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Introduction 1

1. Introduction

Signal transduction is one of the principle characteristics of all organisms. The ability to
recognize external signals or stimuli, to convert and to transmit them into internal signals
is fundamental and of pivotal importance for either survival in a changing environment
(unicellular organisms) or for cell-to-cell communication in order to coordinate the
functions of the system and body (multicellular organisms). In multicellular organisms, a
multitude of signals (first messengers) e.g. hormones, growth factors or
neurotransmitters bind specifically to cell-surface receptors and initiate the signal
transduction inside the cell. The intracellular signal transduction is processed by second
messenger molecules, such as cyclic adenosine 3', 5’- monophosphate (cAMP), which

induce and regulate various cellular functions.

1.1 The pathway of the second messenger cyclic AMP

The second messenger cCAMP has been extensively studied for half a century. Since its
discovery in 1957 (Sutherland et al., 1958; Berthet et al., 1957), no less than five
different Nobel Prizes have been awarded in this field of research and therewith
underline the importance of this regulatory system (Beavo et al., 2002). Once, the
classical cAMP pathway as paradigma of the second messenger concept was
considered simple and straightforward, but with increasing number of investigations it
has become very complex. One reason is that cAMP not only induces phosphorylation
of proteins via activation of a CAMP-dependent protein kinase A (PKA) but also induces
protein-protein interaction independently of any phosphorylation event (Hanoune et al.,
2001). Another reason for this complexity is the extreme variety of potential regulators of
cAMP such as G protein-coupled receptors (GPCR) that trigger cAMP generation
(2.1.1), numerous adenylyl cyclase (AC) isoforms for the synthesis of cAMP (1.1.2),
different cAMP effector mechanisms (1.1.3) and finally a multitude of enzymes having
cAMP phosphodiesterase (PDE) activity to degrade cAMP (1.1.4). By these boundless
possibilities, cAMP can influence a broad range of metabolic processes, including
gluconeogenesis, glycogenolysis and lipogenesis, as well as secretory processes,

muscle contraction, learning, ion channel conductance, pro-inflammatory cytokine
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production and action, differentiation, apoptosis and growth control (Houslay et al.,
1997).

1.1.1 G protein-coupled receptors (GPCRS)
Extracellular signals (first messengers) are transmitted into the cell interior by means of

different classes of membrane receptors. GPCRs constitute the largest and most
ubiquitous family among these surface receptors (Pierce et al., 2002). More than 800
genes encoding GPCRs involved in sensory (odorants, light, etc.) and chemical stimuli
(catecholamines, amino acids, peptides, and even ions) have been identified so far
(Hermans, 2003; Wess, 1998). Based on their amino acid similarity, ligand structure and
G-Protein coupling, GPCRs can be grouped within mammalian cells into four different
classes (Foord et al., 2005). Further classifications were proposed for pheromone

receptors of yeasts and nematodes (Pierce et al., 2002; Wess, 1998).

1. Class | is the largest group, and includes a multitude of GPCRs sensitive for
sensory stimuli (rhodopsin, colors, odorants), glycoprotein hormones, a broad
range of peptides (e.g. chemokines, opioids, neuropetides, etc.), biogenic amines
(e.g. adrenaline, dopamine, acetylcholine, etc.) and diverse miscellaneous
receptors that bind for example prostanoids or leukotrienes.

2. Class Il comprises members of the secretin/glucagon receptors.

3. Class lll includes metabotrophic glutamate receptors, calcium sensors and vy -
aminobutyric acid (GABA) receptors.

4. Class IV represents a separate class of frizzled and smoothened GPCRs
sensitive for “Wnt", a small group of secreted peptides involved in oncogenesis

and embryogenesis (Foord et al., 2005).

Despite enormous variations in their amino acid sequence and structural differences of
their activating ligands, all GPCRs share a common three-dimensional structure of
seven transmembrane helices linked by alternating intracellular (i1-i3) and extracellular
(02—04) loops. Whereas the extracellular receptor surface, including the extracellular N-
terminal domain, is known to be critically involved in ligand binding, the intracellular part
of the receptor is known to be important for G-protein recognition and activation (Wess,
1998).
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Beside the similar structure of GPCRs, they all operate through a similar molecular
mechanism. The binding of extracellular ligands to GPCRs causes conformational
changes in the receptor protein that promote the associations with distinct classes of
heterotrimeric G-proteins (Wess, 1998; Dohiman et al., 1991). These G-proteins consist
of a-subunits bound to By complexes and are attached to the cytoplasmic surface of the
plasma membrane. Interaction of the ligand-activated receptor with the G-protein
triggers the exchange of GTP for GDP on the a-subunit and results in the dissociation of
the G-protein from the receptor and the dissociation of the G-protein a-subunit from the
By complex. The released G-protein subunits, a-GTP and free By, are then able to
interact with distinct effectors such as ion channels or enzymes like adenylyl cyclases.
Because of the intrinsic GTPase activity of all a-subunits, a-GTP is hydrolyzed to a-
GDP, which is able to bind free By complexes with high affinity as a kind of feedback
regulation (Bourne, 1997; Neer, 1995).

GPCR signalling is highly specific and complex because of the existence of numerous
G-protein subunits. Up to now, at least 23 a-subunits derived from 17 different genes
have been identified and are classified into four families (Gai,, Gas, Gag1, and Gayy).
Concerning - and y-subunits, at least 6 and 12 different molecular species have been
described, respectively (Vanderbeld et al., 2000; Gautam et al., 1998). A large variety of
intracellular and membrane effectors have been identified for G-proteins such as K-
channels, Ca*-channels, Phospholipase C, protein kinases and adenylyl cyclases
(Hermans, 2003). The latter, mostly transmembrane enzymes subdivided into numerous

categories are the cCAMP synthesizing enzymes.

1.1.2 Adenylyl Cyclases (ACs)
Cyclic AMP is synthesized in mammalian cells by two evolutionary related families of

adenylyl cyclases, soluble adenylyl cyclases (sAC) and transmembrane adenylyl
cyclases (tmAC). These two enzymes share a conserved overall architecture in their
catalytic domains and a common catalytic mechanism, but they differ in their subcellular
localization and response to various regulators. Both ACs catalyze the cyclization of ATP
to generate cAMP and inorganic pyrophosphate (Kamenetsky et al., 2006). Up to now,
at least nine closely related isoforms of tmACs (AC1-9), encoded by different genes and
two different splicing variants of isoform AC8 have been discovered (view Table 1). Each

tmAC isoform and variant consists of two hydrophobic domains (with six transmembrane
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spans) and two cytoplasmic domains resulting in a pseudosymmetrical protein. The
cytoplasmic domains, which constitute the catalytic site, are subject to intracellular
regulations specific for each subtype. The major regulators of tmACs are heterotrimeric
G proteins, which transduce extracellular signals via GPCRs. Further important
regulators of tmACs are the calcium receptor protein calmodulin, protein kinases (PKA
and PKC), NO-dependent inhibition and presumably many more. Forskolin, a diterpene
compound isolated from plants (Plectranthus barbatus or Coleus forskohlii) is an often

experimentally used activator of tmACs (Kamenetsky et al., 2006; Hanoune et al., 2001).

Response to cAMP signaling pathway component®

ACisoform Gas Gai G FSK Calcium Protein kinases
AC1 + J(CaM-or | + 1 (CaM) 1 PEC (weak)

FSK- 1 (CaM 1 (CaM

stimulated kinase IV) kinase IV)

activities)
AC2 + — 1 (when + 1 (PKC)

stimulated
by Gus)
AC3 t 1 1 (CaM) 1 (PKC)
(in vitro) (weak)
J (CaM kinase IT) | (CaM kimase IT)
AC4 1 1 1 $(PKC)
ACS 4 LBy 1 b (=1 pM) 1 (PKA)
1 (PKCua/t)

ACS +l NG 1 (=1 M) | (PKA. PKC)
ACT 1 1 1 1 (PKC)
ACS o (Catt 1 + (CaM) — (PKC)

rises)
ACH t 1 1 (weak) | (calcineurin)
sAC - = —
Table 1. Regulatory properties of mammalian adenyly | cyclases (modified

from Hanoune, 2001). a T= activation; | = inhibition; — = neutral response.
Abbreviations: CaM; Calmodulin; FSK; forskolin.

In contrast to tmACs, SACs are insensitive to forskolin and also to heterotrimeric G-
protein regulation. sACs are uniquely regulated by the intracellular signaling molecules
bicarbonate and calcium. Alternative splicing of the single sAC generates diverse
isoforms, which are widely expressed (Sinclair et al., 2000) and are not strictly soluble
proteins but mostly present at discrete subcellular localizations in a wide variety of cells
(Geng et al., 2005; Jaiswal et al., 2001).
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Overall, table 2 illustrates the tissue distribution of the mammalian ACs and indicates

that certain isoforms are related to distinct cAMP-mediated functions, such as circadian

rhythm, learning /memory, drug & ethanol dependency or cell proliferation as examples.

AC Human

isoform  Tissue distribution® Potential associated function chromosome

AC1 Brain (neuron ), adrenal gland Circadian thythm, synaptic Tpl2
(medulla) plasticity, leamning, memory,

LTP. drug dependency

AC2 Brain, skeletal muscle, lung Synaptic plasticity, arrest of spls
[heart] cell proliferation

AC3 Brain, olfactory epithelium, male  Odorant stimulation 2p22-24
germ cells, pancreas, BAT
[uterus, heart, lung]

AC4 Brain [heart, kidney, liver, 14q11.2
lung, BAT, uterus]

ACS Heart, bram [kidney, liver, lung, 3ql3.2q21
uterus, adrenal, BAT)

ACE Widespread Cell proliferation 12q12-13

ACT Brain, platelets, widespread Ethanol dependency 16q12-13

ACS Brain, lung. [testis, adrenal, Synaptic plasticity, LTP, 8q24
uterus, heart] drug dependency

ACY Brain, skeletal muscle, 16p133
widespread

sAC Testis [other tissues] 1g24

Table 2. Tissue distribution of mammalian adenylyl

cyclases (modified from

a
Hanoune, 2001). Underlined tissue expressed this isoform at high level; [ ] = low

level of expression determined by PCR; Abbreviations: BAT; brown adipose tissue;
LTP; long-term potentiation.

1.1.3 Effectors of cAMP

Today, at least three different targets of cCAMP have been identified that regulate various

functions in different cell types:

1. cAMP-dependent protein kinase A (PKA)

2. Cyclic-nuclectide-gated ion channels (CNG)

3. Exchange protein directly activated by cAMP (Epac) also known as cAMP-

regulated guanine exchange factor (CAMP-GEF)
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PKA was one of the first discovered protein kinases (Walsh et al., 1968). This enzyme is
composed of two separate subunits, the catalytic (C) and regulatory (R) subunits that
interact to form an inactive holoenzyme complex. Phosphorylation of the C subunit is
required for the biological activity of PKA.

There are four different R subunit genes and their isoforms (Rl,, Rlg, Rlly, and Rllg),
which are differentially expressed in tissues (Cheng et al., 2008; Adams et al., 1995).
The subcellular distribution of PKAs is determined by a family of A-kinase anchoring
proteins (Dodge et al., 2001) that link their R subunits to specific subcellular structures
and ensure specificity in signal transduction by placing the kinase close to its appropriate
effectors or substrates (Scott et al., 1994).

The binding of the ligand cAMP to the R subunits induces a conformational change and
subsequently the dissociation of the holoenzyme into its constituent C and R subunits.
The free active C subunit can then affect a multitude of diverse cellular events by
phosphorylating cytoplasmic and nuclear protein substrates (Cheng et al., 2008; Taylor
et al., 1990). For example, by phosphorylating the nuclear cyclic-AMP-response-
element-binding-protein, the co-activator CREB-binding protein (CBP) is recruited, which
has an intrinsic histone acetyltransferase activity and interacts with RNA polymerase II.
This process results in an enhanced transcription of a great number of genes that carry
the cAMP response element (CRE) motif in their promotor region (Zhang et al., 2006;
Beavo et al., 2002).

In addition to PKA, cyclic-nucleotide-gated ion channels (CNG) are also critical effectors
of cAMP signaling. These nonselective cation channels are opened by the direct binding
of guanosine 3-5’ cyclic monophosphate (Marienfeld et al.,, 2001) and cAMP that
regulate the influx of Ca®" in particular, but also alkali ions like Na*. CNG channels are
expressed in many neurons of the mammalian brain, in the photoreceptors of the retina,
in the chemosensory cells of the olfactory, vomeronasal and taste system, but also in
spermatozoa, and act as molecular links between GPCR cascades and Ca?*-signalling
systems (Kaupp et al., 2002; Zufall et al., 1997).

Another family of recently discovered cAMP sensor proteins, hamed Epac becomes
more and more important (Mei et al., 2002). Similar to PKA, these proteins contain a
cAMP-binding domain (CBD). Epac proteins bind to cAMP and subsequently activate the
Ras superfamily small GTPases Rapl and Rap2. By discovering Epac as cAMP
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regulated protein, the cAMP-mediated signaling mechanism became much more
complex. Several studies demonstrated that activation of Epacs is also responsible for
effects that were previously thought to be controlled by PKA alone. Similar to PKA, Epac
proteins mediate also many cAMP-related cellular functions such as cell adhesion, cell-
cell junction, cell differentiation and proliferation. Since both, PKA and Epac are
ubiquitously expressed in all tissues, an increase in intracellular cAMP levels will
consequently lead to the activation of both PKA and Epac and requires therefore control
mechanisms that act in a spatial, temporal or collaborative manner (Cheng et al., 2008).
The underlying reasons leading to opposite or synergistic effects of PKA and Epac

activation are not fully understood and are actually the objectives of various studies.

1.1.4 Cyclic nucleotide phosphodiesterases (PDES)
By hydrolizing cyclic nucleotides, PDEs play a crucial role in the regulation of various

cellular functions and cAMP-signalling in particular. Twenty-one genes with multiple
promotors have been identified that encode PDE transcripts. Alternate splicing of these
genes leads to the expression of over 50 distinct PDE isoforms. This diversity and the
specific distribution at cellular and subcellular levels provide an effective tool to control
the magnitude and duration of the cAMP signal in a spatial and temporal manner
(Lugnier, 2006).

Based on sequence similarity, kinetics, modes of regulation, and pharmacological
properties, the PDE superfamily is subdivided into eleven families (PDE1-PDE11, see
figure 1). Their nomenclature uses arabic numbers after the PDE acronym to identify the
different families. The genes and subtypes of the individual family are expressed by
capital letters respectively. Additionally arabic numbers after these letters indicate the
corresponding isoform (e.g. PDE4B1). Furthermore, the PDE families can be
differentiated functionally by means of their relative affinities for cAMP and cGMP. Three
of the eleven PDE families selectively hydrolyze cAMP (PDEs 4, 7, and 8). Another three
families are selective for cGMP (PDEs 5, 6, and 9), and five families hydrolyze both
cyclic nucleotides with varying efficiency (PDEs 1, 2, 3, 10, and 11) (Lugnier, 2006; Conti
et al., 1999). Figure 1 illustrates that all PDEs share common structural elements like a
highly conserved catalytic domain with a 20— 45% identity of about 270 amino acids. It is
composed of 17 alpha helices consisting of 3 subdomains that define a deep pocket
where the substrate or inhibitors can bind. Furthermore, it includes binding domains for

two metal ions (Zn®* and Mg?*) essential for the catalysis (Conti et al., 2003).
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Figure 1. Schematic illustration of the structure o f the 11 phosphodiesterase (PDE) families
(modified from Conti & Beavo 2002). The family name is reported on the side of each structure, and the
number in parenthesis denotes the number of genes composing the family. The conserved catalytic
domain is represented as a red cylinder. Binding proteins are marked yellow. Phosphorylation sites are
reported as a red symbol marked P. Abbreviations: CaM; calmodulin, CamKIl; calmodulin-regulated
kinase Il, ERK2: extracellular signal-regulated kinase 2, py; PDE y subunit, GAF; cGMP-activated
PDEs, PAS; period aryl-hydrocarbon receptor nuclear translocator (ARNT), PKA; protein kinase A;
PKB, protein kinase B; TM, transmembrane domain of PDE3, UCRSs; upstream conserved regions.

The second common element is the regulatory domain located between the amino
terminus and the catalytic domain, which represent diverse regulatory units among the
PDE family members: Calmodulin binding sites for PDE1, allosteric cGMP binding sites,
that is, GAF domains for PDE2, PDE5, PDE6, PDE10, and PDE11, phosphorylation
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sites of different kinases (PKA, PKB, MAPK and CamKIll) for PDE1, PDE3, PDE4, PDE5
and PDE10, PAS domain for PDE8, autoinhibitory sequences for PDE1 and PDE4, a
transmembrane domain for PDE3, as well as anchoring domains for PDE4 and PDE7
(Conti et al.,2007; Lugnier, 2006; Houslay et al., 1997). Each isoform of a PDE subtype
is characterised by a unique N-terminal region and therewith has unique properties
concerning activation, regulation and subcellular distribution. The various isoforms of
PDEs represent a fine-tuned control system of distinctly compartmentalised PKA-R
species that generate cAMP (figure 2). The spatial separation of the sites of synthesis,
detection and degradation of cCAMP leads to the establishment of spatial gradients. This
compartmentalisation has functional consequences for the integration of cellular
signalling responses mediated by cAMP and the means by which they are modulated

through the action of other signalling systems (Houslay et al., 1997).

