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ABSTRACT Proliferation of vascular smooth muscle cells
(VSMCs) in response to injury plays a key role in the
pathogenesis of vascular disorders. Fas ligand (FasL) induces
apoptosis in Fas-bearing cells, and its expression on activated
T cells contributes to the regulation of the immune response
and physiological cell turnover. Here, we show that a repli-
cation-defective adenovirus encoding FasL (Ad-FasL) induced
apoptosis in Fas-bearing VSMCs. When introduced locally to
balloon-injured rat carotid arteries, a well characterized
model of a VSMC-derived lesion, Ad-FasL functioned as a
potent inhibitor of neointima formation. In rats immunized
with an empty adenoviral vector, robust T cell infiltration of
the vessel wall was detected after local delivery of a B-galac-
tosidase-expressing virus (Ad-fgal), whereas T cell infiltrates
were not detected after local delivery of Ad-FasL. Prior
immunization prevented 3-galactosidase expression from Ad-
PBgal, whereas the expression of the FasL transgene was
unaffected. When Ad-fgal and Ad-FasL were delivered to-
gether to preimmunized animals, T cell infiltration was re-
duced and p-galactosidase expression was restored. These
data demonstrate that Fas ligand gene transfer can effectively
inhibit injury-induced vessel lesion formation and can allow
adenovirus-harboring cells to evade immune destruction.

Vascular lesions are caused by inflammatory and fibroprolif-
erative responses to injury of the endothelium and vascular
smooth muscle (1). Atherosclerotic lesion formation involves
macrophage and T cell infiltration of the vessel wall, inducing
vascular smooth muscle cell (VSMC) migration from the
media to the intima, where these cells dedifferentiate, prolif-
erate, and synthesize extracellular matrix components. These
lesions can induce thrombus, leading to occlusion of the lumen
and distal tissue ischemia. VSMC hyperplasia also contributes
to the restenotic occlusion that occurs in 30-50% of patients
who undergo percutaneous balloon angioplasty (2, 3), and it is
the principal cause of restenosis within intravascular stents (4,
5). Therefore, a number of investigators have explored mo-
lecular genetic approaches that target VSMC proliferation to
minimize the incidence of restenosis following percutaneous
revascularization procedures (6-9).

Fas is a type I membrane protein belonging to the tumor
necrosis factor receptor family that initiates an apoptotic signal
when bound to its ligand, FasL (10). The Fas—FasL system has
been implicated in the regulation of physiological cell turnover,
particularly in the immune system. Activated T cells express
both Fas and FasL, whereas most other tissues express only Fas
(11). Immune privileged tissues also express FasL, where it is
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thought to inhibit the immune response by inducing apoptosis
in infiltrating inflammatory cells (12-16). Fas-mediated apo-
ptosis of VSMCs may also contribute to the regulation of
intimal proliferation in the vessel wall (17, 18).

Here, we examined the effects of adenovirus-mediated FasL
expression on the vessel wall after balloon injury. Results
demonstrate that FasL gene transfer functions as a potent
inhibitor of neointima formation and alters the T cell response
to adenovirus infection in immune animals.

MATERIALS AND METHODS

Adenoviral Constructs. Ad-FasL was constructed by insert-
ing a 943-bp cDNA containing murine FasL (a generous gift
from S. Nagata) into the Xbal site of the plasmid pACCMV.-
pLpA, which expresses transgenes from the cytomegalovirus
promoter. Ad-Bgal has the B-galactosidase gene under the
control of the cytomegalovirus promoter (19). Viral titer was
measured by standard plaque assay using 293 cells.

