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Abstract

Matrix Metalloproteinase-9 (MMP-9) plays an important role in
the migration of and tissue invasion by vascular endothelial cells.
Additionally, early Endothelial Progenitor Cells (EPCs) are known to
play a key role in the recruitment of endothelial cells in angiogenesis.
In angiogenesis, MMP-9, which binds on the plasma membranes
of early EPCs, is important in neo-vascularization. Therefore, early
EPCs with MMP-9 on their cell membranes are a novel candidate for
vascular regeneration therapy.
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Introduction

The development of cell-based therapeutic products using endo-
thelial progenitor cells (EPCs) for vascular disorders caused by isch-
emic symptoms such as myocardial infarction, cerebral infarction,
and lower-limb Arteriosclerosis Obliterans (ASO) has been progress-
ing. EPCs are divided into two categories: late EPCs/Endothelial
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Colony Forming Cells (ECFC), which differentiate into vascular
endothelial cells and contribute to nascent blood vessels; and early
EPCs, which do not differentiate into vascular endothelial cells, but
induce neovascularization through the production of cytokines [1-4].
Former progenitor cells are induced relatively late in the in vitro cul-
ture system and have the ability to proliferate rapidly as cobblestone
colonies. In contrast, early EPCs have a fibroblast-like morphology
and do not exhibit high proliferative potential, but they can migrate
and invade ischemic regions, and produce various cytokines. The pro-
duction of cytokines such as Vascular Endothelial Growth Factor-A
(VEGF-A), Platelet-Derived Growth Factor-AA (PDGF-AA) and
Interleukin-8 (IL-8) will recruit and proliferate vascular endothelial
cells into ischemic regions.

It is important to understand the potential of early EPCs to induce
vascular endothelial cells, not only for basic research but also for cell
therapy for ischemic diseases. A number of clinical trials have been
conducted and their practical application is expected [5-7]. Two ori-
gins of early EPCs have been reported: EPCs are derived either from a
fraction of CD34 or from CD133-positive Hematopoietic Stem Cells
(HSC:s), or from mononuclear cells/CD14-positive cells. EPCs in the
latter category have been reported to have characteristics similar to
those of M2 macrophages in terms of their differentiation antigens
and cytokine production profiles [8].

On the other hand, early EPCs derived from CD34/CD133-posi-
tive cells have the ability to rapidly invade the ischemic area and enter
the vascular system. They are known to have a high capacity for the
production of cytokines, which are required in order for endotheli-
al cells to proliferate [9-12]. Regarding these CD34/CD133-positive
cell-derived early EPCs, we have found that Matrix Metalloprotein-
ase-9 (MMP-9), which has been reported to be involved in the migra-
tion and invasion of vascular endothelial cells, binds to the cell mem-
brane of early EPCs and regulates their ability to recruit endothelial
cells. It has also been found that membrane-bound MMP-9 is a key
factor in the development of the tube formation process [13]. While
it has long been known that secreted MMP-9 enzymatically digests
matrix gelatin protein and contributes to migration, invasion and the
remodeling of vascular endothelial cells, a new role for MMP-9 has
emerged. Furthermore, early EPCs that have MMP-9 bound on their
plasma membranes are considered to be key players in the develop-
ment of vascular cell therapy. In this article, we discuss the function
of MMP-9 membrane-expressed EPCs and their potential for cell
therapy.

Categories of EPCs and their Biological Activities

The main function of early EPCs in angiogenesis is to recruit vas-
cular endothelial cells into ischemic regions, and there are several
possible candidates for their origins. As reported by Asahara and oth-
ers, EPCs may arise from CD34-positive or CD133-positive cells de-
rived from or similar to HSCs [14,15]. Early EPCs may be induced by
the in vitro culture conditions for vascular induction from CD34-pos-
itive or CD133-positive cells from peripheral blood and cord blood.
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With incubation under these conditions, endothelial-like cells which
express vascular endothelial markers such as Tie2, endothelial Nitric
Oxide Synthase (eNOS), von Willebrand Factor (vWF) and Platelet
Endothelial Cell Adhesion Molecule-1 (PECAM-1)/CD31 emerge
within one week [16]. In addition to the expression of differentia-
tion markers such as vascular endothelial cells, CD133-derived early
EPCs also express c-Kit ligand/SCF, insulin-like growth factor-1 and
VEGF-A, and are involved in basic fibroblast growth factor vascular
induction as a paracrine factor, which is associated with other types
of vascular induction such as growth [5,12], using a system that trans-
plants early EPCs into nude mice, report that cytokines produced by
early EPCs have the ability to induce angiogenesis. It has also been
shown that the factors that produce early EPCs play a role in the pro-
motion of endothelial tube formation. Additionally, different factors
have been reported to be involved in vascular induction and lumen
formation.

Another possible origin of early EPCs is differentiation from ei-
ther peripheral blood mononuclear cell fractions or CD14-positive
cells. There are cells that carry markers of differentiation of vascu-
lar endothelial progenitor cells that come from myeloid cell lineages,
the so-called Myeloid Angiogenic Cells (MACs). Similar to AC133/
CD34-derived early EPCs, these MACs release several cytokines in-
volved in the amplification and chemotaxis of vascular endothelial
cells and contribute to vascular induction. Recent studies suggest that
these MACs have properties that are extremely similar to those of M2
macrophages, and some reports have questioned their function.

