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Abstract Exosomes, microvesicles of endocytic origin

released by normal and tumor cells, play an important role in

cell-to-cell communication. Angiogenesis has been shown to

regulate progression of chronic myeloid leukemia (CML).

The mechanism through which this happens has not been

elucidated. We isolated and characterized exosomes from

K562 CML cells and evaluated their effects on human

umbilical endothelial cells (HUVECs). Fluorescent-labeled

exosomes were internalized by HUVECs during tubular

differentiation on Matrigel. Exosome localization was peri-

nuclear early in differentiation, moving peripherally in cells

undergoing elongation and connection. Exosomes move

within and between nanotubular structures connecting the

remodeling endothelial cells. They stimulated angiotube

formation over a serum/growth factor-limited medium con-

trol, doubling total cumulative tube length (P = 0.003).

Treatment of K562 cells with two clinically active tyrosine

kinase inhibitors, imatinib and dasatinib, reduced their total

exosome release (P \ 0.009); equivalent concentrations of

drug-treated exosomes induced a similar extent of tubular

differentiation. However, dasatinib treatment of HUVECs

markedly inhibited HUVEC response to drug control CML

exosomes (P \ 0.002). In an in vivo mouse Matrigel plug

model angiogenesis was induced by K562 exosomes and

abrogated by oral dasatinib treatment (P \ 0.01). K562

exosomes induced dasatinib-sensitive Src phosphorylation

and activation of downstream Src pathway proteins in HU-

VECs. Imatinib was minimally active against exosome

stimulation of HUVEC cell differentiation and signaling.

Thus, CML cell-derived exosomes induce angiogenic

activity in HUVEC cells. The inhibitory effect of dasatinib

on exosome production and vascular differentiation and

signaling reveals a key role for Src in both the leukemia and

its microenvironment.
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Introduction

Angiogenesis, the formation of new blood vessels from an

existing vasculature, has been associated with growth and

dissemination of solid tumors [1]. The role that angio-

genesis plays in the pathogenesis and progression of

hematologic neoplasias is now emerging [2]. There is a

significant increase in the number of vessels in the bone

marrow of patients with chronic myeloid leukemia (CML)

[2, 3]. This is associated with an increased circulation of

angiogenic factors such as vascular endothelial growth

factor (VEGF), basic fibroblast growth factor (bFGF/

FGF2) and hepatocyte growth factor (HGF) [2, 4].
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CML is an uncontrolled proliferation of hematopoietic

progenitors containing a characteristic (9, 22) translocation

resulting in the fusion of the Abelson (ABL) oncogene to the

breakpoint cluster region (BCR) gene, known as the Phila-

delphia chromosome [5–7]. This oncogene encodes the con-

stitutively activated bcr-abl tyrosine kinase that is involved in

the pathogenesis of CML [8]. The introduction of the bcr-abl

kinase inhibitor, imatinib mesylate, into the treatment of CML

significantly improved patient survival [9]. However, some

patients develop resistance to imatinib due to secondary point

mutations in the bcr-abl tyrosine kinase domain or due to

BCR-ABL gene amplification [10, 11]. This led to the

development of new agents such as dasatinib, a bcr-abl and Src

family kinase (SFK) inhibitor. Dasatinib is effective on all

clinically demonstrated bcr-abl mutants identified to date,

except T315I [12, 13]. A better understanding of the mecha-

nisms involved in the disease progression may provide

information to develop new treatment strategies. It has been

proposed that the interaction between leukemic cells and the

bone marrow microenvironment may play an important role in

CML pathogenesis [14].

