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Restenosis continues to limit the efficacy of coronary angioplasty, despite the various
mechanical and pharmaceutical interventions that have been employed. The migration,
proliferation, and extracellular matrix production by vascular smooth muscle cells are
processes integral to restenosis, and sustained local delivery of drugs at high concen-
tration should curtail these vascular responses to balloon angioplasty. Our laboratory
and others are exploring the potential of using somatic cell gene therapy to provide
such treatment and thereby prevent restenosis. However, conventional methods ofgene
transfer fail to produce physiologic levels of recombinant protein in vivo. This obstacle
might be overcome by using adenoviral vectors to mediate efficient direct gene trans-
fer. Herein we summarize these developments and focus upon our laboratory's progress
towards evaluating adenovirus-mediated gene therapy in porcine coronary arteries. Re-
combinant adenoviruses directing the expression of the P-galactosidase and luciferase
reporter genes were evaluated in cultured coronary vascular smooth muscle cells in
vitro and in porcine coronary arteries in vivo. Following percutaneous transluminal gene
transfer in vivo, recombinant adenoviruses were shown to produce 70- to 240-fold more
reporter protein than that produced by Lipofectin-DNA complexes. Furthermore, the
high levels of adenovirus-mediated gene expression were shown to persist for at least
14 days following catheterization. Additional histologic studies will be required to deter-
mine the cellular distribution of gene expression and to elucidate potential interactions
between adenovirus and the host's immune system, but recombinant adenovirus ap-
pears to be a promising vector for evaluating gene therapy against coronary restenosis.
(Texas Heart Institute Journal 1994;21:104-11)
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T he long-term efficacy of coronary angioplasty is limited by the luminal
restenosis that occurs in 30% to 40% of all patients, often within a 3-month
period following the procedure. Although the complex pathogenesis of

coronary restenosis remains the subject of continuing debate, the proliferative re-
sponse of vascular smooth muscle cells to the injury imposed by coronary angio-
plasty is a major contributor to the loss of luminal diameter gained by balloon
dilation. Alternative interventional procedures, such as laser angioplasty, rota-
tional atherectomy, and directional atherectomy, have all failed to lessen the rate
of restenosis. This may be due to the fact that, like balloon angioplasty, each of
these interventions imposes some form of vascular injury in order to improve
luminal diameter. A number of drugs have shown promise in small animal models
of arterial injury, but clinical trials have failed to identify an effective preventive
regimen against coronary restenosis. Available evidence suggests that, in order to
inhibit vascular smooth muscle cell proliferation, the pharmacologic intervention
will have to be delivered at high concentration for an extended period of time. In
theory, it should be possible to use the newly developed technology of somatic
cell gene therapy to provide sustained local delivery of high-dose antiproliferative
agents. Herein, we review the progress that has been made towards developing
gene therapies against restenosis, and focus upon the ultimate challenge of achiev-
ing efficient gene transfer into vascular cells.

Histologic evidence and animal models suggest that restenosis is primarily a
response of the artery to the injury caused by percutaneous coronary angioplasty.
Angioplasty disrupts the intimal layer of endothelial cells as well as the underly-
ing smooth muscle cells of the media. It is generally agreed that multiple growth
factors released by platelets, endothelial cells, macrophages, and smooth muscle
cells are mechanistically involved in the restenosis process. Regardless of the
specific role and relative importance of any 1 growth factor or combination there-
of, the critical pathogenetic feature of restenosis appears to be the proliferation
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of smooth muscle cells: a process that has proved
refractory to mechanical and pharmacologic thera-

py.1-6 Although several pharmacologic agents have
shown promise when tested in small-animal models
of arterial injury, the same agents have failed to re-
duce significantly the rate of coronary restenosis in
clinical trials.7 This may indicate some deficiency in
the rodent models of arterial injury; however, it is
more likely that the critical difference involves drug
dosage. The mg/kg dose administered in clinical tri-
als is often only a small fraction of that administered
during animal trials, since rodents tolerate adverse
systemic effects much better than do patients. It fol-
lows that many of the drugs that prevent intimal
hyperplasia in rodents could also prevent restenosis
in human beings, provided that effective concentra-
tions could be maintained in the afflicted coronary
artery for the requisite period of time. This hypoth-
esis has led the manufacturers of interventional de-
vices to aggressively pursue the concept of local
drug delivery,8 resulting in the genesis of a wide vari-
ety of catheter-based systems for delivering agents
directly to the coronary vessel wall.

