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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 fata] disease associated with inflammation and pathological
remodeling of the pulmonary artery (PA). Interleukin (IL)-10 is a pleiotropic antiinflammatory cytokine with
vasculoprotective properties. Here, we report the preventive effects of IL-10 on monocrotaline-induced PAH.
Three-week-old Wistar rats were intramuscularly injected with an adeno-associated virus serotype 1 vector expressing
1L-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). IL-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%20.3% 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 levels of transforming growth factor-8, and IL-6, which are indicative of PA remodeling. 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
transforming growth factor-B, or the heme oxygenase inhibitor tin protoporphyrin IX. Thus, IL-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

ulmonary 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-
ated with excessive proliferation of pulmonary arterial
smooth muscle cells (PASMCs).? 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.5 The remodeled PA presents macrophage infiltration
and increased expression of a variety of cytokines, including
IL-6, tumor necrosis factor (TNF)-«, and transforming

growth factor (TGF)-B3,.67 Administration of steroids or
immunosuppressive drugs decreases the level of PA pressure
in patients with PAH .89 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,'? smooth muscle
cell proliferation,'2!* and chemokine expression.* However,
clinical efficacy of systemic recombinant IL.-10 administra-
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tion are insufficient because of the lower local IL-10 levels
resulting from its short bioactive half-life.!s In this study, we
used an adeno-associated virus (AAV) vector for IL-10
expression because it is an efficient vehicle for systemic and
sustained expression of therapeutic proteins.'* It 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.16-18 However, no study has explored 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 IL-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 IL-10 gene (AAV-IL-10) or enhanced
green fluorescent protein (eGFP) gene (AAV-e¢GFP), 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 modifications to
use the active gassing system.192° In 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
Laboratory 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 puL.
3X 10" to 1X10" 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 spontaneous inhalation of 1% isoflurane, the rats in the
groups 3 and 4 received intramuscular injection of AAV-eGFP or
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AAV-IL-10 (200 pL, 6X10" g.c. per body), respectively. Rats in
groups 1 and 2 were injected with the HN buffer (200 pl). MCT
(Wako Pure Chemicals) was dissolved in 0.1N 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 spontancous inhalation of 1% 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 after MCT injection, the rats were anesthetized with
spontaneous inhalation of 1% isoflurane, and a tracheotomy was
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 Inc) 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 isofturane (5%). The lungs and PAs were perfused with 5
mL of saline followed by 10 mL of cold 4% paraformaldehyde. Each
ventricle and the lungs were excised, dissected free, and weighed.
The weight ratio of right ventricle to the left ventricle plus septum
[RV/A(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 sections 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 pm. The medial wall
thickness was calculated with the following formula: medial thick-
ness {%)=medial wall thickness/external diameter X 100.22 For quan-
titative analysis, 30 vessels from each rat were counted and the
average was calculated.

Immunohistochemistry

Immunohistochemical staining was performed with monoclonal
antibodies against ED1 (1:100; Serotec) and proliferating cell nu-
clear antigen (PCNA, 1:200; Zymed), using the streptavidin-biotin-
peroxidase method, as described previously.®* ED1 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
ficlds under 400X magnification and expressed as cells per mm*
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 ficlds was used for statisti-
cal analysis.

Protein Assay _
Protein samples were prepared by homogenization of the frozen lung
tissue in lysis buffer [10 pmol/l Tris/Cl (pH 8.0), 0.2% NP-40,
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1 pmoVL EDTA (pH 7.6)] supplemented 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-8, to an
immunoreactive form, the samples were treated with acid according
to the manufacturer’s instructions (R&D Systems Inc). IL-10 or IL-6
concentrations in the sera and TGF-8,, 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-«, or HO-1. respectively.
Inter- 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-8,, 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 (1X10° per well)
were incubated in 96-well plates with serum-free Dulbecco’s mod-
ified Eagle’s medium and nutrient mixture F12 (DMEM-F12, 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 expressed as mean*=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 cormrelation test was used to measure the
association between 2 variables. A value of P<<0.05 was considered
statistically significant.

Results

AAY Vector-Mediated IL-10 Expression Improves

Survival of MCT-PAH Rats

Eight weeks after AAV-IL-10 injection, serum IL-10 concen--
trations were elevated in a vector dose-dependent manner
(Figure 1A). We determined that injection with AAV-IL-10
{6X10"™ g.c. per rat) significantly increased serum IL-10
levels as compared with untreated controls (184.1+47.6
versus 18.8*1.3 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 IL-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=38
each; Figure 1B).

Effects of IL-10 on PAH and RVH

Four weeks after MCT injection, the mPAP levels were
significantly higher than those of the untreated controls
(30.1+x4.0 versus 20.0*2.1 mm Hg. P<0.01, n=5 each;
Figure 2A). Treatment with AAV-IL-10 but not AAV-eGFP
significantly inhibited the elevation of mPAP (22.8%15
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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/mL) 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=38
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
(76.7x2.1 versus 74.6*%6.8 mm Hg, MCT+IL-10 versus
MCT+eGFP group, n=5 each). 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=5 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 increased 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=-0.57

300 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 to 50 pum: Figure 3C, 51 to 100 um
in external diameter). Treatment with AAV-IL-10 but not
AAV-eGFP significantly inhibited the increase in percent
medial thickness (P<0.01, n=35 each). Inflammatory cell
infiltration and vascular cell proliferation are 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 compared with treatment with MCT alone or AAV-eGFP.

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-eGFP significantly inhibited the
MCT-induced elevation of TGF-£1 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 [L-10.2* Treatment with AAV-IL-10 but not AAV-
¢GFP 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-
tively with IL-6 levels in MCT-treated 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

T T
200 - 300
Serum IL-10 (pg/mL)

4G). Although the 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 IL-10 directly inhibits PASMC prolif-
eration, we performed an in vitro colorimetric XTT assay
using cultured human PASMCs. Treatment of PASMCs with
SnPP. which inactivates 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-B,
{n=4 each, P<0.05; Figure 5E) but not that induced by IL-6.