On the other hand, when peripheral blood mononuclear cells and
bone marrow cells are cultured in vitro for vascular cell induction,
highly proliferative EPCs are produced delay to early EPC. These
are known as late EPCs, in contrast to early EPCs [2,17]. Late EPCs
proliferate by forming cobblestone-like colonies, demonstrating their
tube formation capacity and high proliferation. The difference be-
tween early and late EPCs is minor with regard to surface markers
such as vascular endothelial cells, but early EPCs are unable to form
tubes as endothelial cells. Early EPCs have a fibroblast-like morphol-
ogy and their proliferative potential is not high; they show no luminal
growth, unlike late EPCs.

Function of AC133-Derived Early EPCs and Mem-
brane-Bound MMP-9

Many studies have reported that early EPCs induce neovascu-
larization by recruiting vascular endothelial cells, and research into
potential regenerative medicines with vascular induction ability is
also in progress. Regarding cell therapy for neovascularization, it is
essential to determine what factors influence how EPCs accumulate
in ischemic regions. It is important that early EPCs can be made to
accumulate at the site of ischemia, and cytokines produced by those
EPCs will then be more effective for neovascularization. This allows
vascular endothelial cells to migrate to the ischemic area, resulting
in the formation of new blood vessels. The functions of these early
EPCs include migration to ischemic sites, invasion, and recruitment
of vascular endothelial cells through released cytokines. This is ac-
complished through several functions such as mobilization, migra-
tion, and vasculogenesis. Although various factors are assumed to be
involved in these processes, extracellular matrix-digesting enzymes
such as MMPs, including MMP-9, have attracted a lot of attention
[18,19].
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MMPs are enzymes that play an important role in cell migration
and tissue invasion. They support cell motility by degrading extracel-
lular matrices, such as collagen, gelatin or laminin. Furthermore, they
have been reported to contribute to tissue remodeling [20]. MMPs
that function in angiogenesis, and both MMP-2 and MMP-9, are re-
ported to up- and down-regulate in ischemic sites, and to be regulated.
Furthermore, a study using MMP-9-knocked-out mice reports that the
migration of bone marrow-derived EPCs to the ischemic site is inhib-
ited, as is neovascular induction [21]. Huang’s report suggests that
MMP-9 plays a central role in angiogenesis, which is not inhibited
when only MMP-2 is inhibited.

It was thought that the role of MMP-9 was simply to degrade the
extracellular matrix and thereby facilitate cell migration and other
processes, however, MMP-9 is now known to contribute not only to
digesting the extracellular matrix in order to migrate but also to re-
leasing either membrane-bound or matrix-bound growth factors that
will then promote the growth of endothelial cells [21]. That is, MMP-
9 increases in a soluble Kit-Ligand (sKitL) from hematopoietic and
stromal cells, which is used in EPC angiogenesis.

The effects of MMP-9 on late EPCs have been analyzed and it
has been reported that, while MMP-9 has a significant effect on the
migration and invasion abilities of late EPCs, it has no effect on their
proliferation or other functions. Late EPCs are involved in angiogen-
esis through their incorporation into vascular endothelial cells in the
neovascular system, and MMP-9 plays an important role in angio-
genesis by promoting their invasion and migration to ischemic sites.
On the other hand, the role of MMP-9 in early EPCs has not yet been
fully elucidated.

Function of Early EPCs and Role of MMP-9

Kanayasu-Toyoda T et al., report that culturing CD133-positive
cells from cord blood and peripheral blood under vascular-inducing
conditions induce early EPCs (CD133-EPCs) that express vascular
endothelial cell differentiation antigens such as KDR, eNOS, vWF or
PECAM-1/CD31 [16]. These early EPCs show a higher production
than Human Umbilical Vein Endothelial Cells (HUVECs) of cyto-
kines for vascular induction such as IL-8, VEGF-A and PDGF-AA. A
marked correlation has been identified between a high production of
relevant cytokines and high vascular induction capacity [16]. On the
other hand, CD133-EPCs have also been found to exhibit an ability
to produce high amounts of MMP-9, and it has been noted that that
some MMP-9 can bind to the cell membrane of CD133-EPCs. Fur-
thermore, cells that express MMP-9 on the cell membrane (MMP-9+
EPCs) can be prepared using MMP-9 antibody. An analysis of biolog-
ical abilities has revealed that MMP-9+ EPCs promote tube formation
by HUVEC S in vitro, and this promoting effect is inhibited by the ad-
dition of anti-IL-8 antibody. On the other hand, early EPCs that do not
express MMP-9 on the cell membrane (MMP-9- EPCs) did not show
this promoting effect on HUVEC tube formation. Furthermore, when
MMP-9+ EPCs were transplanted into nude mice and their vascular
induction activity was analyzed, only MMP-9+ EPCs showed vascu-
lar inducing activity and, interestingly, anti-IL-8 antibodies were able
to inhibit the acceleration ability of MMP-9+ EPCs. MMP-9- EPCs
did not show in vivo vascular induction.

