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Abstract

A drug delivery system (DDS) that targets the injured myocardium would serve as a novel therapeutic tool for cardiac discases. To develop
such a DDS, we investigated the interaction of 2 types of glycoside-conjugated liposomes containing a fluorescence substrate with
cardiomyocytes. Flow cytometry revealed that cardiomyocytes adequately interact with N-acetylglucosamine-conjugated liposomes (GlcNAc-Ls).
Furthermore, to confirm whether the agents encapsulated in GlcNAc-Ls affect the intracellular environment of cardiomyocytes, we prepared
GleNAc-Ls-containing pravastatin and examined the effect of pravastatin on cardiomyaocytes. Pravasiatin is a 3-hydroxy-3-methylglutaryl-CoA
reductase inhibitor (statin) and is hydrophilic. It is reported that lipophilic statins enhance nitric oxide (NO) production and inducible nitric oxide
synthase (iNOS) expression by interleukin-1§ (IL-1B)-stimulated cardiomyocytes. The hydrophilic nature of pravastatin prevents its entry into
cardiomyocytes; therefore, it cannot enhance both these processes. Treatment with GléNAc-Ls-containing pravastatin specifically enhanced NO
production and iNOS expression by IL-1B-stimulated cardiomyocytes. Based on these results, we found that cardiomyocytes exhibit a high degree
of interaction with GlcNAc-Ls, and GlcNAc-Ls-encapsulated agents can be effectively taken up by cardiomyocytes. We suggest that GlcNAc-Ls
can be utilized therapeutically as a DDS for the injured myocardium.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Lectin; Cardiomyocytes; N-acetylglucosamine; Liposomes; Drug delivery

1. Introduction

A drug delivery system (DDS) that targets the injured
myocardium has great potential to serve as a novel therapeutic
tool for myocardial infarction; however, an efficient myocardi-
um-targeted DDS has not been established to date. Different
ligands that target cell-surface receptors have been used to
improve the specificity of DDSs [1-5]. To develop a DDS that
targets the injured myocardium, we focused on a cell-surface
lectin expressed by cardiomyocytes and hypothesized that the
interaction between lectin and glycoside-conjugated agents
could be utilized as a base for the development of this DDS.

* Corresponding author. Tel.: +81 263 37 3352; fax: +81 263 37 2573.
E-mail address: ise@sch.md.shinshu-u.sc.jp (H. Ise).

0168-3659/% - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.jconrel.2007.07.003

Lectins are known to bind glycoside residues, and the cell-
surface lectins that bind ligands are internalized into cells and
then delivered to intracellular acidic compartments [4,6].
Therefore, targeting cell-surface lectins is a potential strategy
for improving both the specificity and efficacy of DDSs
[1,4,5,7,8]. However, cell-surface lectins that are expressed
by cardiomyocytes and by glycosides that are involved in
interactions with cardiomyocytes have not been reported.
Previously, in order to establish a DDS that targets the injured
myocardium, we attempted to characterize a cell-surface lectin
in cardiomyocytes by investigating the interaction of cardio-
myocytes with glycosides. These interactions were examined by
using a glycoside-adhesion assay, and the cardiomyocytes were
incubated on various glycoside-bearing polymer-coated dishes.
These glycoside-bearing polymers are composed of hydrophilic
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carbohydrates, such as lactose, glucose, galactose, mannose,
maltose (MA), and N-acetylglucosamine (GlcNAc), and a
hydrophobic vinylbenzyl moiety, and they are designated as
multivalent glycoside ligands. These polymers adhere strongly
to polystyrene dishes due to their amphiphilic property [9-11].
Cardiomyocytes adhered strongly to the GlcNAc-bearing
polymer-coated dish but not to other glycoside-bearing
polymer-coated dishes. From this result, we have found that
cardiomyocytes exhibit a high degree of interactivity with
GlcNAc and have also postulated that cardiomyocytes express a
GlcNAc-recognizing lectin on their cell surface (unpublished
data).

In this study, the specific uptake of GlcNAc- conjugated
liposomes (GIcNAc-Ls) by cardiomyocytes was examined.
GlcNAc-Ls and MA-conjugated liposomes (MA-Ls) were
prepared by the post-insertion of GlcNAc- and MA-bearing
polymers that are covalently linked to alkyl chains into the
membrane of normal liposomes containing a fluorescence
substrate or agent (Figs. 1 and 2) [12,13]. In order to
circumvent their amphiphilic property and easily insert the
glycoside-bearing polymers into the liposomal membranes, the
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polymers were covalently linked to alkyl chains. Furthermore,
we confirmed whether the agents encapsulated in GIcNAc-Ls
are taken up by cardiomyocytes and whether they affect the
intracellular environment of cardiomyocytes. We prepared
glycoside-conjugated liposomes containing pravastatin. Pra-
vastatin is a 3-hydroxy-3-methylglutaryl-CoA reductase
inhibitor (statin) and is hydrophilic. Due to its hydrophilic
nature, the intracellular uptake of pravastatin by cardiomyo-
cytes is difficult {14,15]. In fact, we have previously reported
that lipophilic statins and not the hydrophilic statin pravastatin
augment inducible nitric oxide synthase (iNOS) expression
and significantly increase nitric oxide (NO) production in
interleukin-1p (IL-1p)-stimulated cardiomyocytes via the
inhibition of small G proteins such as Ras and Rho GTP-
binding proteins {14,15]. In the present study, we examined
whether the uptake of GlcNAc-Ls-encapsulated pravastatin by
cardiomyocytes augments iNOS expression and NO produc-
tion in IL-1p-stimulated cardiomyocytes. We found that
cardiomyocytes interact with GlcNAc-Ls, and we achieved
the effective uptake of agents by cardiomyocytes by encap-
sulating them in GlcNAc-Ls.
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Fig. 1. Structure of PV-GlcNAc (A), PV-MA (B), P(VGlcNAc-co-1% and 5% VAL) (C), and P(VMA-co-5% VAL) (D). C: P(VGlcNAc-co-1% VAL), n:m=99:1,

P(VGIcNAc-c0-5% VAL), m:m=95:5. D: P(VMA-co-5% VAL), n:m=95:5.
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2. Materials and methods
2.1. Materials

The glycoside-bearing polymers poly{N-p-vinylbenzyl-O-2-
acetoamide-2-deoxy-p3-D-glucopyranosyl-(1—4)-2-acetoamide-
2-deoxy-{3-D-gluconamide] (PV-GIcNAc) and poly[N-p-vinyl-
benzyl-O-«a-p-glucopyranosyl-(1—4)-D-gluconamide] (PV-MA)
were purchased from Celagix Research Ltd. (Yokohama, Japan).
PV-GlcNAc and PV-MA are composed of a vinylbenzyl moiety
and either chitobiose (GIcNAc terminal) or maltose (glucose
terminal) (Fig. 1A and B) [9-11]. Three types of glycoside-
bearing polymers covalently linked to alkyl chains, namely, P
(VGIcNAc-co-1% 4-vinylbenzylhexadecanamide), P(VGIcNAc-
co-1% VAL); P(VGIcNAc-co-5% 4-vinylbenzylhexadecana-
mide), P(VGIcNAc-co-5% VAL); and P(VMA-co-4-vinylben-
zylhexadecanamide), P(VMA-co-5% VAL), were kindly
provided by Celagix Research Ltd. P(VGIcNAc-—co-1% VAL)
is a low lipophilic polymer and is composed of 1% 4-
vinylbenzylhexadecanamide and 99% chitobiose (Fig. 1C). P
(VGIcNAc-co-5% VAL) is a high lipophilic polymer and is
composed of 5% 4-vinylbenzylhexadecanamide and 95%
chitobiose (Fig. 1C). P(VMA-co-5% VAL) is composed of 5%
4-vinylbenzylhexadecanamide and 95% maltose (Fig. 1D). P
(VGIcNAc-co-1% VAL) differs from P(VGIcNAc-co-5% VAL)

in terms of the hydrophobicity of PV-GlIcNAc, which is involved
in its insertion into the liposome membranes. The preparation of
these polymers was described previously [9-11]. Dipalmitoyl
phosphatidylcholine (DPPC) and dipalmitoyl phosphatidyletha-
nolamine (DPPE) were purchased from NOF Corporation
(Tokyo, Japan). Cholesterol (Chol) and collagenase were
purchased from Wako Pure Chemical Industries (Osaka,
Japan). 1,1’-Dioctadecyl-3,3,3’,3’-tetramethyl-indocarbocyanine
perchlorate (Dil) and a cell detachment solution were purchased
from Invitrogen Corp. (Carlsbad, CA, USA). Pravastatin was
kindly provided by Sankyo Co., Ltd. (Tokyo, Japan). Pitavastatin
was kindly provided by Kowa Co., Ltd. (Nagoya, Japan).
Dulbecco’s modified minimal essential medium (DMEM) and
mouse monoclonal anti-p-actin antibodies were obtained from
Sigma (St. Louis, MO, USA). Fetal bovine serum (FBS) was
purchased from Equitech-Bio, Inc. (Kerrville, TX, USA). A
protease inhibitor cocktail was purchased from Nacalai Tesque
(Kyoto, Japan). Accutase was purchased from Innovative Cell
Technologies, Inc. (La Jolla, CA, USA). Mouse monoclonal anti-
INOS antibodies were purchased from Becton, Dickinson and
Company (BD) (Franklin Lakes, NJ, USA). Horseradish
peroxidase (HRP)-conjugated rabbit anti-mouse IgG was
purchased from Jackson ImmunoResearch Laboratories, Inc.
{(West Grove, PA, USA). All other chemicals were commercial
products of analytical grade and purity.