Because it is now possible to deliver drugs to cor-
onary arteries at high concentration in conjunction
with the angioplasty procedure, it is conceivable that
restenosis could be prevented if only methods could
be developed for maintaining effective drug doses
over extended periods of time. The proliferation and
intimal migration of vascular smooth muscle cells
(VSMCs) has been shown to occur in the 1st few
weeks after balloon-mediated injury to the arterial
wall, with subsequent increase in neointimal thick-
ness being attributed to extracellular matrix synthe-
sis and other repair mechanisms.9 Consequently, a
current objective of the pharmaceutical industry is
to develop sustained-release formulations that would
maintain a high local concentration of drug for an
extended period following percutaneous delivery.
One means of accomplishing this goal would be to
incorporate the drug into an intracoronary stent
composed of a biocompatible and biodegradable
polymer matrix.10 This approach is being pursued
aggressively on a number of fronts; however, the
rigorous physical, chemical, and immunologic con-
straints imposed by the coronary vasculature pose
serious obstacles to the development of such poly-
meric stents.

Coronary gene therapy is an alternative means of
maintaining high local concentrations of pharmaco-
logic agent for extended periods of time following
percutaneous delivery. Using the newly developed,
catheter-based local delivery devices and highly
efficient methods of direct gene transfer, a single
administration of gene therapy might genetically
reprogram the afflicted coronary artery to produce
antiproliferative protein(s) for a period of several

weeks. Direct gene transfer into the arteries of living
animals was 1st demonstrated by Nabel and col-
leagues11 in a study that used the lacZreporter gene
to monitor retrovirus- and Lipofectin-mediated gene
transfer into the peripheral vessels of swine. Using
the firefly luciferase reporter system,'2 another group
of investigators then demonstrated Lipofectin-medi-
ated gene transfer in the coronary arteries of intact
dogs after delivery by arterial ligation"3 or perforated
balloon catheter.'4 We have conducted similar stud-
ies of Lipofectin-mediated direct gene transfer in the
coronary arteries of Hanford miniature swine, since
our ultimate goal is to test antiproliferative gene
therapy in a porcine model of coronary restenosis.'5
However, our laboratory16 and others'4 discovered
that the actual levels of recombinant protein pro-
duced in coronary arteries following in vivo, trans-
catheter delivery of DNA-Lipofectin complexes was
far below that which might be considered physio-
logically significant. A study using perforated bal-
loon catheters to deliver retroviral vectors to rabbit
aortas also reported low levels of gene transfer."'

Gene Transfer in Vitro
The reports summarized above made it clear that the
efficiency of gene transfer was the major obstacle to
implementing coronary gene therapy against reste-
nosis.16-18 At this juncture, our laboratory employed
cultured coronary VSMCs'9 as a model in which to
evaluate transfection efficiency. We chose VSMCs as
an in vitro approximation of the post-angioplasty
vessel wall, because few endothelial cells remain in
the target coronary segment following the angio-
plasty of atherosclerotic arteries, and because the
proliferative response of VSMCs to high-serum cul-
ture conditions in vitro resembles their hyperplastic
response to vessel injury in vivo. As part of our stud-
ies to improve the efficiency of gene transfer, we
subjected porcine coronary VSMCs to lipofection
with plasmids carrying the luciferase and P-galactosi-
dase reporter genes. We found that the lipofection
of cultured VSMCs was variable and inefficient, of-
ten with less than 5% of the transfected cells express-
ing the lacZgene when stained with a histochemical
substrate (X-gal), which turns blue in the presence
of P-galactosidase.20 Therefore it was readily appar-
ent that the critical problem with direct in vivo gene
transfer was the inefficiency inherent in lipofection.
If less than 5% of VSMCs would take up and express
the reporter gene after 24 hours of exposure to DNA-
Lipofectin complexes on a cell culture plate, then it
was unreasonable to expect that better levels of ex-
pression could result from a brief exposure in an
intact vessel during direct in vivo gene transfer.

