated PKH-26 labeled Jeko-1 exosomes with Jeko-1
cells at different time points and examined their internalization by
confocal microscopy analysis. Exosome internalization was ob-
served as early as 10 min post incubation. Longer incubation time
resulted in higher accumulation of exosomes inside the cells. One-
hour post incubation, ~80% of the cells internalized exosomes
(Fig. 3A). To study the kinetics of exosome accumulation, we per-
formed quantitative flow cytometry. PKH-67 labeled exosomes were
incubated with Jeko-1 cells and the fluorescence intensity was de-
tected. Increase in the fluorescence signal was detected as early as
10 min post incubation and increased in time, saturated at 120 min
(Fig. 3B). This rapid internalization suggested that MCL cells have
a high affinity for the Jeko-1-derived exosomes. In order to study
the cell specificity of MCL-derived exosomes, we exposed co-
culture of Jeko-1, Jurkat (human acute T-cells leukemia) and HS-5
(human stromal cells) cells to Jeko-1-derived exosomes and mea-
sured the internalization kinetics to the different cell populations.
Only a small amount of exosomes were taken up by Jurkat
(4.5 ± 0.9%) or HS-5 (7.86 ± 5.88%) cells, while 78.8 ± 8.3% of Jeko-1
cells internalized exosomes 120 min post incubation (Fig. 4A). The
specificity of MCL exosomes to MCL cells was further demon-
strated with Mino-derived exosomes, an additional MCL cell line.
Co-culture of Mino, Jurkat and HS-5 cells was exposed to PKH-67
labeled Mino-derived exosomes for several times periods. Similar
to the results obtained with Jeko-1-derived exosomes, Mino
exosomes were uptaken rapidly and preferentially by Mino cells.
120 min post incubation, only 37.52% ± 4 of HS-5 cells and
11.5% ± 1.95 of Jurkat cells, while 84.2% ± 0.95 of Mino cells inter-
nalized Mino-derived exosomes (Fig. 4B).

Internalization of Jeko-1 exosomes to different cells was ana-
lyzed also by confocal microscopy. Jurkat, Jeko-1 and HS-5 cells were
co-cultured with Jeko-1-derived exosomes for 60 min. After incu-
bation, Jurkat and Jeko-1 cells were removed and the cell membrane
was stained with either anti AlexaFluor 488 anti CD3 or anti
AlexaFluor 488 anti CD19. The HS-5 cells were stained by Wheat
germ agglutinin (WGA)-AlexaFluor 488. Confocal microscopy anal-
ysis confirmed localization of exosomes inside Jeko-1 cells, with no
apparent internalization into Jurkat and HS-5 cells (Fig. 4C). These
results affirm that Jeko-1 exosomes have higher affinity for MCL cells.

To further test the hypothesis that MCL exosomes have a unique
affinity toward B-lymphocytes in general and MCL cells in partic-
ular, we investigated the cell specificity of MCL exosomes upon
simulation of their endogenous environment. We purified PBMCs
from healthy individuals and MCL patients, and exposed them to
primary MCL exosomes for several designated time periods. Primary
MCL exosomes were isolated from culture medium of PBMC from
MCL patients. Uptake of MCL primary exosomes by monocytes,
B-lymphocytes, natural killer (NK) cells and T-lymphocytes was mea-
sured by flow cytometry and confocal microscopy analysis. Healthy
B-lymphocytes internalized exosomes efficiently as opposed to
healthy T-lymphocytes and NK cells that barely internalized MCL
exosomes (Fig. 5A and C). As demonstrated by flow cytometry anal-
ysis, 180 min post incubation of MCL5 exosomes with healthy PBMC,
50.76 ± 10.89% of B-lymphocytes internalized exosomes in con-
trast to 5.127 ± 1.224% of T-lymphocytes and 8.145 ± 2.044% of NK
cells. Similarly, MCL patients’ derived exosomes were preferen-
tially internalized by patients B-lymphocytes. MCL6 B-lymphocytes
internalized MCL exosomes in a time dependent manner, however
T-lymphocytes as well as NK cells hardly took up MCL exosomes
(Fig. 5B and D). Similar results were obtained when PBMCs from
healthy individuals and MCL patients were exposed to exosomes
of a different patient, MCL4 (Fig. S1). Although B-lymphocytes from
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various patients showed divergence kinetics of exosomes uptake,
in all the patients exosomes were preferentially internalized into
B-lymphocytes with no apparent internalization to patients’
T-lymphocytes (Fig. S1). Taken together, these data suggest that MCL
derived exosomes are preferentially taken up by B-lymphocytes.

The uptake of exosomes by healthy monocytes preceded that of
B lymphocytes. 10 min post incubation, 70.16 ± 20.38% of the healthy
monocytes uptake exosomes while only 8.47 ± 1.9% of B-lymphocytes
internalized the exosomes (Fig. 5A). Similarly, the monocytes of MCL
patient’s uptake exosomes are faster than B-lymphocytes in part of
MCL patients (Figs. 5B and S1D), however in other patients, the

uptake of MCL exosomes by monocytes and B-lymphocytes was at
the same rate (Fig. S1B and C).