PV-GIcNAC {chitobiose (GICNAC))
or PV-MA (maltose {Glucose})

{Multivalent-glycoside polymer)

The preformed liposomes
(Unmodified-Ls)
containing Dil or pravastatin

Efgﬁgﬁﬁﬁg

“——— 4.yinylbenzyl-
hexadecanamide (VAL)

L, P(VGIcNAC-co-1% VAL);
H, P(VGIcNAc-co-5% VAL),
P(VMA-co-5% VAL)

J

I Incubation at 60 °C for 1 h

L-GlcNAc-Ls : P(VGIcNAc-co-1% VAL)-coated liposomes,
H-GIcNAc-Ls : P(VGIcNAc-co-5% VAL)-coated liposomes and

MA-Ls: P(VMA-co-5% VAL)-coated liposomes containing Dil or pravastatin

Fig. 2. Procedure of preparation of L-GlcNAc-Ls, H-GlcNAc-Ls, and MA-Ls by post-insertion of P(VGlcNAc-co-1% VAL), P(VGIcNAC-co-5% VAL), and P(VMA-

c0-5% VAL) into the preformed liposomes (unmodified-Ls).
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The effect of liposomes on cardiomyocyte viability. Cell viability was evaluated by the MTT assay. Cardiomyocytes were cultured in media (500 puL/well) in 24-well
plates and incubated with 50 L of each Dil-containing liposome solution (1.275 umol lipids) for 24 h.

2.2. Cell culture

Cardiomyocytes were isolated by trypsin and collagenase
digestion from the ventricles of 1-day-old Sprague—Dawley rats
as described previously [14,15]. The rat cardiomyocytes

(6.25x 10* cells/em?) were cultured in DMEM supplemented
with 10% FBS for 96 h at 37 °C in 95% air/5% CO,. The
cardiomyocytes were detached using accutase and the cell
detachment solution, and the detached cells were washed and
suspended in phosphate-buffered saline (PBS).

—100—
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Fig. 4. Fluorescence microscopy images of the uptake of L-GlcNAc-Ls, H-GIcNAc-Ls, and MA-Ls containing Dil by cardiomyocytes. The upper panels show phase-
contrast images, and the lower panels show fluorescence images. Magnification is x200. Scale bar=20 um.

2.3. Preparation of glycoside-conjugated liposomes containing
Dil or pravastatin

Liposomes were prepared as previously described [12,13].
The liposomes were composed of DPPC:DPPE:Chol (80:2:20,
molar ratio). When the liposomes were labeled with a
fluorescence substrate, Dil was added to the lipid mixture at a
ratio of 0.1 mol% to the total lipids. The lipids (80 pmol of
DPPC, 20 pumol of Chol, and 2 pmol of DPPE) were dissolved
in 5 mL of chloroform:methanol (7:3), and .a lipid film was
prepared by rotary evaporation. The lipid film was hydrated in
1 mL of PBS using a bath sonicator and a tip sonicator (Branson
Ultrasonics Corporation, Danbury, CT, USA) with an output of
10 W for 10 min at 60 °C above the phase transition
temperature; the resulting liposomes with a diameter of more
than 0.45 um were excluded by extrusion through polycarbon-
ate membranes with a pore size of 0.45 pm. Pravastatin was
encapsulated by hydrating the lipid film (102 pmol) with 1 mL
of PBS containing 100 mM pravastatin, and the hydrated lipid
suspension was frozen and thawed 3 times in order to increase
the encapsulation of pravastatin into the liposomes. Unencap-
sulated pravastatin was removed from the suspension of lipo-
somes containing pravastatin by centrifugation at 35,000 xg for
10 min. Finally, each liposome (25.5 pmol of lipids) was
suspended in 1 mL of PBS. The conjugation of glycoside chains
to these preformed liposomes containing Dil or pravastatin was
performed by the post-insertion of P(VGlcNAc-co-1% or 5%
VAL) or P(VMA-co-5% VAL). Two types of liposomes,
namely, low lipophilic polymer- and high lipophilic polymer-
GlcNAc-conjugated liposomes (L-GlcNAc-Ls and H-GIcNAc-
Ls, respectively), were prepared by mixing 100 pg/mL P
(VGlecNAc-co-1% VAL) and P(VGIcNAc-co-5% VAL), re-
spectively, with the preformed liposomes (25.5 pmol of lipids)

for 1 h at 60 °C (Fig. 2). MA-Ls were prepared by mixing
100 pg/mL P(VMA-co0-5% VAL) with the preformed liposomes
(25.5 pmol of lipids) for 1 h at 60 °C (Fig. 2). The preformed
liposomes (unmodified-Ls) were prepared as nontargeted
control liposomes. Moreover, to estimate the amounts of
glycoside-bearing polymers in the liposomal surface, liposomes
containing Dil that 0, 1, 10, 50, and 100 pg/mL P(VGIcN Ac-co-
1% or 5% VAL) were post-inserted into were prepared. The
amounts of glycoside-bearing polymers in the liposomes were
estimated from the interaction of these liposomes with .
cardiomyocytes. The particle sizes of these liposomes were
measured in a dynamic light scattering spectrophotometer
(Zetasizer, Sysmex -corporation, Tokyo, Japan). The cytotoxi-
city of these liposomes was evaluated in cardiomyocytes by a 3-
(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
(MTT) assay (Nacalai Tesque, Kyoto, Japan). The cardiomyo-
cytes were cultured in media (500 pL/well) in 24-well plates
and incubated with 50 pL of each Dil-containing liposome
solution (1.275 pumol lipids) for 24 h. At 24 h after incubation,
50 pL of the 5 mg/mL MTT solution was added to each well,
and the cells were incubated for another 2 h. MTT formazan,
regarded as an indicator of cell viability, was quantified

Table 1
Particle size distributions of liposomes prepared by sonication

Liposomes Particle size (nm) in diameter
L-GlcNAc-Ls 140+£21.0 -

H-GlcNAc-Ls 119+149

MA-Ls 145+21.9

Unmodified-Ls 149+27.1

Values represent means+S.D.

—101—
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Fig. 5. Electron microscopy images of the uptake of GlcNAc-Ls by cardiomyocytes. A and B: The incubation of 0.4-um-sized H-GlcNAc-Ls with cardiomyocytes.
C and D: The incubation of 0.8-pum-sized H-GlcNAc-Ls with cardiomyocytes. A and C: Black arrowheads show the liposomes internalized by cardiomyocytes and
arrows show the microvilli of the cardiomyocytes (A: x 12,000 and C: x 10,000). B and D: White arrowheads show the liposomes internalized by the cardiomyocytes

(x8000).

colorimetrically. The absorbance at 570 nm was determined
using a microplate reader (Bio-Rad, Richmond, CA, USA).

To examine the endocytic capacity of cardiomyocytes for
GlcNAc-Ls, H-GIcNAc-Ls of 2 different sizes were prepared by
extrusion of the hydrated lipid suspension through 0.4- or 0.8-
pm polycarbonate membrane filters by using an extruder
(Avanti polar lipids, Inc., AL, USA). The 0.4- or 0.8-um-sized
H-GlcNAc-Ls were prepared by post-insertion of 100 pg/mL P
(VGIcNAc-co-5% VAL). The uptake of 0.4- or 0.8-um-sized H-
GIcNAc-Ls by the cardiomyocytes was observed by transmis-
sion electron microscopy.