Exosomes are small vesicles, 40–100 nm in diameter, that

participate in cell-to-cell communication [15]. They are

released by cells in response to a broad spectrum of physio-

logic and pathologic conditions. Exosomes originate from the

inward budding of the endosomal membrane, forming mul-

tivesicular bodies (MVBs). They are released into the extra-

cellular space by fusion of the MVBs with the plasma

membrane [15]. The biological role of exosomes depends on

the cell of origin and recipient cell. Exosomes secreted by

platelets contain tissue factor, involved in coagulation events

[16]. Dendritic cells release exosomes containing major his-

tocompatibility complex molecules able to activate T cells

[17]. The influence of exosomes on cell polarity and devel-

opmental tissue patterning has been suggested to be related to

their transport of morphogens and RNA [18]. Several roles of

exosomes released by tumor cells to modulate the tumor

microenvironment have been described. TGFb expressed on

the surface of exosomes released by different cancer cell lines

is able to induce the differentiation of fibroblasts into myofi-

broblasts [19]. Ovarian cancer cell exosomes stimulate

expansion of T regulatory cells that, in turn, suppress T cell

activation [20]. Glioblastoma cell exosomes interact with

endothelial cells stimulating their proliferation [21], and

exosomes released by a pancreatic cell line transfected with

D6.1A tetraspanin stimulate endothelial tubulogenesis [22].

The release of exosomes from K562 CML cells has been

reported; however, the role of these exosomes in the modu-

lation of the tumor bone marrow microenvironment has not

been elucidated [23].

Here, we report that exosomes released by K562 CML

cells are internalized by endothelial cells during tubular

differentiation on Matrigel and are transferred to

neighboring cells through the formation of nanotubular

structures connecting the cells. Further, we show that these

exosomes stimulate tube formation in endothelial cells

through Src activation. While both imatinib and dasatinib

reduced exosome release from K562 cells, only dasatinib

blocked exosome effect on endothelial cells. These findings

shed new light on the interaction of CML with and creation

of a supportive bone marrow microenvironment.

Materials and methods

Cell cultures and reagents

The human K562 leukemia cell line was provided by Dr R.

Childs (NHLBI, NIH, Bethesda, MD) and was cultured in

DMEM with 10% FBS (Gemini Bio-Products, Sacramento,

CA). Human umbilical vein endothelial cells (HUVEC) were

purchased from Invitrogen (Carlsbad, CA) and were cultured in

Medium 200 supplemented with 2% low serum growth sup-

plement (LSGS), with penicillin and streptomycin. CCD-

27Sk fibroblasts were purchased from American Type Culture

Collection (Manassas, VA) and cultured in DMEM with 10%

FBS. Imatinib mesylate (IM) was provided by Dr. R. Bertieri

(Novartis, Milan, Italy). Dasatinib was purchased from Selleck

Chemicals LLC (Houston, TX). Antibodies were obtained as

follows: anti-CD63, Abcam (Cambridge, MA); anti-CD81

and anti-Tsg101, Santa Cruz (Santa Cruz, CA); monoclonal

anti-a-tubulin, Sigma-Aldrich (Allentown, PA); anti-Src, -Erk,

-Akt, -FAK, -phospho-416Y-Src, -phospho-202T/204Y-Erk,

-phospho-308T-Akt, Cell Signaling Technology (Beverly,

MA); anti-phospho-861Y-FAK, Millipore (Billerica, MA).

Isolation of exosomes

Exosome-free medium (EFM) was obtained by ultracentri-

fugation of DMEM containing 20% FBS at 100,0009g for

16 h at 4�C. Ultracentrifuged medium was then diluted 1:1

with serum-free DMEM for use. K562 cells were cultured for

24 h in EFM and the conditioned medium (CM) from

12 9 107 cells (160 ml) collected for exosome purification.

CM was centrifuged progressively at 3009g for 10 min,

20009g for 10 min, and then placed through a 0.22 lm filter

sterilization device. Effluent was ultracentrifuged at

100,0009g for 2 h in a fixed angle rotor. The exosome pellet

was washed in PBS, ultracentrifuged, then exosome protein

content measured. All centrifugation steps were performed at

4�C.

