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Gene Therapy Approaches for the Prevention of Restenosis
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Abstract: Experimental gene-therapeutic approaches for ihe prevention of restenosis after
balloon angioplasty are the major source of our insight into pathways operative in the process of
vascular renarrowing. We now understand that thrombosis and inflammation are the key
mechanisms triggering vascular "healing” in response to injury and know a multitude of potential
gene-therapeutic strategies to interfere with appositional thrombus formation, proliferation and
migration of vascular smooth muscle cells, lesional recruitment of inflammatory cells or excess
deposition of extracellular matrix. Thus far, the major limitation for clinical anti-restenotic gene

therapy are concerns about the safety and efficacy of vector systems in use for the local overexpression of transgenes,
which in turn is one of the most attractive advantages of gene therapy compared to systemic drug therapy. Here, we
review the molecular mechanisms operative in postangioplasty restenosis by highlighting their respective gene therapeutic

approaches and the current viral and non-viral vector systems.
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INTRODUCTION

Restenosis limits the benefit of percutancous angioplasty
by various degrees that range from 10%-70% depending on
the vascular site and type of intervention. Of approximately 1
million patients who underwent coronary intervention
worldwide in 1999, instent-restenosis developed in
approximately 250.000 [1]. In addition to the variability
depending on the vascular bed of intervention, the incidence
and the extent of restenosis is determined by the individual
cardiovascular risk profile and the composition of the
atherosclerotic plaque. In particular, the level of the
proinflammatory parameter C-reactive protein (CRP) both in
blood [2] as well as within the plaque [3], was shown to be an
independent predictor of restenosis.

Although the mechanisms leading to vascular reocclusion
are still poorly understood, elastic recoil, periinterventional
arterial thrombosis and inflammation are known as key
determinants of the vigourosity of the vascular response to
injury [4]. Proliferation and migration of vascular smooth
muscle cells (VSMC), excess deposition of extracellular
matrix and adventitial scarring with subsequent vessel
constriction [5] further contribute to late lumen loss [6].

While stent implantation significantly improved early
patency rates due to mechanical inhibition of the elastic
recoil, restenosis due to intimal hyperplasia was not
significantly affected before the era of drug-eluting stents [7].
However, stenting required adaptation of  the
periinterventional antithrombotic regimen, which now
consists of heparin, aspirin and clopidogrel in order to
prevent reocclusion due to subacute stentthrombosis.
Although improved antithrombotic therapy with inhibitors of
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platelet aggregation directed against the glycoprotein Iib/llla-
receptor passivated the vessel wall, it did not reduce the rate
of restenosis significantly. Today, rapamycin-coated stents,
which release the cytostatic compound into their close
environment, have shown the most promising results in both,
coronary [8] and peripheral sites [9] of intervention and have
largely overcome the use of primary brachytherapy. While
high local drug concentrations can be achieved through the
elution of drugs from polymer coats of such stents, catheter-
based gene therapy at the time of angioplasty would achieve
this goal in situations where stent placement is not possible or
desirable.

POTENTIAL INDICATIONS FOR VASCULAR GENE
THERAPY

In addition to restenosis after balloon injury, the
prevention of reocclusion in saphenous vein grafts represents
another potential field for gene therapeutic approaches as the
time of injury and the kinetics of the vascular response are
known. Both forms of vascular restenosis are fundamentally
different from the process of atherosclerosis, although
proliferative and inflammatory phenomena were observed in
all these forms of vascular remodeling [10].

Spontaneous formation of subintimal fatty streaks
consisting of lipid loaden macrophages is considered the
primary morphological change in atherosclerosis [11].
Mechanical forces, such as turbulent flow and shear stress as
well as the endothelial barrier regulating mononuclear
infiltration through the expression of selective adhesion
molecules play a central role in the initiation phase.
Accumulation of cholesterol esters and oxidized lipoproteins
by the scavenger receptor on monocytic cells leads to foam
cell formation of macrophages - one of the key players in
regulating plaque stability and arther'othrombosis, which
contributes to the progression of the disease.
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In contrast, graft sclerosis of saphenous veins that arc
used as bypass material combines the adaptive response to
altered hemodynamic stimuli with the response to vascular
injury. The extent of the resulting neointimal lesion is related
to the degree of wvascular injury caused by surgical
manipulation and ischemia from occlusion of the vasa
vasorum (12, 13]. In addition, the vein must adapt to the
increase in intraluminal pressure within the arterial
circulation, resulting in a thickening of the vessel wall.

GENE THERAPY

Vector Systems for Gene Transfer

Since each vector has its advantages and disadvantages,
one of the challenges of gene therapy is the choice of the
optimal system for the introduction of genes into the
particular tissue. Essentially, gene transfer vehicles can be
grouped into viral and non-viral, with an emerging class of
constructs that incorporate features of both and therefore,
represent chimeras between the two; they are often referred to
as virosomes.

One of the preferred viral vectors for gene transfer into
vascular cells is recombinant adenovirus; this is, first, due to
the ability of adenovirus, in contrast to retrovirus, to
transduce non-dividing cells; second, the high efficiency of
uptake of the virus by endothelial cells due to the expression
of appropriate integrins (owvB5) that function as viral
receptors on these cells; and third, in the context of
restenosis, transgene expression is regarded to be important
only for the initial phase after injury, and adenovirus-directed
gene expression is limited to a period of 2-3 weeks, since
adenoviral DNA does not integrate into the host cell genome,
a feature that has turned out to be an important advantage
over retroviral systems. In contrast, the drawbacks of
adenovirus that include inactivation by serum, are less
relevant in this context, due to the local delivery through
balloon catheders thai generate a local serum-free
environment at the site of administration.

Another emerging viral gene delivery system is herpes
simplex based vectors. In an in vivo rabbit model system,
such anengineered vector has been shown to infect all
vascular layers without prior injury to the endothelium, and
exhibit no systemic toxicity. Moreover, it can be
eliminated, if necessary, by administration of the antiviral
drug acyclovir [14].

