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INTRODUCTION

1 INTRODUCTION

The transduction of extracellular signals into the cell interior is an important prerequisite for the
exertion of various cell functions as well as for cell-to-cell communications. The specific
binding of ‘first messengers’ to cell-surface receptors can trigger the generation of intracellular
‘second messengers’, such as adenosine 3’-5’ cyclic monophosphate (cAMP), which process

the signals and direct various cellular responses.

1.1 The second messenger cAMP

Since the first description of cAMP in 1957 (Sutherland and Rall, 1958), a large number of
scientific reports have exemplified the profound effects of cAMP action (Beavo and Brunton,
2002; Kopperud et al., 2003). Initially, cAMP signaling involves the specific extracellular ligand
binding to G protein-coupled receptors (GPCR), which form one of the largest protein families
with more than 1000 variant forms (Hermans, 2003) and can be classified into four major
classes (Wess, 1998):
(i)  The rhodopsin-type receptor subfamily (Class |) is the largest receptor subfamily, which
binds structurally very diverse ligands. This class comprises receptors for sensory stimuli
(e.g. rhodopsin), ligands such as glycoprotein hormones (e.g. follicle stimulating hormone
[FSH] and luteinizing hormone [LH]), peptides (e.g. angiotensin I, chemokines, and
vasopressin), or biogenic amines (e.g. acetylcholine, dopamine, adrenalin/noradrenalin,
and histamine), and various signaling molecules (e.g. adenosine, leukotrienes, and
prostanoids).
(i)  The Class Il subfamily comprises secretin/glucagon receptors.
(ili) The Class Il subfamily includes metabiotrophic glutamate receptors, calcium sensors, y-
aminobutyric acid (GABA) receptors, and putative pheromone receptors.
(iv) The Class IV subfamily comprises a small group of other putative pheromone receptors.
While ligands and receptor types are diverse, the molecular mechanism through which all G
protein-coupled receptors transduce extracellular signals into the cell is similar. GPCRs can
associate with distinct heterotrimeric G proteins (GTP binding protein), which generally consist
of a subunit Ga bound to a B/y complex (Hermans, 2003). Four classes of Ga subunits have
been characterized (Neer, 1995): ag stimulates adenylyl cyclase (AC), a; inhibits adenylyl
cyclase, a4 activates phospholipase C (PLC), and a;, regulates Na*/K* exchange. The mode of
action of all G proteins can be exemplified for Gas: Interaction of the ligand-activated receptor
with a G protein promotes the exchange of GTP for GDP within the active site of Gas and

triggers the dissociation of Gas-GTP from the B/y complex. As a consequence, Gas-GTP and
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the B/y complex are released and Gas-GTP can transmit signals to effector systems, most
notably to distinct isoforms of adenylyl cyclases (Bourne, 1997; Wess, 1998; Hanoune and
Defer, 2001). Adenylyl cyclases are anchored in the plasma membrane by two a-helical
segments each spanning six transmembranes. The two cytoplasmatic regions host the
catalytic apparatus, which is responsible for ATP and Gasg binding and the conversion of ATP
into cAMP (Tesmer et al., 1997; Hurley, 1999; Simonds, 1999). cAMP exerts its effect on
cellular signaling processes in different ways (Figure 1).

Hormone,
Neurotransmitter

Adenylyl
cyclase

Protein
phosphorylation

channels

© Q
O Na*, Ca2*
00g 0

© o
o

Figure 1. Basic mechanisms of cAMP regulation and function. The cartoon depicts the basic
pathways for cAMP metabolism. Upon stimulation of seven transmembrane (7TM) receptors
(GPCRs) by hormones or neurotransmitters, G protein subunit Gas can translocate and activate
adenylyl cyclase, which converts ATP into cAMP. cAMP can orchestrate signaling processes via
protein kinase A (PKA), guanine-exchange factors (GEFs), and cyclic-nucleotide gated channels
(CNG channels). Phosphodiesterases (PDEs) biologically inactivate cAMP. Modified from Beavo and
Brunton, 2002.

The direct activation of the cAMP-protein kinase (protein kinase A, PKA) via cAMP is generally
considered as the principle mode of cAMP action. The PKA holoenzyme consists of a
regulatory (R) subunit dimer and two catalytic (C) subunits and was first biochemically
classified as PKA type | and type Il (PKAI and PKAII, respectively), according to their order of
elution by ion-exchange chromatography (Reimann et al., 1971; Corbin et al., 1975). The large
molecular heterogeneity in both R- and C-subunits allows a multiplicity of PKA isoforms with
different biochemical properties (Skalhegg and Tasken, 2000). The common mode of action for
all PKA isoenzymes is that, upon binding of cAMP to the regulatory domain, active C subunits
are released, facilitating the phosphorylation of serine and threonine residues on specific
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substrate proteins via transfer of the y-phosphate of PKA-bound ATP (Taylor et al., 2004).
Effects of PKA action are very diverse and can involve the activation of multiple splice variants
of nuclear cAMP responsive element (CRE)-binding proteins (CREB) and other closely related
gene products, such as activating transcription factor 1 (ATF1) or cAMP-responsive element
modulator (CREM), resulting in the activation of a large pool of transcription factors with
pleiotropic biological effects (Gonzalez and Montminy, 1989; Lee and Masson, 1993; Shaywitz
and Greenberg, 1999). For example, phosphorylated CREB can recruit a co-activator, the
CREB-binding protein (CBP), which has an intrinsic histone acetyltransferase (HAT) activity
and interacts with RNA polymerase Il (Pol Il), resulting in the enhanced transcription of many
genes that have the cAMP responsive element (CRE) as sequence motif in their promoter
regions (Chrivia et al., 1993; Mayr and Montminy, 2001; Vo and Goodman, 2001).

cAMP can also activate effector systems that are independent of PKA. Cyclic nucleotide-gated
(CNG) channels, which are directly activated by binding guanosine 3'-5’ cyclic monophosphate
(¢cGMP) and cAMP to channel proteins, can control the membrane potential and intracellular
Ca** or Na* levels, and are involved in the photoreceptor cell and olfactory sensory neuron
signaling (Wei et al., 1998; Kaupp and Seifert, 2002; Bradley et al., 2005). Cyclic nucleotide-
binding sites on guanine-nucleotide-exchange factors (GEFs) can serve as additional effector
systems of cAMP action. Bos, Graybiel and coworkers first described the activation of small G-
proteins by cAMP-activated GEFs, called Epacs (exchange proteins directly activated by
cAMP) (de Rooij et al., 1998; Kawasaki et al., 1998). Epacs have been described to advance
the active GTP-bound state of the small G proteins Rap1 and Rap2, which can activate various
downstream effector proteins (Kopperud et al., 2003; Bhattacharya et al., 2004).

In summary, cAMP can profoundly influence cellular functions via several effector systems and
plays a crucial role for the transduction of extracellular signals. Considering the multitude of
cAMP signals, one can postulate that the regulation of cAMP levels has to be similarly
complex. Indeed, when Sutherland and Rall first described cAMP (Sutherland and Rall, 1958),
they reported the presence of cyclic nucleotide hydrolyzing activity in their cell extracts. Their
assumption that phosphodiesterases (PDEs) are responsible for the inactivation of cyclic
nucleotides was confirmed in the early 1970s by several reports revealing that PDEs comprise
a large enzyme family with kinetically distinct isoforms that are differently expressed in various
tissues (Beavo et al., 1970; Thompson and Appleman, 1971a; Thompson and Appleman,
1971b).

1.2 Phosphodiesterases (PDEs): a superfamily inactivating cyclic
nucleotides

The characterization of genetic, biochemical, pharmacological, and structural profiles has
identified 11 different gene families of PDEs in mammals termed PDE1 - PDE11 (Conti and
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Jin, 1999; Francis et al., 2001; Essayan, 2001; Lugnier, 2006; Bender and Beavo, 2006).
PDEs inactivate 3-5’ cyclic nucleotides by hydrolytically cleaving the 3’-phosphodiester bound,
thus generating the corresponding 5’-nucleotide monophosphate (see Figure 2).
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Figure 2. Phosphodiesterases biologically inactivate cyclic nucleotides. The 3’-phosphodiester
bound of cAMP and cGMP is hydrolytically cleaved, generating 5AMP and 5GMP, respectively.
Some of the PDEs have dual substrate specificity and can inactivate cAMP and cGMP (PDE1, PDEZ2,
PDE3, PDE10, and PDE11), other PDEs are specific for the hydrolysis of cAMP (PDE4, PDE7, and
PDES8) or cGMP (PDE5, PDE6, and PDE9).

The PDE families can be differentiated functionally on the basis of substrate specificity, i.e.,
their relative affinities for cAMP and cGMP. Moreover, PDEs can be distinguished by their
sensitivity to endogenous/exogenous regulators and their genetic sequence homology. Six of
the eleven PDE families include more than one gene, called subtype - overall more than 20
genes/subtypes were found. The subtypes are designated with a letter following the family
number (e.g. PDE4A). Additionally, multiple splice variants of the PDE subtypes can be
expressed that further increase the high level of complexity. The splice variants are generated
by alternative splicing or by multiple transcriptional start sites and are designated with a
number following the subtype letter (e.g. PDE4A1). In total, the PDE superfamily comprises
more than 50 isoforms of PDE proteins that show differences in their tissue distribution,
subcellular localization, and post-translational modification. Of the eleven PDEs thus far
identified, PDE4, PDE7, and PDES8 are specific for cAMP, whereas PDE1, PDE2, PDES3,
PDE10, and PDE11 are able to hydrolyze both cAMP and cGMP, with different selectivities
and kinetics (Torphy, 1998; Lugnier, 2006; Bender and Beavo, 2006).

The current classification scheme including some characteristics (biochemical parameters,
subtype number, and domain and motif organization) of the mammalian PDEs are shown in
Table 1 and Figure 3.
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Table 1. Characteristics of cyclic nucleotide phosphodiesterase families. The subtypes of each
isoenzyme family represent different genes. Given are some characteristics and exemplary substrate
concentrations at half maximum velocity (Michaelis constant Kn) for cAMP and c¢cGMP hydrolysis,
respectively. IBMX = 3-isobutyl-1-methylxanthine; GAF domains = cGMP-binding regulatory domains; UCR
= upstream conserved region.

Isoenzyme Characteristics Subtypes ~Kn[uM]  ~Kn[uM] Ref.
family cAMP cGMP
PDET1 Ca**/CaM-stimulated 3 1-50 06-3 *§$
PDE2 cGMP-stimulated, GAF domains 1 50 50 *
PDE3 cGMP-inhibited, cCAMP selective 2 0.2 0.3 *
PDE4 cAMP specific, UCR1 & UCR2 domains 4 2-4 > 1000 e
PDE5 cGMP-specific, GAF domains 1 150 1 *
PDE6 cGMP-specific, Photoreceptor, GAF domains 3 2000 60 *
PDE7 high affinity cAMP-specific 2 0.2 > 1000 *
PDES8 cAMP specific, IBMX insensitive 2 0.1 124 §
PDE9 cGMP specific, IBMX insensitive 1 230 0.2 #
PDE10 GAF domains, Vmax for GMP hydrolysis higher 1 0.3 7 +
PDE11 GAF domains 1 1-5.7 05-42

* Torphy, 1998; $ Loughney et al., 1996; ° Lugnier, 2006 ; § Fisher et al., 1998b; # Fisher et al., 1998a; + Fujishige et al.,
1999; ** Fawcett et al., 2000; ** Hetman et al., 2000b.

PDE1A.B, C
PDE2A
PDE3A, B
PDE4A.B,C.D
PDE5A
PDEGA, B, C
PDE7A, B
PDESA. B
PDESA
PDE10A
PDE11A
NH,- catalytic domain -COOH
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» CGMP binding domain (GAF domain)
@K Upstream conserved region (UCR)
@ PAS domain
@ probable targeting domain

Figure 3. Schematic overview of the PDE superfamily. The diagram pictures the domain and
motif organization of the eleven families of phosphodiesterases (PDEs). All PDEs share a
conserved catalytic domain, but differ in their N- and C-terminal regions. The Ca®*/Calmodulin
binding domain is found only in PDE1. The GAF domain (found in cGMP-regulated PDEs,
adenylyl cyclases, and FhlA), which can bind cGMP, is located at N-terminal regions of PDE2,
PDES5, PDE6, PDE10, and PDE11. The UCR (upstream conserved region) is a characteristical
motif found only in PDE4. PDE8 can be distinguished by a PAS domain (found in Per, ARNT, and
Sim proteins). Probable targeting domains are putative membrane-association domains or other
targeting motifs. Modified from Soderling and Beavo, 2001.
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Phosphodiesterase 1 was the first human PDE to be discovered (Kakiuchi and Yamazaki,
1970). Today, three distinct subtypes (PDE1A, PDE1B, and PDE1C) have been characterized,
which differ in their tissue distribution, substrate affinities, splice variants, and regulatory
properties (Loughney et al., 1996; Kakkar et al., 1999). The human cGMP-stimulated PDE2
has similar Ky-values for the hydrolysis of both cAMP and cGMP, and comprises one gene
with one human splice variant (PDE2A3) described so far (Rosman et al., 1997). The PDES
family contains the two subtypes PDE3A and PDE3B, which are high affinity
phosphodiesterase for both cGMP and cAMP (Meacci et al., 1992; Taira et al., 1993).
However, the maximal velocity for cAMP hydrolysis can be 4 - 10 times higher than for cGMP
(Manganiello et al., 1995). Considering the competition of cGMP with cAMP at the catalytic
site, cGMP can act as a transient inhibitor of cAMP hydrolytic activity until cGMP itself is
hydrolyzed; thus, PDE3 was initially termed cGMP-inhibited PDE (Degerman et al., 1997).
Characteristic for PDE3 are N-terminal hydrophobic domains, which allow membrane
association (Shakur et al., 2000; Kenan et al., 2000). The PDE4 family contains four genes,
the subtypes PDE4A - PDE4D. Their structure, biochemical characterization and potential
biological functions are summarized in chapter 1.3. PDE5 is encoded by one single gene, but
three splice variants have been described (Lin et al., 2002). PDE5 is a cGMP-binding, cGMP-
specific homodimeric phosphodiesterase, and is widely expressed in most smooth muscle
tissues as well as in platelets, gastrointestinal epithelial cells, and Purkinje cells of the
cerebellum (Burnett, 2005). Besides homologies to other PDE families (PDE5 and PDE11),
PDE6 has unique characteristics: PDE6 is directly activated by transducin (a G protein),
specifically hydrolyzes cGMP, and is expressed in vertebrate photoreceptor cells as a critical
processor of phototransduction (Yarfitz and Hurley, 1994; Norton et al., 2000; Fain et al.,
2001). PDE7 has been characterized as a high-affinity cAMP-hydrolyzing phosphodiesterase,
which contains two subtypes, PDE7A and PDE7B, and several splice variants (Bloom and
Beavo, 1996; Hetman et al., 2000a). PDES8 contains two subtypes, PDE8A and PDE8B, which
specifically hydrolyze cAMP (Fisher et al., 1998b; Soderling et al., 1998a). PDE9 is, along with
PDE5 and PDE6, cGMP-specific. One subtype, PDE9A, has been described so far (Fisher et
al., 1998a; Guipponi et al., 1998; Soderling et al., 1998b). PDE10 contains a single subtype,
PDE10A, which can hydrolyze both cAMP and cGMP, but kinetic data indicate that PDE10
might have the properties of a cAMP-inhibited cGMP phosphodiesterase (Fujishige et al.,
1999; Soderling et al., 1999). PDE11, the most recently described phosphodiesterase, is a
single gene, but transcripts of multiple splice variants have been detected in various tissues
(Fawcett et al., 2000; Hetman et al., 2000b; Yuasa et al., 2001). Although the catalytic domain
of PDE11 has the closest homology with PDE5 (Fawcett et al., 2000), PDE11 hydrolyzes both
cAMP and cGMP with similar affinity.
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Despite the functional and structural diversity, all phosphodiesterases show a multidomain
structure composed of three functional domains: a regulatory N-terminus, a central catalytical
domain, and a regulatory C-terminus (Figure 3). The catalytical domain with the size of about
270 amino acids has a considerable sequence similarity of at least ~50% on the amino acid
level, whereas the C- and N-termini are heterologous (Torphy, 1998). N-termini of PDEs
contain unique binding sites for small messenger molecules (such as Ca®*/Calmodulin, cGMP,
or phosphatic acid), motifs for membrane targeting, phosphorylation sites, and metal ion
binding sites (Conti and Jin, 1999; Francis et al., 2001; Essayan, 2001; Lugnier, 2006; Bender
and Beavo, 2006). N-termini can therefore determine the activity status of phosphodiesterases,
their dimerization, and their cellular compartmentalization. In general, the occupancy of the
respective N-terminal binding site or the phosphorylation at the N-terminus mediates activation
of the corresponding phosphodiesterase (Richter and Conti, 2004).

Contrary to the N-terminus, only little is known about the regulatory role of the C-terminus of
PDEs, but reports indicate that C-termini may be involved in dimerization (Kovala et al., 1997)
and phosphorylation (MacKenzie et al., 2000).

1.3 The phosphodiesterase 4 family comprises a variety of isoforms

In 1989, several groups reported the identification and cloning of high-affinity rat cAMP specific
phosphodiesterases (Swinnen et al., 1989a; Davis et al., 1989; Colicelli et al., 1989). These
cAMP-phosphodiesterases were homologous to the cAMP-PDE encoded by the dunce locus
of Drosophila melanogaster. Mutation of the dunce gene in D. melanogaster results in defects
in learning and memory (Dudai et al., 1976; Tempel et al., 1983). Shortly after, human cAMP-
phosphodiesterases (designated to be type IV = cAMP-specific PDE = PDE4) have been
cloned from monocytes, lymphocytes, and brain tissue, and the subtype notation A, B, C, and
D was introduced (Beavo and Reifsnyder, 1990).

1.3.1 Structural properties of PDE4 isoforms

PDE4 is the only human PDE family that comprehends four genes coding for the subtypes
PDE4A, PDE4B, PDE4C, and PDE4D. By the complex arrangement of transcriptional units,
multiple promoters, and resulting splice variants, more than 20 isoforms have been described
(Conti and Jin, 1999). PDE4 isoforms have a high similarity both in their sequence and in the
complex range across different species, indicating the evolutionary pressure on the
conservation of PDE4 isoforms and underlining their important functional role (Houslay, 2001).
Compared to PDE4A, the human subtypes PDE4B, PDE4C, and PDE4D have amino acid
identities of 70 -74% across entire sequence and 80 - 84% within the catalytic domain
(Torphy, 1998).
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Various reports indicate that isoforms of the PDE4 family often account for most of the cAMP
hydrolyzing activity of a cell (Conti et al., 2003). All PDE4 isoforms have similar affinities for
cAMP (K., 2 - 4 uM), but exhibit weak affinity for cGMP (K, > 1000 uM) (Torphy, 1998). Kinetic
analyses revealed that the maximal velocity (Vi) for cAMP hydrolysis markedly differs
between PDE4 isoforms, pointing to the N-terminal region functioning as regulator of catalytical
activity. As metallohydrolases, PDE4 isoforms are Mg?*-dependent, but the two identified metal
ion binding sites (Me1 and Me2) in the catalytical core may also be occupied by Zn?* or Mn*",
i.e., by different bivalent metal ions (Laliberte et al., 2000; Xu et al., 2000).

The four PDE4 subtypes are each encoded by large complex genes of around 50 kb and can
have more than 18 transcriptional units (exons) (Houslay and Adams, 2003). All PDE4
isoforms are widely expressed, with primary tissue distribution in kidney, brain, liver, lung, and
immunocytes (Essayan, 2001). Unlike the other PDE4 subtypes, PDE4C seems to have a
restricted expression, but is abundant in neuronal tissue (Sullivan et al., 1999). The use of
multiple transcriptional start sites as well as alternative splice events generate a variety of
transcripts with unique 5’ ends, as depicted in Figure 4.
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Figure 4. Schematic representation of the 5’-3’ genetic structure of human PDE4A, PDE4B,
PDE4C, and PDE4D mRNA transcripts. PDE4 splice variants are either the result of different
starting sites or alternative splice events. PDE4 isoforms can be divided into long forms (e.g.
PDE4A4) or short forms (e.g. PDE4D1). UCR1 and UCR2 = upstream conserved region 1 and 2,
respectively. Modified from a figure kindly provided by Dr. Quintini (ALTANA Pharma AG,
Konstanz).

The PDE4 genes are localized on three chromosomes. Based on the PDE4A gene, which is
located at the human chromosome 19p13.1, five human PDE4A splice variants (PDE4A1,
PDE4A4, PDE4A7, PDE4A10, and PDE4A11) have been identified to date (Wallace et al.,
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2005). All transcripts are the result of 5’ splicing and form catalytically active isoforms, with
PDE4A7 being an exception with an additional 3’ truncated end, coding a catalytically inactive
isoform (Johnston et al., 2004). The human PDE4B gene (located at the chromosome 1p31-
32) encodes the transcripts PDE4B1, PDE4B2, and PDE4B3, with PDE4B1 and PDE4B2
isoforms being strongly conserved among species (Shepherd et al., 2003). However, the rat
PDE4B4 isoform has not been identified in humans so far. By determination of the human
PDEA4C gene (chromosome 19p13.1), several groups reported the identification and molecular
cloning of various PDE4C transcripts, such as PDE4C1, PDE4C2, PDE4C3, PDE4C-791,
PDE4C-426, PDE4Cdelta54, and PDE4Cdelta109 (Obernolte et al., 1997; Owens et al., 1997).
Yet, Houslay and colleagues argue that the latter three transcripts may represent incompletely
or incorrectly spliced variants that are nonfunctional (Sullivan et al., 1999). Nine transcripts of
the human PDE4D gene (chromosome 5q12) have been described, PDE4D1 - PDE4D9
(Wang et al., 2003; Gretarsdottir et al., 2003). All nine PDE4D splice variants are also
expressed in rat tissue, where they are, like in humans, differently expressed and regulated
(Richter et al., 2005).

1.3.2 Upstream conserved regions (UCRSs): unigue requlatory motifs of PDE4 isoforms

Structurally, all PDE4 isoforms can be divided into two major categories, termed long and short
forms (Figure 5) (Conti et al., 2003). The classification is based on the presence of two
modules that are highly conserved in PDE4 subtypes, namely upstream conserved regions 1
and 2 (UCR1 and UCR2, respectively) (Bolger et al., 1993). In contrast to PDE4 long isoforms,
which are characterized by two complete UCR motifs (UCR1 and UCR2), short isoforms lack
UCR1. UCR1 and UCR2 (~60 and ~80 amino acids in size, respectively) are linked with
subtype-specific, ~24 amino acid long linker regions (Houslay and Adams, 2003). Another
subtype-specific linker region (~10 - 28 amino acids) is located in between the UCR2 and the
catalytic domain. Whereas many studies are underway to reveal the impact of the N-termini on
PDE4 function, the role of the subtype-specific C-terminal region is not well understood so far.
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Figure 5. Domain organization of PDE4 long and short isoforms. The classification is based on
the unique N-terminal region of PDE4 splice variants. Depicted are different domains, which are
linked by putative targeting elements. PDE isoforms are subject to phosphorylation by PKA (only
long forms) and by ERK (long and short forms, but not PDE4A isoforms). Two upstream conserved
regions (UCR1 and UCR2) regulate dimerization and are involved in PDE4 activation and
intracellular localization. Modified from Conti et al., 2002.

The presence and arrangement of the UCR motifs can influence PDE4 function in different

ways. UCR motifs were shown to be involved in (i) PDE4 dimerization, (ii) PDE4 activation or

inhibition, and (iii) intracellular targeting of PDE4.

(i)

(i)

The C-terminal half of UCR1 and the N-terminal half of UCR2 have been found to
mediate dimerization in long forms, whereas short forms behave as monomers (Richter
and Conti, 2002). The oligomerization state was shown to determine several regulatory
properties, such as activation by PKA (see chapter 1.3.3) or facilitating special
conformations of the catalytic site (Richter and Conti, 2004).

Independent of their role for oligomerization in long forms, the UCR1 and UCR2 motifs
show intramolecular interaction (Beard et al., 2000). Several reports revealed that UCR2
exhibits an autoinhibitory effect on the catalytical core and proposed that PKA
phosphorylation at the extreme N-terminal end of UCR1 leads to an altered UCR1-UCR2
interaction that removes the inhibitory effect (Sette and Conti, 1996; Lim et al., 1999;
Beard et al., 2000). Additionally, the ERK-mediated inhibition of the catalytical activity
(see chapter 1.3.3) in long forms seems to be mediated via UCR1 (MacKenzie et al.,
2000).

Myomegalin, a protein of the Golgi/Centrosome region, was shown to interact with
PDE4D3, thereby targeting the phosphodiesterase to a particulate structure (Verde et al.,
2001) and pointing to a role of UCR1/UCR2 in intracellular targeting.
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1.3.3 Phosphorylation controls PDE4 activity

As depicted in Figure 5, phosphorylation sites for PKA and ERK have been found in PDE4
isoforms. Long PDE4 isoforms can be activated through PKA phosphorylation of a single
serine residue located at the N-terminal end of UCR1 (Sette and Conti, 1996; Ekholm et al.,
1997; MacKenzie et al., 2002; Laliberte et al., 2002). This catalytic activation may be mediated
by phosphorylation-induced destabilization of the intrinsic ‘low’ activity state of PDE4 isoforms,
by enhancing the sensitivity to Mg?*, and/or by disrupting potential inhibitory effects of the
UCR2 motif (Houslay and Adams, 2003). Besides, in all PDE4 subtypes except PDE4A, a
serine residue in the third subdomain of the catalytic core can be phosphorylated by the
extracellular signal-related kinase 2 (ERK2), establishing a cross talk between cAMP and ERK
signaling pathways (Houslay and Baillie, 2003). The phosphorylation via ERK has dual
properties: On the one hand, ERK phosphorylation of PDE4 long forms leads to inhibition
(Hoffmann et al., 1999), but additional phosphorylation via PKA causes a net activation of the
PDE4 isoforms (Baillie et al., 2001). On the other hand, in short forms, an ERK-mediated
phosphorylation causes activation (Baillie et al., 2000). Thus, long and short forms can be
differently regulated, allowing a complex network of cAMP and ERK signaling systems that
give a rationale for the existence of multiple long and short forms.

Moreover, not only phosphorylation, but also negatively charged phosphatidic acid (PA),
discussed as second messenger in response to various stimuli (e.g. growth factors or
hormones), can regulate the activity of PDE4 long forms, as exemplified by the binding of PA
at the N-terminal domain of PDE4D3 (Grange et al., 2000).

1.4 cAMP exhibits many inhibitory properties in immune cells

As already detailed in chapter 1.1, cAMP action has profound effects on cell function (Beavo
and Brunton, 2002; Kopperud et al., 2003). In immune cells, the complexity of cAMP signaling
is reflected in cAMP having dual properties. On the one hand, cAMP has been described to
initiate and activate inflammatory cell functions (pro-inflammatory effects). On the other hand,
the majority of reports indicate that cAMP has inhibitory properties, promoting an inhibitory
constraint on immune cell functions with anti-inflammatory effects (Tasken and Aandahl, 2004;
Hata and Breyer, 2004). The first messengers, initiating the transduction signals and the
generation of cAMP, have major impact in configuring the complexity of cAMP action in
immune cells. For example, the well-characterized prostaglandin E, (PGEy)-induced
upregulation of intracellular cAMP levels (Honda et al., 1993; Regan et al., 1994) was shown to
be required for human dendritic cell migration and maturation and for enhanced capacity to
stimulate naive T cells (Steinbrink et al., 2000; Scandella et al., 2002; Legler et al., 2006).
Contrary, PGE, mediated signaling can inhibit T cell proliferation and macrophage cytokine
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release (Hata and Breyer, 2004) and can also have inhibitory properties on monocyte
differentiation to dendritic cells (Kalinski et al., 1997; Sombroek et al., 2002).

Because the other two common downstream effector systems of cAMP action, cyclic
nucleotide gated channels (CNG) and Epac guanin-exchange factors, have not yet been linked
with a central role in human primary immune cells, it is likely that PKA mainly exerts cAMP
action in immune cells. In T cells, various negative regulators of immunoreceptor signaling
ensure that T cells either maintain the quiescent state of unstimulated, mature T cells or limit
and terminate the activating signal, restoring the dormant state of T cells (Veillette et al., 2002;
Liu, 2005). Interestingly, cAMP has been recognized as an important mediator of such
inhibitory signaling mechanisms by activation of PKA, with PKA functioning as gatekeeper of
tonic inhibition in T cells, restraining proliferation and cytokine release (Kammer, 1988;
Skalhegg et al., 1992; Tamir and Isakov, 1994; Selliah et al., 1995; Loza et al., 2006). The
inhibitory effects of PKA on inflammatory cell functions can be mediated via several molecular
mechanisms (Torgersen et al., 2002), and are exemplified for T cells in Figure 6.

For instance, PKA can phosphorylate NFAT, a transcription factor that is implicated in the
expression of several cytokine genes, and subsequently inhibits its translocation into the
nucleus (Chow and Davis, 2000). Besides, PKA has been shown to be localized with the TCR-
CD3 complex (Skalhegg et al., 1994), and PKA-dependent serine phosphorylation and
activation of Csk was shown to inhibit Lck action and subsequently proximal TCR signaling
(Aandahl et al., 2002). Several reports correlated inhibition of members of the phospholipase
family with PKA phosphorylation (Liu and Simon, 1996; Yue et al., 1998). Also, PKA can act as
a negative modulator of adhesion (Laudanna et al.,, 1997), is involved in cytoskeleton
organization (Lang et al., 1996), and was found to inhibit the ERK pathway by phosphorylation
of Raf-1 (Dhillon et al., 2002). However, the impact of PKA phosphorylation on the ERK
pathway has been shown to be similarly versatile as the impact of PKA phosphorylation on
NFkB signals, ranging from activating to inhibitory effects (Torgersen et al., 2002; Takahashi et
al., 2002).

The complexity of CAMP action, exemplified in Figure 6 for T cells, is pronounced in many
inflammatory cells. For example, cAMP has been shown to be involved in cytokine synthesis in
monocytes, macrophages, and dendritic cells, e.g., by upregulating IL-10 release or by
lowering TNF-a and IL-12 synthesis after lipopolysaccharide (LPS) stimulation (Eigler et al.,
1998; Platzer et al., 1999; Procopio et al., 1999; Vassiliou et al., 2003). Furthermore, amongst
others, inhibition of monocyte adhesion and migration (Fine et al., 2001) and decreased
neutrophil responses (Harvath et al., 1991; Derian et al., 1995) have been linked to cAMP

action.
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Figure 6. Schematic overview of potential PKA interaction interfaces with TCR signaling
pathways. Depicted are some key signaling events of T cell activation after CD4, TCR/CD3, and
peptide-MHC binding, resulting in the activation of transcription factors and the induction of cytokines.
Shown are some potential interfaces of PKA and TCR signaling pathways. Csk = C-terminal Src
kinase, Cbp/PAG = Csk-binding protein/phosphoprotein associated with glycosphingolipid-enriched
microdomains, Lck = Src-family tyrosine kinase, ZAP70 = zeta-associated protein 70, PIP2 =
phosphatidylinositol-4,5-bisphosphate,  IP3 = inositol-1,4,5-tris-phosphate, DAG = diacylglycerine,
PLCy1 = phospholipase Cy1, LAT =linker for activation of T cells, PI3K = phosphatidylinositol-3
kinase, PIP3 = phosphatidylinositol-3,4,5-trisphosphate, Itk = IL-2 inducible T cell kinase, SLP-76 =
SH2-domain-containing leukocyte protein of 76 kDa, Vav-1 =guanine exchange factor, Nck =
noncatalytic region of tyrosine kinase adaptor protein 1, Akt = protein kinase B, PKC6 = protein kinase
CB, CARMA1 = caspase recruitment domain-containing membrane-associated guanylate kinase
protein-1, IKK = IkB kinase, Bcl10 = B-cell leukaemia protein 10, MALT-1 = mucosa-associated
lymphoid tissue 1, UBC13 = ubiquitin-conjugating enzyme, CaMKII = calcium/calmodulin-dependent
protein kinase Il, COT = cancer osaka thyroid mitogen-activated protein (MAP3) kinase, NIK = NF-kB
inducing kinase, Ub = ubiquitin, RasGRP = guanine exchange factor, ERK = extracellular signal-
regulated kinase, MEK = MAPK (mitogen-activated protein kinase)/ERK kinase, NFAT = nuclear
factor of activated T cells, GSK-3 = glycogen synthase kinase-3, AP-1 = activator protein-1, NFkB =
nuclear factor kB. Modified from Huang, Y. and Wange, R., 2003 with modifications from Torgersen et
al., 2002 and Abrahamsen et al., 2004.

