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    Abstract  

  The neoformation of blood vessels is a bio-
logical process involved in tissue homeostasis 
and repair as well as in pathologic conditions 
such as infl ammatory diseases and cancer. 
Endothelial progenitor cells (EPCs) a cell 
population derived from the bone marrow and 
circulating in the blood stream, have been 
shown to take part to these processes. EPCs 
exert their effects mainly by the release of 
paracrine factors such as growth factors, 
cytokines and extracellular vesicles (EVs). 
EVs are small particles released by different 
types of activated cells by a membrane sorting 
process. Recent studies identifi ed EVs as a 
new mechanism of cell-to-cell communication 
as they can mediate the exchange of receptors, 
proteins, bioactive lipids and nucleic acids 
between cells. EPC-derived EVs were shown 
to activate an angiogenic program in quiescent 
endothelial cells through an epigenetic repro-
gramming due to horizontal transfer of mRNA 
and microRNA. Whereas in the context of 
tumor neoangiogenesis this mechanism may 
be detrimental as it favors tumor vasculariza-
tion and diffusion, in the context of regenera-
tive medicine, EVs derived from EPCs can be 
exploited as potential therapeutic option to 
prevent ischemia-reperfusion injury.  

  Keywords  

  Endosomal sorting complex required for trans-
port (ESCRT)   •   Endothelial progenitor cells and 

        V.   Cantaluppi •       F.   Figliolini •       M.  C.   Deregibus        
G.   Camussi (*)     
     Molecular Biotechnology Center, Department of 
Medical Sciences ,  University of Turin ,   Turin ,  Italy   
 e-mail: giovanni.camussi@unito.it  

 2      Membrane-Derived Extracellular 
Vesicles from Endothelial 
Progenitor Cells Activate 
Angiogenesis 

           Vincenzo     Cantaluppi    ,     Federico     Figliolini,         
Maria     Chiara     Deregibus, and         Giovanni     Camussi    

Contents

Abstract .................................................................... 17

 Introduction ............................................................  18

 Endothelial Progenitor Cells 
and Neoangiogenesis ..............................................  18

 Extracellular Vesicles (EVs) ..................................  19
Biogenesis of EVs ....................................................  20
Pleiotropic Functions of EVs ...................................  21

 Role of EVs in Tumor Neoangiogenesis ...............  21

 EPC-Derived EVs in Tissue Regeneration 
After IRI .................................................................  23

References ...............................................................  24



18

neoangiogenesis   •   EPC- derived EVs in  tissue 
regeneration   •   Extracellular vesicles (EVs)   
•   Multivesicular bodies (MVBs)   •   Pleiotropic 
functions   •   Tumor neoangiogenesis  

        Introduction 

 Neoangiogenesis is defi ned as the process that 
leads to the formation of new blood vessels in the 
body. Even though neoangiogenesis is a physio-
logical process essential for tissue homeostasis 
and repair, the formation of new blood vessels is 
a common feature of several infl ammatory dis-
eases and cancer. Indeed, the neovascularization 
process is crucial for solid tumor growth and 
invasion as the vasculature provides metabolic 
support and access to the circulation, thus favor-
ing metastasis. Tumor angiogenesis does not 
seem to depend exclusively on normal endothe-
lial cell recruitment from the surrounding vascu-
lar network. Recent data suggest alternative 
strategies for tumor vascularization based on the 
distinct phenotype of intra-tumor endothelial 
cells. Indeed, it has been recently shown that 
tumor-derived endothelial cells are genetically 
unstable and are different from normal vessel 
endothelial cells at molecular and functional 
levels (Bussolati et al.  2011 ). The enhanced 
angiogenic properties of tumor endothelial cells 
have been related to the expression of embryonic 
genes and to the autocrine production of angio-
genic growth factors. Recent studies suggested 
the potential role of stem cells in tumor angiogen-
esis and in the phenotypic switch of tumor- derived 
endothelial cells. Among bone marrow-derived 
stem cells, endothelial progenitor cells (EPCs) 
have been shown to localize within sites of 
vascular injury and within tumors exerting a 
pro-angiogenic effect mainly due to the release of 
paracrine factors (Bussolati et al.  2011 ). 

 Neo-angiogenesis is a pivotal process also in 
the regeneration of tissues following ischemia- 
reperfusion injury (IRI). The regeneration of 
damaged endothelial cells is of particular interest 
in the fi eld of cell and organ transplantation 
where the lack of revascularization is associated 
with primary or delayed graft function.  

    Endothelial Progenitor Cells 
and Neoangiogenesis 

 In the last years, the role of stem cells in regen-
erative therapies to heal injured tissues has been 
considerably expanding. In the adults, stem cells 
are critical for tissue self-renewal in the hemato-
poietic system, skin and intestine where an high 
cell turnover is required. On the other hand, a 
potential role of stem cells in tissue homeostasis 
has been described also in organs with a much 
lower rate of cell turnover such as kidney, lung, 
skeletal muscle and liver. Stem cells are charac-
terized by their ability to self-renew and to 
differentiate into a variety of cell types. It has 
been shown that bone-marrow-derived stem cells 
have the ability to cross lineage boundaries 
making components of several tissues. 

