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Abstract

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive, and often fatal form of interstitial
lung disease. We hypothesized that the local pulmonary delivery of prostaglandin E2 (PGE2) by
liposomes can be used for the effective treatment of IPF. To test this hypothesis, we used a murine
model of bleomycin-induced IPF to evaluate liposomes which carries PGE2 topically to the lungs.
Animal survival, body weight, hydroxyproline content in the lungs, lung histology, mRNA and
protein expression were studied. After inhalation delivery, liposomes accumulated predominately
in the lungs. In contrast, intravenous administration led to the accumulation of liposomes mainly
in kidney, liver, and spleen. Liposomal PGE2 prevented the disturbances in the expression of
many genes associated with the development of IPF, substantially restricted inflammation and
fibrotic injury in the lung tissues, prevented decrease in body weight, limited hydroxyproline
accumulation in the lungs and virtually eliminated mortality of animals after intratracheal
instillation of bleomycin. In summary, our data provide evidence that pulmonary fibrosis can be
effectively treated by the inhalation administration of liposomal form of PGE2 into the lungs. The
results of the present investigations make the liposomal form of PGE2 an attractive drug for the
effective inhalation treatment of idiopathic pulmonary fibrosis.
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Introduction

Idiopathic pulmonary fibrosis (IPF), a chronic, progressive, and often fatal form of
interstitial lung disease, is the most common form of idiopathic interstitial pneumonia. [1]
IPF causes the loss of lung epithelial cells, accumulation of fibroblasts and myofibroblasts
with replacement of normal functional tissue, extracellular matrix deposition, alteration of
lung architecture. These alterations lead and pulmonary hypertension leading to substantial
impairment of respiration and gas exchange often resulting in patient morbidity and
mortality. [2, 3] Treatment of IPF represents a major clinical challenge since this disorder
does not have reliable therapeutic options and an effective therapy has yet to be identified
and developed. [2, 4, 5] Patients may ultimately require supportive oxygen therapy or
pulmonary transplantation. Consequently, the development of a novel effective treatment for
this devastating disease is urgently needed.

Prostaglandin E2 (PGE2), a cyclooxygenase-derived lipid mediator, has attracted
considerable attention for its role in the development and progression of IPF and as a
possible therapeutic agent for this disease. A role for PGE2 in the treatment of IPF is based
on the very specific and unique role that PGE2 plays in the lungs making “the lung as a
privileged site for the beneficial actions of PGE2.” [6] In other organs and tissues, PGE2
often acts as a potent pro-inflammatory mediator and is involved in pathogenesis of many
inflammatory diseases. In contrast, in the lungs, PGE2 limits the immune-inflammatory
response, inhibits specific lung fibroblast functions, their proliferation and synthesis of
matrix proteins such as collagen. Consequently, PGE2 potentially can be used for the
treatment of IPF. [6-10] Moreover, a synthetic analog of PGE2 (16,16-dimethyl-PGE2)
recently was tested using in a model of pulmonary fibrosis (intratracheal administration of
bleomycin) with promising results for treatment of IPF. [11]

Systemic delivery of PGE2 has several limitations including its short half-life in the blood
stream, low accumulation in the lungs and possible adverse side effects on other organs and
tissues. In contrast, local inhalation delivery of PGE2 directly to the lungs has the potential
to enhance the treatment of IPF by increasing its local pulmonary concentration and
preventing (or at least limiting) its penetration into the bloodstream and distribution to other
healthy organs. However, free native PGE2 cannot be delivered into the lungs by inhalation
necessitating a special dosage form or delivery system that can be inhaled. We have shown
that liposomes and some other nanoscale-based particles can be used for local inhalation
delivery of drugs, antisense oligonucleotides and siRNA, vitamins and imaging agents. [12—
15] It was observed that liposomes remain in the lungs after the inhalation delivery, limiting
penetration of the payload into the blood stream and accumulation in other organs.
Therefore, we hypothesize that the local pulmonary delivery of liposomes containing PGE2
can be used for the effective treatment of IPF and will limit its adverse side effects on other
organs. To test this hypothesis, we used a standard bleomycin-induced murine model of IPF
[16-20] to evaluate a liposomal drug delivery system which delivers PGE2 topically to the
lungs.

