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1. SYNOPSIS

The work described in this thesis has been mainiy focused on the dissection of some
of the fundamental mechanisms underiining new blood vessel formation in vivo.
More precisely, a gene transfer approach, based on Adeno-Associated Virus (AAV)
I\;fectors, has been exploited for the sustained and prolonged expression of several
Ifactors involved in angiogenesis and arteriogenesis.

Bearing in mind the key role of Vascular Endothelial Growth Factor (VEGF) in the
angiogenic process, we decided to thoroughly investigate the morphology and the
functional performance of the VEGF-induced vasculature, by taking advantage of
molecular imaging fechniques, such as PET and SPECT, which aliowed a non invasive
assessment of vascular function over time. Starting from the observation that VEGF
single gene transfer is not sufficient to drive the formation of functional blood
vessels, we showed that the simultaneous delivery of Angiopoietin-1 (Ang1} allowed
an improved remodeling and maturation of the newly formed vasculature. This
finding is of particular interest in a ciinical perspective, suggesting that the delivery
of a proper combination of growth factors, which is feasible and particularly
straightforward with the use of AAV vectors, is probably required to fulfill the goal of
therapeutic angiogenesis.

By studying the in vivo effect of VEGF, particular emphasis was attributed to the
distinct biological effect specifically exerted by the two main VEGF isoforms,
composed of 121 and 165 aminoacids, respectively. Since the main structural
difference between the two isoforms consists of their diverse ability to bind the co-
receptor NP-1, we also assessed the effects induced by the overexpression of
Semaphorin 3A (Sema3A), a well known NP-1 ligand in the developing nervous
system. Coliéctively, these data provided convincing evidence of a massive
recruitment of mononuclear cells from the bone marrow to the sites of
neoangiogensis through NP-1. Although these cells did not seem to directly
participate to new blood vessel formation through transdifferentiation, they turned
up to have a key role in promoting arteriogenesis.

A schematic representation of the molecules studied in this work, and their ability to

bind to the relative receptors, is shown in Figure 1.1,



Sema3A
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Figure 1.1. Main Yigands and TKRs involved in angiogenesis. The picture schematically describes
the most important interactions of the factors studied in this work with their receptors. In dark red are
the molecules, whose cDNA have been cloned in AAV vectors to dissect their biclogicai effect in vivo.
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2 . INTRODUCTION

2.1 MECHANISMS OF BLOOD VESSEL FORMATION

The vascular system in all vertebrate species is composed of an extensive and
complex network, which is spatially organized to provide the finest exchange of gas
‘and metabolites from blood to tissues throughout the body.

AL least two mechanisms exist to explain the de novo formation of blood vessels
(Isner, 1999) (Figure 2.1). During embryonic development, a process called
vascuiogenesis invelves the formation and the fusion of multiple blood islands that
ultimately coalesce giving rise to the yolk sac capillary network. In the blood islands,
the cells destined to generate the biood elements (hematopoietic stem cells, HSCs),
are located into the center, while endothelial progenitor cells (EPCs), or angioblasts,
are more peripheral. In addition to this special association, HSCs and EPCs share a
series of antigenic determinants, including VEGFR-2, Tie-2, Sca-1 and CD34
(Asahara, 2004). These progenitor cells are consequently thought to derive from a
commaon precursor, putatively named “hemangioblast”.

In the following phases of development this primary endothelial plexus expands via
angiogenesis, which is a complex process involving sprouting, bridging and
branching of pre-existing vessels. The subsequent vascular remodeling, with the
recruitment of smooth muscle cells and/or pericytes as well as with trimming of
excess vessels, finally gives rise to the complex and hierarchical vascular system,
which is highly conserved among vertebrates (Herzog, 2002}, The most important
function of pericytes in medium-sized vessels and of smooth muscle celis (SMCs) in
larger vessels is probably the synthesis of a peculiar extraceilular matrix (ECM)I
which stabilizes the capillary endothelium. Angiogenesis is aiso considered the main
process by which new blood vessels can arise during the adult life, during a wide
series of physiological and pathological cenditions.

A third process, called artertogenesis, is probably responsihle for the growth of
collateral arteries from pre-existing arteriolar anastomoses in conditions of chronic
ischemia (Herzog, Sager, 2002). This process, which occurs independently from
angiogenic sprouting, probably represents the main adaptive response in patients

with progressive arterial occlusive diseases (Fig. 2.1).
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Figure 2.1. Mechanisms of neovascolarization. Blood vessels can arise by three main
mechanisms: vasculogenesis, angiogenesis and arteriogenesis, During embryonic development, a
poputation of endothetial cell precursors {angicblasts) start to proliferate within the blood islands,
forming a primitive capillary network. The subsequent establishment od cell-to-cell contacts, with the
recruitment of pericytes, gives rise to functionally competent vessels. On the contrary, angiogenesis is
the main process by which blood vessels can form in adult life, and consists of endothelial sprouting
from pre-existing vessels. A transient destabilization of the vessel wall, with extensive extraceliular
matrix {ECM) degradation and remodeling is required for angiogenesis to start. The latter stages of the
pracess involve the strenghtening of endothelial cell adhesion to ECM compoenents and the enrollment
of smooth muscle cells. Arteriogenesis also exclusively occurs in adults, usually as a consequence of a
major arterial narrowing, and consists in the remadeling of pre-existing arteriolae to form larger
arteries, thus providing a compensatory collateral network during ischemic conditions,

Hypoxia was identified as a major stimulus for angiogenesis during embryonic
development, leading to the induction of several growth factors and receptors
responsible for the different stages of vascular development (Ikeda, 1995). The most
important growth factors involved in the early phases originate from the VEGF and
FGF family. Indeed, VEGF mRNA levels are rapidly increased by exposure to low
oxygen conditions in a variety of normal and transformed cells. In particular, a 47-bp
regulatory element focated about 1 kb upstream to the VEGF transcription start site
appears to be involved in the activation of VEGF transcription in hypoxic cells. This
element includes a binding site for the transcription factor hypoxia-inducible factor
(HIF-1) (Jiang, 1996) (Figure 2.2).
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Figure 2.2. Tissue responses to hypoxia. The best described tissue hypoxia response system is the
oxygen sensitive degradation of the transcription factor HIF-1«, which induces the transcription of more
than 40 known genes, including erythropeietin {EPQ), and VEGF. This triggers a cascade of events that
ultimately leads to increased blood flow and oxygen deliver to the hypoxic tissue.

Figure adapted from Cao et al., Cardiovascilar Research 2005

As a result of hypoxia, HIF-1 helps to restore oxygen homeostasis by inducing the
expression of a number of genes involved in glycolysis, erythropoiesis and
angiogenesis. In fact, beside VEGF, HIF-1 also promotes the transcription of a
cascade of growth factors and relative receptors that cooperate during the different
phases of the angiogenic process. For instance, vessel maturation occurs as the
newly formed tubules recruit and become coated by mural cells, such as smooth
muscle cells and pericytes. The observation that during embryogenesis mural cells
become associated with the forming vessels at later stages of development
(Hungerford, 1996} has led to the suggestion that endothelial cells may govern
vessel layer acquisition. The exact mechanism by which endothelial cells recruit
mura! precursors, likely from lateral mesenchyma, and induce their differentiation
into smooth muscle cells is largely unknown. However, this heterotypic cell-cell
interaction renders both cells quiescent and plays an integral role in the stabilization
of the vessel. Members of the Angiopoietin family appear to be particularly important
during this phase, being responsible for the reinforcement of intercellular junctions

between endothelial and smooth muscle cells, as well as with ECM compenents
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(Figure 2.3). In particular, Angiopoietin-1 (Ang-1) acts by binding to the Tie2
tyrosine kinase receptor. Targeted inactivation of the Ang-1 gene renders embryos
unable to form a complex vascular network, with decreased vessel support by mural
cells (Suri, 1996). Null mutation of the Tie2 gene gives rise to a similar phenotype
(Dumont, 1994). Since Tie2 was thought to be largely specific to endothelial cells, it
has been suggested that Ang-1 activates the Tie2 receptor on endothelial cells,
which then produce other factors that recruit mesenchymat cells to the newly formed
“vessels and promote their differentiation into mural cells.
Hallmark of vessel maturation, recruitment of perivascular cells seems to depend, at
jeast in part, on yet another family of growth factors, platelet-derived growth factors
{PDGFs) (Lindahi, 1997). However, recent work has shown that Ang-1, in concert
with VEGF, could act directly on mural cells and their precursors, which express Tie2.,
to stimulate their migration, thus promoting vessel maturation (Metheny-Barlow,
2004). An important role in the induction of smooth muscle phenotype in

mesanchymal precursors was also attributed to TGF-f§ (Hirschi, 1998).

As described in the following paragraphs in more detail, all these factors, naturally
involved in the process of vascular growth, have been extensively used for
therapeutic purposes, with the aim to induce new blood vessel formation in ischemic
tissues.

Although a wealth of information has been accumulated in the past years about the
molecular mechanisms underlying both vasculogenesis and angiogenesis, little is
known about the final remodeling step that leads to the formation of a mature and
functioning vascular network. In particular critical issues on how the vessels choose
and follow specific paths to reach their correct targets still remain to be explored.
This might have particularly important implications for the successful development of
therapeutic interventions. Indeed, proper vascularization of organs and tissues
requires not only the growth of new blood vessels, but also arterio-venous

differentiation and an appropriate patterning of the vascular network (Autiero, 2005).
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Figure 2.3. A selection of growth factors from the nature’s own angiogenesis tool box can
be used for therapeutic purposes. Angiogenesis is a complex multi-step complex, in which every
step requires the coordinated action of a mixture of growth factors. The natural trigger for angiogenesis
is hypoxia, which induces the expression of a variety of molecules (VEGF, Ang-2) able to induce
transient vascular regression, with proliferation and migration of endothelial cells and pericytes.
Excessive neovessel network is then trimmed to adapt to the metabolic needs of the tissue.

Figure adapted from Markkanen et al., Cardiovascular Research 2005

Leading from the striking anatomical parallet in the patterning of nerves and blood
vessels, several studies in mice and in zebrafish suggest that common pathways are
shared between neural and vascular cells to find the way and reach their target
tissues during development (Carmeliet, 2003; Autiero, De Smet, 2005}. Indeed, both
the vascular and the nervous systems are highly branched networks, which arise
from a central core and distally extend to reach almost ali the cells in the organism.
Moreover, in both systems a bidirectional transport may be identified, allowing O
delivery or CO; elimination through arteries and veins, and electrical impulse

propagation through afferent senscry or efferent motor neurons,

Accordingly, both systems develop by foltowing a similar pattern. As in the vascular

systemn, neural development initially involves the differentiation of progenitors cells

15



into neurons, with the subseguent formation of central structures, such as the neural
tube and dorsal root ganglia. From these neural structures, sprouting axons detach
to reach the more distai targets in a very conserved and predictable manner, thus
forming a complex and interconnected nervous network (Tessier-Lavigne, 1996).
Moreover, vessels extending and interconnecting throughout the body coalign with
the nerve pathways, raising the question whether the molecular signals that govern

the branching of these two systems are related and interdependent (Shima, 2000)

(Figure 2.4).

_Vessél_s_ .

Figure 2.4. Similarities in vascular and neural networks. The first twe panels (a and b)
reproduce drawings of Andreas Vesalius, from which emerge the similarities between the human
vascular network and the peripheral nervous system. In ¢ is shown a magnification of vessefs (in red)
extending in parallel and in close proximity to nerves (in green).

Figure reproduced from Carmeliet et al., Nature 2005

Recent evidence actually prooved that similarities between the nervous and the
vascuiar systems extend at the molecular level. For instance, Eph receptors and their
ligands, the ephrins, were first characterized as mediators of repulsive guidance
events crucial for correct navigation of neurconal growth cones and neural crest cells
(Holder, 1999). Their unexpected role in vascular development was revealed when
mutant mice that lacked either ephrin B2 or its cognate receptor EphB4 were shown
to die during embryogenesis due to cardiovascular disfunction (Wang, 1998; Gerety,
1999), Consistent with this observation, ephrin B2 and EphB4 exhibit a reciprocal
expression pattern in arterial and venous endotheiial ceils (Wang, Chen, 1998).

As described later in detail, another example of a celi surface receptor whose
function is reguired for the development of both the cardiovascular and the nervous

system is provided by the neuropilins. These are multifunctional transmembrane
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proteins capable of binding to distinct ligands belonging to completely unrelated
protein families: the semaphorins and the vascular endothelial growth factors
(VEGFs). The most interesting aspects of the structure and the function of these

molecules will be discussed in the foliowing paragraphs.

The VEGF family

The various forms of the growth factors belonging o the VEGF family (VEGF-A, PIGF,
VEGF-B, VEGF-C, and VEGF-D) act as inducers and modulators of vascuiogenesis,
angiogenesis and vascular remodeling in vivo (Ferrara, 2003). The active forms of
the VEGF members form homodimers or heterodimers with other VEGF family
members {(Keck, 1989; Leung, 1989; DiSalvo, 1995). Their biologicai effects are
mainly mediated by the receptor tyrosine-kinases VEGFR-1 (fl{-1}, VEGFR-2 (KDR/flk-
1) and VEGFR-3 (flt-4), whose relative affinity and distribution mediate the biological
effect (Carmeliet, 1999) (Figure 2.5).

In particular, VEGF-A exhibits high affinity for VEGFR-1 and VEGFR-2, which are
abundantly exposed on the surface endothelial. Both these receptors have 7
immunoglobulin repeats in the extracellular region, a transmembrane domain, and
an intracellular tyrosine kinase domain, essential for autophosphorylation and signal
transduction that ultimately results in endothelial cell proliferation and migration.
VEGF-B mainly binds to VEGFR-1 and seems to be particularly expressed in the
cardiac tissue. On the contrary, VEGF-C and VEGF-D display selective affinity for
VEGFR-3 {VEGF-D is actually able to bind both VEGFR-2 and VEGFR-3), thus having

a key role in the formation as weil as in the regulation of lymphatic vessels.
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Figure 2.5. Role of the VEGF receptor tyrosine kinases in different cell types. VEGFR-1 and
VEGFR-2 are expressed on the surface of most blood endcthelial celis. Instead, VEGFR-3 is largely
restricted to lymphatic endothelium, VEGF-A binds both VEGFR-1 and VEGFR-2. In contrast, PLGF and
VEGF-B interact only with VEGFR-1. The orf-virus-derived VEGF-E is a selective VEGFR-2 agonist.
VEGFC and VEGFD bind VEGFR-2 and VEGFR-3. There is much evidence that VEGFR-2 is the major
mediator in angiogenesis. In contrast, VEGFR-1 seems not able t¢ mediate an effective mitogenic signal
and it perform a “"decoy” role by sequestering VEGF, thus preventing its interaction with VEGFR-2.
However, VEGFR-1 has an established signaling role in mediating monocyte chemotaxis, as well as a
survival signal in hematopoietic stem cells (HSC) or leukemic cells.

Figure adapted from Ferrara et al, Nature Medicine 2003

VEGF-A {herein VEGF) is an endothelial cell agonist and is essential for
vasculogenesis, angiogenesis, and wound healing and plays a role in tumor growth.
It was originally isolated by virtue of its ability to stimulate endothelial cell growth
and to increase vascular permeability (Lobb, 1985; Leung, Cachianes, 1989).
Remarkably, the targeted disruption of the VEGF gene, even in heterozygous
conditions, severely compromises angiogenesis and results to be lethal i vtero at
day 11.5, indicating that a correct level of VEGF /n vivo is critical for the development
of the cardiovascular system (Carmeliet, 1996; Ferrara, 1996). Five VEGF isoforms
ranging from 121 to 206 amino acids are created by alternative mRNA splicing in

humans (Keck, Hauser, 1989; Leung, Cachianes, 1989). These isoforms differ
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primarily for the presence or the absence of the heparin-binding domains encoded
by exons 6 and 7 (Ferrara, Gerber, 2003). Likewise, other VEGF family members,
such as PIGF, are also expressed in several forms that differ in their heparin and
heparan-sulfate binding ability (the peptide encoded by exon 6 is found only in PIGF-
2 and confers a heparin binding ability that is not present in PIGF-1) (Maglione,
1993),

Recent studies also indicate that VEGF might exert its effect on a variety of cell
types, stimulating their survival and/or proliferation, independently from
angiogenesis. For instance, VEGF appeared to be ¢ritical to prevent motor neuron
degeneration, not only because it was essential to maintain sufficient perfusion, but
also because it had a direct trophic effect on neuronal survival (Qosthuyse, 2001,
Carmeliet, 2002; Azzouz, 2004). An interesting role of VEGF as an important modifier
of amyotrophic iateral sclerosis (ALS) has been recently reported, also implicating
VEGF as a possible therapeutic molecule in neurodegenerative disorders
(Lambrechis, 2003; Storkebaum, 2004).

By adding complexity to its pleiotropic effect, we and others recently cbserved a
potent effect of VEGF in promoting survival and regeneration of skeletal muscle celis
(Germani, 2003; Arsic, 2004).

In addition, VEGF was shown te stimulate hone repair, threugh the induction of
angiogenesis, but also having an autocrine role on osteoblast differentiation and
bone turnover (Street, 2002).

Finally, a relevant role of VEGF on the survival of several types of stem cells,
including endothelial and neural progenitor cells, hematopoietic stem cells and
embryonic stem cells has been recently described by different investigators
(Rabbany, 2003; Schuch, 2003; Wang, 2004; Brusselmans, 2005)

Classical VEGF receptors

All VEGF isoforms bind to VEGFR-1 and to VEGFR-2. Both receptors are essential for
fetal angiogenesis, and mouse embryos null for either of the two receptors die in
utero between day 8.5 and 9.5 (Fong, 1995; Shalaby, 1995). Compelling evidence
indicates that VEGFR-2 is the major mediator in VEGF-induced angiogenesis, despite
both receptors have high affinity binding to VEGF. The binding of VEGF to VEGFR-2
initiates intracellular signal transduction and is correlated with the induction of

endothelial cell proliferation, migration, and in vive angiogenesis (Millauer, 1994,
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Waltenberger, 1994). Whereas VEGFR-2 is mostly expressed on endothelial cells,
VEGFR-1 is expressed by a variety of cell types, including hematopietic,
myelomenocytic and smooth muscle cells (Barleon, 1996; Clauss, 1996; Mitola,
1997; Wang, 1998).

By contrast, the activation of VEGFR-1 does not seem to result in an important
angiogenic response, although it seems able to enhance celi migration (Seetharam,
1995; Barleon, Sozzani, 1996; Clauss, Weich, 1996). Interestingly, a regulatoty loop
"by which VEGF controls survival of haematopoietic stem cells has recently been
described, revealing a function for VEGFR-1 signaling during haematopoiesis {(Gerber,
2002).

Hypoxia has been proposed to play an important role also in the regulation of VEGFR
gene expression. Accordingly, VEGFR-1 and VEGFR-2 mRNA were substantially up-
regulated throughout the heart following myocardial infarction, as well as in the lung
vasculature after exposure of the animals to acute or chronic hypoxia (Tuder, 1995;
Li, 1996). However in vitro studies on endothelial cells clearly demonstrated that only
VEGFR-1 is directly up-regulated by hypoxia through the activation of a hypoxia-
inducible enhancer element in its promoter. In contrast, VEGFR-2 mRNA levels do
not change, or even decrease, when endothelial cells are exposed to a hypoxic
environment, suggesting that the up-regulation of VEGFR-2 observed in vivo is
probably mediated by a paracrine factor released by ischemic tissues (Brogi, 1996;
Gerber, 1997).

Both receptors play pivotal roles in embryonic vasculogenesis and angiogenesis.
Embryos lacking the VEGFR-2 gene die before birth because differentiation of
endothelial cells does not take piace and blood vessels do not form (Shalaby,
Rossant, 1995). In contrast, the homozygous disruption of the gene encoding
VEGFR-1 does not prevent the differentiation of endothelial cells, but the
development of functional blood vessels is severely impaired, still causing embryonic
lethality. In particular, overgrowth of endothelial cells and disorganized blood vessels
seems to be the cause of death in these animals, providing additionat evidence that
VEGFR-1 can serve as a competitive inhibitor of VEGFR-2 mitogenic signaling during
vascular remodeling (Fong, Rossant, 1995). A puzzling observation is that mice that
retain the extracellular and trans-membrane domains of VEGFR-1 but lack the
signaling tyrosine-kinase domnain develop normally (Hiratsuka, 1998). It is unclear
how the extracellular domain of VEGF is able to restore the normal embryonic

development of mice. It is possible that it is required for VEGF sequestration, so as
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to limit the activity of VEGF. Such a decoy function might be particularly attributed to
. 2 soluble form of VEGFR1, which arises by an alternative processing of the molecule.
However, recent studies using PIGF gene disruption, indicate that the direct
activation of VEGFR-1 by PiGF, through the phosphorylation of specific tyrosine
residues, can amplify the angiogenic activity of VEGF and even promote
arteriogenesis, with a monocyte-mediated mechanism (Carmeliet, 2001; Autiero,
'2003; Pipp, 2003). Alternatively, as discussed in the following paragraph, it may

associate with other membrane proteins to form a signaling holo-receptor.

Neuropilins and plexins

Beside the canonical VEGF receptors, endothelial cells a!.so contain two other co-
receptors, which bind VEGF165 but not VEGF121 (the shortest isoform that lacks a
heparin-binding domain) (Soker, 1996). Several types of prostate and breast cancer-
derived cell lines were found to express Lmusually farge amounts of one of these
isoform-specific receptors, which resulted to be the product of the neuropilin-1 (NP-
1) gene {(Soker, 1998). Although originally identified as receptors for class-3-
semaphorins mediating neuronal guidance, NP-1 and NP-2 were subsequently found
to form complexes with both VEGFR-1 and VEGFR-2. In particular, expression of NP-
1 in endothelial cells enhances the affinity of VEGF165 to VEGFR-2 and the
subseguent endothelial chemotaxis (Miao, 1999). By directly associating with VEGFR-
2, NP-1 thus serves as a VEGF165 co-receptor that increases the ability of the growth
factor to activate its main receptor. In contrast, when complexed with VEGFR-1, NP-
1 prevents the binding of VEGF to VEGFR-1 (Fuh, 2000). Interestingly, it was
subsequently observed that the heparin-binding form of PIGF (PIGF-2) and VEGF-B,
are also able to bind to NP-1 (Migdal, 1998; Makinen, 1999). As discussed later,
when the role of NP-1 as a VEGF receptor was discovered, it was already known that
NP-1 functions in the nervous system as a receptor for Sema3A that causes repuision
of growing tips of axons (He, 1997; Kolodkin, 1997). More precisely, NP-1 is part of a
gene family that includes the closely related receptor NP-2 and both proteins were
originally found to function as receptors for several class 3 semaphorins that mediate
repulsive axon guidance during the development of the nervous system (He and
Tessier-Lavigne, 1997; Kolodkin, Levengood, 1997). Sema3A binds only to NP-1,
while Sema3B, Sema3C and Sema3F bind to both NP-1 and NP-2, functioning as

21



agonist at NP-2 sites on sympathetic neurons and as antagonists of NP-1 sites on
DRG neurons (Chen, 1997; Chen, 1998; Giger, 1998; Takahashi, 1998). In particular,
NP-2 activation by Sema3F also induces axon repulsion (Chen, Chedotal, 1997). On
the vascular side, NP-2 is able to bind VEGF165 and PIGF-2 but not VEGF121.
However, unlike NP-1, NP-2 is also able to interact with VEGF145, which lacks the
peptide encoded by exon 7 (included in VEGF165) but contains instead the heparin-
binding domain encoded by exon 6 of the VEGF gene (Gluzman-Poltorak, 2000).

As further discussed later, np-1 mutant mice exhibit defects in projections of spinal
and cranial nerves, and die at the embryo stage due to severe cardiovascular
dysfunction {(Kitsukawa, 1995; Kitsukawa, 1997; Kawasaki, 1999). In contrast, mice
lacking functional NP-2 receptors are viable, with no evidence of cardiovascular
defects {Chen, 2000; Giger, 2000).

It was shown that both NP-1 and NP-2 can both form homodimers and heterodimers
(Chen, He, 1998). In fact, the neuropilins have a short intracellular domain and are
untikely to function as independent receptors. Indeed, no biological response to
VEGF165 can be observed in cells expressing either NP-1 or NP-2 but no other VEGF
receptors (Soker, Takashima, 1998; Gluzman-Poltorak, Cohen, 2000). These
findings suggest that for the transduction of VEGF signaling the neuropilins have to
associate with other membrane proteins. Beside the well known ability to form
complexes with VEGFR-2, both neuropilins have been shown to be able to associate
with VEGFR-1 (Fuh, Garcia, 2000; Gluzman-Poltorak, 2001).

In accordance, the binding of Sema3A to NP-1 is not sufficient for the induction of
Sema3A-mediated growth cone collapse. It was indeed found that it forms
complexes with members of a highty conserved family of single pass transmembrane
receptors known as plexins and that these complexes mediate the biological
response to the majority of semaphorins (Tamagnone, 1999). Moreover, the NP-1-
plexinAl complex exhibits an enhanced binding affinity for Sema3A as compared
with NP-1 alone (Takahashi, 1999).

In humans, there are at least nine plexins, most of which have been shown to
mediate neuronal cell adhesion and contact, fasciculation, and axon guidance.
Plexin-semaphorin interactions now have been implicated in a host of responses,
including loss of cell-cell contacts and branching morphogenesis in epithelium,
regulation of angiogenesis, growth and metastasis of tumors, and immune

responses.
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The plexin family was originally identified through homology in their extracellular
domains to the scatter factor receptors, the prototype of which is c-Met, the receptor
for HGF (also called scatter factor-1). c-Met activation by its ligand, HGF, promotes
branching morphogenesis and axonal guidance in neuronai tissues, and proliferation,
enhanced cell motility, and metastasis in many tumor cells (Zhang, 2003). In
addition to sharing structural homology, plexins and scatter factor receptors mediate
similar responses in target tissues, such as survival of sensory neurons, outgrowth of
motor neuron axens, and induction of cell migration, proliferation, and branching
morphogenesis, known as the “scatter phenotype,” in epithelium (Zhang and Vande
Woude, 2003). HGF itself exerts well-known pro-angiogenic effects on blood vessels,
stimulating chemotaxis, protease production, proliferation, and capillary formation in
endothelial cells in a VEGF-independent manner {Dong, 2001). HGF also induces
proliferation of smooth muscle cells and pericytes during the maturation of
developing microvasculature, Furthermore, there are some hints that class II1
semaphorins cooperate with HGF in endothelial cell motility and capillary sprouting
and in the induction of invasive growth in tumor metastasis. Nonetheless, plexins
and scatter factor receptors may be functionally linked because it has been observed
recently that on Sema4D binding, plexin-B1 interacts through its extracellular domain
with c-Met, which is then phosphorylated and activated in a step required for

successful plexin-B1 signaling (Giordano, 2002).

In contrast to the extracellular segment, the cytoplasmic region of the plexins has no
homology with the Met tyrosine kinase cytoplasmic domain or with any other known

protein, but is highly conserved within and across species,

As a general rule, class 3 semaphorins bind to plexin-A, but only when associated in

a complex with members of the neuropilin class of cell surface receptors, neuropilin-

1 and neuropilin-2. Conversely, Sema4D appears to bind plexin-Bl directly (Cinuma,

2004; Conrotto, 2005).

Plexin-B1 is highly expressed in nervous tissues, where it provides repelling cues for
the axon guidance during development of the nervous system, inhibition of axon
growth after injury and maintenance of established neural pathways in the adult, but
its gene expression profile shows that plexin-B1 transcripts are detectable in many
adult tissues, among which endothelial cells. This evidence suggests that Sema4D-
plexin-B1 interaction might play a crucial rele in the regulation of the biotogical
functions of endothelial cells, specifically in the control of angiogenesis. Indeed, it

was recently reported that Sema4D-mediated activation of plexin-Bl induces
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tubulogenesis and migration of endothelial cells and angiogenesis in vivo (Basile,

2004).

Sema3 VEGF
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Figure 2.6. Simplified model of signaling through Neuropilin receptor complexes. Functional
association of NP-1 and NP-2 receptors with Plexin-signaling receptors transduce Sema3 signals. NP-1
is known to bind Sema3A and Sema3C, while NP-2 binds Sema3C and Sema3F. This mode of signaling
is thought to signal axon repulsicn in the nervous system. In the vascular system, NPs associate with
VEGF tyrosine kinase receptors to transduce VEGF signals. IN particular, signal transduction of VEGF165
through VEGFR-2 is enhanced in the presence of NP-1.

Figure adapted from Eichmann et al., Genes and Deveoplment, 2005

Neuropilin-1 (NP-1)

NP-1 is a single spanning transmembrane glycoprotein of 130-140 kDa, with a large
extracetlular domain and a very short cytoplasmic tail of 40 amino acids (Gu, 2002}
(see Figure 2.7). It was first identified in the optic tectum of Xenopus laevis and
subsequently in the developing human brain {(Kawakami, 1996). As already

mentioned, NP-1 mainly localizes to axons and was originally described as the
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receptor for Sema3A, a secreted axon guidance molecule that repels axons and

collapses growth cones of dorsal root ganglia.

Sema3A binding
& cuBdomain
FV/FVIII domain
O MAM domain

VEGF165 binding

Signal transduction and
putative oligomerization site

‘ NIP binding

Figure 2.7. Schematic representation of the NP-1 structural and functional domains. Shown
are the different domains identified in the NP-1 protein and their specific role for the receptor function.
NIP: neuropilin interacting protein.

Structure-function analysis has revealed that the amino-terminal CUB {complement-
binding protein homology} domain functions as a Sema binding site {(Chen, He, 1998;
Giger, Urquhart, 1998; Nakamura, 1998}, The transmembrane and cytopiasmic
domains are not required for Sema signaling through NP-1. Instead, the extracellular
juxtamembrane MAM (meprin, A5, u) domain is crucial, implicating a second
transmembrane protein as the transducing element for Sema3A action. The identity
of this transducing protein has recently been identified in the plexin family
{Takahashi, Fournier, 1999), as well as the downstream intracelluiar mediators CRMP
{collapsing response mediator protein) and the monomeric GTP-binding protein Rac-
1 (Goshima, 1995; Jin, 1997). In addition, intracellular cGMP (guanaosine 3’, 5-cyclic
monophosphate) levels infiuence growth cone steering by Sema3A (Song, 1998).

In addition, NP-1 has been recently reported to be also a functional receptor for
VEGF165 in physiological as well as in tumor-associated angiogenesis: mainly by
increasing the affinity of VEGF165 for VEGFR-2 on endothelial cells, it enhances all
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the VEGF effects transduced through VEGFR-2, such as chemotaxis, endothelial cell
survival, and angiogenesis (Yamada, 2001). Of interest, NP-1 can support VEGF
autocrine function and ceil migration in tumor celis that lack expression of VEGFR-1
or VEGFR-2, raising the possibility that NP-1 might either interact with other
signaling receptors, such as NIP (Neuropilin interacting protein) or independently
promote cell signaling (Soker, Takashima, 1998; Bachelder, 2001; Bachelder, 2003). -
In accordance, endothelial cells transduced with a chimeric fusion receptor
composed of the extracellutar domain of epidermal growth factor and the
intracellular domain of NP-1, have recently been shown to migrate in response to the
specific ligand (Miao, 2000).

Consistent with NP-1 playing an important role in requlating VEGF availability and
function, NP-1-deificent mice die during mid-gestation with defects in the heart,
vasculature, and nervous system {Kawasaki, Kitsukawa, 1999). Transgenic mice
overexpressing NP-1 also exhibited abnormalities in the cardiovascular and nervous
system, contributing to embryonic iethality (Kitsukawa, Shimono, 1995). NP-1
knockin mice expressing NP-1 mutants that bind either VEGF or class 3 semaphorins
demonstrated that VEGF/NP-1 signaling is required for vascular development,
whereas Sema3A/NP-1 signaling is required for neuronal, but not vascular
development (Gu, 2003). In addition, the marked vascular abnormalities observed in
endothelial cell-specific NP-1-null mice provided strang evidence for a non-redundant
role of NP-1 in normal vascular development (Gu, Rodriguez, 2003). However, it is
currently unclear whether NP~1 continues to have an essential function in endothelial
cells postnatally. Very recently, a unigue role of NP-1 has been described, as a
regulator of endothelial cells attachment to ECM proteins, which is essential to
endothelial cell survivai, growth, movement and angiogenesis (Murga, 2005).

Finaily, an important role of NP-1 in artero-venous patterning has recently been
proposed. In fact, while both neuropilins are co-expressed in yolk-sac endothelial
cells during vasculogenesis {Herzog, 2001), at later stages, NP-1 is preferentially
expressed in arterial endotheliat cells, while NP-2 labels venous and lymphatic

endothelium (Herzog, Kalcheim, 2001; Moyon, 2001).

The Semaphorin family
The semaphorins {abbreviated Sema) are a large family of phylogenetically

conserved molecules, which were originally identified based on their ability to
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provide both attractive and repuisive axon guidance cues during neural development
- {Kolodkin, 1993). The more than 30 semaphorins identified to date share a
conserved N-terminal extracellular Sema domain and have been classified into eight
subgroups based on their species of origin and sequence simitarity (Raper, 2000).
The final classification proposed by the Semaphorin Nomenclature Committee is
defined in Figure 2.8,
"'According to these rules, subclasses are designated by an Arabic number {with the
exception of the viral subclass), and within each subclass semaphorins are assigned
a letter, based on the date of availability in public databases such as GeneBank or
EMBL. Classes 1 and 2 are found in invertebrates, classes 3 to 7 are found in
vertebrates, and class V is found in viruses,
Though semaphorin function was initially addressed with respect to neuronal
guidance, it is becoming clear that they exert a number of effects in vivo, ranging
from cell migration to vascular morphogenesis, and including immunological
modulation and neoplastic transformation.
Among the vertebrate semaphorins, the class 3 semaphorins are the most
thoroughly investigated {Kolodkin, Levengood, 1997; Takahashi, Fourhier, 1999),
They are secreted proteins with potent axon repulsive activity that can abruptly
collapse growth cones of dorsal root ganglia (DRG) {Luo, 1993). A repulsive role for
Sema3A in vivo is supported by the excessive peripheral DRG axon growth seen in
Sema3A-/- mice (Taniguchi, 1997). However, Sema3 proteins are also involved in
different processes such as immune modulation (Hall, 1996), organogenesis {Behar,

1996}, neuronal apoptosis (Gagliardini, 1999), and drug resistance {Yamada, 1997).
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Figure 2.8. The eight subclasses of the Semaphorin family. 1) Sema domain, transmemebrane
(TM) domain, and short cytoplasmic domain (invertebrate). 2} Sema domain, immunoglobulin domain
(Ig), secreted (invertebrate). 3) Sema domain, Ig domain, short basic domain, secreted (vertebrate). 4)
Sema domain, Ig domain, TM domain, and short cytoplasmic domain. 5) Sema domain, seven
thrombospondin repeats, TM domain and a short cytoplasmic domain (vertebrate). 6)5ema domain, TM
domain, and a cytoplasmic domain (vertebrate). 7) Sema domain, Ig domain, and a GP1 membrane
anchor (vertebrate). V) Viral semaphorins, including to date a truncated secreted sema domain (SEMA
VA) and a sema domain followed by an Ig domain shown in parenthases (SEMA VB); both secreted.
Figure adapted from Goodman et al, Cell 1999

Class 3 semaphorins form complexes with two types of cell surface receptors:
neuropilins (NP-1 and NP-2) and plexins (Tamagnone, Artigiani, 1999); Takahashi,
1999 #45: Rohm, 2000 #46]. As already described, neuropilins have been identified
as high-affinity binding sites for class 3 semaphorins, whereas plexins are necessary
for signal transduction (Maestrini, 1996; Winberg, 1998; Takahashi, Fournier, 1999).
In particular, Sema3A has been the most studied protein of the Sema3 subclass, due
to its widely recognized role in axon guidance. However, the observation that its
main receptor, NP-1, is abundantly expressed on endothelial cells and forms
complexes with different VEGF receptors, prompted to postulate the existence of a
functional interplay between VEGF and Sema3A in the nervous as well as in the
vascular system. In particular, it has been demonstrated that VEGF165 can

antagonize the proapaptotic and inhibitory effects of Sema3A on axons, probably
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because both proteins share the same binding domain on cell surface receptors (Gu,
Limberg, 2002}. On the other hand, porcine and rat aortic endothelial cell expressing
NP-1 and VEGFR-2 respond to exogenously added Sema3A by decreasing their
migratory capacity, as well as microvessel and lamellipodia formation. These effects
are reversed by high doses of VEGF165 {Miao, Soker, 1999). A similar pattern is
observed in medulloblastoma cells expressing NP-1 and VEGFR-1; in these cells
Sema3A induces apoptosis, whereas VEGF165 antagonizes this effect by promoting
cell proliferation and survival (Bagnard, 2001). Finally, comparable results could be
obtained in breast carcinoma celis (Bachelder, Lipscomb, 2003). The existence of
common receptors for both VEGF165 and Sema3A implies that these factors might
compete for the same binding sites on the cell surface. Alternatively, the two factors
might directly provide opposite and independent signals to the target cells. Aligned
with this latter hypothesis, the class I semaphorins are now known to participate in
vascular morphogenesis by promoting an autocrine chemaorepulsive signal, in
addition to their best-understood role in axon pathfinding (Bates, 2003; Serini, 2003;
Shoji, 2003).

Additional recent data on other class 3 Semaphorins point to these molecules as
having important function also in tumor and vascular development. For instance,
Semaphorin 3B (Sema3B) is a site of very frequent allele loss and or promoter
methylation in the early pathogenesis of lung and breast cancer (Sekido, 1996;
Lerman, 2000) and has been shown to have direct tumor suppressor activity for lung
cells {Tomizawa, 2001). Interestingly, Sema3B induces apoptosis in lung and breast
cancer cells and this effect is reversed by the simultaneous expression of VEGF165
but not of VEGF121, suggesting an important role of NP receptors {Castro-Rivera,
2004). These results suggest that VEGF is an autocrine tumor cell survival or growth
factor and that Sema3B might act through a VEGF-regulated system to mediate its
tumor suppressor effects. These findings are in line with prior observations by
Bacheider et al., showing that NP-1 supports a VEGF signaling pathway that is critical
for breast carcinoma cell survival and that VEGF and SEMA3A are antagonistic NP-1
ligands regulating breast carcinoma cell migration (Bachelder, Crago, 2001;
Bachelder, Lipscomb, 2003).

Recent evidence also show Sema3F and VEGF having opposite effects on cell
attachment and motility in breast cancer cells, in which SEMA3F inhibited
lamellipodia formation, membrane ruffling, and cell-cell contacts through interaction

with NP-1, and VEGF counteracted all these effects (Nasarre, 2003).
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Finally, Sema3E has been shown to control vascular pattern through PlexinD1
signaling, but independently from neuropilins (Gu, 2005). This unanticipated
observation adds to the diversity of how Sema3s orchestrate tissue morphogenesis,

with a particular reference to the vascular and the nervous system.

‘2.2 GENE TRANSFER TO THE CARDIOVASCULAR SYSTEM WITH
VIRAL VECTORS

The wealth of knowledge generated over the past decades in the progressive
understanding of the molecular pathways leading to new blood vessel formation,
opened the possibility to exploit this information for therapeutic purposes.

Among the most promising approaches for the delivery of angiogenic factors is gene
transfer, and in particular the use of recombinant vectors based on adenovirus (rAd)
and Adeno-Associated virus (rAAV) (Guzman, 1993; Fisher, 1997). These two vectors
share some similar features, such as the ability to transduce a variety of proliferating
and guiescent cell types, inciuding skeletal muscle fibers and cardiomyocytes.
However they also possess their own unique set of properties that render them
particularly attractive for different gene transfer applications. rAd vectors can
accommodate larger inserts, mediate transient but high levels of protein expression,
and can be easily produced at high titers, although their application in vivo is notably
limited by their strong immunogenicity and the stimulation of a potent inflammatory
response (Yang, 1996). In the gene therapy arena, major safety concerns about a
wide use of these vectors have recently been raised by the death of young patient
recruited in a gene therapy tria for the treatment of a rare metabolic disorder (OCT
deficiency). The lethal event was most probably due to a systemic inflammatory
response to the delivered adenoviral vectors (Lehrman, 1999). Starting for these
considerations, we can predict that adenoviral vectors wili probably find their specific
niche only in cancer gene therapy, where a robust inflammatory response against
adenoviral-transduced cells is highly desirable.

A constantly increasing number of pre-clinical and clinical gene therapy studies
exploit vectors based on AAV, a parvovirus that owes its name to the fact that it has
been originally discovered as a contaminant of an adenoviral preparation. The
gaining popularity of AAV vectors can be attributed principally to their ability to

mediate prolonged transgene expression in a variety of target tissues and to their
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lack of pathogenicity {Favre, 2001). The safe profile of AAV vectors stems from two
major properties: first, AAV have never been associated to any human diseases, and,
second, they are completely replication-deficient.

Importantly, gene transfer technologies should be considered naot only for their
therapeutic applications, but also for their usefulness in basic research, since viral
vectors represent a unique tool to investigate the molecular pathways responsible for
different pathologic conditions. In this context, AAV vectors, allowing tong-term
fransgene expression in the absence of inflammation, stand as an interesting
alternative to the use of transgenic, knock-in and knock-out mice. AAV-mediated
overexpression of a specific angiogenic factor in a normal or ischemic muscle is a
simple and straightforward way to examine the bioclogicai effect of that molecule in
vivo {Figure 2.9).

Moreover, these vectors offer the unique possibility to define possible synergistic,
antagonistic or complementary effects exerted by different angiogenic molecules
(Arsic, 2003). In fact, since they infect cells at high multiplicity, they allow the
simultaneous delivery of several combinations of genes in the same tissue. In
contrast, this goal would never be possible using genetically modified animals or
other viral vector systems, such as retroviruses, whose genome is integrated in the
host genome at a frequency of one copy per cell. The possibility to simultaneously or
subsequently deliver different combinations of genes of interest is of great
significance from both the biological and the clinical points of view. For instance, it
will be possible to define which cocktail of cytokines has the greatest efficacy in the
induction of a new functional vascular network, as well as the most appropriate

timing for their administration {Athanasopoulos, 2000).
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Figure 2.9. AAV vectors as a tool to study therapeutic angiogenesis. AAV vectors represent a
potent tool to study the effect of several angiogenic molecules in vivo. The fist in the top part show the
main candidate genes currently considered for the induction of therapeutic angiogenesis, The cDNA of
almost every interesting gene can be cloned in the AAV plasmid backbone to obtain high titer
preparation of rAAV vectors, which are then suitable for in vivo administration. The high tropism of AAV
for both skeletal and cardiac muscle cells offers the remarkable possibility to obtain sustained and
prolonged transgene expression, thus allowing long-term functional studies. In particular, the
transduction of skeletal muscle is suitable for the comparison of the effects of the AAV under
investigation with those of an AAV expressing the reporter gene LacZ as an internal control.

Molecular properties of AAV vectors

AAV is a small, helper-dependent human Parvovirus, whose linear single-stranded,
non-enveloped 4.7 kb genome requires co-infection with adenovirus or herpes
simplex virus to enter a lytic growth cycle and be packaged into particles of plus or
minus polarity. Although AAV can replicate also in helper-free conditions, most
frequently, and in the absence of superinfection, it preferentially integrates its DNA
in @ non-random manner into a 4 kb region of human chromosome 19, designated
AAVS1, thus allowing a latent infection to occur. In this case, no AAV gene
expression is required to maintain latency, and the provirus is stably propagated for
several cell passages (Berns, 1995). This could be a very useful feature for a safe

and long-term gene therapy in humans.

32



The viral genome contains two open reading frames (orf), whose expression is under
the control of three promoters. From the first orf, four different transcripts are
produced by alternative splicing, coding for the non structural Rep proteins. The two
major forms of Rep (Rep78 and Rep68) bind to specific sites within the inverted
terminal repeats (ITR), and are required for both viral DNA replication and site-
specific integration. In addition, the AAV Rep proteins participate in the regulation of
“gene expression. In particular, Rep induces the up regulation of the homologous AAV
promoters in the presence of adenovirus infection, while it exerts an inhibitory effect
when adenovirus is absent. Other heterologous promoters, including viral and proto-
oncogene promoters, are also down regulated by Rep, suggesting a pleiotropic effect
of this protein on gene expression (Marcello, 2000). Another property if Rep is the |
inhibition of replication of a number of DNA viruses, such as adenoviruses,
herpesviruses and papillomaviruses. This effect could partialiy be ascribed to the
above mentioned down-modulation of transcription, but it is probably also due to a
more general effect of Rep on DNA replication.
The 3’ side of the AAV genome encodes for the capsid Cap protein. Because of the
aiternative usage of three different translation start sites and of a common
polyadenylation signal, three capsid proteins are produced (VP1, VP2, VP3).
The whole coding region is flanked by two 145 bp interted terminal repeats (ITRs),
which show complementarity within the first 125 bp and form a T-shaped hairpin at
both ends of the genome. This palindromic sequence is the only cis-acting element
required for all the major functions of AAV (viral DNA replication, assembly of the
viral particles, integration/excision from the host genome}.
The life cycle of AAV strictly depends on the presence or absence of a helper virus
superinfection in the host cells. Under non-permissive conditions (i.e. without helper
virus), the AAV genome mainly integrates into the AAVS1 region, where it establishes
a latent infection for indefinite periods of time. A crucial role in latency persistence is
played by Rep 68/78, which is synthesized at basal levels and negatively regulates
AAV gene expression and DNA synthesis. The latency state, although not altering cell
viability, does affect the phenotype as well as the expression of specific celiular
genes, conferring more sensitiveness to UV-light, genotoxic agents and heat,
enhancing serum requirement and reducing the cellular growth rate. It is assumed
that all these effects are somehow related to a low-level production of the Rep

protein {Marcello, Massimi, 2000).
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Under permissive conditions (i.e. after superinfection with helper virus), the
regulation of AAV gene expression becomes rather complex, depending upon both
the helper virus and the presence of Rep68/78 proteins, In these circumstances, the
integrated genome can be rescued from the host and packaged into infectious
particles.

The mechanism underlying the integration process, depending on the specific
recognition between AAV sequences and the AAVS1 region on chromosome 19, is
not yet fully understood. Recent evidence indicates that this region is located close
to the human troponin T gene, displaying an overall GC content of 65%, a 35-mer
minisatellite tandemly repeated for 10 times and a putatively transcribed orf; but the
putative role of these features in the integration process still remains unclear
(Dutheil, 2000). A pivotai rofe in the integration and rescue mechanisms is exerted
by the viral ITRs, and in particular by two short sequences (Rep Binding Site, RBS
and Terminal Resolution Site, TRS) in the stem of the T-shaped structure. These
sequences drive the binding of Rep 68/78 and the subsequent nicking of the viral
DNA, a process essential for viral DNA replication. Since the same RBS and TRS are
present also within the AAVS1 sequence, a model has been proposed which suggests
the involvement of an oligomeric compiex of Rep to juxtapose the RBS and TRS from
the cellular and viral DNAs.

The exact elucidation of the molecular mechanisms underlying the site-specific AAV
integration process is of extreme importance in the light of the utilization of these
vectors for gene therapy purposes. However, it should be emphasized that site-
specific integration is strictly dependent on the rep gene, or at least on one of its
products, the Rep68 or Rep78 proteins. Since the gene coding for this protein is
never present in the recombinant AAV vectors, it can be reasonably concluded that

integration of vector DNA either occurs in a random manner or does not occur at all.

Production of recombinant AAV vectors

The characteristics of AAV fife cycle, including its defectiveness and ability to persist
in infected cells as a latent viral genome, early suggested that this virus could be an
excellent tool for in vivo gene transfer. Since the AAV genome cloned into a plasmid
is still infectious and able to produce viral parficles, any exogenous gene (less than

4.5 kb in length) can theoretically be placed within the two 145 bp ITRs to obtain a
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circular backbone suitable for vector production. Unlike other delivery systems that
have evolved into several generations, the original composition of the AAV vector
plasmid (a fransgene expression cassette flanked by the two ITRs) is essentially the
same as in the current version. The traditional method for rAAV production is based
on co-transfection of the vector plasmid together with a second plasmid,
supplementing the rep and cap gene functions, into helper-infected cells (usually
Hela or 293 cells) (Figure 3.10).

AAV g ; ~ Helper
vector (h._,,) . S plasmid
Ad helper genes
CaPQ, transfaction
293 cells Freeze/Thaw
(NH,},S0, fracticnation

CsCl, gradient g

purification AV

Coltact and dialyze fractions

Titration by QC-PCR
Assay for transgene expression

Figure 3.10. Production of recombinant AAV vectors. After co-transfection of the AAV vector
ptasmid (carrying the ¢cDNA of the therapeutic gene), together with the helper plasmid (supplementing
the rep and cap gene functions, as well as adenoviral genes with helper activity), HEK293 cell lysate is
obtained by repeated freezing and thawing, and subsequently fractionated by {NH,),SQ, precipitation.
rAAV particles are then purified by CsCl2 density gradient ultracentrifugation and dialyzed. Virai
preparation stocks are finally titrated and assessed for transgene expression.

Packaging efficiency seems to depend principally on the cellular system used and on
the size of the packaged genome. A "head-full" mechanism appears to be used by
the packaging machinery, with upper and lower limits of 4.9 and 4.1 kb respectively
for optimal packaging, even if constructs up to 5.2 kb are tolerated.

One of the most critical problems in the traditional AAV preparations is the presence
of the contaminant helper virus, and occasionally also of wild-type AAV. Since
recombinant particles are usually assembied in cells infected by adenovirus, they

have to be purified, which may negatively interfere with the amount and the activity
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of the recombinant particles. In fact, even marginal amounts of infectious adenovirus
or adenoviral proteins can result in relevant host immune response, while the

- presence of the wild-type virus poses the risk of mobilization of the recombinant AAV
vector (provided that simultaneous infection with a helper virus also occurs in the
same organism}. Several improvements of the conventional protocol for rAAV vector
production have been proposed over the last few years, as a consequence of the
growing understanding in the biology of the AAV life cycle (Grimm, 1998).

| I'AAV vector particles are traditionally separated from adenovirus virions by repeated
cesium chloride (CsCl;) density gradient ultracentrifugation. However, this separation
is far from perfect, having a negative impact on the success of rAAV production. To
decrease toxicity from residual hyperosmotic CsCl;, the substitution of density
centrifugation with the iso-osmotic and inert iodixanol has recently been adopted.
Alternatively, the identification of heparan sulfate proteoglycan as a celtular receptor
for the attachment of the virions, has resulted in the transition to ligand affinity
matrix chromatography purification as the standard of rAAV production in most core
facilities.

The risk of adenovirus contamination has been recently solved by the identification
of the adenoviral genes essential to provide helper activity to AAV replication in
packaging cells. Actually, it is now clear that this effect is not direct. Proteins
expressed from the adenovirus early region 4, open reading frame 6 (E4ORF6)
stimulate still unrecognized cellular activities that are essential to stimulate AAV
replication. This notion led to the development of new protocols that allow for vector
manufacturing in a setting totally free of helper virus, based on piasmids containing
part of the adenoviral genome. These plasmids are completely non-infectious,
carrying only the subset of adenoviral genes that is essential for rAAV production.
More recently, both the AAV and adenoviral genes were assembled on one plasmid,
thus reducing the number of plasmids reguired to transfect for recombinant particles
production {Grimm, Kern, 1998). In this way, it is now possible to obtain rAAV
preparations free of contaminating helper virus and unwanted adenoviral protein at a
yield even higher than that achieved by using infectious helper virus.

