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Key Points

• CLL-derived exosomes are
internalized by stromal cells,
deliver functional microRNA
and proteins, and activate key
signaling pathways.

• Stromal cells exposed to CLL-
derived exosomes demonstrate
a CAF-like phenotype and
secrete factors promoting CLL
cell survival.

Exosomesderived fromsolid tumorcells are involved in immunesuppression,angiogenesis,

and metastasis, but the role of leukemia-derived exosomes has been less investigated. The

pathogenesis of chronic lymphocytic leukemia (CLL) is stringently associated with a tumor-

supportivemicroenvironment and a dysfunctional immune system. Here, we explore the role

ofCLL-derivedexosomes in thecellular andmolecularmechanismsbywhichmalignant cells

create this favorable surrounding. We show that CLL-derived exosomes are actively in-

corporated by endothelial and mesenchymal stem cells ex vivo and in vivo and that the

transfer of exosomal protein andmicroRNA induces an inflammatory phenotype in the target

cells, which resembles the phenotype of cancer-associated fibroblasts (CAFs). As a result,

stromalcellsshowenhancedproliferation,migration,andsecretionof inflammatorycytokines,

contributing to a tumor-supportive microenvironment. Exosome uptake by endothelial cells

increased angiogenesis ex vivo and in vivo, and coinjection of CLL-derived exosomes and

CLL cells promoted tumor growth in immunodeficient mice. Finally, we detected a-smooth

actin–positive stromal cells in lymph nodes of CLL patients. These findings demonstrate that

CLL-derived exosomes actively promote disease progression by modulating several functions of surrounding stromal cells that acquire

features of cancer-associated fibroblasts. (Blood. 2015;126(9):1106-1117)

Introduction

Chronic lymphocytic leukemia (CLL) is the most prevalent leukemia
affecting adults and remains an incurablediseasewith current therapies.
Mature CD5-positive B cells gradually accumulate in the blood and
lymphoid organs. Although CLL has long been considered a relatively
static disease, recent studies demonstrated that, through a constant re-
circulation of leukemic cells to bone marrow and lymph nodes, CLL is
a more dynamic disease than previously thought.1 CLL lymphocytes
are clonal, based on immunoglobulin heavy chain gene rearrangement,
but acquired somatic mutations were recently detected, demonstrating
molecular heterogeneity2 and an oligoclonal disease.3,4 Circulating
monoclonal CLL cells infiltrate the lymph nodes and bone marrow
where they establish physical contactswith stromal cells5,6 necessary to
support their localization, proliferation, and survival.7

Extracellular vesicles represent a new component of this supportive
microenvironment, are released by malignant cells and play an im-
portant role in cancer cell communication with their environment.8-11

Exosomes are small vesicles (50-150 nm) generated via an endocytic
pathway and are expressing chaperones (HSP70, HSP90) and
tetraspanins (CD9, CD63, CD81). Exosomes contain proteins, DNA,

noncoding RNAs, and mRNAs, and specific sorting mechanisms were
proposed for loading selected molecules into exosomes.12-14 Exosome
uptake induces phenotypic changes in target cells as exosomemiRNAs
can silencemRNA targets and influence cellular functions.15 Exosomes
released by acute myeloid leukemia cells affect the proliferation and
migration of bone marrow (BM) stromal cells,16,17 multiple myeloma
exosomes enhance angiogenesis,18 melanoma-derived exosomes re-
program the BM niche to support metastasis,19 andmiR-105 conveyed
by breast cancer-derived exosomes destroys the endothelial barrier
to promotemetastasis.20 InCLL, circulating exosomesmay affectmes-
enchymal stem cells (MSCs) and endothelial cells (ECs), which are
both present in the BM and lymphatic tissues, where they support
leukemic cell survival21,22 and are possible sources of cancer-
associated fibroblast (CAF).23,24 Here, we report a comprehensive
analysis of exosomes derived from CLL cells and their role in the
dialogue between leukemic cells and their microenvironment. More
specifically, we show that CLL cells induce stromal cells to adopt
a CAF phenotype, thereby creating a niche promoting CLL cell ad-
hesion, survival, and growth.

Submitted December 17, 2014; accepted June 16, 2015. Prepublished online

as Blood First Edition paper, June 22, 2015; DOI 10.1182/blood-2014-12-

618025.

The online version of this article contains a data supplement.

There is an Inside Blood Commentary on this article in this issue.

The publication costs of this article were defrayed in part by page charge

payment. Therefore, and solely to indicate this fact, this article is hereby

marked “advertisement” in accordance with 18 USC section 1734.

© 2015 by The American Society of Hematology

1106 BLOOD, 27 AUGUST 2015 x VOLUME 126, NUMBER 9

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/126/9/1106/1391638/1106.pdf by guest on 18 M

ay 2024

http://www.bloodjournal.org/content/126/9/1053
https://crossmark.crossref.org/dialog/?doi=10.1182/blood-2014-12-618025&domain=pdf&date_stamp=2015-08-27


Materials and methods

Clinical samples

This research was approved by the Comité National d’Ethique de Recherche
(Luxembourg, N°200903/02 and N°201211/11), and participants gave written
informed consent in accordance with the Declaration of Helsinki.

Twenty-one CLL patients with a median age of 69.0 years (range, 52-88
years) were included in the study (supplemental Table 1 available on the Blood
Web site). All patients had an absolute lymphocyte count.30 000/mL andwere
untreated for 3 months. Mononuclear cells and plasma were prepared as de-
scribed before.25,26 The proportion of CLL cells was always .95%. Human
BM-MSCs were isolated as described before.27

Exosome isolation

Primary CLL cells and cell lines were used for exosome production. Typically,
3003 106 primary CLL were cultured in 20 mL AIM-V medium (Invitrogen)
and stimulated with 10 mg/mL anti-human immunoglobulin (Ig)M for 3 days.
Cell lines were grown at similar density (20-40 3 106/mL) in CELLine flasks.
Culture supernatants or plasma were harvested, sequentially centrifuged (sup-
plemental Figure 1) to remove cells and debris (2310minutes at 400g, followed
by 23 20minutes at 2000g), and filtered (0.45mm) to remove small debris and
larger vesicles. Exosomes were isolated by ultracentrifugation (70 minutes at
110 000g, 4°C) followed by floatation on Optiprep cushion (Axis-Shield, 17%)
for 75minutes at 100 000g and4°C to removenonexosomal proteins complexes.
After phosphate-buffered saline (PBS) wash, exosomes were suspended in PBS
and filtered (0.45 mm).