Come on you
PDEs let me get

| ain‘t getting

enough cAMP Some have it and others

o haven't: a tale of
compartmentalised cAMP
(orginal cartoon from

Miles O. Houslay and Graeme Milligan)
PKA-RI| =l g ]

Figure 2. The tale of compartmentalised cAMP  (modified from Houslay and Milligan 1997). The cAMP
produced by AC at the plasma membrane diffuses into the cytosol where both anchored (chains) and free,
cytosolic PDE activities allow gradients of different cAMP concentrations to be established (blue). Anchored
PDEs can also create localised cAMP gradients. Changes in cCAMP concentrations in specific intracellular
compartments (blue shades) can be sampled and monitored by anchored PKA-RII isoforms. By contrast to
this, PKA-RI isoforms can sample cAMP levels throughout the cell cytosol. The pattern of PKA-RII activation
in a cell will depend upon (1) the site of cCAMP production, (2) the rate of cAMP hydrolysis by soluble PDEs,
(3) the activity of anchored PDEs and the specific location of the anchored PKA-RII.
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1.2 Phosphodiesterase 4 (PDE4)

In 1980 there was one of the first biochemical characterizations of a PDE enzyme,
proteolysed from liver membranes that demonstrated to be cAMP-specific and cGMP-
insensitive (Marchmont et al.,, 1980). Few years later, PDE4 enzymes were first
recognized (Reeves et al., 1987) as a distinct family, originally called “PDE-IV”, based
upon their unique sensitivity to inhibition by Rolipram (Wachtel, 1982), which is now
considered as the archetype of a PDE4 selective inhibitor. The first molecular cloning of
PDE4 enzymes became possible by the identification of the dunce gene in the fruitfly
Drosophila melanogaster genome (Qiu et al., 1991). Disruption of this gene led to
learning and memory defects. This dunce PDE was then used to isolate rat PDE4 forms
(Davis et al.,, 1989) and a following study demonstrated the presence of four PDE4
genes in rat (Swinnen et al., 1989). A few years later, theses genes were also identified
in man encoding four subfamilies PDE4A, PDE4B, PDE4C and PDE4D (Bolger et al.,
1993).

Since that time the PDE4 family has been target for the development of selective
inhibitory drugs that provide therapeutical potential for the treatment of inflammatory
diseases, such as asthma, chronic obstructive pulmonary disease and psoriasis, as well

as depression and might serve as cognitive enhancers (Houslay et al., 2005).

1.2.1 Structural and functional properties of the P DE4 family
The PDE4 family, which exclusively hydrolyzes cAMP is the largest PDE family and is

constituted by 4 genes that form the subtypes PDE4A, PDE4B, PDE4C and PDE4D.

Multiple transcriptional start sites as well as alternative mRNA splicing enable these

genes to encode at least 35 different PDE4 proteins (Lugnier, 2006). The high homology
of PDE4 exonic sequences and the range of isoforms among different species suggests
that there has been a strong selective pressure during evolution to protect them from
mutation and divergence and underline their role as important key players (Houslay et
al., 2003).

Due to a highly conserved catalytic domain, all PDE4 isoforms have similar kinetic
properties and ion requirements and are all inhibited by rolipram. This similar structure of
the catalytic domain has been resolved at the atomic level for PDE4B (Xu et al., 2000)
and PDE4D (Huai et al., 2004).
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This domain is composed of 17 a helices connected by loops, with helices 6-13
containing residues critical for substrate binding and coordination of two metal ions
involved in catalysis. Helices 1-7, 8-11, and 12-16 are clustered in subdomains
allowing different conformational states of the catalytic center (Conti et al., 2003; Xu et
al., 2000). PDE4 enzymes as metallohydrolases adapt their conformation of the catalytic
domain depending on metal ion binding (cofactors) and thereby change their substrate
or inhibitor affinity (Liu et al., 2001). Overall, the catalytic domain of PDE4 is composed
of three important domains; First, a bivalent metal binding pocket (Zn?*, Mg®") that forms
a complex with the phosphate moiety of cAMP. Further, a pocket containing glutamine,
which forms hydrogen bonds with the nucleotide moiety of cyclic AMP, and finally a
solvent pocket (Houslay et al., 2003; Xu et al., 2000).

Although, the spatial relationship between the catalytic domain and the surrounding
domains is still unknown, it is widely accepted that domains at the amino and carboxyl
termini of the PDE4 protein exert important functions concerning conformation and
regulation of the catalytic core (Conti et al., 2003). PDE4 specific sites for this interaction
are two regions hamed upstream conserved regions 1 and 2 (Beard et al., 2000), highly
conserved and arranged on the amino-terminal side of the catalytic domain (Bolger et
al., 1993). Depending on the presence of UCR1 and UCR2, PDE4 isoforms can be
subdivided into three groups, the long, the short and the super short forms (Houslay et
al., 2005). The long isoforms have both UCRs, whereas the short forms lack UCR1. The
super-short forms not only lack UCR1, additionally the UCR2 is truncated (figure 3).

This UCR1/UCR2 module functions as a regulatory domain that controls the
conformation of the catalytic domain. Moreover Conti and coworker have shown that the
UCR1-UCR2 domain has a major role in the quaternary structure of PDE4. Splicing
variants containing both modules behave as dimers, whereas variants with one of the
two UCRs missing behave as monomers. This dimerization is most likely critical for
transmitting the conformational changes at the amino terminus to changes in
conformation of the catalytic domain (Conti et al., 2003; Richter et al., 2002). Kinetic and
inhibitor binding analyses with the longform PDE4A4 demonstrated that two
conformational states of the enzyme coexist. Rolipram binds to the catalytic sites of both
conformers, but with substantially different affinities (K4 ~ 2 nM versus Ky ~ 100 nM).
These two sites are named low-affinity rolipram binding site (LARBS) and the high-
affinity rolipram binding site (HARBS) (Zhao et al., 2003; Jacobitz et al., 1996). Although
the catalytic activity is rather enhanced with N-terminal deletion as in short and super
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short forms of PDE4, the potency of rolipram is reduced 10- to 30-fold. In contrast, this
deletion has no effect on the affinity (Gresch et al., 2004) of cyclic AMP or the Kq4 of a
structurally distinct PDE4-selective inhibitor like piclamilast (Jacobitz et al., 1996).

Finally, there is the carboxy-terminal region that is unique to each of the four PDE4

subtypes and whose role is still not clear (Houslay et al., 2003).

PKA phosphorylation (positive) + ERK phosphorylation
(negative)

PDE4 long isoform

UCR1 UCR2
ERK phosphorylation
(positive)

PDE4 short isoform

ERK phosphorylation
(negative)

PDE4 super-short isoform

Figure 3. PDE4 subdivided isoforms (modified from Houslay, 2005). Their unique N-terminal
region defines the three different groups of PDE4 isoforms. Indicated are; the regulatory UCR1
and UCR2 regions, the catalytic unit and sites for phosphorylation by PKA (Beard et al., 2000)
and ERK (on the catalytic unit). The isoform-specific N-terminal region is shown in grey and

the subfamily-specific C-terminal region is shown in pink.

1.2.2 Regulation of PDE4 and its role in cAMP-signa  ling
PDE4s are considered to be important cAMP homeostatic regulators, because they

participate in feedback regulations involved in cell desensitization, adaptation, signaling
cross talk, and cAMP signal compartmentalization (Conti et al., 2003).

As indicated in the previous chapter (figure 3), the UCR1/UCR2-module plays a key role
in regulating the activity of PDE4s. The UCR1 of PDE4 longforms can be
phosphorylated and thus activated by PKA. This activation is achieved by disrupting an
H-bond interaction between UCR1 and UCR2 through a conformational change (Beard
et al., 2000). Furthermore, PKA phosphorylation increases also the affinity for Mg** and
therefore enhances the catalysis of cAMP. These events represent an important
feedback mechanism for cAMP signaling by increasing the cellular capacity for cAMP
degradation (Sette et al., 1996).

Another regulatory intervention allows the phosphorylation by ERK. With the exception

of PDE4A, all remaining isoforms can be phosphorylated by ERK at the catalytic unit and
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provide an isoform-dependent regulation of either activation or inhibition (Baillie et al.,
2000). The functional outcome of ERK phosphorylation depends on the interplay with the
available UCR unit(s) of the individual PDE4 isoform. On the one hand, inhibition is seen
in PDE4 longforms, where UCR1 and UCR2 form a regulatory modul that inhibit the
catalytic unit. The consequence is an increase of cAMP levels that could potentially
activate PKA, which alters the regulatory modul by phosphorylating UCR1 and finally
overcome the inhibitory ERK signal as feedback mechanism.

On the other hand, PDE4 short forms with an intact UCR2 unit show the opposite. ERK
phosphorylation leads to an augmentation of their catalytic activity (Baillie et al., 2000).
On the contrary the activity of PDE4 super short forms, with their truncated version of
UCRZ2, are inhibited after phosphorylation by ERK, and in contrast to the long forms, the
lack of UCR1 prevent a feedback regulation by PKA (Houslay et al., 2000).

The PDE4 activity and the regulation of the cAMP signaling respectively are
complemented by a supplemental diversification of the spatial occurrence of PDE4
isoforms in the cell. Therefore, the unique N-terminal region does not only regulate the
catalytic activity of PDE4 isoforms, but is also involved in intracellular targeting. A study
on PDE4Al (Bruno et al., 2009) showed, that the simple deletion of the N-terminal
region converted an entirely membrane-associated enzyme into a cytosolic one without
changing the catalytic activity (Shakur et al., 1993). This targeting is due to a unique N-
terminal domain named TAPAS-1 that binds to lipids in the membrane bilayer (Baillie et
al., 2002). Such lipid interaction as intracellular targeting represents an exception, since
the spatial distribution of the residual PDE4 isoforms is based on protein-protein
interaction (Houslay et al., 2005). Table 3 shows the group of PDE4 protein binding

partners that have been identified so far.

These are mostly signaling scaffold proteins, such as B-arrestin, AKAPs, RACK1 and

myomegalin. Their interaction with different isoforms of PDE4 localized to specific sites
of CAMP activity, such as GPCRs or the following effectors, such as PKA and Epac,
provide the basis for a fine-tuned and compartmentalized cAMP signaling network
(Baillie et al., 2005; Baillie et al., 2003; Dodge et al., 2001; Verde et al., 2001; Yarwood
et al, 1999). Several fluorescence-resonance-energy-transfer (FRET)-based
approaches have been used to visualize cAMP dynamics and the activation of its
effectors in a spatiotemporal manner (Conti et al., 2007; DiPilato et al., 2004; Zaccolo et
al., 2002; Zhang et al., 2001).
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PDE4 interacting proteins

Interacting protein

PDE4 isoform

Comments on interaction

SH3-domain-containing PDE4A4, PDE4AS, PDE4D4

Shows specificity for SH3 domain (e.g SRC family tyrosyl kinases).

proteins All human PDE4A species interact weakly with 5H3 domains via
LR2 region.

RACK1 PDE4DS Binds to region in unigue N-terminal region.

Myomegalin PDE4AD3 Shown for PDE4D3. Interacts with UCR2, implying all iscforms can
bind.

[i-arrestin PDE4DS; all PDE4 Conserved interaction site within catalytic unit allows all PDE4s

to interact. PDE4DS has additional interaction site within its unique
N-terminal region.

XAP2 (AP, ARAZ)

PDE4A4, PDE4AS

Binds to unigue N-terminal region of indicated PDE4A isoforms
and also binds to a site in UCR2.

mAKAP PDE4D3 Involves unigue N-terminal region. PKA phosphorylation of Ser13
in N-terminus of PDE4D3 enhances interaction.

AKAPASD PDE4D3 Involves unique N-terminal region.

ERK All Interacts with docking and specificity sites in the catalytic unit that

straddle the phosphorylation site for ERK found in PDE4E, PDE4C,
PDE4D but not PDE4A isoforms.

Table 3. PDE4 interacting proteins  (modified from Houslay, 2005)

1.2.3 Functional impact of PDE4 subtypes
Knowledge about the functional impact of PDE4 subtypes derived from studies of either

cell-based investigations of small-interfering RNA (siRNA)-mediated knockdown of
specific PDE4 subtypes or by the knockout of distinct PDE4 subtype genes in mice.
These studies increased evidence, that distinct PDE4 subtypes have unique non-
redundant functions in various cells. Anti-inflammatory effects in different celltypes are
accredited to the unique function of subtype PDE4B. In murine macrophages, it was
shown that PDE4B exclusively and not PDE4A or PDE4D regulates the LPS-induced
TNF-«a release (Jin et al., 2005; Jin et al., 2002). Furthermore, subtype PDE4B was
found to be the predominant subtype in human neutrophils and in unstimulated or LPS-
stimulated monocytes (Wang et al., 1999). In this context, ablation of PDE4B and
PDE4D but not PDE4A has further profound effects on neutrophils functions such as
reduced chemotaxis and a decreased expression of adhesions molecules on the surface
of these cells (Ariga et al., 2004).

In human T-lymphocytes it was shown that subtype PDE4D plays the predominant role
in the regulation of various T-cell functions like IL-2, IL-5 and IFN-ysecretion or

proliferation (Peter et al., 2007). Studies on PDE4D-knockout mice demonstrated its
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essential role in cCAMP homeostasis and cholinergic stimulation of the airways, and in the
development of airway-hyperreactivity. Furthermore, these knockout phenotypes also
indicated the central role of PDE4D in balancing relaxant and contracting cues in airway
smooth muscles (Mehats et al., 2003; Hansen et al., 2000). PDE4D but not PDE4A or
PDE4B plays also a critical role in B,-adrenoceptor-dependent cAMP signaling, as a
study on mouse embryonic fibroblasts deficient in these genes has been demonstrated
(Bruss et al., 2008). Moreover, PDE4D seems also to be responsible for the known
central-nervous-system-related and cardiac-related side effects of PDE4 selective
inhibitors (Lehnart et al., 2005; Robichaud et al., 2002).

Although, there are results from PDE4D-deficient mice, indicating that this subtype is
required not only for the regulation of fertility but also growth (Jin et al., 1999), cellular
mechanisms of it remain unknown. Despite the knowledge that PDE4 inhibitors affect a
number of cellular functions, the involvement of distinct PDE4 subtypes in processes like

growth or proliferation is not completely understood.

1.2.4 Inhibitors of PDE4
In the middle of the 19" century, there was the first report from Henry Salter that coffee

might have benefical effects on asthma attacks (Salter, 1859). Some years later, a
degradation product of caffeine namely theophylline was isolated (Kossel, 1889; Kossel,
1888). The mode of action of theophylline could at least in parts be elucidated after the
discovery of PDE. It was shown, that theophylline inhibits PDEs unspecifically with a K;
of 100 uM (Butcher et al.,, 1962). The achieved increase of cAMP leads to
bronchodilation (Rabe et al., 1998) and reduces the activation of a wide range of
inflammatory and lung resident cells (Torphy, 1998).

But theophylline also exhibits a PDE-independent mode of action as the activation of
histone deacetylase (HDAC) activity, which decreases inflammatory gene expression
(Ito et al., 2002). However, cAMP-hydrolyzing PDEs and especially PDE4, which is
present in various inflammatory cells, was identified as an interesting target to develop
anti-inflammatory drugs. The antidepressant compound Rolipram was the first potent
cAMP-PDE inhibitor, highly selective for PDE4 (Schwabe et al., 1976). Thereupon, many
pharmaceutical companies started to develop rolipram analogues for inflammatory
diseases like asthma, COPD or psoriasis. One of these developments, resulted in
piclamilast also known as RP73401 from Sanofi-Aventis, formerly Rhéne-Poulenc Rorer
(Raeburn et al., 1994). But piclamilast and the most rolipram analogues, failed in clinical
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trials, due to their adverse events. These side effects, in humans namely diarrhoea,
headache, nausea and emesis, narrow the therapeutic window for PDE4 administration
(Dastidar et al., 2007; Rabe et al., 2005). Major efforts have been directed to design
compounds with a potentially more advantageous therapeutic window, for example, by
trying to achieve isotype selectivity (PDE4B > PDEA4D) or decreased affinity for the high-
affinity rolipram binding site, which is thought to be associated with the emetogenic
potential of these compounds (Pages et al., 2009).