The invasion ability of MMP-9+ EPCs to VEGF-induced
Matrigel™ was found to be much higher than that of MMP-9- EPCs.
In addition, their IL-8 production capacity is 10 times higher than that
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of MMP-9- EPCs, though there was little difference between their
VEGF-A and PDGF-AA production abilities. The high infiltration ac-
tivity of MMP-9+ EPCs was also confirmed by in-situ zymography,
but this invasive activity is inhibited by MMP-2/9 inhibitors. On the
other hand, the results of a super-array analysis of vascular endotheli-
al cell-associated protein expression demonstrate that both cell types
contain little MMP2, suggesting that the effect of MMP2/9 inhibitor
invasion activity on Matrigel™ may be due to an MMP-9-dependent
mechanism.

MMP-9+ EPCs not only have high invasion ability but also induce
vascular endothelial cells in vivo. In particular, while various cyto-
kines are assumed to be involved in vascular induction ability, the
present results using anti-IL-8 antibodies indicate that the most im-
portant processes are chemokine IL-8-mediated actions. In addition,
MMP-9+ EPCs strongly promote tube formation of HUVECsS in vi-
tro, but this effect is also inhibited by anti-IL-8 antibodies. Therefore,
MMP-9+ EPCs are able to recruit vascular endothelial cells into isch-
emic regions and to promote vascular architecture (tube formation)
through high IL-8 production. These data suggest that IL-8 expressed
by MMP-9+ EPCs plays a key role in vascular regeneration and tube
formation (Figure 1). Furthermore, MMP-9+ EPCs are expected to be
useful in vascular regenerative medicine focusing on this function.

Figure 1: MMP-9+ EPC have an ability to produce high amount of 1L-8,
which enhances both tube formation of HUVEC and recruit of endothelial
cells into ischemia regions.

To clarify the function of membrane-bound MMP-9 in MMP-9+
EPCs, the effect of MMP-9 release from plasma membranes on the
biological function of MMP-9+ EPCs was explored. Since MMP-9 is
reported to attach to CD44 through hyaluronic acid [22,23], we ana-
lyzed the effect of hyaluronidase treatment on the induction ability of
vascular endothelial cells by MMP-9+ EPCs. The membrane-bound
MMP-9 of MMP-9+ EPCs was markedly reduced by hyaluronidase
treatment, and the invasive activity of MMP-9+ EPCs was greatly
inhibited. On the other hand, the enzymatic activity of MMP-9 in the
condition medium of MMP-9+ EPCs was not affected by hyaluro-
nidase treatment, suggesting that this treatment does not affect the
enzymatic activity of MMP-9. These results indicate that MMP-9+
EPCs bind MMP-9 on the cell membrane via hyaluronic acid, and that
membrane-bound MMP-9 plays an important role in invasive activity
(Figure 2). Additionally, it should be noted that MMP-9-bound-to-
plasma-membrane of EPCs has a physiological function and plays
an important role in angiogenesis, suggesting that EPC of which
plasma-membrane carry the MMP-9 are expected to play a key role
for angiogenesis.
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Figure 2: MMP-9+ EPC produce and release the MMP-9, a part of which
binds to CD44 through the hyaluronic acid. The treatment with hyaluroni-
dase causes the release of MMP-9 from the plasma membrane of MMP-9+
EPC, resulting the loss of function to invade.

J

However, hyaluronidase treatment did not affect the expression
of CD44 itself, and MMP-9 activity in the supernatant was hardly
affected by this treatment, suggesting that MMP-9which is anchored
to plasma membrane through the hyaluronic acid-on CD44 may have
strong enzymatic activity. Although the physiological function of
membrane-bound MMP-9 has not yet been fully elucidated, it is pos-
sible that it may dissolve the matrix during invasion more efficiently
than soluble form.

Morancho A et al., [24] used MMP-9-knockout mice (MMP-9-/-)
to analyze the role of MMP-9 in induced infarction, and report that,
although early EPCs increased in mice with induced infarction, there
was no induction of early EPCs in MMP-9-/-mice, and tube formation
ability was found to be reduced. Interestingly, biological activity was
not restored by the addition of MMP-9 to MMP-9-/-mice. However,
the results reported by Morancho A et al., seem to be explained if
the role of MMP-9 in angiogenesis is due to its binding to the cell
membrane.

Conclusion

Early EPCs secrete cytokines and other related factors to induce
vascular endothelial cells into ischemic regions, playing a key role
in neovascularization. On the other hand, it has been reported that
gelatinase MMP-9 plays an important role in vascular induction.
Kanayasu-Toyoda K et al., [13] report that early EPCs, which have
a membrane-associated MMP-9 (MMP-9+ EPCs), have marked 1L-8
expression and induce angiogenesis through this important cytokine.
We also found that IL-8 plays a central role in vascular induction in-
duced by MMP-9+ EPCs. These data indicate that MMP-9+ EPCs are
a novel candidate for cell therapy for stroke, myocardial infarction,
and lower extremity arterial infarction.
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