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V. Summary

Pulmonary fibrosis (PF) is an irreversible and édyguntreatable human
disease with the causes often remaining unknowosptodiesterase 4 (PDE4) is
involved in the processes of inflammation, cell lfecation, differentiation and
migration that are known to play an important rioidissue fibrosis. The aim of the
study was, therefore, to determine the expresdi®?b&4 under conditions of PF and
to investigate the effects of PDE4 inhibition onndtional, histological and
biochemical parameters in experimental PF.

Pulmonary fibrosis was induced by cytostatic arwfiprotic agent bleomycin
in C57BL/6N mice. Expression profiles of the difat PDE4 isoforms were
analyzed at mRNA and protein levels in lungs witthbexperimental and human PF.
Animals were treated with the selective PDE4 irtbibcilomilast and/or vehicle and
treatment effects were examined by means of braiebolar lavage fluid (BALF)
differential cell count, mRNA analysis for lung tomnecrosis factor (TNF);
interleukin ~ (IL)-18, IL6, pulmonary compliance measurement, quantified
pathological examination of the lungs, collageragssnd survival analysis.

Analysis of PDE4 expression showed significant gplation of
inflammation-related PDE4 isoform in lungs with Ibdtuman and experimental PF.
Treatment of mice with cilomilast resulted in sitggant reduction in total number of
cells, number of macrophages and lymphocytes, diuneutrophils, in BALF at early
inflammatory fibrosis stage (days 4 and 7). LungF&Nbut not IL1, level was also
significantly reduced by cilomilast while level 86 was significantly elevated. At
later stage (days 14 and 21) cilomilast-treatedendemonstrated improved lung
function and lesser fibrosis degree compared totreated group. Lung collagen
content and overall survival were also partiallstoeed by treatment with cilomilast.

Our results suggest that selective PDE4 inhibitisappresses early
inflammatory stage and has the potential to attentize late stage of pulmonary
fibrosis in experimental fibrosis and thus may ofée new therapeutic option for

patients with PF.
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V. Zusammenfassung

Die Lungenfibrose ist eine progressive und meistédkche Erkrankung, fur die
es noch immer keine effektive Behandlung gibt. Pi®sphodiesterase 4 (PDE4) spielt
bei verschiedenen zellularen Prozessen wie Entzighderoliferation, Differenzierung
und Migration eine wichtige Rolle. Das Ziel der Megenden Arbeit war die
Untersuchung der Rolle der PDE4 in der experimiarteFibrose. Dazu erfolgten
Untersuchungen zur Expression der PDE4 in fibrbéscLungen und Uberprifung des
Effektes einer PDE4-Hemmung auf funktionelle, Hmgsche und biochemische
Parameter in einem experimentellen Modell der Kéro

Dazu wurde eine Lungenfibrose in C57BL/6N Méausemclklueine einmalige
Gabe von Bleomycin induziert und die Expressionwggschiedene PDE4 Isoformen auf
MRNA- und Proteinebene bestimmt. Die Versuchstereden weiterhin mit dem
selektivem PDE4-Hemmstoff Cilomilast oder mit detad@bo behandelt. AnschlieRend
wurden die Behandlungseffekte durch Zellzéhlunglenchoalveolaren Lavage (BAL),
Genexpressionsanalyse der Zytokine Tumor-Nekro&&F4TNF) o, Interleukin (IL)
1B, IL6, pulmonale  Compliance-Messung, quantifiziertepathologische
Lungenuntersuchung, Kollagenanalyse und die Ubenistiauer untersucht. Begleitende
Untersuchungen zur Expression der PDE4 Isoformiaigéen am explantierten Gewebe
von Patienten mit Lungenfibrose.

Die Genexpressionsanalyse der PDE4 zeigte eindikagn erhdhte Expression
der entziindungsbedingten Isoformen in Maus- und &hlmmge mit Lungenfibrose. Die
Behandlung mit Cilomilast fihrte zu einer signifikan Reduktion der totalen
Zellnummer, der Nummer von Makrophagen und Lymphkazy nicht aber der
Neutrophilien, in der BAL in der frihen Krankheitgse (Tage 4 und 7). Der
Zytokinspiegel von TNE& wurde signifikant gesenkt, wéhrend die Spiegel kdrf und
IL6 unveréndert blieben. In der spateren Krankpei#se (Tage 14 und 24) zeigten die
Cilomilast-behandelten Mause eine verbesserte Lnfongktion und weniger Fibrose, im
Verglech mit unbehandelte Tieren.

Zusammenfassend kann man sagen, dass im experieentdodell der
Lungenfibrose eine selektive Hemmung der PDE4 dighe Entzundungsreaktion
unterdriickt und mdglicherweise die spatere Krartkphase abschwéacht. Dies kdnnte
daher eine neue Behandlungsmdglichkeit zur Thedgrid.ungenfibrose darstellen.
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1. Introduction

1.1. Pulmonary fibrosis

Pulmonary fibrosis represents a number of disedisas involve gradual
replacement of the normal lung architecture by ectine tissue and mesenchymal
cells (scarring). It ultimately affects lung intetism - the tissue compartment
between endothelium of capillaries and epitheliunaleeoli. Typical symptoms of
PF include shortness of breath, nonproductive (coygh and fatigue [1-3].

According to the new classification proposed by Aicaen Thoracic Society
and European Respiratory Society in 2002 (Fig. dljnpnary fibrosis embraces a
category of diseases named idiopathic intersfitredumonias (IIP), which in turn is a
part of large group of diffuse parenchymal lungedises (DPLD), or interstitial lung
diseases (ILD). The most common form of PF in Begory is idiopathic pulmonary

fibrosis (IPF) [4].

Diffuse Parenchymal Lung Disease

I
[ | [ 1

DPLD of known Idiopathic Granulomatous Other forms of DPLD
cause e.g. drugs interstitial DPLDe.g. e.g. LAM, HX etc.
or association e.g. pneumonias sarcoidosis
collagen vascular disease

[
[ ]

Idiopathic IIP other than
pulmonary idiopathic
fibrosis pulmonary fibrosis

Desquamative interstitial | | | Respiratory bronchiolitis
pneumonia interstitial lung disease

Acute interstitial | | Cryptogenic
pneumonia organising pneumonia

Nonspecific interstitial || Lymphocytic
pneumonia (provisional) interstitial pneumonia

Fig. 1. Current classification of interstitial lung diseases [4].
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IPF is a disease of unknown etiology affecting iy males with
prevalence of about 20 per 100,000 individuals fg]least 5,000,000 people suffer
from this disease worldwide with more than 200,886es in the United States alone
[1]. In the United States PF mortality rates hagerbincreasing from 1970s to 1990s
and have dramatically increased since 1990s [6].dffects individuals of any age,
however typically patients are in their forties diities when diagnosed [1] and risk
rapidly increases with the age [2]. PF, namely g@iedi interstitial lung disease
(PILD) has also been diagnosed in children of tkas one year of age [7]. In most
of the cases, etiology of PF remains unknown andldfinition, the most common
form of PF is idiopathic (unknown cause) pulmonébyosis, or IPF [2, 4]. Risk
factors for developing PF identified so far includeronic aspiration of asbestos,
wood and metal dusts [8], high doses of ionizingqdration [9] or drug-related
toxicity [10].

1.1.1. Characteristics of pulmonary fibrosis

Lung function

PF patients show decline in gas exchanggJJ&xnd reduction in total lung
volume (TLC) that is reflected in 6-min walk disten(6MWD) test. Pressure-volume
graphs (lung compliance) indicate increased aissanee during inflation suggesting

stiff non-compliant lung [2-3,11-12].

Bronchoalveolar lavage

Bronchoalveolar lavage fluid (BALF) extracted froRF patents contains
higher number of total cells. In particular, eleadtlevels of granulocytes
(neutrophils) and monocytes (activated macrophages)well as cytokines and
growth factors for fibroblasts are observed inlthegs of PF patients. Although less

common, number of lymphocytes is also known tonoegased [2,12-21].
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Pathology

PF patients demonstrate abnormal chest radiograpbroputer tomography

pattern with ground-glass opacities indicating @efilsrosis areas [3,22]. Biopsy or

post mortentissue examination show presence of chronic infiaton. Each ILD

has its specific histological appearance, beingcase of IPF usual interstitial

pneumonia (UIP) [4] with thickened interstitium iltated by inflammatory cells.

Fibrosis areas are composed of masses of conndistsue, with the collagen being

the major component [24], and “fibroblast foci”. &Hatter represent the dense

structures with myofibroblasts aligned in paradletl are believed to be the centers of

ongoing injury (Fig. 2).
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Fig. 2. Histological images of normal (left) and IPF (right) lungs.
Fibroblast focus is present in the center of IRfglaection, magnification x200.

With the time patchy fibrosis is being transformedo massive tissue

distortion. So-called “honeycombing” is observedadér PF stages and represents

terminal remodeling with non-functional cysticaltlated bronchioles containing

mucus and inflammatory cells (Fig. 3) [2,22-23]
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Inflammation in pulmonary fibrosis

Chronic inflammation is a hallmark of PF and thesance of increased
amounts of inflammatory cells both in alveolar spand lung interstitium is well
described. Under normal conditions macrophagesereéifitiated from blood
monocytes represent the major defense cell populati the lung while granulocytes
(neutrophils) and lymphocytes are generally nos@né In contrast, number of all
inflammatory cells is dramatically increased in BAAQf PF patients with boost in the
number neutrophils and lymphocytes. In generaljirmnease in total BALF cell
number is mostly accounted for macrophages, howeaximal relative increase is
accounted for granulocytes and lymphocytes, ofeaching 100s-fold. [2,12-13,16-
17]

Fig. 3. Lung with end-stage pulmonary fibrosis and honeycombing [3].

Macrophages are believed to play crucial role isue fibrosis. Once

activated they, together with lymphocytes, secegtekines such as TNFand IL13
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that stimulate proliferation and migration of othecells, such as
fibroblasts/myofibroblasts, and, therefore, promb$sue remodeling and fibrosis.
Neutrophils play an important role in tissue remidgeas well. They are the potent
sources of primary (elastase and myeloperoxyda&&Mind secondary (collagenase
and lactoferrin) granule enzymes, as well as hmfcentrations of oxidants [12,25].
Thus, in contrast to macrophages, neutrophils tekres may mediate severe tissue
remodeling and distortion as it is seen, for insgamn case of COPD [26].

Neutrophil elastase (NE) is released by neutroptolgether with other
granule enzymes. It is capable of tissue damagmagremodeling through activation
of matrix metalloproteases (MMPS). Indeed, PF p&tidiave higher concentrations
of proteolytic granule enzymes, such as MPO, cehage, NE, lactoferrin in BALF
[12], as well as increased NE levels in plasma lamng tissue [14]. Interestingly,
mice lacking NE are resistant to experimental pularg fibrosis [27].

TNFa is a cytokine that is largely secreted by macrgpkaalthough other
sources include alveolar epithelium type 1l ceA&ECII) and fibroblasts [15-16,21].
Binding of TNF activates inflammatory response tigio nuclear factor (NF)-kB
pathway and proliferation and differentiation thgpbuMAPK-pathway [25]. TNF
directly stimulates lung fibroblasts proliferaticnd production of major lung
collagen types, namely 1 and 3 [28-29]. Its prossid mMRNA production is elevated
in the lungs and BALF of IPF patients [15-16,21ofdover, inhibition of TNF by its
soluble receptor was alone sufficient to attendten mice [30].

IL1pB is also produced by macrophages [15].fLstimulates expression of
adhesion factors on endothelial cells, as well w®phocyte maturation and
proliferation. It also stimulates proliferation @broblasts and their production of
collagen [28]. Alveolar macrophages (AM) isolatedn lungs of IPF, sarcoidosis or
asbestos-induced lung disease patients secreterhéyels of this protein [15,18].

IL6 is released primarily by T-cells and macroplage response to TLR
stimulation but can also be secreted by fibrobld46,28]. It is presented at
significantly higher concentrations in the lungs BfF patients [15,17,19-20].
However, the role of IL6 in tissue remodeling andflammation remains

controversial: it was shown both to elicit and s@sg inflammation [31-32].
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Interestingly, the action of the mentioned cytokiredso depends on their
combination. As such, TNF and IL1 individually stitate fibroblast proliferation.
However, when combined they cause inhibition oflifexation and inhibition of
collagen 1 and 3 production. Fibroblasts also startlucing IL6 when stimulated by
IL1 or TNF and the combination of the two stimutateem even further [28].

1.1.2. Molecular aspects of pulmonary fibrosis

Molecular mechanisms of PF remain unclear. Howegeme consistent
pathological events at cellular and molecular lénale been well described (Fig. 4).

In general, lung alveolar epithelium is damagedPk and this particularly
involves the loss of AECI and hyperplasia of AEQ3B]. Fibroblasts might be
involved in this process since, when isolated fri®*R lungs, they were shown to
induce epithelial apoptosi® vitro [34]. Alveolar damage is accompanied by the
presence of pro-coagulatory and pro-inflammatorjirenment in lungs with PF. For
instance, tissue factor (TF) and plasminogen attivimhibitor (PAI)-1 and -2 are
strongly expressed by IPF alveolar epithelial daf.