In order to increase the efficiency of transfection,
we pursued 2 major lines of investigation: the en-
hancement of lipofection using additives such as the
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hemagglutinin antigen (HA) from influenza virus,
and the use of recombinant viral vectors to accom-
plish gene transfer. The first column in Figure 1
illustrates that the standard lipofection protocol
(Bethesda Research Laboratories [BRL]; Gaithers-
burg, Maryland, USA) will produce about 2 pico-
grams (pg) of recombinant luciferase from a single
35-mm plate of VSMCs. The 2nd column shows the
result of mixing the influenza HA protein with the
DNA-Lipofectin complexes before addition to the
VSMCs. We had reasoned that the membrane-fusing
properties of HA21 would improve the efficiency of
gene transfer by enabling the plasmid DNA to escape
lysosomal degradation in the transfected cells. The
influenza HA protein is cytotoxic, so it wa-s neces-
sary to adjust the dose in order to enhance gene
transfer without injury to the VSMCs; nevertheless,
the addition of 600 ng of HA per 35-mm culture plate
resulted in a significant (9-fold) increase in luciferase
expression.22 Parallel experiments with plasmids car-
rying the lacZgene for 3-galactosidase indicated that
30% to 40% of the cells on a plate could be trans-
fected using the optimal dose of HA.
The HA-enhancement of lipofection was encour-

aging; nevertheless, it fell short of achieving the goal
of quantitative gene transfer. Reports detailing high
efficiency gene transfer by recombinant adenovi-
ruses23,24 prompted us to test a replication-deficient
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Fig. 1 Comparison of 3 gene transfer methods in cultured
porcine vascular smooth muscle cells (VSMCs). Quadruplicate
35-mm plates of coronary VSMCs were each subjected to
gene transfer mediated by: 1) complexes formed of 1. 7 pg
pRSVL12 and 5Mg Lipofectin (Lipofectin); 2) the same DNA-
Lipofectin complexes supplemented with 600 ng of influenza
hemagglutinin antigen (Lipofectin + HA); or 3) 2.5 x 108 pfu of
a recombinant adenovirus carrying the luciferase cDNA in an
analogous expression cassette (Adenovirus). After 24 hours
of exposure, the media were changed and the cells were
incubated at 37 IC for an additional 48 hours, until harvest for
luciferase determination. The mean amount of luciferase
recovered per 35-mm plate is plotted in picograms on a log
scale, with the standard deviation indicated by error bars.

pfu = plaque-forming units (infectious viral particles)

adenovirus type 5 (Ad5) vector in our VSMC culture
system. The 1st Ad5 virus we evaluated carried the
lacZ reporter gene and was kindly provided by
Frank L. Graham of McMaster University. After ex-
posing a 35-mm plate of VSMCs to 5 x 106 plaque
forming units (pfu) (i.e., infectious viral particles) for
24 hours, nearly every cell stained blue when as-
sayed by X-gal for P-galactosidase activity. Although
the natural target of the adenovirus is the respiratory
epithelium,23 it infects a wide range of tissueS24 and
efficiently infected VSMCs in vitro. In order to fur-
ther demonstrate the efficiency of Ad5-mediated
gene transfer, we used the adenoviral cloning sys-
tem of Graham and Prevec25 to generate a replica-
tion-deficient virus carrying the luciferase reporter
gene (Ad5/RSV/GL2). The 3rd column in Figure 1
illustrates that high doses of this recombinant ade-
novirus (2.5 x 108 pfu) can produce nearly 1 ,ug of
recombinant luciferase in a single 35-mm plate of
porcine VSMCs. This was the highest dose of Ad5/
RSV/GL2 that was tested, and it appeared to saturate
the ability of the VSMCs to produce luciferase, since
lower doses provided superior yields in terms of lu-
ciferase production per unit of virus. It should be
noted that the results in Figure 1 are plotted on a log
scale, and that the adenoviral infection produced
450-fold more luciferase than the standard lipofec-
tion protocol.
The remarkable efficiency of adenovirus-medi-