L-GlcNAc-Ls, H-GleNAc-Ls, MA-Ls, or unmodified-Ls-
containing Dil or pravastatin were prepared by sonication of
the hydrated lipid suspension, and the liposomes with a
diameter of more than 0.45 pm were excluded; 0.4- or 0.8-um-
sized H-GlcNAc-Ls were prepared by repeated extrusion
through 0.4- or 0.8-um polycarbonate membrane filters by
using an extruder.

2.4. Flow cytometric analysis of interaction of the liposomes
containing Dil with cardiomyocytes

The interaction of 0, 1, 10, 50, or 100 pg/mL P(VGIcNAc-
c0-1% or 5% VAL)-post-inserted liposomes (L-GIcNAc-Ls or
H-GleNAc-Ls), MA-Ls, or unmodified-Ls-containing Dil with
cardiomyocytes were analyzed by flow cytometry. The
detached cells were suspended in PBS containing 1% bovine

serum albumin, and 1 mL of the cell suspension was incubated
with each liposome (1.275 pmol lipids) for 1 h at 37 °C. After
the incubation period, the cells were washed and resuspended in
PBS. Flow cytometric analysis was performed using a FACS
Calibur (BD, NJ, USA).

2.5. Fluorescence microscopy analysis. of the uptake of
liposomes by cardiomyocytes

The cardiomyocytes cultured in 3.5-cm dishes were
incubated with each liposome (1.275 pmol lipids) for 1 h at
37 °C. After the incubation period, the cells were washed
repeatedly in PBS and observed by fluorescence microscopy
(Olympus Corp., Tokyo, Japan).

2.6. Electron microscopy analysts of the uptake of GicNAc-Ls
by cardiomyocytes

The cardiomyocytes were cultured on 24-mm glass
coverslips. The cells were incubated with 0.4- or 0.8-um-
sized H-GIcNAc-Ls for 2 h at 37 °C. The cells were fixed
with 2.5% glutaraldehyde at 4 °C ovemight. After washing
with phosphate buffer (PB), the cells were fixed with 1%
osmium tetroxide in PB for 20 min and then fixed with 2%
tannin/2.5% glutaraldehyde for 20 min and further fixed with
1% osmium tetroxide in PB for 20 min at 4 °C. The cells were
then serially dehydrated in ethanol and embedded in Epon

—102—
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Fig. 6. NO production and iNOS expression, following the uptake of L-GlcNAc-
Ls, H-GIcNAc-Ls, MA-Ls, and unmodified-Ls-containing pravastatin, pravas-
tatin, and pitavastatin in 5-ng/mL and 1-ng/mL IL-1pB-stimulated cardiomyo-
cytes. A and B: NO production in 5-ng/mL IL-1B-stimulated cardiomyocytes at
24 and 48 h. *p<0.05, when compared with other samples. C: iNOS and B-actin
expression in 1-ng/mL IL-1p-stimulated cardiomyocytes at 24 h; the iNOS
protein (130 kDa) and B-actin (42 kDa) were detected by westem blotting.

812 for polymerization at 60 °C overnight. The embedded
cells were thin-sectioned, and these sections of 100-nm
thickness were placed on copper grids that were double-
stained with uranyl acetate and lead citrate. These sections

were examined with a JEOL 1200EX transmission electron
microscope.

2.7. Measurement of the concentration of pravastatin encap-
sulated in L-GIcNAc-Ls, H-GIcNAc-Ls, MA-Ls, and unmodi-
fied-Ls

Pravastatin encapsulated in each liposome (1.275 pmol
lipids) was obtained by the dissolution of the liposome in
methanol and was quantified colorimetrically. The absorbance
of pravastatin at 239 nm was determined using a colorimeter
(GE Healthcare Bio-Sciences Corp., Piscataway, NJ, USA). The
pravastatin concentrations were calculated by comparison with
the absorbance of the standard solutions of pravastatin prepared
in methanol.

2.8. Measurement of NO

The cardiomyocytes were cultured in 12-well plates. At 1 h
after the addition of various liposomes containing pravastatin as
the hydrophilic statin, pravastatin, or pitavastatin as the
lipophilic statin, the cardiomyocytes were treated with IL-1p
at a concentration of 5 ng/mL. At 24 or 48 h after the treatment
with IL-1p, nitrite accumulation—an indicator of NO produc-
tion—was measured in the conditioned medium. Nitrite was
quantified colorimetrically after adding 100 pL of Griess
reagent (1% sulfanilamide and 0.1% naphthylenediamine in 5%
phosphoric acid) to 100 pL samples. The absorbance at 540 nm
was determined using a microplate reader (Bio-Rad, Richmond,
CA, USA). The nitrite concentrations were calculated by
comparison with the absorbance of standard solutions of
sodium nitrite prepared in the culture medium.

2.9. Estimation of iNOS by western blotting

The cardiomyocytes were cultured in 3.5-cm dishes. At 24 h
after the treatment of 1-ng/mL IL-1B-stimulated cardiomyo-
cytes with various liposomes containing pravastatin as the
hydrophilic statin, pravastatin, or pitavastatin as the lipophilic
statin, these cells were lyzed using radioimmunoprecipitation
assay (RIPA) buffer (25 mM Tris—HCI, 2.5 mM ethylenedia-
minetetraacetic acid, 137 mM NaCl, 1% sodium deoxycholic
acid, 0.1% sodium dodecylsulfate [SDS]}, 1% Triton X-100,
2 mM phenylmethyl sulfonyl fluoride, and protease inhibitor
cocktail). The protein concentrations of the samples were
measured by the Bio-Rad DC protein assay. The samples were
resolved by electrophoresis on a 7.5% SDS-polyacrylamide gel
under reducing conditions and were transferred to polyvinyli-
dene difluoride membranes (Bio-Rad). Subsequently, the
membranes were incubated with mouse monoclonal anti-
iNOS antibodies (1:2500) or mouse monoclonal anti-B-actin
antibodies (1:10,000) as the primary antibodies, followed by
incubation with HRP-anti-mouse [gG antibodies (1:20,000) as
the secondary antibodies. The membranes were developed
using Immobilon Western Detection Reagents (Millipore Corp.,
Billerica, MA, USA) according to the manufacturer’s
instructions.
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Table 2
The amount of pravastatin encapsulated in various liposomes

Liposomes nmol/mmol lipids
L-GlcNAc-Ls 0.498+0.14
H-GlcNAc-Ls 0.457+0.06
MA-Ls 0.478+0.07
Unmodified-Ls 0.380+0.06

Values represent means+S.D.; p>0.1, L-GlcNAc-Ls or H-GIcNAc-Ls versus
MA-Ls or unmodified-Ls.

2.10. Statistical analysis

All data are expressed as mean+S.D., and the statistical
analyses of the 2 groups were performed using the unpaired
Student’s ¢ test. A probability (p) value of <0.05 was considered
to be statistically significant.

3. Results
3.1. Cardiomyocytes interact with GleNAc-Ls

To investigate whether glycoside chains interact with
cardiomyocytes, the interaction of L-GlcNAc-Ls (100 pg/mL
P(VGIcNAc-co-1% VAL)), H-GlcNAc-Ls (100 pg/mL P
(VGIcNAc-co-5% VAL)), MA-Ls (100 pg/mL P(VMA-co-5%
VAL)), or unmodified-Ls-containing Dil with cardiomyocytes
was analyzed by flow cytometry. L- and H-GIcNAc-Ls were
adequately taken up by cardiomyocytes whereas both MA-Ls
and unmodified-Ls were scarcely taken up (Fig. 3A, B, and C).
Moreover, the binding of L- and H-GIcNAc-Ls to cardiomyo-
cytes was inhibited by the soluble PV-GIcNAc but not by the
soluble PV-MA (Fig. 3D and E). The degree of interaction
increased with an increase in the addition of 0~100 pg/mL P
(VGIeNAc-co-1% or 5%VAL) to the preformed liposomes
containing Dil (Fig. 3F). The interaction of L-GlcNAc-Ls and
H-GlcNAc with. the cardiomyocytes was almost saturated with
the addition of 100 pg/mL P(VGIcNAc-co-1% or 5% VAL) to
the liposomes. From these results, we assumed that 100 pg/mL
P(VGIcNAc-co-1% or 5% VAL) was almost adsorbed on the
surface of the liposomes and estimated that the amount of this
post-inserted polymer into L-GIcNAc-Ls and H-GlcNAc-Ls
was 3.9 ug P(VGIcNAc-co-1% or 5% VAL)/umol lipids. The
densities of the ligands on the surface of these liposomes were
estimated to be approximately 0.7 mol% of the ligands of the
liposomal lipids, because the molecular weight of GlcNAc-
ligand monomer of P(VGIcNAc¢-co-1% VAL) and P(VGIcNAc-
c0-5% VAL) is 557. Furthermore, we assumed that the amount
of post-inserted 100 pg/mL P(VMA-co-5% VAL) into MA-Ls
was similar. The polymer did not have cytotoxicity because
these liposomes did not affect the cell viability at 24 h (Fig. 3G).
Fig. 4 shows that L- and H-GIcNAc-Ls were adequately taken
up by the cultured cardiomyocytes whereas MA-Ls were
scarcely taken up. We suggested that both L- and H-GlcNAc-Ls
were efficiently internalized by cardiomyocytes. These lipo-
somes were prepared by sonicating the lipid film, and the
liposomes with a diameter greater than 0.45 pm were excluded
by 0.45-um polycarbonate membranes; therefore, the particle

sizes of L- and H-GlcNAc-Ls, MA-Ls, and unmodified-Ls were
analyzed by a dynamic light scanning spectrophotometer and
were approximately 140 nm (Table 1).