The third vector system that may be well suited is AAV
(adeno-associated  virus). AAV  vectors transduce
nondividing cells, integrate into the host genome, and have
shown in a rabbit carotid artery model to provide transgene
expression for at least 28 days 115]. The advantage of AAV
lies in its site-specific integration mainly into a locus at 19q
13.3-gter, which would be an important feature for gene
therapy, since it avoids integration-mediated inactivation of
vital genes such as anti-proliferative genes, however,
conventional AAV vectors have lost this property.

Non-viral systems include liposomes of varying
composition, such as cationic and anionic liposomes,
polycations, and dendrimers. They offer the advantage of
biosafety, but are generally less efficieni gene transfer
vehicles. Liposomes usually consist of a mixture of lipids
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forming bilayers that resemble many features, of the cell
membrane. Anionic and neutral liposomes are less toxic than
cationic liposomes and are more compatible with biological
fluids, however, lack endosome disruptive mechanisms and
their efficiency is usually low. Canonic liposomes bind easily
to and condense DNA, an important advantage, but their
efficiency depends on the route of administration.
Dendrimers are chemically distinct and consist of. e.g.
polyamidoamine polymers with a defined spherical structure.
In addition, polyethylenimine. a polycation. has been
successfully used in vitro and in vivo. Various attempts have
been made to incorporate into liposomes viral and non-viral
proteins with the aim of enhancing transfcction efficiency,
but also to achieve cell type specificity. A recent example of
a virosome is the HJV-AVE (hcmagglutinating virus of
Japan-artificial viral envelope) composition, which was
developed by combining liposomes with fusion proteins
derived from HVJ [16]. Immunoliposomes contain antibodies
that direct the liposome towards tissue-specific markers.

Principles of Inhibiting Gene Function

Several mechanistically distinct uenc therapy approaches
have been undertaken to interfere with the expression of
genes, first, expression can be diminished by the introduction
of nucleic acid constructs that interfere with mKNA stability,
such as antisense oligonucleotides. hammerhead ribozymes,
and, more recently, siRNA (for targeting, e.g. PDGF and its
receptors). Second, genes with inhibitory function, either
naturally occurring inhibitors or artificially created dominant-
negative (dn) forms, can be overexpressed. Examples include
inhibitors of the cell cycle such as dn c-Myb, a mutated
p21/WAF/CIP1, or the cyclin-dependent kinase inhibitor
pS7Kip2; inhibition of NF-kB. a main regulator of the
inflammatory response through expression of its inhibitor
Ixbo..; inhibition of tissue factor by tissue factor pathway
inhibitor (TFPI); of TFGB through expression of a soluble
TGFB receptor (decoyreceptor); and a dn mutant of MCP-I. a
chemoattraetant for monocytes [17]. Third, the regulation of a
target gene can be influenced on the level of transcription,
either by decoy oligonucleotides, which are either short
double-stranded oligonucleotides or dumb-bell shaped,
circular oligonucleotides that represent transcription factor
binding sites, and thus compete for binding of a specific
transcription factor that is relevant for the respective gene
[18, 19], or by the expression of artificial transcription
factors. The latter can be engineered based on combinations
of distinct zinc fingers to bind to almost any given sequence
in the promoter region to modulate the expression of a
specific gene. Last not least, genes can be overexpressed that
have a beneficial influence on various aspects of vessel wall
physiology, e.g. nitric oxide synthase, sodium oxide
dismulasc, or inhibitors of metalloproteinases (TIMP). Most
affiliates of this arsenal have already been used for gene
therapy studies, including restenosis.

Molecular Mechanisms of Restenosis: Genes to Targets

Angioplasty of a stenotic atherosclerotic artery results in
fracturing of the atherosclerotic plaque, injury of the inner
layers of the vessel and stretching of the vessel wall. It
evokes, or at least boosts, an existing inflammatory
reaction.. and induces smooth muscle cell replication,
migration and
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matrix deposition. If not counteracted by stent placement,
recoil forces add to these reactions. In addition, restructuring
of cells and matrix within the artery wall results in tissue
shrinkage and a change in vessel wall geometry. Al later
stages, monocyte infiltration occurs and contributes further to
a vicious circle of cytokine production, coagulation and
inflammation.

The precise molecular mechanisms underlying neointima
formation after injury are only partially understood. This is
largely due to heterogeneity in the experimental systems,
which include rats, (knockout) mice, rabbits or pigs, as well
as the sites under investigation (e.g. carotid or iliac arteries);
their relation to the situation in humans should be considered
with caution, as well as to the situation where an
atherosclerotic lesion already exists. One of the best-studied
models is the rat carotid artery injury model (for review, see
[20]). The responses following balloon angioplasty have been
grouped into four "waves". First, SMC proliferation occurs,
probably in response to liberation of growth factors from
dying SMC that can be completely accounted for by release
of bFGF, but not PDGF [21, 22]. Angiotensin II may also
contribute at this stage. Second, SMC migration takes place,
and in contrast to the initial phase, this is now strongly
dependent of POOF, with additional contributions of TGFp,
bFGF and Angiotensin II. Once these cells have arrived in the
intima. they start to replicate; however, it is controversial
whether this second wave of replication (referred to as the
"third wave" in the context of neointima formation) requires
the same or distinct growth factors as the initial one. Finally,
the proliferative response can be further stimulated by tagain)
TGFB. bFGF, and Angiotensin II. In addition, loss of growth
inhibitory properties could contribute significantly to
proliferation. Several lines of evidence, including the use of
L-arginine and L-NMMA, which are agonists and antagonists
of NO production, respectively, suggest the involvement of
NO at this stage. However, in other species including
humans, thrombus formation and leukocyte infiltration are
prominent after vascular injury and often precede SMC
proliferation and migration.