ated gene transfer is primarily due to the molecular
mechanisms by which adenovirus mediates endocy-
tosis, endosomal disruption, and nuclear entry.26 In
contrast, liposome-based methods of gene transfer
(such as lipofection), may be efficient at delivering
recombinant plasmids into the host cell, but most of
this DNA is lost, presumably to lysosomal degrada-
tion.27 The replication-deficient adenoviral vectors
used in our studies are derived from the adenovirus
serotype 5 (Ad5) genome. Wild-type Ad5 is an ico-
sahedral, non-enveloped virus carrying a linear,
double-stranded 36-kb DNA genome. The molecu-
lar genetics of Ad5 has been studied extensively,
because this virus serves as a convenient model in
which to examine eucaryotic DNA replication, tran-
scription, and mRNA processing.28
The Ad5 virus can be made replication-deficient

because productive infections are contingent upon
expression of the viral early genes Ela and Elb. The
Ela gene encodes a multifunctional transcriptional
regulator that is responsible for modulating both vi-
ral and cellular genes. In concert with Elb (or other
oncogenes), Ela can convert even primary cells to a
fully transformed phenotype. Deletion of the El re-
gion renders the mutant virus non-transforming, rep-
lication-deficient, and incapable of executing its
normal pattern of early and late gene expression.
The Ad5 viruses carrying the El deletion are capable
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of delivering their DNA to a wide variety of cell
types, but they can replicate only in permissive host
cell lines that supply the necessary El proteins. We
use the 293 host cell line that Graham and col-
leagues29 derived from a human embryonic kidney
carcinoma by introducing sheared Ad5 DNA to pro-
duce a permissive host that contains the necessary
El genes integrated into the genome.

Viral production in 293 cells is extremely efficient,
and lysates containing 109 to 1010 pfu/mL can easily
be obtained. Relatively simple concentration and
purification techniques can then be used to obtain
viral stocks with concentrations (titers) approaching
1011 pfu/mL. The remarkable stability and infectivity
of the adenoviral particles make them extremely
attractive for use in gene transfer experiments. In
parallel with our work on coronary VSMCs, the labo-
ratory of Michael D. Schneider (Molecular Cardiol-
ogy Unit, Baylor College of Medicine) has applied
adenovirus-mediated gene transfer to primary cul-
tures of adult rat cardiomyocytes30 and has demon-
strated that these cells can be infected at efficiencies
exceeding 90%. Successful gene transfer into nearly
every living cell on a culture plate is a remarkable
improvement over conventional transfection tech-
niques (calcium-phosphate precipitation, lipofec-
tion, DEAE-dextran, electroporation, etc.), since
these methods rarely transfect more than 10% of the
target cells. The greater than 10-fold increase in the
number of cells expressing the recombinant gene,
and the corresponding increase in the levels of re-
combinant gene product, render possible experi-
ments that previously were problematic-or at least
enable experiments to be conducted on much
smaller scales. The following section will focus upon
our application of adenoviral vectors for the purpose
of coronary gene transfer, but other applications of
adenovirus-mediated gene transfer in the cardiovas-
cular system have recently been reviewed.3

Gene Transfer in Vivo
The high efficiency of adenovirus-mediated gene
transfer in vitro prompted our laboratory to test Ad5
vectors for in vivo application. In our initial experi-
ence with direct gene transfer into porcine coronary
arteries, we had employed DNA-Lipofectin com-
plexes and Wolinsky Infusion Catheters (kindly
provided by USCI, Billerica, Massachusetts, USA) to
investigate the effects of infusion volume and pres-
sure upon the efficiency of gene transfer.16 The
Wolinsky Infusion Cathetere resembles a convention-
al angioplasty device except that the balloon mem-
brane is perforated with 28 microscopic holes, each
25 microns in diameter. In order to accomplish local
delivery, the desired infusate is loaded into the in-
flation device, the balloon is positioned at the target
segment in the coronary artery, and the perforated