Next, to examine the endocytic capacity of cardiomyocytes
for GlcNAc-Ls, we observed the uptake of 0.4- and 0.8-pm-
sized H-GlcNAc-Ls by the cardiomyocytes by transmission
electron microscopy. Fig. 5A and C shows the instant when the
0.4 and 0.8 pm-sized H-GIcNAc-Ls were internalized by
cardiomyocytes. Fig. 5B and D show that these GlcNAc-Ls
accumulated in cardiomyocytes. These results show that
cardiomyocytes at least have the endocytic capacity for 0.8-
pm-sized GlcNAc-Ls.

These results show that GlcNAc-Ls interact with cardio-
myocytes through GlcNAc; hence, cardiomyocytes exhibit a
high degree of interaction with GlcNAc-Ls.

3.2. NO production by IL-1B-stimulated cardiomyocytes was
enhanced by GlcNAc-Ls-containing pravastatin

We examined whether the hydrophilic statin pravastatin
enters cardiomyocytes by using GlcNAc-Ls. The lipophilic statin
pitavastatin significantly increased IL-1@3-induced NO production
by cardiomyocytes; however, a similar result was not observed for
the hydrophilic statin pravastatin because it was scarcely taken up
by the cells (Fig. 6A and B). L- and H-GIcNAc-Ls-containing
pravastatin increased NO production by IL-13-stimulated cardio-
myocytes to a similar extent; however, MA-Ls- and unmodified-
Ls-containing pravastatin did not increase NO production
(Fig. 6A and B). There was no significant difference in the
amount of pravastatin encapsulated in L-GlcNAc-Ls, H-GIcNAc-
Ls, MA-Ls, and unmodified-Ls but that in the unmodified-Ls was
slightly low as compared with that in L-GlcNAc-Ls, H-GIcNAc-
Ls, and MA-Ls. The encapsulation efficiency of these liposomes
was very low (Table 2). The enhancement of NO production by
50 pL (1.275 pmol lipids) of GleNAc-Ls-containing pravastatin
(approximately 0.6 nmol pravastatin) was equal to the increase
in NO production by 5 nmol of lipophilic pitavastatin (5 uM
pitavastatin) in | mL of culture medium. These results show that
the encapsulation of pravastatin in GlcNAc-Ls has a considerable
effect on cardiomyocytes.

3.3. iNOS expression by IL-1B-stimulated cardiomyocytes was
enhanced by GlcNAc-Ls-containing pravastatin

We examined whether iNOS expression in IL-13-stimulated
cardiomyocytes was enhanced by treatment with GlcNAc-Ls-
containing pravastatin. The iNOS expression was assayed by
western blotting. The expression of iNOS in cardiomyocytes
was enhanced by both GlcNAc-Ls-containing pravastatin but
not by the MA-Ls- and unmodified-Ls-containing pravastatin
(Fig. 6C). The increase in NO production by both the GIcNAc-
Ls was accompanied with increased iNOS expression.

4. Discussion

In the present study, we demonstrated that cardiomyocytes -
exhibit a high degree of interactivity with GlcNAc-Ls and that
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agents encapsulated in GleNAc-Ls could be effectively taken up

by cardiomyocytes. We believed that the amphiphilic property -

of a glycoside-bearing polymer covalently linked to alkyl chains
can affect its insertion into and the perturbation of liposomes
[12]; hence, we examined the post-insertion of 2 types of
glycoside-bearing polymers—P(VGIcNAc-co-1% VAL) and P
(VGIcNAc-co-5% VAL)—into preformed liposomes. The
amounts of pravastatin encapsulated in L-GlcNAc-Ls, H-
GlcNAc-Ls, MA-Ls, and unmodified-Ls were almost similar;
furthermore, since both L- and H-GIcNAc-Ls were taken up by
cardiomyocytes at a similar level, we estimated that both P
(VGIcNAc-c0-1% VAL) and P(VGIcNAc-co-5% VAL) were
inserted in a similar manner into the surface of the preformed
liposomes. These findings indicate that the liposomes were
firmly formed by the post-insertion procedure.

Cell-specific targeting systems for the delivery of agents
have been developed using glycosylated macromolecules as a
vehicle that can be selectively recognized by cell-surface
lectins. Many delivery systems using glycosylated carriers have
been developed, and their usefulness has been investigated in
various settings [4,5,8,16,17). Liver-targeted DDSs are well-
established delivery systems because the liver cells possess a
galactose-binding protein known as hepatic asialoglycoprotein
receptor [18,19]. This receptor that exists on the surface of
hepatocytes plays a role in receptor-mediated endocytosis and
binds to galactose/N-acetylgalactosamine-terminated ligands
[19-21]. In order to obtain a liver-specific DDS, galactose-
conjugated liposomes containing agents and genes, and
desialylated bone marrow cells were developed [22-25]. The
targeting of transcription factors such as nuclear factor-xB
decoy complexes to liver nonparenchymal cells by using
mannose- and hyaluronic acid-conjugated polymers signifi-
cantly prevented liver failure because Kupffer cells and liver
sinusoidal endothelial cells are known to express a large number
of mannose receptors and unique receptors that recognize and
internalize hyaluronic acid, respectively, on their surface
[16,17]. Cell-specific targeting systems for the delivery of
agents are well established for tissues in which cell-surface
lectins have been elucidated. Hence, the identification of cell-
surface lectins in the myocardium can facilitate the establish-
ment of a myocardium-targeted DDS. It is reported that
positively charged liposomes were taken up by cultured
cardiomyocytes [26,27], and the uptake of hemagglutinating
virus of Japan (HVI])-liposomes containing nuclear factor-«xB
decoy complexes by cardiomyocytes suppressed cardiac
inflammation [28]. However, in our study, unmodified
liposomes and MA-Ls were not taken up by cardiomyocytes.
We consider that positively charged and HVJ liposomes might
be internalized by cardiomyocytes nonspecifically.

In the present study, we found that the binding of GlcNAc-Ls
to cardiomyocytes through specific interaction with GlcNAc is
not dependent on temperature (data not shown). Previously, we
have also found that cardiomyocytes adhered strongly to
GlcNAc-bearing polymer-coated dishes (data not shown).
Moreover, the internalization of 0.4- and 0.8-pm-sized
GlcNAc-Ls into cardiomyocytes, and the enhancement of NO
production and iINOS expression in cardiomyocytes by GlcNAc-

Ls-encapsulated pravastatin indicate that GIcNAc-Ls were
endocytosed into cardiomyocytes and the encapsulated pravas-
tatin affected the intracellular environment of cardiomyocytes.
We observed that cardiomyocytes internalized 0.4- and 0.8-pm-
sized GIcNAc-Ls by microvilli. It is known that the binding of
lectins to carbohydrates is not temperature dependent and that
cell-surface lectins possess the property of internalizing lectin-
bound carbohydrates [4,6,19]. Based on these results, we
suggest that cardiomyocytes probably express a lectin-recog-
nizing GlcNAc, ie, a GlcNAc-binding protein, on the cell
surface. It is reported that GlcNAc-binding cell-surface lectins
are expressed on airway epithelial cells [29]. Although these
GlcNAc-binding cell-surface lectins remain to be determined,
the GlcNAc-binding protein on cardiomyocytes might be similar
to that on airway epithelial cells. Thus, further investigations are
required to elucidate the GlcNAc-binding protein.