Flow Cytometry. To detect cell surface expression of FasL
by VSMC:s after Ad-FasL infection, primary cultured rat aortic
VSMCs were infected with Ad-FasL at a multiplicity of
infection (moi) of 300 for 4 hr and incubated for an additional
12 hr. Cells were detached from the culture plate with 0.5%
EDTA and stained with biotinylated anti-FasL. monoclonal
antibody (Alexis, San Diego, CA) or mouse IgG, followed by
the incubation with fluorescein isothiocyanate (FITC)-
conjugated ExtrAvidin (Sigma). Immunofluorescence staining
was analyzed by fluorescence-activated cell sorter (FACS,
Becton Dickinson). To analyze endogenous expression of Fas
on VSMCs, rat VSMCs were detached from the plates with
0.5% EDTA and incubated with an anti-Fas mouse monoclo-
nal antibody (Transduction Laboratories, Lexington, KY) or
mouse IgG (Sigma), followed by the incubation with an
FITC-conjugated goat antibody to mouse IgG (BioSource
International, Camarillo, CA). Immunofluorescence staining
was analyzed by flow cytometry. To detect apoptosis of the
Ad-FasL-infected VSMCs, flow cytometric profile of DNA
content was analyzed. Rat VSMCs were infected with Ad-Bgal
or Ad-FasL at different multiplicities of infection (mois)
(10-300) for 4 hr, after which the virus was removed. Forty-
eight hours after infection, cells were harvested by trypsiniza-
tion, fixed with 70% ethanol, and stained with propidium
iodide, and DNA content was analyzed by flow cytometry.

DNA Fragmentation Assay. DNA fragmentation was mea-
sured as described previously (20). Rat VSMCs were incubated
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with Ad-Bgal, Ad-FasL, or PBS (mock) at a moi of 100 for 4
hr, washed twice in PBS, and incubated for an additional 16 hr.
Rat VSMCs or Jurkat cells were labeled with 4 wCi/ml (1
wCi = 37 kBq) [*H]thymidine for 24 hr and incubated with
medium for 2 hr to minimize spontaneous release. The 3H-
labeled rat VSMCs or Jurkat cells (target cells) were then
applied to the infected rat VSMCs (effector cells) at a ratio of
1:2. After 7 hr of incubation, cells were harvested and the
radioactivity of the retained DNA was measured in a liquid
scintillation counter. Percentage of specific DNA fragmenta-
tion was calculated as 100 X [(basal count — experimental
count)/basal count]. Basal count is the radioactivity of the
retained DNA when only target cells were cultured.

Rat Carotid Injury Model. The left carotid arteries of adult
male Sprague—-Dawley rats (400-500 g) were injured with a 2F
embolectomy catheter (Baxter Edwards Healthcare, Irvine,
CA) as described (17). Virus solution in 7.5% (wt/vol) Pal-
oxamer 407 (BASF, Parsippany, NJ) was infused via a 24-gauge
intravenous catheter, inserted just proximal to the carotid
bifurcation into a temporarily isolated segment of the artery.
The adenovirus solution was incubated for 20 min, after which
the viral solution was withdrawn and the cannula was removed.
Rats were sacrificed 3 or 14 days after balloon injury. The
infected artery was fixed by perfusion with 4% paraformalde-
hyde and embedded in paraffin. Cross sections (5 um) from
four separate left carotid arterial segments of each rat were
stained with hematoxylin and eosin or with Richardson’s
combination elastic tissue trichrome stain. The intimal, medial,
and luminal areas were measured by quantitative morphomet-
ric analysis using a computerized sketching program and
expressed as mean = SEM. The experimental protocol was
approved by the Institutional Animal Care and Use Commit-
tee and complied with the National Institutes of Health
“Guide for the Care and Use of Laboratory Animals.”