Internalization of MCL exosomes is mediated by lipid raft/cholesterol
endocytosis pathway

Next, we explored the internalization mechanism(s) of MCL
exosomes. The process of endocytosis involves multiple mecha-
nisms in mammalian cells. The internalization pathway is dependent
on the type of cargo and its intracellular fate. In order to identify
if clathrin-dependent endocytosis mediates internalization of MCL

Fig. 1. Structural and biochemical characterization of Jeko-1 exosomes. (A) Exosomes were isolated from the culture media of Jeko-1 cells and analyzed by transmission
electron microscopy (TEM). (B) Immuno-electron microscopy of isolated Jeko-1 exosomes incubated with anti-CD81 followed by IgG 12-nm in diameter gold nanoparticle-
conjugated mAb. (C) Measurement of Jeko-1 exosome mean diameter by nanoparticle tracking analysis system. (D) Western blot analysis of the exosome markers CD81,
TSG1 and the intracellular protein Calnexin. (E) Flow cytometry analysis of the exosomal surface proteins CD81, CD63 and the B-lymphocytes marker CD19 on Jeko-1 exosomes.
Representatives of the three independent experiments are shown.
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Fig. 2. Characterization of MCL primary exosomes. (A) Exosomes were isolated from the culture media of MCL patient(s) cells and analyzed by transmission electron mi-
croscopy (TEM). (B) Measurement of MCL primary exosomes mean diameter by nanoparticle tracking analysis system. (C) Flow cytometry analysis of exosomal surface protein
(CD81 or CD63) and the B-lymphocytes marker (CD20) on primary exosomes from serum of patients MCL7, MCL8, and MCL4.
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exosomes, we have knocked down clathrin heavy chain by specif-
ic siRNA. Jeko-1 cells were electroporated with Clathrin-siRNA
(siCLTC) or Luciferase siRNA (siLUC) as control. Electroporation of
Jeko-1 cells with siCLTC resulted in significant decrease in Clathrin
mRNA (62 ± 2.2% of inhibition, relative to siLUC treated cells) and
Clathrin protein levels, 72 h post electroporation (Fig. 6A and B).
Exosomes were incubated for 60 min with untreated Jeko-1 cells
(mock), siLUC or siCLTC-treated Jeko-1 cells. The uptake of exosomes
was quantified by flow cytometry and visualized using confocal mi-
croscopy. Inhibition of clathrin expression did not affect the uptake
of exosomes by Jeko-1 cells (Fig. 6C and D), while uptake of trans-
ferrin, a well-established protein that internalizes through clathrin-
dependent mechanism, was significantly decreased. Transferrin
CF640 bound to the plasma membrane but only slightly internal-
ized in siCLTC-treated cells (Fig. 6D).

These results suggest that clathrin independent pathway
mediates the endocytosis of MCL exosomes by MCL cells. De-
scribed mechanisms of clathrin independent endocytosis include
macropinocytosis, caveolae-mediated uptake and non-classical path-
ways involving non-clathrin, non-caveolae-mediated endocytosis
[35–37].

To identify if caveolae dependent pathway mediates the endo-
cytosis of MCL exosomes, Jeko-1 cells were electroporated with
Caveolin1-siRNA (siCAV1) or Luciferase siRNA (siLUC) as control.
Electroporation of Jeko-1 cells with siCAV1 resulted in a signifi-
cant decrease in caveolin1 mRNA (58 ± 9.7% of inhibition, relative

to siLUC treated cells) (Fig. 6E). Inhibition of caveolin1 expression
did not affect the uptake of exosomes by Jeko-1 cells (Fig. 6F and
G), while uptake of cholera toxin, that partially internalizes by
caveolae-dependent mechanism, decreased (Fig. 6G). The de-
creased uptake of transferrin or cholera toxin in Jeko1 treated siCLTC
and siCAV1, respectively, could not be quantified by FACS since they
still bound to the plasma membrane. We next ask if uptake of MCL
exosomes is mediated by dynamin, tyrosine kinases or is associ-
ated with cholesterol-enriched membrane microdomains. Jeko-1 cells
were incubated for 30 min with Dynasore (80 μM from stock so-
lution of 3.6 mM in DMSO), an inhibitor of dynamin-dependent
endocytosis [38], Gefitinib, a tyrosine kinase inhibitor (10 μM from
stock solution of 10 mM in DMSO) and Nystatin (40 μg/ml from stock
solution of 50 mg/ml in H2O), an inhibitor of the lipid raft-mediated
endocytosis pathway [39,40] or cultured in the presence of
Simvastatin (2 μM from stock solution of 4 mM in DMSO), an in-
hibitor of cholesterol synthesis [41] for 16 h. Control cells were
incubated with DMSO at the same concentration. PKH-67 labeled
Jeko-1 exosomes were added to the treated cells for 60 min. Exosome
internalization was quantified by flow cytometry and analyzed by
confocal microscopy. Uptake of MCL exosomes was significantly in-
hibited by Dynasore (88% ± 8.6 inhibition) and Gefitinib (83.8% ± 6.6
inhibition) and partially inhibited by Nystatin (62% ± 7.1 inhibi-
tion) and by Simvastatin (61.2% ± 7.1 inhibition) (Fig. 7A). Confocal
microscopy analysis revealed that almost none of the cells inter-
nalized exosomes when treated by Dynasore or Nystatin (Fig. 7B).

