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Materials and Methods

Preparation of PLGA NP

A lactide/glycolide copolymer (PLGA) with an average molecular weight of 20,000
and a copolymer ratio of lactide to glycolide of 75:25 (Wako Pure Chemical Industries,
Osaka, Japan) was used as a wall material for the NP. According to manufacturer’s
instruction, a bioabsorption half-life of this product is 2 weeks in rat tissue."
Polyvinylalcohol (PVA-403; Kuraray, Osaka, Japan) was used as a dispersing agent.
Fluorescein-isothiocyanate (FITC; Dojin Chemical, Tokyo, Japan) was used as a fluorescent
marker of the NP.

We prepared bioabsorbable poly-lactide-glycolide copolymer (PLGA)
nanoparticles (NP) by emulsion solvent diffusion method. The
encapsulated agents are entrapped into the polymer matrix as shown
below.

1 AN PLGA nanopatrticles
L /@) y ALY ™ dacs (mean diameter 200 nm)

?ﬁ\kg e Pitavastatin (5 %)
SRy T or FITC (5 %)

Advantages of PLGA NP-based drug delivery system (DDS) include:
* Matrix polymer (PLGA) is bioabsorbable.
+ NP can incorporate water-soluble drugs/oligonucleotides/DNAs.

* NP can cross cell membrane via endocytosis (efficiency of cellular uptake: 90 % or more),
and deliver the encapsulated agents into the cytoplasm.

+ Incorporated drugs are slowly released from NP with hydrolysis of PLGA, which works
intracellular DDS after intracellular uptake.

PLGA NP incorporated with FITC or pitavastatin (Kowa Pharmaceutical Co. Ltd.,
Tokyo, Japan) were prepared by a previously reported emulsion solvent diffusion method in
purified water”>. PLGA were dissolved in a mixture of acetone and methanol. Then, FITC
or pitavastatin were added into this solution. The resultant polymer-FITC or polymer-statin
solution was emulsified in PVA solution under stirring at 400 rpm using the propeller-type
agitator with three blades (Heidon 600G; Shinto Scientific, Japan). After agitating the system
for 2 h under reduced pressure at 40 °C, the entire suspension was centrifuged (20,000xg for
20 min at -20 °C). After removing the supernatant, purified water was added to mix with the
sediment. The wet mixture was then centrifuged again to remove the excess PVA and the
unencapsulated reagent that could not adsorb on the surfaces of NP. After repeating this
process, the resultant dispersion was freeze-dried under the same conditions. The FITC- and
pitavastatin-loaded PLGA NP contained 5 % (w/v) FITC and 5 % (w/v) pitavastatin,
respectively.
Particle size and surface charge measurements

Scanning electron microscopy picture of the PLGA NP indicates that the NP is

prepared in the form of powder. The mean particle size was analyzed by light scattering
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method (Microtrack UPA150; Nikkiso, Tokyo, Japnan). A sample of nanoparticulate
suspension in distilled water was used for particle size analysis. The diameter of PLGA NP
was 196 + 29 nm. Surface charge (zeta potential) was also analyzed by Zetasizer Nano
(Sysmex, Hyogo, Japan) and was anionic charge (-15£10 mV at pH 4.4).

Particle size distribution of FITC-incorporated

RERITIng SeeTan PLGA nanoparticles in water

microscopy
(SEM) image [[] Frequency (%) s++4+ Cumulative (%)
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ST 1 20
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0 18 12  sm® 20

Particle size (nm)

Bioabsorption process of PLGA NP

The chemical structure of PLGA and its bioabsorption process (hydrolysis) are
indicated below. Scanning electron microscopic examination of time course of
biodegradation in phosthe phate buffer solution shows slow degradation of NP with time.

Bioabsorption Process (hydrolysis) of PLGA

Chemical structure of PLGA and its ~ Biodegradation of PLGA nanoparticles
hydrolysis process in living body (a mean diameter: 200 nm) in phosphate

buffer solution (pH 7.4, 32°C)
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Intracellular uptake and intracellular distribution of NPs

Human umbilical vein endothelial cells (HUVEC) were obtained from Cambrex
BioScience Walkersville, Inc., cultured in EGM-2 (Lonza, Charles City, IA) with
supplements (Lonza), and used between passages 4 to 8. Human skeletal muscle cells
(SKMC) were also obtained from Cambrex BioScience Walkersville, Inc. and cultured in
SkGM (Lonza).