A particular goal in trying to overcome the dependency on transient transfection is
the establishment of packaging cell tines, similar to those already deveioped for
retrovira! and adenoviral vector production, but stably containing multiple copies of
the rep and cap genes. Expression of these genes wouid be moderate in basal

conditions, but could be triggered by infection with adenovirus. Nonetheless, these
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efforts have met very limited success so far, mainly due to the toxicity of the

. constitutive expression of Rep, which, even at very low levels, is very badly tolerated
by profiferating cells. Therefore, transient transfection still remains the method of
choice to obtain AAV vector preparation for both investigation and gene therapy
purposes.

The increasing popularity of rAAV vectors relies on the results of a number of in vivo
“transduction experiments that have demonstrated efficient and long-term persistent
infection of a series of tissues and organs in vivo {Xiao, 1996). For some still
completely unexplored reasons, however, transduction occurs essentially only in cells
of muscular origin (including skeletal and smooth muscle cells and cardiomyocytes),
in neuronal cells (both in the central and peripheral nervous system and in the |
retina), in retinal pigmental cells, and, at a lesser extent, in hepatocytes, The
reasons for this selective tropism are most likely unrelated to viral penetration into
the cells, since AAV particles are able to efficiently bind and enter a large number of
cells, due to the usage of widely expressed molecules as receptors, including
heparan sulphate proteoglycans, FGFR-1 and «Vp5 integrin (Bartlett, 2000). After
infection, however, different and unknown cellular factors influence the outcome of
viral transduction that limit the in vivo efficiency. In adenovirus-infected cells, AAV
DNA co-localizes in the adenovirus replication centers within the nucleus. In contrast,
in the ahsence of adenovirus, AAV essentially has a perinuclear localization, whereas
it is quickly internalized in the nucleus after helper viral superinfection. A peculiar
molecular event limiting the infection efficiency is the synthesis of the
complementary strand of the viral genome, which converts the single-stranded AAV
DNA into its transcriptionally active, double-stranded form (Ferrari, 1996).
Intriguingly, this event often takes a long time to occur: even in highly permissive
tissues, the maximum levels of transgene expression is detected only after several
weeks, being preceded by a lag period during which some still not completely
understood molecular events take place (Zentilin, 2001).

Current knowledge on AAV biology has been mainly accumulated by using serotype-
2 vectors. However, a number of new AAV serotype vectors (from 1 to 9) have
recently become available, with distinct tissue tropism and interacting with different
cellular receptors. Of specific interest for future cardiovascular applications, AAV-1
and AAV-6 demonstrate particularly robust transduction of skeletal muscle. In

contrast, AAV-8 seems to display the highest efficiency in crossing the blood vesset
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barrier, thus attaining systemic gene transfer to both skeletai and cardiac muscles
(Wang, 2005}.

2.3 STRATEGIES FOR THE INDUCTION OF TISSUE NEO-
VASCOLARIZATION

Use of growth factor gene transfer for the induction of therapeutic
angiogenesis: from animal studies toward clinical trials

The exceptional scientific progress achieved during the last decade in the vascular
biology field, with the identification of a growing number of endogenous angiogenic
factors, has led to the elaboration of the novel concept that new vessels can be
grown to improve the perfusion of ischemic tissues.

In parallel, the same concepts were further substantiated by a number of studies in
the field of tumor angiogenesis, as introduced by Judah Folkman in 1971 (Folkman,
1971) anq__ by the development of a series of specific growth factor inhibitors, which
displayed particular clin.if:al efficacy for the treatment of chronic myelogenous
leukemia and other tumors (Druker, 2002, Willett, 2004).

Likewise, the validity of therapeutic angiogenesis/collateral artery growth was
successfully tested in a variety of preclinical models. The wealth of information
inferred from animal studies was encouraging enough to gain regulatory approval for
clinical testing, which actually started several years ago (Isner, 1996) and has been
tremendously expanded over the last decade (Post, 2005).

After the identification of VEGF and FGF as powerful inducers of angiogenesis, a
limited series of studies has been conducted in order to evaiuate a possible
therapeutic effect achievable by these factors when delivered as recombinant
proteins (Takeshita, 1994; Takeshita, 1994; Sato, 2000; Post, 2001). Despite
relatively good results obtained in animal models, this approach produced only
modest success in clinical trials, as a consequence of the short half-life of these
cytokines in vivo (Hendel, 2000; Henry, 2001} and severe hypotension reported after
bolus injection of the proteins (Hariawala, 1996; Horowitz, 1997).

As a result, a larger number of investigations have assessed the feasibility of VEGF
gene delivery by gene transfer via injection of plasmid DNA or adenovirus. Both of

these delivery systems led to transient production of the protein and induce
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angiogenic sprouting from pre-existing vessels in different animal models and in
- humans (Mesri, 1995; Muhlhauser, 1995; Isner, Pieczek, 1996; Magovern, 1997;
Mack, 1998). Indeed, much enthusiasm has been generated by the preliminary
results of clinical trials of cardiovascular gene therapy conducted over the fast few
years (Ferrara, 1999},
Many growth factors are at our disposal for therapeutic intervention, alone or in
' combination. Few have followed the entire evolution from in vitro to preclinical and
clinical phase II studies. These factors include FGF-2, VEGF-A165 and FGF-4. Others,
such as VEGF-A121, HGF and the transcription factor HIF-1a are either in phase I or
phase II trials.
Historicaily, gene transfer for the induction of therapeutic angiogenesis entered the
clinical scenario in 1994, in a group of patients with critical limb ischemia and no
options for conventional revascularization (Isner, Pieczek, 1996). In this case, the
freatment consisted of the injection of a plasmid coding for VEGF and its effect was
evaiuated by angiography and nuclear magnetic resonance, which revealed the
formation of new collaterals and a significant improvement in perfusion in the VEGF-
treated group (Baumgartner, 1998). The only major side effect was the occurrence
of a remarkable edema of the leg, probably related to the potent permeabilizing
effect of VEGF {Baumgartner, 2000).
After having established proof of concept in this population, additional clinical studies
were extended to patients with myocardial ischemia (Losorda, 1998) and to the use
of alternative delivery systems, such as liposomes and adenoviral vectors, which are
in fact the most used vectors in the clinics, (Laitinen, 1998), with several hundreds
patients treated so far .
Table 1 presents an overview of the design and the results of the larger clinical trials
of therapeutic angiogenesis already closed. What can we conclude? Actually, despite
the consistent success in different animals meodels, clinical experience has been less
successful in demonstrating benefits of therapeutic neovascularization. While the
initial series of open labe! studies testing VEGF 165, FGF-1 and FGF-2 all showed
significant improvement in myocardial perfusion and function, a similar improvement
was seen in placebo groups in larger randomized double blind trials (Simons, 2002;
Henry, 2003; Cao, 2005). The variable success of trials conciuded to date might
depend on a few recurrent reasons, including choice and formuiation of growth

factors, short exposure, route of administration and selection of patients.
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As a preliminary consideration, which stems from the deeper understanding of the
complexity of the angiogenic process, one major concern regards the evident
inadequacy of a single agents to form a mature and functional vascular network.
More importantly, the observation that the poor architecture and function of tumor
vessels can be at least in part attributed to the imbalanced production of VEGF
raised several concerns about the functional performance of the VEGF-induced neo-
vasculature. Conversely, the combination of an angiogenic factor, such as VEGF, with
a pro-maturation factor, such as Angiopoietin-1, could represent a rational approach

to improve the remodeling and the stability of the newly formed vessels.

. Therapeutic Disease
Trial agent target n End point Results Reference
VIVA Trial FVEGF protain CHD 178 ETT at 60 d Negative Henry et al., 2003
FIRST Trial rFGF-2 pretein CHD 337 ETT at 93 d Megative Simons et af., 2002
TRAFFIC Trial 1FGF protein PADD 190 ETT at 90 ¢ Positive Lederman ct al., 2002
AGEMT Trial  Adenaovirus-FGF-4 CHD 79 ETTat4w Positive * Grines et al., 2002
VEGF Peripheral Adenovirus- FAOD 54  Vascular density at Positive Makinen ek al,, 2002
Wascular Disease YEGF165 3 months
Trigt Plasmid/liposome- {angiography)
VEGF165
KAT Trial Adenavirs- CHD 103 Improved Positive Hedman et al., 2003
VEGF1B5 myacardial {adenaovirus
Plasmid/Eposame- perfusion at & graop only)
VEGF165 months
REVASC Trial Adlaroviris- CHD 67 Timetol mm 5T Positive Stewart, 2002
VEGF121 segment
depression on ETT
at 26w
RAVE Trial Adencvirus- FACD 105 Peak walking time Megative Rajagopalan er al,, 2003
VEGF121 at 12w
Eurcinject One  Plasmid WYEGF165 CHL 74 Improved Megative Kastrup, 2003
Trial myocardial
perfusion at 3
months

Table I. Phase II/III clinical trials addressing the efficacy of therapeutic angiogenesis,

CHD, coronary heart disease; PAQD, peripheral vascular disease
* Only one dose group showed positive results, a larger phase-I1 trial has been recently stopped

An additional explanation for the poor clinical outcome of the clinical trials for the
induction of therapeutic angiogenesis conducted so far stems from the low doses of

VEGF that have been probably achieved with the use of plasmid DNA or of
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adenoviral vectors. In fact, while plasmids can be spontaneously internalized by
muscle cells, their transfection efficiency is still very low, On the other hand, as
already discussed above, adenoviral vectors promote a potent inflammatory

response, which rapidly switch off transgene expression.

In this context, the ability of AAV vectors 1o ensure a prolonged and sustained
expression of the therapeutic genes in the absence of inflammation, together with
‘the possibility to combine different vectors for the simultaneous expression of
different growth factors, appear extremely appealing for the development of

successful approaches of therapeutic angiogenesis in the next future.

Does vasculogenesis exist in adult life?

Although angiogenesis has been traditionally considered the only possible
mechanism of de novo blood vessel formation in adults, a potential role for a
vasculogenesis-like mechanism in adult organisms has been recently proposed.
Stem celis from adult tissues have been traditionally thought to differentiate
exclusively into cell types of their tissue of origin. However, evidence has been
recently accumulated that at least some stem cells may differentiate down
alternative pathways when introduced into a regenerative environment. This concept
of adult stem plasticity has recently generated much excitement by some authors,
but it has been disbelief by several others.

One of the first indication that transdifferentiation might occur came from bone
marrow transplantation experiments, in which genetically-marked hematopoietic
stem cells {HSCs) were found to contribute to muscle regeneration in adult
organisms (Ferrari, 1998). Moreover, HSCs transplanted into the murine ischemic
myocardium have been shown to transdifferentiate into cardiomyocytes and blood
vessels, thereby improving heart function and survival (Orlic, Nature 2001}, These
works were rapidly followed by other reports that bone marrow-derived cells could
differentiate into cardiomyocytes (Bittner, 1999), osteoblasts (Horwitz, 1999), liver
cells (Petersen, 1999), neurons (Brazelton, 2000) and endothelial cells (Shi, 1998).
However, since the bone marrow contains a rich reservoir of many cell types, it is
very difficult to identify which cells could account for multiple activities. Interestingly,
recent studies indicate that vascular ceil progenitors are still present in adult
circulation and resident in the bone marrow, contributing to blood vessel formation

during tissue repair and in pathological conditions. This process that would involve
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the coalescence of circulating and marrow-derived precursors, is thought to more
closely resemble embryonic vasculogenesis rather than angiogenesis (Springer,
1998; Jackson, 2001; Kocher, 2001).

Precursors of vascular endothelial cells in adults were firstly identified in peripheral
biood (circulating endothelial progenitor cells or CEPs) and compelling evidence
suggests that they play an essential role in several physiological and pathological
conditions, including wound healing {Asahara, 1997; Asahara, 1999; Asahara, 1999;
Crisa, 1999) and myocardial ischemia (Kalka, 2000; Iwaguro, 2002). In addition, the
growth of certain tumors seems to be strictly dependent upon the recruitment of
CEPs and HSCs to the tumor vasculature (Asahara, Masuda, 1999; Lyden, 2001;
Marchetti, 2002). In summary, CEPs can be considered to be marrow-derived
angioblasts that migrate and proliferate and have the capacity to differentiate into
mature endothelial cells (Coffin, 1991).

While these data originally generated a great excitement about the potential use of
HSCs {or other stem ceils of bone marrow origin) for tissue regeneration and
revascularization, the physiological significance of CEPs in the regulation of post-
natal processes has been recently the subject of intense scrutiny. Ironically, although
a variety of groups worldwide have already started clinical trials of autologous bone
marrow transplantation into ischemic myocardium (Britten, 2003; Schachinger,
2004), fusion of transplanted stem cells with resident cardiomyocytes has been
offered as an alternative explanation for previous claims of transdifferentiation
(Alvarez-Dolado, 2003; Nygren, 2004). Moreover, a couple of clever studies have
ultimately demonstrated that HSC transplanted into the ischemic myocardium are not
able to transdifferentiate, while they still adopt mature hematopoietic fates (Balsam,
2004; Murry, 2004)

Finally, the mechanistic underpinnings of stem celi therapy appear to be far more
complex than previously anticipated, since a beneficial effect of HSCs might occur
also in the absence of transdifferention, being mediated by the release of angiogenic
factor, protection from cardiomyocyte apoptosis, induction of myocardial cell

proliferation or recruitment of putative cardiac stem celis (Figure 3.11).
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Figure 3.11. Working hypothesis of therapeutic stem cell transplantation for the treatment
of myocardial ischemia. Stem and progenitor cells might have a favorable effect on tissue perfusion
and contractile performance by promoting neovascularization and/or myocyte formation. Depending on
cell type and local mileu, the relative contribution of cell incorporation {transdifferentiation andfor
fusion) versus paracrine effects may vary.

Figure adapted from Wollert et al., Circulation Research 2005

So far, a flurry of small, mostly uncontrolled studies exploring the safety and
feasibility of stem cell therapy for myocardial ischemia has been conducted. These
trials have used a myriad of different cell types and preparations, each in a small
number of patients, with different disease stages. Nevertheless, collectively, this
prélimina ry clinical evidence suggest that stem cell therapy might work at some
extent, and that the recruitment or transplantation of HSCs into ischemic tissues
might have a favorable impact, probably through the paracrine secretion of growth
and survival factors.

On this basis, several animal models have been developed, to study the mechanisms
by which stem cells are mobilized from the bone marrow to particular organs, and
the molecular mediators that orchestrate this process. The release of angiogenic
factors and hematopoietic cytokines seems to have a major role in the mobilization
of endothelial progenitors and subsets of HSCs. The exact identification of the
molecular pathways that are essential in this process, as well as in the protiferation
and differentiation of vascular stem cells, would open new avenues for accelerating

neo-angiogenesis after vascular injury or ischemia.
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In accordance with the works by Balsam and Murry (Balsam, Wagers, 2004; Murry,
Soonpaa, 2004), among the several authors who tested whether circulating bone
marrow—derived cells incorporate into collateral arteries after femoral artery ligation,
many did not find any incorporation of bone marrow—derived cells in the
endothelium and tunica media of growing vessels (Post and Waltenbérger, 2005).
However, they observed accumulations of bone marrow—derived cells in areas of
‘collateral artery growth and capillary growth and identified these cells as fibroblasts,
pericytes, and primarily leukocytes. These exciting data add another piece of
evidence to the concept that apparently not mural, tissue-resident cells but other cell
types play a more central role in vascular repair. However, given the diversity of
blood leukocyte populations, the exact identity of these cells deserves careful
consideration.

An increasing body of evidence suggests that an important role of inflammation as a
trigger for neovascularization in the setting of ischemia. Among the players of the
inflammatory response, monocytes and macrophages have been shown to
accumuiate in the ischemic area and positively modulate vessel growth (Arras, 1998;
Heil, 2002). Accbrdingly, nude mice that lack all T cells or CD4+ T-lymphocyte-
deficient mice exhibit a reduction in post-ischemic vessel growth, suggesting that T
lymphocytes also are key mediators of neovascularization (Couffinhal, 1999; Stabile,
2003).

Inflammatory cells have been shown to promote neovascularization through various
mechanisms, including production of angiogenic factors, secretion of pro-
inflammatory cytokines that control the production of matrix metalloproteinases and,
subsequently, ECM degradation (Sunderkotter, 1991; Silvestre, 2001; Mallat, 2002).
Inflammatory cell infiltration is a feature of the post-ischemic neovascularization
process. However, the mechanisms leading to leukocyte attraction to the sites of
neovascularization are largely unknown. Classically, accumulation of leukocytes at
inflammatory sites is regulated by a family of small, discrete chemotactic proteins,
called chemokines, although a direct role of angiogenic factors in the recruitment of
leukocytes cannot be excluded.

An important role of chemokine expression in the modulation of leukocyte trafficking
to the neovascularization areas has been recently defined by the impairment in post-
ischemic neovascularization observed in mice lacking the chemokine receptors CCR2
or CXCR3 (Heil, 2004; Waeckel, 2005) While CCR2 is mainly involved in monocyte

recruitment, CXCR3 is a potent chemoattractant for T-lymphocytes. However,



monocyte infiltration is also severely affected in CXCR3-deficient mice (Waeckel,
Mallat, 2005). Interestingly, the effect of CD4+ cells in vessel development are
causally related, at least in part, to their capacity to attract monocytes/macrophages
in the ischemic area, which subseguently trigger the neovascularization reaction
(Stabile, Burnett, 2003). Collectively, these resuits support the concept that
mechanisms contributing to the T cell-dependent neovascularization ultimately
“appear to reside in the ability of these cells to induce morocyte/macrophage
accumulation.

Since VEGF does not only activate endothetial cells but also menocytes (Clauss,
Weich, 1996), the mechanism by which VEGF can increase collateral growth could be
mediated by both cell types. It is interesting to note that PIGF, a specific ligand for
VEGFR1, which is the exclusive VEGF receptor identified in monocytes so far, seems
not able {o stimulate endotheiial cell proliferation. Nevertheless, bath gene knockout
experiments and recombinant PIGF administration in an ischemic rabbit hindlimb
model, clearly indicate a relevant role of PIGF in supporting collateral
formation/arteriogenesis (Carmeliet, Moons, 2001; Pipp, Heil, 2003). Notably,
monocyte depletion almost completely abolished the arteriogenic activity of PIGF,
which is in agreement with the hypothesis that monocyte recruitment and activation

is essentially involved in arteriogenesis.

45



46



3. RESULTS

Efficient transduction of muscle tissues by AAV vectors

The tropism of AAV vectors for muscle tissues was assessed by injecting an AAV-
LacZ in different muscle compartments of mice and rats, and evaluating transgene
expression at different time points after transduction. In particular, to transduce
skeletal muscle, 50ul of a vector stock (having a titer of 1 x 10" viral genome
particles per ml) were injected into the distal part of the tibialis anterior muscle of
mice, while 3 injections of 50pl were performed in the. same muscle of rats. In the
heart, two doses of 20 and 40 ul were injected intramyocardially in the mouse and
rat, respectively. Transduction of the smooth muscle cells of blood vessels was only
evaluated in a model of arterial restenosis in the rat, by injuring the common carotid
artery with a Fogarty catheter and exposing the internal wall to the virus (50 ul) for
40 minutes before restoring biood flow (Ramirez Correa, 2004).

All the transduced tissues were analyzed for p-galactosidase expression by X-gal
stéinimh.g at 15 day}s, .1 mdnth and 3 mdnths after treatment. Transgene expression
was found to be already high at two weeks after vector delivery and to persist,
almost invariably, afterwards. A representative picture of a section of a rat skeletal
muscle, a myocardium and a carotid artery 1 month after AAV-LacZ administration is

shown in Figure 3.1.

g
o

Skeietal muscle Heart Smooth muscle cells

Figure 3.1. AAV-LacZ transduction of skeletal muscle, myocardium and arterial smooth
muscle cells in rodents. Comparable amounts of AAV-LacZ (2 x 1010 - 2 x 10!1) were delivered into
the different tissues of mice and rats to assess transgene expression by X-gal staining after 1 month.

47



Long term VEGF165 gene expression is highly angiogenic in vivo

To assess the biological effect of long term VEGF165 expression in vivo, an AAV-
VEGF165 vector (see diagram in the synopsis) was injected in the right tibialis
anterior muscie of normoperfused Wistar rats. Each animal also received an equal

amount of AAV-LacZ or PBS in the same muscle of its left leg, as an internal control.

When histological sections were examined 1 month after transduction, we observed
a striking angiogenic effect, with the formation of an impressive number of new

| Illjlood vessels. To start defining the phenotype of the newly formed vascular
structures, we detected the presence of endothelial cells by an
immunohistochemistry against the endothelial marker CD31. The number of CD31-
positive celis was greatly increased in muscles transduced with AAV-VEGF165 (Figure
3.2).

p<0.01
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Number of capillaries per fiber
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E Transduced (right leg)
& Mock {left leg)

Figure 3.2. The long term expression of VEGF165 into the skeletal muscle induced the
formation of a great number of capillaries. The prolonged expression of VEGF165 into the
normoperfused skeletal muscle resulted in a 2-fold increase in the number of capillaries composed of
CD31-positive endothelial cells, indicating an ongoing process of neo-angiogenesis.

The quantification of the number of capillaries (defined as 5-10 um diameter vessels

surrounded only by CD31-positive cells) revealed a 2-fold increase in the muscles
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treated with VEGF165 compared to control. No significant difference in the number
of capillaries was observed in animals sacrificed at earlier or later time points,
although a progressive enlargement of the angiogenic area was detectable over
time.

Even more impressive was the increase in the number of larger and more mature
vessels, provided of a thick layer of cells expressing a-smooth muscle actin {«-SMA),

a known marker of smooth muscle cells.

p<0.0001
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Figure 3.3. The long term expression of VEGF165 into the skeletal muscle induced the
formation of a great number of arteriolae. The injection of an AAV-VEGF165 vector for the
prolonged VEGF165 gene expression into the normoeperfused skeletal muscie induced the formation of a
great number of vessels positive for a-smooth muscle actin having a diameter of 20-120 pm. This
resulted in an overall 6-fold increase in the number of artericlae in the treated muscle compared to
contrel,

As shown in the histogram of Figure 3.3, these arteriolae with a diameter in the 20-
120 um range were ~ 6-fold more abundant in the VEGF165-expressing muscles as
compared tc controls,

An identical histological pattern, with massive endothelial cel! proliferation, capillary

sprouting and formation of arteriolae, was observed in mice {not shown). As evident
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from the enlargement of Figure 3.3, most of the newly formed arteriolae were filled

of erythrocytes, suggesting their connection to the systemic circulation,

Figure 3.4. In vive perfusion with fluoresceinated lectin. The vascular network formed in
response to VEGF165 was reconstructed under the confocal microscope after in vivo perfusion of the
animals with fluoresceinated lectin. Cellular nuclei are counterstained with Propdium Iodide and thus

appear red,

In order to definitivaly prove this hypothesis, mice injected with AAV-VEGF165 in
their right leg were in vivo perfused with fluoresceinated Lycopersicum Esculentum
lectin, which strictly adheres to endothelial cells and monocytes, and therefore stably
marks any perfused blood vessel. After animal sacrifice, 100um thick cryosections of
the treated and the untreated leg were subjected to confocal microscopy to obtain a
3D-reconstruction of the newly formed vessels. As evident from Figure 3.4, most of
the vascular structures formed in response to VEGF165 overexpression resulted to be
lectin-stained and thus appeared green, a direct indication of their functional
connection to the circulatory system. Of particular interest was the observation that
in the VEGF165-treated muscles only, some lectin-stained structures had the
tendency to invade and substitute the muscle fiber parenchyma {see Figure 3.4,

enlargement on the right).
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Figure 3.5. In vivo perfusion with fluorescent microspheres. Fhiorescent microspheres injected
i.v. into the animal were recovered from both the right (treated} and the left (untreated) tibialis
anterior muscle, and quaniified by fluorimetric analysis. Shown are means and standard deviations of
the ratios between the two measurements, together with a 3D-reconstruction of the vascular network
in each muscle.

As expected, the prominent angiogenic response induced by VEGF165 resulted in a
marked increase in the blood volume of the treated muscle, as assessed by in vivo
perfusion of the animals with a bolus of fluorescent microspheres. By the use of this
technique we could obtain a guantitative measurement of the perfusion of the
treated muscle relative to the controlateral unireated one, as well as a 3D-view of
the vascular network that was present in each muscle. Both data are presented in
Figure 3.6, showing that the treatment with VEGF165 resulted in a marked increase
in the blood volume {~ 6-foid), with the formation of a network of vessels that

appeared abnormally large and poorly organized.

Collectively, these results indicated that the sustained an prolonged expression of
VEGF165 by AAV gene transfer was highly angiogenic in the normoperfused skeletal
muscle of rodents, with the formation of a great number of new capillaries and
arteriolae. These new vessels accounted for an increase in the overall blood volume

of the treated muscle, a result that might suggest an increased perfusion of the
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muscle fibers. However, in the same muscles we also observed the formation of
severat abnormal vascular lacunae, almost invariably filled of red blood cells, which
had the tendency to invade and substitute the muscle fibers themselves (Figure 3.6).
This unexpected phenomenon was quite impressive and fed us to further

characterize the functional performance of the newly formed vessels.

Figure 3.6. Vascular lacunae formed in response to the prolonged expression of VEGF165.,
Shown are sections fram AAV-VEGF165-injected muscles, in which some of the muscle fibers appear
substituted by large vascular lacunae. As clearly highlighted in the enlargements on the right, most of
these abnormal vascutar structures were almaost completely filled of erythrocytes.

Assessment of vascular permeability: a favorable effect of Angl on VEGF-

induced vascular leakiness

The abnormal morphology of some vascular structures formed upon AAV-VEGF165
gene transfer suggested that they probably were not completely mature and
therefore they might be not perfectly functional. In fact, the complexity of the
angiogenic process is a strong indication that more than one growth factor is likely
needed in order to obtain a properly organized and functional vascular network. In
particular, several concerns have been raised about the widely recognized
permeabilizing effect of VEGF, mainly due to the induction of endothelial
fenestrations and resulting in edema formation.

To start understanding the functional competence of the VEGF-induced vessels, we

analyzed vascular leakiness by an adaptation of the Miles test, after systemic
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injection of a bolus of Evans blue into the jugular vein. As evident from Figure 3.7,
muscles expressing VEGF165 were remarkably (approximately 6 times) more leaky
than controlateral contrals {visually shown in the upper panel and quantified by
spectrophotometric analysis in the histogram} at both 1 and 3 months after
treatment. However, this effect was consistently counteracted by the simultaneous
delivery of an equal amount of a distinct AAV vector carrying the ¢DNA for
Angiopoietin-1 (AAV-Angl). The combination of the two factors resulted in an almost
complete normalization of the vascular leakiness in the treated muscles. The
expression of Angl alone had no effect on vascular permeability at any time point,

not it induced any visible angiogenic response (not shown).
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Figure 3.7. Miles assay for vascular permeability assessment. At 1 and 3 months after
treatment, a bolus of Evans blue was injected into the jugular vein and both tibialis anterior muscles
were harvested 30 minutes later. The histogram reports spectrophotometric guantification of the dye
infiltrated in each muscle, expressed as a ratic between treated and mock-treated legs (shown are
means and standard deviations obtained from 6 animals per group).

53



Functional evaluation of the effect of AAV-VEGF165 and AAV-Angl

transduction on muscle perfusion by PET

Given the significant effect of Angl on VEGF165-induced vascular ieakiness, we
wanted to assess whether this aiso resulted in an improvement of vascular functional
competence. Therefore, we set up a mode! to study muscle perfusion by PET, in
both resting conditions and after muscle exercise, The general outline of the whole

study is schematically shown in Figure 3.8.

Permeability Permeability Microspheres
test (SPECT) test (SPECT) Injection (SPECT)
{30 days p.i.) (195 days p.i.) (210 days p.i.)

' '

1st MBF 2nd MBF 3rd MBF
Assessment Assessment Assessment
{PET) (PET) (PET)

{15 days p.i.) {60 days p.i.} (180 days p.i.)

Figure 3.8. Experimental flow chart. All the animals injected with either AAV-LacZ, AAV-VEGF,
AAV-Ang-1, or a combination of AAV-VEGF and AAV-Angl, were subjected to PET imaging for the
assessment of muscle blood flow, as well as to SPECT scanning for the sequential measurement of
vascular permeability and of artero-venous shunting.

Rats were randomly divided into four experimental groups, which were all injected in
their right hindlimb with an equal amount of different vector preparations (AAV-
VEGF165, AAV-Angl, AAV-VEGF165+AAV-Angl or AAV-LacZ), and with PBS in their
left hindlimb, as an internal control; n=21 per group. All the animals were repeatedly
subjected to PET imaging at different times after treatment up to 6 months, by
measuring an index of muscle perfusion, bilaterally. More precisely, each PET session
included two measurements of muscle blood flow (MBF), either in resting condition
or after 20 min of pacing-induced bilateral muscle activity. After two weeks from the
Jast PET experiment, alt the animals were injected with **Tc-labeied DTPA to assess
vascular permeability by SPECT. Finally, after two additional weeks, they were
evaluated for the presence of artero-venous shunts by the injection of radio-labeled

macroaggregates into the abdominal aorta.
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A representative PET image of a rat at 6 months after AAV-VEGF injection is shown
in Figure 3.9. From the left panel, taken in resting conditions, is evident that, in
contrast to our expectations, the prolonged expressibn of VEGF alone did not
increase MBF as compared to the control leg. Even more surprising was the result
obtained after exercise (right panel). In these conditions, vasodilation occurred in
most organs, including heart, brain, kidney as well as in the left, control leg. In
contrast, the VEGF-treated leg was completely unable to respond to the increased

flow demand.

A MBF:
0.02 mg/min/g 8t

A MBF:

Figure 3.9. PET image of a rat treated with AAV-VEGF165 in its right leg. The relative
perfusion of the different tissues is represented by an artificial color scale. While most organs, inclugding
the untreated controlateral leg, underwent a physiological vasedilation during muscle activity, the
VEGF165-expressing muscles seemed not able to respond to the increased flow demand.

The resulis obtained in the whole set of animals at three time points after vector
delivery are shown in Figure 3.10, expressed as AMBF (difference between the flow
of the treated and the untreated leg). The unexpected negative effect of VEGF165
on muscle perfusion after exercise was already detectable as early as 15 days after
vector injection, and became even more evident at the later time points (MBF ratio
between the treated and the untreated leg was 0.70+0.13, 0.66+0.02, 0.50£0.02 at
15 days, 2 months and 6 months, respectively, vs. 0.89+0.03 control; p<0.05 at
every time point). In contrast to VEGF alone, the simultaneous administration of
AAV-VEGF and AAV-Angl resulted in a clear improvement in MBF both at baseline
and after exercise. Again, this result was already evident at 15 days (MBF ratio:
0.61+0.34 vs. 0.33+0.05; p<0.05 at rest; 1.20£0.24 vs. 0.82+0.06; p<0.01 after
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exercise) and persisted over time, up to 6 months after treatment (1.17+0.42 and

1.16%0.09 at 2 and 6 months, respectively; p<0.01 vs. control at both times).

The expression of Angl alone had no effect on MBF at any time point. Therefore, the

animals treated with Angl were not further considered in the subsequent

experiments of this study.

VEGF+
0.4 - LacZ VEGF Angl Angl
* %
0.2 | r
0- ——
N
0.2 1 T
0.4 -
VEGF+
04 LAZ VEGF Ang1l Angl
f-\‘
2 02- .
=
E .
)
E 42- +
LL. *
D 04- VEGF+
= LacZ VEGF Angl
<] Angl
0.4 7 x
&
0.2
0 - -
0.2 1 -
-0.4 - T

*

Figure 3.10. PET analysis of MBF after VEGF165 and Angl gene transfer. MBF assessment by
PET revealed an unexpected drop in MBF in muscle transduced with VEGF165 after pacing-induced
muscie activity. This negative effect was already detectable at 15 days and persisted up to 6 months
after treatment. In contrast, the simultancous overexpression of Angl resulted in a marked
improvement in MBF both in resting conditions and after exercise. Asterisk denotes statistical

significance over control,
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Expression of Angl improves functional maturation of the VEGF-induced
blood vessels

In order to start understanding the reason underlying the unexpected drop in MBF
after AAV-VEGF165 transduction, we simuitaneously analyzed the vascular volume
and permeability of the treated muscles by the infusion of **Tc-DTPA, in the same
set of animals previously studied by PET. As expected, the delivery of AAV-VEGF165
was found to determine a remarkable increase in the blood volume of the treated
leg, which was evident at 1 month (2.920.8 vs. 1.0=0.1, p<0.05) and further
increased at 6 months after treatment {(6.1+1.6 vs. 1.3+ 0.2) (Figure 3.11}. In
confrast, the co-injection of AAV-Angl significantly counteracted this effect, although
at 1 month a modest but not significant increase in vascular volume was still

detectable relative to control.
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Figure 3.11. Determination of intravascular volume by infusion of #9Tc-DTPA. An index of the
intravascular volume of the treated and the untreated legs was calculated by the systemic injection of
9T¢-DTPA. As evident from the histogram, muscle expressing VEGF165 displayed a remarkable
increase in the overaill bicod content, while almost physiclogical levels were detected in muscle ¢o-
injected with AAV-VEGF and AAV-Angl. Asterisk denctes statistical significance relative to control.

In the same set of experiments, an index of vascular permeability was also

determined, as shown in Figure 3.12. In perfect agreement with the results of the

57



Miles test, obtained ex vivo up to 3 months after treatment, the injection of AAV-
VEGF 165 caused a significant increase in the permeability of the treated leg, at both
1 and 6 months, while the simultaneous delivery of AAV-Angl resulted in a marked
reduction of the VEGF-induced vascular feakiness, achieving an almost complete
normalization after 6 months (1.4+0.1 vs 2,220.3 at 1 month and 1.120.1 vs 1.6+0.2
at 6 months, p<0.05).
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Figure 3.12, Vascular permeability in vivo assessment by infusion of 99Tc-DTPA. An index of
vascular permeability for both the treated and the untreated Jeg was also determined after the systemic
injection of 99Tc-DTPA. At 1 and 6 months after AAV-VEGF165 injection, the muscles resulted to be
significantly more leaky than controls. In contrast, the simultaneous delivery of AAV-Angl efficiently
counteracted this effect, accounting for an almost complete normalization of the permeability at 6

months after treatment. Asterisk denotes statistical significance

Overall, these functional experiments provided quite contradictory results. In fact, to
our surprise, we found a drop in functional muscie perfusion by PET after AAV-
VEGF165 gene transfer, but an increased intravascular voiume, as assessed by both
in vivo perfusion with fluorescent microspheres and **Tc-DTPA injection.

As already mentioned, one possible explanation for the poor function of the VEGF-
induced vesseis could be their abnormal permeability, resulting in edema formation
and subsequent hemodynamic impairment. In contrast, the significant effect of Angl

on vessel maturation, through the reinforcement of the junctions between
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endothelial cells, extracellular matrix and pericytes, is in prefect agreement with the
ohserved improvement in MBF after the simultaneous delivery of AAV-VEGF165 and
AAV-Angl.

Alternatively, as already mentioned before, the documented formation of several
large vascular lacunae might constitute a sort of blood reservoir, unable to efficiently
flow through the vascular network and thus to actively provide oxygenated blood to
muscle fibers. To start address this hypothesis, we wanted to further investigate the
morphological details of the newly formed vascular structures in a subset of animals
injected with AAV-VEGF165 or AAV-VEGF165 plus AAV-Angl. Three animals for each
experimental group were systemically perfused with a suspension of 0.2 um red
fluorescent microspheres, as already described for mice. After animal sacrifice, thick
muscle sections (100 um) were scanned, by acquiring at least 20 confocal planes for
a 3D-reconstruction of the image. A planar view of a reconstruction for each
experimental group is shown in Figure 3.13. In accordance with our previous findings
on mouse muscles, the vessels formed in response to VEGF165 were found to be
abnormally large and poorly organized, with a pronounced tendency 1o invade the
muscle fiber parenchyma.

In contrast, more structured vessels were evident when Angl was expressed
together with VEGF165 by the skeletal muscle. Interestingly, in the latter group,
each muscle fiber appeared to be surrounded by a network of capillaries, each one

being larger and more tortuous than those seen in the control.

Control VEGF165 VEGF165+Angl

Figure 3.13. Morphelogical evaluation of the capillary network formed in response to
VEGF165 or VEGF165 + Angl. After in vivo perfusion of the animals with fluorescent microspheres,
a 3D-reconstruction of the vascular network was obtained by confoca! image scanning. As evident in
the central panel, VEGF165 expression induced the formation of large vascular structures, invading the
muscle fiber parenchyma. In contrast, the simultaneous expression of VEGF165 and Angl resuited in a
more structured capillary network.
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Evaluation of the presence of artero-venous shunts after VEGF165 and
Angl overexpression

Considering the abnormal shape and size of the vessels formed by VEGF165, a
possible explanation for their poor functional performance, alternative or additional
to the permeability hypothesis, was to assume the formation of artero-venous shunts
that might bypass the capillary system, thus not ailowing a proper perfusion of the
muscle fibers, In an attempt to verify this hypothesis, a bolus of radioactive
macroaggregates in a 50-100 um diameter range, was injected into the abdominal
aorta to ensure their symmetrical distribution to the hindlimbs, bilaterally. The
amount of radioactive spheres that were not trapped in the capillary bed and
shunted to the lungs was detected by SPECT. As shown in Figure 3.14, a significant
amount of radioactivity was found in the lungs of animals treated with AAV-VEGF,
indicating the presence of an important artero-venous shunting {(11.314+1.21% of
abdominal aorta flow shunted to the lungs in the VEGF group vs. 3.6+0.44% in the
control group, p<0.01), while the co-injection of AAV-Angl markedly reduced this
phenomenon (6.19+0.61, p<0.01 vs. VEGF). A representative SPECT image of a rat
for each experimental group is provided in the Figure, in which the histograms
represent the means and standard deviations of the same animals previously

considered in the perfusion and permeability experiments.
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Figure 3.14. Artero-venous shunting assessment. The injection of radicactive macroaggregates
into the abdominal aorta allowed the detection of artero-venous shunting activity. The presence of a
significant amount of radivaciivity in the lungs of animals treated with AAV-VEGF165 indicated the
formation of an important number of artero-venous shunis, which resulted significantly reduced by the
co-injection of AAV-Angl. Asterisk denctes statistical significance,
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The overexpression of VEGF165 induces the recruitment of mononuclear

cells from the bone marrow

Beside the prominent angiogenic effect, the AAV-mediated overexpression of
VEGF165 also induced a characteristic infiltration of mononuctear cells in the
normoperfused skeletal muscle {Figure 3.15). These infiltrates definitely arise as a
consequence of VEGF165 expression, since they were never observed in muscles

injected with other AAV vectors expressing reporter genes (GFP, LacZ) or several

other factors.

a-sMA

Figure 3.15. AAV-VEGF165 induced the appearance of a massive cellular infiltrate. Muscles
expressing VEGF165 were characteristically infiltrated by a large number of mononuclear cells, in the
interstitial space surrounding muscle fibers and in close proximity to the growing vessels,

Remarkably, these cellular infiltrations were always found in close proximity to the
growing vessels, which are shown by a-SMA-immunohistochemistry in the
enlargements of Figure 3.15 and in Figure 3.16. Of interest, these cells were already
evident as soon as 3 days after AAV-VEGF165 injection. However, an inverse

relationship between the entity of the cellular infiltration and the formation of
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arteries could be observed over time, with the cells being more abundant at the
earlier time points, when the arteries were not formed yet. Conversely, at 3 months
after treatment, the appearance of arterial vessels was associated with a marked
reduction in the number of infiltrating cells (no additional histological changes could
be observed at later time points, up to several months after AAV-VEGF165

administration).

Figure 3.16. Time course of the effect of VEGF165 overexpression. An inverse refationship
between the extension of the cellular infiltration and the formation of arterial vessels could be observed
over time. While a massive infiltrate and no arteries could be detected soon after transduction, few cells
were still present at the later time points, when several arteries became evident, interspersed between
muscle fibers,

In order to start defining the origin of these cells, we undertook their extensive
immunological characterization by immunofluorescence. As shown in the

representative pictures reported in Figure 3.17, ~30% of the infiltrating mononuclear

63



cells were positive for CD31 and less than 10% for o-SMA, two markers of mature
vascular cells. Of interest, ~20% of the infiltrating cells scored positives for the
broad myelo/monocytic marker CD11b, with significant positivity also for the
macrophage marker F4/80. Positive signals were also detected for Flk-1, Sca-1 and
CD34, which are expressed by differentiated endothelial cells but also by progenitor
cells of both endothelial and muscle lineages. Finally, a careful analysis also allowed

the identification of rare c-kit positive cells.

Figure 3.17. Immunoclogical characterization of the mononuciear cells infiltrating the foci
of VEGF165-induced neovascularization. Immunofluorescence staining was performed using
CD31, «-SMA, Flk-1, CD34, Sca-1, F4/80, CD11k and c-kit specific antibodies, on histelogical sections of
mouse tibialis antarior muscles injected with AAV-VEGF165 at 2 weeks after transduction. Positive cells
are stained in red. Blue: nuclei stained with DAPL.

Taken together, these observations led to the fascinating hypothesis that the local
expression of VEGF165 might trigger the recruitment and the subsequent

differentiation of progenitor cells to the sites of new blood vessel formation.

As a first step to understand the origin of these cells and their contribution to the

process of new blood vessel formation at the sites of VEGF165 overexpression, we
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set up a bone marrow transplantation model as schematically described in Figure
3.18.

Unfractionated bone marrow cells from male Balb/c donor mice were transplanted
into lethally irradiated syngenic female recipients, thus creating a Y-Balb/c chimeric

mouse. The efficiency of engrafiment was assessed by quantifying the copy number

of donor-specific Y chromosome sequences by a competitive PCR assay and resulted
to be >90%.

Figure 3.18. Bone marrow transplantation
model. Female mice were lethally irradiated and
subsequently transplanted with male bone marrow
in order to have the Y-chromosome as a marker of
bone marrow cellular origin. One month after bone
marrow transplantation, the recipient females
were injected with AAV-VEGF165 into the tibialis
anterior skeletal muscle. The recruitment of bone
marrow cells at the sites of neg-angiogenesis and
their transdifferentiation into vascular structures
were assessed by FISH and immunofiuorescence,

After one month, the right tibialis anterior muscle of the transplanted female mice
was injected with AAV-VEGF165. In this experimentat system, the presence of male
cells at the site of neo-angiogenesis was thus easily detectable by fluorescent in situ
hybridization {FISH), by using a probe specific for the Y chromosome, as shown in

the upper panels of Figure 3.19 on control male nuclei. In the same figure, the lower
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panels show the cellular infiltrate recruited in a muscle of transplanted chimeric

females upon AAV-VEGF165 injection.

Male control

Figure 3,19, FISH for the detection of the Y chromosome on tissue sections. The upper panels
show a control FISH for the detection of the Y chromosome (in green) within the nucleus of male
muscle cells. Cellular nuclet are counterstained with Propidium Iodide and thus appear red. The lower
panels show the cellular infiltration in muscles of female mice transplanted with male bone marrow and
subsequently injected with AAV-VEGF165. Almost all the infiftrating cells seemed to react to the Y-
chromosome probe, an observation that clearly indicate their bone marrow origin.

Here, the number of infiltrating cells bearing the Y chromosome ranged between 55
and 80% of the total cells, thus unequivocally indicating their bone marrow origin (it
is noteworthy that this technique routinely detects 80% of Y- chromosome positive

cells when performed on control male tissues).



Bone marrow cells are not incorporated into the newly formed vessels

At this point, we wanted to further explore the possibie direct contribution of the
recruited bone marrow cells to new blood vessels formation, by looking at their
transdifferentiation into endothelial or smooth muscie cells. For this purpose, FISH
analysis was combined to immunofluorescent staining of endothelial {CD31) or
arterial (a-SMA)} markers. As shown in Figure 3,20, the vast majority of cells
expressing either of the two markers were not found to contain a Y chromosome, an
observation undoubtedly indicating their origin from the recipient and not from the
transplant. Accordingly, most of the infiltrating cells, which were positive for the Y
chromosome, did not express either of the two differentiation markers. Indeed, after
careful observation, a few cells displaying the CD31 antigen and bearinga Y
chromosome were occasionally detected within the bulk of menonuclear infiltrating
cells. However, these were definitely very rare events. Out of 1,100 cells witha Y
chromosome-positive nucleus, <1% was found to also express the CD31 marker.
Additionally, most of these CD31/Y positive celis did not appear to be incorporated
into the endothelial layer of vessels, even if they were found in close contact with
the vascular walt (a few examples of these cells are shown in the enlargements at
the bottom of the Figure).

No cells of donor origin and positive for the a-SMA antigen were ever found in the
tunica media of vessels after a serial examination of the treated muscles. Alsc, no
major changes could be detected over time, from 15 days after transduction, up to

three months.
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DAPI
£o31

Figure 3.20. Immunofluorescence staining for endothelial (CD31) and smooth muscle (o-
SMA) antigens was combined with ¥ chromosome fluorescent in situ hybridization. The vast
majority of cells expressing either of the two markers were not found to contain a Y chromosome (left
panels). Very rare cells {<1% of total Y chromosome-positive nuclei) were positive for CD31 and Y
chromosome markers {shown in the enfargements on bottom); cells of donor origin and positive for the
«-SMA antigen were never found in the tunica media of vessels,

Blu, nuclei stained with DAPI, Red, CD31 {left) and «-5MA (right) positive cells, Yellow, ¥ chromosame.,

Collectively, these observations ciearly indicated that VEGF165 induced a massive
recruitment of bone marrow cells, mainly belonging to the myeloid lineage, to the
sites of neo-angiogenesis, but also that these celis did not directly participate to new
blood vessel formation. Therefore, the functional role of these cells still remained to

be efucidated.
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Absence of cell recruitment and arterial formation upon VEGF121 gene

transfer

Some new insights on their possible function came from the study of the angiogenic
effect exerted by the 121 aminoacid isoform of VEGF (VEGF121), which binds to the
canonical receptors VEGFR1 and VEGFR2 but lacks the domain for binding the co-
receptor NP-1. As expected, the injection of AAV-VEGF121 into the normoperfused
skeletal muscle induced a massive capillary sprouting, as shown in the left side of
Figure 3.21 at two different magnifications by immunofluorescent staining of frozen

sections with an antibody against CD31.

Figure 3.21. Biological effect of AAV-VEGF121 into the normoperfused skeletal muscle. The
injection of an AAV vector cading for the 121 aa isoform of VEGF, which binds VEGFR1 and VEGFRZ but
not NP-1, induced massive proliferation of CD31-positive endothelial cells in the absence of CD11b cells
infittration.

Interestingly, VEGF121 did not induce the huge infiltration of mononuclear celis
observed after VEGF165 overexpression (right panels of Figure 3.21), strongly

implicating a role of NP-1 in the recruitment of those cells.

Even more intriguing was the observation that the absence of bone marrow celi

infiltration at the sites of neo-angiogenesis after VEGF121 gene transfer was
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paralleled by poor formation of arterial vessels (shown in Figure 3.22 by anti-a-SMA
immunohistochemistry at two different magnifications and at two different times

after transduction).

140{_& Sp.i

Figure 3.22. Absence of arterial formation after AAV-VEGF121 gene transfer. The inability of
VEGF121 to recruit myeloid cells from the bone marrow correlated with its failure to form arterial
vessels, as detected by immunostaining tissue samples with an antibody specific for the smooth muscle
marker a-5MA,

Thus, the comparison between the angiogenic pattern induced by the two main
VEGF isoforms, composed of 121 and 165 aminoacids respectively, revealed two
important differences, with VEGF165 being able to recruit bone marrow cells and to
form arteries and VEGF121 being incapable to sustain both events. Figure 3.23
summarizes these differences, by showing a representative CD31/a-SMA double-
immunofluorescence on a muscle section for each of the two isoforms, as well as the
quantification of the relative area occupied by cellular nuclei (DAPI staining),
endothetial cells (CD31) and arterial smooth muscle cells (¢-SMA} at 1 month after

transduction.
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Figure 3.23. Comparison between VEGF121- and VEGF165-induced angiogenesis. While
VEGF165 induced massive cell infiltration (DAPI nuclear staining) and arterial formation {a-SMA
immunostaining), only capillary sprouting (CD31 immunostaining) could be detected after VEGF121
gene transfer. The histograms show the quantification of the relative area occupied by cellular nuclei
(DAPI), CD3i-positive cells and o-SMA-positive cells in tissue sections of muscles injected with AAV-
VEGF121, AAV-VEGF165 or controf vehicle at 1 month after transduction.
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As already noted, the different angiogenic phenotype induced by VEGF121 and
VEGF165 suggested a functional refationship hetween the recruitment of bone
marrow cells and the formation of arterial vessels. In addition, the notion that the
two isoforms mainiy differ in term of NP-1-binding ability, prompted us to investigate

further the role of NP-1 in bone marrow cell recruitment and arteriogenesis.

Biological effect of AAV-Sema3A

For this purpose, we developed a new AAV vector for the expression of Sema3A, a
well-known NP-1 ligand in the developing central nervous system. Surprisingly, the
injection of AAV-Sema3A in the normoperfused skeletal muscle induced the

appearance of a cellular infiltration very similar to the one observed upon VEGF165
gene transfer (a representative histological section at 1 month after transdcution is

shown in Figure 3.24, left panel). However, no new blood vessels could be detected
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in these muscles, as shown in the right panel of the same Figure by a-SMA
immunohistochemistry. This latter observation is in perfect agreement with
consistent literature data indicating a spéciﬂc inhibitory effect of Sema3A on VEGF-

induced endothelial cell activation (Miao, Soker, 1999).

Hematoxylin a-SMA

Figure 3.24. Sema3A induces cellular infiltration but is not angiogenic. The injection of AAV-
Sema3A induced the appearance of a mononuclear cell infiltration very similar to the one recruited by
VEGF65, However, no arterial formation could be detected in these muscles, as shown in the right

panel by «-SMA immunohistochemistry,

Not only Sema3A was not able to drive an angiogenic response, but when AAV-
Sema3A was co-injected with AAV-VEGF165, an impressive inhibition of VEGF165-
induced angiogenesis was observed. This inhibitory effect was always evident, either
by staining the vessels with an anti-CD31 antibody (Figure 3.25) or by using an anti-
a-SMA antibody (Figure 3.26).