Discussion
The present study demonstrates that IL-10, delivered by an
intramuscular injection of an AAV1 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. IL-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, IL-10 enhanced HO-1 levels in the lung. Thus, IL-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. 2526 However, the prosurvival effects of antiin-
flammatory molecules on PAH animals have not been re-
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erative effects of IL-10 on the remodeled
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ported. Evidence of right heart failure is involved in the
mortality of MCT-PAH rats. In 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 muitiple 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 rejection.!*!* Consistent with previous
studies using MCT-PAH,57 we demonstrate that 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 significantly 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-3, (TGF-p,), IL-6, heme oxygenase-1 (HO-1), and tumor necrosis
factor-« (TNF-a) in the lung. The 7-week-old Wistar rats were treated with MCT 4 weeks after vector injection. Concentrations of active
TGF-3, (A), IL-6 (C), HO-1 (E), and TNF-« (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-3, (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 +1IL-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-, is accumulated in the hypertrophic PA
of both human PAH and MCT-PAH?-30 and exacerbates PA
remodeling.3!

IL-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.532 In this study, IL-10 treatment inhibited perivascular
macrophage infiltration and the lung IL-6 expression in vivo but
not IL-6-induced PASMC proliferation in vitro. These results
suggest that IL-10 may attenuate IL-6 function indirectly
through the decreased accumulation of perivascular macro-

phages and IL-6. Furthermore, the serum IL-6 levels signifi-
cantly comrelated with the lung IL-6 levels. Because serum IL-6
level 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-«
expression in the lung. However, previous studies demonstrated
that IL-10 prevents TNF-o—~induced VSMC proliferation in
vitro.2” These observations suggest that IL.-10 might modulate
the downstream signal of TNF-a 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. Antiprollferatlve effects of IL-10 on pulmonary arterial
smooth muscle celis (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-3, (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 umolL) or TGF-8, (20 ng/mL, E) but not that induced
by IL-6 (20 ng/mL). Closed columns, cells not treated with IL-10;
open columns, IL-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 of 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 IL-6.33 In this study, AAV-IL-10 administration
increased the HO-1 level that negatively comrelated with the
IL-6 level in the lung of MCT-PAH rats. These observations
suggest a dynamic relationship between IL-6 and HO-1 in PA
remodeling progression. Chen et al'? 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, IL-10 may sustain CO levels by maintaining

«— : Activation
— : Inhibition
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Perivascular
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('E;‘:':fa'::m (ELISA) (ELISA)

| 1

IL-6 PASMC proliferation
(ELISA) (PCNA staining, XTT assay)

|

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-3; 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 from inactivating, 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 IL-10 ex-
pression prevented the development of MCT-PAH in rats.
The antiremodeling effects of IL-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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Adenoassociated Virus—Mediated Prostacyclin Synthase
Expression Prevents Pulmonary Arterial Hypertension
in Rats

Takayuki Ito, Takashi Okada, Jun Mimuro, Hiroshi Miyashita, Ryosuke Uchibori, Masashi Urabe,
Hiroaki Mizukami, Akihiro Kume, Masafumi Takahashi, Uichi Ikeda, Yoichi Sakata,
Kazuyuki Shimada, Keiya Ozawa

Abstract—Prostacyclin synthase (PGIS) is the final committed enzyme in the metabolic pathway of prostacyclin
production. The therapeutic option of intravenous prostacyclin infusion in patients with pulmonary arterial hypertension
is limited by the short half-life of the drug and life-threatening catheter-related complications. To develop a better
delivery system for prostacyclin, we examined the feasibility of intramuscular injection of an adenoassociated virus
(AAV) vector expressing PGIS for preventing monocrotaline-induced pulmonary arterial hypertension in rats. We
developed an AAV serotype 1-based vector carrying a human PGIS gene (AAV-PGIS). AAV-PGIS or the control AAV
vector expressing enhanced green fluorescent protein was injected into the anterior tibial muscles of 3-week—old male
Wistar rats; this was followed by the monocrotaline administration at 7 weeks. Eight weeks after injecting the vector,
the plasma levels of 6-keto-prostaglandin F,, increased in a vector dose-dependent manner. At this time point, the PGIS
transduction (1X10' genome copies per body) significantly decreased mean pulmonary arterial pressure (33.9+2.4
versus 46.1+3.0 mm Hg; P<0.05), pulmonary vascular resistance (0.260.03 versus 0.41+0.03 mm Hg - mL"! - min™'
-kg™'; P<0.05), and medial thickness of the peripheral pulmonary artery (14.6+1.5% versus 23.5%0.5%; P<0.01) as
compared with the controls. Furthermore, the PGIS-transduced rats demonstrated significantly improved survival rates
as compared with the controls (100% versus 50%; P<0.05) at 8 weeks postmonocrotaline administration. An
intramuscular injection of AAV-PGIS prevents monocrotaline-pulmonary arterial hypertension in rats and provides a

new therapeutic alternative for preventing pulmonary arterial hypertension in humans. (Hypertension.
2007;50:531-536.)