In order to establish a DDS using the GlcNAc-binding
protein, the expression of this protein in another tissue should be
investigated. Although this issue remains to be studied, we
assume that endothelial cells may not considerably express the
GlcNAc-binding protein under unactivated conditions because
unactivated human umbilical vein endothelial cells weakly
interact with GIcNAc-Ls (data not shown); further, the
accumulation of intravenously injected GlcNAc-bearing lipo-
somes has not been observed in any specific tissue [1,30]. In
preliminarily experiments, we systemically administered
GlcNAc-conjugated fluorescein isothiocyanate (FITC)-polysty-
rene particles (200 nm) to a mouse model of myocardial
ischemia-reperfusion. The accumulation of these particles was
observed in the injured myocardium, spleen, and liver, but the
accumulation of these particles was not observed in the
uninjured myocardium and in other tissues (data not shown).
We assume that the accumulation of these particles might be
nonspecific in the spleen and liver. GlcNAc-Ls may similarly
not interact with the normal myocardium ir vivo; this is because
the inner region of the vessels in the normal myocardium is
covered with endothelial cells, thereby preventing the direct
contact of these GlcNAc-Ls with cardiomyocytes. However, we
postulate that GIcNAc-Ls could accumulate in the region of the
injured myocardium because they would come in direct contact
with cardiomyocytes due to the destruction of vessels induced
by ischemia—reperfusion injury. Thus, further investigations are
required to perform in vivo experiments by using GlcNAc-Ls.

In conclusion, it is expected that GIcNAc-Ls might be utilized
for therapeutic applications such as catheterization involving
the direct injection of agents into the region of the injured
myocardium and gene transfection involving the treatment of
cultured cardiomyocytes with encapsulated liposomes. Based on
these results, we suggest that the development of a DDS using
GlcNAc-Ls-encapsulated cardioprotective agents such as anti-
apoptotic and anti-inflammatory agents might be a promising
approach for the treatment of cardiovascular diseases.
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Interleukin-10 Expression Mediated by an Adeno-Associated
Virus Vector Prevents Monocrotaline-Induced Pulmonary
Arterial Hypertension in Rats

Takayuki Ito, Takashi Okada, Hiroshi Miyashita, Tatsuya Nomoto, Mutsuko Nonaka-Sarukawa,
Ryosuke Uchibori, Yoshikazu Maeda, Masashi Urabe, Hiroaki Mizukami, Akihiro Kume,
Masafumi Takahashi, Uichi Ikeda, Kazuyuki Shimada, Keiya Ozawa

Abstract—Pulmonary arterial hypertension (PAH) is a fatal disease associated with inflammation and pathological
remodeling of the pulmonary artery (PA). Interleukin (IL)-10 is a pleiotropic anttinflammatory cytokine with
vasculoprotective properties. Here, we report the preventive effects of TL-10 on monocrotaline-induced PAH.
Three-week-old Wistar rats were intramuscularly injected with an adeno-associated virus serotype | vector expressing
IL-10, followed by monocrotaline injection at 7 weeks old. IL-10 transduction significantly improved survival rates of
the PAH rats 8 weeks after monocrotaline administration compared with control gene transduction (75% versus 0%,
P<0.01). TIL-10 also significantly reduced mean PA pressure (22.8%1.5 versus 29.7+2.8 mm Hg, P<0.05), a weight
ratio of right ventricle to left ventricle plus septum (0.35+0.04 versus 0.42£0.05, P<0.05), and percent medial
thickness of the PA (12.9+0.3% versus 21.4+0.4%, P<0.01) compared with controls. IL-10 significantly reduced
macrophage infiltration and vascular cell proliferation in the remodeled PA in vivo. It also significantly decreased the
lung lcvels of transforming growth factor-B, and IL-6, which are indicative of PA remodcling. In addition, IL-10
increased the lung level of heme oxygenase-1, which strongly prevents PA remodeling. In vitro analysis revealed that
IL-10 significantly inhibited excessive proliferation of cultured human PA smooth muscle cells treated with
transtorming growth [actor-B, or the heme oxygenase inhibitor tin protoporphyrin IX. Thus, TL-10 prevented the
development of monocrotaline-induced PAH, and these results provide new insights into the molecular mechanisms of
human PAH. (Circ Res. 2007;101:734-741.)

Key Words: pulmonary hypertension m interleukins m gene therapy m inflammation
m vascular smooth muscle cell proliferation

Pulmonary arterial hypertension (PAH) is an intractable
disease that leads to increased pulmonary arterial pres-
sure, progressive right heart failure, and premature death;
however, no satisfactory treatment for PAH has been estab-
lished.! The pathological process of PAH is characterized by
abnormal remodeling of the pulmonary artery (PA) associ-
atcd with cxcessive proliferation of pulmonary arterial
smooth muscle cells (PASMCs).2 Accumulating evidence
suggests important roles of vascular inflammation in its
pathogenesis.2* For instance, serum levels of proinflamma-
tory cytokines such as interleukin (IL)-1 and IL-6 reflect the
disease activity in patients with idiopathic PAH.* Further-
more, injection of IL-6 can produce PAH and PA remodeling
in rats.> The remodeled PA presents macrophage infiltration
and increased expression of a variety of cytokines, including
IL-6, tumor necrosis factor (TNF)-a, and transforming

growth factor (TGF)-B,.67 Administration of steroids or
immunosuppressive drugs decreases the level of PA pressure
in patients with PAH.#9 These observations suggest a thera-
peutic potential of targeting inflammation to prevent PAH
progression.'” However, the precise mechanisms underlying
the antiinflammatory effects on PA remodeling have not yet
been fully investigated.

IL-10 is a multifunctional antiinflammatory cytokine with
a vasculoprotective property. During the course of inflamma-
tion, IL-10 is produced by type-2 helper T (Th2) lympho-
cytes, and it inhibits the production of various proinflamma-
tory cytokines in macrophages and Thl lymphocytes.'
Exogenous IL-10 prevents proliferative vasculopathy in vivo
by inhibiting inflammatory cell infiltration,'2 smooth muscle
cell proliferation,}213 and chemokine expression.'* However,
clinical efficacy of systemic recombinant [L-10 administra-
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tion are insufficient because of the lower local TL-10 levels
resulting from its short bioactive half-life.'* In this study, we
used an adeno-associated virus (AAV) vector for IL-10
expression because it is an efficient vehicle for systemic and
sustaincd cxpression of therapeutic proteins.'™ Tt also has an
advantage over other viral vectors in the therapeutic or
mechanistic analysis because it produces minimal inflamma-
tory and immune responses in vivo.

Recently, heme oxygenase (HO)-1, an inducible form of
HO that promotes production of a vasodilator carbon mon-
oxide (CO), was shown to mediate antiinflammatory and
antiproliferative effects of IL-10 in a model of chronic
vasculopathy.'? Increased HO-1 and CO levels attenuated
PAH and PA remodeling by inhibiting PASMC prolifera-
tion.'o-t8 However, no study has cxplored a direct link
between IL-10 and HO-1 in the pathogenesis of PAH. Thus,
we examined the effects of IL-10, delivered via an AAV
vector, on PA remodeling in a widely-used rat model of PAH
induced by the pyrolizidine alkaloid monocrotaline (MCT).
We also investigated the mechanisms underlying the effects
of [L-10 on the following factors involved in the inflamma-
tory and proliferative vascular changes in PAH: PASMC,
macrophage, TGF-B,, IL-6, and HO-1.

Materials and Methods
AAY Vector Production

DNA encoding rat IL-10 was polymerase chain reaction-amplified
from rat splenocyte complementary DNA, using the primers 5'-
GCACGAGAGCCACAACGCA-3' and 5'-GATTTGAGTACG-
ATCCATTTATTCAAAACGAGGAT-3'. For efficient transgene
expression in the skeletal muscle, we constructed a recombinant
AAV vector which carried the TL-10 gene (AAV-IL-10) or enhanced
green fluorescent protein (€GFP) gene (AAV-eGFP), controlled by
the modified chicken B-actin promoter with the cytomegalo virus-
immediate early enhancer and the woodchuck hepatitis virus post-
transcriptional regulatory element (a kind gift from Dr Thomas
Hope, Infectious Disease Laboratory, Salk Institute). AAV vectors
were prepared according to the previously described 3-plasmid
transfection adenovirus-free protocol with minor meodifications to
use the active gassing system.'*20 [n brief, 60% confluent human
embryonic kidney 293 cells incubated in a large culture vessel with
active air circulation were cotransfected with the proviral transgene
plasmid, AAV-1 chimeric helper plasmid (plRepCap), and adeno-
viral helper plasmid pAdeno (Avigen Inc). The crude viral lysate was
purified by 2 rounds of cesium chloride 2-tier centrifugation.?' The
viral stock titer was determined against plasmid standards by dot blot
hybridization, after which the stock was dissolved in HN buffer
(50 mmol/L. HEPES, pH 7.4, 0.15 mol/L NaCl) before injection.

Animal Models .