 Recently, an endothelial committed type of 
progenitor cells, defi ned as EPCs provoked a 
great interest in regenerative medicine. EPCs, 
derived from the hematopoietic stem cell lineage, 
are produced in the bone marrow and subse-
quently released into the peripheral blood 
(Asahara et al.  1997 ). 

 EPCs are phenotypically identifi ed by fl ow 
cytometry and are characterized by the expres-
sion of CD34, CD133 and/or VEGF receptor 2 
(KDR). These molecules are shared by other 
hematopoietic stem/progenitor cells and the pres-
ence of hematopoietic contamination of EPCs is 
debated. Yoder et al. ( 2007 ) re-defi ned EPCs into 
two different cell populations: ECFCs (endothe-
lial colony-forming cells) and CFU-EC (endothe-
lial cell colony-forming units). ECFCs have 
endothelial (CD31, CD105, CD144, CD146, 
vWF, KDR and UEA-1) but not hematopoietic 
antigens, a robust proliferative potential and the 
ability to form secondary endothelial colony and 
vessels  in vivo . Moreover, ECFCs possess a 
hierarchy of progenitor stages with different pro-
liferative ability. CFU-ECs derive from hemato-
poietic stem cells, have both endothelial (CD31, 
vWF and UEA-1) and hematopoietic antigens 
(CD45, CD14), but with some myeloid progeni-
tor activity and without ability to form secondary 
endothelial cell colony or vessels  in vivo . Thus, 
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ECFCs are considered “true EPCs” whereas 
CFU-ECs are considered myeloid progenitors 
(Yoder et al.  2007 ). It has been shown that EPCs 
play a pivotal role in vascular homeostasis and 
repair, but these cells are also involved in tumor 
neoangiogenesis. EPCs have the potential to pro-
vide ongoing endothelial repair by homing to 
endothelial injury sites. Indeed, different studies 
showed that EPCs are recruited to injured vascu-
lar sites contributing to the preservation of endo-
thelial integrity. EPC levels are lower in patients 
with different disease states such as coronary 
artery disease, diabetes, cerebral stroke and in 
particular chronic kidney disease. In these dis-
eases, the reduction of EPC number seems due to 
the down-regulation of pathways responsible for 
EPC release from the bone marrow by exposure 
to risk factors rather than to EPC consumption. 

 Recently, it has been shown that EPCs are 
recruited in the kidney after IRI and that they are 
able to favour tissue repair by secretion of pro- 
angiogenic factors. It has been suggested that EPC 
paucity and dysfunction are the main mechanisms 
responsible for accelerated vascular injury in 
chronic kidney disease (CKD) patients. Moreover, 
the re-establishment of renal function after trans-
plantation correlated with an increased number 
and function of circulating EPCs (Li et al.  2010 ). 

 EPC repair process is characterized by a series 
of specifi c and orchestrated steps: EPCs leave the 
bone marrow following gradients of growth 
factors and cytokines that are released into the 
circulation by injured endothelium and tissues 
(Schatteman et al.  2007 ). Once in the circulation, 
EPCs localize to sites of damage and promote 
vascular repair. Homing of circulating EPCs to 
sites of vascular injury is a complex process 
mainly directed by signalling via key CC- and 
CXC-chemokines, L-selectin and β-integrins. We 
previously demonstrated that EPCs exploit a 
mechanism typical of leukocyte adhesion for 
their localization at the sites of vascular injury, 
since L-selectin present on EPC surface can 
selectively bind to fucosylated oligosaccharide 
residues which are up-regulated following IRI 
(Biancone et al.  2004 ). 

 In the context of cancer, the recruitment of 
EPCs may be detrimental as they may favour 

tumor vascularization. However, the role of EPCs 
in neo-vessel formation is debated. Whereas in 
some studies a direct contribution of EPCs to 
neoformed vessels has been suggested, other 
studies indicated that EPCs accumulate in the 
periphery of tumor and favour neoangiogenesis 
by paracrine mechanisms as they secrete a num-
ber of angiogenic factors (Lyden et al.  2001 ). 

 Among the soluble angiogenic factors, we 
recently demonstrated that EPCs released 
extracellular vesicles (EVs) able to activate an 
angiogenic program in quiescent endothelial 
cells by horizontal transfer of mRNA (Deregibus 
et al.  2007 ). 

