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ABSTRACT Restenosis, a process characterized in part by
excessive smooth muscle cell (SMC) proliferation in areas of
vascular injury, occurs in up to 50% of patients undergoing
balloon angioplasty. In an effort to develop a treatment strategy
for restenosis, we constructed a replication-deficient recombinant
adenovirus (AJMLP.HSTK) containing the herpes simplex virus
thymidine kinase gene (HSV tk). This viral gene product phos-
phorylates the prodrug gancidovir to form a nucleoside analog
that inhibits DNA synthesis. Cultured primary rat SMCs infected
with AAMLP.HSTK were completely growth-inhibited by incu-
bation in ganciclovir-containing medium, In addition, when only
a portion of the SMC population received the HSV tk transgene,
an inhibitory effect on neighboring SMCs was evident. Evaluation
of this strategy in vivo using a rat carotid balloon injury model
demonstrated thatlocal infection of injured arteries with AAMLP.-
HSTK followed by 2 weeks of systemic ganciclovir treatment
significantly (P < 0.01) reduced injury-induced SMC accumula-
tion. In contrast, there was no suppression of injury-induced
SMC accumulation in animals infected with AUMLP.HSTK but
not receiving ganciclovir or in those animals infected with a
control adenovirus and either treated or not treated with ganci-
clovir. These results demonstrate the potential utility of adeno-
virus-mediated gene transfer for treatment of restenosis after
balloon injury.

It is estimated that in 1994, >400,000 patients in the United
States will undergo percutaneous transluminal coronary bal-
loon angioplasty (PTCA) for treatment of coronary artery
disease. Although PTCA is initially successful in >95% of
patients, recurrent narrowing of the successfully dilated
coronary arteries leads to treatment failures in 30-50% of
patients over the ensuing 3-6 months (1, 2). In addition,
restenosis is largely responsible for the treatment failures of
newer techniques, which include atherectomy, stent implan-
tation, and laser angioplasty. Considerable effort has there-
fore been expended to determine the mechanisms involved in
restenosis as well as to devise effective treatment strategies.

We and others have recently shown that adenovirus vec-
tors can efficiently transfer genes into the cells of both injured
and uninjured vessels (3-7). In addition, using a rat carotid
injury model, we have shown that smooth muscle cells
(SMCs) that form the neointimal layer can be selectively
targeted for gene transfer (7). Using such strategies, the
efficiency of adenovirus-mediated gene transfer into vascular
cells appears to be significantly greater than previous meth-
ods with either liposomes or retroviruses (8, 9). In an effort
to expand treatment options for restenosis, we have inves-
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tigated the feasibility of targeting neointimal SMCs with
genes whose products inhibit cellular proliferation.

Several investigators have previously demonstrated that
cellular expression of the herpes simplex virus thymidine
kinase (HSV tk) gene product along with concomitant ad-
ministration of the prodrug ganciclovir produces a potent
antiproliferative effect on neoplastic cells (10-13). This is
thought to result from the ability of the HSV tk gene product
to phosphorylate ganciclovir to form a nucleoside analog that
in turn inhibits DNA replication (14). Moreover, because the
nucleoside analog is diffusible, neighboring nontransfected
cells may also be affected through a ‘‘bystander effect,”’
thereby amplifying the antiproliferative actions (15, 16).
Recent reports of experiments using such strategies have
demonstrated that intratumor injection of fibroblasts engi-
neered to produce HSV tk retroviral vectors, along with
ganciclovir treatment, results in tumor regression in animals
(15). This strategy is being evaluated in human subjects with
brain tumors (17). In the present study, we show that we can
use adenovirus vectors to deliver HSV tk into neointimal
SMC:s and, in the presence of ganciclovir, inhibit the devel-
opment of injury-induced SMC accumulation.

MATERIALS AND METHODS

Construction of AUMLP.HSTK. A recombinant replica-
tion-deficient adenovirus (AdJMLP.HSTK) was constructed
that contains the HSV tk gene downstream of the major late
promoter of adenovirus (Fig. 1). The 1.8-kb cDNA encoding
HSYV tk was first ligated into an adenovirus shuttle plasmid.
This shuttle plasmid based on pBluescript II SK contained a
multiple cloning site flanked on the 5’ end by the left inverted
terminal repeat of adenovirus, the E1A enhancer, along with
the major late promoter and tripartite leader of adenovirus
type 2. On the 3’ end of the multiple cloning site there was an
=3-kb region homologous to adenovirus type 5. A linearized
fragment of this recombinant plasmid was cotransfected into
293 cells (American Type Culture Collection) along with Cla
I cut adenovirus DNA from the E3 deletion mutant Ad-d1327.
Single plaques were amplified in 293 cells. Recombinant virus
was screened by PCR amplification for the presence of HSV
tk and the absence of the E1 region to demonstrate successful
homologous recombination. A single PCR-positive plaque,
AJMLP.HSTK, was amplified in 293 cells and subsequently
purified on cesium gradients. Viral stocks in excess of 101°
plaque-forming units (pfu) of AAMLP.HSTK or AdRSV.Bgal
(a control vector containing the Escherichia coli lacZ gene