The HUVEC and SKMC were seeded on the 8-well-chamber slide to an initial
concentration of 1.5 x 10* cells per well and incubated at 37 °C/5 % CO; environment until
cells were subconfluent. The growth medium was replaced with the FITC-NP suspension
medium (0.1 to 0.5 mg/ml) without supplements and then further incubated for 1 hour. The
cells were then washed three times with PBS to eliminate extracellular NP as previously
described*. Then, the cells were fixed with methyl-alcohol and nuclei were counterstained
with propidium iodide (PI; vector shield). Intracellular uptake of FITC-NP was evaluated by
fluorescence microscopy (Biozero; KEYENCE, Osaka, Japan). The number of cells in 5
random fields was manually counted and cellular uptake percentage was assessed by the
percentage of fluorescence positive cells per total cells.

In another set of experiments using HUVEC, the growth medium was replaced with
FITC-NP (0.5 mg/ml) and further incubated for 1 hour. After excess extracellular NP were
washed with PBS, the cells were cultured with normal growth medium and intracellular
retention of FITC was examined as described above at days 3 and 7.

To investigate the potential mechanism of cellular uptake of NP, HUVEC and
SkMC were seeded on the 96-well plate in the presence or absence of an inhibitor of
clathrin-mediated endocytosis pathway”, chlorpromazine (CPZ; Sigma) at 10 or 30 uM for
30 min at 37 °C in the culture medium without supplements, and then incubated with
FITC-NP suspension medium (0.1 to 0.5 mg/ml) for further 30 min. After incubation, cells
were washed and lysed with triton X and NaOH and then the amount of fluorescence in each
wells were analyzed with fluorescence-plate reader (Mithras LB940; BERTHOLD
BIOTECHNOLOGY, Germany).

Angiogenesis Assay of Human Endothelial Cell

Angiogenesis assay of human endothelial cells was tested by 2-dimensional Matrigel
assay as previously described.® HUVECs (2x10%) were suspended on the 8-well-chamber
slide pre-coated with 200 ul Matrigel (BD Bioscience) in 500 pl EBM-2 medium with
supplements (Lonza) in the presence or absence of pitavastatin or NP incorporated with
pitavastatin at 1 and 10 nM. In another set of experiments, HUVEC were pre-treated with
pitavastatin or NP incorporated with pitavastatin at 1 and 10 nM for 24 hours and washed,
and then the cells were suspended on the Matrigel.

After 24 hours of incubation on the Matrigel at 37 °C/5 % CO; environment, tube
formation were quantified by light microscopy (Biozero; KEYENCE, Osaka, Japan) and the
length of completed tube-like structures in 5 random fields was quantified in a blinded
fashion in each expreiment.

Animal Preparation and Experimental Protocol

The study protocol was reviewed and approved by the Committee on Ethics on
Animal Experiments, Kyushu University Faculty of Medicine, and the experiments were
conducted according to the Guidelines of the American Physiological Society.

Male 8-weeks-old C57BL/6J wild-type mice (Japan-Clea, Tokyo, Japan) were bred
and maintained in the Laboratory of Animal Experiments at Kyushu University. After
anesthesia with an intraperitoneal injection of ketamine hydrochloride (70 mg/kg) and
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xyladine hydrochloride (3 mg/kg), we induced unilateral hindlimb ischemia to mice as
previously described.”* Briefly, the proximal portion of the left femoral artery and vein
including the superficial and deep branch as well as the distal portion of saphenous artery
and vein were ligated and resected after all side branches were dissected free. Immediately
after induction of ischemia, animals were randomly divided into 4 groups; a control no
treatment group and others received intramuscular injections of FITC-NP (PLGA at 0.18
mg/100 pul) (NP group), intramuscular injections of pitavastatin at 0.01 mg/100 pl (0.4
mg/kg)(Pitava only group), or intramuscular injections of pitavastatin-NP [PLGA at 0.18
mg/100 ul containing 0.01 mg (0.4 mg/kg) of pitavastatin] (Pitava-NP group) into the left
femoral and thigh muscles with a 27-gauge needle. This dose of pitavastatin NP was selected
because we examined effects of pitavastatin-NP containing pitavastatin at 0.1, 0.4, 1.0 and
1.5 mg/kg 1n preliminary studies and confirmed that pitavastatin NP containing 0.4 mg/kg
pitavastatin was an optimal dose in our experiments. Biochemical parameters listed in
supplemental Table 1 were measured 3, 7, and 14 days after treatment.

In another set of experiments, effects of intramuscular injections of pitavastatin-NP
were examined in eNOS™ mice and wild-type mice chronically treated with
No-nitro-L-arginine methyl ester (L-NAME; Sigma), an NO synthase inhibitor, in drinking
water (2 mg/kg) from 7 days before operation to sacrifice’. Two other groups received
intramuscular injections of non-nanoparticulated soluble pitavastatin at high doses at 4 and
20 mg/kg. Furthermore, three other groups received systemic daily oral administration of
pitavastatin at doses of 0.4, 1.0 and 10 mg/kg, solved in 0.5 % carboxymethyl cellulose by
gavage from the day of surgery until the mice were sacrifice on day 14.

