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Anti-Inflammatory Gene Therapy for Cardiovascular Disease

Tetsuya Matoba and Kensuke Egashira*

Department of Cardiovascular Medicine, Kyushu University Graduate School of Medical Sciences, Fukuoka, Japan

Abstract: Inflammation in the vascular wall is an essential hallmark during the development of atherosclerosis, for which
major leukocytes infiltrated in the lesions are monocytes/macrophages. Therefore, monocyte chemoattractant protein-1
(MCP-1) and its primary receptor CC chemokine receptor 2 (CCR2) are feasible molecular targets for gene therapy to in-
hibit monocyte/macrophage-mediated inflammation in atherogenesis. A mutant MCP-1 that lacks N-terminal 7 amino ac-
ids (7ND) has been shown to heterodimerize with native MCP-1, bind to CCR2 and block MCP-1-mediated monocyte
chemotaxis by a dominant-negative manner. Gene therapy using intramuscular transfection with plasmid DNA encoding
7ND showed inhibitory effects on atherosclerosis in hypercholesterolemic mice, and neointima formation after vascular
injury in animal models. Bare metal stents for coronary intervention were coated with multiple thin layers of biocompati-
ble polymer with 7ND plasmid. The 7ND gene-eluting stent inhibited macrophage infiltration surrounding stent struts and
in-stent neointima formation in rabbit femoral arteries and cynomolgus monkey iliac arteries. Finally, the authors describe
new application of 7ND plasmid encapsulated in polymer nanoparticle (NP) that functions as gene delivery system with
unique /n vivo kinetics. NP-mediated 7ND gene delivery inhibited MCP-1-induced chemotaxis of mouse peritoneal
macrophage ex vivo, which may be applicable for the treatment of atherosclerotic cardiovascular disease. In conclusion,
anti-inflammatory gene therapy targeting MCP-1/CCR2 signal, with a novel NP-mediated gene delivery system, is a po-
tent therapeutic strategy for the treatment of cardiovascular diseases.
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INTRODUCTION

Recent advances in interventional cardiology employing
percutaneous coronary intervention (PCI) and other modali-
ties of revascularization have ameliorated symptomatic car-
diovascular diseases; however, atherosclerotic cardiovascular
disease is still a major cause of death worldwide. In order to
improve patients’ prognosis, it is needed to develop thera-
peutics that intervene specific molecular mechanisms under-
lying disease pathogenesis. Widespread use of transgenic
animals has provided various genetic models of human dis-
eases including atherosclerotic cardiovascular disease.
Pathological and biochemical analysis in animal models re-
vealed functional consequence of each gene product, which
led to basic concept of gene therapy to develop new thera-
peutics for cardiovascular disease. In this manuscript, the
authors describe translational application of gene therapy
using plasmid DNA for the treatment of atherosclerotic car-
diovascular disease, focusing on the gene therapy targeting
monocyte-mediated inflammation, and novel nanoparticle-
mediated gene delivery system.

ATHEROSCLEROSIS

Recent studies suggest that the inflammatory response
plays an important role in the development of atherosclerosis
[1]. Chemokines are proinflammatory cytokines, and regu-
late migration and infiltration of leukocytes into tissues and
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subsequently cause their activation. During atherogenesis,
major leukocytes infiltrated in atherosclerotic lesions are
monocytes/macrophages for which monocyte chemoattrac-
tant protein-1 (MCP-1) is a primary chemokine that regulates
migration and infiltration into the vascular wall. MCP-1 be-
longs to the CC chemokine subfamily and its primary recep-
tor CC chemokine receptor 2 (CCR2) is dominantly ex-
pressed in monocyte and also in vascular endothelial and
smooth muscle cells. The importance of MCP-1/CCR2 sig-
naling in athrogenesis is evident from previous studies using
genetically-modified mice. Gu ef al. [2] analyzed atherocle-
rotic lesions in MCP-1-deficient mice crossed with LDL
receptor-deficient mice that develop atherosclerotic lesions
in the aorta when fed with high fat diet. Boring et al. [3] ana-
lyzed CCR2-deficient mice crossed with ApoE-deficient
mice that also develop atherosclerotic lesions in the aorta.
Both MCP-1/LDL-R double-deficient mice and CCR2/ApoE
double-deficient mice developed less atherosclerotic lesions
in the aortas. Thus, gene therapy targeting MCP-1/CCR2
signaling is a feasible approach for the treatment of athero-
sclerotic cardiovascular disease.

