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Abstract. - Circulating Endothelial Progeni-
tor Cells (EPCs) were discovered by Asahara et
al in 1997 and defined as bone marrow CD34+/
KDR+ cells endowed with angiogenic potentiali-
ties in vitro and in vivo. The most likely assump-
tion is that EPCs consist of several cell subpop-
ulations with functions targeted at accomplish-
ing the post-natal neovascularization process in
a synergic and complementary fashion. Indeed,
the subsequent identification of numerous and
differentiated hematic populations, character-
ized by the capacity to develop an endothelial
phenotype, has posed a number of questions as
to the real identity of EPCs. This concept does
not represent a sterile speculation but rather it
suggests important implications for the future
practice of stem cell therapy.

The aim of this report was to explore through
a critical analysis the two main experimental
methodologies applied to EPCs, in vitro culture
and flow cytometry, followed by a brief revalua-
tion of the endothelial progenitors employing a
globally functional approach.
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Abbreviations

CD = Cluster of Differentiation; EPCs = Endothelial Prog-
enitor Cells; CEPCs = Circulating Endothelial Progenitor
Cell; VEGFR = Vascular Endothelial Growth Factor Re-
ceptors; FGF = Fibroblast Growth Factor; EGF = Epider-
mal Growth Factor; MNCs = Mononuclear blood Cells;
PB-MNCs = Peripheral Blood Mononuclear blood Cells;
CB-MNCs = Cord Blood Mononuclear Cells; CFU-ECs =
Endothelial-cells Colony Forming Unit; ac-LDL = Acety-
lated-Low Density Lipoprotein; CACs = Circulating An-
giogenic Cells; ECFCs = Endothelial Colony Forming
Unit Cells; EOCs = Endothelial Outgrowth Cells; IGF 1 =
Insulin like Growth Factor; Flt-1 = Fms-related tyrosine
kinase 1; eNOS = endothelial Nitric Oxide Syntase; VWF
= von Willembrand Factor; HUVEC = Human Umbilical
Vein Endothelial Cells; Flk-1 = Fetal Liver Kinase 1; Tie-
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2 = Tyrosine Protein Kinase Receptor; CEC = Circulating
Endothelial Cells; HSC: Hematopoietic Stem Cells; TCSC
= Tissue Committed Stem Cells; M-CSF = Monocyte
Colony Stimulating Factor; NGF = Nerve Growth Factor;
HGF = Hepatocyte growth factor; G-CSF = Granulocyte
Colony Stimulating Factor; GM-CSF = Granulocyte
Macrophage Colony Stimulating Factor; TNF = Tumor
Necrosis Factor; SDF-1 = Stromal cell-derived Factor 1;
CXCR4 = C-X-C chemokine receptor type 4; HIF 1 = Hy-
poxia-Inducible Factorsl; c-MET(HGF-R) = Hepatocyte
growth factor Receptor; LIF-R Leukemia Inhibitory Fac-
tor Receptor; MSC = Mesenchymal Stem Cells; HAECs =
Human Aortic Endothelial cells; HPP-ECFC: Huge Prolif-
erative Potential Endothelial Colony Forming Unit Cells;
TEPs = Resident Endothelial Precursors; TPC = Tissue
resident Progenitor Cells.

Introduction

Until 1997, it was believed that mesodermal
cells differentiating in angioblasts and subse-
quently in endothelial cells took place only dur-
ing embryo growth. This belief was dismantled
by Asahara et al study', in which hematopoietic
progenitor cells CD34+, able to differentiate ex
vivo in an endothelial phenotype, were purified
in adults. These cells, known as circulating “En-
dothelial Progenitor Cells” (EPCs), showed char-
acteristics of “staminality* (self-renewal) and
“clonogenicity* as well as the possibility to dif-
ferentiate themselves in an endothelial way.
They showed characteristics of expressing vari-
ous endothelial markers and the ability to incor-
porate in neo-vessels in the ischemic sites.

In 1998 the Shi’s group? also reported the
presence of bone marrow-derived “Circulating
Endothelial Progenitor Cells” (CEPCs) in adults.
These cells also constituted a group of
hematopoietic CD34+ stem cells able to differen-
tiate in the endothelial lineage and to express
typical markers of the endothelial cell, such as
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the vVWF; likewise, in a canine model, donor
bone marrow cells were found to be able to coat
a Dacron graft implanted on the host thoracic
aorta. These pioneering researches suggested the
presence of circulating hemangioblasts in adults.

The first discoveries defined EPCs or CEPCs as
cells positive not only for markers typical of
hematopoietic stem cells, such as CD34, but also
for endothelial surface proteins, such as VEG-
FR2/KDR. Since CD34 is expressed both on
hematopoietic stem cells and mature endothelial
cells (in this last case in lower amounts), its spe-
cific characteristics were not sufficient to discrim-
inate EPCs. Further studies used a marker typical
of more premature hematopoietic cells, CD1333,
and showed that the purified CD133+ cells can
differentiate into endothelial cells in vitro. The
CD133, also known as prominin or AC133, is a
well-conserved antigen expressed on the
hematopoietic stem cells, but it is absent on the
mature endothelial cells and is characterized by a
biological activity not yet clearly defined. There-
fore, positivity for CD133 and VEGFR?2 allows a
more specific identification of the premature en-
dothelial progenitors, while CD34+ VEGFR2+
cells could correspond to vascular wall lost cells.

Cell isolation is technically performed through
adherent culture of all mononuclear cells, or by
positive pre-selection using magnetic micro-
pearls coated with antibodies against surface
markers such as CD133, CD34 or CD31. Subse-
quently, these cells are cultured on fibronectin
plates with specific growth factors such as
VEGF, bFGF or EGF, which facilitate the
growth of endothelial-like cells.

Materials and Methods

We systematically reviewed the current litera-
ture on biology, physiology and physiopathology
of EPCs and examined the two main methods of
investigation: in vitro culture and flow cytometry.

Results
Characterization and Origin of
Endothelial Progenitor Cells:

a New Tower of Babel?
Methodological and Theoretical Studies

Although Asahara et al' and Rafii et al (Nat
Rev Cancer 2002; 2: 826-835) clearly defined

EPCs as circulating stem cells characterized by
endothelial markers, we do not have clear indica-
tions about the origin of these cells; this gap can
be attributed to the low specificity of the tech-
niques used for isolation and identification of
EPCs: in vitro culture and flow cytometry.

Circulating EPCs are isolated from mononu-
clear peripheral blood cells and are subsequently
cultured in a medium which favours endothelial
differentiation. However, many possible sources
of endothelial cells among the mononuclear pe-
ripheral blood cells can be identified: (1) the rare
hematopoietic stem cells, (2) the circulating ma-
ture endothelial cells that are released from the
vessel wall and can adhere to culture medium,
(3) the myeloid cells, that can differentiate into
endothelial cells in a culture adapted to stimulate
the differentiation, (4) other circulating progeni-
tor cells (side population cells); therefore it is
difficult to establish which of above-mentioned
cells is directly involved in the formation of en-
dothelial cell and in neo-angiogenesis. Moreover,
there are numerous cultural methods which have
led to the recognition of cells able to produce an
endothelial-like phenotype, although none of
them provide a clear indication as to the real
identity of EPCs.