Histological and immunohistochemical analyses

Histological evaluation was performed in 5-pm paraffin embedded sections from
gastrocnemius muscle 14 days after hindlimb ischemia. Capillary and arteriolar density in
ischemic muscle were determined by immunohistochemical staining with anti-mouse platelet
endothelial cell adhesion molecule (PECAM)-1 antibody (CD31; Santa Cruz Biotechnology)
and o-smooth muscle actin (a-SMA; DAKO), respectively. Digital images of 5 microscopic
fields from 4 different sections from each animal were stored. Capillary density was
expressed as the number of CD31 positive cells per mm” and arteriolar density was
expressed as the number of circumvented brown signals of a-SMA per mm? as previously
described'’. To determine intracellular molecular signals for angiogensis, cross sections were
stained with anti-phosphorylated-Akt antibody (Cell Signaling) or
anti-phosphorylated-eNOS antibody (Cell Signaling)’. To determine cellular localization of
angiogenic growth factors 3, 7 and 14 days after ischemia, cross sections were stained with
anti-VEGF or anti-FGF-2 antibody with anti-PECAM-1 (CD31) antibody, as a primary
antibody (all from Santa Cruz Biotechnology), and anti-mouse IgG (Alexa 488; Molecular
Probes) or anti-rabbit IgG (FITC; Santa Cruz Biotechnology) with anti-goat IgG antibody
(Alexa 555; Molecular Probes), as a secondary antibody, respectively. Nuclei were
counterstained with 4°, 6-diamidino-2-phenylindole (DAPI; Vector Shield).
Distribution of nanoparticles in vivo

Three, 7 and 14 days after hindlimb ischemia and intramuscular injection of
FITC-NP, gastrocnemius muscle was isolated from ischemic and non-ischemic limbs, and
FITC signals were examined under a fluorescent stereomicroscope. Frozen cross sections of
those muscles were then prepared and examined under a fluorescent microscope (Biozero,
KEYENCE, Osaka, Japan). Nuclei were counterstained with propidium iodide (PI; Vector
Shield). Another sections were stained with anti-mouse PECAM-1 antibody (CD31; Santa
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Cruz Biotechnology), as a primary anti-body, and anti-goat IgG (Alexa 555; Molecular
Probes), as a secondary anti-body. Frozen cross sections of liver, spleen and kidney were
also examined.
Western blotting

Homogenates of muscle tissues were analyzed for immunoblotting 7 days after
induction of hindlimb ischemia. Proteins were separated in 7.5 % or 15 %
SDS-polyacrylamide gels and then blotted onto a membrane. Membrane was incubated with
antibodies against phosphorylated-Akt, phosphorylated-eNOS, Akt (1:1000, Cell Signaling),
eNOS (1:1000, Affinity BioReagents), VEGF, FGF-2 and MCP-1 (1:200, Santa Cruz
Biotechnology) and then the blots were reprobed with GAPDH (1:1000, Santa Cruz
Biotechnology).
Flow Cytometric Analyses of EPC Mobilization

Peripheral blood was obtained from mice 7 and 14 days after hindlimb ischemia. EPC
are thought to derive from mononuclear leukocytes that are positive for both Sca-1 and FIk-1
(vascular endothelial cell growth factor receptor-2)'" ', The percentage of mononuclear
cells that were positive for both the Sca-1-FITC and Flk-1-PE antibodies (Pharmingen) was
then analyzed with a FACS Caliber flow cytometer (Becton Dickinson).
Measurements of statin concentration in serum and muscle tissue

Statin concentration in serum and muscle were measured at predetermined time
points by using column-switching high performance liquid chromatography (HPLC) system
as previously reported'’. Briefly, the column-switching HPLC system consists of two
LC-10AD pumps, an SIL-10A auto-sampler, a CTO-10A column oven, a six-port
column-switching valve and an SPD-10A UV-detector (all from Shimadzu, Kyoto, Japan).
The column temperature was maintained at 40 °C. Preprepared serum or tissue homozynates
sample solutions were injected from auto-sampler into HPLC system and the detection of
statin in sample solutions was carried out at 250 nm with a UV-detector. The detected
peak-area was measured with Lesolution software (Shimadzu, Kyoto, Japan).
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patients whose deaths were attributed to nonlung disease (Figure S1,
available in the online data supplement at http://hyper.ahajournals.
org). Additional details are provided in the online data supplement.