During SMC migration, the extracellular matrix (FCM)
needs to be degraded, e.g. through the action of plasmin,
which is in turn regulated by PAI-I. PAI-I also plays a role in
activating TGFB from its inactive precursor, which leads to
the expression of liCM genes at later stages. In addition, PAI-
I. together with tissue factor, is a main regulator of
coagulation, and both are expressed upon inflammation.
Tissue factor and its associated proteases (factor Vila, Xa)
also trigger nomhrombotic mechanisms, e.g. mitogenic and
chemotactic effects on SMC through eliciting a proinfla-
mmatory response [23]. The various crosstalks between these
molecules with their partially overlapping functions in
inflammation, coagulation, and ECM synthesis may give an
impression of the complexity of the molecular mechanisms
underlying the restenolic process, and may, due to our limited
knowledge, still be a simplification of the real situation.

Gene Therapy Approaches for the Prevention of Restenosis

One of the most striking points when reviewing the
literature on gene therapy experiments in the context of
restenosis is the multitude of genes and constructs that have
been tested, and even more surprising that in most studies
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significant effects have been observed. This high diversity of
potential targets may reflect the complexity of the disease, but
still important knowledge of these molecules ("drivers or
passengers") is lacking. From what is known about the
molecular mechanisms of restenosis, researchers have come
up with approaches that can be grouped essentially into five
classes of genes, namely those involved in SMC proliferation
(DNA synthesis and cell cycle control, growth factors),
inflammation, coagulation, monocyte function, and apoptosis.

Interfering with proliferation has been the most widely
used strategy. It appears straightforward, since SMC
proliferation is an essential component of the disease,
however, migration of SMC may contribute significantly:
although the approach may look quite non-specific at first
glance, specificity is achieved through local application of the
antiproliferative gene, and major side effects are not
expected. The first studies, done in the early 90s, have
employed the herpes simplex virus thymidine kinase (HSV-
TK) gene, mostly through recombinant adenoviral transfer
[24, 25]. IISV-TK metabolizes the drug ganciclovir to a
nucleoside analog that inhibits DNA synthesis in those cells
expressing the transgene; however, since the metabolite is
diffusible, the advantage of the system lies in the inhibition of
also the surrounding cells ("bystander effect") that makes up
for the sometimes rather limited transduction efficiency.
HSV-TK gene transfer, followed by 2 weeks of systemic
ganciclovir treatment, has significantly reduced injury-
induced SMC accumulation [24].

Following these early experiments, several other
antiproliferative strategies have been tested; First, interfering
with cell cycle regulatory mechanisms by introduction of the
retinoblastoma (Rb) gene [26-28], of the cyclin/cyclin-
dependent kinase inhibitor p21 [29], the growth-arrest
homeobox gene Gax [30], cytosine deaminase [31]. and
several others (see Table 1). Second, interference with growth
factors that are known to act on SMC has been investigated.
This includes the generation of dn forms of growth factor
receptors, or the introduction of antisense constructs. Yukawa
et al, reported growth suppression of vascular SMCs in vivo
using adenovirus-mediated gene transfer of a truncated form
of fibroblast growth factor receptor [32]; Cohen-Sacks
encapsulated antisense phosphorothioate oligonucleotides
directed against the PDGFB-R in biodegradable polymeric
nanospheres and successfully inhibited restenosis in a rat
carotid artery restenosis model [33]; hammerhead ribozymes
directed against PDGFA inhibited smooth muscle cell
proliferation and neointima formation in a similar model [34].
The same group has used hammerhead ribozymes also to
target TGFP 135], which is mitogenic for SMC but also
stimulates extracellular matrix deposition, a hallmark of the
restcnotic process, and reported diminished angiotensin 11
stimulated DNA synthesis in human SMC. A different
approach to inhibit TGF, namely through expression of a
soluble TGF-beta type II receptor, was undertaken in porcine
coronary arteries [36]. In accordance, Nabel et al. noted that
expression of TGF[ stimulated fibrocellular hyperplasia in
porcine arteries [37J.
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Table. 1.

Molecular Targets and Transgenes

Genetic construct Function Reference
IISV-TK cell cycle [24.25]
Rb cell cycle [26-28]
p2l cell cycle [29]
gax cell cycle [30]
cytosine deaminase cell cycle [31]
Gl cell cycle [57, 58]
c-Myc cell cycle [59, 60]
pl6-p27 chimeras cell cycle [61-63]
p2l/WAF/CIP cell cycle [64]
E2F cell cycle [65, 18]
p57Kip2 cell cycle [66]
cyclin Bl cell cycle [67]
CDC2 kinase cell cycle [67]
ras signal transduction [68, 69]
Gbeta/gamma signal transduction [70]
NOS signal transduction [53,71]
vascular tone
FGFR1 growth factor/receptor [32]
PDGF-A/PDGFBR growth factor/receptor [33, 34]
activin A growth factor/receptor [72]
VEGF growth factor/receptor [73-75]
HGF growth factor/receptor [76]
TGFB/TGFBR growth factor/receptor [35,36]
extracell. matrix
TIMP extracell. matrix [77, 78]
u-PAR extracell. matrix [39]
haemostasis
PAI-I haemostasis [38]
TFP: haemostasis [16]
MCP-1 chemoattractant [17,51, 52]
NF-kB transcription factor [47. 48]
AP-1 transcription factor [19,79]
SOD antioxidant [80]
Fasl./p35 anti-apoptotic [50]
tissue kallikrein vascular tone, etc. [81, 82]
cecropin A antibacterial [83]
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The contribution of the PAI-I/uPAR system to the
restenotic process has been a matter of debate. PAI-I has a
major function in thrombolysis, but also acts in controlling
extracellular matrix (PCM) degradation. SMC migration
requires controlled proteolytic degradation of the ECM
surrounding the cell. Elevated plasma levels of PAI-I are
associated with myocardial infarction, atherosclerosis, and
restenosis. PAI-I is increased in atherosclerotic arteries and
failed vein grafts. However, data generated in PAI-1
knockout mice suggest that PA I-1 may decrease lesion
formation after arterial injury, and that PAI-I gene transfer
would prevent restenosis. DeYoung et al have used
adenovirus-mediated overexpression of PAI-I in a rat carotid
balloon injury model and found initial retardation, but after
14 days significantly increased neointima formation [38]. A
different approach to study the contribution of the PAI-
1/uPAR system has utilized adenovirus-mediated expression
of an artificial plasmin inhibitor (ATF, BPT1). demonstrating
inhibition of rat carotid artery neointima formation.
presumably through inhibition of SMC migration [39]. These
results would suggest that activation of the plasmin system
increases neointima formation; for a detailed discussion of
the role of PAI-1 in restenosis and related diseases, sec [40].
Recently, the transcription factor NAk-1 was identified as a
main regulator of PAI-I, and both proteins are expressed in
arteriosclerotic lesions [41]. A dn form of NAK-I increased
lesion formation in a murine carotid artery ligation model
[42]. The identification of this novel regulator of PAI-I will
also allow new insights into the mechanisms of restenosis.