On the other hand, fibroblasts isolated from PFRgtushow higher rate of
proliferation and increased resistance to apoptf38 However, the question of
increased survival of IPF fibroblasts is still camversial. For instance, some authors
could observe higher apoptosis rate and decreasétemtion rate in IPF fibroblasts
[37]. In general, recent hints indicate that RASFRRMEK/ERK pathway (Ras
inhibitor, Rho and p-38 MAPK) is involved in PF [38].

It was shown in PF that fibroblasts differentiateimyofibroblasts which are
characterized by intermediate state between filagibl and smooth muscle cells
[21,37,41]. Fibroblasts are believed to be attihétg inflammatory cells and AECII
through pro-fibrotic mediators, such as T®AGH and PDGF, which stimulate
their migration and differentiation into myofibraisits [15-16,28-29]. Indeed,
fibroblasts/myofibroblasts isolated from PF lungsmenstrate increased migration

capacity [42].
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Alveolar epithelial cells
Increased apoptosis
Dysregulated proliferation
Ineffective migration

n\\_'/ "

¥
& ATGF-p1 ATGF-p1 <
t‘f ATNFo, PDGF A PDGF S+ *®
'®» VPGE, 4 ROSRNS
) P

Dysregulated
epithelial-
mesenchymal
communication

o - > ; Fibroblasts/yofibroblasts
Tlr[]\%lF(’) er};scl)ns S APAL-1, TIMPs Myofibroblast differentiation
ch S‘k' - O _9 VYuPA Resistance to apoptosis
RIS \j L Enhanced ECM secretion
/ROSRNS ‘V"\\ Type-2 cytokines :ncreaseg mig;lr?tior'! (early)
/" Soluble mediators \ (IL-4, 1L-13) ncreased proliferation (unproven)

o | wes )
< L {";9
A4

Fig. 4. Dysregulated cell signaling in pulmonary fibrosis [48].

It was long believed that the interstitium is tlwdessource of myofibroblasts
in PF. Recent studies, however, showed that AEChimigans-differentiate into
fibroblasts via the process of epithelial-to-me$gmegal transition (EMT)in vivo
during the course of PF [43-44]. Other cell typsgch as circulating fibrocytes,
might also serve as a potential source of fibrablasPF [45].

Extracellular matrix (ECM) homeostasis is knownb® dysregulated in PF.
Namely, expression of macrophage- and fibrobldsted MMP1 and -9 is higher in
PF [37,46-47]. This imbalance, in turn, is believiedlead to tissue remodeling
through facilitated mesenchymal cell migration amasal membrane destruction
[23,48]. Another side of ECM homeostasis distortionPF involves significantly
higher lung collagen levels and fibroblasts areelved to be its major source [24,37].
However, some reports show that IPF and normablilasts synthesize similar

amounts of collagens [49].
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Based on these findings two hypotheses for theldpweent of PF have been

proposed so far. The classical “inflammatory” hyyastis states that tissue damage in

general, and fibrosis in particular, results frolmanic inflammation that is left

untreated. Newer so-called

“epithelial/mesenchymdlypothesis states that

inflammation itself is not necessary for the depetent of fibrosis. Instead, internal

dysregulation of growth/survival pathways, involyifior instance TGP, is alone

sufficient to cause PF. This hypothesis, howevaggssts the presence of some

unknown “injury” that triggers the abnormal woundaling process. Therefore, full

understanding of the pathological process islstking [23,48,50].

1.1.3. Experimental pulmonary fibrosis

Over the past four decades number of agents arthitees have been

introduced to generate PF “on demand” in differapiecies (Fig. 5). These

approaches, however, can only mimic different aspe€ the human disease and

none of them represents the true clinical condi{®h]. Bleomycin-induced lung

fibrosis, introduced in 1970s first in dogs [52]dalater in mice [53], represents the

most common animal model of PF nowadays [51,54].

Exogenous Agent/Approach

Nature of Tissue Damage

Animal Species Used

Bleomycin

Inorganic particles (silica, asbestos)
Irradiation

Gene transfer (TGF-B, IL-18, GM-CSF)
Fluorescein isothiocyanate

Vanadium pentoxide

Haptenic antigens (e.qg. trinitrobenzene
sulphonic acid compounds)

Oxidant-mediated DNA scission leading
to fibrogenic cytokine release

Type IV hypersensitivity reactions with
or without granuloma formation

Free radical-mediated DNA damage

Downstream activation of specific
cytokine pathway/s

Incompletely understood. Presumed
T-cell-independent.

Incompletely understood. An inorganic
metal oxide.

Recall cell-mediated immune response

Mice, rats, hamsters, rabbits,
dogs, primates, pheasants

Mice, rats, hamsters, sheep,
rabbits

Mice, rats, rabbits, dogs,
hamsters, sheep, primates

Mice, rats

Mice

Mice, rats

Mice, hamsters

Fig. 5. Approachesto inducing experimental pulmonary fibrosis [54].
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Bleomycin is an antibiotic isolated from a straihSireptomyces verticillus
that is used to treat a variety of cancers [55]e Thajor limitation of bleomycin
therapy is delayed high lung toxicity resultingHf in about 10% of patients [10]. It
is believed that specific toxicity of the drug iscaunted for low activity of
bleomycin hydrolase in the lung and high conceiutnabf oxygen which is directly
related to cytotoxicity [10,56-57].

In mice, PF is typically induced by intra- or omntheal instillation of
bleomycin solution into the lung. The drug produnesssive oxidative damage to the
tissue followed by acute inflammatory response afmaklly, fibrosis. At the
molecular level, bleomycin intercalates into DNAgve and forms a complex with
ferrous ions and molecular oxygen. Ferrous iondath& by bleomycin reduce
molecular oxygen producing reactive oxygen spe(3S) that cause DNA strand
brakes [10,56,58].

First, or “early”, phase of bleomycin-induced fibi® involves inflammatory
response of the lung to oxidative stress and tigsuage. At this stage, lasting as a
rule from day O till day 7 after the instillationumber of all inflammatory cells in
BALF rises dramatically. Similarly to human PF,ghincrease involves burst (100s-
fold increase) in the number of neutrophils andpyocytes in BALF of the animals
[59-63]. At the early stage lung levels of pro-armfimatory cytokines typical for
human PF are elevated as well. A such, mice widorblycin-induced PF express
higher amounts of IL3, TNFu, IL6 and somewhat T@Fwith maximum at around 4
and 7 days being therefore canonical early inflatonyamarkers [39,60,64].

Later fibrosis stage develops after days 7-10 wherg collagen levels,
reflected in lung hydroxyproline content, start étevate indicating active tissue
remodeling [17,59]. MMPs, including MMP9 [39] andher pro-fibrotic markers,
such TGB1, fibronectin, procollagen-1 also become uprega462].

It is believed that experimental PF is fully estsiidd in mice at day 21 after
bleomycin instillation. At this time typical fibras characteristics similar to those,
observed in human lungs are present. Namely, lwmptance is dramatically
decreased, lung pathology shows significant degfebrosis and lung collagen

levels are elevated. However, Izbicki et al. areldhthor of the present work suggest
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that established PF can be observed as early ag4after bleomycin instillation
[65].

Bleomycin-induced pulmonary fibrosis, however, it nable to fully
reproduce the real pathological condition in humaFse limitations, besides its
inflammatory nature and rapid progression, incltrdeabsence of the true fibroblast
foci and its partial self-resolution [51,65]. It &so interesting that in contrast to
human PF bleomycin-induced fibrosis is female-pleva[66]. Overall however,
BALF cell composition, cytokine profiles, cell behar and ECM changes during
fibrosis process well resemble human PF, in pddicin the absence of an ideal

model.

1.1.4. Prognosis and treatment

Pulmonary fibrosis in general and IPF in particutalargely an irreversible
disease. At least 45,000 individuals die of IPFhegear that is more than of breast
cancer [1]. Mean survival usually ranges betweeand 4 years [67], although
individual profiles may vary significantly. The &t study indicates that accelerated
variant of IPF can progress to death in less thamfths [69]. Majority of patients
die of respiratory insufficiency (38.7%). Other sas of death include heart failure
(14.4%), bronchogenic carcinoma (10.4%), ischemearh disease (9.5%) and
infection (6.5%) [68]. It was also reported that Bfeatly increases risk of lung
cancer [70], although this association is stilltcoversial [71].

Conventional management of PF is based on the ptoaef ongoing
inflammation on the one hand and fibroblast predifion/collagen production on the
other hand. Therefore, it includes anti-inflammgto corticosteroids, e.g.
prednisolone) and anti-proliferative (cytotoxicg.eazathioprine, cyclophosphamide)
components [3]. Despite its wide use proof of tffeativeness of this therapy has
been lacking. Recent study confirmed that colclkicicyclophosphamide and

prednisone alone or in combination were not ableaffect even the course of
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moderate IPF [72]. At the same time, such therapywlves serious side effects,
including osteoporosis and suppression of immuseesy [73].

New therapeutic approaches involve more specifteruentions, such as
inhibition of collagen production by pirfenidone 4]J7 and fibroblast
migration/proliferation by interferon and tyrosinginase inhibitor imatinib
(Gleevec™) [63,75]. Restoration of lung level oftiaxidant glutathione by N-
acetylcysteine was also suggested to be promisipgetvent lung tissue damage [76].
More sophisticated approaches, such as use of rwoorabcantibodies [77],
administration of anti-sense oligonucleotides [A8nsplantation of living AECII
[79] or stem cells [80-81] were also proposed teehbeneficial effect on PF in an
animal model.

However, the approaches mentioned above were t@t@lbring significant
change in management of PF so far as they arer éitbiéective or are too far from
application in clinic [2-3,22]. Therefore, anothapproach might involve use of
proven and safe therapeutic compounds. Such ttemsdh approach can be
illustrated by the example of use of the PDE5 iithibsildenafil for therapy of
ventilation/perfusion mismatch in IPF complicateibvsecondary PAH [82]

Presently, lung transplantation is the only effextireatment of PF. This
disease is the second (26%) leading indicationsiiogle lung transplantation after
COPD/Emphysema. However, even this radical measugenerally not able to
prolong the patient’'s survival for more than 10 rged83]. New therapeutic

approaches are therefore necessary for improveageament of PF.
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1.2. Phosphodiesterases

Phosphodiesterases (PDEs) are a superfamily ofnesszythat selectively
catalyze the hydrolysis of the 3’-cyclic phosphatands of cAMP and/or cGMP
(Fig.6). These are also referred to as class lhokphodiesterases, in contrast to a
broader class Il, which members are specific favgpiodiester bond hydrolysis in

general [84].

N NN N NN
</ | /k OH </ | )\ +H
. N Z | 5
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4O | 4 © "
OH
3|2 PDE 3 |2
o=|P—o > OH OH
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OH 3.5 cAMP/cGMP H>0, Mg 5 AMP/GMP
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Adenine = H NH,
Guanine=NH, 0

Fig. 6. Hydrolysis of cyclic nucleotides by phosphodiester ases [86].

As second messengers, CAMP and cGMP play an immgadbe in amplifying
and spreading the signal from receptors down tac#fleinteriors. The intensity and
duration of their action, however, must be tighdgulated. Therefore, PDEs play the
major role in controlling the second messengek&lkein the cell [25].

PDEs are the conservative enzymes that are preseety early spices, for
instance in bacteria, fungi and yeasts. Primitivetamoa, such a€aenorhabditis

elegansandDrosophilaexpress quite broad spectrum of PDEs [85].
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There are 21 PDE genes identified so far in hunmayyse and rat since 1962
when cAMP-phosphodiesterase activity was first deed. They are grouped into 11
families based on structural similarity, enzymapooperties and sensitivity to
endogenous regulators and inhibitors. Some PDEsctsedly recognize and
hydrolyze cAMP (PDEs 4, 7, and 8), some selectivsigrolyze cGMP (PDEs 5, 6,
and 9), and some can hydrolyze both substratesgRDE, 3, 10, and 11) [84,86-87].
Redundant amount of enzymes for hydrolysis of #@es substrate represents the
perfect regulation system since different enzymes ragulated through different
mechanisms. Thereby it gives the opportunity tded#nt cell components to have
access to regulation of the second messenger lesel.rule, PDE family consists of
several genes (eg. PDE4 A, B, C and D) each of whight generate multiple
products by alternative splicing. Thus, there drdeast tens of different products

within the whole PDE superfamily [87].

1.2.1. PDE4 overview

The PDE4 family (E.C. 3.1.4.17) belongs to the cAbffecific PDEs and
being the phosphoric diester hydrolases they cagdlye reaction [88]:
adenosine 3'-5'-cyclic monophosphate #H<=> adenosine 5'-monophosphate
PDE4 family represents the largest PDE family, img of 4 genes
(PDE4A, PDE4B, PDE4C, and PDE4D) with various aléive mRNA splice
variants resulting in more than 20 different PDEdt@ins [87,89].