Key Words: hypertension @ pulmonary m gene therapy m remodeling m prostacyclin synthase

ulmonary 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 has been established for
PAH.! Although intravenous prostacyclin (PGIL,) therapy
prolongs survival in patients with PAH, the use of this
treatment option is limited by the short half-life of the drug,
requirement for a continuous infusion system, and catheter-
related complications.!? PGI, synthase (PGIS) is the final
committed enzyme in the metabolic pathway of PGI, produc-
tion. PGIS gene transfer is a promising approach for the
stable production of endogenous PGL,.3-¢ However, previous
strategies have several limitations both in the selection of
delivery routes and in the efficiency of gene expression. For
instance, intratracheal gene transfer may deteriorate respira-
tory function in critically ill subjects, and the intrahepatic

approach may cause peritonitis as a result of direct liver
puncture. Although an intramuscular approach seems to be
safer than the previous approaches, the conventional plasmiid-
based strategies achieved only transient gene expression and
required repeated gene transfer to inhibit pathological remod-
eling of the pulmonary artery (PA).6

In this study, we used an adenoassociated virus (AAV)
vector together with an intramuscular approach to obtain
more efficient PGI, expression. AAV vectors permit efficient
and sustained gene expression in nondividing skeletal muscle
cells with minimal inflammatory and immune responses. We
reported previously that a stable serum concentration of a
secretory protein was achieved over a 1-year period by using
a single intramuscular injection of several AAV vector
(AAV2 and AAVS) serotypes in mice.” Currently, AAV1 is
one of the most efficient serotypes for muscle transduction.8?
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Single subcutaneous injection of a pyrrolizidine alkaloid,
namely, monocrotaline (MCT), produces severe PAH and PA
remodeling in rats. We examined the effects of sustained
PGIS expression in preventing PAH development and pro-
gression by means of this widely used model and an AAV1
vector.

Methods

Western Blot Analysis for PGIS Expression
In Vitro

Human embryonic kidney 293 (HEK293) cells were incubated in
10-cm dishes containing DMEM and nutrient mixture F12 (Invitro-
gen) with 2% FCS in an atmosphere of 5% CO, in air at 37°C. The
cells at 70% confluence were transfected with an AAV proviral
plasmid encoding human PGIS (phPGIS, a kind gift from Dr
Mimuro) or plasmid encoding enhanced green fluorescent protein
(eGFP) by using a calcium phosphate method. The cells were
harvested 72 hours after transfection, and cell lysates were prepared
with a lysis buffer (10 mmol/L of Tris-HCI, 150 mmol/L of NaCl,
and 1% NP40 [pH 7.6)) containing Complete Mini protease inhibitor
(Roche Diagnostics). For Western blot analysis, 10 g of the lysate
was subjected to 10% SDS-PAGE and transferred to a nitrocellulose
membrane. The membrane was blocked and incubated with a 1:500
dilution of rabbit anti-human PGIS polyclonal antibody (a gift from
Dr Mimuro) and a 1:5000 dilution of peroxidase-linked anti-rabbit
IgG antibody (Amersham Pharmacia Biotech), and immunoreactive
bands were visualized using an enhanced chemiluminescence West-
ern blotting kit (Amersham).

AAV-PGIS Production and PGI, Expression

We developed a recombinant AAV1-based vector containing the
human PGIS or eGFP gene controlled by a modified chicken B-actin
promoter with a cytomegalovirus immediate-early enhancer (AAV-
PGIS or AAV-eGFP) to obtain efficient transgene expression in
skeletal muscle cells. The AAV vectors were prepared according to
the previously described 3-plasmid transfection adenovirus-free
protocol with minor modifications for enabling the use of an active
gassing system.!011 In brief, 60% confluent HEK293 cells that were
incubated in a large culture vessel with active air circulation were
cotransfected with phPGIS, AAV-1 chimeric helper plasmid
(p1RepCap), and adenoviral helper plasmid pAdeno (Avigen Inc).
The crude viral lysate was purified with 2 rounds of cesium chloride
2-tier centrifugation.’2 The titer of the viral stock was determined
against plasmid standards by real-time PCR with primers 5'-
CCCGCGAGGTTGTGGTGGAC-3' and 5'-ATGGGCGGATGCG-
GTAGC-3’; subsequently, the stock was dissolved in a buffer
(50 mmol/L of HEPES {[pH 7.4] and 0.15 mol/L of NaCl [HN
buffer]) before infection. The HEK293 cells cultured in 6-well plates
containing DMEM and nutrient mixture F12 with 5% FCS were
infected with AAV-PGIS at 1x10* genome copies per cell to
evaluate PG, expression in vitro, and the supernatant was harvested
after 72 hours. Concentrations of 6-keto-prostaglandin F;, (6-keto-
PGF,,) in plasma or culture media were determined by enzyme
immunoassay (R&D Systems) according to the manufacturer’s
instructions. The minimum detectable dose of the assay was <1.4
pg/mL. Interassay and intra-assay precision of the kit was <10%.

Animal Models

All of the animal experiments were approved by the Jichi Medical
University ethics committee and were performed in accordance with
the National Institutes of Health Guide for the Care and Use of
Laboratory Animals. To evaluate the efficiency of gene expression in
vivo, AAV-eGFP (200 uL; 1X10" gene copies per body) or
AAV-PGIS (200 nL; 1X10" to 1X 10" gene copies per body) was
injected into the bilateral anterior tibial muscles (n=3 each) of
3-week-old male Wistar rats (Clea Japan Inc) weighing 45 to 55 g.
For hemodynamics and histological analyses, the rats were divided
into 4 groups: sham rats that were administered the HN buffer (group

1, negative control [NC] group; n=4); MCT-PAH rats administered
the HN buffer (group 2, MCT group; n=6); MCT rats administered
AAV-eGFP (group 3, MCT+eGFP group; n=6); and MCT rats
administered AAV-PGIS (group 4, MCT+PGIS group; n=10).
After the anesthesia with spontaneous inhalation of 1% isoflurane,
the rats in groups 3 and 4 were intramuscularly injected with
AAV-eGFP or AAV-PGIS (1X10" gene copies per body), whereas
those in groups 1 and 2 were injected with the HN buffer (200 pL).
MCT (Wako Pure Chemicals) was dissolved in 0.1 N HCI, and the
pH was adjusted to 7.4 with 1.0 N NaOH. After the anesthesia with
spontaneous inhalation of 1% isoflurane, all of the rats except for
those in the NC group were injected subcutaneously with MCT (40
mg/kg) 4 weeks after the injecting the vector. Blood samples were
collected from the tail vein on ethylenediamine tetraacetic acid tubes,
and the concentrations of the leukocytes, platelets, hematocrit,
alanine aminotransferase, and creatinine were determined by stan-
dard procedures.