In addition, even flow cytometry is not able to
accurately define the precise nature of EPCs.
The markers identified by Asahara as character-
istic of the circulating EPCs (CD34+, VEGFR+)
can be found in various cellular types present in
blood and in peripheral tissues (hematopoietic
stem cells, circulating endothelial cells, mono-
cytes-macrophages). This immunophenotypic
overlap could counteract the identification of the
ontological and phylogenetic characteristics of
EPC. On the other hand, subsequent flow cy-
tometry studies, which more generally analyze
immunophenotype of the blood cell populations
able to generate differentiated endothelial cells,
have identified among these populations pheno-
types other than those classically attributed to
EPCs (CD34+, KDR+, CD133+). Moreover, the
correspondence between the quantitative results
of the culture method and the numerical data of
the cytofluorimetric technique is low*.

The following biomedical research added fur-
ther confusions to the previously mentioned
methodological limits rather than clarifying
them. The first EPCs scientific works were con-
ducted without considering two important princi-
ples of the biological structures: the plasticity of
cellular systems and the complexity of physio-
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logical processes. Only by evaluating these fac-
tors the true nature of EPCs can be effectively
identified.

Cellular Plasticity

In recent years biomedical research has
demonstrated that our organism represents a rich
source of stem cells. Moreover, these stem cells
have a variable level of cellular differentiation
(totipotent, pluripotent, multipotent, cell precur-
sors) and a plastic ability to modify their charac-
teristics according to the organism’s needs.
Schofield® in 1983 wrote: “Stem cell properties
do not reside in one specific cell type in the pop-
ulation but, when necessary, cells other than
those normally playing the stem cell role, can
have stem cell function imposed upon them by
the appropriate microenvironment. The postulate
is offered that there are no cells which are intrin-
sically stem cells, but a range of cells in a tissue
possess stem cells potential to a greater or lesser
extent”.

From this point of view, the pro-angiogenic
microenvironment (present in EPCs cultures)
puts cultivated mononuclear cells in a condition
of stress, in which the system’s plasticity directs
the differentiation and the proliferation in en-
dothelial direction. In this culture microenviron-
ment we have identified cells able to duplicate
and to differentiate in an endothelial fashion but
this fact does not necessarily mean that a popula-
tion of lineage-committed stem cells (so-called
“Endothelial Progenitor Cells”) has been charac-
terized. On the contrary, as described below,
there could be several confounding factors like:
(1) the proliferation of already differentiated
cells, (2) the trans-differentiation of specific cir-
culating stem subsets (3) or the possibility of a
differential contribution of more subsets to this
process.

Nevertheless, it is clear that all these cells can
contribute to the neoangiogenesis process in vi-
vo, when the most likely microenvironmental
conditions of the organism are similar to the cul-
tural ones, for example during a peripheral local
ischemia.

Complexity of the Neovascularization
Postnatal Process

Different cellular populations contribute to
neovessel construction in a specific and comple-
mentary way. Numerous studies have demon-
strated that EPCs have the ability to enhance the
neovascularization process in vivo; however, this

functional common denominator did not allow to
provide EPCs with a precise cytologic label. On
the contrary, it highlighted an extreme variability
in EPCs populations capable of promoting
neoangiogenesis. In this regard, it is likely that
each of these cellular populations plays a specif-
ic role in the complex process of neovasculariza-
tion.

In conclusion, at present, the origin and nature
of EPCs seems to be anything but defined; in this
sense some authors defined EPCs “a new tower
of Babel®. We can ask several questions on the
functional characteristics of such cells’ (prolifer-
ation and physical incorporation? Paracrine func-
tion? Re-modeling of the micro-environment?).
The fundamental answer to the latter can be
found only after a precise cytological identifica-
tion of EPCs.

Though this debate begin by evaluating a bio-
logical perspective it does not represent a sterile
speculative matter and it could reveal fundamen-
tal aspects for potential clinical diagnostic and
therapeutic applications of EPCs.

One or more EPCs? The Role of Culture

Researchers are more certain than ever that
the cell population, defined as EPCs, is com-
posed of heterogeneous subpopulations, in which
the common denominator is the ability to differ-
entiate/trans-differentiate into an endothelial
phenotype and/or contribute in strengthening the
neovascularization process®; research in this field
aims to distinguish the various populations, to
clarify their origin and hierarchy and to define
their role within the complex neovascularization
process.

Three culture methods to select EPCs in vitro
by mononuclear blood cells (MNCs) can be
used, as described below.

According to the original method, improved
by Asahara et al and afterwards modified, the
culture of MNCs (Mononuclear Cells), taken
from peripheral blood (PB-MNCs, Peripheral
Blood Mononuclear Cells) or from cord blood
(CB-MNCs, Cord Blood Mononuclear Cells), is
made on fibronectin medium. After 48 hours of
pre-plating, so as to remove mature macrophages
and adherent endothelial cells, the cells that do
not adhere to the medium are taken and re-cul-
tured on fibronectin substrata. After 5-9 days of
culture, cell colonies formed by central round
cells and peripheral spindle-like cells were
found; these kinds of colonies were defined as
CFU-ECs (Colony Forming Unit-Endothelial
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Cells) or CFU-Hill cells. The combination of cul-
tural and flow cytometry data shows that, among
the mononuclear cells adhering to fibronectin in
the early phase of the culture, 15.7% expressed
CD34+, 27% VEGFR+, while 11% showed a
double positivity CD34+ VEGFR+. After 7 days
of culture, CFU-ECs showed an endothelial phe-
notype positive for CD34, VEGFR, CD31, Tie-2
and E-selectin, positive for both endothelial and
hematopoietic markers.

According to a second culture method, MNCs
are put in a medium enriched to help the endothe-
lial growth for 4 days; the behavior of the adher-
ent population is then analyzed while the non-ad-
herent fraction is removed. The cultured cells
show a phenotype and some functional character-
istics identical to those of endothelial cells (for ex-
ample the ability to bind the Ulex Europaeus Ag-
glutinin I [UEA-1] and to incorporate ac-LDL),
but at the same time they have hematopoietic
markers. Such adherent cells were defined as
CACs (Circulating Angiogenic Cells) and show
phenotypic and functional characteristics which
are compatible with those of CFU-EC; for this
reason, both cell populations have been named
EPCs. It’s interesting to notice that, on the one
hand, the morphology in CACs culture is not iden-
tical to that in the CFU-EC one, but, on the other
hand, separate culture of spindle-like cells, taken
from CFU-EC, show a similar shape to that of
CACs. Moreover, it can be observed that CACs
are well represented in the population of MNCs
(about 2%).

According to the third culture method, PB-
MNCs or CB-MNCs are put on a substratum
formed by collagen type 1, enriched for endothe-
lial growth. During the culture, non-adherent
cells were repeatedly removed; after 10-21 days
we observed the development of cell colonies
from PB-MNCs, while for CB-MNCs 5-7 days
were sufficient. Such colonies are constituted by
adherent cells defined by some authors as ECFCs
(Endothelial Colony Forming Unit Cells), by
others as EOCs (Endothelial Outgrowth Cells),
which show a phenotype identical to that of en-
dothelial cells, do not display hematopoietic
markers, present cobblestone morphology (typi-
cal of endothelial cells), have a high proliferative
potential in vitro and the ability to form new ves-
sels in vivo.