1.2.2. PDE4 protein structure

PDE4s generally consist of conserved catalytic doraad regulatory N- and
C-termini (Fig. 7). N-terminus is extremely importain terms of regulation and
contains membrane-anchoring domain, linker regi@® and upstream conserved
regions (UCRs), UCR1 and UCR2. UCR1 contains pmotkinase A (PKA)
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phosphorylation site (serine). UCR1 and UCR2 arso ainvolved in PDE4
dimerization [90]. C-terminus is also involved iegulation and contains ERK

phosphorylation site [85].

PKA ERK2

@ D OIS

Targeting UCR1 LR1 UCR2 LR2
domain

Fig. 7. Functional structure of PDE4 family proteins[86].

All four genes of PDE4 family are categorized ithoee N-terminal variant

groups (“long form,” “short form,” and “super-shddrm”12) based on the presence
or absence of N-terminal UCR domains. Long PDE4ystes exhibit both UCR1
and UCR2, whereas short and super-short PDEs [&R187]. Short and super-
short PDE4s due to lack of UCRL1 are not activaieBKWA and are monomeric [90].
The catalytic domain of PDE4 consisting of 270 amacids is composed of
alpha helices that form a pocket where the sulestatinhibitors bind. Zn2+ and
Mg2+ are necessary for the catalysis and are pr@séme catalytic center. Hydrogen
bonds of multiple helices are thought to orient pheine base, the ribose, and the
cyclic phosphate in the catalytic-binding pocketspite of the wealth of information
on the structure of the catalytic domain, no stiteetfor any PDE holoenzyme has
been presented to date. Thus, little is known altbatrelationship between the

catalytic and N- and C-termini of the protein [85,9

1.2.3. PDE4 expression pattern

PDE4 with all its isoforms is ubiquitously expregsend is also represented in
the lung [92-96], including fibroblasts [97-98] amhdonchial epithelium cells [99].
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Besides the lung, PDE4 is the main cAMP-hydrolyzielgzyme in monocytes,
lymphocytes and neutrophils and PDE4B represemtsrijor PDE4 gene expressed
in the inflammatory cells [95,100-102]. ExpressairPDE4, in particular PDE4D, is

also prominent in the brain tissue [92-94,96].

1.2.4. PDE4 function

PDE4 modulates the amplitude and duration of ffheceptor signal and
therefore regulates such critical cellular processeproliferation, differentiation and
migration. Specifically, it is a component of cCAMR)naling pathway starting at G-
protein-coupled receptors (GPCR) linked tgpteins (i.ep-adrenoreceptors). Their
activation, for instance, by adrenaline, glucagongrostaglandins, causes activation
of adenylate cyclase (AC) bys@-subunit and production of cCAMP. The main
effector of CAMP is protein kinase A (PKA), whicletavates the transcription factor
CREB that together with CREB-binding protein (CB&)nches the transcription of
target genes whose promoters contain CRE [25]. CRES found to regulate about
4000 human genes, mainly responsible for metabdasmell as for cell proliferation
[103].

Cyclic AMP is deeply involved in inflammatory re@mts and in general
serves as a suppressor of inflammatory responsandgtance by inhibition of the
TLR signaling pathway. As such, activation of moytes by LPS and production of
TNFa is accompanied by cAMP downregulation [104-105].

CAMP is also involved in regulation of cell proliggion and appears to be its
negative regulator in the lung. It was shown thrasfaglandins inhibit lung fibroblast
migration, proliferation, and collagen synthesis0§4108,139], as well as
differentiation into myofibroblasts [109-110]. cAM#athway is also integrated with
RAS/RAF/MEK/ERK pathway as PKA can directly inhiloiRaf, although details of

this interaction are not fully understood [111].
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Obviously, cellular cAMP levels must be tightly ¢aslled and regulated.
Therefore cAMP specific PDEs in general, and PDiegarticular, play crucial role
in regulation of cell function. PDE4 is inducedeaft-adrenergic receptor stimulation
via negative feedback loop to bring raised cAMPelegown, namely by PKA-
mediated phosphorylation of UCR1 domain (Fig.12)2113]. Due to lack of UCR1
short and super-short forms of PDE4 cannot be aetdy by PKA [90]. Some of
PDE4s are membrane-bound and function in macromlalecomplexes together
with PKA in proximity to the receptors thereforentmlling cCAMP signaling within
specific cell compartment [85,114]. These inteawi are mediated by A kinase—
anchoring proteins (AKAPS) serving as signalingffetds [115-116]. Within a
longer time frame, PKA activation causes phosplaigth of CREB, which turns on
transcription of PDE4 genes [117].

In addition, activity of PDE4 is regulated by ERK @-termini of PDE4B, C,
and D contain motifs for ERK phosphorylation (Fig). In contrast to PKA,
phosphorylation by ERK leads to an inhibition ofiety. Therefore, physiologically,
it is thought that activation of the MAPK pathwaiflwnitially lead to local increases
in CAMP. This increase in turn will activate PDEHAgsphorylation by PKA that will
cause a return of CAMP to a lower level. Therefthese two phosphorylation steps
probably form a timing loop for controlling the @tiion of the cAMP signal [116].

Given that cAMP is essential for developing inflaatory response and that
PDE4B is the main cAMP hydrolyzing enzyme in immeaompetent cells [95,100-
102] PDE4 plays critical role in inflammatory célinction by removing the normal
block of cAMP on the inflammatory response. IndeRDE4B is required for TNF
production by peripheral blood leukocytes and lamrrophages in response to LPS
challenge [104-105,118] as well as for T cell aatiion and proliferation [119-120].
PDE4B null mice showed dramatic decrease in LR8tséted TNF production and
were resistant to LPS-induced shock [104-105]; PBBEbNng with PDE4D are also
required for neutrophil recruitment and chemotawitich was decreased in in
PDE4D-/- and PDE4B-/- mice after LPS inhalation]]L2
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1.2.5. PDE4 inhibitorsand clinical applications

Xanthine derivatives such as caffeine and theopteyMvere the first known
nonselective inhibitors of PDE activity [122]. Atihigh first selective PDE4 inhibitor
rolipram (ZK 62711, Schering AG) was proposed irva® as an antidepressant
compound [123] it was later recognized as a poiembitor of inflammatory cell
influx; its analogues such as piclamilast (RP-7340é&re developed for asthma and
COPD treatment. However, use of these substanceaimed limited due to their
CNS-mediated emetic effect [119,124-125]. It wamdestrated that emesis results
from inhibition of PDE4D [105] that is highly presein the brain [92-93] and is
involved ina2A-adrenoceptor signaling [126]

Thus, several second-generation PDE4 inhibitorsh s cilomilast (Ariflo®,
GlaxoSmithKline), roflumilast (Daxas®, Altana) andAWD 12-281
(elbion/GlaxoSmithKline) have been developed thatehreduced emetic side effects
due to increased selectivity for PDE4B rather IRE4D isoform.

Cilomilast (Ariflo® or SB 207499, GlaxoSmithKling)27] [c-4-cyano-4-(3-
cyclopentyloxy-4-methoxyphenyl)-cis-1-cyclohexambexylic acid], with IC50 of
95nM, is an oral, second-generation, selective PiD&#bitor (Fig. 8). In humans it is
rapidly absorbed with bioavailability close to 100Maximum plasma concentration
(Cmay Is reached after 1.5 hours and is 0.622 pg/mlafof mg dose; 99.6% of
cilomilast is highly bound to plasma albumins [1283]. The drug is metabolized by
the action of cytochrome P450 2C8 [130]. The elation half-life (i) ranges
between 7 and 8 hours and steady state is rapicyevzed with twice-daily
administration. Pharmacokinetic parameters in males females are similar.
Cilomilast is generally well tolerated up to 15 tagce a day. Most common adverse
reactions include nausea and headache and arelemqasl after administration of
more than 20 mg of the drug. Rare effects involvemiing, and other

gastrointestinal adverse events [128].
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Ariflo
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Fig. 8. Chemical structure of cilomilast [131].

In October 2003 the FDA approved Ariflo® for mainégce of lung function
in COPD patients poorly responding to salbutam8lL]1other PDE4 inhibitors were

proposed for treatment of asthma, arthritis, aratipsis [84,132].
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1.3. PDE4 and fibrosis

The role of PDE4 in tissue fibrosis has not beetused so far. However,
evidences exist thap-adrenoreceptor/adenylate cyclase system togethiér w
cAMP/PDE4 might be involved in this pathologicabpess [133].

CAMP is a negative regulator of inflammation [10851118,120] which was
postulated to be an important component of PF [2(2 PDE4, in turn, is the main
cAMP hydrolyzing enzyme in inflammatory cells [96Qt102]. Therefore, elevation
of CAMP levels through PDE4 inhibition might poteiy attenuate inflammatory
side of PF thereby attenuating overall pro-fibranvironment as well.

Indeed, PDE4 inhibitors, such as rolipram, piclastilor cilomilast, were
shown to suppress TNFelease upon LPS stimulation bathvitro [101] andin vivo
[134-135], including TNE production in the whole blood from patients wit@ED
[137]. They were also are able to suppress T-atation, proliferation [119-120]
and infiltration of inflammatory cells, including eatrophils [136]. Finally,
piclamilast and rolipram were demonstrated to iithibe release of pro-fibrotic
cytokine TGP both in BALF and tissue in mouse and rat [135,138]

PF is also characterized by abnormal fibroblastabiein expressed in
increased proliferation, collagen production anffedentiation into myofibroblasts
[24,36-37,41-42], as well as by abnormal MMP fuoicti[37,46-47]. In turn,
elevation of cAMP by PDE4 inhibitors, PGE2 or Adnsilation inhibits lung
fibroblast migration, proliferation, and collageynthesis [106-108,139], as well as
their differentiation into myofibroblasts [109-110]t is also interesting, that
fibroblasts from IPF patients have a diminishedacéy to generate PGE2 [140].
Similarly, cAMP inhibits proliferation of heart fibblasts [141] and pulmonary artery
smooth muscle cells (PASMCs) [142]. Furthermorhijkition of PDE4 by cilomilast
suppresses release and activation of MMP1, MMP2 MMP9 from human lung
fibroblasts [98,143]. Therefore, PDE4 inhibitorsgimi immediately affect tissue
remodeling. Our group has also previously demotetrahat PDE3/4 inhibitor

tolafentrine attenuated enhanced migration of PASMiérived from vessels of
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pulmonary hypertensive raits vitro and reversed pulmonary vascular remodeiimg
Vivo [144].

The points mentioned above suggest that PDE4 ionghiare able to
modulate both inflammatory response, typical forlyedibrosis stage, and tissue
remodeling, typical for late stage fibrosis. Thiggestion is further supported by the
findings of Videla et al., who demonstrated amaelimn of experimental chronic
colitis and reduction in both TNFand TGP and collagen content in the tissue after

treatment with PDE4 inhibitor rolipram [138].
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2. Aim of the study

Pulmonary fibrosis is a largely irreversible diseaharacterized by severe
tissue remodeling and chronic interstitial inflamima. Experimental pulmonary
fibrosis allows dissecting inflammatory and remautglstages of the disease. PDE4
is an enzyme hydrolyzing second messenger cAMP hyhic turn, is involved in
suppression of both inflammation and cell growtd proliferation. Besides, PDE4 is
the major cAMP-degrading enzyme in inflammatorylcaind is also represented in
the lung.

Existing data indicate that PDE4 inhibitors coutduccessfully used as anti-
inflammatory and, possibly, as anti-remodeling agefhe aim of this study was,
therefore, to investigate the effects of selecBNdE4 inhibition on different stages of
pulmonary fibrosis in an animal modalvivo and to evaluate the direct involvement
of PDE4 in the pathological process. Accordinghg tesearch was mainly focused

on:

1. studying the PDE4 expression profiles in huaiath experimental PF in mice

2. employment of experimental murine model for PF

3. analyzing the effects of PDE4 inhibition onlamhmatory component of
experimental PF at the early disease stage

4. analyzing the effects of PDE4 inhibition on pefaling component of

experimental PF at the late disease stage
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3. Materialsand Methods

3.1. Materials

3.1.1. Equipment

Animals handling
Balance 1.0-3000g RP 3000 (August Sauter, Switzdyjapolycarbonate cages
(Tecniplast, Italy) and bottles 250 ml (Tecniplaktly).

Surgery

Scissors, forceps, clamps (Fine Scientific InstmisieGermany); scalpels (Feather,
Japan); syringes 1, 2, 5, 10, 25 ml (B.Braun, Gegyaneedles 26-20G (0.45-
0.9mm) BD Microlance™ 3 (BD Drogheda, Ireland); [anKL 200 (Schott,

Germany).

Histology

Tissue processor TP1050, paraffin-embedding sys&h140H, cooling plate for

paraffin-embedding EG1150C (Leica, Germany); mmnmee RM2165, mounting

bath HI1210, mounting heating plate HI1220 (LeiG®rmany); glass slides Super
Frost® Plus 75 x 25 x 1Imm (R. Langenbrinck, Germaogver glass 60 x 24 (0.13-
0.18 mm) (R. Langenbrinck, Germany), oven (Memn@ermany).