Immunoblotting and antibody arrays

Immunoblotting was performed as previously described.28 Phospho-kinases,
cytokine, and angiogenesis arrays (R&D Systems) were used according to the
manufacturer’s instructions.

RNA analysis

Cellular and exosomal RNAwere isolated using the miRCURY RNA Isolation
Kit (Exiqon). MicroRNA quantitative reverse transcriptase-polymerase chain
reaction (qRT-PCR) detection was performed using TaqMan assays (Life Tech-
nologies).27 Small RNAs were analyzed by next-generation sequencing on
Illumina Miseq Sequencer after library preparation using NEBNext Multiplex
Small RNA Library Prep Set for Illumina Set 1 (New England Biolabs). Gene
expression was determined using the GeneChip Human Gene 1.0 ST Array
platform (Affymetrix).

Flow cytometry analysis

Exosome phenotyping was performed using a BD Influx following published
recommendations.29 Cell phenotyping and measure of Rituximab binding to
CLL cells were performed using a BD FACSCanto.

Animal experiments

All experiments involving laboratory animalswere conducted in a pathogen-free
animal facility with the approval of the Luxembourg Ministry for Agriculture.
Mice were treated in accordance with the European Union guidelines. For the
mouse tumormodel, subcutaneous xenograft transplantationswere performed as
previously reported.30 Eight-week-old NSG mice were challenged subcutane-
ously in the flank with 53 106 MEC-1-eGFP cells supplemented with 200 mg
CLL exosomes.

Statistics

Data are presented as mean 6 standard deviation. Statistical significance was
determined using P values based on Student t tests (2-tailed; a , 0.05). Sig-
nificance displayed in each figure is explained in figure legends.

Accession number

Microarray data are available at ArrayExpress (experiment: E-MTAB-2765).
Small RNA next-generation sequencing data are available at http://www.ebi.ac.
uk/ena/data/view/PRJEB6780.

Results

CLL exosomes are actively incorporated by MSCs, ECs, and

myeloid cells in vitro and in vivo

On coculture of PKH67-labeled primary CLL cells with BM-MSCs
in culture inserts for 24 hours, we observed a transfer of membrane
vesicles from CLL cells to BM-MSCs (Figure 1A; supplemental
Figure 1A). To determine whether exosomes are released from CLL
cells and may play a role in their communication with BM-MSCs or
other cells within CLL microenvironment, we established an isolation
protocol based on serial centrifugation, density-based separation, and
filtration to purify exosomes fromsupernatant ofCLLcells and exclude
contamination by other vesicle types and protein aggregates (supple-
mental Figure 1B). Exosomes derived from the MEC-1 CLL cell line
(referred as CLL exosomes) were used throughout this study, with
key observations validated using exosomes derived from stimulated
primary CLL cells (referred as primary CLL exosomes). Isolated par-
ticles presented bona fide characteristics of exosomes, ie, cup-shaped
appearance in electronmicroscopy (Figure1B), enrichment for exosome
marker proteinsALIX/PDCD6IP, TSG101,HLA-DR, RAB5A,CD63,
and CD81 but absence of calnexin in the respective density fraction of
1.15 to 1.17 g/mL (Figure 1C; supplemental Figure 1C-D), a size dis-
tributionof 70 to200nm(Figure 1D), and acetylcholine esterase activity
(supplemental Figure 1E). Importantly, plasma of CLL patients exhib-
ited an increased level of the exosome marker CD63 compared with
healthy donor plasma (supplemental Figure 1F). Plasma exosomes
showed similar size and protein markers (supplemental Figure 1G-H).

Purified CLL exosomes were labeled with PKH67 and added to
HS-5stromalorHMEC-1endothelial cell linesat concentrations resem-
bling those found in plasma of cancer patients.31,32 Exosomes uptake
was observed 1 hour after application, and exosomes accumulated in
recipient cells over time, whereas no transfer was observed on incu-
bation at 4°C (Figure 1E). Further, preincubationof exosomeswithpro-
teinase K or trypsin abrogated exosome transfer to stromal cells
(supplemental Figure 1I). Both temperature dependence and involve-
ment of specific proteins point toward an active exosome uptakemech-
anism. Interestingly, treatment of exosomes with heparin, a heparan
sulfate analog, prior to their application to recipient cells also inhibited
uptake by target cells, indicating an involvement of heparan sulfate
proteoglycans (HSPGs) in this process (Figure 1F). Furthermore, we
observed that CLL exosomes enter all the tested cell types except CLL
Bcells.WhenPKH67-labeledMEC-1 exosomeswere added to culture,
endothelial, stromal, andmultiple myeloma cells, but not CLL cells
(green line), acquired PKH67 fluorescence, indicating exosome uptake
(supplemental Figure 1J). Consistent with this, we detected 4 common
HSPGs (syndecan-1 and -2 and glypican-1 and -3) on the surface of
MSCs and ECs but not CLL cells, potentially explaining why CLL
exosomes do not enter CLL cells (supplemental Figure 1J).

We then identified exosome target cells in vivo by intravenously
injecting PKH26-labeled exosomes in mice. Within 18 hours after
injection, exosome accumulate in CD311 cells in bone marrow, pe-
ripheral blood leukocytes, spleen, and liver (supplemental Figure 2A).
Application of exosomes to murine BM cells revealed that endothelial
progenitors, myeloid cells, and BM-MSCs are the major populations
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targeted by exosomes in the microenvironment (supplemental
Figure 2B-C).

In summary, we show that CLL cells secrete exosomes, which are
actively taken up in vitro and in vivo primarily by various benign cells
present in the tumor microenvironment, including ECs, myeloid cells,
and BM-MSCs.