1.5 PDE4 isoforms are widely expressed in inflammatory and
immunocompetent cells

By activating PKA, as detailed in chapter 1.4, cAMP signals manifoldly control immune
functions and can inhibit various inflammatory responses of T cells, monocytes, macrophages,
or dendritic cells, subsequently exhibiting an inhibitory constraint on these cells.

Paradoxically, crosslinking of the TCR was shown to initially elevate intracellular cAMP levels
in T cells (Ledbetter et al., 1986; Kammer et al., 1988), as did LPS stimulation in macrophages
(Jin et al., 2005). As a consequence, to abolish the inhibitory tone of cAMP and for cell
activation to occur, cell signaling must involve effective local cAMP hydrolyzing capacities. In T
cells and T cell lines, several cAMP-hydrolizing PDEs have been found, namely PDE1, PDES,
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PDE4, PDE7, and PDES8 (Tenor et al., 1995b; Giembycz et al., 1996; Li et al., 1999; Glavas et
al., 2001). As detailed in chapter 1.3, the cAMP-specific phosphodiesterase 4 (PDE4) family
has been recognized as a pivotal regulator of cAMP signals by inactivating cAMP. Various
reports indicate that isoforms of the PDE4 family often account for most of the cAMP
hydrolyzing activity in immune cells (Essayan, 1999; Souness et al., 2000; Conti et al., 2003).
Several studies revealed an induction of PDE4 expression or activity in T cells as a result of
different receptor-mediated stimuli, for instance phytohemagglutinin (PHA) (Jiang et al., 1998;
Kanda and Watanabe, 2001), B--agonists (Seybold et al., 1998), or anti-CD3/CD28 stimulation
(Kanda and Watanabe, 2001). Similar results were obtained with cAMP-analogs such as 8-
bromo-cAMP (Seybold et al., 1998).

PDE4 is also the predominant phosphodiesterase family in a variety of other human
inflammatory and immunocompetent cells, such as in neutrophils, eosinophils, endothelial
cells, epithelial cells, B cells, and smooth muscle cells (Rabe et al., 1994; Schudt et al., 1995;
Weston et al., 1997; Dent et al., 1998; Gantner et al., 1998). In human monocytes, Gantner et
al. (Gantner et al., 1997a) reported a predominant activity of PDE4, which was downregulated
during the differentiation of monocytes to macrophages. Similar observations were made
during the differentiation of monocytes to dendritic cells (Gantner et al., 1999). Likewise to T
cells, PDE4 expression in monocytic cells was found to be upregulated in response to the
cAMP-analog dibutyryl-cAMP (Verghese et al., 1995), in response to 3,-agonists (Torphy et al.,
1995; Manning et al., 1996), or in response to LPS stimulation (Ma et al., 1999).

The predominant, tightly regulated expression and activity of PDE4 isoforms in many
inflammatory and immunocompetent cells and the notion that cAMP exhibits many anti-
inflammatory effects led to the concept that the PDE4 family might be a predestinated target
for the development of PDE4 inhibitors for the treatment of chronic inflammatory diseases.

1.6 PDE4 inhibition has anti-inflammatory and immunomodulatory
properties

The medicinal use of PDE inhibitors was initiated more than 60 years ago by the discovery that
a caffeine-relative, the xanthine theophylline, was effective for the treatment of asthma.
Theophylline is a weak, nonselective PDE inhibitor (Aubier and Barnes, 1995) that exerts
bronchodilating properties in patients with asthma and chronic obstructive pulmonary disease
(COPD) and has also additional anti-inflammatory effects (Barnes and Pauwels, 1994).
Moreover, recent data proposes that theophylline exhibits PDE-independent mechanisms of
actions, e.g. the activation of histone deacetylase (HDAC) activity, and might thus mimic the
effects of corticosteroids (Barnes, 2003b). Three decades ago, Schwabe and coworkers
(Schwabe et al.,, 1976) reported the development of a PDE4 inhibitor, rolipram, as anti-
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depressant drug (ZK 62711, Schering AG). Rolipram showed potent and selective PDE4
inhibition and became the archetypical PDE4 inhibitor (Figure 7).

Theophylline Rolipram Piclamilast Cilomilast Roflumilast
ZK 62711, Schering RP 73401, Zancfi-aventis  SE 207499, GlaxoSmithiline APTA 2217, ALTANA
Ariflo® Daxag ®
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1,3-dimethyk A-[3-cyclopentyloxy-4- J-cyclopentyloxy-M-[3,5- c-4-cyano-4-(3-cyclopentyloxy- 3-cyclo-propylmethoxy-4-
xanthin rmethoxyphenyl)-2- dichloro-4-pyridyl)-4- A-rnethosxy-phenyl-r-1- difluoromethoxy-N-(3 5-di-
pyrrolidone methoxybenzamide cyclohexanecarboxylic acid chloropyrid-4-yli-benzamide

Figure 7. The development of PDE4 inhibitors. Theophylline is a non-selective PDE inhibitor used for the
treatment of asthma and COPD. The development of the archetypical PDE4 inhibitor rolipram (ZK 62711,

Schering) was reported three decades ago. Other PDE4 inhibitors are exemplified by piclamilast (RP 73401,

Sanofi-aventis) and the second generation PDE4 inhibitors cilomilast (Ariflo®, GlaxoSmithKline) and
roflumilast (Daxas ALTANA Pharma AG).

Intense research efforts led to the development of various PDE4 inhibitors, such as piclamilast
(RP73401, Sanofi-aventis, formerly Rhone-Poulenc Rorer) (Raeburn et al., 1994) for the
treatment of chronic inflammatory diseases. However, early PDE4 inhibitors failed in clinical
studies due to their adverse gastrointestinal and emetic side effects or due to the lack of
clinical efficacy. Currently, various PDE4 inhibitors are in the development for the treatment of
a growing number of diseases, however, the development of PDE4 inhibitors as anti-
inflammatory drugs for the treatment of asthma and COPD is most progressed (Giembycz,
2002; Lipworth, 2005; Boswell-Smith et al., 2006). The most advanced second generation
PDE4 inhibitors under clinical investigation are cilomilast (Ariflo®, GlaxoSmithKline) (Barnette
et al., 1998) and roflumilast (Daxas®, ALTANA Pharma AG) (Hatzelmann and Schudt, 2001).

Many in vitro experiments with PDE4 specific inhibitors demonstrate the profound anti-
inflammatory and immunomodulatory effects of PDE4 inhibition on diverse inflammatory cell
functions (Torphy, 1998; Souness et al., 2000). As depicted in Figure 8, PDE4 inhibition can
repress the activation and recruitment of key inflammatory and immunocompetent cells

involved in the pathophysiology of chronic inflammatory diseases.
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Figure 8. PDE4 inhibitors broadly target inflammatory and immunocompetent cells. PDE4
inhibition was shown to suppress the activation and recruitment of key cells involved in chronic
inflammatory diseases such as asthma and COPD. TNF = tumor necrosis factor, ROS = reactive
oxygen species, LTB = leukotriene B, GM-CSF = granulocyte-macrophage colony-stimulating factor,
IL = interleukin, IFN = interferon, LTC = leukotriene C, PAF = platelet-activating factor, PGD =
prostaglandin, MIP = macrophage inflammatory protein, VCAM = vascular cell adhesion molecule,
MUCS5AC = mucin 5AC, Rantes = regulated on activation, normal T cell expressed and secreted
(chemokine), | = suppression of cellular parameter by PDE4 inhibition, 1 = upregulation of cellular
parameter by PDE4 inhibition. For review, see Torphy, 1998; Souness et al., 2000; Essayan, 2001.
Modified from a figure kindly provided by Dr. A. Hatzelmann (ALTANA Pharma AG, Konstanz).

Several preclinical in vivo models, such as antigen-induced bronchoconstriction,
eosinophil/neutrophil influx, airway hyperreactivity, and microvascular leakage in mouse, rat,
rabbit, guinea pig, and monkey showed efficacy of PDE4 inhibitors in pulmonary inflammation
(Torphy, 1998; Souness et al., 2000). In line with the concept of beneficial PDE4 inhibition,
many in vitro and in vivo findings confirmed the anti-inflammatory and immunomodulatory
properties of roflumilast (Hatzelmann and Schudt, 2001; Bundschuh et al., 2001; Kumar et al.,
2003; Martorana et al., 2005), giving the rationale for clinical trials for the treatment of asthma
and COPD. For instance, 500 ug roflumilast given once daily efficiently decreased exercise-
induced asthma and suppressed LPS-stimulated TNF-a secretion ex vivo (Timmer et al.,
2002). In another study, roflumilast significantly attenuated early and late allergen-induced
asthmatic responses (van Schalkwyk et al., 2005). Regarding COPD, significant improvements
in forced expiratory volume in one second (FEV,) and in morning peak expiratory flow were
observed after treatment with roflumilast (Bredenbrdker et al., 2002; Rabe et al., 2005). Taken
together, data derived from clinical studies showed both efficacy and safety of roflumilast
(Lipworth, 2005; Karish and Gagnon, 2006; Bateman et al., 2006).
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In contrast to these results, the development of early PDE4 inhibitors was paralleled and
discouraged by gastrointestinal- and CNS-related adverse effects related to PDE4 inhibition
(Torphy, 1998; Souness et al., 2000). However, compelling evidence supports the idea that
such side effects can be separated from anti-inflammatory effects. The catalytical unit of PDE4
splice variants can adopt at least two conformational states, termed high-affinity rolipram-
binding state (HARBS) and low-affinity rolipram-binding state (LARBS) (Souness and Rao,
1997; Houslay and Adams, 2003; Conti et al., 2003). The HARBS conformer was linked to the
CNS and parietal glands (probably mediating undesired effects), whereas LARBS may be
predominantly present in immune cells (likely mediating desired anti-inflammatory therapeutic
effects) (Souness and Rao, 1997; Torphy, 1998; Souness et al., 2000). Whether a PDE4 splice
variant may adopt HARBS or LARBS conformation was shown to be dependent on various
molecular mechanisms, such as involvement of bivalent-metal-ions, of phosphorylation events,
and/or of the amino termini of PDE4 isoforms (Houslay and Adams, 2003; Conti et al., 2003).
Remarkably, it was also suggested that individual PDE4 subtypes may have different
relevance in mediating side effects, and PDE4D has been linked to the emetogenic basis of
PDE4 inhibitors (Robichaud et al., 2002). Collectively, these data point to the necessity to
better understand the functional roles of distinct PDE4 subtypes in human primary immune
cells. In this regard, an improved knowledge of the functions of PDE4 subtypes would certainly
help to improve future drug discovery strategies.

1.7 Functional impact of PDE4 subtypes in human immune cells

Current PDE4 inhibitors do not discriminate between distinct PDE4 subtypes and are
subsequently not an appropriate tool to study the functional role of individual PDE4 subtypes.
However, evidence derived from PDE4 knockout mice and from biochemical studies
demonstrate that PDE4 subtypes are not redundant, indicating that distinct PDE4 subtypes
can have distinct functional impact in inflammatory and immunocompetent cells (Figure 9). For
example, in murine monocytes, macrophages, and dendritic cells, Conti and coworkers
showed an exclusive role of PDE4B for LPS-induced TNF-a release because PDE4B ablation,
but not PDE4A or PDE4D ablation, suppressed TNF-a (Jin and Conti, 2002; Jin et al., 2005).
In human monocytes, PDE4B2 was identified as the predominantly regulated PDE4 subtype
after LPS stimulation (Wang et al., 1999), but also other PDE4 isoforms have been shown to
be differentially regulated after stimulation in these cells (Verghese et al., 1995; Torphy et al.,
1995; Manning et al., 1996). Whilst smooth muscle cells are generally not considered as
inflammatory cells, they can act as immunocompetent cells and have functional relevance in
chronic inflammatory diseases (Panettieri, 2003; Lazaar and Panettieri, Jr., 2006).

Experiments performed with knockout mice demonstrated that PDE4D likely is the subtype that
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exerts functional effects for airway smooth muscle contraction, pointing to a role of PDE4D in
regulating smooth muscle contraction in the lung (Hansen et al., 2000; Mehats et al., 2003). In
mice deficient in PDE4B or PDE4D, neutrophil recruitment to the site of inflammation was
substantially impaired, with deletion of PDE4D having predominant effects (Ariga et al., 2004).
In human eosinophils, a recent study correlated suppression of eosinophil chemotaxis with the
inhibition of PDE4D activity (Chambers et al., 2006).

- S
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PDE4D PDE4B Dendritic cells
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PDE4B < PDE4D CD8* T lymphocytes
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Figure 9. PDE4 subtypes have different functional impact in inflammatory and
immunocompetent cells. Schematically depicted are the PDE4 subtype(s) that have been
suggested to have functional roles in distinct cellular settings based on data derived from knockout
mice and from biochemical studies. For instance, LPS- |nduced TNF-a release is suppressed in
monocytes, macrophages, and dendritic cells from PDE4B™ knockout mice (Jin and Conti, 2002; Jin
et al., 2005). Moreover, the human PDE4B gene was exclusively found to be LPS-inducible (Wang et

al., 1999) Airways of PDE4D™ knockout mice are refractory to muscarinic cholinergic stimulation
(Hansen et al., 2000; Mehats et al. 2003). The recruitment of neutrophils was shown to be impaired in
PDE4B” and PDE4D™ mice, with PDE4D effects being more pronounced (Ariga et al., 2004). In
human eosinophils, a recent study linked eosinophil chemotaxis to PDE4D (Chambers et al., 2006).
In human primary CD4" and CD8" T cells, the relevance of PDE4 subtypes has to be clarified.

Remarkably, in human primary T cells, such as helper (CD4") and cytotoxic (CD8") T cells,
which have a major pathophysiological relevance in chronic inflammatory diseases
(Tattersfield et al., 2002; Skapenko et al., 2005; Barczyk et al., 2006), the functional impact of
PDE4 subtypes is still unclear and no data from knockout mice is available to date. PDE4B2
has been found to be associated with the CD3¢ chain of the human TCR complex (Baroja et
al., 1999), and overexpression of PDE4B2 in Jurkat cells localizes to the immunological
synapse upon activation, correlating with an increase in IL-2 production (Arp et al., 2003). In
another study, Taskén and coworkers (Abrahamsen et al., 2004) reported that TCR and CD28
stimulation in human peripheral T cells recruits PDE4A4, PDE4B2, PDE4D1, and PDE4D2 in
complex with B-arrestin to lipid rafts, pointing to a potential role of individual PDE4 isoforms in
opposing the TCR-induced production of cAMP.
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However, the precise expression patterns of PDE4 subtypes and particularly their functional
consequences for cell responses in T cells and in human primary immune cells in general

remain speculative.

1.8 Aims of the study

The second messenger cAMP has been recognized as critical regulator of the immune system
by its ability to suppress various inflammatory cell responses. By inactivating cAMP, isoforms
of the phosphodiesterase 4 (PDE4) family are capable to attenuate the negative, inhibitory
threshold of cAMP. Thus, PDE4s are key enzymes controlling immune cell functions and have
pathophysiological relevance in chronic inflammatory diseases such as asthma or COPD. The
PDE4 family comprises four distinct genes/subtypes, which code for multiple splice variants
that are widely expressed in inflammatory and immunocompetent cells and set up a complex
regulatory repertoire. Whereas studies with knockout mice revealed that individual PDE4
subtypes can have distinct functional impact in defined cellular settings, it is largely unknown
whether these findings can be extended to immune cells of human origin. Furthermore, the
functional relevance of PDE4 subtypes in CD4" T cells is unclear, although T cells are of
pivotal importance in orchestrating inflammatory responses. Due to the lack of PDE4 subtype-
specific inhibitors, the functional impact of PDE4 subtypes cannot be addressed
pharmacologically. Thus, a molecular knockdown strategy would be a feasible tool to study the

functional role of PDE4 subtypes in human primary immune cells.

The intention of the present study was to demonstrate that distinct PDE4 subtypes exert
distinct cellular functions in human primary immune cells, especially in human primary CD4* T
cells. For this purpose, following stepwise approaches were proposed:

(i) Elucidation of PDE4 subtype expression profiles in several human primary immune cells by
quantitative PCR, PDE activity assays, and immunodetection experiments.

(i) Validation of a PDE4 subtype-specific, antisense- and siRNA-mediated knockdown
technique in a cell line and transfer of the superior knockdown technique to hard-to-
transfect human primary CD4" T cells.

(iii) Examination of the impact of PDE4 subtype-specific knockdown on cell functions such as
cytokine release and proliferation in human primary CD4" T cells.

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 MATERIALS AND METHODS

2.1 Materials

2.1.1 Chemicals

All chemicals not specifically mentioned were of analytical grade and were obtained from

Sigma-Aldrich (Steinheim, Germany).

2.1.2 Reagents and kits

Bradford reagent (Bio-Rad protein assay dye reagent concentrate) and Pierce reagent (Micro
BCA protein assay kit) for the determination of protein quantity were purchased from Bio-Rad
Laboratories (Muenchen, Germany) and from Pierce (Rockford, USA), respectively. Sepharose
A/G and ECL Advance Western Blotting detection kit were obtained from Amersham
Biosciences (GE Healthcare, Uppsala, Sweden). RNeasy mini kit and QlAshredder columns
for the isolation of RNA were from Qiagen (Hilden, Germany). Lumi light plus western blotting
substrate was purchased from Roche (Mannheim, Germany).

2.1.3 Radioactive materials

[5,8-*H]-cAMP and [*H]-thymidine were obtained from Amersham Biosciences.

2.1.4 Buffers and solutions

Buffers and solutions were either provided by the manufacturer as content of diverse kits or

were prepared according to Table 2.

Table 2. Buffers and solutions used for experiments. % = w/v for solid substances and v/v for
liquid substances. If not otherwise stated, buffers were prepared at room temperature.

Buffer / Solution Composition

RNA lysis buffer RLT buffer (Qiagen), 1% 2-mercaptoethanol

Lysis buffer | 50 mM Tris-HCI pH 7.4, 250 mM sodium chloride, 10 mM sodium fluoride,
1 mM EDTA, 0.2 mM EGTA, 10 mM sodium pyrophosphate, 5% glycerol,
1 mM AEBSF (Roche), 1 tablet/10 ml protease inhibitor mixture (Roche), 1 mM
sodium orthovanadate, 1% NP-40 (Calbiochem, San Diego, USA), 15 mM 2-
mercaptoethanol

Lysis buffer Il 20 mM Tris-HCI pH 7.6, 140 mM sodium chloride, 3.8 mM potassium chloride,
1 mM EGTA, 1 mM magnesium chloride, 0.5 mM AEBSF (Roche), 10 uM
leupeptin, 2 mM benzamidine, 10 uM pepstatin A, 5 uM soybean trypsin
inhibitor, 1 mM 2-mercaptoethanol
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Lysis buffer Il
(RIPA lysis
buffer)

Lysis buffer IV
(Western lysis
buffer)

Laemmli running
buffer

5 x SDS sample
buffer

TBE
TBS
TBS-T

10 x blotting
buffer

Stripping buffer
PBS

MACS buffer

50 mM Tris-HCI pH 7.5, 120 mM sodium chloride, 20 mM sodium fluoride,
0.5% sodium deoxycholate, 0.1% SDS, 200 uM sodium ortho-vanadate, 1 mM
AEBSF (Roche), 1% Triton X-100

50 mM Tris-HCI pH 7.4, 150 mM sodium chloride, 5 mM EDTA, 0.1% sodium
azide, 0.5% Triton X-100, 0.5 mM AEBSF (Roche), 10 uM leupeptin, 2 mM
benzamidine, 10 uM pepstatin A, 5 uM soybean trypsin inhibitor

25 mM Tris-HCI pH 6.8, 192 mM glycin, 0.1% SDS

50 mM Tris-HCI pH 6.8, 12% glycerol, 4% SDS, 0.01% Coomassie Brilliant
Blue G-250, 4% 2-mercaptoethanol

100 mM Tris-HCI pH 7.5, 100 mM boric acid, 2.5 mM EDTA

20 mM Tris-HCI pH 7.5, 100 mM sodium chloride

20 mM Tris-HCI pH 7.5, 100 mM sodium chloride, 0.05% Tween 20

250 mM Tris-HCI pH 8.3, 1.92 M glycin, 10% methanol, 0.01% SDS

5 mM sodium phosphate pH 7.5, 2 mM 2-mercaptoethanol, 2% SDS
Dulbecco’s phosphate buffered saline pH 7.4, GIBCO, Invitrogen

PBS, 0.5% FCS, 2 mM EDTA

2.1.5 Phosphodiesterase inhibitors

The PDE4 inhibitor rolipram was purchased from Sigma-Aldrich. The PDE3 inhibitor
motapizone was a generous gift from formerly Nattermann (Rhone-Poulenc Rorer, Koeln,
Germany). The PDE4 inhibitor RP73401 (piclamilast) (W09212961) was synthesized at the
chemical facilities of ALTANA Pharma AG (Konstanz, Germany).

2.1.6 Oligonucleotides

Antisense oligophosphorothioates (AS'™') and 2-alkoxy modified chimeric phosphorothioate
oligonucleotides (AS*"®) were kindly provided by Drs. Gekeler and Hofmann (ALTANA Pharma
AG, Konstanz). Complementary sequences were designed to 3’ ends of individual PDE4
subtype mRNA regions, at positions where all known splice variants of one subtype are
identical, but distinct from other PDE4 subtypes. The sequences were proposed by Prof.
Sczakiel (DGS Consulting e.K., Luebeck) and are proprietary to ALTANA Pharma AG. AS™
were 17 -20 bases in length containing a phosphorothioate backbone without further
modifications. AS*™ were 17 - 20 bases in length containing a phosphorothioate backbone and
2'-alkoxy modifications on the ribose residues at the first and last 4 - 6 bases. AS™' and AS*™
were solved in PBS and the stock solutions were stored at -80°C until use.

Small interfering RNAs (siRNAs) were from Dharmacon (Lafayette, USA), as listed in Table 3.
All siRNAs have two symmetrical UU overhangs and a 5 phosphorylated antisense strand.
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Dharmacon siRNAs were delivered desalted, were reconstituted in 1 x siRNA buffer
(Dharmacon), and were stored at -80°C.

Table 3. siRNA sequences. Name, order number, and sequence (5-3’) of used Dharmacon siRNAs.
‘SMARTpool’ siRNAs are a pooled set of 4 individual siRNAs targeting the same transcript.

- . . Reference
Name and order number Description or siRNA-sequence (5-3’) sequence
PDE4A_SMARTpool set of four siRNAs targeting PDE4A NM_006202
M-007647
PDE4B_SMARTpool set of four siRNAs targeting PDE4B NM_002600
M-007648
PDE4C_SMARTpool set of four siRNAs targeting PDE4C NM_000923
M-007649
PDE4D_SMARTpool set of four siRNAs targeting PDE4D NM_006203
M-004757
NEG_SMARTpool set of four non-targeting siRNAs, with >4
D-001206-13 mismatches to every known human gene
PDE4A_si1, D-007647-04 GUAACAGCCUGAACAACUC NM_006202
PDE4B_si1, D-007648-04 GAAAGAGACCUCCUAAAGA NM_002600
PDE4D_si1, D-004757-05 GAAAUCAAGUGUCAGAGUU NM_006203
PDE4D_si2, D-004757-06 GAACUUGCCUUGAUGUACA NM_006203
NEG_si, D-001210-01 non-targeting siRNA, >4 mismatches to every

known human gene

Itk_si, D-003144-09 GAACAAUCCCUGUAUAAAG NM_005546

PDE4D_si1 and PDE4D_si2 were shown to have the same efficacy and were both used in
experiments and were labeled PDE4D si in the text and figures. To test for transfection
efficiency, FITC-labeled non-targeting siRNA was purchased from Sequitur (BLOCK-iT
fluorescent oligo, Sequitur, Invitrogen, Carlsbad, USA). FITC-labeled non-targeting antisense
(AS®™) constructs were provided from Dr. H.-P. Hofmann ( ALTANA Pharma AG, Konstanz).

Forward/reverse primer and probe sets for quantitative PCR were purchased from Applied
Biosystems (Foster City, USA) and are shown in Table 4.

Hexanucleotides as primers for the synthesis of cDNA were from Roche. dNTPs were
purchased from Larova (Teltow, Germany).
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Table 4. Primer and probe sets. Name, sequence (5'-3’), and final concentration in PCR
reactions are indicated. Probes were either VIC- or FAM-labeled. FAM-probes have a minor
groove binder (MGB) protein at their 3’ end to improve binding.

Name Sequence (5°-3’) Final conc. [nM]
18S rRNA Forward: CGGCTACCACATCCAAGGAA 50
Reverse: GCTGGAATTACCGCGGCT 50
Probe: VIC-TGCTGGCACCAGACTTGCCCTC 50
PDE4A Forward: GTGGCTCCGGATGAGTTCTC 900
Reverse: GGGCTGCTGTGGCTTACAG 900
Probe: FAM-CCGGGAGGAATTCGTGGT-MGB 200
PDE4B Forward: AGCAGCACAAAGACGCTTTGT 300
Reverse: TCAGTCTCTCCCAGGGAATCTC 600
Probe: FAM-TGATTGATCCAGAAAAC-MGB 200
PDE4C Forward: ACTCTGGAGGAGGCAGAGGAA 900
Reverse: AGGCAACTCCAAGGCCTCTT 900
Probe: FAM-AAGAGACAGCTTTAGCC-MGB 200
PDE4D Forward: GGCAGGGTCAAACTGAGAAATT 900
Reverse: TGACTGCCACTGTCCTTTTCC 900
Probe: FAM-TAGAGGAAGATGGTGAGTCAG-MGB 200

2.1.7 DNA and RNA modifying enzymes

DNAse |, used for on-column DNA digestion, was from Qiagen. Reverse transcriptase AMV,
used for synthesis of cDNA, was purchased from Roche. 2 x TagMan universal PCR master
mix, containing AmpliTaq Gold DNA polymerase, was obtained from Applied Biosystems.

2.1.8 Antibodies

For the stimulation of human primary CD4* and CD8" T cells, anti-CD3 mAb (Orthoclone OKT-
3, Janssen-Cilag, Neuss, Germany) and anti-CD28 mAb (clone CD28.2, Immunotech,
Marseille, France) were used. For flow cytometry, murine antibodies recognizing human
surface expression markers, such as CD4, CD8, CD14, CD83, or CD25 (PE or FITC labeled)
were purchased from Immunotech. Antibodies recognizing CCR7 were from R&D systems
(Minneapolis, USA). Nonspecific murine IgG1, 19G2a, and IgG2b antibodies were used as
respective isotype controls (Immunotech, R&D systems). For immunoprecipitation
experiments, rabbit polyclonal antibodies AC55 (anti-PDE4A) and K118 (anti-PDE4B) and the
murine monoclonal antibody m3S1 (anti-PDE4D) (lona et al., 1998) were generously provided
from Prof. Conti (Stanford University School of Medicine, Stanford, USA). Purified mouse
myeloma IgG1 as isotype control was purchased from Zymed (Invitrogen, Carlsbad, USA). For
immunoblotting experiments in A549 cells, affinity purified polyclonal rabbit antibodies directed
against PDE4A, PDE4B, and PDE4D (PD4-112AP, PD4-401AP, PD4-201AP, respectively)
were obtained from FabGennix Inc. (Shreveport, USA). For immunoblotting experiments in
human primary CD4" T cells, rabbit polyclonal antibodies raised against PDE4A, PDE4B, and
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PDE4D (Tenor et al., 2002) were provided from Dr. H. Tenor (ALTANA Pharma AG,
Konstanz). Mouse monoclonal anti-B-Actin was used to verify that the same amounts of protein
were loaded onto the gel (loading control) and was purchased from Sigma-Aldrich. Secondary
antibodies were peroxidase-conjugated goat anti-mouse and anti-rabbit IgG (H+L) from

Dianova (Hamburg, Germany).

2.1.9 Cytokines and lipopolysaccharide

For the in vitro differentiation of human peripheral monocytes to dendritic cells, interleukin-4
(IL-4) was purchased from R&D systems. Granulocyte macrophage-colony stimulating factor
(GM-CSF) was obtained from Biozol (Eching, Germany). Lipopolysaccharide (LPS) was from
Sigma-Aldrich.

2.1.10 Kits for enzyme-linked immunosorbent assays (ELISA)

Cytokine levels in the culture medium were measured using specific enzyme-linked
immunosorbent assays for IL-2, IL-5, and IFN-y, purchased from Immunotech.

2.1.11 Primary cells and cell lines

Primary cells were obtained by negative selection of CD4*, CD8", or CD14" cells of freshly
taken human peripheral blood. Alternatively, CD14" cells were isolated by positive selection.
The local ethics committee has approved this study with human material. The human lung
adenocarcinoma epithelial cell line A549 (CCL-185) was obtained from LGC Promochem
(Wesel, Germany).

2.1.12 Cell isolation reagents

For the isolation of distinct subpopulations of human peripheral cells, magnetic cell isolation
kits were purchased from Miltenyi Biotec (Bergisch Gladbach, Germany): CD4" T cell isolation
kit Il, CD8" T cell isolation kit Il, monocyte T cell isolation kit 1, CD45RA microbeads, CD45RO
microbeads, and CD14 microbeads.

2.1.13 Cell culture media

A549 medium, complemented: DMEM (GIBCO, Invitrogen), 10% FCS.

T cell medium, complemented: RPMI 1640 (GIBCO, Invitrogen), 10% FCS, 1% L-glutamine,
100 units/ml penicillin, 0.1 mg/ml streptomycin.
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Macrophage medium, complemented: RPMI 1640 (GIBCO, Invitrogen), 10% human AB
serum, 1% sodium pyruvate, 1% L-glutamine, 1% essential amino-acids, 100 units/ml
penicillin, 0.1 mg/ml streptomycin.

Monocyte medium, complemented: IMDM (GIBCO, Invitrogen), 10% FCS, 80 ug/ml
gentamycin.

Before use, serum was heat-inactivated by incubation at 56 °C for 30 min.

2.1.14 Cell transfection reagents

For transfection of A549 cells, the cationic lipid argfectin-50 was provided from Atugen (Berlin-
Buch, Germany). Unstimulated human primary CD4" T cells were transfected with the human
T cell nucleofector kit from Amaxa (Koeln, Germany).

2.1.15 Devices and software

Data collection and analysis were performed using a SpectraMax Plus photometer and the
SoftMax Pro software (Molecular Devices, Sunnyvale, USA), an ABI Prism 7900 HT sequence
detection system and the SDS 2.1 software (Applied Biosystems), an EPICS-XL cytometer and
the Expo32 1.2 software (Beckman Coulter, Fullerton, USA), a SPECTRA Rainbow reader and
the easyWIN fitting 6.0a software (Tecan, Mannedorf, Switzerland), an LAS-1000
luminescence image analyzer (Fujifilm, Duesseldorf, Germany) and the Aida image
analyzer 3.22 software (Raytest, Straubenhardt, Germany), a TopCount NXT and the
NXT 2.14 software (Perkin Elmer, Boston, USA), and an LS6500 scintillation counter
(Beckman Coulter). Human primary cells were isolated using an autoMACS system (Miltenyi
Biotec). Transfections of T cells were performed using the nucleofector device | (Amaxa).
Homogenization of cells was carried out with Sonopuls ultrasonic homogenizers (Bandelin,
Berlin, Germany). Microsoft Excel (Microsoft, Redmond, USA) and GraphPad Prism
(GraphPad Software, San Diego, USA) were used for data management. Immunoblotting
autoradiographies were assembled using Adobe Photoshop 6 (Adobe Systems, San Jose,
USA). The primer and probe sets for quantitative PCR analysis were designed using Primer
Express 2.0 (Applied Biosystems). Microscopy was performed using an Axiovert 25 inverse
microscope (Carl Zeiss Microlmaging GmbH, Goettingen, Germany) or a DMIL 1000 inverse

microscope (Leica Microsystems, Wetzlar, Bensheim, Germany).
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2.2 Molecular biology methods

2.2.1 RNA isolation and quantification

Before RNA isolation, cells were washed in PBS, lysed with 350 pl or 700 pyl RLT buffer
(Qiagen) supplemented with 1% 2-mercaptoethanol, and homogenized with QlAshredder spin
columns (Qiagen). Subsequently, total RNA was isolated using RNeasy mini columns with
silica-gel membranes, according to the instructions of the manufacturer (Qiagen). Briefly, the
homogenized lysate was diluted with 1 volume of ice cold 70% ethanol, mixed, and transferred
to RNeasy columns. All subsequent steps were performed at RT. After centrifugation and a
washing step with 400 pl RW1 buffer, 30 units of RNase-free DNase in 80 ul RDD buffer
(Qiagen) were applied for on-column digestion of DNA (20 min). The columns were washed
once with 400 pl RW1 buffer and twice with 500 ul RPE buffer. RNA was eluted by pipetting
15 ul of nuclease-free water (Eppendorf, Hamburg, Germany) onto the dried membrane,
followed by an incubation period of 5 min and subsequent centrifugation for 1 min at 8000 x g.
This elution step was repeated with fresh water. Finally, RNA concentration was determined by
OD,g, measurement using a SpectraMax Plus photometer (Molecular Devices).