AAV.VEGF - AAV-Sema3A - .. = - . LAAV-VEGF + AAV-Sema3A

Figure 3.25. Sema3A inhibits VEGF-induced angiogenesis. In contrast to the massive endothelial
cell proliferation and capillary sprouting observed upon AAV-VEGF165 injection, AAV-Sema3A was not
angicgenic at all. In contrast, a specific inhibitory effect on VEGF165-induced neo-angiogenesis was
observed when the two vectors were simultaneously injected into the skeletal muscie. Endothelial cells
are stained in red by using an antibody against the endothelial marker CD31.
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Figure 3.26. Sema3A inhibits VEGF-induced arteriogenesis. Iin accordance with the results of
CD31 immunostaining, a pecutiar inhibitory effect of Sema3A was also observed on the formation of
arterial vessels induced by VEGF165 overexpression (arteries are decorated by «-SMA immunostaining)

In accordance with the histological data, the consistent inhibitory effect of Sema3A

on VEGF-induced angiogenesis was also evident in functional assays, such as in vivo
perfusion with fluorescent microspheres for the detection of intravascular volume, as
well as in the Miles’ test for vascular permeability assessment (Figure 3.27); n=6 per

group in each experiment.
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Figure 3.27. Quantification of the inhibitory effect of Sema3A on VEGF165-induced
angiogenesis. Consistently with histological data, in vivo perfusion with fluorescent microspheres
(black bars) confirmed the potent inhibitory effect of Sema3A on the observed increase in the vascular
volume after VEGF165 overexpression. Similar results were agbtained by the Miles' test for vascular
leakiness quantification (white bars). Data are presented as a ratio between the value of emission (in
case of fluospheres) or absorbance (in case of Evan’s blue for the Miles' test) of the freated and the
untreated leg for each animal.
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As previously described, the systemic injection of a bolus of fluorescent microspheres
in vivo, allowed the guantification of the intravascular volume in the treated right leg
and in the control Jeft leg, Which thus representéed an internal control in each
experiment. The black bars of the histogram in Figure 3.27 show the results of these
experiments at 1 month after transduction, indicating that the 6-fold increase in the
intravascular volume observed after AAV-VEGF165 injection was significantly reduced
by the simultaneous injection of AAV-Sema3A. Treatment with AAV-Sema3A alone

seemed not to alter vascular volume.

Consistently, the co-injection of the two vectors showed a similar inhibitory effect of
Sema3A on the VEGF-induced vascular leakiness, This might either point toward a
specific role of Sema3A on vessel maturation, or simply refiect the anti-angiogenic

activity of Sema3A {or a combination of both activity).

Characterization of the cellular infiltrates recruited by VEGF165 and
Sema3A

Considering the opposite biological and functional effects exerted by VEGF165 and
Sema3A despite the recruitment of a very similar cellutar infiltrate, we wanted to
further investigate whether the two molecules actually attract the same cellular
population. For this purpose, we repeated the bone marrow transplantation
experiments as described above, but this time the female recipients were injected in
their right leg with AAV-Sema3A.

AAV-VEGF165

in

AAV-Sema3A

DAPI
DAPI

Figure 3.28. Both VEGF165 and Sema3A recruit mononuclear cells from the bone marrow.
After bone marrow transplantation from male donor to female recipients, AAV-VEGF165 or AAV-
Sema3A were injected inte the right tibialis anterior. At 1 month, FISH analysis for the detection of the
Y-chromosome on muscle sections revealed extensive infiltration of pasitive cells, suggesting that both
factors were equally able to recruit mononuclear cells from the bone marraw.
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As shown in Figure 3.28, FISH analysis of Sema3A-treated muscles revealed a
pattern very similar the one induced by VEGF165, in which almost all the infiltrating
cells were found positive for the Y-chromosome and thus appeared to be of bone
marrow origin.

As expected, in both cases most of the infiltrating cells resulted to express the pan-

leukocytic marker CD45 as well as the myeloid marker CD11b (Figure 3.29).

DAPI {15 DAPI  Zi311b

AAV-VEGF165

AAV-VEGF165

AAV-Sema3A AAV-Sema3A

Figure 3.29, Characterization of the cellular infiltrates recruited by VEGF165 and Sema3A.
As already described for VEGF165 (here shown again in the upper panels), the majority of the
mononuclear cells recruited by Sema3A scored positive for the panieukocytic marker CD45 (detected by
immunofiuorescence in the left calumn) and for the myeloid marker CDilb (immuncfluorescent
staining In the right column).

Taken together, the resulis of FISH and immunofluorescence clearly suggested that
the overexpression of both VEGF165 and Sema3A in the normoperfused skeletal
muscle was able to recruit a population of bone marrow mononuclear cells having a
myeloid phenotype. To further confirm this hypothesis, we set up an in vitro
migration assay, in which CD11b+ cells were purified from mouse bone marrow and
subsequently tested for their ability to migrate in response to increasing
concentrations of recombinant VEGF165 or Sema3A. The results of these

experiments are reported in Figure 3.30, which shows that both molecules behaved
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as chemoattractants for CD11ib+ cells in a dose-dependent manner. A representative

picture of the migrated cells is also provided in the right part of the Figure.
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Figure 3.30. VEGF165 and Sema3A induced CD11b+ cell migration. Increasing doses of
VEGF165 and Sema3A were used as chemoattractants in the lower compartment of a migration
chamber. CD11b+ cells, purified from the bone marrow, were placed in the upper compartment and
tested for their ability fo migrate in response to both factors. The histogram shows mean number of
migrated cells + standard deviations of at least 8 fields per membrane. A representative picture of the
cells migrated to the lower surface of the membrane is provided on the right for the most effective
dose of each factor.

Collectively, these data pointed toward a common mechanism of recruitment of bone
marrow CD11b+ cells by VEGF165 and Sema3A, Of interest, an important common
feature of these two molecules is their ability to bind the co-receptor NP-1, while the
shortest VEGF121 isoform, which does not bind NP-1, is not even capable to recruit
cells from the bone marrow. This strongly suggests an important role of NP-1 in the

recruitment of bone marrow cells.

As a first step to understand the role of the different receptors in bone marrow cell
recruitment, a laser microdissection-capture technique was applied to the differently
treated muscle sections, to isolate the cellular infiltrates formed upon VEGF165 or
Sema3A gene transfer. The ¢cDNA obtained from these samples was then used to
quantify the expression levels of VEGFR1, VEGFR2 and NP-1, the three main
receptors shared between VEGF165 and Sema3A. The result of this quantification is
shown in the upper panel of Figure 3.31, in which a specific expression of VEGFR1
and VEGFR2 is detected only in the infiltrates of muscles treated with AAV-VEGF165,
probably reflecting the presence of several proliferating endothelial cells. In contrast,

a similar expression fevel of NP-1 was detected in the cells recruited by both factors.
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As an additional experiment to substantiate the role of NP-1 in CD11b+ cell
recruitment, the expression iev_el of the three receptors was quantified also in
p”u}ified CD11b+ cells. As "shown in the lower panelmo.f Figure 3.31, fhe transcript for
all the three receptors was found to be present in CD11b+ cells, although NP-1 was
clearly the most abundantly expressed.

These results are consistent with a model in which VEGF165 induces a cellular
infiltration composed of both endothelial cells, which are probably locally in origin
and stimulated to proliferate through VEGFR2 activation, and myeloid cells of bone
marrow origin. In contrast, Sema3A is not angiogenic at all, and thus it is only able
to attract a pure population of bone marrow myeloid cells. The fact the NP1 is
equally expressed by the cells recruited by both factors, as well as by purified

CD11b+ bone marrow cells, strongly suggested a relevant role of this receptor in
CD11b+ cells recruitment.
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Figure 3.31. Real-time quantification of VEGFR1, VEGFR2 and NP-1. The cellular infiltrates
from muscles treated with either AAV-VEGF165 or AAV-Sema3A were isolated by laser microdissection
to determine the level of expression of the three receptors VEGFR1, VEGFRZ and NP-1. A similar
expression level of NP-1 was detected in both cases, while a spedfic induction of VEGFR1 and VEGFR2
could be appreciated only in tissues expressing VEGF165. The same quantification was also performed
on purified CD11ib+ cells and the results are reported in the lower histogram, whose pattern strictly
resembles the one observed in the cells recruited by Semal3A {white bars in the upper panel), Al data
are normalized taking the GAPDH housekeeping gene as a reference,
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NP-1 is required for the recruitment of CD11b+ cells by VEGF165 and
Sema3A

In order to definitely prove the essential role of NP-1 in CD11b+ cell recruitment, we
designed and in vitro transcribed three short interfering RNA (siRNA) molecules to
specifically silence NP-1 expression. The specific sequences of the three siRNA and
the relative position of their target sequence on NP-1 mRNA is schematically

represented in Figure 3.32.
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Figure 3.32, Schematic representation of siRNA-mediated targeting of NP-1 mRNA. Three
siRNAs were designed to target NP-1 mRNA and silence its expression. Shown is the sequence of each
siRNA and the position of the relative target sequence on NP-1 mRNA.

As a first experiment to select the most effective siRNA, we take advantage of an
artificial construct in which the coding sequence for NP-1 was cloned in frame with
the one of EGFP {Enhanced Green Fluorescent Protein). In this experimental system,
the co-transfection of such a plasmid with a SiRNA specific for NP-1 mRNA allowed
the assessment of the silencing activity as a decrease in cell fluorescence. As evident
from the FACS profiles collected in Figure 3.33, the co-transfection of HEK-293 cells
with the pEGFP-NP1 fusion construct with a control siRNA directed against the
bacterial LacZ coding sequence (siLacZ) produced >65% of fluorescent cells. In
contrast, the co-transfection of the same plasmid with the three different siRNAs
targeted to NP-1 mRNA produced a significant drop in the number of EGFP-
expressing cells, with the third oligo (siNPiter) being the most efficient (5.4% of
fluorescent cells). This result, obtained in conditions of NP-1 overexpression,

provides a strong indication of a high silencing activity of the siNP1ter oligo,
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Figure 3.33. Silencing of NP-1 by siRNA. The three siRNAs were tested for their silencing activity
by a co-transfection with a plasmid coding for the fusion protein EGFP-NP1, In this experimental
system, the silencing activity through the targeted degradation of NP-1 mRNA could be read as a drop
in the number of EGFP+ cells. As evident from the FACS plots and the histogram on the bottom, the
most effective siRNA was siNP1ter, which resulted in a huge decrease in the fusion protein expression

(from 65% to 6% of fluprescent cells).

We then looked at the ability of these siRNAs to silence the NP-1 gene on primary
CD11b+ mononuclear cells. For this purpose, CD11b+ were purified from the bone
marrow and transfected with a control siRNA or the three different siRNA designed
to target NP-1 mRNA. The expression levels of the three receptors VEGFR-1, VEGFR-
2 and NP-1 were determined by Real-Time PCR. As shown in the histogram on the
bottom of Figure 3.34, a potent silencing activity on endogenous NP-1 expression
was again exhibited by siNP1lter, while neither additive nor synergistic effect could be
obtained by the co-transfection of siNP1ter with siNP1bis, probably indicating the
saturation of the siRNA processing machinery. In addition, the specificity of siNPlter
was revealed by the lack of silencing on the other two receptors tested (VEGFR-1
and VEGFR-2). Untreated cells, cells transfected only with Lipofectamine 2000 or
with siLlacZ were used as controls. Data are obtained by normalizing the expression

level of each receptor with the one of the housekeeping gene GAPDH.
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Figure 3.34. NP-1-specific silencing on primary CD1ib+ cells. Purified CD11lb+ were
transfected with a contro! siRNA or with the three siRNAs directed against NP-1. The expression of the
three receptors VEGFR-1, VEGFR-2 and NP-1, was then analyzed by Real-Time PCR. In accordance with
the results of the previous Figure, the most effective oligo was siNPlter, which also resulted to be
specific, since no silencing activity could be detected on the other two receptors. No additive effect was

cbserved when siNPiter and siNP1bis were transfected {ogether in CD11b+ cells.

After having obtained convincing evidence of the efficiency of the siNPlter oligo in
silencing endogenous NP-1 in primary CD11b+ cells, these transfected cells were
used in a new migration assay, to assess whether the absence of NP-1 might affect
their migratory ability in response to VEGF165 or Sema3A.

In agreement with our hypothesis, the silencing of NP-1 potently impaired the
migration of CD11b+ cells in response to both chemoattractants. The most effective
doses of VEGF165 (50 ng/mti) and Sema3A (700 ng/ml) were used in this
experiment. The quantification of the migrated cells in the absence of treatiment or

after the transfection with siLacZ or siNPlter is reported in Figure 3.35.
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Figure 3.35. Requirement of NP-1 for CD11b+ cell migration in response to VEGF165 and
Sema3A. Purified CD11b+ cells were treated with siLacZ or siNPiter, and then {ested for their ability
to migrate in response to 50 ng/ml of VEGF165 or 700 ng/ml of Sema3A. As indicated by the white bars
in the histogram, the silencing of NP-1 by a specific siRNA markedly affected the ability of these cells to

respond to both chemoattractive stimuli.

A key role of CD11b+ cells in promoting arteriogenesis

The results obtained so far clearly indicated that NP-1 expressicon is required for the
migration of CD11b+ cells in response to VEGF165 and Sema3A in vitro, and likely
aiso for their recruitment in vivo. As far as the possible function of these cells is
concerned, the intriguing observation that VEGF121, which is not able to recruit
CD11b+ cells, does not form arteries in vivo, suggested an important role of these
cells for vessel maturation and for the acquisition of an arterial phenotype.

As a first step 1o verify this hypothesis, we performed another migration assay, in
which total bone marrow was fractionated according to CD11b expression with the
use of magnetic beads. The positive and the negative fractions were then separately
tested for their ability to atiract primary smooth muscle cells {SMCs). As shown in
Figure 3.36, only the CD11b+ cells acted as chemoattractants for SMCs in a dose-

dependent manner, while the negative population did not exert any significant effect.
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Figure 3.36. Smooth muscle cell recruitment by CD11b+ cells. After bone marrow fractionation
according to CD11ib expression, an increasing number of cells from the two fractions was used as
chemoattractant for primary smooth musdle cells. Only CD11b+ cells were found to be able to attract
SMCs in a dose-dependent manner.,

Taken together, these results led to the outline of an experimental mode! that might
provide a possible explanation of a role of bone marrow cells recruited to the sites of
neo-angiogenesis in promaoting arterial formation (Figure 3.37}. According to this
model, both VEGF165 and Sema3A, by binding to NP-1, are able to recruit bone
marrow-derived manenuclear cells, which in turn promote smooth muscle cell
enrollment around the growing vessels. However, only VEGF165 was indeed able to
form arteries, by activating endothelial cell proliferation and migration through
VEGFR-2, while Sema3A did not induce any angiogenic response, probably because
of its inhibitory effect on endothelial cells. Concordantly, VEGF121 induced massive
capillary sprouting through the direct activation of VEGFR-2 on endothelial cells, but
did not recruit mononuclear cells from the bone marrow because of the lack of the

NP-1-binding domain, and thus was not able to form arteries.
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BONE MARROW SemasA

Figure 3.37. A model to explain the possible role of bone marrow cells in arteriogenesis.
Positive stimulatory signals are shown in black, whiie negative inhibitory signals are shown in red.

In accordance with this model, the combination of the stimulatory effect of VEGF121
on endothelial cell proliferation, with the ability of bone marrow-derived CD11b+
mononuclear cells to recruit SMCs, should be sufficient to induce arterial formation.
Therefore, we performed an additional in vive experiment, in which the tibialis
anterior muscle of mice was injected with AAV-VEGF121, alone or in combination
with bone marrow CD11b+ cells purified from syngenic animals. As expected,
VEGF121 overxpression determined a marked endothelial cell proliferation with
capillary sprouting {upper panel of Figure 3.38). Interestingly, in the muscles co-
injected with the same vector and with purified CD11+ cells, several arteries could
be observed, in close proximity to the cellular infiltrates (lower panels of Figure
3.38).

This observation was in perfect agreement with our model as well as with our
previous findings, providing a strong indication of an important functional role of
myeloid cells in promoting the recruitment of SMCs around the growing vasculature,
thus providing the acquisition of a tunica media proper of arterial vessels. The
appearance of a SMCs layer has been extensively proposed to constitute a functional

maturation step in the formation of new blood vessels.
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Figure 3.38. In vive arterial formation by the co-injection of AAV-VEGF121 and CD11b+
cells. While the injection of AAV-VEGF121 resulted in the well known massive capillary sproufing, the
simultanecus administration of purified CD11b+ cells determined the formation of several arteries in

close proximity of the cellular infiltrates, suggesting an important role of the injected cells in the
acquisition of an arterial phenstype in vivo.

We therefore injected a new set of animais (n=6 per group) to see whether the
simultaneous injection of AAV-VEGF121 together with purified CD11b+ cells, beside
the clear histological signs of arteriogenesis, also provided functional improvement
relative to AAV-VEGF121 alone. The results of the Miles’ test comparing the vascular
leakiness of muscles treated with AAV-VEGF121 alone or together with CD11b+ cells
are presented in Figure 3.39. As expected, AAV-VEGF121 exhibited a potent
permeabilizing activify, while the co-injection of CD11b+ cells significantly reduced
this effect, although did not allow a complete normalization of the permeability. The

injection of CD11b+ cells alone had no effect on vascular leakiness.
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Figure 3.39. Effect of CD11b+ cells on VEGF121-induced vascular Jeakiness. The Miles’ test
provided a quantitative measure of the leakiness of muscles injected with AAV-VEGF121 alone or in
combination with purified CD11b+ cells. Data are presented as a ratio of the absorbance measured
from the treated and from the controlateral untreated tibialis anterior muscle. A clear reduction in
vascuiar leakiness is evident when CDilb+ where co-injected with AAV-VEGF121, as compared to
vector injection alone.
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4. MATERIALS AND METHODS

Recombinant AAV vector preparation and animal treatment

The rAAV vectors used in this study were produced by the AAV Vector Unit at ICGEB
Trieste {http://www.icgeb.org/RESEARCH/TS/COREFACILITIES/AVU.htm), according

to the protocol extensively described in the introduction.

Animals were injected in the tibialis anterior (50 @l of vector preparation for mice,
150 yt for rats), except than for PET imaging, in which a larger area was transduced,
as described below. All the viral stocks used in this study had a titer = 1x10'? viral

genome particles/ml.

Animal care and treatment were conducted in conformity with institutional guidelines
in compliance with national and international laws and policies (EEC Council Directive
86/ 609, O3L 358, December 12th 1987). Balb/c mice were purchased from Charles
River Laboratories Italia Srl, while Wistar rats were obtained from Harlan and

maintained under controlled environmental conditions.

Real-Time PCR

Total RNA from purified CD11b+ cells or microdissected tissue samples was
extracted using TRIzol reagent (Invitrogen) according to manufacturer instructions,
and reverse transcribed using hexameric random primers. The cDNA was then used
as a template for real-time PCR amplification to detect the expression levels the
three murine VEGF receptors (VEGFR-1, VEGFR-2 and NP-1); the housekeeping gene
GAPDH was aiso amplified and used to normalize the results, All the amplifications
were performed on a 7000 ABI Prism Instrument (Applied Biosystems), using pre-

developed assays (Applied Biosystems).

Bone marrow transplantation studies

Six-weeks-old male Balb/c mice were killed by cervical dislocation and tibiae and
femurs were flushed with RPMI 1640 to collect bone marrow cell suspensions.
Recipient, age-matched syngenic female mice were lethally irradiated with a total
dose of 8.5 Gy; 2x10° cells, resuspended in 0.2 m] medium, were transplanted via
tail vein injection, After 4 weeks, blood counts and hematocrit values confirmed the

fult hematopoietic recovery.
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Successful engraftment of the transplanted cells was further confirmed by the
quantification of a specific mouse Y chromosome sequences in DNA samples
extracted from PBMC or bone matrrow cells at 1, 2 and 6 months after
transplantation, using primers Y-F (5'CATGCAAAATACAGAGATCA3") and Y-R
{5'TAAAATGCCACTCCTCTGTG3'), to produce a genomic segment of 181 bp.

As a cellular reference gene, mouse B-globin was amplified by primers BG-F
(5’'CAGCCTCAAGGGCACCTTTG3") and BG-R (5'AGCAGCAATTCTGAATAGAG3') to
generate a 238 bp fragment. Exact quantification was obtained using an established
competitive PCR procedure that uses a synthetic DNA competitor for the
quantification of both targets {Todorovic, 2005).

In vivo perfusion with fluorescent microspheres

To quantify the vascular volume of treated and unireated muscles, 300 ul of orange
fluorescent microspheres (FluoSpheres, Molecular Probe) were injected i.v. into living
mice. After one minute (to ensure a proper distribution of the microspheres
throughout the body), animals were sacrified and both tibialis anterior muscles
immediately harvested. Recovery of microspheres and extraction of fluorescent dye
was performed according to manufacturer’s instruction. Briefly, weighted muscles
were digested in 2M ethanolic KOH, 0.5% Tween 80 (v/v) (Sigma) at 60°C with
periodic shaking. Homogenates were centrifuged in a swinging rotor and the pellet
resuspended in 0.25% Tween 80. After an additional centrifugation and washing,
microspheres were dissolved in 2-etoxyethyl acetate (Sigma). Debris were removed
by centrifugation and fluorescence in the supernatant was measured with the
VersaFluor Fiucrometer System (BioRad). Values were normalized and expressed as
ratios between fiuorescence of treated and untreated controlfateral muscle for each
animal (n=6 per group).

To abtain a 3-D reconstruction of the vascular network, mice were subjected to in
vivo perfusion with a 1:6 dilution of the same fluorescent microsphere sofution
(FluoSpheres, Molecular Probe). Afetr anesthesia, the chest was opened and the
vasculature perfused with PBS for 3 minutes, followed by 20 ml of FluoSpheres (1:6
dilution of the stock), via a blunt 13 G needle inserted through the left ventricle into
the ascending acrta. The treated muscles were removed and immediately frozen for
cryosectioning. Thick (50-100 pm) sections were analyzed by confocal microscopy to

obtain a Z-stack for the 3-D reconstruction of the vascular network.

88



Primary cell cultures

CD11b+ cells were isolated from total bone marrow (extracted by tibiae and femurs
of Balb/c mice) using CD11b magnetic cell separation system beads (Miltenyi Biotec,
Germany), and cultured in RPMI 1640 supplemented with 10% high quality fetal
bovine serum (GIBCO). Transfection experiments with different siRNAs were
performed using Lipofectamine 2000, according to manufacturer’s instructions.
Coronary artery smooth muscle celis were purchased from Clonetics ahd cultured in

their own medium, also provided by the manufacturer.

Migration assay

Migration assays were performed with the use of 5-um (for CD11b+ cells} or S-um
(for SMCs) pore size transweli permeable supports with a polycarbonate membrane
(Costar, Corning Incorporated). 1 x 10° cells were seeded in serum-free medium in
the upper chamber, while chemoattractants were placed in the lower chamber, After
16 hours incubation, migrated cells on the lower surface of the membrane were fixed
in methanol and stained with Giemsa. Each assay was carried out in triplicate, by
counting 8 fields per membrane at 400x magnification. Results are expressed as the

mean number of migrated cells = standard deviaiion.

Vessel wall permeability assay

Analysis of vessel permeability was performed by an adaptation of the Miles assay
(Miles, 1952) to rodent muscles. Mice or rats (n=6 per group) were injected in the
jugular vein with 250 @l or 2.5 mi of 0.5% Evans blue (Sigma), respectively, and
sacrificed affer 30 minutes. The tibialis anterior muscies were removed and
weighted. The dye was extracted by incubation in 2% formamide at 55°C and
guantified spectrophotometrically at 610 nm. Absorbance vaiues were converted,
according to a standard curve, in Evans blue content and expressed as a ration

between treated and contro! muscles from the same animal.
PET and SPECT imaging

All the PET and SPECT experiments were performed at Institute of Clinical
Physiology, CNR, Pisa (Italy), in coilaboration with G. Sambuceti,
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After mild general anesthesia, the animals were injected with 400 pul of AAV vector
(containing 4x10" particles of each vector) in their right leg and with a similar
vofume of PBS in their left leg. Different muscles were transduced, defining 8
injection sites per leg: 2x50 ul into the tibialis anterior, 3x50 ul into the
gastrocnemius, 3x50 ul into the rectus femoris. All the injections were performed
transcutaneously, using a syringe with a 29 G needle. The animals were divided into
4 experimental groups according to the treatment they received: AAV-LacZ, AAV-
VEGF, AAV-Angl, or AAV-VEGF + AAV-Angl (n=21 for each group).

A clinical PET scanner was used to detect an index of muscle biood flow, by injecting
the rats i.v. with 3.7 Mbq of ">N-ammonia (n=21 per group). All the animals were
tested both under resting conditions and after 15 minutes of muscle activity induced
by electrical stimulation at 180 spikes/min.

For the quantitative evaluation of intravascular volume and permeability of the
differently treated muscles, **Tc-diethylenetriaminepenta acetic acid (DTPA) was
systemically injected into the jugular vein, and data elaborated according to a
published protocol (Peters, 1987).

Assessment of artero-venous shunting

To evaluate the presence and quantify the entity of artero-venous shunts in the
differently treated animals, a bolus of *Tc macroaggregate, which do not normally
transverse the capillary bed, was injected into the abdominal aorta. The detection of
radioactive counts in the lungs provided an accurate quantification of the fraction of

the abdominal aortic blood flow shunted to the venous circulation.

Histology

For histological evaluation, tissue samples were either snap frozen or fixed in 2%
formaldehyde and embedded in paraffin.

Immunohistochemistry was performed on paraffin-embedded sections, with the use
of the following antibodies: mouse monoclonal against «-SMA (clone 1A4, Sigma);
goat polyclonal against CD31 (Santa-Cruz Biotechnology). Protocols were according
to the Vectastain Elite ABC kit (universal or goat) from Vector Laboratories. After
treatment, slides were rinsed in PBS and signals were developed using 3,3'-
diaminobenzidine as a substrate for the peroxidase chromogenic reaction {Lab Vision

Corporation).
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For immunofluorescence, frozen sections (5-pum thick) were fixed in cold acetone
(20°C) and blocked for 30 min with 5% goat or 5% horse serum in PBS, depending
on the secondary antibody. The following primary antibodies were used diluted
1:200 in blocking buffer: anti CD11b (clone M1/70), anti CD31 {clone 390), anti Scal
{clone E13-161.7), anti CD34 (RAM 34), anti c-Kit (2B8), (all from Pharmingen BD),
mouse monocional anti Flk-1 (Santa Cruz), anti F4/80 (clone A3-1)(Serotec), Cy3-
coniugated anti-a-SMA (cione 1A4) (Sigma), anti-cleaved Caspase 3 {Cell Signaling).

Relative areas occupied by differently stained cells were quantified by the use of

Image] software.

For the detection of the p-galactosidase activity, 2-4 mm fresh tissue biopsies were
fixed in 4% paraformaldehyde (or 0.5 glutheraldeyde in case of carotid arteries) and
then stained in X-gal solution (1mg/mi X-gal, 5mM K3Fe{CN)6, 5mM K4Fe(CN)s, 2mM
MgCl,). Samples were then rinsed in water and counterstained with nuclear fast red.
For the staining of whole animal vasculature with fluoresceinated lectin, 100 pl of
Lycopersicum Esculentum lectin (Vector Laborateries) were injected into living mice
through the jugular vein to ensure its systemic distribution. After 15 minutes, mice
were anesthetized and in vivo perfused with 1% paraformaldheyde, via a blunt 13 G
needle inserted through the left ventricle into the ascending aorta. The treated
muscles were removed and immediately frozen for cryosectioning. 100 pm-thick
sections were analyzed by confocal microscopy to obtain a Z-stack for the 3-D

reconstruction of the vascuiar network.

Immunofluorescence in situ hybridization (Immuno-FISH)

Following immunofluorescent detection of CD31 or «-SMA antigens, tissue sections
were postfixed by protein crosslinking using EGS (Sigma) at 50 mM in PBS for 30 min
at 37°C {Brown, 2002), The EGS stock solution was made in DMSO and the final
dilution in PBS was prepared just before use. After washing, DNA was denatured in
70% formamide by placing slides at 72°C for 10 min; alcohol-dehydrated samples
were than hybridized over night at 42°C with a probe specific for mouse Y
chromosome, labeled with FITC (Cambio). After low temperature washes, the tissue
sections were mounted in an antifade medium containing DAPI as DNA
counterstaining. Images were acquired using a Leica DMLB upright microscope
connected to a Coolsnap CF CCD camera and processed by the MetaView 4.6

software.
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siRNA design and in vitro transcription

Three possible siRNAs were designed according to the guidelines recommended by
Elbashir et al. {Elbashir, 2002), looking for AA(GN)20 target sequences unique
within the génonﬁe, located within ORF 100nt downstream of start codon, with a GC
content ranging between 40 and 70% and not containing highly GC rich stretches
which can alter the double stranded confarmation of siRNAs. siRNA molecules were
in vitro transcribed from a DNA template by using the AmpliScribe Transcription Kit

(Epicentre) following the included protocol.

1 aser microdissection

For microdissection, cryo-sections (10 um) from muscles treated either with AAV-

VEGF165 or AAV-Sema3A were mounted on glass slides. After hematoxylin
staining for 45 seconds, the sections were subsequently immersed in 70% and 96%

ethanol and stored in 100% ethanol until use. No more than 10 sections were

prepared
at once to reduce thestorage time. Cellular infiltrates having a diameter of 100-500
MM were selected and microdissected under optical control using the Laser

Microbeam System {P.A.L.M., Bernried, Germany). Afterwards, tissue crumbs were
coliected in TRIzol (Invitrogen) for RNA extraction, according to manufacturer’s

instructions.

Statistical analysis

One-way ANOVA and Benferroni/Dunn’s post-hoc test was used to compare multiple
groups. Pair-wise comparison between groups was performed using the Student’s t

test. P<0.05 was considered statistically significant.
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5. DISCUSSION

AAV vectors for cardiovascular gene therapy

The experiments described in this thesis provide compelling evidence of the several
advantages of AAV vectors as a unique tool for gene transfer in the cardiovascular
field. The natural tropism of AAV vectors for quiescent cells, such as all kinds of
muscle cells, and their ability to sustain persistent transgene expression up to several
years after transduction is extremely appealing for therapeutic purposes. In fact, AAV
is now established as a powerful gene delivery vehicle for human gene therapy, and
has been used in more than 20 clinicai trials
(http://www.wiley.co.uk/genmed/clinical). In addition, the peculiar properties of
AAV vectors render them an ideal investigational system to dissect the role of single
genes, or their combination, in the pathogenesis of severai diseases.

In this work we exploited a series of AAV vectors to express different molecules
invalved in blood vessel formation. By taking advantage of the long-term persistence
of AAV in muscle cells, we could followed the effect of VEGF165 overexpression over
time, and to disclose quite impressive side effects, such as the formation of
abnormal vascular lacunae and artero-venous shunts with subsequent worsening in
muscle perfusion, which would have never came to light by using transient gene
delivery systems such as Adenaviral vectors. Moreover, the fact that AAV particles
enter the target cells at high multiplicity of infection, offers the unique paossibility to
combine different AAV preparations for the simuitanecus delivery of more than one
factor. Here we made use of this approach to investigate the ability of Ang-1 to
promote vessel maturation. In fact, we showed that functional muscle perfusion
markedly improved, both at rest and after exercise, when AAV-VEGF165 was co-
injected together with AAV-Ang1, thus providing factors involved in different phases
of the angiogenic process. In a similar manner, we also demonstrated a potent anti-
angiogenic activity of Sema3A in vivo, by showing that the combined delivery of
AAV-VEGF165 and Sema3A almost completely abelished VEGF165-induced
angiogenesis.

An additional remark has to be made about the safe profile of AAV vectors, which do
not elicit any immune nor inflammatory response in the host. Beside the obvious
importance of this issue for therapeutic purposes, it is worth noticing that in our
work the complete absence of inflammation turned out to be an essential

requirement to finely determine the role of bone-marrow derived myeloid cells in
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promoting arteriogenesis. Again, these observations could not have been possible
by the use of Adenoviral vectors, which are highly immunogenic and induce massive
recruitment of inflammatory cells by themselves.

- Although these appealing properties have been mainly highlighted by using AAV-2,
the recent discovery of different naturally existing serotypes has additionally broaden
the potential applications of this class of vectors. To date, at least seven alternate
AAV serotypes to AAV-2 have been identified, showing great potential for gene
delivery to certain tissue types. For exampie, AAV-6-based vectors have a high
efficiency for airway epithelia {Halbert, 2001) and skeletal muscle, while those based
on AAV-8 appear to be particularly prone to cross the endothelial barrier and
transduce cardiac cells (Wang, Zhu, 2005). In the study of Rabinowitz et al. AAV-1
resulted to be the most efficient in transducing skeletal muscle cells, followed by
serotypes 5, 6 and 7 (Rabinowitz, 2002). Whilst the primary receptors required for
transduction for some of the AAV serotypes have been identified (such as heparan-
sulfate proteoglycans for AAV-2, or sialic acid for AAV-4 and AAV-5), and can thus be
associated to the transduction pattern for the relevant AAV, many of the serotypes
bind through as vet uncharacterized mechanisms, and therefore their tropism cannot
be predicted accurately. Since there is as yet little published work documenting the
transduction capability of alternate serotypes on different cell types, a great
challenge for the next future will be to see whether serotypes different from AAV-2

may offer enhanced gene delivery to cardiovascular cells and tissues in vivo.

Functional consequences of prolonged VEGF165 overexpression

Overall, the data presented in this work substantially demonstrate that proper neo-
vascularization is not achievable by the constitutive overexpression of a single potent
angiogenic factor, such as VEGF, and that a fine tuning of VEGF activity is probably
required in order to obtain functional new blood vessel formation.

Of note, we showed that the angiogenic response elicited by VEGF165 in the
normoperfused skeletal muscle does not account for an improved perfusion of the
treated tissue, and even impairs the physiological increase of muscle blood flow
during muscle exercise, This unexpected poor functional outcome is in complete
disagreement with the clear histological evidence of massive arterial formation in
response to VEGF165 and with the results of other experiments, including ours,
aimed at determining muscle perfusion with the use of fluorescent microspheres

{Springer, 2000; Arsic, Zentilin, 2003). Moreover, these observations constitute a big
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challenge for the increasing number of clinical trials of therapeutic angiogenesis that
have been approved to date, which are mostly based on VEGF singie gene transfer.
In this work, we provide at least two results that might help to conceal the apparent
contradiction between the appearance of new arteries and the drop in muscle
perfusion after VEGF165 gene transfer. The first one refers to the weli known
permeabilizing activity of VEGF, 50,000-fold greater than histamine (Senger, 1983).
Accordingly, by both the Miles test and SPECT imaging, a marked increase in
vascular permeability was observed in muscles treated with VEGF165. This
permeabilizing effect of VEGF seems to be mainly due to the induction of endothelial
fenestrations, and the dose at which it appears is probably lower than the one that
sustains neo-angiogenesis (Eriksson, 2003). The fact that the occurrence of edema
or of other side effects refated to increased vascular leakiness has never emerged in
recent clinical trials strongly suggests that probably an effective dose of VEGF has
never been reached in these studies, thus explaining their negative outcome. This is
likely due to the gene delivery systems used in clinical studies so far, namely plasmid
DNA or adenoviral vectors, which display the major drawbacks of very low gene
transfer efficiency and short transgene expression (no longer than 2-3 weeks in most
mammalian organisms}, respectively. Indeed, several experimenta! evidences
indicaie that the duration of gene expression following delivery by adenoviral
vectors, such as in the RAVE trial (Rajagopalan, 2003; Rajagopalan, 2003), is
probably too short to produce stable blood vessels, and that the early gain in
vascularization rapidly regresses o control leveis when VEGF production ceases
(Gounis, 2005). This finding is in perfect line with previous results on a transgenic
mice system for the conditional switching of VEGF expression, which showed that a
relatively long presence (> 2 weeks) of VEGF is required to produce durable vesseis
{Dor, 2002). In contrast, it is likely that the growth of stable vesseis and their
arterialization require longer transgene expression, from several weeks up to
months. This can be achieved using episomal vectors, such as those based on AAV,
which have lower transduction efficiency than adenovirus but have natural tropism
for muscle tissue and maintain transgene expression up to years after gene transfer
(Monahan, 2000),

In addition to abnormal vascular leakiness, we also provide an alternative
explanation for the worsening in muscle perfusion upon sustained VEGF165
expression, namely the formation of artero-venous shunts, which are probably

formed by numerous wide “vascular lacunae” that appear to be specifically induced
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by VEGF165 in the normoperfused skeletal muscle. The fact that these structures are
actually filled of erythrocytes is in perfect agreement with the marked increase of the
blood pool in the treated muscle, as measured by both in vivo perfusion with
fluorescent microspheres and SPECT imaging after Tc-DTPA injection, as well as with
the worsening in muscle fiber perfusion detected by PET. In accordance, different
authors have raised important concerns about the possibility that a VEGF-based gene
therapy approach may lead to excessive vessel growth, hemangiomas and
glomeruioid body formation (Lee, 2000; Schwarz, 2000; Springer, 2003). In
particular, an alternative approach, which also sustained a long-term stable
production of VEGF, was obtained by myoblast-mediated gene transfer, by
transplanting primary myobiasts previously transduced with a retroviral vector
carrying the VEGF cDNA. Unexpectedly, but in agreement with our results, this
strategy resulted in-hemangiomas containing a localized network of vascular
channels, supporting the notion that uncontrolled VEGF expression can have
deleterious effects (Springer, Chen, 1998).

In contrast, a combination approach, in which both VEGF165 and Angl were
simultaneously delivered to the skeletal muscle, resulted to be markedly effective in
improving muscle pérfusion, both at rest and after exercise. This result is particularly
important for any future clinical application of therapeutic angiogenesis, probably
suggesting that more than one factor is required for proper new blood vessels
formation and maturation. Similar to the drug combination approach often proposed
for non-responders in conventional therapeutics, the simultaneous delivery of two or
more factors involved in different steps of the angiogenic process, might thus
represent a possible improvement over the administration of single agents. As stated
above, AAV vectors, by entering the target cells at high multiplicity of infection,

appear particularly suitable for this purpose.

Our PET results also suggest that VEGF expression has to be strictly regulated to
drive a physiological angiogenic stimulus. In fact, it might also furn out possible that
a timely controlled expression of VEGF, sufficient to form numerous and stable new
blood vessels, but short enough to avoid the appearance of abnormal vascular
structures and to allow proper vessel maturation, could result in the formation of a
functional and beneficial vascular network. To assess this hypothesis, we are
developing new vectors for the controllable expression of the transgenes, by the use

of hypoxia-sensitive or drug-inducible promoters.
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Modulation of VEGF activity by Angiopoietin-1

The PET and SPECT experiments presented here clearly underscore a key role Ang-1
in stimulating proper maturation of the VEGF-induced vasculature. Indeed, in
contrast with the deleterious effects observed after AAV-VEGF165 gene transfer, the
co-expression of VEGF165 and Ang-1 resulted in a marked improvement in muscle
blood flow, with an almost complete normalization of leakiness and a significant
reduction of the vascular volume. These results are perfectly in line with a wealth of
fiterature data supporting a specific ability of Ang-1 in promoting vessel maturation.
In fact, Ang-1 null embryos die because remodeling and stabilization of the vessels
are severely perturbed, while Ang-1 overexpression results in increased vascular
branching and resistance to leakage induced by inflammatory agents (Suri, 1998;
Thurston, 1999).

However, in sharp contrast to the findings from the transgenic studies showing that
Angl is an essential promoter of new blood vessel formation during embryonic
development, Ang-1 has never shown a mitogenic activity on endothelial cells (Davis,
1996). Moreover, the observation that Ang-1 is widely expressed in normal adult
tissues (Wong, 1997) suggested that Angl might act on the stabilization of existing
vessels, probably moduiating the interactions between the endothelial and the
surrounding murat cells. Results from several xenograft models also demonstrated
that ectopic expression of Ang-1 results in decreased tumor growth and angiogenesis
(Hayes, 2000; Ahmad, 2001), concomitant with an increased association of pericyles

with vessels.

What is the mechanism by which Ang-1 can help vessel maturation? First of ail, the
potent effect in inhibiting vascular permeability, that we observed by the Miles test
and SPECT, is though to be due to the stabilization of interendothelial junctional
gaps specificaliy induced by VEGF (Bates, 2001}, as well as to the recruitment of
mural cells, which both express the Tie-2 receptor (Asahara, 1998; Gambie, 2000).
In fact, while early studies pointed toward an indirect role of Ang-1 in the
recruitment of pericytes, through the stimulation of endotheliai cells to secrete a
cocktail of chemoattractants, the finding that Tie-2 is actually expressed on the
membrane of smooth muscle cells suggested a possible direct roie of Ang-1 in the
activation of mural cells (Tian, 2002). Even more interestingly, Ang-1, in concert with

VEGF, turned out to be able to directly stimulate the migration of mural cells, as well
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as of their mesenchymal precursors (Metheny-Barlow, Tian, 2004). It is also
interesting to note that the absence of pericytes was shown to lead to major defects
in endothelial junction formations (Hellstrom, 2001). Secondly, the presence of mural
cells is postulated to be inhibitory for endothelial cell proliferation. Indeed, several
studies have shown that actively proliferating endothelium lacks coverage by mural
cells and that the loss of pericyte recruitment observed in PDGF-B/bR knock-out mice
is concomitant with endothelial hyperplasia (Feldman, 1978; Hellstrom, Gerhardt,
2001). In addition, during wound healing, the arrival of mural cells coincides with the
cessation of vessel growth, suggesting that contact with pericytes might lead to
quiescence of endothelial cells (Cracker, 1970). Subsequent studies on co-cultures of
endothelial and smooth muscle cells using a variety of models further substantiated
the decreased growth of endothelial cels under these conditions, in a fashion that
requires cell-cell contact (Orlidge, 1987; Antonelli-Orlidge, 1989). This idea is
perfectly consistent with our in vivo data, obtained by the infusion of *Tc-DTPA,
which showed a clear effect of Ang-1 in reducing the overall vascular permeability of
the treated leg, with a concomitant decrease in the intravascular volume. This latter
effect might be reasonably due to a specific inhibition of Ang-1 on endothelial cell
proliferation, likely mediated by the reinforcement of the contact between endothelial

cells and pericytes, and the subsequent prevention of vessel overgrowth.

The clear reduction in the vascular volume observed by SPECT after AAV-VEGF165
and AAV-Ang-1 delivery, as compared to AAV-VEGF165 alone, is in apparent
contradiction with the increase in muscle blood flow detected by PET and previously
measured ex vivo by the use of microspheres (Arsic, Zentilin, 2003). This paradox
can be explained by bearing in mind the large vascular lacunae formed by VEGF165,
which evidently give reasons for a significant increase in blood volume and in the
meantime can justify a reduced functional perfusion. The ability of Ang-1 to
efficiently counteract the formation of these abnormal vascular structures is
therefore consistent with a reduction in the vascuiar volume and with a simultaneous
increase in functionat perfusion. This concept also implies that a functional
neavascularization does not necessarily requires the development of a great number
of new vessels and that functional tests are absolutely required in order to
demonstrate the effectiveness of a novel angiogenic strategy. Starting from these
considerations, the next section includes a critical overview of the advantages of in
vivo molecular imaging over conventional histologicat analysis to visualize and

quantify the angiogenic process.
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Looking at angiogenesis: from histology to in vivo molecular imaging

Conventional methods to visualize angiogenesis rely on microscopic analysis of
histological tissue sections, by staining endothelial or mural cell-specific markers
(such as CD31, CD34, von Willebrand factor or lectin for endothelial cells and «-SMA,
PDGFR, desmin, nestin, high molecutar weight melanoma-associated antigen (NG2)
for pericytes). In this work, we also made use of some of these markers to highlight
the presence of new blood vessels in the differently treated muscles, and showed
that VEGF165 overexpression accounted for a 2-fold and 6-fold increase in the

number of capillaries and arteriolag, respectively.

However, the results of our PET and SPECT experiments clearly demonstrate that
these vessels are not functionai at all and even impair muscle perfusion. From a
clinical perspective, these results chalienge the concept that an increase in vessel
density necessarily means an improved tissue perfusion, and indicate that a
morphological evidence of angiogenesis is not sufficient to speculate about the
therapeutic vatue of a novej pro-angiogenic approach. Therefore, there is an
absolute need for functional and non-invasive tests to accurately study the potential
benefits as well as all the possible side effects that might rise as a consequence of
transgene overexpression. So far, side effects of the different angiogenic growth
factors in animal models and humans are poorly documented, as invasive
approaches or toxic gene defivery systems in animais have masked negative aspects
specific for the different angiogenic molecules. Also, the follow-up times of these
studies have been quite short, mainly because of the short time of transgene
expression after trunsduction with adenoviral vectors, or of the use of invasive and
post-mortem procedures. Moreover, it is still unclear what should be the ideai mode
of neovascularization (angiogenic sprouting or arteriogenesis?) and whether it should
occur in the ischemic or in the more proximal healthy tissues. Since the aim of
therapeutic neovascularization is to enhance perfusion and function of end-organ
tissue, some authors have argued that large collaterals can contribute more to blood
flow in end organs than small angiogenic network (Schaper, 2000) and therefore the
goal should be to enhance arteriogenesis rather than angiogenesis or

vasculogenesis.

In this context, molecular imaging techniques offer enormous potential to observe

complex system functions, such as the angiogenic process, in vivo. In particular,
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nuclear medicine-based techniques, such as PET, SPECT and planar scintigraphy, can
efficiently detect radiocactive prebe distribution in vivo and provide accurate
quantitative information. The high sensitivity of both PET and SPECT render them
particularly suitable for monitoring of several biological processes. In particular, a
major advantage of SPECT relates to the availability of numerous tracers and the
potential for the simultaneous imaging of different isotopes (Brinkmann, 1999). On
the other hand, because of the generally short half-lives of PET tracers (in our case -~
16 minutes for >N-armmonia), repetitive imaging of tracer retention by target tissues
at short interval times is feasible. This allowed us to easily determine muscle blood
flow in resting conditions and after 20 minutes of pacing-induced muscle contraction,
on the same animal and at almost the same time, thus dramatically reducing

experimentai variability and increasing the reliability of the obtained results.

We also take advantage of the sensitivity of scintigraphic technigues to assess the
presence of artero-venous shunts in the lower legs, by injecting **Tc-macroaggregate
in the distal abdominal aorta and looking for the appearance of the radioactive tracer
in the lungs. A similar approach has been extensively used in clinics to detect and
characterize the presence of congenital cardiac and pulmonary shunts (Komatsu,
1998), or of tumor-associated shunts (Ho, 1997; Inoue, 1997). To our knowledge,
our results provide the first evidence of substantial artero-venous shunt formation as
a consequence of long-term VEGF overexpression. Therefare, this approach could
result to be of great value in assessing the efficiency of any strategy (administration
of a cocktail of factors, use of controllable promoters, etc.) aimed at enhancing the

maturation of the VEGF-induced vessels.

One major drawback of our study stems from the use of clinical PET and SPECT
scanners, which do not have enough resolution to discriminate the rat hindlimb
anatomical structures and thus are not able to recognize the transduced muscles. For
this reason, all the differences we observed probably represent an underestimate of
the real values, sincé they are calculated on the signal coming from the entire leg.
To solve this limitation, additional experiments with the use of microPET and
microSPECT dedicated to small animals will be highly desirable in the next future. An
additional solution could come from the simultaneous delivery of a reporter gene to
maonitor the magnitude, location and duration of transgene expression will be needed
in the next future. This approach has been already turned out to be feasible by Wu

and cowarkers (Wu, 2004), which in agreement with our results showed that despite
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a documented angiogenic response induced by VEGF gene transfer in the
myocardium, this did not translate into significant changes in myocardial contractility

and perfusion.

The role of bone marrow cells in vessel formation and maturation

Another major finding of this work stems from the observation that VEGF165 induced
a specific recruitment of bone marrow cells to the sites of neo-angiogenesis, This led
us to investigate a possible direct contribution of these cells to new blood vessel
formation, through transdifferentiation. The results obtained, however, clearly ruled

out this hypothesis.

The possible incorporation of bone marrow-derived cells into the VEGF165-induced
neovasculature was tested by transplanting male bone marrow into female mice,
followed by the detection of donor cells in the VEGF-induced vessels by looking at
the presence of the Y chromosome. Occasional donor cells of male origin (Y+)
positive for the CD31 endothelial marker were indeed present in some of the
mononuctear infiltrates; however we could not even ciearly establish whether these
sporadic cells were adjacent or truly incorporated into small capillaries.

These observations clearly indicate that the contribution of bone-marrow precursor
cells to the process of neovascularization induced by VEGF165 does not mainly occur
through the direct incorporation of these cells into the newly formed vasculature.
Thus, the VEGF-driven neovascuiarization appears to essentially depend on classic
angiogenic sprouting of locally resident endothelial cells. Although this conclusion has
been obtained in a particular experimental setting, in which AAV vectors sustained
profonged expression of moderate leveis of VEGF165, it is worth mentioning that
others have also challenged the notion that bone marrow-derived precursors can
effectively be incorporated into the new vessels, using different experimental models
(De Palma, 2003; Balsam, Wagers, 2004; Rajantie, 2004; Ziegeihoeffer, 2004).
Despite the lack of incorporation into the newly formed vasculature, our results
clearly indicate that mononuclear cells are massively recruited to the sites of
VEGF165-induced angiogenesis. In agreement with the notion that VEGF165 is a
potent chemotactic for monocytes and macrophages through the activation of the
FIit-1 receptor (Barleon, Sozzani, 1996), the cells infiltrating the sites of VEGF165
neoangiogenesis display broad myeloid markers such as CD11b and CD45. Moreover,

macrophages are also known to be atfracted by VEGF (Shen, 1993), producing
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angiogenic factors themselves that might play a synergistic role (Moore, 1985).
While the phenotype of the recruited bone-marrow mononuclear cells still has to be
exactly defined, we obtained interesting insights in their possible functional role
during neo-vascularization, by comparing the angiogenic effect driven by the two
main VEGF isoforms, composed of 121 and 165 aminoacids respectively, and
differing for their ability to bind the co-receptor NP-1. We showed that, while
VEGF165 induces massive formation of arterial vessels surrounded by mononuclear
CD11b+ celis of bone marrow origin, VEGF121 is not able to recruit bone marrow
celis and, most interestingly, does not seem able to form arteries. These findings are
in perfect agreement with those of Stalmans and coworkers (Stalmans, 2002), who
studied the role of the different VEGF isoforms in normal retinal angiogenesis in
genetically engineered mice. These authors found a normal arterial development in
VEGF*¥! mice (the murine counterpart of VEGF165), while few arteriolae and
impaired pericyte recruitment were evident in VEGF**** mice. Moreover, hearts
from VEGF*?*2 mice displayed impaired myocardial angiogenesis, with fewer
coronary vessels (surrounded by o-SMA+ cells), leading to ischemic cardiomyopathy
{Carmeliet, 1999).

The notion that the main structural difference between VEGF121 and VEGF165
resides in a domain that confers NP-1 binding ability suggests an important role of
this receptor in mediating the VEGF165-specific effect, bone marrow cell recruitment

and arterial fermation.

As far as bone marrow cell recruitment is concerned, we also provide additional
evidence of the primary role of NP-1, by showing that the AAV-mediated
overexpression of Sema3A, which also binds NP-1 with high affinity, is equally abie
to stimulate the homing of CD11b+ cell from the bone marrow. We also
demonstrated here that the recruitment of these cells strictly depends on the
expression of NP-1, since the silencing of this receptor severely affected their
migration in response to both VEGF165 and Sema3A. However, these cells do not
seem able to stimulate the formation of new vessels per se, since Sema3A did not
exhibit any angiogenic effect. Moreover, when co-injected together with VEGF165,
Sema3A exerted a potent inhibitory effect on VEGF-induced angiogenesis and
leakiness. To our knowledge this is the first demonstration that Sema3A displays an
anti-angiogenic activity in vivo, although the exact mechanism of this inhibition stil

remains to be elucidated. Indeed, it might simply depend on a competition between
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VEGF165 and Sema3A for binding to VEGFR-2 on endothelial cells, or it might reflect
a specific signaling activity of Sema3A on growing vessels. Of note, despite a pro-

apoptotic activity of Sema3A on endothelial celis could never be demonstrated in cell
culture, we observed massive apoptosis, only in muscles treated with AAV-VEGF165
and AAV-Sema3A. A representative immunostaining against caspase-3 to detect the

presence of apoptotic cells is shown in Figure 5.1.