Materials and Methods

Materials

Egg phosphatidylcholine and cholesterol were purchased from Avanti Polar Lipids
(Alabaster, AL, USA). PGE2 was obtained from Apichem Chemical Technology Co., Ltd.
(Shanghai, China), bleomycin was purchased from Sigma Aldrich (Ronkonkoma, NY,
USA). Hairless SKH1 mice, 6-8 weeks-old, were purchased from Charles River
Laboratories (Wilmington, MA, USA).
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Liposomal Composition of PGE2

Liposomes were prepared as previously described. [13, 14, 21-23] Briefly, egg
phosphatidylcholine and cholesterol were dissolved in 4.0 ml of chloroform at 55:45 ratio.
The clear lipid solution was evaporated at 25 °C under reduced pressure. A thin layer was
formed and rehydrated using 2.0 ml of 0.3 M sodium citrate buffer (pH=4.0). The lipid
mixture was sonicated continuously for 3.0 hours. PGE2-loaded liposomes were prepared
from egg phosphatidylcholine and cholesterol (55:45 ratio) using the ethanol instillation
method. [22, 24] Dry lipids and PGE2 were dissolved in 98% ethanol at room temperature;
0.9% NaCl was added to the mixture to reach final lipid and PGE2 concentrations of 20 mM
each. The ethanol volume was 10% of final volume. Liposomes were extruded gradually
through 200 nm and 100 nm polycarbonate membranes at room temperature using an
extruder device from Northern Lipids, Inc. (Vancouver, BC, Canada). Liposomes were
separated from non-encapsulated PGE2 by dialysis against 100 volumes of 0.9% NacCl
overnight at 4 °C. The concentration of PEG2 in the liposomes was measured using PGE2
ELISA kit (ENZO Life Sciences, Farmingdale, NY, USA). The final concentration of PGE2
in the liposomes was 0.90 — 0.95 mole of PGE2 per mole of lipids demonstrating the
encapsulation efficacy of PGE2 in liposomes around 90-95%. Aliquots of each liposomal
formulation were labeled with the near infrared fluorescent dye Cy5.5 Mono NHS Ester (GE
Healthcare, Amersham, UK). The fluorescent dye was dissolved together with lipids in
chloroform. Approximate excitation/emission maxima of Cy5.5 were 675 nm/694 nm.
Portions of liposomes were labeled with osmium tetroxide (0.5%) that was added to the
rehydration buffer. The size of liposomes was measured by dynamic light scattering using a
90 Plus Particle Sizer Analyzer (Brookhaven Instruments Corp., New York, NY, USA). An
aliquot of 40 p.L of each sample was diluted in 2 mL of saline. Zeta potential was measured
on PALS Zeta Potential Analyzer (Brookhaven Instruments Corp, New York, NY, USA).
Liposomes were used at a volume of 1.5 mL. All measurements were performed at room
temperature. Each parameter was measured in triplicate and average values were calculated.
Mean diameter of liposomes was approximately 500 + 25 nm; average zeta potential was 5
+0.7mV.

Animal Model of IPF and Treatment

Experiments were performed on healthy 6-8 weeks old SKH1-hr hairless mice (20-25 g)
obtained from Charles River Laboratories (Wilmington, MA, USA). Veterinary care
followed the guidelines described in the guide for the care and use of laboratory animals
(AAALAC) as well as the requirements established by the animal protocol approved by the
Rutgers Institutional Animal Care and Use Committee (IACUC). All mice were housed in
micro-isolated cages under pathogen-free conditions at room temperature with humidity of
40 + 15% and a 12 h light/dark cycle. Mice were anesthetized via intraperitoneal injection
with 80 mg/kg ketamine and 10-12 mg/kg xylazine (Butler-Schine Animal Health Inc,
Dublin, Ohio, USA). Once anesthetized, the mouse was placed on the tilting rodent work
stand (Hallowell EMC, Pittsfield, MA, USA) in supine position and restrained in position by
an incisor loop. The tongue was then extruded via rotation with a cotton tip applicator. The
larynx was visualized using a modified 4 mm ear speculum attached to the operating head of
an ophthalmoscope (Wellch Allyn, Skaneateles Falls, NY, USA). The modified speculum,
acting in an inverted fashion as a laryngoscope blade, provided dorsal displacement of the
tongue and magnification of the laryngeal opening as described. [13, 14] Bleomycin was
administered intratracheally in doses of 0.5, 1.0, 1.5, and 2.0 U/kg. The development of
fibrosis was confirmed by histopathological analysis, measurement of hydroxyproline
concentration in lung tissues and overexpression of genes and proteins involved in the
development of IPF. Mice were treated with liposomal PGE2 by inhalation twice a week for
three weeks starting one day later after the bleomycin administration. A previously
developed instillation unit consisting of a Collison nebulizer connected to four-port, nose-
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only exposure chambers was used for inhalation delivery of liposomal PEG2. [14]
Liposomes were aerosolized at the flow rate of 2 L/min for ten min. Liposomal
concentration was 20 mM in the inhaled formulations. Animal weight was measured daily
throughout the study. After the three weeks treatment period, all mice were anesthetized
with isoflurane and euthanized. The organs (lungs, heart, liver, kidney, spleen, and brain)
were excised and used for further analysis.