A first rough differentiation among the sub-
populations of EPC can be made on the basis of
the replication kinetic. CFU-ECs and CACs
emerge too early from the cultures and, for this

reason, they have been defined as “early out-
growth” EPCs; ECFCs develop later and so they
have been defined “late outgrowth” EPCs. Hur et
al® analyzed the differences and the links existing
between these two EPCs populations, reproduc-
ing them in culture and verifying the cytologic
and functional characteristics both in vitro and in
vivo. These authors cultured the PB-MNCs on a
pro-angiogenic medium, enriched with factors
like VEGF, hEGF, hFGF-B, IGF-1, and subse-
quently considered end-points such as the growth
curve, the secretion of cytokines, the ability to
develop tube-like structure in vitro and the abili-
ty to produce neo-vasculogenesis in vivo.

Early EPC increase in number within two
weeks of culture, reaching 3 x 10°-5 x 10° from
50 ml peripheral blood cells, subsequently slight-
ly proliferate and finally slowly die; the im-
munophenotypic characterization shows both
monocytic and endothelial surface characteris-
tics, with intimal markers like VE-cadherin,
KDR, FIt-1, e-NOS, vWEFE. Late EPCs, on the
other hand, proliferate slowly in the early phase
of the culture, but subsequently increase their
replicative activity rapidly and expand from 20
to 10" cells within six weeks. Late EPCs dis-
plays a immunophenotypic profile lacking in
CDla and in CD14, which is identical to the one
present on microvascular endothelium, with an
expression of endothelial markers which is more
marked than that of early EPCs. From a function-
al point of view, in vitro early EPCs show an ex-
tension of their cellular structure, forming spin-
dle-like shapes, but without determining the de-
velopment of tube-like structures. Late EPCs, on
the contrary, are able to form tubular capillaries
on a matrigel substratum. However, early EPCs,
if cultured together with the HUVEC (Human
Umbilical Vein Endothelial Cells), are able to
form tubular structures at a rate that is slower
than that of late EPCs. Conversely, in vivo vascu-
logenic potential of early and late EPCs shows
no significant differences. Moreover, late EPCs
proved to be more competent in producing nitric
oxide (NO), therefore fulfilling the endothelial
function.

Hur et al’ tried to interpret these data, making a
comparison with those resulting from previous
studies. Firstly, from an immunophenotypic point
of view PB-MNC:s are positive for CD45, but also
for Flt-1, eNOS, vWF and CD31. Early EPCs lose
CD45 and CD31 markers progressively, but show
high levels of KDR and VE-cadherin expression,
which, in turn, disappear after three weeks of cul-
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ture; these data agree with those of Asahara et al'.
At the same time other studies showed conflicting
evidences with regard to genic expression of early
EPCs, above all to the expression of KDR, CD14
and Flt-1. This suggests that early EPCs represent
a very heterogeneous cell group. On the other
hand, considering that genic expression of late
EPCs is quite constant, this population could be
formed by homogeneous elements.

Hur et al® assumed the connection between
these two populations observing the behavior of
early EPCs marked with red fluorescent protein,
in order to analyze the culture end of these cells.
Although most of them died within two days of
re-plating, a small amount formed numerous late
EPCs colonies and caused a dilution of the red
coloring agent. This data suggested that the het-
erogeneous population of early EPCs could con-
tain the progenitors of late EPCs, which could
have produced final late EPCs; this means late
EPCs could derive from a subset of early EPCs.

Evidence of both genic/immunophenotypic
expression and functional behavior shows that
late EPCs have an endothelial characterization
that is more marked than that of other cells.
Some of these differences seem to be correlated
to a greater expression of KDR by late EPCs, and
this condition implies a greater responsivity to
VEGF, causing a greater NO production and a
greater ability to form tubes in vitro. Moreover, a
more consistent presence of VE-cadherin, an en-
dothelial adhesion molecule, on late EPCs, helps
incorporation of them on HUVEC monolayers.

These data in vitro do not agree with those in
vivo, where we find a vasculogenesis potential
which is basically identical in the two groups.
However, in the situation in vivo, the two popula-
tions could act in a different way during the
process of neoangiogenesis. Particularly, early
EPCs, because of their heterogeneity, could help
the construction of new vessels in many ways,
but their principal activity would be the secretion
of growth factors and pro-angiogenic cytokines;
on the contrary, late EPCs would be more specif-
ically associated to a physical incorporation of
numerous endothelial elements proliferating in
the new vessels®!?. Supporting this hypothesis, it
was demonstrated that the combined transplant
of early and late EPCs in the site of ischemic le-
sion, allowing the synergic functional collabora-
tion between the subpopulations to the neovascu-
larization process, determines an increase in the
number of neo-vessels, against the situation in
which a single population is used''.

One or More EPCs? The Role of
Flow Cytometry

Now we have to more precisely define the na-
ture of EPCs by: (1) identifying the possible sub-
populations included in the classic EPCs popula-
tion (CD34+, VEGFR+, CD133+); (2) consider-
ing the possible existence of other EPC sub-pop-
ulations, besides the classic phenotype described
by Asahara; (3) finally, verifying which of the
sub-populations can be considered real EPCs, to
which level and which function they carry out in
the complex process of neoangiogenesis.

Since their discovery, researchers ascribed
EPCs an anatomic bone-marrow origin and iden-
tified, on the basis of the immunophenotypic da-
ta, a possible derivation from the hematopoietic
lineage; subsequent studies pointed out how such
basic assumptions cannot be considered absolute,
but must be related to a particular analysis of the
origin of the various EPC sub-populations.

At the beginning of this research, Asahara'?
worked on transgenic rats, expressing beta-galac-
tosidase under the action of specific endothelial
promoters (Flk-1/LZ or Tie-2/LZ), and used
them as bone-marrow donors; transplanted rats
showed, in the endothelial cells of physiologic
and pathologic neovascularization sites (e.g. cor-
pus luteum, endometrial tissue, tumoral tissue,
local ischemia), an evident expression of donors
genes, displaying a bone-marrow origin of EPCs
and their role in the neovascularization in vivo.

Gunsillius et al'® tried to better analyze the de-
rivation lineage of EPCs. They verified how pa-
tients with chronic myeloid leukemia (disease
characterized by the presence of chromosomal
translocation #?* in the hematopoietic clone) pre-
sented this mutation also on CFU-EC colonies.
They concluded that EPCs should derive from
hematopoietic lineage.