 Whereas the pro-angiogenic and anti- 
apoptotic effects of EPC-derived EVs may be 
detrimental for tumor growth, they may fi nd 
potential therapeutic applications in ischemic 
diseases and cell/organ transplantation. In fact, 
EVs released from EPCs protect the kidney from 
IRI and improve neoangiogenesis of human 
islets transplanted in SCID mice through a mech-
anism related to the epigenetic reprogramming 
of injured target cells based on the transfer of spe-
cifi c mRNA and microRNA subsets (Cantaluppi 
et al.  2012a ,  b ).  

    Extracellular Vesicles (EVs) 

 Every cell needs to communicate with the envi-
ronment and with other cells and uses different 
ways of signaling which can act in close proxim-
ity of cells or at long distance. In addition to the 
well-known cell-to-cell communication based on 
proteins, cells may relate each other by means of 
EVs. EVs are extruded from the cell membrane 
into the extra-cellular space by a universal pro-
cess that is preserved in prokaryotes and eukary-
otes (György et al.  2011 ). EVs can be isolated 
from medium of many  in vitro  cell cultures, 
including tumor cells and from several body fl u-
ids such as serum, plasma, urine, amniotic fl uid, 
saliva, milk, bronchoalveolar fl uid, etc. 

 Almost all cells release vesicles and these ves-
icles differ depending on the cell of origin and on 
the functional state of the cell from which they 
are produced (stimulated, apoptotic, tumoral, etc.) 
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(Simons and Raposo  2009 ). The classifi cation 
and the nomenclature of these EVs are at the 
moment confusing and not well defi ned. Different 
names are present in the literature such as 
microvesicles, microparticles, exosomes, prosta-
somes, etc. and different protocols of vesicle 
purifi cation are used. However, all these vesicles 
share the characteristic to be small and complex 
structures composed of cytosol surrounded by a 
lipid bilayer with hydrophilic soluble components 
resembling that of cell membrane. In addition, 
they expose many transmembrane proteins able 
to activate the target cell interacting with cell 
receptors and allowing recognition and internaliza-
tion of EVs (Théry et al.  2009 ). EVs can be 
defi ned as carriers of bioactive molecules, since 
they are able to transfer biological active lipids, 
functional proteins and nucleic acids (mRNA and 
microRNA) to a recipient cell modifying its 
behavior. After their release into the extracellular 
space, EVs may undergo capture from neighbor-
ing cells by means of specifi c receptor-ligand 
interactions or enter the circulation and other 
biological fl uids allowing a long distance trans-
port of the bioactive molecules in them enclosed. 

    Biogenesis of EVs 

 Most of the studies in this fi eld mainly concentrate 
on two major classes of EVs: microvesicles and 
exosomes. The EVs secreted by cells  in vitro  or  in 
vivo  are a blend of these two types and it is diffi cult 
to totally separate them with the actual procedures; 
therefore many of the studies do not discriminate 
the two groups of EVs. Microvesicles and exo-
somes differ not only for the size and density but 
also for the composition of their membrane, and 
the mechanism of their formation is not completely 
known. Microvesicles are a heterogeneous class of 
vesicles with size ranging from 100 to 1,000 nm 
and originating by direct blebbing and subsequent 
detaching from the plasma membrane of cells into 
the extracellular space in a process under the regu-
lation of fl ippase, fl oppase, scramblase, calpain, 
and gelsolin enzymes involved in the membrane 
lipid sidedness (Mathivanan et al.  2010 ). Flippase 
and fl oppase generate and maintain membrane 

phospholipid asymmetry; scramblase, by mixing 
the lipids between the two layers of the plasma 
membrane, promotes the collapse of the membrane 
asymmetry in a mechanism dependent on calcium 
concentration. In addition, an increased cytosolic 
calcium concentration, as it happens during cell 
activation, apoptosis and necrosis, may activate 
calpain facilitating membrane blebbing and the 
shedding of microvesicles from the cell membrane. 
The membrane of microvesicles contains compo-
nents of membrane lipid rafts such as fl otillin-1 and 
is enriched in cholesterol and sphingolipids with 
many saturated fatty acids that render the site less 
fl uid than the adjacent membrane, and eligible for 
vesiculation (Mathivanan et al.  2010 ). Moreover, 
microvesicles may show high exposure of phos-
phatidylserine, and may express tissue factor and 
cell specifi c markers. 

 Exosomes are a homogenous class of vesicles 
of 30–120 nm in size and exhibit a characteristic 
protein and lipid composition which allows their 
identifi cation. Some protein markers such as tumor 
susceptibility gene 101 (TSG101), Alix, CD9, 
CD63 and CD81 tetraspanins, and heat shock pro-
teins (HSP60, HSP70, HSP90) are thought to be 
specifi c of exosomes, others are frequently present 
such as annexins and the small GTPases Rabs 
important for membrane traffi cking and fusion; 
others are specifi c of the cell from which exo-
somes derive. The lipid composition of exosomes 
includes some components of lipid rafts such as 
cholesterol, ceramide, glycerophospholipids, and 
sphingolipids (Simons and Raposo  2009 ). 