To investigate ihe contribution of coagulation to the
restenotic process, several groups including ourshave
inhibited tissue factor using tissue factor pathway inhibitor
(TFPI). Already in 1997, Oltrona et al. administrated
recombinant TFPI to the carotid arteries of minipigs after
repeated balloon hyperinflation, and noted significantly
diminished stenosis when given within 24 hours after injury
[43]. Expression of TFPI using HVJ-AVE liposomes resulted
in significantly diminished neointima formation in a rabbit
iliac artery model after balloon injury [16]. In our studies
using adenovirus-mediated TFPI overexpression in a, rabbit
hypercholesterolemic balloon injury model, we could show
reduced neointima formation that was due to both
coagulation-dependent and -independent mechanisms. e.g.
reduced matrix metalloproieinase-2 and -9 expression, and
diminished lesional macrophage infiltration (Kopp et al.
submitted).

The narrow time frame of effectiveness of recombinant
TFPI observed in the experiments of Oltrona et al. further
supports the notion that early events, such as an
inflammatory reaction occurring at, or briefly after injury
trigger, or at least contribute significantly, to the restenouc
process. We have therefore, tested inhibition of NF-xB, a
transcription factor acting very early as a key regulator of
the inflammatory reaction for its involvement in restenosis.
In endothelial cells, NF-xB controls the expression of
several pro-inflammatory genes, including cytokines (IL.-1.
IL-6. IL-8, MCP-I), adhesion molecules (E-selectin, ICAM-
1. VCAM-1), and many others (e.g. tissue factor, iNOS,
COX-2). In addition, NF-xB has been shown to counteract
apoptosis through expression of anti-apopiotic genes, and
that it is required for the survival of SMC in vitro [44].
Pharmacological inhibition of NF-KB by the antioxidant
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pyrrolidine dithiocarbamate has resulted in reduced neointima
formation in a rat carotid artery model, including diminished
expression of iNOS and COX-2 [45]. Moreover, in clinical
studies, probucol as well as AGI-1067, a metabolically stable
modification thereof, reduced restenosis after PCI, however,
both agents may act also through other mechanisms than
inhibition of NF-xB [46]. In a rabbit iliac artery model,
ovcrexpression of IkBo, a specific inhibitor of NF-«xB using
recombinant adenovirus, resulted in reduced ICAM-1 and
MCP-1 expression, as well as diminished recruitment of
macrophages into the wounded area as assayed after 8 days.
In addition, expression of inhibitor of apoptosis proteins was
reduced and the percentage of apopiotic cells increased
compared to control-treated contralateral vessels. Animals
examined 5 weeks after treatment exhibited a significantly
reduced degree of lumen narrowing due to positive
remodeling [47]. Similar results were observed when
overexpression of IKBo was combined with stents [48].

Apoptosis is a regulatory mechanism of major importance
not only during embryonic development but also for several
patho-physiological processes, and is closely linked to
proliferation. Driving SMC into apoptosis during the process
of proliferation and migration was therefore, an apparent
possibility that was consequently investigated by several
groups. Transduction of rabbit iliac arteries with recombinant
adenoviral vectors for FasL reduced neointima formation,
which occurred through killing of Fas expressing
neighbouring SMC by FasL transduced cells [49]; this system
has recently been further refined by co-expression of p35
[50]. The advantage of this approach is the specificity of the
Fas/FasL system for SMC. which does not affect endothelial
cells and therefore, is expected not to interfere with re-
endothelialization.

Infiltration and activation of monocytes is an important
attribute of the restenotic process. To test whether monocyte
infiltration is dependent on MCP-1, Mori €t al. generated a dn
form of MCP-1. After introduction into the skeletal muscle of
hypercholesterolemic rabbits followed by balloon injury, they
observed diminished monocyte infiltration in the injured
arterial wall and attenuated development of neointimal
hyperplasia [51, 52]. Likewise, a mutant MCP-1 suppressed
neointimal hyperplasia in the carotid arteries of rats, rabbits
and monkeys following balloon injury [17].

Several other genes that do not fall into one of the above
mentioned categories have been assayed for their involvement
in the restenotic process and its prevention, one of the more
prominent ones being iNOS [53]. The majority of these
approaches was successful, as reported. Still, it will be a
challenge to dissect which strategies are the most promising
ones to follow for clinical studies, of which some have
already been conducted. This includes the PREVENT single-
center randomized trial that uses ex-vivo introduction of E2F
decoys into human vascular bypass grafts, resulting to fewer
graft occlusions, revisions, or critical stenoses at 12 months
after operation [54]. Furthermore, the KAT (Kuopio
Angiogenesis Trial) and AGENT (Angiogenic Gene Therapy)
studies that appear to aim at formation of new Mood vessels
rather than prevention of restenosis per se should be
mentioned. They utilized intracoronarv transfer of
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adenoviral constructs for VEGF and FGF, respectively. Both
studies did not show increase of lumen diameter, but. in
accordance with the concept of new blood vessel formation,
improvement of other parameters, such as myocardial
perfusion and exercise time [55, 56].