Gene Expression

Mouse lungs were extracted, trachea and mainstream bronchi were separated, lungs were
frozen and homogenized. RNA was isolated using an RNeasy kit (Qiagen, Valencia, CA,
USA) according to manufacturer’s protocol. First-strand cDNA was synthesized with
Ready-To-Go You- Prime First-Strand Beads (Amersham Biosciences, Piscataway, NJ,
USA) with 1 g of total cellular RNA (from 107 cells) and 100 ng of random
hexadeoxynucleotide primer (Amersham Biosciences, Piscataway, NJ, USA). After
synthesis, the reaction mixture was immediately subjected to quantitative polymerase chain
reaction (QPCR). A standard Mouse Fibrosis RT Profiler™ PCR Array panel from
SABiosciences (Quiagen, Valencia, CA, USA) was used. The assay was performed on lung
samples from healthy mice (control), mice with lung fibrosis and mice with lung fibrosis
treated with liposomal PGE2. QPCR was performed using SYBER Green Master Mix as
detection agent. Fold change of the gene expression was measured using SABioscience
internet software which compares the expression of tested genes with that of housekeeping
genes and expresses fold change in gene expression as AACt values (AACt= ACtieated—
ACteontrol)- PCR specificity was verified by melting curve and gel electrophoresis. In
addition to the panel of genes provided in mouse fibrosis array, the expression of genes
encoding Hypoxia Inducible Factor 1a (H/F1A), von Hippel-Lindau (VHL) and pB-actin (B-
ACTIN, internal standard) was measured as previously described. [12]

Histopathologic Analysis

At the end of the experiments, the animals were euthanized, the lungs were extracted and
immediately fixed in 10% phosphate-buffered formalin. Samples were subsequently
dehydrated and embedded in Paraplast®. Five-micrometer sections were cut and stained
with hematoxylin-eosin as previously described [23, 25] and analyzed.

Immunohistochemistry

To visualize the expression of proteins, immunohistochemical staining was conducted on
paraffin-embedded slides of pulmonary tissue. Slides (5 um) were deparaffiized in xylene
for 5 min followed by progressive rehydration in 100%, 95%, 70%, and 50% ethanol for 3
min during each step. Endogenous peroxidase activity was blocked by incubating slides in
3% H,05 solution in methanol at room temperature for 10 min and washing in 300 mL PBS
two times for 5 min. The slides were then stained with anti-mouse monoclonal antibodies for
VEGF, CCL12, MMP3 and HIF1A proteins. Antibodies against VEGF (labeled with Alexa
Fluor 488 fluorescence dye) and MMP3 (labeled with FITC) were obtained from Biolegend,
San Diego, CA, USA. Antibodies against CCL12 and HIF1A (both labeled with FITC) were
purchased from Biorbyt, Cambridge, UK and from Novus Biologicals, Littleton, CO, USA,
respectively. All antibodies were used in in the dilution of 1:100. The slides were stained
using Vector M.O.M. Immunodetection Kit (Vector Lab., Inc., Burlingame, CA, USA),
visualized and photographed using a fluorescence microscope (Olympus IX71, Center
Valley, PA, USA).
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Hydroxyproline Assay

Fourteen days after bleomycin instillation, lungs were harvested, homogenized in distilled
water and examined using a Biovision hydroxyproline assay kit (Biovision, Mount View,
CA, USA). Homogenized lung tissues were hydrolyzed in 12 N HCl at 120 °C for 3 h in
pressure-tight vials. After this, 10 I of samples were allocated to a 96 well plate and dried
under vacuum. Oxidation buffer with chloramine T was added to each sample at room
temperature for 5 min, and the samples were then incubated in dimethylaminobenzaldehyde
(DMAB) reagent for 90 min at 60 °C. Samples were cooled and absorbance at 560 nm was
measured using an automated microplate plate reader. Six concentrations of hydroxyproline
standard dilutions (from 0 to 1 pg/well) were used to plot a hydroxyproline standard curve.