Electron microscopy

An aliquot of exosome suspension was loaded into a car-

bon-coated electron microscopy grid. The sample was fixed
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with 2% glutaraldehyde and 2% paraformaldehyde in

0.1 M sodium cacodylate buffer, pH 7.3. After two washes

in distilled H2O, the sample was stained with 2% methyl-

amine tungstate for 45 s and air-dried. EM samples were

observed in a Zeiss transmission electron microscopy

(TEM) 912.

Immunoblot analysis

Cells were pelleted after PBS washes; the pellet was lysed

in modified RIPA buffer with phosphatase and protease

inhibitors, as reported [24]. The lysate was clarified by

centrifugation, and immunoblots were executed using

standard techniques [24].

Endothelial tube formation assay

Subconfluent HUVECs were harvested and resuspended in

limiting medium (Medium 200 with 0.2% LSGS) and

treated with the indicated concentration of exosomes. This

suspension was seeded (70,000 cells/well) in growth fac-

tor-reduced Matrigel-coated 24 well plate (BD Bioscience,

San Jose, CA) and incubated up to 6 h at 37�C. Tube

formation was examined under an inverted microscope and

photographed at 409 magnification. Cumulative tube

length was measured using the NIS elements software

(Nikon Instruments Inc., Melville, NY). Results are the

mean and SEM of triplicate experiments.

Labeling and internalization of exosomes

Exosomes from K562 cells were labeled using PKH26 (red) or

PKH67 (green) membrane-binding fluorescent labels

according to manufacturer’s recommendations (Sigma-

Aldrich, Allentown, PA). The exosome suspension was fil-

tered with a 100 kDa MW cut-off Amicon Ultra Concentrator

and the flow-through was used as the unbound dye control.

HUVECs seeded on Matrigel-coated chamber slides (Thermo

Scientific Inc., Rochester, NY) were incubated at 37�C with

labeled exosomes at a concentration of 1 lg exosomes/10,000

cells or as described. Uptake was stopped by washing and

fixation in 4% paraformaldehyde for 10 min. Where indi-

cated, two labeled populations of HUVECs were generated

after incubation of the cells in standard culture monolayer for

3 h with PKH26- or PKH67-labeled exosomes. Harvested

labeled cells were mixed 1:1 and seeded on Matrigel-coated

chamber slides for 4 h.

Immunofluorescence

Cells were prepared for fluorescence microscopy by per-

meabilization for 3 min with 0.1% Triton-X100, blocked

with 5% BSA and incubated with phalloidin AlexaFluor

488 (Invitrogen, Carlsbad, CA) for 20 min. Some slides

were incubated with mouse monoclonal anti-a-tubulin

overnight after which they were exposed for 1 h at RT to

secondary anti-mouse AlexaFluor 488 (Invitrogen, Carls-

bad, CA) followed by incubation with phalloidin Alexa-

Fluor 647 (Invitrogen, Carlsbad, CA) for 20 min. Chamber

slides were mounted using DAPI Vectashield medium

(Vector Labs, Burlingame, CA). Confocal images were

sequentially acquired with Zeiss AIM software on a Zeiss

LSM 510 Confocal system (Carl Zeiss Inc, Thornwood,

NY) with a Zeiss Axiovert 100 M inverted microscope and

UV laser tuned to 364 nm, a 25 mW Argon visible laser

tuned to 488 nm, and a 1 mW HeNe laser tuned to 543 nm.

A 409 Plan-Neofluar 1.3 NA oil immersion objective was

used. Emission signals after sequential excitation of DAPI,

AlexaFluor 488, and AlexaFluor 568 by the 364, 488 nm,

or 543 nm laser lines were collected with a BP 385-470

filter, BP 505-530 or LP 560 filter respectively, using

individual photomultipliers. Z-stacks consisted of 16–54

slices at 0.5 or 1 lm intervals and these stacks were

examined with Bitplane’s Imaris software (v6.0; Zurich,

Switzerland) for surface rendering. In some cases, a cutting

plane was used to expose internal surface or the outer

surface was made semi-transparent.