CONCLUSIONS

Restenosis has been an attractive target disease for
gene therapists, due to the accessibility of the site of
treatment and to the possibility of localized delivery of the
(viral or non-viral) vector. While clinical gene therapy is
still in its infancy, and has been scooped in part by drug-
eluting stents, a number of in vivo studies involving a wide
variety of genetic inhibitors have begun to shape our
understanding of the molecular mechanisms underlying the
disease. This will hopefully lead to the rational design of
even more improved therapeutic strategies to tackle the
problems that are still remaining.

REFERENCES

[1 Hoffmann R, Mintz GS. Coronaiv in-stentrestenosis predictors
treatment and prevention. Eur. Heart J. 2000; 21: 739-49.

[2] Buffon A, Liuzzo O, Biasucci I.M, Pasqualetti P. Ramazzotti V.
Rebuzzi AG, et al. Preprocedural serum levels of C-reactive protein
predict early complications and late restenosis after coronary
angioplasty. ] Am Coll Cardiol 1999; 34: 1512-21.

3] Ishikawa T, Hatakeyama K, Imamura T. Date H, Shibata Y.

Hikichi Y, et al. Involvement of C-reaclive protein obtained by
directional coronary atherectomy in plaque instability and
developing restenosis in patients with stable or unstable angina
pectoris. Am J Cardiol 2003; 91: 281-92.

[4] Fuster V, Falk IE, Fallon .IT, Badimon L, Chesebro J1l. Badimon JJ.
The three processes leading to post PTCA restenosis: dependence on
the lesion substrate. Thromb Haemost 1995; 74: 552-9.

[5] Scott NA, Cipolla GD. Ross CE. Identification of a potential role
for the adventitia in vascular lesion formation after balloon
overstretch injury in porcine coronary arteries. Circulation 1996; 93:
2178-87.

[6] Libby P. Schwartz D. Brogi E, Ianaka H. Clinton SK. A cascade
model for restenosis. A special case of atherosclerosis progression.
Circulation 1992; 86: 11147-52.

[7] Duda SH, Poerner PC, Wiesinger B, Rundback JH, Tepe G.
Wiskirchen J. et al. Drug-eluling stents: Potential applications for
Peripheral Arterial Occlusive Disease. .1 Vase Interv Radiol 2003;
14: 291-301.

[8] Regar E. Serruys PW, Bode C, Holubarsch C, Guermonprez JL,
Wijns W. et al. Angiographic findings of the multicenter
randomized study with the sirolimus-eluting Bx Velocity balloon-
expandable stent (RAVEL). Circulation 2002; 106: 1949-56.

9] Duda SH, Pusich B, Richtcr G, Landwehr P, Oliva VL, Tielbeck A.
et al Sirolimus-eluting stents lor the treatment of obstructive
superficial femoral artery disease. Circulation 2002; 106: 1505-9

[10] Mann MJ, Zhau VI. Molecular approaches for the treatment of
atherosclerosis. Cardiol Clin 2002; 20: 633-44

[11] Ross R. The pathogenesis of atherosclerosis: a perspective for the
1990s. Nature 1993; 362: 801-9.

[12] LoGerfo FW, Quist WC, Cantelmo NL, Haudenschild CC. Integrity
of vein grafts as a function of initial intimal and medial
preservation. Circulation 1983; 68: 111 17-24.

[13] Kockx MM, Cambier BA, Bortier HE, De Meyer GR, Van
Cauwelaert PA. The modulation of smooth muscle cell phenotypc is
an early event in human aorto-coronary saphenous vein grafts
Virchows Arch A Pathol Anat Histopathol 1992; 420: 155-62.

[14] Skelly CL, Curi MA, Meyerson SL, Woo DH, Hari D, Vostcky JE
et al. Prevention of restenosis by a herpes simplex virus mutant
capable of controlled long-term expression in vascular tissue in
vivo. Gene Ther 2001; 8: 1840-6.

[15] Richter M, Iwata A, Nyhuis J, Nitta Y, Miller AD, Halbert CI. et al
Adeno-associated virus vector transduction of vascular smooth
muscle cells in viva. Phvsiol Genomics 2000; 2:11 7-27.



188

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

Current Vascular Pharmacology, 2004, Val. 2, No. 2

Yin X, Yutani C, Ikeda Y, Enjyoji K, Ishibashi-Ueda H, Yasuda S.
et al. Tissue factor pathway inhibitor gene delivery using HVIJ-AVE
liposomes markedly reduces restenosis in atherosclerotic arteries.
Cardiovasc Res 2002; 56: 454-63.

Kitamoto S, Egashira K, Takeshila A. Stress and Vascular
Responses:  Anti-inflammatory Therapeutic ~Strategy = Against
Atherosclerosis and Restenosis After Coronary Intervention. J
Pharmacol Sci 2003; 91(3): 192-6.

Ahn JD, Morishita R, Kaneda Y, Kim HS, Chang YC, Lee KU. et
al. Novel E2F decoy oligodeoxynucleolides inhibit in vitro vascular
smooth muscle cell proliferation and in vivo neointimal hyperplasia.
Gene Ther 2002; 9(24): 16X2-92.

Ahn JD, Morishita R, Kaneda Y. Lee SJ, Kwon KY, Choi SY. et al.
Inhibitory effects of novel AP-I decoy oligodcoxynucleotides on
vascular smooth muscle cell proliferation in vitro and neoimimal
formation in vivo. Circ Res 2002; 90(12): 1325-32.

Schwartz SM, deBlois D, O'Brien ER. The intima. Soil for
atherosclerosis and restenosis. Circ Res 1995; 77: 445-65.

Lindner V, Reidy MA. Proliferation of smooth muscle cells after
vascular injury is inhibited by an antibody against basic fibroblast
growth faetor. Proc Natl Acad Sci USA 1991; 88: 3739-43.

Olson NE, Chao S, Lindner V, Reidy MA. Intimal smooth muscle
cell proliferation after balloon catheter injury. The role of basic
fibroblast growth factor. Am J Pathol 1992; 140: 1017-23.