Fig. 3. Rapid uptake of Jeko-1 exosomes by Jeko-1 cells. Kinetics of Jeko-1 exosomes uptake by Jeko-1 cells measured by confocal microscopy and flow cytometry analysis.
(A) PKH-26 labeled Jeko-1 exosomes were incubated with Jeko-1 cells, the reaction was stopped at different time points (1, 5, 10, 20, 30, 45 and 60 min) and cells were
analyzed by confocal microscopy. The cell membrane of Jeko-1 cells was stained with AlexaFluor 488-anti CD44 mAb. Negative control – Jeko-1 cells with no addition of
labeled exosomes. The data are representative of three independent experiments. Scale bar equals 25 μm. (B) Flow cytometry analysis of Jeko-1 cells, mean fluorescence
after incubation with PKH-67 labeled Jeko-1 exosomes for the indicated time points (10, 20, 30, 60, 120 and 180 min). The data are presented as mean ± SD of four inde-
pendent experiments.
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At the same concentration and time points, these inhibitors did not
affect the viability of the cells (94.7% ± 2.1, 92.5% ± 1.386 and
89.3% ± 3.3 live cells in the control, Dynasore- Nystatin- and
Simvastatin-treated cells, respectively, Fig. S2). These results suggest
that a non-classical pathway involving dynamin, tyrosine kinase and
cholesterol mediated endocytosis of MCL exosomes by MCL cells.

Discussion

In this study, we have described the characterization of human
MCL exosomes. Using electron microscopy analysis, Jeko-1-derived
exosomes and MCL patients’ cell-derived exosomes displayed a
typical spherical morphology. Size distribution of isolated exosomes
from primary MCL cells (94 ± 62 nm) fits the presumed size range
of exosomes (30–150 nm), while exosomes derived from Jeko-1 cells
were found to be larger (121 ± 87 nm). Using flow cytometry anal-
ysis, 92% of these Jeko-1-derived exosomes carry the exosomal
markers CD81 and CD63 that are frequently known to be present
on exosomes from other cell types [5]. Western blot analysis of
exosomes-derived from Jeko-1 cells further demonstrated the ex-
pression of exosomal protein, TSG101, and was enrichment in CD81.
Taken together, these results demonstrated that the MCL-derived
exosomes are a relatively pure population.

Exosomes are released by most types of cells into the extracel-
lular milieu upon fusion of the MVBs with the plasma membrane.

The presence of exosomes in urine [42], circulating blood [43], ascites
and cerebrospinal fluid [44] in vivo, together with recent data in-
dicating that exosomes can transfer proteins, messenger RNAs
(mRNAs) and microRNAs to neighboring cells and thus affect their
biological activity [6], raises the question whether exosomes have
target cell specificity. Previous report suggests that extracellular
vesicles can be taken up by every cell type tested [45], however,
others have shown cell-specific uptake [46]. Our results provide ev-
idence for the preferential internalization of MCL exosomes by
normal and malignant B-cells. This is based on several lines of ex-
perimental evidence. We observed extremely rapid internalization
of Jeko-1-derived exosomes to Jeko-1 cells. Ten min post adminis-
tration of exosomes we were able to quantify and visualize them
within MCL cells. Internalization was linearly increased up to 60 min
and reached a plateau after 120 min. When MCL exosomes (Jeko-1
or Mino) were administrated to a co-culture of MCL cell line, Jurkat
and HS-5 cells, almost no detectable internalization was observed
in Jurkat and HS-5 cells even after 120 min of incubation. Finally,
when MCL exosomes were introduced to mononuclear cells, a
mixture of lymphocytic and monocyte populations that include
B-lymphocytes, NK cells and various T-lymphocytes from healthy
control or MCL patients’ PB, a preferential internalization into
B-lymphocytes subsets was observed. These results support the hy-
pothesis raised in this study that MCL exosomes have unique
specificity to B-lymphocytes.