2.2.2 cDNA synthesis and quantitative PCR

In this study, gene expression quantification was carried out using two-step reverse
transcription-polymerase chain reactions (RT-PCR) in which the PCR step was coupled with a
5’ fluorogenic nuclease assay (Heid et al., 1996). For reverse transcription of RNA, 0.5 - 1 ug
RNA in a volume of 12.5 ul nuclease-free water (Eppendorf) was incubated for 60 min at 42°C
with 1 pl dNTPs (final 0.5 mM each; Larova), 1.5 pl hexanucleotide mix (final 0.8 x, Roche),
1 ul AMV reverse transcriptase (final 20 units, Roche), and 4 pl incubation buffer (Roche).
Thus, the total volume of the reaction was 20 pl. The cDNA was diluted in nuclease-free water
(Eppendorf) to a concentration of 2 ng cDNA/ul. Total RNA and cDNA were stored at -80°C.

Quantitative PCR reactions were performed on an ABI Prism 7900 HT sequence detection
system (Applied Biosystems) with primer and probe sets detecting 78S rRNA as internal
standard and one of the four subtypes of PDE4 as target gene. In order to detect all transcripts
of one subtype with one primer and probe set, all known splice variants of one subtype have
been bioinformatically aligned. Then, the PDE4 subtype primer and 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. Primer and probe sets were tested for
specificity and were optimized to have similar amplification efficiencies in duplex reactions (i.e.,
combined detection of 785 rRNA and a target gene), as verified with a series of validation
experiments. Standard quantitative PCR reactions were performed in a total volume of 25 pl in
triplicates, each containing 5yl cDNA (10 ng), 1.25ul per primer and probe detecting
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185 rRNA, 1.25 ul per primer and probe detecting the target gene, and 12.5 pl of 2x TagMan
universal PCR master mix (Applied Biosystems). The thermal cycler protocol was standardized
and consisted of a 2 min period at 50°C (uracil removal for PCR carryover protection), a
10 min period at 95°C (denaturation of native DNA), and of 40 cycles of 15sec at 95°C
(denaturation of PCR product) followed by 1 min at 60°C (annealing/extension). DNA
contamination was controlled by taking total RNA as template. Additionally, water was used as
‘template’ to test whether the primer and probe sets were DNA-free. For control experiments,
plasmids were used containing conserved C-terminal parts of the subtypes PDE4A, PDE4B,
PDE4C, and PDE4D.

2.2.3 Relative expression calculated by the AAC; method

Quantification of PCR experiments was based on the comparative AAC; method as described
elsewhere (Livak and Schmittgen, 2001). Briefly, the measured fluorescent signal intensities of
both the probe detecting 78S rRNA and the probe detecting the target gene were
semilogarithmically plotted against the number of PCR cycles, generating C; values (cycle at
threshold). To normalize for input amounts of RNA within one sample, the C; of 185 rRNA was
subtracted from the corresponding target C;, generating the normalized AC,;. Either untreated
cells or nucleofection (NF) control cells were then defined as calibrator, and the normalized AC;
value of the calibrator was subtracted from all other normalized AC; values of the other
samples, generating AAC, values. As final output, the expression of each sample relative to the

calibrator was obtained by calculating 24°* (Livak and Schmittgen, 2001).

2.3 Biochemical methods

2.3.1 Protein determination

If not otherwise stated, protein determination was performed according to a method described
by Bradford (Bradford, 1976). 1 ul of lysate was diluted in 160 pyl H,O and 40 ul of protein
assay dye reagent concentrate (Bio-Rad). For normalization, 1 - 6 pg of BSA stock solution
(1 pg/ul, Bio-Rad) in a 1:160 dilution of the respective lysis buffer were used as standard.
Samples were shaken vigorously, incubated for 5 min at RT, and analyzed in a 96-well
microplate reader at 595 nm (Rainbow reader, Tecan, Mannedorf, Switzerland). Alternatively,
for immunoblotting experiments with lysates from human primary CD4" T cells, a BCA protein
assay was performed according to the instructions of the manufacturer (Pierce).
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2.3.2 SDS-Polyacrylamide gel electrophoresis (SDS-PAGE)

For immunoblotting experiments with lysates from A549 cells, SDS-PAGE was performed
using 10% polyacrylamide separating gels and 4% polyacrylamide stacking gels (see Table 5),
adapted from a method described by Laemmli (Laemmli, 1970).

Table 5. Constituents of SDS-PAGE stacking and separating gels for immunoblotting
experiments with A549 cell lysates. Shown are the volumes for 2 gels.

Constituent Stacking gel (4%) Seperating gel (10%)
Acrylamide/Bis (30%/0.8%) 0.67 ml 3.33ml
0.5 M Tris/HCI, pH 6.8 1.25 ml -

1.5 M Tris/HCI, pH 8.8 - 2.5ml
10% SDS 0.1 ml 0.1 ml
Glycerol - 1.2ml
H.0 3 mil 2.79 ml

TEMED 3.8 ul 7.5 ul

APS 37.5 ul 75 pl

Gels were prepared and run in a Mini-PROTEAN Il electrophoresis system (Bio-Rad). 17 -
30 ug of protein in 20 pl lysis buffer 1l (RIPA buffer) were mixed with 5 pl 5 x SDS sample
buffer and incubated at 95°C for 5 min. Samples were loaded onto the gels and were
separated with 120 V for 1 h in Laemmli running buffer. Full range rainbow molecular weight
marker (10 - 250 kDa Rainbow 800, Amersham) was used as protein standard.

For immunoblotting experiments with lysates from human primary CD4* T cells, SDS-PAGE
was performed using 10% polyacrylamide separating gels and 5% polyacrylamide stacking
gels (see Table 6).

Table 6. Constituents of SDS-PAGE stacking and separating gels for immunoblotting
experiments with human primary CD4" T cell lysates. Shown are the volumes for 2 gels.

Constituent Stacking gel (5%) Seperating gel (10%)

Acrylamide/Bis (30%/0.8%) 4.95 ml 20 ml
0.625 M Tris/HCI, pH 6.8 6 ml -

1.8 M Tris/HCI, pH 8.8 - 12 ml
0.5% SDS 6 ml 12 ml
H-O 13.05 ml 16 ml
TEMED 30 ul 50 ul
10% APS 150 ul 300 pl

Gels were prepared and run in a Hoefer SE600 electrophoresis system (Hoefer Inc., San
Francisco, USA). Washed cell pellets were incubated for 30 min in ice cold lysis buffer 1V,
mixed, and subject for centrifugation at 4°C for 15 min at 1000 x g. 50 pug of protein of the
supernatant were mixed 3:1 with Roti Load | (Carl Roth GmbH, Karlsruhe, Germany) and were
denaturated at 95°C for 7 min. Samples were loaded onto the gels and were separated with
80 V for 30 min and 200 V for 75 min in Laemmli running buffer. A 1:1 mixture of unstained
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and prestained Precision Plus Protein Standards (Bio-Rad) in Precision Protein™ StrepTactin-
HRP Conjugate (Bio-Rad, 1:10 diluted) was used as protein standard.

2.3.3 PDE activity assay

All PDE activity measurements were based on a procedure described by Thompson et al.
(Thompson et al., 1979). In this study, PDE activity assays were performed a) in accordance to
a protocol (= PDE activity assay 1) described by Conti and coworkers (Conti et al., 1984; Jin et
al., 2005) or b) in accordance to a protocol (= PDE activity assay Il) modified by Bauer and
Schwabe (Bauer and Schwabe, 1980), and further detailed by Hatzelmann and Schudt
(Hatzelmann and Schudt, 2001).

a) PDE activity assay I:

Unstimulated and anti-CD3/CD28 treated human primary CD4" T cells were washed in PBS
and were resuspended for 10 min in ice cold lysis buffer I. After sonication with 25 bursts
(continuously, duty cycle 30, output control 3, power 20%, Sonopuls, Bandelin), the lysate was
centrifuged at 4°C for 20 min at 16000 x g. For determination of total cAMP hydrolyzing PDE
activity in the supernatant, 10 - 20 ug of protein were diluted in glass tubes (Fisherbrand, Los
Angeles, USA) in 150 pl Tris/HCI pH 8, 1% BSA. Then, 50 pl assay mixture (40 mM Tris/HCI
pH 8, 40 mM magnesium chloride, 5 mM 2-mercaptoethanol, 4 uyM cAMP, and 100000
cpm/assay [*H]-cAMP) were added and the reaction was started by incubating the PDE assay
mixture at 34°C in a water bath for 10 min. For determination of rolipram-insensitive cAMP
hydrolyzing PDE activity, 10 uM rolipram were included in the PDE assay mixture prior
incubation. The PDE reaction was stopped on ice by addition of 200 pl stop solution (40 mM
Tris/HCI pH 7.4, 100 mM EDTA). Subsequently, the mixture was boiled for 1 min, was
incubated with 50 pl 5-nucleotidase (Crotalus atrox snake venom, Sigma-Aldrich, 1 mg/ml in
H,O) at 34°C for 20 min, and was left on ice for 10 min. After adding 1 ml of methanol, the
samples were mixed and loaded on anion exchange columns filled with 1 ml 20% AG 1 x 8
resin (Bio-Rad). The eluted [°H]-adenosine was mixed with 7 ml scintillation fluid (Econosafe,
Research Products International, Mt. Prospect, USA) and measured for total radioactivity on a
scintillation counter (Beckman Coulter). Results were corrected for blank values (measured in
the absence of protein) and the PDE4 activity was calculated as the difference of total PDE
activity and rolipram-insensitive PDE activity.

b) PDE activity assay II:

Cells grown in suspension were washed in PBS (4°C) and then resuspended for 10 min in ice
cold lysis buffer Il. Adherent A549 cells were washed once with PBS (4 °C), incubated with lysis
buffer Il, and collected using cell scrapers. After sonication with 3 x 15 bursts (duty cycle 10,
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output control 2, power 20%, Sonopuls, Bandelin), lysates were centrifuged at 4°C for 20 min
at 1000 x g. From the supernatant, 5 - 20 ug of protein (T cells) or 3 - 5 ug of protein (A549
cells) in 100 pl lysis buffer Il were diluted on 96-well plates with 20 mM Tris/HCI pH 7.8 to a
final volume of 140 pl. Afterwards, 10 pl of 20 mM Tris/2% DMSO or 10 pl of 20 uM RP73401
(piclamilast, 1 mM stock solution in 100% DMSO diluted 1:50 in 20 mM Tris/HCI pH 7.8) were
added for the determination of total CAMP hydrolyzing PDE activity or piclamilast-insensitive
cAMP hydrolyzing PDE activity, respectively. After preincubation at 37°C for 5 min, the
reaction was started by adding 50 pl assay mixture (20 mM Tris/HClI pH 7.8, 20 mM
magnesium chloride, 2 pM cAMP, 400 uM EGTA, and ~30000 cpm/assay [*H]-cAMP) and the
assays were incubated for 20 - 25 min at 37°C. To stop the reaction, 50 pl 0.2 N HCI (4°C)
were added and the assays were left on ice for 10 min. Following incubation at 37°C for 15 min
with 50 pl 5’-nucleotidase (Crotalus atrox snake venom, Sigma-Aldrich, 0.5 mg/ml in 400 mM
Tris/HCI pH 8.5 [37°C]), the assays were loaded on Poly-Prep chromatography columns (Bio-
Rad) filled with 1 ml of QAE Sephadex A-25 (Sigma-Aldrich). [*H]-Adenosine was eluted with
2 ml of 30 mM ammonium formiate pH 6.0, mixed with 3 ml scintillation fluid (Lumasafe Plus,
Lumac, Groningen, The Netherlands), and measured for total radioactivity in a scintillation
counter (Beckman Coulter). Results were corrected for blank values (measured in the
presence of denatured protein) and the PDE4 activity was calculated as the difference of total
PDE activity and piclamilast-insensitive PDE activity.

In all PDE assay experiments, the amount of cAMP hydrolyzed was below 25% of the original
substrate concentration.

2.3.4 Proliferation assay

The incorporation of [°H]-thymidine was taken as a parameter to determine CD4" T cell
proliferation and was determined in duplicate reactions. After 48 h of stimulation, 10 pl of [*H]-
thymidine were added to the cells (0.2 uCi/well) for a period of 18 h. Cell transfer to filter plates
(UniFilter-96, Perkin Elmer, Boston, USA) was performed by using a cell harvester (Tomtec
cell harvester 96, Dunn Labortechnik, Asbach, Germany). The filter plates were washed three
times with water at RT and then dried at 60°C for 1.5 h. To detect the radioactivity of the cells
as count per minute (cpm), 40 pl scintillator (Microscint O, Perkin EImer) was added, the plates
were sealed, and the radioactivity was finally measured using a TopCount microplate
scintillation counter (Perkin Elmer).
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2.4 Immunological methods

2.4.1 Immunoprecipitation

For immunoprecipitation, 30 pul Sepharose-A and -G (Immunoprecipitation Starter Kit,
Amersham Biosciences) were washed once with cold 200 pl PBS pH 7.4 and twice with 200
PBS containing 0.05% BSA. 10 ul PDE4A- or PDE4B-specific Ab (AC55 or K118, respectively)
or 10 ul preimmune-serum (as nonspecific precipitation control) were preincubated at 4°C for
1 h with protein A-sepharose (Amersham Biosciences) and 90 pul PBS containing 0.05% BSA.
Likewise, 25 ug PDE4D-specific Ab (m3S1) or IgG1 (Zymed, as nonspecific precipitation
control) were preincubated with protein G-sepharose (Amersham Biosciences). After
incubation, the sepharose-antibody complexes were washed once with 200 pl ice cold 20mM
Tris/HCI pH 7.8, 0.5 M NaCl and twice with ice cold 200 pl Tris/HCI pH 7.8. The supernatant of
lysed T cells was equally aliquoted (50 - 150 ug of protein per aliquot, in a volume of 500 pl
lysis buffer 1) and incubated for 90 min at 4°C with the sepharose-antibody preparations. After
washing twice in ice cold PBS containing 0.05% BSA, the sepharose-antibody-antigen
complexes were either washed in 500 pl 40 mM Tris/HCI pH 8 containing 1% BSA or in 500 pl
PDE assay buffer Il. Afterwards, sepharose-antibody-antigen complexes were transferred to
PDE assay tubes for determining PDE activity, as described above.

2.4.2 Immunodetection of blotted proteins

After separation of A549 protein lysates on SDS-PAGE minigels (as described in chapter
2.3.2), a wet blotting system (Transphor Electrophoresis Unit, Hoefer Inc., San Francisco,
USA) was used to transfer the proteins to Protran nitrocellulose membranes (Schleicher and
Schuell, Dassel, Germany). After washing in 1 x blotting buffer, minigels were adjusted in the
wet blotting system and proteins were transferred with 950 mA for 45 min to the nitrocellulose
membrane. After transfer, membranes were washed in TBS buffer and blocked for 2 h at RT
with TBS containing 5% BSA by shaking. For detection of target proteins, membranes were
incubated overnight at 4°C with antibodies recognizing PDE4A, PDE4B, or PDE4D, diluted in
TBS containing 0.05% BSA according to the suppliers’ manuals (Fabgennix). Subsequently,
membranes were washed three times for 10 min with TBS-T and incubated for 2 h at RT with a
1:50000 dilution of a horseradish peroxidase-conjugated secondary antibody (Dianova) in
TBS-T. After incubation, membranes were washed three times for 10 min with TBS-T. For
chemiluminescence detection, membranes were incubated for 1 min with 3 ml of a 1:1 dilution
of Lumi-LightPLUS Stable Peroxid Solution and Lumi-LightPLUS Luminol/Enhancer (Roche)
and were analyzed using the LAS-1000 Luminescence Image system (Fuiji Film).

For the immunodetection of B-Actin, used as internal standard, membranes were incubated at
60°C for 30 min in stripping buffer to remove bound antibodies. Membranes were then washed
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three times for 5 min at RT with TBS-T and were incubated for 4 h at 4°C with a 1:5000 dilution
of monoclonal mouse anti-B-Actin antibody (Sigma-Aldrich) in TBS, 0.05% BSA. Subsequent
steps were performed as described above.

After separation of human primary CD4" T cell protein lysates on SDS-PAGE gels (as
described in chapter 2.3.2), a semi-dry blotting system (Bio-Rad) was used for the transfer of
separated proteins to nitrocellulose membranes (BA 85), according to the instructions of the
manufacturer. After transfer, membranes were blocked in PBS containing 5% skim milk by
shaking for 2 h at RT. After washing for 10 min with 50 mM Tris-HCI pH 7.6 containing 150 mM
sodium chloride and 0.5% BSA, membranes were incubated overnight at 4°C with antibodies
recognizing PDE4A, PDE4B, or PDE4D (Tenor et al., 2002), diluted in the latter Tris buffer.
Dilutions were: anti-PDE4A antibody 1:2000, anti-PDE4B antibody 1:2000, or anti-PDE4D
antibody 1:5000. In parallel, anti-B-Actin antibodies (Sigma-Aldrich) were added (1:100000).
Subsequently, membranes were washed six times for 5 min with 50 mM Tris-HCI pH 7.6
containing 150 mM sodium chloride and 0.05% Tween 20. After washing, membranes were
incubated for 1 h at RT with a 1:100000 dilution of goat anti-rabbit and goat anti-mouse IgG-
HRP (Dianova), respectively, in the latter Tris buffer. Additionally, StrepTacin-HRP conjugate
was added (Bio-Rad, 1:50000). After incubation, membranes were washed six times for 5 min
with 50 mM Tris-HCI pH 7.6 containing 150 mM sodium chloride and 0.05% Tween 20 and
once for 5min with 50 mM Tris-HCI pH 7.6 containing 150 mM sodium chloride. For
chemiluminescence detection, membranes were incubated for 2 min with ECL Advance
Western blotting reagent (Amersham) and analyzed using the LAS-1000 Luminescence Image
system (Fuji Film).

2.4.3 Flow cytometry

For flow cytometrical analysis, 1 - 5 x 10° cells were washed twice in staining buffer (PBS, 2%
FCS) and resuspended in 100 pl of ice cold staining buffer. Labeling was carried out using
10 pl of antibodies directed against surface markers. As viability dye, 5 pl propidium iodide
(100 pg/ml, Sigma-Aldrich) or 10 yl 7-aminoactinomycine D solution (Immunotech) were used.
After incubation at 4°C for 15 min in the dark, the labeled cells were diluted with 400 pl staining
buffer and subject for analysis on a Coulter Epics XL-MCL flow cytometer, according to the
instructions of the manufacturer (Beckman-Coulter). Isotype controls were used to detect
unspecific binding of antibodies. For the analysis of monocytes, dendritic cells, and
macrophages, 5 pul Fc-blocking reagent (Miltenyi Biotec) were included in the assays to
increase the specificity of antibody binding.
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2.4.4 Enzyme-linked immunosorbent assay (ELISA)

For the determination of cytokine levels in the culture medium, CD4" T cell supernatants were
removed after 24 h, 48 h, or 72 h, and stored at -80°C until specific commercially available
enzyme-linked immunosorbent assays (IFN-y, IL-2, and IL-5 assay kits, Immunotech) were
performed. Due to the high variability of cytokine levels from different blood donors, but the
comparable narrow linear range of the enzyme-linked immunosorbent assay standard curve,
appropriate dilution factors have been determined prior to the analysis. Dilutions were
performed in the buffers contained in the assay kits. All cytokines were determined from the
pool fraction in duplicate in accordance to the manufacturer’s instructions (Immunotech) on a

96 well microplate reader at 450 nm (Tecan).

2.5 Eukaryotic cell culture

Adherent A549 cells were cultivated in T-175 culture flasks in A549 medium in a humidified
incubator at 37°C, 5% CO,. At 80 - 90% confluence, the medium was removed and the cells
were washed with 10 ml PBS. For detaching, cells were treated for 3 min with 5 ml trypsin
(0.05% trypsin with EDTA, 1 x solution, Invitrogen). The trypsin incubation was stopped with
fresh medium, and the cells were centrifuged for 10 min at 200 x g. One third of the cells was
resuspended in fresh medium and subject for further cultivation.

Frozen cells (stored in liquid nitrogen) were thawed in a water bath, quickly removed from the
cryovial, and transferred to 10 ml complemented A549 medium (4°C). The cells were pelleted,
resuspended in prewarmed medium (37°C), and cultivated in cell culture flasks, as described
above. For long-term storage of A549 cells, 2.5 x 10° cells were pelleted and resuspended in
1 ml medium containing 40% DMEM, 40% FCS, and 20% DMSO. Cells were frozen in
cryovials with ~ -1°C/min at -80°C and were then transferred to the nitrogen storage unit.

2.6 Isolation of human primary immune cells

2.6.1 Isolation of untouched CD4"* T cells

Human peripheral blood CD4* T cells were purified by negative selection, adapted to a method
described elsewhere (Zitt et al., 2004). Briefly, 250 ml blood from normal, healthy donors were
taken by antecubital venipuncture. The blood was citrate-treated (0.3% w/v) and diluted 1.6-
fold with PBS before centrifugation at RT for 10 min at 220 x g. The lower phase was layered
on a percoll gradient (p = 1.077 g/ml) and was subject for centrifugation at RT for 25 min at
800 x g. The interphase containing the peripheral blood mononuclear cells (PBMCs) was
harvested, washed twice in PBS containing 2 mM EDTA and was then resuspended in ice cold
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MACS buffer to a cell density of 1 x 10" cells per 40 pl. Antibody binding of the cells was
performed by adding 10 ul biotin-antibody cocktail per 1 x 107 cells (directed against CDS8,
CD14, CD16, CD19, CD36, CD56, CD123, TCRy/d, and glycophorin A; CD4" T Cell isolation
kit 11, Miltenyi Biotec), followed by incubation for 15 min at 4°C. Before magnetical labeling with
20 pl anti-biotin microbeads (Miltenyi Biotec) per 1 x 107 cells for 15 min at 4°C, 30 ul MACS
buffer per 1 x 10” cells were added. After labeling, the cells were washed in MACS buffer,
centrifuged at 4°C for 10 min at 300 x g, and resuspended in 50 pul MACS buffer per 1 x 10’
cells. The cells were magnetically separated using the autoMACS system (separation strategy
‘deplete’, Miltenyi Biotec), yielding untouched human peripheral blood CD4" T cells. Freshly
isolated CD4" T cells were cultured in cell culture flasks in T cell medium at a cell density of
1 x 10° cells/ml at 37°C, 5% CO, in a humidified incubator. The purity of isolated cells was
assessed by flow cytometry, as described in chapter 2.4.3.

2.6.2 |Isolation of untouched CD4" T cells positive for CD45RA or CD45RO

Untouched CD4* T cells of one donor were separated into two parts, and each part was
labeled with anti-CD45RA or anti-CD45RO microbeads (Miltenyi Biotec), respectively. Per
1 x 107 pelleted CD4* T cells, 80 pl MACS buffer and 20 pl microbeads were added. Cells
were incubated at 4°C for 15 min. After labeling, the cells were washed in MACS buffer,
centrifuged at 4°C for 10 min at 300 x g, and resuspended in 50 pl MACS buffer per 1 x 10’
cells. The cells were magnetically separated using the autoMACS system (separation strategy
‘deplete’, Miltenyi Biotec), vyielding untouched human CD4*CD45RA" (naive) and
CD4"CD45R0O" (memory) T cells. Naive and memory T cells were checked for purity and
cultured as described in chapter 2.6.1.

2.6.3 Isolation of untouched CD8"* T cells

Human peripheral blood CD8* T cells were purified by negative selection, as described in
chapter 2.6.1. However, the CD8" T cell isolation kit Il (Miltenyi Biotec) was used. The biotin-
antibody cocktail used was directed against CD4, CD14, CD16, CD19, CD36, CD56, CD123,

TCRYy/d, and glycophorin A.

2.6.4 |Isolation of human peripheral CD14" monocytes

Human peripheral blood CD14" cells (monocytes) were either isolated by negative selection or
by positive selection. Untouched CD14" cells were purified by negative selection, as detailed in
chapter 2.6.1. However, the CD14* monocyte isolation kit Il (Miltenyi Biotec) was used. Thus,
antibody binding of PBMC cells was performed in 30 pl ice cold MACS buffer, 10 ul FcR
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blocking reagent, and 10 pl biotin-antibody cocktail (directed against CD3, CD7, CD16, CD19,
CD56, CD123, and glycophorin A) per 1 x 107 cells. Magnetical labeling and separation were
carried out as described in chapter 2.6.1. Positive selection of CD14" cells was performed
using anti-CD14 microbeads (Miltenyi Biotec). Per 1 x 107 pelleted PBMCs, 80 pl MACS buffer
and 20 ul microbeads were added. Cells were incubated at 4°C for 15 min. After labeling, the
cells were washed in ice cold MACS buffer, centrifuged at 4°C for 10 min at 300 x g, and
resuspended in 50 pl MACS buffer per 1 x 10" cells. The cells were magnetically separated
using the autoMACS system (separation strategy ‘positive selection’, Miltenyi Biotec).

2.7 In vitro generation of macrophages and dendritic cells

2.7.1 Differentiation of CD14" cells to monocyte-derived macrophages (MoMg)

For the in vitro differentiation of monocytes to monocyte-derived macrophages (MoMg), freshly
isolated monocytes were resuspended in endotoxin-free macrophage medium (5 x 10°
cells/ml), as detailed elsewhere (Gantner et al., 1997a). To increase the purity of untouched
isolated monocytes, 1.5 ml of cell suspension were plated on Falcon Primaria 3846 6-well
tissue culture plates (Becton Dickinson) and were incubated at 37°C, 5% CO, to allow
adherence. After 1.5 h, medium was changed to eliminate non-adherent cells. Monocytes were
further incubated at 37°C, 5% CO.. Due to the high purity after isolation, positive selected cells
were not subject for the adherence step. Medium was changed every 3 days until the end of
the differentiation period (6 -8 days), which was phenotypically controlled by inverse

microscopy.

2.7.2 Differentiation of CD14" cells to monocyte-derived dendritic cells (MoDCs)

Similar to the in vitro differentiation of monocytes to MoMg, freshly isolated monocytes were
resuspended in endotoxin-free monocyte medium (5 x 10° cells/ml) for the differentiation of
monocytes to monocyte-derived dendritic cells (MoDCs) (Gantner et al., 1999). To increase
the purity of untouched isolated monocytes, 1.5 ml of cell suspension were plated on Costar
3506 6-well tissue culture plates (Corning, Acton, USA) and were incubated at 37°C, 5% CO,
to allow adherence. After 1.5h, medium was changed to eliminate non-adherent cells.
Subsequently, 10 ng/ml GM-CSF and 50 ng/ml IL-4 were added, and the cells were further
incubated at 37°C, 5% CO.. Every third day, half of the medium and cytokines was renewed
until the end of the differentiation period (7 - 9 days). Due to the high purity, positive selected
cells were not subject for the adherence step. Thus, positive isolated monocytes were cultured
in T-125 flasks at a concentration of 1 x 10° cells/ml in monocyte medium containing 10 ng/mi
GM-CSF and 50 ng/ml IL-4. After three days, the same volume of new medium and cytokines
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was added. The differentiation process was phenotypically controlled by inverse microscopy
and was also assessed by flow cytometric analysis of the expression of surface markers, such
as CD14, CCR7, and CD83.

2.8 Transfection of cells

2.8.1 Transfection of A549 cells with the cationic lipid argfectin-50

For the transfection of A549 cells, the cationic lipid argfectin-50 (Atugen) was used, adapted to
a protocol described elsewhere (Sonnemann et al., 2004a). In general, this technique of
liposome-mediated transfection is also referred to as lipofection (Felgner et al., 1987). One day
before lipofection, 1.5 x 10° A549 cells in a volume of 1.6 ml complemented medium were
plated on Costar 3506 6-well tissue culture plates (Corning) for AS and siRNA knockdown
experiments lasting 24 h. For 72 h experiments, 1 x 10° A549 cells were plated one day before
lipofection. Final AS'™' concentrations (oligophosphorothioates, see chapter 2.1.6) were
200 nM, final AS®™ concentrations (2-alkoxy modified chimeric phosphorothioates, see
chapter 2.1.6) were 50 - 100 nM. Final siRNA concentrations (Dharmacon ‘SMARTpool
siRNAs, see chapter 2.1.6) were 5 - 100 nM. In all experiments, the argfectin-50 concentration
of 0.9 ug/ml was used. Per sample, on day of lipofection, 250 ul 10 x AS or 10 x siRNA
solution and 250 ul 10 x argfectin-50 solution were combined in polystyrene tubes (Sarstedt,
Nuembrecht, Germany), mixed, and incubated at 37°C for 30 min. 10 x AS solution,
10 x siRNA solution, and 10 x argfectin solution were obtained by diluting AS (stock solution
80 uM in PBS), siRNA (stock solution 20 uM in 1 x siRNA buffer, Dharmacon), or argfectin-50
(stock solution 1 mg/ml, Atugen), respectively, in DMEM containing 20 mM HEPES
(Invitrogen). After incubation, 400 ul of the combined AS/argfectin-50 or siRNA/argfectin-50
mixture were added to the plated A549 cells for 24 h or 72 h until harvest for downstream
experiments. As control, only DMEM/20 mM HEPES (= untreated control) or DMEM/20 mM
HEPES additionally containing 0.9 pug/ml argfectin-50 (= lipofection control) were applied.

2.8.2 Electroporation of CD4* T cells using the amaxa nucleofector (nucleofection)

Transfection of human peripheral, freshly isolated CD4* T cells was carried out using the
nucleofector kit for unstimulated human T cells (Amaxa, Koeln, Germany), according to the
instructions of the manufacturer (Gresch et al., 2004). 5x 10° CD4* T cells per transfection
sample were pelleted by centrifugation at RT for 15 min at 200 x g and resuspended in 100 pl
of transfection solution (Amaxa). At standard condition, 97.1 pl of this cell solution were then
added to an individual vial containing 7.9 pul of 20 uM siRNA, totaling in 105 ul of cell
suspension and a final concentration of 1.5 uM siRNA. For higher siRNA concentrations,
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60 uM siRNA was diluted with 1 x siRNA buffer (Dharmacon, Lafayette, USA) to the desired
working concentration. For nucleofection (NF), each cell/siRNA suspension was transferred to
a cuvette and electroporated using the program U-14 of the nucleofector device | (Amaxa).
Immediately after NF, the samples were removed from the cuvette with 1 ml prewarmed T cell
medium and transferred to 6-well plates (Corning Costar, Corning, USA) containing 1.5 ml of
prewarmed medium. Cells were incubated in a humidified incubator at 37°C, 5% CO,. For NF
controls, only 1 x siRNA buffer, but no siRNA was added to the cell suspension prior
transfection. For untreated controls, cells were resuspended in nucleofection solution, but no
transfection was carried out. To test the transfection efficiency, different concentrations of
FITC-labeled non-targeting siRNA (BLOCK-iT fluorescent oligo, Sequitur, Invitrogen) and
different concentrations of a pmaxGFP plasmid (Amaxa) were nucleofected and the cells were
analyzed by flow cytometry. After 24 h of culturing, cells were checked for viability by flow
cytometry and diluted in prewarmed medium to a concentration of 1 x 10° cells/ml.