Content of Liposomes in Different Organs

The distribution of fluorescent-labeled liposomes was examined in mouse lungs, heart, liver,
spleen, kidneys, and brain. The organs were excised, rinsed in saline, and fluorescence was
registered using IVIS imaging system (Xenogen Corporation, Alameda, CA, USA). Visible
light and fluorescence images were taken and overlaid. The intensity of fluorescence was
represented on composite light/fluorescent images by different colors, with blue reflecting
the lowest fluorescence intensity and red — the highest intensity. Images of each organ were
then scanned and total fluorescence intensity was calculated as previously described. [13,

14, 21] Preliminary experiments showed a strong linear correlation between the total amount
of labeled substance accumulated in the organ and calculated total fluorescence intensity.
The fluorescence was expressed in arbitrary units with 1 units represented approximately 2 x
1010 photons/s/sr/cm?2. The method allows a quantitative comparison of the concentration of
the same fluorescent dye between different series of the experiments. The mass of all organs
was measured. The fluorescence intensity was normalized for organ weight.

Internalization of Liposomes by Lung Cells

Internalization of osmium-labeled liposomes by lung cells was studied by electron
transmission microscopy in lung tissue sections fixed prior to microscopy using standard
techniques as previously described [21, 23, 26, 27]. Briefly, lung tissue slices were fixed for
2 hours in Trump’s EM Fixative (combination of formaldehyde and glutaraldehyde in 0.1 M
Milloning’s Phosphate buffer, pH 7.3). Postfixation was carried out in 1% osmium tetroxide
in buffer for 1 hour followed by dehydration in graded ethanol series and embedment in
Spurr’s Low Viscosity Resin. Sections were prepared using a diamond knife on a LKB-2088
Ultramicrotome (LKB-Produkter/Bromma, Sweden). Observation and micrographs were
made with a JEM-100CXII Electron Microscope (JEOL Ltd., Tokyo, Japan).

Statistical Analysis

Results

Data were analyzed using descriptive statistics and single-factor ANOVA, and are presented
as a mean £ SD from five independent measurements. Five to ten animals were used in each
experimental group. We analyzed data sets for significance with Student’s ¢test and
considered Pvalues of less than 0.05 as statistically significant.

Selection of Bleomycin Dose

In order to select an appropriate dose of bleomycin, four doses (0.5; 1.0; 1.5; 2.0 U/kg) were
tested. Bleomycin was instilled intratracheally and mice were observed for 21 days after the
instillation. The dose of 2.0 U/kg led to the death of 100% of animals within 21 days (Figure
1A). The doses of 1.5 and 1.0 U/kg induced death of 50 and 25% of animals, respectively.
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The lowest tested dose (0.5 U/kg) did not induce animal death. Based on these results, 1.5
U/kg dose of bleomycin was selected for the main experiments (Figure 1A and B).

Validation of IPF Model

Changes in animal body weight, hydroxyproline content in the lung tissue and lung
histology were used as hallmarks of the development of IPF in experimental animals after
the instillation of 1.5 U/kg bleomycin. It was found that three weeks after the instillation, the
body weight of animals decreased to 75% (P < 0.05) of its initial value (Figure 2A). At the
same experimental point, the concentration of hydroxyproline in the lungs increased in 2.6
times (Figure 2B). Histological analysis of control lung tissue demonstrated widely patent
alveoli without inflammation or edema (Figure 3A). The bronchi were also patent. Lungs of
animals instilled with bleomycin (Figure 3B) showed consolidation of the pulmonary
architecture, with early fibrotic thickening of the alveolar walls, ablation of the alveolar
space, and edema. Chronic inflammatory cells and fibroblasts were readily apparent within
the affected areas. Taken together, these data clearly confirm the development of marked
lung fibrosis in experimental animals subjected to bleomycin.