We have developed a gene therapy to block MCP-1 ac-
tivity in vivo by using an N-terminal deletion mutant of
MCP-1, called 7ND, which lacks the N-terminal amino acid
2 to 8. This mutant MCP-1 has been shown to heterodimer-
ize with native MCP-1, bind to CCR2 and block MCP-1-
mediated monocyte chemotaxis by a dominant-negative
manner [4] Fig. (1A). Plasmid encoding 7ND was con-
structed by recombinant polymerase chain reaction using a
wild-type human MCP-1 cDNA as the template and cloned
into BamHI (5") and NotI (3') sites of the pcDNA3 expres-
sion vector (Invitrogen) [5] For gene transfer, we injected

© 2011 Bentham Science Publishers
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naked 7ND plasmid vector into skeletal muscles followed by
electroporation, and demonstrated that 7ND protein was de-
tectable in the circulating blood over 2 to 4 weeks and
blocked monocyte chemotaxis induced by subcutaneous in-
jection of recombinant MCP-1 [6] Fig. (1B). Based on these
results, we investigated the effect of this gene therapy on the
development and progression of atherosclerosis.

ApoE-deficient mice spontaneously develop hypercholes-
terolemia and atherosclerotic lesions in aortas. We injected
with 7ND plasmid into hindlimb muscles of ApoE-deficient
mice at 7 to 8 weeks of age, which have not developed ap-
parent atherosclerotic lesions, and evaluate the effect of the
transfection on atherogenesis after high cholesterol diet ad-
ministration. Gene therapy with 7ND plasmid inhibited athe-
rosclerotic lesions without affecting serum lipid concentra-
tion [5]. Furthermore, this strategy increased the lesional
extracellular matrix content and accordingly, the plaque sta-
bility score. These results suggest that MCP-1 is associated
with not only atherogenesis but alsoatheromatous plaquevul-
nerability. We also determined the effect of blockade of
MCP-1 on progression of pre-existing atherosclerotic lesions
in the aortic root in ApoE KO mice at 20 weeks of age. Gene
therapy with 7ND also could limit progression of established
lesions [7] In addition, blockade of MCP-1 improved plaque
stability (i.e., containing fewer macrophages and lympho-
cytes, less lipid, more smooth muscle cells and collagen).
This strategy decreased expression of CD40 and the CD40
ligand in the atherosclerotic plaque and normalized the in-
creased gene expression of cytokines (MCP-1, RANTES,
TNFao, IL-6, IL-1B, and TGF-B1) in the aorta. Suppression
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of MCP-1 and the other cytokine expression by 7ND gene
transfer implies that MCP-1-mediated inflammation causes a
vicious cycle to enhance inflammation in the vascular wall
by activating lesional monocytes/macrophages. These data
suggested that gene therapy with 7ND plasmid is an effective
strategy to specifically intervene to MCP-1/CCR2 signaling
for the treatment of atherosclerotic cardiovascular disease.

NEOINTIMA FORMATION

Restenosis after PCI consists major part of cardiovascular
events in patients of advanced coronary artery disease who
underwent PCI even after the introduction of drug-eluting
stents (DES). The pathological mechanism of restenosis is
undesirable growth of neointima that consists mainly from
vascular smooth muscle cells. Drugs on DES inhibit not only
vascular smooth muscle cell growth but endothelial cell
growth and thus stent re-endothelialization, which causes
adverse effects including late stent thrombosis [8]. There-
fore, development of new treatment is needed that specifi-
cally inhibits undesirable neointima formation. Recent evi-
dence suggests that PCl-induced vascular injury causes an
inflammatory response that accelerates recruitment and acti-
vation of monocytes through expression of MCP-1 in vascu-
lar cells [9, 10]. Inflammation of injured vascular wall results
in production of growth factors and other cytokines, which
accelerates regrowth of vascular smooth muscle cells causing
neointimal hyperplasia. Thus, anti-inflammatory therapy
targeting MCP-1-mediated signaling may be an effective
approach to treat clinical restenosis.
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3. Interference with MCP-1