2.9 Stimulation of human primary immune cells

2.9.1 Anti-CD3/CD28 stimulation of T cells

For functional analysis, non-transfected and transfected human primary CD4" and CD8" T cells
were stimulated via the CD3 chain of the T-cell receptor and the costimulatory molecule CD28,
similar to a protocol described by Hatzelmann and Schudt (Hatzelmann and Schudt, 2001). In
general, non-transfected T cells were stimulated on day of isolation, whereas transfected CD4*
T cells were stimulated 24 h past nucleofection. To coat anti-CD3 monoclonal antibodies
(Orthoclone OKT-3, Janssen-Cilag) on the surface of 96-well microtiter plates (Microtest tissue
culture plate, Falcon, BD Biosciences, San Jose, USA), the plates were incubated for 2.5 h at
37°C, 5% CO, with 50 pl of a 6 or 60 pug/ml solution of anti-CD3 in PBS, corresponding to 0.3
or 3 ug anti-CD3/well, respectively. Afterwards, the plates were washed twice with PBS
(150 pl/well). Subsequently, 200 pl of cultured cells (2 x 10° cells/well) were transferred into the
pre-coated plates. Experiments were at least performed as duplicates. For costimulation, 10 pl
soluble anti-CD28 mAb (diluted in medium to 6 pg/ml or 60 pug/ml, Immunotech) were added to
each well, with the final concentration being ~0.3 pg anti-CD28/ml or ~3 pg anti-CD28/ml,
respectively.

Optionally, the PDE4 inhibitor piclamilast (RP73401) and/or the PDES inhibitor motapizone
were included at a final concentration of ~1 uM and/or ~10 puM, respectively. To achieve the
final drug concentrations in the assays at a DMSO concentration of ~0.1% (v/v), stock
solutions of piclamilast (10 mM in DMSQO) and motapizone (100 mM in DMSO) were diluted
1:50 (v/v) in medium. For the combination of both, piclamilast and motapizone, equal volumes
of piclamilast (20 MM) and motapizone (200 mM) were mixed and subsequently diluted
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1:50 (v/v) in medium. Immediately after plating of the cells, 10 pl of the PDE inhibitor dilutions
were applied. After incubation of the cells at 37°C, 5% CO, for 20 min, the costimulatory anti-
CD28 mAb was added and the cells were further incubated for several time periods, as
indicated (24 h - 72 h).

2.9.2 LPS stimulation of macrophages (MoMg) and dendritic cells (MoDCs)

Before use, the LPS stock solution (1 mg/ml, in PBS, 0.1% hydroxylamine) was homogenized
in an ultrasonic bath for 30 sec. At day 6 - 8, monocyte-derived macrophages (MoMq) were
stimulated with 1 pg LPS/ml medium for 22 h. Monocyte-derived dendritic cells (MoDCs) were
harvested, counted, and plated on 6-well Costar tissue plates at a density of 5 x 10° cells/ml in
monocyte medium. Stimulation of dendritic cells was performed with 1 ug LPS/ml medium for
24 - 44 h. After stimulation, cells were washed with PBS, lysed with 350 pl RLT buffer (Qiagen)
complemented with 1% 2-mercaptoethanol, and stored at -80°C until RNA isolation (see
chapter 2.2).

2.10 Bioinformatics

Averages are presented as mean = SD. For statistical analysis, student’s t-test or one-/two-
way analysis of variance (ANOVA), a statistical tool of GraphPad Prism 4.0 (GraphPad
Software, San Diego, USA), was used.
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3 RESULTS

The aim of the study was to test the hypothesis that not all but individual PDE4 subtypes exert
distinct cellular functions in human primary immune cells. For this purpose, at first, the

expression profiles of PDE4 subtypes in several human primary immune cells were elucidated.

3.1 Validation of PCR primer and probes

For the quantification of gene expression on mMRNA levels, PDE4 subtype-specific
primer/probe sets were 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. By using the
TagMan polymerase chain reaction (PCR) technique from Applied Biosystems, as detailed in
Materials and Methods in chapter 2.2, the fluorescent-labed probes facilitated the quantitative
detection of MRNA expression levels of individual PDE4 subtypes.

In a series of experiments, the primer/probe sets detecting PDE4A, PDE4B, PDE4C, and
PDE4D subtypes were validated. First, to test the specificity of the designed primer/probe sets,
initial PCR experiments were performed with plasmids containing conserved C-terminal parts
of the subtypes PDE4A, PDE4B, PDE4C, and PDE4D. As shown in Table 7, all tested
primer/probe sets showed no cross-reactivity.

Table 7. Cross-reactivity test for PDE4A, PDE4B, PDEAC, and PDE4D primer/probe sets.?

PDE4A detection PDE4B detection PDE4C detection PDE4D detection

Template () () () ()
PDE4A 24 >40 >38 >40
PDE4B >40 23 >40 >40
PDE4C >40 >40 23 >40
PDE4D >39 >40 >40 26

@ Shown are threshold cycles (C) at which significant detection in quantitative PCR experiments was measured, as
detailed in Materials and Methods. 2 ng of plasmids containing conserved C-terminal parts of the subtypes PDE4A,
PDE4B, PDE4C, and PDE4D were diluted 1:12500 - 1:250000 and were taken as template for quantitative PCR
reactions. The reaction was terminated after 40 cycles. Shown are mean values of three independent experiments.

Next, in order to test the efficiency of PCR reactions, total RNA of the human lung
adenocarcinoma epithelial cell line A549 and of human primary CD4" T cells was reverse
transcribed to cDNA, mixed with plasmid DNA, and used as template. For all quantitative PCR
experiments in this study, ribosomal 78S rRNA was used as internal standard of which earlier
experiments in the laboratory of the Department of Biochemistry 2 (ALTANA Pharma AG,
Konstanz) showed that it is not differentially expressed upon cell stimulation. 78S rRNA
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detection is commonly used to monitor the amount of template in different PCR reactions and
is useful for normalization in quantitative PCR experiments (Bas et al., 2004).

At standard concentrations of 200 nM of the FAM-labeled probe, PDE4A, PDE4C, and PDE4D
mRNA detection was optimal with forward and reverse primer concentrations of 900 nM.
PDE4B detection was most efficient at 300 nM (forward primer) and 600 nM (reverse primer).
Using the C; (threshold cycle) slope method, amplification efficiency values for the
primer/probe sets and their capability for duplex reactions (i.e., the combined detection of
185 rRNA and a target gene within one PCR reaction) were measured. This method is based
on the determination of C, values in dilution series of the template. The primer/probe sets for
18S rRNA and the respective PDE4 subtype were applied alone (singleplex) and in
combination (duplex). The C; values were plotted versus log cDNA input (Figure 10).
Singleplex and duplex reactions of PDE4A (Figure 10A), PDE4B (Figure 10B), PDE4C
(Figure 10C), or PDE4D (Figure 10D) primer/probe sets resulted in very similar C; values,
respectively. Moreover, linear regression of singleplex and duplex reactions produced similar
slopes in all examined PDE4 subtype primer/probe sets.
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Figure 10. Validation of primer/probe sets for quantitative PCR experiments. Specific
primer/probe sets detecting PDE4A (A), PDE4B (B), PDE4C (C), and PDE4D (D) were tested for their
amplification efficiencies in quantitative PCR reactions when applied alone (singleplex reaction) or in
combination with a primer/probe set specific for 185 rRNA (duplex reaction). Dilution series (starting
1 x concentrated) were obtained from a mixed template (A549 cDNA, CD4" T cell cDNA, and
plasmids). 50 nM forward primer, 50 nM reverse primer, and 50 nM VIC-labeled probe were used for
the detection of 78S rRNA. The FAM-labeled probes targeting PDE4 subtypes were applied at
200 nM. Forward and reverse primers for PDE4A, PDE4C, and PDE4D had the final concentration
900 nM; for PDE4B 300 nM (forward primer) and 600 nM (reverse primer). Linear regression was
perfomed using a 95% confidence interval.

Amplification efficiencies were calculated using the equation E = 10"°P® _ 1 (Application
note, Applied Biosystems) and were 95+ 3% for PDE4A, PDE4B, PDE4C, and PDE4D
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primer/probe sets, independent of singleplex or duplex PCR reactions. Considering these
validation experiments, the designed primer/probe sets detecting individual PDE4 subtypes
were shown to be specific, highly efficient tools to study PDE4 expression levels in duplex

reactions.

3.2 Selection of target cells and stimulation conditions

Various human primary immune cells have been linked to the pathophysiology of chronic
inflammatory diseases (Tattersfield et al., 2002; Barnes et al., 2003). Because not all of these
cells could exhaustively be addressed in the present study, human primary immune cells were
chosen for experiments that are well-defined target cells for PDE4 inhibitors. In T cells and
monocytes, the efficacy of PDE4 inhibitors is well documented (Torphy, 1998; Souness et al.,
2000). CD4" T helper cells are essential cells in the orchestration of inflammatory cell
responses (Tattersfield et al., 2002; Skapenko et al., 2005), can be transfected (Gresch et al.,
2004), and were thus primarily used in the present study. However, also CD8" cytotoxic T cells
are attractive target cells for PDE4 inhibitors because of their involvement in allergic responses
in the lung (O'Sullivan et al., 2001; Gelfand and Dakhama, 2006) and their implication in the
pathogenesis of COPD (Barczyk et al., 2006). Besides, CD14* monocytes have been shown to
have profound pathophysiologic relevance as potent producers of the pro-inflammatory
cytokine TNF-a (Beutler and Cerami, 1988; Haveman et al., 1999). All of these cells are
available in sufficient amounts from peripheral blood and were used in the present study.

In contrast, it is considerable elaborative and difficult to obtain human primary macrophages or
dendritic cells, although these two monocyte-derivatives have fundamental pathophysiological
relevance (Banchereau et al., 2000; Barnes, 2004). However, in vitro monocyte-derived
macrophages (MoMg) and dendritic cells (MoDCs) have been used to study the effects of
PDE4 inhibition (Gantner et al., 1997a; Gantner et al., 1999). Thus, in the present study, MoMg
and MoDCs were obtained by differentiating human primary monocytes.

To activate resting T lymphocytes, TCR- and CD28-costimulation was used in order to closely
mimic the physiological conditions relevant to human in the experiments (June et al., 1994;
Chambers and Allison, 1999; Acuto et al., 2003). Similarly, bacterial lipopolysaccharide (LPS),
which is known to be a potent trigger of monocytes, macrophages, and dendritic cells
(Haveman et al., 1999; Triantafilou and Triantafilou, 2002; Diks et al., 2004) was used as
physiological stimulus for these cells.
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3.3 Expression profiling in human primary CD4* T cells

Human primary CD4" T cells were isolated from human whole blood by negative selection

using magnetic bead cell separation.

3.3.1

Isolation and stimulation of human primary CD4" T cells

As assessed by flow cytometry, CD4" T cells obtained by negative selection were 94% to 99%
pure and showed low CD25 (IL-2 receptor a-chain) expression. Approx. 97% of the cells were
viable (Figure 11A). In order to represent all cells, no gating was used for flow cytometric

analysis.
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Figure 11. Determination of purity, cell viability, and anti-CD3/CD28 induced upregulation of
CD25 surface expression of human primary CD4* T lymphocytes by flow cytometry. A, CD4* T
cells were isolated by negative selection as described in Materials and Methods and were subject for
flow cytometric analysis (left panel). Cells were labeled with antibodies specific for CD4 (PE-labeled anti-
CD4; second panel from left) or CD25 (FITC-labeled anti-CD25; second panel from right). Additionally,
cells were incubated with 7-AAD to determine cell viability (right panel). B, After treating the cells for
18 h with 3 ug anti-CD3/well and 3 pug anti-CD28/ml (3/3), with 3 pg anti-CD3/well and 0.3 pg anti-
CD28/ml (3/0.3), with 3 pg anti-CD3/well alone (3/0), with 0.3 ug anti-CD3/well and 3 pg anti-CD28/ml
(0.3/3), with 0.3 pg anti-CD3/well and 0.3 pg anti-CD28/ml (0.3/0.3), or with 0.3 pg anti-CD3/well alone
(0.3/0), labeling was performed using FITC-labeled anti-CD25 antibodies and PE-labeled anti-CD4
antibodies to perform flow cytometric analysis. C, Experiments described in B were repeated and CD4
and CD25 double positive cells were summarized as mean + SD of 4 independent experiments.
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To mimic physiological conditions of T cell activation, cells were stimulated via the T-cell
receptor (by plate-bound anti-CD3 antibodies) and the CD28 coreceptor (by soluble anti-CD28
antibodies). After anti-CD3/CD28 stimulation, T cells showed an upregulation of the surface
expression marker CD25 within 18 h when compared to untreated CD4" T cells (Figure 11B).
To obtain a comprehensive overview of anti-CD3/CD28 induced CD25-upregulation, CD4" T
cells were activated with 3 pg anti-CD3/well and 3 pg anti-CD28/ml (= 3/3 stimulation), with
3 ug anti-CD3/well and 0.3 pg anti-CD28/ml (= 3/0.3 stimulation), or with 3 ug anti-CD3/well
alone (= 3/0 stimulation). Additionally, the different anti-CD28 concentrations were used
combined with a fixed concentration of 0.3 pug anti-CD3/well. As summarized in Figure 11C, the
highest stimulation condition (= 3/3 stimulation) resulted in the highest number of CD25-
upregulated CD4 cells (mean of double positive cells + SD = 82 + 9%), which was diminished
by lowering the costimulatory anti-CD28 signal. The pronounced upregulation of CD25 on the
cell surface measured by flow cytometry was used as stimulation control in further studies.
Phenotypically, the purity and viability of human primary CD4* T cells were assessed by
microscopy. Untreated cells did not adhere to the bottom of the plate and were homogeneous
in size (Figure 12A). After stimulation with anti-CD3/CD28, CD4"* T cells gained in size and
formed characteristic colonies (Figure 12B and C).
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Figure 12. Phenotypical characterization of untreated and anti-CD3/CD28 stimulated human primary
CD4* T lymphocytes by light microscopy. CD4" T cells were isolated by negative selection as described
in Materials and Methods and were cultured in suspension. A, Shown are untreated cells after isolation. B,
Cells were stimulated for 24 h with 3 pg anti-CD3/well in combination with 3 pug anti-CD28/ml. C, Cells were
treated as in B, but stimulated for 48 h. Original magnification x 400 (Axiovert 25 inverse microscope).

3.3.2 PDE4 subtype mRNA expression and regulation in human primary CD4* T cells

First, the expression levels of the four PDE4 subtypes in untreated CD4* T cells were
assessed. Because all PDE4 subtype primer/probe sets showed similar maximal efficiencies in
standardized PCR reactions (see chapter 3.1), the PDE4 expression patterns were directly
compared relative to the expression of PDE4A (Figure 13A). In untreated cells, the mRNA
expression of the PDE4 subtypes PDE4A, PDE4B, and PDE4D was detected. The highest
MRNA expression level was found for PDE4D (~12-fold higher than PDE4A), followed by
PDE4B (~8-fold higher than PDE4A) and PDE4A (set 1 as reference). Although efficacy of the
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PDE4C primer/probe set was shown in control experiments, no expression of PDE4C was
detected in CD4" cells, regardless of whether the cells were stimulated or not.

e s 520
g% is
=3 9 G a10
“Z 61 33 5
4 bl 4
e *E
PDE4A PDE4B PDE4D 0 24 48 72 9% 120
A
£ .E PDE4B c S 6{ - PDE4D
£33 . 2w 5
S 5ol £
5% I
o g 14 E ; 2
x g *ﬁEﬁ 1
1} 0
0 24 48 72 96 120 0 24 48 72 9% 120
Time after stimulation [h] Time after stimulation [h]
E _ 50
£ 40| ~PDE4B
o8 _|*PDE4D
2£ 30
R
3% 20
[
o
3
x 10
E T s

0 24 48 72 96 120
Time after stimulation [h]

Figure 13. PDE4A, PDE4B, and PDE4D mRNA expression in untreated and anti-CD3/CD28
stimulated human primary CD4* T lymphocytes. Cells were separated from whole blood as
described in Materials and Methods and were subject for total RNA isolation and cDNA transcription.
Quantitative PCR was performed using ribosomal 78S rRNA as internal standard (detected after 10 -
13 cycles) and specific primer/probe sets for PDE4A, PDE4B, PDE4C, or PDE4D. By comparing ACq
values, the expression levels of individual PDE4 subtypes were directly compared relative to PDE4A,
which was detected after 27 - 30 cycles (mean AC:of PDE4A + SD = 16.7 + 0.5) (A). After stimulation
with 3 pug anti-CD3/well and 3 pg anti-CD28/ml, time-dependent mRNA expression for PDE4A (B),
PDE4B (C), and PDE4D (D) was measured relative to untreated conditions (t=0h). E, The
quantitative mRNA expression levels of PDE4A, PDE4B, and PDE4D in untreated cells (shown in A)
were combined with the respective time courses (shown in B-D) to get a comprehensive picture of the
PDE4 subtype expression after T cell stimulation. All data were expressed relative to the PDE4A
expression level in untreated cells (t= 0 h). Thereby, the complete quantitative mRNA expression
pattern of the PDE4 subtypes was obtained. PDE4C transcripts were not detected after 40 cycles.
Results are expressed as mean * SD of 4 donors. Significance of differences is indicated: *, p < 0.05;
**,p<0.01; B, C, D, compared to untreated cells (t = 0 h).

To ascertain whether the PDE4 subtypes are differentially expressed upon stimulation, human
primary CD4" T cells were stimulated with anti-CD3/CD28 for different periods of time. For
each gene, the expression in untreated cells (time point 0 h) was used as reference point.
Upon stimulation, PDE4A mRNA was steadily upregulated and had a ~15-fold higher
expression after 120 h (Figure 13B). PDE4B mRNA was upregulated ~2-fold within the first
16 h, returned to basal level after 48 h and further decreased during the time course, indicating
a transient upregulation of this subtype (Figure 13C). PDE4D mRNA expression slightly
decreased within the first 24 h after stimulation, but was then steadily upregulated and reached
a ~4-fold higher expression after 120 h, indicating a long-term upregulation of this subtype
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(Figure 13D). To obtain an overall picture of the PDE4 subtype expression after T cell
stimulation, the different expression levels shown in Figure 13A were combined with the time
courses of each individual subtype shown in Figure 13B-D, using the expression level of
PDE4A in untreated cells as reference for all other data points (Figure 13E). Due to the
considerably high PDE4B mRNA expression levels in untreated CD4* T cells, the ~2-fold
upregulation after 16 h stimulation led to the predominant expression of this subtype at 16 h
and 24 h. From 48 h onwards, the induction of PDE4D and the decrease of PDE4B resulted in
PDE4D being the predominant subtype. PDE4A mRNA displayed the lowest expression level
up to 48 h after stimulation. Due to the steady upregulation of this subtype and the
downregulation of PDE4B mRNA at later time points, the expression level of PDE4A mRNA
exceeded that of PDE4B mRNA at 120 h but still did not reach the high expression level of
PDE4D mRNA.

3.3.3 Requlation of PDE4 subtypes after stimulation with different anti-CD3/CD28 ratios

To examine whether the distinct regulation of individual PDE4 mRNA levels is dependent on
the anti-CD3:anti-CD28 ratio and subsequently on the costimulatory anti-CD28 stimulus, CD4*
T cells were activated with different concentrations of anti-CD3 and anti-CD28 (Figure 14).
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Figure 14. Time-dependent mRNA expression profiles of PDE4 subtypes in CD4* T cells after
activation by different stimulation conditions. As detailed in the legend of Figure 13, complete
quantitative mRNA expression patterns of the PDE4 subtypes were obtained relative to the expression
of PDE4A in untreated cells (t = 0 h). A, Cells stimulated with 3 ug anti-CD3/well and 3 pg anti-CD28/ml
(identical with Figure 13E, repeated here for easier comparison with other stimulation conditions). The
same sets of experiments were performed for cells stimulated with 3 pg anti-CD3/well and 0.3 pg anti-
CD28/ml (B), with 3 ug anti-CD3/well alone (C), with 0.3 pg anti-CD3/well and 3 pg anti-CD28/ml (D),
with 0.3 pg anti-CD3/well and 0.3 pg anti-CD28/ml (E), or with 0.3 pg anti-CD3/well alone (F). Results in
A are expressed as mean = SD of 4 donors. Results in B, C, D, E, and F are the average of 2 donors.
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Human primary CD4" T cells were treated with 3 pg anti-CD3/well and 3 pug anti-CD28/ml
(Figure 14A, identical with Figure 13E), with 3 ug anti-CD3/well and 0.3 ug anti-CD28/ml
(Figure 14B), with 3 pug anti-CD3/well alone (Figure 14C), with 0.3 ug anti-CD3/well and 3 ug
anti-CD28/ml (Figure 14D), with 0.3 pug anti-CD3/well and 0.3 pg anti-CD28/ml (Figure 14E), or
with 0.3 pg anti-CD3/well alone (Figure 14F). All conditions resulted in similar time-dependent
expression patterns as were found for the strong stimulation with 3 ug anti-CD3/well in
combination with 3 pg anti-CD28/ml shown in Figure 14A, hereby confirming the long-term
induction of PDE4A and PDE4D and the transient upregulation of PDE4B. For all further
experiments related to PDE4 subtype expression, either on mRNA or on protein level, this

latter stimulation condition was used.

3.3.4 Requlation of PDE4 subtypes in human primary naive and memory CD4" T cells

Since CD4* T cells isolated from human whole blood still represent a rather heterogeneous
population of cells, different subpopulations of CD4* cells may regulate the PDE4 subtype
expression specifically. Therefore, the expression patterns were studied separately in naive
CD4" T cells characterized by the surface marker CD45RA and in memory CD4" T cells
expressing the marker CD45R0O (Bell et al., 1998). Due to the isolation strategy (see Materials
and Methods), CD45RA*CD4" T cells were >95% pure and CD45RO*CD4" T cells were >98%
pure, whereas cells co-expressing CD4, CD45RA, and CD45R0O were sorted out.

In untreated naive CD4* T cells, slightly lower levels of PDE4A, PDE4B, and PDE4D

transcripts were found compared to untreated memory CD4" T cells (Figure 15A-C).
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Figure 15. mRNA expression profiles of PDE4 subtypes in CD45RA* (naive) and CD45RO*
(memory) human primary CD4" T lymphocytes. CD4" cells were further purified by negative
selection using either anti-CD45RA or anti-CD45RO microbeads. Cells were stimulated with 3 pg
anti-CD3/well and 3 pg anti-CD28/ml for different periods of time. Subsequent experiments were
performed as outlined in the legend of Figure 13. Expression profiles of PDE4A (A), PDE4B (B), and
PDE4D (C) mRNA from both T cell subpopulations are shown. Results are expressed relative to
untreated conditions in naive T cells (t = 0 h), as mean = SD of 4 donors. Differences between naive
and memory cells were statistically not significant.

After anti-CD3/CD28 stimulation, memory CD4" T cells showed a faster upregulation of PDE4A
(Figure 15A) and PDE4D (Figure 15C) mRNA, as well as a more pronounced transient
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upregulation of PDE4B mRNA (Figure 15B) compared to naive CD4" T cells. However, these
differences in the regulation of individual PDE4 subtypes between naive and memory CD4* T
cells were statistically not significant. Because the expression profiles of PDE4 subtypes both
in naive and memory CD4" T cells were found to be very similar, all following experiments

were performed with CD4" cells that were not further separated.

3.3.5 PDE4 activity in human primary CD4"* T cells

Changes in mRNA levels do not necessarily result in changes of the respective protein levels.
Therefore, it was investigated whether the induction of PDE4 subtypes observed in quantitative
PCR experiments translates in an increase in PDE4 enzyme activity. Upon stimulation, total
cAMP-hydrolizing PDE activity (mean + SD =37 = 16 pmol/min/mg in resting cells) was
augmented in a time-dependent manner (Figure 16A), resulting in a significant higher activity
72 h and 120 h after stimulation. This increase was mainly due to an increase in PDE4 activity,
whereas PDE4-independent enzyme activity initially decreased 24 h after stimulation and
recovered to baseline levels during the time period studied.

To ascertain which PDE4 subtypes contribute to this upregulation, an immunoprecipitation
strategy was applied with antibodies specific for PDE4A, PDE4B, or PDE4D. After
precipitation, the samples were assayed for PDE4 cAMP hydrolyzing activity. In untreated
CD4* T cells (time point 0 h in Figure 16B), the highest activity was measured in samples
precipitated with the PDE4D-specific antibody. Whereas PDE4B activity was somewhat lower
than PDE4D activity, PDE4A contributed least to the total PDE4 activity. However, after anti-
CD3/CD28 stimulation, PDE4A activity was greatly induced starting at 72 h and reached a 4-
fold higher activity at the end of the time period examined (Figure 16B). PDE4B activity was
transiently upregulated, peaking with a 3.4-fold higher activity at 24 h followed by a decrease.
After 120 h, PDE4B activity was similar to the level observed in untreated cells. At this time
point, PDE4A activity exceeded the PDE4B activity. Compared to untreated cells, PDE4D
activity remained relatively constant during the first 48 h after stimulation, and increased at
72 h and 120 h after stimulation totaling in a 1.5-fold upregulation.

Taken together, the pattern of PDE4 subtype-specific enzyme activities qualitatively closely
resembled the mRNA expression profile reported in chapter 3.3.2.
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Figure 16. cAMP hydrolizing phosphodiesterase activity in untreated and anti-CD3/CD28
stimulated human primary CD4" T lymphocytes. Cells were stimulated with 3 pg anti-CD3/well and
3 ug anti-CD28/ml for different periods of time. A, Total cAMP-PDE hydrolyzing activity and PDE4
inhibitor-insensitive PDE activity (= PDE4 independent) in T cell lysates were measured as detailed in
Materials and Methods. PDE4 activity was determined by subtracting the PDE4 independent activity
from the total activity. Data are expressed as mean + SD of 3-5 donors. *, p < 0.05; ***, p < 0.001
(compared to untreated cells, t = 0 h). B, Cell lysates were immunoprecipitated with Abs recognizing
PDE4A (AC55), PDE4B (K118), or PDE4D (m3S1). The PDE activity recovered in the
immunoprecipitated pellet was measured as detailed in Materials and Methods. Shown is one
representative experiment out of three. For the experiment shown, CD4" cells of three donors were
independently stimulated, but pooled for lysis and immunoprecipitation.

3.3.6 Immunodetection of PDE4 subtypes in human primary CD4* T cells

To elucidate which splice variants are expressed in untreated CD4" T lymphocytes and may
account for the measured changes in mRNA levels and protein activities after stimulation,
antibodies recognizing the conserved C-termini of the PDE4 subtypes were used to perform
immunoblotting experiments (Figure 17A and B). These experiments were performed in
cooperation with Dr. H. Tenor and B. Burgbacher (Department of Biochemistry 2, ALTANA
Pharma AG, Konstanz).

In untreated T cells, a polyclonal antibody directed against PDE4A detected immunoreactivity
at ~130 kDa and, with a very low density, below 100 kDa, which can be attributed to long
(PDE4A4, PDE4A10, and/or PDE4A11) and short (PDE4A1) PDE4A forms, respectively.
Contrary to the mRNA and enzyme activity measurements, the intensity of the
immunodetected signals did not increase with time after stimulation with anti-CD3/CD28. A
polyclonal antibody directed against PDE4B gave rise to two predominant bands. One band
migrated slightly above 100 kDa and might be attributed to PDE4B long forms (PDE4B1 and/or
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PDE4B3). The high immunoreactivity in untreated cells decreased after stimulation during the
examined time period (0 h - 120 h). The other band, migrating at ~75 kDa (might be attributed
to PDE4B2), was also present in untreated cells, but was strongly induced, peaking 24 h - 48 h
after stimulation. At later time points, a reduction of this band was observed. Considering the
transient induction of the subtype PDE4B measured by PCR and activity assays, the
immunodetected downregulation of long PDE4B splice variants is compensated by a
pronounced upregulation of the short splice variant and may result in a net upregulation
between 24 h and 48 h after stimulation. A polyclonal antibody directed against PDE4D
detected several bands of different molecular weights. One set of bands was in the range of
~60 - 75kDa and likely corresponds to the short forms PDE4D6 (~59 kDa), PDE4D2
(~68 kDa), and PDE4D1 (~72 kDa). These short forms were upregulated in a time-dependent
manner, with the middle band, assumingly PDE4D2, showing the most pronounced
upregulation. The other set of bands was above ~85 kDa and may be the long splice variants
of PDE4D (PDE4D3, PDE4D4, PDE4D5, PDE4D7, PDE4D8, and/or PDE4D9). These bands
showed low immunoreactivites that were not, or only slightly, changed after stimulation. The
unchanged immunodetection of B-Actin as loading control confirmed that the observed
regulation of PDE4 subtypes was not due to different amounts of protein loaded onto the gel.
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Figure 17. Detection of PDE4 splice variants in untreated and anti-CD3/CD28 stimulated human
primary CD4" T lymphocytes by immunoblotting. Cells were stimulated with 3 ug anti-CD3/well
and 3 pg anti-CD28/ml for different periods of time. Cells were lysed and 50 pg protein of the 1000 x g
supernatant were separated by SDS-polyacrylamide gel electrophoresis. Immunodetection was
performed using antibodies recognizing PDE4A, PDE4B, or PDE4D. B-Actin was used as loading
control. Shown are two independent experiments (A, B), each with cells from three donors that have
been independently stimulated, but pooled for lysis and immunoblotting.
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3.4 Expression profiling in CD8" T cells, monocytes, and monocyte-
derived cells

3.4.1 PDE4 subtype mRBNA expression and regulation in CD8" T cells

As assessed by flow cytometry, CD8" T cells isolated by negative selection were obtained
94 + 2% (mean + SD) pure (Figure 18).
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Figure 18. Determination of purity of human primary CD8* T lymphocytes by
flow cytometry. CD8" T cells were isolated by negative selection as described in
Materials and Methods and were subject for flow cytometric analysis (left panel). In
order to represent all cells, no gating was used. For further analysis, cells were
labeled with antibodies specific for CD8 (PE-labeled anti-CD8; right panel).

In unstimulated CD8* T cells, the mRNA expression of the PDE4 subtypes PDE4A, PDE4B,
and PDE4D was detected, whereas no expression of PDE4C was found. As specified in
chapter 3.3.2 for CD4" T cells, the PDE4 expression profile in untreated CD8* T cells was
directly compared relative to the expression of PDE4A. Both PDE4B mRNA and PDE4D
MRNA were expressed ~10-fold higher than PDE4A mRNA, which was set 1 as reference
(Figure 19A).

As detailed for the stimulation of CD4* T cells (see chapter 3.3.2), human primary CD8" T cells
were stimulated via the T-cell receptor and the CD28 coreceptor for different periods of time.
The mRNA expression in unstimulated cells (time point 0 h) was used as reference point for
each PDE4 subtype. Anti-CD3/CD28 stimulation induced the steady upregulation of PDE4A
mRNA, which had a ~12-fold higher expression at the end of the examined time period (84 h,
Figure 19B). In contrast, PDE4B mRNA was upregulated ~2.4-fold within the first 16 h, but
returned to basal level after 48 h, indicating a transient upregulation of this subtype
(Figure 19C). PDE4D mRNA expression slightly increased within the first 16 h after
stimulation, returned to basal level after 24 h, but was upregulated ~2.2-fold at 84 h, indicating
a long-term upregulation of this subtype (Figure 19D). To get a comprehensive depiction of the
PDE4 subtype expression after T cell stimulation, the expression levels in untreated cells
shown in Figure 19A were combined with the time courses of each individual subtype shown in
Figure 19B-D and were summarized in one diagram (Figure 19E). Because PDE4B mRNA

expression was considerably high in untreated CD8" T cells, the ~2-fold upregulation after 16 h
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stimulation led to the predominant expression of this subtype at 16 h and 24 h. However, from
48 h onwards, the induction of PDE4D and the decrease of PDE4B resulted in PDE4D being
the predominant subtype. Because of the low expression level of PDE4A in untreated cells, the
steady upregulation of PDE4A after stimulation could not overpass the PDE4D level, but was
similar to the PDE4B level after 48 h.
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Figure 19. PDE4A, PDE4B, and PDE4D mRNA expression in untreated and anti-CD3/CD28
stimulated human primary CD8" T lymphocytes. Cells were separated from whole blood as
described in Materials and Methods. Subsequent steps were performed as outlined in the legend of
Figure 13. 185 rRNA was detected after 10 - 13 cycles. By comparing AC: values, the expression
levels of individual PDE4 subtypes were directly compared relative to PDE4A (mean AC; of
PDE4A + SD = 15.2 + 0.6) (A). After stimulation with 3 pg anti-CD3/well and 3 pug anti-CD28/ml, time-
dependent mRNA expression for PDE4A (B), PDE4B (C), and PDE4D (D) was measured relative to
untreated conditions (t = 0 h). PDE4C transcripts were not detected after 40 cycles. The quantitative
mRNA expression levels of PDE4A, PDE4B, and PDE4D in untreated cells (shown in A) were
combined with the respective time courses (shown in B-D) and were expressed relative to the PDE4A
expression level in untreated cells (t =0 h) (E). Results are expressed as mean + SD of 4 donors.
Significance of differences is indicated: *, p < 0.05; **, p < 0.01; B, C, D, compared to untreated cells
(t=0h).