 Exosome biogenesis is mostly unknown, but 
they are thought to originate from the endo-
somal compartment by internal budding and 
formation of intraluminal vesicles (ILVs) inside 
multivesicular bodies (MVBs). MVBs may have 
a dual destination: to reach the lysosomes, 
fuse their membrane with them and release the 
intraluminal vesicles into lysosomes undergoing 
degradation, or to reach the cell membrane and 
undergo release of ILVs into the extra-cellular 
space, by a process of exocytosis. These exo-
cytic vesicles are named exosomes (Mathivanan 
et al.  2010 ). 

 The sorting and assembling of proteins into 
ILVs is a not yet defi ned process involving multiple 
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mechanisms. The fi nding of Alix, a protein 
associated with the endosomal sorting complex 
required for transport (ESCRT) machinery, in 
many exosomal membrane preparations, suggested 
the requirement of the ESCRT for the release of 
exosomes but, whilst the involvement of ESCRT 
multiprotein complexes in the mechanism of lyso-
somal degradation is well studied, more ambiguous 
is the ESCRT function in the process of exosomes 
biogenesis (Théry et al.  2001 ). However, a recent 
study provided evidence for the possibility that the 
transfer to exosomes from distinct subdomains on 
the endosomal membrane occurs independently 
from the ESCRT processing but rather depends 
on ceramide (Trajkovic et al.  2008 ). 

 The EVs derived from EPCs are most probably 
a mixture of exosomes and microvesicles shed 
from the cell surface. Transmission electron 
microscopy studies showed shedding of EVs 
from EPC surface. The majority of them have a 
size under 100 nm as judged by electron micros-
copy and ranged between 60 and 160 nm when 
evaluated by Nanosight. Molecules expressed on 
surface of EPC -derived EVs include α4 and β1 
integrins, CD34, L-selectin and CD154 (CD40-L) 
(Cantaluppi et al.  2012a ). Conversely, they were 
negative for HLA class I and class II antigens and 
for markers of monocytes (CD14) and platelets 
(P-selectin, CD42b).  

    Pleiotropic Functions of EVs 

 After interaction with EVs the behavior of the 
recipient cell is modifi ed by several mechanisms. 
EVs may directly stimulate target cells; for instance, 
the EVs bearing tissue factor may interact with 
P-selectin expressed on the surface of macro-
phages, polymorphonuclear neutrophils and 
platelets and activate these cells (Cocucci et al. 
 2008 ). EVs may transfer receptors and ligands 
between cells as shown for the adhesion mole-
cule CD41 that can be shifted from platelets to 
endothelial cells (Barry et al.  1998 ). EVs may 
transfer biological active proteins as shown for 
EVs released from endotoxin-activated mono-
cytes that transfer caspase-1 to vascular smooth 
muscle cells inducing apoptosis (Sarkar et al.  2009 ). 

More recently, EVs were found to transfer genetic 
information as they contain a selection of mRNA 
and microRNA in association with ribonucleo-
proteins involved in the intracellular traffi c of 
RNA (Valadi et al.  2007 ; Yuan et al.  2009 ; 
Collino et al.  2010 ). The horizontal transfer of 
mRNA and microRNA induces epigenetic repro-
gramming of the recipient cells (Ratajczak et al. 
 2006 ; Deregibus et al.  2007 ; Aliotta et al.  2010 ).   