Strictly related with Asahara et al'> and Gun-
sillius et al®® studies, Yoder et al'4, with the aim
of defining the clonal origin of cells derived from
CFU-ECs and ECFCs cultures, demonstrated that
the cell types expressed in the two different
methods would derive from non-related lineages.
In particular, the authors analyzed the EPCs of
11 patients with polycythemia vera, a clonal dis-
ease of the bone marrow, characterized by the
presence of the V617F Janus Kinase 2 (JAK?2)
mutation. CFU-ECs cultures showed mutation in
all their colonies, therefore proving their origin
from hematopoietic lineage. Vice versa, ECFC
showed this mutation only in three of 89
colonies, displaying how ECFC derive from a
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cellular lineage which is different from the
hematopoietic one and questioning, but not total-
ly denying, also the bone-marrow origin of these
cells.

Yoder et al'* studies do not completely contra-
dict Asahara and Gunsillius’ hypothesis, rather
they supplement it, better defining the matter in
the light of the characteristics pointed out by the
different methods of cell culture. Yoder says that
CFU-EC/CAC belong to the hematopoietic lin-
eage and, therefore, confirms their bone-marrow
origin; this is in line with the studies of Asahara
and Gunsillius, who probably analyzed the pre-
cursors of this cultural population. Afterwards,
Yoder et al'* show that ECFC population is ex-
tremely different from CFU-EC/CAC not only in
their cytologic and cultural characteristics but al-
so in their intrinsic clonal derivation, originating
from non-hematopoietic lineage.

The fact that a fraction of EPCs can derive
from a non-hematopoietic lineage lead us to be-
lieve that EPC/ECFC can originate not only from
a bone marrow source of non-hematopoietic na-
ture, but also from a non-bone marrow source
(peripheral tissue). In this sense, previous studies
had already supported this hypothesis: in 2002
Hillembrands et al'® observed that the endothelial
regeneration in a model of transplant of arte-
riosclerosis was induced by the action of cells of
non-bone marrow derivation. In this perspective,
Lin et al's analyzed circulating endothelial cells
(CEC) and EOC/ECFC colonies derived from
their culture. This study pointed out how 95% of

CEC derived from peripheral tissue, probably of
vasal origin; they showed a slight proliferative
potential in vitro, with a peak value of growth in
the early phase and a 27-fold cell expansion after
4 weeks. Remaining 5% of CEC was of bone-
marrow origin, displayed maximum proliferative
potential in the late phase, and had a 1023-fold
expansion after four weeks, therefore greatly
helping the expansion of the total volume of
cells. The authors clearly show how in peripheral
blood two different lineages of ECFC progenitor
cells exist, included in CEC; the first, deriving
from periphery, with a more represented number,
but with a limited proliferative potential; the sec-
ond, deriving from bone-marrow space with a
great proliferative potential.

These studies have a great effect on the below
classification, because they point out two ways to
follow in the research of the origins of EPCs sub-
populations: (1) the bone-marrow hematopoietic
lineage for CFU-EC/CAC and also for a part of
ECFC (in its ancestral component, as heman-
gioblast); (2) the non-hematopoietic lineage for
ECFC, in which we can identify: (a) cells of
bone-marrow origin and (b) cell of non-bone-
marrow origin (Figure 1).

Hematopoietic Lineage
Hematopoietic lineage has a great number of

cell types assigned to represent EPC subpopula-
tions able to adopt an endothelial phenotype and
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Figure1. Possible EPCs subpopulation and their anatomic derivation (Orange = Bone marrow origin; Blu = Peripheral tissues

origin).
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to help neovascularization processes; they start
from ancestral progenitors, like hemangioblasts
and Hematopoietic Stem Cells (HSC), to the
most differentiated monocyte population. Even
other cell types, generally not considered EPCs,
such as the immune system cells, have shown
unexpected pro-angiogenic capacity.

Hematopoietic Stem Cells

First of all, with regard to the relationship be-
tween EPCs and HSC, even in this particular
case the immunophenotype definition, based on
clusters of differentiation (CD), caused a lot of
problems in the exact identification of the exis-
tent relationships between cell types. EPCs ex-
perimental data have identified a CD34+,
CD133+, KDR+ phenotypic pattern which is
identical to the one that characterizes HSC. This
biological overlap caused many problems in the
exact identification of EPCs. More studies have
been taken up to find out if this immunopheno-
typic concordance between HSC and EPC also
implies a cytological and functional concor-
dance. In other words the problem is to find out
the relationship between two cellular types
whose immunophenotype is identical but with
different functions and also if there are differ-
ences that allow us to distinguish the two cells.

Bailey et al'” remark HSC trans-differentiation
ability by using in vivo tests of bone marrow
transplant on irradiated mice; the analysis of pe-
ripheral tissues clearly showed an incorporation
of bone marrow cells in the intima. For this rea-
son, scientists concluded that HCS plays a role in
the constitution of peripheral vessels by multi-
plying and modifying its own cellular phenotype.

This theory was doubted by a study carried out
by Case et al'® who measured in vitro the EPC
potential of the hematopoietic progenitors. By
cultivating the classic CD34+ CD133+ VEGFR-
2+ cells, they showed that these had only a
Hematopoietic CFC (Colony-Forming Cell) ca-
pacity and no EPCs capacity. As a matter of fact,
the problem unresolved by this conclusion can be
solved by considering the important role played
by CD45 pan-leucocyte markers in characteriz-
ing this population. While C34+ and CD45+
cells (> 99% of CD34+ CD133+) continued to
express hematopoietic power and did not act as
endothelial progenitors, CD34+ CD45- cells
formed EPC/ECFC colonies in culture but never
CFC. These results are important for EPC experi-
mental practice, considering that many diagnos-
tic and therapeutic tests have only studied

CD34+ CD133+ VEGFR-2+ markers not consid-
ering CD45 which, if negative, identifies a TCSC
(Tissue Committed Stem Cells) stem cell popula-
tion (EPCs potential) with different characteris-
tics from hematopoietic progenitors (see for-
ward)".

However, other studies do not exclude that
CD34+ CD45+ hematopoietic phenotype cells
can evolve into a sort of endothelial develop-
ment. Timmermans et al*® showed how CD34+
CD45+ cells can generate CFU-EC endothelial
cell type by producing monocytes progenitors, as
demonstrated by the presence in culture of many
monocytes/macrophages (even if EOC/ECFC re-
mains typical only of CD34+ CD45- cells).

For this reason, the HSC’s endothelial produc-
tion is probably not direct but linked to the con-
stitution of monocyte progenitors. These cells
have different stages of pro-endothelial activity.

Hemangioblast

A second kind of cell population endowed
with EPCs potential is represented by heman-
gioblasts, bipotent embryonal cells which origi-
nate from mesoderm line. Their function is to
produce both hematopoietic and endothelial
progenitors during the ontogenesis. The first
identification of the hemangioblast was achieved
by analyzing embryonal blood islands in vitelline
membrane where it was possible to observe cel-
lular homogeneity accompanied by a double cy-
togenetic capacity, which is the capacity of pro-
ducing an external layer of endothelial cells and
an internal layer of blood progenitors. Therefore,
we concluded that during fetal life the hematic
and endothelial cells’ progenitor is the same: the
hemangioblast?!.