Figure 5.1. In vivo apoptosis by AAV-VEGF165 and AAV-Sema3A co-injection. The presence
of apoptotic cells in differently treated muscle was highlighted by immunohistochemistry, using an
antibody against the cleaved form of caspase-3. No apoptosis could be detected in muscles injected
with either AAV-VEGF165 or AAV-Sema3A. In contrast, the combination of the two vectors induced the
appearance of several cells with picnotic nuclei and a strong reactivity to caspase-3, two markers of
active apoptosis.

As noted above, the other VEGF165-specific activity, which is likely mediated by NP-
1, consists in the formation of arterial vessels. This concept perfectly matches a
couple of recent studies supporting of a role for VEGF in promoting arterial
differentiation in vivo, In zebrafish, VEGF was found to be essential for the proper
formation of the dorsal aorta (Lawson, 2002). In mice, transgenic overexpression of
VEGF in the heart promoted an increased number of cardiac arterial vessels
(Visconti, 2002). Most interestingly, Mukouyama used a series of nerve-specific Cre
lines to demonstrate that nerve-derived VEGF165 is required for arteriogenesis,
which seems to be promoted by a NP-1-dependent positive feedback toop
{(Mukouyama, 2005).

In this work we suggest and substantiate a main role of bone marrow CD11ib+ celis,
recruited through NP-1 to the sites of neo-angiogenesis, in mediating the migration
of smooth muscle ceils and their enroliment in the vessel wall to form arferies in
vivo. Indeed, the simultaneous injection of AAV-VEGF121, which only induces

capillary sprouting, with purified CD11b+ cells, was sufficient to drive the formation
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of arterial vessels in close proximity to the mononuclear celis, Actually, despite an
increasing appreciation of the role of mural cells in maturation, remodeling and
maintenance of the vascular system, little is known regarding the process of their
recruitment. In particular, the exact nature of the cell-celi interactions that occur
during vessel formation and their mediators are difficult to discern in vivo. Studies on
embryonic vascular development revealed that cells of the vessel wall are added at
later stages of vessel assembly (Nakamura, 1988; Hungerford, Owens, 1996). Many
authors have suggested that concomitant with sprouting, endothelial cell direct the
differentiation of mural cell precursors from the adjacent tissue by the secretion of
soluble factors, such as PDGF-B (Beck, 1997; Hirschi, Rohovsky, 1998). Here we
propose a similar role for bone marrow celfs that are specifically homed to the sites
of VEGF165-induced angiogenesis. Alternatively, the recruited mononuclear cells
might secrete some factors able to stimulate the proliferation of the pericytes already
associated to a pre-existing vessel, as well as their migration along the newly made
vascular sprouts (Nicosia, 1995; Benjamin, 1998). Obviously, these results open the
fundamental question of which are the molecules that mediate pericyte engagement
in vivo. At the moment, plausible candidates that are likely to play a major role in
this process essentially derive from gene knock-out studies, which imply the
involvement of the Ang-1/Tie-2 system and of the PDGF-B/PDGF-f system in
mesenchymal cell recruitment and differentiation, vessel maturation and
maintenance of vascular integrity (Leveen, 1994; Suri, Jones, 1996; Lindahi,
Johansson, 1997). Of particular interest is the observation of Carmeliet et al., that
hearts of VEGF"*"*# mice expressed reduced levels of PDGF-B and its receptor typep
as compared to VEGF*'* hearts, whereas levels of Angl were similar {Carmeliet, Ng,
1999).

However, in light of the complexity of the process, it seems likely that no one singte
factor is sufficient to do the entire job, and that a co-operation between different

synergistic pathways might be required to achieve functional arteriogenesis.

Whatever the mechanisms of pericyte recruitment, these observations collectively
indicate that bone marrow cells, aithough not directly incorporated into the newly
formed vessels, might act in a paracrine manner, by secreting some factors
important for pericyte activation and recruitment, thus promoting arteriogenesis.
This notion is consistent with compelling evidence of beneficial effect exerted by the

infusion of bone marrow-derived cells in various animal models of ischemia
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(Pittenger, 2004) as well as in clinical settings (Mathur, 2004; Wollert, 2004), even in

the absence of transdifferentiation.

As a final note, an important cause-effect relationship between the presence of bone
marrow-derived CD11b+ cells and a proper vessel maturation was underscored by
the significant drop in VEGF121-induced leakiness upon cell injection. Interestingly,
the collection and analysis of all the data obtained by the Miles test in different
experiments and in both rats and mice, revezaled a significantly higher permeabiizing
effect of VEGF121 relative to VEGF165 at 1 month after treatment, which is in
perfect agreement with a putative role of the recruited cell in increasing

arteriogenesis and promoting vessel maturation (Figure 5.2).
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Figure 5.2. Comparison between VEGF121- and VEGF165-induced vascular leakiness. By
collecting all the data obtained by the Miles test in both mice and rats, we observed that the
permeabilizing effect of VEGF121 {n=12) was clearly higher than the one of VEGF165 (n=18) at 1
month after transduction. No such a difference was detected at 3 months. Asterisk denotes statisticat
significance between the two groups.

In light of these data, the fact that the same population of bone marrow
mononuctear cells is similarly recruited by both VEGF165 and Sema3A, suggests an
additional possible mechanism by in which Sema3A could inhibit angiogenesis.
Indeed, the finding that these cells are associated to arterial development suggest
their ability to secrete factors able to reinforce the intercellular junctions between

endothelial and mural cells, thus leading to vessel stabilization and quiescence of
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endothelial cells. Thérefore, the ability of Sema3A to recruit cells that in turn activate
smooth muscle cells, can at least partially explain its inhibitory effect on endothelial

cell proiiferation.

From a clinical perspective, the huge increase in permeability induced by VEGF121,
together with the observation that this VEGF isoform seems only able to induce
capillary sprouting with poor formation of arterial vessels, challenge the usefulness of
VEGF121 as therapeutic gene for the induction of functional angiogenesis. Indeed,
both REVASC and RAVE clinical trials did not provide the expected results and gave
quite contradictory results: as a secondary endpoint, adenoviral delivery of VEGF121
into the myocardium during thoracotomy improved time to 1 mm ST segment
depression during ETT (exercise tolerance test) at the 26-week time point
(Rasmussen, 2002), whereas the same VEGF121 adenovirus was inefficient in the
treatment of peripheral vascular disease (Rajagopalan, Mohler, 2003). Of note, the
potent immunogenic effect of adenoviral vectors likely accounted for the recruitment
of a number of inflammatory cells at the site of VEGF121 overexpression. These celis
in turn might have promoted vessel maturation, thus explaining the partial dlinical
benefit observed in the REVASC trial.

As a final remark, it is worth noticing that the urgent need of for therapeutic
solutions in no-option patients caused a too rapid transition of therapeutic
angiogenesis from laboratory bench to the bedside. However, concerns generated
during early clinical experience should be carefully considered. In particular, as the
number of agents capable to stimulate vascular growth is soaring, a deeper
understanding of their mechanisms of action is probably required in order to drive
efficient neovascularization into the ischemic tissues. In this context, gene transfer
technigues, and in particular AAY vectors, offer the unique possibility to investigate
the functional role of single molecules, or of their combination, in vivo in adult

organisms.
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7. APPENDIX

In this last section, I have collected all the studies, already published or currently
submitted for publication, in which I have been persenally involved during my PhD
course. Overall, they are mainly focused on gene therapy approaches using AAV
vectars, thus providing evidence of the different possible applications of this class of
vectors in the cardiovascular field, but also in the study of tumor-associated

angiogenesis.

The first two papers represent the starting point for all the subsequent work
described in this thesis (Arsic, Zentilin et al. 2003); (Zentilin et al., submitted for
publication). An additional application of AAV-mediated therapeutic angiogenesis
has been developed in the plastic surgery field, with the particular aim of improving

skin flap survival {(Zacchigna, Papa et al. 2005}.

The fourth and fifth papers address the direct role of VEGF165 on muscle cells,
either skeletal muscle fibers or cardiomyocytes, suggesting a key role of this factors
in protecting the muscle from apoptosis, and in promoting its regeneration after
different kinds of damage (Arsic, Zacchigna et al. 2004); (Ferrarini et al., submitted

for publication).

Two additional papers are focused on the use of AAV vectors in a rat model of
carotid restenosis. In particular, they assess the therapeutic value of two molecules,
the tissue inhibitor of metailoproteinases-1 {Timp-1) and Pentraxin 3, a specific
inhibitor of FGF-2 (Ramirez Correa, Zacchigna et al. 2004; Camozzi, Zacchigna et al.
2005).

Finally, the last two studies investigate some aspects of the tumor-associated

angiogenesis (Secchiero, Gonelli et al. 2004; Zacchigna, Zentilin et al. 2004).
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Vectors based on the adeno-associated virus (AAV) deliver therapeutic genes to muscle and heart
at high efficiency and maintain transgene expression for long periods of time. Here we report
about the synergistic effect on blood vessel formation of AAV vectors expressing the 165 aa
isoform of vascular endothelial growth factor (VEGF165), a powerful activator of endothelial cells,
and of angiopoietin-1 (Ang-1), which is required for vessel maturation. High titer AAV-VEGF165
and AAV-Ang-1 vector preparations were injected either alone or in combination in the nor-
moperfused tibialis anterior muscle of rats. Long term expression of VEGF165 determined massive
cellular infiltration of the muscle tissues over time, with the formation of a large set of new vessels.
Strikingly, some of the cells infiltrating the treated muscles were found positive for markers of
activated endothelial precursors (VEGFR-2/KDR and Tie-2) and for c-kit, an antigen expressed by
pluripotent bone marrow stem cells. Expression of VEGF165 eventually resulted in the formation
of structured vessels surrounded by a layer of smooth muscle cells. Presence of these arteriolae
correlated with significantly increased blood perfusion in the injected areas. Co-expression of
VEGF165 with angiopoietin-1-which did not display angiogenic effect per se-remarkably reduced
leakage of vessels produced by VEGF165 alone.

Key Words: adeno-associated vectors, angiogenesis, angiopoietin-1, gene therapy, muscle,
stem cells, vascular endothelial growth factor

and stabilization, consists of the angiopoietins and their
receptors [6,7]. Studies in transgenic mice have indicated
that overexpression of angiopoietin-1 mitigates leakiness
of skin microvasculature resulting from VEGF expression
[8]. Consistently, an adenoviral vector expressing angio-
poietin-1 was shown to protect adult vascolature from
leakiness, counteracting the permeabilization activity of
VEGF and of inflammatory agents [9]. A distinct mecha-

INTRODUCTION

Formation of ncw blood vessels in the adult (angiogene-
sis} occurs by sprouting from existing vessels, a process
that requires proliferation, activation and migration of
endothelial cells and remodeling ol extracellular matrix.
Subsequent maturation consists in structural organization
of unstable vessels with the formation of a layer of
smooth muscle cells surrounding Lthe prolilerated endo-

thelium [1,2}. Members of the vascular endothelial
growth factor (VEGF) family are powerful inducers of
angiogenesis [3]. Transient VEGF-A expression in vivo
results in polent angiogenic sprouting with the formation
of immature and leaky vessels, associated with tissue
swelling due to markedly increased vascular permeability
[4,5]. One class of molecules required for laler slages of
angiogenesis, involving vessel remodeling, maturation

nism of blood vessel formation occurring during early
embryonic development is vasculogenesis, a process in-
volving the differentiation of angioblasts into blood is-
lands that fuse te form the primitive vascular network [2].
Increasing evidence suggests that angioblast-like cell pre-
cursors derived from the bone marrow circulate in the
adult vasculature and contribute to physiological and
pathological neovascularization in the adult [10,11].
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These circulating stem cell precursots are able to invade
tissues and differentiate into several cell types after isch-
emic damage of the heart or of the skeletal muscle [12],
and might constitute a reservoir for tissue and vessel re-
generation of important therapeutic value. Very lilile is
currently known about the actual molecules triggering
recruitment, activation and differentiation of these ceils.
Induction of ncw blood vessel [ormation by gene transfer
remains a very attractive clinical possibility for the treat-
ment of ischemia in tissues not susceptible to conven-
tional revascularization procedures. However, significant
technical barriers remain in terms of safe and effective
local gene delivery to the ischemic muscle and heart. In
this context, viral vectors based on the adeno-associated
virus (AAV) offer the unique possibility of obtaining high
level and persistent gene expression of the encoded fac-
tors in skeletal muscle and heart, in the absence of im-
mune or inflammatery reaction [13-15]. In addition,
since cell transduction with AAV vectors occurs at high
muitiplicity of infection [16,17], this vector system also
allows simultaneous expression of different factors in the
same cell or tissue in vivo. Given the patent biological
complexity of the process of new blood vessel formation,
combined growth factor administration appears to be an
important requisite in therapeutic terms.

In this work we exploit the potential of AAV gene
transfer to the skeletal muscle to understand the long
term biological effect of VEGI-A and angiopoietin-1 ex-
pression.

REsSuULTS

Transduction of Rat Muscle using AAV-VEGF and
AAV-Angl

We constructed two AAV veclors expressing the coding
regions of the 165 aa isoform of human VEGF-A (AAV-
VEGF165) amd of human angiopoictin-1 {(AAV-AngI) un-
der the control of the constitutive cytomegalovirus
(CMV) promoter (Figure 1A). Ethciency of transduction
and cxpression of the transgenes using these vectors was
initially demonstrated by infection of hamster CHO cells
followed by immunocytochemistry using antibodies react-
ing wilh human VEGF-A and angiopoietin-1 (Figure 1B).

High titer AAV vector preparations were injected into
the muscle tibialis anterior of the right leg of normoper-
[used Wistar rats. Each animal was also injected in the
muscle tibialis anterior of its left leg with either AAV-LacZ
or PBS.

Long-term expression of VEGF165 and angiopoietin-1
in muscle fibers was assessed by immunohistochemistry
at 3 months after treatment. In both cases, muscle areas
injected with these vectors showed a large number of
fibers positive for expression of the respective factors
(shown in Figure 1C for an animal injected with both
vectors).

To quantitatively assess the extent of transduction of

injected muscles, as well as the dissernination of AAV
veclors 1o other body districts, a quantitative competitive
PCR procedure was developed measuring the AAV-
VEGF165 DNA copy numnber in comparison with an en-
dogenous rat gene. Primer pairs were selected in the hu-
man VEGF165 ¢cDNA and in the rat GAPDH gene (Figure
1D). For both targets, DNA competitors were obtained
that were recognized by the same primer pairs and dif-
fered from the respective targets by a 20 bp deletion (for
VEGF165) or a 20 bp insertion {for GAPDH; Figure 1E).
Genomic DNA extracted trom injected and mock-injected
muscles, heart, lung and liver from two animals treated
with AAV-VEGF165 were mixed with scalar amounts of
competitors and submitted to competitive PCR amplifica-
tion (an example of which is shown in Figure 1F). The
results of quantification are shown in Figure 1G and are
expressed as a ratio between VEGF165 and GAPDH copy
numbers. In injected muscle areas, one AAV DNA mole-
cule was found every 200 rat genomic DNA molecutes. In
mock-injected muscle, as well as in heart and lung, AAV
DNA copy number was at least five orders of magnitude
lower than that found in the injected muscle. In one
animal, we found one AAV DNA molecule every 1 x 10°
rat genomes in liver, while in the other one this amount
was 10 times lower (Figure 1G). From these data, we
conclude that AAV preparations locally injected in the
skeletal muscle persist for long times in the sites of inoc-
ulation and have a minimal capacity to spread to other
body districts.

Biological Effects of Long Term VEGF165 and
Angiopoietin-1 Expression

When histological sections were examined, striking find-
ings were noticed in AAV-injected animals. Muscles that
received VEGF165 either alone or in combination with
angiopoietin-1 showed remarkably increased cellularity as
compared to mock or LacZ-injected controls (Figure 2A).
By immunohistochemistry, most of the infiltrating cells
scored positive for expression of the protiferating cell
nuclear antigen (FCNA), a marker associated with cellular
proliferation (Figure 6).

To quantify the number of these cells, three indepen-
dent investigators blinded for experimental procedures
observed 50 different sections from 4 animals per group;
the results are expressed in Figure 2B as number of cells
per muscle fiber. As compared to LacZ-injected muscles,
cellularity was increased of over 5 times in animais treated
with VEGF165, eilher alone or in combination with an-
giopoietin-1. In contrast, treatment with angicpoietin-1
alone only had a modest apparent effect.

To understand whether increased cellularity of in-
jected muscles was paralleled by neoangiogenesis, we per-
formed immunohistechemistry wilh an antibody against
CD31, a marker of endothelial cells. The number of CD31-
positive cells was greatly increased in mnuscles transduced
with AAV-VEGF165 (Figure 2C). We also quantified the
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FIG. 1. Delivery of VEGF165 and angiopaietin-1 cGRAs to rat skeletal muscle using AAV vectors. A Schernalic represenlation of the AAV vectors used in this study.
TR: terminal repeat sequences; CMV: cytomegatovirus immediate early proenotear; pA: polyadenylation site B. Immunocytochemistry of CHO calls transduced with
AAY-VEGF185 {left panel) and AAV-Angl (right panel). C. Immunostaining of muscle sections of mock treated rats {(upper panels) and of rats treated with
AAY-VEGF165 plus AAV-Ang at 3 months after injection (Jower panels) using antibodies against VEGF-A {panels an the left side) and angiopaietin-1 {panels an
the right side). Several muscle fibers in the injected areas show reactivity to the respective antibodies only in treated muscles, D. Primers for PCR amplification.
Two primer pairs were selected in the AAV-VEGF165 construct (VEGF-F1 and VEGF-F2) and in the rat GAPDH gene (GAP1 and GAP2) amplifying 137 bp and 168
bp DNA fragments respectively. E. Schematic representation of DNA competitors for cornpetitive PCR amplification of AAV-VEGF165 and rat genomic GAPDH
DNAs. F. Example of competitive PCR amplification. Fixed amounts of sample DNA from different argans were mixed with scalar amounts of competitor DiNA
and PCR-amplified with the two primer pairs. After amplification, gels were stained with ethidium bromide and the competitor (Comp.), VEGF or GAPDH DNA
bands were quantified. According to the principles of competitive PCR, the ratio between the amplification products in each reaction is linearly correlated with
the input DNA amounts for the two species. M: molecuiar weight markers, molec.: DNA molecules, . Results of VEGF1 65 DNA quantification in different organs.
Two rats injected with AAV-VEGE165 were sacrificed 3 months after treatrment and DNA exlracted from the indicaled organs. Results are expressed as ratios
between VEGF165 and GAPDH DNA copy nurmber.

number of capillaries in these sections-defined as small
(5-10 um diameler) vessels surrcunded only by CD31-
positive cells (shown by arrows in Figure 2C). The number
of capillaries per muscie fiber was increased 2 fold in
samples treated with VEGF165 compared to controls and
1o muscles mjected with angiopoietin-1 alone. No differ-
ence in the number of capillaries was observed in animals
sacrificed at one month as compared to those sacrificed at
three months post injection. However, an entargement of
the muscle area in which neovascularization was observed
was clearly detectable in the latter group (not shown).
Increased formation of capillaries is an expected out-

come of short terin VEGF overexpression, given the very
well known stimulating properties of VEGF on endothe-
lial cell proliferation and migration [18]. In contrast,
largely unexpected was the remarkable increase in larger
and more mature vessels, surrounded by a thick layer of
cells expressing smooth muscle a-actin {«-SMA), a2 marker
of smooth muscle cells. These artericlae with a diameter
in the 20-120 pm range were ~-8-fold more represented
in AAV-VEGT expressing muscles, either alone or in com-
bination with angiopoigtin-1, as compared to AAV-LacZ
or mock injected controls (Figure 3).

In our experiments we never observed formation of
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FIG. 2. Quantificalion of prediferating cells and capillaries in transduced muscies. A, Muscle sections injecled with AAV-VEGF165, AAV-Ang1 or both at 3 months
after treatrment, stained with hematoxylin. B. Quantification of cells in treated muscles. For gach animal, counts were obtained from both the leg injected with
the angiogenic vector and the controlateral leg. Shown are means and standard deviafions of counts, expressed as number of nuclel per muscle fiber, Values were
analyzed using a bwo-tailed t test, considering unequal variance in groups and assuming statisticat significance at p < 0.07, Large cellular infiltrations in the
interstitial space (such as thase shown in Figure 6) were not included in the counls, C. immunastaining of muscle sections of animals treated with the different
vector combinations, as indicated, at three months after injeclion using an anlibady against the endothelial cell marker CO31. An increase in Lhe number of cells
positive to this antibody is visible in sarnples of animals injected with AAV-VEGF165. Arrows indicate capiliaries, defined as 5-10 um diameter vessels surrounded
only by CD31-positive cells. D. Number of capillaries in injected muscles. Counts were obtained from both the leg injected with the angiogenic vector and the

controlateral leg. Presentation of data and statistics are as in Panel 2B. NS: not significant.

hemangioma-like structures even after prolonged expres-
sion of VEGF165. However, in several histological sec-
tions of muscles expressing this factor we observed that
PCNA-positive  proliferating cells, several of which
showed reactivity to «-SMA antibody, accumulated at the
petiphery of muscle fibers, with a tendency to invaginate
into and invade them (Figure 4E and 4F). In addition, we
also noticed a peculiar effect by which some muscle fibers
were substituted by vascular lacunae filied of red blood
cells (Figure 4A-D}, as demonstrated by slaining samples
with 3,3'-diamincbenzidine (DAB), a chemical com-
pound reacting with oxidized hemoglebin (Figure 4D},

Functional Analysis of Vasculature in Transduced
Muscles

To investigate whether the observed histological effects
were paralleled by increased blood flow in the injected

areas, muscle perfusion was analyzed by using flucrescent
microspheres. The results obtained, which are expressed
in Pigure 5A as a ratio between treated and control mus-
cles, indicate that perfusion of muscles expressing
VEGF165 was significantly increased both in the presence
or absence of angiopoietin-1. [n contrast, transduction of
angiopoictin-1 had no cffect on perfusion.

The results so far described in terms of cell prolilera-
tion, increase in the number of CD31- and o-SMA-posi-
tive cells, formation of new blood vesseis and perfusion
indicate that overexpression of angiopoietin-1 had no
apparent rele in promoting and sustaining these pro-
cesses. However, it is still debated whether VEGF alone
might be sufficient {0 determine the development of a
mature and functional vascular network, one of the major
concerns being the well documented permeabilization
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FIG. 3, immunohistochemistry using an antibody against smooth emuscle
w-actin {u-SMA}Y, A, Sections of muscles treated with AAV vectors expressing
the faclors indicated in the dilferent panels were reacied to an antibody
against smooth muscle a-actin, a marker of smooth muscle cefls. Muscles
treatert with AAV-VEGF165 show a large number of mewly formed vessels
{enlarged in the insets} with the characteristics of artericfae in the 20-120 wm
diarneter range. Shown are immuonostainings fram animals sacrificed at 3
manths post vector injection. B, Quantification of a-SMA positive vessels.
Presentation of data and statistics are as in Parel 2B,

effect execrted by this [aclor on the vascular wall [4]. In
facts, when we analvzed vascular leakiness by injection of
Evans blue in the fermoral arteries supplying hoth control
and transduced muscles {an adaptation of the Miles test),
we found that vessels in muscles expressing VEGF alone
were remarkably (~6 times) more {eaky than controlateral
controls (visually shown in Figure 5B and quantified by
spectrophoimnetric analysis of dye in Figure 5C). By con-
frast, leakiness of vessels produced by co-expression of
VEGF with angiopoietin-1 was remarkably reduced and
more similar to that of the normal muscle vasculature.

Characterization of Cells Infiltrating Muscles Treated
with VEGF165

As described above, a peculiar feature of muscle areas
expressing VEGF165 was the presence of a large number
of PCNA-positive, proliferating cells. In several instances,
the presence of these cells was massive, especially in the
interstitial area surrounding large vessels (Figurc 6A).

To slart understanding the source of these cells, we
attempted their phenotypic characterization using immu-
nohistochemistry with different antibodies. As already
discussed above, several of the infiltrating cells were

found positive for the endothelial-specific CD31 and the
smooth muscle cell-specific o-SMA markers. Relatively
few cells were found reactive to an antibody against the
pan-leukocyte CD45 marker, thus alse ruling out a major
role of inflammation as a process of cellular recruitment.
Inlerestingly, some infiltrating cells expressed two mark-
ers of the activated and proliferating endothelium,
namely Tie-2, the receptor for angiopoietin-1 the expres-
sion of which is restricted 1o the vascular endothelial
lineage, and VEGFR-2/KDR, the major receptor for
VEGE-A. These antigens start to be expressed by a hone
marrow derived cell populalion comprising the early he-
matopoietic/endothelial cell precursors [19]. Consistent
with a possible derivation of these cells from a stem cell
precursor is Lhe observation that several of them were
found positive for the c-kit/CD117 marker, an antigen
that commonly defines pluripotent bone marrow stem
cells [19].

DiscussioN

Prolonged expression of the 165 aa form of VEGF-A in the
normopetfused skelelal muscle had several important bi-

Hematoxvlin

AT

A Hematoxylin B

C Hemaloxylin + DAR b

EIG. 4. Substitution of muscle fibers by vascular lacunae in muscles treated
with AAV-VEGF165. A to F. Sections from treated muscles showing muscle
fibers substituted with vascular lacunae at 3 months post vector injection.
Sections were stained wilh hematoxylin (A and B), hematoxylin and eosin (),
hematoxylyin + 3,3'-diaminobenzidine (DAB) to reveal red blood colls {D), or
immunostained with antibodies against PCNA (E} or a-SMA (F).
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FIG. 5. Functional analysis of vasculature in treated and control muscles. A
Analysis of blood flowe. Fluorescent microspheres injected in the abdorninal aorta
were recovered from isolated muscle tibialis anterior from bath the righit (treated}
and left {mack} legs of each animal and quantified. Shown are mean and siandard
deviation of the ratios between the two measurements. Values were analyzed
using a two-tailed t test, considering unequal vaniance in groups and assuming
statistical significance al p < 0.05. Experiments were perforrned at 3 months after
injection of AV VECF165, AAV-Ang or both vectors as indicated, B and C. Miles
assay for vascular leakage performed at 3 months after vector injection. Evans blue
was injected in the femoral artery, and animals were sacrificed 30 minutes later.
The muscle tibialis anterior was salated from both the rght {treated) and |eft
(mock) legs of each animal. Panel B shows massive dye infiltration in muscles
treated with AAYVEGFT65 alone. Panel C reporls spectrophotometric quantifica-
tion af the dye in muscle samples, expressed as a ratio between treated and
mack-treated legs. Evans biue diffusion in muscles treated with VEGFT65 {5 mark-
ediy raduced by co-expression of angiopoietin-1. Shown are rmeans and standard
deviations of 4 measurernents. Statistical evaluation was pedormed as in Figure 54,

Ang1

ological consequences. The most striking phenotypic
change we observed was the increase in the number of
blood vessels present in the injected areas. This event was
somehow expected as far as capillaries are concerned,
given the very well known properties of VEGF on endo-
thelial cell proliferation and migration [18] and according
to studies that analyzed capillary formation after intra-
muscular injection of adenoviral vectors expressing VEGF
[20,21] or of skeletal myoblasts engineered to secrete the
factor {22,23]. In comntrast, largely unexpected was the
increase in larger vessels, surrounded by a layer of cells
expressing w-smooth muscle actin, a marker of smooth
muscle cells, The distribution of these artericlae was it-
regular and massive close to the injection site and pro-
gressively more regular moving to the periphery of the
injected area, suggesting a gradient effect correlated to
VEGT dosage. The presence of these vessels demonstrates
thal prolonged angiogenjc stimulation by VEGF not only
determines activation, proliferation and migration of en-
dothelial cells, but eventually turns out to trigger forma-
tion of larger blood vessels coated with a-SMA-posilive
cells. Besides the direct effect of VEGF itself on smooth
muscle cells, vessel maturation is also most likely the
consequence of the release of other cytokines from acti-
vated endothelial cells [2]. Experiments recently per-
formed by implantation of myoblasts conslitutively ex-
pressing VEGF-A also revealed formation of smooth
muscle-coated vessels similar to arterioles directly adja-
cent to the implantation site, in perfect agreement with
cur results [24]. Finally, analogous findings have also
been recently reported by studying the effect of long term
VEGF overexpression in a transgenic mouse model [25].

While the size of the arteriolae formed after VEGF
overexpression is too small to permit angiographic detec-
ticn of the newly formed vascular network (not shown),
Lhey still determined an imporiant increase in blood per-
tusion of the injected muscles, as detected by perfusion
studies using fluorescent microspheres. In this respect, it
is worth noticing that these studies most likely understi-
mate the actual perfusion rate of the VEGF-expressing
areas, since they were performed on the whole tibialis
anterior muscle, in which injected areas represent less
than 20% ol the total muscle volume. Injection of skeletal
myobilasts engineered to deliver VEGT to the skeietal mus-
cle [23] and to the myocardium [26] promotes a potent
angiogenic responsc but also leads to the formation of
vascular tumors resembling hemangiomas. In over 100
animals (including rats, some of which shown in this
study, and mice) injected with AAV-VEGF165 we never
observed the formation of such tumors. These differences
are most likely related to AAV gene transfer biology, in
which the onset of growth factor expression is progressive
{13] and the peak levels of produced factor are lower than
with other vector syslems, while expression persists for
much longer pericds of time. In contrast, we ohserved a
previously unnoticed event consisting of the substitution
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FIG, 6. Characterization of cells infiltrating musclas
expressing VEGF165. A to F. Histological sections
of muscles that were injected with AAVVEGF165,
analyzed at 2 months after treatment. Massive in-
filtrates of cells were found in the interstitial space
surrounding large arteries {panel A). Most of these
cells were expressing PCNA, indicating their active
proliferation (8). Panels C to H show characteriza-
tion of these cellular infiltrates by differont anti-
genic markers, as indicated on top of each panel.

Hematoxylin

4

of several muscle fibers {1-5% of fibers in the injected
areas) with vascular structures filled of red blood celis and
thus connected to the general circulation. Staining of
these areas with an anti-CD31 antibody reveled that, with
tew exceptions, these structures were lacking evident en-
dothelial wall. These vascular sliuclures might be cau-
tiously interpreted as the effect of invagination of muscle
cell membrane and its fusion to the membrane of endo-
thelial cells, thus [orming a vascular lacunae which is

A PCNA B

connected to the circulation. Alternatively, they might
result from the invasion of muscular cells by locally pro-
lilerating cells eventually regressing and diflerenlialing to
form a vascular lacuna in which a thin endothelial layer
remains undetected by immunochistochemistry. In con-
trast to the potent stimulatory effect of VEGF on endo-
thelial cell proliferation and migration, and to its power-
ful vascular permeabilization activity [27], angiopoictin-1
has Dbeen shown to be essential for maturation of blood
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vessels during embryonic development [28] and for the
mitigation of vasal leakiness promoted by inflammation
in the adult vasculature |9]. Consistent with these obser-
vations, in our experiments overexpression of VEGF alone
determined highly increased vascular permeability. In
conlrasl, leakiness of vessels produced by co-expression of
VEGF with angiopoietin-1 was remarkably more similar to
that of the normal muscle vasculature. This resull under-
lines the notion that new blood vessel formation is a
multistep process sustained by the sequential and coordi-
nated activity of several factors, and that therapeutic an-
gicgenesis will require not only increase in vessel number
in the ischemic area but also their proper functional mat-
uration. It is very likely that these and other functienal
and structural requirements will be met only by delivering
a proper cocktail of regulated growth factor genes to the
ischemic area, a demand that appear feasible using AAV
vectors.

An interesting finding of our study was the observation
that some of the proliferating cells found in muscies ex-
pressing VEGI were positive for markers of hematopoiet-
ic/endolhelial cell precursots. Different investigators have
recently reported that lineage negative, c-kit positive
bone marrow cells are capable of infiltrating the infarcted
myocardium {in which expression of VEGF is probably
high} where they undergn alternate differentiation routes,
including cardiomiocytes, endothelial and smooth mus-
cle cells |12,29,39]. In additicn, circulating endothelial
progenitor cells of bone marrow origin have been isolated
that are incorporated in sites of myocardial neovascular-
ization [31]. Altogether these observations suggest that
circulaling stemn cells might sense ischemic or damaged
tissues and migrate to these areas, where they promote
tissuc formation by a mechanism that is probably differ-
enf from angiogenic sprouting and might resemble em-
bryonic vasculogenesis. Our results suggest thal pro-
longed expression of VEGF, either directly or through the
induction of other cytokines, might be one of the local
triggers for progenitor cell accumulation and prolifera-
tion. Consistent with this conclusion are the results ob-
tained by intravenous administration of an adenoviral
vector expressing VEGF105, which determined rapid mo-
bilization of hematopoietic stem cells and marked in-
crease in circulating endothelial precursors [32]. Alterna-
tive to their bone marrow origin, the source of cells
infiltrating VEGE-expressing tissues might be from a pool
of resident progenitor cells, which are found in the hearl
and in the muscle [33-35] and might be triggered to
proliferate in response to growth factor overexpression.
Preliminary experiments performed by bone marrow
transplantation from mouse male donors to lethally irra-
diated femnale recipients indicatc that a large number of
these infiltrating cells derive from the transplant (data not
shown).

In conclusion, the resulls oblained by Lhis study
indicate that functional angicgenesis can be obtained

by simultaneous expression of different cytokines for
prelonged periods of time. While long-term expression
of angiogenic growth factors is not required for the
induction of angiogenesis in experimental models of
acute or subacute ischemia, it may still turn out t¢ be
essential to attain therapeutic benefit for the treatment
of human myocardial or limb chronic ischemia, in
which new blood vessels formation is likely to require
prolenged stimulation over time to promote matura-
tion of larger collaterals. Furthermore, stable persis-
terice of AAV vector genomes would permit the imple-
mentation of molecular systems for regulated control
over transgenc cxpression. This would have the addi-
tional advantage to overcome the concerns raised by
the possibility that disregulated expression of angio-

.genic genes might [avor the risk of pathological neo-

vascularization at distant sites. Finally, the possibility
of triggering progenitor celis accumulation and prolif-
eration at specific sites by overexpressing VEGF-A has
obvious important clinical implications, since it might
permit tissue and blood vessel reconstitution through
gene transfer to ischemic or damaged areas as a possible
alternative to cellular transplantation.

MATERIALS AND METHODS

Production, purification and characterization af TAAV vectors. The TAAV
vectors ustd in this study are based on the pIR-UFS construct, kindly
provided by N. Muzyczka (University of Florida, Gainesville, FL). The
coding sequences of the VEGFLGS and angiopoietin-1 cDNAs were ob-
tained by RT-PCR amplification from HL60O and 293 cell RNA respectively
and cloned in the vector under the contral ol the CMV promoter to
substitute the GFP gene, Cloning and propagation of AAV plasmnids was
carried in the I 8111 E. coli strain. Infectious AAV2 vector particles were
generated in 293 cells, cultured in 150-mm-diameter Petri dishes, by
co-transfecting each plate with 15 pf of each vector plasmid together with
45 pg of the packaging/helper plasmid, pDG (kindly provided by J.A.
Kleinschmidt, Heldelberg, Germany), expressing AAV and adenovirus
heiper functions. Viral stocks were obtained by CsCl gradient centrifuga-
tion as already described [16,36]. TAAY titers were determined by measur-
ing the copy number of viral genomes in pooled, dialyzed gradient frac-
tioms using a competitive PCR procedure with primers and competitors
mapping in the CMV prometer region common to all vectors [16]. Viral
preparations used in this work for animal transduiction had titers between
1% 1% and 1 % 10" viral genome particles per ml.

Cowmpetitive PCR quantification of vector and GAPDH genonric DNAs.
Primers for PCR amplification of VEGFI65 ¢DNA were VEGFE-F1 (5'-
GAGGGUAGAATCATCACGAAGT-3 and VEGE-RL {5 -TCCTATGTGCTG-
GCCTTGGTGA-3'). I'rimers for rat GAPDH gene amplification were GAP1
{5 -GACCTCAACTACATGGTCRA-3') and GAP2 (5'-ATACTCAGCACCAG-
CATCAC-3'). Localization of fhese primers is schematically shown in
Figure 10, Competitors for both target DNAS were constructed by an
established recombinant PCR procedure [16].

Aninials and experimental prolocols. Animal care and treatment were
conducted in conformity with Institutional guldelines in compliance with
national and intemnational laws and policies (EEC Council Directive 86/
609, OJ1. 358, December 12th 1987). Adult male Wistar rats weighting
250-300 grams were housed one per cage and maintained under controlled
environmental conditions. After general anesthesia, rats were injected
through a small skin incision in the tibialis anterior muscle using a 0.5 ml
twberculin syringe with a 27.5 G needle. Each muscle received 3-3 injec-
tions for a total of 200 pl volume of purified AAV vector preparations or
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PBS {mock controls). A total of 48 rats were injected for this study. Fach
animal received in the tibialis anterior muscle of the right leg AAV-VEGF,
AAV-Angl, or the combination of both vectors (16 animals per group). In
animals treated with both AAV-VEGFE and AAV-Angl. injection of the
latter vector was performed ¥ days after the first (reatment. All animais
received in their left legs mock injections of either AAV-LacZ or PBS.
Animals were sacrificed after one {4 animals per group) and three months
(12 anlmals per group) from AAV vector injection, Rats sacrificed one
month post-injection were used only for histological characterization, Out
of the three-month groups, 4 animals were used for blood flow tests, other
4 animals for the permeability tests and the last 4 animals for histological
examination.

Histological evaluation aud impmunohistochensistry. TFor histological
evalualion, muscle samples were Axed in 2% formatdehyde and embedded
in paraffin, Three pm sections were stained with hacmatoxylin and eosin
ot hagmatoxylin only. immunohistochemical detection of specific anti-
zens was performed with the following antibodies: rabbit polvclonal
against VEGF (sc-152, Santa Cruz Biotechnology, Santa Cruz, CA) goat
polvtlonal against angiopeietin-1 (5¢-6320, Santa Cruz Biotechnology);
mouse monoclonal apainst CD43 (OX30, Abcam Ltd, Cambridge, UK);
moeuse monoclonal against e-sincoth muscle actin {clone 1A4, Sigmal;
wbbit polyclonal against Tie? (s¢-9026, Sania Ciuz Biolechnology), goat
polyclonal against PECAMIL {s¢-1506, Santa Cruz Biofechnology, o,
mouse monoclonal against Flk-1 (sc-6251, Santa Cruz Biotechnologylh
rabbit polyclonal against c-kit (sc-168, Santa Cruz Biotechnology); mouse
monoclonal against PCNA {sc-56, Santa (nez Biotechnology). Protocnis
for immunohistochemistry were according to the Vectastain Elite ABC Kit
(universal or goat) from Vector Labaratories. Atter treatment, slides were
rinsed inn 'BS and signals were developed using 3,3'-diamincbenzidine as
substrate for the peroxidase chromogenic reaction (Lab Vision Corpora-
tion, Fromont, CA)

Blood flow assay. Blood flow was determined by injections of 2 x 107 15
wm yellow-green fluorescent microspheres (Molecular Probes Inc, Eugene,
OR} in the abdominal aorta of animals, as described [37]. Recovery of
microspheres from tissue and extraction of fluerescent dye was performned
according to the manufacturer's instruction. Briefly, weighted muscles
were digested in 10 ml of 2 M ethanolic KOH, 0.5% tween 80 {v/v) {Sigma)
overnight at 60°C. with perindic shaking. Homogenates were centrifuged at
2000 ¢ g for 20 min in a swinging rotor, ‘I'he supernatant, with the
excepiion of 1 mi, was removed and the pellet was resuspended in 9 ml
0.25%, Tween 80 in water, Afrer an additional centrifugation and washing
in deionised water, microspheres were dissolved in 3 ml 2-etoxyethyl
acetate (Sigma-Aldrich) for 4 hours al room lemperature. Diebris was re-
moved by centrifugation and Huorescence was measuted in the superna-
tant by the Versafluor Muorometer System (BioRad, Riciimond, CA) using
ExX 490/10 and EM 510510 {BioRad) as excitation and emission Alters
respectively, Values were normalised and resulbts are expressed as ratios
petween fluorescence of treated and conlrol mnuscles,

Vessel wall permeability assay. Analysis of vessel permeability was per-
formed by an adaptation of the Miles assay [38] to rat muscle, Animals
wete injected in the fernoral attery with 300 pl of 0.5% (w/v) Evans blue
{Sigma) in PBS and sacrificed alter 30 min. The muscie tibialis anlerior was
removed and weighted, and the dye was exiracted by overnight incuba-
tion in 2 mi formamide at 35°C and quantified spectrophotometrically at
410 nm. Values of absorbance were converted, according Lo a standard
cutve, in Evans biue content. The results are shown in Figure SC exprossud
as a tatio between treated and comtrol muscles from the same animal, in
order w reduce inter-animal variations.
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ABSTRACT

Vascular endothelial growth factor (VEGF) is a key regulator of blood vessel
formation during both vasculogenesis and angiogenesis. The prolonged expression of
VEGF in the normoperfused skeletal muscles of adult rodents after gene transfer
using AAV vectors induces the formation of a large set of new capillaries and small
arteries. Notably, this process is accompanied by the massive infiltration by
manonuclear cells. This observation raises the possibility that these cells might
represent circulating progenitors that are eventually incorporated in the newly
formed vessels. Here we explore this possibility by exploiting four different
experimental models, based on: a) the transplantation of male bone matrow into
female recipients; b) the transplantation of Tie2-GFP transgenic boene marrow; c) the
transplantation of bone marrow in the presence of erythropoietin (EPQ), a mobilizer
of endothelial progenitor cells {(EPCs); d} the re-implantation of ex vivo expanded
EPCs. In all four models, VEGF acted as a powerful attractor of bone marrow-derived
mononuclear celis, bearing different myeloid and endothelial markers proper of the
EPCs, to the sites of neovascularization. In no case, however, the attracted cells
were incorporated in the newly formed vasculature. These observations indicate that
new blood vessel formation induced by VEGF occurs through bona fide sprouting
angiogenesis; the contribution of the infiltrating bone marrow-derived cells to this

process stilt remains enigmatic.
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Figure 1. Mononuclear cells infiltrate the foci of VEGF-induced neovascularization.

A. Immunchistochemical time course analysis of the angiogenic response induced by AAV-mediated
VEGF expression in normal skeletal muscle at different times after vector injection, by the visualization
of small arteries using an antibody against smooth muscle actin (a-SMA). Abundant mononuclear cell
infiltrates are detectable in the perivascular spaces of the injected muscles at 7 and 15 days
(enlargements in panel B) after transduction and persist, although at lower levels, after 1 and 3
months of continuous VEGF expression,

C. Quantification of the number of a-SMA-positive vessels, which progressively increased up to 1 month
and remained stable thereafter,



Figure 2. Immunological characterization of the mononuclear cells infiltrating the foci of
VEGF-induced neovascularization.

Immuncfluorescence staining was performed using CD31, a-SMA, Flk-1, CD34, Sca-1, F4/80, CD11b
and c-kit specific antibodies, on histological sections of mouse tibialis anterior muscles injected with
AAV-VEGF at 2 weeks after transduction. Positive cells are stained in red. Blue: nuclei stained with
DAPI.
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Figure 3. Sex-mismatch bone marrow transplantation model.

A. Flow chart of the experimental procedure. Unfractionated BM cells from male Balb/c donor mice
were transplanted into lethally irradiated syngenic female recipients. After hematopoietic recovery, the
efficiency of engraftment was evaluated by quantifying the copies of donor-specific Y chromosome
sequences in the bone marrow of the transplanted animals by competitive PCR, using p-globin as
reference gene.

B. Schematic representation of the templates for quantitative PCR. Amptlification of the Y chromosome
sequence and of the p-globin gene were obtained with primer pairs Y-F/Y-R and BG-F/BG-R
respectively. The muiticompetitor used for competitive PCR contains a core sequence of 218 bp,
corresponding to a 20 bp-deleted version of the mouse -globin amplification fragment, flanked by Y-F
and Y-R primer sequences.

C. Example of competitive PCR amplification. Fixed amounts of sample DNA from peripheral hlood
mongnuclear cells were mixed with scalar amounts of the mufticompetitor DNA and PCR-amplified with
the two primer pairs. After amplification, the gels were stained with ethidium bromide and the
competitor (Comp.), Y chromosome (Y-chr} or j3-globin DNA bands were quantified. According to the
principies of competitive PCR, the ratio between the amplification products in each reaction is linearly
correlated with the input DNA amounts for the two DNA species,

D. Examples of FISH analysis on muscle sections from transplented mice at 30 days after injection of
AAV-VEGF, using a mouse-specific Y chromosome probe labeled with FITC. The green dots, indicated
by arrows in the enlargements, correspond to Y chromoseme specific signals. Red, nuclei stained by
propidium iodide, M, muscle fibers,
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Figure 4. ImmunoFISH analysis of VEGF-treated muscles of transplanted mice at 15, 30
days and 3 months after vector injection.

Immunoflucrescence staining for endothelial (CD31, A) and smooth muscle {«-SMA, B) antigens was
combined with ¥ chromosome fluorescent in situ hybridization. The vast majority of cells expressing
either of the two markers were not found to contain a Y chromosome (enlargements in A and B}. Very
rare cells (<1% of total ¥ chromosome-positive nuclei} were positive for CD31 and Y chromosome
markers (shown in the enlargements in C); cells of donor origin and positive for the a-SMA antigen
were never found in the tunica media of vessels.

Blu, nuclei stained with DAPI, Red, CD31 (A) and «-SMA {B) positive cells, Yellow, Y chromosome.
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Figure 5. FVE/TgN transgenic mouse bone marrow transplantation model.

A. Flow chart of the experimental procedure. BM from FVB/TgN transgenic mice, expressing GFP under
the transcriptional control of the endothelial specific Tie-2 promoter, was transplanted into lethally
irradiated FVB/N wild type recipients 30 days before treatment with AAV-VEGF.

B. Immunostaining for the endothelial-specific CD31 and GFP markers in muscle sections of VEGF-
treated mice at 1 month after vector injection. In the FVB/TgN transgenic control mouse, most of the
endothelial cells also stained positive for GFP (a to ¢). In contrast, no Tie2-GFP-positive cells were
found within the cellular infiltrates or incorporated into the wall of the newly formed vessels in the
FVB/NJ1-BMT TgN chimeric mice (d ta 1).

Red, CD31 positive cells; Green, GFP; Blue, nuclei stained with DAPIL.
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Figure 6. Erythropoietin (EPO) mobilizes bone marrow cells with an EPC phenotype that are
recruited to the sites of neovascularization but are not incorporated in the neovessels.

A. Flow chart of the experimental procedure. Sex-mismatched transplanted, AAV-VEGF-treated mice
were treated with EPO in order to mobilize endothelial progenitor celis from the bone marrow.

B. Flow cytometry analysis of monohuciear cells from peripheral blood and spleen. Animals treated with
EPQ (but not those injected with AAV-VEGF or AAVLacZ) showed a significant increase of Flk-1 and
Fik-1/CD34 positive cell popuiations, indicative of the mobilization of endothelial progenitors.

C. ImmunoFISH analysis of VEGF-treated muscle sections of animals treated with EPQ, Despite the

mabilization of EPCs, there was no increase in the number of Y-chromosome positive cells expressing
the CD31 endothelial markers at the sites of VEGF-induced neovascularization.

Red, CD31-positive celis; Green, Y chromosome; Blue, nuclel stained with DAPL,



A In vitra culture of

Injection of AAV-VEGE

adherant cells from o the fibislic anter O Dmediulm
Balb/c bone marrow in - " US Iz'lfllgllsb?n elnor; ~ 8o ND medjum
different conditions muscle of Balvic mice £ T

e : - no

’ 15 days ' 30 days - El S0

Gell labsling and i.v. injection £ A
R 8
'} “15days a -
* Histology and fluorescence T 0= | 3
miscrascopy-.. - - Fiki CD31 C045 CONMBCDHM 1 CD14 €034 c-kit Seal
C D exhze E

7 407 PKH26
=
g 30+
W
I
[&]
o 207
=
=
=)
@ 10-
& .
& :
= :

0 -

[ D medium Mer

BEl WO madium erge

MO mediem mediizm

Figure 7. In vitro cultured bone marrow cells with EPC phenotype home at sites of VEGF-
induced angiogenesis but are not incorporated into the vessel wall.

A, Experimental design. Balb/c mice adherent bone marrow cells were cultured in vitre for 15 days in
Differentiating (D) and Non Differentiating medium (ND; see text) in order to enrich for endothelial
progenitor celis. After 15 days, the EPCs were labeled with the PKH26 red fluorescent die and
administered i.v. to syngenic recipient mice previously injected with AAV-VEGF in the right tibialis
anterior muscle.

B. Flow cytometry phenotypic profile of the cell populations before injection into the animals (mean +
SEM of three different experiments).

C. Number of PKH16-positive cells infiltrating the sites of VEGF-induced neovascularization at day 15
after cell injection. The cells expanded ex vivo using the ND medium were recruited ~4 times more
efficiently than those cultivated in differentiating medium {mean £ SEM of three different experiments),

D. Immunofluorescence analysis for the visualization of CD31 (green) and PKH26 (red), Co-localization
of the two markers in the same cells was highly infrequent.

E. Immunofluorescence analysis for the visualization of CD11b (green) and PKH26 (red). Mast of the
recruited cells were positive for the myelo/monocytic marker CD11b.
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Improved Survival of Ischemic Cutaneous and
Musculocutaneous Flaps after Vascular Endothelial
Growth Factor Gene Transfer Using
Adeno-Associated Virus Vectors
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A major challenge in recons
ischemia, which might benefit from induction of
therapeutic angiogenesis. Here we demonstrate the
cffect of an adeno-associated virus {AAV) vector deliv-
ering vascular endothelial growth factor (VEGF)165 in
two widely recognized in vive flap models. For the
epigastric flap model, animals were injected subcuta-
neousty with 1.5 x 10'" particlcs of AAV-VEGF at day
0, 7, or 14 before flap disseclion. In the transverse
rectus abdeminis musculocutaneous flap model, AAV-
VEGF was injected intramuscularly. The delivery of
AAV-VEGF significantly improved flap survival in
both modcls, reducing necrosis in all treatment
groups compared {o conirols. The most notable re-
sults were obtained by administering the vector 14
days before flap dissection. In the transverse rectus
abdominis musculocutancous flap model, AAV-VEGF
reduced the necrotic area by >50% at 1 week after
surgery , with a highly significant improvement in the
healing process throughout the following 2 wccks.
The therapeutic effect of AAYV-VEGF on flap survival
was confirmed by histological evidence ol necangio-
gencsis in the formation of large numbers of CD31-
positive capiliaries and a-smooth muscle actin-posi-
tive arteriolac, particularly evident at the border
between viable and necrotic tissue. These results un-
derscore the efficacy of VEGF-induced neovasculariza-
tion for the prevention of tissue ischemia and the
improvement of flap survival in reconstructive sur-
gery.  (Awnr f Paibol 2005, 167:000—-000}

Fartial necrosis of skin flans represents a major ¢linical
problem in patients undergeoing reconstructive proce-
clures, with significant moraoidity and no effective therapy
available. The lack of oxygen and nutrients in the distal

part of the flap sirongly comoromises skin viability, re-

“oftenirequires secondary
g oent concept of ther-
inistration: of angio-
as-an aftraciive ap-
bloogd suppiy and.-perfusion in
ompromised tissugd, thus Improving flap survival,

The angiogenic #£sp@anse fo lissua ischemia is a com-
plex @ acess involving ‘the coordinated interplay of a
varfBtyoresluble factors, controlling new blood vesse!
formation. One of tne fundamental molecules that are
required in the angiogenic pracess is the vascular endo-
thelial growth factor (VEGF}. Four different isoforms of
VEGF have been described, with 121, 165, 189, and 208
amino acids arising by difterential splicing of the primary
VEGF gene transcript. VEGF16S is the predominant form
in all calls and tissues and its expression is promptly
induced by tissue hypoxia. The main activity of VEGF is to
stimuiate the prolferakon and migration of endotheliat
cells, with the constiiution of a primitive capiilary natwork,
which subsequentdy matures to form larger vessels.