Table 4 shows the current status of oral PDE4 inhibitors in clinical development. The
compound roflumilast, structurally similar to piclamilast (see figure 4), developed and
registrated as Daxas® by Nycomed, formerly “Altana Pharma” (Hatzelmann et al., 2001)
is one of the most potent oral PDE4 inhibitors. Several recently finished clinical phase |l
studies including over 1500 patients with Chronic Obstructive Pulmonary Disease
(COPD), attested its efficacy. The increased Forced Expiratory Volume per second
(FEV,) as important paramenter of lung function, a significant reduction of the rate of
exacerbations compared to placebo and tolerable adverse effects are essential
outcomes of these studies (Rabe etal., 2005; Calverley et al., 2009). The submission of
a Marketing Authorisation Application (MAA) to the European Medicines Agency (EMEA)
and the American Food and Drug Administration for Daxas as a once-daily oral
treatment for patients with COPD associated with chronic bronchitis is imminent (Pages
et al., 2009). Further PDE4 inhibitors in clinical trials for the treatment of asthma, COPD
or psoriasis (see table 4), are Oglemilast (Glenmark/Forest/Teijin), OX914 (Orexo),
Apremilast (Celgene), MEM-1414 (Memory Pharmaceutical), GRC-4037 (Glenmark) and
ELB353 (Biotie) (Pages et al., 2009).
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Drug Company Status
Roflumilast Nycomed Pre-registration
Oglemilast Glenmark/Forest/  Phase Il: COPD
Teijin and asthma
0OX914/IPL-455,903 Orexo AB Phase Il: COPD
and asthma
Apremilast/CC-10004 Celgene Phase II: Psoriasis
MEM-1414 Memory Phase II: Asthma
Pharmaceuticals
GRC-4039 Glenmark Phase I:
Rheumatoid
arthritis
ELB353 Biotie Phase I: Asthma

and COPD

Table 4. Development of current PDE4 inhibitor

(modified from Pages et al., 2009)

Q
\th%
OA\N N

Theophylline
1,3-dimethyl-
xanthine

Roflumilast
3-cyclo-propylmethoxy-4-
difluoromethoxy-N-(3,5-di-
chloropyrid-4-yl)-benzamid

Cl
N7 S 0
I/ S
N
H
Cl
I

F

Rolipram
4-(3-cyclopentyloxy-4-
methoxyphenyl)-2-
pyrrolidone

~

F

Cl
NFT I 0
. 0
N
H
Cl
Piclamilast
3-cyclopentyloxy-N-(3,5-

dichloro-4-pyridyl)-4-
methoxybenzamide

(e}

Figure 4. Chemical structures of a representative s
(modified from Houslay et al., 2005)
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1.2.5 Distribution of PDE4 and the biological effec __t of its inhibition
PDE4 is omnipresent and regulates in a broad range of different cells the signalling of

cAMP and therewith its inhibition influences many cellular functions. Under various
pathophysiological conditions PDE4 inhibition might offer a therapeutic benefit, which
has been demonstrated in numerous in vitro and in vivo studies. Due to the fact that
PDE4 subtypes are widely spread in neurons and glia cells (Conti et al., 2007), PDE4
inhibitors were initially considered as therapeutic agents for CNS-related disease, such
as depression (Wachtel, 1983) or schizophrenia (Kanes et al., 2007; Maxwell et al.,
2004). Further CNS related indications such as Alzheimer disease (Gong et al., 2004) or
Rubinstein-Taybi syndrome (Bourtchouladze et al., 2003) are based on the improved
long-term potentiation (LTP) of the memory and contextual learning after PDE4
treatment. In addition, Rolipram was suggested as useful therapy after spinal cord injury,
since PDE4 inhibition promotes axonal regeneration and functional recovery (Nikulina et
al., 2004). In islets of Langerhans, PDE4 inhibition leads to an enhanced glucose-
dependent insulin secretion (GDIS) that might be beneficial in type 2 Diabetes
(Waddleton et al., 2008). Moreover, inhibition of PDE4 in chondrocytes (Tenor et al.,
2002) showed protective effects versus nitric oxide- (NO) induced cartilage degradation
relevant in osteoarthritis. Furthermore, osteoporosis might also be a useful indication for
PDE4 inhibitors, since PDE4 is a key regulator of TRANCE expression in osteoblasts,
which in turn controls osteoclast formation (Takami et al., 2005).

The list of cellular examples is endless. Wherever cAMP plays a crucial role in biological
functions, there is a justified supposition that PDE4 enzymes are involved. In general,
increasing levels of cCAMP decrease the activity of nearly all immunomodulatory and
inflammatory cells (Hatzelmann et al.,, 2001) and selective PDE4 inhibitors effect this
increase (Essayan, 1999; Torphy, 1998).

Therefore, PDE4 inhibitors have been proposed as a therapeutic approach for a variety
of inflammatory diseases such as psoriasis and atopic dermatits (Nazarian et al., 2009).
However, the predominant proportion of studies deals with benefical effects of PDE4
inhibition in respiratory diseases with an inflammatory component such as asthma (Lu et
al., 2009), COPD or lung fibrosis. Table 5 lists pathophysiologically relevant cells, notes
the presence of PDE4 subtypes in these cells and specifies the biological consequences
of PDEA4 inhibition.
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Cell type PDE4 Subtype * Biological consequence of PDE4 inhibition  Reference
Tlymphocytes B=A Inhibition of proliferation and cytokine (Gantner et al., 1997b; Hatzelmann and Schudt,
CD4 CD8 release 2001; Smith et al., 2003; Peter et al., 2007)
B cells B, D=A Increased proliferation (Gantner et al., 1998; Smith et al., 2003)
Eosinophils A D=B Inhibition of superoxide anion (Hauelmann and Schudt, 2001; Smith et 'aa", 2003;
generation; delayed apoptosis Parkkonen et al., 2007)
Neutrophils A D=B Inhibition of superoxide anion and (Hatzelmann and Schudt, 2001; Smith et al., 2003;
neutrophil elastase release Jones et al.,, 2005)
Monocyte B =A D Inhibition of TNF-2 release (Hatzelrmann and Schudt, 2001; Smith et al., 2003;
Heystek et al., 2003; Jones et al., 2005)
Macrophages A B, D Inhibition of TNF-x release” (Gantner et al., 1997a; Hatzelmann and
Schudt, 2001; Smith et al, 2003;
Barber et al., 2004)
DCs A=B, D Inhibition of TNF-a release (Hatzelmann and Schudt, 2001;
Heystek et al., 2003)
Mast cells Little if any mast cell stabilization (Weston et al,, 1997; Shichijo et al,, 1998)
Airway Increased production of PGE3; inhibition (Fuhrmann et al., 1999; Haddad et al., 2002)
epithelial cells of IL-6 production
Inhibition of EGF-induced MUCSAC (Mata et al., 2005)
mMRNA and protein expression
Endothelial Inhibition of adhesion molecule (Jones et al., 2005; Sanz et al., 2007)
cells expression
Lung A B =D Inhibition of fibroblast chemotaxis; (Kohyama et al, 2002; Smith et al., 2003;
Fibroblasts inhibition of pro-MMP1, 2 release; Martin-Chouly et al., 2004;
inhibition of TGF- -induced Dunkern et al.,, 2007)
myofibrobalst conversion;
inhibition of bFGF- and IL-1g-induced (Selige et al., 2010)
proliferation
Sensory D Inhibition of neuropeptide release (Spina et al., 1995)
nerves®

Table 5. PDE distribution within human cells intere
pulmonary diseases such as asthma, COPD or lung fib

sting to be targeted for the treatment of
rosis (modified from Spina, 2008)

In this regard, lung fibroblasts are of special interest. Under healthy conditions, lung

fibroblasts are involved in wound healing. In a pathological situation, these cells become

key players in pulmonary diseases since the chronical inflammatory environment leads

to an overactivation of fibroblasts and might worsen the course of disease (Togo et al.,
2008; Agostini et al., 2006; Jeffery, 2001). By elevating cAMP, PDE4 inhibitors might
mediate two distinct effects on fibroblasts. On the one hand, inflammation is attenuated

and the reduced release of cytokines such as IL-13 (Chung, 2006) and growth factors

from e.g. epithelial cell (Nakamura et al., 1995), T lymphocytes (Gantner et al., 1998) or

monocytes (Hatzelmann et al., 2001) act on fibroblast functions (Gamble et al., 2003).

On the other hand, PDE4 inhibition directly prevents lung fibroblast functions such as

proliferation and conversion into myofibroblasts (Dunkern et al., 2007).
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1.3 Lung fibroblasts in pulmonary diseases

Lung fibroblasts (figure 5) are ubiquitous
mesenchymal cells, found in the normal
adult lung in the adventitia of vascular
structures and airways. These cells have a
spindle-shaped morphology and express
interstitial collagens (Goldring et al., 1988).
Lung fibroblasts play an important role in
wound healing, tissues injury, and
repair/remodeling/fibrosis (Phan, 2008). The

exact source of lung fibroblasts in particular

Figure 5. Phase contrast microscopy
picture of normal human lung fibroblasts.

under pathophysiological conditions is not
assured, since resident lung fibroblasts are
enforced by the recruitment of circulating fibrocytes derived from mesenchymal
progenitor cells of the bone marrow (Moeller et al., 2009).

Fibrotic alterations in the lung architecture are a pathological feature of chronic
pulmonary diseases like asthma (Bergeron et al., 2009), idiopathic pulmonary fibrosis
(Gross et al., 2001) or chronic obstructive pulmonary disease (Hogg et al., 2008).
Wound healing and scarring are essential physiological mechanisms to maintain tissue
integrity and function. However, they can exaggerate to a fibrotic condition especially
under repeated exposure to various insults such as virus/bacterial infections, chemicals,
radiation or allergens, which at the end can impair the function of the afflicted organs.
Peribronchiolar wall fibrosis is described in COPD patients (Spurzem et al., 2005) and a
fibrotic thickening of the basal membrane has also been observed in asthmatic patients.
For asthma and COPD the impact of these fibrotic processes, which are most likely
driven by repeated inflammation-repair cycles (Barnes, 2003; Jeffery, 2001), is not totally
clear. However, in IPF the massive subpleural honeycombing parenchymal fibrosis and
the fibrotic vascular remodeling are the major causes for reducing lung FVC, leading to a
poor prognosis of this disease (Gross et al., 2001). Thus, the 5-year mortality in IPF is
higher than in many cancer types (American Thoracic Society, 2000). Although, in
contrast to IPF, fibrosis is not the dominant aspect in asthma and COPD, it is assumed
that progression of such structural changes have a strong impact on the long-term
outcome of these diseases (Chapman, 2004). Depending on the different stages of
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fibrosis progression, lung fibroblasts modulate their activities in a cytokine-dependent
manner from migration to proliferation and finally to differentiaton into myofibroblasts,
which is triggered by TGF-B. Myofibroblasts are characterized by the expression of
alpha-smooth muscle actin (a-SMA), collagen and a high level of cytokine production.
Therefore, the TGF-$ induced myofibroblast conversion is expected to have a key role in
inflammation, connective tissue deposition, and lung function, respectively (Togo et al.,
2009; Dunkern et al., 2007).

Activation of lung fibroblasts or recruited fibrocytes (Andersson-Sjoland et al., 2008) in
IPF is driven by a myriad of growth factors, cytokines and chemokines, such as TGF-3,

PDGF, basic FGF (bFGF) and IL-13 from various cellular sources (Agostini et al., 2006).

1.3.1 Interleukin-1 B (IL-1B), basic Fibroblast Growth Factor (bFGF) and
Transforming Growth Factor- B (TGF-B) are relevant for fibroblast functions in
pulmonary diseases.

TGF-B regulates cell growth and differentiation as well as production of extracellular

matrix proteins. Elevated production of TGF-B has been associated with chronic
inflammatory and fibrotic diseases such as IPF or COPD. Epithelial cells and intra-
alveolar macrophages are the major source of TGF-f3 that induces the conversion of
fibroblasts to contractile myofibroblasts (de Boer et al.,, 1998; Khalil et al., 1991). In
addition, TGF-B causes an immediate release of extracellular bFGF from primary
pulmonary fibroblasts and thus affects their proliferative behavior (Khalil et al., 2005).
Basic FGF (Kranenburg et al., 2005b) is also a critical growth factor in fibrosis. As a
potent elicitor of lung fibroblast proliferation, bFGF has been proposed to induce
fibrogenic, proliferative effects on lung fibroblasts in IPF, as demonstrated by histological
investigations in lung tissue from patients with IPF (Inoue et al., 2002). In COPD an up-
regulation of bFGF-receptors has been described in bronchial airway walls (Kranenburg
et al., 2005b). Strikingly, by using explanted rat lung slices and primary pulmonary
fibroblasts a recent study demonstrated that TGF- unfolds its proliferative activity on
fibroblasts by stimulating their bFGF release that acts in an autocrine fashion (Khalil et
al., 2005). Besides this activity, bFGF is supposed to contribute to vascularization of the
lung parenchyma representing another disease mechanism in IPF (Strieter, 2005).

IL-1B is expressed in alveolar macrophages of IPF patients with a constitutive interstitial
inflammation (Zhang et al., 1993). Overexpression of IL-1p3 in airway epithelium induces,

yet an IL-1 receptor antagonist inhibits lung fibrosis in animal models (Lappalainen et al.,



Introduction 22

2005; Kolb et al., 2001; Piguet et al., 1993). Lower concentrations of IL-13 have been
described to exert modest proliferative effects on cells such as human lung fibroblasts,
aside from inducing the release of PDGF and collagen | (Raines et al., 1989; Goldring et
al., 1988). Higher concentrations of IL-13 however, have been reported to cause anti-
proliferative effects, for example in endothelial cells (Cozzolino et al.,, 1990) and in
cardiac fibroblasts (Palmer et al., 1995).

Mechanistic interactions between bFGF and IL-1B on proliferation of rat aortic smooth
muscle cells (Bourcier et al., 1995) and on COX-2 expression in human osteosarcoma
cells have been reported (Laulederkind et al., 2000). The crucial regulatory role of the
COX-2 (Rodriguez-Barbero et al.,, 2006), its product PGE, and the subsequently
generated cAMP via activation of prostanoid receptors EP, and EP, has been reported
in various studies (Huang et al.,, 2007; Vancheri et al., 2000; Diaz et al., 1998).
Previously, it was shown that cAMP and thus PDE4 inhibitors prevent a number of

fibroblast functions.

1.4 PDE4 inhibition and cAMP-increase in lung fibro  blasts has
benefical effects in pulmonary diseases

As already detailed in chapter 1.2.5, by elevating cAMP, PDE4 inhibitors mediate a lot of
cellular functions in various cells and also lung fibroblasts, which are major key players
in pulmonary diseases. Because PDE4 enzymes degrade cAMP, its inhibition gets
relevant for cellular processes controlled/triggered by mediators that activate ACs and
subsequently generate cAMP. In this context, prostaglandine E, (PGE,) as mediator,
plays a key role in modulating inflammation and tissue repair (Vancheri et al., 2004).
PGE, is formed from arachidonic acid and a product of the cyclooxygenase pathway.
There are four different prostanoid receptors (GPCRs) sensitive for PGE, (EPi.4,
Sugimoto et al., 2007). In lung fibroblasts, EP, and EP, are predominant expressed and
both, via Gs-signaling increase by cAMP in these cells (Haag et al., 2008). In the lung,
PGE, is the major prostanoid synthesized by lung fibroblasts but also by neighboring
alveolar epithelial cells (Huang et al., 2007). By elevating cAMP, PGE, influences a
range of fibroblast functions. Figure 6 depicts the interplay of lung fibroblasts,
inflammatory cells and epithelial cells as well as the role of PGE, and cAMP elevation

within pathophysiologic conditions.
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Figure 6. The role of PGE » in inflammation and tissue repair ~ (modified from Vancheri et al.,
2004). A noxious stimulus causes damage and the activation of airway and/or alveolar epithelial, as
well as inflammatory cells. This stimulates the production of several cytokines that affect a wide
range of fibroblast functions including the release of great amounts of PGE; that increases cAMP.
These, in turn, exert a negative feedback on cytokine production and, in an autocrine manner,
down-regulate fibroblast metabolic functions including proliferation, collagen synthesis and
transition to myofibroblasts. PGE, strongly stimulates the production of the anti-inflammatory
interleukin-10 (IL-10), and also promotes epithelial growth. Green and red arrows indicate
stimulatory and inhibitory actions respectively.

Cytoprotective effects of PGE,/CAMP have been demonstrated in a study of cigarette
smoke extract (CSE)-induced apoptosis in human lung fibroblasts. The anti-apoptotic
effect was mediated via EP, receptor activation. The PKA inhibitor KT-5720 abolished
the PGE,-mediated protection and confirmed the role of cAMP in this model (Sugiura et
al., 2007). By contrast, another study has described an opposite effect of PGE, on lung
fibroblasts. Under normal cell culture conditions, PGE, has increased apoptosis in a
concentration-dependent manner. The exact reasons for these inconsistent findings are
unknown, but it seems that expressed cytokines have a strong influence on the nature of
PGE, action (Huang et al., 2009).

Furthermore, several studies demonstrated that PGE, inhibits a range of profibrotic

responses such as fibronectin-induced chemotaxis, fibroblast-driven collagen-gel
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contraction (Kohyama et al., 2001), myofibroblast conversion (Dunkern et al., 2007),
proliferation (Fine et al., 1987) and formation of extracellular matrix (Liu et al., 2004). In
addition, it was demonstrated that the antiproliferative effect in lung fibroblasts is
mediated via EP, activation. The associated increase of cCAMP affected not the PKA
pathway since the PKA selective agonist 6-Bnz-cAMP was not effective. Altough the
PKA inhibitor Rp-8-Br-cAMP inhibited EP,-induced phosphorylation of CREB, the anti-
proliferative effect was not affected. Finally, the siRNA-mediated knockdown of Epacl
showed a clear attenuation of the inhibitory potency of EP, receptor activation and
therewith confirmed its involvement (Haag et al., 2008). However, since cAMP is the
mediator of PGE,-induced action, also PDE4 inhibitors were tested for efficacy in some
studies and showed similar effects. Roflumilast and rolipram for example, inhibited
fibroblast-mediated contraction of three-dimensional collagen gels and fibroblast
chemotaxis towards fibronectin (Togo et al., 2009; Kohyama et al., 2004). Furthermore,
PDE4 inhibitors have shown to inhibit the release of matrix metalloproteinases and
therewith to inhibit tumor necrosis factor-a (TNF-a)-induced degradation of collagen gels
(Martin-Chouly et al., 2004; Kohyama et al., 2002b). Another example is a study using
the PDE4 specific inhibitor piclamilast, which demonstrated to enhance PGE,-mediated
inhibition of TGF-B induced myofibroblast conversion. All of these studies with PDE4
inhibitors have in common that they need a minimum of basal cCAMP generation by the
cells to accomplish measurable effects (Togo et al., 2009). Interestingly, lung fibroblasts
derived from fibrotic lung tissue exhibit different functional features compared to those
from healthy donors. Fibrotic fibroblasts produce less PGE, and consequently show a
reduced ability to downregulate the production of TNF-a by lipopolysaccharide (Jin et al.,
2002)- activated monocytes. One of the reasons is that fibrotic fibroblasts express less
COX-2, due to reduction of TNF-a receptors (Vancheri et al., 2000). Under such fibrotic
conditions the treatment with PDE4 inhibitors may have the potential to support PGE,-
mediated functions and to reconstitute homeostasis within the interplay of cells involved

in PGE,-signaling.
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1.5 Aims of the study

The second messenger cAMP has been recognized as critical regulator of lung fibroblast
functions that might be relevant in pulmonary diseases related to fibrosis. By hydrolyzing
cAMP, isoforms of the PDE4 family are capable to regulate intracellular levels of cAMP
and thus modulate signaling evoked by numerous mediators such as growth factors or
inflammatory cytokines. The PDE4 family comprises four distinct genes/subtypes, which
encode for multiple splice variants that are widely expressed and set up a complex
regulatory repertoire. The different functions of single PDE4 subtypes in human lung
fibroblasts are unclear. Due to the lack of PDE4 subtype-specific inhibitors, the functions
of PDE4 subtypes cannot be investigated pharmacologically. Thus, a mRNA knockdown
method would be a feasible tool to study the functional role of PDE4 subtypes in human
primary lung fibroblasts.

