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3 Process of Bioabsorption (hydrolysis) of
PLGA in Living Body
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Abstract

We have previously demonstrated great benefit from anti-monocyte chemoattractant protein-1 (MCP-1) gene therapy by “systemic” transfer
of an N-terminal deletion mutant of human MCP-1 (called 7ND) gene into skeletal muscle for treatment of restenosis and atherosclerosis.
However, recent evidence suggests that “local” gene transfer may be a clinically relevant approach. We therefore tested the hypothesis that
catheter-based adenovirus-mediated anti-MCP-1 gene therapy attenuates stent-associated neointima formation.

Bare metal stents were implanted in iliac arteries of cynomolgus monkeys fed a high cholesterol dict. Immediately after the stenting
procedure, normal saline or recombinant adenoviral vector containing LacZ or the 7ND gene was administered locally into the stenting
site through a Remedy channel-delivery catheter. Compared to saline infusion or LacZ gene transfer, 7TND gene transfer markedly reduced
inflammatory changes at an early stage and attenuated neointima formation after 4 weeks. This strategy also reduced the increased production
of pro-inflammatory and growth-promoting factors such platelet-derived growth factor. No systemic adverse effects of 7ND gene transfer
were detected. There were no significant differences in serum cholesterol levels among the three groups.

These data suggest that catheter-based adenovirus-mediated anti-MCP-1 gene therapy may be a clinically relevant and feasible strategy for

treatment of in-stent restenosis.
© 2006 Elsevier Ireland Ltd. All rights reserved.

Keywords: Restenosis; Inflammation; Monocyte; Gene therapy; Catheter intervention

1. Introduction

There is ample clinical and experimental evidence sug-
gesting that inflammation plays a central role in the
pathogenesis of restenosis [1-3]. Recruitment and activa-
tion of monocyte/macrophages are a major histopathologic
finding after arterial injury. Because monocyte chemoattrac-
tant protein-1 (MCP-1) is a potent and specific chemokine
for monocytes [3-5], an anti-inflammatory strategy target-
ing MCP-1 and its receptor (CCR2) may be an appropriate
and reasonable approach for restenosis. We have previously

* Corresponding author. Tel.: +81 92 642 5358; fax: +81 92 642 5375.
E-mail address: egashira@cardiol. med kyushu-u.ac.jp (K. Egashira).
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devised a new strategy for anti-MCP-1 gene therapy, in which
plasmid cDNA encoding a mutant MCP-1 gene is transfected
into skeletal muscle [6]. This mutant MCP-1, called 7ND,
lacks N-terminal amino acids 2-8 and has been shown to
work as a dominant-negative inhibitor of MCP-1. This sys-
temic approach (intramuscular transfection of the gene) is
useful, because direct gene transfer into the injured arterial
wall is not necessary, and roles of MCP-1 can be investi-
gated under pathophysiological conditions in vivo. With this
strategy, we have demonstrated that blocking MCP-1 signals
reduces neointima formation after balloon- and stent-induced
injury [7-10] and atherosclerosis [11,12] in animals, includ-
ing non-human primates. Roque et al. [13] reported that
CCR2-deficient mice display reduced neointimal hyperpla-
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sia after intraluminal arterial injury. Horvath et al. [14] have
demonstrated that blockade of the MCP-1 receptor (CCR2)
with anti-CCR?2 antibody reduced neointimal hyperplasia by
40% after stenting, by inhibiting monocyte infiltration in
monkeys.

It is becoming accepted that, rather than a systemic
approach, a local delivery strategy should be a reasonable
anti-restenotic therapy with minimal systemic adverse effects
[15]. Indeed, the development of drug-eluting stents (DES)
has had a major impact on in-stent restenosis. Their safety
and extreme effectiveness have been proven in a majority of
lesions, after more than a million DES implantations. How-
ever, currently marketed first-generation DES use sirolimus
or taxol as the drug that elicits nonspecific anti-proliferative
effects, not only on vascular smooth muscle cells, but also
other cell types such as endothelial cells. It is suggested
that impaired endothelial function and regeneration lead to
acceleration of restenosis and atherosclerosis, and to car-
diovascular events [16]. Thus, the first-generation DES still
have a number of limitations that include significant resteno-
sis rates in certain high-risk patients or lesions (bifurcation
lesions, small vessels, diabetes, etc.), delayed healing (exces-
sive late inflammation, proliferation, and fibrin deposition),
and a small number of cases of late in-stent thrombosis
[15,17-19]. In addition, it should be noted that 30-40%
of coronary atherosclerotic lesions may not be appropriate
for stenting, due to small arteries or branch sites. There-
fore, catheter-based local gene transfer of relevant genes
may represent a clinically relevant and alternative approach
for treatment of restenosis beyond the first-generation DES
strategy.

