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Trauma to the vessel wall leads to smooth muscle cell (SMC)
activation and eventual intimal hyperplasia. This process occurs in restenosis following balloon angioplasty, particularly
with stent placement, occlusion of vascular bypasses, and arteriopathy of chronic allograft rejection. Genetic interventions affecting the cell cycle or early postinjury events have
been successful in limiting SMC proliferation in vitro and in
animal models. Gene therapy strategies have included the
use of antisense oligonucleotides to block protein synthesis,
transduced genes to cause cytotoxicity, and genetically engineered cells to decrease the response to injury. The clinical
application of gene therapy in vascular diseases should follow the evolution of delivery systems that enable efficient local gene transfer to the arterial wall. (Tab. 1, Fig. 1, Ref. 30.)
Key words: gene therapy, intimal hyperplasia, vascular smooth muscle cell, restenosis.

Traumatické pokodenie cievnej steny vedie k aktivácii hladkých svalových buniek (HSB) a prípadnej hyperplázii intímy.
Tento proces býva následok restenózy po balónikovej angioplastike, najmä v prípade umiestnenia stentu, upchatia cievnych bypassov a chronickej artériopatie srdcového allograftu. Genetické
zásahy do bunkového cyklu alebo skorých procesov po pokodení dokázali úspene obmedzi proliferáciu HSB in vitro a na
zvieracích modeloch. Génová terapia zahròovala vyuitie antitenzných oligonukleotidov pri blokovaní proteosyntézy, génovú
transdukciu na vyvolanie cytotoxického efektu, a genetickým
ininierstvom vytvorené bunky na oslabenie odpovede na pokodenie. (Tab. 1, obr. 1, lit. 30.)
K¾úèové slová: génová terapia, hyperplázia intímy, cievna hladká
svalová bunka, restenóza.

The term, gene therapy, is used generally in reference to any
genetic manipulation intended to treat or prevent disease. The appeal of gene therapy has two main roots, one factual and one
theoretical. Current laboratory techniques allow identification,
cloning, and transfer of certain genes from one cell to another.
The theory is that such technology could be applied efficiently in
vivo with advantages over standard treatments. Gene therapy could be less toxic, less expensive, and more effective than conventional, long-term drug therapy, particularly in chronic diseases;
however, to achieve these standards, a sufficient number of cells
involved in the pathologic process must be modified genetically,
which remains a challenge.
Gene therapy requires a gene, vector, and delivery system.
Genes that have been isolated abound currently, their numbers
growing rapidly along with progress in the Human Genome Pro-

ject. Single or multiple genetic defects have been identified in
a great number of diseases. The traditional categories of genetic
and acquired disease are no longer clear-cut definitions. As the
understanding of mechanisms of disease advances, the role of genes becomes more apparent. Deletions, mutations, and transpositions can lead to disease even when such molecular defects are
acquired in adult life. A common example is radiation-induced
malignancy-deoxyribonucleic acid (DNA) damage transmitted to
cell progeny as mutations that lead to cancer.
Intimal hyperplasia (IH) is clearly acquired, but it may be affected by predisposing genetic factors such as hypercholesterolemia (Ross, 1993; Davies & Hagen, 1994). IH is characterized by
proliferation of medial smooth muscle cells (SMC), and is prominent in restenosis following angioplasty (Popma et al., 1991), particularly with stenting (Johhnson et al., 1990). To a certain extent,
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IH is present in all types of vascular reconstructions including
prosthetic and autologous grafts (Clowes et al., 1994), and found
in solid organ allografts, having a substantial role in chronic rejection (Häyry and Yilmaz, 1995). IH is a result of the vessel walls
response to injury. The initial insult may be of a physical, chemical, or immunologic nature. SMC are stimulated to proliferate,
migrate from the media toward the intima, and produce extracellular matrix (Casscells, 1992). This process narrows eventually or
occludes the vessel lumen completely, which often translates into
clinical ischemia. Therefore, the control of IH would probably have
important clinical applications.
Many conventional pharmacologic approaches have been tested to control IH; however, the modest success achieved in animal
models could not be reproduced in clinical trials. Although trials
are now beginning (Isner et al., 1996), a number of factors indicate gene therapy is a promising approach. First, because the current understanding of the mechanisms of IH allows specific therapeutic interventions to be designed. Second, animal models of IH
are developed widely (Ferrel et al., 1992; Schwartz, 1994; Reis et
al., 1998), and gene therapy has been successful in pre-clinical
studies (von der Leyen et al., 1995; Rade et al., 1996). Third, as
gene therapy is applied in other fields, particularly oncology, advances can be incorporated into vascular disease. Finally, a variety of catheters and biomaterials are available currently for safer
and more effective local delivery of therapeutic agents to the vessel wall (Riessen & Isner, 1994).
In vascular diseases, the main candidates for gene therapy are
those conditions where an acute insult leads to IH. Studies using
drugs such as heparin suggest therapy is more effective when initiated at the time of injury (Clowes et al., 1994). Conceivably, the
same applies to molecular therapies, because early intervention
on intracellular signaling pathways is more likely to affect the cell
cycle and have greater impact on the proliferative process (Isner et
al., 1996).
In the following sections, the pathogenesis of IH is reviewed
briefly, current strategies of molecular therapy are discussed, and
future approaches are suggested with emphasis on translation into
clinical practice.
Pathogenesis of intimal hyperplasia (IH)
The current understanding of the mechanisms of IH is based
largely on animal studies of acute arterial injury. Trauma to any
layer of the arterial wall induces SMC phenotypic transformation
and activates a cascade of mediators (Fig. 1). Dedifferentiation
increases the sensitivity of SMC to growth factors and cytokines,
a process that begins hours after the insult and continues for several months. Activated vascular smooth muscle cells (VSMC) proliferate, migrate toward the vessel lumen, and synthesize extracellular matrix leading to neointimal formation. Therefore, in the injured vessel, two populations of VSMC are present: quiescent cells with contractile function; and proliferating, activated cells, with
secretory function. Macrophages, T-cells, and platelets can be present in the neointima, and their products contribute to endothelial
dysfunction and SMC disregulation (Davies and Hagen, 1994). In
essence, the neointima is a composite of activated cells interacting in an attempt to heal the vessel after injury. Sometimes, this
process is excessive and leads to luminal narrowing. The thres-