balloon is pressurized, resulting in simultaneous bal-
loon inflation and coronary infusion.
Our early studies established that delivering 4 mL

of infusate under conditions similar to routine coro-
nary angioplasty (balloons oversized relative to tar-
get segment, 8 atmospheres of pressure, and fewer
than 30 seconds of inflation time) resulted in higher
levels of gene expression than were obtained using
lower pressures (4 atmospheres) or larger volumes
(8 mL). We used the 4-mL and 8-atm delivery condi-
tions in our comparisons between Lipofectin- and
AdS-mediated gene transfer, because we wished to
examine these processes in the setting of balloon in-
jury and because these conditions appeared to be
optimal for lipofection. In our animal model, the in-
flation of oversized balloons to 8 atmospheres causes
disorganization and occasional medial dissection,
similar to the injury imposed by standard angioplasty
balloons in the porcine models of balloon-over-
stretch injury. Because our goal is to evaluate direct
gene transfer in the setting of balloon angioplasty,
we have not made a systematic study of gene trans-
fer in the total absence of arterial injury. The vari-
ability in the levels of expression following direct
gene transfer has made it difficult to find a correla-
tion between vascular injury and gene expression.
Nevertheless, it is reasonable to suggest that the na-
ture of the genetic vector, the mode of delivery, the
degree of vascular injury, and the resulting level of
gene expression are individually complex (and in-
terrelated) variables.

In our preliminary experiments with Ad5, we com-
pared gene transfer using a virus carrying the lacZ
gene (AdS/HCMV/lacZ, provided by F.L. Graham) to
gene transfer using Lipofectin (BRL) and a plasmid
carrying an analogous expression cassette (with the
human cytomegalovirus IE promoter transcribing the
Escherichia coli lacZ gene). For each transfected ar-
tery, 50 ,ug of reporter plasmid DNA (pCMVO)32 was
complexed with 150 ,ug of Lipofectin and diluted to
4 mL with Opti-MEM I (BRL). Viral infections were
performed with 4-mL volumes containing 5 x 109 pfu
of recombinant adenovirus (Ad5/HCMV/lacZ). Un-
der fluoroscopy, these solutions were infused at a
pressure of 8 atmospheres into the coronary arteries
of intubated Hanford miniature swine using perfo-
rated balloon catheters (Wolinsky Infusion Cath-
eters)8 and a strictly percutaneous approach. Three
days after gene transfer, the coronary arteries were
homogenized in lysis buffer and the 0-galactosidase
activities were determined using a chemilumines-
cent assay. Panel A of Figure 2 demonstrates that 5 x
109 pfu of the adenovirus produced 70-fold more
protein than did 50 jg of highly purified plasmid
DNA.
We sought to confirm these results with the lu-

ciferase reporter system, since previous studies had
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Fig. 2 Compan'son of Lipofectin- and adenovi'rus-mediated
gene transfer in intact porcine coronary arterlies. In panel (A),
the cytomegalovirus/lacZ(CMVEsacZ) expression cassette was
deployed i'nto each coronary artery as a complex of 50,ug of
pCMVP32 with 150 pg of Lipofectin (Lipofectin), or as a
recombinant adenovi'rus (Adenovirus) provided by Frank L.
Graham and Andrew Bett of McMaster Unliversity, Ontari'o,
Canada. In panel (B), the Rous sarcoma vlirus/Lucliferase (RSVI
Luc) expression cassette was deployed into each coronary
artery as a complex of 50 pg of pRSVL 12 with 150 pg of
Lipofectin (Lipofectin), or as a recomblinant adenovlirus
(Adenovirus). The coronary artenies were harvested 3 days
after the gene transfer procedure and subjected to a chemi-
lumlinescent assay for 0-galactosidase acti'vity (A) or a lumi-
nescent assay for lucliferase activity (B). Each column i'n
the 2 graphs represents the mean total of active enzyme
(,B-galactosidase or luciferase, respectively) isolated from
3 to 6 coronary arteries + the standard deviation.

