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ABSTRACT

Background: Balloon injury of the arterial wall induces
increased vascular smooth cell proliferation, enhanced
elastic recoil, and abnormalities in thrombosis, each of
which contribute to regrowth of intima and the lesion of
restenosis. Several gene transfer approaches have been
used to inhibit such intimal smooth muscle cell growth.
In this report, adenoviral gene transfer of ,3-interferon
(13-IFN) was analyzed in a porcine model of balloon
injury to determine whether a secreted growth inhibi-
tory protein might affect the regrowth of vascular
smooth muscle cells in vitro and in arteries.
Materials and Methods: An adenoviral vector encod-
ing 13-interferon (ADV-f3-IFN) was prepared and used to
infect porcine vascular smooth muscle cells in a porcine
balloon injury model. Its antiproliferative effect was an-
alyzed in vitro and in vivo.
Results: Expression of recombinant porcine ,3-lIFN in
vascular smooth muscle cells reduced cell proliferation
significantly in vitro, and supematants derived from the

,B-IFN vector inhibited vascular smooth muscle cell pro-
liferation relative to controls. When introduced into por-
cine arteries after balloon injury, a reduction in cell pro-
liferation was observed 7 days after gene transfer
measured by BrdC incorporation (ADV-AE 1 arteries
14.5 ± 1.2%, ADV-13IFN 6.8 + 0.8%, p < 0.05, un-
paired, two-tailed t-test). The intima-to-media area ratio
was also reduced (nontransfected arteries, 0.70 ± 0.05;
ADV-AE1 infected arteries, 0.69 ± 0.06; ADV-P3-IFN in-
fected arteries, 0.53 ± 0.03; p < 0.05, ANOVA with
Dunnett t-test). No evidence of organ toxicity was ob-
served, and regrowth of the endothelial cell surface was
observed 3-6 weeks after balloon injury.
Conclusions: Gene transfer of an adenoviral vector en-
coding ,B-IFN into balloon-injured arteries reduced vas-
cular smooth muscle proliferation and intimal forma-
tion. Expression of this gene product may have potential
application for the treatment of vascular proliferative
diseases.

INTRODUCTION
The proliferation of cells in response to vascular
injury is regulated by different stimuli, including
growth factors which induce cell proliferation,
inflammatory cytokines which regulate inflam-
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mation, and other proteins which can act to limit
cell proliferation, such as cyclin-dependent ki-
nases expressed in vascular smooth muscle cells
(vsmc). The role of individual gene products in
intimal hyperplasia and restenosis after balloon
injury is not completely understood, and an im-
portant goal is the definition of factors that can
enhance or inhibit the formation of neointima.
Although several factors have been described
that either induce (1,2) or inhibit (3-6) intimal
proliferation, there have been no descriptions to
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date of secreted cytokines that may help to limit
smooth muscle cell proliferation and neointima
formation in vivo. Among the inflammatory cy-
tokines that could potentially exert these effects,
the interferons (IFNs) have the ability to inhibit
cell proliferation in a variety of cells. Although
some interferons (gamma and alpha) also induce
inflammation, the 13-IFNs, while able to exert
antiviral effects, have a profound effect on cell
proliferation without inducing a substantial in-
flammatory response (7-10). In this report, we
address the role of ,3-IFN in limiting vascular
smooth muscle cell proliferation after balloon
injury in a porcine gene transfer model. Expres-
sion of ,B-IFN was achieved using an adenoviral
vector after balloon injury and was compared to
a control vector for its effect on smooth muscle
proliferation in vitro and in vivo. These findings
suggest that this secreted cytokine may act to
inhibit the expansion of neointimal vascular
smooth muscle cells after balloon injury and
prove useful as a potential intervention for reste-
nosis and atherosclerosis in vivo.