Body Distribution and Accumulation of Liposomes in the Lungs

The average size of liposomes used in the present study for inhalation was 500-600 nm.
Previously we demonstrated that liposomes remain predominately in the lungs for a long
period of time (approximately one week) after inhalation. [13, 14] In order to confirm the
preferential pulmonary accumulation of the liposomes used in the present study, we
determined organ content of fluorescently-labeled liposomes using the 1VIS imaging system
(Figure 4). Inhalation delivery was compared with intravenous instillation of similar
liposomes. It was found that 24 hours after intravenous instillation, liposomes accumulated
predominately in the kidneys and liver, while substantially lesser accumulation was found in
the spleen, heart and lungs. Only trace amount of liposomes registered in the brain. In
contrast, after inhalation delivery, liposomes were retained in the lungs with minimal
amounts found in other organs including the liver, kidneys, spleen, heart and brain. These
data confirmed the favorable distribution of inhaled liposomes and formed the basis for the
use of such liposomes as carriers to deliver PGE2 locally to the lungs and limitation of
possible adverse systemic effects of PGE2. In order to study the penetration of liposomes
into lung cells after inhalation, lipid membrane of liposomes was labeled by osmium
tetroxide and visualized in lung tissues by transmission electron microscopy (Fig. 4C).
These data clearly showed that liposomes did penetrated lung cells after inhalation and
accumulated in the cytoplasm.

Treatment of IPF with Liposomal Form of PGE2

In order to estimate anti-fibrotic effect of liposomal PGE2, we investigated the influence of
this preparation on body weight, hydroxyproline content in the lungs and mortality of
animals with IPF, induced by a single intratracheal instillation of bleomycin. Inhalation of
healthy mice with empty liposomes did not influence on animal survival. Treatment with
liposomal PGE2 prevented the decrease in the body weight of experimental animals induced
by bleomycin (Figure 2A). The difference between body weight in bleomycin-treated
animals with IPF (Figure 2A, bar 2) and animals instilled with bleomycin and treated with
liposomal PGE2 (Figure 2A, bar 3) was statistically significant (P< 0.05). A therapeutic
action of liposomal PGE2 was also confirmed by the measurement of hydroxyproline
content in the lungs. Treatment of animals with IPF by liposomal PGE2 significantly
decreased (P < 0.05) the hydroxyproline content in lung tissues by 1.3 fold (Figure 2B).
However, the content of hydroxyproline in the lung tissues still was significantly (£ < 0.05)
higher when compared with healthy control mice (compare bars 3 and 1 in Figure 2B).
Inhalation of healthy mice with empty liposomes did not change body weight and the

Eur J Pharm Biopharm. Author manuscript; available in PMC 2014 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

lvanova et al.

Page 7

hydroxyproline content in lung tissues. Inhalation treatment of animals with liposomal
PGE?2 substantially limited lung tissue damage induced by bleomycin (Figure 3C). Some
mild thickening of the alveolar septa was noted focally, and in some areas mild fibrosis
could still be observed. However, both the extent and severity of the fibrotic process were
reduced in this group. Edema was minimal and only focal inflammation was present.
Finally, inhalation treatment of animals with pulmonary fibrosis by liposomal PGE2
completely prevented the mortality of experimental animals (Figure 1B).