Preparation of NPs

The NF-xkB decoy oligodeoxynucleotides labeled with or without
fluorescein-isothiocyanate (FITC) were prepared as described previ-
ously.!®1! The decoy is directed against the NF-«B binding site in
the promoter region that corresponds with NF-kB-responsive genes
and works to inhibit binding of this transcription factor to the
promoter region.!>!! PEG-PLGA NPs encapsulated with FITC,
NF-«B decoy, or FITC-labeled NF-«B decoy were prepared using an
emulsion solvent diffusion method.'®14 The average diameter of
PEG-PLGA NPs was 44 nm. To measure FITC release kinetics,
FITC-NP was immersed in Tris-EDTA buffer, and the released FITC
was measured. Additional details are provided in the online data
supplement.

In Vivo Experiments With a Rat Model of

MCT-Induced PAH

Rats were SC injected with 60 mg/kg of MCT, which induces severe
PAH within 3 weeks.>!%17 In the prevention protocol, animals were
assigned to either an untreated control group or a group that received
a single intratracheal instillation of NF-kB decoy alone (50 pg),
FITC-NP (1000 pg of PEG-PLGA), or NE-«B decoy NPs (50 pg of
NF-«B decoy per 1000 pg of PEG-PLGA) immediately after MCT
(n=6 each). For intratracheal instillation, a volume of 0.1 mL of
phosphate buffer suspension of NP or NF-kB decoy was injected
gently into the trachea of animals accompanied by an equal volume
of air. The biodistribution of FITC in the lung was also examined 3,
7, and 14 days after intratracheal instillation of FITC only, FITC-
NPs, or FITC-labeled NF-«B decoy NPs in rats injected with MCT.
In the treatment protocol, rats were divided into 2 groups (rats treated
with a single intratracheal instillation of phosphate buffer and rats
treated with NF-xkB decoy NPs; n=33 each) 21 days after MCT
injection, when severe PAH had been established.

Hemodynamic Measurements

Three weeks after MCT administration, the animals were anesthe-
tized with sodium pentobarbital, and then polyethylene catheters
were inserted into the right ventricle (RV) through the jugular vein
and the carotid artery for hemodynamic measurements. RV systolic
pressure and systemic blood pressure were measured with a poly-
graph system (AP-601G, Nihon Kohden).s

Assessment of Right Heart Hypertrophy and
Pulmonary Arterial Remodeling
After systemic arterial and RV pressure had been recorded, the
animals were euthanized, and the lungs and heart were isolated. The
RV wall was dissected from the left ventricle (LV) and ventricular
septum (S). The wet weight of the RV and LV+S was determined,
and RV hypertrophy was expressed as follows: RV/(LV+8).5

The lungs were perfused with a solution of 10% phosphate buffered
formalin (pH 7.4). At the same time, 10% phosphate buffered formalin
(pH 7.4) was administered into the lungs via the tracheal tube at a
pressure of 20 cm H,0. These specimens were processed for light
microscopy by routine paraffin embedding. The degree of remodel-
ing (muscularization) of the small peripheral pulmonary arteries was
assessed by double immunohistochemical staining of the 3-um
sections with an anti-a-smooth muscle actin antibody (dilution
1:500, clone 1A4, Dako) and anti-platelet endothelial cell adhesion
molecule 1 (M-20) antibody (dilution 1:100, Santa Cruz Biotechnol-
ogy) modified from a protocol described elsewhere.!®

To assess the type of remodeling in the muscular pulmonary
arteries, microscopic images were analyzed. In each rat, 30 to 40
intra-acinar arteries were categorized as muscular (ie, with a com-
plete medial coat of muscle), partially muscular (ie, with only a
crescent of muscle), or nonmuscular (ie, with no apparent muscle).
The arteries were counted and averaged within a range of diameters
from 25 to 50 pm.

Histopathologic and

Immunohistochemical Analysis

The degrees of monocyte infiltration were evaluated by immuno-
staining with the ED-1 (analogue of human CD68) antibody against
monocytes. For quantification, a blind observer counted the number
of ED-1-positive cells in 10 fields.* Monocytes were also subjected
to immunostaining with antibodies against FITC, an epitope (a-p65)
on the p635 subunit of NF-«B, or nonimmune mouse IgG. The a-p65
monoclonal antibody recognizes an epitope on the p65 subunit that
is masked by bound inhibitor of kB (I-«B).? Therefore, this antibody
exclusively detects activated NF-«B.!?

Electrophoretic Mobility-Shift Assays

Nuclear extracts were prepared from the whole-lung homogenates
using a nuclear extract kit (NE-PER Nuclear and Cytoplasmic
Extraction Reagents, Thermo Science) according to the manufactur-
er's instructions. The protein was measured using a BCA Protein
Assay kit (Thermo Science). For NF-«B activation, a nonradioactive
electrophoresis mobility-shift assay kit (AY1030, Panomics) was
used according to the manufacturer’s instructions. Five pg of nuclear
protein were incubated for 30 minutes at room temperature with a
biotinylated oligonucleotide containing the NF-«B binding site, and
then the samples were separated on a nondenaturing polyacrylamide
gel and blotted onto a positively charged nylon membrane. After
blotting, the oligos on the membrane were fixed using a UV
cross-linker oven. Then, the membrane was incubated with
streptavidin-horseradish-peroxidase solution at room temperature for
15 minutes and with detection reagents for 5 minutes. Nuclear
proteins that were bound to the NF-«B binding site were detected by
chemiluminescence with the use of the LAS-1000 detection system
(Fujifilm).