The intention of the present study was to demonstrate that distinct PDE4 subtypes
participate in distinct fibroblast-relevant functions such as proliferation and myofibroblast

differentiation. For this purpose, the following approaches were performed:

(1) Analysis of cytokine induced proliferation in NHLF and to determine the efficacy
of PDE4 inhibitors in this context.

(2) Validation of a PDE4 subtype-specific siRNA-mediated knockdown technique
and to examine the impact of PDE4 subtype on cell functions such as

proliferation and TGF- induced myofibroblast conversion in NHLF.

A better understanding of the function of individual PDE4 subtypes may help to explain
the biological role of the plethora of PDE4 family members. Furthermore, detailed
information about functionally relevant PDE4 subtypes may help to define the rationale

for the development of PDE4 inhibitors that have an improved therapeutic profile.
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2. Material and Methods

2.1 Materials

The selective PDE3 inhibitor motapizone (Borbe et al., 1986) was a generous gift from
Sanofi-Aventis (formerly Rhéne-Poulenc Rorer, Cologne, Germany). The PDE2 inhibitor
9-(6-phenyl-2-oxohex-3-yl)-2-(3,4-dimethoxybenzyl)purin-6-one; example 100 from US
patent 5861396 (Bayer AG)). The selective PDE4 inhibitor piclamilast RP73401
(Benzamide, 3-cyclopentyloxy-4-methoxy-N-3,5-dichloro-4-pyridyl (Raeburn, 1994 189
fid), Roflumilast N-oxide (Hatzelmann et al., 2001) and the PDES5 inhibitor sildenafil
were synthesized at the chemical facilities of Nycomed GmbH (Konstanz, Germany).
Dilutions were prepared from a 10 puM stock in 100% DMSO. A final DMSO
concentration of 0.1% was identical in all incubations and did not interfere with the
addressed fibroblast functions. Neither PDE4 inhibitors nor the solvent affected viability
of the lung fibroblasts. Human recombinant TGF-f1 and human recombinant IL-13 were
purchased from R&D Systems GmbH (Minneapolis, USA). Human recombinant basic
FGF (Bosse et al., 2008) was obtained from Sigma Aldrich (Saint Louis, Missouri, USA).
All the rest of materials are mentioned in the subsequent passages.

2.1.1 Cell culture
Normal human lung fibroblasts (NHFL, Cambrex Bio Science, Wakersville, MD, USA)

were cultured in Fibroblast Basal Medium plus FGM SingleQuotsd (both Lonza,
Wakersville, MD, USA) in tissue culture flasks at 37C in an atmosphere containing 5%
CO, up to the eighth passage. Cell count and mortality of NHLF was determined by
either trypan blue (0.4%, Sigma Aldrich, Saint Louis, Missouri, USA) staining and using a

hemacytometer or usage of the Vi-Cell™ (Beckman Counter, Krefeld, Germany).

2.1.2 Data analysis and software
Data are presented as means + SD. For statistical analysis, one-way ANOVA

(GraphPad Prism 5.0; GraphPad Prism Software Inc, San Diego, CA, USA) was used.
The grubbs test (95% confidence) was used to identify and remove outliers in the

sample datasets. Densitometric analysis of blots was performed with the Advanced
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Image Data Analyzer (AIDA 3.22; Raytest). The primer and probe sets for quantitative
PCR analysis were designed using Primer Express 2.0 (Applied Biosystems).

2.2 Methods

2.2.1 Treatment of human lung fibroblasts with TGF- B
5 x 10* NHLF cells were plated into 6-well cell culture plates and incubated for 24h at

37C. Thereafter, cells were washed with PBS, original medium was replaced with
medium containing no fetal calf serum and cells were cultured for further 24h until
treatment with TGF-B1 (R&D Systems, Inc., Minneapolis, USA). In the case of PDE4
inhibitor treatment, the inhibitors were applied 30min before TGF-1 treatment. 48h after

TGF-B1 treatment cells were lysed (view 2.8 Cell lysis) and stored at —-80<C.

2.2.2 RNA samples
RNA samples from primary human lung fibroblasts were prepared according to the

instructions of the manufacturer using the High Pure RNA isolation kit (Roche Applied
Science, Mannheim Germany). RNA concentrations were quantified with the Nanodrop
ND-1000 spectrophotometer (PEQLAB Biotechnologie GmbH, Erlangen, Germany) and
samples stored at -80<C thereafter.

2.2.3 cDNA synthesis
One microgram RNA was reverse-transcribed using random hexanucleotide primers

(Roche Applied Science), dNTPs (PCR 3 Mix, Larova, Teltow, Germany) and avian
myeloblastosis virus (AMV) reverse transcriptase (Roche Diagnostics GmbH, Penzberg,
Germany) at 42 for 1h. cDNAs were diluted in 1 mM Tris, 0.1 mM EDTA pH 8.0 to a

final concentration of 2 ng/ml and stored at -20C until further use.

2.2.4 Quantitative real time PCR
All primers and 6-carboxyfluorescein (FAM)- or VIC-labeled probes were obtained from

Applied Biosystems (Darmstadt, Germany). TagMan® gene expression assay
HS00153133 m1 was used for specific detection of prostaglandin-endoperoxide
synthase 2 and used the intron-exon boundary 5-7. For normalization we used primers

and VIC-labeled probes for detection of 18S ribosomal RNA. The following endogenous
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18S rRNA  control primers  and probe  were  used: sense  5'-
CGGCTACCACATCCAAGGAA-3, antisense 5-GCTGGAATTACCGCGGCT-3', probe
5-VIC-TGCTGGCACCAGACTTGCCCTC-TAMRA-3'.

For analyzing the gene expression of PDE4, designed primer and probe sets as follows
were used: PDE4A (NM_006202) sense, 5-GTGGCTCCGGATGAGTTCTC-3,

antisense, 5-GGGCTGCTGTGGCTTACAG-3/, probe 5-FAM-
CCGGGAGGAATTCGTGGT-minor groove binder-3' (MGB); PDE4B (NM_002600)
sense, 5-AGCAGCACAAAGACGCTTTGT-3, antisense, 5-

TCAGTCTCTCCCAGGGAATCTC-3', probe 5-FAM-TGATTGATCCAGAAAAC-MGB-3’;
PDE4C (NM_000923) sense, 5-ACTCTGGAGGAGGCAGAGGAA-3', antisense, 5'-
AGGCAACTCCAAGGCCTCTT-3, probe 5-FAM-AAGAGACAGCTTTAGCC-MGB-3’;
PDE4D (NM_006203) sense, 5-GGCAGGGTCAAACTGAGAAATT-3', antisense 5'-
TGACTGCCACTGTCCTTTTCC-3, probe 5-FAM-TAGAGGAAGATGGTGAGTCAG-
MGB-3'. The PDE4 subtype primer/probe sets have been designed to bind at the 3’ end
of the open reading frame of each subtype, at positions where individual splice variants
of one subtype are identical.

For analyzing the gene expression of cyclin D1, cyclin E1, CDK6 and CDK2, the
following TagMan® gene expression assays from Applied Biosystems (Darmstadt,
Germany) were used: Hs00277039_ml, Hs00233356_m1, Hs01026372_ml and
Hs00608082_m1.

TagMan PCRs were run on ABI 7900 HT Sequence Detection Systems (Applied
Biosystems). Each PCR reaction was performed in a total volume of 25 pl in 96-well
plates, containing 2.5 pl cDNA (5 ng), 12.5 ul gPCR Mastermix Plus (Eurogentec,
Seraing, Belgium), 1.25 pl of the primer/probe set, and nuclease-free water. 18S rRNA
primers and probe were used at a concentration of 50 nM each. All PCRs were
performed in triplicate for each sample. Relative expression units (REUs) were
calculated from ACt = Cteaw - Ctyic according to the equation REU = 2/°(-ACt ) x 10"
This REU unit describes the expression of a target RNA relative to the 18S rRNA
internal standard of the respective sample (Herrmann et al., 2007).

By using plasmid DNA with PDE4 subtype-specific sequence inserts (PDE4 subtypes
A4, A10, B1, B2, C1 and D4 and D5) the specificity of the used PDE4 subtype specific

primer / probe sets was verified and similar amplification efficacy was shown.
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2.2.5 Measurements of phosphodiesterase isoenzyme a  ctivities and preparation of
cellular extracts

Cells (1-3 x 10° were washed twice in phosphate buffered saline (PBS) and
resuspended in 1 ml homogenization buffer (137 mM NaCl, 2.7 mM KCI, 8.1 mM
Na,HPO,, 1.5 mM KH,PO,, 10 mM HEPES, 1 mM EGTA, 1 mM MgCl,, 1 mM -
mercaptoethanol, 5 mM pepstatin A, 10 mM leupeptin, 50 mM phenylmethyl-sulfonyl
fluoride, 10 mM soybean trypsin inhibitor, 2 mM benzamidine, pH 8.2). Thereafter, cells
were disrupted by sonification and PDE activity was assessed as described by
Thompson and Appleman (Thompson et al., 1979) with some modifications (Bauer et al.,
1980). The assay mixture (final volume 200 pl) contained: Tris—HCI 30 mM; pH 7.4,
MgCl, 5 mM, 0.5 uM of either cyclic AMP or cyclic GMP as substrate including [*H]JcAMP
or [*H]JcGMP, 0.1 mM EGTA, PDE isoenzyme-specific activators and inhibitors as
described and cellular lysates. Reactions were performed for 30min at 37<C in 96-well
plates and terminated by adding 50 ul 0.2 M HCI per well. Assays were left on ice for
10min and then 25 ug 5'-nuclectidase (Crotalus atrox) was added. Following incubation
for 10min at 37<C assay mixtures were loaded onto Q AE-Sephadex A25 columns and
subsequently eluted with 30 mM ammonium formiate (pH 6.0). Thereafter radioactivity in
the eluate was measured. Results were corrected for blank values (measured in the
presence of denatured protein) that were below 2% of total radioactivity. Cyclic AMP
degradation did not exceed 25% of the amount of substrate added. The final DMSO
concentration was 0.3% (v/v) in all assays. Selective inhibitors and activators of PDE
isoenzymes were used to determine activities of PDE families as described previously
(Rabe et al., 1993) with modifications. Briefly, PDE4 was calculated as the difference of
PDE activities at 0.5 uyM cyclic AMP in the presence and absence of 1 yM piclamilast.
The difference between piclamilast-inhibited cyclic AMP hydrolysis in the presence and
absence of 10 uM motapizone was defined as PDE3. The fraction of cyclic GMP (0.5
MM) hydrolysis in the presence of 10 yM motapizone that was inhibited by 100 nM
sildenafil reflected PDES. At the concentrations used in the assay piclamilast (1 uM),
motapizone (10 uM) and sildenafil (100 nM) completely blocked PDE4, PDE3 and PDE5
activities without interfering with activities from other PDE families.

PDEL1 was defined as the increment of cyclic AMP hydrolysis (in the presence of 1 uM
piclamilast and 10 yM motapizone) or cyclic GMP hydrolysis induced by 1 mM Ca?" and
100 nM calmodulin. The increase of cyclic AMP (0.5 uM) degrading activity (in the
presence of 1 mM piclamilast and 10 mM motapizone) induced by 5 uM cyclic GMP
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represented PDE2. The PDEZ2 inhibitor (100 nM) completely inhibited this cyclic GMP-
induced activity increment further verifying that this activity is PDE2.

2.2.6 Measurements of PDE4 activities and preparati  on of cellular extracts
Cells (1-3 x 10° were washed twice in phosphate buffered saline (PBS) and

resuspended in 1 ml homogenization buffer (137 mM NaCl, 2.7 mM KCI, 8.1 mM
Na;HPO,, 1.5 mM KH,PO,, 10 mM HEPES, 1 mM EGTA, 1 mM MgCl,, 1 mM -
mercaptoethanol, 5 mM pepstatin A, 10 mM leupeptin, 50 mM phenylmethyl-sulfonyl
fluoride, 10 mM soybean trypsin inhibitor, 2 mM benzamidine, pH 8.2). Thereafter, cells
were disrupted by sonification and PDE activity was assessed as described by
Thompson and Appleman (Thompson et al., 1979) with some modifications (Bauer et al.,
1980). The assay mixture (final volume 200 pl) contained: Tris—HCI 30 mM; pH 7.4,
MgCl, 5 mM, 0.5 pM of cyclic AMP as substrate including [*H]JcAMP, 0.1 mM EGTA.
Reactions were performed for 30min at 37T in 96-we Il plates and terminated by adding
50 pl 0.2 M HCI per well. Assays were left on ice for 10min and then 25 ug 5-
nucleotidase (Crotalus atrox) was added. Following incubation for 10min at 37<C assay
mixtures were loaded onto QAE-Sephadex A25 columns and subsequently eluted with
30 mM ammonium formiate (pH 6.0). Thereafter radioactivity in the eluate was
measured. Results were corrected for blank values (measured in the presence of
denatured protein) that were below 2% of total radioactivity. Cyclic AMP degradation did
not exceed 25% of the amount of substrate added. The final DMSO concentration was
0.3% (v/v) in all assays. Piclamilast (RP730401) was used to determine the activity of
PDE4 in NHLF after knockdown of PDE4 subtypes A, B and D. The difference of PDE4
activities was calculated in the presence and absence of 1 yM piclamilast. At this
concentration PDE4 is completely blocked without interfering with activities from other
PDE families.

2.2.7 Cell lysis
For protein expression analysis, cells were lysed using the following buffer; Mixture:

50mM Hepes, pH 7.5, 150 mM NaCl, 1.5 mM MgCl,, 10% glycine, 1% Triton X-100,
0.5% Desoxycholat, 0.2% SDS, 1mM EGTA (ethylene glycol tetraacetic acid), 100 mM
NaF, 10 mM Na,P,0O,. Before usage, 1 mM Na-Vanadat, 1ImM PMSF (phenylmethyl-
sulfonylfluorid) and 50U/ml Benzonase (Merck KGaA, Darmstadt, Germany) was added
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to the buffer. Phosphatase Inhibitor Cocktail tablet (Complete Mini from Roche Molecular
Biochemicals) in 10 ml buffer was added to minimize protein degradation.

Lysis procedure: cells were washed twice in PBS, trypsinated and centrifuged at 500 x g
for 10 min. Afterwards the cell pellet was resuspended in 150 pl lysis buffer and stored at
-80<C for further use. Protein concentration was de termined by proceeding the manual
of the BCA Protein Assay (Pierce Biotechnology, Rockford, lllinois, USA). Photometric
measurements were performed with the microplate reader Sunrise from Tecan Group
Ltd. (Mannedorf, Switzerland).

2.2.8 Western Blot
Proteins (6 ug for detection of a-SMA , ~80 ug for the detection of PDE4 subtypes and

COX-2) of the samples were separated on a 10% SDS polyacrylamide gel. Thereafter,
proteins were blotted onto a nitrocellulose transfer membrane (Protran nitrocellulose
transfer membrane, Schleicher & Schuell Bioscience GmbH, Dassel, Germany) for 2—
3h. Membranes were blocked for 2h in 5% (w/v) milk powder in PBS containing 0.1%
Tween 20 (PBT), incubated for 4h with the primary rabbit monoclonal antibody detecting
either PDE 4 subtype A or B, which were generously provided by Prof. Conti (Stanford
University School of Medicine, Stanford, USA). The antibodies were diluted of 1:1000 in
5% (w/v) milk powder in PBT. For detection of a-smooth muscle actin, we used mouse
monoclonal anti-aSMA (Sigma Aldrich, Saint louis, Missouri, USA) in dilution of 1:2000
(5% (w/v) milk powder in PBT). For detection of COX-2, we used mouse monoclonal
anti-COX-2 (Cayman Chemicals, Ann Arbor, USA) in a dilution of 1:1000 (5% (w/v) milk
powder in PBT). After incubation with primary antibodies blots were washed three times
in PBT, and incubated for 2 h with a horseradish peroxidase-coupled secondary
antibody (diluted 1:10000 in 5% (w/v) milk powder in PBT, Jackson ImmunoResearch,
Inc., USA). After final washing with PBT (3 times for 10min each) blots were developed
by using a chemiluminescence detection system (Lumi Light Plus, Roche GmbH,
Mannheim, Germany) and a luminescent image analyzer. To control homogenous
protein loading, blots were additionally hybridized with a primary mouse monoclonal anti-
GAPDH antibody (diluted 1:2000 in 5% (w/v) milk powder in PBT, Calbiochem(,

Darmstadt, Germany).
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The AIDA image analyzer software was used to perform the densitometric analyses of
the blots. Each signal was normalized to the overall signal of the corresponding blot.

Results are expressed as arbitrary units related and normalized to the signal of GAPDH.