Gene and Protein Expression

In order to examine mechanisms of the development of fibrosis induced by intratracheal
instillation of bleomycin and protective effect of liposomal PGE2 delivered to the lungs by
inhalation, we studied the profiles of the expression of 84 key genes involved in tissue
remodeling during wound repair and development of fibrosis. The data obtained using the
standard Mouse Fibrosis RT Profiler™ PCR Array panel showed that after instillation of
bleomycin, 24 studied genes were upregulated by more than 5 times while 7 out of 84 genes
were downregulated more than 5-fold (Figure 5A). Data showed that transforming growth
factor (TGF)-mediated cell signaling was impaired in mice after the instillation of
bleomycin. While the expression of genes encoding different types of TGF proteins was
practically unaffected, the expression of proteins associated with TGF receptors and their
second messengers (ENG, TGFBR2and SMADEG genes, Figure 5A, #5, 65, and 73,
respectively) was significantly downregulated. In addition to TGF signaling, the expression
of genes encoding vascular endothelial growth factor (VEGF), integrin alpha-1 (/7GAI),
calveolae protein (CA V) signal transducer and activator of transcription 6 (S7TAT6) were
also decreased (Figure 5A, #45, 54, 68, and 83, respectively). In contrast, the expression of
genes encoding the following functional groups of proteins was substantially increased after
bleomycin instillation: plasminogen and plasminogen activator (PLG and PLAU, Figure 5A,
#10 and 11), several matrix metalloproteinases (MMP13, MMP1A, MMP3, MMPS, and
MMPY, Figure 5A, #15, 17, 19, 20, and 21) as well as tissue inhibitor of metalloproteinases
(7IMP1 - Figure 5A, #22), angiotensinogen and a member of the TGF-beta family (AGT
and BMP7, Figure 5A, #26 and 27), chemokines (CCL11and CCL12, Figure 5A. #33 and
34), gamma interferon (/FNG, Figure 4A, #36), several interleukins (/L10, IL13, IL1B, IL4,
and /L5, Figure 5A, #37, 38, 40, 41, and 24, respectively) and interleukin 13 receptor
(/L13RAZ, Figure 5A, #53), inhibin (/NHBE, Figure 5A, #43), tumor necrosis factor and its
ligand (7N/Fand FASL, Figure 5A, #44 and 69), integrin (/7GBS, Figure 5A, #62) and
transforming growth factor-beta-induced factor ( 7G/F1, Figure 5A, #84). The
overexpression of CCL12and MMP3 genes measured by QPCR was really significant.
Consequently, in order to confirm these findings, we measured the expression of
corresponding proteins. In addition, three other proteins (VEGF, hypoxia inducible factor 1
alpha, HIF1A, and von Hippel-Lindau, VHL) that are extremely important for the
development of lung damage and its compensation were also analyzed.
Immunohistochemical measurement of the expression of chemokine CCL12 and matrix
metalloproteinase MMP3 confirmed that bleomycin instillation induced overexpression of
both proteins (Figure 6). The data obtained showed that VEGF protein expression was
substantially decreased after instillation of bleomycin (Figure 6). It was found that
instillation of bleomycin led to the overexpression of H/F1A and suppression of VHL genes
(Figure 7). Analysis of the expression of HIF1A protein (immunohistochemistry) supports
RT-PCR finding and show that the expression of this protein was also upregulated after
bleomycin instillation (Figure 6). Notably, that treatment of mice with liposomal PGE2
delivered by inhalation after instillation of bleomycin almost completely eliminated the
aforementioned disturbances in gene and protein expression (Figures 5B, 6 and 7).
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Discussion

The present study shows that intratracheal instillation of bleomycin at dose of 1.5 U/kg
induces extensive lung fibrosis. As expected, the development of fibrosis was initiated by a
marked pulmonary inflammation with subsequent transition into fibrosis. The sequence of
the process was confirmed by morphological features of inflammation and overexpression of
several genes involved in the development of inflammation. In fact, several chemokines,
inflammatory cytokines and interleukins were overexpressed following bleomycin
treatment. It was shown previously that chemokines are important in the pulmonary
recruitment of granulocytes and are essential in the pathogenesis of bleomycin-induced lung
fibrosis. [28] Moreover, interferon-gamma, an inflammatory cytokine, was implicated in the
development of fibrosis in inflamed tissues. [29] The gene encoding this protein was also
overexpressed after instillation of bleomycin. In addition, all analyzed genes encoding
interleukins were overexpressed in the lungs after bleomycin treatment. It is well known that
interleukins are important mediators of inflammation and remodeling in the lungs. In
particular, it was found that the overexpression of interleukin IL10 in the lung causes
mucosal metaplasia, tissue inflammation, subepithelial fibrosis and airway remodeling via
IL13-dependent and -independent pathways. [30] IL13-depended pathway was definitely
involved in the development of fibrosis after inflammation in the present study. The
registered overexpression of the /L 13 gene as well as gene encoding IL3 receptors
(/L13RA2) supports this suggestion. Interleukin 13 is considered to be a major inducer of
fibrosis in several different disease conditions. [31-34] The activation of inflammation and
its transition to fibrosis was associated with the overexpression of several matrix
metalloproteinases (collagenases/gelatinases). It is possible that such activation was
compensatory and directed to the degrading of fibrillar collagens in order to limit their
accumulation during pulmonary fibrosis. However, the activation of these enzymes might
also enhance tissue damage during IPF. [35-37] Therefore, the present experimental data
support the observation that pulmonary fibrosis is preceded by a chronic inflammatory
process which induces lung injury, modulates fibrogenesis, provokes fibrosis and leads to
the formation of the fibrotic scar. [36]