MATERIALS AND METHODS
Adenoviral Vector Construction
and Purification
The recombinant adenoviral vector, ADV-13-IFN,
was constructed by homologous recombination
between sub360 genomic DNA, an Ad5 deriva-
tive with a deletion in the E3 region, and a
porcine 3-IFN expression plasmid, pAd-13-IFN,
which had the left-hand sequence of Ad5 ge-
nome but not E1A and EIB (11). An adenoviral
vector lacking ,3-IFN, ADV-AE1, was used as a
negative control. The structure of these replica-
tion-defective viruses was confirmed by South-
ern blotting and prepared as previously described
(1 1). The pCMV plasmid, also called VR1012, has
been described previously (12) and pCMV-,-IFN
vector was prepared by insertion of the porcine
f3-IFN cDNA into the SalI site of this vector.

Cell Culture, Infection, and Cell
Cycle Analysis
Primary porcine vsmc were infected with ADV-
,B-IFN or ADV-AE1 for 1 hr in DMEM (GIBCO/
BRL) and 2% fetal calf serum (FCS), and normal
media was added after 1 hr. Additional control
cells were uninfected and maintained in M199
with 10% fetal bovine serum (FBS). Twenty-

four hours later, the cells were split into 6-well
dishes at 6 X 104 cells per well. Cells were har-
vested on indicated days, and cell numbers were
measured by a hemocytometer using Trypan
blue exclusion.

For analysis of cell cycle, porcine vsmc were
infected at a multiplicity of infection of 200/cell
with the ADV-AE1 or ADV-3-IFN vectors, har-
vested 2 days after infection, washed with phos-
phate-buffered saline (PBS) twice, and fixed in
70% ethanol for 30 min at 4°C. Control cells
were uninfected and maintained in M199 with
10% FBS prior to fixation. The cells were treated
with 1 U DNase-free RNase in 1 ml of PBS for 30
min at 37°C, resuspended in 0.05 mg/ml pro-
pidium iodide, and analyzed by flow cytometry
using a FACScan model (Becton Dickinson) (11).

Porcine Arterial Injury and In Vivo
Gene Transfer
Iliofemoral arteries from Yorkshire pigs were in-
jured with a double-balloon catheter (C. R. Bard)
(3) for 5 min as described earlier (3), and animals
were sacrificed 7 or 21 days (n = 40 arteries)
after injury. Direct gene transfer was performed
in injured iliofemoral arteries using a double-
balloon catheter (3). In each animal, both right
and left iliofemoral arteries were infected with
the same vector at a titer of 1 x 1010 pfu/ml
(dose of 7 x 109 pfu). In nontransfected control
animals, the iliofemoral arteries were injured
and saline was infused into the artery segment.

The artery segments infected with ADV-13-
IFN (n = 14 arteries) and ADV-AE1 (n = 14
arteries) or nontransfected (n = 12) were excised
7 or 21 days later. Each artery was processed in
an identical manner as previously described (3).
To assess cell proliferation, animals sacrificed at 7
days received 5-bromo-2 ' -deoxycytosine (BrdC)
(Sigma), and immunohistochemistry was per-
formed using an anti-BrdU antibody as described
(13). To assess the development of intimal thick-
ening, intima and medial cross-sectional areas
were measured 21 days after gene transfer in
four sections from each artery which spanned
the 1.5 cm arterial region (Image One Systems).
The four intima-to-medial (I/M) area ratios were
averaged to determined the I/M area ratio of
each artery. All animal experiments were per-
formed in accordance with NIH guidelines and
with approval of the University of Michigan
Committee in the Use and Care of Animals.
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RT-PCR Analysis

Total RNA was prepared using Trizol reagents
(GIBCO/BRL) according to the manufacturer's
protocol. Polymerase chain reaction (PCR) for
the 3-IFN gene was performed in the presence or
absence of reverse transcriptase (RT) with the
primers: 5'-GGA ATG AAA CCG TCA ITA AGA
CTA T-3' (sense); and 5'-ACC ACA GAA GTA
AGG TTC CUT CAC AAA GAT-3' (antisense). The
antisense primer was located in the 3' region of
the SV40 polyadenylation sequence and was spe-
cific for recombinant ,-IFN RNA and not endog-
enous porcine ,B-IFN RNA. The expected length
of the PCR product is 330 bp.