    Role of EVs in Tumor 
Neoangiogenesis 

 The angiogenic shift is critical for tumor malig-
nancy. Vascularization is needed to provide 
oxygen and nutrients for tumor growth and to 
allow its expansion and access to the circulation. 
For this purpose, tumor cells produce a number 
of factors that, acting on microenvironment, 
create favorable conditions for their growth. 
Among these factors, EVs play a critical role in 
inducing phenotypic changes in stroma cells 
including endothelial cells (Fig.  2.1 ). A number 
of studies provide evidences that tumor endothe-
lial cell phenotype differs from normal endothe-
lium (Bussolati et al.  2011 ). EVs released from 
tumor cells have the potential to induce these 
phenotype changes, as they have been shown to 
carry oncogene products, pro-angiogenic factors 
and nucleic acids involved in modulation of pro-
angiogenic pathways. Indeed, tumor EVs have 
been shown to be involved in the activation of the 
angiogenic shift (Castellana et al.  2010 ). It has 
been shown that the activation of endothelial 
cells and fi broblasts that creates a favorable envi-
ronment for tumor growth, can be mediated by 
EVs released from lung cancer cells (Wysoczynski 
and Ratajczak  2009 ). Tumor EVs were also 
shown to express on their surface matrix metal-
loproteinases (MMP) and extracellular MMP 
inducer involved in the extracellular matrix deg-
radation needed for neoangiogenesis (Castellana 
et al.  2010 ). Al-Nedawi et al. ( 2009 ) demon-
strated that glioma-derived EVs contain the 
oncogenic form of the epidermal growth factor 
receptor EGFRvIII, that can be horizontally 
transferred to endothelial cells promoting 
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activation of EGFRvIII-regulated genes includ-
ing the vascular endothelial growth factor (VEGF) 
gene. In turn, EVs derived from activated endo-
thelial cells may propagate the angiogenic signal 
by transferring the Notch ligand Delta-like 4 
(DII4) to quiescent endothelial cells (Sheldon 
et al.  2010 ). Millimaggi et al. ( 2007 ) showed that 
ovarian cancer-derived EVs express CD147/
extracellular MMP inducer that activates an 
angiogenic program in endothelial cells. The 
critical role of CD147/extracellular MMP inducer 
shuttled by EVs was shown by using small inter-
fering RNA against CD147 that abrogated the 
angiogenic activity of EVs. Tumor- derived EVs 
also convey tetraspanin 8 that favours endothelial 
cell activation and angiogenesis (Nazarenko 
et al.  2010 ). Moreover, cancer- derived EVs may 
reprogram normal endothelial cells by transfer-
ring genetic information from tumor cells to 
endothelium. The transfer of mRNA and 
microRNA via EVs has been shown in different 
experimental settings (Baj- Krzyworzeka et al. 
 2006 ; Ratajczak et al.  2006 ). Skog et al. ( 2008 ) 
showed the transfer of mRNA and microRNA 
associated to cell migration from glioblastoma to 
endothelial cells promoting angiogenesis. More 
recently, it has been shown that EVs shed from 

tumors contain retro- transposon elements and 
amplifi ed oncogene sequences (Balaj et al.  2011 ) 
and mitochondrial DNA that may be transferred 
to target cells (Guescini et al.  2010 ).

   We recently demonstrated in the renal clear 
cell carcinoma that the EVs possessing the angio-
genic activity are those released by tumor stem 
cells (Grange et al.  2011 ). These EVs, by creating 
a favorable endothelial environment in the lung, 
permit metastatic implantation of tumor cells. 

 In the context of tumor, the role of EPC is 
debated. Whereas some studies suggest a direct 
participation of EPC in the formation of new ves-
sels, other studies suggest that they act by a para-
crine mechanism (Bussolati et al.  2011 ). We 
found that EVs produced by EPC are able to acti-
vate quiescent normal endothelial cells as result 
of horizontal transfer of mRNA related to pro- 
angiogenic pathways (Fig.  2.1 ) (Deregibus et al. 
 2007 ). The transferred mRNAs are functional as 
EVs bearing GFP mRNA induce GFP protein 
synthesis in the recipient cells. In particular, EVs 
transfer to target endothelial cells mRNAs asso-
ciated with the PI3K/AKT and eNOS signaling 
pathways. Protein expression and functional 
studies showed that PI3K and eNOS are one of 
the main effectors in this experimental setting.  

  Fig. 2.1    Schematic representation of a bidirectional 
exchange of genetic information between EPC and 
tumor cell. The transfer of mRNA and microRNA deliv-
ered by EVs may lead to the formation of an environ-

ment favourable for tumor development. EPCs recruited 
within the tumors release EVs that may transfer mole-
cules potentially involved in the stimulation of tumor 
angiogenesis       
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    EPC-Derived EVs in Tissue 
Regeneration After IRI 

 Different studies showed that ischemia- reperfusion 
induces acute and chronic vascular dysfunction 
characterized by loss of endothelium- dependent 
vasodilation. IRI generates high levels of free 
radicals that enhance endothelial dysfunction and 
may induce cell death (Lefer and Lefer  1993 ). 

 IRI is especially harmful in organ transplanta-
tion because it represents a key non-immunologic 
factor that infl uences early and late loss of graft 
function. It is well known that endothelial cell 
impairment and death associated with the 
accumulation of leukocytes and platelets causing 
microcirculatory disturbances and graft failure. 
Endothelial cell death after ischemic preservation 
is not only necrotic but also apoptotic. Endothelial 
cells are the main target of harmful mediators 
during cold ischemia and subsequent warm 
reperfusion injury. Reperfusion injury after cold 
storage induces apoptosis by caspase 3, 8, 9 
activation. In particular, caspase activation 
depends primarily on triggering of Bax and Bak, 
the pro- apoptotic members of Bcl-2 family which 
are able to start a sequence of events leading to 
the release of cytochrome C from mitochondria 
into the cytosol. Caspase-3 is the fi nal executor 
molecule, responsible for protein cleavage, 
thereby disabling cellular structure and repair 
processes (Kuwana and Newmeyer  2003 ). 