From that time onwards many studies tried to
demonstrate the duration of the hemangioblast in
full age. Some researchers, like Grant et al**
tried to prove the existence of adult heman-
gioblast by using in vivo models. In animals suf-
fering from diabetic retinopathy it was possible
to show that HSC cells that came from bone mar-
row had hemangioblast qualities. But we also
know that in these cases in vivo models are not
very specific and this evidence could be due to
the angioblast activity of TCSC medullary cells
which could show HSC’s phenotypic characteris-
tics'.

Pelosi et al* study seems to be more convinc-
ing. He demonstrated in vitro that 5% of CD34+
KDR+ cells (5/10° of MNCS) has hemangioblas-
tic qualities. In particular, this cell type, when was
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isolated in pure culture of individual cells in pro-
hem, pro-end or pro-hem-end micro-environmen-
tal stimulations, produced respectively hematopoi-
etic, endothelial or mixed colonies. This proved
the bi-potential of these types of cells and their
great ability in modifying themselves according to
micro-environmental modification.

Therefore, the hemangioblast, as demonstrated
for other cell progenitors, remains even later in
life, thus representing a source of endothelial
cells**?. Although its scarce presence in periph-
eral blood makes minimum the contribution to
the vasculogenesis process in basal conditions,
some studies show how, like the other EPC sub-
populations, the hemangioblasts undergoes a
process of reactivation in case of ischemia?. This
supports that its neo-angiogenic activity is not
slight in conditions of alterations of vascular
homeostasis.

Monocytes/Macrophages

Monocytes/macrophages, a blood population
highly represented in peripheral blood, in many
in vitro studies demonstrated the ability to prolif-
erate and differentiate in endothelial sense, thus
giving a contribution to in vivo neovasculariza-
tion process.

Monocytes/Macrophages represent the 5-10%
of circulating leukocytes. They are made up of
an extremely heterogeneous population whose
phenotypic features are strongly influenced by
stimulations from the surrounding microenviron-
ment. Therefore, circulating monocytes could
develop and differentiate themselves according
to the body’s local needs. This is demonstrated
by monocytes’ huge phenotypic range in periph-
eral blood: dendritic cells; Langerhans cells; os-
teoclasts; alveolar macrophages; NCS’s
macrophages; splenic macrophages; Kupffer cells;
inflammatory monocytes”’. In this prospective, the
chance of a possible differentiation of mono-
cytes/macrophages in endothelial sense cannot be
left out. These two cell types seem to share many
functional and immunophenotypic qualities and
they also seem to play the same role in the forma-
tion of tissue structures (we can take the reticu-
lum-endothelial system as an example); some au-
thors® also remark on the chance of a cell overlap
between these two populations which would lead
to the use of more restrictive classification criteria.

In 2000 Fernandez Pujol et al*® proved that hu-
man CD14+ monocytes, in the presence of pro-
angiogenic growth factors and hydrocortisone,
produce the so called “endothelial-like cells”.

These cells were generated in culture after one
week and exhibited v-WF, CD144 (VE-cad-
herin), CD105, acLDL receptor, CD36, VEGFR-
1 endothelial markers first, and also VEGFR-2
later. The morphological characteristics of the
“endothelial-like cells” cultures were similar to
those of CFU-EC cultures: at the beginning there
are small mononuclear cells which become oval
cells; these cells eventually produce a population
of “spindle-shaped granulated cells”. With this
experiment Fernandez Pujol et al* demonstrated
that pure monocytes in peculiar conditions can
produce endothelial cells.

Gulati et al® tried instead to find out the role
played by monocyte populations in EPC cultures.
These authors were able to obtain CFU-EC and
EOC-ECFC cultures from PB-MNC. Unlike
ECFC which were CD14-, CFU-EC cultures
were positive to CD14 (marker typical of mono-
cyte population). This demonstrated the cellular
heterogeneity of the various EPC cultures and al-
lowed to better understand the characteristics of
CFU-EC monocyte population. Gulati et al** hy-
pothesized that, even if monocytes in culture (ac-
cording to Fernandez Pujol studies®®) were able
to differentiate in endothelial populations; they
had neither stem characteristics in proliferative
capacity, nor were they able to give a remarkable
contribute to the formation of neovessels. The
authors thought their function was to produce
paracrine secretion during the angiogenic
process.

In 2003 moreover, Zaho et al*' identified a par-
ticular subset in the complex monocyte popula-
tion with all the characteristics of a pluripotent
stem cell. Such cells, identified as f-macrophages
(f-M® because of their resemblance with fibrob-
lasts), have a CD14+, CD34+ and CD45+ im-
munophenotype. Unlike classical monocyte, they
reproduce themselves in the presence of Mono-
cyte Colony Stimulating Factor (M-CSF) and in
case of specific environmental stimulations they
are capable of forming different types of cell:
mature macrophages (under Lipopolysaccha-
ride), T lymphocyte (under Interleukin-2), ep-
ithelial cells (under EGF), neuronal cells (under
Nerve Growth Factor), hepatic cells (under
HGF). VEGEF stimulation allowed the production
of endothelial cells, with the formation of cob-
blestone-like structures positive to VEGF-R2,
VEGFR-3 and vWF.

An evident heterogeneity of EPCs monocytes
characteristics poses some questions on the real
function of these cells in the neovascularization
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process; more in general, this problem can re-
gard all Endothelial Progenitors Cells. Gulati et
al’® emphasized the paracrine function; this
would agree with the most intrinsic cellular
qualities of the monocytes/macrophages line
and would partially lead to justify the apparent
paradox for which in vivo they give a huge help
in increasing the formation of neovessels, even
if there are very few EPC cells in the vessels.
Rehman et al®? studies agree with this thesis.
They managed to show that in EPC’s cultures
originating from monocytes there is a produc-
tion of many pro-angiogenic cytokines such as
VEGF, HGF, G-CSF and GM-CSF. On this ba-
sis we think that’s appropriate Rabelink et al®
question, if EPC reaction is actually a stem ac-
tivity or if it is just an inflammatory reaction to
ischemic damage. In support of this hypothesis,
recent studies***> show how EPCs represent,
compared to other cell types, the privileged tar-
get of post-ischemic pro-inflammatory media-
tors, like TNF-alpha.

Fujiama et al*® on the other hand, remarked
that monocytes can physically help the process
of focal re-endothelization; this would find a
physiopathological placement to the high differ-
entiation capacity and to the little proliferating
capacity of most of these cells. In contrast,
Moldovan et al’” demonstrated that mono-
cytes/macrophages, during neovascularization
process, can help the construction of neovessels
by forming metalloelastase-dependent tunnels
in ischemic myocardium.

More studies emphasize the contribution that
myeloid line gives to endothelial regeneration,
remarking on its important role in physical
neovessels production®. On the other hand, Ur-
bich et al* tried to remark that CD34-/C14+
myeloid cells can help to produce in vivo neoves-
sels on ischemic tissue, only if they are previous-
ly put in ex-vivo culture in medium with VEGF.

Even in this case, the different results
achieved by the authors probably depend on dif-
ferent experimental conditions and on the analy-
sis of different cellular subsets in monocyte pop-
ulation. In 2001, in this way Harraz et al*
demonstrated that CD34- CD14+ cells, which
had differentiated in endothelial sense, subordi-
nated their physical incorporation in damaged
vessels to the presence of other CD34+ cells,
thus remarking that leukocyte-leukocyte interac-
tions, which are typical of neovascularization
process, are necessary for a correct homing of
EPCs derived from monocytes.