Fig. 4. MCL exosomes specifically internalized into MCL cells. (A) Time course of Jeko-1 derived exosomes internalization to Jeko-1, Jurkat and HS-5 cells. PKH-67 labeled
Jeko-1 exosomes were incubated for the indicated time points with co-culture of Jeko-1, Jurkat or HS-5 cells. Internalization was measured by flow cytometry using spe-
cific antibodies (PE-anti CD19 for Jeko-1 cells, PerCP-anti CD3 for Jurkat cells and AlexaFluor 647-anti CD105 for HS-5 cells). The data present the percentage of cells that
uptake labeled exosomes and are expressed as mean ± SD of three independent experiments. (B) Time course of Mino derived exosomes internalization to Mino, Jurkat and
HS-5 cells. PKH-67-labeled Mino exosomes were incubated for the indicated time points with co-culture of Mino, Jurkat or HS-5 cells. Internalization was measured by
flow cytometry using specific antibodies (PE-anti CD19 for Mino cells, PerCP-anti CD3 for Jurkat cells and AlexaFluor 647-anti CD105 for HS-5 cells). The data present the
percentage of cells that uptake labeled exosomes and are expressed as mean ± SD of three independent experiments. (C) PKH-26 labeled Jeko-1 exosomes were incubated
for 60 min with co-culture of Jeko-1, Jurkat or HS-5 cells and uptake of exosomes was analyzed by confocal microscopy. After incubation Jurkat and Jeko-1 cells were removed
from the HS5 cells and the cell membrane was labeled with AlexaFluor 488-anti CD3 (Jurkat) or AlexaFluor 488-anti CD19 (Jeko-1) HS-5 cells were labeled by AlexaFluor
488-wheat germ agglutinin. Negative control – Jeko-1, Jurkat and HS-5 cells with no addition of labeled exosomes. The data are representative of three independent ex-
periments. Scale bar is 25 μm.
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We have shown that monocytes of both healthy subjects and MCL
patients are extremely efficient in the uptake of MCL exosomes.
The different kinetics of exosome uptake by monocytes and
B-lymphocytes can reflect on two different processes of exosome
uptake, while monocytes phagocyte exosomes, B-lymphocytes in-
ternalized them by endocytosis. The uptake of exosomes by
monocytes was previously described and occurs through phago-
cytosis mechanism [24]. A role for CD169 in the capture of B-cell
derived exosomes by macrophages in the marginal zone of the spleen
and in the sub-capsular sinus of the lymph node was recently found
[47]. Although the uptake of MCL exosomes by monocytes is an ef-
fective process, we have shown that in competitive conditions
when exosomes were exposed to PBMC, a substantial amount of
B-lymphocytes uptake exosomes and in part of MCL patients in a
similar rate as monocytes. These results further support the high
affinity of B-lymphocytes to MCL exosomes. The exceeded uptake
of exosomes by monocytes was previously shown for rat pancre-
atic adenocarcinoma exosomes, however these exosomes were
uptaken by all lymphocyte subsets and no difference was ob-
served between B and T-lymphocytes [45]. The preferential

internalization of MCL exosomes by B-lymphocytes is probably based
on protein–protein interaction of the B-lymphocytes and MCL
exosomes, however this mechanism is unknown and is currently
under investigation.

The presence of MCL derived exosomes in vivo was verified in
the serum of MCL patients. Primary MCL-cells derived exosomes
could be detected in the serum of MCL patients with high WBC count
(MCL4 and MCL8) but also in the serum of patients with relatively
low WBC count (MCL7). This raises the future possibility of puri-
fying MCL derived exosomes from a patient’s serum and harnessing
them for the delivery of therapeutic payloads while exploiting their
natural specifically toward MCL cells. Since exosomes could be taken
up by monocytes as well, exosomes might be loaded with specific
anti MCL molecules, such as siRNA molecules for cyclin D1, which
was previously shown by us to decrease viability of MCL cells and
induce cell apoptosis [48].

Finally, we explored the internalization mechanism of MCL
exosomes by MCL cells. Previous studies have shown that exosomes
released from Epstein–Barr virus-infected B cells are internalized via
caveolae-dependent endocytosis mediated by viral gp350 protein [49].

Fig. 5. Normal B-cells and MCL cells preferentially uptake MCL exosomes. Exosomes derived from MCL patient’s cells (MCL5 and MCL6) were incubated for the indicated
time points (0, 10, 30, 60, 120 and 180 min) with PBMCs of healthy individuals or MCL patients. Internalization of PKH-67 labeled exosomes by healthy (A) PBMCs or (B)
MCL patient’s PBMCs was assayed by flow cytometry using specific antibodies to T-lymphocytes (PerCP-anti CD3), B-Lymphocytes (PE-anti CD19), NK cells (APC-anti CD56)
and monocytes (APC-anti CD14). The data are expressed as the percentage of cells that taken up labeled exosomes. Results of healthy PBMCs are expressed as mean ± SD of
three independent controls. PKH-26 labeled MCL exosomes were incubated for 30 or 60 min with (C) healthy individuals PBMCs or (D) MCL patient’s mononuclear cells.
Internalization was assayed by confocal microscopy. The cell membrane was labeled with AlexaFluor 488-anti CD3 (T-lymphocytes), AlexaFluor 488-anti CD19 (B-
lymphocytes) or AlexaFluor 488-anti CD14 (monocytes). Negative control – cells without addition of exosomes. The data are representative of the two independent experiments.
Scale bar is 25 μm.
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Internalization of MCL exosomes was not affected by knockdown of
caveolin1 or clathrin, therefore a non-classical pathway, clathrin and
caveolae independent mechanism mediates this process. Several en-
docytosis pathways are clathrin and caveolin1 independent; these
include dynamin dependent mechanisms and dynamin-independent
mechanisms. The inhibition of MCL endocytosis by dynasore ex-
cluded the possibility of endocytosis by macropinocytosis since this

process is dynamin independent [50]. The lipid raft endocytosis is a
dynamin dependent process mediated by cholesterol rich domains
[51]. The inhibition of MCL exosome uptake by Nystatin and
Simvastatin suggest that cholesterol/lipid raft-dependent but clathrin-
and caveolin1-independent endocytosis mediates this process.