 The role of EPCs in neovascularization has 
also been studied in the model of pancreatic islet 
transplantation. Islet transplantation is a thera-
peutic option for the treatment of type I diabetes. 
In this context, bone marrow-derived stem cells 
have shown to exert a benefi cial effect by enhanc-
ing neoangiogenesis and by modulating the 
allo- and autoimmune response. In particular, it 
has been shown that EPCs are able to specifi cally 
localize within the implanted islets and to chimerize 
with donor vessels. EPCs enhance transplanted 
islet revascularization with a better graft survival. 
Moreover, it has been shown that EPCs are 
recruited to the pancreas in response to islet 
injury, favouring neovascularization that may 
facilitate the recovery of injured beta-cells 

improving islet allograft function (Zampetaki 
et al.  2008 ). 

 We have recently shown that EPCs may exert 
a paracrine effect on transplanted islets through 
the release of EVs. EPC-derived EVs are inter-
nalized in both endothelial and beta cells 
 enhancing islet vascularisation in a model of 
xenotransplantation in SCID mice. Of interest, 
EPC-derived EVs favoured insulin secretion and 
survival by an anti-apoptotic and pro-angiogenic 
effect. These effects depend on the horizontal 
transfer mediated by EVs of specifi c mRNA 
and microRNA such as miR-126 and miR-296 
(Cantaluppi et al.  2012b ). 

 Another model in which we studied the effects 
of EPC-derived EVs is kidney IRI. Microvascular 
injury is a hallmark of kidney subjected to 
ischemia- reperfusion injury. Indeed, the presence 
of endothelial dysfunction is associated with an 
extension phase of renal damage often requiring 
long term dialysis. This is of particular  importance 
in the setting of kidney transplantation where 
microvasculature derangement associated with 
tubular cell injury following ischemia- reperfusion 
injury are the main causes of the so called delayed 
graft function (DGF), a clinical syndrome char-
acterized by acute dysfunction of grafted kidneys 
and defi ned as the need of dialysis in the fi rst 
week after transplantation. Several on-going 
clinical trials and experimental studies showed 
the protective effect of bone marrow- derived 
stem cells in kidney regeneration after ischemic 
injury. EPCs are mobilized from bone marrow 
following kidney ischemia, form an intra-splenic 
niche and then migrate to the injured kidney 
promoting tissue regeneration  via  paracrine 
mechanisms. We found that EVs derived from 
EPCs mimic the effect of the cells by preventing 
acute kidney injury (Fig.  2.2 ). Indeed, EVs are 
internalized within endothelial cells of peri-
tubular capillaries and tubular epithelial cells 
inducing tubular cell proliferation, apoptosis and 
leukocyte infi ltration inhibition, thus leading to 
functional and morphologic protection. EPC-
derived EVs are also able to interfere with the 
mechanisms of progression toward chronic kid-
ney damage by inhibiting capillary rarefaction, 
glomerulosclerosis, and tubulointerstitial fi brosis 
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(Cantaluppi et al.  2012a ). As described for islet 
transplantation, the renoprotective effect of 
EVs is due to transfer of mRNA and microRNA 
from EPCs to injured kidney endothelial and epi-
thelial cells.

   In conclusion, EVs emerged as a new mecha-
nism of intercellular exchange of biological 
information. This may lead to phenotypical and 
functional changes in the recipient cells. In the 
context of tumor, EPC-derived EVs may be 
detrimental as they favor tumor vascularization. 
At variance, in diseases characterized by endo-
thelial cell injury and loss of vascularization, 
EPC- derived EVs may fi nd a therapeutic applica-
tion. Indeed, they limit endothelial injury and 
stimulate neoangiogenesis.     

   References 

    Al-Nedawi K, Meehan B, Kerbel RS, Allison AC, Rak J 
(2009) Endothelial expression of autocrine VEGF 
upon the uptake of tumor-derived microvesicles con-
taining oncogenic EGFR. Proc Natl Acad Sci U S A 
106:3794–3799  

    Aliotta JM, Pereira M, Johnson KW, de Paz N, Dooner 
MS, Puente N, Ayala C, Brilliant K, Berz D, Lee D, 
Ramratnam B, McMillan PN, Hixson DC, Josic D, 
Quesenberry PJ (2010) Microvesicle entry into 
marrow cells mediates tissue-specifi c changes in 
mRNA by direct delivery of mRNA and induction of 
transcription. Exp Hematol 38:233–245  

    Asahara T, Murohara T, Sullivan A, Silver M, van der Zee 
R, Li T, Witzenbichler B, Schatteman G, Isner JM 
(1997) Isolation of putative progenitor endothelial 
cells for angiogenesis. Science 275:964–967  

    Baj-Krzyworzeka M, Szatanek R, Weglarczyk K, Baran J, 
Urbanowicz B, Brański P, Ratajczak MZ, Zembala M 
(2006) Tumour-derived microvesicles carry several 
surface determinants and mRNA of tumour cells and 
transfer some of these determinants to monocytes. 
Cancer Immunol Immunother 55:808–818  