Abbreviations: SMC, smooth muscle cell; HSV tk, herpes simplex
virus thymidine kinase; pfu, plaque-forming unit(s); moi, multiplicity
of infection.
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FiG. 1. Construction of AUMLP.HSTK vector. A recombinant
replication-deficient adenovirus lacking the E1 and E3 region but
containing HSV tk under control of the adenoviral major late
promoter was constructed. m.u., Map units; AdS, adenovirus type 5;
ITR, inverted terminal repeat.

under control of the Rous sarcoma virus long terminal repeat)
per ml were prepared and titered in 293 cells (18, 19).

In Vitro Assessment of AAMLP.HSTK on SMC Prolifera-
tion. SMCs were obtained from rat thoracic aorta by the
method of enzymatic digestion and used between passages 5
and 10. Cells were plated in M199 medium (GIBCO/BRL)
containing 10% serum and allowed to grow to =30% conflu-
ence. Before infection they were made quiescent by serum
starvation for 48 hr in medium containing 0.5% serum. Cells
were then infected with the indicated multiplicity of infection
(moi) of AUMLP.HSTK or AdRSV.pggal for 2 hr, at which
point they were washed three times with phosphate-buffered
saline (PBS) and returned to medium containing 0.5% serum
for an additional 24 hr. For in vitro proliferation studies, with
the exception of the cell mixing experiments, cells were then
returned to medium containing 10% serum and the indicated
concentrations of ganciclovir. Cells in triplicate wells were
treated with trypsin and assayed with a Coulter Counter on
days 2, 6, 10, and 14 for establishment of proliferation curves.
Primary cultures of rat SMCs under the conditions used are
not contact inhibited; however, the increase in cell density
slows at =1 x 10° cells per cm?.

To determine whether rat arterial SMCs were susceptible to
the bystander effect, cells were infected with either AUMLP.-
HSTK or the control virus AJRSV.Bgal. After infection, the
two groups of SMCs were maintained in low serum for 48 hr.
Cells were then treated with trypsin, mixed in the indicated
ratios, and replated in triplicate wells. Ganciclovir was added to
the medium the following day (day 1).

In Vivo Assessment of AUMLP.HSTK on Neointimal For-
mation. All animals were studied under protocols approved
by the Animal Care and Use Committee of the National
Heart, Lung, and Blood Institute and in accordance with the
Guide for the Care and Use of Laboratory Animals (20). Rats
underwent balloon injury of the left carotid artery as de-
scribed by Clowes er al. (21). Seven days after injury, 100 ul
of a solution containing 3 x 108 or 1 x 10° pfu of adenovirus
was instilled into the vessel as described (7). After 50 min, the
viral solution was withdrawn, the arteriotomy was closed,
and the rats were allowed to recover. The following day
treatment was started with either ganciclovir (30 mg/kg i.p.
twice daily) or H,O as a control. Treatment was continued for
14 days, at which time the animals were sacrificed and the
carotid arteries were harvested for histologic assessment of
the SMC proliferative response to injury (22). For histologic
assessment, arteries were fixed by perfusing with 4% para-
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formaldehyde in PBS at physiologic pressure, divided into
2-mm segments, embedded in paraffin, and mounted in 5-um
sections.

To determine whether ADMLP.HSTK and ganciclovir
caused actual neointimal regression, six animals were sacrificed
7 days after injury (the time of viral instillation in the remaining
animals) and the neointimal/medial ratio was measured.

For detection of viral DNA in distal organs, DNA was
isolated from the rat heart, liver, spleen, gonadal tissues, and
infected carotid segment 48 hr after infection. Using 50 and
500 ng of DNA as a template, PCR was performed with
specific primers for the HSV tk gene: 5'-GAC CTG TAT
AACGTG TTT GCC TGG-3' and 5'-CAC GAA CCA TAA
ACC ATT CC-3'.