demonstrated a background of endogenous 3-galac-
tosidase activity present in the vessel wall.'3-1 To-
wards this end, Frank L. Graham was generous in
providing the adenoviral cloning system,33 293 host
cells,29 and protocols25 necessary for our laboratory
to construct an adenovirus in which a luciferase ex-
pression cassette was substituted for the adenoviral
El genes. Our laboratory then compared the relative
efficiencies of adenovirus- and Lipofectin-mediated
gene transfer using luciferase reporter genes tran-
scribed by the Rous sarcoma virus (RSV) long ter-
minal repeat (LTR). Levels of reporter gene activity
were determined 3 days after infusion catheteriza-
tion, using a luminescent assay for luciferase activ-

ity.31 Figure 2B summarizes the results of this com-
parison, in which 240-fold more protein was pro-
duced by the recombinant adenovirus than was
produced by Lipofectin.
The absolute amounts of recombinant gene prod-

uct obtained were obviously dependent upon the
mass of DNA (or titer of virus) employed; neverthe-
less, this study demonstrated that when equal vol-
umes were infused, replication-deficient adenoviral
vectors were far more efficient than Lipofectin at
mediating direct gene transfer into living coronary
arteries. A 70-fold difference in reporter activity was
observed using the lacZ reporter gene, and a 240-
fold difference was observed using the luciferase
gene.

In order to fully appreciate the efficiency of Ad5-
mediated gene transfer, the results should actually
be normalized to the number of genes undergoing
transfer. In the case of luciferase, 50 tg of pRSVL
DNA (10.6 pmoles of reporter gene) produced a
mean 0.11 pg luciferase per coronary artery, while 4
x 109 adenoviral particles (6.64 fmoles of reporter
gene) produced a mean 26.0 pg luciferase per artery.
Consequently, when the luciferase data are consid-
ered on a molar basis, the adenovirus was over
300,000 times more efficient than Lipofectin. A simi-
lar normalization of the lacZ data indicates that the
adenoviral vector was nearly 100,000 times more
efficient than Lipofectin using the P-galactosidase re-
porter system. It is interesting to note that the nano-
gram levels of 3-galactosidase that could be isolated
from a single artery were far in excess of the pico-
gram levels of luciferase. Most of this difference is
probably due to the high stability of the P-galactosi-
dase protein relative to luciferase,3' although other
potential contributing factors include promoter
strength and message stability. Nevertheless, both
reporter systems demonstrate the clear superiority of
adenoviral vectors over more conventional methods
of gene transfer.

Multiple lines of evidence from a variety of ani-
mal models indicate that most of the smooth muscle
cell migration and proliferation responsible for re-
stenosis occurs during the 1st 2 weeks following ar-
terial injury. Therefore, in order to be most effective,
an antiproliferative gene therapy directed against
restenosis would have to provide for at least 2 weeks
of recombinant gene expression. It was therefore
important to determine if the duration of recombi-
nant gene expression provided by Ad5 vectors
makes them suitable for use in developing genetic
therapies against restenosis. Under fluoroscopy, 4-
mL volumes containing 4 x 109 pfu of Ad5/RSV/GL2
were infused into each porcine coronary artery at a
pressure of 8 atmospheres, using perforated balloon
catheters. Luciferase activity in the arteries was de-
termined upon euthanasia of the miniature swine at
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3, 7, and 14 days following the infusion catheter-
izations. The results are reported in Figure 3, where
each value represents the mean pg of active lucif-
erase recovered from 6 porcine coronary arteries +
standard deviation.
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Fig. 3 Persistence of luciferase expression from an adeno-
viral vector following direct in vivo gene transfer A strictly
percutaneous procedure was used to deliver the luciferase
reporter virus (Ad5/RSVWGL2) to all 3 major coronary arteries
of Hanford miniature swine. The animals were allowed to
recover for 3, 7, or 14 days before euthanasia for determina-
tion of luciferase activity. Each column in the graph represents
the mean total of active luciferase in picograms isolated from
6 coronary arteries ± the standard deviation.