1. Intramusclar
injection of
7ND plasmid

2. Expression and
secretion of 7ND
into circulation

4. Reduction of
monocyte
chemotaxis

Fig. (1). A, N-terminal deletion mutant of MCP-1 (7ND) lacks the N-terminal amino acids 2 to 8, and acts as a dominant negative inhibitor
for MCP-1. B, Therapeutic strategy of 7ND gene therapy consists of these 4 steps. 1) Intramusclar injection of 7ND plasmid. 2) Secretion of
7ND into circulation. 3) Interference with MCP-1 in a dominant-negative manner. 4) Reduction of monocyte chemotaxis, which inhibits

inflammation in the vascular wall.
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We have examined the effect of gene therapy with 7ND
plasmid in animal models of vascular injury. Balloon-
induced endothelial denudation in rat carotid artery causes
neointima formation. Expression of MCP-1 and CCR2 in the
injured artery was significantly higher on days 3, 7, and 28
than that in contralateral non-injured artery [11]. Three days
before the balloon injury, rats were injected with empty
plasmid or 7ND plasmid into hindlimb muscles. Gene ther-
apy with 7ND plasmid reduced monocyte/macrophage infil-
tration and inhibited proliferation of neointimal cells [11].
Similar therapeutic effect was observed in another balloon
injury model in carotid arteries of cynomolgus monkeys. The
effect of 7ND gene therapy was confirmed in other animal
models in which nonconstrictive polyethylene cuff was
placed around the femoral arteries in mice and cynomolgus
monkeys [12]. In these models, 7ND gene therapy sup-
pressed infiltration of macrophage and proliferation of
smooth muscle cell in the neointima 7-day after cuff place-
ment. Cross-sectional intima/media ratio 28-day after cuff
placement was significantly reduced by 7ND gene therapy.
These data indicated that 7ND plasmid transfection into
hindlimb muscles is a valid anti-inflammatory strategy to
inhibit local inflammation in the vascular wall to prevent
restenosis after PCI.

Based on these findings, we have formulated a stent
coated with 7ND plasmid to examine the effect of local de-
livery of 7ND to inhibit neointima formation. A 15-mm-long
stainless-steel balloon-expandable stent was dipcoated under
sterile conditions with multiple thin layers of biocompatible
polymer (polyvinyl alcohol [PVOH], GOHSENOL EG-05,
Nippon Gohseilnc). The polymer solution additionally con-
tained either 7ND cDNA plasmid, plasmid encoding beta-

X-gal stained gene eluting stent site

Current Gene Therapy, 2011, Vol. 11, No. 6 3

galactosidase or polymer without plasmid as a control [13].
Gene transfer of beta-galactosidase by this gene-eluting stent
system was confirmed in rabbit femoral arteries stented with
B-galactosidase gene-eluting stent Fig. (2A). The 7ND gene-
eluting stents inhibited macrophage infiltration surrounding
stent struts 10 days after stenting in rabbit femoral arteries.
In cynomolgus monkeys, 7ND gene-eluting stent or stent
without plasmid was placed in the iliac arteries. After 6-
month observation, in-stent neointima formation was signifi-
cantly less in arteries stented with 7ND gene-eluting stents
Fig. (2B). In these studies, the biocompatible polymer and
plasmid DNA coating material used did not cause any ad-
verse reactions during a 1-month observation period in rab-
bits and during a 6-month observation period in nonhuman
primates. These findings suggest that anti-MCP-1 gene ther-
apy via 7ND gene-eluting stents may be clinically relevant
and further clinical trials are warranted.