3.4.2 PDE4 subtype mRNA expression in monocytes, MoM@, and MoDCs

As assessed by flow cytometry, CD14" monocytes isolated by negative selection were
obtained 89 + 4% (mean + SD) pure (Figure 20). CD14" cells isolated by positive selection
were obtained 93 + 2% pure. To increase the purity of monocytes for further downstream

applications (e.g. mMRNA isolation for quantitative PCR experiments or differentiation of
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monocytes to monocyte-derived macrophages and dendritic cells), an adherence step was
performed after isolation for 1.5 h and non-adherent cells were removed.
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Figure 20. Determination of purity in human primary CD14* monocytes by flow
cytometry. A, CD14" cells were isolated by negative selection as described in
Materials and Methods and were subject for flow cytometric analysis (left panel). In
order to represent all cells, no gating was used. For further analysis, cells were
labeled with non-specific antibodies (PE-labeled isotype control) or antibodies specific
for CD14 (PE-labeled anti-CD14; right panel). B, The same experiments were
performed as in A, however, cells were isolated by positive selection as described in
Materials and Methods.

In untreated CD14" monocytes, the mRNA expression of the PDE4 subtypes PDE4A, PDE4B,
and PDE4D was detected (Figure 21A). As detailed in chapter 3.3.2 for CD4" T cells, the
PDE4 expression patterns of freshly isolated CD14" cells were directly compared relative to
the expression of PDE4A mRNA. In contrast to CD4" and CD8" T cells, the highest mRNA
expression level in monocytes was found for PDE4B (~2.8-fold higher than PDE4A), followed
by PDE4A (set 1 as reference) and PDE4D (~20-fold lower than PDE4A). No expression of
PDE4C was detected in CD14" monocytes.

Upon culturing of CD14* monocytes in macrophage medium complemented with human AB
serum (see Materials and Methods), the cells differentiated and developed a macrophage-like
phenotype (e.g. strong adherence, increased size, and higher granularity) within 6 - 8 days
(Figure 21B). In these monocyte-derived macrophages (MoMg), the expression levels of PDE4
subtypes dramatically changed compared to freshly isolated monocytes. The PDE4 expression
profile in MoMg@ was compared relative to the expression of PDE4A mRNA in these cells, with
PDE4A (set 1 as reference) being the predominant subtype, followed by a ~50-fold lower
expression level of PDE4D mRNA and even a lower expression level of PDE4B mRNA
(Figure 21B).
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Similar to the differentiation of monocytes to macrophages, the differentiation of monocytes to
monocyte-derived dendritic cells (MoDCs) by culturing CD14* cells in medium supplemented
with GM-CSF and IL-4 (see Materials and Methods) for 7 - 9 days resulted in a change of the
phenotype of the cells (Figure 21C). In these MoDCs, the expression profile of PDE4 subtypes
differed from the expression profile examined in freshly isolated monocytes, but was similar to
the expression levels found in MoM@. PDE4A mRNA (set 1 as reference) was the predominant
subtype, followed by a ~30-fold lower expression level of PDE4B mRNA and a ~50-fold lower
expression level of PDE4D mRNA (Figure 21C). Remarkably, the PDE4A mRNA expression

level did not change markedly between monocytes, MoMeg, and MoDCs.
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Figure 21. PDE4A, PDE4B, and PDE4D mRNA expression in untreated human primary
monocytes, monocyte-derived macrophages (MoM¢), and monocyte-derived dendritic cells
(MoDCs). A, CD14" cells were separated from whole blood as described in Materials and Methods and
were subject for total RNA isolation and cDNA transcription, as detailed in the legend of Figure 13.
18S rRNA was detected after 10 - 13 cycles. The mRNA expression level of individual PDE4 subtypes
was directly compared relative to PDE4A (set 1 as reference), which was detected after 23 - 26 cycles
(mean AC; of PDE4A + SD = 13.1 £ 1.3). B, Experiments were performed as described in A, however,
human primary CD14" monocytes were differentiated for 6 - 8 days to monocyte-derived macrophages
(MoMg). PDE4A mRNA expression in MoM¢ was set1 as reference (mean AC:of PDE4A + SD
=12.6 £ 2.4). After differentiation, the phenotype was determined by light microscopy (original
magnification x 400, Axiovert 25 inverse microscope). C, Experiments were performed as described in
A, however, human primary CD14* monocytes were differentiated for 7 - 9 days to monocyte-derived
dendritic cells (MoDCs). PDE4A mRNA expression in MoDCs was set 1 as reference (mean AC; of
PDE4A + SD = 12.3 + 1.4). After differentiation, the phenotype was determined by light microscopy
(original magnification x 400, Axiovert 25 inverse microscope). In all experiments, PDE4C transcripts
were not detected after 40 cycles. Results are expressed as mean + SD of 5 donors.

3.4.3 PDE4 subtype mRNA regulation after LPS stimulation in MoM@ and MoDCs

To ascertain whether PDE4 subtypes are differentially regulated in monocyte-derived

macrophages (MoMg) and monocyte-derived dendritic cells (MoDCs) after stimulation,
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physiological conditions of cell activation via CD14 binding and toll-like receptor 4 (TLR4)
signaling were mimicked by the application of 1 ug LPS/ml medium. PDE4 subtype mRNA
expression levels in MoMe stimulated for 22 h with LPS were compared to the corresponding
PDE4 subtype expression level in MoMe@ that were not treated with LPS. LPS-stimulation
resulted in slight changes of PDE4A and PDE4D mRNA levels that were not significant, but in
a significant increase of PDE4B expression (~160-fold upregulation) (Figure 22A).
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Figure 22. PDE4A, PDE4B, and PDE4D mRNA expression in monocyte-derived macrophages
(MoM@) and monocyte-derived dendritic cells (MoDCs) after LPS stimulation. /n vifro generated
MoMg@ and MoDCs were obtained as detailed in the legend of Figure 21. A, After 7 -9 days of
culturing, MoM@ were stimulated with 1 ug LPS/ml for 22 h and the mRNA expression levels of PDE4
subtypes were assessed as described in the legend of Figure 13. Results are expressed relative to
the corresponding PDE4 subtype in MoMe@ not treated with LPS as mean + SD of three donors.
Significance of differences is indicated: **, p < 0.01; compared to cells not treated with LPS (- LPS,
set 1 as reference). B, After 7 -9 days of culturing, MoDCs were labeled with isotype controls or
antibodies specific for CD83 (PE-labeled anti-CD83) or CCR7 (PE-labeled anti-CCR7) before and
after LPS stimulation (1 ug LPS/ml for 44 h). C, MoDCs were treated as described in A, however,
LPS stimulation was performed for 24 - 44 h. Results are expressed relative to the corresponding
PDE4 subtype in MoDCs not treated with LPS as mean + SD of five donors. Significance of
differences is indicated: **, p <0.01; compared to cells not treated with LPS (- LPS, set1 as
reference).

In monocyte-derived dendritic cells (MoDCs), staining of the surface markers CD83 and CCR?7,
respectively, and subsequent cytometric analysis assessed the differentiation process of
MoDCs before and after LPS stimulation. To analyze the entire cultured population, no gating
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was used for flow cytometry. Staining with PE-labeled anti-CD83 antibodies revealed that
~25% of 7 days old MoDCs had a PE intensity above the fluorescent level of the unspecific
isotype control (Figure 22B, upper left panel), pointing to a low surface expression of CD83.
After LPS stimulation, CD83 surface expression was upregulated, with ~59% of the cells being
CD83-positive 44 h after stimulation (Figure 22B, lower left panel). Considering CCR7
expression, the same PE-fluorescent intensities of both the unspecific isotype control and the
anti-CCR7 antibody indicated that the cells did not express CCR7 on the cell surface 7 days
after culturing (Figure 22B, upper right panel). However, after 44 h of LPS stimulation, ~49% of
the cells were CCR7-positive, indicating a pronounced upregulation of CCR7 surface
expression after LPS treatment (Figure 22B, lower right panel). LPS stimulation affected the
PDE4 subtype mRNA expression in MoDCs differently: Whereas PDE4B mRNA expression
was significantly upregulated (~25-fold) after LPS stimulation, PDE4A and PDE4D mRNA
levels were largely unaffected compared to the expression level of the corresponding PDE4
mRNA subtypes in cells not treated with LPS (Figure 22C).

3.5 Validation of PDE4 subtype-specific knockdown tools in A549

As detailed in chapters 3.3 and 3.4, PDE4 subtypes are differently expressed and differentially
regulated in diverse human primary immune cells, suggesting a critical role of PDE4 subtypes
for the attenuation of inhibitory cAMP signals and for the promotion of inflammatory cell
responses. Indeed, the anti-inflammatory and immunomodulatory effects of PDE4 inhibition on
a broad range of inflammatory and immunocompetent cells is well known (Torphy, 1998;
Souness et al., 2000). However, current PDE4 inhibitors do not discriminate between individual
PDE4 subtypes although several findings, primarily obtained in knockout mice, indicate that
distinct PDE4 subtypes can have distinct functional relevance in mediating cellular functions. In
the present study, to ascertain the functional impact of PDE4 subtypes in human cellular
settings but due to the lack of subtype-specific inhibitors, two knockdown strategies were
chosen as approach to specifically suppress the different PDE4 subtypes. Both an antisense
(AS)- and a small interfering RNA (siRNA)-mediated PDE4 subtype knockdown strategy were
tested for tolerability and efficiacy. These two techniques are widely used to induce mRNA and
protein knockdown in various cellular contexts (Giles et al., 1995a; Micklefield, 2001; Dias and
Stein, 2002; Dykxhoorn et al., 2003; Hannon and Rossi, 2004; Sioud, 2004). Because human
primary immune cells are hard-to-transfect, have a comparatively high donor-dependent
variability, and are technically more complex to handle, initial knockdown experiments were
performed in the human lung adenocarcinoma epithelial cell line A549. This cell line is
available in large amounts, has high PDE4 activity (mean = SD =51 £ 14 pmol/min/mg in

untreated cells), is easy-to-transfect, and was expected to have stable readouts. Initial
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experiments revealed that A549 expresses high levels of PDE4D mRNA (~12-fold higher than
PDEA4A), followed by PDE4B mRNA (~2-fold higher than PDE4A) and PDE4A mRNA (set 1 as
reference). PDE4A was detected ~15 + 1 cycles after 18S rRNA, which was detected after 10 -
12 cycles. The transfection of eukaryotic cells with cationic lipids is a widely used technique
(Felgner et al., 1987; de Lima et al., 1999; Rocha et al., 2002) and was also applied in the
present study (also referred to as ‘lipofection’). For transfection of A549 with the cationic lipid
argfectin-50 (Atugen) in complex with either AS or siRNA, an optimized lipofection protocol
was kindly provided by Drs. Gekeler and Hofmann (ALTANA Pharma AG, Konstanz).

3.5.1 Delivery of antisense and small interfering RNA into A549 cells via lipofection

First, the efficiency of the transfection method to deliver antisense (AS) and small interfering
RNA (siRNA) into A549 cells with the cationic lipid argfectin-50 was investigated by using
FITC-labeled AS?" (second generation antisense constructs, see chapter 3.5.3) and FITC-
labeled siRNA, respectively. A549 cells were cultured in 6-well plates and 100 nM FITC-
labeled AS®™ or 100 nM FITC-labeled siRNA were transfected for 24 h with 0.9 ug/ml
argfectin-50. To demonstrate the uptake of FITC-labeled AS®*™ and siRNA into A549 cells, an
inverse microscope (Leica Microsystems) was used, both by using transmitted white light and
fluorescent light (Figure 23A and B). The overlay revealed that both FITC-labeled AS?" and
siRNA were found within the adherent A549 cells, and did not attach to the outer cell
membrane of the cells.

To ascertain the transfection efficiency on a quantitative basis, A549 cells were treated for 24 h
with 0.9 pg/ml atugen-50 lipid alone, with 100 nM FITC-labeled AS*™ or siRNA alone, or with
100 nM FITC-labeled AS®™ or siRNA in combination with 0.9 pg/ml atugen-50, respectively.
After cells were detached by trypsin incubation, flow cytometric analysis was performed to
determine the percentage of transfected (FITC-positive) cells in the population. The combined
application of FITC-labeled AS?™ and atugen-50 lipid increased the FITC intensity in the entire
A549 cell population, and ~76% of the cells were above the FITC-threshold defined by the
FITC signal of samples incubated with FITC-AS?™, but without atugen-50 lipid (Figure 23C).
Likewise, the combined application of FITC-labeled siRNA and atugen-50 lipid increased the
FITC intensity in the entire A549 cell population, with ~92% of the cells showing markedly
higher FITC intensities than the control cells incubated with FITC-siRNA, but without atugen-50
lipid (Figure 23D).

In summary, these experiments revealed that the transfection of A549 cells with antisense and
siRNA in combination with the cationic lipid argfectin-50 resulted in a high cellular uptake and
was thus a feasible tool for knockdown studies in A549.
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Figure 23. Delivery of FITC-labeled AS and siRNA into A549 cells by lipofection. A549 cells were
plated as detailed in Materials and Methods, and were incubated with FITC-labeled AS?™ or siRNA and
with 0.9 pg/ml argfectin-50 for 24 h. A, Microscopic analysis of A549 cells transfected with 100 nM FITC-
labeled AS®™. Original magnification x 400 (DMIL 1000 inverse microscope). B, Microscopic analysis of
A549 cells transfected with 100 nM FITC-labeled siRNA. Original magnification x 400 (DMIL 1000 inverse
microscope). C, Flow cytometric analysis of lipofection efficiency to deliver FITC-labeled AS?™ A549 cells
treated with 0.9 pg/ml atugen-50 lipid alone, with 100 nM FITC-labeled AS*" alone, or with 100 nM FITC-
labeled AS?™ in combination with 0.9 pg/ml atugen-50 lipid were detached by trypsin incubation and were
subject for flow cytometric analysis. D, Flow cytometric analysis of lipofection efficiency to deliver FITC-
labeled siRNA. The same experimental setting was used as detailed in C, however, 100 nM FITC-labeled
siRNAs were used. Data are representative of two independent experiments.

3.5.2 Validation of knockdown constructs directed against PDE4 subtypes in A549 cells

In order to induce PDE4 subtype-specific, substantial, and well-tolerated knockdown of PDE4
subtypes, antisense constructs and siRNAs directed against individual PDE4 subtypes were
extensively validated following a multistage protocol (Figure 24).

The initial step in establishing the antisense technology was the synthesis of first generation
oligophosphorothioates (AS'!) based on sequence suggestions provided by Prof. Sczakiel
(DGS Consulting e.K., Luebeck, Germany). In cooperation with the laboratory of Dr. Hofmann
(ALTANA Pharma AG, Konstanz), 13 AS'™' targeting PDE4A, 10 AS™' targeting PDE4B,
9 AS'*' targeting PDE4C, and 12 AS'*! targeting PDE4D were tested in a screening process by
lipofecting A549 cells with 200 nM of the corresponding AS'™' (data not shown). By using
quantitative PCR, the AS'*' were checked for efficacy to specifically knock down corresponding
PDE4 subtype mRNA and the sequences of the most effective constructs were taken for the
synthesis of second generation antisense constructs, namely 2’-alkoxy modified chimeric
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phosphorothioate oligonucleotides (AS*™). As control, additional AS*™ were synthesized with
inverse sequences of the targeting antisense constructs. Although the efficacy of the PDE4C
primer/probe set was shown in control experiments, PDE4C mRNA was not detected in A549
cells. Thus, AS®™ from all suggested sequences targeting PDE4C were synthesized, but could
not be further validated in A549. Because the final target cells for the mRNA knockdown
strategy were CD4" T cells which do not express PDE4C mRNA (see chapter 3.3.2), the AS*™
constructs targeting PDE4C were not further validated. The AS?*™ constructs directed against
PDE4A, PDE4B, or PDE4D were tested for efficacy to specifically knock down PDE4 subtype
mRNA by using quanitative PCR (see chapter 3.5.3). Additionally, PDE activity assays (see
chapter 3.5.4) and immunoblotting experiments (see chapter 3.5.5) were carried out to

determine whether the antisense constructs were also effective on protein level.
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Figure 24. Flowchart of validation experiments to test antisense- and siRNA-mediated PDE4
subtype-specific knockdown efficacy on mRNA and protein level in A549 cells and in human
primary CD4* T cells. Oligophosphorothioates (AS'') were screened for mRNA knockdown efficacy
and specificity in A549 cells. From the most promising sequences, 2’-alkoxy modified chimeric
phosphorothioate oligonucleotides (ASznd) were synthesized and tested for efficacy and specificity
using quantitative PCR, PDE activity assays, and immunoblotting experiments (see chapters 3.5.3 -
3.5.5). Similarly, ‘SMARTpool’ siRNAs were validated in A549 cells (see chapters 3.5.3 - 3.5.5). As
detailed in chapter 3.5.6, the siRNA technique proved to be the superior technique for the specific
knockdown of PDE4 subtypes and was thus further validated in human primary CD4* T cells, as
reported in chapter 3.6.

Similar to the experiments performed with antisense constructs, a siRNA-based technology to
specifically knock down individual PDE4 subtypes was tested (Figure 24). Because self-
designed, in vitro transcribed and duplexed siRNAs (Silencer™ siRNA construction Kkit,
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Ambion, Austin, USA) had poor efficacies, pre-designed siRNA-Duplexes were purchased
from Dharmacon (Lafayette, USA). Initially, to increase efficiency, Dharmacon ‘SMARTpools’
containing 4 individual siRNAs targeting one subtype were applied. Subsequently,
‘SMARTpools’ were tested for knockdown efficacy, specificity, and tolerability by quantitative
PCR (see chapter 3.5.3), PDE activity assays (see chapter 3.5.4), and immunoblotting
experiments (see chapter 3.5.5). Finally, because the siRNA-mediated knockdown strategy
proved to be the superior technique in the experiments performed in the present study, as
summarized in chapter 3.5.6, further validation experiments with siRNAs were performed in
human primary CD4" T cells (see chapter 3.6).

3.5.3 mRNA knockdown of PDE4 subtypes in transfected A549 cells

Lipofection of A549 cells with 100 nM AS?" targeting PDE4A, PDE4B, or PDE4D resulted in
the knockdown of corresponding mRNAs, when compared to untreated cells 24 h after

lipofection (Figure 25A).

All targeting AS®™ constructs used, i.e., three AS*™ targeting PDE4A (PDE4A ASf,
PDE4A AS2, and PDE4A_AS3), two AS®™ targeting PDE4B (PDE4B_AS1 and PDE4B_AS?2),
and three AS®™ targeting PDE4D (PDE4D_AS1, PDE4D_AS2, and PDE4D_AS3), caused
substantial suppression of mRNA levels of corresponding PDE4 subtypes (73-91%
knockdown of PDE4A mRNA, 74 -78% knockdown of PDE4B mRNA, and 69-91%
knockdown of PDE4D mRNA, respectively), whilst leaving the mRNA levels of other subtypes
largely unaffected (Figure 25A). The lipofection procedure alone, tested by applying argfectin-
50 lipid without AS®™ constructs, or the transfection of AS?" constructs with inverse sequences
(PDE4A_AS2_INV, PDE4B_AS2_INV, and PDE4D_AS2_INV) did not substantially affect the
MRNA level of PDE4A, PDE4B, and PDE4D after 24 h of incubation.

To evaluate whether the knockdown effects of AS® constructs on PDE4 mRNA were
maintained for a longer time period, the lipofection experiments were repeated with an
incubation time of 72 h (Figure 25B). At this latter time point, the reduction of PDE4 subtype
mRNAs was similar to the effects observed after 24 h, however, the overall efficacies of the
PDE4A- and PDE4B-AS?™ constructs decreased (55 - 74% knockdown of PDE4A, 52 - 54%
knockdown of PDE4B), whilst PDE4D-AS?™ constructs were still highly effective (80 - 91%
knockdown of PDE4D). The lipofection procedure alone and AS®™ constructs with inverse
sequences did overall not largely affect the mRNA level of PDE4A, PDE4B, and PDE4D after
72 h of incubation.
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Figure 25. PDE4A, PDE4B, and PDE4D mRNA expression in untreated and antisense-
transfected A549 cells. A549 cells were transfected in 6-well plates, as detailed in Materials and
Methods. Quantitative PCR was performed to assess the mRNA levels of PDE4A, PDE4B, and
PDE4D. All data are expressed relative to untreated cells (set 1 as reference). A, Lipofection was
carried out for 24 h using 0.9 ug/ml argfectin-50 and 100 nM AS?™ targeting PDE4A, PDE4B, or
PDEA4D, respectively. For control, only argfectin-50 (argfectin control) was applied. Additionally,
AS™ constructs with inverse sequences (PDE4A_AS2 INV, PDE4B_AS2 INV, or
PDE4D_AS2_INV) were used. B, Lipofection was carried out as described in A, however, for 72 h.
All data are expressed as average of two independent experiments.

Similar to the experiments performed with antisense constructs, ‘SMARTpools’ containing
4 individual siRNAs targeting the same gene were transfected into A549 cells. Since siRNAs
have been reported to act in the low nM range (Elbashir et al., 2001), ‘SMARTpool’
concentrations were tested in concentrations of 5 nM, 25 nM, 50 nM, and 100 nM. Compared
to untreated cells, the argfectin control (cells only treated with 0.9 ug/ml argfectin-50) and the
transfected PDE4C-SMARTpool had no effect on PDE4A, PDE4B, and PDE4D mRNA
expression, measured after incubation for 24 h (Figure 26A). Remarkably, all applied
concentrations of ‘SMARTpools’ targeting PDE4A, PDE4B, or PDE4D had similar high
knockdown efficacies in suppressing the corresponding PDE4 subtype and were thus
summarized within one diagram. Whilst leaving the expression of other PDE4 subtypes
unaffected, the ‘SMARTpools’ targeting individual PDE4 subtypes caused substantial
knockdowns of the corresponding mRNAs: ~73% knockdown of PDE4A mRNA, ~76%
knockdown of PDE4B mRNA, and ~71% knockdown of PDE4D mRNA.
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The knockdown effects of ‘SMARTpools’ were maintained for a longer time period, because
after an incubation period of 72 h, all applied concentrations of ‘SMARTpools’ had similar
effects than after 24 h (Figure 26B). Compared to untreated cells, no change in PDE4A,
PDE4B, and PDE4D mRNA levels were observed in argfectin control cells or in cells
transfected with the PDE4C-SMARTpool. In contrast, incubation with ‘SMARTpools’ targeting
individual PDE4 subtypes for 72 h caused specific, similar high mRNA knockdown as
measured for the 24 h incubation period: ~76% knockdown of PDE4A mRNA, ~69%
knockdown of PDE4B mRNA, and ~84% knockdown of PDE4D mRNA.

A 5 nM, 25 nM, 50 nM, and 100 nM SMARTpool, 24 h
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Figure 26. PDE4A, PDE4B, and PDE4D mRNA expression in untreated and ‘SMARTpool’-
transfected A549 cells. A549 cells were plated in 6-well plates and were subject for lipofection, as
detailed in the legend of Figure 25. A, Lipofection was carried out for 24 h using 0.9 pg/ml argfectin-50
and 5nM, 10 nM, 50 nM, or 100 nM ‘SMARTpools’ (pool of 4 individual siRNAs) targeting PDE4A,
PDE4B, PDE4C, or PDE4D, respectively. For control, only argfectin-50 (argfectin control) was applied.
B, Lipofection was carried out as described in A, however, with a 72 h incubation period. Because the
different siRNA concentrations used in experiments resulted in very similar knockdown efficacies,
individual experiments were summarized and are expressed as mean * SD of four experiments.

3.5.4 PDE4 activity knockdown in transfected A549 cells

To ascertain whether observed mRNA knockdowns also affect PDE4 activity, cAMP-PDE
activity assays were performed with lysates from untreated and AS*"- or siRNA-transfected
A549 cells after 72 h of lipofection. PDE activities measured in lysates from untreated A549
cells were used as reference. Argfectin control cells (cells only treated with 0.9 pg/ml argfectin-
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50) were analyzed to check whether lipofection alone effected cAMP-PDE activity (Figure 27).
Whilst treatment with argfectin-50 alone did not effect cAMP-PDE activity, antisense (AS?")
constructs directed against PDE4A, PDE4B, or PDE4D significantly reduced total cAMP-PDE
activity and PDE4 activity, with PDE4D-AS?"™ having the most pronounced effect (mean + SD
of PDE4 activity suppression: PDE4A-AS?"™ 44 + 33%, PDE4B-AS?" 38 + 16%, and PDE4D-
AS®™ 72 + 10%; Figure 27A). Combined application of the AS*™ constructs (PDE4A-AS?™ +
PDE4B-AS?™ + PDE4D-AS?*" = PDE4_all_AS in Figure 27A) did not result in higher
knockdown efficacy. Remarkably, all AS®*™ constructs showed a trend to affect PDE4
independent activity.

In contrast, ‘SMARTpool' siRNAs targeting PDE4A, PDE4B, or PDE4D did not affect PDE4
independent activity (Figure 27B). The PDE4D-SMARTpool significantly reduced total cCAMP-
PDE activity and PDE4 activity (mean + SD of PDE4 activity suppression: 68 + 8%), whereas
the PDE4A- and PDE4B-SMARTpools had lower effects (13 £ 1% and 13 £ 4%, respectively).
Combined application of the ‘SMARTpools’ (PDE4A_SMARTp + PDE4B_SMARTp +
PDE4D_SMARTp = PDE4_all_SMARTp in Figure 27B) did not increase knockdown efficacy.
Considering that the individual PDE4 subtypes contribute differently to the overall PDE4
activity (see introduction of chapter 3.5), it was expected that PDE4A- and PDE4B-
AS*¥/SMARTpools will have the smallest effects on PDE4 activity in A549 cells whereas the
PDE4D-AS*¥/SMARTpool will have larger effects even when the individual subtypes are
diminished to the same extent.
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Figure 27. PDE activity knockdown, induced by PDE4 subtype specific antisense constructs and
siRNA. A549 cells were transfected in 6-well plates, as detailed in Materials and Methods. After 72 h, cells
were washed and harvested in lysis buffer IV (homogenization buffer), and 3 - 6 ug protein of the 1000 x%
supernatant were assayed for cAMP-PDE activity. A, Antisense concentrations were 180 nM combined AS®"
targeting PDE4A, PDE4B, and PDE4D (= PDE4_all_AS) and 120 nM combined AS2™ targeting PDE4A
(= PDE4A_AS), PDE4B (= PDE4B_AS), or PDE4D (= PDE4D_AS), respectively. B, ‘SMARTpool’
concentrations were 15nM combined ‘SMARTpools’ targeting PDE4A, PDE4B, and PDE4D
(= PDE4_all_SMARTp) and 5 nM ‘SMARTpool’ targeting PDE4A (= PDE4A_SMARTp), PDE4B (= PDE4B_
SMARTDp), or PDE4D (= PDE4D_ SMARTD), respectively. Results are expressed as cAMP-PDE activity in [%]
of untreated A549 cells, as mean +SD of 3independent experiments. Significant differences between
untreated conditions and ASZ”d/SMARTpooI-transfected cells are indicated (*, p<0.05; **, p<0.01;
*** p < 0.001; compared to untreated cells).
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3.5.5 Immunodetection of PDE4D splice variants in untreated and transfected A549 cells

To ascertain whether AS?™- and siRNA-mediated mRNA and protein activity knockdown can
be confirmed on the level of splice variants, immunodetection experiments were performed.
Lysates from untreated A549 cells were used as reference, argfectin control cells (cells only
treated with 0.9 pg/ml argfectin-50) were used to check whether lipofection alone affected
protein levels. Immunoblotting with polyclonal antibodies directed against the conserved C-
termini of PDE4A or PDE4B (FabGennix Inc., Shreveport, USA) failed to detect significant
amounts of protein, which might be explained by the observation that A549 cells mainly
express PDE4D (see introduction of chapter 3.5). Immunoblotting with a polyclonal antibody
directed against the conserved C-termini of PDE4D detected several immunoreactive proteins
of different molecular weights (Figure 28). In untreated A549 cells (lane 1, Figure 28A and B),
immunoreactivity was detected in the range of ~115 - 130 kDa, which might be attributed to the
long PDE4D4 splice variant (119 kDa). In the range of ~85 - 105 kDa, two immunoreactive
bands were detected, which might correspond to different PDE4D long forms (PDE4D3
[~93 kDa], PDE4D5 [105 kDa], PDE4D7 [85 - 110 kDa], PDE4D8 [92 kDa], and/or PDE4D9
[90 kDa]). Three weaker immunoreactive bands were detected in the range of ~60 - 75 kDa,
which might correspond to different PDE4D short forms (PDE4D1 [72 kDa], PDE4D2 [68 kDa],
and/or PDE4D6 [59 kDa])).

For the investigation of maximal protein knockdown efficacies of antisense constructs, several
AS®™ constructs targeting one individual subtype were applied in combination (Figure 28A).
Additionally, to target all expressed PDE4 subtypes simultaneously, A549 cells were treated
with a pool of AS?™ constructs targeting PDE4A, PDE4B, and PDE4D (termed PDE4 _all_AS).
Considering the limited space on minigels and the low protein concentrations from lysed AS*™
samples, only 17 pg of protein were loaded per lane for antisense experiments. Subsequently,
the immunoreactive signals in the AS? samples were comparably low (Figure 28A).
Compared to untreated A549 cells (lane 1), no substantial changes in the amount of PDE4D
splice variants were observed in argfectin control cells (lane 2) and in cells treated with AS*™
constructs targeting PDE4A or PDE4B (PDE4A_AS, lane 4 and PDE4B_AS, lane 5,
respectively). However, a substantial decrease in immunoreactivity was found for the cells
treated with PDE4D_AS (indicated with arrows, lane 6). A decrease in immunoreactivity in
cells treated with all A" (PDE4_all_AS, lane 3) was not clearly observed.
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Figure 28. Detection of PDE4D splice variants in untreated and transfected
A549 cells. A549 cells were transfected in 6-well plates, as detailed in Materials
and Methods. After 72 h, cells were washed and harvested in lysis buffer Il (RIPA
buffer), and protein was separated by SDS-polyacrylamide gel electrophoresis.
Immunodetection was performed using commercial antibodies recognizing
PDE4D. B-Actin was used as loading control. Antisense (A) and siRNA (B)
concentrations were as detailed in the legend of Figure 27. Arrows indicate
knockdown of PDE4D splice variants.