It is generally assumed that the transforming growth factor-beta (TGFB) family of receptors
may play an important role in the initiation of the signal transduction events leading to
mitogenic responses and initiation of fibrosis by induced myofibroblast differentiation. [7,
32, 38-41] However, experimental data suggest that this signal transduction pathway
probably did not have a significant impact on the development of pulmonary fibrosis in the
present study because genes encoding proteins and receptors involved in these pathways
were either practically unchanged or downregulated after the instillation of bleomycin. Only
TGIF1 and bone morphogenetic protein-7 (a member of the TGFB superfamily) were
substantially upregulated, suggesting that other than TGFB receptor-initiated signaling
pathways might be involved in the development of fibrosis. A second important mediator of
inflammation and fibrosis, tumor necrosis factor (TNF), a multifunctional proinflammatory
cytokine secreted predominantly by monocytes/macrophages, was upregulated along with
tumor necrosis factor ligand superfamily member 6 (encoding by the FASL or TNFSF6
gene) after bleomycin treatment. These proteins are known to mediate the transition from
pulmonary inflammation to fibrosis as well as to induce apoptosis. [42-44]

Several other signal transduction pathways activated in the lung after instillation of
bleomycin, including inhibins, angiotensinogens and integrins, might also be involved in the
development of pulmonary fibrosis and tissue damage in the present experimental model.
[30, 39, 45-47] It is generally believed that fibrosis is accompanied by hypoxia and major
hypoxic signaling pathways initiated by HIFLA and VHL proteins contribute in the
development and compensation of fibrotic damage. [48-56] In many cases, it was found that
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tissue hypoxia promotes fibrosis and HIFA-associated signaling pathways of hypoxia are
involved on the development of fibrosis in the liver and lungs. We found that bleomycin
induces overexpression of HIF1A gene and protein and inhibits the expression of its
counterpart — the VHL gene, supporting the role of HIF1A signaling pathways in the
development of lung fibrosis. It was found that, independently of HIF1A, pVHL protein
encoded by the VHL gene might be directly involved in the development of IPF. [56]
However, it is unlikely that this mechanism was involved in the present study because the
VHL gene was suppressed in lung tissues following instillation of bleomycin. It was also
found that the overexpression of HIF1A protein can promote the development of IPF via
TGF-beta-signaling pathways. [55] However, it is unlikely that this pathway was involved in
the present study because, as noted above, genes encoding proteins and receptors involved in
this pathway were either unchanged or downregulated after the instillation of bleomycin.

The present experimental studies demonstrate, for the first time, that treatment of pulmonary
fibrosis by liposomal PGE2 delivered by inhalation results in increased survival, limitation
of all studied symptoms of IPF developed after intratracheal instillation of bleomycin. The
data show that liposomal PGE2 delivered locally to the lungs eliminated the decrease in the
body weight, substantially limited hydroxyproline content in the lungs, disturbances in the
MRNA and protein expression, restricted lung tissue damage and completely prevented
animal mortality. These preventive effects of PGE2 can be a result of its ability to limit
fibroblast proliferation, activation, migration, collagen secretion, and/or myofibroblast
differentiation. [6—10] Similar results were recently obtained after treatment of bleomycin-
induced IPF in mice by continuous subcutaneous infusion of free non-bound synthetic
analog of PGEZ2. [11] In an independent study, orally administered losartan, an angiotensin
Il type 1 receptor antagonist, led to similar effect by increasing the level of PGE2 in the
lungs. [57] These experimental data support our findings and underscore the therapeutic
promise of treatments for IPF based on increasing the level of PGE2 in the lung tissues. It is
highly likely that the normalization of the expression of many genes encoding proteins
responsible for inflammation and fibrosis after bleomycin instillation observed in the present
study plays a central role in the prevention of lung injury and animal mortality. Suppression
of HIF1A protein by liposomal PGE2 might also play a role in limiting fibrotic damage of
lung tissue. The exact mechanisms of the protective action of liposomal PGE2 require more
detail study.

In summary, our data provides evidence that pulmonary fibrosis can be effectively prevented
by the inhalation delivery of liposomal form of PGE2 locally into the lungs. The results of
present investigations make liposomal form of PGE2 an attractive drug for inhalation
treatment of idiopathic pulmonary fibrosis.
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Figure 1.