All animal experiments were approved by the Jichi Medical Univer-
sity ethics committee and were performed in accordance with the
National Institute of Health Guide for the Care and Use of
Laboratorv Animals. To evaluate the efficiency of in vivo gene
expression, 3-week-old male Wistar rats (Clea Japan Inc. Tokyo,
Japan) weighing 45 to 55 g were injected with AAV-IL-10 (200 pL,
IX10" to 1X 10" genome copies [g.c.] per body) into the bilateral
anterior tibial muscles (n=3 animals per group). For hemodynamic
and histological analysis, we randomly formed 4 groups comprising
5 rats each: sham rats that were administered the HN buffer (1. NC
group); MCT-treated rats administered the HN buffer (2, MCT group).
MCT rats administered AAV-eGFP (3, MCT+eGFP group); and MCT
rats administered AAV-IL-10 (4, MCT+IL-10 group). After anesthe-
tized with a spontancous inhalation of 1% isofluranc, the rats in the
groups 3 and 4 received intramuscular injection o AAV-cGFP or

IL-10 Prevents Pulmonary Arterial Hypertension 735

AAV-IL-10 (200 pL, 6X10"™ gc. pec body), respectively. Rats in
groups | and 2 were injected with the HN buffer (200 pL). MCT
(Wako Pure Chemicals) was dissolved in 0.IN HCI. and the pH
adjusted to 7.4 with 1.ON NaOH. For hemodynamic and histological
studies, all rats except those in the NC group were subcutaneously
injected with MCT (30 mg/kg) under the spontaneous inhalation of
1% isoflurane at 4 weeks after vector treatment. For the survival
study, rats (n=8 animals/group) were injected with a lethal dose of
MCT (45 mg/kg) under the spontaneous inhalation of % isoflurane
at 4 weeks after vector injection. Survival was estimated from the
date of MCT injection until death or 8 weeks after injection.

Hemodynamic Analysis

Four weeks aftec MCT injection, the rats were anesthetized with
spontancous inhalation of 1% isoflurane, and a tracheotomy wus
performed. Then, they were mechanically ventilated using a respi-
rator (SAR-830/AP, CWE: tidal volume: 10 mL/kg. respiratory rate:
30 breaths per min) and anesthetized with 0.5% isoflurane through a
tracheostomy. After the thoracic cavity was opened using a midster-
nal approach, 2.0F high-fidelity manometer-tipped catheters (SPC-
320, Millar Instruments [nc) were inserted directly into the right or
left ventricle. The mean pulmonary arterial pressure (mPAP) or
mean aortic arterial pressure (mAoP) was measured using the
catheters that were advanced from the right or left ventricle.
respectively. The heart rate (HR) was measured by unipolar lead
electrocardiography.

Ventricular Weight Measurement and
Morphometric Analysis of the PA

After hemodynamic analysis. the rats were euthanized using an
overdose isollurane (5%). The lungs and PAs were perfused with 5
mL of saline followed by 10 mL of cold 4% paraformaldchydc. Each
ventricle and the lungs were excised, dissected free, and weighed.
The weight ratio of right ventricle to the left ventricle plus septum
[RVI(LV+S)] was calculated as an index of right ventricular
hypertrophy (RVH). The tissues were fixed in 4% paraformaldehyde
for 4 hours, transferred to 30% sucrose in 0.1 mol/L phosphate buffer
(pH 7.4) for cryoprotection, and stored at 4°C overnight. Lung tissue
was frozen in Tissue-Tek OCT compound (Sakura Finetechnical Co)
at —20°C. Then, 7-um scctions were cut using a cryostat. Hema-
toxylin and eosin (HE) staining was performed on sections from the
middle lobe of the right lung, and these were examined using light
microscopy. Morphometric analysis was performed in PAs with an
external diameter of 25 to 50 and 51 to 100 pwm. The medial wall
thickness was calculated with the following formula: medial thick-
ness (%)=medial wall thickness/external diameterX 100.2? For quan-
titative analysis, 30 vessels from each rat were counted and the
average was calculated.

Immunohistochemistry

Immunohistochemical staining was performed with monoclonal
antibodics against EDL (1:100; Scrotec) and proliferating cell nu-
clear antigen (PCNA,-1:200; Zymed), using the streptavidin-biotin-
peroxidase method. as described previousiy.2* EDI recognizes the
lysosomal membrane antigen expressed by a majority of tissue
macrophages. Irrelevant mouse immunoglobulin G (Vector Labora-
tories) was used as a negative control. Reactions were visualized
using Vector SG (Vector Laboratories) or 3,3'-diaminobenzidine
(Zymed) and counterstained with nuclear fast red or hematoxylin.
The number of ED1-positive cells was counted in 250X250-um
fields under 400X magnification and expressed as cells per mim’.
The number of PCNA-positive cells was quantitatively evaluated as
a percentage of total vascular cells in the fields under 1000X
magnification. For each rat, the average number or percentage of
each cell in 15 randomly selected fields was used for statisti-
cal analysis.

Protein Assay
Protein samples were prepared by homogenization of the frozen lung
tissue in lysis buffer (10 umol/L Tris/Cl (pH 8.0). 0.2% NP-40.
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| umol/L. EDTA (pH 7.6)} supplemcnted with protease inhibitor
cocktail Complete Mini (Roche Diagnostics). After centrifugation of
the homogenates (3000g for 10 minutes), the supernatants or serum
samples were used for measurement. To activate latent TGF-g, to an
immunorcactive form, the samples were treated with acid according
to the manufacturer’s instructions (R&D Systems [nc). IL-10 or IL-6
concentrations in the sera and TGF-3,, IL-6, HO-1, or TNF-« in the
lung extracts were measured using enzyme-linked immunosorbent
assay (ELISA) kits (Amersham Pharmacia Biotech; R&D Systems).
The minimum detectable dose was 3, 3, 16, and 5 pg/mL or 0.78
ng/mL for IL-10, TGF-B,, IL-6. and TNF-a, or HO- 1, respectively.
[nter- and intraassay precision of these kits was <10%. The total
protein concentrations in the lung extracts were estimated using a
BCA Protein Assay kit (PIERCE). The levels of TGF-B,, IL-6,
HO-1, or TNF-« in the lung were expressed as pg per mg protein.

Cell Culture and Proliferation Assay

Human PASMCs were obtained from Clonetics Corp and grown in
SmGM-2 medium (Clonetics Corp). PASMCs with a passage be-
tween 4 and 6 were used in the experiments. Cells (1 X 10* per well)
were incubated in 96-well plates with serum-free Dulbecco’s mod-
ified Eagle’s medium and nutrient mixture F12 (DMEM-FI12, In-
vitrogen) in an atmosphere of 5% CO, in the air at 37°C. A
tetrazolium-based colorimetric proliferation assay (XTT assay; Cell
Proliferation Kit II, Roche Diagnostics) was performed 2 days after
adding tin protoporphyrin IX (SnPP; Frontier Scientific), human
recombinant TGF-8,, IL-6, or IL-10 (PeproTech Inc). The optical
density between 450 and 650 nm were measured to estimate the
number of viable cells.

Statistical Analysis

Data from multiple experiments are cxpresscd as mcan*SEM.
Statistical analysis and correlations were performed using StatView
(Abacus Concepts, Inc). Survival curves were analyzed using the
Kaplan—-Meier method and compared by log-rank tests. Differences
in other parameters were evaluated by analysis of variance combined
with Fisher test. The correlation test was used to measure the
association between 2 variables. A value of P<<0.05 was considered
statistically significant.

Results

AAYV Vector-Mediated IL-10 Expression Improves
Survival of MCT-PAH Rats

Eight weeks after AAV-IL-10 injection, serum TL-10 concen-
trations were clevated in a vector dose-dependent manncr
(Figure 1A). We determined that injection with AAV-IL-10
(6X 10" g.c. per rat) significantly increased serum IL-10
levels as compared with untreated controls (184.1*+47.6
versus 18.8*x1.3 pg/mL, P<0.05, n=3 each). In contrast,
injection with MCT (Figure 1A) or AAV-eGFP alone (data
not shown) caused no significant change in serum IL-10
levels. Therefore, we used this dosage for all vectors. in
subsequent experiments. For survival analysis, the rats were
injected with a lethal dose of MCT, after 4 weeks of vector
injection. The survival in TL-10—transduced rats was signifi-
cantly improved as compared with the eGFP-transduced rats
8 weeks after MCT injection (75% versus 0%. P<<0.01, n=8
each; Figure IB).