2.2.9 cAMP and PGE , ELISA measurements
5x10° human lung fibroblasts were seeded in 6-well plates and starved the day after for

24h. Thereafter, the cells were treated with bFGF (Sigma-Aldrich, Missouri, USA) and IL-
1B (R&D Systems, Inc., Minneapolis, USA) as indicated for additional 24h at 37<.

For detection of PGE,, 1 ml medium was removed and stored at -80C until
measurement with a PGE, ELISA (Assay Designs, Ann Harbor, USA) according to the
manufacturers instructions.

Alternatively, for cAMP measurements treated adding HCI to a final concentration of 0.3
M lysed cells and were stored at -20C. For measure ment, thawed samples were diluted
1:2 (viv) in 0.1 M HCI. cAMP was quantified by competitive ELISA as instructed by the

manufacturer (Assay Designs, Ann Harbor, USA).

2.2.10 (®H)thymidine incorporation and flow cytometric cell cycle analysis
2 x 10* NHLF cells were plated into 24-well or 10° cells into 6-well cell culture plates

precoated with 30 pg/ml collagen (INAMED Biomaterials, Fremont, CA), 10 pg/ml
fibronectin (from human plasma, Sigma-Aldrich, Missouri USA), 10 pg/ml bovine serum
albumin (Sigma-Aldrich, St Louis, USA) and incubated for 24h by 37<C. Thereafter, cells
were starved for 24h in serum-free Fibroblast Basal Medium. Following the
preincubation with piclamilast (1 uM), motapizone (1 uM) and IL-1B (10-100 pg/ml) (R&D
Systems, Wiesbaden, Germany) fibroblasts were stimulated with 10 ng/ml bFGF. For
flow cytometric cell cycle analysis, the cells were trypsinated, washed twice in PBS,
resuspended in 500 ul PBS, treated with RNase (10 pug/ml, RNase A, VWR International
GmbH, Darmstadt, Germany) and propidium iodide (50 pg/ml, Sigma Aldrich, St. Louis,
USA) was added. Thereafter, samples were analyzed on a FACSCalibur (BD
Bioscience, Heidelberg, Germany).

For DNA synthesis measurement (methyl-*H)thymidine (1 pCi/well) was added to the
cells for the last 6 hours of the incubation period. Thereafter, culture supernatants were
removed, adherent cells were washed twice in PBS and exposed to ice-cold 10% (w/v)

trichloroacetic acid (TCA) for 30min. Thereafter, TCA was removed and the fixed cells
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dissolved in 0.2 N NaOH for 16h. DNA-incorporated radioactivity in the lysates was
counted and expressed as cpm per well (LS6500, Beckman Counter, Krefeld, Germany).

2.2.11 RNA interference of PDE4 subtypes with siRNA
Synthetic siRNA oligonucleotides (Stealth RNAI) specific for regions of the mRNAs of

PDE4 subtype A, B and D were designed and synthesized by Invitrogen (Paisley, UK) or
in case of “On-Target plus Duplex siRNAs” by Dharmacon (Lafayette, CO, USA). The
silencing effects of several siRNA oligonucleotides were screened and tested initially for
their ability to silence the different subtypes of PDE4 expression. The most active of
these oligonucleotides for PDE4A (On-Target plus Duplex J-007647_14: target
sequence: 5’ to 3" CAG GAG UCG UUG GAA GUU A), subtype PDE4B (Stealth RNA::
HSS107718: 5" to 3": UUA GAA GCC AUC UCA CUG ACA GAC C) and subtype PDE4D
(On-Target plus Duplex J-004757_17: target sequence: 5’ to 3': GAG UUC UUC UUC
UUG AUA A) blocked the expression in a range of about 70% - 90% (determined after
gPCR, related to the corresponding control). NHLF were transfected with siRNA
oligonucleotides by either Electroporation/Nucleofection (NF) (Amaxa Nucleofector™,
Koeln, Germany) or Lipofection (Lipofectamine™ RNAIMAX, Invitrogen, Karlsruhe,
Germany).

NF of NHLF was carried out using the nucleofector kit for primary mammalian fibroblasts
(Amaxa, Koeln, Germany) according to the instructions of the manufacturer. Different
siRNA concentrations were tested (0.03 uM — 2 uM).

To test the transfection efficiency, different concentrations of FITC-labeled non-targeting
SiRNA (siGLO Green, Dharmacon, Lafayette, CO, USA) and different NF-programs were
tested and the cells were analyzed by fluorescence microscopy. The NF-program U-23
performed the best results. Immediately after electroporation, the samples were
removed from the cuvette with 1 ml prewarmed medium and transferred to 6-well plates
(Corning Costar, Corning, USA) containing 1 ml of prewarmed medium. For
electroporation controls, only 1x siRNA buffer, but no siRNA was added to the cell
suspension prior transfection. For untreated controls, cells were resuspended in
nucleofection solution, but no electroporation was carried out.

Lipofection of NHLF was carried out using Lipofectamine™ RNAIMAX according to the
instructions of the manufacturer for reverse transfection. Different SIRNA concentrations
were tested (0.015 nM - 150 nM). For lipofection controls, cells were treated with
RNAIMAX without siRNA. As siRNA negative control Silencer® Select Negative Control
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#1 sSiRNA (Ambion / Applied Biosystems, Darmstadt, Germany) was used in a
concentration of 5 nM. In order to confirm the achieved mRNA knockdown and siRNA
specificity, gene expression assays (RT-PCR), as described in the parts “RNA samples”,
“cDNA-synthesis” and “Quantitative real time PCR” were performed. Alternative, the
TagMan® Gene Expression Cells-to-C:™ Kit (Ambion, Austin, USA) to validate the

MRNA knockdown in parallel to the functional investigations was used.
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3. Results

3.1 Cytokine-dependent effects in primary human lun ¢
fibroblasts related to cyclic AMP signaling and
phosphodiesterase 4 inhibition

3.1.1 Biphasic effects of IL-1 B on proliferation — Interaction with bFGF and ther  ole
of CAMP

In a first series of experiments the combined effects of IL-13 and bFGF on primary
human lung fibroblast proliferation was investigated. For this purpose, cells were starved
overnight in serum free medium, stimulated subsequently for 24h with IL-13 and bFGF at
varying concentrations, and assessed for proliferation as measured by (®H)thymidine

incorporation (Fig. 7A and B).
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Figure 7. Effects of IL-1 B and bFGF on proliferation of NHLF. A:  NHLF were starved for 24h and
subsequently treated for 24h with IL-13 or bFGF at different concentrations. Data are expressed as fold
of control of (3H)thymidine incorporation (mean + SD; n = 3), ** p < 0.01, ***p < 0.001. B: Proliferation of
24h starved NHLF induced by subsequent combined treatment with bFGF or / and IL-1(3 for 24h. A
synergistic mitogenic effect at a concentration of bFGF at 10 ng/ml and IL-1f3 at 10 pg/ml is observed,
whereas a significant decrease of proliferation is measured when using a co-treatment with IL-13 at 100
pg/ml. Data are expressed as fold of control of (3H)thymidine incorporation (mean + SD; n =5-8), *p <
0.05, ** p < 0.001.
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As expected, bFGF strongly induced proliferation of lung fibroblast in a concentration-
dependent manner and at 10 ng/ml induced maximum proliferation of 14.6 + 2.8 -fold of
control (figure 7A; n = 3, mean + SD). In contrast, treatment with IL-13 up to
concentrations of 10 pg/ml only slightly increased proliferation (maximum: 2.2 -fold),
whereas higher concentrations appeared even to decrease DNA synthesis. This
observation suggests that at higher concentrations of the cytokine mechanisms
opposing the mitogenic effects of IL-13 may evolve.

Co-incubation of NHLF with IL-13 (10 pg/ml) and bFGF (10 ng/ml) overadditively
augmented proliferation of NHLF (figure. 7B). Under these conditions, (*H)thymidine
incorporation was approximately doubled compared to bFGF alone. In contrast, at the
higher IL-13 concentration of 100 pg/ml the cytokine reduced bFGF-induced
(*H)thymidine incorporation by approximately 41% . This inhibitory effect of higher
concentrations of IL-1 on bFGF-induced lung fibroblast proliferation corroborates

findings observed with IL-1[3 treatment alone.

500 A B Figure 8. Influence of treatment with IL-
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IL-1B IL-1p + bFGF

The second messenger cAMP has repeatedly been described to mediate
antiproliferative effects in lung fibroblasts (Haag et al., 2008). Whereas bFGF treatment
(24h with 10 ng/ml) alone did not influence intracellular cAMP concentrations in lung
fibroblasts, IL-1B treatment at concentrations of up to 10 pg/ml resulted in a modest yet
concentration-dependent increase in cAMP (figure 8A). At IL-1[ concentrations higher
than 10 pg/ml a substantial increase in cAMP of up to tenfold (for 50 pg/ml IL-1p)
compared to untreated controls was measured. In the additional presence of bFGF (10
ng/ml), while the concentration-dependent increase of cAMP by IL-1B followed a

comparable pattern, absolute cAMP levels in the lung fibroblasts were approximately
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doubled (figure 8B). The higher IL-13 concentration shown to augment CAMP was also

found to reduce bFGF-induced fibroblasts proliferation.

3.1.2 bFGF increases the IL-1 B induced COX-2 expression in NHLF
The mechanism behind the observed pattern of cAMP following IL-1p in presence or

absence of bFGF was explored. As expected, incubation of NHLF for 24h with IL-1
concentration-dependently increased COX-2 expression (figure 9A, B and C). Thus, IL-
13 at the concentration of 10, 50 or 100 pg/ml induced COX-2 protein expression to 0.2
+ 0.1 %, 11.5 + 5.2 % and 14.1 + 4.4 % of total arbitrary units (related to GAPDH,
serving as the house-keeping protein) (figure 9A and B, n = 3, mean + SD). COX-2
expression was already detectable 1h after adding IL-1p to the cells (data not shown).
Surprisingly, co-treatment with 10 ng/ml bFGF, which by itself had no effect, significantly
potentiated COX-2 expression by approximately threefold compared to IL-13 alone.
Supportive evidence for this finding is obtained from COX-2 mRNA expression analyses
(figure 9C). By analogy to COX-2 protein expression, bFGF potentiated accumulation of
COX-2 transcripts following IL-1R irrespective of the selected cytokine concentration.
Addition of bFGF at 10 ng/ml to IL-13 at 10 pg/ml, 50 pg/ml and 100 pg/ml increased the
expression of COX-2 mRNA by approximately 3.0 -fold, 5.7 -fold and 2.4 -fold compared
to the corresponding IL-13 concentration alone. bFGF alone did not increase
accumulation of COX-2 transcripts. The potentiating effect of bFGF on IL-13-induced
COX-2 protein is predominantly due to enhanced transcription, although any post-

translational regulation cannot be ruled out.

3.1.3 bFGF potentiates IL-1 B induced formation of PGE , in NHLF
In order to analyze whether the changes in COX-2 expression translate into

corresponding changes of PGE; release, this prostanoid was measured in conditioned
medium following incubation of NHLF over 24h with IL-1f in the presence or absence of
bFGF. IL-1B3 at concentrations of 10, 50 or 100 pg/ml increased accumulation of PGE, in
the conditioned medium of NHLF to 0.2 = 0.1 ng/ml, 5.7 £ 0.8 ng/ml and 6.6 + 0.5 ng/ml;
(figure 9D; n = 3, means £ SD).
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Figure 9. Influence of treatment with IL-1 B and bFGF on COX-2 expression and subsequent
PGE2 generation in NHLF.A: COX-2 protein expression of starved (24h) NHLF after treatment

(24h) with bFGF (10 ng/ml) and / or IL-1( at different concentrations. The Western blot shown is a
representative out of three independent experiments. B: Densitometric quantification of Western
blots shows that bFGF significantly potentiated the IL-1B-induced COX-2 expression. Data are
expressed as percent of total arbitrary units (mean + SD; n = 3), **p < 0.01, ***p < 0.001. C: COX-
2 gene expression of NHLF (same experimental setting as A). BFGF significantly potentiated IL-
1B-induced COX-2 gene expression. Data are expressed as relative expression units (mean + SD;
n =3), *p <0.01, *p < 0.001. D: Prostaglandin E, synthesis from NHLF (same experimental
setting as A). BFGF significantly potentiated IL-1B -induced PGE2 expression. Data show PGE2

concentrations (mean = SD; n = 3), **p < 0.001.

Control cells did not produce any detectable basal PGE,. The distinct rise in
accumulated PGE,, when elevating IL-1p from 10 to 50 pg/ml, is in agreement with the
COX-2 expression and cAMP levels. The additional presence of bFGF further increased
IL-1B-induced PGE, accumulation to 1.1 + 0.5 ng/ml of PGE, at 10pg/ml; 8.6 £ 0.6 ng/mi
at 50 pg/ml and 9.2 + 0.9 ng/ml at 100pg/ml IL-1B. These findings are in line with the
results obtained for cAMP levels and COX-2 expression. bFGF treatment alone did not

result in detectable PGE, accumulation.
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3.1.4 The PDE4 inhibitors elevate cAMP levels and i  nhibit the bFGF- and IL-1 -
induced cell proliferation in NHLF

In order to identify the cyclic nucleotide hydrolyzing phosphodiesterase isoenzymes in
NHLF, PDE activities by using isoenzyme-specific inhibitors and activators was
measured by the lab of Dr. Hermann Tenor. As shown in figure 10A cGMP hydrolysis
substantially exceeds cAMP hydrolysis. The main cGMP-hydrolyzing PDE activities in
these cells are PDE5 and PDE1, while cAMP hydrolysis is attributed to PDE1, PDE4 and
to a minor extent to PDE3.

PDE4 subtype gene expression in NHLF were analysed by RT-PCR. Under basal,
unstimulated conditions PDE4A revealed as the major PDE4 subtype expressed
followed by PDE4B. mRNA transcripts of the PDE4 subtypes C and D were very low

and close to the limit of detection (figure 10B).
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Figure 10. Activity of PDE isoenzymes and PDE4 subt ype gene expression in NHLF. A:  (kindly
provided by Dr. H. Tenor) PDE isoenzyme activities. NHLF were analyzed for total cAMP, cGMP, PDE1
(Marienfeld et al., 2001), PDE2, PDE3, PDE4 and PDES5 activities. Data are given as pmol/min x 108
cells-1 (mean = SD; n = 3). B: PDE4 subtype gene expression of unstimulated NHLF. Data are

expressed as relative mRNA expression units (mean = SD; n = 9).

The assumption that the inhibition of bFGF-induced proliferation at high IL-13
concentrations is attributed to increased cAMP levels and because PDE4 is expressed
in NHLF led to the analysis of the effects of the selective PDE4 inhibitors piclamilast and
roflumilast N-oxide on proliferation under various conditions (figure 11).

Piclamilast reduced the bFGF and IL-1f induced (*H)thymidine incorporation in a
concentration-dependent manner (figure 11A). When IL-13 was absent or present only

at a low concentration (10 pg/ml), piclamilast afforded more than 20% inhibition of bFGF-
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induced (®H)thymidine incorporation in NHLF. When IL-1B was present at a high
concentration of 50 pg/ml, which substantially increased COX-2, PGE, and cAMP,
piclamilast resulted in a maximum of approximately 60% inhibition of bFGF-induced
DNA synthesis. The inhibitory effect of the PDE4 inhibitor piclamilast on (*H)thymidine
incorporation was reversible as proven by means of wash-out experiments (as shown in
3.1.5). Similar results were obtained from the lab of Dr. Hermann Tenor, using the PDE4
inhibitor roflumilast N-oxide (figure 11B), which also inhibited (3H)thymidine incorporation
in NHLF in a IL-1B dependent manner to a maximum of approx. 60%. Interestingly, the
inhibitory effect was fully abolished by simultaneous treatment with the COX-1/2 inhibitor
indometacin (figure 11C). This supports the hypothesis that the IL-13 induced PGE,
formation and subsequent cAMP generation provides the basis for the anti-proliferative
efficacy of PDE4 inhibition.
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Figure 11. PDE4 inhibitors inhibit the IL-1 B- and bFGF- induced proliferation in a IL-1 B/COX-2
dependent manner. A: Concentration-response-relationship of the PDE4 inhibitor piclamilast. NHLF
were starved for 24h, subsequently treated with piclamilast at 1uM and stimulated over 24h with bFGF
alone or in combination with IL-1B. Data are expressed as percent inhibition of induced (3H)thymidine
incorporation (mean + SD; n = 3). B: (kindly provided by Dr. H. Tenor) Concentration-response-
relationship of the PDE4 inhibitor roflumilast N-oxide. NHLF were starved for 48h, subsequently treated
with the PDE4i (1uM), and then stimulated over 24h with bFGF and IL-1B3. Data are expressed as
percent inhibition of induced (3H)thymidine incorporation (mean = SD; n = 7), * p < 0.05. C: (kindly
provided by Dr. H. Tenor) NHLF were starved for 48h and subsequently stimulated with bFGF
(10ng/ml). Starved NHLF were pre-treated with either the PDE4 inhibitor roflumilast N-oxide (1uM)
and/or indomethacin (INDO, 10uM) and subsequently stimulated with bFGF (10ng/ml) and IL-1p (50
pg/ml). The COX-inhibitor INDO reversed the proliferation reducing effect of the PDE4 inhibitor under
conditions of IL-1f3 co-treatment. Data are expressed as percent related to bFGF treated cells (mean +
SD; n=9), **p <0.001.
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In addition to PDE4 also a minor PDE3 activity was detected in NHLF, and therefore
potential effects of a selective PDE3 inhibitor motapizone were explored. Both in the
presence and absence of IL-13 the PDES inhibitor alone did not affect bFGF-induced
DNA synthesis in NHLF. On the other hand, in the presence of IL-13 (but not in its
absence) motapizone further accentuated the reduction of bFGF-induced (*H)thymidine

incorporation by the PDE4 inhibitor piclamilast (figure 12).
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Figure 12. The PDE4 but not PDE3 inhibitor reduces proliferation of NHLF induced by bFGF
plus/minus IL-1 B. NHLF were starved for 24h and subsequently stimulated with bFGF (10ng/ml) alone
(1) or together with IL-1B at 10 pg/ml (2) or 50 pg/ml (3). Under these conditions the PDE4i piclamilast
(1uM) reduced proliferation significantly. Treatment with the PDE3 inhibitor motapizone (1uM) alone
showed no reducing effect but may have some additional effects on top of the PDE4 inhibitor. Data are
expressed as fold of control of (3H)thymidine incorporation (mean + SD; n = 3), *p < 0.05, **p <
0.001.