Hemodynamics Analysis

Four weeks after the MCT injection, the rats were anesthetized with
spontaneous inhalation of 1% isoflurane, and a tracheotomy was
performed. Then, they were mechanically ventilated with 1% isoflu-
rane (tidal volume, 10 ml/kg; respiratory rate, 30 breaths per
minute) through a tracheostomy. After the thoracic cavity was
opened using a midsternal approach, 2F high-fidelity manometer-
tipped catheters (SPC-320; Millar Instruments Inc) were inserted
directly into the right or left ventricle, and an ultrasonic flow probe
(flow probe 2.55176; Transonic Systems Inc) was placed on the
ascending root of the aorta. The heart rate, mean pulmonary arterial
pressure (mPAP), aortic systolic arterial pressure, left ventricular
end-diastolic pressure (LVEDP), and mean aortic flow indicating the
cardiac output (CO) were measured. Cardiac indices (CI) and
pulmonary vascular resistance (PVR) were calculated using the
following formula: CI (mL - min~' - kg™)=CO/body weight, PVR
(mm Hg - mL™" - min~' - kg ')=(mPAP—-LVEDP)/CL

Ventricular Weight Measurement and
Morphometric Analysis of the PA

After the hemodynamic analysis, the rats were killed with an
overdose (5%) of isoflurane through a tracheostomy. Their lungs
were perfused with S mL of saline followed by 10 mL of cold 4%
paraformaldehyde. Each ventricle and the lungs were then excised,
dissected free, and weighed. The weight ratio of the right ventricle to
the left ventricle plus septum [RV/(LV+S)] was calculated as an
index of right ventricular hypertrophy (RVH). The lung tissues were
fixed overnight at 4°C in 4% paraformaldehyde and frozen in
Tissue-Tek OCT compound (Sakura Finetechnical Co) at —20°C.
Hematoxylin and eosin staining was performed on 7-um-thick
sections that were subsequently examined using light microscopy. A
morphometric analysis was performed on a PA having an external
diameter of 25 to 50 pm or 51 to 100 wm. The medial wall thickness
was calculated using the following formula: medial thickness
(%)=medial wall thickness/external diameterX100.!3 For the quan-
titative analysis, 30 vessels of each rat were measured and averaged
randomly by the 2 external observers.

Survival Analysis

The 3-week—old Wistar rats were divided into 3 groups (MCT,
MCT+eGFP, and MCT+PGIS; n=8 each). After the anesthesia
with spontaneous inhalation of 1% isoflurane, the rats in the
MCT+eGFP or MCT+PGIS group were intramuscularly injected
with AAV-eGFP or AAV-PGIS at 1X10' genome copies per body,
respectively. Under the same anesthetic condition, all of the rats were
injected subcutaneously with MCT (40 mg/kg) at 4 weeks after
injecting the vector. The survival rate was estimated from the date of
the MCT administration until death or after 8 weeks of the injection.
Survival curves were analyzed using the Kaplan-Meier method and
compared by log-rank tests.
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Figure 1. Expression of PGIS and PGl, in vitro. A, Western blot
analysis of PGIS expression in HEK293 cells after plasmid trans-
fection. The cells were harvested 72 hours after transfection
with phPGIS or eGFP. B, AAV vector-mediated PGl, expression
in HEK293 cells. The PG, levels were estimated by measuring
the amount of 6-keto-PGF;,, a stable metabolite of PGl,,-in the
culture supernatant by enzyme immunoassay 72 hours after
infecting the cells (n=4 each) with AAV-PGIS (1x10* genome
copies per cell)..Data are presented as mean*SEM. "P<0.01.
NC indicates untreated negative control.

Statistical Analysis

The statistical analysis and correlations were performed using
StatView (Abacus Concepts, Inc). Data are presented as
mean*SEM. Differences in parameters were evaluated using
ANOVA combined with Fisher’s test. A value of P<0.05 was
considered statistically significant.

Results

Expression of PGIS and PGI, In Vitro

Western blot analysis revealed that transfection of the
HEK?293 cells with phPGIS but not with a plasmid carrying
the eGFP gene enhanced the production of the PGIS protein
(Figure 1A). Infection of the cells with AAV-PGIS at 1X10*
genome copies per cell significantly increased the concenira-
tion of 6-keto-PGF,,, a stable metabolite of PGI,, in culture
supernatants as compared with that without vector ‘infection
(Figure 1B).

AAYV Vector-Mediated Systemic PGI, Expression
in the Rats

Four weeks after the injection of AAV vectors (1X10 -

genome copies per body), the PGIS-transduced rats began
exhibiting significant increases in the plasma 6-keto-PGF,,
levels as compared with the control rats (Figure 2A). Eight
weeks after the injection, the 6-keto-PGF,, levels increased
further in a vector dose-dependent manner in the treated rats
(Figure 2B) ,as compared with the untreated controls
(6.68+1.33 versus 1.62+0.30 ng/mL, 1X10" versus 1X 10"
genome copies per body, respectively; P<<0.05; n=3 each).
The vectors at 1X10'° genome copies per body were used for
all of the subsequent experiments. In contrast, injection of
1X 10" genome copies per body of AAV-eGFP produced no
significant change in the 6-keto-PGF |, levels.