Macrophages seem to have a wide range of
functions in neovascularization process, accord-
ing to the plasticity and the extreme functional
heterogeneity of these cells.

Many authors, on the basis of the particular
characteristics of the monocyte derived “en-
dothelial-like cells”, does not classify CD45+
CD14+ endotheliocytes as proper endothelial
cells; according to Schatteman et al?®. This
concept seems not be justified because it
would deny demonstrated EPC properties of
monocyte.

Other Types of Cells

Finally, we would like to refer about some
experimental data which proved the presence of
pro-angiogenic populations among hematopoi-
etic cells that are not generally classified as en-
dothelial progenitors, such as the immune sys-
tem cells. Rohde et al*! pointed out that the for-
mation of CFU-EC colonies deriving from
mononuclear peripheral blood cells is highly
dependent on both monocytes and T cells’ ac-
tion, probably because of the important role
they play in the secretion of pro-angiogenic cy-
tokines, like TNF-a. CD34+ cells are not re-
quired for CFU-EC production and pure cul-
tures of CD34+ cells would not allow to obtain
CFU-EC colonies. Furthermore, it seems that in
the immune system neither B cells nor NK cells
are necessary for CFU-EC formation.

Non-hematopoietic Lineage

Lin et al'® data (see above) proved the exis-
tence of two subpopulations among non-
hematopoietic blood sources of EPC/ECFC.
The bone-marrow subpopulation is poorly rep-
resented but has a high proliferative activity;
whereas the not-bone marrow subpopulation is
highly represented but has a much lower prolif-
erative potential. Bone marrow population
could be made up of all those stem cells that in
the differentiation development process (image
1) come before endothelial cells (stem totipo-
tent cell, mesenchymal cell). Among these, the
angioblast lineage-committed progenitor, would
surely represent a type of cell specifically di-
rected to play EPCs function. Peripheral cells
could be represented instead by a CECs stem
subset derived from vessels or even by pluri-
multipotent stem cells derived from parenchy-
mal tissues.
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Bone Marrow-Derived Cells

Medullary Angioblast

Different studies, directed to enquiry on bone
marrow’s regeneration capacity, support the hy-
pothesis that endothelial/angioblast progenitor
exists even in adults. To understand stem cell
balances, it is essential to take into account the
medullary heterogeneity theory, supported by
Kucia et al'® on the basis of proven experimental
data. This theory is in contrapposition to both
hematopoietic transdifferentiation and cellular
fusion theories. According to these authors, dur-
ing embryogenesis, the chemotactic stimulation,
which is necessary in order to introduce HSC in-
to the bone marrow, would be linked to sig-
nalling SDF-1/CXCR4 axis’ action. At the same
time this stimulation would not only recall HSCs,
but would also play a role in attracting the so-
called tissue committed stem-cells (TCSC),
which own CXCR-4 receptor. TCSCs own CX-
CR4+, CD34+, AC133+, CD45- immunopheno-
type. There is a high concentration of these cells
in fetal blood and they are also programmed to
form different types of tissues (hepatocytes, my-
ocardiocytes, muscular cells, nervous cells); in
adults TCSC peripheral levels approximate to ze-
ro, but the existence of a possible reservoir in
medullary cavity, as Kucia et al suggest, gives
important prospects.

TCSC own qualities that are similar to those
that are generally attributed to EPCs and these
characteristics are also identical to those that are
generally ascribed to HSC, thus causing a lot of
confusion. According to many clinical studies on
EPCs*, G-CSF demonstrated that it can increase
circulating TCSC levels*. TCSC also are mobi-
lized in peripheral blood when stress and tissue
damages occur because of hypoxia-HIF1-SDF1-
VEGFA axis activation®**. If this is true, like-
wise in the bone marrow a kind of EPC/TCSC
cells exists. These cells are useful to endothelial
development, have high proliferative capacities
and can be defined as angioblasts. Angioblast
theoretical characteristics seem to match with ex-
perimental data demonstrated by Lin et al'® to
characterize ECFC endothelial progenitor origi-
nating from bone marrow: bone-marrow cell,
poorly represented in peripheral blood (5% of
CEC) has highly endothelial proliferative capaci-
ties.

From a functional point of view angioblast,
such as TCSC and HSC, would represent a reac-
tion mechanism to tissue damage, ruled by sig-

nalling VEGF-SDF1; in ischemic-hypoxic dam-
age it is important neovessels’ rebuilding, which
is obtained by EPC/angioblasts mobilization.

TCSC’s possible immunophenotype contains
CD34, CD133, CXCR-4 and other markers in-
cluding CD117, c-MET (HGF-R), LIF-R; the ex-
pression of specifically endothelial proteins such
as VE-cadherin or v-WF, can help in distinguish-
ing the angioblast from other types of TCSC.
CD45 negativity is necessary to distinguish an-
gioblast and the other TCSCs from HSC".

By using this immunophenotype data, Kucia et
al' pointed out that TCSC CXCR4+, CD34+,
AC133+, CD45- can contaminate preparations of
HSC CXCR4+, CD34+, AC133+, CD45+ which,
without CD45 dosage, can be wrongly consid-
ered as HSC pure cultures. Thus, the presence of
endothelial cells in HSC cultures is probably not
due to a transdifferentiation of pure HSC’s plas-
tic phenotype, whereas it seems likely a possible
activation of angioblast TCSC which contami-
nate medullary sample. Considering Case’s tests
on HSC CD45+'%, this would be another demon-
stration of HSCs’ improbable EPC activity.

These conclusions seem to be right also for
hemangioblasts; blood-endothelial bi-potential of
a culture can simply come from hematopoietic
HSC and angioblast TCSC coexistence.

These conclusions do not completely leave out
hemangioblast existence and HSC’s angiogenic
power, but they also suggest to be really careful
while considering past experimental results and
they show that is important to take into account
CD45 expression as a marker necessary to guar-
antee cellular sample’s purity.

Mesenchymal Cells and Other
Multipotent Cells

Mesenchymal Stem Cells (MSC) are multipo-
tent cells which are not hematopoietic; they are
placed in bone marrow and circulate in peripher-
al blood, they are able to differentiate in many
mesoderm-derived cells (and not only). It seems
that CD140b is a specific marker for mesenchy-
mal cells®. Liu et al* studies showed that if cul-
tured in Endothelial Growth Medium (EGM-2),
MSC are capable of producing endothelial-like
cells (MSCE) which are different from the usual
EPCs, but still able to favour the neovasculariza-
tion process, even in vivo. Other researchers have
demonstrated how the mesenchymal cells can
contribute to the process of tissue reparation, and
so of neovascularization, even through the secre-
tion of cytokines®.
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We cannot leave out EPCs’ possible activity
of other pluri-multipotent stem cells which are
placed in our bone marrow but whose character-
istics have not been examined yet.