Real-Time Quantitative RT-PCR

Real-time PCR amplification was performed with the rat cDNA with
the use of the ABI PRI8:21 PM 7000 Sequence Detection System
(Applied Biosystems), as described previously.'? TagMan primer/
probes for MCP-1, TNF-c, IL-1, IL-6, intercellular adhesion mole-
cule 1, and GAPDH, which served as the endogenous reference,
were purchased from Applied Biosystems (Assay-on-Demand gene
expression products Rn00580555, Rn99999017, Rn00580432,
Rn00561420, and Rn00564227 and TagMan Rodent GAPDH Con-
trol Reagents, respectively).

Intracellular Delivery of NPs Incorporated With
an FITC-Labeled NF-«B Decoy to Human
Monocytes and Pulmonary Arterial Smooth
Muscle Cells

The human monocyte cell line THP-1 was obtained from the German
Collection of Micro-organisms and Cell Cultures and was used
between passages 4 and 8. Cells were cultured in RPMI 1640 with
10% FBS in a humidified atmosphere of 5% CO, in air. The cell
density was adjusted to 10° cells per milliliter in 1 mL of serum-free
medium in 35-mm-diameter dishes. The cells were serum deprived
24 hours before the experiment. The growth medium was replaced
with FITC-conjugated NF-«B decoy encapsulated PEG-PLGA NP
suspension medium (0.5 mg/mL) and then further incubated for 1
hour. At the end of the experiment, the cells were washed 3 times
with PBS to eliminate excess NPs that were not incorporated into the
cells. Then, the cells were fixed with 10% cold methanol, and nuclei
were counterstained with propidium iodide. Cellular uptake of
FITC-conjugated NF-«B decoy-encapsulated PEG-PLGA NPs was
evaluated by fluorescence microscopy.

Human pulmonary artery smooth muscle cells (PASMCs) were
obtained from Cambrex Bio Science, Inc, and cultured as described
previously. Cells were used between passages 4 and 8. Human
PASMCs were seeded on chambered cover glasses and incubated at
37°C/5% CO, until the cells were subconfluent. The following
treatments were performed in the same manner.
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Lipopolysaccharide-Induced Activation of

Human Monocytes

Bacterial lipopolysaccharide (serotype 0111:B4; Sigma) was added
at 1 pg/mL to the cells as indicated for each experiment. NF-«xB
decoy at 5 pg/mL, NF-«kB decoy-encapsulated NPs containing 0.1
mg/mL of PEG-PLGA NP and 5 pg/mL of NF-xB decoy, or the
vehicle alone was added to the wells simultaneously. Four hours
later, the cells were washed 3 times with PBS. NF-xB pathway
activity was measured using a TransAM NF-«B p65 ELISA-based
assay kit (Active Motif). Nuclear extracts of THP-1 were prepared
with the NE-PER kit (Pierce) according to the manufacturer’s
protocol. All of the procedures were carried out at 4°C. Protein
concentration was determined by BCA assay, and 20 pg of protein
from each sample were used in the assay. Samples were placed along
with 30 pL of binding buffer on a 96-well plate to which oligonu-
cleotides containing an NF-«B consensus binding site had been
immobilized. Plates were incubated for 1 hour on a shaker. During
this time, the activated NF-«B contained in the sample specifically
bound to this nucleotide. The plate was then washed, and the NF-«B
complex bound to the oligonucleotides was detected using a primary
antibody (100 pL diluted 1:1000 in antibody binding buffer for 1
hour) that is directed against the NF-xB p65 subunit. The plate was
then washed again, 100 pL of secondary antibody (diluted 1:1000 in
antibody binding buffer) conjugated to horseradish peroxidase was
added, and the plate was incubated for 1 hour. The plate was washed
again, and 100 pL of developing solution were added. The plate was
incubated for 4 minutes away from direct light, 100 pL of stop
solution were added, and the plate was read using a plate reader at
450 nm.