The uptake of exosomes was recently shown to be affected by lipid
raft associated proteins. Internalization of exosomes derived from

Fig. 6. MCL exosomes internalized by Clathrin and Caveolin1-independent endocytosis pathway. Clathrin heavy chain (CLTC) or Caveoin1 (CAV1) downregulation. qPCR anal-
ysis of (A) CLTC and (E) CAV1 mRNA levels 72 h post electroporation of siCLTC or siCAV1 in Jeko-1 cells. Expression was normalized to housekeeping genes eIF3a and eIF3c
and depicted as mRNA concentration relative to untreated cells (Mock). The data are presented as mean ± SD of thee independent experiments. (B) Representative Western
Blot analysis of Clathrin heavy chain expression 72 h post electroporation. α-Tubulin was used as a loading control. (C, F) PKH-67 labeled Jeko-1 exosomes were incubated
with untreated (Mock), siLUC electroporated cells, siCLTC or siCAV1 treated cells, 72 h post electroporation for 60 min. Internalization was measured by flow cytometry
analysis. The data are expressed as the percent of cells that uptake labeled exosomes as mean ± SD of three independent experiments. (D) Representative confocal micro-
scopic images of untreated (Mock), siLUC electroporated cells or siCLTC treated cells, 72 h post electroporation, incubated with PKH-26 labeled Jeko-1 exosomes or Transferin
CF640 for 60 min or 15 min, respectively. Scale bar is 25 μm. (G) Representative confocal microscopic images of untreated (Mock), siLUC or siCAV1 treated cells, 72 h post
electroporation, incubated with PKH-26 labeled Jeko-1 exosomes or CholeraToxin-555 for 60 min. The cell membrane was labeled with AlexaFluor 488-anti CD19. Scale
bar is 25 μm.
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glioblastoma cells is negatively regulated by lipid raft-associated protein
caveolin-1 and induces the phosphorylation of several downstream
targets known to associate with lipid rafts, such as extracellular signal-
regulated kinase-1/2 and heat shock protein 27 [52]. This raised the
possibility that selective uptake of MCL-derived exosomes by
B-Lymphocytes, as demonstrated in our study, contributes to pro-
teins associated with cholesterol/lipid raft microdomains.

To summarize, in the present study, we characterized MCL
exosomes derived from cell line and primary MCL cells and from
the serum of MCL patients. We then showed for the first time the
cell-specific uptake of MCL exosomes by normal and MCL pa-
tients’ B-lymphocytes in a lipid raft-dependent manner. These
findings can be utilized for therapeutic and imaging of MCL pa-
tients. Exosomes will be purified from an MCL patient’s cells,
molecularly labeled or loaded with therapeutic payloads and will
be administered back to the same patient.

Acknowledgements

The authors thank Dr. Leonid Mittelman and Dr. Vered
Holdengreber for the scientific assistance with confocal and elec-
tron microscopy.

This work was supported in part by grants from the NIH
(5R01CA139444-10), The Dotan Hematology Center at Tel Aviv Uni-
versity. The Lewis Family Trust, Israel Science Foundation (award
#181/10), the I-CORE Program of the Planning and Budgeting Com-
mittee and The Israel Science Foundation (grant No 41/11) and the
FTA: Nanomedicines for Personalized Theranostics of the Israeli Na-
tional Nanotechnology Initiative and by The Leona M. and Harry B.
Helmsley Nanotechnology Research Fund awarded to D.P.

Conflict of interest

D.P. has financial interests in Quiet Therapeutics Ltd.

Appendix: Supplementary material

Supplementary data to this article can be found online at
doi:10.1016/j.canlet.2015.04.026.

References

[1] E. Campo, M. Raffeld, E.S. Jaffe, Mantle-cell lymphoma, Semin. Hematol. 36
(1999) 115–127.

[2] P. Jares, D. Colomer, E. Campo, Molecular pathogenesis of mantle cell lymphoma,
J. Clin. Invest. 122 (2012) 3416–3423.

[3] J.M. Vose, Mantle cell lymphoma: 2012 update on diagnosis, risk-stratification,
and clinical management, Am. J. Hematol. 87 (2012) 604–609.

[4] P. Perez-Galan, M. Dreyling, A. Wiestner, Mantle cell lymphoma: biology,
pathogenesis, and the molecular basis of treatment in the genomic era, Blood
117 (2011) 26–38.

[5] S. Mathivanan, H. Ji, R.J. Simpson, Exosomes: extracellular organelles important
in intercellular communication, J. Proteomics 73 (2010) 1907–1920.

[6] A.S. Azmi, B. Bao, F.H. Sarkar, Exosomes in cancer development, metastasis, and
drug resistance: a comprehensive review, Cancer Metastasis Rev. 32 (3–4) (2013)
623–642.