3.1.5 High levels of cAMP block NHLF in the G1 phas e of their cell cycle
In order to extend the findings obtained by measurements of (*H)thymidine

incorporation, flow cytometric cell cycle analysis of NHFL under various conditions were
performed. As illustrated in figure 13, starving of NHLF for 24h arrested most of the cells

in G1 phase (91.2 £ 1.8%, n = 6, means = SD).
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Figure 13. PDE4 inhibition provokes G1-block in NHL  F. Flow cytometric cell cycle analyses from
24h starved NHLF (control) after induction of proliferation with either bFGF (10 ng/ml) alone or in
combination with IL-1p at 10 pg/ml or 50 pg/ml are shown. PDE4 inhibition (piclamilast, 1uM) provokes
a G1-block, which is most pronounced at a concentration of IL-1p at 50 pg/ml. Data are expressed as
percent of total cells number (mean = SD; n = 3-6), ** p <0.01, *p < 0.001.
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Figure 14. The effect of the PDE4 inhibitor piclami  last is reversible. Proliferation was induced with
bFGF (10ng/ml) and IL-13 (10pg/ml). After inhibiton with the PDE4 inhibitor piclamilast, medium was
replaced and NHLF were cultered either 24h or further 72h in normal growth medium until these cells
were again starved (24h) and stimulated (24h). Data are expressed as percent of total cells number
(mean + SD; n = 3-5)
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As expected from the measurements of DNA synthesis, co-incubation of starved cells
with bFGF at 10 ng/ml and IL-1B at 10 pg/ml induced proliferation most efficiently
resulting in an increase of the proportion of S-phase cells to 19.9 + 1.0%, compared to
bFGF alone with 12.5 + 0.8% and 2.2 + 0.5% for controls. Inhibition of PDE4 reduced
the bFGF- induced increase of the proportion of NHLF in the S-phase by arresting cells
in G1. This effect of the PDE4 inhibitor was observed following incubation with bFGF on
its own and was found accentuated with increasing concentrations of IL-1p. Figure 14
depicts that the inhibitory effect of the PDE4 inhibitor piclamilast on (*H)thymidine
incorporation was reversible, apparent after 72h as proven by means of wash-out
experiments.

Gene expression analyses showed significant down-regulation of the G1/S phase
transition controlling Cyclins D1 and E1 as well as the cyclin-dependent kinases 6 and 2
under conditions of PDE4 inhibition (figure 15A-D), which is in line with investigations of
other groups (Lee et al.,, 2003; Musa et al., 1999; L'Allemain et al., 1997). Taken
together, results of the flow cytometric cell cycle analysis corroborate findings from

measurements of [*H]thymidine incorporation.
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Figure 15. Gene expression of G1/S-transition regul

is downregulated by means of PDE4 inhibition in NHL
24h starved NHLF (control) after induction of proliferation with either bFGF (10 ng/ml) alone or in
combination with IL-13 at 50 pg/ml or 100 pg/ml. Additionally, treatment with the PDE4 inhibitor
piclamilast (1uM) reduced gene expression of cyclin E1 (A), cyclin D1 (B), CDK6 (C) and CDK2 (D)
significant. Data are expressed as Relative Expression Units (mean £+ SD; n = 3-4), *p < 0.05, **p <

0.01, **p <0.001.

ating cyclins and cyclin-dependent kinases
F. RT-PCR gene expression analyses from
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3.2 Functional impact of PDE4 subtypes in primary h  uman lung
fibroblasts

3.2.1 Gene expression of PDE4 subtypes in NHLF
The hypothesis that individual PDE4 subtypes exert distinct cellular functions in primary

human lung fibroblasts was tested. For this purpose, first the expression profile of PDE4
subtypes was elucidated in human primary lung fibroblasts (as already seen in figure
10B). All used primer/probe sets for detection of each of the four PDE4 subtypes were
designed and validated in our group (Peter et al., 2007). By using plasmid DNA with
PDE4 subtype specific sequence inserts, it was proven that all primer/probe sets result
in similar amplification rates in a standardized qPCR. Therefore, it can be assumed that
the determined level of PDE4 subtypes expression obtained by the gPCR investigations
can be directly compared to each other.

Under basal, unstimulated conditions PDE4A revealed as the major PDE4 subtype
expressed followed by PDE4B in NHLF. mRNA transcript expression of the PDE4

subtypes C and D was very low and close to the limit of detection (figure 16).
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Figure 16. PDE4 subtype gene expression of unstimul ated
NHLF. Data are expressed as relative mRNA expression units
(REU, mean £ SD; n = 9).

Treatments to induce proliferation in NHLF (bFGF and co-treatment with IL-1(3; < 10

pg/ml) mediated no changes in mRNA expression of the PDE4 subtypes. In contrast,
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treatment with IL-1[3 at a concentration of 50 pg/ml increased gene expression of PDE4B
and PDE4D but did not affected PDE4A and PDE4C mRNA (figure 17 A-D).
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Figure 17. Gene expression of PDE4A (A), PDE4B (B), PDE4C (C)

and PDE4D (D) 24h after
stimulation with bFGF (10ng/ml) £1L-1 B in NHLF. Data are expressed as fold of control calculated on
relative mRNA expression units (mean £ SD; n = 3), *p < 0.05, **p < 0.01, **p < 0.001.

To elucidate the question whether specific subtypes of PDE4 control specific functions of
lung fibroblasts, we tested different siRNA approaches to selectively knockdown the

different PDE4 subtypes. To transfect primary human lung fibroblasts with siRNAs, we
compared the Amaxa Nucleofetion (NF) technique (Gresch et al., 2004) with a liposome

mediated transfection (Felgner et al., 1987).
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3.2.2 Transfection of NHLF by means of Amaxa Nucleo fection (NF)
The most efficient NF-program was identified by transfecting NHLF with FITC-labeled

nontargeting siRNA and visual inspection by means of fluorescence microscopy.
Thereafter from an arbitrarily assortiment of commercially available siRNAs, specific for
each PDE4 subtype, individual siRNAs that were most effective in downregulating the
respective mRNA (data not shown) were identified. Different SiRNA concentrations were
tested to determine the optimal concentration needed for mMRNA knockdown (figure 18).
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Maximal mRNA knockdown was achieved in a concentration range from 0.5 puM to 2 uM
siRNA for each PDE4 subtype. Each of the selected siRNA induced a strong knockdown
of the corresponding mRNA and none of the subtype specific siRNAs down-regulated
the highly homologous mRNAs of the other PDE4 subtypes (figure 18). In the case of
the subtype PDE4A specific siRNA, a significant downregulation with all of the used
siRNA concentrations compared to the NF-control was achieved. According to the 1way
Anova, this was significant with p < 0.05 for the concentrations 31nM and 125nM, and
for the concentrations 0.5 uM and 2 uM with p < 0.001. However the knockdown was
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less pronounced by comparison to non-treated controls. Thus, compared to non-treated
NHLF (control), the knockdown became only significant at the higher siRNA
concentrations of 0.5 uM and 2 uM (n = 3, p < 0.05, 1way Anova). This is due to the fact
that the nucleofection procedure by itself induced the up-regulation of various PDE4

subtypes and therefore pronounced the effect of sSiRNA-mediated knockdown.

Next, the question was adressed, whether the transfection of cells with PDE4A specific
siRNA influences the gene expression of the subtypes PDE4B and PDE4D (figure 18A).
It turned out that nucleofection with different concentrations of PDE4A specific siRNA
reduced PDE4A mRNA but did not affect the mRNA expression of PDE4B and D, at
least at the investigated time point of 24h after electroporation.

The treatment with siRNAs versus subtype PDE4B also induced a significant
concentration-dependent knockdown of the respective mRNA in comparison to
electroporated control cells at a concentration of 0.5 uM and 2 uM (figure 18B, p < 0.01).
In this case gene expression of subtypes PDE4A and PDE4D was also unaffected.
Since PDE4C mRNA expression in either unstimulated or stimulated NHLF was at the
limit of detection by qPCR (C+ value of approx. 37) and also knockdown experiments
with siRNA (data not shown) did not lead to any measurable knockdown, the subtype
was therefore considered as not expressed. Accordingly, PDE4C was not considered
anymore in further experiments.

The PDE4D-siRNA mediated knockdown of subtype PDE4D was significantly achieved
concentration dependently in a range from 31nM to 2uM in comparison to NF-control
(figure 18C, p < 0.001) as well as in a range from 0.5 uM to 2 uM to non-transfected
cells (p < 0.01). The gene expression of subtypes PDE4A and PDE4B was slightly
increased after PDE4D-siRNA treatment (PDE4B more then PDE4A) but was not
significant affected compared to non-transfected control cells.

Since the nucleofection method bears several disadvantages such as e.g. induction of
genes of interest or experimental handling liposome mediated transfection was

investigated as an alternative method.
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3.2.3 Liposome mediated transfection of NHLF and co  mparison to NF
PDE4-siRNA transfection with Oligofectamine™ and Lipofectamine™ 2000 (Invitrogen)

of primary human lung fibroblasts did not mediate mMRNA downregulation of the PDE4
subtypes (data not shown).

However, the usage of Lipofectamine™ RNAIMAX as reagent for transfection led to an
efficient knockdown of PDE4 subtype mRNAs (about 60% - 90%, as seen in figure
19/20). Different siRNA concentrations for knocking down PDEA, B and D were tested. A
MRNA knockdown of all PDE4 subtypes was achieved already at the low SiRNA
concentration of 0.15 nM, which is much more effective than using nucleofection.
Maximal effects of knockdown were reached at siRNA concentration of 1.5 nM for
PDE4A and 150 nM for PDE4B and D. The selected siRNAs demonstrated high
specificity for all tested PDE4 subtypes, as each one affected only the corresponding
target and did not decrease the mRNA expression of the other PDE4 subtypes (figure
19).
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Further, the stability of these knockdowns up to 96h was investigated (figure 20). A
consistent siRNA concentration of 5nM for all subytpes was chosen for the transfection,
in order to ensure a maximal downregulation of MRNAs but also not to be in the plateau
phase of efficacy, which might bear a higher risk of potential off-target effects by the
SiRNAs.

Summarized, all achieved knockdowns reached a significant mMRNA knockdown after
24h and were very stable over the investigated time periods. Moreover, the specificity of
each mRNA knockdown over time was verified by gene expression analysis of the
remaining PDE4 subtypes. However it is notable that the downregulation of the subtype
PDE4B induced PDE4D gene expression, which became significant 72h and 96h after
transfection (p < 0.01 and p < 0.05, respectively).

Lipofection (RNAIMAX) without siRNA did not induce the gene expression of the
different PDE4 subtypes (figure 21A), whereas the NF method statistically significant did
for PDE4A and B (2way Anova; p < 0.01 and p < 0.001, respectively).
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Since there was also a clear induction of mortality (figure 21B) by NF in comparison to
non-treated control cells but not by transfection with Lipofectamine™ RNAIMAX, the last
method was considered as the best choice for further functional experiments described

in the following chapters.
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Figure 21. Comparison of Nucleofection (NF) and Lip  ofection. A: Gene expression of PDE4A, B
and D is increased by the NF but not Lipofection procedure (in absence of siRNAs) in NHLF. Data are
expressed as percent of non-treated cells (mean £ SD; n = 6); **p < 0.01, ***p < 0.001. B: Cell mortality
of NHLF was enumerated directly after NF or in the case of Lipofection 24h after treatment. Data are
expressed as percent of total enumerated cells. ,Non-treated“ cells and ,Lipofection + siRNA“: n = 8
(mean = SD); ,NF”, “NF vehicle* and ,Lipofection“: n = 2 (mean % range).

3.2.4 Validation of siRNA-mediated PDE4 subtype kno  ckdown by means of protein
expression and PDE4 activity analysis in NHLF

The efficacy of the liposome mediated siRNA transfection was further investigated on
the PDE4 subtype protein expression level up to 96h after transfection.The knockdown
became visible for the subtypes PDE4A and PDE4B as shown in by western blotting and
the respective densitometric quantifications (figure 22A, B). The pan-PDE4A specific
antibody detected a broad band, which reflected the expression of PDE4A isoform 5 in
NHFL. However, the signal intensity of these bands decreased strongly already 24h after
siRNA transfection. The pan-PDE4B specific antibody detected two different isoforms of
PDE4B in NHFL. A strong signal corresponding to the longform PDE4B1 (107 kDa) and
a weaker signal reflecting isoform PDE4B2 (65-67 kDa) was measured. The

densitometric quantification of these signals demonstrated the time-dependent down
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regulation of both PDE4B isoforms starting latest 48h after siRNA transfection. Although
we tested different antibodies targeting subtype PDE4D, we were not able to illustrate

the knockdown of PDE4D on protein expression in NHLF after siRNA transfection.
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Figure 22. PDE4A5 (A) and PDE4B1/2 (B) protein expression in N HLF and densitometric
quantification 24-96 hours after siRNA mediated kno  ckdown (lipofection with RNAIMAX).
Quantification data are expressed as percent of the correspondent controls. Two PDE4 longforms,
PDE4A5 (109 kDa) and PDE4B1 (107 kDa) as well as the shortform PDE4B2 (65-67 kDa) were
identified and downregulated after subtype specific SIRNA transfection.

Next it was investigated, whether the PDE4 subtype-specific mRNA knockdown also
translates into a reduction of PDE4 related cAMP hydrolysis activity besides protein
reduction. Therefore PDE4 enzyme-activity assays were performed using lysates of
siRNA transfected NHLF (figure 23). Transfection of NHFL with PDE4A siRNA reduced
overall PDE4 activity after 72h (-19.7 + 1.4 %) and became significant compared to
vehicle control after 96h (-24.6 + 3,0 %, *p < 0.05). Twenty-four hours after knockdown
of PDE4B, a marginal reduction of total PDE4 activity (-12.0 £ 4.1 %) was achieved,
which increased with time and became significant compared to vehicle control 72h (-51.3
+9.1 %, **p < 0.01) and 96h (-53.5 + 3.8 %, ***p < 0.001) after siRNA lipofection.
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liposome (RNAIMAX)-mediated knockdown in NHLF.
PDE4 subtype-specific sSiRNA's induced a downregulation in PDE4 activity, which
was most prominent in the case of PDE4B. Data are expressed as percent of non-

tranfected control at the individual time points (mean + SD; n = 5).
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Figure 24. Pie chart of PDE4 activity in NHLF (as s
(24-96h) after siRNA-liposome (RNAIMAX)-mediated knockdown of PDE4A (blue) PDE4B (green)
and PDE4D (red). The grey proportion illustrates the residual PDE4 activity. The sum in PDE4
subtype specific activity decrease results in approximately 100% of the total PDE4 activity and thus

een in figure 23). A-D present the timepoints

indicates that the subtype PDE4C is absent under the investigated conditions in NHFL.
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For knockdown of subtype PDE4D a reduction of total PDE4 activity got obvious after
72h (-11.6 + 2,7 %) and increased up to 96h further on (-21.8 + 4.8 %). Figure 24
visualizes the different proportions of PDE4 subtype activities after the corresponding
MRNA knockdown.

In contrast to the activity of PDE4B and PDE4D, it became obvious that the PDE4A
activity (blue) did almost not decrease within the first 48h. It needed more than 48h until
the knockdown of PDE4A mRNA reduce overall PDE4 activity. Overall, at the timepoint
of 96h, the sum of all PDE4 subtype specific reductions of activities reached nearly
100% of total PDE4 activity. This design approach does not consider the variation within
these experiments. Nevertheless, it provides further evidence that under the investigated

conditions the subtype PDE4C does not play a role in NHLF.

3.2.5 Effect of PDE4 subtype knockdown on cytokine induced proliferation in
NHLF

As seen in chapter 3.1.4, specific inibititors of PDE4 reduced cytokine-induced
proliferation significantly by elevating levels of CAMP. Moreover, the previous part of this
study characterized the cytokine-induced proliferation of NHLF. The growth factor bFGF
induced proliferation, which could be maximized by the treatment with IL-13 at a
concentration of 10 pg/ml.

To determine which individual PDE4 subtype mediates the proliferation reducing effect
of the panPDE4 inhibitor, NHLF were transfected with the PDE4 subtype-specific
siRNAs by means of Lipofection as mentioned in chapter 3.2.3. The cells were reverse
transfected and rested 24h in normal growth medium. After an additionally starvation
period of 24h, the cells were stimulated to proliferate with bFGF (10 ng/ml) alone or in
combination with IL-13 (10 pg/ml) for 24h. Thereafter proliferation was measured by

means of (3H)thymidine incorporation.