CLL exosomes transfer functional microRNA and proteins to

target cells

Next, we characterized RNAs and proteins shuttled via exosomes to
identify possible functions of exosomes in the remodeling of CLL
microenvironment. Comparing whole RNA lysates of CLL exosomes
andCLL cells, a striking predominance of small RNA species and a lack
of ribosomal RNAs was observed in exosomes (Figure 2A). Therefore,
we performed small RNA sequencing, again comparing CLL exosomes
and respective CLL cells (supplemental Table 2). Small RNA profiles
indicated that miscellaneous RNAs (miscRNAs), ie, RNA sequences

mapping to the human genome but not assigned to any RNA category,
were particularly enriched in CLL exosomes (Figure 2B). Regulatory
Y RNAs, which belong to a specific class of short noncoding RNAs
required for DNA replication,33 resemble the predominant fraction and
account for 55% of all small RNA reads in CLL exosomes.We also de-
tected 838maturemiRNAs inCLL exosomeswith 276miRNAspresent
with$1 read per millionmappable miRNA reads. Among the latter, the
5most abundantmiRNAs (miR-21,miR-155,miR-146a,miR-148a, and
let-7g) represented 65% of all miRNA reads (Figure 2C). Some of these
miRNAs (miR-21, miR-155, and miR146a) were previously identified
in our study focusing on circulating miRNA in CLL patients.26 Further,
miR-146a was specifically enriched in CLL exosomes compared with
cells (ratio 15:1). The less abundant miR-451 had the highest exosome-
to-cell content ratio (440:1) andwas previously reported to be elevated in
CLL plasma.26 In conclusion, miRNA complexity in CLL exosomes is
less than in cells, but exosome miRNAs account for a proportion of cir-
culating miRNAs and might be of functional relevance when taken up
by target cells.

Figure 1. CLL cells secrete exosomes that rapidly

enter stromal cells in culture. (A) A 24-hour coculture

assay of primary CLL cells (1 3 106 in upper compart-

ment) and BM-MSCs (2 3 104) was established in

6-well plates containing 0.4-mm pore inserts. BM-MSCs

were cultured in the absence (Ctrl) or presence (1CLL)

of primary PKH67-labeled CLL cells (green). Images

were captured by fluorescence confocal microscopy.

Nuclei were stained with 4,6 diamidino-2-phenylindole

(DAPI) (blue). Representative image of n 5 6 experi-

ments. Scale bar, 20 mm. (B) Electron microscopy

image of purified CLL exosomes. Scale bar, 100 nm.

(C) Western blot analysis of the fractions collected after

sucrose density gradient of the 110 000g pellets

obtained using ultracentrifugation of CLL cell super-

natants. Positive control was CLL cell lysate. (D) Size

analysis of CLL exosomes using tunable resistive pulse

sensing (TRPS)-based analysis (qNano). (E) The BM-

derived stromal cell line HS-5 and the endothelial cell

line HMEC-1 were incubated with 50 mg/mL PKH67-

labeled CLL exosomes (MEC-1) for the indicated times

before 4 washes and fixation. (Upper) Exosome uptake

was followed by fluorescence confocal microscopy.

Scale bar, 20 mm. (Lower) Quantification of exosome

uptake by ImageJ software. Data are presented as fold

change relative to 0 hours (n 5 3). (F) HS-5 and

HMEC-1 cells were incubated for 4 hours in the

absence (Ctrl) or presence of 20 mg/mL PKH67-

labeled CLL exosomes (MEC-1) untreated (Exo) or

pretreated for 30 minutes with 10 ng/mL heparin

(Exo 1 H). (Left) Images were captured by fluores-

cence confocal microscopy. Scale bar, 50 mm. (Right)

Quantification of exosome uptake by ImageJ software.

Data are presented as fold change relative to Ctrl

(n 5 3). **P , .01, ***P , .001.
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Treatment of primaryBM-MSCswithCLLexosomes resulted in an
increase inmiR-150 level, amiRNAvery abundant inCLLplasma,26 in
cells 1 hour after exosome application. miRNA levels increased further
over time (Figure 2D) comparably to vesicle accumulation in target
cells (Figure 1E).Moreover, similar resultswere obtained formiR-146a
and miR-155 when CLL exosomes were applied to BM-MSCs for
72 hours (Figure 2E). Further, a considerable increase inmiR-146a and
miR-150 levels was detected in BM-MSCs when cocultured with pri-
mary CLL cells in culture inserts (Figure 2F) and for miR-150 when
cultured in Dulbecco’s modified Eagle medium (DMEM) supple-
mented with 20% CLL plasma (Figure 2G). We validated that the in-
crease in miRNA levels was due to transfer via CLL exosomes rather
than induction of miRNA synthesis. On actinomycin D treatment,
transcription of U6 and MYC was inhibited in cells, whereas an in-
crease in miR-150 level was still observed on exosome application
(supplemental Figure 3A). To demonstrate that exosome-derived
RNAs are functional in target cells, we showed that stably expressed
green fluorescent protein (GFP) could be silenced in cells incubated
with CLL exosomes transfected with anti-GFP small interfering RNA
(supplemental Figure 3B). This is strengthened by our finding that

miR-146a and -150 were functional in target cells as demonstrated by
luciferase reporter assays (Figure 2H).

Altogether, this suggests that miRNA candidates present in CLL
exosomes and detected in CLL plasma26 are transferred to target
cells and functionally active, as exemplified here for the shuttling of
miR-150 and miR-146a to BM-MSCs.

Besides the transfer ofRNAs, exosomesare able to shuttle proteins to
recipient cells, highlighting their potency in cell-cell communication due
to multiple molecules simultaneously transferred. We characterized by
mass spectrometry the proteome of exosomes isolated from primary
CLL cells, MEC-1 and JVM-3 culture supernatants (supplemental
Table 3). Ontology analysis showed an enrichment of proteins orig-
inating from various cell compartments including cell membrane,
cytoplasm, and cytoskeleton (Figure 3A). Pattern recognition analysis
also showed the enrichment of CLL exosomes in proteins displaying
aKFERQ(Lys-Phe-Glu-Arg-Gln)-likemotif (67%inexosomeproteome
vs 37% in cell proteome), which is implicated in targeting proteins to
multivesicular bodies and thus pointing to specific sorting mechanisms
for some exosome proteins. Thinking of possible phenotypic changes
induced on exosome-mediated protein transfer, Ingenuity pathway

Figure 2. Characterization of CLL exosome RNA

and transfer of functional miRNAs to target cells.