XTT cell viability assay

K562 cells and HUVECs were seeded into 96-well plates

in full medium with increasing concentrations of imatinib

or dasatinib, and incubated as shown. XTT assay was

executed according to manufacturer’s instructions (Roche

Applied Science, Indianapolis, IN). Absorbance was mea-

sured at 450 nm against a reference wavelength at 650 nm.

Matrigel plug assay

All animal experiments were conducted at University of

Palermo in compliance with Italian Legislation for Animal

Care. Four-week-old BALB/c nude mice (Charles River

Laboratories International, Wilmington, MA) were injected

subcutaneously with 400 ll Matrigel containing 100 lg/

plug K562-derived exosomes or PBS as control. IL-8

50 ng/plug was used as positive control of vascular

induction. At the time of plug injection, mice were treated

or not with imatinib 50 mg/kg or dasatinib 20 mg/kg by

oral gavage daily for 14 days. The degree of vasculariza-

tion was evaluated by determination of hemoglobin content

(Drabkin’s reagent kit, Sigma, St Louis, MO).

Statistical analysis

Data are expressed as mean ± SEM of at least triplicate

experiments. Statistical analyses were performed using the
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unpaired two-tailed Student’s t-test from GraphPad Prism

software (San Diego, CA). Differences were considered

statistically significant at P2 \ 0.05.

Results

Validation of K562 exosomes

The K562 exosome purification procedure was validated in

two ways: electron microscopy and selective protein

expression. Figure 1a shows an example transmission

electron micrograph of a representative exosome prepara-

tion. The arrow points to the characteristic cup-shaped

morphology and the sizing bar indicates that the vesicles

have the characteristic diameter range of 40–100 nm.

CD63, CD81 and Tsg101 are known exosomal markers

[15]. CD63 and CD81 were not detectable in cell lysate but

were found in abundance in the exosomal preparation

(Fig. 1b). Tsg101 was enriched in the exosomal compart-

ment. This confirmed that K562 cells release true exosomal

vesicles into their conditioned medium.

Exosomes induce vascular tube formation in vitro

We hypothesized that exosomes from K562 CML cells

would induce tubular differentiation of HUVECs in vitro.

HUVECs plated on Matrigel in limiting medium with

increasing concentrations of K562 exosomes formed more

extensive tubes in a dose-dependent manner (Fig. 2a–c).

Addition of 5 lg/ml exosomes stimulated a morphologic

change in HUVECs without significantly increasing the

tube network formation, where increasing the exosome

dose to 10 lg/ml caused greater tube formation compared

to controls (P = 0.003; Fig. 2d). Exosomes were then

resuspended in water to induce hypotonic lysis and to

release internal contents. HUVECs treated with lysed

exosomes caused more tube formation at 5 lg/ml

(P = 0.021) and 10 lg/ml compared to intact exosomes

(Fig. 2e). Addition of exosomes 20 lg/ml resulted in

reduced tubular network in both conditions.

Exosomes are internalized by endothelial cells

during tube formation

We posited that exosomes must be internalized in order to

affect their function on endothelial cells. We first compared

PKH26-labeled exosome internalization in HUVECs and

normal human fibroblast CCD-27Sk cells. HUVECs

internalized and accumulated exosomes in the perinuclear

region (Online Resource 1a, b); whereas, few exosomes

were taken up by CCD-27Sk cells with a more diffuse

localization in the cytoplasm (Online Resource 1c, d).

Thus, K562 exosomes were preferentially taken up by

endothelial cells. HUVECs were next incubated on

Matrigel with PKH26-labeled exosomes and uptake eval-

uated over time (Fig. 3). Early exosome localization was

mainly perinuclear, remaining so during early tubular

organization (up to 1 h, Fig. 3b, c, arrows). Localization

remained perinuclear in cells that were not differentiating,

with exosomes moving to the cell periphery and into

extending pseudopods in those cells reorganizing and

sprouting extensions. This was seen as early as 2 h

(Fig. 3d, arrows). Tubes were nearly complete by 4 h at

which time nanotubular structures connecting neighboring

cells contained exosomes (Fig. 3e, arrows). Quantitation of

fluorescence intensity was used to measure uptake of

labeled exosomes and increased over time (Fig. 3f).