Immunization Experiments. Rats were immunized against
human adenovirus by intravenous injection of an adenoviral
vector lacking E1 and containing no insert [1 X 10° plaque-
forming units (pfu)] via the tail vein. Two weeks after immu-
nization, the left common carotid artery was balloon-injured,
then infected with Ad-FasL (1 X 108 pfu), Ad-Bgal (1 X 108
pfu), or a mixture of Ad-FasL (1 X 10® pfu) and Ad-Bgal (1 X
108 pfu). Rats were sacrificed at 3 days after infection. The
infected artery was removed and snap-frozen in OCT embed-
ding compound (Miles). Cryosections (4 um) were fixed in 2%
paraformaldehyde for 10 min, rinsed in phosphate-buffered
saline (PBS), and blocked with 5% goat serum and 0.01%
Triton X-100 in PBS for 1 hr. A polyclonal antibody against
CD3 (Sigma) was added to the sections for 1 hr. After rinsing
in PBS, biotinylated goat antibody to rabbit IgG (BioGenex
Laboratories, San Ramon, CA) was applied for 20 min,
followed by alkaline phosphatase-conjugated streptavidin. An-
tibody complexes were detected by the Fast-Red system (Bio-
Genex) followed by counterstaining with Mayer’s hematoxylin.
To detect B-galactosidase expression, frozen sections (4 um)
were fixed in 2% paraformaldehyde for 10 min and stained
with 5-bromo-4-chloro-3-indolyl B-D-galactopyranoside (X-
Gal; Sigma) for 16 hr at room temperature followed by
counterstaining with hematoxylin. FasL expression was de-
tected by using a monoclonal antibody against FasL (Alexis).

RESULTS AND DISCUSSION

Adenovirus-Mediated Fas Ligand Expression Induces Apo-
ptosis in Cultured VSMCs. The efficacy of a replication-
defective adenovirus expressing Fas ligand (Ad-FasL) was first
assessed in vitro by using VSMCs derived from rat aorta. Cell
surface expression of FasL by VSMCs was detected after
infection with Ad-FasL (Fig. 14). Cultures of rat VSMCs also
express Fas (Fig. 1B) and thus are likely to undergo apoptotic
cell death after infection. Analysis of the Ad-FasL-infected
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Fic. 1. Effect of Ad-FaL on VSMC viability in vitro. (A) FasL
expression in VSMCs at 12 hr after Ad-FasL infection. Cultured rat
aortic VSMCs were infected with Ad-FasL at a moi of 100 for 4 hr.
After 12-hr incubation, cells were harvested and stained with biotin-
ylated anti-FasL monoclonal antibody (filled area under curve) or with
mouse IgG (open area under curve) followed by FITC-conjugated
ExtrAvidin. Immunofluorescence staining was analyzed by flow cy-
tometry. (B) Endogenous expression of Fas on VSMCs. Rat VSMCs
were harvested and incubated with an anti-Fas mouse monoclonal
antibody (filled area under curve) or mouse IgG (open area under
curve) followed by the incubation with an FITC-conjugated goat
anti-mouse IgG. (C) Flow cytometric profile of DNA content after
Ad-FasL infection. Rat VSMCs were infected with Ad-FasL at a moi
of 100 for 4 hr. (D) DNA profile of rat VSMCs after Ad-Bgal infection
at a moi of 100 for 4 hr. Forty-eight hours after infection, cells were
harvested and stained with propidium iodide, and DNA content was
analyzed by flow cytometry (46). For C and D the positions of the
Go/G1, G2/M, and apoptotic sub-G; (Py) DNA populations are
indicated.

VSMC cultures revealed the presence of cells with hypodiploid
DNA content indicative of apoptotic cell death (Fig. 1C),
whereas infection with an adenovirus encoding B-galactosi-
dase (Ad-Bgal) did not change the DNA profile (Fig. 1D).
Infection with Ad-FasL, but not Ad-Bgal, also decreased cell
number (not shown). The effect of Ad-FasL was dose-
dependent, with increasing amounts of the apoptotic hypodip-
loid DNA observed with increasing mois (Table 1). Similar
levels of VSMC apoptosis were observed in low serum (0.5%
FBS) and in high serum (15% FBS) media (not shown),
indicating that the Ad-FasL is cytotoxic to proliferating as well
as quiescent VSMCs.