Human PASMC Proliferation Assay

Human PASMCs were seeded on 96-well culture plates at 1x10*
cells per well (n=6 per group) in smooth muscle cells—basal medium
with 109% FBS. After 24 hours, the cells were starved for 48 hours in
serum-free medium to obtain quiescent nondividing cells. After
starvation, 10% FBS was added. Also, a concentration of 1 mg/mL
of NF-«B decoy only, NF-«kB decoy-encapsulated PEG-PLGA NPs
(0.05 mg/mL of PEG-PLGA and 1 mg/mL of decoy), or FITC-
encapsulated PEG-PLGA NPs was added to each well. Cells were
incubated for another 24 hours after addition of 5'-bromo-2'-
deoxyuridine. 5'-Bromo-2’-deoxyuridine incorporation was evalu-
ated by an ELISA kit from Calbiochem.

Statistical Analysis

All of the results are expressed as the mean*SEM. Statistical
analysis of differences was performed by ANOVA followed by
Bonferroni’s multiple comparison test. The survival rates were
determined by the Kaplan-Meier method. P<<0.05 was considered
statistically significant.

Results

Activation of NF-kB Expression in Patients With
PA6H and in MCT-Induced PAH Rats
Localization of NF-kB activation was examined by immuno-
histochemical studies in lung tissue from patients using the
antibody against «-p65.° An intense immunoreactivity of
a-p65 was noted primarily in alveolar macrophages and to
some extent in small pulmonary arterial lesions (mainly in
smooth muscle cells in the medium) from 4 patients with
PAH (Figure 1A and Figure S1A). This NF-xB activation
was associated with positive staining of MCP-1 and IL-6. In
contrast, none at all of a-p65 was detected in 2 control
patients whose deaths were not attributed to lung disease
(Figure S1B).

In MCT-induced PAH rats, activation NF-«kB was noted
mainly in alveolar macrophages and weakly in pulmonary
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Figure 1. NF-«B activation in patients with PAH and rats with
MCT-induced PAH and the effect of intratracheal instillation of
NF-xB decoy NPs on NF-xB activation in rats. A, Micrographs
of cross sections of the lung from patient 1 stained immunohis-
tochemically with NF-kB (a-p65), MCP-1, and IL-6. Pictures
stained with nonimmune IgG control are shown in the inset.
Scale bar: 50 um. B, Micrographs of cross sections of the lung
stained immunohistochemically with NF-«B («-p65) from normal
rats and PAH rats 7 days after MCT injection. Scale bar: 50 pm.
C, Effects of NF-xB decoy NPs on infiltration of NF-«xB («-p65)-
positive cells 7 days after MCT injection. Data are mean=SEM
(n=4 each). *P<0.01 vs PBS vs normal control.

artery lesions 7 days after MCT administration (Figure 1B
and 1C). An electrophoretic mobility-shift assay was per-
formed to detect the DNA binding activity of NF-«B (Figure
S2). The binding activity of the lung increased in rats after MCT
injection, which peaked on day 3 and decreased on day 7.

Effects of Intratracheal Treatment With NF-«B
Decoy NP on NF-kB Activation

Single intratracheal instillation of NF-«B decoy NPs, but not
FITC NPs or NF-kB decoy only, resulted in marked attenu-
ation of the increased NF-«B (a-p65) activity 7 days after
MCT injection (Figure 1B and 1C). Treatment with NF-xB
decoy NP markedly attenuated the DNA binding activity of
NF-«B after MCT injection (Figure S2).

Because NF-«kB was activated in alveolar monocytes and
small pulmonary arterial smooth muscle cells in animals and
humans with PAH, the effects of NF-kB decoy NPs on
NF-«B activity were examined in the human monocyte cell
line (THP-1) and in PASMCs in vitro (Figure S3). When
those cultured cells were incubated with FITC-labeled NF-«xB
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Figure 2. Localization of FITC after FITC-labeled NF-xB decoy
NPs postinstillation in the rat lung. A, Fluorescent micrographs
of cross sections from lung instillated with FITC only and FITC-
labeled NF-xB decoy NPs on day 3 postinstillation. Nuclei were
counterstained with propidium iodide (red). Scale bars: 100 pm.
B, Micrographs of cross sections stained immunohistochemi-
cally against FITC from lung instillated intratracheally with FITG-
NPs on days 7 and 14 postinstillation. Scale bars: 100 pm.

decoy NPs for 60 minutes, they were exclusively positive for
intracellular localization of FITC. Treatment with NF-«xB
decoy NPs, but not but with FITC-NPs only or NF-«xB decoy
only, prevented NF-«B activation in THP-1 cells and atten-
vated proliferation of human PASMCs.