Research on therapeusic angiogenasis relaling to plas-
tic and reconstructive surgery is in its early stages. Sev-
eral laboratories have explored the possibility of promot-
ing skin flap neovascularization by using recompinant
YEGF proteins. In most of these studies, with sore ex-
ceplions,® recombinan VEGF orovided a beneficial ef-
fect on the flap survival,®® although the exact mecha-
nisms have not always been specifically acdressed.
Despite these encouraging findings, the use of recombi-
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nant proteins in a clnical setiing is hampered by several
factors, such as their short hatf-lives, poor bicavailability,
and corsequent need for frequent administrations to sus-
tain long-lasting effects. Delivery of therapeutic genes to
induce nec-angiogenesis represenis an appeaiing alter-
native strategy that might overcome maost of these prob-
lems. Moreover, the easy accessibility of the flaps makes
them an ideal iarget for anin vivo gene transfer approach.

A variety of technigues allow for a coding DNA to be
taken up by host cells, which ther express the respective
protein. Many of them have been used for gene delivery
to the muscie and skin, including the use of naked plas-
mid DNA and viral vectors."® 8 The use of viral vectors
presenzs a notable advantage over nonviral systems, by
providing a higher rate of transduction and expression.
Among the novel approdches that hold promise o be-
come & relevant therapeuiic modality in humans is the
use of vectors based on the adenc-associated virus
{AAV), a nonpathogenic and widespread parvovirus, in-
capable of autonomous repiication. Vectors bagsed on
AAY are able to transduce both dividing and nondiwdmg
ceils Lde show a specific tr0plsm forpost

tory ar immuno response.” 24 AS 2,8
gene expressmn from these :

taneous delnvery of AAV vectors results in the efflc ent
transduction of hair follicles, sweat gland ducts,®” and
the panniculus carnosJs {the skeletal muscle laysr within
the dermai sheet in rodents).*®° To our knowledge, the
data reported in this study are the {irsl demonstration that
AAV can be successiully used in the plastic surgeary figld
to detiver the VEGF185 gene as a tool to promote thera-
peutic angiogenesis and skin flap survival in two different
in vivo flap models.

Materials and Methods

Recombinant AAV Vector Preparation and
Characterization

Two recombinant AAV vectors were obtained in this
study, expressing the LacZ reporter gene and the cDNA
for the 165 aming acid isoform of VEGF (VEGF165) under
the control of the constitutive cytomegalovirus immediate
early promoter. Infectious vactor stocks were generated
in 293 cells and titrated by & competitive polymerase
chain reaction procedure, as already described.™

Animals and Experimental Protocols

Animal care and treatment were conducted in conformity
with instiutional guicelines in compliance with national
and international laws and policies (EEC Council Direc-
tive 86/609, C.JL 358. December 12th, 1987). A total of 88

“in

Table 1.  Experimental Growps
Time of veclor Group

Treatment delivery no.

Epigastric flap {(n = 24)
AAV-VEGF Durinig surgery 1
7 days belore surgery 2
i4 days before surgery 3
AAV-Lacs During surgery 4
¥ days before surgery 5
14 days before surgery 8

TRAM Hap (1 = 24)

AAVVEGF During surgery 7
7 days baefore surgery 8
14 days halore surgery 9
AAV-LacZ During surgery 10

7 days before surgery 11
14 days before surgery 12

adult male Wistar rats weighting 250 to 300 g were used
for th's study and housed under controlled environmental
conditions. After general anesthesia with Avertin 2% (10

Y, at)domma. hair was removed and skin washed

gastnc artery, by cuttmg all of the
e abdormen, all of the
erforators, and t 1t iateral thoracic artery, At the
end ofgthe procedura; the skin was immediately resutured

[&@-wbthls model, 150 pl of either AAV-VEGF or
placebo were injected at 16 equally spaced subculane-
aus sites along the midline of the flap.

Far the TRAM model, the entire left part of the flap was
raised on a plane between the panniculus carnosus and
the abdominal fascia, but on the right side the medial
portion of the flap was left attached to the anterior rectus
sheet. In this way, the rectus abdominis represents the
muscular component of the flap, providing the blood
supply to the cutaneous compenant through the perfora-
or arterigs. This time, AAV-VEGF or placebo was injected
intramuscularly in the same region where each perforator
artery arises from the recius abdominis.

Each of the 12 experimental groups described in Fig-
ure 3 was initially composad of four rats (an overview of
the experimental groups is provided in Table 1). Rats in
groups 1, 2, 3, 7, 8, and 9 received AAV-VEGF at 0, 7,
and 14 days before surgery, respectively, whereas
groups 4, 5, 6, 10, 11, and 12 were conirol groups, in
which the same volume of AAV-LacZ or saline was ad-
ministered at the same fime points (in every control
group, two animals receivec AAV-LacZ and the otner two
received saline). Based on the results of this first set of
experiments, 40 additional rats were treated with the
TRAM flap and injected with AAV-YEGF or AAV-lLac”s
{n = 20 per groun) vectors 14 days before surgery. Flap
survival was first assessed at day 7 after surgery by
taking digitat images of the flaps using a Nikon ES85
camera followed by the measurement of the necrotic area
using the UTHSCSA Image Tool software. At the same
time poin;, 12 arimals per group were sacsificed for

T
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histological assessment. Flaps were harvested after the
scars, as described in Figure 6, and tissue biopsias were
tixed overnight in 10% buffered formalin. The other rats
{rnr = 8 per group) were followed for an additional 2 weeks
at 3-day intervals, by measuring the extent of the necrotic
area to assess the efficacy of the healing process.

Histological and immunohistochemical
Evaluation

Fxed samplas ware dehydrated with graded ethanol and
embedded in paraffin. Five-pm sections were stainad
with hematoxylin for marphological analysis of tissues.
I-or the histological score assignment, six siides of each
biopsy were independently examined by three researcn-
ers withoui knowledgs of the previous treatment: biopsies
were harvesled from at least six different animals per
experimental group. The inflammatory and adipose areas
were calculated by digital planimetry of tissue sections.

To visualize biood vessels by immunohistochemistry,
rehydrated serial parafiin sections were..eukajected to an-
tigen remeval procedures A‘ter it

anti-a-smaoth mdecle actin (
Slides were rinsed in PBS ang

add|t|ona| washing ingds
presence of 2n avidin-biotin complex and developed with
3.3'-diamincbenzidine {Lab Vision).

Statistical Analysis

The comparison of the efficacy of AAV vector delivery at
different 1ime points with respect to flap surgery was
performed by two-way factorial analysis of variance, loi-
lowed by appropriate one-way analysis of variance and
posthocs. Posthoc analysis was performed with Bonfer-
ranifDunn. Pair-wise comparison belween groups was
performed using the Student’s i-test.

Resuits

Efficacy of AAV-VEGF Gene Transfer in Two
Skin Flap Modefs in the Rat

This study is based on the use of two AAV vectors (AAV2
serotype), delivering either the LacZ reporter gene {AAV-
LacZ) as a contral, or the 165 amino acid isotorm of
human VEGF {AAVVEGF) under the control of the con-
stitlive human cytomegalovirus immediate early pro-
mater. Both vectors were obtained by standard co-trans-
fection procedures at a titer of 1 % 1072 viral genome
particles/ml in the Internationai Centre for Genertic Engi-
neering and Biotechnology AAY Vector Unit facilty. We
have already described the angiogenic effect of the AAV-
VEGF vector in vive atter intramuscular injection in the rat

Improved Flap Survival by AAV-VEGF 3
AP Qoiober 2005, Yol 167, No. 4

skeletal muscle, in conditions of both normal perfusion®
or after ischemia,®' as well as in a rat skin wound
model 2

Considering the strong angiogenic effect exerted
throughout time by the AAV-VEGF vector, we wanted to
assess iis therapeutic potential to improve skin flap sur-
vival. Two difierent jn wvo flap models in the rat were
developed, the first one involving only the epidermis and
dermis {cutaneous), whilc the second one also included
a muscular tayer {musculocutaneous). A iotal numboer of
48 animals were involved in a first set of experiments,
aimed at exploring tne optimal timing of AAY vector de-
livery. haif of the anirnals were treated with the cutanecus
flap and hali with the musculocutaneous flap. In both
cases, a rectangular skin paddle was raised on the epi-
gastrium, an area having a predictable axial vascular
system corsisting of the lateral thoracic artery (bilater-
allyy, of the inferior superficial epigastric artery (bilater-
ally), and of four musculocutaneous perforator branches,
arising from the rectus abdorninis on both sides (Figure
1A%,

the animals treated with the: cutaneous flao {n = 24),

ﬂap) &, so!ution con-
cted at 10 equaity

roup of. ammais { = 24) a
ained by rammg the en-

1 humans) and the abdomiral fascia, while
on the right side the medial poriicn of the flap was left
attached to the antarior rectus sheet {transverse rectus
abdominis musculocutaneous, TRAM, flap). In this way,
the rectus abdominis represented the muscular compo-
nent of the ilap, providing the blood supply 10 the cuta-
neous component through the perforator arteries. In the
TRAM-treated animals, the viral vector preparalions were
injectad intramuscularly In the same region where each
perforator artery arises from the rectus abdominis {Figure
1C).

As described in Table 1, each group of animals was
further civideg into six subgroups (12 in fotal; 7 = 4 per
group), according to the vector they received (either
AAV-LacZ or AAV-VEGF) and the time of vector admin-
istrations (0, 7, or 14 day before surgery). The overall
resulls of these experiments are presented in Figure 2, A
and B, for the epigastric flap and Figure 2, C anc D, for
the 1HAM flap; these figures show the extent of flap
necrosis at day 7 after surgery. In both flap models, a
notable beneficial effect of AAV-VEGF injection an flap
survival was observad. The flaps treated with AAV-LacZ
predictably underwent recrosis in their distal portion,
similar o the unireated flaps, in which the extent of the
necrotic area reached 37.4 = 1.8% and 24.4 = 2.3% of
the total Nap surface for the cutanecus and the TRAM
flaps, respectively (data not shown). As shown in Figure
2B, the treatmant with AAV-VEGF significantly reduced
epigastric flap necrosis in all of the three paired experi-
mertal groups (P < 0.01 by two-way analysis of vari-
ance). The =eduction in the necrotic area was 23.0%

F1

F2
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TRAM flap

when the vector was injected during surgery, and 40.0%
and 41.7% when injected 7 or 14 days before surgery,
respectively. Similar results were also obtained for the
TRAM model (P < 0.01), in which the reduction of flap
necrosis in the VEGF-treated animals versus LacZ con-
trols was not evident when the vector was iniected during

i _
Epigastric flap

Figure 1. Schomgic sepresentation of the skin flaps and their vascubar
components, with the fndication of the vector injection sies, A The
sirgicnl models of skin flap wsed it tis study are ased on e rectangular
skin paddle measuring 3 %8 o, drawn o e abdomen of e animals,
The predictalde viscular systemy of e flap 35 composed of e laerl
thoraces arterics, the infer epigastie amefes. e the muscelocisimgee s
perforater anerics arsing from the rectus abdominis (usually four vessels
e cach sided B oard G The pictures schenmetically show dhe vaseular
cumpeneat providing the blood supply e cach Rap and the injection sites,

<A pantivular, the skin flap (B weas mised frong the fascia on the infericr
epignstic utery, und the vector injected ae 10 egully spacecd sulwooine-
aas sites wkong the ntidline (inset it the top left par). The THAM fap (C)
wis misedd ong plime Detween the prenniculos carnosas oo 1 alclans.
inal| fusciz, with the rectus akdominis a5 the anby source of oo supply
theough e perferiten e in this madel. e vecter was adminisierced
by intramuscuday injectioon ino L repion where gach perfoniorarery arises
tromn the rectus shect Cinset in the wop left pan.

surgery, and it was 38.1% and 50.0% when AAV-VEGF
was injected at 7 or 14 days before surgery, respectively
(Figure 2D).

Taken together, these results indicate that the injection
of AAY-VEGT significantly increases fiap survival. In par-
ticular, posihoc statistical analysis in the TRAM flap
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model indicated that

before surgery (P < 0.05)
flaps treated with AAV-LacZ or AAY-VEGF 14 days before
surgery are shown in Figure 2, A and G, for the epigasiric
and TRAM flap models, respectively.

AAV-VEGF Significantly Improves Flap Survival,
Vascularization, and Healing in the TRAM Mode!

According to the resuits obtained by this first set of in vivo
experiments, a larger number or animals was used for a
subsequent experiment in which the efficacy of AAV-
VEGF delivery was assessed m the TRAM flap maodet,
followed by hiswological and immunchistochemical eval-
uation of the injected tissues. Rats received either AAV-
LacZ or AAV-VEGF (n = 20 per group) 14 days belore
surgery, fdllowed by the measurement of the necratic
area at day 7 a'ter surgery. The results of this experiment
are shown in Figure 3A. Tne percentage of the necrotic
area was 22.8 = 2.7% and 8.9 = 2.8% in the animals
treated with AAV-LacZ and AAV-VEGF, respectively, re-
sulting in almost B0% improvement in flap viaility (P <
0.01).

Flap healing was further assessed for an additional 15
days by measuring the extension of the viable area of the
flaps (n = 8 for each group). As shown in Figure 3B,
treatment with AAY-VEGF determined a marked improve-
ment in the heating process, resutting in >95% flag via-
bility as early as 10 days after surgery and in the almaost
compiele disappearance of the necrotic area at day 22.
tn contrast. healing was remarkably delayed in the rats
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Figure 3. Protreitmenl with AAY-YEGF significanly improves TRAM flap
survival and healing. Ar The histngram shewes the mewn and ST ol pereem
Fhup necnosi= maasured in 90 C20 e graap i wene tesed with he
TRAM flap and injected with gither AAV-LarZ or AAV-VEGE at duy i
belore T clevation, Mersuremuents were perlonmed gt day 7 afler sur-
speny, B Thee bustling: prowess was moniiered throughoos dime afier surgery
up to 22 days, by measuring the extent of ap survivil o aaimals treated
with AAV TR or AAY VEGF {ir = 8 poy growph The mesiis awd S0 af
Fhlup o are shionw s ar each time point (expressed 4% 4 perent-
the togd T aread.
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Sample A Sample B

{injection site)  (necrotic border)

AAV-VEGF
Sample A

AAV-LacZ
Sample A

AAV-LacZ AAV-VEGF
Sample B Sample B

Figure 4, Histological sumpling and wssessment of TRAM Fap wiability, &= Eoch fup presenned three distingishalble sones, aceording o their distamee From the
vascular pedicle: o sarvived one (e an imermediare eone (b wend o neerotc zone (o) To histelogically examine flap viailive, we lanvested the skin and the
muscular shect from the injection site Csample A as well a5 a more distal cutaneaws sample Csample 15 at ~3 o from sample A fron she intenmediae sone,
B: Shown are representitive scetions of sumples A and B from AAV-VEGF-tzeared (righe) apd control (eft) animals. As the infection site (sample A, o nassive
cellukir indiliragion apme S conseguency o AAY-YEGE treatiment  top ), More notbly, sample 13 of VEGF-tret s sheewedd ancinict and vislale epaihe i
Lryer with conserved tissue architecture, whercas, in cortrod faps, the epirhcliun: was thin el discontinueos, with missivg infkamation and wdipose substication.
Myonearosis was derccred only in LacZ-treatedd flaps, as inchearead by alwe disappearance of the mnniculus cunosos (shown Ty asterisks in the VEGF samyple .
Nole the presence of circakiling inflhevmastony cells in he amerial iumen in the insets, more abundam in b TeZ-tromeed o comparcd 1o the YEGEAreated

sumples,
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treated with AAV-LacZ (#F <2 0.01 by one-way analysis of
variance).

Ta determine whether the improved tissue viabiiity was
actually due to a sustained angiogenic response induced
by VEGF, representative sections from flap biopsies har-
vested at day 7 after surgery were examined by histology
anc immunchistochemistry. All flaps were designed to
have three zones (indicated as a, b, and ¢ in Figure 4A),
according to their distance from the vascular pedicle: a
survived zaone {a), from which we look sample A, corre-
sponding to the injection site; ar intermeadiate zone (b).
from which we took sample B at ~3 cm from sample A, a
ragion corresponding o the border between viable and
nacrotic sking and a necrotic zore {¢). Marked differ-
onces were observed oy histologica: analysis befwsen
AAVVEGF- and AAV-LacZ-treated animals (Figure 4B).
In sampie A, the animals injected with AAY-VEGF showed
massive cellular infitration close to the injection site. This
finding is consistent with our previous study, in which we
injected the samc AAV-VEGF vector in the normeper-
‘used skeietal muscle, and observed the e(‘rultmen ol a
large number of preliferating cells n.alk

st:'tution, and myonecrosi
complete disappearang
the infiltrating inflam 2 Solah
neutrophits, were d|spersed throughout the skin layers,
concomitan: with a severe disruption of the tissue archi-
tecture. In contrast, the morphology was preserved in the
AAV-VEGF-treated flaps, as revealed by the presence of
an intact epithelial layer and of skin appendages, with
onty mild and foca! inflammation, and poor accumulation
of adipose tissue.

To guantify the main differences between the two ex-
perimental graups ohserved by histological examination,
three independent researchers hlindly assigned a quan-
titative scare for several parameters, including epidermal
integrity, inflammation, adipose substitution, and tssue
architecture, accerding to the criteria reporied in Tabile 2.
Tne overall scores abtained from all of the analyzed

improved Flap Survival by AAY-VEGF 7
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parameters clearly indicated a better viability of AAV-
VEGF-treated flaps, with preservation of tissue architec-
ture very similar to that of the normat skir,

Finally. in the same groups of animals we also as-
sessad the affect of vector transduction on the extent of
new blood vesse! formation. By using an antibody spe-
cific for the endothelial marker CD31, we could detect a
rmassive formation of new capillaries {shown in Figure 5 at
different magnifications for one selecled animal), both in
the proximity of the injection site (sample A) and in the
skir: of the more distal intermediate zone (sample B). This
was most appareri deep to the panniculus carnosus
layer, as shown oy the insets, resuliing in a more than
jwofold increase in the number of capillaries detectable
in the dermal sheet (P < 0.05) (Figure 5B).

Even more evident were the results obtained by immu-
nostaining the same samples with an antibody that spe-
cifically recognizes the srooth muscle-specific isoform
of a-actin {a-SMA), and thus highlights the presence of
arterial vessals. As shown in lFigure 6A an increase in ine
number of artericlae was detecied at the level of the
i ‘ectjon SITF‘ {sample /\) and; more evidently, in the der-
“{sample B) in the AAV-
gihreefold increase in
d in the histogram
ese arterial vessels,
20- to 120-wm range, were filled
F shovT Tndicating their functioral
stemic circulation.

ronhection to the

Discussion

The use of biclogical agents o promote new blood vessel
formation represents an exciting ftield of research and has
recently arcused corsiderable inleresl as an innovative
approach o trea; tissue ischemia in a wide variety of
clinical setiings. To date, most of the studies have con-
cerned a possible application of therapeutic angiogene-
sis for the treatment of cardiovascular disorders, such as
myccardial infarction and lower limb ischemia, Neverthe-
less, the same strategy might result of equal interest in
many piastic surgery techniques, in which ischemia is
often a contributing cause of surgical failure. Tissue ne-
crosis ai the distal par: of the flaps is gensrally attributed

Table 2. Evalution of Comtrod TFlaps and Tlaps Trewted with Fither AAVVEGF or AAV-LacZ Using o Quantitative Score
Assesaing the ndicated Histologicul Patumerers
Histological score (sample B) Normal skin AbdV-LacZ AAV-VEGH

Ep1de|ma' |ntegnty {mean number of discontinuities per x40 microscopic 3.0 1.2 2.9
feld)3==12=2t04d 1==5

Skin appendages (maan number of hair follicles, sebaceous glands, and 28 1.1 1.9
sweat glands per x40 microscopic ficld) 3 = =15.2 - 14t0 4, * = =5

Inflarmmation {mean cross-sectional area infilirated by leukocytes per x40 3.0 12 272
microscopic fiald) 3 = =10%, 2 = 11 t0 498%, 1 = =50%

Adipose substitution (mean cross-secticnal area infiltratec by adinnoyles 3.0 1.8 28
per x40 migroscopic fieldy 3 = =10%, 2 = 11 to 49%, 1 = =40%

Tissue architecture 3 = preserved, 2 = moderale slructaral changes 30 1.0 21
i = grossly altered

Tedai scere 148 6.3 1.9

Fa

Fe
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A

AAV-LacZ
Sample A

Fignre 5. VEGF induves endatiwelid cell proliferanon and angiogenc-
sis. Ar The presenee ol endolhelial cells o controb (left} and VEGF-
el Crkght) flaps was detected by immunolisiochemisoy using wn
anti=CI31 antihody, AAVVEGE induced the proliferation of erdathe-
Tial cells st rthe injection site Caanpde A i which severa] R 1-pesitive
colls infilrned the interstitial spaces berseeen the fbers of the rectus
alrlominis muscle lisnset on e eight ), as well as o the mone diseal
smpde 130 This endothelin] cell proliferation was paralleled by the
Fewmuticnn el 20 wreat ewmber of nesw cigailbies, most oviden? a1 the
level of the punniculus carngsus (p.c), 25 shawn o the bottom penels
ar g higher wagnificetion, B Quantification of capillides in treaned
fiapm, Counts wene olxained from samprles Boof hoth Aav-TecZ- and
AAV-VEGT-treated Hups, Shovwn aee the mwans and 513 of the counms,
expressec as pumber of cipillaries per 2080 fivid. assunvng stakistical
significance at £ < 0,03 wsing o wostiled Fesn

to deficient blood perfusion, and thus should benefit from
the induction of therapeuiic angiogenssis. Among the
number of molecuias involved in the angiogenic process,
VEGF has been shown to play a central role during the
early phases of angiogenesis, promoting endaothelial cell
migration and proliferation, and prevening their
apoptosis.®

Severa! studies have already provided the proof of
concept that the administration of exogenous recombi-
nant VEGF enhances tha survival of the distal portion of
the flap to a certain extent.”™® These studies, however,
aso highlighted an important limitation of such an zp-
proach, mainiy related to the short half-lifs of recombinant
proteins in wiva. In contrast, gene transfer can maintzin

Number of w

AAV-VEGF
Sampie A

AAV.VEGE
Sampie B

= 200
E 150 - T
b
B 100 1 W AAv-Lacz
& O aav-veGF
__-a 50 -]
]
D ool

the preduction and secration of the growth factors for
prolonged periods, thas sustaining the proangiogenic
stimuius throughout time.

Among the vectors currentiy considered for gere
transfer in plaszic surgery, those based on adenovirus
can mediate high levels of protein expression, but are
associated with the disadvantage of producing strong
inflammeatory and immune reactions, which, on one
side, can further compromise tissue viability while, on
the other side, lead fo the early loss of transgene
expression 3 The drawbacks of adenoviral vectors
have already emerged in a recent study, which svalu-
ated the effect of VEGF gene transfer on the survival of
apigasiric skin flaps.’?
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AAV-VEGF
Sample A

AAV-LacZ
Sample B

Figure 6. VEGFE induces the famuation ol a SvA-positive
arteriolie. A: The propeny of VEGE to sustain the formation
ookl vessels w 8 by inmwoohistochenisiry
using an antibady agitinst the e-actin isoform specific for the
smcoel muscle velis ©o-S3A Y A modest effeer was delected
0 sampe AL will o grenler reactivity i the AA-VEGE-
infeciced musele (inset on the rlght}, whereons o remarshle
[l e it fhe monber of goenoliee wos alwevod alter
VEGF treatment in the more distal sumple B (bottom),
approxirutely carresponding 1o the order helween viable
e skin, B Quantificazion of e-SMA-PsTive ves-
raples 13 Proseatsion of the cat g stagisics ae
a0 Fignre 51

Number of arteries/ m

40x field {sample B)

In contrast, a constantly increasing number of pre-
clinical and clinical gene therapy studies expioit vec-
tors based on AAV. ¥Ye and othcrs have previously
dermnonstrated the exquisite and still unexplained tro-
pism of AAV lor muscie cells, 2" which suggested
that AAYV might be the ideal vector to target the mus-
cular cornponen; of the muscuiocutanaous flaps. Start-
ing from lhese considarations, our study was initially
designed as a preliminary control frial to identify the
optimal site and time for vector administration. Our
results show that the greatest improvement in flap sur-
vival can be obtained after intramuscular injection of
the vector 14 days befaore surgery, further strengihen-
ing the concept of AAV as anideal vector 1o transduce
muscle cells for long periods of time. Expression of

AAVVEGF
Sampie B

B Aav-iacz
[[] AsvVEGE

VEGF significantly improved flap survival, with a mac-
roscopically evident reduction of the necretic portion,
as well as with a significant improvement in tissue
viahiiity at histological examination. The beneficial ef-
fect of AAV-VEGF on fiap survival well correlated with
an impressive formaticn of new blood vesseis—both
capillaries and artericlae. A least for the TRAM Hap,
the clear improvement in tissue viability might be as-
cribed 1o a better perfusion through the muscular layer
due 1o a local angiogenic effect of VEGF. Alternatively,
secreted VEGF might have diffused from the muscle to
the skin layer of the more distal portion of the flap, thus
promoting angiogenesis within the derma, in zgree-
ment with a series o7 recant reports showing that AAV
vectars delivered to the skeletal muscle are able to
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drive the expression and secretion of different mole-
cules into the circutation 2?8 The increase in the den-
sity of arteriolae in the skin distal to the injaction sile
{sample B) in the TRAM model is strongly in favor of the
second hypothesis, although we cannot excluge an
indirect effect of VEGF through an enhancement of the
blood supply.

In accordance with the marked improvement in flap
viability afier AAV-VEGF transduction, our tima course
experiment clearly indicates a persistent therapeutic
effect of the vector up to 3 weeks after surgery. Al-
though the extert of fiap necrosis is usually assessed
at ng longer that 7 days after flap elevation, reflecting
the timing by which the problem appears to be clini-
cally relevant, an increased vascularization driven by
VEGF might provide an additional benefit in the follow-
ing healing process. Our results strongly support this
Fypcthesis, and reinforce the nolion that a delivery
system zble fo susiain a prolonged expression of the
therapeuiic gene is extremely desirable for this king of
therapeuiic application.
The ohservation that the admirigt

elevation and transposition in htgh risk pahents. In terms
of clinical applications, the observation that the efficacy
of AAV-mediaied gene transfer is more evident in the
TRAM model rather than in the epigastric flap model,
renders AAV-VEGF gene transfer even more attractive. In
fact, the results obtained from the epigastric fiap mogel,
in which the panniculus carnosus {present in rodents bul
not in humans) represents the maior target of AAV vector
transduction. cannot be directly extrapolated to the hu-
man skin. In confrast, the TRAM fiap, including a muscu-
lar component in both species, is much mare represen-
tative of the human condition.

Taken together, our results reinforce the notion that
adequate blood supply is an essential requisiie for flap
survival, and indicate the feasibility of an angiogenic
gene therapy approach in plastic and reconstructive sur-
gery. in addition, considering the prolonged gene ex-
pression driven by AAV vectars, this delivery system
might become a novel and powerful experimental toot to
investigate the biological role of other relevant grow:h
factors, as well as their combinations, 1o find naw thera-
peutic approaches for the treatment of tissue ischemia in
plastic surgery. Few recent stucies have reported about
the angiogenic potentiai of other factars, such as angio-
poietin-1,%%-38 platelet-derived growth factor, ™ and fibro-
blast growth factor,*® 42 in different animal models of
skin flaps. Because AAV vecliors enter the cells at nigh
multiplicity of infection, an attractive approach could be
the simuitaneous administration of different vector prep-

arations, expressing different proteins involved in the
ang-ogenic process.

Although itis the myocardium and the muscles of the
lower limb that have been the intended sites of angio-
genesis in the majority of studies to date, there is
gptimism that plastic and reconstructive surgery and
its patients could be major beneficiaries of the knowl-
edge currently being accumulated. The various types
of flaps, from local skin flaps to complex free flaps
could be helped by reinforcement of the natural angio-
genic process occurring in the microvasculature. One
of the major potential applications of a therapsutic
angiogeneasls approach using gene therapy will ba the
design of larger flaps than would otherwise be possi-
bie, able to cover tissue defects previously considered
100 large or complex.
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Vascular endothelial growth factor (VEGF) is a major regulator of blood vessel formation during
development and in the adult erganism. Recent evidence indicates that this factor also plays an
important rele in sustaining the proliferation and differentiation of different cell types, including
progenitor cells of different tissues, including bone marrow, bone, and the central nervous system.
Here we show that the delivery of the 165-aa isoform of VEGF-A c¢DNA using an adeno-associated
virus (AAV) vector exerts a powerful effect on skeletal muscle regeneration in vivo. Following
ischemia-, glycerol-, or cardiotoxin-induced damage in mouse skeletal muscle, the delivery of AAV-
VEGF markedly improved muscle fiber reconstitution with a dose-dependent effect. The expression
of both VEGF receptor-1 (VEGFR-1) and VEGFR-2 was upregulated both in the satellite cells of the
damaged muscles and during myotube formation in vitro; the VEGF effect was mediated by the
VEGFR-2, since the transfer of PIGF, a VEGF family member interacting with the VEGFR-1, was
ineffective. These results are consistent with the observation that VEGF promotes the growth of
myogenic fibers and protects the myogenic cells from apoptosis in vitro and prompt a therapeutic
use for VEGF gene transfer in a variety of muscular disorders.

Key Words: muscle, gene therapy, adeno-associated virus, vascular endothelial growth factor,
vascular endothelial growth factor receptor-2

INTRODUCTION

Vascular endothelial growth factor-A (VEGF-A) is a main
regulator of blood vessel formation during embryogenesis
and a potent inducer of neovascularization during adult
life. The biological etfects of the VEGF family members
are transduced by three main receptors: VEGFR-1 (Flt-1),
VEGFR-2 {KDR, Flk-1}, and VEGIR-3 (F1t-4). The VEGER-2
is the main receptor Lthat mediates the angiogenic and
permeabilizing effects of VEGF-A, through its powerful
activity on endothelial cell proliferation and migration.
The precise role of the other receptors in the angiogenic
process stil remains poorly understood; VEGFR-1 has
been proposed as a decoy Teceptor, Himiting the access of
free VEGT to VEGFR-2, while VEGFR-3 seems to have a
fundamental role on the lymphatic endothelium mainly
through interaction with VEGF-C and VEGFE-D (for
reviews, sce |1-3]).

Originally described as an endothelial-specific growth
factor, recent evidence suggests that the effects of VEGE-A

might extend to a variety of other cell types. In particular,
the factor appears to have a direct ncuroprotective
potential, preventing neuronal cell death from ischemia
and promoting neurogenesis it vitro and i vive [4-6]. The
demonstration that VEGF receptors are actually expressed
by Schwann cells as well as by neurons is consistent with
the direct trophic eftect of VEGF-A on these cells [7].
Recently, the ability of VEGF-A to promote hepatocyte
proliferation by the selective activation of VEGFR-1 has
been exploited to reduce liver damage in mice exposed to
a hepatotoxin [8]. Furthermore, VEGF-A and its receptors
have been shown to play an important tole during
cartilage and bone formation, by promoting skeleto-
genesis; this effect might be secondary to the induction
of neoangiogenesis into the perichondrium and the
primary ossification center or might result from the
direct promotion of osteoblast migration and differ-
entiation [9-12]. Smooth muscle cells have also been
shown to cxpress both VEGFR-1 and VEGFR-Z and to
respond to VEGE-A chemoattraction in culture {13,14].
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Finally, the effect of VEGF-A on hematopoietic cells has
been described by several groups, showing that this factor
is able to mediate monocyte cliemotaxis {15], hemato-
poictic stem cell survival! [16], and the recruitment of
endothelial progenitor cells [17], through its interaction
with VEGFR-1.

We have recently exploited the potential of vectors
based on the adeno-associated virus (AAV)}—which offer
a unigue opportunity to study the cffects of gene
expression for prolonged perieds of time in vivo, in the
absence of an inflammatory or immune response [18-
20]—to assess the powerful angiogenic effect of the 165-
aa isoform of VEGE-A (hereafter, VEGF} in vive [21]. In
the course of our studics, we uncxpectedly observed that
the expression of VEGF in the normal mouse skeletal
muscle also resulled in Lhe appearance of a notable
subset of muscle fibers displaving a central nucleus, a
widely recognized hallmark of inuscle regeneration, This
finding raises the important passibility that VEGF might
also exert a direct effect vn myogenesis in vive,
consistent with the observatic:ns that hypoxic muscle
fibers express both VEGT and its receptors |22] and that
the factor plays an important 1. le in myoblast migration
and survival {23].

Here we specitically demonstrate that AAV-VEGF
administration exerts a powerful effect on muscle
survival and regeneration following ditferent types of
muscle damage. This effect is mediated by ils inter-
action with VEGFR-2 and involves the protection of
myogenic cells from apoptosis and the stimulation of
myogenic fiber growth. This observation prompts a
therapeutic use of AAV-VEGF in a variety of muscular
disorders,

REsSuLTS

Long-Term VEGF Expression in Skeletal Muscle
Induces Muscle Fiber Regeneration

To investigate dircctly whether VEGF might affect the
growth of skeletal muscle, we injected a purified AAV-
VEGF preparation inte the normoperfused right tibialis
anterior muscles of six mice. Real-time PCR quantifica-
tion of transgene expression in a parallel set of animals
indicated that, undcr these conditions, tlie hVEGF mRNA
is already detectable at 3 days after transduction and that
its levels progressively increase over time (Suppletnentary
Fig. 1}, a kinetics that is consistenl with previous
observations [24], One month after injection, a notable
subsct of muscle fibers (=5%) evidently displayed a
central nucleus, a widely recognized hallmark of muscle
regeneration (Ig, 1A}, This effect was not evident after
injection: of an AAV vector expressing LacZ in a matched
group of contrel animals {Fig. 1A} or of a variety of other
AAV vectors used in the laboratory (not shown). In
addition, this effect persisted for at least 3 months after
transduction.

To quantify this effect better, we measured the areas of
the muscle fiber cross sections in the AAV-VEGF- and
AAV-LacZ-injected animals. The distribution of these
values was relatively narrow and symmetric in the AAV-
LacZ-injected muscles, with >75% of the fibers in the
range 1-2 x 10% pm?, and was indistinguishable from the
uninjected normal muscle {not shown; Fig. 1B}, In
contrast, the fiber area distribution of the AAV-VEGE-
expressing muscies skewed toward the left and included
almost 20% of the fibers with a size of <1 x 10 pm? (as
opposed to 10.7% in the normal muscle). In addition,
this distribution was also much broader toward the right
side, with almost 20% of the fibers being hypertrophic,
with an area of 2.5 x 10° ym? (1% in the control
muscle). The two distributions werce different with a high
statistical significance (P < 1 x 1074,

Finally, we also observed that when AAV-VEGT was
injected into the gastrocnemius or the tibialis anterior,
prios to the induction of acute ischemia by the resection
of the femoral artery, the tissue viability of the ischemic
area was remarkably preserved at day 20 after surgery,
with the damaged muscle showing large arcas containing
small regenerating fibers with a central nucleus (Fig. 1C).
A more extensive survey of the protective and prorege-
nerative effect of AAV-VEGF injection after acute ische-
mia is shown in Supplementary I'ig. 2.

VEGF Promotes the Growth of Myogenic Fibers and
Protects Myogenic Cells from Apoptosis

The ahove-reported observations suggest that, in addition
to its well-decumented angiogenic properties, VEGF
might also exert a direct effect on muscle fibers. We
reasonced that these effects would imply that the muscie
cells should express at least one of the VEGF receptors
and therefore looked for the presence of VEGFR-1 and
VEGFR-2 in C2C12 myogenic cells and in primary mousc
myoblasts. We detected expression of these receptors in
both cell types through RT-PCR amplification of the total
RNAs from these ceils and by Western blotting on total
cell lysates (not shown). Of note, we found that the
expression of both receptors was strikingly increased
upon switching the cultures to a differentiation medium.
As shown by immunocytochemistry, mvotubes formed
by the differentiation of C2C12 cells (Fig. 2A) expressed a
myogenic differentiation marker—myosin heavy chain
(MHC)-~as well as high levels of VEGFR-1 and VEGFR-2.
The expression of both receptors was already detectable
as early as 2 days after switching the cultures to the
differentiation medium and subsequently remained very
high. The same effects were observed upen differentia-
tion of the primary myoblasts from mouse skelctal
muscle {(Supplementary Fig. 3).

To assess the activity of VEGF along the differentiation
process, we switched C2C12 cells at 85% contluence to a
differentiating mediumn and cither supplemented them or
not with recombinant VEGT at a concentration of 100
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FiG. 1. Sustained expression of VEGF in normopertused and ischemic skelelal muscle induces muscle fiber regeneration. (A} Hematoxylin-stained sections of
normoperfused muscle tibialis anterior from untreated and AAV-LacZ- or AAV-VEGF-injected mice, at 1 menth after transduction. Muscles injecled with AAV-LacZ
were also stained for p-galactasidase expression. Long-term expression of VEGF in normoperfused muscles induced the appearance of small fibers with a caniral
nucleus (arrows), a hallmark of an ongoing regeneration process. (B) Fiber size analysis in normal muscles injected with AAY-LacZ or AAV-VEGF. The histograms
show the distribution af the fiber cross-sectional areas Gim®) with a normal distribution curve superimpesed, Data were abtained from the analysis of 20 cross
sections from six different animals per group. The fiber area distribution of the AAVVEGF-oxpressing muscles skewed Loward the 1eft compared to the control
and also included a significant number of fibers with large cross-sectional areas. (C) Hemaleoxylin and eosin-stained histdugical sections of AAV-LacZ- and AAV-
VEGE-treated muscles at 20 days after induction of acute ischemnia. A massive fiber loss with adipose substitution was evident in control ischemic muscles; in

contrast, the VEGF-treated samples showed substantial recovery, with the presence of several regenerating fibers (=400 original magnificatior).

ng/ml. As shown in Fig. 2B, the number of myotubes
expressing MHC, detected by immunofluorescence, at
day 3 from induction: was clearly increased in the cultures
supplemented with VEGE. o particulas, in the cultures
without VEGF, =80% of MHC-positive cells were mono-
nucleated {myocytes} and <2.53% of the multinucleated
mvotibers contained three or more nuctei. In contrast,
the distribution of the number of nuciei was far more
dispersed in the cultures treated with VEGF, with ~50% of
the MHC-positive cells being mononucleated and >20%
of the myofibers containing three or more nuclei per fiber
(P <1 x 107%. Consistent with the profusogenic role of
VEGF, the length of the mono- or polynucleated MIIC-
positive cells was significantly increased in the cultures
exposed to VEGF (P < 0.05; Fig. 2C).

The increase in the number, length, and nuclear
contenit of the differentiated C2CI12 cells upon VEGE
treatment clearly indicated that this growth factor has an
important effect in promating muscle tiber growth. This
notion was further reinforced by the analysis of the rate
of C2ZC12 cclt proliferation after treatment with VEGF, as
measured by the 1-(4,5-dimethylthiazol-2-yl1)-3,5-diphe-

nylformazan (MTT) assay scoring for cell metabolic
activity. Under both proliferating and differentiating
conditions, the addition of VEGF dctermined a decrease
in the proliferation rate of the cells, with a dose-depend-
ent response (Fig. 213}, The same effect was also observed
by exposing primary mouse myoblasts to differentiating
conditions in the presenice of VEG¥F (Supplementary
Fig. 4A).

We also explored the possibility that the increased
ditferentiation promoted by VEGF might be paralleled by
the protection of these cells [rom apoptotic cell death. To
address this issue, we treated C2C12 cells with campto-
thecin (50 nM), a well-known apoptosis-triggering agent,
for 5 h and analyzed the percentage of cells reactive to
annexin V on the surface by flow cytometry (Fig. 2E). The
percentage of cells expressing this marker—but still
cxcluding propidium iodide, an indicator of necrosis—
decreased from 29.0 to 7.5% after treatment with hrVEGF
(50 ng/mly. In a consistent manner, the protective effect
of VEGF was highly decreased (21.2% of annexin V-
positive cells) when the cells were also treated with
SU1498 (5 uM), an inhibitor of the VEGER-2Z tyrosine
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FIG. 2. Effects of VEGF on myogenic cells in vipra. {A) Immunocylachemistry performed on C2012 cells using specific anti-mouse VEGFR-2, VEGFR-1, and slow
mygsin heavy chain {(MHC) antibodies. Cells under proliferating conditions showed very low levels of positivity [or all three antibodies {images on the left). in
contrast, both VEGF receptors were markedly upreguiated in cells cultured for 4 days in differentiation medium (images on the right}), showing massive myotube
formation and positive staining for the differentiation marker MHC. (B} Frequency distribution of the number of nuclei present in differentiated C2C12 cells with
or without treatment with VEGF (100 ng/ml). Cells were cultured under differentiating conditions for 3 days followed by immunofluorescence with an antibody
against MHC, The histograms show the frequency distribution of the number of nuclei present in the MHC-positive myocytes {one nucleus) and myofibers (two
or more nuclei). After VEGF treatment, the total number of MHC-positive cells was significantly increased {351 vs 252 in 10 microscopic fields from four
independent experiments; P < 0.01), with a higher content of multinucleated myofibers. Representative immunoflucrescence images are shown at the top. (C)
Length of MHC-positive myocytes and miyotubes. The length of the MHC-positive, dilferentiating C2C12 cells of the experiment described in B was significantly
ncreased after treatment with YEGF. (D MTT proliferation assay. In C2C12 cells, the addition of VEGF decreased the cell proliferation rate, with a dose-
dependent respanse, during proliferation as weil as in the sarly phase of differentiation. (E) Flow cytometry analysis of C212 cells stained for annexin V reactivity
and propidium iodide (Pl} incorporation afler trealment with camptothedin, The percentage of annexin-positive and Pl-negative apoptotic cells {upper left
quadrants) induced by the campiothecin treatment was significantly decreased in the presence of recombinant VEGFE 50 ng/mi. The protective effact of VEGF

was highly diminished when the cells were also treated with 501498, an inhibitor of the VEGFR-2 tyrosine kinase activity.

kinase activity, This observation also suggests the specific
involvement of the VEGFR-Z in mediating the antiapop-
totic effect of VEGE. We noticed similar findings in
primary myoblasts treated with camptothecin in the
presence or absence of hrVEGF (Supplementary Fig. 4B).

The Delivery of AAV-VEGF Promotes Dose-Dependent
Recovery after Muscle Damage

To expiore the therapeutic potential of AAV-VEGF
administration after skeletal muscle damage independent
of hypoxia, we studied the effects of AAV-VEGEF trans-
duction in CD1 mice after glvcerol {530% v/v) injection
into the tibialis anterior muscle, This trcatment resulted
in the destabilization of the cytoplasmic membrane
followed by cell death. In the absence of treatment,

muscle regeneration was brought to a complete recovery
in ~33 days. We administered doses of 3 x 10 AAV-VEGT
vector particles 5 days before glycerol injection, immedi-
ately after glycerol, or 5 davs after glycerol, to assess the
effects of timing of veclor administration. We sacrificed
the treated animals at day 20 after injury and three
independent investigators who were blinded to the
experimental procedures evaluated the extent of the
darnaged area in transverse muscle sections. At this time
point, the control muscles still showed a large arca of
degeneration (=15% of the transversal muscle section
area), with a massive substitution of muscle fibers with
adipose tissue and only a few regenerating muscle fibers
{Iig. 4A). In contrast, all the AAV-VEGI-treated muscles
showed a remarkable reduction in the damaged area (Fig.
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FIG. 3. Quantification of the YEGF protective effects on glycerol- and cardiotoxin-induced muscle damage. {A) Quantification of injured areas in digital
images of muscie sections treated with AAV-VEGF at different time points after glycerol damage. Doses of 3 » 107 viral particles were administered 5 days
before, imrmediately after, or 5 days after injury; analysis of the injured area was perfarmed 20 days after injury. The results of these expariments clearly
show that the maximum efficacy was abtained by injecting the vector 5 days after injury (P < 0.01 for the comparison between the maost effective
treatment with any of the other two). (B) Quantification of injured areas in regenerating muscles at 20 days after glycerol injury. The injection of increasing
doses of AAV-VEGE at day 5 after injury {from 3 = 10° to 3 = 10 viral particles) dramatically improved the regeneration process in a dose-response
manner (< 0.001 for alf doses). (C) Quantification of e-5MA-positive biood vessels in glycerol-injured muscles. Animals (5 per group) were injured with
glycerol and 5 days later injected with PBS ar AAV-LacZ (contral groups} or with increasing doses of AAV-VEGF165. Animals were then sacrificed 20 days
after mwscle injury and muscle sections were immunostained for a-SMA. The histograms show the means and 5D of the nurnbers of vessels per microscopic
lield. The caturnn an Lthe right {Untrealed) shows the number of vessels in normat, untreated muscles for comparison, () Quantification of injured areas in
control and AAVWEGF-treated muscle sections at 20 days after cardintoxin-induced damage, showing dose—respanse reduction of Lhe damaged areas after

irjection of AAVVESE (f < 0,001 for all vector doses).

3A). Maximum efficacy was obtained by injecting the
vector 5 days after injury (damage in <1% of the trans-
versal muscle section area, compared with ~4 and ~7% for
the simultaneous injection and thc injection belore
injury, respectively (P <0.01 for the comparison between
the most effective treatment with any of the other two;
Fig. 34)). The observation that the highest cificacy of
AAV-VEGF administration is obtained when the vector is
injected atter the damage is consistent with the notion
that VEGT might affect myvogenesis directly in addition to
its well-established preangiogenic role.

We proceeded fo investigate the effects on muscle
regeneration of dilferent doses of AAV-VEGF {(from 3 x
10° to 3 x 10" viral particles) injected 5 days after
giycerol-induced damage. A remarkable dose-dependent
response was observed. The degenerated area was ~4% of
the muscie section with the lowest AAV-VEGI amount,
~3% with the intermediatc amount, and less than 1%
with the highest amount (P < 0.001 for all doses; ¥Fig. 3B
shows quantification and Fig. 4 shows histology}. [n the
last group of animals, the entire damaged region was

replaced by regenerating muscle fibers showing a central
nucieus (Fig. 4D). In the same group of animals, we also
counted the number of blood vessels atter immunostain-
ing with an antibody against smooth muscle a-actin. We
found that, in all the injured anirmals, the number of
arteriolae was slightly increased (~2.5 times) compared to
normal muscles, irrespective of the dose of injected
vectors; this small increase is most likely due to the
inflarmmatory responsc aller muscle injury (Fig. 3C}. This
result is again consistent with the notion that the cffect
on VEGF on muscle regeneration is not mediated by its
angiogenic activity.

Finally, we injected the same scalar doses of AAV-
VEGE into the tibialis anterior muscles of mice that were
treated, 5 days in advance, with 1 mM cardiotoxin, a
powerful inducer of muscle fiber degencration, The
damage induced by this treatment is maore severe than
that obtained with glycerol, with broader fiber degener-
ation and extensive infiltration of inflammatory cells
{shown at dav 20 after damage in Fig. 5A); in the absence
of treatment, muscle fiber recovery is complete atter ~40
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days (not shown). Treatment with AAV-VEGF resulted in
# remarkable improvement in the regeneration process.
At day 20 after injury, with the lowest dose (3 % 106 viral
particles), the damaged area encompassed ~25% of the
transversal muscle section area, compared with >»40% of
the control (P < 0.01). The size of the injured area was
lower still with the two higher AAV doses (~13% for both
doses; Fig. 3D shows quantification and Figs. 5A-5D show
histology). Recovery was almost complete at day 20 after

A C

Control

AAV-VEGF (3x108 v.p.}

AAVVEGF (3x108 v.p.)

AAV-VEGF (3x107 v.

FIG. 4. Histological sections of glycerol-
damaged muscles after AAV-VEGFE treat-
ment. [A) Hematoxylin and eosin-
stained muscle section at day 20 afler
ghycers! injury. The muscle was injected
with PBS 5 days after damage. The inset
shows a 400% original magnification of
the injured area, showing massive filrer
loss. {B-B) Glycercl-injured muscles
were injected with different doses of
AAVVEGE (from 3 = 105 ta 3 » 108
viral particles} at day 5 after injury;
anirnals were sacrificed al day 20 afler
injury. The marked improvement in
muscle regeneration corralates with the
numkber of administered vector particles.

injury with the use of even higher doses of AAV-VLEGF
(9 % 10" viral particles; data not shown).

The in Vivo Activity of VEGF on Muscle Fiber
Regeneration is Mediated by VEGFR-2

The finding that VEGF exerts a powerful role on muscle
fiber regeneration in vive implies that the skeletal
myaoblasts and the regenerating fibers express one or
more VEGF receplors, as cbserved on the differenliating

FIG. 5. AAV-VEGF promaotes recovery of
muscle injury after cardiotoxin injection.
(A-D) The titvialis anterior muscles of mice
were injected with 25 pl of 1 mM cardio-
toxin. Escalating doses of AAV-VEGF (3 =
10% 3 = 107, 3 x 10 viral particles) were
injected into darnaged moscles al 5 days
after cardiotoxin injection. Hematoxylin
and eosin-stained muscle sections were
examined 20 days after injury. A remark-
ably faster, dose-dependenl regeneration
was chserved in the AAV- VEGF-injected
anfmals (B to D) compared to controfs (A).

AAV-VEGF (3x108 v.p.}
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{2C12 and primary myoblast cultures in vitro. We there-
fore investigated the presence of VEGFR-1 and VEGFR-2
in normal mouse skeletal muscle as well as at ditferent
time points after glycerol-induced damage.

Normal muscle fibers did not express levels of VEGFR-
1 or VEGFR-2 deciectable by immunohistochemistry; in
contrast, injury resulted in a marked increase in the
presence of these receptors {Fig. 6). In particular, both
receptors were highly expressed by elongated cells
surrounding the newly formed tibers—identifiable by
the presence of a central nucleus—with a half-moon
appcarance resembling that of activated satellite cells at
the edge of the regenerating fibers. Fxpression was
detectable early afier injury and persisted until the late
stages of the regenerative process. ln addition, we also
found highly expressed VEGER-2 on the surface of mature
muscle fibers at early time points after injury (shown at
day 7 after injury in ¥ig. 6).