Statistical Analysis

All values are expressed as mean ± S.E.M. Each
artery was considered as an individual observa-
tion. Comparisons of means between ADV-3-
IFN, and ADV-AE1 and nontransfected samples
were made by ANOVA with the Dunnett t-test.
Comparisons between ADV-AE 1 and ADV-,B-IFN
arteries were made by a two-tailed, unpaired
t-test. Statistical significance was detected at the
p = 0.05 level.

RESULTS
Inhibition of Vascular Smooth Muscle
Cells following Gene Transfer of
ADV-fJ-IFN
To study the effect of /3-IFN on vascular cell
growth and cell cycle progression, an adenoviral
vector encoding this gene product was con-
structed. Because of the species specificity of IFN,
the porcine IFN sequence was used, obtained by
screening a cDNA expression library and sub-
cloning the cDNA into an expression vector un-
der the regulation of Rous sarcoma virus pro-
moter. Porcine f3-IFN is a glycoprotein that has
>60% homology with human 13-IFN (166 amino
acids, IN-linked complex carbohydrate). Similar
to its human counterpart, it is encoded by a
single intronless gene which can be induced in
peripheral blood mononuclear cells (PBMCs)
treated with viruses (14). This cDNA was incor-
porated into an adenoviral vector, and vsmc
were infected in vitro. Transduction of these cells
with the adenoviral vector suppressed cell prolif-
eration (Fig. IA). A slight reduction was ob-
served after infection of these cells with the ad-
enoviral vector alone, indicating some toxicity of
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FIG. 1. Cell growth in vascular smooth muscle
cells in response to P-IEFN expression
(A) Effect of ADV-f-IFN on vsmc growth. Triplicate
cultures of porcine vsmc were infected with ADV-,3-
IFN (0), ADV-AE1 (*), or were uninfected (El), and
then stimulated to proliferate with serum. Cells were
harvested on the indicated days after infection and
counted by Trypan blue staining. (B) Vsmc were in-
fected at the indicated multiplicities with ADV-AE1
(El) or ADV-,3-IFN (*). Cell counts were obtained 2
days after infection as in A.

the vector. In contrast, cell proliferation was
completely inhibited after infection with ADV-,3-
IFN. This effect, observed over a range of multi-
plicities of infection (MOIs), was significantly
greater than the effects of ADV-AE1 alone at all
MOIs 2 100 (Fig. 1 B), suggesting that expression
of porcine /3-IFN in porcine cells revealed anti-
proliferative effects characteristic of 13-interferon,
as observed in other species and cell types (9,15).
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To determine whether f3-IFN was secreted
into the media and was able to inhibit prolifera-
tion of nontransfected cells, supernatants from
vsmcs transduced with ADV-AE 1 or ADV-,3-IFN
were analyzed. Conditioned media from ADV-,B-
IFN, but not ADV-AE1, infected cells conferred
an antiproliferative effect on vsmcs at concentra-
tions of -10%, even during continuous serum
stimulation of porcine vsmcs (Fig. 2A). This ef-
fect was manifested by a decrease in the number
of viable cells, as judged by trypan blue exclu-
sion. Of the remaining viable cells, the expres-
sion of ,B-IFN did not induce growth arrest at a
specific phase of the cell cycle but was cell-cycle
independent (Fig. 2B), in contrast to other gene
products recently described which show cell
cycle-specific effect, such as a mutant retinoblas-
toma protein (4), or cyclin-dependent kinase in-
hibitors (CKIs) (6,13). This cytotoxicity did not
appear to be mediated through apoptosis, as
judged by a DNA laddering analysis (data not
shown). These findings, consistent with those
reported previously for interferons in other cells
(16), suggest a mechanism of action that is inde-
pendent of cell cycle regulation. Finally, the syn-
thesis of ,3-IFN was confirmed by Western blot
analysis in transfected 293 cells (Fig. 2C), and the
growth inhibitory effects of these supernatants
on vascular smooth muscle cells were abolished
by the addition of a ,B-IFN neutralizing antibody.
Activity of f-IFN was further confirmed by its
ability to stimulate class I MHC expression (data
not shown).