RESULTS

In Vitro Inhibition of SMC Proliferation. The ability of
AdMLP.HSTK to inhibit SMC proliferation in vitro was
dependent on both concentration of virus and concentration of
ganciclovir (Fig. 2). Primary cultures of rat SMCs were
infected with AUMLP.HSTK and incubated in medium con-
taining various concentrations of ganciclovir. As shown in Fig.
2A, ganciclovir at 10 ug/ml completely inhibited SMC growth,
while at 1 ug/ml the reduction in cell number was =~70% at the
end of the 2-week period. This same range of ganciclovir only
modestly affected cell growth when SMCs were infected with
the control adenovirus AARSV. Bgal (Fig. 2B). The antiprolif-
erative effect of AUMLP.HSTK was also dependent on the
moi in that growth inhibition of SMCs increased as the moi
increased from 0 to 100 pfu per cell (Fig. 2C).

Previous experiments with transformed cells demonstrated
a bystander effect wherein tumor cells expressing HSV tk
exert an antiproliferative effect on neighboring cells that do
not express HSV tk. To assess whether primary rat SMCs
were also susceptible to the bystander effect, cells were
infected with either AAMLP.HSTK or AdRSV.BGAL and
then mixed and replated (day 0) in various proportions. Since
we had previously shown in vivo that between 10% and 75%
of neointimal cells were successfully transduced by adeno-
viral infection (7), similar ratios of HSV tk-infected and
noninfected cells were prepared in vitro. The following day
(day 1), ganciclovir (10 ug/ml) was added to the medium. At
the end of 7 days, the -fold increase in cell number from day
1 was determined. As shown in Fig. 3, AdRSV.ggal-infected
cells that were not mixed with AAMLP.HSTK-infected cells
demonstrated an ~20-fold increase in number. Cells infected
with AUMLP.HSTK alone showed an almost complete inhi-
bition of cell growth over the 7-day period. Although cells
infected with AUMLP.HSTK alone had the greatest growth
inhibition, a 50:50 mixture of ADMLP.HSTK-infected and
AdRSV . ggal-infected cells were inhibited almost to the same
degree, suggesting an effect on untransfected cells. Such
results are similar in magnitude to the bystander effect
observed in tumor cells (23).

These in vitro data indicate that adenovirus-mediated gene
transfer of HSV tk can inhibit SMC proliferation and that this
effect can be maintained for atleast 2 weeks in vitro even though
the adenovirus genome does not integrate into the host cell
genome (24) and even in the absence of 100% HSV tk gene
transfer. This time frame is important because experimental
evidence indicates that most neointimal proliferation in the rat
lesion occurs within the first few weeks after injury (21).

In Vivo Inhibition of Neointimal Formation. We next assessed
whether local infection of ADMLP.HSTK and concomitant
ganciclovir administration inhibits vascular SMC proliferation
in vivo. Six groups consisting of a total of 73 Sprague-Dawley
rats were analyzed. Four control groups were treated with (i)
vehicle only, no ganciclovir; (ii) AARSV.S8gal (1 X 10° pfu), no
ganciclovir; (iii) AAMLP.HSTK (1 x 10° pfu), no ganciclovir;
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FiG. 2. Representative experiments from one of three similar
experiments are shown. Values are plotted as means + SEM with each
point performed in triplicate. (4) Growth curves of AAMLP.HSTK-
infected cells (100 pfu per cell) treated with increasing concentrations
of ganciclovir (gcv). (B) Growth curves of cells infected with the
control adenovirus vector AdRSV.Bgal (100 pfu per cell) treated with
increasing concentrations of ganciclovir. (C) Growth curves of cells
infected with increasing concentrations of AAMLP.HSTK and treated
with ganciclovir (10 ug/ml).

and (iv) AARSV.8gal (1 x 10° pfu), with ganciclovir. The two
treatment groups consisted of AUMLP.HSTK (3 x 10® pfu),
with ganciclovir, or AAMLP.HSTK (1 x 10° pfu), with ganci-
clovir.

Visual examination of histological sections from animals in
the four control groups all showed appreciable neointimal
formation when compared to uninjured arteries (Fig. 4 A-D).
In contrast, the neointimal mass appeared qualitatively re-
duced in those animals infected with AUMLP.HSTK and
treated with ganciclovir (Fig. 4 E and F).