Microscopy
Microscope Q550IW, objective DMLA, camera DC300Eyver CTR MIC (Leica,

Germany).

Cell count
Neubauer chamber (depth 0.1 mm, 0.0025 mm2; Omlhot, Germany); Shandon
Cytospin-3® centrifuge (Thermo Scientific, UK); G@efuge Rotanta/TRC (Hettich,
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Germany).

Lung compliance measurement
Robertson box (USI Elektronikwerkstatt at Boehrinipgielheim, Germany).

RNA and protein isolation

Homogenizer Precellys 24 (Bertin Technologies, Ee3n spectrophotometer
NanoDrop® ND-1000 (NanoDrop Technologies, USA); moptate reader Infinite
M200 (Tecan, Austria); thermomixer Compact (EppehdGermany); water bath
TM 130-6 (Haep Labor Consult, Germany).

Polymerase chain reaction
gPCR system Stratagene Mx3000P™ (Stratagene, US#&E centrifuge Rotina 46
RS (Hettich, Germany).

Western blotting

Electrophoresis chamber (Biometra, Germany), paueply (Biometra, Germany);
electrophoresis glasses set Whatman (Biometra, &gnmsemi-dry blotting system
(Biometra, Germany); shaker; autoradiography ctessefCurix, Germany); dark
room BioDocAnalyze (Biometra, Germany); film proses Curix 60 (Agdfa,

Germany).

Other equipment

Micropipettes Reference® 0.5-10, 10-100, 100-1000(Eppendorf, Germany);
vortex Vortex-Genie® 2 (Scientific Industries, USA)alance 0.01-200g SAC-51
(ScalTech, USA); balance 0.05-110g Mettler AJ100ettMr Toledo, Germany);
micro centrifuge Biofuge Fresco (Heraeus, Germaigd; maker Icematic F100
Compact (Castelmac SPA, ltaly); fridges for %@ (Bosch, Germany), fridge -2
(Bosch, Germany), ultra-low fridge -8C (Sanyo, Japan).
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3.1.2. Reagents and materials

Animal diet
Food Global Diet (Harlan Teklad, UK).

Surgery and animal experiments

Disinfectant Braunoderm® (B.Braun, Germany); Ket@éketaminehydrochloride)
100mg/ml (Pharmacia, Germany); Rompun (xylacinebghlioride) 2% (Bayer,
Germany); isofluran (Baxter, Germany); bleomyci@ U/mg (Sigma, Germany);
sterile 0.9% sodium chloride isotonic solution (@8elect, Germany); cilomilast
(Nycomed, Germany); methyl cellulose (Sigma, Germyamxygen 99.5% pure
(Linde, Germany); liquid nitrogen (AirLiquid, Germ).

Histology and microscopy

Roti®-Histofix (4.5% formaldehyde), acid-free (RotBermany); Roti®-Histol, for

histology (Roth, Germany); Xylol (isomere) >98% eurfor histology (Roth,

Germany); Pertex® (Medite, Germany); Paraplast Riasaffin) embedding medium
(Sigma, Germany); Hematoxilin Haemalaun nach Mayacidic (Waldeck,

Germany); Eosin-Y alcoholic (Thermo Scientific, Ukylay Gruenwald (Merck,

Germany); Giemsa (Sigma, Germany); sodium chlofitleth, Germany); potassium
chloride (Merck, Germany); di-sodium hydrogen phwap di-hydrate (Merck,
Germany); potassium di-hydrogen phosphate (Merekntany).

Molecular biology experiments

TRIzol® reagent (Invitrogen, USA); ImProm-1I™ Reser Transcription System
(Promega, USA); Platinum® SYBR® Green gPCR SupefVIXG mix (Invitrogen,
USA); SIRCOL collagen assay (Biocolor Ltd., UK); A lysis buffer (Santa Cruz
Biotechnology, USA); Complete, Mini, EDTA-free peatse inhibitor cocktail
(Roche, Germany); DC protein assay (Bio-Rad Lalookeg, USA); Rainbow™
protein molecular weight maker (GE Healthcare, UK)jtrocellulose blotting
membrane BioTrace™ NT (Pall Corporation, USA); E@us detection reagent (GE
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Healthcare, UK); normal films Cronex 5 (Agfa, Beigi), high-sensitive films
Amersham Hyperfiim MP (GE Healthcare, UK); aceticida min 99% (Sigma,

Germany); chloroform, min 99% (Sigma, Germany);aetil 99.9% (Stockheimer
Chemie, Germany); ethanol 96% (Otto Fischhar, Gaynathanol 70% (SAV LP,
Germany); 2-propanol (Fluka, Germany); RNase awslplécular Bioproducts,

USA);

antibodies:

specific primary antibody | cross host dilution | manufacturer
reactivity

antiB-actin mouse, mouse | 1:5000 Abcam, UK
human, rat

anti-PDE4A mouse, [rabbit | 1:1000 Abcam, UK
human, rat

anti-PDE4B mouse, |rabbit [ 1:1500 Fabgennix, UK
human, rat

anti-PDE4C mouse, [rabbit | 1:500 Fabgennix, UK
human, rat

anti-PDE4D mouse, |rabbit [ 1:12000 Fabgennix, UK
human, rat

specific secondary antibody

anti-mouse lgG, HRR- - rabbit [ 1:50000 | Sigma, Germany

conjugated

anti-rabbit IgG, HRP} - goat 1:50000 | Pierce Biotech, USA

conjugated

oligonucleotides (Metabion, Germany):

target genes sequences Im, product size, bp

C
mouse PDE4A | 5-TGGTAGAGACGAAGAAAGTGACC-3'|59 | 227 (cDNA)

(forward)

(reverse)

5-CTTGTCACACATGGGGCTAAT-3

955 (genomic DNA)

human PDE4A
(forward)

(reverse)

5-GAGGACAACTGCGACATCTTC-3

5-CGGTCGGAGTAGTTATCTAGCAG-3

59

191 (cDNA)
387 (genomic DNA)

mouse PDE4B

(forward)

5-AATTGCTACAAGAGGAACACTGC-3

59

243 (CDNA)

1139 (genomic DNA
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5-TATCACACATTGGGCTAATCTCC-3

(reverse)

human PDE4B| 5-AGGCGTTCTTCTCCTAGACAACT-3' |59 | 212 (cDNA)
(forward) 933 (genomic DNA)
5'-CCACAGAAGCTGTGTGTTTATCA-3
(reverse)

mouse PDE4C| 5-ACCTCAGTACCAAGCAGAGACTG-3'|59 | 164 (cDNA)
(forward) 549 (genomic DNA)
5-AGAGTAGTTGTCCAAGAGCAGGA-3’
(reverse)

human PDE4C| 5-GTCCAGACTGACCAGGAGGA-3’ 59 |[246 (cDNA)
(forward) 882 (genomic DNA)
5-GGCATGTAGGCTGTTGTGGTAG-3
(reverse)

mouse PDE4D| 5-CACAGCTCCAGCCTAACTAATTC-3' |59 | 170 (cDNA)
(forward) 1365 (genomic DNA
5-ATGGTGTGCATGATAACAGTCAG-3
(reverse)

human PDE4D| 5-ACCGGATAATGGAGGAGTTCTT-3' |59 | 223 (cDNA)
(forward) 799 (genomic DNA)
5-CTCTGGTACCATTCACGATTGTC-3’
(reverse)

mouse TNk 5-GGCCTCCCTCTCATCAGTTCTAT-3" |60 |86 (cDNA)
(forward) 254 (genomic DNA)
5'- ACGTGGGCTACAGGCTTGTC-3’
(reverse)

mouse ILB 5'-GAGCACCTTCTTTTCCTTCATCT-3’ 59 [ 196 (cDNA)
(forward) 739 (genomic DNA)
5'-GATATTCTGTCCATTGAGGTGGA-3’
(reverse)

mouse IL6 5-TCAATTCCAGAAACCGCTATGAA-3' |61 |78 (cDNA)
(forward) 243 (genomic DNA)
5'-CACCAGCATCAGTCCCAAGAA-3’
(reverse)

mousef-actin | 5-CTCTAGACTTCGAGCAGGAGATG-3' |59 | 236 (cDNA)
(forward) 331 (genomic DNA)
5-CACTGTGTTGGCATAGAGGTCTT-3
(reverse)

humanp-actin | 5-TTAAGGAGAAGCTGTGCTACGTC-3' |59 | 211 (cDNA)
(forward) 306 (genomic DNA)

5-ATGGAGTTGAAGGTAGTTTCGTG-3'
(reverse)

Other materials
96-well PCR plates ABgene® (Thermo Scientific, UK6-well plates Costar®
(Coring Inc, USA); sterile PP-Tubes 0.2, 0.5, 2% ml (SARSTEDT, Germany);




Materials and methods 27

sterile PP-Tubes 15, 50 ml Cellstar® (Greiner BizeDGermany); pipette tips 20,
200, 1000 pl epT.I.P.S. standard (Eppendorf, Geymaipette tips 10, 100, 1000 pl
DNase/RNase free (Nerbe Plus, Germany); glovesaNi&x® (Ansell, China) and
Nobaglove® latex (NOBA Verbandmittel Danz, Germany)

3.1.3. Software

Animal experiments
Atembox Messung v1.1 (Boehringer Ingelheim, Germahgica QWin3 Standard
v3.3.1 (Leica Microsystems, Switzerland); Leica Qautine Runner v3.2.0 (Leica

Microsystems, Switzerland).

Molecular biology experiments

GenBank and BLASTn (National Center for Biotechmyloinformation, USA);
Primer3 v.0.4.0 (Rozen S and Skaletsky HJ, SourgeffpUCSC In-Silico PCR (Jim
Kent, University of California Santa Cruz); MxPro™PCR software v.3.00
(Stratagene, USA); NanoDrop ND-1000 v3.3.0 (Colemiathnologies, USA);
Magellan v.6.3 (Tecan, Austria); i-Control (Tec&wmstria).

Statistics
Prism® v5.01 (GraphPad Software, USA); MS® Excd)@(Microsoft, USA).
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3.2. Methods

3.2.1. Animals

Adult male 5-6 weeks-old C57BL/6N mice weighting2D g were obtained
from Charles River Laboratories (Sulzfeld, Gemamnimals were housed under
room temperature and 12/12-hour light/dark cyclinfree access to food and water.

All experiments were performed in accordance whh ‘National Institutes of
Health Guidelines on the Use of Laboratory AnimaBbth the University Animal
Care Committee and the Federal Authorities for AalinResearch of the

Regierungsprasidium Giessen (Giessen, Germanydeggithe study protocol.

3.2.2. Human material

Human lung tissue was obtained from three donodsfamr IPF patients that
underwent lung transplantation in Medical Universif Vienna (Vienna, Austria)
and had a confirmed UIP histological pattern. RBegielung tissue were snap-frozen
immediately upon lung excision and used for mRNA protein extraction.

The study protocol for tissue donation was approwsd the “Ethik-
Kommission am Fachbereich Humanmedizin der Jusieisid-Universitaet Giessen”
of the University Hospital Giessen (Giessen, Geypam accordance with national
law and with the “Good Clinical Practice/internaizd Conference on
Harmonisation” guidelines. Written, informed consemas obtained from each

individual patient or the patient's next of kin.
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3.2.3. Bleomycin administration

At day 0 mice were given anesthesia with inhalatdnsofluran (Baxter,
Germany) followed by random orotracheal instillatiof bleomycin or sterile saline
(0.9% NacCl). The animal was fixed in a vertical igoa under a binocular. During
instillation nose of a mouse was kept pinched sb dluring inspiration bleomycin or
saline solutions were inhaled and distributed tghmut the lung. Bleomycin (Sigma,
Germany) was dissolved in sterile saline to achieedose of 2.8 units/kg mouse

body weight.

3.2.4. Treatment groups

Animals were assigned to the following groups Blite”, 2) “bleo+ctrl” and
3) “bleo+cilo”. ,Saline” group received instillatioof sterile saline at day 0 and was
given vehicle alone (2% aqueous methylcelluloseutgwi). Mice in “bleo+ctrl”
group received instillation of bleomycin at dayridavere given vehicle alone. Mice
in “bleo+cilo” group received instillation of blegmmin at day 0 and were treated once
a day with 50 mg/kg cilomilast (SB207499 or Ariflojc-4-cyano-4-(3-
cyclopentyloxy-4-methoxyphenyl)-r-I-cyclohexane lwaxylic acid]) (Nycomed,
Germany), suspended in vehicle. Solutions werengdes osvia gavage needle, all at
the same time of a day. Treatment in all groupdestaat day O and lasted till the end

of experiment, i.e. for 4, 7, 14 or 24 days.
3.2.5. Protein isolation
Left lung lobes snap-frozen in liquid nitrogen astdred at -88C were used

for protein isolation. Tissues were homogenizedamplete RIPA lysis buffer (Santa

Cruz Biotechnology, USA) with Precellys 24 homogeni (Bertin Technologies,
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France) at 6000 rpm for 20 sec for three times With ml lysis buffer per 0.05 g
tissue. Completéx lysis buffeccontained:

component final
concentration

RIPA buffer * 1x

protease inhibitor cocktail 1x

sodium orthovanadate 1%

PMSF 1%

* 1x RIPA contains: 1x TBS, 1% Nonidet P-40, 0.5%disim deoxychlorate, 0.1% SDS, 0.004%

sodium azide.