[7] G. Raposo, H.W. Nijman, W. Stoorvogel, R. Liejendekker, C.V. Harding, C.J. Melief,
et al., B lymphocytes secrete antigen-presenting vesicles, J. Exp. Med. 183 (1996)
1161–1172.

[8] S.C. Saunderson, P.C. Schuberth, A.C. Dunn, L. Miller, B.D. Hock, P.A. MacKay,
et al., Induction of exosome release in primary B cells stimulated via CD40 and
the IL-4 receptor, J. Immunol. 180 (2008) 8146–8152.

[9] N. Blanchard, D. Lankar, F. Faure, A. Regnault, C. Dumont, G. Raposo, et al., TCR
activation of human T cells induces the production of exosomes bearing the
TCR/CD3/zeta complex, J. Immunol. 168 (2002) 3235–3241.

[10] L. Lugini, S. Cecchetti, V. Huber, F. Luciani, G. Macchia, F. Spadaro, et al., Immune
surveillance properties of human NK cell-derived exosomes, J. Immunol. 189
(2012) 2833–2842.

[11] P. Rialland, D. Lankar, G. Raposo, C. Bonnerot, P. Hubert, BCR-bound antigen is
targeted to exosomes in human follicular lymphoma B-cells, Biol. Cell 98 (2006)
491–501.

[12] F. Haderk, B. Hanna, K. Richter, M. Schnolzer, T. Zenz, S. Stilgenbauer, et al.,
Extracellular vesicles in chronic lymphocytic leukemia, Leuk. Lymphoma 54
(2013) 1826–1830.

[13] J. Huan, N.I. Hornick, M.J. Shurtleff, A.M. Skinner, N.A. Goloviznina, C.T. Roberts
Jr., et al., RNA trafficking by acute myelogenous leukemia exosomes, Cancer Res.
73 (2013) 918–929.

[14] C.V. Harding, J.E. Heuser, P.D. Stahl, Exosomes: looking back three decades and
into the future, J. Cell Biol. 200 (2013) 367–371.

[15] S. EL Andaloussi, I. Mäger, X.O. Breakefield, M.J. Wood, Extracellular vesicles:
biology and emerging therapeutic opportunities, Nat. Rev. Drug Discov. 12
(2013) 347–357.

[16] A.S. Azmi, B. Bao, F.H. Sarkar, Exosomes in cancer development, metastasis, and
drug resistance: a comprehensive review, Cancer Metastasis Rev. 32 (2013)
623–642.

[17] T. Umezu, K. Ohyashiki, M. Kuroda, J.H. Ohyashiki, Leukemia cell to endothelial
cell communication via exosomal miRNAs, Oncogene 32 (2013) 2747–2755.

[18] M. Mineo, S.H. Garfield, S. Taverna, A. Flugy, G. De Leo, R. Alessandro, et al.,
Exosomes released by K562 chronic myeloid leukemia cells promote
angiogenesis in a Src-dependent fashion, Angiogenesis 15 (2012) 33–45.

Fig. 7. MCL exosomes internalized by cholesterol dependent endocytosis pathway. (A) Jeko-1 cells were pre-treated with 10 μM Gefitinib, 80 μM Dynasore, or 40 μg/ml
Nystatin for 3h 30 min and 60 min, respectively. For cholesterol synthesis Jeko-1 cells were cultured in serum free RPMI media supplemented with 0.1% BSA and 20 mM
Hepes in the presence of 2uM Simvastatin for 16 h. PKH-67 labeled Jeko-1 exosomes were incubated with untreated (control) or treated cells for 60 min and internalization
was measured by flow cytometry analysis. The data are expressed as the percent of cells that uptake labeled exosomes as mean ± SD of three independent experiments. (B)
PKH-26 labeled Jeko-1 exosomes were incubated with untreated (control) or treated cells (Dynasore or Nystatin) and internalization was measured by confocal microsco-
py. Jeko-1 cell membrane was labeled with AlexaFluor 488-anti CD44. Scale bar is 25μm.

68 I. Hazan-Halevy et al./Cancer Letters 364 (2015) 59–69

http://dx.doi.org/10.1016/j.canlet.2015.04.026
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0010
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0010
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0015
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0015
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0020
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0020
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0025
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0025
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0025
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0030
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0030
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0035
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0035
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0035
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0040
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0040
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0040
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0045
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0045
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0045
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0050
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0050
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0050
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0055
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0055
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0055
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0060
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0060
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0060
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0065
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0065
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0065
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0070
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0070
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0070
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0075
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0075
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0080
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0080
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0080
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0085
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0085
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0085
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0090
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0090
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0095
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0095
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0095


[19] S. Raimondo, L. Saieva, C. Corrado, S. Fontana, A. Flugy, A. Rizzo, et al., Chronic
myeloid leukemia-derived exosomes promote tumor growth through an
autocrine mechanism, Cell Commun. Signal. 13 (2015) 8.