Localization of FITC-Labeled NF-kB Decoy NPs
in the Lung of MCT-Induced PAH

Localization of FITC was examined after a single intratra-
cheal instillation of FITC-labeled NF-«B decoy NPs in
animals injected with MCT. Histopathologic examination of
lung sections showed that strong FITC signals were detected
only in FITC-NP-instillated lung 3 days after instillation,
whereas no FITC signals were observed in control nonin-
jected lungs or in lungs injected with FITC only (Figure 2A).
There were the FITC-positive cells in bronchi and alveoli,
alveolar macrophages, and small arteries. Immunofluorescent
staining revealed FITC signals localized mainly in small
arteries and arterioles, as well as in small bronchi and alveoli,
7 and 14 days after instillation of FITC-NPs (Figure 2B). FITC
signals were not detected in remote organs (liver, spleen, kidney,
and heart) on days 1, 3, and 7 (data not shown).

Effects of NF-xB Decoy NP on the Development of PAH
in the Rat Model of MCT-Induced PAH

As reported previously by us and by other investigators 1617
the injection of MCT results in severe PAH (increased RV
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Figure 3. Effects of NF-xB decoy NPs on RV systolic pressure
and RV hypertrophy 3 weeks after MCT injection. A, RV systolic
pressure 21 days after MCT injection in 4 groups. Data are
mean=SEM (n=6 each). *P<0.05 vs normal control. B, RV hy-
pertrophy (the ratio of RV/[LV+8]) 21 days after MCT injection in
the different treatment groups. Data are mean=SEM (n=6 each).
*P<0.05 vs normal control.

systolic pressure and RV hypertrophy; Figure 3) associated
with small pulmonary arterial remodeling (Figure 4) and
increased infiltration of ED-1-positive monocytes (Figure 4)
3 weeks after MCT injection. Single intratracheal treatment
with NF-«B decoy NPs but not with NF-kB decoy only or
FITC-NPs attenuated the development of PAH (Figure 3),
small pulmonary arterial remodeling (Figure 4), and inflam-
mation (Figure 4).

Effects of NF-kB Decoy NPs on Expression of
Proinflammatory Factors
As reported previously,?* MCT-induced PAH was associated

with increased gene expression of proinflammatory factors.
Treatment with NF-kB decoy NPs significantly reduced the
increased gene expression of MCP-1, TNF-c, and IL-1
(Figure 5). NF-kB decoy NPs tended to decrease the expres-
sion of IL-6 and intercellular adhesion molecule-1.

In Vitro NP Release Kinetics
An analysis of the in vitro FITC release kinetics from

FITC-NP showed an early burst of FITC release such that
~40% of the total amount ultimately released was present on
day 1, followed by sustained release of the remaining FITC
over the next 28 days (Figure S4).

Effects of NF-kB Decoy NPs on Survival
Treatment with NF-kB decoy NPs 21 days after MCT

injection significantly (P<<0.01) improved the survival rate
(Figure 6).
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Figure 4. Effects of NF-«xB decoy NPs on small pulmonary arte-
rial remodeling and infiltration of monocytes. A, Representative
micrographs of nonmuscularized and fully muscularized small
pulmonary arteries stained immunohistochemically against the
endothelial layer (brown) and medial smooth muscle cells (blue).
Scale bar: 50 pm. B, The percentage of fully muscularized small
pulmonary arteries in the different treatment groups. Data are
mean*=SEM (n=6 each). *P<0.05 vs normal control. C, Repre-
sentative micrographs of pulmonary alveoli stained immunohis-
tochemically for ED-1-positive monocytes. Scale bar: 50 um. D,
Infiltration of ED-1-positive monocytes into the lung (the number
of positive cells per 10 high-power field cross sections). Data
are mean+SEM (n=6 each). *P<0.01 vs normal control.

Discussion
The present study demonstrates for the first time that intra-
tracheal instillation of PEG-PLGA NPs is an excellent system
for drug delivery of NF-«kB decoy to the lung. The FITC
signals were detected not only in small bronchial tracts but
also in alveolar macrophages and small pulmonary arteries
for =14 days after a single instillation. After cellular uptake
of NPs, NPs might slowly release encapsulated decoy into the
cytoplasm as PLGA is hydrolyzed. This might protect the
encapsulated decoy from intracellular degradation before its
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arrival at the nuclear target. Our in vitro studies in cultured
human monocytes and pulmonary arterial smooth muscle
cells support this notion. Therefore, this platform nanotech-
nology may represent a novel NP-mediated drug delivery
system for treatment of severe lung diseases, including PAH.

The present study also reports a pivotal role of NF-«B in
the pathogenesis of PAH. Recently, Sawada et al'® and Huang
et al?° reported that systemic daily administration of pyrroli-
dine dithiocarbamate, a nonspecific inhibitor of NF-«kB,
attenuated the development of MCT-induced PAH. Pyrroli-
dine dithiocarbamate is known to be a low molecular weight
thiol compound and has anti-inflammatory and antioxidant
activity independent of the NF-xkB pathway. Indeed, in a
study by Huang et al,2° pyrrolidine dithiocarbamate treatment
had no effect on MCT-induced NF-«B activation. In contrast,
we found in the present study that NF-«kB is activated in
alveolar macrophages and small pulmonary arteries associ-
ated with NF-kB-dependent inflammatory factors (eg,
MCP-1, IL-1, and TNF-c) in patients with PAH and rats with
MCT-induced PAH, and blockade of NF-«B activation by a
single intratracheal instillation of NF-«B decoy NPs reduced
inflammatory changes. These data suggest that NF-«xB might
be pivotal in mediating inflammatory changes seen in PAH.