To quantify the apparent reduction in neointimal area seen
in the two treatment groups, the ratio of neointimal/medial
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FiG. 3. Bystander effect of rat SMCs expressing HSV tk. Cells
were separately infected at 100 moi (day —3) with either AARSV.fgal
or AMLP.HSTK and then mixed in the proportions indicated (day
0). Ganciclovir treatment began on day 1. The fold increase in cell
number from day 1 to day 7 is expressed as a function of the
proportion of cells infected with AUMLP.HSTK. Values represent
average triplicate determinations, each of which varied <10% from
the mean.

area was determined by digital planimetry as described (22).
The mean neointimal/medial ratios in the four control groups
were statistically indistinguishable (Fig. 5). In contrast, ad-
ministration of ADMLP.HSTK with a fixed dose of ganci-
clovir significantly reduced the mean neointimal/medial ratio
(P = 0.027). The observed reduction in neointimal/medial
ratio was entirely dependent on reduction of the neointimal
area, as the medial area did not differ significantly among the
six groups (P = 0.38; data not shown).

B

FiG. 4. Histological sections from representative arterial seg-
ments. All specimens (except in A) were obtained 21 days after
balloon injury. The planimeterized ratio of neointimal/medial area
(B-E) represents specimens that closely approximated the mean
values for their respective groups. (A) Uninjured carotid artery. (B)
Arterial segment exposed to vehicle only. (C) Arterial segment
infected with 1 x 10° pfu of AARSV.Bgal with systemic ganciclovir
treatment (30 mg/kg twice daily). (D) Arterial segment infected with
1 x 10° pfu of AAMLP.HSTK without ganciclovir treatment. (E)
Arterial segment infected with 1 x 10° pfu of AUMLP.HSTK with
systemic ganciclovir treatment (30 mg/kg twice daily). (F) Addi-
tional arterial segment infected with 1 x 10° pfu of AAMLP.HSTK
and treated with systemic ganciclovir (30 mg/kg twice daily). (x45.)
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Fic. 5. Average ratio of neointimal/medial areas of balloon
injured rat carotid arteries. Neointimal and medial areas were
determined in a blinded fashion 21 days after injury. Six groups of
animals described in the text were studied, with the number of
animals studied in each group shown in the relevant bar. Average
ratio = SEM is shown. ANOVA of the six groups was significant (P
= 0.027). Unpaired Bonferroni corrected ¢ tests between groups are
shown above. tk, AUAMLP.HSTK; Bgal, AdRSV.pggal; gcv, ganci-
clovir; n, number of individual animals.

The magnitude of neointimal reduction in the treated
groups was dependent on the amount of AAMLP.HSTK used
(Fig. 5). Compared to the four control groups, animals
infected with the lower dose of 3 x 108 pfu of AAMLP.HSTK
and treated with systemic ganciclovir had an =~20% reduction
of the neointimal/medial ratio, a reduction that approached
statistical significance (P = 0.058). At the higher dose of 1 x
10° pfu of AUMLP.HSTK, the reduction of neointimal/
medial ratio was 46% (P < 0.01). Linear regression analysis
of percentage neointimal reduction versus adenovirus dose
was performed with three groups (vehicle, low dose, and high
dose AUMLP.HSTK). This analysis revealed a slope that was
significantly different from 0 (P = 0.004), indicative of a
dose-response relationship. A similar linear or near-linear
relationship between in vivo adenovirus dose and gene ex-
pression has previously been observed in marker gene studies
in the heart, vasculature, and lung (4, 25, 26).

Analysis of carotid arteries 7 days after balloon injury, the
time corresponding to adenoviral infection, revealed a
neointimal/medial ratio of 0.27 = 0.19 (n = 6). The neoin-
timal/medial ratio at 21 days in the two AJMLP.HSTK-
infected groups treated with ganciclovir was larger (P <
0.05), suggesting that treated lesions did not regress in size
but rather that neointimal progression in the treated groups
was inhibited. These results are similar to those obtained in
the in vitro mixing experiments (Fig. 3) wherein some growth
occurs when only 25-75% of cells contain the HSV tk gene.
Whether the differences in the neointimal/medial ratio per-
sist beyond 3 weeks is currently unknown.

Finally, since intravascular delivery of adenovirus has
potential for widespread infection beyond the treated area,
we assessed the presence of viral DNA in distal organs. DNA
was extracted from the liver, spleen, myocardium, gonadal
tissue, and infected carotid segment 48 hr after infection and
used in the PCR. No adenoviral DNA was detected in any
organ other than the infected carotid segment. This suggests
that the methodology for local delivery of adenovirus that
was used resulted in little distal infection.