FIG, 6. VEGFR-1 and VEGFR-2 are expressed
in regenerating muscles. Irmmunohisto-
chemistry for VEGFR-1 and VEGFR-2 on
unfreaierd and atycerol-damaged muscle
sactions. Regenerating muscle showed
robusl expression of both receptors in
elongated cells sumounding muscle fibers
and rasembling satellite cells. Expression of
the receptors was detectable early aftar
injury (7 days) and persisted until the Jate
stages of the regeneralive process (36 days).
in addition, VEGFR-2 was also highly
expressed on the surface of mature muscle
fibers at the earlier days after injury (shown
at day 7 after injury). In contrast, neither
VEGFR-1 nor VEGFR-Z2 way detectable in
normal muscle sections {control).

Control

VEGFR-1

Which receptor imediates the muscle regenerative
effect of VEGF? To address this question, we con-
structed an AAV vector expressing the mouse placental
growth factor (PIGF), a member of the VEGF family
that specifically targets VEGFR-1 [25,26]. We assessed
expression of PIGF from this vector by Western
blotting following the transduction of CHO cells in
culture (not shown). We injected different doses of
AAV-PIGF into the tibialis antertor muscles of mice 5
days after glycerol-induced damage, similar to the
experiments performed with AAV-VEGF. However, in
contrast with AAV-VEGI, we could detect no effect
on the extent of the damaged area. Even one dose of
1.2 x 10" AAV-PIGF viral particles, which is 400 times
higher than the dose of AAV-VEGF that reduced
muscle damage to <1% (Fig. 3B), only marginally
affected the area of muscle degeneration (Fig. 7). This
result strongly suggests that the effect of VEGF on

VEGFR-2
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A B
C

AAV-PIGF {1.2x10" v.p

Effect of AAV-PIGF on
glycerol-induced damage

-
[ oh ]

[ ] Contral

B ~2vricF

=y
= o @ O

tnjury area at day 20
after injury {%)

[\+]

e

FIG. 7. Effects of AAV-FIGF on muscle regeneration after glycerol-induced damage. (A, B} Hematoxylin and ensin-stained histological sections of muscles injected
with either PBS (control) or 1.2 = 10" AAV-PIGF pariicles 5 days after glycerol-induced muscle damage. Samples were harvested 20 days after injury. (C)
Cruantification of the injured muscle areas in digital images of muscle sections fram contred and AAV-PIGF-treated muscles. AdY-mediated overexpression of
mouse PIGF, which interacts only with YECGFR-1, did not exert any protective or proregenerative effect on the damaged muscle tissua.

muscle regeneration is mediat-.d by its interaction with
VEGFR-Z.

ENsSCUSSION

The results presented in this j.aper indicate that VEGF
possesses a novel biological role in stimulating skeletal
muscle fiber regeneration in vivo. The direct effect of
VEGF on myogenic cells is supported by a number of
ohservations. In vitro, hrVEGTE promotes the fusion of
myogenic cells to form myotubes and protects these cells
from apoptotic cell death; ditferentiating myocytes and
myotubes express high levels of both VEGFR-1 and
VEGER-2, as detected by both immunocytochemisiry
and immunofluorescence. i vivo, the long-term expres-
sion of VEGF using AAV vectors under normal conditions
promotes the appearance of a regenerating muscle
phenotype in the injected areas, with several muscle
fibers containing a central nucleus and a much broader
muscle tiber size distribution, including small (regenerat-
ingj and enlarged (hypertrophic) fibers. Under conditions
of ischemic or chemical damage (the latter obtained by
glycerol or cardiotoxin), the muscle satellite cells express
high levels of both VEGFR-1 and VEGFR-Z. Finally, and
perhaps most strikingly, the delivery of VEGF determines
a dramatic decrease in the size of the damaged area and in
the time required for complete regeneration.

Other studies in the past have addressed the effects of
VEGF overexpression in normoperfused skeletal muscle,
merely indicating a strong angiogenic eftect of the factor.
In particular, the implantation of genetically modified
myoblasts into nonischemic muscle caused an accumu-
lation of endothelial cells and macrophages, followed by
networks of vascular channels and hemangiomas (27,28].
The pattern of VEGF expression using AAV vectors is
clearly different. The preduction of the factor progres-
sively increases over time, while its expressicn persists for
longer periods at levels that are probably lower than
those obtained by genetically modified mvoblasts. These

properties might favor the direct effect of the factor on
the muscie fibers.

The eftects of VEGF on the promotion of muscle
recovery after damage are likely to be exerted by different
mechanisms. The factor has a very well known proangio-
genic activity; in addition, our results show that it also
prevents apoptosis and promotes muscle fiber growth.
These three effects most likely cooperate in improving
recovery after muscle damage. An additional possibility is
that VEGT, by mobilizing bone marrow progenitor cells
[29,30], might favor muscle regeneration through trans-
differentiation or fusion of these cells [31,32], although
recent evidence argues against this event [33,34].

Interestingly, the regenerative effects of AAV-VEGF
injection are greater when the vector is injected 5 days
after damage, an observation that indicates that the
major therapeutic role of VEGF has to be attributed to
its direct activity on the myofiber regeneration. This
result is consistent with the high levels of expression of
the VEGY receptors on muscle satellite cells and muscle
fibers at this time point after damage ([22] and Fig. 5 in
this work). In this respect, it is also worth noticing that
the efficiency of AAV vector transduction is highly
increased after muscle damage, with a decreased time
lapse before the onset of transgene expression [35].

Muscle regeneration is a complex biological process.
After damage, satellite cells, which are normally in the GG
phase of the cell cycle, reenter the cell cycle and
proliferate, thus providing a sufficient number of cells
necessary tor repair. This proliferative phase ends with
the appearance of the first small regenerating myotubes
at approximately 3 days after injury |36,37]. At this time
point, part of the proliferated cells become guiescent
again, while the remaining ones start to fuse to form
multinucleated myotubes (terminal ditferentiation), an
event that is followed by the maturation of these
myotubes intc muscle fibers (biochemical differentia-
tion} [3840]). Concomitant with these events is the
process of macrophage accumulation and the disman-
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tling of the damaged fibers. The results obtained by
studying the effects of WVEGF on myotube formation in
vitro indicate that this most likely stimulates the terminal
differentiation phase, by increasing maturation of the
multinucleated myofibers. This effect is most possibly
achicved by promoting the fusion of the differentiated,
MHC-positive myocytes to form myofibers that are
longer and contain more nuclet.

To identify the receptor that mediates these effects of
VEGF on myogenic cells one must consider that both
VEGFR-1 and VEGFR-2 are upregulated in the differ-
entiating myogenic cells, in myotubes i vitro, and in
satellite cells in vive after muscle damage. In cultured
myoblasts and C2C12 cells, treatment with 501498, an
inhibitor of the VEGFR-2 protein kinase, abolishes the
protective effect of VEGF on camptothecin-induced cell
apoptosis, suggesting the participation of VEGFR-2 in
mediating the VEGF signal. Most strikingly, in wivo
overexpression of PIGF, an agonist of the VEGFR-1 but
not of the VEGFR-2, was not able to promote muscle
regeneration after damage, not cven at very high doses of
vector. These results clearly point to the VEGEFR-2Z as the
main mediator of the effect of VEGF on myogenic cells.
Elucidation of the biochemical pathway triggered after
VEGFR-2Z activation in these cells clearly requires further
investigation. In this respect, however, it is worth
noticing that at least two signaling pathways that are
important for muscle survival and regeneration are
known to be set in motion by the activation of the
VEGPFR-2 in cndothelial cells, namely the T13K/Akt and
the MAP kinase pathways. The activation of Akt signaling
in the muscle cells is important to inhibit apoptosis
during differentiation [41,42] and to control the myo-
fiber size [43,44]. In endothelial cells, Akt signaling after
activation of the VEGFR-2Z by VEGF is crucial for
endothelial cell survival [16]. Intriguingly, insulin growth
factor-1, a powertul promoter of inuscle regeneration that
stimulates muscle differentiation through Akt [45], also
increases VEGE synthesis in C2C12 cells [46], indirectly
suggesting the involvement of VEGF in the regeneration
process. Accordingly, muscle fibers transduced by a
constitutively active Akt formed in vive also produce
increased levels of VEGF and show signs of muscle
hypertrophy |46]. Another impertant biochemical path-
wav in muscle cell ditfferentiation involves MATD Kinase
signaling, which lcads lo Lthe increased expression and
activity of the MyoD protein {47]. The same pathway is
also known to be activated in endothelial celis by the
interaction of VEGF with VEGFR-Z,

The observation that VEGF promotes muscle fiber
regeneration when delivered a few days after muscle
damage opens the way to possible, important therapeutic
applications in the treatment of acute and chronic
muscular diseases of different origing, including traumatic
injury {in which the regencrative process might be
accelerated) or inherited muscular dystrophies (in which

a sustained stimulus for muscle regeneration might prove
beneficial). [n this respect, we wish to point out that the
use of vectors based on AAV offers an important possibility
to maintain sustaincd cxpression of the VEGF gene over
prolonged periods of time in the absence of inflammation
or vector-induced immune response, a property that
might prove advantagecus in several clinical applications.

On a final note, for a long time VEGE has been
considered an endothelial-specific growth factor that
premotes a powerlul angiogenic response. The observa-
tion that VEGF also induces myofiber regeneration in the
skeletal muscle now extends the recent evidence that
challenges this nelion. Beyond angiogenesis, the inter-
action of VLEGF with its receptors is impostant in
maintaining survival and promoting differentiation of
cells with a progenitor phenotype in a broad array of
different tissues, including bone marrow, bone, the
central nervous systemn, and skeletal muscle. These
observations pave the way to the possible exploitation
of VEGF gene transfer under varying conditions of
damage in adult tissues to provide cellular protection
and tissue regeneration.

MATERIALS AND METHODS

Cell Culture and Reagents

Frimary myohlast cultures were prepared from newborn CD1 mice (2-7
days of age) according to {18]. Myoblasts were plated on gelatin.coated
flasks and cultured i proliferation medium (OMEM, 1080 fetal bovine
serum, 10% horse serum, 04.5% chick embryo extract, 1% penicillin-
streptomycin and 1%e amphotericin B, 4.5 g glucose/liter). Differentiation
was induced by switching the myoblast cultures to a low-serum differ-
entiation medium (DMEM, 0.4%, UltraserG (BioSepra Sa, France), 4.5 ¢
glucose/liter).

C2C12 myogenic cells were maintained in high glucose DMEM plus
L0 fetal bovine serum and induced to form myotubes by 3—4 days
culture in differenitiation madium. When indicated, hiVEGTI6S (R&D
Systems) was added Iwice a day to a final concentration of 100 ng/ml

Production, Puritication, and Characterization of rAAYV Veclors
The rAAV vectors used in this study were prepared as already described
[21,49].

Animals and Uxperimental Protocols

Animal care snd treatments were conducled in canformity with institu-
tional guidelines in compliance with national and international laws and
policies (ECC Councll Divective B6/609, QJL 358, December 12, 1587, All
experiments were performed in male CD1 mice, 4+-6 weeks of age.

Animad wmodel of find-limb ischemia and nmscle injury. Unilateral hind-
limb fschemia was induced by resecting a 2.5-cm segment of the left
femoral artery. The lower leg muscles were harvested 20 days after the
induction of ischemia and their viahility was tested by staining with
tetrazalivm red (2,3, 5-triphenylietrazotium chioride; Sigma), an indicalor
of enzymatic redox reactions. Injury in the tibialis anterior muscle was
induced v injecting 25 pl of 1 mM cardiotoxin (Sigma) or 25 pl of 50% v/
v ghyeerol in iwo injeclion sites.

Intranmusenlar adaipistration of rAAV vectors. In the hind-limb
ischemia moase model, the recombinant vector solution (100 pl; 3 =
1011 AAV-VEGF veclor particles) was mjected into the tibialis anterior,
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adductor, and gastrocnemius muscles (one, two, and one injection per
muscle, respectively),

The normoperfused muscles or the muscies treated with glycerol and
cardiotoxin were injected with different doses of AAV-VEGF or AAV-PIGF
in a total volume of 25 p) and in two distinct injection sites. Muscles wereg
harvested 20 days after dareage, fixed in 2% formaldehyde, and
embedded in paraffin. Conteol antimals were injected with either I'BS or
3 % 10" AAV-LacZ. All the experiments ware performed in groups
including four to six animals.

Immunostaining and Histological Evaluation

Staining of Z-urm muscle bistolagical sections was performed as described
[21]. Myogenic cells {C2C12, myoblasts) cultured on multichamber slides
{Nalge MNunc International} were fixed in 2% paraformaldehyde folowed
by permeabilization in 0.1% Triton X-100 for immunoflucrescence oo
fixed in cold {(-20°C) methanol for immunocytochemistry, Monoclonal
anti-mouse Flk-1 iSanta Cruz Blotechnology, sc-6251) and rabbit poly-
clonal anti-Flt-1 (Santa Cruz Biotechnology, sc-316) antibodies were used
to detect VEGE receptors onn cultured cells and muscle Hssue samples. 4
monoclonal anti-mouse skeletal slow MHC antibody {Sigma, clone
NOO7.54D) was used to visualize differentiating myocytes and myofib-
ers. A secondary antibody conjugated with a green Auorochrome iAlexi
449, Jackson ImmuncoResearch Laboratories) was gsed for immunofluor-
escence. The procedures for jimmunchistochemistry were unclertaken
according to the Vectustain Universal ABC kit and MOM Kit (Vector
Laboratories). Signals were developed using 3,¥-diamincbenzidine as the
substrate for the peroxidase chromogenic reaction (Lal» Vision Corp.,
Fremomt, CA, TISA).

Apeplosis and MTT Assays
To study apoptosis, subconfluent myogenic ¢ells were serume-starved and
then exposed for 4 days at 12-h intervals to hrVEGT 165 (50 ng/ml). The
VECTFR-Z inhibitor 5U1438 (5 pM; Calbiochem was added every 12 h
from day 2 to day 4; camnptothecin (50 nM for C2C12 cells and 50 pM for
primary myohlasts; Callxicchem) was added on day 4, 5 h belore the cells
were harvested, Both reagents were diluted in DMSO. Detection of
apoptotic cells was performed by detecting annexin V expression on a
flow cytometer (FACSCalibur;, BD} wsing the Anmexin- V-FLLOS kit
(Roche}, using propidium iodide to distinguish apoptosis from necrosis.
The effect of VEGF on myogenic cell proliferation was assessed by
plating ccils in 96-well plates (5000 cellsfwell}. After overnight incuba-
tion, the medium was replaced by fresh proliferation or differentiation
medium containing different concentrations of heWVEGE. After 3 days
incubation, proliferation was assessed uwsing the MTT conversion kit
(Buehringer) according to the manulacturer's instructions,

Ouantification of Myotube Length and Ploidy

Myotule differentiation was induced in C2C12 cells in the prosence or
absence ol hrVEGF165. After staining of slow MIIC by immunoftuor-
escence, digital images of the cell culbures were acquired wirh an Axiovert
HIOM confocal laser-scanting nucroscope (2eiss LSM 5100, Ten fields
from four independent experiments (10» objective) were randomly taken
for each treatment. The length of all positive slow MHC fibers was
analvzed using the measurement toals of the LSMS10 2.02 software, The
guantification of the number of nuclei per MUC-positive fiber was
performed by theee indepandent investigators blinded to experimental
procedures,

Quantification of Glycerol and Cardiotoxin Muscle Injury areas

Te quantify glyvcerol-induced injury, microphotographs of histological
samples of transversal sections of the tibialis anterior muscle were
examined in a blinded fashian by three different examiners. Quantifica-
tion was performed on histological sections from the upper, middie, and
lower regions of the tibialis anterior muscle (three sections per region; 7 =
4 animals per group). The areas of injury, identified by the absence of
myofibers, were quantified using the Image] software (NI Software) and
expressed as the percentage + 5D of the lotal cross-sectional area of the
tissue section.

Real-Time PCR

Fhe expression of hVEGF in the transduced muscles was assessed by real-
time quantification using the TagMan technology. Briefly, total I0NA was
extracted from the AAV-VEGF-injected tiblalis anterior muscles of 1a
arimals at 3, 7, 14, and 28 days after injection {four animals per group}.
RNA (4 pg} was roverse-transcribed and subjected to quantification using
an Applied Biosystems Assay-on-Demand for human VEGE. All values arc
expressed as number of molecules using an external calibration curve. The
same procedure was also used for the quantification of hVEGF in the
tibiztis anterior of the untnjected, contralateral leg; in this case, the levels
of hWEGF mRENA were brlow the Ievels of detection after at least 40 PCR
cyeles. Amplifications were carried out in an ABI Posm 7000 Sequence
Detection System.

Statistical Analysis

Statistical comparison between treated and control groups was per-
formed by the Lwo-talled Student t test on paired samples; the non-
parameiric Kolmogorov-Smirnav test was used to compare conlinuous
distributions. All analyses were performed using the StatView 4.5 sta-
tistical software package for the Macintosh (Abacus Concepts, Berkeley,
CA, LSA).
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Abstract

We have previously found that the delivery of the VEGF165 ¢cDNA into skeletal muscle
using AAV vectors, not only stimulates angiogenesis and arteriogenesis, but also exerts a
remarkable anti-apoptotic and pro-regenerative activity during severe ischemic injury.
Based on these observations, the aim of the present study was to determine whether
rAAV-VEGF delivery into cardiac tissue, during the acute phase of myocardial infarction,
exerts a protective effect on the injured myocardium to promote long-term functional
recovery. Acute infarction of the anterior LV wall was induced in twelve chronically
instrumented anesthetized dogs by permanent occlusion of the LAD coranary artery.
Four hours after occlusion, using an echo-guided needle, rAAV-VEGF or -LacZ (n=6
each; 4x1x10' viral particles per animal) was directly injected into the paradoxical
segment. Hemodynamics, echocardiographic data and segmental shortening of the
infarcted region were measured in awake dogs at baseline (pre-occlusion) and
monitored each week for four weeks. LV and arterial systolic and mean pressure, LV
dP/dimax 2nd ejection fraction were not significantly different between the two groups
over time. In contrast, the indices of contraction of the infarcted area displayed marked
differences after the second week post-infarction: at four weeks, the fractional
shortening was 75 +18% and -3 +15% of baseline and regional shortening work was 54
+15% and 0.8 +15% of baseline in VEGF165 vs. LacZ group, respectively (P<0.05). The
histological analysis of the border regions between the infarcted and viable cardiac
tissue showed a marked increase in the number of a-SMA-positive arterioles (50-120 um
diameter; 68+2.8 vs. 100+3.8 vessels per 100x microscopic field in the LacZ and VEGF-
treated animals respectively; p<0.05). In bath groups of animals, the expression of the
three main VEGF receptors (VEGFR-1, VEGFR-2 and NP-1} was clearly up-regulated in
the border of the infarct; in particular, VEGFR-2 was found to be expressed diffusely on
the surviving cardiomyocytes. Consistent with this finding, the histolegical analysis of
transmural sections showed a significant improvement in myocardial viability in the VEGF
group, with the presence of several troponin T-expressing cardiomyocytes displaying a
clear nuclear positivity for the proliferation marker PCNA. Altogether, these observations

are consistent with a direct role of VEGF on cardiomyocytes viability.
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Figure 1. AAV vectors efficiently transduce infarcted myocardial tissue.

A. Experimental strategy. The acute occlusion of the LAD coronary artery defined three different
myocardial zones (the infarct center, the infarct border and the remote zone), here represented by
different gray shadings. Every heart received a total amount of 600 ! of the viral vector preparation
{either AAV-VEGF or AAV-LacZ), with two injections of 200 pl within the border zone and two additional
injections of 100 pl in the infarcted area center, in close proximity to the piezoelectric crystals. The
black dots indicate the injection sites.

B. Quantification of hVEGF expression in transduced hearts. The quantification of the expression level
of human VEGF (hVEGF) by Real-time PCR af 1 month showed that the transgene was highly expressed
in the infarcted myocardium, particularly in the border zone that had been injected with the highest
vector dose. No hVEGF expression was detected in LacZ-treated animals. The resuits are expressed
relative to the levels of the housekeeping gene 185 (mean+SEM of three independent quantifications
from three different dogs per group).

C. p-galactosidase expression in the hearts transduced with AAV-LacZ. The X-gal staining of frozen
myocardial sections showed transgene expression throughout the infarct center {left and right upper
panels) and border (right lower panel). The asterisks correspond to the wires left in place for the
chranic heart instrumentation.
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Figure 2. Recovery of regional contractility in severely ischemic segments after AAV-VEGF
transdcution.

A. Assessment of regional contractility. In segments that were initially paradoxical at 48 hours after
infarction, there was an almost complete normalization of segment function (graph on the left side) and
a 50% recovery of the stroke wark {graph on the right side), at 4 weeks after AAV-VEGF delivery. No
return of function was observed in the hearts treated with AAV-LacZ. Values are means=SD; * denctes
statistical significance between the two experimental groups.

B. Effect of VEGF on regional work and paradoxical movement. The panels on the left side show normal
basal pressure/shortening curves, in which the included area represents segment work. At 15 minutes
after LAD occlusicn, the reverse spin of the curve indicates a paradoxical motion (panels in the center)
in both experimental groups. At 4 weeks (panels on the right side), segmental iength shows almast
complete absence of movement in the LacZ group, a typical akinetic long-term outcome of myocardial
ischemia (upper panel). In contrast, in the animal treated with AAV-VEGF segmental bulging is
vanished and cardiac work is partially restored (fower panel). A return to a physiolegical spin curve can
be observed in these animals.
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Figure 3. Massive angiogenesis induced by AAV-VEGF after myocardial infarction

A, Immunostaining of arterial vessels. The immunoistocheristry against the muscle-specific isoform of
a-actin (o-SMA} showed massive formation of arterial vessels in the border zone of the infarct, in both
the animals treated with AAV-LacZ (left panels) or in those treated with AAV-VEGF (right panels).

B. Quantification of a-SMA-positive vessels, The number of of «-SMA-positive arterioles (50-120 pm
diameter) in the border zone of the infarct was significantly increased after the transduction with AAV-
VEGF as compared to AAV-LacZ. The results are expressed as mean+SEM of at least 10 sections per
animal (n=6 for each group); * denoctes statistical significance between the two experimentat groups.
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Figure 4. Increased survival and proliferation of myocardial cells after AAV-VEGF
transduction

A. Simultaneous detection of cardiac Treponin T {red) and of the nuclear proliferation marker PCNA
(brown} by double immunchistochemistry at day 30 after ireatment. Double-positive ceils are
suggestive of a process of active cardiac reneration.

B. Quantification of viable myocardium at day 30 after treatment. Forty transmural sections of the
infarct central zone were analyzed for each animal, by measuring the area occupied by troponin-T-
positive cardiomyocytes and expressing it as a percentage relative to the area of the iotal section.
Values are mean=SEM; * denotes statistical significance between the two experimental groups.
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Figure 5. Expression of the VEGF receptors by the infarcted myocardium

A-C. Levels of VEGF receptor mRNAs. The graphs show the results of the quantification of the levels of
the three main endogenous VEGF receptors (VEGFR-2, VEGFR-1, Neuropilin-1} by real-time PCR at 30
days after treatment. Values are mean=SEM; * denotes statistical significance between the two
experimental groups.

D. Expression of VEGFR-2 by cardiomyocytes. As detected by immunohistochemical staining, the
survived cardiomyocytes {indicated by asterisks) at the border of the infarct or interspersed within the
connective tissue of the scar abundantly express VEGFR-2.



Table I

Hemodynamic evaluation (anesthetized animals)

Baseline 1 hour 6 hours
AAV-LacZ | AAV-VEGF | AAV-LacZ | AAV-VEGF | AAV-LacZ | AAV-VEGF

LV SV (mi}| 46x4.7 45+5.8 27+0.6 27+4.9 23+2.0 26+3.6

EF (%) 63+2 66+1 5244 43+3 45+8 41+4

LV SV: left ventricle stroke volume; EF: ejection fraction
Table I1
Global cardiac function assessment (awake animals)

Baseline 2 days 4 weeks
AAV-LacZ | AAV-VEGF | AAV-LacZ | AAV-VEGF | AAV-LacZ | AAV-VEGF

MAP {(mmHg) 107+3 110+3.1 97+14 9547 99+4.7 97+3.8
HR (b/min) 7945 83+4 127+15 127+9 95x13 7645
LVSP (mmHg} 13145 133£5 120415 11848 11946 11645
LVEDP (mmHg) 7£0.5 8+0.2 12+1 13+0.5 10+0.8 11+1.9

MAP: mean arterial pressure; HR: heart rate; LVSP: left ventricle systolic pressure; LVEDP:
left ventricle end-dyastolic pressure
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c-kit
Supplementary Figure 1, Presence of c-kit-positive cells in the infarcted myocardium

In the border region of the infarct, a few c-kit-positive cells (1-3 per 40x field) were detected by
immunchistochemistry, exclusively in the AAV-VEGF-treated group.
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Seminal to the process of arterial restenosis after balloon angioplasty is extracellular matrix
degradation by metalloproteinases (MMPs); activity of these proteins is strongly inhibited by the
tissue inhibitors of MMPs (TIMPs). Here we exploit gene transfer using an adeno-associated virus
(AAY) for TIMP1 gene delivery in a rat model of intimal hyperplasia. High-titer AAV-Timp1
efficiently transduced human coronary artery smooth muscle cells (SMCs) in vitro and inhibited
the capacity of these cells to migrate through a Matrigel barrier. In injured rat carotid arteries,
AAV vectars were found to transduce SMCs efficiently and to maintain transgene expression for
several weeks in vivo. In AAV-Timpl-transduced animals, the intima:media ratio of injured
carotids was significantly reduced by 70.5% after 2 weeks, by 58.5% after 1 month, and by 52.4%
after 2 months from treatment. The decrease in intimal hyperplasia was paralleled by a significant
inhibition of collagen accumulation and by increased elastin deposition in the neointima, two
findings that relate to the inhibition of MMP activity. These results indicate that AAV vectors are
efficient tools for delivering genes to the arterial wall and emphasize the importance of MMPs for
the generation of intimal hyperplasia. Local TIMPT gene transfer might thus represent an efficient

strategy to prevent restenosis.

INTRORUCTION

Restenosis of the arterial lumen after percutaneous an-
gioplasty still represents a major challenge in interven-
fional cardiology [1]. Luminal loss is a complex hiological
process determined by remodeling of both the arterial
wall and the intimal hyperplasia. In particular, intimal
thickening relies on vascular smooth muscle cell (SMC)
migration across the internai elastic lamina and subse-
quent proliferation within the neointima [2]. While stent
placement has significantly decreased the restenosis rate,
by blocking carly clastic recoil and inward remodeling
|13], in several cases lumen gain improvement is later
relapsed by the exacerbation of intimal hyperplasia {4].
The remodeling of the extracellular matrix by metal-
loproteinases (MM]I) is essential for neointima formation
in postangioplasty restenosis and in aortocoronary vein
graft vasculopathy [1,5]. MMPs arc zinc- and calcium-
dependent proteases that degrade coliagen as well as other
matrix proteins such as elastin and proteoglycans [6,7]. In
particular, MMP-2 and MMP-9 are expressed early after

endothelial injury and are required for local extracellular
matrix breakdown and subsequent migration of vascular
SMCs from the media to the intima [7-9]. In the later
phase of the arterial response, SMCs stop their migration
and proliferation and start accumulating extracellular
matrix [10].

Tissue inhibitors of metalloproteinases (I'IMPs) belong
to a family of low-molecular-weight proteins that bind to
MMPs at high affinity and that stoichiometrically inhibit
their enzymatic activity. The expression of [IMFP1 has
been shown to modulate a number of biclogical events
that involve extracellular matrix remodeling, including
intimal hyperplasia [11-14], intravascular thrombus for-
mation [15}, and atherosclerosis [16,17]. Thus, the trans-
fer and expression of the TIMPI gene in the arterial wall,
concomitant with balioon angioplasty or stent implanta-
tion, emerges as an appealing possibility for the preven-
tion of restenosis [18].

In vivo gene transfer to the arterial wall is a powerful
experimental approach in the investigation of the role of
individual genes in the development of arterial disease, as
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well as in the interference with local molecular pathways
for therapeutic purposes. During the past few years,
vectors based on the adenc-associated virus (AAV) have
continued to gain popularity in the gene therapy com-
munity, duc to a number of appealing features, These
vectors can be purified and produced at high titers, they
are not immunogenic nor do they induce an inflamma-
tory reaction, they can be safely injected in vivo, and they
maintain transgene expression for very long periods of
time [19,20].

Here we assess the potential of AAV vectors fo trans-
duce arterial smouoth muscle cells both in vitro and in vivo
and demonstrate the efficacy of single endovascular de-
livery of an AAV vector expressing human TIMP1 to
prevent intimal hyperplasia in a rat model of postangio-
plasty restenosis.

REsuLTS

Permissivity of Human Coronary Artery Smooth
Muscle Cells to AAV Transduction and the Functional
Effect of AAV-Timp1

We oblained a high Liter preparation of an AAV vector
expressing the green fluorescent protein (GFP) reparter
gene {AAV-GFP) and used this vector to assess the in vitro
permissivity of vascular SMCs. Fig. 1A shows the flow
cytometry profile of primaiy SMCs tfrom hiiman corcnary
artery at day 5 after transduction with AAV-GFP, indicat-
ing transgene expression by ~ 209% of the cells.

Next, we obtained an AAV vector expressing the hu-
man TIMP1 ¢DNA (AAV-Timp1) under the control of the
CMYV promoter, as schematically shown in Fig. 1B. We
cvaluated the cfficiency of the transduction with AAV-
Timp1 in transduced SMCs. By Western blot analysis, we
demonstrated TIMP1 secretion into the supernatant of
these cells as a 28-kDa band, showing proper glycosyla-
tion (data nnot showi). We also assessed TIMP1 expression
in the same cells by immunocytochemistry with an
antibody against TIMP1, which showed intense cytoplas-
mic positivity (Fig. 1C).

We assessed the effects of TIMIP'1 expression in
SMCs by a chemoinvasion assay, measuring the capac-
ity of the cells to degrade a Matrigel membrane and
migrate in response te chemeattraction. As shown in
Fig. 113, the transduction of SMCs with AAV-Timpl
significanitly inhibited their ability to invade the Matri-
gel barricr, inducing a 46% reduclion in the number
of migrated cells (23.5 £ 2.55 vs 41 £ 4.24, P < 0.001,
n = 3). The same vector also proved to inhibit effi-
ciently angiogenesis in the choricallantoic membrane
of embryonated eggs induced by rhVEGE (data not
shown),

Together, these results indicate that primary human
vascular SMCs are permissive to AAV transduction in vitro
and that the AAV-Timpl vector is highly active in pre-
venting cell migration and invasion.

tfficiency of AAV Vector Iransduction of Rat Carotid
Arteries after Balloon Injury

We proceeded to assess the capacity of AAV vectors to
transduce the damaged arterial wall in vivo. We injured rat
carotid arteries with a Fogarty caltheter and exposed them
to either PBS or AAV-LacZ {1 x 10! viral particles) for 40
min before restoring blood flow. We analyzed AAV-l.ac?-
transduced arteries for p-galactosidase (p-gal) cxpression
by X-gal staining at 2 and 4 weeks after treatment. Marker
gene expression was already high at 2 wecks after vector
delivery and persisted afterward. 3-Gal expression was
distributed in all three layers of the vessel wal with a
degree of preference for the cells of the negintima, fol-
lowed by media and adventitia (shown at 2 weeks after
transduction, in Fig. 24, tight). Cells that showed positive
tor p-gal in the neointima also reacted to an antibody
against a-actin of SMCs, indicating their SMC phenotype
{Fig. 24, left}).

In the injured carotid arteries, we observed a remark-
able necintimal hyperplasia at 2, 4, and 8 weeks after
damage. Morphometric examination of the arterial cross
sections at 2 and 4 weeks revealed that the hyperplastic
response was not statistically different in arteries treated
with either PBS {n = 6) or AAV-LacZ (n = 12; data not
shown), thus ruling out any nonspecific effect of AAV
transduction per se on the hyperplastic process.

To ascertain the long-term expression of TIMFPI after
AAV vector transduction in vivo, we exposed 12 rats to
a high dose of AAV-Timpl (1 x 10'! viral particles)
immediately after balloon injury. We studied expres-
sion of TIMP1 in the treated animals by immunohisto-
chemistry and by real-time RT-PCR quantitication of
human TIMP} mRNA. Similar to AAV-lacZ transduc-
tion, cells that were positive for human TIMPI trans-
gene expression were mostly found in the neointima
and media layers (Fig. 2B). As shown in Fig. 2C, trans-
gene expression was already detectable at 1 week after
transduction and persisted at comparable levels for at
least 8 weeks.

Inhibition of Rat Arterial MMPs by TIMP1
To visualize the production of active MMDs by in-
jured rat carotid arteries, we performed an in vifro
zymography. Three days after balloon injury, we har-
vesled a ral carotid artery and kept it in culture for 3
additional days. We resolved the concentrated condi-
tioned mediwm by SDS-PAGE on a 0.1% gelatin gel
and incubated it at 37°C in collagenase buffer for 16
h. Fig. 3A shows the appearance of two major areas
of proteoclysis, corresponding to the molecular weight
of active MMP9 and MMP2, indicating the active
secretion of these MMDPs by the injured rat carotid
artery.

To assess the effects of human TIMP1 on rat MMP2
and MMPY activity, we performed a reverse zymogra-
phy using the supernatants of balloon-injured rat ca-
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trated, resolved by 0.6% gelatin SDS-PAGE, and incu-
bated in the presence of MMPs. A clear band at 28
kDa (Fig. 3B), absent in the control lane, indicated
that the secrcied human TIMPL efficiently inhibited
the gelatinolytic activity of the rat MMPs.

Efficacy of AAV-Timp1 in the Reduction of Intimal
Hyperplasia

Next we evaluated the efficacy of TIMP1 to prevent neo-
intima formation. Immediately after balioon injury, we
exposed the rat carotid arteries of 15 rats to 1 x 10! viral
partictes of AAV-Timp1 for 40 min. A matched group of
comntrols received either AAV-LacZ or PBS. We quantitated
the stenotic responsc after 2, 4, and 8 weeks by measuring
the intima and media arcas of at least four sections per
animal. The thickness of the media of injured rat carotids
was similar in the control and AAV-Timpl-treated groups
(Fig. 4B), whereas the neointimal area of the treated
'gl‘()up was reduced by 55.3, 51.9, and 55% at 2, 4, and
8 weeks, respectively {0.132 £ 0.01 vs 0.059 £ 0.006 mm?,
P < 0.0001 at 2 weeks; 0.179 + 0.012 vs 0.086 = 0.013
mm?, P < 0.0001 at 4 weeks; 0.198 + 0.03 vs 0.089 + 0.04
mm?, P < 0.05 at 8 weeks; Fig. 4A). The intima-to-media
ratio, which is a more sensitive parameter for assessing
relative changes in intima and media thickness, is
reported in Fig. 4C. This ratio was significantly lower in
the TIMPT group at 2 weeks (0.46 £ (.76 vs 1.56 + (.22;
P = 0.0001), 4 weeks (0.86 £ 0.22 vs 208 + 03; P =
0.003}, and 8 weeks (2.0 £ 0.33 vs 0.91 £ .49, P < (.05)
after treatment. These values correspond to 70.5, 58.5,
and 54.5% reduction in the intima-to-media ratio, re-
spectively. The higher efficacy of treatment at the earlicr
tirne might be indicative of a specific effect of TIMP1 in
the carly phases of the stenotic process, when MMPs are
overexpressed. Two representative cross sections of LacZ-

878

MoLECULAR THERAPY Vol 2, No, 6, June 2004
Copyrignt & Tne American Society of Gene Therapy



doi:10.101 6/j.yrathe. 2004.02.020

81.2kDa—

M 1
Reverse zymography

£0.7 kDa—

Zymography

and TIMPI-transduced arteries at two weeks after trans-
duction are shown in Fig. 4D.

Extracellular Matrix Content after AAV-Timp1l
Transduction
siven the reported effects of MMP blockage by nonspe-
cific inhibitors on collagen synthesis and degradation
[10] and the effects of TIMP1 overexpression on e¢lastin
metabolism [21], we set out to explore the extracellutar
matrix composition in the AAV-Timpl-treated and con-
trol animals. For this purpose, we analyzed cross sections
of rat carotid arteries at 2 and 4 weeks after injury by
staining with the Azan-Mallory and Weigert-Vvan Gie-
son procedures, which reveal collagen and elastin con-
tent, respectively (Figs. 5A and 5C).

We found that, in AAV-LacZ-treated animals, collagen
occupied 83.5% + 1.28 of the necintimal laver at 2 weeks
after transduction; collagen deposition did not change

& FIG. 3. Inhibition of rat MMPs by human TIMPT. (A)
Zymagraphy of a ral carotid artery. Three days after
balloon injury, a rat carotid artery was harvested and
kept in organ culture. After 3 days, the concentrated
supernatant was loaded in a 10% SDS-PAGE gel
containing 0.1% gefatin. Clear bands indicate MbP
activity in a background of gelatin. MMP2, gelatinase

- hT|mp1Ax 72-kDa type IV collagenase; MWMPO, galatinase B,
94-kDa type IV collagenase. (B} Reverse zymography
showing human TIMP1-mediated inhibiticn of gelatin

o degradation by rat arterial MMPs. Concentrated call

culture supernatants from 293 cells transfected with

pAAY-Tirmp1 {Jane 2} or & control plasmid (lane 1)

were resobved on oan 11% SDS—PACE gel containing

0.6% gelatin. The gel was then washed and incubated

in collagenase buffer mixed 1:1 with the supernatants

af baileon-injured ral carolid arlerics—oibtained as in

{A)—as a source of rat gelatinases. After Coomassie

staining, a dark band of — 28 kDa was evident in the

supematants of pAAV-Timp1-transfected cells, corre-
sponding to the area in which gelatin degradation by
rat arlerial MMPs was preventied by secreted human

TIrPT {indicated by an arrow). M, molecular weight

rmarkers.

significantly over a 2-week period in this control group
(73.7% t 6.49 at day 28; P nonsignificant). In contrast,
collagen content in the AAV-Timpl-transduced arteries
was decreased by 22.9 and 42.6% at 2 and 4 weeks,
respectively (83.59% + 1.28 vs 64.8% £ 3.92; P = (.009
and 73.7% + 6.49 vs 42.2% + 7.64; P = 0.03; the decrease
between 2 and 4 weeks in the AAV-Timp] group was also
statistically significant; P < 0.01}. These results demon-
strate an important effect in the modulation of collagen
deposition by AAV-Timpl transduction (Fig. 5B). Wc
found no significant differences in collagen content in
the medial Tayers {data not shown).

Contrary to coliagen, elastin fibers, as evaluated after
staining with Weigert—Van Gieson, were more abundant
in the neointimal areas of the AAV-Timp!-transduced
arteries compared to those treated with AAV-LacZ at both
2 (16.5% + 1.36 vs 26.9% + 4.46 of neointima; F = 0,01)
and 4 weeks {23% £ 4.4 vs 42.3% 1 10.59; P = 0.04; 63.1

FIG. 1. Transduction of vascular SMCs with AAV vectors. {(A) Transduction of vascular SMC from human coronary artery with high-titer AAV-GFP [43)], Cell
fluorescence was analyzed by flow cytometry, showing 18.9% positive cells at 5 days after infection {counts in the upper right}. (B} Schematic representation ot
the AAV-Timp] expression veclor used in this study. TR, AAV terminal repeat sequences; CMVY, constitutive cytomegalovirus immediate early promoter; pa,
palyadenylation site. Cloning restriction sites are indicated. (C) immunocytochemistry on transduced vascular SMCs showing expression of TIMP1. (D) Effect of
TitdP1 overexpression on SMC migration across a Matrigel barrer. A suspension of SMCs, transduced with either AAV-LacZ or AAV-Timp1, was placed in the
upper chamber and mediurn with chemoattractants was placed in the lower compartment, The bars show the number of cells that migrated in response Lo
chernoattraction. The invasion activity is expressed as the mean number of cells lhat had migrated per microscopic field (400x) 4 SEM for triplicate
determinalions. The asterisk denotes statistical significance { P = 0.0005) using the Student t test, one tailed.

FIG. 2. Transduction of rat carotid aitery by AAV vectors. (A} Transduction of rat carotid arteries with AAV-LacZ at day 14 after balloon injury. The left shows
immunohistochemistry with an antibody against «-actin of VSMCs to show the SMC phenotype of neointima cells. The right shows -galactasidase reactivity of
the transduced smooth muscle cells in the media and the neocintima. Few adventitial cells alsa appeared positive for B-galaclosidase expression. (B)
immunohistachemistey of cacolid arteries al 2 weeks after ransduction with either AAY-LacZ (teft) or AAV-Timp1 (right) using an antibody against TIMP1, to
show expression of the transgene in the transduced cells, {C) Quantification of hTIMP1 expression in vivo by real-time PCR. Balloon-injured rat carotid arteries
{three animals per time point} were transduced with AAV-Timp1. At the indicated time points, total RNA was extracted and subjected to real-time PCR
amplification. In each sample, the expression of transduced hTIMP1 was nommalized to the fevals of the housekeeping 185 gene. The resulls are expressed relative
{0 the expression at 1 week: shown are the means + SEM. No statistical difference was detected among the different time points.
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and B4% increase, respectively). As for collagen, the
elastin content within the media was similar at botl: time
points in both trealed and control arteries (data not
shown).

Taken together, these observations suggest that the
reduction of necintimal thickness determined by MMP
blockage after AAV-Timp? transduction is paralleled by
the inhibition of extensive collagen accumulation and
the promotion of elastin deposition in the necintimal
lesion.

DIscussioON

In this work we demonstrate the in vitro and in vive
efficacy of recombinanl AAV vectors for vascular SMC
transduction and show the therapeutic potential of
FIMPT gene transfer for the prevention of restenosis.
After balloon injury of rat carotid arteries followed by
AAV-LacZ transduction, the expression of the [-gal
transgene was visualized lhrough the arterial wall, with
special intensity in the media and neointima layers and
with particular localization at the sites of maximal
damage, in agreement with a recent study [22]. In our
experiments, the overall efficiency of transduction var-
ied widely from 10 to 30% of the entire vascular wall.
This variability may be secondary to the unequal con-
ditions in intravascular delivery, the extent of balloon
injury, and the cell types infected at the monient of
injury when neointimal cells are not present. On aver-
age, the efficiency of AAV vectors for gene transfer to
the damaged arterial wall is lower than that obtained
using first-generation adenoviral vectors, but this is
largely outweighed by the lack of undesirable inflam-
matory effects and the long-term cxpression of the
therapeutic genes [19,22]. In addition, this rate of in
vive transduction appears satisfactory, especially when
the transferred gene encodes a secreted protein (such as
TIMP1), which exerts effects not only on transduced
cells, but also on neighboring cells, which may not
have undergone genc transduction. This paracrine ac-

tion may be of great imporfance in achieving a signif-
icant therapeutic effect.

AAYV vectors are of interest not only for their poten-
tial therapeutic applications, they also represent valuable
tools to assess the in vivo effects of gene overexpression,
The possibility of delivering and expressing a suitable
gene within the arterial wall for prolonged periods of
time might facilitate the molecular understanding of the
disease process and the implementation of new thera-
peutic strategies without systemic side effects. In this
context, the inhibition of intimal hyperplasia in injured
rat carotid arteries by AAV-Timpl underscores the im-
portance of extraceilular matrix remodeling in the path-
ogenesis of this process (reviewed in Refs. [23,24]). This
outcome s consistent with biochemical studies that
have revealed MMP overexpression after coronary angio-
plasty [25] or other procedures that have damaged the
vascular endothelium {26,271, with recent genetic stud-
ies that have highlighted the role of MMP2 and MMP9
polymorphisms on the rate of restenosis [28, with the
outcome of studies performed in MMP2- |29} and
MMP9-knockout animals |30-32], and with the thera-
peutic role of pharmacological inhibition of MMP activ-
ity on the stenotic process [8,33,34]. Contrary to
systemic therapy with nonspecific inhibitors of MMP
activity in the minipig model—which were shown to
affect constrictive arterial remodeling but not neointima
formation [B]—in our experiments the local overexpres-
sion of TIMP1 in the arterial wall markedly reduced the
neointimal area. This effect might be related to the
advantages of local gene delivery and expression com-
pared to systemic treatment.

What is the actual molecular mechanism by which
local overexpression of TIMP1 in the arterial wall reduces
neointimal thickness? This outcome correlates with the
modulation of extracellular matrix content and with a
marked reduclion in the nunber of proliferating cells
migrated to the necintima. Much experimental evidence
indicates that MMPs are overexpressed in the early phases
of the stenotic process and that their activity is essential

FIG. 4. Inhibition of intimal hyperplasia by AAV-Timpl. (A-C) inhibition of necintima lormalion by AAV-Timpl at different times after injury. Arterial
morphometric analysis was performed in control animals at 2, 4, and 8 weeks after injury (n= 11, 6, and 5, respectively) and in animals treated with AAV-Timp1
at the same time points {n = 5 for all groups). Shown are the mean vatues and S[M of the (A) necintima and (B) media areas and of the {C) intirna:media ratio; at
least Lhres seclions per animal were evaluated. The asterisk denotes statistical significance between AAV-Timpt and AAv-LacZ { 7 < 0.01} using the Student { test,
one tailed. {D) Neointima formation in tweo carotid arteries transduced with AAV-LacZ (leit) or AAV-Timpl (right) al 2 weeks after injury. The arteries were
visualized by staining with nuclear fast red.

FIG. 5. Modification of collagen and elastin content of the arterial wall after AAV-Timp] transduction. (A) Effects of AAV-Timp1 transduction on collagen content
as assessed by Azan—Mallary slaining. Shown are enlargements of the arterial wall at 4 weeks after transduction with AAY-Timp1 or AAV-lacZ. Collagen is
visualized by blus staining; muscle cells appear in orange. (B) Quantification of collagen content at 2 and 4 weeks after transduction. The histogram shows the
percentage of collagen in the neointima expressed as number of pixels per area (see Materials and Methods). Shown are the mean values and SEM.
Quantification was performed in four animals per group, analyzing at |east three sections per animal. The asterisks indicate statistical significance { £ < 0.05). (C)
Effects of AAV-Timp] transduclion on elastin content as visualized by Weiger -Van Gieson staining. Shown are the images of two arteries and of the respective
enlargements at 4 weeks after transduction with AAV-Timp1 or AAY.LacZ. Elastin is visualized as dark fibers by staining with Weigert resorcin fuchsin; coltagen
stains in red, (D) Quantification of elastin content at 2 and 4 weeks after ransduction. The histogram shows the percontage of elastin in the nenintima expressed
as number of pixels per area (see Materials and Melhods). Shown are the mean values and SEM. Quantification was performed in tour animals per group,
analyzing at least threc seclions per animal. The astensks indicate statistical significance { £ < 0.05).
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lagen content was altered after balloon injury in normo-
lipemic rabbits and pigs and that pharmacological inhibi-
tion of MMPs resulted in diminished collagen
accumulation [10,35]. Furthermore, johnson ¢t al. have
found that MMP? is necessary for collagen organization by
SMCs [32]. Owr findings, showing decreased collagen
deposition and increased elastin content after AAV-medi-
ated TIMP! gene transfer, are in perfect agreement with
these observations, as well as with the conclusions of the
work of Forough et al.,, who have shown that local over-
expression of TIMF1 increases clastin accumulation
through a posttranstational processing mechanism [21].
Most likely, the overall outcome of the modifications
induced by TIMP1 overexpression is the reduction of
passive tensile strength (less collagen) and the mainte-
nance of the elastic properties of the arterial wall {more
elastin}.

The activity of MMPs is essential to permit SMC mi-
gration and invasion of the neointima, as also confirmed
by the results of our in vitre chemoinvasion assay. Al-
though TIMP1 docs not secm able to affect SMC profifer-
ation directly [11,37], recent experimental evidence
indicates that the composition of the extracellular matrix
regulates the responsiveness of SMCs to mitogenic stim-
uli, allowing their transition frorm a contractile to a
proliferative phenotype [38-41]. Accordingly, both SMC
migration and proliferation are significantly impaired in
MMP9-knockout mice [31]. Thus, TIMP1 might affect
SMC proliferation indirectly by interfering with the
remodeling of the extracellular matrix. In a consistent
manner, in outr i vive experiments we observed that
TIMPI gene transfer determined a marked reduction in
the total number of cells in the neointima and lowered
the fraction of proliferating celis, as shown by reactivity to
PCNA immunostaining (data not shown). The overall
result of the earlier organization of the necintimal matrix
and the inhibition of SMC migration and proliferation is
the reduction in necintimal thickness. This conclusion is
consistent with the higher efficacy of AAV-Timp1 gene
transfer in the early phases of the stenotic response (2
weeks compared to 1 or 2 months), when MMPs are
overexpressed [9]. The slightly reduced effect of TIMP1
at the later time peints could also be ascribed 1o the
development of an immune response against the trans-
ferred human TIMP1. However, the high similarity be-
tween the human and the rat proteins, the persistence of
human TiMP1 expression over time, and the absence of
inflammation at histological examination indicate indi-
rectly that the animals did not raise an important im-
mune Tesponse against the transgene-expressing cells,
Nevertheless, we caunot exclude the presence of neutral-
izing antibodies against the human TIMP1, which might
account for a partial reduction in the therapeutic effect
over thne,

Taken together, the results described in this work
suggest that MMPs contribute to the restenosis process

favoring SMC migration from the media to the intima and
inducing extensive rermodeling of extracellular matrix,
which in turn might be essential for SMC accommodation
within the neointima. Up-regulation of MMFP expres-
sion—especially of MMPZ and MMP9—was shown to be
even higher after stent implantation than after balloon
angioplasty {71, Thus, AAV-Timpl gene delivery might
tind an application as an approach to avoid neointima
formation in the process of in-stent restenosis, which
depends mostly on intimal hyperplasia. The developiment
of a gene therapy strategy for this condition might be of
great interest as an alternative approach to the implanta-
tion of drug-coated stents.

MATERIALS AND METHODS

Production, parification, and characterization of tAAV vectors, pAAV-
Timpl was constructed by coning the human TIMPL cDONA, which was
obtained by RT-PCR amplification from Hela cell total RNA, to substi-
tute for the GFP and neomwycin-resistance genes in plasmid pTR-UTS,
kindly provided by ™. Muzvezka (University of Florida, Gainesville, FL,
1USA). pAAV-LacZ was again obtained by inserting the LacZ gene from
plasmid pCIH110 {Pharmacia, Uppsala, Sweden} [42] into the pTR-UFS
backbone,

The claning and propagation of AAY plasmids was carried outin the JC
BY11 Escfrericitie coli strain. lotectious AAV2 vector particles were generat-
ed and titered exactly as described previously |42,43). Viral preparations
used for this work had titers.of ~1 = 10" wiral genome particles per
milliliter.

Evaluation of smooth rmuscle cell transduction by AAV vectors. To define
the permissivity of smaooth muscle cells to AAV vectors in vitro, a prepa-
ration of AAV-GFP (obtained from plasmid pTR-UF3; 1 x 10'' genome
partices) was used to transduce 1 % 103 caronary artery smooth muscle
cells {purchased {rom Clonetics, BioWhillaker, Walkersville, MD, USA)}.
After 5 davs, flow cytometric analysis of GF-cxpressing cells was per-
formed using a FACScalibur instrument (Becton - Dickinson, San Jose, CA,
USA) acquiring 1 = 10" events tor each sample.