Effects of PGI, Expression on Hemodynamics

and RVH

Four weeks after the MCT administration, the mPAP levels
were significantly elevated in the treated rats as compared
with the untreated controls (Figure 3A). Treatment with
AAV-PGIS but not AAV-eGFP significantly inhibited this
increase (Figure 3A). In addition, the expression of PGl,
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Figure 2. AAV vector-mediated systemic expression of PGl, in
vivo. The concentration of plasma 6-keto-PGF,, was determined
by enzyme immunoassay after a single injection of AAV-PGIS
into the anterior tibial muscle of 3-week-old male Wistar rats.
A, Time course of plasma 6-keto-PGF,, levels after injection of
AAV-PGIS at 1x10'° genome copies per body. B, Vector dose
dependency of plasma 6-keto-PGF,, levels 8 weeks after the
injection. The rats injected with AAV-eGFP (1x10'* genome
copies per body) were used as controls. Data are presented as
mean=SEM (n=3 animals per group). ns indicates not statisti-
cally significant; NC, untreated negative control. *P<<0.05 vs NC;
**P<0.01.
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significantly mitigated an increase in PVR and a decrease in
CI that were induced by MCT (Figure 3B and 3C, respec-
tively); however, it produced no significant changes in the
heart rate and aortic systolic arterial pressure (Table). PGI,
expression also had a beneficial effect on RVH. Treatment
with AAV-PGIS but not AAV-eGFP significantly inhibited
the MCT-induced increase in RV/(LV +8S) (Figure 3D).

Effects on Medial Hypertrophy of the PA
Medial hypertrophy is a hallmark of pathological vascular
remodeling in PAH. Four weeks after the MCT injection, the

A B
* * :
_ 60- = — :?o.s r“—w—m
2 509 u T 04
£ 404 £
£ g £ 03
s 30 27 ».
% 20 .éo.z
E 404 I°’0.1 | l
0- E o
NC - eGFPPGIS & NC _-_eGFPPGIS
MCT . MCT
c D % **
1501 0.8 *
]
o
X ] ) 0.6
~|-= 100 iy
E i 0.4
3 spA =
E 0 E 021
o
° - eGFP PGIS 0 - _eGFP PGIS
— wmcT — mcTt

Figure 3. Effects of PG, on hemodynamics and RVH. A quanti-
tative analysis was performed using MCT-induced PAH rats 8
weeks after injecting the vector. A, mPAP (mm Hg); B, PVR
(mmHg-mL™"-min~'- kg~"); C, CI (mL - min~* - kg™"). D, Weight
ratio of the right ventricle to the left ventricle plus septum
{RV/ALV+8)] presented as an index of RVH. Data are presented
as means*SEM (n=4 to 10 animals per group). *P<0.05;
**P<0.01. ns indicates not statistically significant; NC, untreated
negative control.
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Physiological and Laboratory Data of the MCT-Induced PAH Rats

Factor NC MCT MCT +eGFP MCT+PGIS P
No. of rats 4 6 6 10
Heart rate, per minute 294.0+10.6 281.2+14.7 268.0x9.0 274.8+8.7 NS
ASAP, mm Hg 99.5+1.6 97.3+20 96.3+24 947+4.4 NS
Body weight, g 358.5*11.5 328.3+7.2 3280=11.4 342.5+9.8 NS
Leukocyte, per mL 6725+372 7917723 8800849 8030+852 NS
Hematocrit, % 48.2+0.7 48.9+1.9 51.0*3.0 478*18 NS
Platefet, x10%mm? 88.3+8.7 79.2+88 80.4+36 84.6+6.3 NS
ALT, IU/L 378x25 49.5+84 52.5+6.8 441+43 NS
Cr, mg/dL 0.52+0.04 0.59x0.05 0.48+0.03 0.53+0.04 NS

Data are presented as means=SEM (n=4 to 10 animals per group). ASAP indicates aortic systolic arterial pressure;
ALT, serum alanine aminotransferase; Cr, serum creatinine; NS, not statistically significant.

medial thickness of the PA was greater in the MCT-
administered rats than in the untreated controls (Figure 4A).
Treatment with AAV-PGIS but not AAV-eGFP prevented the
MCT-induced increase in the percentage of medial thickness
significantly (Figure 4B, 25 to 50 pum; Figure 4C, 51 to
100 wm in external diameter).

Effects on the Survival of the MCT-PAH Rats and
Their Organ Dysfunctions

The PGIS-transduced rats exhibited significantly improved
survival rates as compared with the eGFP-transduced rats
(Figure 5). The MCT administration produced a slight but not
significant decrease in the body weight of the rats, and PGIS
gene transfer prevented this decrease. Although the MCT
group showed only a slight but not significant increase in the
leukocyte count and serum alanine aminotransferase levels as
compared with the NC group, the AAV-PGIS treatment
caused no additional change in these parameters (Table).

Discussion
The present study demonstrates that sustained PGI, expres-
sion by a single intramuscular injection of AAV-PGIS pre-

MCT + eGFP MCT + PGIS

vents the development of MCT-PAH in rats. PGI, expression
not only increased the cardiac output significantly but also
prevented the progression of PVR, RVH, and medial hyper-
trophy of the PA that was induced by the MCT administra-
tion. The PGIS-transduced rats also exhibited significantly
improved survival rates as compared with the controls.
Furthermore, the PGIS expression observed in this study
caused no additional adverse effects on hematologic data and
serum indicators of hepatorenal function (alanine aminotrans-
ferase and creatinine levels) in the MCT-PAH rats.