[20] M. Hedlund, O. Nagaeva, D. Kargl, V. Baranov, L. Mincheva-Nilsson, Thermal-
and oxidative stress causes enhanced release of NKG2D ligand-bearing
immunosuppressive exosomes in leukemia/lymphoma T and B cells, PLoS ONE
6 (2011) e16899.

[21] M.A. Antonyak, R.A. Cerione, Microvesicles as mediators of intercellular
communication in cancer, Methods Mol. Biol. 1165 (2014) 147–173.

[22] A.E. Morelli, A.T. Larregina, W.J. Shufesky, M.L. Sullivan, D.B. Stolz, G.D. Papworth,
et al., Endocytosis, intracellular sorting, and processing of exosomes by dendritic
cells, Blood 104 (2004) 3257–3266.

[23] T. Tian, Y. Wang, H. Wang, Z. Zhu, Z. Xiao, Visualizing of the cellular uptake and
intracellular trafficking of exosomes by live-cell microscopy, J. Cell. Biochem.
111 (2010) 488–496.

[24] D. Feng, W.L. Zhao, Y.Y. Ye, X.C. Bai, R.Q. Liu, L.F. Chang, et al., Cellular
internalization of exosomes occurs through phagocytosis, Traffic 11 (2010)
675–687.

[25] K. Al-Nedawi, B. Meehan, J. Micallef, V. Lhotak, L. May, A. Guha, et al.,
Intercellular transfer of the oncogenic receptor EGFRvIII by microvesicles derived
from tumour cells, Nat. Cell Biol. 10 (2008) 619–624.

[26] H. Valadi, K. Ekstrom, A. Bossios, M. Sjostrand, J.J. Lee, J.O. Lotvall, Exosome-
mediated transfer of mRNAs and microRNAs is a novel mechanism of genetic
exchange between cells, Nat. Cell Biol. 9 (2007) 654–659.

[27] E.N. Nolte-’t Hoen, S.I. Buschow, S.M. Anderton, W. Stoorvogel, M.H. Wauben,
Activated T cells recruit exosomes secreted by dendritic cells via LFA-1, Blood
113 (2009) 1977–1981.

[28] E. Segura, C. Nicco, B. Lombard, P. Veron, G. Raposo, F. Batteux, et al., ICAM-1
on exosomes from mature dendritic cells is critical for efficient naive T-cell
priming, Blood 106 (2005) 216–223.

[29] M. Miyanishi, K. Tada, M. Koike, Y. Uchiyama, T. Kitamura, S. Nagata,
Identification of Tim4 as a phosphatidylserine receptor, Nature 450 (2007)
435–439.

[30] I. Parolini, C. Federici, C. Raggi, L. Lugini, S. Palleschi, A. De Milito, et al.,
Microenvironmental pH is a key factor for exosome traffic in tumor cells, J. Biol.
Chem. 284 (2009) 34211–34222.

[31] T.J. Smyth, J.S. Redzic, M.W. Graner, T.J. Anchordoquy, Examination of the
specificity of tumor cell derived exosomes with tumor cells in vitro, Biochim.
Biophys. Acta 2014 (1838) 2954–2965.

[32] C. Thery, S. Amigorena, G. Raposo, A. Clayton, Isolation and characterization
of exosomes from cell culture supernatants and biological fluids, Curr. Protoc.
Cell Biol. Chapter 3 (2006) Unit 3 22.

[33] C. Lasser, M. Eldh, J. Lotvall, Isolation and characterization of RNA-containing
exosomes, J. Vis. Exp. (2012) e3037.

[34] R. Wubbolts, R.S. Leckie, P.T. Veenhuizen, G. Schwarzmann, W. Mobius, J.
Hoernschemeyer, et al., Proteomic and biochemical analyses of human B
cell-derived exosomes. Potential implications for their function and
multivesicular body formation, J. Biol. Chem. 278 (2003) 10963–10972.

[35] T. Kirchhausen, Imaging endocytic clathrin structures in living cells, Trends Cell
Biol. 19 (2009) 596–605.

[36] G. Sahay, D.Y. Alakhova, A.V. Kabanov, Endocytosis of nanomedicines, J. Control.
Release 145 (2010) 182–195.

[37] K. Sandvig, S. Pust, T. Skotland, B. van Deurs, Clathrin-independent endocytosis:
mechanisms and function, Curr. Opin. Cell Biol. 23 (2011) 413–420.

[38] T. Kirchhausen, E. Macia, H.E. Pelish, Use of dynasore, the small molecule
inhibitor of dynamin, in the regulation of endocytosis, Methods Enzymol. 438
(2008) 77–93.

[39] Y. Kitajima, T. Sekiya, Y. Nozawa, Freeze-fracture ultrastructural alterations
induced by filipin, pimaricin, nystatin and amphotericin B in the plasmia
membranes of Epidermophyton, Saccharomyces and red complex-induced
membrane lesions, Biochim. Biophys. Acta 455 (1976) 452–465.

[40] A. Ros-Baro, C. Lopez-Iglesias, S. Peiro, D. Bellido, M. Palacin, A. Zorzano, et al.,
Lipid rafts are required for GLUT4 internalization in adipose cells, Proc. Natl.
Acad. Sci. U.S.A. 98 (2001) 12050–12055.