DISCUSSION

Although various pharmacological interventions have been
used in an effort to inhibit the proliferation of SMCs at the site
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of angioplasty, none has significantly affected the rate of
restenosis in humans (27). Newer strategies have recently
been evaluated, including antibodies directed against peptide
growth factors (28, 29), and oligonucleotide-antisense mole-
cules directed at transcription factors or cell-cycle regulatory
molecules required for proliferation (30, 31). This study
expands potential treatment options for restenosis by dem-
onstrating that adenovirus-mediated transfer of a therapeutic
gene into the vascular wall inhibits neointimal development.

Before these technologies can be contemplated for use in
patients, other animal models need to be assessed to over-
come the differences that exist between the rat model and
more complex human lesions. While the rat lesion is com-
posed of proliferating SMCs the kinetics of which are well
described, the human lesion contains other cell types and
includes contributing factors such as vessel remodeling,
thrombus formation, and matrix secretion. Therefore, a
strategy such as we described targeted solely at SMC pro-
liferation may prove less effective in humans than in rats.
However, it is currently thought that, in human lesions,
neointimal SMCs produce much of the lesion’s extracellular
matrix and serve as a major source of chemoattractant
factors. In such an event, it remains conceivable that the
elimination of neointimal SMCs may have significant effects
even in the more complex human lesion.

Perhaps because the rat model is primarily a model of SMC
proliferation, and even though we have previously noted an
inflammatory response to adenoviral infection in the myo-
cardium (32), we noted little inflammation by light micros-
copy in infected vessels (Fig. 4). Indeed, except for the size
of the neointima, sections from treated animals appeared
histologically indistinguishable from sections of the control
uninfected animals.

One possible limitation of using adenoviral vectors to
deliver antiproliferative gene products is the potential to
cause unwanted local or systemic toxicity. Locally, such
therapy may impede endothelial function or regrowth. In the
rat model, such possibilities are difficult to assess as little
endothelial regrowth occurs after injury (33). We have con-
firmed these studies in our specific model by staining rat
carotids with Evans blue dye 21 days after injury and noting
that the lesion is predominantly not reendothelialized at this
time. Whether endothelial regrowth occurs in other models or
in human lesions and whether AUMLP.HSTK infection may
impede this process remains untested.

In addition to local effects, it remains possible that such
treatment could also lead to systemic toxic effects. Although
we noted no viral DNA by PCR in distal organs, this is
probably a reflection of the particular technique we used for
viral instillation into the injured rat carotid artery. For such
therapies to be adapted to human coronary arteries, a flow-
through catheter equipped for local gene delivery would need
to be used. Although such catheters currently exist, all
produce some degree of leakage, which would inevitably
increase the likelihood for distal viral infection. The exten-
sion of these results to the coronary arteries of larger animal
models that may produce lesions more closely resembling
those in humans, and in which catheter delivery systems
similar to those employed in patients can be used, will more
effectively address these issues. It should be noted that we
infected the carotid artery with the adenoviral vector 7 days
after injury, a time at which an appreciable neointima has
already developed. One reason we adopted this strategy was
to determine whether the transgene would be capable of
inhibiting neointima development not in a perfectly normal
vessel but in a vessel that was already diseased, as would
exist in the clinical situation. Our results did confirm that
treatment in the presence of a sizeable neointima was able to
inhibit further expansion of the lesion.
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Another question that needs to be addressed in the future
is whether efficacy can be further enhanced. Since we
demonstrated a dose-response relation between the amount
of virus used and the degree of inhibition of neointimal
development, it is possible that increasing the expression of
HSV tk either by higher titers or by using a stronger promoter
might increase efficacy. In addition, since the present insert
capability of recombinant adenovirus is up to 7.5 kb (24), it
is also possible that adenovirus vectors encoding HSV tk (or
another gene whose product has potent antiproliferative
effects) in combination with other therapeutic genes could be
constructed. As such, a recombinant vector that encodes
multiple gene products, some with antiproliferative effects
and others with antithrombotic or antiplatelet effects, might
ultimately prove to be the most clinically useful. Finally,
because virus leakage will probably occur when delivered by
a catheter-based system, use of a SMC-specific promoter
may be desirable to achieve optimal safety.

It should be noted that previous applications with recombi-
nant adenovirus vectors have primarily involved inherited ge-
netic diseases such as cystic fibrosis, muscular dystrophy, or
hemophilia (34-37). Such conditions require continuous stable
gene expression, which presently cannot be achieved with
nonintegrating adenoviral vectors. In contrast, the application
of adenoviral gene transfer may be better suited to conditions
such as restenosis, which presumably require short-term gene
expression. As such, the present investigation should provide
an impetus to further evaluate such strategies in the treatment
of acquired cardiovascular disorders.
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