Similarly to the AS®™ experiments, A549 cells were treated with individual ‘SMARTpools’
targeting corresponding PDE4 subtypes or with the combined ‘SMARTpools’ (termed
PDE4_all_SMARTpool) (Figure 28B). Because lysates from siRNA samples were more
concentrated, 31 ug of protein per lane were loaded for siRNA experiments, resulting in
increased immunoreactive signals (Figure 28B). Compared to untreated A549 cells, no
substantial changes in the amount of PDE4D splice variants were observed in argfectin control
cells (lane 2) and in cells treated with ‘SMARTpools’ targeting PDE4A (lane 8) or PDE4B
(lane 9). However, a substantial decrease in immunoreactivity was found for cells treated with
combined ‘SMARTpool’ siRNAs (PDE4 all SMARTYp, indicated with arrows, lane 7) and for
cells treated with the individual ‘SMARTpool’ targeting PDE4D (indicated with arrows, lane 10).
Interestingly, the PDE4D-SMARTpool showed efficacy to knock down long and short forms,
i.e., no selectivity to knock down distinct PDE4D splice variants was observed. In all
experiments, the immunodetection of B-Actin demonstrated that observed knockdowns in
PDE4D protein were not due to lower amounts of protein loaded onto the gel.
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3.5.6 Summary: Antisense versus siBRNA in transfected A549 cells

As summarized in Table 8, both the AS?" and siRNA strategy induced substantial, PDE4
subtype-specific knockdown. Quantitatively, some AS®™ constructs had higher efficacies to
knock down mRNA and protein activity than siRNAs. However, the efficacies of AS®™
constructs slightly decreased time-dependently and were qualitatively more variable than
siRNAs in knocking down corresponding PDE4 subtypes. Furthermore, AS®™ constructs
slightly affected PDE4 independent activity. In contrast, the application of siRNAs was effective
at lower concentrations, showed less variability in between experiments, and was better
tolerated (Table 8). By comparing all examined parameters, the siRNA-based technique was
preferred in the present study for the knockdown of PDE4 subtypes in human primary CD4* T
cells and was further validated in these cells (see chapter 3.6).

Table 8. Comparison: AS*" versus siRNA knockdown technique in transfected A549 cells®

Parameter Antisense (AS*™) siRNA
Delivery ~76% ~92%
Knockdown specificity (MRNA) yes yes
Knockdown efficacy (mMRNA) after 24 h 69 - 91% 71 -76%
Knockdown efficacy (mRNA) after 72 h 52-91% 69 - 84%
Knockdown efficacy (protein activity) after 72 h upto 72 £ 10% up to 68 + 8%
Effect on PDE4 independent activity not significant, byt trend of  not significant, no trend of
suppression suppression
Overall variability of experiments more variable than siRNA less variable than AS®™
Overall tolerability less tolerated than siRNA  better tolerated than AS*™
(~30% of cells detached) (no cells detached)

2 A549 cells were transfected with AS®™ constructs or siRNAs, as detailed in Materials and Methods. Delivery of
knockdown constructs was determined by using FITC-labeled AS*™ and siRNA and subsequent flow cytometrical
analysis. Knockdown specificity and efficacy on mRNA level was ascertained by quantitative PCR. Immunodetection
experiments and activity assays measured knockdown efficacy on protein level. The tolerability of the cells towards
treatment with knockdown constructs was phenotypically analyzed by using an inverse microscope and by estimating
the confluency and percentage of detached cells.

3.6 Validation of PDE4 subtype-specific siRNAs in CD4* T cells

Although T cells have been recognized as critical regulators of inflammatory responses, the
functional impact of PDE4 subtypes in human primary CD4* T cells is largely unknown. To
address the question whether the specific expression patterns of PDE4 subtypes in human
primary CD4" T cells (see chapter 3.3) correlate with a respective relevance for different T cell
functions, the siRNA strategy, validated initially in A549 (see chapter 3.5), was applied to T
cells. To transfect human primary CD4* T cells with siRNAs, an electroporation technique
(Amaxa nucleofection [NF]) was used (Gresch et al., 2004). In a series of control experiments,
this siRNA-based strategy was validated. Whilst a comparatively high stimulation condition

(3 pg anti-CD3/well in combination with 3 ug anti-CD28/ml) was used for all PDE4 expression
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and activity studies to detect maximal effects in the regulation of PDE4 subtypes (see
Figure 13, Figure 16, Figure 17), a weaker stimulation condition (0.3 pug anti-CD3/well in
combination 0.3 ug anti-CD28/ml) was used for all functional studies and therefore also for all
siRNA validation experiments in T cells. This weaker stimulation was chosen because strong
stimulation decreases the efficacy of PDE4 inhibitors (unpublished observations of Dr.
Hatzelmann, ALTANA Pharma AG, Konstanz), and will thus also decrease functional effects of
PDE4 subtype-specific siRNAs on T cell responses.

3.6.1 Delivery of a GFP-plasmid and of FITC-siRNA into CD4" T cells via nucleofection

The transfection efficiency of the amaxa nucleofection (NF) technique was tested with a
pmaxGFP plasmid (Amaxa) and with FITC-labeled non-targeting siRNA (Sequitur). 24 h after
nucleofection, cells were analyzed by flow cytometry, resulting in ~83% GFP-expressing CD4*
T cells (Figure 29A). The nucleofection of FITC-labeled siRNA resulted in ~85% FITC positive
cells when treated with 200 nM FITC-siRNA (Figure 29B) and in ~97% FITC positive cells
when treated with 2 uM FITC-siRNA (Figure 29C). CD4" T cells did not show spontaneous
siRNA uptake (without nucleofection) and FITC-siRNA applied after nucleofection did also not
enter the cells.
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Figure 29. Delivery of a GFP-plasmid and of FITC-labeled siRNA into human primary CD4* T
lymphocytes by amaxa nucleofection. Nucleofection (NF) was performed with freshly isolated
human primary CD4" T cells, as detailed in Materials and Methods. A, Transfection efficiency, tested
by using 2.5 ug plasmid-DNA coding for GFP. Expression of GFP was measured by flow cytometry
24 h after transfection. B, Transfection efficiency, tested by using 200 nM FITC-labeled siRNA.
Uptake of siRNA was measured by flow cytometry 24 h after transfection. C, Transfection efficiency,
tested as detailed in B, but with 2 uM FITC-labeled siRNA.

3.6.2 Selection of individual PDE4 subtype-specific siRNAs

As detailed in chapter 3.5, ‘SMARTpools’, i.e., sets of 4 individual siRNAs targeting the same
PDE4 subtype, were used for initial siRNA validation experiments in the cell line A549.
Because it was not expected that all four individual siRNAs of one PDE4 subtype-specific
‘SMARTpool' set have the same knockdown efficacies, the individual siRNAs from the
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‘SMARTpool’ sets were transfected into human primary CD4" T cells and were tested for
efficacy to downregulate the respective PDE4 subtype mRNA. Indeed, the nucleofection of
individual siRNAs targeting PDE4 subtypes resulted in different knockdown efficacies when
compared to nucleofection (NF) control cells, which were set 1 as reference (Figure 30). The
individual siRNAs PDE4A_si4, PDE4B_si4, and PDE4D_si2 were most effective in specifically
knocking down the corresponding subtype and were selected for further experiments. These
findings were confirmed in A549 cells transfected with the individual siRNAs (data not shown).
For more convenient labeling of figures and tables, PDE4A_si4 was subsequently termed
PDE4A si, PDE4B_si4 was termed PDE4B_si, and PDE4D_si2 was termed PDE4D_ si in
further experiments. The application of a set of non-targeting siRNAs (NEG_SMARTYp) did not
influence the expression of the PDE4 subtypes.
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Figure 30. Selection of individual siRNAs from sets of ‘SMARTpools’. Human primary CD4
T cells were transfected as described in Materials and Methods. 24 h after transfection, cells
were harvested and quantitative PCR was performed to assess the mRNA levels of PDE4A,
PDE4B, and PDE4D. All data are expressed relative to the nucleofection (NF) control, where no
siRNA was applied (set 1 as reference). NF was carried out with individual siRNAs targeting
PDE4A (1.5 uM of PDE4A_si1, PDE4A_si2, PDE4A_si3, or PDE4A_si4, respectively), PDE4B
(2 uM of PDE4B_si1, PDE4B_si2, PDE4B_si3, or PDE4B_si4, respectively), and PDE4D (2 uM
of PDE4D_si1, PDE4D_si2, PDE4D_si3, or PDE4D_si4, respectively). For control, a set of non-
targeting siRNAs (1.5 uM - 2 uM of NEG_SMARTp) was applied. Arrows indicate the selected
individuals used for further studies. Shown are average values of two independent experiments
with the exception of PDE4D-siRNA data, which represent one experiment.

3.6.3 Tolerability of amaxa nucleofection in CD4" T cells

To ascertain the tolerability of the nucleofection procedure and to test whether the additional
application of siRNAs per se had effects, several functional read-out parameters were
analyzed to validate the siRNA knockdown technique in human primary CD4" T cells. The
nucleofection procedure alone (without siRNA) produced a considerable loss (mean + SD

= 37 £ 10%) of cells. However, nucleofection (NF control in Figure 31A) had only a minor effect
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(5 £ 3%) on cell mortality of recovered cells compared to untreated cells, as measured by 7-
AAD staining 24 h and 48 h after nucleofection. The nucleofection of siRNAs had no additional
effect on cell mortality when compared to NF control cells (Figure 31A). The expression of
surface markers, such as CD4 and CD25 measured by flow cytometry was not significantly
changed by the nucleofection procedure or by the additional application of siRNAs 24 h and
48 h after nucleofection (Figure 31B).

To verify whether nucleofection affected T cell proliferation and the release of cytokines after
anti-CD3/CD28 stimulation, [°H]-thymidine incorporation and enzyme-linked immunosorbent
assays, respectively, were performed. The proliferation rate and IL-2, IFN-y, and IL-5 cytokine
synthesis measured in cells that were not nucleofected, but stimulated with anti-CD3/CD28
were set to 100% (no NF in Figure 31C). In parallel, cells were nucleofected (NF in
Figure 31C, no siRNAs applied). Additionally, NF cells were incubated with 0.1% DMSO
(NF + DMSO in Figure 31C) to ascertain the impact of DMSO in the final assay concentration
(see chapter 3.8). The proliferation rate of stimulated CD4* T cells was neither affected by the
nucleofection procedure nor by the application of DMSO (Figure 31C). In contrast, the release
of cytokines at different time points was significantly affected by the nucleofection procedure,
ranging from 32% to 39% suppression of IL-2 release, 42% to 49% suppression of IFN-y
release, and ~39% suppression of IL-5 release, when compared to untreated cells. The overall
effect of the nucleofection procedure on the suppression of anti-CD3/CD28 induced cytokines
was averaged to be 42 £ 5%. The additional application of DMSO did not significantly affect
cytokine release.
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Figure 31. Validation of the nucleofection procedure in human primary CD4* T lymphocytes. A,
Tolerability of the nucleofection procedure. CD4" T cells were left untreated or were nucleofected
without siRNA (NF control) or with 1.5 uM of PDE4 subtype-specific SiRNAs (PDE4A_si, PDE4B_si, or
PDE4D_si, respectively). The individual PDE4 subtype-specific siRNAs were also applied in
combination (PDE4A_si + PDE4B_si + PDE4D_si, each 1.5uM = PDE4_all_si). For control, non-
targeting siRNA was applied (1.5 uM and 4.5 uM = NEG_si). 24 h and 48 h after nucleofection, the
viability of the cells was determined by 7-AAD staining and flow cytometric analysis. Data are
mean + SD of 3 - 5 independent experiments. Significance of difference is indicated: ns, not significant;
*, p<0.05; **, p<0.01. B, Effect of nucleofection on surface markers. The same experiments were
performed as detailed in A, however, PE-labeled anti-CD4 and FITC-labeled anti-CD25 antibodies were
used for flow cytometric analysis. Data are mean + SD of 3 - 5 independent experiments, which were
not significantly different (ns). C, Effect of nucleofection and DMSO on anti-CD3/CD28 induced T cell
responses. Cells were left untreated (no NF), were nucleofected (NF), or were nucleofected and
additionally treated with 0.1% DMSO. 24 h past nucleofection, all cells were stimulated for different
periods of time using 0.3 pg anti-CD3/well and 0.3 ug anti-CD28/ml. For the determination of the
proliferation rate, [3H]-thymidine was added 48 h after stimulation for 18 h. For the determination of
cytokines, supernatants were collected and subject for enzyme-linked immunosorbent assays (see
Materials and Methods). The proliferation rate and cytokine level of the cells that were not nucleofected
(no NF) were set to 100%. Data are mean + SD of 5 - 6 independent experiments. Significance of
difference is indicated: ns, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Although the nucleofection procedure alone had substantial effects on some of the measured
parameters, the application of siRNA per se had no additional effects on any of the parameters
investigated besides expected effects of PDE4 subtype-specific siRNAs on cytokine release
and on proliferation correlated with PDE4 subtype knockdown (see chapter 3.8). For better
comparison, the effects of the nucleofection procedure on various T cell functions and
additional effects of siRNAs are summarized in Table 9.

Table 9. Validation of the nucleofection procedure®

Functional parameter Effect of nucleofection Additional effect of sSiRNA
Loss of cells 37 £10% no effect
Mortality of recovered cells 5 + 3% increased no effect
Expression of CD4 and CD25 no effect no effect
Proliferation no effect no effect (NEG_si)
Cytokine release 42 + 5% decreased no effect (NEG_si)

2 CD4" T cells were treated by the nucleofection procedure without the addition of siRNA (column: ‘effect of
nucleofection’) or with the addition of siRNA (column: ‘additional effect of siRNA’). The loss of cells due to the
transfection procedure was determined by counting the recovered cells 24 h after nucleofection. 24 - 48 h after
nucleofection, 7-AAD was used to determine the mortality of recovered cells. Additionally, cells were stained with
Abs recognizing CD4 and CD25 and the expression of these surface markers were measured by flow cytometry.
Cytokine release and the proliferation rate were determined as detailed in Materials and Methods. NEG_si, non-
targeting control siRNA. Data are mean + SD of several independent experiments (n > 8).

Taking some technical restrictions into account, these data suggest that the nucleofection
technique can be considered to be a suitable tool to transfect human primary CD4" T cells.

3.6.4 PDE4 subtype-specific mBNA knockdown in nucleofected CD4* T cells

To determine the optimal concentration needed for mRNA knockdown, different siRNA
concentrations were tested (Figure 32A). In unstimulated CD4" cells, individual siRNAs
directed against PDE4A, PDE4B, or PDE4D concentration-dependently induced specific
mRNA-knockdowns of each respective PDE4 subtype 24 h after transfection compared to
nucleofection controls (NF control, cells nucleofected without siRNA), whilst leaving the mRNA
level of other expressed PDE4 subtypes unaffected (Figure 32A). Nontargeting siRNA used as
a negative control did not largely affect the expression of PDE4A, PDE4B, and PDE4D mRNA
(Figure 32A4). Maximal mRNA knockdown was achieved with 1.5 uyM siRNA. Notably, the
knockdown efficacy for every individual siRNA was within the same range of ~62 - 65%.

To test whether the PDE4 subtype-specific siRNAs were also effective after stimulation,
transfected cells were left unstimulated for 24 h to allow siRNA-mediated mRNA knockdown
before the addition of the anti-CD3/CD28 stimulus. Subsequently, the mRNA knockdown
effects were determined at 24 h, 48 h and 72 h after stimulation and were compared to the NF
controls (Figure 32B) taken at the respective time point. Significant mMRNA knockdowns were
achieved up to 48 h after stimulation with all applied siRNAs. 72 h after stimulation, siRNA-
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mediated knockdown effects started to diminish for every subtype although effects for PDE4B
and PDE4D were still significant.
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Figure 32. mRNA knockdown in unstimulated and stimulated human primary CD4" T cells. A,
Concentration-dependent siRNA-mediated mRNA knockdown in unstimulated CD4" T cells 24 h after
nucleofection. Data are shown relative to each nucleofection (NF) control, as average of two
experiments. B, Time-dependent siRNA-mediated mRNA knockdown after stimulation with 0.3 pg
anti-CD3/well and 0.3 ug anti-CD28/ml. Results are expressed relative to the respective NF control as
mean + SD of 2 - 6 donors. Significant differences between NF control and siRNA-nucleofected cells
are indicated; *, p < 0.05; **, p < 0.01; ***, p < 0.001; compared to NF control of each time point.

3.6.5 siRNA-mediated PDE4 activity knockdown in nucleofected CD4* T cells

To ascertain whether the mRNA knockdown translates into a decrease in protein level, CAMP-
PDE activity assays with lysates from siRNA-transfected CD4" T cells were performed. Lysates
from T cells treated only with the nucleofection procedure were used as reference. 24 h after
stimulation, a marginal reduction of total cAMP-PDE activity and PDE4 activity
(mean = SD = 10 + 13%, ns) was achieved with siRNA directed against PDE4A (Figure 33A).
SiRNAs directed against PDE4B or PDE4D significantly reduced total cAMP-PDE activity and
PDE4 activity (PDE4B-siRNA: 28 £ 5%, PDE4D-siRNA: 51 £ 11%). To evaluate whether the
knockdown effects on PDE4 activity were maintained for a longer time period, the PDE activity
measurements were repeated at 72 h after stimulation (Figure 33B). At this latter time point,
the reduction of PDE4 enzyme activity by the different siRNAs was similar to the 24 h time
point (PDE4A-siRNA: 18 + 9%, PDE4B-siRNA: 27 + 14%, PDE4D-siRNA: 46 * 7%).
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Figure 33. Protein activity knockdown in unstimulated and stimulated human primary CD4* T cells.
PDE activity knockdown, induced by PDE4 subtype-specific siRNAs, in CD4" T cells 24 h (A) and 72 h (B)
after anti-CD3/CD28 stimulation. Results are expressed as cAMP-PDE activity in [%] of the NF control, as
mean + SD of 3 donors. Significant differences between NF control and siRNA-transfected cells are
indicated (**, p < 0.01; ***, p < 0.001; compared to NF control).

Considering that the individual PDE4 subtypes contribute quite differently to the overall PDE4
activity (see chapter 3.3), it is expected that PDE4A-siRNA will have the smallest effect on
PDE4 activity whereas PDE4B- and PDE4D-siRNAs will have larger effects even when the
individual subtypes are diminished to the same extent. Indeed, the collective effects of all
individual PDE4-siRNAs sum up to about 90% both after 24 h and 72 h, indicating a
pronounced efficacy of the siRNAs to downregulate their respective subtype. Taken together,
the strategy to selectively knock down individual PDE4 subtypes in primary CD4" T cells was
shown to be well tolerated, specific, and efficient. Because enzymatic activity was effectively
reduced 72 h after stimulation but mRNA levels started to recover at the same time, the siRNA
approach can be considered to be suitable for the application on functional T cell assays in a
time period of up to 72 h.

3.7 Anti-CD3/CD28 induced release of cytokines and the effect of
PDE inhibition on T cells

3.7.1 Time-dependent release of cytokines after anti-CD3/CD28 stimulation of CD4* T cells

To determine how human primary CD4* T cells functionally respond to different anti-CD3/CD28
stimulation conditions, levels of IL-2 (Figure 34A), IFN-y (Figure 34B), and IL-5 (Figure 34C)
were measured in supernatants of stimulated cells at different time points. In untreated cells
(time point 0 h), cytokine levels were below the detection limit. After stimulation with different
anti-CD3:anti-CD28 ratios, IL-2, IFN-y, and IL-5 secretion was time-dependently upregulated,
however, to a different extent and with different kinetics.
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Strong stimulation with 3 pg anti-CD3/well and 3 pg anti-CD28/ml (= 3/3 stimulation) resulted in
highest IL-2 levels with maximal concentrations of ~11 ng/ml after 48 h of stimulation
(Figure 34A). Treatment with 0.3 pug anti-CD3/well and 3 pg anti-CD28/ml (= 0.3/3 stimulation)
led to a faster upregulation but slightly lower peak concentrations of IL-2, when compared to
the 3/3 stimulation. Because treatment with 3 ug anti-CD3/well and 0.3 ug anti-CD28/ml
(= 3/0.3 stimulation) or with 0.3 ug anti-CD3/well and 0.3 ug anti-CD28/ml (= 0.3/0.3
stimulation) resulted in similar but overall lower IL-2 levels, anti-CD3/CD28 induced IL-2
secretion might be independent of the anti-CD3 strength, but dependent on the costimulatory
anti-CD28 stimulus. Using the 3/0.3 stimulation, peak concentrations were reached at 48 h;
using the 0.3/0.3 stimulation at 24 h. Treatment of CD4" T cells with anti-CD3 alone (= 3/0
stimulation or 0.3/0 stimulation) only weakly induced IL-2 secretion, confirming the anti-CD28
dependency of IL-2 induction. Remarkably, anti-CD3/CD28 induced IL-2 synthesis was

transiently induced, because IL-2 levels declined at 72 h and 134 h after stimulation.
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Figure 34. Time course of IL-2, IFN-y, and IL-5 release after treatment of human primary CD4* T
lymphocytes with different anti-CD3/CD28 concentrations. Shown is the time-dependent cytokine
secretion of IL-2 (A), IFN-y (B), and IL-5 (C) after stimulation of CD4* T cells with different stimulation
conditions, as indicated. Supernatants were collected at different time points and cytokine
concentrations were determined by enzyme-linked immunosorbent assays. Results are expressed as
mean + SD of 4 donors.

Compared to IL-2 secretion, IFN-y synthesis was substantially induced at later time points, but
was from 24 h onwards steadily upregulated and reached maximal levels at the end of the
examined time period (12 - 17 ng/ml at 134 h) (Figure 34B). Because the measured IFN-y
concentrations were similar after treatment with different anti-CD3:anti-CD28 ratios, the
upregulation of IFN-y might be independent of the strength of the anti-CD3 stimulus and
independent of the anti-CD28 costimulatory signal.

Similar to IFN-y secretion, IL-5 release was substantially induced at later time points and was
from 24 h onwards steadily upregulated with maximal levels at the end of the examined time
period (0.4 - 1.7 ng/ml at 134 h) (Figure 34C). However, IL-5 cytokine levels were dependent
on the costimulatory anti-CD28 signal: strong costimulation (3/3 and 0.3/3 stimulation, see
above) caused highest IL-5 levels, whereas weaker costimulation (3/0.3 and 0.3/0.3
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stimulation) resulted in lower IL-5 levels. IL-5 levels were lowest after stimulation with 3 pg or
0.3 pg anti-CD3/well alone.

3.7.2 Suppression of cytokine release and proliferation by PDE4 and/or PDE3 inhibition

To investigate how T cell functions are affected by PDE4 inhibition, CD4* T cells were treated
with the panPDE4 inhibitor RP73401 (piclamilast). Additionally, the PDES inhibitor motapizone
and both, piclamilast combined with motapizone, were included in the experiments because
findings indicate that the effects of PDE4 inhibition can be enforced by simultaneous inhibition
of PDE3 (Hatzelmann and Schudt, 2001). In order to compare the effects of PDE inhibitors
with the effects of PDE4 subtype-specific siRNAs (see chapter 3.8), transfected cells were
used for these experiments, but no siRNA was applied. After a 24 h resting period, transfected
cells were stimulated with anti-CD3/CD28. To adjust the control conditions for DMSO
concentrations, transfected cells were treated with 0.1% DMSO and the measured cytokine
level and proliferation rate of these cells was set to 100%. As in all siRNA validation
experiments in CD4" T cells (see chapter 3.6), the stimulation condition 0.3 pg anti-CD3/well
and 0.3 pg anti-CD28/ml was used for all functional studies.

1 uM RP73401 (a2 maximum concentration that guarantees PDE4 selectivity) significantly
inhibited anti-CD3/CD28 induced IL-2 release 24 h and 48 h after stimulation (mean + SD =
~39+12% and ~65 * 16% inhibition, respectively), IFN-y release 48 h and 72 h after
stimulation (~45+ 9% and ~52 + 11% inhibition, respectively), and IL-5 release 72 h after
stimulation (~43 + 13% inhibition; Figure 35 second bars). Under these conditions, proliferation
was also inhibited, but to a lesser extent (~13 £ 4% inhibition 66 h after stimulation). 10 pM
motapizone (a maximum concentration that guarantees PDE3 selectivity) significantly inhibited
anti-CD3/CD28 induced IL-2 release 24 h and 48 h after stimulation (~30+ 13% and
~44 + 11% inhibition, respectively), IFN-y release 48 h and 72 h after stimulation (~25 £ 11%
and ~31 £ 12% inhibition, respectively), and IL-5 release 72 h after stimulation (~28 + 14%
inhibition), but hardly affected proliferation (~6 + 6% inhibition 66 h after stimulation; Figure 35
third bars). The combined application of both 1 uM RP73401 and 10 uM motapizone had
drastic effects on anti-CD3/CD28 induced T cell functions and significantly inhibited IL-2
release 24 h and 48 h after stimulation (~85 + 2% and ~91 + 9% inhibition, respectively), IFN-y
release 48 h and 72 h after stimulation (~86 £ 7% and ~88 + 7% inhibition, respectively), IL-5
release 72 h after stimulation (~89 + 13% inhibition), and proliferation 66 h after stimulation
(~50 £ 20% inhibition) to an extent being overall overadditive to the individual inhibition of
PDE4 or PDES3 (Figure 35 fourth bars).
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Figure 35. Suppression of CD4" T cell functions by PDE inhibition. Cells treated with the
nucleofection procedure alone (NF control cells) were stimulated with 0.3 ug anti-CD3/well in
combination with 0.3 pug anti-CD28/ml 24 h after nucleofection and cultured for the indicated periods
of time either in the presence of 0.1% DMSO or additionally in the presence of 1 uM RP73401 (= RP,
piclamilast), 10 hM motapizone (= Mota), or 1 uM RP73401 combined with 10 uM motapizone
(= RP + Mota). Supernatants were collected and cytokine concentrations were determined by
enzyme-linked immunosorbent assays. Alternatively, the proliferation rate was measured as detailed
in Materials and Methods. Data are shown as mean +SD (%) of 4 -6 donors. Significance of
differences is indicated: **, p < 0.01; compared to NF control (+ 0.1% DMSO).

3.7.3 Suppression of cytokine release and proliferation by Itk-specific SiRNA

To ascertain how siRNAs can affect T cell functions, in addition to the application of PDE4
subtype-specific siRNAs (see chapter 3.8), control experiments were performed with siRNA
specific for Itk (IL-2 inducible T cell kinase). Itk is a member of the Tec family kinases and has
been shown to be involved in key regulatory signal pathways of T cell activation (Schwartzberg
et al., 2005; Berg et al., 2005). Because T cells from mice deficient in Itk have a defective IL-2
secretion and an impaired TCR-mediated proliferation (Liao and Littman, 1995; Liu et al.,
1998), siRNA targeting Itk was expected to have also a pronounced functional impact on these
functional read-out parameters. The Itk-siRNA (Dharmacon) used in the present study was
validated by Dr. O. Steinbach and J. Gilbert at the ALTANA Research Institute (Waltham,
USA), who tested the Itk-siRNA for tolerability, efficacy, and off-target effects. The ltk-siRNA
was shown to be specific, effective (~60 - 70% knockdown of both mRNA and protein), and
well tolerated (personal communication). Thus, in the experiments performed in this study, Itk-
siRNA served as positive control. In order to compare the effects of Itk-siRNA on T cell
functions with the effects of the panPDE4 inhibitor RP73401 (see chapter 3.7.2), human
primary CD4" T cells were nucleofected with non-targeting siRNA (NEG_si) or siRNA targeting
Itk (Itk_si in Figure 36). After a 24 h resting period, transfected cells were stimulated with anti-
CD3/CD28 for the indicated periods of time and IL-2 secretion and the proliferation rate were
measured. To adjust for DMSO concentrations, transfected cells were treated with 0.1%
DMSO. The measured cytokine level and proliferation rate of nucleofected control cells (no
siRNA applied) was set to 100% (identical with first bar of respective read-out parameters in
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Figure 35). Whereas 1.5 pM non-targeting siRNAs did not affect anti-CD3/CD28 induced
cytokine release or proliferation, 1.5 uM ltk-siRNA significantly inhibited anti-CD3/CD28
induced IL-2 release 24 h and 48 h after stimulation (mean + SD = ~74 £ 19% and ~63 £ 17%
inhibition, respectively; Figure 36 fourth bars). Moreover, Itk-siRNA had anti-proliferative
effects (~19 £ 13% inhibition 66 h after stimulation). Compared to the suppressive effects of
the panPDE4 inhibitor RP73401 (identical with second bar of respective read-out parameters
in Figure 35) on IL-2 release and proliferation, siRNA targeting Itk was similar effective (IL-2,
48 h and proliferation, 66 h) or even more effective (IL-2, 24 h) (Figure 36).

These experiments demonstrated that the application of the siRNA technique to human
primary CD4" T cells is a powerful tool to study the functional significance of proteins in T cells.
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Figure 36. Suppression of CD4" T cell IL-2 release and proliferation by RP73401 and Itk-siRNA.
Cells treated with the nucleofection procedure alone (NF control) were stimulated with 0.3 ug anti-
CD3/well in combination with 0.3 pg anti-CD28/ml 24 h after nucleofection for the indicated periods of
time either in the presence of 0.1% DMSO or additionally in the presence of 1 uM RP73401 (= RP,
piclamilast). These data are identical to Figure 35 (first and second bars of functional read-out
parameters). Alternatively, cells were nucleofected with 1.5 uM non-targeting siRNA (NEG_si) or with
1.5 uM siRNA targeting Itk (Itk_si) 24 h before stimulation. To adjust for DMSO concentrations, 0.1%
DMSO was added to the siRNA-treated cells. Data are shown as mean + SD (%) of 4 - 6 donors.
Supernatants were collected and IL-2 concentrations were determined by enzyme-linked
immunosorbent assays. The proliferation rate was measured as detailed in Materials and Methods.
Significance of differences is indicated: ns, not significant; **, p < 0.01; ***, p < 0.001; compared to NF
control (+ 0.1% DMSO) or ltk treatment compared to RP treatment.

3.8 Impact of PDE4 subtype-specific sSiRNAs on T cell functions

To ascertain which individual PDE4 subtype(s) mediate the inhibitory effect on T cell function,
PDE4 subtype-specific siRNAs were nucleofected into human primary CD4™ T cells. After a
24 h resting period, transfected cells were stimulated with anti-CD3/CD28. 1.5 uM non-
targeting siRNA was used as control for statistical analysis (NEG_si). The functional impact of
individual siRNAs on cytokine release (Figure 37, Figure 38, and Figure 39) and on cell
proliferation (Figure 40) is reported in % of the RP73401 effect shown in Figure 35 (second bar
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of experimental read-out parameters), which can be assumed to represent the maximal effect
and was set therefore to 100%. Because additional application of the PDE3 inhibitor
motapizone can enlarge the effects of PDE4 inhibition in an overadditive manner (see
Figure 35, last column of experimental read-out parameters), all experiments were performed
both in the absence and in the presence of 10 uM motapizone. The functional impact of
individual siRNAs on cytokine release and on cell proliferation in the presence of motapizone is
reported in % of the combined RP73401 and motapizone effect, which was set to 100% in
these experiments.

The application of non-targeting siRNA (NEG_si in Figures) had no effect on any of the
investigated functional read-out parameters. For better clarity, the individual effects of PDE4
subtype-specific siRNAs on T cell function will not only be reported in the following chapters,

but will also be summarized in Table 10 (chapter 3.8.5, reported as mean + SD).

3.8.1 Functional impact of PDE4 subtype-specific siRNAs on IL-2 release in CD4" T cells

Regarding IL-2 synthesis 24 h after stimulation, siRNA targeting PDE4A showed no significant
inhibitory effect, however, knockdown of either PDE4B or PDE4D significantly suppressed anti-
CD3/CD28 induced IL-2 release to an extent close to that observed with RP73401
(Figure 37A). Remarkably, the combined application of siRNAs targeting PDE4A, PDE4B, and
PDE4D (PDE4_all_si), caused the most pronounced inhibitory effect on IL-2 release 24 h after
stimulation. The additional application of motapizone qualitatively confirmed the effects of
PDE4 subtype-specific siRNAs, however, the overall efficacy of the siRNAs to suppress IL-2
release 24 h after stimulation quantitatively decreased in the presence of motapizone when
compared to the pronounced effects of the combined application of RP73401/motapizone
(Figure 37B).