The efficiency of the A3V transduction of the arterial wall in vivo was
evaluated by intraluminal delivery of rAAV-LacZ for 40 inin, After 2 and 4
weeks from teeatment, the carotid arleries were harvested, fixed, and
stained for X-gal reactivity as described [22]. Five to eight 5-um sections
were counterstained with nuclear fast red,

Chentainvasion assiy, To assay the ability of SMCs to invade matrix, 1 =
10° human coronary artery SMCs were transduced with either AAV-
Timpl or AAV-LacZ (f = 10" genome particles) for 48 b and then seeded
i serui-free medivm into e coll collure inserls of S pore size
invasion chambers coated with Matrigel (BioCoat Matrigel Invasion
Chambers; Becton-Dickinsen). The same medium suppliemented with
serum and chemoattractants (hEGTF 0.5 ng/m], insulin 2.5 ng/mi, hFGT-B
1 nglml, FBS 54 was placed in the tower chamber. After 22 h incubation,
cells that migrated 10 the lower side of the filter were fixed in methanol,
stained with Gilemsa solution, and counted in eight fields per membrane
at 400> magnification. Each assay was carried out in triplicate. Results are
given as the mean rnumber of nigrated cells + standard error of mean
(SEM).

Bativon injury and AAV application. Animal care and treatment were
conducted in conloemity with institutional guidelines issued in compli-
ance with national and international laws and policies (EEC Council
Directive BG/609, Q7L 358, December 12, 1987}, Male Wistar rats weighing
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300400 g were anesthetized and the right cornmon and external carotid
arteries were exposed and isolated. A 2F Fogarty calheter {Baxter - Edwards
Healthcare, Irvine, CA, 1JSA) was introduced into the common carotid
artery thraugh an arterinfomy in the external carotid artery and infiated
ta 1.5-2 atm. Injury was induced as described by Clowes ef af. |24,
covering a total length of 1 em. After balloon removal, tAAV vectors were
injected through an Intramedic PES] (Becton-Dickinson) polvethivlens
cannula and allowed to incabate in the injured segment in the absence of
Merwe for 40 min. The external carotid was then ted and the blood flow
was restored through the common carotid artery.

The AAV-Timpl-treated group consisted of 15 animals, whereas {he
control group was composed of 22 animals; animals were randomly
exposed Lo AAV-Timpl, PBS, or AAV-LacZ aflter an appropriate curve of
learning ot a previous sct of animals. The treated group received 100l of
rAAV-Timp1 (1 x 10" total viral particles); the control group received 100
ul of TAAV-LacZ (1 = 10" particles} or PBS (1 = 16 and n = 6, 1espectively).
Animals were sacrificed after 2, 4, and & weeks (Timp1 group, 1= 5 al each
time point; contiol group, # = 11, # = 6, 1 = 5 al 2, 4, and § weeks,
respectively),

Chuantification of transduced WTIMEL by real-thne RT-PCR. Tolal RNa
from injured arteries at different timies after tromsdection was extractod
according the guanidinium thiccvanate - phenol - chloroform extraction
procedure |44]. After reverse transcription with random hexameric pri-
mers, real-time quantitative PCR was performed on a 7000 ABL Prism
instrument {Applied Biosystems, Faster City, CA, T2SA) To the same lobes,
@ multiplex reaction was carried out for the simultaneous amplification of
the hTIMIL ¢DNA and the housekeeping gene 18s as a standard. The
TagMan probe and primers were purchased from Applied Biosystems as an
Assay-on-Demand for WTIMPY{ and as a Predevelopment Assay Reagent for
the 18s.

Zyniograplty awd reverse zpmograply. Three days atter balloon injury, rat
carotid arteries were harvested and kept in culture in serum-free medium.
The 3-day conditionsd medinm was used {or subsirate gel electrophoresis
under nonreducing conditions on a 0.1% gelatin and 108 SDS-poly-
acrylarside gel. Aller extensive washing in 2.5% Triton to remaove SDS, the
gel was incubated for 16 h at 37°C with shaking in collagenase buffer (50
mM Tris—HCI, pH 7.4, 130 mM NaCl, & mM CaCly, and 0.2% Triton X-
1003, Finally, the gel was stained in 0.1% Coomassie brilliant blue; clear
zones against the blue background indicate the presence of gelatinolytic
achivity [45],

The activity of haman TIMP1 on rat MMP activity was assessed by
reverse gel zymography [45} 293 cells transfected with pAAV-Timp?t or a
control plasmid were cultured for 24 h it serum-free medium,; super-
natants were harvested, filtered, and cancentrated priar (0 oading onto a
0.6% gelatin and 12% polyacrylamide gel. The gel was then incubated for
2 b in the medium of cultured rat carotid arteries {used as a source of rat
MMPs) mixed 1:1 with the collagenase huffer. Functional TIMP1 appeared
as a dark band at approximately M, 28 000

Histalogy and immmunohtistochiemnistry. For histological analysis, a seg-
ment of each harvested artery was fixed in 2% formaldehyde, embedded in
patalfin, sectioned at 5 pm, and processed for microscopic examination
after hemaloxylin staining,

The intima and medio areas and the intima-to-media ratio were
calculated by digital planimetry of tissue sections, by an investigator
Minded for treatment regimen. For each animal, at [cast four individual
sections (at 350-pm intervals), obtained from the middle portion of the
treated segment, were analyzed.

Protocols for immunohistochemistry were undertaken according to
the Vectastain Elite ABC Kit (universal or goat) from Vector Laboratories
using primary antibodies against TIMPL (NeoMarkers, Fremont, CA, USA)
and o-8MA (144 Sigma Chemical Co., 5t Lowis, MO, USAY. After treat-
rieenat, slidles were rinsed in PBS and signal was developed using 3.3
diaminobenzidine as substrate for the peroxidase chiomogenic reactinn
{Lab Vision Cory., Fremont, CA, USA),

Collagerr and clastin content guantification. The collagen and elastin
content was assessed Dy Azan-Mallory and Weigert—Van Gieson stain-
ing. Briefly, for Azan-Mallory statning rehydrated sections were consec-
utively stained in Azocanmin and Azan solutions, using phosphotungstic
acid as a mordant, and a careful differentiation was completed in anilin.
For Weigert-Van Cieson staining, rehvdrated sections were first stained
in Weigert resorcin fuchsin solution at 60°C, rinsed in water, differenti-
aled in acid alcohol, and counterstained in Van Gieson solution.

For each animal analyzed, at least three individual sections tat 350-pm
intervals) were stained with Azan-Mallory or Weigert—Van Gieson to
evaluate collagen (cvan) and elastin (black), respectively. Histalogical
quantification was performed by transforming the respective colors into
monochirome with a 255-level gray scale (NIH Image ] 1.2% software,
Bethesda, MD, USA}, followed by the evaluation of the relative number of
pixels after adjustment of the individual thresholds for each color, thus
permitking a binary analysis {35]. Results are expressed as the number of
pixels per areq classified us collagen or elastin divided by total number of
Pixeis in each area.

Statistical analysis. Resulls are expressed as means £ SEM. The Student !
lest was used to compare cell migration, media (M) and necintima (I}
mean areas, and 1M ratios. The nonparametric Mann- Whitney test was
used to compare collagen and elastin content in treated and control
groups, Values were considered statistically different when £ < 0.05. Two
occluded arteries weie excluded from the AAV-Timpl group at 14 days
and ane from AAV-LacZ group at 28 days.
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Pentraxin 3 Inhibits Fibroblast Growth Factor 2-Dependent
Activation of Smooth Muscle Cells In Vitro and Neointima
Formation In Vivo

Maura Cameozzi, Serena Zacchigna, Marco Rusnati, Daniela Coltrini, Genare Ramirez-Correa,
Barbara Bottazzi, Alberto Mantovani, Mauro Giacca, Marco Presta

Objective—The fibroblast growth factor (FGFYFGEF receptor system plays an important role in smooth muscle cell (SMC)
activation. Long-pentraxin 3 (PTX3) is a soluble pattern recognition receptor with non-redundant functions in
inflammation and innate immunity. PTX3 is produced by different cell types of the vessel wall, including SMCs, PTX3
binds G2 and inhibits its angiogenic activity on cndothelial cells. We investigated the capacity of PTX3 to affect

FGF2-dependent SMC activation in vitro and in vivo.

Methods and Results—When added to human coronary artery SMCs, human PTX3 inhibits cell proliferation driven by
endogenous FGF2 and the mitogenic and chemotactic activity exerted by exogenous recombinant FGF2. Accordingly.
PTX3 prevents 'I-FGI2 interaction with FGF receptors on the same cells. Also, PTX3 overexpression after
recombinant adeno-associated virus-PTX3 gene transfer inhibits human coronary artery SMC proliferation and survival
promoted by FGF2 in vitre. Consistently, a single local endovascular injection of recombinant adeno associated

virus-PTX3 gene inhibits intimal thickening after batloon injury in rat carotid arterics.
Conclusions—PTX3 is a potent inhibitor of the autocrine and paracrine stimulation cxcrlcd by FGF

n SMCs. Local

PTX3 upregulation may modulate SMC activation after arterial injury. {Arterioscler Thromb Vasc Biol, 2005;25:0-0.)

Key Words: smooth muscle cells m arterial injury m gene therapy m fibroblast growth factor m pentraxin 3

l E xcessive growth of vascular simooth muscle cells (SMICs)

is an important c&imponent in atherosclerosis and reste-
nosis. Fibroblast growth factors (FGFs). a family of. pleiotro- -

pic heparin-binding growtli factors. - exert-their activity by

interacting with tyrosine-kinase receptors (FGFRs) on target-
cells. The FGF/FGFR system plays. an. important” role:iirn .
SMC activarion in vitro and in Vi-vo -1ﬁcr ‘arterial injury.

of SMCS”‘ -6 that eXpress F‘GFRS. :
injured arteries and contribute to mtlrm] thxckenma 59 Ac-
cordingly, arterial injury leads to  FGFR upregulation “in

SMCs.51% Also. most-of the celf types found in the restenotic -

area. eg. endothelial cells, macrophages. T-cells, and SMCs

themselves, synthesize FGFs.!' the production and release of

which is modulated by inflammatory mediators,'>!® hypox-
ia,'* and cell damage. !5

Pentraxin 3 (PTX3) is the prototypic member of the
long-pentraxin family.'s PTX3 is a glycosylated protein
whose C-ferminal pentraxin domain shares homology with
the entire sequence of the classic short-pentraxing C-reactive
protein and serum amyloid P (SAP) component, whereas its
NH,-terminal portion does not show homology with any other

“known protein: PTX3 is a soluble pattern recognition receptor
_ with unique non-redundant functions in various physiopatho-
logichl conditions and may serve as a mechanism of ampli-

~ fication of inflammation and invate immunity.'s Unlike
Short pentmxmc ploduced by the I1ver 1 rcf.ponsc to inflam-

" site by monocyteQ 'mcl endmhehal cellq in responqe o

infla 1% In endothelial cells, PTX3 upregu-
ssion, possibly acting as an endothe-

o ‘thromhogenesis and ischemic vascular

- ~disease,'? Alse, P1'X3-is upregulated during vasculitis,'® and

increased plasma level of PTX3 predicts 3-month survival in
patignts with acute myocardial infarction, '

Recent observations have shown that PIX3 is present in
atherosclerotic plaques?! and is expressed by SMCs isolated
from human arterial specimens.®2 Moreover, P1X3 binds
FGF2 and inhibits its angiogenic activity on endothelial
cells.2® On this basis, we investigated the capacity of PTX3 to
affect FGF2-dependent SMC activation in vitro and the
impact of recombinant adeno-associated virns (rAAV)-PTX3
gene transfer on neointimal hyperplasta after arterial injury in
vivo.
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Methods tivity was then measured (see supplemental Methods). The experi-
. ments were repeated 3 times in duplicate.
Chemicals
Human recombinant FGFZ and PTX3 were produced as de- Reverse Transcription-Polvmerase Chain
scribed. 3 SAP, epidermal growth factor (EGF), and insulin were Reaction Assay )

from Sigma. Neutralizing anii-FGF2 antibodies were from UBI. The
recombinant solubte extraceilular domain of FGFR-1 {xcFGFR-1}
was provided by A. Isaccht (Pharmacia-Upjohn. Nerviano. Ttaly}).

Total RNA was isolated by the TRIzol method Irom ITCASMCs
(3% 107 cellstwell in 24-well plates). Total RNA (2 ug) was
retrotranscribed with Ready-To-Go You-Prime First Strand Beads
{Amersharm}. Then, 1/10™ of the reaction was amplified in a finai

Cell Cultures and rAAV Transduction volume of 25 uL using the primers for homan PTX3, FGF2. or

Human coronary artery SMCs (HCASMCs) were grown in complete FGFR-1 {see supplemental Methods). After polymerase chain reac-
smooth muscle cell growth medium-2 (PBI International) containing tion, 5-uL aliguols were separated on a 1.5% agarose gel and
5% Tetal calf serum (FCS}. pAAV-PTX3 was constructed by cloning visualized by ethidium bromide staining,

the human PTX3 cDNA in pTR-UFS plusmid (provided by N.

Muzyczka, University of Flonda, Miami. Fla) 1o replace the GFFP Balloon Injury and rAAV Vector Application

and neomycin-resistance genes. pAAV-LacZ was oblained by insert-
ing the LacZ gene Irom plasmid pCHI10 (Amersham) in the
pTR-UF5 backbone.”® The cloning and propagation of AAY plas-
mids was carried out in the JC 81TV Escherichio cofi strain,
Infections AAV?Z wector particles were generated and (itered as
described. 2 HCASMCs were transduced with AAV-PTXF or AAV-
LacZ, and PTX3 and FGF2 protein levels were evaluated in the cell
extracts and conditioned media by ELISA {ee supplemental Meth-
ads. availahle ontine ar hitpJ/fatvb.ahajourn. Is.org).

A 2F Fogarty catheter was introduced inlo the common carotid artery
of anesthetized male Wistar rats, inflated to 1.5 to 2.0 atmospheres,
and o Hl-mm injury was induced (see supplemental Methods). After
balloon removal. 100-pl. aliquots of phosphate-buflered saline
comtaining no viral particles (n=6), AAV-LacZ (110" particles,
a— 113 or AAV-PTXI (1x10" particles, n=12) were imjected
through a cannula and altawed (0 incubate in the injured segment for
40 minutes. The exlernal carotid was then tied and the blood flow
wis restored. Amimals were euthanized after 2 and 4 wecks. Media
and meaintima areas of injured arteries were quant]fled and intima-
Cell Proliferation and Caspase Activation Assays to-media ratins were calculated. PTX3 immy ining of paraffin-
Parental or AAV-infected HCASMCs wer: -eeded at 5000 cells/em” embedded carotid seciions was pcrfur_mcd after injury using
in complete smoolh muscle cell growih me lium-2. After overnight a rabbil polyelonal anti-PTX3 antibody (see stiphlemental Methods).
incubation, fresh basal medium containing U 3% FCS was added and : S

celis were incubated at 37°C in the presenc. of selected molecules. Statistical Analysis

At selected periods of time, cclls were trypsinized and counted ina Resulls are expressed as mean*=SEM. Student ¢ (est was used for
Burker chamber. The experiments were ropeated 3 to 6 limes fn -

- ¢ . Co0 siatistical analysis and P<<0.05 was considered significant.
duplicate. Parallel cell cultyres were acetone-fixed and incubared. - . :

overnight al 4°C with anti-cleaved caspase-3 antibody (Cell Signal- =~ ' Results

ing Technology) and then with goat anti-rabbit immunoglobulin -

G-fluorescein isothiocyanate antibody for 1 hour, Nuciel -were | : ~ PTX3 Irthibits FGF2-Induced Proliferation and
stained with DAPI. Next, the percentage of cleaved caspase-3 - Chemotaxis:in-SMCs

posilive cells was asscssed under a ﬂuorcsccncc microscope m IU )
random X400 fields per sample.
For *H-thymidine incorparation,. HCASMC‘E in basal medmm
containing 0.5% FCS were added with FGF2.(1.7 nmol/L) in the !
absence or presence of 220 nmol/L of PTX3 or SAP. After 14 hours,
cells were incubated for 10 howrs jwith: H-lhymidine (2 p,Cu'mL
Radioactiviry 1ncorp0rmed d-insoluble.x
was deiermined by seinlillation counting and data were cxpreascd as
cp/peg of DNA. The experiments were repeated twice in triplicate.

SMCs produce FGF2 that, in turn, stimulates their prolitera-
_--'tlon and mlgratlon” by mteractmg with [FGIRs.28 Aceond—

- FGF2-dependent autocrine loop of stimulation in HCASMCs,
Cell viability evaluated at the end of incubation by Trypan blue .~ Under the ‘same experimental conditions, addition of 220
exclusion was higher than 98% under all experimental conditions. - nmol/L. of PTX3 (o HCASMCs caused’ a similar inhibilory
effect (Figure 1A). SAP, which shares a high homology with
the PTX3 C-terminus,? was ineffective (data not shown).

Chemotaxis Assay

HCASMCs ([x10° cells/mL) were seeded in serum-Iree medium in HCASMCs reqpt’)nd t0 exouenou‘dy added FGF? with an
the upper compartment of a Boyden chamber containing a gelatin- , T . - . . i

coated 5 um PVP free polycarbonate filier (Costar). FGF2s with or increase in preliferation rate and DNA synthesis that were
without PTX3 ar SAP were placed in the lower compartment, After suppressed by anti-FGE2 antibodies and PTX3 but not SAP
4 hours at 37°C, ccils that migraled o the lower side of the filer (Figure 1B and 1C) PTX3 did not affect the mitogenic
were stained with Diff-Cuik (Dade-Behring) and 5 random lields activity of insulin, DGF, or serur, contirming the specificity

were counted for each experimental condition. The experiments were

s FGE2-antazolis I _ 2 als
repeated 3 times in triplicale. of ity [FGEF2-antagonist activity (Figure 1D). FGF2 also

exerted a chemotactic activity on HCASMCs (Figure 2ZA)

51.FGF2 Cell Binding and Solid Phase which was inhibited by PTX3 but not by SAP {Figure 2B},
Binding Assays These data suggest that PTX3 inhibits FGF2-driven stim-
Confluent HCASMCs were incubated at 4°C in serum-free medium ulation by preventing FGF2 interaction with HCASMUCs.
contining '""{-FGF2 (011 amol/L. specific radiouctivity of 800 Indeed, PTX2 inhibits the binding of "™I.FGF2 to FGFRs
cpr/tmol), 0.15% gelatin, and 20 mmol/l. Hepes buffer (pH 7.5). expressed on HCASMCs at doses similar to those required to

wilh or without PTX3. Alter 2 hours, the amount of '*[-FGF2 bound . ; . . . . -
: inhibit the Aty 2
to FGFRs was evaluated.?” For solid phase binding assay. ELISA hibit the mitogenic and chemotactic activity of FGF

microplates were coated with PTX3 and incubated with '*I-FGT2 (Figure 3A). To confirm that the interactions of FGF2 with
{1.6 nmol/L) in the presence of increasing concentrations of soluble PTX3 or FGFRs are mutually f:xciusive, plastic-immobilized
extracellular domain of FGIR-1 (xcFGER-1). PTX3-hound radioac- PIX3 was mcubated with "1-I'GF? in the presence of
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Figure 1. Effect of PTX3 on the mitogenie activity of FGF2 in
HCASMCs. A, Proliferation of HCASMCs treated with 0.56% FCS
alone (@), PTX3 {220 nmol/L) (@), or anti-FGF2 antibodies (60
nmol/L} (A}, inset, real-time polymerase chain reaction analysis
of FGF2 and FGFR-1 mRNA expression in HCASMCs. B, The
experiment was petformed ag'in A but in the presénce of 1.7
nmel/L FGF2. G, *H-thymidine: |ncorp0rat|on in HCASMCs . .
treated with FGF2 {1.7 nmol/L} in the absence (black bat) or

iy
Cg“&@‘g‘\ & E

presence of 220 nmot/L of PTX3 (gray bar) or SAP idashed bar). -

D, Proliferation of HCASMCs treated for 4 days with FGF2 {
nmol/l), insulin (.83 ;.tmolli_} EGF (6.0 rimol/L), or: 5% RLGr

or SAP {dashed bar) (both at 220 nmol/L). All mitogens inducéd™

a significant increase in cell profiferation when compared with' .

cells grown in 0.5% FCS {dashed line),

xcFGFR-1. As anticipated, xcFGFR-]' prevented the binding - : -

of '¥L.FGF2 (o immobilized PTXF (Figure 3B):

AAV-PTX3 Transduction I_Ilhlbltb FGF2 Induced
SMC Proliferation and Survival
PTX3 is expressed by vascular SMCs under defined condi-
tions.2'-22 To assess the effect of endogenous PTX3 on SMC
behavior, HCASMCs were infected with an rAAYV harboring
the human PTX3 cDNA, generating AAV-PTX3 HCASMCs.
Preliminary experiments performed with cefls transduced
with LacZ-AAV (AAV-LacZ HCASMCs) showed that the
infection efficiency was higher than 70% (data not shown).
AAV-PTX3 infection resulted in the upregulation of PTX3
mRNA in AAV-PTX? HCASMCs when compared with
AAVY-LaceZ HCASMCs (Figure 4A, inset). This was paral-
teled by an increase of PTX3 protein produced and released
by AAV-PTX3-infected cells (PTX3 levels in the condi-
tioned medium of AAV-PTX3T and AAV-LacZ HCASMCy
were equal to 100 pmol/L and 8 pmol/L, respectively). AAV
infection and consequent PTX3 upregulation did not affect
FGF2 expression. Indeed, AAV-PTX3 and AAV-LacZ
HCASMCs showed similar levels of cell-associated {4.4
versus 5.0 fmol/pg) and released (2.2 versus 2.7 pmol/L)

Camozzi el al PTX3 Inhibits SMCs 3

cellsffield

NENIRAE St a¥ ¥
+ FGFZ + PTX3 + SAP
{nmoll.} {umoliL)

Figure 2, Effect of FTX3 on the chemaotactic activity of FGF2 in
HCASMCs. Cells were seeded in the upper compartment of a
Boyden chamber. A, Serum-free medium alone {white bar} or
added with the indicated concentrations of FGF2 {black bars)
was placed in the lower compartment. B, FGF2 {1.7 nmol/L} was
placed in the lower compartrment in the presence of PTX3 {gray
bars) or SAP (dashed bars}, and migrated cells were counted 4
hours thereafter.

FGF2 protein. Nevertheless, AAV-PTX? transduction
blocked the proliferation of HCASMCs ‘maintained in 0.5%
FCS when compared with AAV-LacZ HCASMCs (Figure
4A, open symbols). Also, AAV-PTX3 HCASMCs were

unabla to respond 1o exogenonsly added recombinant FGF2.
The inhibitory effect was specific because the growth factor

maintained its mitogenic activity in control AAV-LacZ

- - HCASMCs-(Figure 4A}.

FGF2 represents an important SMC survival factor.s®

) .Deprivalion of endogenons FGF2 afier PTX3 upregulation
~ caused caspase-3 activation in AAV-PTX3I HCASMCs that
"+ was -drastically reduced by recombinant FGF2 treatment to

values similar to those observed in AAV-LacZ HCASMCs

[(Figure 4B and 4C; Figure 1y availabie online at htip: 1
atvh; ahajonma.]s om) ‘Accordingly, cell number was reduced

w100
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Figure 3, Effect of PTX3 on "$I-FGF2 binding to FGFRs. A,
HCASMCs were incubated with "¥I-FGF2 in the presence of
PTX3. The amount of "*I-FGF2 bound to FGFRs is expressed
as percent of radicactivity measured in cells incubated in the
absence of PTX3. B, PTX3-coated wells were incubated with
BILFGEF2 in the presence of soluble xcFGFR-1. PTX3-bound
radicactivity was expressed as percent of the binding measured
in the absence of the competitor.
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Figure 4, Effect of PTX3 overexpression in HCASMCs. A, Prolif-
eration of AAV-PTX3- {squares) and AAV-LacZ-transduced (cir-
cles) HOASMCs incubated in the absence {open symbols) ar
presence (closed symbwols} of FGF2 (1.7 nmol/l); inset, real-time
polymerase chain reaction analysis of PTX3 mRNA expression in
AAV-LacZ and AAV-FTX3 HCASMCs. n.t. indicates no template.
B, Caspase-3 activation in AAV-LacZ and AAV-PTX3 HCASMCs.
The percentage of cleaved caspase-3 positive cells was calcu-
lated 2 days after treatment with vehicle (black bars) or FGF2
{gray bars).

overtime in PTX3-overexpressing HCASMCs (Figure 4A),
Similarly. PTX3 protein treatment, like anti-FGF2 antibodies,
caused caspase-3 activation in AAV-LacZ HCASMCs (Fig-
ure I, available online at http:Hatvbiahajnurnals.org).

Efficacy of AAV-PTX3 in thc Rcductwn ot
Intimal Hyperplasia "

To explore the effects of PTX? expres‘;wn i vivo, we-

evaluated its ability.: 10 “prevent intimal hyperplasia after

arterial injury, Ral carotid arterics infected with AAV-LacZ
immediately after ballobn injury express B-galactodidase with
a peak 2 weeks after infection that persists over the following

weeks, The marker;ge xpressed throughuut th
wall, maximally in the neointima (Figure 5D).

intiltrating SMCs 2 Therefore, the rat carotid artery of 12rats
wits exposed t0 AAV-PTX3 for 40 minutes immediately ﬂfu.r
balloon injury. A matched gronp of control animals received
either AAV-LacZ or phosphate-buffered saline. ITmmuno-
staining of carotid sections demonstrates that PTX3 is ex-
pressed in the inlima and media of AAV-PTX3-treated
animals both at 2 weeks (data not shown) and 4 weeks after
infection when compared with control animals (Figure 5C).
At these fime points, the stenolic response wus quantilied by
measuring the intima and media areas. T'he thickness of the
media of the injured rat carotids was similar in control and
AAV-PTX3-treated groups (0.0940.01 versus 0.1120.01 mun?
at 2 weeks; 0.100.01 versus 0.122001 mm® at 4 weeks),
whereas the neointimal area of the treated group was signifi-
contly reduced both at 2 and 4 weeks (0.13240.01 versus
0.08+0.02 mm® at 2 weeks. P<0.03 0.18x0.01 versus
0154003 mnr at 4 weeks, P<0.03) (Figure SA and 5B).
Accordingly, the intima-to-media ratio, a more sensitive param-
eter lor assessing relative changes in intima and media thickness,
was signiticantly reduced in the AAV-PTX3-treated group
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Figure 5. AAV PTX3 transduction in balloon-injured rat carotids.
Necintima formation in 2 carotid arteries transduced with AAY-
PTX3 (A) or AAV=LacZ (B) at 2 weeks after injury. At 4 weeks,
immunostaining shows an intense PTX3 immunorsactivity
farrows in inset) in an AAV-PTX3-transduced carotid (C) com-
pared with & AAV- LacZ-transduced vessel counterstained for
ysis of rat carotid intima-
to-media ratio was performecl ati2 eeks (E) and 4 weeks {F}
after balloon injury in control animals that received either AAV-

" LacZ or phosphate-buffered saling {black bars) and in animals

treated with AAV-PTX3 (open hars). "P<0.05. Original magnifica-

" tion in C and D, X200; inset in C, x400. Nonspacific staining of

adventitia (detectable also by omitting primary antibody [not
shown]) is observed in both C and D.

compared with controls (55% and 44% inhibition al 2 and 4
weeks, respectively) (Figure SE and 5F).

Discussion

The FGEF/HGER systemn plays a key role in SMC proliferation,
migration, and survival in vitro®© and neointimal thickening
after arterial injury.** Accordingly. in vivo abrogation of
FGFZ activity or FGFR signaling inhibits SMC proliferation
after intimal injury.”'"™ Here we demonstrate that PTX3
exerts 1 potent FGF2 antagonist activity by suppressing cell
proliferation, survival, and migration in HCASMCs and by
inhibiting intimal thickening after carotid injury.

HCASMCs express both FGF2 and FGFRI transcripts.
Anti-FGF2 antibodies suppress the preliferation of
HCASMCs maintained under low scrum  concentrations,



demonstrating the existence of an autocrine FGIF2 signaling
in these cells, as already shown for SMCs of different origin.®
Exogenously added PTX3 and endogenously overexpressed
PTX3 both inhihit this autocrine loop of stimulation. Also,
PTX3 fully abolishes the activity of exogenous recombinant
FGE2 protein. 'The short pentraxin SAP, however, docs not
affect FGF2-dependent cell preliferation and chemotaxis, and
PTX3 does not inhibit HCASMC proliferation triggered by
insulin, EGF, and serum, underlining the specificity of the
FGF2-antagonist effect exerted by PTX3.

The antagonise activity of PTX3 depends on its capacity 1o
bind FGF2? with high affinity.®® thus acting as a “FGEF2
decoy” that sequesters the growth factor in an inactive form.
Accordingly. PTX3 prevents the binding of '""[-FGF2 to
FGFRs expressed on HCASMCs. Also. the interactions of
FGF2 with PTX3 or soluble xc-FGFR1 are mutually exclu-
sive. Thus, PTX3 affects the aclivity of both endogenous and
exogenous FGE2? by binding the growth factor and preventing
FGFR occupancy in SMCs.

SMCs are permissive to rAAV trapsduction.’' Accord-
ingly. we successfully infected HCASMCs with an AAV-
PTX3 vector. This resulted in high levels of expression and
secretion of PTX3. with the consequent inhibition of the
activity exerted in vitro by endogenous and exogenous FGF2L
Noticeably. PTX3 produced endogenously afier rAAV trans-
duction exerts @ more potent FGF2-antagonist activity when

compared with PTX3 administered as a single bolus of
purified protein (the FGF2-antagonist activity:being.observed -

at 100 pmol/L versus 220 nmol/L of PTX3) lespecuvely)
This indicates that the continuous production of PTX3 and its
release in the microenvironment Surloundmg t: :FGF') -targét

cell, an experimental condition that mimics more. cioqely the
in vivo situation, results#in an increased ability to interact-.

with the growth factor and 10 antagonize it§ activity, further
supporting the efficacy of the rAAV gene transfer approach.
In injured rat carotid artenes transduced in vivo with
AAV-LacZ, expressio
after infection and ‘persists for several weeks; The' marker
gene i3 expressed throughout the vessel wall, maximally in
the neointima, with an overall efficiency of transduction
cqual to approximately 0% of the entire vascular wall
{Figure 5) * Consistently, in vivo AAV-PTX3 transduction
results in PTX3 protein expression in the vessel wall. This
was paralieled by o significant decrease in the intima-to-
media ratio at 2 and 4 weeks after injury. FGF2 is produced
by SMCs and other cell types in the restenotic area, including
- endothelial cells, macrophages, and T-cells.'¥ Thus, FGF2
may exert autocrine and/or paracrine functions on FGFR-
expressing SMCs of the injured vessel.?*2 The bulk of our
observations strongly suggests that the inhibition of neointi-
mal thickening exerted by rAAV-delivered PTXJ is attribut-
able w its FGF antagonist activity, in keeping with previous
studies about the capacity of FGF2 antisense or dominant
negative FGFR gene transfer (o prevent restenosis, ™0
PTX3 is produced at the inflammatery site in response to
cytokines and bucterial components.®=*3+ Several cellalar
components of the blood vessel wall express PTX3, including
endothelial cells,®” macrophages.™ dendritic cells.?® adipo-
cytes,’e fibroblasts™ und myoblasts.® Also, limited levels of

salactosidase peaks =2 weeks’
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PTX3 mRNA and protein are detected in HCASMCs in vitro
(present work). Interestingly, PTX3 expression is upregulated
by modified atherogenic lipoproteins in SMCs isolated from
human arlerial specimens.™ Qug observations suggest that
PTX3 may exert a modulatory function on SMCs afler blood
vessel injury by limiting the activity of FGF2, However, this
does not seem to be sufficient to prevent the pro-stenotic
action of the growth tactor, and higher levels of PTX3
expression, like those achieved after rAAV gene transfer, are
required Lo limit necintimal thickness.

Twenty-three members of the FGF family exist that inter-
act with the products of 4 FGFR genes, underlying ihe
complexity of the FGF/FGFR system.t Here we have shown
that PTX3 affecls FGF2/FGFR-1 inleraction in HCASMCs.
Also, PTX3 can bind FGFS but not FGF1 or FGF4.%
Recently, FGFY/FGFR-2 interaction has been implicated o
the proliferation of neointimal SMCs after arterial injury ®
Further studies are required (o assess the capacity of PTX3 10
affect the activity excrted by diffcrent members of the FGF
family on SMCs.
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Apoptosis-Inducing Ligand’

Abstract

Starting from the observation that tumor necrosis
factor—related apoptosis-inducing ligand (TRAIL)Y/
Apo-2L protein is expressed in both malignant and
inflammatory cells in some highly vascularized soft
tissue sarcomas, the angiogenic potential of TRAIL
was investigated in a series of in vitro assays. Re-
combinant scluble TRAIL induced endothelial celi
migration and vessel tube formation to a degree
comparable to vascular endothelial growth factor
(VEGF), one of the hest-characterized angiogenic
factors. However, the proangiogenic activity of TRAIL
was not mediated by endogenous expression of VEGF.
Although TRAIL potentiated VEGF-induced extracellu-
lar signal-regulated kinase {ERK) phosphorylation
and endothelial cell proliferation, the combination of
TRAIL + VEGF did not show additive effects with
respect to VEGF alone in inducing vessel tube
formation. Thus, although TRAIL has gained attention
as a potential anticancer therapeutic for its ability to
induce apoptesis in a variety of cancer cells, our
present data suggest that TRAIL might also play an
unexpected role In promoting angiogenesis, which
might have therapeutic implications.

Neoplasia (2004) 6, 364373

Keywords: TRAIL, VEGF, signal transduction, angiogenasis, andothelal ceis.

Introduction
Tumor necrosis factor—related apoptosis-inducing ligand
(TRAIL)/Apa-2L is a member of the TNF family of cytokines,
which is broadly expressed at the mBNA level in many
normal tissues and tumor cell lines [1]. TRAIL is a type |l
membrane protein, which can be proteolytically cleaved by
cysteine proteases to a soluble form [2] as previously shown
also for TNF-x and CD95 (Apo-1/Fas) ligand. The unique
feature of TRAIL, compared to other members of the TNF
family, is its ability to induce apoptosis in a variety of
malignant cells both in vitro and in vivo, displaying minimal
or absent toxicity on normal cells and tissues [3,4].

TRAIL interacts with four high-affinity transmembrane
receptors belonging to the apoptosis-inducing TNF-R

www.neoplasia.com
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family. TRAIL-Rt {DR4) and TRAIL-R2 (XRS5} transduce apo-
ptatic signals on binding of TRAIL, whereas TRAIL-R3 {(DcR1)
and TRAIL-R4 (DcR2) are homologous te DR4 and DRS in their
cysteine-rich extraceilular domain, but lack intracellular death
domain and apoptosis-inducing capability and have been pro-
posed to function as decoy receptors, protecting normal cells,
including endothelial cells, from apoptosis (5,61, Although little

" is known about possible ncnapoptotic effects induced by

TRAIL, it has been shown that endothelial cells express ail
TRAIL-Rs [6—8], whereas TRAIL protein is expressed in the
meadial smooth cell layer of the aorta and pulmonary artery [2i.
Whereas cleavage of Fas ligand from the cell surface requires
the action of zinc-dependent metalloproteases, generation of
soluble TRAIL involves the action of cysteine proteases [2].
Notably, the vessel wall is a rich source of cysteine proteases
[10], which suggests that the TRAIL/TRAIL-R system likely
plays a physiotogical role in vascular biology. In this respect, we
have recently demonstrated that addition of TRAIL to human
umbilical vein endothelial cells induces the rapid phosphoryia-
tion and activation of extracellular signal-regulated kinase
(ERK) and Akt [7,8]. Because these intracellular pathways
are known fo be involved in endothelial cell survival, prolifera-
tion, and migration [11,12], in this study, we have investigated
whether TRAIL induced angiocgenesis by using various in vitro
assays. Taking into consideration that several recent studies
have confirmed the hypothesis that tumor growth, in general, is
dependent on angiogenesis [13,14], we have also analyzed the
expression of TRAIL protein in soft tissue sarcomas because
these tumors are often highly vascularized [15].

Materials and Methods

Reagents and Cells
Recombinant histidine6-tagged TRAIL was produced in
bacteria and purified by chromatography on Ni#* affinity resin,
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as described [7]. The concentration of TRAIL uséd in most
assays (10 ng/ml) was determined in prefiminary dose—
response (0.1-1000 ng/ml) experiments. For neutralization

experiments, TRAIL was preincubated with TRAIL-R1-Fc

and/or TRAIL-R2-Fc chimeras, according 10 the supplier's
instructions -(R&D, Minneapolis, MI). Vascular endothelial
growth factor (VEGF; Peprotec, London, UK), was used at
the final concentration of 10 ng/mi. Polymyxin B {Calbic-
chem, La Jolla, CA), was used at the final concentration of
10 pg/ml. A pharmacological inhibitor of the ERK pathway
{PD9805; finat concentration: 10 uM) was from Calbiochem.

Primary human umbilical vein endothelial cells (HUVECS)
were obtained as described previously [B] and were used
between the third and sixth passages in vitro. Cells were
grown on 0.2% gelatin-coated tissue culture plates in M129
endothelial growth medium (BioWhittaker, Walketsville, MD)
supplemented with 20% satal bovine serum {FBS}, 10 pg/ml
heparin, and 50 pg/ml Endothelial Celt Growth Factor (ECGF)
{Sigma, St. Louis, MO).

Necplastic Samples and Immunohistochemistry
Formalin-fixed and paratfin-embedded tissues of human
sarcomas were obtained from 10 surgically treated patients.
The tumors consisted of five liposarcomas, two leiomyosar-
comas, one rhabdomyosarcoma, one angiosarcoma, and
one Kaposi's sarcoma. Immunchistochemical study was
performed on 4 pm sactions using a streptavidin—biotin
complex immunoperoxidase technigue with a polycional
anti—~TRAIL antibody (Ab; clone H-257; Santa Cruz Biotech-
nology, Santa Cruz, CA). Isotype-matched irrelevant anti-
bodies, used as negative cantrol, gave absence of
background. For the evaluation of tumor vascuiarization,

sections were stained with Ab anti-CO31 (clone. JG/T0A; -

BioGenex, San Ramon, CA) and angiogenesis was quanti-
fied by assessment of microvessel density using previously
descrived techniques [16,17}. Briefly, the number of vessel
was counted throughout the entire core specimen in serial
sections. Consecutive per x20 high-power fields were ex-
amined, a median count per field was calcuiated, and a
simple high-density/low-density score was used. Microves-
sel density was analyzed blinded toward the result of the
TRALL staining.

Ceil Migration and Cell Invasion Assays

Cell migration was analyzed using a modified Boyden
chamber assay, as described previously [18], by using
24.well plates with inserts containing 8 pm pore size getati-
nized polycarbonate membranes separating the two cham-
bers of each well {Transwell; Costar, New York, NY).

Celi invasion was investigated by using the Chemicon
Cell Invasion Assay kit (Chemicon international, Temecula,
CA) according 1o the manufacturer's instruction, This assay
is performed in an invasion chamber, a 24-well tissue culture
plate with cell culture inserts containing an 8-um pore size
polycarbonate membrane, over which a thin layer of extra-
cellular matrix (ECM) is dried.

For the assays, exponentially growing cells were harvest-
od with trypsin, centrifuged, resuspended at 0.5 x1 Q8 cells/ml

Mommdncia = Unl & K4 2004

in migration buffer [M199 madium, 10 mM HEPES, pH 7.4,
and 0.5% bavine serum albumin (BSA)], and placed in the
upper compartment of the chambers. TRAIL or VEGF, used
alone or in combination, was added in the lower chambers.
After 4 hours {for the migration assay} or 48 hours (for the
invasion assay) of incubation at 37°C, cells on the upper face
of the membrane were scraped using a cotton gwab and cells
on the lower face were fixed and stained with Mayer's
hematoxylin solution, The number of migrated cells on the
lower face of the filters was counted in five fields under x 100
magnification. Assays were done in triplicates.

Tube Formation Assays
in vitro formation of tubular structures was studied on

_ BioCoat Matrige! tissue culture plates (BD Biosciences, Bed-

ford, MA). Briefly, HUVECs were plated at 3.5 x10° gells/
well in 24-well plates precoated with a solution of Matrigel
basement membrane matrix, and left untreated or exposed
to TRAIL or VEGF. After 48 hours of incubation at 37°C, the
cell 3D organization was examined under an inverted photo-
ricroscope and photographed (< 40). Each treatment was

performed in triplicate.

In vitro angiogenesis was assessed as formation of
capillary-like structures of HUVECs cocuMtured with matrix-
producing cells that had been UV-irradiated before plating of
primary HUVECs (TCS Biologicals, Buckingham, UK) ri9).
Briefly, cultures were left untreated or stimulated with TRAIL
or VEGF, used alone or in combination, at day 3. When
indicated, PD9805¢ or the vehicte (0.25% DMSO), previous-
ly diluted in medium, was added to the cultures 45 minutes
before exposure to TRAIL or VEGF. Medium and treatments
were repiaced every 2 to 3 days. At day 12, the cells wera
fixed and HUVECs were stained using an anti—-CD31 Ab
(TCS Biolegicals, Buckingham, UK), according to the instruc-
tions provided with the kit. Images were captured and
analyzed. In particular, to measure the formation of the
capillary network, the number of connections between three
or more capillary-like structures and the total length of tubes
were quantified by image analysis at x40 magnification.
Four-six different fields were analyzed per well.

Western Blot Analysis

For Western biots, HUVECs were plated in 10-cm dishes
and grown at subconfluence pefore treatments. In order to
minimize activation by serum, HUVECs were subject to
partial fetal calf serum (FCS) reduction (to 0.5%} and com-
plete growth factor withdrawal for 18 hours prior to the
addition of TRAIL or VEGF, used alone or in combination.
Cells were harvested in lysis buffer containing 1% Triton
X-100, Pefablock (1 mM), aprotinin (10 pg/ml), pepstatin
(1 pg/mi), teupeptin (10pg/ml), NaF {10 mM), and NazVO,
{1 mM}. Protein determination was performed oy Bradford
assay {Bio-Rad, Richmond, CA). Equal amounts of protein
{50 pg) for each sample were migrated in acryiamide
gels and blatted onto nitroceliulose fitters. Blotted filters
were probed with antibodies for the phosphorylated ERK1/2
and p38/MAPK (ail from New England Biolaboratories,
Beverly, MA). After incubation with peroxidase-conjugated
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anti--rabbit or anti—mouse I9G (Sigma), specific reactions
were revealed with the Enhanged Chemiluminescence
(ECL) Western blotting detection reagent. Membranes were
stripped by incubation in Re-Blot 1 x Ab stripping solution
(Chernicon International) and reprobed for the respactive
total protein kinase content or g-actin {(New England Biol-
aboratories) for verifying loading evenness.

Densitometric values, expressed in arbitrary units, were
estimated by the ImageQuani software (Molecular Dynam-
ics, Piscataway, NdJ). Multiple film exposures were used to
_ verify the linearity of the samples analyzed and avoid saty-
ration of the film,

[PHJThymidine Incorporation

HUVECs were plated onto 96-well plates at a density of
5 x10° cell/wsll. On the next day, the medium was changed
to endothelial cell basa! medium containing 0.5% FBS and
1% BSA (starvation medium). The cells were then pre-
treated with PD98059 for 1 hour and | neubated with TRAIL or
VEGF, used alone or in combination, for 30 hours. [PHithy-
midine (1 pCi) was added to each well during the iast 6 hours
of incubation. [*HJthymidine-labeled DNA was then mea-

sured using a Beckman (Fullerton, CA) mode! LS6000IC _

figuid scintillation counter.

Statistical Analysis

Data were analyzed using the two-tailed, two-sample
test (statistical analysis software: Minitab, State College,
PA). Values of P < .05 were considered significant.

Resulis

TRAIL s Expressed in Highly Vascularized Soft
Tissue Sarcomas

Having previously demonstrated that TRAIL activates
intracellular signal transduction pathways [7,8], which have
been involved in promoting angiogenesis [13,14], in the first
group of expetiments, we have investigated the expression
of TRAM in some cases of malignant mesenchymal turnors
because these tumers are often highly vascularized [15,20].
As-shown in Figure 1A, the cefls of a low-grade gastric
leiomyosarcoma stained negative for TRAIL and were poorly
vascutarized. However, the mafignant neopiastic cells of a
high-grade leiomyosarcoma showed z strong expression of
TRAIL and were characterized by prominent neovascularity,
To ascertain that TRAIL expression was not confined to
leiomyosarcomas, we have also analyzed TRAIL expression
in some cases of angiogenetic liposarcomas {Figure 18). In
these sarcomas, a clear-cut positivity for TRAIL was noticed
in both malignant cells as welf as in turnor-infiltrating lym-
phocyies and plasma cells (Figure 1B). Finally, a high
expression of TRAIL was documented also in tumars char-
acterized by tumultuous angiogenesis, such as malignant
vascular sarcomas {Kaposi’s sarcoma: £ igure 1C),

TRAIL Promotes Endothelial Celf Migration and Invasion
Because angiogenesis is a tightly regulated process,
which involves the coordinated migration, differentiation,

and morphogenetic organization of endothelial cells into
new capillary structures {18], these aspects of angiogenesis
were next examined in a series of in vitro assays.

To test whether recombinant soluble TRAIL could affect
endothelial cell motiity, HUVECs were incubated in a mod-
ified Boyden chamber with recombinant solubie TRAIL
{10 ng/ml). For comparison, cells were treated also with
VEGF (10 ng/ml). TRAIL significantly (P < .01} increased
HUVEC migration (Figure 2.4), The increase in the number of
migrated ceils detected with TRAIL (approximately two-fold)
was similar to that observed in the presence of VEGF
(2.5-fold). Interestingly, however, the simultaneous addition
of optimal concentrations of TRAIL and VEGF did not show
additive effects on endothelial cell migration (data not
showny).

To form new blood vessels, endothelial cells have to
migrate and cross basament membranes. This invasive
capacity of HUVECS in response to TRAIL was investigated
by measuring the invasion of an ECM layer. Addition of
recombinant TRAIL significantly (P < .01) increased HUVEC
invasion through ECM {Figure 28). Again, maximal stimuia-
tion, corresponding to a 1.5-fold increase in the number of
migrated cells in response to TRAIL, was simiiar to that
observed in response to VEGF, The specificity of these
biologicat effects was confirmed by preincubation of TRAIL
with TRAIL-R1-Fc (Figure 2, A and B} or TRAIL-R2-Fc (data
not shown) chimeric proteins, which completely (P < .01)
abrogated the ability of TRAIL to promote cell migration and
invasion (Figure 2, 4 and B), without exhibiting, by them-
selves, any effect on endothelial cell migration or invasion
{data not shown). These data demonstrate, for the first time,
that TRAIL induces endothelial cell migration and invasion
through the basement membrane., Importantly, the TRAIL
concentration used in these assays was in the range
reported to be present in the plasma of patients affected by
hematofogical malignancies {1-10 ng/ml) [21].

TRAIL Induces Morphological Endothelial Differentiation
To examine whether TRAIL induces morphogenatic
changes resembling capillary-like structure tube formation,
HUVECs were plated on 3D Matrigel plates. After 48 hours,
untreated endothelial cuftures shawed both cells with small
round shape (that remained isolated) and efongated shape,
forming connections but an incomplete network of tubeg
(Figure 34). However, cultures exposed to TRAIL (10 ng/mi)
exhibited a distinct phenatype by assuming a more elongated
shape, forming thin cords of inteconnecting cells (Figure 34;.
Similar effects were also observed with VEGF (10 ng/mi)
(Figure 3A). Morphometric quantitation of the vessel-like
structures in the 3D cultures revealed that Fc-TRAIL-R1
completely abrogated this response to TRAIL (Figure 38).
These data demonstrate that TRAIL, like VEGF, is able to
mediate morphogenetic effects teading to differantiation into
vascuiar structures, which represent an obligatory step for
the sprouting of endothelial celis and tube tormation.
Because tubuies formed in standard Matrigel assays are
short and relatively homogeneous, the ability of TRAIL to
induce angiogenesis was further investigated by using the
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Figure 1. Expression of TRAIL in human sarcomas. Sections of sarcomas were examined immunohistochemically by using an anti— TRAIL Ab. (A} Aeprasentative
sactions of leiomyosarcomas at fow (LM 1) and high vascularity (LM 2) are shown. Stainings with anti—CDa1 Ab to detect endothelial cells and vascular structures,
and hematoxylin and eosin {H&E) are also shown. Original magnification, x20. {B) Liposarcoma fpanel a, H&E staining, *40} showing TRAIL expression in
malignarnt necplastic cells (arrowhead in panel b; %40}, tumor-infilirating lymphocyles (panel c; x40). and plasma ceffs farrowhead in panel &; 100} {C)
Kaposi's sarcoma showing diffuse expression of TRAML. Original magnification, »40.

Neoplasia « Yol. 8, No, 4, 2004



368 Angiogenic Activity of TRAIL  Secchiero et al.

90 -

>

80 1
70 "

60 1

Migrated celisffield

VEGF

g o
B &
g [
[
-

TRAIL+
Fc-TRAIL-R1

Migrated cells/field

Untreated |:
TRAIL

&
32
g

iy

Figure 2. Effect of TRAIL on HUVEC migration and invasion. Cell migration (A} and celf invasion {B) assays were performed in 24-welf Transwell plates, as
described in Malerials and Methods section, Endothelial calls were seeded In the upper compartments, whereas TRAIL or VEGF was added in the fower
compariments. For neufralization experiments, TRAIL was preincubated with TRAN.-R-Fo chimera, Colls migrated firough the gelatinized membranes and ECM-
coated membranes were counted alter 4 hours {A) and 48 (B) hours, respectively. Data are expressed as the number of migrated cells in 10 high-power fislds and
are moary = S0 of resuits from four experiments each performed in triplicate. *P < .07 compared to untreated cells.

angiogenesis coculture assay, which appeared significantly
heterogeneous, consisting of both short and fong intercon-
necting tubules that more closely resembled capiliaries
{Figure 4). In this assay, vessels develop where they are
well protected (e.g., between layers of fibroblasts) and
morphogenetic processes of tubule formation occur in
HUVECs completely surrounded by stromal cells, as
in vivo. The ability of fibroblasts to support tubute formation
has been attributed to their capacity of producing consider-
able quantities of collagen, fibronectin, and other matrix
molecules [19]. '

To rule out the possibility that the angiogenic activity of
TRAIL might be mediated by upregulation of endogenous
VEGF, the production of VEGF released in the culture
medium was analyzed by enzyme-linked immunosorbent
assay (ELISA) in both untreated and TRAIL-treated cultures.
In HUVECs, VEGF was not detected in the culture super-
natants of both untreated and TRAIL-treated cultures ana-
lyzed up to 72 hours (data not shown). In angiogenesis
coculture assay, VEGF was endogenously produced, but
the leveis were similar in untreated (256 + 38 pa/mi} and
TRAIL-treated (240 + 45 pg/ml) cultures.

We next performed a quantitative analysis by calculating
both the fotal length of tubes and the number of capillary
connections per field in coculiures left untreated or exposed
to VEGF, TRAIL, and combination of the two cytokines
(10 ng/mi each). As shown in Figure 5, the basal formation

of capillary-like structures was significantly (P < .01} in-
creased after stimulation with either TBAIL or VEGF, and
TRAIL-R1-Fc chimeric protein significantly {P < .01) inhibited
TRAIL-induced total tube length and capillary connections.
Morsover, preincubation of TRAIL with 5 pg/ml polymyxin B,
which complexes and inactivates endotoxin, did not abrogate
the angiogenetic activity of TRAIL, further indicating that
these responses to TRAIL are specific. However, the simui-
faneous addition of TRAIL + VEGF did not show any additive
or synergistic effect, and it was not statistically different from
VEGF alone (Figure 5).