Fig. 1. Representation of the response to arterial injury.
Obr. 1. Schéma odpovede na arteriálne pokodenie.

hold for stenosis varies in different species and according to vessel characteristics (Schwartz, 1994; Isner et al., 1996). It also depends on the quality, intensity, and duration of the insult and other
factors such as diabetes, hypercholesterolemia, and renal failure
(Ross, 1993).
Several mediators that influence the balance between normal
healing and pathologic stenosis have been identified (Fig. 1). Platelets release platelet-derived growth factor (PDGF) and transforming growth factor-beta (TGF-ß); PDGF induces SMC migration
and TGF-ß is an important regulator of extracellular matrix production. The angiogenic agent, basic fibroblast-derived growth
factor (bFDGF), stimulates endothelial cell mitogenesis. Nitric
oxide (NO) appears to be an endogenous inhibitor of VSMC growth
and migration, in addition to its role as an endothelium-derived
vasodilator (Ignarro, 1993). Angiotensin II (Ang II) can activate
various components of the tyrosine kinase signaling cascade, thus
promoting cell growth. The transcription factor, E2F, coordinates
the induction of cell cycle regulatory genes such as Cdc2, c-myb,
and c-Myc (Gibbons and Dzau, 1996). Genes activated in VSMC,
either in vitro by growth factors or in vivo by arterial injury (Taubman, 1993), are attractive targets for molecular therapies.
Gene therapy approaches
The term, gene therapy, is applied to all treatment involving
genetic alteration of cells. In this context, a cell function is either
modified by a change in the cells genome or the influence of
another genetically altered cell.
Genetic material can be introduced into cells by use of appropriate vectors. Although almost any type of cell can be manipulated genetically in culture, attempts of in vivo gene transfer are
often hampered by low efficiency and inadequate specificity. Plasmids, liposomes, and viruses are vectors used commonly for in
vivo gene transfer (Riessen and Isner, 1994). Plasmids are fragments of extra-chromosomique DNA susceptible to autonomous
replication, which can be modified to make convenient vectors;
however, they have limited efficiency in vivo. Liposome complexes are preparations of cationic lipid molecules that coat the negatively charged DNA allowing incorporation into cell membranes.
Liposomes are degraded in the cytoplasm releasing plasmid DNA;
however, these vectors also produce low rates of gene transfer in
vivo.
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Viral vector systems are more efficient for in vivo gene transfer. A number of viruses have been used successfully and different properties can be attributed to each species. Most frequently,
retroviruses and adenoviruses are used. Retroviral vectors infect
proliferating cells and integrate into the hosts genome, permitting long-term expression of the transgene. An adenovirus-transferred gene is not integrated into the hosts genome and gene expression is transient. In addition, adenoviruses infect quiescent
cells, and their usefulness is limited by toxicity to tissues other
than the target. Replication-defective viral vectors have been constructed to minimize the risk of random infection. In this case,
a viral particle produced by a packaging cell line cannot replicate
after it infects a host cell.
To confirm gene transfer, marker-genes are often used. The
Escherichia coli beta-galactosidase (ß-gal) gene is an example. ßgal catalyzes the formation of a product that stains blue with histochemical techniques, indicating expression of the transgene.
Indirect or cell-mediated gene transfer involves genetic modification of endothelial cells or SMC in culture and subsequent
seeding of these cells into the vasculature. Endothelial cells transduced in vitro with a retroviral vector expressing the ß-gal gene
have been introduced onto iliofemoral arteries of Yucatan minipigs using a double-balloon catheter after denudation of the endothelium. Examination of arterial segments 2 to 4 weeks later
disclosed endothelial cells in the intima expressing ß-gal activity.