The expression of PGI, and PGIS decreased in the remod-
eled PAs of the idiopathic PAH patients.!*!5 Impaired PGI,
synthesis resulting from a decrease in PGIS expression may
be implicated in the pathogenesis of PAH. In fact, continuous
intravenous infusion of exogenous PGI, markedly lowers
PVR and improves survival in PAH patients. However, this
system requires lifelong infusion with a central venous
catheter because of the short biological half-life of PGI,.
Furthermore, because this system is associated with life-
threatening complications (eg, shock and sepsis) that may
result in poor survival and quality of life of patients, stable

Figure 4. Effects of PGl, on medial hypertrophy
of the peripheral PA. A, Representative cross-

B c sections of the peripheral PA 4 weeks after the

[ *% ”_ns *% *% *% MCT administration (hematoxylin and eosin

e = *x staining, original magnification, x1000; scale
—~ 30 T l —_ 251 l "I’% I bar=20 wm). B and C, Quantitative analysis
X T 2 T T of percentage of medial thickness (B, 25 to
» » 20 1 50 um; C, 51 to 100 pum in external diameter).
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Figure 5. The survival rate of MCT-induced PAH rats. The rats
were administered with MCT (40 mg/kg) 4 weeks after the injec-
tion of HN buffer (MCT group), AAV-eGFP (MCT+eGFP group),
or AAV-PGIS (MCT+PGIS group). The rats were intramuscularly
injected with the vectors at 1x10' genome copies per body.
The Kaplan-Meier method demonstrated a significant improve-
ment in the survival rate of the rats in the MCT+PGIS group as
compared with those in either the MCT or MCT +eGFP group at
8 weeks post-MCT administration. n=8 animals per group;
*P<0.05 vs MCT or eGFP groups.

production of endogenous PGI, would be more desirable.
Consistent with previous gene therapy studies, our strategy
presented high levels of endogenous PGI, expression. In
addition, this strategy caused no systemic hypotension and
hyperdynamic heart failure, which are the major adverse
effects arising from uncontrolled blood levels during intrave-
nous delivery of exogenous PGIL,.346

In this study, we used an AAV serotype 1 vector because
it is effective not only in efficient muscle transduction but
also in long-term secretion of therapeutic proteins into the
systemic circulation. The cDNA for human PGIS shares a
high identity with its rat counterpart.'s In fact, the adminis-
tration of a plasmid or hemagglutinating virus of the Japan-
liposome vector encoding human PGIS successfully amelio-
rated MCT-PAH. However, the use of these vectors requires
repeated administration for achieving sustained gene expres-
sion.>-5 In contrast, the AAV vector used in this study
achieved PGIS expression with a single intramuscular injec-
tion, and this expression was sustained for 1 year.?

Furthermore, gene transfer was believed to be safer when
performed via an intramuscular approach as opposed to the
intratracheal or intrahepatic approaches.s Currently, research-
ers are using adenoviral gene transfer in most clinical trials
because of its high efficiency for gene expression. However,
the potential toxic effects of adenoviruses, such as strong
immunogenicity, are well known. In contrast, the intramus-
cular administration of AAV vectors is a promising strategy
for delivering therapeutic proteins safely and efficiently, and
their use has been examined in clinical trials for hemophilia.!?

Although PGI, is known to be a short-acting vasodilator,
recent studies have shown its antiremodeling effects when
used in high doses. The administration of PGI, analogues
cicaprost and iloprost in high concentrations (>10~" mol/L)
inhibits mitogen-induced proliferation of rat primary PA
smooth muscle cells in a cAMP-dependent manner.!® Inter-
estingly, another PGI, analogue, treprostinil, also inhibits the
proliferation of human and mouse primary lung fibroblasts
through the activation of a peroxisome proliferator-activated
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receptor-3/86 when used in equivalent doses.'® These obser-
vations suggest that high levels of PGI, may attenuate PA
remodeling in vivo through antiproliferative effects. Consis-
tent with previous studies, we demonstrated that high levels
of endogenous PGI, successfully attenuated medial hypertro-
phy of the PA.346 To discover new drug targets, the roles of
peroxisome proliferator-activated receptors and high-level
PGI, in PAH therapy should be determined, because peroxi-
some proliferator-activated receptors are associated with
many inflammatory and proliferative disorders, including
PAH 220

Finally, we will discuss the clinical implications and
limitations of this study. Consistent with previous studies,
maximum gene expression was noted 6 to 8 weeks after the
intramuscular injection of AAV vectors. AAV-PGIS was
injected 4 weeks before MCT administration for the trans-
gene expression to reach plateau levels when MCT-PAH was
fully developed (3 to 4 weeks after the injection). Our results
are completely based on a preventive protocol, which may be
rare in a clinical setting. However, PGI, is an established
therapeutic molecule, and the advantage of early initiation of
PGI, therapy for improving survival in patients with idio-
pathic PAH has been demonstrated in a large clinical trial.!
These observations convinced us to propose the possible
preemptive use of AAV-PGIS as a strategy to maintain basal
levels of PGI, in patients with mild symptoms of PAH or in
those identified as high-risk subjects who have not experi-
enced PAH. As an alternative, the combined use of AAV-
PGIS and an initial infusion of intravenous PGI, might be
promising; the intravenous infusion should be tapered when
sufficient levels of PGI, are attained. To evaluate the efficacy
of AAV-PGIS in a therapeutic protocol (ie, vector injection
after the development of PAH), use of a chronic hypoxic
PAH model or newly developed self-complementary AAV
vectors that can express transgenes earlier than the conven-
tional vectors should be considered.??