We also found that intratracheal instillation of NF-xB
decoy NPs prevented the development of PAH (increased RV
pressure, RV hypertrophy, and pulmonary artery remodeling)
in the prevention protocol. We and others have reported that
blockade of MCP-1 reduces vascular pathology after vascular
injury®2-2* and the development of PAH.>¢ In addition, as
we reported in human coronary artery smooth muscle cells in
vitro,'?¢ we found that NF-kB decoy NPs attenuated prolif-
eration of human PASMCs in vitro. Therefore, the beneficial
effects of NF-«kB decoy NPs can be attributable to inhibition
of inflammation and smooth muscle cell proliferation result-
ing from reduced NF-«B activation.

Furthermore, we found that a single intratracheal treatment
of NF-kB decoy NPs 3 weeks after MCT injection improved
survival rate in the treatment protocol, suggesting that this
NP-mediated NF-kB decoy delivery may have significant
therapeutic effects. We did not examine the therapeutic
effects of repetitive intratracheal instillation of NF-«xB decoy
NPs, because it is technically difficult to perform multiple
intratracheal instillation of this NP system in rats and other
small animals. For translation of our present findings into
clinical medicine, further studies are needed to investigate
whether repetitive delivery of NPs into lungs produces
greater therapeutic effects over time.

Several points are worth mentioning with regard to poten-
tial clinical applicability. First, from a toxicological point of
view, no adverse reactions, eg, pulmonary inflammation,
after exposure to a single intratracheal instillation of FITC-
NPs (PEG-PLGA at 1 mg per body) or NF-kB decoy NPs
(NF-«kB decoy at 50 pg per body in rats weighing 250 to
300 g) were noted in the rat model, suggesting that the NPs
used in this study may not cause an adverse reaction.
However, the 3-week observation period for this NP system
might be too short to determine its safety. Second, we
reported recently that neither intravenous injection of the
NF-kB decoy at 1 mg per body in monkeys nor deployment
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Figure 5. Effects of NF-«xB decoy NPs on mRNA levels of various inflammatory and proliferative factors 21 days after MCT injection

(n=5 each). *P<0.01 vs normal control.

of an NF-kB decoy-eluting stent (=600 pg per stent) in
rabbits showed systemic adverse effects.’> More important
are the findings of a clinical trial that we completed recently
to test the feasibility and safety of the NF-«kB decoy. The
decoy was transfected into the stented coronary artery sites at
doses of 1000, 2000, or 4000 ug per body via a channel
balloon catheter immediately after successful percutaneous
coronary intervention in 18 patients with flow-limiting coro-
nary stenosis.?” The patients showed low restenosis rates and
no evidence of systemic adverse effects during the 6-month
observation period. These data support the notion that NF-«xB
decoy can be applied in a clinical setting. Third, this NP
system itself is not suitable for inhalant therapy, because it is
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Figure 6. Effects of NF-xB decoy NPs on survival rate. Survival
rate analyzed by the Kaplan-Meier method in vehicle and NF-xB
decoy NP groups.

known that most inhaled NPs are exhaled rather than being
delivered into the lung.2® In contrast, microparticles with
aerodynamic diameters between 2 and 8 um reach small
bronchi. However, the microparticles are easily recognized
and eliminated by the mucociliary clearance system and
alveolar macrophages immediately after they reach the small
bronchi.?® In contrast, polymeric NPs escape the clearance
system of the lung when they are delivered into small bronchi
and are, thus, taken up by alveoli, macrophages, and pulmo-
nary small vessels. Therefore, to use this NP system for
inhalant therapy, we need to develop the nanocomposite
microsized particles?® that will decompose to NPs after
reaching the small bronchi.

Perspectives

This study has shown that NF-«B is activated in pulmonary
arterial lesions in patients with PAH and in rats with
MCT-induced PAH, and blockade of NF-kB by NP-mediated
NF-kB decoy delivery not only prevented the development of
MCT-induced PAH in the prevention protocol but also
improved survival rate in the treatment protocol. These data
support the notion that NF-«B plays a pivotal role in the
pathogenesis of PAH and, thus, represents a new therapeutic
target for PAH. This nanotechnology platform may be devel-
oped as a more effective and less invasive nanomedicine in
PAH therapy.
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