Exosomes localize inside nanotubes

Large nanotubes are characterized as containing both

actin and tubulin [25]. We demonstrated HUVECs formed

large nanotubes during tubular differentiation, and that

these nanotubes contained internalized exosomes

(Fig. 4a–d, arrow). Three-dimensional reconstruction of

confocal images using surface rendering allowed demon-

stration of exosomes within the nanotubes (Fig. 4e–g).

Longitudinal sections (Fig. 4f) and cross sections

(Fig. 4g) of the 3D image confirmed that exosomes were

transported inside nanotubes. We next asked if exosomes

were transferred between cells. This was accomplished by

mixing HUVEC suspensions preincubated with either

PKH26-stained red fluorescent or PKH67-stained green

Fig. 1 K562 CML cells release exosomes in their CM. a Morphology

of exosomes isolated from medium conditioned by K562 cells were

analyzed by transmission electron microscopy. Arrow cup-shaped

exosome. Scale bar 150 nm. b Exosome characterization by immu-

noblot. Equal amounts of total exosomal proteins (Exo) and K562 cell

lysate (CL) were analyzed for the expression of CD63, CD81, and

Tsg101
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fluorescent exosomes. Four hours after plating on Matri-

gel, cells within the tubular network contained both red

and green exosomes (arrows, Fig. 5a–f). This indicates a

cell–cell exosome transfer occurred. This was further

demonstrated using time-lapse video microscopy. Exo-

somes in the perinuclear area were mobile, but remained

locally stationary within the cell; whereas, exosomes

inside the nanotubes moved along the nanotube between

cells (Fig. 5g–k, Online Resource 2/3). These experiments

demonstrate that HUVECs internalize exosomes and

transfer them to neighboring cells through extended large

nanotube structures.

CML therapy modulates exosome secretion

and function

Non-toxic dose and time of exposure to imatinib and da-

satinib were determined for K562 and HUVEC cells

(Fig. 6a). Imatinib (0.1 lM) and dasatinib (0.1 nM) were

selected for use to minimize the presence of apoptotic

bodies in exosome-CM preparations. Drug treatment at

these concentrations reduced released exosome protein

content by 58 and 56% in the imatinib- and dasatinib-

treated cells, respectively (Fig. 6b). Exosomes from both

control cells and drug-treated cells worked equally well on

Fig. 2 Dose dependent

stimulation of vascular tube

formation by K562 exosomes.

a–c Exosomes promote tube

formation by HUVECs on

Matrigel. a control; b 5 lg/ml

exosomes; c 10 lg/ml exosome.

d Quantitative analysis of the

total tube length. Data are

mean ± SEM of triplicate

experiments. e Lysed K562

exosomes are equipotent or

more active than intact

exosomes. Data are

mean ± SEM of triplicate

experiments
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HUVECs, yielding a 2-fold increase in total tube length

(Fig. 6c). However, addition of dasatinib directly to the

HUVECs inhibited tube formation in response to exosomes

from untreated cells (Fig. 6d). In contrast, no reduction in

exosome-stimulated tube formation was seen in presence

of imatinib at all concentrations (Fig. 6e).

The in vivo Matrigel plug assay allowed demonstration

that K562 exosomes stimulated angiogenesis that was at

least equal to that caused by the positive IL-8 control

(Fig. 7a, b). Daily oral dasatinib administration for 14 days

starting at the time of Matrigel injection abrogated plug

vascularization (P \ 0.01) consistent with our in vitro

findings. As with the lack of imatinib inhibition of tubu-

logenesis in vitro or inhibition of key signaling events, oral

imatinib treatment had no inhibitory effect on vascular

ingrowth into the Matrigel plugs (Fig. 7).