    Balaj L, Lessard R, Dai L, Cho YJ, Pomeroy SL, 
Breakefi eld XO, Skog J (2011) Tumour microvesicles 
contain retrotransposon elements and amplifi ed onco-
gene sequences. Nat Commun 2:180  

    Barry OP, Praticò D, Savani RC, FitzGerald GA (1998) 
Modulation of monocyte-endothelial cell interac-
tions by platelet microparticles. J Clin Invest 
102:136–144  

    Biancone L, Cantaluppi V, Duò D, Deregibus MC, Torre 
C, Camussi G (2004) Role of L-selectin in the vascular 
homing of peripheral blood-derived endothelial 
progenitor cells. J Immunol 173:5268–5274  

       Bussolati B, Grange C, Camussi G (2011) Tumor exploits 
alternative strategies to achieve vascularization. 
FASEB J 25:2874–2882  

         Cantaluppi V, Gatti S, Medica D, Figliolini F, Bruno S, 
Deregibus MC, Sordi A, Biancone L, Tetta C, 
Camussi G (2012a) Microvesicles derived from 
endothelial progenitor cells protect the kidney from 
ischemia- reperfusion injury by microRNA-dependent 
reprogramming of resident renal cells. Kidney Int 
82:412–427  

     Cantaluppi V, Biancone L, Figliolini F, Beltramo S, 
Medica D, Deregibus MC, Galimi F, Romagnoli R, 
Salizzoni M, Tetta C, Segoloni GP, Camussi G (2012b) 
Microvesicles derived from endothelial progenitor 
cells enhance neoangiogenesis of human pancreatic 
islets. Cell Transplant 21:1305–1320  

  Fig. 2.2    Pro-angiogenic effect of EPC-derived EVs in injured ischemic tissues. EVs may deliver factors that restrain loss 
of endothelial cells thus limiting injury and that promote endothelial cell proliferation and angiogenesis       

 

V. Cantaluppi et al.



25

     Castellana D, Toti F, Freyssinet JM (2010) Membrane 
microvesicles: macromessengers in cancer disease and 
progression. Thromb Res 125(Suppl 2):S84–S88  

    Cocucci E, Racchetti G, Meldolesi J (2008) Shedding 
microvesicles: artefacts no more. Trends Cell Biol 
19:43–51  

    Collino F, Deregibus MC, Bruno S, Sterpone L, Aghemo 
G, Viltono L, Tetta C, Camussi G (2010) Microvesicles 
derived from adult human bone marrow and tissue 
specifi c mesenchymal stem cells shuttle selected 
pattern of miRNAs. PLoS One 5:e11803  

      Deregibus MC, Cantaluppi V, Calogero R, Lo Iacono M, 
Tetta C, Biancone L, Bruno S, Bussolati B, Camussi G 
(2007) Endothelial progenitor cell derived microvesi-
cles activate an angiogenic program in endothelial 
cells by a horizontal transfer of mRNA. Blood 
110:2440–2448  

    Grange C, Tapparo M, Collino F, Vitillo L, Damasco C, 
Deregibus MC, Tetta C, Bussolati B, Camussi G 
(2011) Microvesicles released from human renal cancer 
stem cells stimulate angiogenesis and formation of 
lung premetastatic niche. Cancer Res 71:5346–5356  

    Guescini M, Genedani S, Stocchi V, Agnati LF (2010) 
Astrocytes and Glioblastoma cells release exosomes 
carrying mtDNA. J Neural Transm 117:1–4  

    György B, Szabó TG, Pásztói M, Pál Z, Misják P, Aradi 
B, László V, Pállinger E, Pap E, Kittel A, Nagy G, 
Falus A, Buzás EI (2011) Membrane vesicles, current 
state-of-the-art: emerging role of extracellular vesi-
cles. Cell Mol Life Sci 68:2667–2688  

    Kuwana T, Newmeyer DD (2003) Bcl-2-family proteins 
and the role of mitochondria in apoptosis. Curr Opin 
Cell Biol 15:691–699  

    Lefer DJ, Lefer AM (1993) Nitric oxide homeostasis con-
trol as therapy for cardiovascular diseases. Cardiovasc 
Res 27:2282  

    Li B, Cohen A, Hudson TE, Motlagh D, Amrani DL, 
Duffi eld JS (2010) Mobilized human hematopoietic 
stem/progenitor cells promote kidney repair after isch-
emia/reperfusion injury. Circulation 121:2211–2220  

    Lyden D, Hattori K, Dias S, Costa C, Blaikie P, Butros L, 
Chadburn A, Heissig B, Marks W, Witte L, Wu Y, 
Hicklin D, Zhu Z, Hackett NR, Crystal RG, Moore 
MA, Hajjar KA, Manova K, Benezra R, Rafi i S (2001) 
Impaired recruitment of bone-marrow-derived endo-
thelial and hematopoietic precursor cells blocks tumor 
angiogenesis and growth. Nat Med 7:1194–1201  