After homogenization and 15-minutes lysis time skspvere centrifuged at
13000 rpm for 20 min at° and supernatant was transferred into a fresh. tube
Tissue and protein samples were kept on ice ddhi@gvhole isolation process.

Protein concentration was determined with DC protessay (Bio-Rad
Laboratories, USA) according to manufacturer's runsions. Briefly, protein
solution diluted 1:20-1:40 was mixed with Reageni@kaline copper tartrate) and
Reagent B (Folin reagent) in a 96-well micropl&8A at concentrations of 0.2 — 0.4
— 0.8 — 1.6 mg/ml was used as a standard for adililor curve. After developing of
color reaction samples were red at 750 nm with opiate reader Infinite M200
(Tecan, Austria). Final protein concentration wagedmined with accompanying
Magellan™ software. After isolation protein samplesre frozen immediately and
stored at -86C.

3.2.6. Western blotting

Protein samples were mixed with 5x loading buffied &oiled for 10 min at

100°C. Protein loading solutionsad the following composition:
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component final
concentration
Tris-chloride pH6.8 75 mM
SDS 2%
glycerol 15%
B-mercaptoethanol 2.5%
bromphenol blue trace
protein Sug/ul

Polyacrylamide gels for sodium dodecyl sulfate potylamide gel
electrophoresis (SDS-PAGE) were prepared in aviatig way. First, 10%-resolving
gel solution was poured between the electrophoiggaisses. Water was layered on
top of the solution and the solution was left falymerization for at least 30 min.
After the polymerization of the resolving gel wavess removed and 6%-stacking gel
solution was poured. A comb was inserted and paligaion lasted at least 30 min.

SDS-PAGE gelbad the following composition:

component final concentration
stacking gel  resolving gel

acrylamide 6% 10%

SDS 0.1% 0.1%

APS 0.05% 0.05%

TEMED 0.1% 0.1%

Tris-chloride pH6.8 125 mM -

Tris-chloride pH8.9 - 375 mM

Protein samples were loaded onto the gel with aanagons of 10-2%ug per
lane for housekeeping gene and 50-1@p per lane for target gene. Rainbow™
Protein molecular weight maker (GE Healthcare, W&s loaded in parallel. SDS-
PAGE was run at 90 V to allow the buffer front entee resolving gel and at 130
volts until the desired separation degree. Poweplgu(Biometra, Germany) was
stabilized by potential difference. Standard veitielectrophoresis chamber

(Biometra, Germany) was filled wittx running buffeof the following composition:
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component

final
concentration

Tris
glycin
SDS

25 mM
192 mM
0.1%

After electrophoresis proteins were transferred antnitrocellulose blotting
membrane BioTrace™ NT (Pall Corporation, USA). Bi@ sandwich was
assembled in the following sequence: anode — btptiaper (three layers) — blotting

membrane — resolving gel - blotting paper (thrgeids) — cathode. All components

were pre-wetted idx blotting buffer

component

final
concentration

Tris
glycin
methanol

50 mM
40 mM
20%

Transfer was carried out in semi-dry blotting sgst@iometra, Germany) at

130 mA for 1.5 hours. Power supply (Biometra, Gary)avas stabilized by current.

After the transfer membrane was placed on shakelf foour in blocking solution
containing 5% powdered milk in TBST buffédix TBSTcontained:

component

final
concentration

Tris

NacCl
EDTA
tween-20

20 mM
150 mM
5mM
0.1%

Blocking solution was discarded and primary antibeddiluted up to specific
values in TBST containing 5% powdered milk, werelextito the membrane for 1
hour. After incubation membranes were washed okeshia 1x TBST three times for
10 min. Secondary antibodies conjugated to horssrgzeroxidase (HRP) were also

diluted in 1x TBST containing 5% powdered milk aadted to the membranes for 1

hour.
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After incubation, membranes were again washed iTBST three times for
10 min. ECL plus detection reagent (GE Healthchi€) was then added and signal
was developed according to manufacturer’s inswusti Briefly solutions A (buffer)
and B (Acridan) were mixed with the ratio 40:1 audted to continuously shaking
membrane for 5 min in the dark. The resulting ciheminescence was detected by
autoradiography. Normal Cronex 5 (Agfa, Belgium) logh-sensitive Amersham
Hyperfilm MP (GE Healthcare, UK) films and cassgtt€urix, Germany) were used.
Exposure time was 1-3 min for housekeeping geneZah8 min for target genes.
Films were developed automatically in Curix 60 fiimocessor (Agfa, Germany).

Results were analyzed with BioDocAnalyze stationofietra, Germany).
Expression was quantified by densitometry with ageanying BioDocAnalyze 2.1
software by normalizing the values to internal coinf-actin).

3.2.7. RNA isolation

For RNA extraction left lung lobes snap-frozeniould nitrogen and stored
at -80°C were used. Tissues were homogenized in 0.5 MIRIfol® reagent per
0.05 g tissue (Invitrogen, USA) with Precellys Zhtogenizer (Bertin Technologies,
France) at 6000 rpm for 20 sec. RNA was isolategtagdard protocol

steps and reagents (per 0.05 g tissue)

Addition of 0.1 ml of chloroform, shaking vigoroydor 10 min at RT
Centrifugation at 13000 rpm for 30 min &t

Transfer of aqueous phase into fresh tube

Addition of 0.25 ml of isopropanol, incubation fbs min at RT
Centrifugation at 13000 rpm for 20 min &t

Discarding of supernatant

Washing with 70% ethanol

Centrifugation at 13000 rpm for 20 min &G

Air-drying

Dissolving of RNA in 3Qul of RNase-free water

Incubation at 58C for 10 min




Materials and methods 34

RNA samples were read at wavelengths of 260 anch28With NanoDrop®
ND-1000 spectrophotometer (NanoDrop Technologies, USA). Concentration
was determined by accompanying NanoDrop ND-1000vsoé based on absorbance

at 260 nm and extinction coefficient of 40 usBeer-Lambert equation

A=E*b*c

whereA is the absorbancé&; is extinction coefficient (liter/mol-cm) is the path
length (cm) andc is the analyte concentration (moles/liter). Wikl cm final

equation was:
RNA concentration (ng/ul) = A260 * 40

Purity of RNA (i.e. admixture of phenol and/or mot) was estimated by the
ratio A260/A280: RNA samples with the ratio of 210 were considered of good
purity. After isolation RNA was frozen immediateipd stored at -8iT.

3.2.8. cDNA synthesis

To generate cDNA reverse transcription was caraet with ImProm-11™
Reverse Transcription System (Promega, USA). Tist itep of cDNA synthesis
involved equalization of input RNA concentrationdaannealing of oligo(dT3

primers. Namely, 5 pl of the reaction mix contained

component final
concentration

oligo(dT )5 primer 0.5 ug

RNA 1ug

Tubes were placed into the thermal cycler with fiblowing program for

annealing: heating at 7@ for 5 min and cooling at°€ for 5 min. The second step
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involved DNA synthesis itself. The following compants were added to the mixture
to make it up to 20 pl volume:

component final concentration
ImProm-II""" 5X reaction buffer * 1x

MgCl, 2.5 mM

dNTPs 0.5 mM
recombinant RNasin® ribonuclease inhibitor 20 units
ImProm-1"™ reverse transcriptase 1/20 volume

* ImProm-lI™ 5X reaction buffer contains: 250 mMig4chloride (pH 8.3), 375 mM KCI, 50 mM
DTT.

Tubes were placed into the thermal cycler prograchagefollows: annealing
at 258°C for 5 min, extension at #2 for 60 min and inactivation of reverse
transcriptase at AT for 15. After the synthesis cDNA was frozen imiagely and
stored at -28C.

3.2.9. Real-time polymer ase chain reaction

Quantitative real-time PCR analysis (QPCR) wasiedmut using Platinum®
SYBR® Green qPCR SuperMix-UDG mix (Invitrogen, USADNA was diluted
four times and reaction mix with the final volume2ab pl contained the following

components:

component final
concentration
Platinum® SYBR® Green qPCR SuperMix-UDG 2X mix * 1x

ROX dye 500 nM
MgCl, 4 mM

primer (forward) 0.2 uM
primer (reverse) 0.2 uM

cDNA 0.2 ug
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* Platinum® SYBR® Green qPCR SuperMix-UDG 2X mixntains: Platinum®agDNA
polymerase, SYBR® Green | dye, Tris-chloride, KEmM MgCh, 400 uM dGTP, 400 uM dATP,
400 uM dCTP, 800 uM dUTP, uracil DNA glycosylaseD@) and stabilizers.

Specific primers used were designed to anneal jceadt exons in order to
discriminate the cDNA and possible genomic DNA praid by dissociation curve
analysis and agarose gel electrophoresis. Soume sequences were retrieved from
NCBI GenBank and primers were designed with Pringef8vare with the following
parameters: length of 20-25 nucleotides, meltingpeerature of 57-6% and GC-
content of 40-60%. Obtained primer sequences wengpared to all existing DNA
sequences in GenBank database with BLASTn softvemieto exclude non-specific
annealing. Finally, in-silico (virtual) PCR was fmemed on genomic DNA and
MRNA templates using UCSC In-Silico PCR and Seqgeddanipulation Suite v2
tools respectively. Quantitative real-time PCR wemried out in Srtratagene
Mx3000P™ gPCR system (Stratagene, USA). The ingnirvas programmed as
follows: denaturation, 95°C for 10 min; 40 cycleghadenaturation at 95°C for 30 s,
annealing at 59-60°C for 30 s and extension at #af@G0 s. Results were analyzed
with accompanying MxPro™ gPCR software. Relativegpression levels were
calculated a2\Ct values by normalizing Ct values of target getoe€t values of3-

actin.

3.2.10. Bronchoalveolar lavage fluid (BALF) cell count

After 4 and 7 days after bleomycin instillation mmievere sacrificed by
injecting i.p.a lethal dose of ketamin/xylacinehyeinloride. Lungs were flushed 3
times with 0.5 ml ice cold PBS-EDTA (1x PBS, 0.2®TH) and for each lung these
solutions were pooledx PBS(pH 7.4) contained:
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component final
concentration

NacCl 137 mM

KCI 2.7 mM

NaHPO, 10 mM

KH,PO, 2 mM

After centrifugation, cells were re-suspended imllof ice-cold saline. Total
cell count was performed manually using Neubauantder (depth 0.1 mm, 0.0025
mn?; Optik Labor, Germany) and the microscope (Le@armany). Briefly, 10 pl of
BALF solution were applied onto the chamber andscel each of four areas were
counted. Total cell number (in cells per millilitawas calculated with the following
formula:

[cells in 4 large squares] x 1000 24
0.4 1

cells/ml =

For differential cell count cells in constant volerof 0.2 ml of PBS were
transferred to a glass slide with Shandon Cyto8@rzentrifuge (Thermo Scientific,
UK) at 500 rpm for 5 min after what cells were dri§lides were stained witilay

Gruenwald/Giemsaising the following protocol:

step duration,
min

May Gruenwald 10 min

washing with distilled water 1 min

Giemsa 5 min

washing with distilled water 5 min

Numbers of macrophages, neutrophils and lymphooyese determined by
manual counting on light microscope (Q550IW; LeiG@rmany) among 100 of total

cells. These data were then extrapolated to nuoftells per milliliter.
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3.2.11. Lung compliance measur ement

After 14 and 24 days after bleomycin instillationcenwere subjected to lung
compliance measurement using Robertson box (Bagdriingelheim, Germany).
Animals were deeply anesthetized with ketamin/xylelsydrochloride (Bayer,
Germany) given i.p. Trachea was canulated, mice=\péaced in the chamber and
connected to the instrument. During the experintemperature of the chamber was
maintained at 40C. Instrument was calibrated for volume of 0.3 mdl ressure of 3
kPa. Inflation volume and inspiration/expiratioeduency was set to 0.3 ml and 20
times/min respectively. Measurement lasted for B amnid compliance was calculated
by accompanying Atembox Messung software as a mtioolume to pressure.
Values were expressed as ml/kPa.