Exosomes stimulate HUVECs through the activation

of Src signaling

We evaluated potential signaling mechanisms through

which dasatinib may differentially affect tube formation.

Phosphorylation of 416Y-Src in its kinase domain is

required for catalytic activity [26]. Figure 8 shows that

HUVECs treated with 10 lg/ml control exosomes showed

greater phosphorylated 416Y-Src compared to the untreated

(DMSO) control, with increased p-Src localization at

points of membrane contact (arrows). Dasatinib blocked

Src phosphorylation in exosome-stimulated cells with loss

of total and membrane p-Src staining. Imatinib did not alter

exosome signaling. Focal adhesion kinase (FAK) is a

known substrate of Src and is phosphorylated at Tyr861

[26]. Exosome exposure induced p-861Y-FAK and

increased focal adhesions (arrows). FAK activation and

focal adhesion staining was markedly attenuated by

dasatinib treatment, while there was again little effect of

imatinib. These data were confirmed by immunoblot

analysis of monolayer HUVECs incubated with K562

exosomes (Fig. 9). The effects were broader, with dasatinib

inhibition of exosome-stimulated downstream pathway

activation. These findings place exosome effects and exo-

some trafficking upstream of Src signaling in exosome-

induced HUVEC tubular differentiation.

Discussion

Angiogenesis is now recognized to be a factor in CML

progression [2]. The mechanisms involved in the stimula-

tion of bone marrow angiogenesis are currently under

Fig. 3 Time dependent uptake

and localization of exosomes in

HUVEC cells during

differentiation. a–e Exosomes

labeled with PKH26 (red) were

added to HUVEC cells at time

of plating and incubated as

indicated. Effluent from a

filtered suspension of PKH26-

labeled exosomes was incubated

with the HUVECs for 4 h as the

control. Cells were fixed and

stained for actin (green), and

nuclei (DAPI, blue). Arrows
indicate exosome localization.

Scale bars 10 lm.

f Quantitation of HUVEC

uptake of PKH26-labeled K562

exosomes. The data represent

the mean ± SEM of three

independent experiments
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investigation. We hypothesized that CML-released exo-

somes are taken up by and shared between endothelial cells

during promotion of tubular differentiation. We demon-

strated vesicle release from K562 CML cells and confirmed

they were exosomes by morphological analysis, dimension,

and expression of exosomal markers. These exosomes

trafficked within the endothelial cells, moving between

cells through large nanotubular structures involved in cell-

to-cell connections. Exosomes showed angiogenic activity

in both in vitro and in vivo Matrigel assays. This was

shown to be the result of phosphorylation and activation of

Src and its downstream pathways. Dasatinib, a src family

kinase inhibitor, but not imatinib, blocked endothelial cell

response to CML exosomes. These data indicate that

exosomes have a role in the physiologic organization of

endothelial cells in a Src-dependent fashion.

Neoangiogenesis is an important step in development of

a tumor [27]. In this process the release of angiogenic

factors by tumor cells is required to activate a quiescent

vasculature [1]. The role for exosomes in the cancer

angiogenic process has been developing, with emergence

of exosome support of the leukemic microenvironment a

newer finding, presented by our collaborators [28] and now

in this report. In their recent report, Taverna et al. [28]

showed exosomes from LAMA84 CML cells affect vas-

cular remodeling in vitro through an IL-8 mediated drive of

VCAM-1. The mechanisms of interaction of CML exo-

somes with endothelial cells has not been elucidated.