Sendcen NH, Jeunhomme TM, Heemskerk JW, Wagcnvoord R, van't
Veer C, Hemker HC. et al. Factor Xa induces cytokine production
and expression of adhesion molecules by human umbilical vein
endothelial cells. J Immunol 1998; 161: 4318-24.

Guzman RJ, Hirschowitz LA, Brody SI, Crystal RG, Epstein SL,
Finkel T. In vivo suppression of injury-induced vascular smooth
muscle cell accumulation using adenovirus-mediated transfer of the
herpes simplex virus thymidine kinase gene. Proc Natl Acad Sci
USA 1994; 91: 10732-6.

Chang MW, Ohno T, Gordon D, Lu MM, Nabel GJ, Nabel EG. et
al. Adenovirus-mediated transfer of the herpes simplex virus
thymidine kinase gene inhibits vascular smooth muscle cell
proliferation and neointima formation following balloon angioplasty
of the rat carotid artery. Mol Med 1995; 1: 172-81.

Chang MW, Barr E, Seltzer J, Jiang YQ, Nabel GJ, Nabel EG. et al.
Cytostatic gene therapy for vascular proliferative disorders with a
constitutively active form of the retinoblastoma gene product.
Science 1995; 267: 518-22.

Claudio PP, Fratta L, Farina F, Howard CM, Stassi G, Numata S. et
al. Adenoviral RB2/pl30 gene transfer inhibits smooth muscle cell
proliferation and .prevents restenosis after angioplasty. Circ Res
1999; 85: 1032-9.

Li J, Xia Y, Jiang L, Hu S, Xu H. Inhibition of vascular smooth
muscle cell proliferation by introduction of retinoblastoma gene via
a recombinant adenovirus vector. Chin Med J (Engl) 1997; 110:
950-4.

Chang MW, Barr E, Lu MM, Barton K, Leiden JM. Adenovirus-
mediated over-expression of the cyclin/cyclin-dependent kinase
inhibitor, p2l inhibits vascular smooth muscle cell proliferation and
neointima formation in the rat carotid artery model of balloon
angioplasty. J Clin Invest 1995; 96: 2260-8.

Maillard L, Walsh K. Growth-arrest homeobox gene Gax: a
molecular strategy to prevent arterial restenosis. Schweiz Med
Wochenschr 1996; 126: 1721 -6.

Harrell RL, Rajanayagam S, Doanes AM, Guzman RJ, Hirschowitz
EA, Crystal RG. et al. Inhibition of vascular smooth muscle cell
proliferation and neointimal accumulation by adenovirus-mediated
gene transfer of cytosine deaminase. Circulation 1997; 96: 621-7.
Yukawa H, Miyatake SI, Saiki M, Takahashi JC, Mima T, Ueno H.
et al. In vitro growth suppression of vascular smooth muscle cells
using adenovirus-mediatcd gene transfer of a truncated form of
fibroblast growth factor receptor. Atherosclerosis 1998; 141: 125-
32.

Cohen-Sacks H, Najajreh Y, Tchaikovski V, Gao G, Elazer V,
Dahan R. et al. Novel PDGFbetaR antisense encapsulated in
polymeric nanospheres for the treatment of restenosis. Gene Ther
2002; 9:1607-16.

Kotani M, Fukuda N, Ando H, Hu WY, Kunimoto S, Saito S. et al.
Chimeric DNA-RNA hammerhead ribozyme targeting PDGF A-
chain mRNA specifically inhibits neointima formation in rat carotid
artery after balloon injury. Cardiovasc Res 2003; 57: 265-76.

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

Kopp and Martin

Su JZ, Fukuda N, Hu WY, Kanmatsuse K. Rybozyme to human
TGF-betal mRNA inhibits the proliferation of human vascular
smooth muscle cells. Biochem Biophys Res Commun 2000; 278:
401-7.

Chung IM, Ueno H, Pak YK, Kim JW, Choi DH, Shin GJ. et al.
Catheter-based adenovirus-mediated local intravascular gene-
delivery of a soluble TGF-beta type II receptor using an infiltrator
in porcine coronary arteries: efficacy and complications, Exp Mol
Med 2002; 34: 299-307.

Nabel KG, Shum L, Pompili VJ, Yang ZY, Sha HB et al. Direct
transfer of transforming growth factor beta I gene into arteries
stimulates fibrocellular hyperplasia Proc Natl Acad Sci USA 1993;
90: 10759-63.

DeYoung MB, Tom C, Dichek DA. Plasminogen activator
inhibitor type I increases neointima formation in balloon-injured rat
carotid arteries. Circulation 2001; 104: 1972-1

Lamfers ML. Lardenoye JH, de Vries MR, Aaldcrs MC,Rageise
MA, Grimbergen JM. et al. In vivo suppression of restenosis in
balloon-injured rat carotid artery by adenovirus mediated gene
transfer of the cell surface-directed plasmin inhibitor TF BPT1.
Gene Ther 2001; 8: 534-4 1.

Konstantinides S. Schafer K, Loskutoff DJ. Do PAI-l and
vitronectin promote or inhibit neointima formation? The exact role
of the fibrinolytic system in vascular remodeling remains uncertain.
Arierioscler Thromb Vasc Biol 2002; 22: 1943-5.

Gruber F, Hufnagl P, Hofer-Warbinek R. Schmid JA. Breuss JM,
Huber-Beckmann R. et al Direct binding of Nur77/NAK-1 to the
plasminogen activator inhibitor I (PAI-I) promoter regulates TNF
{alpha',-induced PAI-1 expression. Blood 2002; 27: 27

Arkenbout EK, de Waard V. van Bragt M. van Achterberg TA,
Grimbergen JM, Pichon B. et al. Protective function of
transcription factor TR3 orphan receptor in atherogenesis:
decreased lesion formation in carotid artery ligation model in TR3
transgenic mice. Circulation 2002; 106: 1530-5.

Oltrona L, Speidel CM, Recchia D, Wickline SA, Eisenberg PR,
Abendschein DR. Inhibition of tissue factor-mediated coagulation
markedly attenuates stenosis after balloon-induced arterial injury
in minipigs. Circulation 1997;96:646-52.