(A) RNA was extracted from CLL cells and exosomes

and analyzed using the Agilent Bioanalyzer RNA (left

and middle) and small RNA (right) chips. (B and C)

Small RNA next-generation sequencing of RNA pu-

rified from CLL cells and exosomes (MEC-1). (B) Per-

centages of the various small RNA categories identified

in CLL cells and exosomes. (C) Percentages of the 10

most abundant miRNAs in CLL-exosomes. (D and E)

Primary BM-MSCs from healthy donors (HD) were

treated with 50 mg/mL CLL exosomes (MEC-1) for the

indicated times, and specific miRNAs were quantified

by qRT-PCR. Data are presented as fold change (FC)

relative to untreated cells (Ctrl). (D) Kinetic quantifica-

tion of miR-150 (n5 3). (E) Quantification of miR-146a,

miR-150, and miR-155 after 72 hours. (F) Quantifica-

tion of miR-146a and miR-150 in BM-MSCs (2 3 104)

cocultured with primary CLL cells (1 3 106 in upper

compartment) in 0.4-mm pore inserts for 24 hours

by qRT-PCR. Data are presented as FC relative to

BM-MSCs alone (Ctrl). (G) qRT-PCR quantification

of miR-150 in BM-MSCs incubated with DMEM (Ctrl),

DMEM supplemented with 20% fetal calf serum, HD, or

CLL plasma for 3 hours (n5 3). (H) HMEC-1 cells were

transfected with luciferase reporter plasmids carrying

miR-146a or miR-150 antisense sequences (pmiR146aAS

or pmiR150AS) and then cultured in the absence (Ctrl)

or presence of MEC-1 exosomes (Exo) for 24 hours.

Luciferase activity of reporter plasmid was quantified by

measuring the light emission (RLU) of both luciferases

in 4 replicates per condition. Data are presented as

RLU ratio relative to Ctrl (n 5 3). *P , .05, ***P , .001.
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analysis (IPA) showed the involvement of exosome proteins in cell
proliferation, survival, migration, protein synthesis, and RNA process-
ing (Figure 3B). Some of these pathways were studied in functional
assays thereafter.

Analysis of CLL exosomes at the single-particle level34 con-
firmed the presence of B cell-specific molecules, including CD20,
and tetraspanins at the surface of individual exosomes (Figure 3C).
We demonstrated a marked decrease in rituximab deposition on
CLL cells in the presence of exosomes or plasma (Figure 3D),
suggesting a role of CD20-bearing exosomes in the protection
against rituximab. Finally, immunoblot analyses confirmed the
presence of antiapoptotic proteins, angiogenic factors, RNA process-
ing proteins, oncogenes, or heat shock proteins in CLL exosomes
(Figure 3E).

Similar to RNA, exosome proteins were also transferred to recipient
cells, as exemplified for human leukocyte antigen (HLA)-DRmolecules
shuttled via exosomes to stromal cells (Figure 3F-G). In addition, the
transfer of B cell-specific markers (CD19 and CD20) and tetraspanins

(CD37, CD53, and CD82) and their presentation at the surface of target
cells were revealed by immunophenotyping (Figure 3H).

In conclusion, we provide compelling evidence that CLL exosomes
transfer functional RNAs and proteins to recipient cells in amounts
sufficient to alter intrinsic levels of respective molecules, thus possibly
contributing to changes observed in nonmalignant cells of the CLL
microenvironment.

CLL exosomes induce an inflammatory phenotype in

stromal cells

We next evaluated the phenotypic changes induced by CLL exosomes
and identified activated signaling pathways in BM-MSCs and ECs. An
increased phosphorylation of several kinases was detected in target
cells 1 hour after exosome treatment, among which RAC-alpha serine/
threonine-protein kinase (AKT), extracellular signal-regulated kinase
(ERK)1/2, C-AMP response element-binding protein (CREB),
glycogen synthase kinase (GSK)3a/b, and others (Figure 4A). As

Figure 3. Proteomic characterization of CLL exo-

somes and transfer of proteins to target cells. (A

and B) LC-MS/MS analysis of proteins extracts from

CLL exosomes. (A) Subcellular localization of proteins

identified in CLL exosomes (UniProt database). (B)

Molecular functions associated with proteins identified

in CLL exosomes (IPA). Portion radii were calculated

according to the number of molecules associated with

the functions. Cellular functions are indicated with their

respective P values. (C) Phenotyping of individual CLL

exosomes (MEC-1) was performed by flow cytometry.

Exosomes were labeled with PKH67 and only green

fluorescence-positive events were selected for analysis.

The size of exosomes was confirmed using 100- and

200-nm beads. Exosomes were stained with indicated

monoclonal antibodies (solid line) or with respective

isotype controls (dotted line). (D) MEC-1 cells (105 in

100 mL) were treated with 2 mg/mL rituximab alone

(Ctrl) or in combination with 50 or 100 mg/mL CLL

exosomes (Exo) or with 30% (v/v) CLL plasma for

1 hour at 37°C. The binding of rituximab to CLL cells

was followed by flow cytometry using an anti–rituximab-

specific antibody. Data are presented as mean fluo-

rescence intensities (MFIs; n 5 3). ***P , .001.