3.2.12. Histological examination

After 14 and 24 days of experiment mice were siaexf for lung isolation by
injecting i.p. a lethal dose of ketamin/xylacinefnechloride. Left bronchus was
ligated, the left lobe was excised and shock-frareliquid nitrogen for subsequent
RNA isolation and hydroxyproline analysis. Fouthtidpbes were inflated with 4.5%
formaldehyde solution through the trachea at conmspaessure of 10 cm water
column. Fixation was carried out for 24 hours amatemperature. Then lungs were
transferred to 1x PBS for next 24 hours a?@4Lungs were dissected into separate
lobes, placed into plastic cassettes and incubfate?4 hours at +2C in PBS. After
dehydration in graded alcohol in tissue proces3®1050; Leica, Germany) lung
lobes were separately embedded in paraffin (EG114@ita, Germany), sectioned
at 3 um thickness on microtome (RM2165; Leica, Gearyl), mounted on glass slides
and stained using standardematoxilin-Eosin protocol Briefly, slides were
incubated at 5% for 20 min in the oven and then immersed in seiigo the

following solutions:
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step duration,
min
Rotihistol 10
Rotihistol 10
Rotihistol
ethanol 99.6%
ethanol 99.6%
ethanol 96%
ethanol 70%
distilled water
Hamalaun nach Mayer, acidic 20
tap water
ethanol 96%
eosin-Y alcoholic
distilled water
ethanol 96%
ethanol 96%
ethanol 99.6%
isopropanol 99.8%
Rotihistol
Rotihistol
xylol 5
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Slides then were covered with Pertex and coversgéasl scanned with the light
microscope (Q550IW; Leica, Germany) at 100x magatfon using Leica QWin3
Standard and Leica QGo Routine Runner softwareliyigl50-100 images for each
lobe (up to 300 per animal). Each of images wagevesd and degree of fibrosis was
assigned according to Ashcroft's fibrosis score tays [145] with slight
modifications: normal lung was referred to as scOrevhile score 6 represented

maximal degree of pathological changes.

3.2.13. Collagen assay

Levels of acid-soluble collagens in lung tissuesenagetermined by SIRCOL
collagen assay (Biocolor Ltd., UK) according to macturer’s instructions. Briefly,
left lung lobes were homogenized and collagens weleabilized overnight in 0.5M
acetic acid. Extracts were incubated with Siriusdge for 30 min and centrifuged at
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13000 rpm for 10 min to precipitate collgen-Siresl tromplexes. Pellets were then
dissolved in 0.5M sodium hydroxide and absorbanas getermined at 540 nm with
spectrophotometer Infinite M200 (Tecan, AustriapluBle bovine skin type |

collagen in amounts of 0 — 12.5 — 25 — 50 — 100wag used as a standard for
calibration curve. Amount of collagen was calcuflatey accompanying Magellan

software and expressed in pg/g of wet tissue.

3.2.14. Survival analysis

Survival of mice for each treatment group was esged as percent of
animals left of original number at the specific ¢irpoints of the experiment. For
creating staircase survival curve with GraphPadrR® software “1” was referred to

a death event while “0” was referred to a survasxant (“censored”).

3.2.15. Data analysis

All data are expressed as means +/-SEM. One-wayysinaof Variance
(ANOVA) test and Student-Newman-Keuls Post test ewersed for multiple
comparisons and Mann-Whitney test was used forwpser comparisons utilizing
GraphPad Prism® software. A p-value less than @S considered statistically

significant.
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4. Reaults

4.1. Analyssof PDE4 expression in pulmonary fibrosis

To investigate the possible role of PDE4 in pulmgrféorosis its expression
was analyzed at mRNA and protein levels both inenaied humans.

Results of RT-qPCR performed on the lungs of migé Weomycin-induced
lung fibrosis showed time-dependent downregulattbrall PDE4 genes (Fig. 9).
Namely, at days 7 and 24 mRNA levels of PDE4{ 10.31+0.13 and 10.38+0.16
at 7d and 24d), PDE4BACt 7.1440.17 and 8.00+0.24 at 7d and 24d; p<0.@01 f
bleo 24d vs. saline), PDE4@Ct 14.50+0.38 and 14.70+0.35 at 7d and 24d; p<0.01
for bleo 7d vs. saline and for bleo 24d vs. saleej PDE4D ACt 11.14+0.18 and
11.97+0.26 at 7d and 24d; p<0.001 for bleo 24dsadine) genes were decreased
compared to mice received sterile saline onlg49.58+0.18, 6.50+0.16, 13.53+0.30
and 10.23+0.28 for PDE4A, B, C and D respectiveBgseline expression was the
highest for PDE4B gene and the lowest for PDE4CG=gehile equally moderate in
case of PDE4A and PDE4D genes. PCR primers weigraisto detect all isoforms
within one PDE4 gene.

Expression of PDE4 analyzed with western blottifgg( 10) showed
differential regulation at the protein level in thegs with bleomycin-induced lung
fibrosis. PDE4A isoforms 5, 8 and x were signifitardownregulated (0.30+0.20
and 0.13+0.10 at 7d and 24d; p<0.02 for bleo 7dsabne and p<0.02 for bleo 24d
vs. saline) compared to saline-treated mice (1.38)0~hile expression of PDE4Al
isoform did not change. Expression of PDE4B isofotmwas also decreased
(0.7940.12 and 0.52+0.05 at 7d and 24d) comparedcdotrols (0.73+0.11).
Interestingly, expression of PDE4B isoform 4 wagsicantly increased and peaked
at day 7 after bleomycin administration (4.13+0atii 2.10+0.19 at 7d and 24d;
p<0.02 for bleo 7d vs. saline) compared to cont{®I8+0.28).
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Fig. 9. Expression of PDE4 genes at mRNA level in mouse lungs: healthy mice
(“saline”) and mice suffering from fibrosis (“blepfor 7 or 24 days after bleomycin
administration. Real-Time RT-PCR data are normédlize B-actin expression and
presented aACt values + SEM. * bleo vs. saline (** p<0.01, *px0.001), # bleo 7d
vs. bleo 24d (# p<0.05). N=4 per group.

Expression of PDE4B isoforms 2 and 3 was at untiiéx level. Expression of

PDEA4C isoform 2 was elevated (0.12+0.01 and 0.@2+@at bleo 7d and 24d; p<0.05
for bleo 7d vs. saline) compared to controls (006%) while isoform 1 was

undetectable. PDE4D isoforms 1/2 and 3 were dowaéed both at 7 (0.18+0.03
and 0.20£0.02 respectively) and 24 days (0.12+r@20.16+0.02 respectively) after
bleomycin administration while isoform 4 was slightipregulated (0.13+0.03 and
0.16+£0.01 at 7d and 24d) compared to healthy Iuj@y82+0.04, 0.21+0.11 and
0.10+0.03 for isoforms 1/2, 3 and 4 respectiveBaseline expression was the
highest for PDE4A (isoforms 5, 8 and x) and PDE#Bforms 1 and 4) genes.
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saline bleo 7d bleo 24d

PDE4AS (109 kDa)
PDE4A8 (106 kDa)
PDE4Ax (102 kDa)

PDE4A1 (66 kDa)

PDE4B1 (107 kDa)

PDE4B2 (78 kDa)

PDE4B3 (100 kDa)
PDE4B4 (66 kDa)
PDE4C1 (76 kDa)

PDE4C2 (72 kDa)

PDE4D1 (68 kDa)
PDE4D2 (68 kDa)

PDE4D5 (105 kDa) |
PDE4D3 (95 kDa)

PDE4D4 (119 kDa)

B-actin (42 kDa)

54 *%
[ saline
4 3 bleo 7d
| Bl bleo 24d

arbitrary units

PDE4A5 PDE4B1 PDE4B4 PDE4C2 PDE4D1 PDE4D3 PDE4D4
PDE4A8 PDEA4D2
PDE4Ax

Fig. 10. Expression of PDE4 genes at protein level in mouse lungs: healthy mice

(“saline™) and mice suffering from fibrosis (“blepfor 7 or 24 days after bleomycin
administration. Upper part: western blotting autkographs, lower part:
densitometry quantification. Densitometry data aoemalized to-actin expression
and presented as arbitrary units + SEM. * blecsadine (*p<0.05, ** p<0.01), # bleo
7d vs. bleo 24d (# p<0.05, ## p<0.01). N=3 per grou
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Analysis of PDE4 mRNA levels in the lungs of IPFtipats (Fig. 11) showed
downregulation of PDE4AACt 7.99+0.16) and PDE4D\ACt 8.75+0.19, p<0.05 vs.
donor) in comparison to healthy dononCt 7.39+0.10 and 8.12+0.31 respectively).
Expression of PDE4B and PDE4C genes did not difetween donorsACt
9.30+0.10 and 9.16+0.26) and IPF patientsCt( 9.18+0.19 and 9.21+0.15
respectively). Baseline expression was higher E#A and PDE4D genes than for
PDE4B and PDE4C genes. PCR primers for human PDeds also designed to
detect all isoforms within each PDE4 gene.

3 donor
oy @ PF
5 ——
< 91 = =

124

PDE4A PDE4B PDE4C PDE4D

Fig. 11. Expression of PDE4 genes at mMRNA level in human lungs: healthy donors
or IPF patients. Real-Time RT-PCR data are norredlito f-actin expression and
presented aACt values + SEM. * IPF vs. donor (* p<0.05). N=4 geoup.

Western blotting results (Fig. 12) showed upregotadf PDE4A1 isoform in
lungs of IPF patients (0.59+0.43 vs. 0.13+0.01 amats) while isoforms 5, 8 and x
were not detected. Among PDE4B genes only isoforiwagé detected and was
upregulated in IPF lungs (0.284£0.08 vs. 0.23+0r0danors). Both PDE4C isoforms
1 and 3 were downregulated in case of IPF (0.02t:ar@ 0.09+0.02 respectively vs.
0.18+0.01 and 0.10+0.04 in donors). PDE4D isoforwes also downregulated in the
lungs of IPF patients (0.87+0.06 vs. 0.98+0.13 amats) while isoforms 1, 2 and 3

were not detected. Baseline expression was thesigh case of PDE4D4 isoform.
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donor IPF

PDE4A5 (109 kDa)
PDE4AS (106 kDa)
PDE4Ax (102 kDa)
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PDE4B3 (100 kDa)
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PDE4A1 PDE4B4 PDE4C1 PDE4C3 PDE4D4

Fig. 12. Expression of PDE4 genes at protein level in human lungs: healthy
donors or IPF patients. Upper part: western blgtautoradiographs, lower part:
densitometry quantification. Densitometry data aoemalized toB-actin expression
and presented as arbitrary units £+ SEM. N=3 pengro
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4.2. Physiological effects of PDE4 inhibition

To evaluate possible side effects of cilomilagtlfteninimal pharmacological
observations were carried out in healthy male C38RLmice. Animals were treated
per osonce a day with vehicle (2% aqueous methylcelrilsslution) or cilomilast
suspended in vehicle at the doses of 10, 25, 50180dmg/kg body weight. Body
weight monitoring showed that doses higher tham§fkg cause loss of body weight
(Fig. 13). Moreover, such high doses caused ineceasotility manifesting itself as
increased running speed, more frequent attempsdape and resistance to necessary
manipulations. No other side effects, such as viamior diarrhea, were observed.
Similarly, no mortalities were observed in mice tteere receiving any dose of
cilomilast.
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Fig. 13. Effect of PDE4 inhibition on body weight of healthy mice. Per cent of
body weight change after 14 days of treatment ditierent doses of cilomilast. N=3

per group.
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4.3. Effect of PDE4 inhibition on alveolar inflammatory cells content

To investigate the effect of cilomilast on earlyflammatory stage of
bleomycin-induced fibrosis, BALF was collected frdmealthy mice treated with
vehicle and mice that received bleomycin and tckatther with cilomilast or vehicle
only. Total number of cells (3.1+0.4 x10"5 cellsimlhealthy controls) was highly
increased by bleomycin instillation (11.9£1.8 x10&&d 11.2+0.8 x1075 cells/ml at
4d and 7d respectively) and was significantly (08Q. and p<0.05) lowered by
cilomilast both at 4 and 7 days (5.5+0.5 x10"5 ané+0.2 x10"5 cells/ml
respectively) (Fig. 14).
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Fig. 14. Effect of PDE4 inhibition on BALF total cell number: healthy mice

(“saline”) and mice suffering from fibrosis and dated either with vehicle
(“bleo+ctrl”) or cilomilast (“bleo+cilo”) at days 4nd 7 after bleomycin instillation.
Values are presented as means + SEM. * bleo+ctrisabne (*** p<0.001), t

bleo+cilo vs. bleo+ctrl (T p<0.05, tt1 p<0.001)blgo+cilo vs. saline (## p<0.01).
N=6 per group.
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Fig. 15. Effect of PDE4 inhibition on number of macrophages, lymphocytes and
neutrophils in BALF: healthy mice (“saline”) and mice suffering froirbsis and
treated either with vehicle (“bleo+ctrl”) or cilotast (“bleo+cilo”) at days 4 and 7
after bleomycin instillation. Values are presentsdmeans +SEM. * bleo+ctrl vs.
saline (*p<0.05, ***p<0.001), 1t bleo+cilo vs. blectH (T p<0.05, 1 p<0.01, Tt
p<0.001), # bleo+cilo vs. saline (# p<0.05, ## P40. N=6 per group.
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To further evaluate the action of cilomilast onf&iént inflammatory cell
types differential cell count was performed (Fi§).1As expected, influx of all cell
types in alveolar space was prominent (macropha@&<1.0 x10"5 and 5.4+0.4
x1075 cells/ml at 4d and 7d vs. 3.0+0.5 x1075 dedly with the highest increase in
number of lymphocytes (2.7£0.5 x10"5 and 2.9+0.8”%l1cells/ml at 4d and 7d vs.
0.04+0.02 x10"5 cells/ml) and neutrophils (2.520160"5 and 2.8+0.9 x10”5 cells/ml
at 4d and 7d vs. 0.0068+£0.0062 x10”5 cells/ml). Bemof macrophages (2.4+0.3
x1075 and 3.6+0.1 x1075 cells/ml at 4d and 7d) naphocytes (0.8+0.1 x1075 and
1.3+£0.1 x1075 at 4d and 7d) was significantly dasesl by cilomilast (p<0.001 and
p<0.05 respectively). Number of neutrophils, howevemained unchanged (2.4+0.6
x1075 and 2.8+0.2 x1075 cells/ml at 4d and 7d).