Ad-FasL-Transduced VSMCs Induce Apoptosis in Unin-
fected VSMCs and Jurkat Cells. The ability of FasL-expressing
VSMC:s to induce apoptosis in uninfected Fas-positive target

Table 1. Dose-dependent production of apoptotic sub-G; DNA
population in VSMCs by Ad-FasL infection

Treatment moi Sub-G; DNA, %

Ad-FasL 10 33
30 9.2

100 352

300 49.2

Ad-Bgal 10 0.2
30 0.2

100 1.1

300 0.3

Saline — 0.6
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cells was assessed by incubating Ad-FasL-infected VSMCs
with nontransduced VSMCs or Jurkat cells that had been
preincubated with [*H]thymidine (Fig. 2). After 7 hr of co-
incubation, appreciable levels of target cell DNA fragmenta-
tion were observed in both Jurkat and VSMC cultures. No
DNA fragmentation was detected in target cells when incu-
bated with either uninfected or Ad-Bgal-infected VSMCs.
Thus ectopic FasL expression by VSMCs can induce apoptotic
cell death in neighboring nontransduced cells that express Fas.

Adenovirus-Mediated Fas Ligand Expression Inhibits Neo-
intima Formation in Balloon-Injured Rat Carotid Arteries.
Injured rat carotid arteries develop a reproducible neointimal
lesion that is dependent on VSMC migration and proliferation
(21). Ad-FasL was delivered to rat carotid arteries immediately
following balloon injury to determine the effect of FasL
expression on lesion formation. Morphometric analyses re-
vealed that neointimal lesion formation was significantly re-
duced by treatment with Ad-FasL (Fig. 34). At 14 days after
injury robust neointimal lesions were detected in vessels
treated with either saline or Ad-Bgal (1 X 10° pfu). In contrast,
lesion size was significantly reduced in arteries treated with
Ad-FasL at doses ranging from 1 X 10° to 3 X 108 pfu (Fig. 3B).
The effect of Ad-FasL on neointima formation was particularly
potent compared with other adenovirally delivered cytotoxic
or cytostatic genes, including herpes virus thymidine kinase (8,
22), mutant or wild-type Rb (23, 24), or other growth-
inhibitory genes (9, 25), where effective doses typically range
from 1 to 2 X 10° pfu.

At 14 days after injury, the medial layers of the Ad-FasL-
treated vessels appeared normal with regard to size and
cellularity (Fig. 3). Balloon injury results in the immediate loss
of VSMCs because of barotrauma-induced apoptosis, followed
by rapid VSMC proliferation and repopulation of the medial
layer (26, 27). Analyses of histological sections revealed nor-
mal VSMC density in the media at 3 days after injury in the
saline- and Ad-Bgal-infected vessels. However, VSMC density
was decreased by a factor of 3 at this time point in the vessels
infected with Ad-FasL (Table 2). By 14 days after injury,
medial cell density had returned to normal levels in the
Ad-FasL-treated vessels (Table 2), and FasL expression was no
longer detectable by immunohistochemistry (data not shown),
presumably because the FasL-expressing VSMCs had them-
selves undergone apoptosis by this time.
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FiG. 2. Cytotoxicity of the Ad-FasL-transduced VSMCs toward
uninfected T cells and VSMCs. Rat VSMCs were briefly incubated
with PBS, Ad-Bgal, or Ad-FasL (effector cells), washed twice in PBS,
and then cocultured with [*H]thymidine-labeled rat VSMCs or Jurkat
cells (target cells). DNA fragmentation of the target cells was mea-
sured as described in the text.
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Fic. 3. Effect of Ad-FasL on neointimal formation in rat carotid
arteries 2 weeks after balloon injury. (A) Representative cross sections
from arteries treated with either saline or Ad-FasL (1 X 108 pfu) at the
time of injury. Cross sections were stained with Richardson’s combi-
nation elastic tissue trichrome stain (Upper) or with hematoxylin and
eosin (Lower). Arrows indicate the internal elastic lamina. (B) Intimal
(open bar) and medial (shaded bar) areas of carotid artery cross
sections at 2 weeks after injury (n = 5 arteries for each group). The
intimal/medial area ratio is reported in parentheses above the bars.