NANOPARTICLE-MEDIATED GENE DELIVERY
SYSTEM

Above described gene therapy using intramuscluar injec-
tion of 7ND plasmid was dependent on the expression of
7ND in the skeletal muscle and release into the circulation.
Transduced 7ND protein was detectable in the plasma in
vivo, which interfered MCP-1/CCR2 signaling to inhibit
monocyte/macrophage chemotaxis into the inflamed vascular
wall. Although intramuscular 7ND transfection showed no
notable side effects, we have been developing nanoparticle-
mediated plasmid gene transfer to raise the specificity of
gene delivery and reduce possible off-target effects of extrin-
sic 7ND gene.

X-gal-stained arterial cross-section

A from gene-eluting stent
S\
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Fig. (2). A, Transgene expression in the rabbit iliac artery stented with gene-eluting stent. Left, Macroscopic image of the luminal surface of
X-gal-stained iliac arteries stented with B-galactosidase gene-eluting stent (upper left) or bare stent (lower left). Right, a cross section of X-

gal-stained artery stented with -galactosidase gene-eluting stent. B,

Inhibitory effect of 7ND gene-eluting stents (7NDES) on in-stent neoin-

tima formation in iliac arteries of monkeys.Neointima area at 1, 3, and 6 months after stenting (n=6 each).
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We have employed poly lactic-co-glycolic acid nanopar-
ticle (PLGA-NP) that is formed by emulsion solvent diffu-
sion method as previously reported [ 14-18].

PLGA polymer is shown to be biocompatible and biode-
gradable. An average diameter of PLGA-NP was 200 nm.
Fluorescein isothiocyanate (FITC, Dojindo laboratories,
Kumamoto, Japan) containing PLGA-NP (FITC-NP) was
prepared for the examination of in vivo distribution of
nanoparticles. /n vivo distribution of FITC-NP was examined
after intravenous administered into C57Bl/6] mice from the
tail vein. Two hours after injection, mononuclear cells that
took FITC-NP into cytoplasm were observed in the periph-
eral blood. Flow cytometry showed that FITC-NP was taken
up by CD11b+ monocytes Fig. (3A).

We prepared PLGA-NP containing 7ND plasmid (7ND-
NP, content of 7ND plasmid 0.40 wt%) and PLGA-NP con-
taining GFP plasmid (GFP-NP, content of GFP plasmid 0.32
wt%) using the same method and tested nanoparticle-
mediated gene transfer in cultured mouse monocyte cell line
J774A.1 (DS Pharma Biomedical, Suita, Japan). J774A.1
was maintained in RPMI 1640 medium containing 5% fetal
bovine serum. For gene transfer, J774A.1 was incubated with
20 pg/mL GFP plasmid conjugated with conventional trans-
fection reagent according to the manufacturer’s protocol
(Fugene®, Roche Applied Science) or GFP-NP that con-
tained 3 pg/mL GFP plasmid for 1 hour and then, medium
was changed. Twenty-four hours after GFP-NP treatment,
RNA was extracted and reverse transcripted and gene ex-
pression was quantified by real time polymerase chain reac-
tion (RT-PCR). GFP and GAPDH primer, which are mixed
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with probes as TagMan® Gene Expression Assays, were
commercially available and purchased from Applied Biosys-
tems. RT-PCR showed equivalent GFP expression in cells
after conventional gene transfer as well as nanoparticle-
mediated gene transfer Fig. (3B). These results suggest that
PLGA-NP-mediated delivery of plasmid DNA results the
expression of the gene. Then we examined the effect of
nanoparticle-mediated 7ND gene therapy on MCP-1-induced
mocyticchemotaxis in murine abdominal macrophages ex
vivo. Thioclycolate elicited macrophages were collected
from abdominal cavity 4 days after injection of 7ND-NP or
Empty-NP. Migration of macrophages was examined by
Boyden’s chamber method. Pretreatment with 7ND-NP sig-
nificantly inhibited MCP-1-induced macrophage chemotaxis
compared with Empty-NP Fig. (3C), suggesting the
autocrine effect of 7ND in the macrophages themselves.