Using the same model, SMC were implanted and ß-gal activity
was demonstrated in the intima and media (Nabel et al., 1989;
Nabel et al., 1990). Cultured rat SMC infected with a replicationdefective retrovirus containing human genes have been seeded onto
the surface of injured rat carotid artery and continued to express
the introduced gene over a long period (Clowes et al., 1994). Human genes have been introduced into baboons using prosthetic
vascular grafts seeded with retrovirally transduced SMC (Geary
et al., 1994). Genetically engineered endothelial cells have been
used to improve the surface of a metallic endovascular prosthesis
in a sheep model (Flugelman, 1995).
Direct gene transfer into the vessel eliminates the need for
prior cell transfection in vitro and is more likely to have clinical
applications. In several animal models, expression of marker genes in the arterial wall has been achieved with pure DNA or a mixture of plasmid DNA with cationic liposomes. Delivery systems
included intravenous injection, a hydrogel-coated angioplasty
balloon, and other percutaneous devices (Riessen and Isner, 1994;
Flugelman, 1995; Isner et al., 1996). Using the Yucatan minipig
model, a retroviral vector and liposomes containing a marker
gene were introduced into the arterial wall. Evidence of recombinant gene expression in the intima, media and adventitia was
observed for up to five months (Nabel et al., 1989, 1990). A therapeutic approach was reported using the herpesvirus thymidine
kinase (TK) gene delivered by an adenoviral vector into porcine
arteries. Cells expressing the TK gene produce a cytotoxic drug
when exposed to gancyclovir. In these studies, intimal hyperplasia decreased after a course of ganciclovir treatment (Ohno et
al., 1994). An efficient Sendai virus/liposome technique was used
to transfect NO synthase gene into the vessel wall after balloon
injury in a rat model. Local generation of NO resulted in substantial inhibition of neointimal formation (von der Leyen et al.,
1995).
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Another strategy of gene therapy involves the use of antisense
oligonucleotides-short segments of synthetic DNA that, after cellular uptake, can bind to messenger ribonucleic acid (mRNA), blocking its translation. They can be targeted specifically against mRNA
encoding proteins essential for cell proliferation. Antisense oligonucleotides (AON) have been found to reduce neointimal formation after denudation of rat carotid and porcine coronary arteries
(Riessen and Isner, 1994). In one experiment, antisense c-myb oligonucleotide was added to a gel solution and applied around injured rat carotid arteries. Results showed no detectable levels of cmyb mRNA and a significant reduction of intimal accumulation
in treated animals (Simons et al., 1992). The proto-oncogene, cmyb, is involved in mitogen-induced proliferation of SMC. Recently, an AON against the cdk2 gene was shown to inhibit IH of
transplant arteriopathy in a mouse heart transplant model (Suzuki
et al., 1997). Table 1 summarizes gene therapy approaches for control of IH. Importantly, these approaches are primarily based on
molecular events known to participate in the disease process.
Future research
Attempts of in vivo infection using adenovirus have been hampered by toxic effects and transient expression of these vectors.
Adeno-associated viruses are attractive vectors to circumvent these problems because they have high transduction frequency, in-

Tab. 1. Pathobiologic mechanisms of intimal hyperplasia with potential for gene-based control (modified from Gibbons, 1996).
Process

Gene

Endothelial dysfunction
Thrombosis
SMC activation
Cell growth
Cell migration
Matrix production
Apoptosis

NO; VEGF; FGF
Iib/IIIa receptor; tissue factor; t-PA
Gax; adhesion molecules
E2F decoys; pRB; p21, p27, p53
Integrins; PDGF; t-PA
MMPs; plasmin
Bax

NO: nitric oxide, VEGF: vascular endothelial growth factor, FGF:
fibroblast growth factor, t-PA: tissue plasminogen activator, pRB:
retinoblastoma protein, PDGF: platelet-derived growth factor, MMPs:
matrix metalloproteins.