Because the systemic administration of anti-Fas antibody or
Ad-FasL can cause severe liver damage and morbidity (19, 28),
we addressed the issue of systemic toxicity. The lowest effective
dose of Ad-FasL examined here, 1 X 10° pfu, is less than
1/6000 of the lethal dose (19). At the highest Ad-FasL dose,
3 X 108 pfu, no grossly detectable lesions were observed in
tissue sections from liver, heart, lung, kidney, spleen, skeletal
muscle, or the contralateral carotid artery at days 3 or 14 after
infection. Biochemical markers of liver function in serum at 3
days after gene transfer did not significantly differ between a
relatively high dose of Ad-FasL (1 X 103 pfu) and nontreated

Table 2. Cellular density of media after balloon injury

Cells per mm?

Time after Ad-Bgal Ad-FasL
injury, days Saline (1 X 108 pfu) (1 X 108 pfu)
3 3,905 + 419 3,686 + 335 1,365 * 224*

14 3,764 * 494 3,699 + 279 3,845 + 263

Cellular density was calculated by determining the number of nuclei
and the area of the media for each section (n = 4 for each group). The
results are expressed as mean = SEM.

*P < 0.05 vs. normal artery (3,408 + 124 cells per mm?).
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groups. Serum levels of alkaline phosphatase were 165 * 36
and 108 =+ 21 international units/liter in control and Ad-FasL-
treated rats, respectively; glutamine pyruvate transferase levels
were 59 = 2 and 58 =+ 8 international units/liter in control and
Ad-FasL-treated rats, respectively; and glutamine oxaloacetic
transferase levels were 87 = 8 and 137 = 28 international
units/liter (P > 0.05) in control and Ad-FasL-treated rats,
respectively. Therefore, local delivery of Ad-FasL to the vessel
wall can effectively inhibit injury-induced lesion formation
without detectable toxicity to the major organs. In light of
these observations, it may be possible to deliver a therapeutic
dose of the FasL gene to the site of angioplasty and minimize
systemic toxicity by expressing FasL from a conditional or
smooth muscle-specific promoter.

FasL Gene Transfer Overrides the Adenovirus-Mediated T
Cell Response. A major limitation of adenovirus-mediated
gene therapy is the cellular immune response to viral and
transgene antigens that induce the destruction of the geneti-
cally altered cells (29). Therefore, repeated administration of
the recombinant virus is associated with confounding immune
responses and a low gene transfer efficiency both in animal
models and in cystic fibrosis patients receiving adenovirus-
mediated gene therapy (30-32). This issue is also a concern for
proposed anti-restenosis therapies that employ a single deliv-
ery of an adenoviral construct, because a large portion of the
adult patient population have developed immunity to several
adenovirus serotypes. Moreover, it has been reported that
exposure of uninjured rat and rabbit arteries to adenovirus
vectors can result in pronounced neointimal lesion formation
and T cell infiltration throughout the arterial wall (33, 34).

FasL expression has been identified in immune-privileged
tissues (11), and it has been proposed that it functions to kill
Fas-bearing inflammatory cells as they enter the tissue (12—
16). Thus we tested whether ectopic FasL expression could
modulate the cellular immune response to adenoviral antigen.
T cell infiltration in the vessel wall was assessed in naive rats
and in rats immunized with intravenous injection of an E1-
deleted adenovirus that lacked a transgene. Little or no T cell
infiltration was detected 3 days after transduction with Ad-
Bgal or Ad-FasL in naive rats (Fig. 4). In contrast, immunized
rats displayed marked T cell infiltration of the vessel wall after
local delivery of Ad-Bgal, but not Ad-FasL. However, T cell
infiltration was essentially eliminated in immunized rats when
Ad-Bgal and Ad-FasL were co-administered to the vessel wall.

Immunized

Naive

F1G. 4. In situ detection of T cell infiltration in carotid arteries of
naive and preimmunized rats 3 days after balloon injury and viral
infection. Viral solutions of Ad-Bgal (1 X 108 pfu), Ad-FasL (1 X 108
pfu), or mixture of Ad-Bgal and Ad-FasL (1 X 108 pfu each) were
introduced into the balloon-injured carotid arteries of naive or im-
munized rats (n = 4 arteries for each group). Rats were immunized
with an adenoviral vector lacking a transgene (1 X 10° pfu) 2 weeks
prior to injury/infection. T cells were detected by using an anti-CD3
polyclonal antibody (arrows).
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These data suggest that the differential T cell response results
from the proactive effects of FasL on the vessel wall rather
than from differences in the immunogenic properties of the
viral transgenes.