Effects of 11.-10 on PAH and RVH

Four weeks after MCT injection, the mPAP levels were
significantly higher than those of the untreated controls
(30.1x4.0 versus 20.0£2.1 mm Hg, P<0.0f, n=5 each;
Figure 2A). Treatment with AAV-IL-10 but not AAV-eGFP
significantly inhibited the elevation of mPAP (22.8*1.5
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Figure 1. Adeno-associated virus (AAV) vector-mediated systemic
interleukin (IL)-10 expression improves survival of monocrotaline
(MCT)-induced pulmonary arterial hypertension (PAH) rats. A, In
vivo IL-10 expression induced by AAV-IL-10. Serum IL-10 concen-
trations (pg/mt) were determined using ELISA 8 weeks after a sin-
gle intramuscular injection of AAV-IL-10 into the anterior tibial mus-
cles of 3-week-old Wistar rats. Genome copies (g.c.) per rat were
as indicated. Data represent mean*SEM (n=3 animals per group,
*P<0.05). ns indicates not statistically significant; NC, untreated
controls. B, The Kaplan-Meier survival curve in MCT-PAH rats. The
Wistar rats were treated with a lethal dose of MCT 4 weeks after
the single intramuscular injection of HN buffer (MCT group), AAV-
eGFP (MCT+eGFP group), or AAV-IL-10 (MCT+IL-10 group). n=8
animals per group, **P<0.01 versus MCT or MCT+eGFP groups.

versus 29.7£2.8 mm Hg, P<0.01, n=5 each; Figure 2A).
Moreover, serum IL-10 concentrations correlated negatively
with mPAP in MCT-treated rats (r=—0.75, P<0.01, n=15;
Figure 2B). In contrast, this IL-10 expression caused no
significant change in HR (data not shown) and mAoP
(76.7£2.1 versus 74.6+6.8 mm Hg, MCT+IL-10 versus
MCT+cGFP group, n=5 cach). IL-10 expression also has a
beneficial effect on RVH. Four-week MCT treatment signif-
icantly increased the RV/(LV+S) values as compared with
the untreated controls (P<<0.01, n=5 each; Figure 2C).
Treatment with AAV-IL-10 but not AAV-eGFP inhibited
MCT-induced increase of RV/(LV+S) significantly
(P<0.05, n=35 each; Figure 2C). Furthermore, serum IL-10
concentrations correlated negatively with RV/(LV+S) in
MCT-treated rats (r=-—0.57, P<0.05, n=15; Figure 2D).
These results indicate that sustained IL-10 expression pre-
vented the development of MCT-induced PAH and RVH.

Effects of IL-10 on Histological Changes of the PA
Medial hypertrophy is a hallmark of pathological vascular
remodeling in PAH. Four weeks after MCT injection, the
medial thickness of PAs was markedly incrcased in the
MCT-treated rats compared with untreated controls (P<0.01,
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Figure 2. Effects of IL-10 on PAH and right
ventricular hypertrophy (RVH). The 7-week-old
Wistar rats were treated with monocrotaline
(MCT) 4 weeks after vector injection. A, Statis-
tical analysis of mean pulmonary arterial pres-
sure (MPAP, mm Hg) determined by direct

[
200

Serum IL-10 (pg/mL)

r=-0

catheterization 4 weeks after MCT injection.
Data represent the mean*SEM (n=5 animals
per group; *P<0.05, **P<0.01). ns indicates not
statistically significant. B, Correlation between
serum IL-10 concentrations and mPAP levels
in the MCT-treated rats (groups: MCT, MCT +
eGFP, or MCT+IL-10; n=>5 animals per group;
r=-0.75, P<0.01). C, Quantitative RVH analy-
sis. The weight ratio of the right ventricle to left
ventricle plus septum [RV/(LV+8)] is presented
as an index of RVH (n=5 animals per group;
*P<0.05, **P<0.01). D, Correlation between
serum IL-10 concentrations and RV/(LV+S)

in the MCT-treated rats (groups: MCT, MCT +
eGFP, and MCT+IL-10; n=5 animals per
group; r=—0.57, P<0.05).
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_ n=5 each; Figure 3B, 25 10 50 pm; Figure 3C, 51 to 100 pm
in external diameter). Treatment with AAV-IL-10 but not
AAV-eGFP significantly inhibited the increase in percent
medial thickness (P<<0.01, n=5 each). Inflammatory cell
infiltration and vascular ccll proliferation arc also important
indicators in the progression of PA remodeling. Immunohis-
tochemical analysis shows that treatment with AAV-IL-10
significantly decreased the number of accumulated macro-
phages (ED1-positive cells; P<0.01, n=5 each: Figure 3D)
and proliferating vascular cells (PCNA-positive cells;
P<0.01, n=5 each; Figure 3E) in the PA of MCT-treated rats

as comparcd with trcatment with MCT alonc or AAV-cGFP.

Effects of IL-10 on Cytokine Expression

We analyzed pulmonary tissue and serum cytokine levels
relevant to the pathogenesis of PAH. Four weeks after MCT
injection, the TGF- B, and IL-6 levels in the MCT-treated rats
were significantly higher than those of the untreated controls
(P<0.01, n=5 each; Figure 4A and 4C). Treatment with
AAV-IL-10 but not AAV-¢GFP significantly inhibited the
MCT-induced elevation of TGF-B1 and IL-6 levels (P<<0.01,
n=5 each). Furthermore, these levels correlated positively
with the percent medial thickness in the rats with or without
MCT treatment (r=0.84. P<0.01; r=0.87, P<0.01, respec-
tively; Figure 4B and 4D).

HO-1 has been reported to mediate the antiinflammatory
effects of IL-10.2* Treatment with AAV-IL-10 but not AAV-
eGFP or MCT alone significantly increased the lung HO-1
levels as compared with untreated controls (P<<0.05, n=5
each, Figure 4E). In addition. HO-1 levels correlated nega-
tvely with IL-6 levels in MCT-reated rats (r=—0.85,
P<0.01: Figure 4F). In contrast. serum IL-6 levels positively
correlated with lung IL-6 levels (r=—0.69, P<<0.01; Figure

200

300

Serum {L-10 (pg/mL)

4G). Although thc lung TNF-a levels significantly increased
in MCT-treated rats compared with untreated controls, IL-10
expression caused no change in the lung TNF-a levels
(Figure 4H).

Effects of IL-10 on PASMC Proliferation

To determine whether 1L-10 directly inhibits PASMC prolil-
eration, we performed an in vitro colorimetric XTT assay
using cultured human PASMCs. Treatment of PASMCs with
SnPP, which inactivatecs HO- 1, and treatment with TGF-8, or
IL-6 dose dependently promoted cell proliferation (n=4 each,
P<0.05; Figure 5A through 5C). Treatment with IL-10 alone
had no significant effect on PASMC proliferation (Figure
5D). On the other hand, pretreatment with IL-10 significantly
inhibited PASMC proliferation induced by SnPP or TGF-8,
(n=4 each, P<0.05; Figure 5E) but not that induced by TL-6.

Discussion
The present study demonstrates that 1L-10, delivered by an
intramuscular injection of an AAVI vector, prevented the
development of MCT-PAH in rats. Systemic IL-10 expres-
sion also improved survival in rats and prevented the devel-
opment of RVH and medial hypertrophy of PA. TL-10 also
reduced macrophage accumulation, vascular cell prolifera-
tion, and pulmonary tissue levels of TGF-B, and IL-6, all of
which play pivotal roles in progression of PA remodeling.
Further, [L-10 cnhanced HO-1 Ievels in the lung. Thus, TL-10
exerts multiple preventive effects on inflammatory and pro-
liferative PA remodeling (Figure 6).

Blockade of a single proinflammatory signaling pathway
by IL-1 or monocyte chemoattractant protein-1 attenuates PA
remodeling.2%26 However, the prosurvival effects of antiin-
flammatory molecules on PAH animals have not been re-
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Figure 3. Antiinflammatory and antiprolif-
erative effects of IL-10 on the remodeled
pulmonary artery (PA). The 7-week-old
B C Wistar rats were treated with MCT 4 weeks
25- 25- l after vector injection. Representative cross-
—_ ) sectional views of the peripheral PAs
S S stained with HE or immunohistochemistry
~ 20 w 207 (ED1 or PCNA) 4 weeks after MCT treat-
A o ment (A; original magnification xX1000,
] 151 c 15- Scale bar=20 um). Blue arrows indicate
_5_ 5 ﬁ ED-1-positive cells and red amows, PCNA-
o - positive cells. Quantification of percent
< 10 = 101 medial thickness for vessels 25 to 50 um
= o = (B) and 51 to 100 um (C) in extemal diam-
S T g eter. Quantitative analysis of the number of
> 91 g perivascular macrophages (ED-1-positive
= cells, D) and proliferating vascular cells
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MCT MCT - + + + mean=SEM (n=5 animals per group,
**P<0.01). ns indicates not statistically
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ported. Evidence ol right heart failure is involved in the
mortality of MCT-PAH rats. Tn this study, all rats treated with
a lethal dose of MCT exhibited symptoms of right heart
failure such as pleural effusion and body weight decrease. In
the setting of severe PAH and right heart failure, cytokine
networks may orchestrate disease progression. Thus, block-
ades of multiple inflammatory signals might be responsible
for the prosurvival effect of IL-10.