Overexpression of Interferon-,3 in Injured
Arteries Limits Development of
Intimal Hyperplasia
Because (3-interferon inhibited vsmc prolifera-
tion and was secreted into the media, these find-
ings raise the possibility that it may act on cells
other than those directly expressing the gene.
Thus, expression of this antiproliferative gene
product in injured arteries could potentially limit
the degree of intimal expansion following injury.
To assess its effect in vivo, ADV-,3-IFN was intro-
duced into porcine arteries immediately follow-
ing balloon catheter injury. As previously de-
scribed (3), porcine arteries were injured for 5
min and infected with adenoviral vectors (0.7 X
1010 pfu). Expression of ADV-f-IFN was con-
firmed by using an RT-PCR assay. Gene transfer
was demonstrated in iliofemoral arteries 7 days
after infection by RT-PCR, at which time ,B-IFN

RNA was readily detected in infected but not
uninfected porcine arteries (Fig. 3).

The effect of /3-IFN expression on vsmc
growth in vivo was assessed by two endpoints:
measurements of intimal cell proliferation 7 days
after gene transfer assessed by BrdC incorpora-
tion, and comparisons of intima-to-media area
ratios 21 days after gene transfer using quantita-
tive morphometry (Fig. 4). At 7 days after gene
transfer, cell proliferation in ADV-,BIFN arteries
was significantly reduced, compared with ADV-
AEl arteries (n = 4 arteries in each group) (ADV-
fIFN: 6.8 ± 0.8%, ADV-AE1 14.5 ± 1.2%, p <
0.05, unpaired two-tailed t-test). A parallel de-
crease in intima-to-media area ratio was also
present in ADV-f3-IFN arteries compared with
arteries from the two control groups (ADV-f3IFN:
I, 1.65 ± 0.56 mm2; M, 3.12 ± 0.92 mm2; I/M =
0.53 ± 0.03, n = 10 arteries; ADV-AEI: I, 1.93 ±
0.67 MM2; M, 2.81 ± 0.87 MM2; I/M 0.69 ± 0.064,
n = 10 arteries; nontransfected: I, 2.05 ± 0.62
mm2; M, 2.93 ± 0.96 mm2; I/M 0.70 ± 0.05,
n = 8 arteries; p < 0.05, ANOVA with Dunnett
t-test). These results suggest that f3-IFN expres-
sion at the time of balloon injury results in an
inhibition of vascular cell proliferation and sub-
sequent intimal lesion formation.

DISCUSSION
Expanded neointimal hyperplasia occurs as a re-
sponse to balloon injury and represents a com-
plex process resulting from vascular proliferative
and thrombotic events, with local accumulation
of smooth muscle cells and matrix deposition,
often causing reocclusion of arteries. A number
of gene transfer approaches have been pursued
to prevent the recurrence of this process follow-
ing balloon injury in a variety of different animal
models (3-6,13). In this study, we have evalu-
ated the effects of a naturally occurring antipro-
liferative gene that has favorable features. The
,3-IFNs have been well characterized for their
antiviral and antiproliferative effects in a variety
of different species and cell lines. In addition to
their effect on cell proliferation, these proteins
have the additional capacity to be secreted and
thus to act on a large number of cells following
gene transfer into a minority of the subpopula-
tion. Thus, the ability of gene products to be
secreted and cause cytostatic effects reduces the
need to transduce all dividing cells in the injured
artery and increases its potential to inhibit local
proliferation.
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FIG. 2. The effect of se-
creted porcine B-IFN on
cell cycle progression
(A) Supernatants from vsmc
infected with ADV-,B-IFN (U)
or ADV-AE1 (*) were ana-
lyzed for antiproliferative ef-
fects at the indicated concen-
trations of conditioned
media. Cell proliferation was
measured using the MTT col-
orimetric assay, detecting op-
tical density at 570-650 to
determine relative rates of
proliferation as described
previously (3). (B) Pro-
pidium iodide staining was
used to determine cell cycle
distribution of vsmc after in-
fection using the indicated
antiviral vectors. The per-
centage of cells in GO/GI, S,
and G2/M are shown for
each vector, respectively. (C)
Western blot analysis for
3-IFN protein in control
(pCMV) or 13-IFN (pCMV-j3-
IFN) transfected 293 cells.
Western blots were per-
formed as previously de-
scribed (11,13) using a sheep
anti-human f3-IFN antibody
(Biosource International,
Camerillo, CA).