Non-bone Marrow-Derived Cells

Peripheral Angioblast

Lin et al study'® proved that if peripheral tis-
sue Circulating Endothelial Cells-CECs (95% of
CEC whole population) are cultured on a proper
medium, they showed some proliferative capaci-
ty. So, a source of endothelial progenitors also
exists in peripheral vassals beyond the bone mar-
row space. In this sense, a fraction of EPCs
would be constituted by peripheral non-bone
marrow cells of vasal origin, being part of a stem
subset of CECs.

CECs (Circulating Endothelial Cells) are an
extremely small hematic population (0.01%-
0.001% of PB-MNC) which has a positive im-
munophenotype to endothelial markers (vWf+,
CD146+, VE-cadherin+), in the absence of
hematopoietic markers (CD45-, CD14-) and in
the presence of progenitors’ markers (CD133+,
CD34+). CECs can be isolated by using either
anti-CD146 immunobeads or flow cytometry,
even if following quantitative results achieved by
different work teams are extremely various. It
would seem that they have vassal origins. In
physiological conditions, even if intima layer, is
in a relatively quiescent state, vascular sites sub-
mitted to stressful conditions, like branching off
or turbulent flow zones, are more likely to be
desquamate and would need a larger cellular
turnover. Circulating CECs levels tend to have a
10-fold increase (or more) when pathological
conditions, which damage vases (such as cardio-
vascular diseases, connective tissue, infections,
cancers, blood diseases) occur.

The relationship between CECs and EPCs is
not so well defined. Numerous data evidence that
between these two cells there is a functional and
phenotypic overlap which gives reason to believe
that they have common origins. On the one hand,
tissue CEC showed a good proliferative poten-
tial's, on the other the increasing evidence shows
the presence of progenitors/EPC markers (CD34
and CD133) on CEC¥. Moreover, CEC and EPC
levels seem to be inversely linked (for example
when cardiovascular diseases occur, the number
of CEC increases and the number of EPC de-
creases). Some authors wondered whether EPC

and CEC represent two sides of the same coin*.
It is probable that a CECs stem subset represents
an EPC subpopulation. Thanks to classical mi-
croscopic anatomy, we know there are endothe-
lial stem cells on intimal wall. It is possible to
suppose that endothelial desquamation process
causes the release of both senescent and apoptot-
ic cells and cells endowed with stem potentials,
which enrich circulating endothelial progenitors.

The stem potentials of the resident endotheli-
um have already been demonstrated in 2001 by
Alessandri et al®' and better studied by Ingram et
al®. Ingram analysed the proliferation character-
istics of both “Human Umbilical Vein Endothe-
lial Cells” (HUVECs) and “Human Aortic En-
dothelial cells” (HAECs)2. In vitro culture of
HUVECs and HAECs single cells demonstrated
that 52% and 53%, respectively, divided after 14
days and that 27% and 28% of above-mentioned
proliferating cells formed colonies made up of
2000 cells. Other quantitative studies®® demon-
strated that 20% of HUVEC’s progeny and 29%
of HAEC’s progeny had a huge proliferative po-
tential (HPP-ECFC). This proved that even in
vascular wall endothelium there are cells en-
dowed with huge stem potential. These cells,
desquamating and entering the blood flow, can
enrich circulating EPCs’ pool.

Grenier’s>* group has demonstrated the exis-
tence of “Resident Endothelial Precursors”
(TEPs), stem cells which reside in peripheral
tissues (muscle, adipose tissue, derma) in cor-
respondence of small tissue vessels, character-
ized by low proliferative potential and by high
ability to differentiate into endothelium. Phys-
iopathologically a tissue damage leads them to
proliferate and differentiate, although their an-
giogenic abilities are also present in basal
physiological conditions. So, it is possible that
these recent studies characterized a new an-
gioblast resident population with proliferative
ability in situ.

It seems that actually these cells carry on
their activity not only at the origin tissue level,
but they are released in the circulating flow in
particular conditions to form sites of neovascu-
larization at a distance. In this sense, Aicher et
al>> demonstrated how in a murine model of
parabiosis lower limb ischemia can induce the
mobilization of tissue stem cells non bone mar-
row derived, placed in perivascular zone and
defined as TPC (Tissue resident Progenitor
Cells c-kit+ CD 45-). They have, in vitro, the
ability to form CFU-EC colonies and in vivo
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can incorporate in the vessels of an ischemic
tissue. In the same experiment, these authors
showed that a part of TPC, EPC potential, de-
rives from two precise parenchymal compart-
ments: intestine and liver. Although in the dis-
cussion of the study the authors do not exclude
that these cells could belong to tissue-specific
stem cells (probably side population cells),
likewise these populations can also characterize
as resident angioblasts, both for their anatomic
perivascular localization and their immunophe-
notypic definition.

Side Population Cells

The so-called “side population cells”, that is
the population of stem cells located in the
parenchymal structure of peripheral organs,
demonstrated to be able to represent a further
source of endothelial cells. Because these cells
are already resident, their role in the vasculogen-
esis process could have a double functional
meaning: first, they would act as in situ EPCs,
able to contribute to neovascularization directly
on the injured site, without mobilizing; second,
they could be released into the circulation by
parenchymal organs, so constituting the circulat-
ing pool. Such cells are potentially present in
every tissue; their existence has been visibly

shown in the adipose tissue®®’, in the cerebral
tissue®®, and even in the dental pulp®.

From a functional point of view, these cells
could contribute in different ways to the process of
postnatal neovascularization. If the transdifferen-
tiative hypothesis is true, they could assume, in
particular conditions, an endothelial phenotype, so
physically contributing to the constitution of
neovessels®®. Some study groups, however, do not
exclude that these cells could have paracrine func-
tions, as we have already seen, for example, for the
monocytes/ macrophages®’ (Table I).

Conclusions

Correlation Between Culture,
Cytological Data and Future Directions

In a study, Prater et al® tried to interpret the
heterogeneity of EPC population evaluating the
cytology of PB-MNC.

In the population of PB-MNC CD45+ (99.9%
of total PB-MNC), about 5% is composed of
mononuclear circulating macrophages: most of
them form the CACs and, for this reason, can be
defined as EPCs. Especially, the CACs would
represent a heterogeneous population of myeloid
progenitors, particularly differentiated.

Table I. Summary of the main immunophenotypic and functional characteristics that define the different EPC subpopulations.

Hemangioblast CD34+, KDR+,CD45-,
PECAM+, FLK-1+
and VE-Cadherin+

Monocytes Macrophages CD14+, CD64+, CD34 +/-

Others (B-lymphocytes) B-lymphocytes phenotype

Non-hematopoietic lineage
Bone-marrow angioblast CD34+,CD133+,
CXCR-4+,CD117+,
¢-MET+( HGF-R),
LIF-R+,CD45-
CD34+, CD144+,
CD146+,CD117+
CD140b+

Variable phenotype

Peripheral angioblast

Mesenchymal cells
Side population cells

Immunophenotype Cytologic and functional characteristics
Hematopoietic lineage
HSC CD34+, CD133+, Improbable direct role in the EPCs constituction;
KDR+, CD45+ possible vasculogenic activity through monocytic progeny

(non-specific immunophenotype)

Proliferation and differentiation into
endothelial cells; low presence in peripheral
blood in basal conditions

Eterogeneous population with variable
charatheristics of plasticity and staminality

Essential collaboration to the development
of the CFU-EC colonies

The expression of specific endothelial proteins
like VE-cadherin (CD144), CD146 or vWF,
distinguish the angioblast from other TCSC

Stem subset CEC probably of vasal origin;
medium proliferative potential

Develops endothelial-like EMSC
Variable proliferative potential
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On the other hand, the cells with the function
of hematopoietic progenitors (CD45+) are repre-
sented by a small number of adult peripheral
blood (80/800 cells/ml); we find the same quanti-
ty (50/500 cells/ml) of the CFU-EC CD45+ in
peripheral blood. According to this data, the
CFU-EC population could derive partly from
hematopoietic progenitors (CD45+)°!.