Exosomes may interact with their target cells in three ways:

binding to cell surface receptors, fusion with the plasma

membrane, or internalization [16]. We first confirmed

CML exosomes stimulated angiogenesis using the K562

Fig. 4 Exosomes localize inside nanotubes. a–d HUVEC cells

incubated with PKH26-labeled exosomes (a, red) on Matrigel

reorganized and sent out pseudopods that extended into nanotubes

containing both F-actin (b, pink) and microtubules (c, green). Nuclei

were stained with DAPI (blue). The merged image (d) shows the

localization of exosomes at level of the nanotube. Scale bars 10 lm.

e 3D reconstruction of the nanotube by surface rendering, showing

outer view. f–g Sections of the nanotube showing exosome locali-

zation inside the nanotubes in longitudinal section (f) and cross

section (g)
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CML cell line and we showed that exosome content con-

tributed to HUVEC stimulation. We next demonstrated

fluorescent CML exosomes were taken up by HUVECs in a

time-dependent fashion. Exosomes trafficked differentially

over time and within quiet versus differentiating cells.

Internalization starts immediately with HUVEC attachment

onto Matrigel and increases over time with initial perinu-

clear localization. They moved to the cell periphery in cells

involved in tube formation. We observed the presence of

exosomes within the tunneling nanotubes (TNTs) con-

necting neighboring HUVEC cells, suggesting that these

exosomes may be those involved in intercellular signaling.

Transfer of angio-regulatory information between cells via

TNTs, rather than secretion of growth factors or exosomes

into the local milieu, would facilitate and optimize direct

intercellular communication and could be more efficient

for the cell.

TNTs are thin protrusions connecting adjacent cells and

are involved in cell-to-cell communication [29]. They were

described in cultured pheochromocytoma PC12 cells [30],

and later in macrophages and T-cells [25, 31]. TNTs create

membrane continuity between connected cells and are

involved in the transfer of cytoplasmic organelles and

proteins [29]. Mitochondria have been shown to move

through myocyte nanotubes into endothelial progenitor

cells, inducing the acquisition of a myocyte-like phenotype

in these cells [32]. Heterogeneity in TNT dimension and

cytoskeleton composition has been observed, with both

Fig. 5 Exosomes are transferred cell-to-cell. a–f HUVECs carrying

PKH26-stained exosomes (a/d, red) were mixed with HUVECs

carrying PKH67-stained exosomes (b/e green) and plated on Matrigel

for 4 h. After the incubation, cells were fixed and DAPI stained for

nuclei (blue). Tube forming cells show the presence of both green and

red exosomes inside the same cell (c/f, arrow). The arrows in figures

d–f point to red exosomes co-localizing with green exosomes.

g–k Exosomes move along nanotubes. HUVECs were incubated with

PKH26-labelled exosomes and analyzed by fluorescent time-lapse

video microscopy. g Brightfield view of HUVECs connected by

nanotubes carrying exosomes (arrows). h–k Selected frames of a

video sequence showing transfer of PKH26-labeled exosomes (dotted
arrows indicate direction of movement). Scale bars: 10 lm
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Fig. 6 CML therapy regulates

exosome release and exosome-

induced tube formation.

a Effects of imatinib and

dasatinib on K562 and HUVEC

proliferation. Imatinib and

dasatinib exposure continued

for 24 or 48 h. b Both imatinib

and dasatinib reduce total

released exosomal protein.

c Exosomes from imatinib- or

dasatinib-treated K562 cells

(0.1 lM, and 0.1 nM,

respectively) are equipotent as

those from vehicle-treated cells.

d, e A dose-dependent

inhibition by dasatinib (d), but

not imatinib (e) on the HUVEC

response to control exosomes.

Data are mean ± SEM of

triplicate experiments
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thin (actin-only) and thick (actin and microtubules) forms

[25]. We showed that HUVECs form thick TNTs during

Matrigel differentiation, demonstrating both F-actin and

microtubules in a non-structured organization. Live-cell

imaging and three-dimensional reconstruction confirmed

this and allowed visualization of the internal localization

and movement of exosomes within the TNT cytoskeletal

scaffolding.

The ability of exosomes to interact with and stimulate

endothelial cells suggests exosomes as a new target for

CML therapy. Imatinib is the initial treatment of choice in

CML. It blocks CML proliferation and reduces VEGF

expression through inhibition of the constitutively active

bcr/abl kinase [33, 34]. However, in some patients imatinib

alone is insufficient to prevent disease progression [35].