Tab. 1. Patobiologické mechanizmy hyperplázie intimy s monosami genetickej kontroly (modifikované pod¾a Gibbonsa,1996).
Proces

Gény

Endotelová dysfunkcia
Trombóza
aktivácia HSB
Bunkový rast
Bunková migrácia
Tvorba matrixu
Apoptóza

NO,VEGF,FGF
Iib/IIIa receptor, tkanivový faktor,t-PA
Gax,adhezívne molekuly
E2F návnada,provokatér, pRB,p21,p27,p53
Integríny,PDGF,t-PA
MMPs,plazmín
Bax

NO: oxid dusnatý, VEGFG: cievny endotelový rastový faktor, FGF:
fibroblastový rastový faktor, t-PA: tkanivový aktivátor plazminogénu,
pRB: retinoblastómový proteín, PDGF: rastový faktor pochádzajúci
z trombocytov, MMPs: metaloproteíny matrixu
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tegrate into the genome, and are less immunogenic. Also, they
have not been found to cause disease or tumor in humans. Tissuespecific endogenous promoters (e.g., actin promoter if the target
cells are SMC) may further refine arterial gene transfer by allowing one to restrict gene expression to a certain cell type within
the arterial segment at the site of transfection.
Gene transfer to a high percent of cells would most likely be
required for effective genetic manipulation of IH. However, a lower transfection efficiency might be sufficient if a secreted gene
product can exert a paracrine effect on neighboring cells. Such
a stand-by effect is observed with the suicidal TK gene. Other genes with similar properties may become available.
Concurrent with the growing interest in local delivery of pharmacologic agents, much attention during previous years has been
given to site-specific gene therapy for vascular disorders, particularly restenosis and thrombosis. Local delivery of DNA, like local
delivery of drugs, is expected to increase the efficacy and reduce
systemic toxicity of recombinant gene products. In response to
specific needs for gene delivery, catheters and prostheses are being improved rapidly and protocols for clinical trials are appearing in the literature (Isner et al., 1996).
Encapsulation of genetically modified cells has been used as
a means to achieve in-situ gene therapy. This technology involves
the use of synthetic membranes to protect packaging cell lines,
allowing continuous delivery of their products (Lysaght and Aebischer, 1999). Studies using periarterial retroviral vector delivery suggest encapsulated xenogeneic cells survive and deliver viral
vectors in perivascular tissues, with transduction into the arterial
wall (Reis et al., 1996). Such strategy minimizes intra-luminal
manipulations, avoiding additional vessel injury, ischemia, and
thrombosis.
Among the genes with potential for use in clinical trials of
vascular gene therapy are the tissue plasminogen activator (t-PA)
(Flugelman, 1995) and hirudin (Rade et al., 1996) genes that modulate the clotting system, the vascular endothelial growth factor
gene that enhances endothelial growth, and other genes that suppress VSMC proliferation (Li and Brooks, 1999). Protocols established previously can be followed for monitoring of patients
and the efficacy of interventions because gene therapy can be delivered by the same methods used for drug therapy. Safety issues
must be considered carefully in the preparation of clinical trials
(Isner et al., 1996; Smith et al., 1996).
In summary, it is reasonable to attempt controlling IH by targeting proliferating medial SMC. The most effective approach may
be to target components of the intracellular signaling cascades
shared by many growth regulatory molecules, and commence therapy immediately after the triggering insult to the vessel wall. Variants of this strategy can be adapted to specific settings: for restenosis, gene delivery at the time of balloon injury, and through the
same angioplasty catheter; for vascular bypass occlusion, genetic
modification of vein grafts, or coating of prosthetic grafts with
genetically engineered cells; and for transplant arteriosclerosis,
pre-treatment of allografts.
Powerful molecular tools for control of IH have been developed in the laboratory. In clinical practice, devices for vascular interventions and biomaterial are becoming safer and more efficient.
It is the combination of these advances that holds promise for the
effective treatment of IH.
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