      Mathivanan S, Ji H, Simpson RJ (2010) Exosomes: extra-
cellular organelles important in intercellular commu-
nication. J Proteomics 73:1907–1920  

    Millimaggi D, Mari M, D’Ascenzo S, Carosa E, Jannini 
EA, Zucker S, Carta G, Pavan A, Dolo V (2007) Tumor 
vesicle-associated CD147 modulates the angiogenic 
capability of endothelial cells. Neoplasia 9:349–357  

    Nazarenko I, Rana S, Baumann A, McAlear J, Hellwig A, 
Trendelenburg M, Lochnit G, Preissner KT, Zöller M 
(2010) Cell surface tetraspanin Tspan8 contributes to 
molecular pathways of exosome-induced endothelial 
cell activation. Cancer Res 70:1668–1678  

     Ratajczak J, Miekus K, Kucia M, Zhang J, Reca R, 
Dvorak P, Ratajczak MZ (2006) Embryonic stem cell- 
derived microvesicles reprogram hematopoietic pro-
genitors: evidence for horizontal transfer of mRNA 
and protein delivery. Leukemia 20:847–856  

    Sarkar A, Mitra S, Mehta S, Raices R, Wewers MD (2009) 
Monocyte derived microvesicles deliver a cell death 
message via encapsulated caspase-1. PLoS One 
4:e7140  

    Schatteman GC, Dunnwald M, Jiao C (2007) Biology of 
bone marrow-derived endothelial cell precursors. Am 
J Physiol Heart Circ Physiol 292:H1–H18  

    Sheldon H, Heikamp E, Turley H, Dragovic R, Thomas P, 
Oon CE, Leek R, Edelmann M, Kessler B, Sainson 
RC, Sargent I, Li JL, Harris AL (2010) New mecha-
nism for notch signaling to endothelium at a distance 
by Delta-like 4 incorporation into exosomes. Blood 
116:2385–2394  

     Simons M, Raposo G (2009) Exosomes–vesicular carriers 
for intercellular communication. Curr Opin Cell Biol 
21:575–581  

    Skog J, Würdinger T, van Rijn S, Meijer DH, Gainche L, 
Sena-Esteves M, Curry WT Jr, Carter BS, Krichevsky 
AM, Breakefi eld XO (2008) Glioblastoma microvesi-
cles transport RNA and proteins that promote tumour 
growth and provide diagnostic biomarkers. Nat Cell 
Biol 10:1470–1476  

    Théry C, Boussac M, Véron P, Ricciardi-Castagnoli P, 
Raposo G, Garin J, Amigorena S (2001) Proteomic 
analysis of dendritic cell-derived exosomes: a secreted 
subcellular compartment distinct from apoptotic vesi-
cles. J Immunol 166:7309–7318  

    Théry C, Ostrowski M, Segura E (2009) Membrane vesi-
cles as conveyors of immune responses. Nat Rev 
Immunol 9:581–593  

    Trajkovic K, Hsu C, Chiantia S, Rajendran L, Wenzel D, 
Wieland F, Schwille P, Brügger B, Simons M (2008) 
Ceramide triggers budding of exosome vesicles into 
multivesicular endosomes. Science 319:1244–1247  

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

    Wysoczynski M, Ratajczak MZ (2009) Lung cancer 
secreted microvesicles: underappreciated modulators 
of microenvironment in expanding tumors. Int J 
Cancer 125:1595–1603  

     Yoder MC, Mead LE, Prater D, Krier TR, Mroueh KN, Li 
F, Krasich R, Temm CJ, Prchal JT, Ingram DA (2007) 
Redefi ning endothelial progenitor cells via clonal 
analysis and hematopoietic stem/progenitor cell prin-
cipals. Blood 109:1801–1809  

    Yuan A, Farber EL, Rapoport AL, Tejada D, Deniskin R, 
Akhmedov NB, Farber DB (2009) Transfer of microR-
NAs by embryonic stem cell microvesicles. PLoS One 
4:e4722  

    Zampetaki A, Kirton JP, Xu Q (2008) Vascular repair 
by endothelial progenitor cells. Cardiovasc Res 
78:413–421     

2 Membrane-Derived Extracellular Vesicles from Endothelial Progenitor Cells Activate Angiogenesis



http://www.springer.com/978-94-007-7726-2


	2: Membrane-Derived Extracellular Vesicles from Endothelial Progenitor Cells Activate Angiogenesis
	Introduction
	 Endothelial Progenitor Cells and Neoangiogenesis
	 Extracellular Vesicles (EVs)
	Biogenesis of EVs
	 Pleiotropic Functions of EVs

	 Role of EVs in Tumor Neoangiogenesis
	 EPC-Derived EVs in Tissue Regeneration After IRI
	References