Survival of mice (Kaplan-Meier survival plot) after inhalation exposure to bleomycin. A —
Selection of bleomycin dose. Mice were instilled intratracheally once with different
concentrations of bleomycin. The dose of 1.5 U/kg that led to death of 50% of animals was
selected. B — Inhalation treatment of mice with experimental lung fibrosis by liposomal
PGE2 (Lip PGE2) prevents animal mortality. Inhalation of healthy mice with empty
liposomes did not influence on animal survival. Lung fibrosis was induced by intratracheal
instillation of 1.5 U/kg of bleomycin. Mice were treated with liposomal PGE2 twice a week
for three weeks starting one day after the bleomycin administration.
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Figure 2.

Influence of inhalation treatment with liposomal PGE2 on body weight (A) and
hydroxyproline content in the lungs (B). Lung fibrosis was induced by intratracheal
instillation of 1.5 U/kg of bleomycin. Mice were treated with liposomal PGE2 twice a week
for three weeks starting one day later after the bleomycin administration. At the end of
treatment, lungs were harvested, homogenized and hydroxyproline content in the lungs was
measured. 1 — Healthy mice (control); 2 — Healthy mice treated by inhalation with empty
liposomes; 3 — Mice instilled with bleomycin (1.5 U/kg); 4 — Mice instilled with bleomycin
(1.5 U/kg) and treated by inhalation with liposomal PGE2. Means + S.D. are shown. *P<
0.05 when compared with control (1). T2< 0.05 when compared with mice with fibrosis (2).
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2o

C. Mice injected with bleomycin
bleomycin (1.5 U/kg) (1.5 U/kg) and treated by
inhalation with liposomal PGE2

Figure 3.

Lung histology. A- Healthy mice (control). B-Lung fibrosis was induced by intratracheal
instillation of 1.5 U/kg of bleomycin. C-Mice were treated with inhalation of liposomal
PGE2 within 3 weeks twice a week starting one day later after the bleomycin administration.
At the end of experiment, lungs were harvested and fixed in 10% phosphate-buffered
formalin. Samples were subsequently dehydrated and embedded in Paraplast®. Sections (5
pLm) were cut, stained with hematoxylin and eosin. Representative images are shown (10X
magnification).
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Figure4.

Inhalation delivery of liposomes to mouse lungs. A, B - Relative tissue content of liposomes
delivered to mice by intravenous instillation (A) or inhalation (B). Liposomal content was
registered in organs 24 h after inhalation. C - Localization of liposomes in the mouse lung
tissues after the inhalation delivery. Liposomes were labeled by osmium tetroxide and
visualized by electron transmission microscopy.
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Figurebs.

Gene expression measured by the Quantitative Polymerase Chain Reaction (QPCR). The
QPCR was performed using a standard Mouse Fibrosis RT Profiler™ PCR Array panel.
Lung fibrosis was induced by intratracheal instillation of 1.5 U/kg of bleomycin. Mice were
treated by inhalation delivery of liposomal PGE2 twice a week for three weeks starting one
day later after the bleomycin administration. A — Mice instilled with bleomycin (1.5 U/kg);
B — Mice instilled with bleomycin (1.5 U/kg) and treated by inhalation with liposomal
PGE2.). Means + SD are shown.
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Expression of proteins (immunohistochemistry) in lung tissues. Representative images of
tissue sections stained with antibodies against VEGF, CCL12, MMP3 and HIF1A proteins
(10X magnification) and average expression of corresponding proteins. High intensity of the
color indicates high protein concentration. Lung fibrosis was induced by intratracheal
instillation of 1.5 U/kg of bleomycin. Mice were treated with liposomal PGE2 twice a week
for three weeks starting one day later after the bleomycin administration. 1 - Healthy mice
(control); 2-Mice instilled with bleomycin (1.5 U/kg); 3 - Mice instilled with bleomycin (1.5
U/kg) and treated by inhalation with liposomal PGE2. Means + SD from are shown. *P<
0.05 when compared with healthy mice (control). T2< 0.05 when compared with mice

instilled with bleomycin.
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Figure?7.

Gene expression analyzed by RT-PCR. Representative images of gel electrophoresis of RT-
PCR product and average expression of genes encoding hypoxia inducible factor 1a
(HIF1A), von Hippel-Lindau (VHL) and B-actin (B-ACTIN, internal standard) proteins. 1 -
Healthy mice (control); 2-Mice instilled with bleomycin (1.5 U/kg); 3 - Mice instilled with
bleomycin (1.5 U/kg) and treated by inhalation with liposomal PGE2. Means + SD from are
shown. *P < 0.05 when compared with healthy mice (control). T2< 0.05 when compared
with mice instilled with bleomycin.
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