At the time of writing, we have been examining the effect
of nanoparticle-mediated 7ND gene delivery on several vas-
cular disease models based on the above results. Nanoparti-
cle-mediated 7ND gene delivery haves shown inhibitory
effects on monocyte/macrophage infiltration into atheroscle-
rotic lesions, lesion progression, and plaque instability in
hypercholesterolemic mice. Intravenous treatment of
nanoparticulated 7ND plasmid significantly reduce total
amount of plasmid DNA required, in compared with intra-
muscular injection of naked 7ND plasmid, in order to regu-
late monocyte/macrophage chemotaxis (unpublished obser-
vations, Egashira and Matoba). These findings support the
concept of novel nanoparticle-mediated gene delivery system

Fig. (4).
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Fig. (3). A, Left, fluorescent micrograph of peripheral blood 2 hours after intravenous administration of FITC-NP. Scale bar indicates 50 pum.
Right, flow cytometry showed that FITC positive cells presented CD11b+ monocytes. B, cultured macrophages (J774A.1) were incubated
with Fugene-conjugated GFP plasmid (GFP-Fugene) or nanoparticulated GFP plasmid (GFP-NP) for 1 hour. RT-PCR showed GFP expres-
sion was comparable between two transfection methods. * p<0.01 vs control. C, chemotaxis of thioglycolate-elicited macrophages was sup-
pressed by pretreatment with nanoparticulated 7ND plasmid. * p<0.001 vs control (Empty-NP, MCP-1(-)).
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3. Expression of 7ND and

interference with MCP-1

1. Intravenous
injection of
7ND-NP

2. Incorporation of
7ND-NP into
monocytes

4. Reduction of
monocyte
chemotaxis

Fig. (4). Therapeutic strategy of nanoparticle-mediated 7ND gene therapy consists of these 4 steps. 1) Intravenous injection of nanoparticu-
lated 7ND plasmid (7ND-NP). 2) Incorporation of 7ND-NP into peripheral monocytes. 3) Expression of 7ND and Interference with MCP-1
in aautocrine/paracrine manner. 4) Reduction of monocyte chemotaxis, which inhibits inflammation in the vascular wall.

SUMMARY

Monocyte/macrophage-mediated inflammation plays an
important role in the development of cardiovascular diseases
including atherosclerosis and vascular remodeling after in-
jury. Gene therapy targeting MCP-1/CCR2 signals are potent
therapeutic strategy, for which novel nanoparticle-mediated
gene delivery system extendsthe efficacy of anti-
inflammatory gene therapy to treat cardiovascular diseases.
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Table 4 FRERRBOBE (1/2)

ORBOAEA ERMEEKE
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VT RN

L 205EM, Bt 40EHI

kDN EF VI ME N RER IR 12 3%
EINTEDNERETZIEMEBEFL (T b, vHE, BEE k0 THL»
Zk o7, BEROLE LR LU TERERICADROER 300450 1) TEIMES FEL 7.
INLDER»S, KOBRETHOERWERD > ) BEREERLTEZ 3L ELZ 6N 5.
VAN 2 F RBO8F (Y5ugE, 4mg/body/ H) Ok MZH I 2R MIZHES.
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FHE BRI Y FRA Y bid (Table 5),
#  Fontaine 7 ENDZEAl, Rutherford Z33HDHERS,
MiTEReEE 1 T Ed. BBREHIESE XU
BEREMEEE RS THK, BREGMPERET
TOWRBREARERVPTTR L, BIEKRABRIL T
BMTLCWET. BRRBROBEL, HnEEL
W T HREIADY I - EEELZTNET.
INEBHRT B0, BIEERNLFKETRE1H
U2y — X" AR L 2 RS MRS oI
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BB F - DG NERLFETT.

[H OB A ERT 5% XATREZEE il
KEMHE - BENBIZEEIR) TT (Table 6).
LI N Table 6 ISR KD B R4 v 7 TEME TE
LTWET.
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BRAHROBE CZOBRK BARMEDLETL)
BE  BREROENELEEZBLTEEN) 7)L—F

OEFTEY—X (TR : EMHEEEEFRRNAT A IILAN T Z—I2L3
EMREAESHORE) #ER L -OENARF—LDBHEEBS
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