Accordingly, this study was designed to investigate
whether blockade of MCP-1 by catheter-based adenovirus-
mediated local 7ND gene transfer is effective in attenuating
stent-associated neointima formation in non-buman pri-
mates. To gain clinical significance for the results, we
used a non-human primate model of stent-associated neoin-
tima formation [7]. The Remedy channel-delivery catheter
was used for local delivery, because it is adopted for
buman use, and thus relevant to the human interventional
setting.

2. Methods

2.1. Adenoviral constructs

Human 7ND c¢DNA was constructed by recombinanf

polymerase chain reaction (PCR) using a wild-type human
MCP-1 ¢cDNA (Dr. T. Yoshimura, National Cancer Insti-
tute) as a template, and inserted into the BamH1 (5" and
Notl (3') sites of the pcDNA3 (Invitrogen) expression vector
plasmid [6]. Twenty four nucleotides encoding FLAG epi-
tope (DYKDDDDK) were added directly at the 3’ terminus
of MCP-1 sequence. Adenovirus vectors encoding the 7ND
gene (Ade-7ND) or galactosidase gene (Ade-LacZ) were

generated by use of the Adenovirus Expression Vector Kit
(Takara) according to the manufacturer’s instructions.

2.2. Stent implantation and arterial gene transfer

The study protocol was reviewed and approved by the
Committee on Ethics on Animal Experiments, Kyushu Uni-
versity Faculty of Medicine, and the experiments were
conducted according to the Guidelines of the American Phys-
iologic Society. A part of this study was performed at the
Kyushu University Station for Collaborative Research.

Five-year-old adult male cynomolgus monkeys weighing
4-5kg were fed laboratory diet containing 0.5% cholesterol,
starting 2 months before stent implantation. Monkeys were
anesthetized with ketamine hydrochloride (10 mg/kg IM) and
sodium pentobarbital (30mg/kg IV to effect), and under-
went placement of a 3mm x 15mm stent in the external
iliac artery, as described previously [20]). Immediately after
stent implantation, the animals were randomly allocated to
the normal saline, Ade-LacZ, or Ade-7ND group. Saline
or adenovirus solution at amount of 2mL (1.0 x 10° pfu)
was locally infused through the Remedy channel balloon
catheter (Boston Scientific Inc.) [21]. The titer of ade-
novirus used in this study was below the inflammatory
threshold (1.6 x 10° pfu/body), as reported {22]. The Rem-
edy is a triple-lumen local delivery device, and consists of
a noncompliant angioplasty balloon surrounded by a set of
18-24 perforated channels (30 pm holes) [23]. These chan-
nels are directly connected to a separate infusion lumen,
allowing independent low-pressure drug delivery. The bal-
loon was inflated at 2 atm support pressure, and infusion
of saline or virus solution was performed at 2atm over
2 min. Efficient and relatively safe percutaneous gene transfer
can reportedly be achieved without overt systemic toXic-
ity using this approach [23], which is adopted for human
use.

All monkeys were killed with a lethal dose of anesthesia 7
or 28 days after stenting for immunohistochemical and mor-
phometric analysis. All animals received aspirin 81 mg/day
and ticlopidine 100 mg/day until euthanasia.

2.3. Morphometric and immunohistochemical analysis

Stented arterial sections were excised and fixed for
24 h with 95% ethanol and 1% acetic acid. Each segment
was divided into two parts at the center of the stent as
described [20]. The proximal part was embedded in methy]
methacrylate mixed with n-butyl methacrylate to allow for
sectioning through metal stent struts. Serial sections were
stained with elastica van Gieson and hematoxylin-cosin
(HE). To evaluate the in-stent neointima formation, areas of
internal elastic lamina, lumen, media, and neointima were
measured. '

The distal part was used for immunohistochemical analy-
sis. After stent struts were gently removed with micro forceps,
the tissue was dehydrated, embedded in paraffin, and cut into



K. Nakano et al. / Atherosclerosis 194 (2007) 309-316 311

5-um thick slices. They were subjected to immunostaining
using antibodies against macrophage/monocytes (HAMS6,
Dako), endothelial cells (CD31, Dako), PDGF-B (Mochida),
IL-18 (Endogen), CCR2 (Sigma), or with non-immune
mouse IgG (Zymed). Following avidin-biotin amplification,
the slides were incubated with diaminobenzidine and coun-
terstained with hematoxylin.

Morphometric analysis was performed by the use of a
microscope with a computerized digital image-analysis sys-
tem by a single observer who was blind to the treatment
protocol.

2.4. Blood cholesterol measurements

Plasma total cholesterol levels were determined with com-
mercially available kits (Wako Pure Chemicals).

2.5. Biochemical measurements

Plasma concentrations of human IL-8, TGF-B, and oxi-
dized LDL were measured using an ELISA kit R &
D). To detect MCP-1 transgene expression indirectly, tis-
sue concentrations of human MCP-1 were also measured
by the use of an ELISA kit (R & D). Although we
avoided using high titers of adenovirus that may cause
inflammatory reactions [22], adenovirus vectors may cause
virus-related adverse effects or toxicity. To examine potential
systemic adverse effects, relevant biochemical markers were
measured.