Figure 25A and B shows (*H)thymidine incorporation induced by bFGF plus/minus IL-1f
in the presence or absence of PDE4 subtype specific sSiRNA-mediated knockdown after
72h. (*H)thymidine incorporation is calculated as percent of non-transfected cells. In
more detail, each data point (stimulated value) was related and normalized to the
corresponding control (starved situation) as fold of control. By these means, the extent of

stimulation can be compared of each experiment in relation to non-transfected cells.
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The lipofection agent (si_vehicle) itself had a slight inhibitory effect on bFGF stimulated
proliferation, which became significant under conditions of bFGF plus IL-1p induced

proliferation as shown in figure 25B (n = 12, p < 0.05).
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Figure 25. Knockdown of PDE4 subtype A and B reduce s cytokine-induced proliferation in
NHLF. A: (3H)thymidine incorporation as a marker for proliferation was induced by bFGF (10 ng/ml)
and inhibited after siRNA-liposome (RNAIMAX)-mediated knockdown of PDE4A. Knockdown of PDE4B
and PDE4D showed no effect compared to the control. Proliferation data are expressed as percent of
fold of control (mean * SD; n = 5-8) B: (3H)thymidine incorporation was induced in NHLF (n = 12) by
bFGF (10 ng/ml) plus IL-1B (10 pg/ml) and inhibited after siRNA-liposome (RNAIMAX)-mediated
knockdown of PDE4A (n = 11) and PDE4B (n = 8). The liposome (RNAIMAX) reagent itself had a
significant inhibitory effect on proliferation (n = 9). The knockdown of PDE4A reached the maximum
antiproliferative effect obtained by treatment with the panPDE4 inhibitor (n = 3) piclamilast (1uM) in this
setup. The knockdown of PDE4D (n = 12), as well as the transfection with a scrambled siRNA as neg.
control (n = 4) had no effect on proliferation compared to the vehicle control. Data are expressed as
percent of fold of control (mean + SD), *p < 0.05, **p < 0.001.

All statistical calculations compared the PDE4 subtype specific sSiRNA treatments with
the vehicle control. Twenty-four hours after stimulation with bFGF, transfection with the
siRNA targeting PDE4A resulted in a significant reduction of (3H)thymidine incorporation
(Fig. 25A; p < 0.001). This effect is also observed when the cells were stimulated with
bFGF plus IL-1B (figure 25B; p < 0.001). Therewith, the PDE4A mRNA knockdown
reached the same maximum efficacy as the treatment with the panPDE4 inhibitor

piclamilast that was used as positive control in this experiment. Transfection with the



Results 56

SiRNA targeting PDE4B did not significantly effect bFGF-induced proliferation. However
under conditions of co-treatment with IL-1B3, which leads to maximum proliferation, the
subtype specific PDE4B siRNA significantly inhibited proliferation and seems therefore
to be involved in controling this process in NHLF (figure 25B; p < 0.001). Transfections
with the siRNA targeting PDE4D showed no effects on the extent of cytokine-induced
proliferation. Thus PDE4D seems not to be involved in bFGF/IL-1f induced signaling
pathways leading to proliferation. Moreover, in this experiment PDE4D siRNA can also
be considered as high-homology siRNA negative control in addition to the used

scrambled siRNA, which does not target any eucaryotic genes, as shown in figure 25B.

3.2.6 The effect of PDE4 subtype knockdown on TGF- B induced lung fibroblast to

myofibroblast conversion

Lung fibroblast to myofibroblast differentiation has been published to be blocked by
treatment with PDE4 specific inhibitors (Dunkern et al., 2007). To ascertain which
individual PDE4 subtype is involved within this effect, we transfected NHLFs with
subtype-specific SiRNAs and subsequently after a 48h starvation period, stimulated them
with TGF-B (0.5 ng/ml) for another period of 48h. Because myofibroblasts express alpha-
smooth muscle actin (a-SMA) and lung fibroblast not, this marker was used to measure
the extent of myofibroblast differentiation. a-SMA signals were detected by Western blot
analyses and quantified after densitometric quantification. To equalize the different
exposure times of the Western blots, each quantified a-SMA signal in figure 26B was
indicated as percent of total signal intensity. Furthermore, each signal was related to the
corresponding endogenous control GAPDH, in order to normalize the protein content on
the blots.

As shown in figure 26A untreated NHFL did not express detectable levels a-SMA.
However, 48h after stimulating NHLF with TGF-3, a-SMA was strongly induced. There
was no significant reduction of TGF-B induced a-SMA protein expression observed by
silencing PDE4A subtype mRNA.
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Figure 26. Knockdown of PDE4 subtypes inhibits TGF-  B-induced myofibroblast differentiation of
NHLF. A: a-SMA protein expression after stimulation with TGF-31 (0.5 ng/ml) in normal (control) and
siRNA-lipofected NHLF to knockdown PDE4A, B and D was detected by Western blot. Additionally,
GAPDH protein expression as an endogenous control was measured. B: Densitometric quantification of
the Western blots showed that the knockdown of PDE4B and D as well as the PDE inhibitor piclamilast
(1uM) inhibited a-SMA expression as a marker of myofibroblast differentiation. The knockdown of
PDE4A had no effect on a-SMA protein expression. Data are expressed as percent of TGF-f3 control
(mean £ SD, n =5), *p < 0.01, ***p < 0.001.

In contrast, silencing of subtype PDE4B and PDE4D provoked a strong and significant
decrease of TGF-[3 induced a-SMA protein expression by 66% (p < 0.001) and 34 % (p <
0.01), respectively. As a control the panPDE4 inhibitor piclamilast reduced the TGF-3
induced a-SMA expression to the same extent as the individual knockdowns of PDE4B
and D (-42 %, p < 0.001), which might also indicate that both PDE4 subtypes belong to

the same TGF-f induced signaling pathway leading to myofibroblast differentiation.
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4. Discussion

4.1 Cytokine-dependent effects in primary humanlu  ng
fibroblasts related to cyclic AMP signaling and
phosphodiesterase 4 inhibition

Human lung fibroblasts are major structural cells orchestrating repair and remodeling in
ailments such as IPF, asthma or COPD. Persistent activation of these cells may foster
their inappropriate proliferation, migration, production of extracellular matrix proteins,
contractile properties, amongst others, and together will support fibrotic remodeling.
(Dempsey et al., 2006; Chung, 2001; Larson et al., 2004; Gross et al., 2001; Bjornsdottir
et al., 1999).

Previous data indicate the spatial heterogeneity of fibroblasts within the healthy lung and
the phenotypic differences of lung fibroblasts between normal and disease state (Kotaru
et al., 2006). For example, Kotaru and coworkers demonstrated that there are
differences in morphology, proliferation, a-SMA and procollagen expression in primary
lung fibroblast obtained from proximal airways compared to those derived from distal
lung parenchyma of asthmatic patients.

The question still persists, whether these different phenotypes are derived from distinct
subpopulations with unique progenitors or represent different stages of differentiation
from a common progenitor (Phan, 2008). For these studies normal human lung
fibroblasts, were derived from several donors, from different parts of healthy human
lungs and therefore reflect the naturally occuring heterogeneity of fibroblasts in healthy

tissues.

Proliferation is controlled by divergent (Huang et al., 2008) and sometimes opposing
signals (Dumaz et al., 2005). To understand the mechanistic basis of fibrotic
hyperproliferation in respiratory diseases, the complex network of numerous cytokines,
growth factors and other mediators must be considered. Since IL-13 and bFGF are
found to be increased in lungs of patients with asthma, COPD and IPF (Barnes, 2003;
Jeffery, 2001; Gross et al., 2001), their interaction may be of interest in the pathogenesis

of respiratory diseases with fibrotic components.
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Previous studies investigated the effects of IL-1B-induced PGE, and bFGF on
proliferation of various cell types. Overall these studies show that their effects on
proliferation is dependent on the concentrations of these factors and/or the investigated
cell types (White et al., 2008; Bourcier et al., 1995; Cozzolino et al., 1990).

In this study, the interaction of IL-13 and bFGF on lung fibroblast proliferation and
related mechanisms such as COX-2 induction, PGE, release and cAMP synthesis were
analyzed. That high levels of cAMP reduce proliferation of human lung fibroblasts has
been repeatedly described in the past and more recently the cAMP-GEF (GTP exchange
factor) Epac, yet not protein kinase A, was disclosed to mediate this antimitogenic effect
(Liu et al., 2004; Sanchez et al., 2002; Schmitt et al., 2001).

The present data show that IL-1B treatment alone is able to increase proliferation
significantly at a concentration of 10 pg/ml (2.2 fold, p-value: < 0.01) to an extent, which
however, is by far less than that reached by incubation with bFGF. This is in agreement
with the results of White and coworkers (White et al., 2008).

White et al. concluded that IL-1B induces proliferation by triggering low concentrations of
PGE,, thereby activating G;-coupled EPs-receptor, reducing cAMP and promoting
proliferation. In contrast, the present data show that low IL-1 concentrations trigger only
a very small amount of PGE,, which does not reduce intracellular cAMP. Instead, these
low concentrations of PGE, already seem to increase cAMP. In line, under the present
used experimental conditions, PGE, in a concentration range from 1 pM to 1 uM
concentration-dependently diminished bFGF-induced (*H)thymidine incorporation to a
maximum efficacy of approximately 70% and with a half-maximum inhibition at
approximately 2 nM (data not shown). In contrast, White and colleagues described a
biphasic effect of PGE, on the proliferation of human lung fibroblasts under their
experimental conditions with a maximum mitogenic effect attained at about 3 nM.
Differences in cell types, their expression pattern of PGE, receptors (EP,-EP,) and their
coupling to intracellular signalling cascades as well as cell culture conditions may
explain the discrepany between the results of this investigation and that of White et al.
Therefore, it can be assumed that in the present experimental system the mitogenic
effects of IL-1 are unrelated to PGE, and cAMP. An explanation for the mitogenic effect
of IL-13 may be an influence on MAPK pathway as published by several other groups
(Kida et al., 2005; Scherle et al., 1997).
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The current report demonstrates that in normal human lung fibroblasts the mitogenic
potential of bFGF is potentiated by low concentrations of IL-1B (< 10 pg/ml). Such a
synergism has previously been described in different cell types, for example in rat aortic
smooth muscle cells (Bourcier et al., 1995), in human endothelial cells (Norioka et al.,
1994) or in primary rabbit and human dermal fibroblasts (Bond et al., 1998). One may
hypothesize that converging downstream signalling shared by bFGF and IL-13 accounts
for this observation, yet the precise molecular mechanisms are not well understood.

The observation that IL-13 potentiates bFGF-induced DNA synthesis in NHLF was
limited to low concentrations of the cytokine (10 pg/ml) while higher concentrations of IL-
1B progressively reduced proliferation. At these higher concentrations of IL-1B
intracellular cAMP strongly increased, which may explain the anti-proliferative effect of
IL-1B. Since the higher IL-13 concentrations up-regulated COX-2 resulting in an
increased accumulation of PGE, one may assume that the prostanoid binds to EP, and
EP, receptor coupled to heterotrimeric Gs protein, and that finally adenylyl cyclase
(tmACs) activity accounts for the rise in cAMP. Indeed, human lung fibroblasts express
EP, and EP, receptors with EP, being the predominant subtype (Haag et al., 2008;
Huang et al., 2007).

A major finding of the current study was that in NHLF bFGF strongly potentiated the
induction of COX-2 by IL-1B, and consequently, the increase in PGE, and cAMP
secondary to the cytokine. This crosstalk between FGF and IL-1p has been described
earlier in human osteosarcoma cells, yet its mechanistic origin remains to be explored
(Laulederkind et al., 2000).

Overall, there is a high level of complexity in the interactions between IL-13 and bFGF to
control proliferation of lung fibroblasts. Whereas bFGF-induced proliferation is
potentiated by lower concentrations of IL-13, by a separate mechanism bFGF amplifies
the potential of higher concentrations of the cytokine to diminish proliferation, thus
limiting its own mitogenic effects. As mentioned before bFGF and IL-13 have been
described up regulated in various respiratory diseases where excessive proliferation of
lung fibroblasts occurs. Strategies to increase or stabilize intracellular cAMP levels may
represent a therapeutic perspective in fibrotic conditions, a view shared by others (Haag
et al., 2008; Dunkern et al., 2007; Liu et al., 2004).
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Cyclic AMP is degraded by several phosphodiesterase isoenzymes, as a corollary
inhibition of PDEs augments cAMP. PDE isoenzymes activities were analysed in primary
human lung fibroblasts and the presence of PDE1, PDE3 and PDE4 hydrolysing cAMP
as well as PDE1 and PDES5 hydrolysing cGMP was revealed.

Based on this analysis, the effects of a PDE4 and a PDES inhibitor on proliferation of
human lung fibroblasts were investigated. The possible role of PDE1 cannot be further
assessed due to the lack of specific inhibitors for this isoenzyme. Complete and
selective inhibition of PDE4 by piclamilast at 1 uM reduced proliferation of these cells, as
it has been described on various other cell types (Hatzelmann et al., 2001), however to a
modest extent. The inhibitory efficacy of this compound on proliferation strongly
increased by simultaneous treatment with IL-13, which somehow could be expected due
to the enhancement of cCAMP. Therefore, PDE4 inhibition strengthens the IL-1B-induced
PGE,-driven biological response, namely the decrease in proliferation. This is further
supported by data from our group, showing that treatment with a cyclooxygenase
inhibitor (inhibiting PGE, formation) abolishes the synergistic effect between IL-13 and
PDE4-inhibition on reducing proliferation.

Since besides PDE4, also cAMP-hydrolyzing PDE3 was detected in human lung
fibroblasts, the effect of PDE3 inhibition on proliferation was also analyzed. PDE3
inhibition via motapizone by itself did not affect proliferation, however, it potentiated the
anti-proliferative effect of PDE4 inhibition. This finding confirms the hypothesis of the role
of different PDESs in generating subcellular signaling compartments and nucleotide pools
(Conti et al., 2007). Therefore it can be as well hypothesized that under conditions of
PDE4 inhibition the cAMP pool generated by adenylyl cyclase activity increases and
looses confinement, consequently diffusing into compartments of the cell, where PDE3
gets access to cAMP and will hydrolyze it. In this case a PDE3 inhibitor becomes
effective in blocking proliferation of these cells, since it even more increases the cAMP
pool originally controlled by PDE4 only (Zaccolo et al., 2006).

In order to elucidate the mechanism of proliferation inhibition in more detail, cell cycle
analysis were performed and the question, whether the inhibition of proliferation by
PDE4 inhibitors under concomitant incubation with IL-13 induces changes in cell cycle
distribution was considered. Overall, the cell cycle analysis reflected findings in the
proliferation assays. In comparison to starved cells bFGF increased the proportion of S-

phase cells, which was potentiated by lower concentrations of IL-13. At higher
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concentrations of IL-1B the percentage of S-phase cells decreased again. A PDE4
inhibitor on its own reduced the number of S-phase cells following bFGF by inducing a
partial Gl-arrest. By analogy to results from measurements of (*H)thymidine
incorporation, co-incubation with IL-13 potentiated the efficacy of a PDE4 inhibitor in
inducing partial G1 arrest. The G1 arrest was accompanied by a decrease in Cyclin E1,
D1 and cyclin-dependent kinase 4 and 6 mRNA expression, which gives some
mechanistical insight about the influence of PDE4 inhibitors/cAMP on cell cycle control.
These results are in line with investigations by other groups using various cell types (Lee
et al., 2003; Stuart et al., 2000; Musa et al., 1999; L'Allemain et al., 1997).

4.2 Functional impact of PDE4 subtypes in primary
human lung fibroblasts

Another aim of the present study was to identify the role of the four PDE4 subtypes in
human lung fibroblasts in specific functions as proliferation and myofibroblast
conversion. These functions are of pathophysiological relevance in progression of
fibrosis in the lung in diseases such as COPD, IPF and asthma. By increasing cyclic
AMP, PDE4 inhibitors act anti-inflammatory but are also capable of preventing and
reducing fibrotic and vascular remodeling in the lung. Former effects are affirmed in
various clinical trials, whereas the latter are the matter of various investigations in vitro
and in vivo (Cortijo et al., 2009; Togo et al., 2009; Shepherd, 2006; Rabe et al., 2005). In
order to mimic the pathophysiological conditions relevant to humans, we examined
primary human lung fibroblasts under defined cytokine stimulatory conditions. Primary
cells have potential disadvantages (e.g. hard to transfect siRNAs, limited passage
number (Thiel et al., 2006). Nevertheless under our conditions the use of primary NHFL
resulted in very reproducible results and a donor dependent variability was not observed.
Several investigations by our group already proved the presence of PDE4 in lung
fibroblasts of various species by gene and protein expression analysis as well as
isoenzyme activity determination. The used primer/probe sets to measure the
expression of PDE4 subtypes quantitatively were tested for similar efficiencies in a
standardized gPCR (Peter et al., 2007) and this study corrobarated these findings by
measuring similar amplifications rates of defined amounts of plasmid DNA containing
unique PDE4 subtype inserts with those primer/probe sets. That followed the
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guantification of the PDE4 mRNAs expression in human lung fibroblasts under non-
stimulated conditions. It turned out that the subtype PDEA4A is the most predominantly
expressed one, followed by PDE4B and PDE4D. This is in accordance with findings of
another group (Martin-Chouly et al., 2004; Kohyama et al., 2002a). In contrast PDE4C
was expressed in NHLF at the absolute limit of detection and therefore can be
considered as not to be present in these cells under the given conditions, as also
described by Spina (Spina, 2008).

Since the intention of this study is to examine the effects of PDE4 subtype specific
knockdowns on cytokine-induced proliferation, the PDE4 subtype expression pattern
under the corresponding conditions was also analyzed. As described before, the
mitogenic effects of various bFGF/IL-13 co-stimulation conditions were characterized in-
depth and related to cyclic AMP. IL-1B showed biphasic effects; at concentrations of <
10 pg/ml, IL-13 potentiated the bFGF-induced proliferation of NHFL, whereas
concentrations of IL-1p at = 50 pg/ml increased COX-2 expression, subsequently PGE,
synthesis and cAMP generation to an extent that proliferation is not potentiated but
commenced to inhibit proliferation (as seen in figure 7B).