TRAIL Potentiates VEGF-Induced ERK1/2 But Not P38/
MAPK Phosphorylation

The findings illustrated above suggest that TRAIL and
VEGF might compete for the same intracefiular signal trans-
duction pathways. Therefore, in the next group of experi-
ments, we have investigated the effect of TRAIL and VEGF,
used alone or it combination, an mitogen-activated protein
{MAP) kinase family members, which have been involved in
different aspects of angicgenesis. Although ERK1 and ERK2
are strongly activated on stimulation of cells with mitogens
[11), p38/MAPK plays a complex role in angiogenesis by
promoting cell migration and Inhibiting endothelial cell sur-
vival [21-24]. After exposure to either TRAIL or VEGF,
induction of phospho-ERK1/2 was ohserved starting
at 5 minutes of treatment (Figure 64). Remarkably, the
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Figure 3. Effect of TRAIL on in vitra tube formation. HUVECS were seedad into 24 wells containing 30 Malrigel in the absence and presence of TRAIL + TRANL-
H-Fc or VEGF. (A} Photographs (x40} were taken at 48 hours of cuftures. Representative images of at least five experiments witl simifar resuits are shown. (B)
Five lo seven random fields were photographed and recorded, and tube fength was quantified by measunng the tota! cell projection length and individug! tubiular
structure. Tubular length per field fs raported as mean + 50, *F < .01 corparad to untreated cefls.
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Figure 4. Effect of TRAIL ont the capillary-tike netwark in a cocuffure angiogenesis assay. Formation of capillary-ike siructures of HUVECS cuftured with miatre-
produeing celf types was analyzed after 12 days of culture treatment as indicated, Represeniative axample of the morphology endothelial structures was detectad
after staining with anti—-CD31 Ab in the in vitro angiogenesis assay. Hare capitary structures were observed in the angiogenesis assay laft untraated, whereas both
TRAIL and VEGF induced a diffuse network of capiffary structires. Original magniffication, = 10,
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Figure 5. Lack of additive effect of TRANL + VEGF on the capilary-like
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simultaneous addition of TRAN. + VEGF resulted in a pro-
longed activation of ERK phosphorylation with respect te
each cytokine used alone (Figure 64). However, although
TRAIL was unable to induce p38 phosphorylation, it de-
creased somewhat the VEGF-induced phosphorylation of
p3s/MAPK (Figure 68). Consistent with a key role of the ERK
pathway in endothetial proliferation, thymidine incorporation
assay shawed that the combination of VEGF + TRAIL
showed an additive effect (P < .01) with respect to VEGF
or TRAIL used alone (Table 1). Preincubation with the cell-
permeable PD098058 compound (20 M), a commonly used
inhibitor of the ERK pathway, completely inhibited thymidine
uptake induced by any cytokine combination (Table 1),
clearly confirming that the activity of ERK is required for
TRAIL- and VEGF-induced mitogenesis.

Moreover, PD0OS8059 treatment strongly supprassed the
totat tube length and number of tube interconnections in
control, TRAlL-treated, and VEGF-ireated cocultures (Fig-
ure 7), underscoring the key role of ERK pathway in the
whole process of tube formation evaluated in the angiogen-
esis assay.

Discussion

The growth of microvessels is an integral componeni of
tissue remodeling during a variety of normal and patho-
logical events, such as the female reproductive cycle,
fetal development, wound healing, inflammuation, diabetic
retinopathy, and tumor progression [13,14]. The way in
which vessels form is being intensively studied because
this complex morphogenetic process is very important in
medicine. Although a true understanding of the morpho-
genetic processes involved in tubule formation is still
lacking, alf these angiogenic events are orchestrated by
a network of extracellular factors, including several clas-
ses of cytokines, ECM, and integrins, and by their
cognate receptors. Several cytokines have heen involved
in angiogenesis and, in particular, in tumor-asscciated
angicgenesis [13,14). Besides its involvement in vascular
development, VEGF has been demonstrated to play a
key role in both physiclogic and tumor angicgenesis in
adult mammals [25].

it has alsc been shown in previous studies that some
angiogenic regulators belong to the TNF family [26]. Ligands
of this family trigger biclogical activities by binding and
signaling through their corresponding receplors in the TNF
receptor family. The majority of the TNF family members
mediate host defense, inflammation, and immunological
regulation, but some of these ligands also regulate endothe-
liaf cell functions [26]. Forinstance, it has been demonstrated
that TNF-a modulates endothelial cell behavior; however, its
effects are complex. TNF-a inhibits endothelial ceil growth
yet induces capillary tube formation jn vitro [27,28]. It aiso
can be aniiangiogenic in the contexi of solid tumors, or
angiogenic in cormeal settings in vivo [27-29). In a recent
study, we have demonstrated that TRAIL functions as an
anti—apoptotic factor for endothelial cells [7], and we have
hypothesized that TRAIL may coniribute to endethelial cell
integrity by acting as a survival factor for newly formed blood
vessels.

In this study, we have demonstrated for the first time
that TRAIL induces a proangicgenic phenotype in human
endotheliat cells. This phenotype includes both early {in-
crease in migration, invasion, and proliferation) and late
(differentiation into wvascular cords) angiogenic evenis.
More imporiantly, TRAIL is angiogenic in a variety of
in vitro and in vivo assays to a degree comparable to
VEGF. However, the interplay between TRAIL and VEGF
appears rather complex, with TRAIL unable fo potentiate
VEGF aciivity in most assays. In fact, TRAIL increased
VEGF-induced ERK phosphorylation and HUVEC pralifer-
ation; however, TRAIL did not potentiate YEGF-induced
p38/MAPK phosphorylation or capiliary formation in the
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Figure 6. Phosphorylation of ERK1/2 and p38/MAPK in response to TRAIL and VEGF. Cuiescent HUVECs were stimuiated with efther TRAN., VEGF, or VEGF +
TRAIL for 0 to 180 minules. Ceff lysstes were analyzed for ERK1/2 (A) and p36/MAPK (B) activation by Western blot analysis of total and phosphorylated (P}
prateins using specific antibodfes. Protein bands weare quantified by densitometry, and levels of P-ERK1/2 and P-p38 were calculated for each time poini, after
normalization to EAK1/2 and to p38MAFK, respectivefy. Unstimulated basal expression was sel as unity. Results are representative of four separate axperiments.

Meoplasia « Vol. B, No. 4, 2004



372  Angiogenic Activity of TRAIL  Secchiero et al

zoculture assay. Of note, we have also demonstrated that
a clear-cut expression of TRAIL was observed in® highly
sascularized soft tissue sarcomas. At the moment, we
tave analyzed a small nurmber of sarcomas; experimenis
aimed to analyze a high number of tumors and a wide
variety of tumors, with the aim f¢ quantitatively evaluate
aotential corretations between microvessel density and the
levels of TRAIL expression, are ongaing.

Besides malignant sarcoma cells, TRAIL was expressed
also by tumor-infiltrating fymphocytes and plasma celis.
Similar findings were obtained by previous authors describ-
ing that TRAIL was expressed by tumor-infilirating lyrpho-
cytes as well as by metastatic gastric cancer cells [30].
Although the most frequent hypothesis to explain the
expression of TRAIL by cancer cells is a strategy of
immune evasion by which TRAIL-positive malignant cells
counterattack against activated T lymphocytes {30,31], our
data suggest the alternative—not mutually exciusive-—
hypothesis that TRAIL expression by cancer cells, and,
perhaps also by infiltrating lymphocytes, may play a key
role in tumor angiogenesis. Cansistent with this hypothesis,
it has been shown that mouse BALB/c mammary adeno-
carcinoma cells engineered to express human TRAIL on
their membrane grow faster than the parental cell ling in
both syngeneic and allogeneic mice [32]. In this respect, it
has been clearly estabiished that any significant increase
in tumor mass must be preceded by an increase in the
vascular supply to deliver nutrients and oxygen to the
tumor. The ability of a fumer to induce angiogenesis
represents an essential step for tumor growth beyond 2 to
3 mm [13]. Consistent with a potentially important role of
TRAIL in tumor angiogenesis not confined to soft tissue
sarcomas, it has been demonstrated that all primary
astrocytic brain tumors analyzed by immunohistochemis-
try, including astrocytomas and glioblastomas, express
TRAIL protein in vivo [33,34]. Similarly, TRAIL is
expressed by a subset of fymphomas [35], malignant
plasmocytoma celis [36], and ovarian carcinomas [37), in
which TRAIL expression has been correlated to the
degree of malignancy. Therefore, although recombinant
TRAIL protein offers great promise as a cancer therapeu-
tic [38], our: current demonstration that TRAIL exers a
potent proangiogenic effect adds a cautionary note to the
prolonged treatment of cancer patients with pharmacolog-
ical concentrations of recombinant TRAIL protein or
TRAIL-expressing vectors,

Table 1. Thymidine incorporation Assay in HUVEC Cultures.

Vehicle PDO0B8059
Untreated 2700 £ 350 570 £ BO
- TRAIL 3850 + 600 588 + 98
"VEGF 4200 + 470 550 + 00
VEGF + TRAIL 5400 + 550 500 £ 105

Values are expressed as counts per minute (cpm) per well and are mean=S0
of three separate experiments.
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Figure 7. Rofe of ERK pathway in capillary-like network formation in the
coculture angiogenesis assay. Cuflures treated as indicared wera observed
after 12 days and resulis were recorded for quantitative analysis of the total
length of tubes per fiald and the number of capiflary connections per field. PD,
PDYR053. Data are expressed as mean = SD of resuits from at least five
experiments each performad in duplicate.

References

{11 Ashkenazi A {2002). Targeting death and decoy receptors of the tu-
mour-necrosis factor superfamily. Mar Aev Cancer 2, 420-430.

[2] Mariani SM and Krammer PH {1938}, Differential reguiation of TRAIL
and CDS85 ligand ip transfermed cells of the T and B lymphocyts line-
age. Eur J immunof 28, §73-982.

f3] Walczak H, Miller RE, Ariall K, Gliniak TS, Griffith B, Kubin M, Chin W,
Jones J, Woodward A, Le T, Smith C, Smolak P, Goodwin RG, Rauch
CT. Schuh JC, and Lynch DH (1999). Tumoricidal activity of tumor
neecrosis factor ~related apoptosis-induging ligand in vive. Nal-Med 5,
157 -163.

[4] Ashkenazi A, Pal RC, Fong S, Leung S, Lawrence DA, Marsters 5A,
Blackie C, Chang L, McMurtrey AE, Hebert A, DeForge L, Koumenis IL,
Lewis D, Marris L, Bussi J, Koeppen H, Shahrokh Z, and Schwall RH
{1099). Safety and antiturnor activity of recombinant soluble Apo2 -
gand. J Ciin Invest 104, 155162

[5] Sheridan JP, Marsters SA, Pitti PM, Gumey A, Skubatch M, Baldwin D,

Meoplasia » Vol. §, No. 4, 2004



373

Angiogenle Activity of TRAIL  Secchiem et al.

(&)

[8]

5]

{10}

(11]

[12]

M3

(t4]

15].

(16}

(171

Yagita H, Gray CL, Baker K, Wood W), Goddard AD, Godows'd P, and
Ashkenazi A {1997). Gontrol of TRAIL-induced apoptosis;by a family aof
signialing and decoy receplors. Science 277, 818822,

Zhang XD, Nguyen T, Thomas WD, Sanders JE, and Hersey P (2000).
Mechanisms of resistance of normal cells to TRAIL induced apoptosis
vary between different celt types. FESS Lextr 482, 183189,
Secchiero P, Gonelli &, Camnevale £, Milani D, Pandelfi A, Zella D, and
Zauli G (2003), TRAIL promotes the survival and proliferation of primary
human vascular endothelial cells by activating the Akt and ERK path-
ways. Circulation 107, 2250—2256,

Zauli G, Pandolfi A, Gerelli A, Di Pietro R, Guarrieri 5, Ciabattoni G,
Rana R, Vitals M, and Secchiero P {200:3). Tumor necrasis factor—
related apoptosis-inducing ligand {TRAIL) sequentially upregulates ni-
tric oxide and prostancid production in primary human sndothelial cells.
Circ Res 92, 732-740.

Gochuice BR, Zhang J, Ma BJ, Marshak-Rothstein A, and Fine A
(2000}, TRAIL expression in vascular smooth muscle. Am J Physiol
Lung Cefl Mol Physiof 278, L1045--L1050.

Chapman HA, Riese RJ, and Shi GP (1997). Emerging roles for cys-
teine proteases in human biology. Annu Rlev Physiol 59, B3—-88.

Yu Y and Sato JO (1989). MAP kinases, phosphalidytinositol 3-
kinasa, and p70 56 kinase mediate the mitogenic response of en-
dothelial cells to vascular endothelial growtt factor. J Celf Physiof
178, 235-246.

Marales-Ruiz M, Fulton G, Sowa G, Languino LR, Fujic ¥, Waish K,
and Sessa WC (2000). Vascular endothalial growth factor —stimulated
actin reorganization and migration of andothelial cells is regulated via
the sernefthrecnine kinase Akt Circ Res 86, 802-896.

Folkman J {2001). Angiogenesis-dependeryt diseases. Ssmin Oncol 28,
536542,

Carmeliel P {2003). Angiogenesis in health and disease. Nat Mead 9,
653-660.

Dirix LY, Vermeuten P._De Wever |, and Van Qosterom AT (1897}, Soft
tissue sarcoma in adults. Curr Opin Oncol 9, 348-358.

Waldner N (1995}. Intratumor microvessel density as & prognestic fac-
tor in cancer. Am J Pathol 147, 8—19.

Vermaulen PB, Gasparini G, Fox SB, Toi B, Martin L, McP Gulloch F,
Pazzellz F, Viale G, Weidner N, Harris AL, and Dlrix LY {1998).
Quantification of angiogenesis in solid hurman tmer: an intemational
gonsensus in the methodology and criteria of evaluation, Eur J Cancer

- 324, 2474-2484,

(18}

(9l

(20}

[21]

{e2]

Pagsaniti A, Tylor BM, Pili R, Gue Y, Long PV, Haney A, Pauly RR,
Grant DS, and Martin GA {1992). A simple, quantitative method for
assessing angiogenesis and antiangiogenic agents using reconstiluted
basement membrane, heparin and fibrotlast growth factor. Lab lhvest
67, 519-528.

Conovan D, Brown NJ, B:shop ET, and Lewis GE {2001). Comparison
of three in vitro human angiogenesis assays with capillaries formed
in vivo, Angiogenesis 4, 113-121.

Mentzel T, Brown LF, Dvorak HF, Kuhnen G, Stiller KJ, Katenkamp D,
and Fletchar CDM (2001}, The association betwean tumour progres-
sion and vasculatity in myxofibrosarcoma and myxcid/round cell lipo-
sarcoma. Virchows Arch 438, 13-22.

Liabakk NB, Sundan A, Torp S, Aukrust £, Froland S8, and Espevik T
{2002). Development, characterization and use of monocional antibod-
ies against STRAIL: measurement of sTRAIL by ELISA. J Imminof
Methods 259, 112~128.

Housseau 8, Houle F, Kotanides H, Witte L, Waltenberger .J, Landry J,
and Huet J {2000). Vascular endothelial growth factor (VEGF) —driven

" actin-based motility is mediated by VEGFR2 and requires concerted

[23]
[24]

{23]

[26]

[27]
t28)
{29]
[30]
31]

[32}

£33]

[34]
[35]

[38]
[37]

138

activation of strass-activated protein kinase 2 (SAPK2/p38} and gelda-
namycin-sensitive phosphorylation of focal adhesion kinase. J Biof
Charn 275, 10661 — 10672,

Gratton JP, Morales-Ruitz M, Kureishi Y, Fulton D, Walsh K, and Sessa
W {2001). Akt down-regulation of p33 signaiing provides a novel mech-
anism of vascular endothedial growth factor—mediated cytoprotection in
endothelial cells. 4 Bisf Chem 276, 3035930365,

Matsumoto T, Turessen |, Book M, Gerwing P, and Claessson-Welsh L
{2002). p38 MAP kinase negatively reguiates endothelial cell survival,
proliferation and differentiation in FGF-2-stimulated angingenesis.
J Calf Biof 156, 149-160.

Ferrara N, Gerber HP, and LeCouter J (2003). The biology of VEGF
and its receptors. Nat Med 9, 669 -676.

Locksley RM, Killeen N, and Lenarde MJ (2001} The TNF and TNF
recsptor superfamilies, Integrating mammalian biclogy. Ceff 104, 487 -
501 .

Frater-Schroder M, Risau W, Hallmann R, Gautschi P, and Bohlen P
{1897). Tumer necrosis factor type «, a potent inhibitor of endothalial
cell growth in vitro, is angiogenic in vivo. Proc Natf Acad Sci USA 84,
52775281,

Yoshida 8, CGno M, Sheno T, lzumi H, Ishibashi 7, Suzuki H, and
Kuwano M (1897). Invalvement of interleukin-8, vascular endothelial
growth factor, and basic fibrobiast growth factor in tumar necrosis factor
alpha—dependent angiogenesis. Mol Celf Biol 17, 4015-4023.
Ruegg C. Ylimaz A, Bieler G, Bamat J, Chaubert P, and Lejeuns FJ
{1998). Evidence for the involvement of sndothelial cell integrin alphay-
betad in the disruption of the tumar vasculature induced by TNF and
IFN-gamma. Nal Med 4, 408 -414.

Koyama S, Koike N, and Adachi S {2002). Expression of TNF-related
apoptosis-inducing ligand {TRAIL) and its receptors in gastric carcine-
ma and tumor-infiltrating lymphocytes: a possible mechanism of im-
mune avasion of the tumor. J Cancer Res Clin Oncol 128, 7379,
Takeda K, Smyth M, Cretnay E, Hayakawa Y, Kayagaki N, Yagita H,
and Okumura K (2002}, Critical role for tumor necrosis factor—related
apoptosis-inducing ligand in immune surveilance against tumor devel-
opment, J Exp Mad 195, 161169, '

Giovarelli M, Musiani P, Garotta G, Ebner R, Di Garlo £, Kim Y, Cappello
P, Rigamonti L, Bemabei P, Novelli F, Modesti A, Coletti A, Ferrie
AK, Lotlini PL, Ruben S, Sakcedi T, and Forni G. A “Stealth Effect™
adenocarcinoma cells engineered to express THAIL elude tumor-
specific and allogeneic T cell reactions. J immurnol 163, 4886—4893,
Rieger J, Ohgaki H, Kleihugs P, and Weller M {1999). Human astrocylle
prain tumors express APOZLTRAIL, Acts Neuropalifiol 97, 1--4,
Frank S, Kohier U, Schackert G, and Schackert HK (1939). Expression
of TRAIL and its receptors in hurnan brain tumors, Biochaem Biophys
Hes Commurm 257, 454459,

Zhao 5, Asgary Z, Wang Y, Goodwin R, Andreeff M, and Younes A
{199%). Functional expression of TRAIL by lymphoic and myeloid tumor
cells. Br J Haematol 106, 827 -832,

Silvestris F, Cafforia P, Tucei M, and Dammacco F (2002). Negative
reguiation of erythroblast maturation by Fas-L{+}TRAIL{+} highly ma-
lignant plasma cells: a major pathogenetic mechanlsm of anemia in
muitiple myeloma, Biood 99, 1305-1313.

Lancaster M, Sayer R, Blanchette C, Catingaert B, Whitaker R,
Schildraut J, Marks J, and Berchuck A {2003). High expression of tumor
necrosis factor—telated apoptosis-inducing ligand is associated with
favorable avarian cancer survival. Glin Cancer Res 9, 762—757.
Smyth MJ, Takeda K, Hayakawa Y, Peschon Jd, van den Brink MRM,
and Yagita H {2003}. Nature’'s TRAIL—on & path to cancer immuno-
therapy. fmmunity 18, 1-6.

@ 2004 Neoplasia Press, Inc.



Cuncer Gene Therapy (2004} 11, 73-80
G 2004 Nanwwe Publishing Grosp Al vights reserved 0929-1903i04 $25.00 @

Wk iie comiegt

AAV-mediated gene transfer of tissue inhibitor of
metalloproteinases-1 inhibits vascular tumor growth and
angiogenesis in vivo

Serena Zacchlgna, Lorena Zentilin," Monica Morini,> Raffaella Dell’Eva,”
Douglas M Noonan, Adriana Alblnl,2 and Maure Giacca'”

! Molecular Mea’zcme Laboratory, International Centre for Genetic Engineering and Bzorcchno!ogy (ICGERB),
Trieste, Italy; “Istituto Nazionale per la Ricerca sul Cancro (IST), Genova, Italy; and Laboratorio di
Biclogia Molecolare, Scuola Normale Superiore, Pisa, Ilaly.

The activity of matrix metalloproteinases (MMPs) is a universal feature of cellular invasion, tumor angiogenesis and melastasis,
which is counterbalanced and regulated by the natural tissue inhibitors of MMPs (Timps). Here we show that Timp1 gene transfer
delivered by an adeno-associated virus (AAV) vector inhibits tumor growth in a murine xenotransplant model. A human Kaposi's
sarcoma cell line, forming highly vascularized tumors in vive and having a high natural permissivity to AAY gene transfer, was
transduced to express the TimpT cONA, AAV-Timp1-transduced cells secreted high levels of Timp1 that inhibited MMP2 and
- MMP9 gelatinolytic activity. Following subcutanecus inoculation tn nude mice, the AAV-Timpl-transduced cells showed
significantly reduced tumor growth when compared to control AAV-LacZ-transduced cells. tn addition, direct intratumoral injection
of AAV-Timp1 into pre-existing tumors significantly impaired the further expansion of the tumor mass. Histalogical analyses
-showed that the AAV-Timp1-transduced tumors had limited development of vascular structures and extensive areas of cell death,
suggesting that Timp1 overexpression had an antiangiogenic effect. To further support this conclusion, we demonstrated that AAV-
Timp1 transduction significantly reduced endothelial cell migration and the invasion of a Matrigel barrier and strongly inhibited
angiogenesis in the chick chorioallantoic membrane assay. These results indicate that transfer and overexpression of the Timp1
gene is a promising therapeutic strategy to target tumor-associated angiogenesis in cancer gene therapy.
Cancer Gene Therapy (2004) 11, 73-80. dai:10.1038/s5j.cgt.7 700657
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xtracellular matrix integrity is maintained by a

delicate balance between the synthesis and degrada-
tion of its structural components, involving the concerted
actions of numercus enzymes, as well as those of specific
inhibitors that keep their activity in check. A general
aspect ol malignancics is a shift of this balance m favor of
the proteolysis, promoting cellular proliferation and
invasion. Tumor cells can directly secrete proteolytic
enzymes or induce the normal ncighboring cells to
elaborate proteases.! In addition to invasion and metas-
tasis, high preteolytic activity also has a crucial role in the
induction of tumor angiogenesis, an event that is cssenlial
for tumor survival, expansion and dissemination.’

The members of the matrix metalloproteinases (MMP)
family are zine-dependent proteases that function at
neutral pH and collectively degrade most of the proteins
in the extraceilular matrix. They have heen subgrouped
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into four broad categories, according to their substrate
preference and structural similarity: interstitial collage-
nases, gelatinases, stromelysing and  membrane-type
MMPs (MT-MMPs).** The expression and activity of
the MMPs are tightly controlled at several leveis.” The
scereled inactive zymogens must undergo proteolviic
cleavage to become catalytically active, and natural
inhibitor proteins, such as the tissue inhibitor of
metal]oprolunaqes (TIMPs), can block the latent or the
active MMPs. Tlmpl the first discovered member of the
TIMP family,” is a glycoprotein that forms an inhibitory
complex with a broad spectrum ol activated MMPs,
including the basement membrane-degrading enzymes
MMP2 (gelatinase A, 72-kDa type IV collagenase) and
MMP9 (gelatinase B, 94-kDa type 1V coliagenase). These
MMPs have been particularly implicated in tumeor
progression, regulation ol growth [aclor availability and
angiogenesis.® The antineoplastic activity of Timp1 has
been to date demonstrated in relatively few tumor models
following diffelent experimental El.ppl(JdCheS including
transt‘ection, 2 adenovirus gene transfer'® and retroviral
tranduction.'® The molecular mechanisms by which the
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antitumoral activily of Timp] is exerted mighi involve
direct inhibition of tumor cell growth, invasion or tumor
angiogenesis,

To mvesligate the role of Timpl in modulating tumor
cell growth and tumor vessel formation, and to explore
the therapeutic potential of Timpl gene transfer, we
exploited an adoptive tumorigenesis model based on
tumor formation by KS-1MM cells. This immortal cell
line was originally isclated from a Kaposi's sarcoma (K5)
lesion’® and retains most of the properties of KS,
including induction of endothelial cell migration and
invasion in vitro'® and strong angiogenic responses in
vive.'18 Inoculation of these cells in nude mice resuits in
the formation of aggressive and highly vascularized
tumors that bear a striking resemblance to human KBS
lesions. These characteristics, coupled with an exquisite
permissivity to adeno-associated virus (AAV) vectors,
which provide sustained and long-term gene expression,
make this cell line an ideal experimental system to assess
the role of single factor expression in modulating tumor
growth and angiogenesis, We show that Timpl signifi-
cantly suppresses tumor growth iz vive and demonstrate
that Timpl negatively regulates the angiogenic process
both 1z vitre and in vivo.

Results
Construction and characterization of AAV-Timp1

To attain a constitutive, high-level expression of Timpl,
its cDNA was cloned under the control of the cytome-
galovirus {CMYV) promoter to obtain the pAAV-Timpl
plasmid, in which the expression cassette is flanked by the
AAY inverted terminal repeats (Fig la). This same
construct was then used to produce an AAY vector by a
standard packaging system based on cotransfection of
AAYV and adenovirus helper functions. After purification
on a CsCl, gradient, the viral titer was determined by a
competitive PCR assay, as previously described.’® Simi-
larly, high-titer viral preparations were obtained for AAY
vectors expressing the marker genes f-galactosidase
(AAV-LacZ) and GFFP (AAV-GFP), which were used as
control vectors in several experiments.

The expression of human Timpl in hamster cells was
assessed after transfection with the pAAV-Timpl plasmid
or transduction with the recombinant AAV-Timpl
vector, As shown in Figure 1b, in both cases exogenous
Timpl was detecled as a 23kDa polypeptide in the total
cell lysates and as a 28kDa polypeptide in the concen-
trated cell supernatants of treated cells, indicating that the
protein was properly produced, processed, secreted and
glycosylated.

To assess the permissivity of KS-IMM celis to AAY
vectors, these cells were transduced with a preparation of
AAV-GFP and the transduction efficiency was evaluated
by flow cytometry. As shown in Figure lc, these cells were
found to be highly sensitive to AAY transduction,
without or after trcatment with hydroxyurea, an agent
that increases AAV nfectivity (producing 20 and 63%
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Figure 1 Characterization of AAV-Timp1 gene transfer and expres-
sion. (a) Schematic representation of the AAV-Timp1 expression
vector used in this study. TR, AAV terminal repeat sequences; CMV,
consfitutive CMV immediate early promoter; pA, polyadenylation
site. Cloning restriction sitas ars indicated. {b) Exprassion of Timp1
hy CHO cells transiently transfected with plasmid pAAV-Timp1 DNA
{panel on the left) or transduced with the AAV-Timp1 viral vactor.
Total cell lysates {Lys} and supernatants (Sup} were analyzed by
Western blotting using anti-Timp1 antibodies. {c) Flow cytometry
profiles of KS-IMM cells transduced for 48 hours with AAV-GFP (16®
viral particles/10%cells) with or without overnight treatment with 1 mM
hydroxyurea (HLU). The parcentages of fluorescent cells {upper right
panels in each profiie} were 0.3% (mock), 20.2% [(AAV-GFP, no
hydroxyurea) and 63.3% (AAV-GFP, hydroxyurea). Treatment with
hydroxyurea alone had no effect on cell fluorescence (not shown).
{d) tmmunocytochemistry of KS-IMM cells mock transduced (panel
on the left side) or transduced with AAV-Timp1 (panel on the right
side}; x 400 magnification, :

GFP-positive cells, respectively).'”” Aflter transduction
with AAV-Timpl, KS-IMM cells clearly expressed the
transgene as shown by immunocytochemistry (Fig 1d).

Protease inhibitory activity of AAV-Timp1-transduced
cells

To visualize the presence of intrinsic gelatinolytic activily
produced by the KS-IMM and EAhy.926 cells, serum-{ree
conditioned medium was collected and tested by in vitro
rymography (Fig 2a). Two major areas ol proteolysis,
corresponding to the molecular weights of MMP9 and
MMP2, were observed in KS-IMM cell supernatants.
Only the lower band, corresponding to MMP2 activity,
was present in EAhy.926 cell supernatants. In both cases,
transduction with AAV-Timpl essentially did not alter
the levels of expression and secretion of either MMP,
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Figure 2 Protease inhibitory activity of AAV-Timpi. {a} MMP
expression by KS-IMM and EAhy.926 cells. Supernatants from
mock-transfected and pAAV-Timpi-transfected cells wers analyzed
by gelatin zymography. Clear bands indicaie MMP activity in a
background of gelatin. MMP2:. gelatinase A, 72-kDa type IV
collagenase; MMFPS: gelatinase B, 34-kDa type IV collagenase. {b)
Antigelatinolytic activity of Timpl. Supematants from 283 cells
transfected with pAAV-Timp1 were concentrated and resolved by
reverse zymography, using KS-IMM condilioned medium as a
source of MMPs, The dark band in the pAAV-Timp1 lane represents
MMP inhibitory activity.

To ascertain the effect of Timpl on MMP2 and MMP9
activity, reverse zymography was performed using KS-
IMM cell supernatants as a source of MMPs. Serum-free
media conditioned for 48hours were collected from
Timpl and mock-translected 293 cells, concentrated,
resolved by gelatin SDS-PAGE and incubated in ihe
presence of KS-1MM supernatant for 16hours. A clear
band at 28kDa (Fig 2b), absent in the conire!l lane,
showed that AAV-Timpl-transduced cells syathesize and
secrete a fully processed recombinant Timpl that
efficiently inhibits gelatinolytic activity.

AAV-Timp1 inhibits tumor growth in vive

We then investigated whether Timp1 could function as a
suppressor of tumor growth of KS§-IMM cells in vive. In
an initial set of experiments, KS-IMM cells were
transduced with either the AAV-Timpi or the AAV-
LacZ vectors, collected as a pool after 48 hours, mixed
with Matrigel, and inoculated subcutaneously in nude
mice 5 x 10°cells/animal, groups of six animals). In all
cases, cell implantation induced the formation of tumors
that became evident and palpable alter 5 days. However,
as shown in Figure 3a. the tumors derived from AAV-
Timpl-transduced cells grew at a significantly slower rate
than control tumeors, resulting in an ~ 50% reduction in
tumor mass at 5 weeks after cell implantation (0.61 +0.18
versus 1.15+0.27cm’; P<.01). The histological analysis
of tumors recovered upon termination of the experiment
showed that fumeors from AAV-Timpl-transduced cells
exhibited clear signs of regression, such as limited
development of vascular structures and extensive areas
of cell death {Fig 3b). In contrast, the control K5-1MM
tumors transduced with AAV-LacZ showed massive
proliferaticn of spindle-shaped cells and the presence of
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Figure 3 Inhibition of tumor growth by Timp1 overexpression after in
vitro transduction with AAV-Timp1. (a) Effects of AAV-Timp1 oh KS-
{MM tumor growth in vive. KS-IMM cells (5 x 10%, transduced with
either AAV-Timpt or AAV-LacZ {10* viral particies/10%ells), wera
injected subcutaneocusly in nude mice, AAV-Timp1-transduced cells
grew at a significantly slower rate than mock-transduced cells,
resulting in & 50% reduction in tumor volume at 35 days. The means
and standard deviations of tumor mass are shown (groups of six
animals), with indications of statistical significance (*F<.05;
*P<.01). (b) Histological features of tumars formed by KS-IMM
cells transduced with either AAV-Timp1 or AAV-LacZ at day 35 after
inoculation, after staining of tissue sections with hematoxylin and
gosin { = 100 and = 400 magnification). Tumor growth inhibition was
accornpanied by histological signs of regression, including fimited
development of vascular struciures and the presence of a large
number of cells with picnotic nuclei. In contrast, controf AAV-tacZ-
transduced K3-IMM lesions were highly vascularized, with massive
spindle-cell infiitration, erythrocyte extravasation and edema.

numerous blood vessels, with the formation of vascular
lacunae and erythrocyte extravasation.

These data clearly indicated that the transduction of
KS-IMM cells with AAV-Timp! represents an efficient
method to impair the growth of this kind of tumor. To
explore possible therapeutic petentials of this vector in
cancer gene therapy, we performed a second set of
experiments, in which we injected established KS-IMM
xenograft tumors with either the AAV-Timp! or the
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AAV-LacZ vectors. The experimental design for these
experiments is shown in Figure 4a. The intratumoral
injection of AAV-Timpl induced marked growth sup-
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Figure 4 Growth suppression of pre-existiting KS-IMM xenografis
after intratumoral inoculation of AAV-Timp1. (a) Experimental design
of the therapy study. KS-IMM cells (4 x 10%) were injected
subcutaneously in nuda mice at day 0. At day 7, all mice presented
a small bui wvisible and palpable tumor. From that day enward,
intratumoral injections of AAV-Timp-1 and AAV-LacZ were par-
formed every second day, three times. A fourth dose of each vector
was administered on day 21. (b) Treatment with AAV-Timp1
significantly reduced the growth rate of the KS-IMM xenografts
compared 10 AAV-LacZ. For each animal {five animals per group} the
tumor volume was measured repeatedly during 5 weeks following
celf implantation, and normalized against the initiat valume on day 7.
Results are presented as mean and standard deviation for both
vectors at each time peint, with indication of statistical significance
(P=.05). {c} Histology of preimplanted KS-1MM tumors, transduced
with either AAV-Timp1 or AAV-LacZ at day 7 after inoculation, and
harvested at day 35. Hematoxylin staining of tissue sections ( x 100
and = 400 magnification) shows several histological signs of tumor
regression after AAV-Timp1 inoculation, such as a lower number of
blood vessels, large areas of fibrosis and necrosis, and the presence
of numerous inflammatory cells.
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pression and initial regression of the tumors, particularly
evident after the last vector injection on day 21 (tumor
mass fold increase 9.1 4+4.2 versus 4.0+2.0 fold for the
AAV-LacZ- and AAV-Timpl-transduced tumors, respec-
tively, at day 35; P<.03; Fig. 4b). The long-term effect of
AAV-Timpl injection is likely to be due to the delayed
appearance of transgene expresston after AAV gene
transfer. Similar to the inoculation of in virrg-transduced
cells, histological analysis of the tumors showed massive
KS8-IMM cell prolileration interspersed with many blood
vessels in the AAV-lacZ-injected tumors. In contrast, the
tumors treated with AAV-Timpl presented large necrotic
areas and numerous mmflammatory cells (Fig 4c),

Timp1 inhibits cell migration across a basement
membrane

The histology of the tumors described above, together
with the biological and clinical hallmarks of KS,
suggested that the inhibition of tumor growth by Timpl
could be largely due to a direct repression of tumor
angiogenesis. Therefore the capacity of Timpl to mod-
ulate the endothelial response o angiogenic factors in
vitro was investigated in the chemoinvasion assay.
Previous studies have shown that KS-IMM cells release
several chemeattractants and angiogenic factors, includ-
ing VEGF and b-FGY, which stimulate the motility and
invasiveness of endothelial cells.”?' The EAhy.926 cells
produce a gelatinase activity at 72kDa, corresponding to
MMP2 (Fig 2a), whosc activity is important in angiogenic
growth factor-induced invasion.” To ascertain the effect
of Timpl overexpression on endothelial cell migration
through a reconstituted basement membrane, the super-
natant harvested from transfected 293 cells, which
contains Timpl activity (Fig 2b}, was added to EA hy926
cells in the upper compartment of invasion chambers.
After a 1-hour incubation, chemostlractants were placed
in the lower compartment. This preincubation had no
significant effect on the adhesion of the cells 1o the
Matrigel (not shown). However, this treatment signifi-
cantly reduced (P=.026) the ability of the endothelial
cells to invade and migrate across the Matrigel barrier
(Fig 3).

This finding indicates that the levels of Timp1 expressed
by AAV-transduced KS-IMM cells significantly interfere
with the invasive capacity of endothelial cells, suggesting
that the biological effects of Timpl gene transfer extend
beyond the cells actually producing the factor.

Antiangiogenic activity of AAV-Timp1

To examine whether the inhibitory activity of Timpl on
endothelial cell migration might directly affect angiogen-
esis, we set up & chick chorioallantoic membrane (CAM)
assay, using 50 ng of recombinant VEGF as a proangio-
genic stimulus. Transduced cells {3 x 10%) were seeded on
a foamy sponge on top of the CAM of chick eggs, and the
extent of the new developing vasculature was assessed by
microscopic inspection. The presence of control thVEGF
induced the development of new blood vessels sprouting
in a radial pattern around the sponge and frequently
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Figure 5 Timp1 significantly inhibits endothelial cell invasion. Effect
of Timpi on invasion of EAhy.926 endothelial cells through a
Matrigel barrier. Preincubation with the supernatant of 283 cells
transfected with pAAV-Timp1 (Fig. 2b) determined a clear inhibitory
effect on cellutar invasion. Resulis are shown as the mean numbaer of
migrated cells per high-power microscopic field ( x 400) + 8D for
triplicate determinations. *Statistical significance (P<.05).

penetrating into it. Seeding of mock-transduced cells on
the sponge did not interfere with this effect {Fig 6a). In
contrast, no biocod vessels penetrated the sponges in which
AAV-Timpl-transduced cells had been seeded. Instead,
developing vessels seemed fo turn away from the sponge,
forming arc-like structures as indicated by the arrows in
[Figure 6b. IF'urthermore, some vessels close to the sponge
exhibited degenerative features, such as irrcgular mor-
phology and several interruptions (shown in the higher
magnification inset). These observations clearly indicate
that secretion of Timpl by AAV-Timpl-transduced cells
is able to markedly impair the angiogenic process.

Discussion

In this study, we show that overexpression of Timp!
represses tumor growth in an animal model of adoplive
tumorigenesis based on KS8-IMM cell implantation in
nude mice. A significant therapeutic effect was obtained
either by transduction of cultured cells before implanta-
tien or by direct injection into pre-existing tumors. Timpl
gene transfer was obtained by exploiting the high
sensitivity of the KS-IMM cells, higher than that observed
with other cell types under the same conditions, to
infection with AAV vectors. In contrast to other gene
delivery systems, the expression of genes delivered by
AAY vectors is not subjected to progressive silencing over
time iz vivo. As a consequence, these vectors offer the
unique possibility to study the biological and therapeutic
effects of factor expression and release in experimental
animal models over relative long perieds of time.? %
Furthermore, cells transduced with AAV do not express
any viral proteins and thus do not become immunogenic
or elicit inflammatory responses. This might be crucial in
a clinical setting, and, in particular, in cancer gene
therapy, where prolonged expression of the therapeutic
gene might be required in order to achieve a therapeutic
response.
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Figure 6 Antiangiogenic effect of AAV-Timp1 on the chick CAM. (a)
CAM of & 12-day-old chick embryo incubated with a sponge
adsorbed with 50 ng of hVEGF and a suspension of mock-infected
CHO cells. Note the presence of a large number of blocd vessels ina
radial pattern around the implant { x 20 magnification). (b} CAM of a
12-day-old chick embryo incubated with a sponge adsorbed with
50ng of MVEGF and & suspension of AAV-Timp1-transduced CHO
cells. N blood vessels penetrate the sponge. Arrows indicate arc-
like structures formed by sprouting vessals in the proximity of Timp1-
expressing cells { » 20 magnification). The inset shows & magnifica-
tion of some wvessels exhibiting signs of regression, including
irregular morphology and several discontinuities.

MMPS are involved in a wide range of phenomena
associated with tumor progression. In addition, a
growing body of evidence indicates that endogenocus
inhibitors of MMPs cxert biological effects that extend
beyond the inhibition of MMP enzymatic activity, being
able to affect directly basic ceflular fuunctions, such as
proliferation and survival.'**®

In our model, the histology of AAV-Timpl-transduced
tumors revealed several signs of regression, including the
presence of cells with picnotic nuclei, suggesting that
Timpl overexpression could have a direct proapopiotic
activity on the tumor cells iz vive. However, we did not
observe differences in either the growth rate or the
apoptotic death rate of Timpl-expressing KS-1IMM cells
as compared to controls (not shown), indicating that
Timpl did not affect KS-IMM cell survival in vitro. It
appears that Timpl causes tumor cell death and tumor
growth inhibition /7 vive indirectly, most probably
through the inhibition of angiogenesis. Previous studies
have shown divergent effects of Timpl overexpression in
EBV-negative Burkitt’s lymphoma: an initial antiapopto-
tic effect stimulating tumor growth, followed by an
antiangiogenic effect that caused tumor regression.'”

New blood vessel formation is a hallmark of solid
tumor progression, since both local expansion and
metastatic dissemination depend on vascularization of
the primary tomor mass. Among human tumors, KS
shows an impressively abundant neovascularization,
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accompanied by spindle-shaped cell growth, inflamma-
tien and edema. The pathogenesis of K8 has long been
debated, but several lines of evidence suggest that KS
most probably develops from reactive endothelial cells as
a result of a “hit and run” mechanism of the KS-
associated herpesvirus HHV8 producing uncontrolied
angiogenic factor release and inflammation.”’ KS-IMM
cells display a strong angiogenic activity, and the tumors
they generate show tumor cell proliferation and vascular
structure formation, probably due to massive endothelial
cell recruitment.?! Our experiments provide two-fold
evidence of the specilic antiangiogenic potential of Timpl.
Firsi, Timpl was abie to inhibit significantly endothelial
cell migration in response to the angiogenic factors
scereted by KS-IMM cells in the chemoinvasion assay.
Second, Timpl had a prefound effect on new blood vessel
development in the CAM assay, an established i vivo
assay measuring angiogenesis. Thus, Timpl inhibition of
angiogenesis and host eadothelial cell recruitment might
represent a primary mechanism ol the inhibition of KS
tumor growth.

Biocking endothelial cell invasion is the basis of several
current antiangiogenic and antitumor therapies.”®” En-
dothelial cells invasion requires the degradation of the
basement membrane by MMP2 produced by endothelsal
cells themselves in response to angiogenic factors. MMP2
1s known to be highly expressed in human KS and other
tumors,*® substantially contributing to tumor cell inva-
sion and dissemination into tissues. Our experiments
confirm secretion of MMP2 by endothelial cells and show
that this melalloproteinase is also constitutively produced
by KS-IMM cells, thus possibly contributing to direct
tumor expansion and mvasion of these cells in vivo.

The concept of inhibiting MMP activity for cancer
treatment is a very aitractive onc given the broad
involvement of these enzymes in most steps of tumor cell
biology, including tissue invasion, metastasis and induc-
tion of angiogenesis. The hopes raised by small synthetic
MMP inhibitors were dashed by poor performance in
most clinical trials, which disclosed the existence of
several drawbacks associated with enzyme specificity,
drug deliverg and stability, and the occurrence of serious
side effects.’”’ More important may be the timing of
administration of the different inhibitory drugs.**> The
possibility to obtain better therapeutic eflicacy by Timpl
gene transfer and overexpression might provide several
advantages as compared to systemic drug administration.
Among these advantages, our in vive data underscore the
possibilities 1o achieve a higher local concentration of the
therapeutic molecule through direct intratumoral admin-
istration, thus avoiding serious side effects at distant sites,
and to obtain sustained and prolonged expression of this
molecule by single gene administration.

Materials and methods
Cell cultures

The human Eahy.926 cells, of endothelial origin, were
derived from the fusion of hnman umbilical vein
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endothelial cells with the A54% carcinoma cell line,**
and still retain endothelial characteristics,”® KS-IMM is
an immortalized cell line derived [rom a human K8 lesion,
which forms highly vascularized tumors 7 vivo.'> Human
HEK 293 and hamster CHOQ cells were purchased from
the American Type Culture Collection, Manassas, VA.
All cells were cultured in D-MEM, supplemented with
10% FCS, 100 U/m! pencillin, 100 ug/m! streptomycin,
and maintained at 37°C under g mixture of 95% air and
5% COn.

Western blotting for Timp1

To analyze Timpl levels in celi-associated and condi-
tioned media fractions, cells were washed after infection
with AAV-Timpl and maintained in serum-free media for
24 hours. Conditioned media were collected and concen-
trated using Centricon-10 {ilter units (Amicen, Inc.,
Stonekouse). Immunoreactive proteins were visualized
using the mouse monoclonal antibody 102D1 aguinst
Timpl (NeoMarkers, Fremont, CA) and a chemilumines-
cence assay (ECL, Amersham Pharmacia Biotech, Listle
Chalfont).

Zymography and reverse zymography

KS-IMM and Ealiy.926 total cell lysates were harvested
and used for substrate gel electrophoresis. Samples were
nermalized for protein content and resolved in nonredu-
cing conditions on a 0.1% gelatin (Sigma Chemical Co.,
St Louis, MO) and 12% SDS-polyacrylamide gel. After
electrophoresis, the gel was washed at room temperature
for 30 minutes in 2.5% Triton X-100 to remove SDS and
incubated for 16hours at 37°C with shaking in the
developing buffer (50mM Tris-HCl, pH 7.4, 10mM
CaCl; and 0.05% Brij 35). The gel was stained in 0.1%
Coomassie brilliant blue. Clear zones against the blue
backgronnd indicate the presence of gelatinolytic activity.
Functional activity of secreted Timpl was assessed by
reverse gel zymography. 293 cells transfected with pAAY-
Timpl were cultured for 24 hours in serum-free D-MEM
and culture supernatants were harvested, filtered, con-
centrated by ultrafiltration through Centricon-10 filter
units {Amicon, Inc., Stonehouse) and loaded onto a 0.2%
gelatin and 12.5% SDS-polyacrylamide gel. The gel was
then incubated for 16 hours in the supernatant from KS-
MM cells, used as a source of MMPs. Functional Timpl
appeared as a dark band at approximately Mr 28,000.

Matrigel invasion assay

To visualize and quantify cellular invasion, 1 x 10°
Eahy.926 cells were incubated for | hour in conditioned
medium from Timpl- or mock-transfected cells and
seeded in the upper chamber of 8 ym pore size 24-well
plate invasion chambers coated with Matrigel Matrix
{Biocoat Matrigel Invasion Chamber, Becton Dickinson,
San Jose, CA). Supernatant from KS-IMM celis, which
contains numerous chemoattractants, was placed in the
lower compartment of the chamber. After 24 hours, the
cells on the upper surface of the filter were removed by



gentle seraping with a cotton bud, whereus those that had
migrated to the lower side were fixed in methanel and
stained with Giemsa solution. Five random 400 x (ields
were counted per section. Each sample was performed in

triplicate. [Data are presented as mean number of invaded
cellsf400 x field.

Chick embryo chorioallantoic membrane assay

CAMs of fertilized chicken eggs were maintained at 37°C.
On day 3 of incubation, 2ml of albumin was removed to
detach the developing CAM from the shell and an oval
window was opened in the upper side of the shell. Alter 5
days, Sul of AAV-Timpl- or mock-transduced CHO
cells, together with 50ng of recombinant hVEGF, were
loaded onto 1 mm? gelatin sponges (Gelfoam; Pharmacia-
Upjohn, Kalamazoo, MI), previously applied onto the
top of the CAM. Sponges adsorbed with wt CHO cells
and hVEGF alone were used as negaiive and positive
controls respectively. CAMs were examined daily under a
stereomicroscope and photographed at day 12, when the
angiogenic response peaked.

AAV vectors

The rAAYV vector used in this study is based on the pTR-
UF5 construct that was kindly provided by N Muzyczka
(University of Florida, Gainesville, FL), which expresses
the GFP gene under the control of the human CMYVY
immediate early promoter. The coding sequence of the
human Timpl ¢DNA was obtained by RT-PCR ampli-
fication and cloned in the vector to substitute the GFP
and neomyein-resistance genes. Cloning and propagation
of AAV plasmids was carried out in the JC 8111
Escherichia coli strain, Infectious AAV2 vector particles
were generated in 293 cells, cultured in 150 mm-diameter
Petri dishes, by cotransfecting each plate with 15 ug of
each vector plasmid together with 45 pg of the packaging/
helper plasmid, pDG (kindly provided by JA Kleinsch-
midt, Heidelberg, Germany), expressing AAV and ade-
novirus helper functions. Viral stocks were obtained by
CsCl, gradient centrifugation as previously described.!*?
rAAV titers were determined by measuring the copy
number of viral genomes in pooled, dialyzed gradient
fractions using a competitive PCR procedure with primers
and competitors mapping in the CMV promoter regien
common to all vectors.'” The titers of ail the viral
preparations used in this study were in the range between
~1x 10" and ~1x 10" particles/ml. The efficiency of
transduction of KS-IMM cells by AAV vectors was
evalualed with or without overnight freatment with 1 mM
hydroxyurea, an agent that increases transduction of
different cell types.!

Flow cytometry

Flow cytometric analysis of GFP-expressing cells after
transduction with AAV-GFP was performed on a
FACScalibur (Becton Dickinson, San Jose, CA} instru-
ment acquiring 1 x 10% events for each sample.

Antitumoral effect of AAV-Timp1
5 Zacchigna et af

Immunocytochemistry

Protocols for immunccytochenistry were according to
the Vectastain Elite ABC Kit {(universal or goat) from
Vector Laboratories using an antibody against Timpl
from NeoMarkers, Fremont, CA. After treatment, slides
were rinsed in PBS and signal was develeped using 3,3'-
diaminobenzidine as substrate for the peroxidase chro-
mogenic reaction (Lab Vision Corporation, Fremont,

CA).

Tumor growth in vivo

Animal care and treatment were conducted in conformity
with institutional guidelines in compliance with national
and international laws and policies {EEC Council
Directive 86/609, QJL 358, December 12, 1987). In a first
el of cxperiments, alter 48 hours transduction with the
AAV-Timpl and AAV-LacZ vectors, 5 x 10% KS-IMM
cells were resuspended in Matrigel (10mg/ml) and
mmjected subcutaneously in the flanks of healthy nude
{nu/nu} mice (six animals per group). In a second set of
experiments, to measure the therapeutic potential of
AAV-Timpl into established tumors, 4 x 10° KS-IMM
cells resuspended in Matrigel were injected into the
subcutaneous tissue of nude (nu/nu) mice (five animals
per group). After 1 week, intratumoral injections of AAV-
Timpl or AAV-LacZ (5x 10" wviral particles) were
performed every second day, three times. An additional
administration of each vector was performed on day 21,
when the tumors became substantially larger, thus
allowing easier injection into the center of the tumor
mass and, most likely, the transduction of a greater
number of cells. Tumor size was measured over time with
a caliber following standard procedures. Afier 35 days,
the animals were killed and tumor specimens were taken
from the injection sites. Each sample was fixed in
formalin, embedded in paraffin, sectioned and histologi-
cally analyzed by hematoxylin and eosin staining.

Statistical analysis

Stutistical analysis was performed with a nonparametric
Mann-Whitney test to compare variables between groups
using the StatView 4.5 statistical software package for
Macintosh (Abacus Concepts, Berkeley, CA).
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