2.6. Efficiency of adventitial gene transfer

The efficiency of arterial gene transfer was determined in
monkeys and rabbits. In monkeys, the expression of FLAG
protein in stented arteries after 7days of stenting were evalu-
ated by western blot analysis, as described previously [6]. In
brief, the same amount of extracted protein (25 g for each
experiment) was loaded for SDS-PAGE/immunoblot anal-
ysis using anti-FLAG M2 monoclonal antibodies (Sigma).
The regions containing MCP-1 proteins were visualized by
LAS-1000 (Fujifilm).

We also determined the expression of 7ND in rabbits,
as we reported previously [21]. Male Japanese white rab-
bits weighing 3.0-3.5kg were anesthetized and underwent
stent placement, and LacZ gene transfer was performed as
described above. The transfection efficiency was measured
4 days after LacZ transfection by X-gal staining of sections
from the target artery and calculated as follows: 100x (X-gal
positive cells/total number of cells in a section).

2.7. Statistical analysis

Data are expressed as the mean + S.E. Statistical analysis
of differences was compared by ANOVA and Bonferroni’s
multiple comparison tests. A level of P <0.05 was considered
statistically significant.

3. Results

3.1. Inhibitory effects of Ade-7ND gene transfer on
inflammatory and proliferative changes

Inflammatory (HAMS56-positive monocyte/macrophage)
and proliferative (PCNA-positive monocytes and medial
smooth muscle cells) changes became evident 7 days after
stenting in the stented arterial wall (Fig. 1). The 7ND
gene transfer reduced these inflammatory and proliferating
changes (Fig. 1).

3.2. Inhibitory effects of 7ND gene transfer on
neointima formation

As we previously reported [7], in-stent neointima forma-
tion was evident 28 days after stenting. Quantitative analysis
demonstrated a significant reduction of neointima formation
and % stenosis in the Ade-7ND group compared with the
saline and Ade-LacZ groups (Fig. 2). In contrast, there were
no significant differences in area of internal elastic lamina
among the three groups (Fig. 2).

Endothelial cell linings, monitored by CD31 immunore-
actjvity, were observed equally in the three groups (online
Table 1). There was no significant treatment effect on serum
cholesterol levels and body weight among the groups (online
Tables 2 and 3).

3.3. Inhibitory effects of 7ND gene transfer on tissue
expression of pro-inflammatory factors

Immunohistochemical staining performed 7 days after
stenting revealed increased immunoreactive PDGF-B,
VEGF, and CCR2 in cells in the neointima, smooth mus-
cle cells in the media, and in cells in the adventitia in the
saline and Ade-LacZ groups. These changes were reduced in
the Ade-7ND group (Fig. 3A).

We also measured serum concentrations of IL-8, TGF-B,
and oxLLDL 7 days after stenting. 7ND gene transfer par-
tially but significantly reduced the increase in serum IL-8
and oxLDL concentrations. 7ND gene transfer did not affect
the increase in serum TGF-B levels (Fig. 3B).

3.4. No aadverse effects of 7ND gene transfer

White blood cell counts, inflammatory markers, and bio-
chemical markers were measured (online Table 3). These data
show no systemic adverse effects of 7ND gene transfer.

3.5. Serum and tissue concentrations of MCP-1 plus
7ND

We could not find an MCP-1 ELISA kit that differ-
entiated between buman and monkey MCP-1. Thus, this
“human MCP-1” ELISA kit detects both 7ND and native
monkey MCP-1. The tissue concentration of MCP-1 plus



312 K. Nakano et al. / Atherosclerosis 194 (2007) 309-316

saline Ade-LacZ Ade-7TND

s "5-1:: * ...v-\"“k ; f
= !' ,_‘-h-;_“_, : /‘ ": " s '
a‘ -':j:‘,,;"-:;::;" ’: S - o ;r_’.-.-..
(A) TR g R G R s Py
intima + media . adventitia
number/slide . a number/slide
40 30
I | ”
' 30 4
20 | * *
| 20 4
N m b
0 ool
(B) saline Ade-LacZ Ade-7ND saline Ade-LacZ Ade-7ND
saline Ade-LacZ Ade-7ND
(©€)
intima + media adventitia
25 20
|
w . I
*
15
10 . I
10
g i *®
5
(D) saline Ade-LacZ Ade-7ND saline Ade-LacZ Ade-TND

Fig. 1. Inhibitory effects of 7ND gene transfer on local inflammation and proliferation. (A) Effect of the 7ND gene transfer on local inflammation (HAMS56-
positive monocyte/macrophages) 7 days after stenting. Asterisk (*) indicates stent strut sites. Bar = 100 pm. (B) Summary of quantitative analysis (n = 7 each).
Positive cell counts per section in the intima plus media (left) and in the adventitia (right) are shown. *P<0.01 vs. the saline or Ade-LacZ group. (C) Effect of
the 7ND gene transfer on local proliferation (PCNA-positive monocytes and medial smooth muscle cells) 7 days after stenting. (D) Summary of quantitative
analysis (n=7 each). Positive cell counts per section in the intima plus media (left) and in the adventitia (right) are shown. *P <0.01 vs. the saline or de-LacZ
group.