(E) Immunoblot analysis of proteins from CLL exo-

somes purified by Optiprep cushion. Lysate from CLL

cells served as the control. (F) HMEC-1 and HS-5 cells

were untreated (Ctrl, gray shade) or incubated with

50 mg/mL PKH26-labeled CLL exosomes (MEC-1; black

line) for indicated periods of time, and the transfer of

HLA-DR was followed by flow cytometry using specific

antibody or isotype control (dotted line) (left). Results

were confirmed using immunoblot (right). (G) C57BL/6

and NSG mouse BM cells were untreated (Ctrl) or

incubated with CLL exosomes (MEC-1; 50 mg/mL) ex

vivo for 24 hours. The transfer of human HLA-DR

protein was followed using flow cytometry (representa-

tive of 3 animals). (H) HMEC-1 and HS-5 cells were

untreated (gray shade) or incubated with 50 mg/mL CLL

exosomes (MEC-1; black line) for 24 hours. Cells were

analyzed by flow cytometry using specific antibodies or

isotype controls (dotted line) to show the transfer of

proteins from CLL exosomes to target cells (represen-

tative of n 5 3).
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validated for AKT, phosphorylation was maintained for $24 hours
(Figure 4B), indicating a strong and persistent activation of signaling
cascades in target cells. Short-term treatment (5 minutes) with exosomes
in the presence of AKT/ERK pathway inhibitors indicated that phos-
phorylation of kinases is caused by induction of protein phosphorylation
rather than transfer of phosphorylated proteins (Figure 4C).

Because several kinases activated in target cells are closely asso-
ciated with nuclear factor (NF)-kB signaling (eg, AKT and GSK3b),
we evaluated a possible induction of NF-kB and found that inhibitor of
kappaBkinase (IKK)a/b and inhibitory NF-kBa are phosphorylated
15 to 30 minutes after exosome application (Figure 4D), indicating
the release of NF-kB from inhibitory IkBa. An immunofluorescent
staining confirmed the rapid translocation of active p65/NF-kB into
the nucleus (Figure 4E). In conclusion, CLL exosomes are able to
activate different signaling cascades in target cells due to presentation
and/or transfer of a multiplicity of RNAs and proteins, which finally
results in subsequent changes in transcription factor activity.

Pointing to alterations in transcription factor activity mediated by
CLL exosomes, gene expression may be affected in target cells. Gene

expression profiling in primary BM-MSCs indicated the significant
alteration at transcript level of 778 genes on exosome treatment
(supplemental Table 4). Performing gene ontology analysis (IPA), we
identified major changes in functions such as cell survival, migration
and adhesion, proliferation, RNA expression, and inflammation
(Figure 5A). CAFs are principal components of the tumor-supportive
microenvironment in various cancers, and CLL is associated with an
inflammatory milieu, leading to microenvironment-dependent regula-
tion of cell proliferation. Therefore, an alteration of stromal cells toward
a CAF phenotype is likely in CLL. Because CAF-mediated functions
are strictly dependent on NF-kB signaling, we evaluated our tran-
scriptome data set for changes in genes associatedwithCAFphenotype
and performed unsupervised hierarchical clustering. A previously de-
scribed,CAFgeneexpressionsignature22,35wasobserved inBM-MSCs
treated with CLL exosomes (Figure 5B). Unsupervised clustering also
identified expression changes in gene signatures related to cell growth,
survival, movement, and inflammation in BM-MSCs (supplemental
Figure 4A). qRT-PCR analysis followed by unsupervised hierarchical
clustering confirmed the difference in expression of genes encoding

Figure 4. CLL exosomes rapidly activate kinases

and NF-kB in stromal cells. (A) Phospho-kinase

antibody array performed on protein lysates from BM-

MSCs and HMEC-1 cells either untreated (Ctrl) or treated

for 1 hour with 50 mg/mL CLL exosomes (MEC-1; Exo)

(left). Cell lysates were hybridized to membranes con-

taining capture antibodies specific for phosphorylated

kinases. Quantification of CLL exosome-induced phos-

phorylated proteins highlighted by red boxes in left panel

(right). Data are reported as fold change (FC) relative to

Ctrl. (B) Kinetic of CLL exosome-induced AKT phosphor-

ylation in HS-5 and HMEC-1 cells by immunoblot analysis.

ACTB was used as loading control (representative of

n 5 3). (C) HS-5 and HMEC-1 were preincubated for

30 minutes in the absence (2) or presence (1) of PI3K

inhibitor wortmannin (Wort, 100 nM) or MEK inhibitor

U0126 (10 mM) before culturing for 5 minutes in the

absence (2) or presence (1) of 50 mg/mL CLL exosomes

(MEC-1). Expression of AKT and ERK1/2 and their

phosphorylated forms (p-AKT and p-ERK1/2) was ana-

lyzed by immunoblot. ACTB was used as loading control

(representative of n 5 3). (D) Immunoblot analysis of

IKK-a/b and inhibitory NF-kBa phosphorylation in cell

lysates of BM-MSCs and HMEC-1 untreated (Ctrl) or

incubated with 50 mg/mL CLL exosomes (MEC-1) for

the indicated periods of time. ACTB was used as loading

control (representative of n 5 3). (E) Representative

images of nuclear translocation of p65 in exosome-

treated cells.HS-5 and HMEC-1 cells were untreated

(Ctrl) or treated with CLL exosomes (Exo; 50 mg/mL)

for 1 or 2 hours. After fixation and permeabilization, cells

were labeled with anti-p65 antibody (green) and DAPI

(blue) and analyzed by confocal microscopy (n 5 3).

Scale bar, 10 mm.
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cytokines and chemokines (IL8, BAFF, CXCL1, LIF, IL6, IL32, IL34,
CCL2, and CCL5), antiapoptotic factors (c-IAP2), and migration/
invasion-related factors (CLDN1, EPSTI1, ICAM1, and MMP1) in
BM-MSCs exposed to exosomes derived from primary CLL cells
compared with healthy donor B cells (Figure 5C). Of note, several
genes validated by qRT-PCR were already associated with the CAF
gene signature (CXCL1, IL6, IL34,CCL2, ICAM1, andMMP1). A sim-
ilar gene regulation was observed in BM-MSCs and endothelial cells
treated with CLL exosomes (supplemental Figure 4B).

To recapitulate the secretion of CLL exosomes and their effects
on BM-MSCs under more physiologic conditions, we established
long-term cocultures (30 days) of BM-MSCs with primary CLL
cells in culture inserts or treated BM-MSC weekly with exosomes.
We performed similar experiments with the Burkitt lymphoma cell
line Namalwa to investigate whether the impact on stromal cells
is CLL specific. Gene expression analysis revealed that CLL
exosomes and CLL cells cocultured in inserts induced similar gene

expression changes in BM-MSCs, indicating that cell-cell contact was
dispensable for the observed effects, highlighting the relevance of
exosomes for microenvironment changes. Importantly, lymphoma
cells induced a distinct gene expression pattern in BM-MSCs
(Figure 5D), suggesting a specific response to CLL exosomes.