IL-10 has gained significant attention because of its sup-
pressive influence on inflammatory and proliferative vascu-
lopathy. The IL-10 receptor is expressed on vascular smooth

muscle cells (VSMCs). IL-10 inhibits inflammation and
VSMC proliferation in arterial remodeling after balloon
injury or transplant rcjection.!!* Consistent with previous
studies using MCT-PAH,%7 we demonstrate (hat increased
levels of TGF-B, and IL-6 are related to PASMC proliferation
and PA remodeling progression. Although treatment with
IL-10 alone caused no significant effects on PASMC prolif-
eration,?” IL-10 signiflicantly inhibited the lung TGF-B, ex-
pression and TGF-B,-induced PASMC proliferation. TGF-8,
enhances PASMC proliferation” of idiopathic PAH patients
but not that of normal subjects or secondary PAH patients.?8
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Figure 4. Effects of IL-10 on expression of transforming growth factor-g, (TGF-B), IL-6, heme oxygenase-1 (HO-1), and tumor necrosis
factor-a (TNF-a) in the lung. The 7-week-old Wistar rats were treated with MCT 4 weeks after vector injection. Concentrations of active

TGF-B, (A), IL-6 (C), HO-1 (E), and TNF-a (H) in the lung extracts were detected using ELISA 4 weeks after MCT treatment. Data repre-
sent mean=SEM {n=5 animals per group; ‘P<0.05, **P<0.01). ns indicates not statistically significant. Correlation between the percent
medial thickness and lung levels of TGF-B, (B) or IL-6 (D) in rats (groups: NC, MCT, MCT+eGFP, or MCT+IL-10; n=5 animals per
group; r=0.84, P<0.01 and r=0.87, P<0.01, respectively). Correlation between the HO-1 and IL-6 (F) levels in the rat lung (groups:
MCT, MCT +eGFP, or MCT+IL-10; n=5 animals per group; r=—0.85, P<0.01). Correlation between the lung and serum IL-6 levels (G)
in rats (groups: NC, MCT, MCT+eGFP, or MCT+IL-10; n=>5 animals per group; r=0.69, P<0.01).

Additionally, TGF-B, is accumulated in the hypertrophic PA
of both human PAH and MCT-PAH?%* and exacerbates PA
remodeling.*!

1L-6, a multifunctional proinflammatory cytokine, acts as a
strong mitogen to promote VSMC proliferation.!* Macrophage
infiltration is a hallmark of PAH progression, and activated
macrophages produce substantial amounts of IL-6 in MCT-PAH
rats.>3? In this study, TL-10 treatment inhibited perivascular
macrophage infiltration and the lung IL-6 cxpression in vivo but
not [L-6-induced PASMC proliferation in vitro. These results
suggest that [L-10 may attenuate IL-6 function indirectly
through the decreased accumulation of perivascular macro-

phages and 1L-6. Furthermore, the serum IL-6 levels signili-
cantly correlated with the lung IL-6 levels. Because serum IL-6
fevel reflects the disease activity of idiopathic PAH, it can be a
useful biomarker of antiinflammation therapy of PAH. On the
other hand, IL-10 did not affect the MCT-induced TNF-a
expression in the lung. However, previous studies demonstrated
that IL-10 prevents TNF-a—induced VSMC proliferation in
vitro.2” These observations suggest that IL-10 might modulate
the downstream signal of TNF-« but not its expression in the
setting of MCT-PAH. Overall. IL-10 affects the dynamics of
cytokine networks involved in PA remodeling, and its site of
action may differ according to the cytokine signal.
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Figure 5. Antiproliferative effects of IL-10 on pulmonary arterial
smooth muscle cells (PASMCs). The number of viable human
PASMCs cultured in serum-free DMEM-F12 was estimated
using a colorimetric assay (XTT assay). The optical density (OD)
between 450 nm and 650 nm indicates the extent of cell prolif-
eration. Addition of tin protoporphyrin IX (SnPP, A), TGF-8, (B),
or IL-6 (C) dose-dependently promotes PASMC proliferation.
Although IL-10 alone has no significant effect (D), pretreatment
with IL-10 (10 ng/mL) inhibits PASMC proliferation induced by
SnPP (2 umol/L) or TGF-B, (20 ng/mL, E) but not that induced
by IL-6 {20 ng/mL). Closed columns, cells not treated with IL-10;
open columns, 1L-10~treated cells. The results are representa-
tive of 3 independent experiments. Data represent mean+SEM
(n=4 each, "P<0.05). ns indicates not statistically significant.

CO induced by HO-1 blocks PASMC proliferation not
only directly by inhibiting the expression ol a cell cycle—
specific transcription factor but also indirectly by attenuating
mitogen signaling.!® Interestingly, the transgenic mice that
constitutively express HO-1 are protected from the develop-
ment of hypoxia-induced PAH and excessive expression of a
mitogen TL-6.3* In this study, AAV-IL-10 administration
increased the HO-1 level that negatively correlated with the
IL-6 level in the lung of MCT-PAH rats. These observations
suggest a dynamic relationship between 1L-6 and HO-1 in PA
remodeling progression. Chen et al'2 reported that AAV-
IL-10 injection enhanced the activity and protein levels of
HO-1, but SnPP treatment that inactivates HO-1 reversed the
vasculoprotective effects of IL-10 in vivo. Here, we show that
pretreatment with recombinant IL-10 suppressed the exces-
sive PASMC proliferation induced by HO-1 inactivation with
SnPP. Thus, 1L-10 may sustain CO levels by maintaining
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IL-10 \
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Perivascular HO1 Tor
macrophages | B4
(ED1 staining) (ELISA) (ELISA)

IL-6 PASMC proliferation
(ELISA) (PCNA staining, XTT assay)
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Pulmonary arterial remodeling
(medial thickness: HE staining)

Figure 6. Proposed explanation for IL-10-mediated prevention
of PAH and vascular remodeling. Monocrotaline treatment
causes PAH in rats by inducing inflammation and proliferation of -
the PA. IL-10 prevents the development of PAH and PA remod-
eling by inhibiting vascular inflammation and proliferation. The
effects of IL-10 are related to the decreased accumulation of
perivascular macrophages and the reduced levels of active
TGF-B, and IL-6. IL-10 induces HO-1 expression, which can
negatively regulate inflammation and proliferation in the PA.
IL-10 inhibits abnormal proliferation of PASMCs, thereby pre-
venting PAH development.

HO-1 [rom mactivaling, leading to the prevention of PA
remodeling. '

Finally, we will discuss the clinical implication and limi-
tations of this study. Consistent with previous studies, max-
imum gene expression was noted 6 to 8 weeks after the
intramuscular injection of AAV vectors. In this study, AAV-
IL-10 was injected 4 weeks before MCT administration for
the transgene expression to reach plateau levels when MCT-
PAH was fully developed (3 to 4 weeks after the injection).
Thus, our results are completely based on a prevention
protocol, which may be rare in a clinical setting. Intramus-
cular AAV-IL-10 injection is an attractive candidate for
antiinflammation therapy of PAH because inflammatory cy-
tokine expression is associated with the clinical course of the
disease. In addition, this strategy exhibited no life-threatening
complications such as shock and sepsis which may occur in
intravenous prostacyclin infusion therapy. However, thera-
peutic effects of IL-10 in established PAH has not been
determined. Therefore, it should be further examined in
studies using a treatment protocol. MCT-PAH is a widely-
used and suitable model for exploring inflammatory mecha-
nisms in PAH progression. However, how IL-10 affects other
pathogenesis in PAH remains unknown. In the future, IL-10
function needs to be examined in other PAH models such as
hypoxia-induced PAH.

In conclusion, AAV vector-mediated sustained TL-10 ex-
pression prevented the development of MCT-PAH in rats.
The antiremodeling effects of 1L-10 are related to the reduc-
tion of macrophage infiltration and pathological cytokine
expression as well as increased HO-1 levels in the lung.
Although the therapeutic role of IL-10 should be further
investigated, our results provide new insights into molecular
mechanisms underlying the development of human PAH.
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