TND at 7 days after stenting was higher in stented artery was no significant difference in values between the saline
sites from the saline (120 = 42 pg/mg protein) and Ade-LacZ and Ade-LacZ groups, we suggest that transfer of the LacZ
(132 + 46 pg/mg protein) groups than in unstented normal gene did not affect the degree of MCP-1 production. Impor-
artery (24 = 12 pg/mg protein), indicating increased produc- tantly, the tissue MCP-1+7ND levels were 2- to 3-fold
tion of MCP-1 from stented artery sites. Because, there higher in the stented artery sites from the Ade-7ND group
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Fig. 2. Inhibitory effect of 7ND gene transfer on in-stent neointimal formation. (A) Iliac artery sections from the saline, the Ade-LacZ, and the Ade-7ND group
28 days after stenting, stained with clastic van Gieson. Bar =500 um. (B) Effect of TND gene transfer on intimal area, % stenosis, and IEL area 28 days afier

stenting (n =7 each). *P<0.01 vs. the saline groups.

(564 4 128 pg/mg protein) than in those from the saline and
Ade-LacZ groups, indicating possible production of 7ND
from the transfected arterial sites as the result of transgene
expression.

3.6. Transgene expression in monkeys and rabbits

In monkeys, western blot analysis for FLAG protein
showed that FLAG/7ND protein was produced in stented
arteries (online Figure I). We further examined, 4 days after
stent implantation and gene transfection in the rabbit iliac
artery, the expression of [B-galactosidase was noted at the
Ade-LacZ-transfected site (Fig. 4). Nuclear staining for LacZ
was localized mostly in the intima and the lumenal side of
the media, and to a lesser extent in the adventitia. As reported
by other investigators [23,24], the transfection efficiency was
9.2+0.6% (n=4).

4. Discussion

This study reports, for the first time, that blockade of MCP-
1 by catheter-based adenovirus-mediated local gene transfer
of 7ND markedly reduced in-stent neointima formation
in non-human primates (cynomolgus monkeys). Transgene
expression was confirmed directly by FLAG/7ND protein
expression after Ade-7ND ftransfer and X-gal staining of
stenting sites after Ade-LacZ transfer, and indirectly by mea-
suring arterial tissue concentrations of MCP-1 plus 7ND
after Ade-7ND transfer. Another important point is that the

magnitudes of inhibitory effects on in-stent neointima forma-
tion afforded by this local gene transfer strategy (neointimal
area in control and Ade-7ND groups: 2.8+ 0.3mm? and
1.4 +0.2mm?, respectively) are greater than those afforded
by “systemic” gene transfer strategy in our previous study [7]
(neointimal areas in control and 7ND gene transfer groups:
32+02mm? and 2.4 +0.2mm?, respectively). No non-
specific inflammatory effects on in-stent neointima were
detected in the Ade-LacZ group. Furthermore, our find-
ings in non-human primates may have clinical significance,
because many therapeutic strategies that have proven effec-
tive in reducing restenosis in nonprimate animal models have
failed to demonstrate substantial effect on human resteno-
sis. Although it is uncertain which animal model is most
appropriate for the evaluation of in-stent restenosis, non-
human primate models may have advantages over nonprimate
animal models, because, (1) vascular inflammatory and pro-
liferative responses to injury in non-human primates are
presumed to be closer to those in humans than other, non-
primate models and (2) the results of safety tests can be
applied to humans. Therefore, the use of non-human pri-
mates may allow us to evaluate the efficacy and safety of
therapies such as 7ND gene transfer on in-stent neointimal
formation in more reliable conditions. These findings sug-
gest that catheter-based adenovirus-mediated gene transfer
of 7ND is a feasible approach for treatment of restenosis,
with minimal potential systemic adverse effects.

It is well known that inflammatory changes (mono-
cyte recruitment and activation) induced by stent-induced
injury are critical in the pathogenesis of in-stent restenosis
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Fig. 3. Effects of 7ND gene transfer on immunohistochemical expression of PDGF-B, VEGF, and CCR2 and on plasma concentrations of IL-8, oxLDL, and
TGE-B. (A) Iliac artery sections from uninjured normal arteries, and those from the Ade-LacZ and Ade-7ND groups 7 days after stenting. They are stained
immunohistochemically for PDGF-B, VEGF, and CCR2. Asterisk (*) indicates stent strut sites. Bar= 100 pm. (B) Plasma concentrations of IL-8, oxL.DL, and
TGE- 7 days after stenting * P<0.05, **P<0.01 vs. uninjured normal control, ' P <0.05, ' P<0.01, vs. the saline group.