Among CD45- (0.01% of total PB-MNC),
ECFCs would represent, instead, a subset of
CECs, whose blood contents are extremely low:
in adult peripheral blood we can find 3 CECs/ml,
0.05-0.2 ECFCs/ml; in umbilical cord blood 2-5
ECFCs/ml. Lin et al data'® showed that CEC
have 95% tissue origin and 5% bone marrow ori-
gin, so probably ECFCs CD45- are formed most-
ly by peripheral angioblasts and also by bone
marrow angioblasts.

Future research should be directed toward the
characterization of each of these cell populations
capable of having neoangiogenesis, establishing
the functional role of each one in the post-natal
neovascularization process. Experimental prac-
tice of regenerative therapy could benefit from
this characterization; by clarifying physiological
and pathophysiological aspects of the angiogene-
sis, we will have the opportunity to improve the
experimental methods at the base of clinical re-
search.

Inclusion of EPC Subpopulation in the
Complex Process of Neovascularization:
an Integrative Hypothesis

The MNC subpopulations that would con-
tribute to the constitution of EPCs would be ex-
tremely numerous and variegated: mononuclear
circulating phagocytes, hematopoietic precur-
sors, hemangioblasts, circulating endothelial
cells, circulating angioblasts. Realizing that
this “Babel” of populations constitutes those
that once were defined EPCs is nothing to be
afraid of, if we consider the two principles
shown previously: the plasticity of cell systems
and the complexity of the neovascularization
process.

The conditions determined by the pro-en-
dothelial culture stress stimulate all cell systems
potentially angiogenic to address their genetic
and cell program towards the realization of the
neovascularization process. In this sense, PB-
MNC subpopulations, undergone to culture and
differentiated in EPC, can be divided, in the light
of Hur’s studies’ and complemented with
Prater’s ones®, into two principal groups:

1. Lineage-committed group in endothelial sense
(“late” EPCs?, ECFCs? EOC?): probably ho-
mogeneous it would be intrinsically pro-
grammed in order to produce endothelial cells.
In pro-endothelial culture it stimulates to real-
ize its cell program through an intense activity
of proliferation and differentiation.

2. Non lineage-committed group in endothelial
sense (“early” EPCs?, CFU-ECs? CACs?):
heterogeneous and numerically predominant.
It would be constituted by cells that are not
intrinsically endothelial but that in particular
condition can assume an endothelial pheno-
type. The conditions caused by pro-endothe-
lial culture stress would address their cell
program towards a endothelial cells differen-
tiation/trans-differentiation.

Now we can suppose that similar mechanisms
replicate in vivo, following a basic rhythm. In
other words, it is possible to have, even in a
healthy organism, the environmental conditions
reproduced in culture. So, a share of MNC is
physiologically subjected to this process of pro-
liferation/differentiation/trans-differentiation, so
forming the classic EPCs. On the other hand, this
hypothesis is supported by the fact that some
emergency situations (such as a peripheral is-
chemia), that stress the micro-environmental and
pro-angiogenic characteristics (i.e., exposition
and release in blood of injured tissues, produc-
tion of VEGF, release of chemiotactic factors),
increase the number of circulating EPCs. This
happens because the cells of our organism are
plastic and try to adapt their characteristics to the
needs of the systems, in order to maintain the
homeostasis.

Such changes have to be considered from a
perspective of complexity. The fact that different
types of cell program/reprogram themselves in
an endothelial sense shows that the realization of
the neovascularization needs the involvement of
more cell populations. Each of these, following
the principle of the functional specialization typi-
cal of pluricellular organisms, contributes in a
differentiated and complementary way to the
complex process of neoangiogenesis (paracrine
secretion, focal reendotelization, neo-tunells’ for-
mation, proliferation and constitution of tubiform
structure, etc).

The mechanism could be the following: (1) the
vascular system, being repeatedly stressed in
some points®’, needs continuous processes of re-
pair® (condition that is intensified in case of is-
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chemic damage); (2) the organism produces sig-
nals (release of pro-inflammatory factors, exposi-
tion of the extra-cell matrix, release of endothe-
lial growth factors like the VEGF, release of
chemiotactic factors) that stimulate the cells to
mobilize/proliferate/differentiate/transdifferenti-
ate themselves in order to repair the harm caused
through mechanisms of neoangiogenesis; (3) the
various cell populations of peripheral blood and
of bone marrow respond to the signals program-
ming/reprogramming the cell system in pro-an-
giogenic way, through the activation of impor-
tant genetic pathways®; (4) we can see the mobi-
lization, the proliferation and the differentiation
of the cells functionally assigned to neoangio-
genesis, that is to the constitution of EPCs®-¢;
(5) the EPCs, not still completely mature, reach
the site of vascular damage, where the interaction
with the molecules of tissue adhesion, with the

pro-angiogenic paracrine factors®” and shear-
stress®, finish the process of cell differentiation
in EPC sense; (6) we have a functional collabora-
tion among the various subpopulations in pro-an-
giogenic sense; (7) finally, we have the neoan-
giogenesis and the reconstruction of the vascular
homeostasis (Figure 2).

So, the term “Endothelial Progenitor Cells”
assumes in this sense a different meaning from
that given by the first authors. It does not rep-
resent a monomorphic cytological category but
turns into a polymorphic functional category.
EPCs would be a very heterogeneous cell pop-
ulation, constituted by entities with various cy-
tological and functional characteristics, activat-
ed in order to contribute to the process of neo-
vascularization.

If, on the one hand, this definition is correct,
justifying the experimental identification of vari-

5. Proliferation and definitive
differentation

6. Paracrin secretion
tissue remodeling,
neo-tunnels proliferation

7. Neovascularization

1. Tissue damage
(ischemia)
and activation of
hypoxia-sensitive
genes

4. Adesion, chemiotaxis, tissue
concentration

3. Mobilization, proliferation
@ @ differentation
and trans-differentation of EPC

into different sub-population

2. Release of proangiogenetic factors

Figure 2. EPC mechanism of neovascularization (see text).
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ous cells capable of assuming an endothelial phe-
notype and repairing the injured vessels, we have
to wonder if, after more than fifteen years after
the discovery of Asahara et al, the term Endothe-
lial Progenitor Cells is by now obsolete and too
“narrow” as regards to our knowledge, and it re-
quires a complete critic revision.
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