We next determined how changes in gene expression were tran-
slated into protein synthesis and secretion in the supernatant of
BM-MSCs incubated with CLL exosomes. The increased levels
in cytokines, chemokines, and proangiogenic factors (Figure 5E)
confirmed a shift of BM-MSCs to a CAF phenotype on exosome
treatment. A similar secretory profile was obtained for ECs treated
with exosomes (supplemental Figure 5A), implying an overlap of
targets in different recipient cell types. The presence of B-cell
activating factor (BAFF) and interleukin-34 (upregulated in the
gene expression profiling [GEP] data set), as well as A proliferation-
inducing ligand (APRIL), was confirmed in supernatants of cells
stimulated with primary CLL exosomes but not with exosomes

Figure 5. CLL exosomes alter the transcriptome of

stromal cells and induce the release of cytokines

and proangiogenic factors. (A) Primary BM-MSCs

from 2 healthy donors were untreated (Ctrl) or treated

with 50 mg/mL CLL exosomes (MEC-1; Exo) for 6

hours, and gene expression was analyzed by micro-

arrays. Functions (IPA) associated with modulated

genes are indicated with their respective P values and

numbers of associated molecules. Portion radii were

calculated according to z score, reflecting activation of

the function. (B) CAF signature of BM-MSCs incubated

with CLL exosomes. Normalized gene expression

values (in log2) were used for unsupervised hierarchi-

cal clustering using the TM4MeV software. (C) Un-

supervised hierarchical clustering based on gene

expression of selected candidates from Figure 5B and

supplemental Figure 4A. BM-MSCs were incubated for

72 hours with exosomes produced by healthy donor

B cells (B, n 5 3), primary CLL cells (CLL, n 5 3), or

MEC-1 cells (M). qPCR data are reported as fold

change (log2 FC) relative to untreated cells. (D)

Unsupervised hierarchical clustering based on gene

expression of selected candidates from Figure 5B and

supplemental Figure 4A. BM-MSCs were cultured for

30 days and stimulated weekly with 50 mg/mL CLL

exosomes (MEC-1; Exo) or cocultured with 1 3 106

primary CLL cells (CLL#7 and CLL#8) or Burkitt’s

lymphoma Namalwa cell line (Nam) in culture inserts

(0.4-mm pores). Medium and cells were changed twice

weekly in the upper compartment. qPCR data are

reported as fold change (log2 FC) relative to untreated

cells. (E) Angiogenesis and cytokine antibody arrays

used for the detection of soluble factors in the super-

natants of untreated (Ctrl) or CLL exosome-treated

(MEC-1; Exo; 50 mg/mL) BM-MSCs after 30 hours

culture (left). Quantification of CLL exosome-modulated

factors highlighted by red boxes in left panel (right).

Data are reported as FC relative to Ctrl. (F) Immunoblot

analysis of additional cytokines of interest not present

in the arrays. Culture supernatants of BM-MSCs and

HMEC-1 untreated (Ctrl) or treated with 50 mg/mL CLL

exosomes (Exo) for 24 hours were concentrated and

analyzed by immunoblot. (G) HMEC-1 and HS-5 cells

incubated for 24 hours in absence (gray shade) or

presence (black line) of 50 mg/mL CLL exosomes

(MEC-1). Cells were then analyzed by flow cytometry

with specific antibodies or isotype controls (dotted line)

(representative of n 5 3).
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produced by healthy donor B cells (Figure 5F; supplemental
Figure 5B). The level of BAFF, APRIL, and intercellular adhesion
molecule-1 was also increased at cell surface (Figure 5G). We further
observed an increased collagenase activity in stromal conditioned
media (supplemental Figure 5C), confirming the induction of CAF
phenotype by CLL exosomes.

In summary, stimulation by CLL exosomes results in a disease-
specific response in target cells, thereby mimicking the multiplicity of
effects induced by CLL cells themselves and having a strong impact
on CLL microenvironment. As exemplified by major changes in the
secretory profile of BM-MSCs and ECs in vitro, exosomes induce a
shift toward a CAF phenotype, which might partly reflect the situation
in CLL patients.

CLL exosomes induce proliferation and migration of stromal

cells and angiogenesis ex vivo and in vivo

We next explored how changes in gene expression and protein
synthesis induced by CLL exosomes affected stromal cells pro-
perties. On exosome treatment, we noticed a significant and dose-
dependent increase in proliferation of stromal cells (Figure 6A),
a significantly enhanced migration (Figure 6B), and a striking actin
cytoskeleton remodeling in BM-MSCs. The latter was defined by
the formation of stress fibers and a-smooth muscle actin (a-SMA)
accumulation (Figure 6C), a characteristic of activated stroma and
CAFs.22,36 A similar formation of stress fibers was observed in
stromal cells and fibroblasts, together with an increased expression
of RhoA, a GTP-binding protein necessary for this actin skeleton
remodeling (supplemental Figure 6A-C) when cells were incubat-
ed with exosomes. Exosomes produced by healthy donor B cells
did not induce a-SMA expression (Figure 6C). Importantly, high
levels of a-SMA–positive stromal cells were detected in infiltrated
lymph nodes of CLL patients (Figure 6D), independently of the
vasculature (supplemental Figure 7A), indicating the presence of
CAFs in CLL. As angiogenesis is important in the pathology of
CLL,37 we also evaluated the impact of CLL exosomes on this pro-
cess. CLL exosomes increased the formation of new aortic micro-
vessels ex vivo (Figure 6E), favored the formation of endothelial
tubes (Figure 6F; supplemental Figure 7B), and induced the for-
mation of blood vessel in Matrigel plugs in vivo (Figure 6G).

Taken together, these results demonstrate that CLL exosomes
exhibit a strong impact on stromal cell proliferation, actin cyto-
skeleton remodeling, migration, and angiogenesis: important char-
acteristics of CAFs and means to remodel the microenvironment to
promote tumor progression in malignancies,38,39 as confirmed by
the presence of CAFs in CLL lymph nodes.