[3,25,26]. We and others have reported that (1) increased
monocyte-mediated inflammation correlates positively with
in-stent neointima formation [1,2] and (2) blockade of
MCP-1 reduces neointima formation after vascular injury
[7-10,13,14]. Because, we demonstrated here that catheter-

based Ade-7ND transfer reduced inflammation, the beneficial
effects of Ade-7ND transfer can be attributed to inhibi-
tion of MCP-1-mediated inflammation. It is also possible
that Ade-7ND transfer reduced in-stent neointima formation
by inhibiting the proliferation of vascular smooth muscle
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(A)

(B)

Fig. 4. Gene transfer into rabbit iliac stented artery after local infusion of de-LacZ via the Remedy delivery catheter. (A) Macroscopic picture of lumenal
surface of the stented iliac artery staining with X-gal 4 days after transfection. Stented arterial segments were excised, cult longitudinally, and stained with
X-gal. (B) X-gal-stained arterial cross-sections at low (right) and high (left) power of magnification. Asterisk (*) indicates stent strut sites. The bars indicate

400 pm (left) and 50 pum (right).

cells. Recent evidence suggests that vascular smooth mus-
cle cells have a functional MCP-1 receptor (CCR2) [27].
In this study, local 7ND gene transfer attenuated (1) the
appearance of proliferating smooth muscle cells and (2) the
increased expression of mitogens of vascular smooth mus-
cle cells (PDGF, VEGF, oxLDL) after stenting. Interestingly,
local 7ND transfer reduced increased expression of CCR2
and IL-8, suggesting the presence of a positive-feedback
loop to enhance inflammation and proliferation once vascular
response to injury began. Therefore, it is possible that local
7ND gene transfer might reduce in-stent neointima formation
by inhibiting inflammation, proliferation of vascular smooth
muscle cells, or both.

In contrast, 7ND gene transfer did not affect endothelial
regeneration, suggesting that the 7ND gene transfer may not
impair the healing process of endothelial cells in stented arte-
rial wall. This point may be an advantage of our approach
over currently marketed first-generation DES. The Cypher
(sirolimus) and Taxus (paclitaxel) stents impair regeneration
of endothelial cells after stenting [28], and this may lead
to impaired healing of the stented arterial wall. Hence, we
presume that specific blockade of MCP-1-mediated signals
in monocytes and smooth muscle cells, as described here
using catheter-based local transfer of the 7ND gene, may
provide a promising therapeutic strategy for restenosis with
low potential toxicity.

In regard to clinical applicability, the potential systemic
toxicity of catheter based adenovirus-mediated gene transfer
deserves discussion. We demonstrated here that catheter-
based adenovirus-mediated 7ND gene transfer induced no

detectable inflammatory or immune reactions. We have pre-
viously reported that intramuscular systemic transfer of
plasmid cDNA encoding the 7ND gene is nontoxic and safe
in non-human primates [8,10,29], rabbits 7], rats [10], and
mice [8]. In addition, mice lacking MCP-1 or CCR2 display
no serious health problems. Furthermore, several protocols
for adenovirus-mediated gene therapy have been in clinical
trials, which reported no systemic adverse effects when the
clinical trial protocol was performed properly. Overall, these
toxicity data support the notion that this mode of gene therapy
can be applied to human patients.

In conclusion, these data suggest that catheter-based
adenovirus-mediated anti-MCP-1 gene therapy may be a clin-
ically relevant and feasible therapeutic strategy for treatment
of in-stent restenosis. If this mode of treatment is proven to be
effective and safe, it could be used as an independent therapy
for high-risk lesions, small vessels, or recurrent restenosis
resistant to currently marketed DES. It could also be used
as an alternative therapy beyond the first-generation DES

strategy.
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Local Delivery of Anti-Monocyte Chemoattractant Protein-1
by Gene-Eluting Stents Attenuates In-Stent Stenosis in
Rabbits and Monkeys

Kensuke Egashira, Kaku Nakano, Kisho Ohtani, Kouta Funakoshi, Gang Zhao, Yoshiko Ihara,
Jun-ichiro Koga, Satoshi Kimura, Ryuji Tominaga, Kenji Sunagawa

Objective—We have previously shown that the intramuscular transfer of the anti-monocyte chemoattractant protein-1
(MCP-1) gene (called 7ND) is able to prevent experimental restenosis. The aim of this study was to determine the in
vivo efficacy and safety of local delivery of 7ND gene via the gene-eluting stent in reducing in-stent neointima

formation in rabbits and in cynomolgus monkeys.