This study demonstrates that similar levels of gene
expression are obtained at 3, 7, and 14 days follow-
ing gene transfer, with maximal expression observed
at 3 days. These data indicate that a single applica-
tion of Ad5-mediated gene therapy could provide up
to 2 weeks of sustained protein production and sug-
gest that these vectors may be suitable for delivering
antiproliferative gene therapies directed against cor-
onary restenosis.

Discussion

A number of laboratories have evaluated the poten-
tial of adenoviral vectors for mediating direct in vivo
gene transfer into the vessel wall. Replication-defi-
cient adenoviral vectors carrying reporter genes
have been delivered to the peripheral vessels of
sheep3 and rabbits,37 as well as to the coronary ar-
teries and myocardium of rabbits."8 Our laboratory
has focused upon the coronary arteries of Hanford
miniature swine39 because: 1) the coronary anatomy
of swine is similar to that of human beings; 2) the
vasomotor response of swine is similar to that of
human beings; 3) atherosclerosis can be induced in
swine as in human beings; 4) our laboratory and
others have established reliable models of coronary
restenosis in the swine;15'104' and 5) our ultimate goal

is to test antiproliferative gene therapies using these
porcine models of coronary restenosis.
The 1st histochemical demonstration of direct

gene transfer into porcine peripheral vessels'1
prompted several laboratories to evaluate the poten-
tial of using lipofection and retrovirus-mediated
gene transfer to introduce genes into the vessel wall.
The consensus of these studies was that more effi-
cient methods of gene transfer had to be developed
before physiologically significant levels of recombi-
nant protein could be produced in the intact coro-
nary vasculature.18 The high efficiency of gene
transfer mediated by replication-deficient Ad5 vec-
tors has brought coronary gene transfer 1 step closer
to reality by overcoming this major obstacle to vas-
cular gene therapy. These vectors have several prop-
erties that make them well-suited for delivering gene
therapies against restenosis: 1) they are replication-
deficient and therefore incapable of establishing a
productive infection; 2) they mediate efficient gene
transfer regardless of the proliferative state of the tar-
get cell; 3) they provide for transient expression of
recombinant genes, since the viral DNA does not
integrate into the host genome; and 4) the extra-
chromosomal location of the viral DNA alleviates
concerns regarding the possibility of proto-onco-
gene activation following chromosomal integration.
The 1st 2 properties listed above are desirable for

any type of gene therapy; however, the episomal lo-
cation of the viral DNA is advantageous only in cer-
tain applications. For example, a transient pattern of
expression is desirable for inducing immunity (as
in the case of vaccines based upon adenoviral vec-
tors)42 and in applications to prevent restenosis
(wherein it would be unnecessary and perhaps det-
rimental to permanently alter the balance of gene
regulation in the vessel wall). On the other hand, all
inherited and many acquired diseases require thera-
pies of longer duration. As a consequence, the tran-
sient nature of adenovirus-mediated gene transfer
may prove problematic in gene therapy for inherited
diseases such as cystic fibrosis,23 since the efficacy
of repeat treatments will be dampened by the im-
mune response of the host.43 This block to repeated
administration is not a critical issue in the preven-
tion of restenosis, since only a single application of
gene therapy should be required to temporarily in-
hibit VSMC proliferation.

Adenoviral vectors therefore appear to be better
suited for temporary applications, such as the pre-
vention of restenosis, than for the permanent treat-
ment of genetic disease. The experiments summa-
rized above demonstrate that Ad5 vectors mediate
efficient gene transfer into the coronary vasculature,
and that the temporal pattern of recombinant gene
expression should be adequate to inhibit the prolif-
eration of VSMCs. Although these vectors appear to
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be a promising delivery system for gene therapy, a
number of important issues remain to be resolved,
including the distribution of gene expression in the
target tissue and the possibility of interaction be-
tween the host's immune system and replication-
deficient Ad5 vectors. Additional studies will be
required to focus on these points and to assess fully
the suitability of adenoviral vectors for use in human
gene therapy against restenosis.
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