To study the functional effects of PDE4 subtype-specific siRNAs on IL-2 release at a later time
point, cells were stimulated for 48 h. At this time point, the efficacies of PDE4 subtype-specific
siRNAs to suppress anti-CD3/CD28 induced IL-2 release were overall less pronounced than
the effects observed with 1 uyM RP73401. However, whereas siRNA targeting PDE4A showed
no significant inhibitory effect on IL-2 synthesis, knockdown of either PDE4B or PDE4D
significantly suppressed anti-CD3/CD28 induced IL-2 release, with the combined application of
all siRNAs being most effective (Figure 37C). Likewise to the experiments performed with the
24 h stimulation period, the additional application of motapizone qualitatively confirmed the
individual effects of the applied PDE4-subtype specific siRNAs on IL-2 secretion 48 h after
stimulation (Figure 37D).
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Figure 37. Suppression of anti-CD3/CD28 induced IL-2 synthesis by PDE4 subtype-specific
siRNAs. 1.5uM non-targeting siRNA (NEG_si) or PDE4 subtype-specific siRNAs were
nucleofected into human primary CD4* T cells. Cells were left in culture for 24 h and were then
stimulated with 0.3 ug anti-CD3/well in combination with 0.3 pug anti-CD28/ml. The siRNA-mediated
suppression of IL-2 secretion after 24 h in the absence (A) or presence (B) of 10 uM motapizone
and the siRNA-mediated suppression of IL-2 secretion after 48 h in the absence (C) or presence
(D) of 10 pM motapizone is reported in % of the RP73401 effect. NEG_si, non-targeting control
siRNA; PDE4_all_si, combined application of PDE4A_si, PDE4B_si, and PDE4D_si. Results are
expressed as mean +SD of 4-6 donors. Significance of differences is indicated: ns, not
significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001, compared to 1.5 uM NEG_si.

3.8.2 Functional impact of PDE4 subtype-specific SiRNAs on IFN-y release in CD4" T cells

Because substantial amounts of IFN-y were only measured at later time points, the functional
impact of PDE4 subtype-specific siRNAs on IFN-y was investigated 48 h and 72 h after anti-
CD3/CD28 stimulation. After stimulation for 48 h, siRNA targeting PDE4A and PDE4B had no
significant inhibitory effect on IFN-y release. In contrast, siRNA targeting PDE4D had a similar
suppressive effect on IFN-y synthesis than RP73401 (Figure 38A). However, the inhibitory
effect of PDE4D-siRNA was increased by the combined application of all siRNAs. Although the
overall efficacy of the PDE4 subtype-specific siRNAs quantitatively decreased by the additional
application of motapizone, the predominant inhibitory effect of the siRNA targeting PDE4D was
qualitatively confirmed (Figure 38B).

To ascertain whether the functional effects of PDE4 subtype-specific siRNAs on anti-
CD3/CD28 induced IFN-y generation were maintained for a longer time period, the
experiments were repeated and cells were stimulated for 72 h. At this time point, similar results
were observed than reported for the 48 h stimulation period. Whilst PDE4A-siRNA had again
no significant inhibitory effect on IFN-y release, PDE4B-siRNA had a slightly higher inhibitory



RESULTS 79

effect, and PDE4D-siRNA showed the most pronounced inhibitory effect on IFN-y synthesis
similar to RP73401 (Figure 38C). The combined application of all siRNAs was most effective in
inhibiting IFN-y release 72 h after stimulation. Considering the additional application of
motapizone (Figure 38D), the results qualitatively confirmed the individual suppressive effects
of the applied PDE4-subtype specific siRNAs on anti-CD3/CD28 induced IFN-y synthesis
observed in the absence of motapizone. However, the overall efficacies of the siRNAs
decreased compared to the pronounced effect of RP73401 in combination with motapizone.
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Figure 38. Suppression of anti-CD3/CD28 induced IFN-y synthesis by PDE4 subtype-specific
siRNAs. Experiments were performed as detailed in the legend of Figure 37, however, read-out
parameters were the siRNA-mediated suppression of anti-CD3/CD28 induced IFN-y secretion after
48 h in the absence (A) or presence (B) of 10 uM motapizone and after 72 h in the absence (C) or
presence (D) of 10 uM motapizone. Results are expressed as mean +SD of 5-6 donors.
Significance of differences is indicated: ns, not significant; *, p < 0.05; ***, p < 0.001, compared to
1.5 uM NEG_si.

3.8.3 Functional impact of PDE4 subtype-specific sSiRNAs on IL-5 release in CD4* T cells

Although substantial amounts of IL-5 were measured in the supernatants of anti-CD3/CD28
stimulated human primary CD4" T cells at 48 h and 72 h (see Figure 34), the reported effects
of the nucleofection procedure alone (see chapter 3.6.3) resulted in IL-5 levels that were at the
detection limit at 48 h. Thus, the functional impact of PDE4 subtype-specific siRNAs on IL-5
release was only investigated at 72 h. At this time point, IL-5 synthesis was not significantly
affected by the application of siRNAs targeting PDE4A and PDE4B, but was significantly
inhibited by knockdown of PDE4D, to an extent close to that obtained with RP73401
(Figure 39A). The combined application of siRNAs targeting PDE4A, PDE4B, and PDE4D
caused the most pronounced inhibitory effect on cytokine release. Whilst the combination of
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RP73401 and motapizone was highly effective to suppress anti-CD3/CD28 induced IL-5
release, the combination of PDE4 subtype-specific siRNAs and motapizone was overall less
effective (Figure 39B). However, the application of PDE4D-siRNA alone and the combined
application of siRNAs were shown to significantly suppress IL-5 secretion in the presence of

motapizone, which qualitatively confirmed the results obtained in the absence of motapizone.
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Figure 39. Suppression of anti-CD3/CD28 induced IL-5 synthesis by PDE4 subtype-specific
siRNAs. Experiments were performed as detailed in the legend of Figure 37, however, read-out
parameters were the siRNA-mediated suppression of anti-CD3/CD28 induced IL-5 secretion after
72 h in the absence (A) or presence (B) of 10 uM motapizone. Results are expressed as
mean + SD of 4 donors. Significance of differences is indicated: ns, not significant; **, p < 0.01; ***,
p < 0.001, compared to 1.5 uM NEG_si.

3.8.4 Functional impact of PDE4 subtype-specific SiRNAs on proliferation in CD4* T cells

Whereas in the latter experiments the determination of cytokine levels was taken as functional
read-out parameter (as detailed in chapters 3.8.1 - 3.8.3), the functional impact of PDE4
subtype-specific siRNAs on anti-CD3/CD28 induced T cell proliferation was ascertained in the
following set of experiments. Under the conditions applied, the relatively weak inhibitory effect
of RP73401 on T cell proliferation after 66 h of anti-CD3/CD28 stimulation (compare Figure 35)
was mimicked by PDE4D knockdown, whereas siRNA targeting PDE4A and PDE4B were
hardly effective (Figure 40A). Furthermore, the addition of the latter two siRNAs to PDE4D-
siRNA did not further increase the inhibitory effect on T cell proliferation. Although the
additional application of motapizone qualitatively confirmed the effects of PDE4 subtype-
specific siRNAs on proliferation 66 h after stimulation (Figure 40B), the overall anti-proliferative
efficacy of the siRNAs quantitatively decreased in the presence of motapizone compared to
the combined effects of RP73401 and motapizone.
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Figure 40. Suppression of anti-CD3/CD28 induced T cell proliferation by PDE4 subtype-
specific siRNAs. Experiments were performed as detailed in the legend of Figure 37, however,
read-out parameters were the siRNA-mediated suppression of anti-CD3/CD28 induced T cell
proliferation ([*H]-thymidine incorporation) after 66 h in the absence (A) or presence (B) of 10 uM
motapizone. Results are expressed as mean + SD of 6 donors. Significance of differences is
indicated: ns, not significant; *, p < 0.05; ***, p < 0.001, compared to 1.5 uM NEG_si.

3.8.5 Summary: Impact of PDE4 subtype-specific siRNAs on T cell function

As detailed above (chapters 3.8.1 - 3.8.4), individual PDE4 subtype-specific siRNAs were
shown to affect anti-CD3/CD28 induced T cell cytokine release (IL-2, IFN-y, and IL-5) and T
cell proliferation differently. For the purpose of clarity, the functional impact of the siRNAs was

reported without the respective numerical values. To get a comprehensive overview of the

experimental read-outs, the functional impact of individual siRNAs on cytokine release and on

cell proliferation is summarized in Table 10.

Table 10. Summary of PDE4 subtype-specific, siRNA-mediated suppression of T cell functions®

Mean suppression by siRNA in [%] of RP73401 effect + SD (p-value)

Mota-
Parameter  pizone NEG_si PDE4A_si PDE4B_si PDE4D_si PDE4_all_si n
IL-2 no -47+257  355+226(ns) 751 +146(%) 87.8+23.1 (™) 111.3+354 (") 4
(24 h) yes -16.0 + 24.1 15.9+15.0 () 41.0£12.9 (™) 49.6+13.9 (™) 62.0+205(*) 4
IL-2 no -5.2 + 40.1 17.8+33.1(ns) 48.4+16.9 (™) 549+11.4(™) 625+259 (™) 5
(48 h) yes 0.3+27.2 258+21.8(ns) 525+29.9 (**) 62.9+283 (™) 753+229(*) 6
IFN-y no -7.0+36.6 18.8+35.6 (ns) 19.9+13.9(ns) 88.2+18.4(***) 1055%20.8(*) 5
(48 h) yes 33+229 12.9+18.4 (ns) 95+19.2(ns) 486+141(™) 67.9+13.2("*) 6
IFN-y no 6.0+247  261+19.4(ns) 36.8+18.3() 87.5%18.0(™*) 1024211 (") 6
(72 h) yes 2.3+236 16.6+9.9 (ns)  232%14.2(") 595+12.4(**) 722+13.7(*) 6
IL-5 no 52+237  405+258(ns) 412+289(ns) 86.3+39.4 (%) 1144121 (™) 4
(72 'h) yes 17.6 £27.6 306+ 17.6 (ns) 29.8+23.5(ns) 64.8+58(*) 746:+132(*) 4
Proliferation ~ no 9.4+32.1 19.3+21.7(ns) 225234 (ns) 93.5+31.4 (™) 97.3+496 () 6
(66 h) yes 5.7 +6.2 159+18.9(ns) 18.3+283(ns) 405+13.1() 61.0+464 (") 6

# Human primary CD4* T cells were nucleofected with 1.5 pM non-targeting siRNA (NEG_si) or PDE4 subtype-specific
siRNAs (PDE4A_si, PDE4B_si, or PDE4D_si, respectively). Additionally, PDE4A_si, PDE4B_si, and PDE4D_si siRNAs were
applied in combination (PDE4_all_si). Cells were left in culture for 24 h and were then stimulated with 0.3 ug anti-CD3/well

and 0.3 pg anti-CD28/ml. Besides, nucleofected cells (no siRNA applied) were treated with 0.1% DMSO or 1 uM RP73401

(see Figure 35). The siRNA-mediated suppression of T cell functions is reported in % of the RP73401 effect. In addition,

10 uM motapizone were included. For the latter experiments, the siRNA-effects are reported in % of the combined RP73401

and motapizone effect. Significance of differences is indicated: ns, not significant, p > 0.05; *, p < 0.05; **, p <0.01; ***,
p < 0.001, compared to 1.5 uM NEG_si.
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4 DISCUSSION

One aim of this study was to clarify the time-dependent expression profile and regulation of the
four PDE4 subtypes in human primary immune cells, such as CD4" T cells, CD8" T cells,
monocytes, monocyte-derived macrophages, and monocyte-derived dendritic cells. Next, it
was intended to validate an antisense- and a siRNA-mediated knockdown strategy to induce
PDE4 subtype-specific mRNA and protein knockdown in the human lung adenocarcinoma
epithelial cell line A549 and to transfer the superior strategy to human primary CD4* T cells.
The final intension was to elucidate which PDE4 subtypes are of importance for immune cell
functions such as T cell cytokine production and proliferation.

4.1 PDEA4 subtype expression and regulation in human primary
CD4* T cells

CD4" T helper cells play a key role as regulators of the immune system. A central task of CD4"
T lymphocytes in initiating the adaptive immune response is the recognition of antigens, i.e.,
the interaction of the T cell antigen receptor (TCR) with a small foreign peptide bound to a cell
surface protein of the class Il histocompatibility complex (MHC Il) expressed on an antigen-
presenting cell (Davis and Bjorkman, 1988). Subsequently, released cytokines are potent
mediators of immunity and inflammation (Larsen and Henson, 1983). Because CD4" T helper
cells are essential cells in the orchestration of inflammatory cell responses (Tattersfield et al.,
2002), are well-defined target cells for PDE4 inhibitors (Torphy, 1998; Souness et al., 2000),
and can be transfected (Gresch et al., 2004), these cells were primarily addressed in the
present study. Moreover, the functional relevance of individual PDE4 subtypes is largely
unknown in CD4" T cells.

Primary CD4* T cells isolated from human whole blood by negative selection using magnetic
bead cell separation were highly pure and showed low CD25 (IL-2 receptor a-chain) surface
expression (see chapter 3.3.1). In general, CD25 expression can be attributed to a
subpopulation of CD4* T cells that coexpress CD25 as surface marker, termed regulatory
CD4* T cells (Sakaguchi et al., 1995), or to stimulated CD4" T cells (Taniguchi and Minami,
1993). The low CD25 expression that was observed indicates that only few regulatory T cells
were in the isolated cell population and that other CD4" T cells were not stimulated by the
isolation procedure. To activate resting CD4" T lymphocytes, TCR- and CD28-costimulation
was used in order to closely mimic the physiological conditions relevant to human in the
experiments (June et al., 1994; Chambers and Allison, 1999; Acuto et al., 2003). After anti-
CDS3 stimulation, CD25 surface expression of CD4" T cells was substantially upregulated.
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However, the highest induction was observed when the cells were additionally treated with
anti-CD28 antibodies, indicating that the upregulation of CD25 was dependent on
costimulation. These findings are partly in agreement with a study of Liu and coworkers (Liu et
al., 2001a), who reported an extensive upregulation of CD25 surface expression of human
primary CD4" T cells after anti-CD3/CD28 stimulation, but no induction of CD25 surface
expression after anti-CD3 stimulation alone. Because the upregulation of CD25 surface
expression was a well defined and stable read-out parameter, cytometric analysis of CD25
expression was used in the present study to control the stimulation and activation status of
CD4" T cells in the experiments.

4.1.1 PDE4 subtype mRBNA expression and regulation in CD4"* T cells

Using quantitative PCR, PDE activity assays combined with an immunoprecipitation protocol,
and immunodetection experiments, it is demonstrated in this study that PDE4 subtypes are
differently expressed in human primary CD4* T lymphocytes and are differentially regulated
upon anti-CD3/CD28 stimulation.

Quantitative PCR (see chapter 3.3.2) revealed that PDE4A, PDE4B, and PDE4D mRNA are
expressed in untreated CD4" T cells, whereas PDE4C was not detected, which is in agreement
to an earlier report (Giembycz et al., 1996). The highest mRNA expression level was found for
PDE4D, followed by PDE4B and PDE4A, the latter having a substantially lower expression
level. These findings are partly in accordance with earlier studies based on semi-quantitative
PCR experiments. Whereas Landells and coworkers (Landells et al., 2001) found high PDE4D
MRNA expression in CD4" T cells, Gantner et al. (Gantner et al., 1997b) found PDE4B
expression levels above PDE4A, but could not detect a substantial amount of PDE4D. Upon
anti-CD3/CD28 stimulation, a time-dependent upregulation of PDE4A, PDE4B, and PDE4D
MRNA expression was detected in the present study. Whereas PDE4A and PDE4D were
upregulated within five days with the highest expression levels at 120 h (the latest time point
measured), PDE4B only showed a transient upregulation with highest levels 16 - 24 h after
stimulation. Although no comprehensive PDE4 subtype expression study with highly pure
CD4" T cells has been reported to date, the induction of PDE4 subtypes observed in the
present report is partly in agreement with other studies. Seybold and coworkers (Seybold et
al.,, 1998) revealed an increase in PDE4 expression in mixed CD4" and CD8" T cells after
treatment with fenoterol or 8-Bromo-cAMP, which caused an upregulation of PDE4A and
PDE4D mRNA. Similarly, phytohemagglutinin, dibutyryl-cAMP, and 1-methyl-3-
isobutylxanthine induced PDE4A and PDE4D mRNA in human peripheral blood lymphocytes
(Jiang et al., 1998). In contrast, one study (Kanda and Watanabe, 2001) reported that
phytohemagglutinin or anti-CD3/CD28 stimulation increased PDE4 activity 30 min after
stimulation, but did not elevate de novo mMRNA expression. Contrary to the present report, the
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latter study did use a mixed CD4" and CD8* T cell population, another stimulation protocol,
shorter stimulation periods, and a semi-quantitative PCR strategy.

Because different stimulation conditions can impact the efficacy of PDE4 inhibitors
(unpublished observations of Dr. Hatzelmann, ALTANA Pharma AG, Konstanz), it was
elucidated whether PDE4 subtypes are differently expressed and regulated in response to a
wide array of anti-CD3 and anti-CD28 concentrations (see chapter 3.3.3). The time-dependent
expression and regulation of PDE4 subtypes in CD4" T cells were not found to be influenced
by the strength of the anti-CD3 stimulus nor the costimulatory anti-CD28 signal. Obviously, the
above-described PDE4 subtype mRNA regulation can be induced by anti-CD3 stimulation
alone as well as by medium and strong costimulation conditions. Thus, the susceptibility of
PDE4 inhibitors to different anti-CD3/CD28 stimulation conditions cannot be explained on the
level of PDE4 subtype mRNA expression.

Human primary CD4" T cells are a heterogeneous group of different subpopulations, among
them naive and memory T cells, which are distinguished by their surface markers CD45RA
and CD45RO0, respectively (Bell et al., 1998). These two subpopulations can be separated
rather easily and in sufficient amounts. Considering the generally lower activation threshold
dedicated to memory effector T cells (Lanzavecchia and Sallusto, 2000), it was asked whether
PDE4 subtypes are differentially regulated in these two subpopulations. Although a marginally
higher PDE4 subtype expression and a slightly faster and more pronounced induction of
individual PDE4 subtypes in memory CD4* T cells was found, these differences were
statistically not significant between naive and memory T cells (see chapter 3.3.4). These
findings indicate that naive and memory CD4" T cells express the same set of PDE4 subtypes,
and that PDE4 subtypes are similarly regulated after anti-CD3/CD28 stimulation. These
findings are in line with a microarray study, in which Lui and coworkers (Liu et al., 2001a)
analyzed over 54000 cDNAs and observed that similar numbers of transcripts were expressed
in memory and naive CD4" T cells at rest and after 16 h of anti-CD3/CD28 activation.
However, the increase in mRNA levels of upregulated genes after anti-CD3/CD28 stimulation
was greater in memory than in naive CD4" T cells. Although PDE4A and PDE4B mRNA
expression were substantially upregulated in the present study, this induction was not
determined in the study by Liu, demonstrating that transcriptome-wide microarrays cannot
substitute individual quantitative PCR experiments. Considering the similar expression and
regulation of PDE4 subtypes both in naive and memory CD4* T cells, it was decided to
perform all further experiments with CD4* T cells not further purified into different

subpopulations.
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4.1.2 Protein activity of PDE4 subtypes in CD4* T cells

To ascertain whether the induction of PDE4 subtypes observed in quantitative PCR
experiments translates in an increase in PDE4 enzyme activity, cCAMP hydrolyzing PDE activity
assays were performed (see chapter 3.3.5). After stimulation with anti-CD3/CD28, total cAMP
hydrolyzing PDE activity increased time-dependently during the examined time period (0 -
120 h). The increase in total PDE activity was based on a pronounced upregulation of PDE4
activity, whereas PDE4 independent activity decreased 24 h after stimulation, was recovered
to baseline levels 72 h after stimulation, and was only slightly increased at 120 h after
stimulation. The PDE4 independent activity might be composed of several isoforms of cAMP-
hydrolizing PDE families, of which PDE1, PDE3, PDE7, and PDE8 were described to be
expressed in T cells (Schudt et al., 1995; Giembycz et al., 1996; Li et al., 1999; Glavas et al.,
2001). The ‘long-term’ induction of PDE4 activity upon stimulation of T cells was also shown by
others (Seybold et al., 1998). In contrast, one study (Kanda and Watanabe, 2001) reported
that anti-CD3/CD28 stimulation increased PDE4 activity on a ‘short-term’ basis (30 min), but
did not elevate de novo PDE4 protein. Long- and short-term regulation processes of PDE4
subtypes will be further discussed in chapter 4.1.4.

With the intension to assign the observed increase in PDE4 activity to the protein activities of
individual PDE4 subtypes, PDE4 subtypes were immunoprecipitated with antibodies
recognizing PDE4A, PDE4B, or PDE4D prior to activity assays (see chapter 3.3.5).
Immunoprecipitation with these antibodies is a well-established technique in the laboratory of
Prof. Conti (Stanford University School of Medicine, Stanford, USA) (lona et al., 1998; Ariga et
al.,, 2004; Jin et al., 2005). In order to test this immunoprecipitation technique in lysates of
human primary CD4" T cells, a research training was carried out at the laboratory of Prof. Conti
and the technique was transferred to ALTANA Pharma AG, Konstanz. Immunoprecipitation
experiments revealed that in untreated CD4* T cells PDE4D had the predominant activity,
followed by PDE4B activity, and lower levels of PDE4A activity. After anti-CD3/CD28
stimulation, PDE4A activity was greatly induced starting at 72 h, whereas PDE4B activity was
transiently upregulated with highest activity 24 h after stimulation. PDE4D activity remained
relatively constant during the first 48 h after stimulation, but increased at the end of the
examined time period (72 h and 120 h). In general, the time-dependent PDE4 activity profiles
determined in the present study measured by PDE4 subtype-specific immunoprecipitations
closely resembled the PDE4 expression profiles found for mRNA levels measured by
quantitative PCR. A time delay between changes of mMRNA levels and enzyme activities was
observed as expected since protein synthesis is subsequent to mRNA transcription. However,
some differences were observed in the extent of mMRNA and activity upregulation. Whereas
PDE4A showed an approx. 15-fold induction and PDE4D an approx. 4-fold induction on mRNA
level, PDE4 activities increased only 4-fold and 1.5-fold, respectively. In contrast, upregulation
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of PDE4B activity was more pronounced than PDE4B mRNA upregulation (3.4-fold versus 2-
fold). Whereas results by quantitative PCR directly reflect the number of mMRNA molecules in
the cell, PDE activity is not only influenced by the amount of the enzyme but also by other
parameters such as phosphorylation and protein-protein interactions (see chapters 4.1.4 and
4.8). Therefore, changes on the mRNA level may not quantitatively reflect the changes in
enzymatic activity. Taken together, PDE activity assays combined with an
immmunoprecipitation protocol revealed that PDE4 subtypes have distinct protein activities
that are differentially regulated after anti-CD3/CD28 stimulation in human primary CD4" T cells.
Collectively, PDE4-subtype specific enzyme activities qualitatively resembled the determined
mRNA expression profile in these cells.

4.1.3 Protein expression of PDE4 subtypes in CD4" T cells

Although the primary goal of the study was to analyze the different PDE4 subtypes, it was also
assessed whether the observed subtype expression patterns can be attributed to certain splice
variants (see chapter 3.3.6). Proteins of different lengths were detected in immunodetection
experiments, indicating that multiple splice variants are expressed for each individual subtype.
In untreated T cells, the antibody directed against PDE4A detected two bands, presumably
corresponding to short and long forms of PDE4A. However, after stimulation, no increase of
the amount of protein was observed. Since the induction of immunoprecipitated PDE4A activity
is in good agreement with the upregulation of PDE4A mRNA, it may be possible that the
antibody used for immunodetection experiments, which was different from the antibody used
for immunoprecipitation, may not have detected all expressed PDE4A splice variants. Whereas
for PDE4A this discrepancy was found between the mRNA and enzyme activity data versus
the immunodetection data, the corresponding data sets were in good agreement for the
PDE4B and PDE4D subtypes. If one considers the two prominent bands (slightly above
100 kDa and at ~75 kDa) displayed by the PDE4B antibody, an increase in the overall PDE4B
protein amount 24 h after stimulation is comprehensible. A reduction is obvious at later time
points. For PDE4D a clear induction is found for the proteins 60 - 75 kDa in size. Most
remarkably, the different splice variants detected for PDE4B and PDE4D are not regulated
uniformly. Especially, the immunoblot of PDE4B displays a time-dependent reduction of
PDE4B long form(s) paralleled by a pronounced transient upregulation of the PDE4B short
form. The immunoblot of PDE4D shows PDE4D long forms above 85 kDa in size, which are
rather unaffected after stimulation. The detected proteins of 60 - 75 kDa in size may represent
PDE4D short forms, which are clearly upregulated after stimulation. Whereas others used an
antiserum recognizing all PDE4 isoenzymes with a preference for PDE4A splice variants and
could only detect few PDE4 splice variants (Seybold et al., 1998), the application of PDE4
subtype-specific antibodies in the present study allowed the detection of several PDE4 splice
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variants for each PDE4 subtype. Taken together, the immunoblots supplement the PCR and
enzyme activity results. In addition, the data highlight that multiple splice variants further
increase the complexity in the regulation of PDE4 subtypes in CD4* T cells.

4.1.4 Long- and short-term regulation of PDE4 subtypes

The present study indicates that PDE4 subtypes show a stimuli-induced transcriptionally
upregulation of PDE4A, PDE4B, and PDE4D mRNA transcripts in CD4" T cells within different
time periods (0 - 120 h examined). Transcriptional upregulation of PDE4 subtypes was first
described by Conti and coworkers (Swinnen et al., 1989b). They observed a strong, long-term
transcriptional upregulation of PDE4 mRNA in rat sertoli cells after FSH or dibutyryl-cAMP
stimulation, pointing to the presence of intronic cAMP- and hormone inducible promoters, as
were found for PDE4D1 and PDE4D2 transcripts (Vicini and Conti, 1997). Le Jeune et al.
identified a CRE- (cAMP-response element) containing, isoform specific promoter in PDE4D5,
which is responsible for the cAMP-driven upregulation of PDE4D5 in human airway smooth
muscle cells (Le Jeune et al., 2002). Likewise, CREB was shown to regulate the short PDE4B2
promoter in cortical neurons (D'Sa et al., 2002). In the PDE4A gene, Rena and co-workers
described gene motifs with promoter-like activity (Rena et al., 2001). Because the present
study shows transcriptional upregulation of PDE4A, PDE4B, and PDE4D mRNA, which
resulted in increased PDE4 enzyme expression and activities in human primary CD4" T cells,
several of the above described promoter-activities may also be involved in the regulation of
PDE4 subtypes in human primary immune cells.

In addition to long-term regulation mechanism, short-term activation processes for PDE4
subtypes were described via PKA-dependent phosphorylation within minutes, providing quick
negative feedback regulation in respond to cAMP stimuli (Sette and Conti, 1996; Ekholm et al.,
1997; MacKenzie et al., 2002; Laliberte et al., 2002). Whereas a PKA phosphorylation site was
found for all PDE4 long forms at the N-terminal end of UCR1, short forms of PDE4 lack this
phosphorylation site. Additionally, ERK phosphorylation was shown to control PDE4B, PDE4C,
and PDE4D long and short forms, by either inhibiting (long forms) or activating (short forms)
PDE4 isozymes (Baillie et al., 2000). Recently, a novel phosphorylation site was found for the
long PDE4D3 splice variant using PDE4D3-transfected COS cells. Phosphorylation of this site
leads to an activation in response to oxidative oxygen species in these cells (Hill et al., 2006).
In human primary T cells, Taskén and coworkers (Abrahamsen et al., 2004) confirmed that
anti-CD3/CD28 stimulation activates PKA and increases PDE4 activity within 2 min, a process
that was already described earlier (Kanda and Watanabe, 2001). In the present study, the
action of PKA or ERK on PDE4 phosphorylation was not examined. Considering that the
protein data obtained in human primary CD4* T cells qualitatively resemble the mRNA profile,
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observed changes in PDE4 activity are likely at least in part the result of transcriptional
induction of PDE4 subtypes.

By evaluating the comprehensive expression data, one can imply that the different expression
levels of the PDE4 subtypes in untreated CD4" T cells and their different induction upon
stimulation may have distinct effects on the regulation of T cell functions. For example, the
high expression and activity level of PDE4D at all examined time points (0 - 120 h) may
provide a constitutive high cAMP hydrolyzing capacity. PDE4B might be involved in regulating
early T cell activation, because PDE4B mRNA and activity showed a substantial but only
transient upregulation. Remarkably, PDE4A had the most pronounced x-fold upregulation of
both mRNA and activity. This induction of PDE4A was highest 120 h after stimulation and may
thus be involved in undefined long-term processes, which are beyond the scope of the
examined time window.

4.2 PDE4 subtype expression and regulation in human primary
CD8* T cells

Besides the effects on CD4" T lymphocytes, PDE4 inhibitors have also been shown to effect
other immune cells such as CD8" T lymphocytes (Giembycz et al., 1996; Souness et al.,
2000). CD8" T cells (cytotoxic T lymphocytes) are important mediators of adaptive immunity
against viral, protozoan, and bacterial pathogens and participate in the elimination of
transformed cells (Harty et al., 2000). Although still controversially discussed, it has been
recognized that CD8" T cells may also be important contributors to the development of allergic
responses in the lung (O'Sullivan et al., 2001; Gelfand and Dakhama, 2006). Furthermore,
CD8" T cells were shown to be implicated in the pathogenesis of COPD (Barczyk et al., 2006).

In the present study, the expression and regulation of PDE4 subtypes in human primary CD8"
T cells was elucidated using a quantitative PCR strategy. It was demonstrated that PDE4
subtypes are differently expressed in human primary CD8"* T lymphocytes and are differentially
regulated upon anti-CD3/CD28 stimulation (see chapter 3.4.1). Quantitative PCR data
revealed that PDE4A, PDE4B, and PDE4D mRNA are expressed in untreated CD8" T cells,
whereas PDE4C was not detected, which confirms an earlier report (Giembycz et al., 1996).
The highest mMRNA expression levels were found for PDE4B and PDE4D, whereas PDE4A
had a substantial lower expression level. Compared to resting CD4" T cells, the basal
expression level of PDE4 subtypes in resting CD8" T cells was similar. These findings are
partly in accordance with earlier studies based on semi-quantitative PCR experiments. Both
Gantner et al. (Gantner et al., 1997b) and Landells et al. (Landells et al., 2001) found PDE4A,
PDE4B, and PDE4D expression in human primary CD8" T cells. However, in the latter study,
overall lower PDE4 subtype mRNA expression in CD8" T cells was found when compared to
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CD4" T cells. Upon anti-CD3/CD28 stimulation, a time-dependent upregulation of PDE4A,
PDE4B, and PDE4D mRNA expression was detected, which was similar to the regulation of
PDE4 subtypes in anti-CD3/CD28 treated CD4" T cells (as discussed in chapter 4.1.1).
Whereas PDE4A and PDE4D were upregulated with the highest expression levels at 84 h (the
latest time point measured), PDE4B only showed a transient upregulation with highest levels
16 - 24 h after stimulation. The induction of PDE4 subtypes upon stimulation of T cells shown
in the present report is partly in agreement with other studies, where mixed CD4" and CD8" T
cells were used (Seybold et al., 1998; Jiang et al., 1998; Kanda and Watanabe, 2001), as
discussed in chapter 4.1.1. The notion that a higher intersubject variability was observed in
CD8" T lymphocytes (Landells et al., 2001) was confirmed in the present study. As for PDE4
expression profiles in CD4* T cells, no comprehensive study using highly pure CD8* T cells for
quantitative PCR experiments has been reported to date.

Evaluation of the expression data obtained in CD8" T cells concludes that the different PDE4
subtypes are similarly expressed in CD4" and CD8" T cells and are similarly regulated after
anti-CD3/CD28 stimulation. These findings support the observation that CD4* and CD8" T
cells, although differently affecting airway inflammation, are equally sensitive to PDE4
inhibition (Tenor et al., 1995b), and confirm the concept that CD4" and CD8" T cells may be
equally sensitive targets for the effects of PDE4 inhibitors.

4.3 PDE4 subtype expression and regulation in human primary
monocytes, macrophages, and dendritic cells

Because human primary monocytes, macrophages, and dendritic cells are crucial cellular

components of the immune system that are affected by PDE4 inhibition (Giembycz et al,,

1996; Souness et al., 2000), the expression and regulation of PDE4 subtypes in these immune

cells was elucidated by quantitative PCR experiments.