The use of dasatinib, the abl and Src family kinase inhib-

itor, as front-line therapy has been reported to be more

effective than imatinib, with a lower rate of transformation

to accelerated phase and blast crisis [35]. We show here

that non-toxic concentrations of both imatinib and dasati-

nib effectively reduced K562 cell exosome release by more

than 55%. However, those exosomes released from cells

treated with imatinib or dasatinib maintained their ability

to stimulate tubular differentiation by HUVECs on

Matrigel at equivalent doses. Dasatinib, but not imatinib,

blocked both HUVEC tubular differentiation in response to

exosome treatment in vitro and vascularization of exo-

some-containing Matrigel plugs implanted in nude mice.

This finding was supported by exosome activation of Src

and its downstream signaling partners in a dasatinib-sen-

sitive fashion. Src modulates angiogenesis in many dif-

ferent ways. It controls gene and protein expression of

angiogenic growth factors and cytokines, including VEGF

and IL-8 [36–39]. IL-8, induced by LAMA84 CML cell

exosomes, was shown to be necessary for exosome-induced

angiogenesis by Taverna et al. [28]. Src can also elicit

downstream signaling in endothelial cells through activa-

tion of FAK, as we previously reported to be necessary for

adhesion and spreading on matrix, and as components of

HUVEC motility and differentiation [40]. Activation of

FAK has been further shown to be involved in the acti-

vation of the phosphatidylinositol 3-kinase/Akt pathway

inducing cell survival [38]. Src activates Erk leading to an

increased cell proliferation [38]. K562 exosomes induced

phosphorylation and activation of Src with concomitant

phosphorylation of FAK, Erk and Akt. This and localiza-

tion to focal adhesions was abrogated by dasatinib, but not

imatinib. Surprisingly, our data showed an activation of all

Fig. 7 K562 exosomes induce vascularization of Matrigel plugs in

vivo. a Nude mice were injected with Matrigel plugs containing PBS

or recombinant IL-8 (positive control), or 100 lg/plug K562

exosomes. Mice were treated with oral administration of dasatinib

or imatinib as described in Materials and Methods, and analyzed for

plug vascularization after 14 days of treatment. b Plug hemoglobin

concentration as a measure of vascularity. Comparison of IL-8 or

K562 exosome-containing plugs vs control: * P B 0.01, ** P \ 0.05
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Fig. 8 Dasatinib-sensitive

exosome activation of Src

signaling during HUVEC

differentiation. HUVECs with

10 lg/ml control exosomes

were plated on Matrigel in

presence of DMSO vehicle

control (a, e), dasatinib (10 nM),

or imatinib (1 lM), and allowed

to adhere for 30 min. Cells were

fixed and red fluorescence

labeling was performed to

visualize p-Src (a–d) or p-FAK

(e–h). Nuclei were stained with

DAPI (blue). Scale bars 10 lm
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the pathways by non-toxic treatment with imatinib. This

finding confirmed our paradoxical observation that imati-

nib-treated HUVECs responded more rapidly to K562

exosomes, although the final total tube length remained

unchanged. Thus, dasatinib regulates exosome-induced

FAK, Erk and Akt activity and subsequent HUVEC tubular

organization by selective inhibition of Src.

We have advanced the recent findings of Taverna et al.

demonstrating a pro-angiogenic effect of CML exosomes

through demonstration of specific interactions of exosomes

with and within endothelial cells. Our findings provide new

information on how endothelial cells communicate with

each other within the tube network, and show how endo-

thelial cells share internalized exosomes with neighboring

cells. Our finding that Src is central in the CML exosome

pathway during endothelial cell stimulation may explain

the greater activity of dasatinib in CML therapy. Dasatinib

activity may be greater due to the involvement of Src in

both the leukemic cell and the angiogenic microenviron-

ment. This credentials exosome release and uptake as a

potential new therapeutic target in CML.
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