Erl W, Hansson GK, de Martin R, Draude G, Weber KS, Weber
C. Nuclear factor-kappa B regulates induction of apoptosis and
inhibitor of apoptosis protein-1 expression in vascular smooth
muscle cells. Circ Res 1999; 84: 668-77.

Talenti A, Ianaro A, Maffia P, Carnuccio R, D'Acquisto F, Maiello
FM. et al. Role of nuclear factor-kappaB in a rat model of vascular
injury. Naunyn Schmiedebergs Arch Pharmacol 2001; 364: 343-
50.

Tardif JC, Gregoire J, Schwartz L, Title L, Laramee L. Reeves F.
et al. Effects of AGI-1067 and probucol after percutaneous
coronary interventions. Circulation 2003; 107: 552-8.

Brcuss JM, Cejna M, Bergmeisier H, Kadl A, Baumgartl G,
Steurcr S. et al. Activation of nuclear factor-kappa B significantly
contributes to lumen loss in a rabbit iliac artery balloon
angioplasty model. Circulation 2002; 105: 633-8.

Cejna M, Breuss JM, Bergmeister H, de Martin R, Xu Z. Grgurin
M. et al. Inhibition of neointimal formation after stent placement
with adenovirus-mediated gene transfer of I kappa B alpha in the
hypercholesterolemic rabbit model: initial results. Radiology
2002; 223: 702-8.

Belanger AJ, Searia A, Lu H, Sullivan JA. Cheng SH, Grogory
RJ. et al. Fas ligand/Fas-mediaicd apoptosis in human coronary
artery smooth muscle cells: therapeutic implications of fratricidal
mode of action. Cardiovasc Res 2001; 51: 749-61.

Luo Z, Garron T, Palasis M, Lu H, Belanger AJ, Searia A. et al.
Enhancement of Fas ligand-induced inhibition of neointimal
formation in rabbit femoral and iliac arteries by coexpression of
p35. Hum Gene Ther 2001; 12: 2191-202.

Mori E, Komori K, Yamaoka T, Tanii M, Kataoka C, Takeshita
A. et al. Essential role of monocyte chemoattractant protein-1 in
development of restenotic changes (neointimal hyperplasia and
constrictive  remodeling) after balloon angioplasty in
hypercholesterolemic rabbits. Circulation 2002; 105: 2905-10.
Usui M, Egashira K, Ohtani K, Kataoka C. Ishibashi M. Hiasa K.
et al. Anti-monocyte chemoattractant protein-1 gene therapy
inhibits restenotic changes (neointimal hyperplasia) after balloon
injury in rats and monkeys. FASEB J 2002; 16: 1838-40.

Shears LL, 2nd, Kibbe MR, Murdock AD, Billiar TR. I.azonova
A, Kovesdi L. et al. Efficient inhibition of intimal hyperplasia by



Gene Therapy Approaches for the Prevention of Restenosis

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

adenovirus-mediated inducible nitric oxide synthase gene transfer lo
rats and pigs in vivo. .J Am Coll Surg 1998; 187: 295-306.

Mann M.I. Whittemore AD. Donaldson MC, Belkin M, Conte MS,
Polak JF. et al. Ex-vivo gene therapy of human vascular bypass
grafts with K2F decoy: the PREVENT single-centre, randomised,
controlled trial. L.ancet 1999; 354(9189): 1493-8.

Hedman M. Hartikainen J, Syvanne M, Stjernvall J, Hedman A,
Kivela A. et al. Safety and feasibility of catheter-based local
intracoronary vascular endothelial growth factor gene transfer in the
prevention of postangioplasty and in-slent restenosis and in the
treatment of chronic myocardial ischemia: phase II results of the
Kuopio Angiogenesis Trial (KAT). Circulation 2003; 107(21):
2677-83.

Grines CL, Watkins MW, Helmer G, Penny W. Brinker J, Marmur
JD. Et al. Angiogenic Gene Therapy (AGENT) trial in patients with
stable angina pectoris. Circulation 2002; 105(1 I): 1291-7.

Zhu NL, Wu L, Liu PX, Gordon EM, Anderson WF, Starnes VA. et
al. Downregulation af cyclin G1 expression by retrovirus-mediated
antisense gene transfer inhibits vascular smooth muscle cell
proliferation and neointima formation. Circulation 1997; 96: 628-
3s.

Xu F, Prescott MF, Liu PX, Chen ZH, Liau G, Gordon EM. et al.
Long term inhibition ol neointima formation in balloon-injured rat
arteries, by intraluminal instillation of a matrix-targeted retroviral
vector bearing a cytocidal mutant cyclin Gl construct, Int J Mol
Med 2001; 8:19-30.

Macejak DG, Lin H, Webb S, Chase J, Jensen K, Jarvis TC. Et al.
Adenovirus-mediated expression of a ribozyme to c-myb mRNA
inhibits smooth muscle cell proliferation and neointima formalion in
vivo. J Virol 1999; 73: 7745-51.

You XM, Mungrue IN, Kalair W, Afroze T. Ravi B, Sadi AM. et al.
Conditional expression of a dominant-negative c-Myb in vascular
smooth muscle cells inhibits arterial remodeling after injury. Circ
Res 2003; 92: 314-21.

L.amphcre L, Tsui L, Wick S, Nakano T, Kilinski L, Finer M. et al.
Novel chimeric p 16 and p27 molecules with increased
antiproliferative activity for vascular disease gene therapy. J Mol
Med 2000; 78: 451-9.

Mc Arthur JG, Qian H, Citron D, Banik GG, l.amphere L, Gyuris J.
et al. p27-pl6 Chimera: a superior antiproliferative for the
prevention of neointimal hyperplasia. Mol Ther 2001; 3: 8-13.