4.4. Effect of PDE4 inhibition on lung inflammatory markers

To evaluate expression of inflammatory markersrafimilast treatment,
lung homogenate RT-gPCR was carried out at the s@meepoints as for BALF cell
count. TNF and IL13 expression was significantly elevated at 4 andaysdafter
bleomycin instillation ACt 11.18+0.15 and 11.05+0.14 at 4d and 7d for &;N¥Ct
9.2440.41 and 9.44+0.24 at 4d and 7d forf@Ltompared to those in animals that
received saline ACt 13.74+0.12 and 10.46+0.09 respectively) (Fig., 1§G).
Treatment with cilomilast resulted in significan{ly<0.01 at 4d and p<0.001 at 7d)
lower TNFa level ACt 12.03+0.18 and 12.37+0.10 at 4d and 7d), butimdL1p
(ACt 8.22+0.79 and 9.07+0.19 at 4d and 7d) mRNA kweeimpared to mice treated
with vehicle only.
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Fig. 16. Effect of PDE4 inhibition on lung TNFa levels. healthy mice (“saline”)

and mice suffering from fibrosis and treated eitineth vehicle (“bleo+ctrl”) or

cilomilast (“bleo+cilo”) at days 4 and 7 after biegcin administration. Real-Time
RT-PCR data are normalized fbactin expression and presented &GSt values

+SEM. * bleo+ctrl vs. saline (***p<0.001), T bleoi vs. bleo+ctrl (1 p<0.01, T1t
p<0.001), # bleo+cilo vs. saline (### p<0.001). N6 group.
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Fig. 17. Effect of PDE4 inhibition on lung IL 1B levels: healthy mice (“saline”) and
mice suffering from fibrosis and treated eitherhwehicle (“bleo+ctrl”) or cilomilast
("bleo+cilo”) at days 4 and 7 after bleomycin adisiration. Real-Time RT-PCR
data are normalized tf-actin expression and presented /&St values +SEM. *
bleo+ctrl vs. saline (* p<0.05), # bleo+cilo vslisa (## p<0.01). N=6 per group.

Level of IL6 mMRNA (Fig. 18) was also significantgtevated by bleomycin
both at 4 ACt 15.51+0.30) and 7 dayaCt 15.38+0.30) compared to one in mice
received saline ACt 19.17+0.49). Interestingly, in cilomilast-tredt@nimals IL6
expression was significantly increasetlC{ 12.98+1.10 and\Ct 13.67+0.42 at 4d
and 7d; p<0.05 and p<0.01 respectively).
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Fig. 18. Effect of PDE4 inhibition on lung IL6 levels: healthy mice (“saline”) and
mice suffering from fibrosis and treated eitherhwehicle (“bleo+ctrl”) or cilomilast

("bleo+cilo”) at days 4 and 7 after bleomycin adisiration. Real-Time RT-PCR
data are normalized tf-actin expression and presented /&St values +SEM. *

bleo+ctrl vs. saline (** p<0.01, *** p<0.001), tda+cilo vs. bleo+ctrl (1 p<0.05, tt
p<0.01), # bleo+cilo vs. saline (### p<0.001). Nbe6 group.

4.5. Effect of PDE4 inhibition on lung function

To examine the effect of cilomilast on late stagwokis, lung compliance
(Fig. 19) was evaluated in animals treated eithién wilomilast or vehicle alone, as
well as in mice received instillation of sterilelisa and treated with vehicle.
Pulmonary compliance was significantly decreasedammals with bleomycin-
induced fibrosis, both at 14 and 24 days (0.09#0.80d 0.06+0.007 ml/kPa vs.
0.1740.01 and 0.17+0.003 ml/kPa) suggesting lovastieity of the lung. Treatment
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with cilomilast partially restored impaired lungnietion (0.11+0.003 and 0.08+0.006
mi/kPa at 14d and 24d) compared to mice treatech withicle alone, with

improvement being significant at 14 days (p<0.05).
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Fig. 19. Effect of PDE4 inhibition on lung compliance: healthy mice (“saline”) and
mice suffering from fibrosis and treated eitherhwrehicle (“bleo+ctrl”) or cilomilast
(“bleo+cilo”) at days 14 and 24 after bleomycin adlistration. Values are presented
as means = SEM. * bleo+ctrl vs. saline (*** p<0.00% bleo+cilo vs. bleo+ctrl (T
p<0.05), # bleo+cilo vs. saline (### p<0.001). Nbe® group.

When normalized to body weight (Fig. 20) similasukts were obtained: lung
compliance was significantly decreased by bleomy¢h0050+0.0003 and
0.0031+£0.0003 (ml/kPa)/g at 14d and 24d) compaedorte of healthy mice
(0.0069+0.0007 and 0.0089+0.0003 (ml/kPa)/g respeg). Treatment with



Results

54

cilomilast resulted in significant increase in luogmpliance both at 14d and 24d
(0.0069+0.0004 and 0.0041+0.0003 (ml/kPa)/g; p<@@d p<0.05 respectively).
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Fig. 20. Effect of PDE4 inhibition on lung compliance (nor malized): healthy mice
(“saline”) and mice suffering from fibrosis and dted either with vehicle
(“bleo+ctrl”) or cilomilast (“bleo+cilo”) at days 4 and 24 after bleomycin
administration. Values are presented as means *.SEMeo+ctrl vs. saline (**
p<0.01, *** p<0.001), T bleo+cilo vs. bleo+ctrl §<0.05, t1 p<0.01), # bleo+cilo

vs. saline (### p<0.001). N=9 per group.

4.6. Effect of PDE4 inhibition on lung pathology

To confirm the mentioned findings and directly intigate pathological

changes in the lungs quantified fibrosis degreenasion was performed by means of

microscopy followed by scoring (Fig. 21). High sesrobtained from the lungs with
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bleomycin-induced fibrosis (3.50+0.15 and 3.69+0at34d and 24d vs. 0.34+0.05)
evidenced significant distortion of lung architeetu However, generally lower
fibrosis degree was observed in animals treated RE4 inhibitor (3.18+0.14 and
3.03+£0.19 at 14d and 24d) compared to ones treatdd vehicle only, reaching

significance at day 24 (p<0.05).
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Fig. 21. Effect of PDE4 inhibition on lung pathology scoring: healthy mice
(“saline”) and mice suffering from fibrosis and dted either with vehicle
(“bleo+ctrl”) or cilomilast (“bleo+cilo”) at days 4 and 24 after bleomycin
administration. Values are presented as means *.3Bdeo+ctrl vs. saline (***
p<0.001), T bleo+cilo vs. bleo+ctrl (T p<0.05), Edx+cilo vs. saline (### p<0.001).
N=9 per group.
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Representative images of lung sections (Fig. 2@netl with Hematoxilin-Eosin

illustrate the mentioned pathological changes dfiadtby fibrosis scoring.

Fig. 22. Representative images of PDE4 inhibition effect on lung pathology:
histological pictures of lungs of healthy mice (§, and of mice suffering from
fibrosis and treated either with vehicle (b, e)cdomilast (c, f) at days 14 (a, b, c)
and 24 (d, e, f) after bleomycin administration. nkgoxilin-Eosin staining,
magnification x100. N=9 per group.

4.7. Effect of PDE4 inhibition on lung collagen content

Total soluble collagen content in the lungs wagveged by SIRCOL assay
24 days after bleomycin instillation (Fig. 23), whehanges in collagen content are
the most distinctive. Indeed, the 2-fold increa$630+98 vs. 740+42:9/g) was
observed among the mice received bleomycin. Inraettanimals treated with
cilomilast tended to demonstrate lower collageneatnin the lungs (1490+30y/q).



Results S7

0

8 2000- _

@ o 3 saline

= +

o Bl bleo+ctrl 24d
d;-’ 3 bleo+cilo 24d
(=2}

S 10007

=

S 500

o))

s

© 0

o

Fig. 23. Effect of PDE4 inhibition on lung collagen content: healthy mice
("saline”) and mice suffering from fibrosis and dted either with vehicle
(“bleo+ctrl”) or cilomilast (“bleo+cilo”) at day 24after bleomycin administration.
Values are presented as means + SEM. * bleo+ctrisane (*** p<0.001), #
bleo+cilo vs. saline (### p<0.001). N=4 per group.

4.8. Effect of PDE4 inhibition on survival

General effect of cilomilast on the course of ekpental PF was evaluated
with the survival curves (Fig. 24). As expectedyrsdr experiment (14 days) resulted
in less mortality compared to longer (24 days) (889% and 43.8% survival at 14d
and 24d vs. 100%). In both cases slightly highevigal rate (100% and 66.7% at
14d and 24d) was observed in the groups receivdtdRihibitor.
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Fig. 24. Effect of PDE4 inhibition on survival: healthy mice (“saline”) and mice
suffering from fibrosis and treated either with i (“bleo+ctrl”) or cilomilast

(“bleo+cilo”) followed up for 14 and 24 days afteleomycin instillation. Kaplan-
Meier curves. N=9 per group.
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5. Discussion

5.1. Bleomycin-induced pulmonary fibrosis

Pulmonary fibrosis represents a number of intéatiing diseases (ILD) and
usual interstitial pneumonia (UIP), indicating ahi®interstitial inflammation, is the
most common histopathological characteristic [4,Zmilarly, bleomycin-induced
lung fibrosis possesses classical inflammatoryepathnd is the most common model
for PF [54,62].

However, some limitations of the animal model diésad in the literature
were observed in the present work as well. Foaims, classical fibroblast foci were
hardly present in remodeled tissues. On the othemdh remodeling during
experimental PF involved inflammatory cell infiltian to a greater degree than in
case of human IPF. Susceptibility of mice to bleomyaried within the groups what
could be accounted to individual biochemical pesfilSimilarly, often described self-
resolution of bleomycin-induced PF was not obseriedmost of experiments.
Survival of an animal at 3, 4 or 5 weeks after Réfuction was mediated more by
lesser degree of fibrosis developed in the padic@nimal rather than by self-

resolution of PF.

5.2. Expression of PDE4 in pulmonary fibrosis

PDE4 plays important role in cellular homeostasid,an particular, in such
processes as proliferation and differentiation.r&foee, it was of interest to uncover
the expression of PDE4 genes and their isoforntkariungs with both experimental
and human PF.

In the lungs of mice all four PDE4 genes A, B, Cdan were time-

dependently downregulated at mRNA level during tberse of experimental PF.



Discussion 60

Interestingly, PDE4B was the most abundant in hgatouse lungs, while PDE4C
was the least abundant one. PDE4A and PDE4D wenessed at relative moderate
level. PDE4 genes were differently regulated at pinetein level. In this case,
baseline expression was the highest for PDE4A disad 5, 8 and x) and PDE4B
(isoforms 1 and 4) genes. The latter, thereforetches the result of RT-gPCR
indicating high basal PDE4B expression in mousgdumuring bleomycin-induced
PF PDEA4A (isoforms 5, 8 and x) and PDE4B (isofojmvére downregulated, while
PDEA4B isoform 4 was heavily upregulated, with tlealpat 7d after PF induction.
PDE4C2 was upregulated and PDE4D isoform 4 weghthyi upregulated while
PDEA4D isoforms 1/2 and 3 were downregulated aptbeein level.

When human donor lungs were analyzed baseline ssiprewas higher for
PDE4A and PDE4D genes than for PDE4B and PDE4CRatiAnlevel. In IPF lungs
PDE4A and PDE4D were downreglated while expressfdPDE4B and PDE4C was
not any different compared to healthy donors. Atphotein level baseline expression
was the highest in case of PDE4D4, therefore madgclhe results of RT-gPCR.
Under IPF conditions, PDE4A isoform 1 was slightigregulated. As in case of
experimental PF, isoform 4 of PDE4B was upregulatetPF lungs. Both isoforms
of PDE4C were downregulated, as well as isofornh BRE4D gene.