CLL-derived exosomes enhance tumor growth in vivo

Finally, we investigated whether exosome-induced alterations in
stromal cells impact on CLL cells and provide a benefit for dis-
ease development and progression. First, we evaluated in vitro
whether exosomes influence adhesion of primary CLL cells to
stromal cells and enhance CLL cell survival. Foremost, we ob-
served increased CLL cell adhesion to exosome-treated stromal
cells (Figure 7A), thereby implying a strengthened cell-cell
interaction. Then we observed significantly increased survival
rates of primary CLL cells cultured for 6 days in supernatants
of exosome-stimulated BM-MSCs (Figure 7B), similarly to the
effect of purified cytokines (Figure 7C), indicating that exosome-
treated stromal cells have an enhanced capacity to support CLL
cell survival. Therefore, the impact of CLL exosomes on tumor growth
was studied in vivo by subcutaneously injecting MEC-1-eGFP

cells30 into immunocompromised NSG mice. Coinjection of
cells with exosomes resulted in an increased tumor size com-
pared with tumor cells injected without additional exosomes
(Figure 7D). The accumulation of MEC-1-eGFP cells in mice
kidneys (Figure 7E) also confirmed the renal involvement ob-
served in CLL patients.40,41 Our data demonstrate a protumori-
genic effect of CLL-derived exosomes in vivo and their importance
in the early onset of the disease when tumor cells impact the micro-
environment to proliferate and promote angiogenesis, which is
similar to previous studies.19,20,42,43

In summary, our in vitro and in vivo data show that CLL
exosomes harbor an oncogenic potential by stimulating stromal
cells to induce an inflammatory and protumorigenic milieu, includ-
ing increased angiogenesis, thus supporting the survival and out-
growth of CLL cells.

Discussion

Increasing evidence indicates that the tumor microenvironment
is not only a result of cancer development but rather contributes
to it.44 Novel drugs that target interactions of malignant cells
with nonmalignant stromal cells, prevent adhesion or homing of
tumor cells to specific niches, or block immune checkpoint reg-
ulatory proteins show encouraging results in clinical trials.45,46

As exosomes are important mediators in the cross-talk of tumor
cells with their microenvironment,19 we need to understand their
role and function in carcinogenesis to be able to interfere with
their oncogenic properties. As their role in hematologic malig-
nancies is largely unexplored, we aimed at characterizing, both
molecularly and functionally, chronic lymphocytic leukemia-
derived exosomes.A summary of ourfindings, suggesting amajor
contribution of exosomes to leukemogenesis by inducing the
transition of stromal cells into CAFs, is depicted in supplemental
Figure 8.

First, we show here that CLL-derived exosomes rapidly enter
and deliver their content (specific miRNAs, Y RNAs, and proteins)
to stromal cells (MSCs and ECs) through an active process re-
quiring specific functional surface proteins (tetraspanins and integ-
rins) and the presence of HSPGs on the surface of target cells.
Indeed, exosome uptake is inhibited by low temperature, pro-
teolytic cleavage of exosome surface proteins, and by coating of
exosomes with the HSPG analog heparin. Our results confirm and
extend previous findings in other models47,48 and indicate that
entry mechanisms used by CLL exosomes are likely common to
cancer-derived exosomes. This might explain why CLL cells,
which do not express the 4 common HSPGs, cannot incorporate
CLL-derived exosomes, making them more prone to be inter-
nalized by and to deliver their content to cells in the surrounding
microenvironment. In addition, our data show CD20 expression
on CLL exosome surface. A portion of patients still fails to respond
to anti-CD20 therapy.49 Binding of the anti-CD20 antibody rit-
uximab to exosomes might lower the quantity of rituximab avail-
able for binding to CLL cells. Thus, exosomes could exert a strong
negative effect on anti-CD20 antibody-based immunotherapy.
Whether CLL cells might be influenced by exosomes released by
other cell types has not been investigated here and remains to be
elucidated.

In response to their interaction with CLL exosomes, BM-MSCs
and ECs acquire a CAF phenotype with enhanced proliferative and
migratory properties in vitro. We also detected a high proportion of
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a-SMA–positive stromal cells in infiltrated lymph nodes of CLL
patients, indicating the presence of CAFs in CLL in vivo. We
propose that this phenotypic evolution to CAF, exemplified by the
formation of actin stress fibers and amassive cytokine release, is, to
a large extent, driven by a complex mixture of small RNAs and
proteins contained by CLL exosomes. Among the cargoes
identified in exosomes, tetraspanins can promote cell activation,
growth, and motility,50 and the most abundant miRNAs (miR-21
and -146a) are known critical regulators of CAF induction,51,52

MSC proliferation,53 and EC angiogenic activities.54 On uptake of
CLL exosomes, cell signaling pathways are activated, and gene
expression is altered in target cells. Functionally, an increased ex-
pression of intercellular adhesion molecule-1 increases adhesion
and incorporation of exosomes,47 thereby leading to sustained ac-
tivation and SRC kinase-dependent cytoskeletal remodeling.55

Cellular activated pathways further induce specific protein phos-
phorylation in stromal cells (eg, p27 at residue T198), influencing

protein localization and function and thus enhancing cell
motility.56

Chronic inflammation is a hallmark of many cancers where cancer-
associated fibroblasts together with tumor cells and immune cells
contribute to trigger this inflammatory reaction.38 Many proin-
flammatory cytokines identified in this study as secreted on exosome
stimulation are also highly abundant in CLL patient serums, and
their levels correlate with clinical stage and disease outcome. In-
deed, some can directly enhance CLL cell survival,57-59 promote
CLL cell adhesion to stromal cells,60 and regulate angiogenesis,
thus potentially explaining the observed phenotypes of exosome-
stimulated cells. Similarly, interleukin-34 released by stromal cells
on exosome stimulation supports CLL cell survival and may con-
tribute to the dialogue with surrounding myeloid cells.61 Analysis
of transgenic mouse models overexpressing APRIL or BAFF con-
firmed the importance of microenvironmental interactions in CLL
development as these models developed aggressive forms of

Figure 6. CLL exosomes promote cell proliferation,

remodeling of the actin cytoskeleton, cell migra-

tion, and angiogenesis in vitro and in vivo. (A)

Proliferation index of stromal cells after 96 hours of incu-

bation with increasing concentrations of CLL exosomes

(MEC-1) assessed using CCK8 assay. Data are reported

as fold change (FC) of Ctrl (n 5 4). *P , .05, **P , .01,

***P , .001. (B) Microscopy images of wound healing

assay showing closure of the scratch when HS-5 or

HMEC-1 cells were cultured in the absence (Ctrl) or

presence (Exo) of 50 or 100 mg/mL CLL exosomes

(MEC-1) in serum-free medium for 18 hours (left). Scale

bar, 100 mm. Wound closure (3104 mm2) was quantified

from images using WimScratch (Wimasis; n 5 4) (right).