The involvement of IFNs in a variety of other
processes has also raised the possibility that they
may affect cellular activity unrelated to smooth
muscle cell proliferation, such as that exhibited
by activated macrophages or lymphocytes
(1 7,18). Thus, its effects may be exerted not only
in acute proliferative responses, as might be ob-
served in balloon catheter injury, but may also
have potential to affect more chronic inflamma-
tion or proliferation as observed in atherosclero-
sis. The expression of ,B-IFNs and its ability to
inhibit vascular smooth muscle proliferation would
suggest that this gene product may be applicable
to such vascular proliferative disorders.

Interestingly, despite its ability to inhibit cell
proliferation, the effect of f3-IFN was observed to
be independent of cell cycle checkpoints in vitro.
Thus, there appeared to be no specific accumu-

lation of cells at different points in the cell cycle,
which is consistent with previous data on this
antiproliferative gene product (16). Recent stud-
ies have suggested that members of the Stat fam-
ily, through which the IFNs act, may interact
with transcriptional coactivators that may be
coupled to growth arrest. This mechanism in-
volves the p300/CBP coactivator protein (19)
and may explain, in part, the ability of /3-IFN not
only to affect cell cycle progression but also to
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FIG. 3. Expression of recombinant 3-IFN RNA
in adenoviral vector-infected, balloon-injured
arteries
/3-IFN RNA was detected 7 days after injury and
ADV-f-IFN gene transfer in porcine arteries using an
RT-PCR technique. Total RNA was incubated in the
presence (+) or absence (-) of RT and analyzed.
Gene transfer with the indicated vectors or negative
control are shown. For uninfected negative controls,
carotid arteries from the same animals treated in the
iliofemoral arteries with the ADV-f3-IFN vector were
analyzed.

regulate the transcription of different gene prod-
ucts that may be coordinately induced when the
growth arrest occurs in response to interferon
treatment. Finally, although the effects of ,3-IFN
on smooth muscle proliferation are cytotoxic in
vitro, it is likely that they are different, and pos-
sibly cytostatic, in vivo, accounting for the lack of
necrosis or aneurysmal changes in ADV-f-IFN
transduced arteries.

It is also important to assess the potential
toxicities of gene transfer vectors that may have
application to human disease. In these studies,
no evidence of local inflammation was detected
after gene transfer. Of equal importance, there
were no signs of arterial dilatation or aneurysm
formation at the site of arterial injury and viral
infection. These findings are in agreement with
previous studies using adenoviral vectors in por-
cine, rat, and rabbit models following balloon
angioplasty (3,4,6,13,20,21). Although other
studies have reported some inflammatory effects
at the site of ADV gene transfer (22), it is not yet
clear whether those toxicities were due to spe-
cific differences, contaminants in the ADV prep-
aration, or the nature of the recombinant gene
expressed in this vector. Although these studies
represent a first step in exploring the potential
utility of ,3-IFN for the treatment of vasculature
proliferative disease, the findings suggest that the
expression of this gene product in porcine arter-
ies may help to limit excessive proliferation
which may result from arterial balloon injury. In
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FIG. 4. Inhibition of intimal lesion formation
by ADV-,(-IFN infection after injury of porcine
arteries
Injured porcine iliofemoral arteries were infected
with ADV-1-IFN (n = 10 arteries), ADV-AEI
(n = 10 arteries) (7 X 109 pfu), or were not infected
(n = 8 arteries). Twenty-one days later, cross-sec-
tional intima and medial areas were measured, and
an intima-to-media area ratio was derived (non-
transfected: I/M = 0.70 + 0.05 mm2; ADV-AEJ:I/
M = 0.69 + 0.06 mm2; ADV-P-IFN:I/M = 0.53 +
0.03 mm2; *p < 0.05, ADV-f-IFN versus ADV-AEI
arteries and nontransfected arteries, ANOVA with
Dunnett t-test).

addition to their ability to affect expression of a
variety of different cellular gene products, they
may also be useful in altering patterns of gene
expression and proliferation which may lead to
formation of vascular proliferative lesions in vivo.
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