It was surprising to see differential, if not oppesregulation of PDE4 genes
in mice and humans under pathological conditionshat protein level. As such,
PDE4A was downregulated in mouse PF but upreguiatéF. Limited number of
reports shows that PDEA4A is present in the lungBwells but lacks in neutrophils
[95,102] therefore the mentioned changes couldbeotmediated by differences in
neutrophil infiltration status.

PDE4C gene was upregulated at protein level dukugerimental fibrosis but
downregulated in IPF lungs. Although expressionP&E4C variants is not fully
understood, it is known that PDE4C is present énltimg but absent from circulating
inflammatory cells [97-98,119]. Therefore, its ugukation in bleomycin-induced PF
is not associated with ongoing inflammation as cméd expect.

PDE4D was in general downregulated both at mRNA @radein level in
both mice and humans. Besides lung tissue and I3-{@8,102,114] PDE4D is
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present in well-differentiated human bronchial legiium (WD-HBE) cells [99].

Extensive remodeling occurring during fibrosis mkbiitely leads to substitution of
original tissue by masses of connective tissuethla view, decreased levels of
PDE4D mRNA and protein may be accounted for epithelloss during PF

development.

Most notably, PDE4B was upregulated at protein lleéwdungs of both in
mice and humans suffering from PF. In particulaotgin level was heavily increased
at day 7 of experimental fibrosis, when inflammgtoesponse to bleomycin is the
main characteristic. Besides the lung, PDE4B idliggxpressed in inflammatory
cells, including monocytes, lymphocytes and neutiigp where it is the major
CAMP-hydrolyzing enzyme [95,100-102]. Finally, itags showed that PDE4B is
required for recruitment, activation and prolifésat of T-cells [119-120] as well as
for TNFa production and development of inflammatory respobg leukocytes and
macrophages [104-105,118]. Thus, the data showfireothe observations made by

other authors.

5.3. Inhibition of PDE4 in vivo

PDE4 is the major class of PDEs expressed in imflatory cells [95].
Chronic interstitial inflammation is the most commpathological characteristic both
in human and experimental PF. Therefore we sugdespplication of a selective
PDE4 inhibitor to mainly affect interstitial inflammation and investigate its other
possible effects.

The dose of cilomilast was based on reports witmggkg successfully used
in mice. However the dose range was as broad &0 Irig/kg for mice [134] and
0.1-100 mg/kg for rats [136]. Our own minimal phaculogical observations
showed that the dose of 50 mg/kg was a compronaseeen therapeutic efficiency
and drug toxicity. Higher PDE4 inhibitor doses calidoss of body weight and

increased physical activity in healthy animalstHae latter case, direct CNS effects of
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cilomilast cannot be excluded as PDE4D gene isesged in cortex and cerebellum
where it is involved im2A-adrenoceptor signaling in neurons [126]. Thuwsedof 50

mg/kg was primarily used in the present work. Higtese (100 mg/kg) was also
used for treatment of experimental PF. Howevegtinent effects were similar to
those of 50 mg/kg dose suggesting that further doseease does not lead to

increased therapeutic effect.

5.4. Effectsof PDE4 inhibition on inflammatory cell influx

Given that PDE4 is the major cAMP hydrolyzing eneyin inflammatory
cells, including monocytes, lymphocytes and neutilsp strong effects of PDE4
inhibitor on these cells could be expected. Indéteel total cell number in BALF of
mice treated with cilomilast was significantly redd at the early stage of
bleomycin-induced pulmonary fibrosis. Numbers ofcrophages and lymphocytes
were significantly decreased as well. Interestinglg could observe that increase in
total cell number (3.5-4-fold) by bleomycin was agoted mostly for macrophages,
as they represent the largest defense cell popolati alveolus. On the other hand,
although absolute number of lymphocytes and nebti®pwvas relatively low,
increase in number of these cell types was abodbl80for lymphocytes and about
400-fold for neutrophils. Similar results are olvsel both in humans and mice with
pulmonary fibrosis [13,59]. However it was unexjeecto see no significant effect of
cilomilast on number of neutrophils, which confiatith other similar studies. For
instance, Corbel et al. [135] could demonstratedéerease in neutrophils release by
selective PDE4 inhibitor PR 73-401 (piclalmilast)a murine model of LPS-induced
acute inflammation. Similar effects have been olestby other authors [136].

Neutrophils play important role in inflammatory pesses and pathological
tissue remodeling releasing primary (eg. elastask rayeloperoxydase, MPO) and
secondary (eg. collagenase and lactoferrin) gramueymes, as well as high

concentrations of oxidants. Neutrophil elastase )(N& turn, can induce MMPs
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activation and, as a result, damage of lung pasgnahindeed, it was shown that IPF
(also known as cryptogenic fibrosing alveolitis, AJfpatients have higher numbers
of neutrophils and higher concentrations of protgolgranule enzymes, such as
MPO, collagenase, NE, lactoferrin in BALF [12], @&ell as increased NE levels in
plasma and lung tissue [14]. Inability to influenoeutrophils release therefore
reveals potential limitations of the inhibitor usdtlis worth noting, however, that
different inhibitors were used in different studi#éss well documented that different
substances possess different effects on cell tgpdanediators released. In example
with PDE4 inhibitors, a study [136] shows differi@hfpotential of number of PDE4
inhibitors on neutrophils and TNFrelease, indeed showing some limitations of

cilomilast in particular.

5.5. Effects of PDE4 inhibition on the expression of inflammatory

markers

It was interesting to see whether general supmessi inflammatory cells
influx was also reflected in inflammatory cytokinegpression throughout the lung at
the same time points. Such genes as /NIE1p and IL6 are known to be
upregulated in the lugs of patients with PF [15-ZNFo. and IL13 are also the
canonical early inflammatory markers of experimeB becoming upregulated in
the first 4-7 days after bleomycin administrati@0,69-60,64].

Indeed, expression of TNFwas significantly elevated upon bleomycin lung
injury. It was significantly decreased in mice tezhwith cilomilast compared to non-
treated ones both at 4 and 7 days after bleomylrimrastration. It is well known that
macrophages, along with type Il alveolar epithetills, represent the major source
of TNFa [16]. Therefore, it was expected to see the dowulsgion of this cytokine
after significant attenuation of macrophages inflioy cilomilast that was
demonstrated in BALF cell count experiments. Simiksults were also showed by
other authors [134].



Discussion 64

Expression of ILE was also significantly elevated at the early stafe
experimental PF. However, cilomilast had no sigaifit effect the level of this
cytokine. Althouth other authors also observed saene result [146], it was a
surprising finding as to a large extent fLik also produced by macrophages which
numbers were decreased by cilomilast [16]. It i®resting to note that although
expression of ILf is well known to be elevated both in human andeexpental PF
its role in the remodeling process is controvershd such, ILB was shown to
stimulate proliferation of fibroblasts and theioguction of collagen types 1 and 3
[28]. However, other reports show the opposite lagn of fibroblasts by this
cytokine. For instance, Ilflcould also decrease expressiom-@mooth muscle actin
in fibroblasts and induce their apoptosis throughcoxide (NO) [147].

Similarly to TNFe and IL13 expression of IL6 was also significantly elevated
at 4 and 7 days after bleomycin administration,clvhs also observed in the lungs of
IPF patients [15,17,19-20]. Treatment with cilorsilacaused further significant
increase in IL6 expression. We suggest that ineckasxpression of IL6 in
experimental and human PF might be accounted tdilrdtic action of this factor.
Indeed, it was shown that exogenous administrabbhL6 decreased BALF cell
recruitment, macrophage-mediated TNproduction and hydroxyproline content in
experimental pneumonitis in mice [31]. Besides, Icén also be induced in
fibroblasts by co-stimulation with pro-inflammatocytokines TNl and IL13 [28].
Although other authors showed pro-inflammatoryaciof IL6 [32], we believe that
increase in IL6 expression observed after treatmeith the PDE4 inhibitor
accompanies the general suppression of inflammateltyinflux and TN content

in the lung.

5.6. Effectsof PDE4 inhibition on late stage fibrosis

With the progression of fibrosis, pathological chas become more obvious

leading to further inflammatory cells infiltratioand accumulation of connective
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tissue leading to impairment of lung function. Atsf, this includes inability to
maintain normal gas exchange as a conclusion okehed interstitium. At second,
as fibrosis goes on, worsening of lung mechanioapgrties occurs due to increasing
stiffness of the tissue. The latter could be exawhiroy means of pulmonary
compliance measurement.

As expected, decreased compliance was observeteamixcin-challenged
mice. Similarly a higher degree of fibrosis was wlbented after histological
examination of lungs of these animals, confirmiognpliance measurement results.
Compliance was lower and score was higher at dayc@#pared to day 14,
illustrating progression of the disease. In additidypical manifestation of
bleomycin-induced lung fibrosis, such as its patphitern and substantial degree of
inflammation were documented.

Animals treated with cilomilast demonstrated sigaifitly higher lung
compliance at 14 days after bleomycin instillatiocompared to non-treated ones
whereas pathological changes occurring by day 2¢ wessibly more difficult to
affect. It is important to note that the lung coiapte values are not only influenced
by the lung elasticity but also by the chest resisé. The latter, depends on the size
of an animal that, in turn, is a function of bodgight. Therefore, to minimize the
possible artifacts compliance values were also abred to body weight. The results
not only remained similar but the level of theistatal significance rose as well.

Degree of pathological changes reflected in filw@siores was also less in the
cilomilast-treated animals in a number of repetitiexperiments. However, the
improvements were not as prominent and did not ydwaach the level of statistical
difference suggesting consistent but mild effectP@iE4 inhibition on late stage

fibrosis.
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5.7. Possible mechanisms of anti-fibrotic action of PDE4 inhibitors

Action of PDE4 inhibitor on tissue remodeling midive several aspects.
First, selective inhibition of PDE4 is able to stggs inflammation effectively raising
CAMP level and thereby eliminating pro-fibrotic @mnment in the tissue (Fig. 25,
left). Indeed, cCAMP suppresses TLR signaling patherad LPS- and TN&induced
inflammatory response [104-105]. Inflammatory cellso express markers, such as
TNFa, IL1B, TGH and PDGF that are known to promote tissue remoglefis such,
TNFo levels are elevated in IPF lungs and it is abledi@ctly stimulate the
proliferation of lung fibroblasts [15,29]. In thegsent work we could demonstrate
that PDE4 inhibitor decreased numbers of macromhaged lymphocytes and
lowered TNFe expression in the lung. Interestingly, inhibitiohTNFo by its soluble
receptor alone can be sufficient to attenuate poanpfibrosis in mice [30].

On the other hand, there are some evidences tha# Rihibitors are able to
act through inflammation-independent ways (Fig.ritiht). cCAMP elevated by PDE4
inhibitors, PGE2 or AC stimulation inhibits lundofoblast migration, proliferation,
and collagen synthesis [106-108,139], as well #ierdntiation into myofibroblasts
[109-110]. Similarly, cAMP inhibits proliferation foheart fibroblasts [141] and
PASMCs [142]. Finally, PDE4 inhibitor directly atieated fibroblast to
miofibroblast transition, stimulated by TGFn inflammation-free environment
[110]. Our group has also previously demonstratet tAMP raised by PDE3/4
inhibitor tolafentrine inhibited enhanced migratioh PASMCs that were derived
from vessels of rats suffering from pulmonary hypesion [144]. Inhibition of PDE4
by cilomilast also suppresses release and activatioMMP1, MMP2 and MMP9
from human lung fibroblasts [98,143].
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Fig. 25. Possible mechanism of anti-fibrotic action of PDE4 inhibitor:
inflammation and remodeling branches, cross-talkwben cAMP/PKA and
MEK/ERK pathways and the molecules known to be Ive.

Moreover, it was discovered, that PDE4B, 4C and gibteins contain
conserved motifs for phosphorylation by extracellidignal-regulated kinase (ERK),
thereby integrating AC/cCAMP/PDE4/PKA and RAS/RAF/MUERK pathways [85].
Although it was proved that ERK-mediated phosphairgh inhibits PDE4 recent
data suggest that PKA can directly inhibit c-Raflatherefore, the whole ERK
pathway. The details of this interaction are ndlyfunderstood, however at least
three possible mechanisms are suggested [111]., RiDE4 inhibition, leading to
CAMP elevation, might directly inhibit proliferatoand cell growth resulting in
attenuation of fibrosis and tissue remodeling inegal. Hypothetical mechanism of

anti-remodeling action of a PDE4 inhibitor is reggeted in the figure (Fig. 25).
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inflammation - - - - - + fibrosis

\/
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Fig. 25. Possible mechanism of anti-fibrotic action of PDE4 inhibitor
(smplified): cilomilast affects fibrosis largely by suppreggsimflammation and to
some extent the remodeling itself.

All together these data suggest that the effectemed in present study might
be accounted to several independent actions oPDIE4 inhibitor, affecting both
inflammation process and the effector cells in s$ites of fibrosis (Fig. 26). This,
therefore, may open another possible therapeutiorofor patients with pulmonary

fibrosis.
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