Methods and Results—We here found that in vitro, 7ND effectively inhibited the chemotaxis of mononuclear leukocytes
and also inhibited the proliferation/migration of vascular smooth muscle cells. We then coated stents with a
biocompatible polymer containing a plasmid bearing the 7ND gene, and deployed these stents in the iliac arteries of
rabbits and monkeys. 7ND gene-eluting stents attenuated stent-associated monocyte infiltration and neointima formation
after one month in rabbits, and showed long-term inhibitory effects on neointima formation when assessments were

carried out at 1, 3, and 6 months in monkeys.

Conclusions—Strategy of inhibiting the action of MCP-1 with a 7ND gene-eluting stent reduced in-stent neointima
formation with no evidence of adverse effects in rabbits and monkeys. The 7ND gene-eluting stent could be a promising
therapy for treatment of restenosis in humans. (Arterioscler Thromb Vasc Biol. 2007;27:2563-2568.) '

Key Words: restenosis m inflammation m leukocytes m stents m smooth muscle cells

he use of polymer-coated drug-eluting stents (DES) for
local drug delivery has proved to be a useful strategy for
the prevention of restenosis.’-> However, recent clinical
reports raise the possibility of a risk of stent thrombosis in
DES compared with bare metal stent.*-¢ Drugs released from
first-generation DES (sirolimus or paclitaxel) exert distinct
biological effects®#*: although primarily aimed to prevent
vascular smooth muscle cell (VSMC) proliferation, which is
one of central factors in the pathogenesis of restenosis, they
also impair reendothelialization, which leads to delayed
arterial healing and thrombogenesis. The use of sirolimus-
eluting stents in a porcine model was associated with no
apparent long-term effects and with the delayed inflammation
and proliferation.”® In human pathologic study with 40
patients who died after the currently-approved DES implan-
tation, it was suggested that the DES caused a persistent fibrin
deposition and delayed reendothelialization compared with
bare metal stent implantation.? Therefore, the development of
a novel DES system with less adverse effects is needed.
We have recently devised a new gene therapy strategy for
the delivery of the anti-monocyte chemoattractant protein-1

(MCP-1) in which plasmid cDNA encoding a mutant MCP-1
gene is transfected into skeletal muscle.!® This mutant MCP-1
protein, called 7ND, lacks the N-terminal amino acids 2
through 8 and has been shown to function as a dominant-
negative inhibitor of MCP-1. Using this systemic gene
transfer strategy, we have demonstrated that blocking MCP-
1—derived signals reduced neointima formation after balloon-
and stent-induced injury’-14 and atherosclerosis'*¢ in ani-
mals, including nonhuman primates. Overall, these data
suggest that an antiinflammatory strategy targeting MCP-1
may be an appropriate and reasonable approach for the
prevention of restenosis.

Local delivery of 7ND through a gene-eluting stent may
have advantages beyond those of the current first-generation
DES devices: TND does not affect endothelial regeneration
and proliferation!’ and may also inhibit proliferation of
VSMC.1712 Previous studies have reported that stents coated
with a polymer emulsion containing plasmid DNA were able
to effect successful transgene delivery and expression in
arteries.1®-21 In this study, we examined the possibility that a
TND gene-eluting stent might reduce in-stent neointima
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formation. To assess its potential clinical utility, we used a
nonhuman primate model of stent-associated neointima for-
mation."! The specific aims of this study were (1) to use
biocompatible polymer technology to create a 7ND gene-
eluting metallic stent; (2) to determine whether the TND
gene-eluting stent was able to reduce in-stent inflammation
and neointima formation, and to assess any potential adverse
effects in vivo; and (3) to determine the effects of the TND
protein on the chemotaxis of mononuclear leukocytes and on
the proliferation of VSMCs in vitro.

Materials and Methods

Plasmid Expression Vectors
This section is available in the supplemental materials (available
online at http:/atvb.ahajournals.org).

Stent Preparation and Measurement of In Vitro
DNA Release Kinetics

A 15-mm-long stainless-steel balloon-expandable stent was dip-
coated under sterile conditions with multiple thin layers of biocom-
patible polymer (polyvinyl alcohol [PVOH], GOHSENOL EG-05,
Nippon Gohsei Inc) The polymer solution additionally contained
either the 7ND cDNA plasmid, the GFP plasmid, or the
B-galactosidase plasmid; polymer containing no added plasmid was
also included as a control. The coated stent was then mounted over
a 3-mm balloon catheter; a noncoated stent mounted over the same
balloon catheter was used as a control. To measure DNA release
kinetics in vitro, the 7ND plasmid-coated stents (n=8) were im-
mersed in Tris-EDTA buffer, and the plasmid that was subsequently
eluted into the buffer was measured using a thiazole fluorescence
assay. Additional details are in the online data supplement.