Accordingly under conditions where NHLF get induced to proliferate (bFGF and co-
treatment with IL-1f at 10 pg/ml) no changes in the PDE4 subtype expression pattern in
comparison to non-stimulated cells was observed.

In contrast co-treatments using IL-1p at a concentration of 50 pg/ml (plus/minus bFGF),
at which also cAMP is increased (as described in chapter 3.1.1), resulted in increased
PDE4B and PDE4D mRNA expression. Since it has been described that both genes
(PDE4B and PDE4D) have a cAMP-regulated intronic promotor (D'Sa et al., 2002; Vicini
et al., 1997), IL-1B can be account for the effect of increased transcription and the
related changes in cAMP as measured in figure 8 of chapter 3.1.1. No changes in
PDE4A and PDE4C gene expression were observed.

These results demonstrate that the basal low expressed subtype PDE4D but not PDE4C
can be upregulated by cAMP and therefore it was crucial for our further investigations to

elaborate a method to knockdown all three expressed PDE4 subtypes A, B and D.

Since no PDE4 subtype specific inhibitors exist, a transfection method for subtype
specific siRNAs was elaborated that operates gently and efficiently in terms of

knockdown in NHLF but without affecting subtstantially the fibroblast functions to be
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investigated. An electroporation method was compared to a liposome-mediated
tranfection and turned out to be inferior. Thus electroporation with PDE4 subtype specific
siRNA mediated a considerable decrease of mMRNA expression, however only compared
to control electroporated cells since electroporation by itself induced PDE4 gene
expression (significant for PDE4 A and B). This might be interpreted as a cellular stress
response induced by the electroporation (Vernier et al., 2009; Beebe et al., 2003).

Since there was no significant downregulation of PDE4 subtype mRNAs by siRNA
electroporation in comparison to the non-electroporated cells, the electroporation
method was not considered to be suitable for further investigations.

Furthermore, the electroporation method induced a mortality of approximately 30%
within minutes and siRNA concentrations for mRNA knockdown exceeded 1uM, which
increases the probability of off-target effects affecting our functional readouts (Jackson
et al., 2010; Baum et al., 2009). In contrast a cationic liposome-mediated SiRNA
transfection method for NHLF with fewer unwanted effects was established.

siRNA concentrations in the range from 0.015 nM to 150 nM were tested and a
concentration of 5 nM identified as the convenient concentration for maximal and
selective knockdown after 24h of all PDE4 subtypes in NHFL. On mRNA level a
knockdown of about 80% for PDE4A and D and about 55% for PDE4B was achieved.
The lipofection of NHLF with individual siRNAs versus PDE4A, PDE4B and PDE4D
showed a very stable knockdown of mMRNA over time, tested in a range from 24h to 96h.
A decrease in PDE4A and B protein was already observed 24h after transfection and
was maximal between 72 and 96h, which indicates that the total turnover of these
proteins in NHFL is done within this period. This has not been investigated before.
However PDE4D protein was not detectable by Western blot analysis even using
different antibodies, targeting different epitopes of PDE4D, and different Western blot
protocols. This might be explained by a low expression level of PDE4D in these cells as
also suggested by the results of the gene expression analysis.

Additionally, the PDE4 subtype specificity of the siRNAs was tested in these
experiments. Indeed individual siRNAs for one subtype did not downregulate the other
PDE4 subtypes. This shows that it is possible despite very high sequence homology
between the PDE4 subtypes of about 80 to 84% within the catalytic region (Torphy,
1998), to identify SiRNA target sequences, which guarantee subtype specificity.

However it should be mentioned that several commercially available siRNA’s, which

were proposed to be subtype specific, have been tested in this investigations and turned
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out to be either inefficient with respect to knockdown or unspecific. Since the identified
siRNAs were shown to be subtype specific, it can be assumed that each siRNA
addressing a distinct subtype of PDE4 can also be used as high homology negative
control for the other subtypes, as also described by Peter et al., 2007.

It is interesting to note that siRNA mediated knockdown of PDE4B conversely,
significantly increased the mRNA expression of PDE4D. There was also a tendency of
increasing mRNA levels of PDE4B and D by knockdown of PDE4A. This might be
considered as a counterregulation of NHFL as a consequence of increased cAMP levels
induced by the knockdown (due to reduced cAMP hydrolysis activity). However, in this
study cAMP levels after siRNA transfection were not measured but the pattern of PDE4
subtype upregulation observed by specific knockdowns is similar to those after the
treatment of NHLF with IL-1B at different concentrations, which also demonstrated to
increase cAMP (as discussed before). Also under those circumstances only PDE4B and
PDE4D but not PDE4A were upregulated. In contrast sSiRNA mediated knockdown of
PDEA4D did not increase PDE4B (and also not PDE4A) mRNA. This might be explained
by the low expression level of this enzyme, as shown by qPCR, which suggests that a
knockdown of this protein might increase cAMP only marginally and would thus not
induces PDE4B expression.

The successful siRNA-mediated knockdown was additionally validated by
measurements of overall PDE4 activity in NHLF and illustrates therewith several
interesting aspects. First, the mRNA knockdown resulted in a time-dependent decrease
of PDE4 activity with a maximal reduction 72h to 96h after tranfection. This is in
accordance with the densitometric quantification of PDE4A and B Western blot analysis
after siRNA-induced knockdown. Furthermore, the knockdown of PDE4B caused the
most prominent reduction in overall PDE4 enzyme activity under the investigated
conditions, followed by PDE4A and PDE4D. This interestingly does not reflect the mRNA
expression pattern of the subtypes, which indicates that these enzymes are further
regulated either on the level of protein translation or by post-translational modification as
e.g. phosphorylation as described by Conti et al., 2002 or Houslay and Adams, 2003.

Noteworthy the sum of reduction in PDE4 activity by knockdown with PDE4A, B and D
specific siRNAs resulted in nearly 100% of total PDE4 activity. Besides the already
described gene expression data this provides further evidence, that PDE4C is not

expressed under the used cell culture conditions in NHLF.
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This is in discrepancy to a recent study of Martin-Chouly and coworkers (Martin-Chouly
et al., 2004), who detected substantial amounts of subtype PDE4C in human lung
fibroblasts. Apart from that they did not account PDE4C to a distinct cellular function.
This difference might be explained by the usage of foetal lung fibroblast cell lines and
different cell culture conditions. It is surprising that knowledge about PDE4C in humans
is limited to its expression pattern and the enzymatic characterization but no cellular

functions have been related to its expression up to now.

The optimized, effective and specific sSiRNA-mediated knockdown of the different PDE4
subtypes for the first time offers the opportunity to investigate their function in
pathophysiological processes of normal human lung fibroblasts, such as excessive
proliferation and conversion into myofibroblasts.

48h after transfection with the various PDE4 subtype specific sSiRNAs, proliferation was
induced by either bFGF treatment (10 ng/ml) or in combination with IL-1Bat a
concentration of 10 pg/ml. As mentioned in the previous part of the discussion,
expression of both cytokines has shown to be increased under pathophysiological
fibrotic conditions (Kranenburg et al., 2005a; Zhang et al., 1993). Under co-stimulatory
conditions proliferation of NHLF was shown to be maximal and a panPDE4 inhibitor to
be effective, however not to a maximum. It turned out that the sSiRNA-mediated
knockdown of the subtypes PDE4A and PDE4B reduced the bFGF/IL-1B induced
proliferation significantly, whereas a scrambled control siRNA did not. The efficacy of the
PDE4A knockdown on bFGF/IL-1(3 induced proliferation inhibition was comparable to the
efficacy of the PDE4 inhibitor piclamilast, administered under the same experimental
conditions. Knockdown of PDE4B was slightly less effective. Interestingly, the PDE4D
siRNA transfection did not inhibit bFGF/IL-13 induced proliferation and could be
therefore also considered as a high homology siRNA negative control in these
experiments. The same pattern of inhibited proliferation by PDE4 subtype-specific
MRNA knockdown was also observed under bFGF-treatment alone. This indicates that
also under this condition a continous cAMP production is ongoing, which provides the
basis for anti-proliferative efficacy of PDE4 inhibition as seen in figure 12 of chapter
3.1.4.

Besides proliferation, the differentiation to myofibroblast is an important

pathophysiological feature and plays a key role in lung fibrosis. Several studies have
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demonstrated that PDE4 inhibitors reduce TGF-B-induced conversion of fibroblasts to
myofibroblasts by analyzing alpha-smooth muscle actin expression, which is a key
marker for myofibroblast differentiation (Dunkern et al., 2007). However, the interrelation
of PDE4 subtypes in this process is unknown. This investigation now demonstrates, that
the knockdown of the PDE4 subtype B and D, but not PDE4A reduces the expression of
0a—-SMA induced by TGF-B and thus inhibits myofibroblast differentiation. Inhibition by
PDE4B knockdown was most effective and comparable to the treatment with a pan
PDE4 inhibitor piclamilast.

Overall we should be aware that this study provides first evidences for the involvement
of PDE4A and B in controlling fibroproliferation and 4B and 4D in regulating
differentiation to myofibroblasts. However in order to explain the detailed mode of action
and to exclude potential off-target effects completely, further studies regarding signaling

would be required.

4.3 Conclusions

In summary, the interaction of bFGF and IL-1(3 on proliferation of human lung fibroblasts
has been described. Both cytokines are assumed to be involved in pathophysiological
processes leading to fibrosis in various respiratory disorders. In particular, the presence
of IL-13 may be considered in view of ongoing inflammatory processes such as those
described in IPF. In the experimental system of in-vitro cultured human primary lung
fibroblasts, it was shown that IL-13 may either drive the fibrotic process by its ability to
stimulate proliferation on its own but also by potentiating the proliferative action of bFGF,
or that IL-1B may be anti-proliferative by inducing COX-2 and subsequently enhancing
PGE.. It is most likely that the expression balance of these two cytokines will determine,
at least in part, whether fibrotic processes are ongoing or tissue homeostasis is
maintained.

Up to now there is no therapy available targeting the fibrotic component of e.g. IPF,
COPD or asthma. PDE4 inhibitors as e.g. roflumilast, which succeeded recently in phase
Il trials in COPD, are well known anti-inflammatory agents (Hatzelmann et al., 2001) by
their ability to increase intracellular cAMP. The actual in-vitro investigations now also
suggest that these drugs might offer additional therapeutic benefit by inhibiting
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proliferation of lung fibroblasts especially under pathological conditions of enhanced IL-
1B and PGE,. This might be of particular importance since different groups (Vancheri et
al., 2000; Wilborn et al., 1995) have shown, that the capability of lung fibroblasts to
produce anti-proliferative PGE; levels is diminished in patients with pulmonary fibrosis.

It might therefore be important to boost the anti-proliferative signal transduction initiated
by PGE, via inhibition of cAMP hydrolysis by PDE4 inhibitors.

Roflumilast N-oxide has already been shown to be therapeutically effective in bleomycin-
induced lung fibrosis in mice, already after an established fibrosis (Cortijo et al., 2009).
This is of special interest since corticosteroids, which are standard anti-inflammatory
drugs, failed in therapeutic protocols in this animal model and also did not show efficacy
in clinical trials with IPF patients as also meta-analysis have revealed. Whether PDE4
inhibitors might be effective in fibrotic lung diseases in man remains to be ascertained.
One of the key findings of this study is about the dominant role of PDE4B in controling
both, lung fibroblast proliferation and the transition to myofibroblasts. In contrast PDE4D,
whose inhibition is also proposed to be responsible for side effects provoked by PDE4
inhibitors in humans, seems not to control proliferation. Thus it is logical to focus further
drug discovery efforts on developing subtype-specific inhibitors exclusively targeting
PDE4B, which should then provide a broader therapeutic window, allowing to be dosed
higher and thus to be more efficacious.
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5. Summary

Lung fibroblast proliferation and differentiation into myofibroblast are pathological key
events during fibrotic alterations occuring in pulmonary diseases such as asthma,
idiopathic pulmonary fibrosis or chronic obstructive pulmonary disease. Cyclic nucleotide
signaling is described as a negative modulator of these cellular processes, and cyclic
AMP degrading type 4 phosphodiesterases (PDE4) are important regulators of these
pathways. Together with various cAMP-generating isoforms of adenylyl cyclases and
effectors, PDE4 subtypes constitute a network that regulates the signaling via numerous
mediators, e.g. growth factors or cytokines. Several studies using selective PDE4
inhibitors under clinical development have shown that the induced increase of CAMP can
inhibit lung fibroblast functions and might be able to mitigate lung tissue remodeling. The
role of PDE4 subtypes in these functions remains unknown.

This thesis aims to analyze mechanisms of cytokine-induced functions of human lung
fibroblasts, such as proliferation and differentiation, and to determine the role of PDE4
subtypes within these processes. This study demonstrates, that bFGF-induced
proliferation of human lung fibroblasts is either potentiated by the presence of the
inflammatory cytokine IL-13 or inhibited depending on the IL-1B concentration. The
antiproliferative activity of PDE4 inhibitors (but not of PDE3 inhibitors) is due to the
increase of PGE; by IL-1p via the COX-2/PGE,-synthase pathway. Moreover, this IL-13
triggered signaling pathway is further potentiated by bFGF by increasing IL-1p induced
COX-2 expression.

In order to assess the role of PDE4 subtypes, their expression in human lung fibroblasts
was down regulated by using an optimized liposome mediated transfection method and
specific siRNA’s. With this technology, different PDE4 subtypes were assigned to
distinct functions of human lung fibroblast. The knockdown of PDE4A and PDE4B
inhibited cytokine-induced proliferation, whereas knockdown of PDE4D did not. In
contrast, TGF-B induced differentiation of lung fibroblasts to myofibroblasts was only
prevented by knockdown of PDE4B and PDE4D, but not of PDE4A. The identification of
the predominant role of PDE4B in controlling pathophysiological relevant functions of
human lung fibroblasts provides now a rationale for pharmaceutical development of

subtype specific PDE4 inhibitors with higher efficacy and a broader therapeutic window.
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6. Zusammenfassung

Proliferation von Lungenfibroblasten und ihre Differenzierung zu Myofibroblasten sind
pathologische Schllsselereignisse bei fibrotischen Veranderungen, die in Atemwegs-
erkrankungen wie Asthma, idiopathische Lungenfibrose oder chronisch obstruktiven
Atemwegserkrankungen vorkommen. Bei diesen zellularen Vorgangen gelten die
Signalwirkungen von zyklischen Nukleotiden als negative Regulatoren. Die cAMP
degradierenden Phosphodiesterasen vom Typ 4 (PDE4) sind wesentliche Regler dieser
Signalwege. Im Zusammenspiel mit verschiedenen cAMP-generierenden Isoformen der
Adenylatzyklasen und Effektoren, bilden die Subtypen der PDE4 ein Netzwerk der
Regulation von Signalen, die von Mediatoren wie Wachstumsfaktoren oder Zytokinen
ausgeldst werden. Studien mit PDE4 Inhibitoren, die sich in der klinischen Entwicklung
befinden, haben gezeigt, das der induzierte Anstieg von cAMP die Funktionen von
Lungenfibroblasten unterbindet und damit in der Lage ist Lungengewebsverdnderungen
zu unterdriicken. Welche Rolle bei diesen Funktionen die Subtypen der PDE4 spielen,
ist nach wie vor unbekannt.

Diese Dissertation hat zum Ziel, die Mechanismen der Zytokin-induzierten Funktionen,
wie die Proliferation und Differenzierung von humanen Lungenfibroblasten zu
analysieren, sowie die Aufgabe der PDE4 Subtypen bei diesen Prozessen zu
untersuchen. Die Studie zeigt, da die bFGF-induzierte Proliferation von humanen
Lungenfibroblasten, abhangig von der gegenwartigen Konzentration des
inflammatorischen Zytokins IL-1B3, verstarkt oder inhibiert wird. Die antiproliferierende
Wirkung der PDE4 Inhibitoren (jedoch nicht der PDE3 Inhibitoren) beruht auf der
Erhéhung der Bildung von PGE, durch IL-13 Uber den COX-2/PGE,-Syntheseweg.
Zusatzlich wird dieser durch IL-1p ausgeldste Signalweg durch bFGF noch weiter
verstarkt, indem dieses die IL-1B-induzierte COX-2 Expression potenziert.

Um die Rolle der in humanen Lungenfibroblasten exprimierten Subtypen der PDE4 zu
charakterisieren, wurden diese individuell mittels einer optimierten Liposomen
vermittelten Transfektionsmethode und spezifischen siRNAs herunterreguliert. Damit
war es moglich, den verschiedenen Subtypen der PDE4 diskrete Funktionen in
humanen Lungenfibroblasten zuzuordnen. So inhibierte der Knockdown der PDE4A und
PDE4B die Zytokin-induzierte Proliferation, wohingegen der Knockdown von PDE4D

keine Wirkung zeigte. Im Gegensatz dazu wurde die TGF-B-induzierte Differenzierung
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von Lungenfibroblasten zu Myofibroblasten durch den Knockdown der PDE4B und
PDEA4D verhindert, jedoch nicht durch den Knockdown der PDE4A.

Die Identifizierung der dominierenden Rolle der PDE4B, in der Kontrolle patho-
physiologisch relevanter Funktionen in humanen Lungenfibroblasten, liefert damit einen
klar definierten, molekularen Ansatzpunkt fir die pharmazeutische Entwicklung besserer
subtypspezifischer PDE4 Inhibitoren.
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