Perspectives :
The present study has demonstrated that the single intramus-
cular injection of AAV-PGIS achieved a sustained expression
of PGIL,. This expression retarded the progression of MCT-
PAH in rats without causing significant adverse effects. Thus,
this strategy provides a new therapeutic alternative for PAH
patients. However, the system in this study lacks the ability to
regulate excessive transgene expression. Therefore, regula-
tory mechanisms to ensure adequate gene expression should
be established to facilitate successful translation of this
strategy in a clinical setting.
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Abstract

The aims of this study were to evaluate the expression
of enhanced green fluorescent protein (EGFP) driven
by 6 different promoters, including cytomegalovirus
IE enhancer and chicken f—actin promoter (CAG),
cytomegalovirus promoter (CMV), neuron-specific
enolase promoter (NSE), myosin 7A promoter (Myo),
elongation factor 1a promoter (EF-1a.), and Rous
sarcoma virus promoter (RSV), and assess the dose
response of CAG promoter to transgene expression
in the cochlea. Serotype 1 adeno-associated virus
(AAV1) vectors with various constructs were
transduced into the cochleae, and the level of EGFP
expression was examined. We found the highest
EGFP expression in the inner hair cells and other
cochlear cells when CAG promoter was used. The
CMV and NSE promoter drove the higher EGFP
expression, but only a marginal activity was ob-
served in EF-1a promoter driven constructs. RSV
promoter failed to drive the EGFP expression. Myo
promoter driven EGFP was exclusively expressed in

the inner hair cells of the cochlea. When driven by
CAG promoter, reporter gene expression was
detected in inner hair cells ata dose as lowas 3 x 10’
genome copies, and continued to increase in a dose-
dependent manner. Our data showed that individual
promoter has different ability to drive reporter gene
expression in the cochlear cells. Our results might
provide important information with regard to the role
of promoters in regulating transgene expression and
for the proper design of vectors for gene expression
and gene therapy.

Keywords: cochlea; dependovirus; gene therapy;
gene transfer techniques; green fluorescent proteins;
promoter regions

Introduction

Gene ftransfer is a promising tool to study the phy-
siology of the cochlea and cochlear cells. The fea-
sibility of gene therapy in the cochlea has been
established (Dazert et al., 2001; Kawamoto et al.,
2001; Liu et al., 2005), still, there is a controversy
about the transduction of the hair cells or spiral
ganglion cell, even when the same vehicle is emplo-
yed as vectors, such as adenovirus and adeno-
associated virus (AAV) (Luebke et al., 2001; Li et al.,
2002; Yamasoba et al.,, 2002; Liu et al., 2005). The
previous studies support the hypothesis that this
discrepancy may be caused by the differences in
delivery methods or driven promoters. It has been
shown that individual promoter has distinct ability to
express reporter genes in different cell types (Chung
et al., 2002; Nomoto et al., 2003; Shevtsova et al.,
2005). Tissue or cell specific promoters are capable
of restricting gene expression in desirable cells and
facilitating persistent or regulated transgene expre-
ssion (Liu et al., 2004). The cytomegalovirus IE en-
hancer and chicken B-actin promoter (CAG) drives
high level of transgene expression and is one of the

-most commonly used promoters for gene transfer

(Xu et al., 2001). The myosin 7A promoter (Myo)
was shown to be the specific promoter of hair cells
in the cochlea (Boeda et al., 2001). We have pre-
viously demonstrated that, with AAV1 vectors, the
CAG promoter can drive transgene expression in the
cochlea cells at a highly functional level (Liu et al.,
2005). In the present study, we systematically eva-
luated the promoters CAG, Myo, cytomegalovirus



promoter (CMV), elongation factor 1 alpha promoter
(EF-1), neuron-specific enolase promoter (NSE),
and rous sarcoma virus promoter (RSV) for their
abilities in gene transfers to the cochlear cells using
in vivo assays. We also examined the dose-response
relationship for CAG promoter over a broad range in
the cochlea.

Materials and Methods

Construction and preparation of the proviral
plasmids

The AAV1 vector proviral plasmid, pAAV2-LacZ, har-
bors an Escherichia coli 3-galactosidase expression
cassette with the CMV promoter, human growth
hormone first intron, and SV40 early polyadenylation
sequence; flanked by inverted terminal repeats
(ITRs) (Okada et al., 2002). The proviral plasmid
pAAV2-CAG-EGFP-WPRE (pAAV2-CAG) consists
of enhanced green fluorescent protein (EGFP) gene
under the control of the CAG promoter and Wood-
chuck hepatitis virus posttranscriptional regulatory
element (WPRE) and is flanked by ITRs (Liu et al.,
2005). Agel restriction site was created on 5' end of
Myo promoter {(Boeda et al., 2001) from C2C12 cell
line genomic DNA when subcloned into pCRII-
TOPO by PCR (forward primer: 5-ATGTCGACCT-
TGGGCAACCTCTAGACG-3'; reverse primer: 5'-ATC-
CGCGGCTTCTACGTCTGCACAC-3). Spel-Agel frag-
ment containing the Myo promoter was subcloned
into pAAV2-CAG to obtain pAAV2-Myo-EGFP-WPRE
(pPAAV2-Myo). PAAV2-CMV-EGFP-WPRE (pAAV2-
CMV), pAAV2-EF1a-EGFP-WPRE (pAAV2-EF1u),
pAAV2-NSE-EGFP-WPRE (pAAV2-NSE), and pAAV2-
RSV-EGFP-WPRE (pAAV2-RSV) were constructed
as previously described (Ogasawara et al, 1998;
Nomoto et al., 2003; Mochizuki et al., 2004). A sche-
matic illustration of the AAV1 vectors is shown in
Figure 1. AAV1-helper plasmid harbors Rep and
Cap. Adenovirus helper plasmid pAdeno5 identical
to pVAE2AE4-5 encodes the entire E2A and E4
regions, and VA RNA | and Il genes (Matsushita et

ITR Promoter EGFP WPRE ITR
H H H H Hl
polyA

Figure1. Schematic representations of viral vectors constructed. AAV1
vectors were constructed using different promoters to drive reporter gene
EGFP and the SV40 polyadenylation sequences (polyA). The promoters
in the study include CAG, CMV, NSE, Myo, EF-1a. and RSV. The Wood-
chuck hepatitis virus posttranscriptional regulatory element (WPRE) was
inserted 3' of the EGFP cassette in the vectors. ITR, inverted terminal
repeats. .
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al., 1998). Plasmids were purified with the QIAGEN
plasmid purification Kits (QIAGEN K.K., Tokyo,
Japan).