**P , .01. (C) Representative images of immunofluo-

rescence staining of a-SMA (green) in primary BM-MSCs

untreated (Ctrl) or treated (Exo) for 15 days with

exosomes produced by healthy donor B cells (B), lym-

phoblastoid cell line (ST-EAH), or primary CLL cells,

captured by confocal microscopy (nucleus stained with

DAPI, blue). Scale bar, 50 mm. (D) Representative

images of immunohistochemistry staining of a-SMA in

paraffin-embedded sections of human lymph nodes from

2 healthy individuals or 2 CLL patients (representative of

n 5 5). Scale bar, 50 mm. (E) (Upper) C57BL/6 mouse

aorta pieces were incubated in vitro in the absence (Ctrl)

or presence (Exo) of 100 mg/mL CLL exosomes (MEC-1)

for 7 days. Representative microscopy images are

shown. Scale bar, 100 mm. (Lower) Quantification of

sprouts area and length using WimSprout (Wimasis;

n 5 4 replicates). **P , .01. (F) (Left) HMEC-1 cells

untreated (Ctrl) or treated for 30 minutes with 50 or

100 mg/mL CLL exosomes (MEC-1; Exo) and then

seeded on Matrigel for 3 hours. Scale bar, 100 mm.

(Right) Quantification of several parameters of the tube

formation assay using WimTube (Wimasis; n 5 4).

*P, .05, **P, .01, ***P, .001. (G) Matrigel plug assay

performed by subcutaneous injection of Matrigel mixed

with PBS (Ctrl) or 100 mg of CLL exosomes (MEC-1;

Exo) in 5 NSG mice. rhIL-8 was used as positive control.

(Left) Images depict surgically removed Matrigel plugs

after 14 days. Scale bar, 5 mm. (Right) Quantification of

hemoglobin content in Matrigel plugs using Drabkin

reagent. Data are reported as FC of Ctrl (n 5 5).

***P , .001.

1114 PAGGETTI et al BLOOD, 27 AUGUST 2015 x VOLUME 126, NUMBER 9

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/126/9/1106/1391638/1106.pdf by guest on 18 M

ay 2024



CLL with increased survival of CLL cells.62 By secreting cyto-
kines and chemokines, CAFs induce recruitment and retention of
macrophages and other immune effector cells.38 Of interest,
CCL2 and CXCL16 induced by CLL exosomes are important
chemoattractants for macrophages and T cells, respectively.63,64

CAF-derived factors are known to modulate immune cell func-
tions, skewing T cells and myeloid cells into immunosuppressive
and tumor-promoting Th2/M2-like phenotypes. CCL2, CXCL1,
and hepatocyte growth factor (HGF) were found to be elevated in

serum of CLL patients vs healthy donors (M. Seiffert, unpublished
data, 2014), indicating high clinical relevance. As CLL is a disease
associated with defective T-cell and myeloid cell immune responses
and an inflammatory milieu,61,65 it is likely that CAFs residing
within the BM and lymphoid organs contribute to these defects.

Even though the presence of CAFs was demonstrated in other
malignancies,38,39 how tumors induce these phenotypic changes in
nonmalignant bystander cells remained unclear. Here we show that
CAFs are also present in CLL lymph nodes and we and others show

Figure 7. CLL exosomes increase CLL cell adhe-

sion and survival in vitro and promote tumor

growth in vivo. (A) Primary CLL cells labeled with

PKH67 dye were added for 3 hours to cultures of HS-5

or HMEC-1 cells untreated (Ctrl) or pretreated 24 hours

with 50 mg/mL of CLL exosomes (MEC-1; Exo). After 5

washes, images were taken via fluorescence micros-

copy. (Left) Representative images are shown. Scale

bar, 100 mm. (Right) Quantification of CLL cell

adhesion (n 5 3). *P , .05, **P , .01. (B) CLL cells

incubated with supernatants of BM-MSCs untreated

(SN Ctrl) or treated for 24 hours with 50 mg/mL CLL

exosomes (SN Exo). Cell viability was assessed after

6 days using CCK8 assay. Data are reported as the

percentage relative to SN Ctrl (n 5 3). **P , .01. (C)

Primary CLL cells were treated with indicated cytokines

(10 ng/mL) and viability was assessed after 6 days

using CCK8 assay. Data are reported as the percent-

age relative to Ctrl (n 5 9). *P , .05, **P , .01, ***P ,

.001. (D and E) PBS (Ctrl) or 100 mg CLL exosomes

(Exo) were mixed with 5 3 106 MEC-1-eGFP cells and

subcutaneously injected into eight NSG mice. (D) (Left)

Representative images of subcutaneous tumors removed

from NSG mice. Scale bar, 5 mm. (Right) Quantification

of tumor volume in mm3. *P , .05. (E) (Left) Represen-

tative images of kidneys (NSG mice). Scale bar, 5 mm.

(Center) Representative flow cytometry plots showing

MEC-1-eGFP cells (black gate) in kidneys. (Right)

Quantification of GFP positive cells in kidneys.*P , .05.
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that activation of AKT and NF-kB in stromal cells is essential to
induce the inflammatory phenotype.66Our data suggest that exosomes
are important mediators in this process and promote tumor growth
in vivo. Ongoing studies will indicate whether targeting the inter-
actions between exosomes and stromal cells could enforce the current
therapeutic strategies.
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