[41] A.I. Ivanov, Pharmacological inhibition of endocytic pathways: is it specific
enough to be useful?, Methods Mol. Biol. 440 (2008) 15–33.

[42] T. Pisitkun, R.F. Shen, M.A. Knepper, Identification and proteomic profiling of
exosomes in human urine, Proc. Natl. Acad. Sci. U.S.A. 101 (2004) 13368–13373.

[43] A. Aggarwal, R. Grewal, R.J. Green, L. Boggio, D. Green, B.B. Weksler, et al.,
Rituximab for autoimmune haemophilia: a proposed treatment algorithm,
Haemophilia 11 (2005) 13–19.

[44] L.J. Vella, D.L. Greenwood, R. Cappai, J.P. Scheerlinck, A.F. Hill, Enrichment of
prion protein in exosomes derived from ovine cerebral spinal fluid, Vet.
Immunol. Immunopathol. 124 (2008) 385–393.

[45] D. Zech, S. Rana, M.W. Buchler, M. Zoller, Tumor-exosomes and leukocyte
activation: an ambivalent crosstalk, Cell Commun. Signal. 10 (2012) 37.

[46] S. Rana, S. Yue, D. Stadel, M. Zoller, Toward tailored exosomes: the exosomal
tetraspanin web contributes to target cell selection, Int. J. Biochem. Cell Biol.
44 (2012) 1574–1584.

[47] S.C. Saunderson, A.C. Dunn, P.R. Crocker, A.D. McLellan, CD169 mediates the
capture of exosomes in spleen and lymph node, Blood 123 (2014) 208–216.

[48] S. Weinstein, R. Emmanuel, A.M. Jacobi, A. Abraham, M.A. Behlke, A.G. Sprague,
et al., RNA inhibition highlights cyclin D1 as a potential therapeutic target for
mantle cell lymphoma, PLoS ONE 7 (2012) e43343.

[49] A. Nanbo, E. Kawanishi, R. Yoshida, H. Yoshiyama, Exosomes derived from
Epstein-Barr virus-infected cells are internalized via caveola-dependent
endocytosis and promote phenotypic modulation in target cells, J. Virol. 87
(2013) 10334–10347.

[50] J.P. Lim, P.A. Gleeson, Macropinocytosis: an endocytic pathway for internalising
large gulps, Immunol. Cell Biol. 89 (2011) 836–843.

[51] S. Kumari, S. Mg, S. Mayor, Endocytosis unplugged: multiple ways to enter the
cell, Cell Res. 20 (2010) 256–275.

[52] K.J. Svensson, H.C. Christianson, A. Wittrup, E. Bourseau-Guilmain, E. Lindqvist,
L.M. Svensson, et al., Exosome uptake depends on ERK1/2-heat shock protein
27 signaling and lipid Raft-mediated endocytosis negatively regulated by
caveolin-1, J. Biol. Chem. 288 (2013) 17713–17724.

69I. Hazan-Halevy et al./Cancer Letters 364 (2015) 59–69

http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0100
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0100
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0100
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0105
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0105
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0105
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0105
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0110
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0110
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0115
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0115
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0115
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0120
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0120
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0120
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0125
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0125
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0125
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0130
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0130
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0130
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0135
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0135
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0135
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0140
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0140
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0140
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0145
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0145
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0145
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0150
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0150
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0150
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0155
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0155
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0155
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0160
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0160
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0160
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0165
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0165
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0165
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0170
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0170
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0175
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0175
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0175
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0175
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0180
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0180
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0185
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0185
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0190
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0190
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0195
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0195
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0195
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0200
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0200
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0200
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0200
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0205
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0205
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0205
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0210
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0210
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0215
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0215
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0220
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0220
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0220
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0225
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0225
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0225
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0230
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0230
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0235
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0235
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0235
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0240
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0240
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0245
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0245
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0245
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0250
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0250
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0250
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0250
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0255
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0255
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0260
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0260
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0265
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0265
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0265
http://refhub.elsevier.com/S0304-3835(15)00305-5/sr0265

	 Cell-specific uptake of mantle cell lymphoma-derived exosomes by malignant and non-malignant B-lymphocytes
	 Introduction
	 Materials and methods
	 siRNA sequences
	 Cell culture
	 Healthy and MCL patients' mononuclear cell isolation
	 Exosome isolation and labeling
	 Exosome analysis by flow cytometry
	 Structural analysis of exosomes by electron microscopy
	 Nanoparticle tracking analysis (NTA)
	 Exosomes internalization assays
	 Western blot analysis
	 Electroporation
	 Quantitative real-time PCR
	 Results
	 Structural and biochemical characterization of exosomes derived from MCL cells
	 MCL derived exosomes are rapidly and preferentially internalized by B-lymphocytes
	 Internalization of MCL exosomes is mediated by lipid raft/cholesterol endocytosis pathway
	 Discussion
	 Acknowledgements
	 Conflict of interest
	 Supplementary material
	 References