Recombinant AAV1 vectors production

Vectors were produced with the AAV1 packaging
plasmids pAAV1RepCap and the AAV1 proviral plas-
mid pAAV2-CAG, pAAV2-Myo, pAAV2-CMV, pAAV2-
EFta, pAAV2-NSE, or pAAV2-RSV. Six kinds of
AAV1 vectors were produced using three-plasmid
transfection adenovirus-free protocol (Liu et al,
2005). Recombinant AAV1 was harvested at 72 h
after transfection by three cycles of freeze/thawing.
The crude viral lysate was then purified twice on a
cesium chloride (CsCl) two-tier centrifugation gra-
dient as previously described (Okada et al., 2002).
The viral stock was titrated by the quantitative real-
time PCR of DNase-treated stocks with plasmid stan-
dards (Veldwijk et al., 2002). Thus, AAV1 vectors of
AAV1-CAG-EGFP-WPRE (AAV1-CAG), AAV1-Myo-
EGFP-WPRE (AAV1-Myo), AAV1-CMV-EGFP-WPRE
(AAV1-CMV), AAV1-EF1a-EGFP-WPRE (AAV1-
EF1a), AAV1-NSE-EGFP-WPRE (AAV1-NSE), and
AAV1-RSV-EGFP-WPRE (AAV1-RSV) were cons-
tructed. The titers of AAV1 vectors were from 6 ><
10" to 8 >< 10" genome copies (g.c.). For dose-
response relationship experiment, vector stocks
were serially diluted with artificial perilymph (AP: 145
mM NaCl, 2.7 mM KCI, 2 mM MgS0,, 1.2 mM CaCl,,
5 mM HEPES).

Evaluation of the in vitro activity of recombinant
AAV1 vectors

To examine the functions of individual promoters,
HEK 293 cells were cultured for 36 h, and then trans-
fected with various AAV1 vectors separately (1 <
10* g.cleell). Myosin 7A gene is transcribed in
several epithelial cell types that possess microvilli,
i.e. renal epithelial cell. Since HEK 293 cell line has
been originated from human embryonic kidney epi-
thelial cell, the Myo promoter activity can be
assessed in this particular cell line. Forty-eight h after
transduction, the cells were recorded for EGFP
expression using OLYMPUS [X70 (Olympus cor-
poration, Tokyo, Japan) fluorescence microscope.
Cells with green fluorescence were considered “posi-
tive” for transgene expression.

Surgical procedures and cochlear perfusions

All animal studies were approved by the ethics com-
mittee of Jichi Medical School in Japan and Peking
University First Hospital in China. They were per-
formed following the animal research guidelines at
Jichi Medical School and Peking University First
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Hospital. Seventy female C57BL/6J mice (4 weeks
old, CLEA Japan, Tokyo, Japan) and 30 male Spra-
gue-Dawley rats (5 weeks old, CLEA Japan, Tokyo,
Japan) with normal Preyer’s reflexes were included
in this study. Surgical procedures and cochlear perfu-
sion of the animals were performed as previously
described (Liu ef al., 2005). In the testing groups, 5
pl of AAV1 vectors solution was microinjected into
the unilateral cochlea. Five mice received confrol
cochlear perfusions with adificial perilymph only.
Each AAV1 vector was injected into 5 animals with 3
x 10" g.c./cochlea. Injected dose of AAV1-CAG
vector into 5 mice was varied from 3 > 10" to 3 x
10" g.c./cochlea for dose response study.

Histological study

The capability of the transgene expression in the
cochlear cells for various AAV1 vectors was deter-
mined by visualizing EGFP levels. The animals were
sacrificed 2 weeks after injection, and the cochleae
were harvested and the stapes footplates were
removed. After fixing and decalcifying, the cochleae
were made by cryosection (10 um). The EGFP
expression was detected under OLYMPUS IX70
fluorescence microscope using a standard fluoresce
in isothiocyanate (FITC) filter set and a Studio Lite

Table 1. Transgene expression with distinct promoter in the cochlear cells

software (Olympus corporation, Tokyo, Japan). Level
of expression was graded by flucrescent intensity.

Restults

Evaluation of activity of all promoters in vitro

The EGFP expression in the HEK 293 cell was
detected with any of the AAV1 vectors, indicating
that all promoters were functional. However, their
expression levels were different (Figure 2). Robust
EGFP expression with CAG promoter was shown in
the HEK 293 cell, followed by CMV, NSE, EF-1«
and RSV. Myo promoter was just weak in 293 cells.

EGFP expression profile within the cochlea under
different promoter

The pattern of EGFP expression in the cochlear
cells was quite similar in both mice and rat for each
promoter. Distribution of AAV1 vector-mediated
EGFP expression was examined throughout the
cochlea for all promoters tested (Table 1). With CAG ~
promoter, a robust EGFP expression was identified
in the various cochlear cells, including the inner hair
cells, spiral ganglion cells, inner sulcus cells, Hen-
sen's cells and mesenchymal cells (Figure 3B). A

Figure 2. EGFP expression in
the HEK293 cell transduced
with AAV1 vectors harboring
distinct promoters. Robust EGFP
expression with CAG promoter
was shown, EGFP expression
with CMV is similar to that with
CAG, and EGFP expression
with NSE to with RSV and
EF-1o. Myo promoter was just
weak in 293 cells.

Spiral

Inner hair Outer hair . Stria vascularis Spiral ligament Reissner's Inner sulcus - Mesenchymatl
Promoter ganglion Claudius’ cells
cells cells cells cells cells membrane cells cells
CAG + - + - + + + - +
cMmv + - + - + + - +
NSE - - + - + - - +
EF-1a - - + - + - - - +
Myo + - - - - - - - -
RSV - - - - - - - - -

+ means EGFP expression in the cells, while - means no fluorescence in the cells.