Stent Implantation and Analysis in the

Rabbit Model

The animal model experiments were reviewed and approved by the
Committee on Ethics on Animal Experiments, Kyushu University
Faculty of Medicine, and were performed according to the guidelines
of the National Institutes of Health (NIH) Guide for the Care and Use
of Laboratory Animals.

Male Japanese white rabbits (KBT Oriental, Tokyo, Japan) weigh-
ing 3.0 to 3.5 kg were fed a high-cholesterol diet containing 1%
cholesterol and 3% peanut oil for 2 weeks before stent implantation.
Animals were anesthetized and were randomly divided into 2 groups,
which underwent deployment of either a noncoated bare metal stent
(n=14) or a IND gene-eluting stent (n=14) in the right femoral
artery as described previously.!! All animals received aspirin at 20
mg/d until euthanasia from 3 days before stent implantation proce-
dure. After venous blood samples were taken, animals were eutha-
nized with a lethal dose of anesthesia at days 10 (n=7 each) and 28
(n=7 each), and the stented arterial sites and contralateral nonstented
sites were excised for biochemical, immunohistochemical, and

ic analyses. In addition, the plasma levels of total
cholesterol levels were determined with commercially available kits
(Wako Pure Chemicals).

The stented artery segments were processed as described previ-

ously.!! Additional details are in the online data supplement.

Stent Implantation and Analysis
in the Monkey Model

This section is available online.
Purification of the 7ND Protein
This section is available online.

Protein Expression of the MCP-1
Receptor (CCR2)

This section is available online.
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Leukocyte Chemotaxis Assay

This section is available online.

Proliferation Assay in Vascular

Smooth Muscle Cells

This section is available online.

Angiogenic Activity of Endothelial Cells

This section is available online.

Agarose Gel Electrophoresis and

Cell Transfection Studies

This section is available online.

Statistical Analysis

Data are expressed as means=SE. The statistical analysis of differ-
ences between 2 groups was assessed with the unpaired ¢ test, and the
statistical analysis of differences among 3 groups was assessed by
using ANOVA and Bonferroni multiple comparison tests. Probabil-
ity values <0.05 were considered to be statistically significant.

Results

Kinetics of DNA Release and Expression of
Plasmid DNA

Scanning electron microscopy analysis revealed that polymer
coating formed a uniform film over the outer surface of the
stent (supplemental Figure IA). After balloon expansion, the
polymer stretched, but no fragmentation was observed. An
analysis of the plasmid DNA release kinetics in vitro showed
an early burst of release, such that ~80% of the total amount
released was present 1 day after implantation, and maximal
release occurred by 3 days after implantation (supplemental
Figure IB). Analysis of the DNA eluted from the stent by
agarose gel electrophoresis showed that the DNA was struc-
turally intact, and the functionality of the eluted DNA was
confirmed by the ability of an eluted GFP plasmid to
successfully be transfected and expressed in THP-1 cells and
human coronary artery VSMC (hCASMC; supplemental
Figure II).

Before examining the stent-based administration a plasmid
encoding the 7ND protein, we first tested the stent-based
delivery of the bacterial lacZ gene, which encodes the easily
detectable protein B-galactosidase. Three days after stent
implantation in the rabbit iliac artery, we saw expression of
B-galactosidase at the gene-cluting stent site, but not at the
site of implantation of a bare, non-coated metal stent, which
was used as a negative control (Figure 1). X-gal staining of
cross-sections was used to detect the expressed protein, and
revealed that staining for pB-galactosidase was localized
mostly in the intima and on the luminal side of the media, and
was present at a lesser extent in the adventitia. No induction
of protein B-galactosidase was observed 7 days after stent
implantation.

Effects of 7ND on Neointima Formation in Rabbit
and Monkey Animal Models

The infiltration of RAM-11-positive macrophages around the
stent strut for the non-coated control stent was observed at 10
days after stent implantation (Figure 2); this was consistent
with our previous results.’-22 In contrast, the 7ND gene-
eluting stents reduced the severity of macrophage-induced
inflammation (Figure 2). Although an in-stent neointima
formed similarly in the non-coated stent and 7ND gene-
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eluting stent (histopathologic pictures in supplemental Figure
IV A), quantitative analysis demonstrated a significant reduc-
tion in neointima formation in the 7ND gene-cluting stent site
compared with the noncoated control stent sites (Figure 3A).
However, there were no significant differences in stent area,
IEL area, or medial area between rabbits receiving either the
noncoated stent or the 7TND-eluting stent.

We also examined the effect of TND gene-eluting stents on
inflammation and neointima in a monkey model. At sites in
which a noncoated stent was implanted, an in-stent neointima
was present at 1, 3, and 6 months after stenting (histopatho-
logic pictures in supplemental Figure IVB). Quantitative
analysis revealed that there was a significant reduction in
neointima formation at sites in which the 7ND gene-eluting
stent had been implanted compared with the noncoated
control stent sites (Figure 3B). There were no significant
differences in stent area, IEL area, or medial area between the
2 groups.
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Figure 1. Gene transfer in the rabbit iliac
stented artery 3 days after p-galactosidase
gene-eluting stent. Upper and lower left: Mac-
roscopic image of the luminal surface of the
stented iliac artery. Stented arterial segments
were excised, cut longitudinally, and stained
with X-gal. Right: X-gal-stained arterial
cross-sections.