Transgene expression by viral constructs was also assessed in
naive and immunized rats. The FasL transgene was expressed
at similar levels at 3 days after infection in Ad-FasL-transduced
vessels of both immunized and naive animals. In naive animals,
B-galactosidase expression was detected in Ad-Bgal-
transduced vessels, but expression levels were lower relative to
the FasL transgene because of the inefficiency of the histo-
chemical detection of pB-galactosidase using X-Gal (35, 36).
However, in contrast to FasL, no B-galactosidase expression
was detected in the vessel walls of immunized rats after
infection with Ad-Bgal (Fig. 5). B-Galactosidase expression in
immunized rats could be restored to levels similar to the level
in naive animals when injured vessels were simultaneously
co-infected with Ad-Bgal and Ad-FasL constructs. These
results demonstrate that FasL can function in trans to create
conditions that permit virus-mediated gene expression in
immunized animals.

FasL expression can also produce a proinflammatory re-
sponse through its ability to recruit neutrophils, limiting its
potential usefulness for immunotherapy (19, 37-39). However,
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FiG. 5. Transgene expression in carotid arteries of naive and
immunized rats 3 days after injury and viral infection. (4) B-Galac-
tosidase and FasL expression in arteries infected with Ad-Bgal (1 X 108
pfu), Ad-FasL (1 X 108 pfu), or a mixture of Ad-Bgal (1 X 108 pfu) and
Ad-FasL (1 X 108 pfu). B-Galactosidase was stained with 5-bromo-
4-chloro-3-indolyl B-p-galactopyranoside (blue), while FasL expres-
sion was revealed by using an anti-FasL. monoclonal antibody (Fast-
Red detection system). The Ad-Bgal encodes an Escherichia coli
B-galactosidase containing a nuclear localization signal under the
control of cytomegalovirus promoter. Arrows indicate B-galactosi-
dase-expressing cells. (B) Mean transduction efficiencies of Ad-Bgal
(Left) or Ad-FasL (Right). Transduction efficiencies were calculated by
determining the percentage of cells staining positive for the presence
of transgenes (n = 4 for each group). The results are expressed as
mean * SEM.
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no neutrophil infiltration was detected in the vessel wall after
transduction with Ad-FasL at any dose examined. The basis for
these differences in FasL function is not known, but it is
possible that the neutrophil response in the vessel wall is
inhibited by the expression of transforming growth factor 3,
which can function to suppress neutrophil function (40-42).
This cytokine is detected in human vascular lesions, and it is
markedly up-regulated in rat carotid arteries after balloon
injury (43-45). Alternatively, the transient nature of FasL
expression in VSMCs or the extrusion of cellular debris into
the lumen may minimize secondary inflammatory responses in
the vessel wall.

Conclusions. The inflammatory fibroproliferative disorders
of the vessel wall provide a unique system to explore the
therapeutic utility of FasL. Here, we have shown that VSMCs
are susceptible to apoptotic cell death by the adenovirus-
mediated delivery of FasL to VSMCs. Furthermore, Ad-FasL-
transduced VSMCs could kill noninfected VSMCs and T cells
in coculture assays. The local delivery of Ad-FasL to balloon-
injured vessels potently suppressed neointimal lesion forma-
tion at doses that did not result in detectable systemic toxicity.
The potency of Ad-FasL at the site of delivery is likely due the
ability of FasL to induce cell death in a paracrine manner.
Ectopic FasL expression also altered the immune status of the
vessel wall. The delivery of Ad-FasL to the vessel walls of
immunologically primed rats decreased T cell infiltration and
restored adenoviral transgene expression. Thus, the localized
expression of FasL may serve to overcome the limitations
imposed by T cell responses to repeated delivery of genes with
viral vectors.
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