Tsui IV, Camrud A, Moiulcsirc J, Carlson P, Zayek N, Camrud L.
et al. p27-pl6 fusion gene inhibits angioplasly-induced neointimal
hyperplasia and coronary artery occlusion. Circ Res 2001; 89: 323-
Condorelli G, Aycock JK, Frati G, Napoli C. Mutated p2l.
WAF/CIP transgene overexpression reduces smooth muscle cell
proliferation, = macrophage  deposition,  oxidation-sensitive
mechanisms, and restenosis in hypercholesterolemic apolipoprotein
E knockout mice. FASEB J 2001; 15: 2162-70.

Nakamura T, Morishita R, Asai T, Tsuboniwa N, Aoki M, Sakonjo
H. et al. Molecular strategy using cis-element 'decoy' of E2F
binding site inhibits neointimal formalion in porcine balloon-injured
coronary artery model. Gene Ther 2002; 9: 488-94.

Takagi V. Adenovirus-medialcd overexpression of a cyclin-
dependent kinase inhibitor. p57Kip2, suppressed vascular smooth
muscle cell proliferation. Hokkaido Igaku Zasshi 2002; 77: 221-30.
Morishita R, Gibbons GH, Kaneda Y, Ogihara T, Dzau VIJ.
Pharmacokinetics of antisense oligodeoxyribonucleotides (cyclin
Bl and CDC 2 kinase) in the vessel wall in vivo: enhanced
therapeutic utility for restenosis by HVIJ-liposome delivery. Gene
1994; 149: 13-9.

Indolfi C, Avvedimento EV, Rapacciuolo A, Di Lorenzo E,
Esposito G, Stabile E, et al. Inhibition of cellular ras prevents

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

(78]

(791

(80]

[81]

[82]

[83]

Current Vascular Pharmacology, 2004, Vol. 2, No. 2 189

smooth muscle cell proliferation after vascular injury in vivo. Nat
Med 1995; 1: 541-5.

Zhou Y, Wang L, Zhou A. Influcnce of antisense N-ras 1 gene on
smooth muscle cell proliferation after arterial injury. Zhonghua Yi
Xue Za Zhi 1997; 77: 220-3.

lTaccarino G, Smithwick LA, Lefkowitz RJ, Koch WIJ, Targeting
Gbeta gamma signaling in arterial vascular smooth muscle
proliferation: a novel strategy to limit restenosis. Proc Natl Acad
Sci USA 1999; 96: 3945-50.

Frey A, Schneider-Rasp S, Marienfeld U, Yu JC, Paul M, Poller W.
et al. Biochemical and functional characterization of nitric oxide
synthase III gene transfer using a replication-deficient adenoviral
vector. Biochem Pharmacol 1999; 58: 1155-66.

Engelse MA, Lardenoye JH, Neele JM, Grimbergen JM. De Vries
MR, Lamfers ML. et al. Adenoviral activin a expression prevents
intimal hyperplasia in human and murine blood vessels by
maintaining the contractile smooth muscle cell phenotype. Circ Res
2002; 90: 1128-34.

Laitinen M, Hartikainen J, Hiltunen MO, Eranen J, Kiviniemi M,
Narvanen O. et al. Catheter-mediated vascular endothelial growth
factor gene transfer to human coronary arteries after angioplasty
Hum Gene Ther 2000; 11: 263-70.

Dulak J, Jozkowicz A, Guevara I, Dembinska-Kice A. Gene
transfer of vascular endothelial growth factor and endothelial nitric
oxide synthase-implications for gene therapy in cardiovascular
diseases. Pol J Pharmacol 1999; 51: 233-41.

Asahara T, Chen D, Tsurumi Y, Kearney M, Rossow S, Passeri J.

et al. Accelerated restitution of endothelial integrity and
endothelium-dependent function after phVEGF165 gene transfer.
Circulation 1996; 94: 3291-302.

Hayashi K, Nakamura S, Morishita R, Moriguchi A, Aoki M,
Matsumoto K. et al. In vivo transfer of human hepatocyte growth
factor gene accelerates re-endothelialization and inhibits neointimal
formation after balloon injury in rat model. Gene Ther 2000; 7:
1664-71.

George SJ, Johnson JL, Angelini GD, Newby AC, Baker AH.
Adenovirus-mediated gene transfer of the human TIMP-1 gene
inhibits smooth muscle cell migration and neointimal formation in
human saphenous vein. Hum Gene Ther 1998; 9: 867-77.

Furman C, Luo Z, Walsh K, Duverger N, Copin C, Fruchart JC. et
al. Systemic tissue inhibitor of metalloproteinase-1 gene delivery
reduces neointimal hyperplasia in balloon-injured rat carotid artery.
FEBS Lett 2002; 531: 122-6.

Kume M, Komori K, Matsumoto T, Onohara T, Takeuchi K,
Yonemitsu Y. et al. Administration of a decoy against the activator
protein-1 binding site suppresses neointimal thickening in rabbit
balloon-injured arteries. Circulation 2002; 105: 1226-32.
Laukkanen MO, Kivela A, Rissanen T, Rutancn J, Karkkainen MK,
Leppanen O. et al. Adenovirus-mediated extracellular superoxide
dismutase gene therapy reduces neointima formation in balloon-
denuded rabbit aorta. Circulation 2002; 106: 1999-2003.

Emanueli C, Salis MB, Chao J. Chao L. Agata J, Lin KF. et al.
Adenovirus-mediated human tissue kallikrein gene delivery inhibits
neointima formation induced by interruption of blood flow in mice.
Atrterioscler Thromb Vasc Biol 2000; 20: 1459-66.

Murakami H, Yayama K, Miao RQ, Wang C, Chao L. Chao J.
Kallikrein gene delivery inhibits vascular smooth muscle cell
growth and neointima formation in the rat artery after balloon
angioplasty. Hypertension 1999; 34: 164-70.

Nikol S, Huehns TY, Krausz L, Armeanu S, Engelmann MG,
Winder D. et al. Needle injection catheter delivery of the gene for
an antibacterial agent inhibits neointimal formation. Gene Ther
1999; 6: 737-48.