100 pm

Histological and Biochemical Analysis

Biochemical analysis showed that after stenting, serum con-
centrations of MCP-1 increased transiently after deployment
of bare metal and 7ND gene-eluting stents in monkeys. There
was no significant differences in MCP-1 levels between the 2
groups (supplemental Figure V).

A histological analysis showed that there was no signifi-
cant difference in the injury score or the inflammation score
between the two groups of rabbits (supplemental Tables I and
II) or monkeys (supplemental Table III). The endothelial cell
linings, as monitored by CD31 immunoreactivity, were pres-
ent at an approximately equal extent in the 2 groups (supple-
mental Tables IT and III).

Delivery of 7ND gene-eluting stents did not have any
significant effect on serum cholesterol levels, as serum
cholesterol was similar in animals receiving the noncoated
stent or the 7ND-coated stent; this was true both in rabbits
(data not shown) and in monkeys (supplemental Table IV).
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Figure 3. Inhibitory effect of 7ND gene-eluting stents (7TNDES)
on in-stent neointima formation in rabbits (A) and monkeys (B).
A, Neointimal area 28 days after stenting (n=7 each). B, Neointi-
ma area at 1, 3, and 6 months (M) after stenting (n=6 each).

We additionally measured body weight, serum biochemical
markers, and blood cell count in monkeys (supplemental
Tables IV, V, and VI) and found no systemic adverse effects
resulting from 7ND administration or significant treatment-
associated differences in body weight between the 2 groups.

The Presence of CCR2 Protein on Human
Coronary Arterial Smooth Muscle Cells

To validate our method for CCR2 detection, Western blot
analysis was performed in peritoneal macrophages as control.
Protein expression of CCR2 was actually detected in perito-
neal macrophages isolated from wild-type mice. In contrast,
no signal was detected in CCR2-knockout mice (supplemen-
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tal Figure ITA). Immunoblot was then performed in hCASMC
and human macrophages (THP-1) using the same antibody.
The presence of CCR2 was detectable in hCASMCs as well
as in human macrophages (supplemental Figure IIB).

Effect of the 7ND Protein in Cultured

Vascular Cells

The 7ND protein inhibited the MCP-1-induced chemotaxis of
mononuclear cells (Figure 4A). The dose of 7ND at which
50% of the observed chemotaxis was inhibited (ICs,), was at
a ratio of 1:10 relative to the concentration of the MCP-1.
This inhibition was specific for MCP-1, as 7ND had no effect
on the interleukin (IL)-8—induced chemotaxis of polymorphic
nuclear leukocytes. 7ND inhibited the MCP-1-induced pro-
liferation of hCASMCs (Figure 4B).

To examine the effects of 7ND on endothelial prolifer-
ation, we examined whether 7ND had any effect on the
known capacity of VEGF to increase the capillary density
of CD31-positive endothelial cells,2* and found that 7ND
had no apparent effect on VEGF-induced angiogenic
activity (Figure 4C).

Discussion

In this study we found that implantation of a 7ND gene-
eluting stent reduced in-stent neointima formation with no
evidence of adverse effects in rabbits or in nonhuman
primates (cynomolgus monkeys). Although there is currently
no clear consensus regarding which animal model (rabbit,
dog, pig, monkey, etc.) is most appropriate for the evaluation
of in-stent restenosis,?* nonhuman primate models may have
advantages over nonprimate animal models, because the
results of efficacy and safety tests performed in such nonhu-
man primates can be applied to humans. Therefore, the use of
nonhuman primates may allow for the evaluation of the
efficacy and safety of therapies under conditions that more
closely approximate those of the human physiology. The
results presented here support the notion that that MCP-1
plays a central role in the pathogenesis of in-stent neointima
formation (in-stent restenosis), and also provide evidence for
feasibility of using the TND gene-eluting stent for prevention
of in-stent restenosis in a human interventional setting.

Although DES reduces the rate of restenosis and target-
vessel revascularization below 10%, increased risk of late
in-stent thrombosis resulting in acute myocardial infarction
and death after the use of the first-generation DES devices is
becoming a big problem.4-¢ Silorimus and paclitaxel have
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Figure 4. Effect of 7ND on chemotaxis of mononuclear leukocytes (A, n=8 each), proliferation of hCASMCs (B, n=8 each), and angic-
genic activity of endothelial cells (C, n=8 each). Concentrations of 7ND are expressed in relation to concentrations of the agonist.

*P<0.05 vs control.
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