4.3.1 PDE4 subtype mRNA expression in monocytes

Monocytes are potent producers of the pro-inflammatory cytokine TNF-a (Beutler and Cerami,
1988). Before migration into organs and differentiation into macrophages or dendritic cells,
monocytes circulate in the blood and highly express the surface marker CD14, which is
involved in the recognition of bacterial lipopolysaccharide (LPS) by the innate immune system
(Triantafilou and Triantafilou, 2002). Human primary monocytes can be isolated in sufficient
amounts from peripheral blood either by negative or by positive selection.

In the present study, negative isolation was initially performed to avoid potential activation
signals possibly mediated by paramagnetic antibody binding. However, monocytes obtained by
negative selection were less pure than monocytes isolated by positive selection using anti-
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CD14 paramagnetic antibodies, which is a common caveat of negative isolation protocols
(Gonzalez-Barderas et al., 2004). Because a microarray study (Gruetzkau et al., 2003) did not
detect significant changes in overall mRNA expression levels between negatively and
positively separated monocytes and because positive isolation had no effect on experimental
read-outs in the present study, the latter isolation procedure was favored. To additionally
increase the purity of monocyte preparations, isolated cells were left to adhere on culture
dishes and non-adherent cells were removed.

Quantitative PCR data revealed that PDE4A, PDE4B, and PDE4D mRNA were expressed in
untreated CD14" cells, whereas PDE4C mRNA was not detected (see chapter 3.4.2). In
contrast to CD4" and CD8" T cells, the highest mRNA expression level in monocytes was
found for PDE4B, followed by PDE4A and substantially lower levels of PDE4D. These
observations in resting monocytes confirm semiquantitative RT-PCR results (Gantner et al.,
1997b; Wang et al., 1999; Heystek et al., 2003), but are in variance to reports that showed
predominant levels of PDE4A mRNA (Souness et al., 1996) or failed to detect PDE4D mRNA
in human monocytes (Ma et al., 1999). Another study found low PDE4C mRNA expression in
monocytes (Barber et al., 2004). In the present study, quantitative PCR experiments
demonstrated that the overall expression level in resting monocytes was higher than in resting
CD4* and CD8" T cells, suggesting an overall higher PDE4 enzyme expression in monocytes
compared to T cells. Indeed, PDE4 activity analysis revealed higher PDE4 activities in resting
monocytes than in T lymphocytes (Schudt et al., 1995; Gantner et al., 1997a; Gantner et al.,
1997b).

4.3.2 PDE4 subtype mRNA expression in monocyte-derived macrophages (MoMag)

Whereas monocytes are mostly found in the peripheral blood, macrophages are located in
tissues and may act directly at the site of inflammation. As a critical cellular source of TNF-a
and other inflammatory mediators, alveolar macrophages have been recognized to play a
pivotal role in the pathophysiology of COPD (Barnes et al., 2003; Barnes, 2003a). Because it is
considerable elaborative to obtain human primary alveolar macrophages, in vitro monocyte-
derived macrophages have been used to study the effects of PDE4 inhibition on macrophages
(Gantner et al., 1997a). Interestingly, by application of human AB serum to the medium, the
high PDE4 activity found in human primary monocytes decreased if differentiated into
monocyte-derived macrophages (MoMg), which acquired a PDE profile very similar to that of
alveolar macrophages (Tenor et al., 1995a; Gantner et al., 1997a).

In the present study, it was asked whether the reduction of PDE4 activity during differentiation
is reflected in the amount of expressed PDE4 mRNAs. Thus, quantitative PCR experiments
were performed with monocytes that were differentiated to MoMe@ (see chapter 3.4.2). In these

macrophages (kept in culture for about one week), the expression profile was different from the
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expression pattern observed in monocytes. PDE4A, PDE4B, and PDE4D mRNA were
expressed in MoMg@, whereas PDE4C mRNA was not significantly detected. The highest
MRNA expression level was found for PDE4A, followed by very low levels of PDE4B and
PDE4D mRNA. Obviously, during differentiation, PDE4B was substantially downregulated,
whereas PDE4A and PDE4D mRNA expression were less affected. After LPS stimulation, only
PDE4B mRNA was significantly upregulated, indicating that PDE4B is likely the only LPS-
inducible PDE4 subtype in macrophages. These observations expand the proposition of Wang
and coworkers, which implicated a specific role of PDE4B in monocytes (Ma et al., 1999;
Wang et al., 1999). Interestingly, the latter study demonstrated that the short PDE4B2 form
was responsible for this induction. The functional relevance of these observations will be
further discussed in chapter 4.6.

4.3.3 PDE4 subtype mRNA expression in monocyte-derived dendritic cells (MoDCs)

Whilst macrophages can be derived from human primary monocytes without the application of
exogenous cytokines, addition of GM-CSF and IL-4 initiates in vitro the differentiation of
monocytes to cells with the phenotype and characteristics of immature dendritic cells (Sallusto
and Lanzavecchia, 1994; Gantner et al., 1999). Because the frequency of human primary
dendritic cells in peripheral blood is very low (Thomas et al., 1993; O'Doherty et al., 1993),
monocyte-derived dendritic cells (MoDCs) are largely used, although the functional repertoire
of MoDCs obtained with this differentiation protocol may be incomplete (Thurnher et al., 2001;
Soruri and Zwirner, 2005). As professional antigen-presenting cells, dendritic cells are critical
regulators for the induction of primary immune responses and the immunological tolerance:
Immature dendritic cells reside in tissues, where they capture antigens. Afterwards, they can
migrate to lymphoid organs and differentiate to mature dendritic cells (Banchereau and
Steinman, 1998; Banchereau et al., 2000). Mature dendritic cells secrete large amounts of
proinflammatory mediators and are capable to stimulate T cells. The analysis of CCR7 and
CD83 surface expression are good markers for determination of the maturation status
(Sallusto et al., 1998; Lechmann et al., 2002).

In the present study, in vitro monocyte-derived immature dendritic cells (immature MoDCs,
kept in culture for about one week) showed low levels of CCR7 and CD83 surface expression,
which were upregulated after 44 h of LPS stimulation, indicating that the cells differentiated
into matured dendritic cells (see chapter 3.4.3). Because PDE4 activity was shown to be
decreased in human MoDCs when compared to freshly isolated human primary monocytes
(Gantner et al., 1999), it was tested in the present study whether the amount of expressed
PDE4 subtype mRNAs was decreased as well. Quantitative PCR revealed that PDE4A,
PDE4B, and PDE4D mRNA were expressed in immature MoDCs, whereas PDE4C mRNA
was not detected. Overall, the PDE4 expression levels in MoDCs were similar to the
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expression profile obtained in MoMg (as discussed in chapter 4.3.2). The highest mRNA
expression level was found for PDE4A, followed by very low levels of PDE4B and PDE4D
mRNA. These findings indicate that PDE4B was substantially downregulated during
differentiation, whereas PDE4A and PDE4D mRNA expression were less affected. After LPS
stimulation, PDE4B mRNA was significantly upregulated in mature monocyte-derived dendritic
cells, pointing to PDE4B as the only subtype that is LPS-inducible, as was proposed for
monocytes (Ma et al., 1999; Wang et al., 1999). As indicated previously, the relevance of these
observations for cell function will be further discussed in chapter 4.6.

4.4 Application of mRNA knockdown strategies

As discussed in the previous sections, PDE4 subtypes are differently expressed in human
primary immune cells and are differentially regulated after stimulation. Thus, several PDE4
subtypes may play critical and specific roles in inactivating cAMP action and may be involved
in potentiating various cell responses by attenuating the negative constraint of cCAMP. Indeed,
the anti-inflammatory and immunomodulatory effect of PDE4 inhibitors is well described
(Torphy, 1998; Souness et al., 2000). However, current PDE4 inhibitors do not discriminate
between individual PDE4 subtypes, although several findings indicate that individual PDE4
subtypes may influence cell functions differently. Due to the lack of PDE4 subtype-specific
small molecule (SMOL) inhibitors, the functional impact of individual PDE4 subtypes in
immune cells cannot be assessed pharmacologically. However, because several mRNA
knockdown techniques have been shown to effectively degrade mRNA and to subsequently
suppress protein amount and activity of targeted genes, it was asked whether the application
of antisense-constructs or siRNAs are reliable approaches to degrade PDE4 subtypes on a
molecular basis in the present study. Initial knockdown experiments were performed in the
human lung adenocarcinoma epithelial cell line A549, because A549 cells are available in
large amounts, have a high PDE4 subtype expression, and can be transfected comparatively
easily with cationic lipids. Furthermore, it was intended to transfer the superior knockdown
technique (antisense or siRNA) to human primary CD4" T cells.

4.41 Lipofection of A549 cells with antisense-constructs

Antisense constructs applied in the present report were either first generation (AS'*") or second
generation (AS?") antisense constructs directed against individual PDE4 subtypes. AS'
constructs used in this study were phosphorothioate oligodeoxynucleotides, i.e., single
stranded DNA-oligonucleotides of different lengths (17 - 21 bases) that were chemically
modified to have a nonbridging oxygen atom of the DNA backbone phosphate group replaced
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by a sulfur atom (Stein and Narayanan, 1994). Besides steric inhibition of the translation
apparatus, target cells were shown to recognize DNA-mRNA hybrids, leading to subsequent
degradation of targeted mRNA by RNAse H activation and cleaving of the DNA-mRNA hybrid
(Crooke et al., 1995; Giles et al., 1995b). Phosphorothioates were shown to possess nuclease
resistance and water solubility, to induce strong RNAse H activation and specific mRNA
knockdown, and to have clinical relevance in molecular therapies (Alama et al., 1997; Patil et
al., 2005). However, reports about immune stimulatory effects and other undesirable effects
such as high protein binding capacities (Benimetskaya et al., 2004) have led to the
development of second generation chimeric antisense (AS*™) constructs with high efficacy and
tolerability (Giles et al., 1995a; Micklefield, 2001; Dias and Stein, 2002). In the present study,
chimeric AS?" constructs were used that contained a phosphorothioate backbone and 2'-
alkoxy modifications on the ribose residues at the first and last 4 - 6 bases in combination with
an optimized lipofection protocol that was shown to have improved specificity and tolerability
(Sonnemann et al., 2004a; Sonnemann et al., 2004b; Schmidt et al., 2006).

The efficiency to deliver antisense constructs into A549 cells in the experiments performed for
the present study was very high (see chapter 3.5.1), confirming that lipofection with cationic
lipids is an effective transfection technique (Felgner et al., 1987; de Lima et al., 1999; Rocha et
al., 2002). To maximize knockdown efficacy, various first generation antisense (AS')
oligophosphorothioates were screened for their activity to reduce corresponding PDE4 subtype
mRNA transcripts using quantitative PCR. From the most effective AS'' sequences, chimeric
AS®™ constructs were synthesized and tested for efficacy (see chapters 3.5.3 - 3.5.5).
Substantial and specific mMRNA, protein, and activity knockdown were achieved using 100 nM
of AS®™ constructs, whereas lipofection alone had no effects on mRNA expression, which is in
line with observations of others (Sonnemann et al., 2004a; Sonnemann et al., 2004b).
Because A549 cells express mainly the PDE4D subtype, antisense targeting PDE4A and
PDE4B are expected to have the smallest effect on PDE4 activity even when the individual
PDE4 subtypes are diminished to a similar extent. Indeed, the most pronounced
downregulation of PDE4 activity was observed with antisense targeting PDE4D. Although
statistically not significant, the application of antisense constructs showed a trend to suppress
PDE4 independent activity. Moreover, lipofection of antisense constructs led to the
detachement of A549 cells, which were excluded from read-out parameters.

4.4.2 Lipofection of A549 cells with siRNAs

Besides antisense-mediated knockdown strategies, additional molecular approaches to
specifically knock down target genes have been developed, of which the discovery of RNA
interference (RNAI) (Fire et al., 1998) was the most profound innovation (Hannon, 2002;
Couzin, 2002; Novina and Sharp, 2004; Mello and Conte, Jr., 2004). RNAi is the process of
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sequence-specific post-transcriptional gene silencing triggered by double-stranded small
interfering RNAs (siRNAs). Physiologically, siRNAs are ~21-nucleotide small interfering RNAs
cleaved by ribonuclease Ill from longer dsRNAs that are recognized by a multienzyme
complex termed RNA-induced silending complex (RISC), which specifically initiates the post-
transcriptional gene silencing of sequence homologues of the parental siRNA (Hammond et
al., 2000; Bernstein et al., 2001). Whereas long dsRNAs have been shown to be potent
triggers of the interferon system (Stark et al., 1998), synthetic, small siRNAs can bypass these
interferon responses and can induce specific downregulation of target genes (Elbashir et al.,
2001). Since its discovery, the siRNA-mediated knockdown approach emerged as powerful
tool to study gene functions in various cellular systems (Dykxhoorn et al., 2003; Hannon and
Rossi, 2004) as well as to develop clinical therapies (Sioud, 2004; Leung and Whittaker, 2005).
To test whether the application of siRNAs is able to reproduce or even to exceed the effects
induced by antisense constructs in the present study, the A549 experiments were repeated
with siRNAs targeting PDE4 subtypes (see chapters 3.5.1 - 3.5.5). For initial experiments,
pools of four individual siRNAs targeting the same PDE4 subtype, termed ‘SMARTpools’, were
used to maximize knockdown efficiency. All siRNAs were designed and manufactured by
Dharmacon, following an algorithm that suggests improved efficacy of siRNAs (Reynolds et al.,
2004). The delivery of siRNAs into A549 cells by lipofection was higher than the delivery of
antisense constructs and siRNA-mediated PDE4 mRNA knockdowns were highly specific and
similar in extent to the effects observed with antisense constructs. However, the overall
efficacy to suppress PDE4 activity was less pronounced when siRNAs were used instead of
antisense constructs. Yet, the siRNA-mediated effects were less variable, highly specific, and
did not induce cell detaching. Remarkably, siRNAs were effective in the low nM range,
confirming results of initial SIRNA experiments performed by Tuschl and colleagues (Elbashir
et al., 2001; Elbashir et al., 2002).

A definite evaluation of potential advantages and disadvantages of the antisense and siRNA
technique, if possible at all, might depend on the targeted gene and/or on the cellular context
and will require more detailed studies, such as extensive mRNA expression studies and
functional experiments. In the present study, siRNAs were regarded to induce reliable
knockdowns in the setting tested and were thus further validated in human primary CD4" T
cells.

4.4.3 Amaxa nucleofection of CD4* T cells with siRNAs

Human primary CD4" T lymphocytes are difficult to transfect and various common transfection
methods such as cationic lipids fail to transfect the cells efficiently. Since PDE4 inhibitors are
tested in clinical trials and may provide future therapeutic options in diseases as asthma,
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COPD, IBD, and others (Banner and Trevethick, 2004; Lipworth, 2005), it was important to
closely mimic the physiological conditions relevant to human in the experiments performed in
the present study. Consequently, although cell lines such as the Jurkat T cell line are
functionally more stable and are easier to handle (e.g. to transfect), human primary CD4" T
cells were preferred for this study, even though this approach is more time consuming,
technically complex, and had a higher variability due to donor-dependent differences. A novel
electroporation-based transfection method (nucleofection), optimized for the transfection of
human T cells (Gresch et al., 2004; Yin et al., 2006), was used to validate siRNA-mediated
PDE4 subtype mRNA and protein knockdown in human primary CD4" T cells. By using
optimized buffers in combination with specific electroporation protocols of the nucleofector
device (Amaxa), several primary and hard-to-transfect cells have been nucleofected with this
technique, with varying efficacies and tolerabilities (Hamm et al., 2002; Gresch et al., 2004;
Schakowski et al., 2004).

In the experiments performed for the present study (see chapter 3.6), the transfection
procedure alone caused a considerable loss of cells, which is a common event associated with
electroporation (Gehl, 2003). Additionally, the nucleofection procedure caused a substantial
decrease in the anti-CD3/CD28 induced release of cytokines when compared to cells that were
stimulated, but not nucleofected. Because the impact of the nucleofection procedure on IL-2,
IFN-y, and IL-5 synthesis was quantitatively similar, nucleofection had no selective inhibitory
effects on cytokine release. Remarkably, cells recovered after nucleofection had a good
viability and did not show CD25 upregulation. Furthermore, anti-CD3/CD28 induced
proliferation of nucleofected cells was not affected by the nucleofection procedure, when
compared to cells that were stimulated, but not nucleofected. Although the nucleofection
technique was used in several studies for the transfection of CD4* T cells (Ganesh et al., 2003;
Vang et al., 2004; Skapenko et al., 2004; Yin et al., 2006), considerably little information is
available how the nucleofection procedure affects overall T cell function in these reports. In
contrast, by measuring cell loss during nucleofection and determination of cell viability, CD25
surface expression, cytokine release, and proliferation of recovered cells, the impact of the
nucleofection procedure was well characterized and controlled in the present study. The
addition of DMSO to nucleofected cells did not significantly affect any investigated functional
parameter. Taking the unavoidable effects of the procedure into account, it was important to
demonstrate that the additional application of siRNAs had no additional effect on cell
parameters (besides expected effects linked to PDE4 knockdown). Because it was not
expected that all individual siRNAs from ‘SMARTpool’ sets targeting distinct PDE4 subtypes
are equally effective, the most efficient individual siRNAs suppressing their corresponding
PDE4 subtype were chosen for all further knockdown studies in human primary CD4" T cells.
Whereas siRNA concentrations in the range from 100 nM to 4 uM have been used (Vang et
al., 2004; Skapenko et al., 2004; Methi et al., 2005), 1.5 uM siRNA was determined as the
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optimal concentration for maximal knockdown of PDE4 subtypes in the validation experiments
performed in this study. Although a complete knockdown of the target PDE4 subtypes was not
achieved, the mRNA and protein knockdown was substantial and specific. Noteworthy, in
unstimulated CD4" T cells, all PDE4 subtype-specific siRNAs had the same efficacy in down-
regulating the respective mRNA. However, after stimulation, the applied siRNAs not only had
to reduce a stable basal mMRNA level but also had to counteract the induction of the respective
mRNAs, probably resulting in more variable knockdown effects under stimulatory conditions.

Whilst siRNAs are extensively applied for the examination of gene functions, there is still much
controversy about specificity and potential off-target effects correlated to siRNAs (Leung and
Whittaker, 2005). On the one hand, several studies indicate that individual siRNAs have a
markedly high specificity and tolerability (Chi et al., 2003; Semizarov et al., 2003; Schwarz et
al., 2003), on the other hand, some reports assigned off-target effects to siRNAs (Sledz et al.,
2003; Jackson et al., 2003; Kariko et al., 2004). In the present study, the siRNA-mediated
knockdown of PDE4 subtypes was extensively validated and all experiments were well
controlled, with no indications of unspecific effects. In conclusion, the siRNA-mediated
knockdown technique was shown to be an appropriate tool to generate PDE4 subtype-specific
mRNA and protein knockdown in CD4" T cells and was thus considered to be a reliable
strategy to study the function of PDE4 subtypes in immune cells.

4.5 Functional impact of PDE4 subtypes in CD4* T cells

CD4" T cell activation can be initiated by TCR-MHC interaction and can be multiplied by
costimulatory signals triggered by accessory molecules present on the surface of the antigen-
presenting cells (Davis and Bjorkman, 1988; Cantrell, 1996). Subsequently, both TCR and
costimulatory signals can orchestrate intracellular signals that have profound effects on T cell
function, such as cytokine release and proliferation (Larsen and Henson, 1983).

451 Anti-CD3/CD28 activation of CD4" T cells and IL-2, IFN-y. and IL-5 synthesis

After the discovery that CD4* T helper cells can be characterized by their set of released
cytokines, the terminology type 1 T helper (Th1) and type 2 T helper (Th2) cells was
introduced to typify these differently polarized T cell subpopulations (Mosmann et al., 1986;
Del Prete et al., 1991). Although the Th1-Th2 paradigm is widely accepted, there is increasing
evidence that the strict Th1/Th2 dichotomy may be oversimplified (Gor et al., 2003; Crane and
Forrester, 2005). However, Th1 cells and Th1 cytokines, such as IL-2 and IFN-y, have been
linked to cell-mediated immunity and have been shown to have pathophysiological relevance
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in autoimmunity and chronic inflammatory diseases (Romagnani, 1994; Lafaille, 1998). In
contrast, Th2 cells and Th2 cytokines, such as IL-4 and IL-5, have been linked to humoral
immunity and have been shown to have pathopysiological relevance in allergic disorders like
asthma or atopic dermatitis (Romagnani, 2000; Renauld, 2001). Although not absolutely
required for activation, the costimulatory receptor CD28 was implicated as a classical
component of the two-signal model for T cell activation that originates from the immunological
synapse, i.e., the nanometer scale gap between TCR and APC (Bromley et al., 2001).

In the present study, (patho)physiological TCR/CD28 stimulation was mimicked by treating
human primary CD4" T cells with different anti-CD3/CD28 concentrations. Subsequently, IL-2,
IFN-y, and IL-5 cytokine concentrations in the supernatant were determined at different time
points (see chapter 3.7.1). This selection of cytokines was chosen to represent Th1 cytokines
(IL-2 and IFN-y) as well as a Th2 cytokine (IL-5) as functional read-out parameters and to test
if the stimulation of human primary CD4* T cells affects these cytokines differently. Whereas
no cytokines were detected in untreated CD4" T cells, substantial amounts of cytokines were
found after stimulation. IL-2 secretion was strongly, but transiently induced with maximal levels
24 - 48 h after stimulation. For the highest induction of IL-2, costimulation with anti-CD28
antibodies was necessary. These findings are in accordance to and extend earlier studies
(Thompson et al., 1989; Fraser et al., 1991; Jenkins et al., 1991; Norton et al., 1992). As partly
depicted in Figure 6 (see chapter 1.4), the regulation of cytokine transcription is under the
control of PKA action, but can also be controlled by various processes such as chromatin
remodeling, costimulation, activation and cooperation of transcription factors, and the
existence of multiple promoter and enhancer regions (Salomon and Bluestone, 2001; Holloway
et al., 2002). Via the trimeric IL-2 receptor, IL-2 has been shown to support crucial signals for
cell survival and proliferation (Taniguchi and Minami, 1993).

Compared to IL-2 secretion, IFN-y levels were substantially induced at later time points in the
present study, but were from 24 h onwards steadily upregulated. IFN-y concentrations were
maximal at the end of the examined time period and were not dependent on costimulation.
These findings support and expand previous observations that CD28 costimulation is not
required for IFN-y induction, especially under conditions of strong or sustained TCR stimulation
(Salomon and Bluestone, 2001; Frauwirth and Thompson, 2002). IFN-y has been recognized
as the principal, tightly regulated Th1 effector cytokine that has pleiotropic effects on immune
cells (Boehm et al., 1997; Teixeira et al., 2005). Similar to IFN-y, substantial levels of IL-5 were
only detected after 24 h of stimulation in the present report. IL-5 concentrations were maximal
at the end of the examined time period and were shown to be dependent on costimulation.
This findings are in line with and extend experiments performed by others (Inami et al., 2004).
Because IL-5 is mainly involved in the activation and regulation of eosinophils, IL-5 has been
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recognized as a key Th2 cytokine in atopic diseases (Sanderson, 1992; Mordvinov and
Sanderson, 2001).

4.5.2 Anti-inflammatory effects of PDE4 inhibitors and the consequences of PDE3 inhibition

As detailed in chapter 4.5.1, cytokines are not only pivotal messengers of the immune system,
but are also pathophysiological key mediators of various chronic inflammatory diseases
(Lafaille, 1998; Romagnani, 2000; Renauld, 2001). By attenuating the inhibitory constraint of
cAMP on inflammatory cell responses, PDE4 subtypes play a crucial role in such signaling
processes. Subsequently, the anti-inflammatory effect of PDE4 inhibition on inflammatory and
immunocompetent cells by elevating cAMP levels was the rationale for the development of
PDE4 inhibitors (Torphy, 1998; Essayan, 1999; Souness et al., 2000; Houslay et al., 2005).
However, under certain conditions, the efficacy of PDE4 inhibitors to suppress inflammatory
cell functions was found to be reduced: Whilst in monocytes PDE4 inhibition largely
suppresses LPS-induced TNF-a release, efficacy of PDE4 inhibitors in monocyte-derived
macrophages and dendritic cells to suppress TNF-a is diminished (Gantner et al., 1997a;
Gantner et al., 1999; Hatzelmann and Schudt, 2001). Considering the downregulation of PDE4
mMRNA and protein activity in the latter cells, as discussed in chapter 4.3, a decreased efficacy
of PDE4 inhibitors is comprehensible if one assumes that less protein may also have less
functional relevance. Remarkably, the efficacy of a PDE4 inhibitor in these cells can be
substantially increased by the additional application of a PDE3 inhibitor, supporting the
concept of overadditive PDE3/4 inhibition that has been proposed for clinical therapy (Schudt
et al.,, 1991; Giembycz, 1992; Tenor and Schudt, 1999). In human primary CD4" T cells,
although PDE4 inhibitors alone show efficacy, the anti-inflammatory effect on T cell function
can be enhanced by combined PDE3 inhibition (Robicsek et al., 1991; Giembycz et al., 1996;
Hatzelmann and Schudt, 2001). The two subtypes PDE3A and PDES3B are high affinity
phosphodiesterase for both, cGMP and cAMP, but it is suggested that in vivo the hydrolysis of
cAMP is inhibited by cGMP (Degerman et al.,, 1997; Bender and Beavo, 2006). Moreover,
PDES3 subtypes are involved in various cellular processes and have been shown to be
activated by PKA, Akt, and PI3K (Degerman et al., 1997; Bender and Beavo, 2006). PDE3
subtypes have been recognized as therapeutic targets since they are widely expressed with
substantial (mostly membrane-bound) activity in macrophages, dendritic cells, smooth muscle
cells, and to a lower extent in T cells (Schudt et al., 1995; Gantner et al., 1997a; Gantner et al.,
1999; Schmidt et al., 1999).

In the present study, the secretion of IL-2, IFN-y, and IL-5 and the proliferation rate were used
as functional read-out parameters. The maximum inhibition of these parameters by complete
suppression of PDE4 activity was determined by the panPDE4 inhibitor RP73401 (piclamilast),
which does not discriminate between distinct PDE4 subtypes (see chapter 3.7.2). Additionally,
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to check whether PDE3 inhibition alone is effective in suppressing T cell functions, the
panPDES inhibitor motapizone (Borbe et al., 1986) was included in the experiments. Finally,
the efficacy of the combined application of the two inhibitors was examined. Whereas PDE4
inhibition had significant suppressive effects on anti-CD3/CD28 induced release of IL-2, IFN-y,
and IL-5, the anti-proliferative effect was considerably smaller. Compared to the effects of
RP73401, motapizone had consistently lower effects. However, combination of both inhibitors
resulted in the most pronounced suppressive effects on T cell function, which were
overadditive. These observations are mostly in accordance with and extend former reports
(Robicsek et al., 1991; Giembycz et al., 1996; Hatzelmann and Schudt, 2001). In the latter
study, 1 uM RP73401 alone had substantially higher efficacy to suppress anti-CD3/CD28
induced proliferation than in the present report. Although the same TCR stimulation protocol
was used in both studies, these variances might be explained by the use of different charges
of plastic dishes and monoclonal anti-CD3 antibodies in the studies, possibly resulting in
different adherence of the anti-CD3 antibodies and subsequently in different TCR stimulation
conditions. Because increased strength of anti-CD3 stimulation can reduce the efficacy of
RP73401 to suppress the proliferation rate (unpublished observations of Dr. Hatzelmann,
ALTANA Pharma AG, Konstanz), the stimulation of the TCR might have been considerably
stronger in the present study. Besides, Hatzelmann and Schudt (Hatzelmann and Schudt,
2001) reported that 1 uM motapizone alone had no significant effects on T cell functions. In the
present study, motapizone alone had also effects, which might be explained by the use of a
higher motapizone concentration (10 uM). At this concentration, motapizone may partially
inhibit other PDEs, although inhibitory effects on these PDEs are expected to be very small
(below 20%, personal communication). In accordance with the latter report, no preferential
inhibition of either Th1- or Th2-cytokines was found in the present study. These findings
confirm earlier observations indicating that human Th1 and Th2 cells appear to be equally
responsive to the cytokine-suppressing and anti-proliferative effects of PDE4 inhibition
(Torphy, 1998).

4.5.3 The impact of PDE4 subtype-specific SiRNAs on CD4" T cell functions

As detailed before, the suppression of cytokine release and proliferation by PDE4 inhibition
and the therapeutic rationale for the development of PDE4 inhibitors as anti-inflammatory and
immunomodulatory compounds is well known. However, no individual PDE4 subtypes were yet
functionally attributed to these effects in T cells. Because extensive validation experiments
showed that the siRNA technique was a reliable tool to study CD4* T cell functions in the
present study, PDE4 subtype-specific sSiRNAs were nucleofected into CD4" T cells and their
functional impact on IL-2, IFN-y, and IL-5 secretion and on the proliferation rate was compared
to the effects of complete suppression of PDE4 activity by RP73401 (piclamilast), as reported
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in chapter 3.8. It was demonstrated that siRNA-mediated knockdown of both PDE4B and
PDE4D resulted in significant suppression of anti-CD3/CD28 induced IL-2 release 24 h and
48 h after stimulation; the effect of PDE4A-siRNA was not statistically significant. These data
indicate that for IL-2 synthesis PDE4B and PDE4D may have a partially overlapping function.
For IFN-y and IL-5, the present study demonstrates that PDE4D-siRNA had a predominant
effect in suppressing anti-CD3/CD28 induced IFN-y and IL-5 generation. Thus, PDE4 subtypes
may have nonredundant functional roles, which cannot be compensated by other expressed
PDE4 subtypes. However, the inhibition of cytokines was most effective when PDE4 subtype-
specific siRNAs were applied in combination, pointing to complementary functions of PDE4
subtypes. In the present study, the weak suppression of anti-CD3/CD28 induced proliferation
by inhibition of PDE4 enzyme activity (as discussed in chapter 4.5.2) could be fully mimicked
by PDE4D-siRNA, whereas siRNAs targeting PDE4A or PDE4B were not effective. Because
many studies showed that IL-2 is a major inducer of T cell proliferation (Mookerjee and Pauly,
1990; Taniguchi and Minami, 1993; Nelson, 2004), the anti-proliferative effect of PDE4D-
siRNA may be directed via lowered IL-2 levels. In contrast, it was shown that supraphysiologic
doses of recombinant IL-2 cannot overcome the suppressive effect of PDE4 inhibition
(Essayan et al., 1994), indicating that the anti-proliferative effect of PDE4D-siRNA could also
be mediated via an IL-2 independent process. In line with this observation, T cell proliferation
has been recognized to be a multilayered process that can be initiated by a magnitude of IL-2
dependent and IL-2 independent mechanisms (Boothby et al., 2001; Frauwirth and Thompson,
2002; Fruman, 2004; Marrack and Kappler, 2004).

The suppressive effect of PDE4 subtype-specific siRNAs on T cell cytokine production and
proliferation was qualitatively not changed by the presence of the PDES inhibitor motapizone.
However, whereas the combination of RP73401 with motapizone overadditively suppressed T
cell functions (as discussed in chapter 4.5.2), the suppressive effects of combined PDE4
subtype-specific siRNAs with motapizone were not overadditive. A possible explanation for this
observation might be that PDE4 subtype-specific siRNAs alone and RP73401 alone may
increase cAMP concentrations to a level above a ‘primary’ threshold that is sufficient to
suppress anti-CD3/CD28 induced cell responses to an extent discussed above. Because both
PDE4 subtype-specific siRNAs and RP73401 mediate the exceeding of this supposed cAMP
threshold, both have similar functional efficacies. However, chances are that total PDE4
inhibition by RP73401 may generate cAMP levels even above the siRNA-mediated cAMP
elevation, which have no functional relevance as long as RP73401 is applied alone. Yet, if
motapizone is applied additionally to RP73401, it might be that the combined PDE3/4 inhibition
increases cAMP concentrations to a level above a ‘second, superior’ threshold that
overadditively suppresses T cell functions. Assumingly, the combined application of PDE4
subtype-specific siRNAs and motapizone is not sufficient to elevate cAMP levels above this
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proposed second cAMP threshold, resulting in the absence of overadditive effects. However,
the effects of motapizone and PDE4 subtype-specific siRNAs in increasing cAMP levels were
not further examined in the present study and their interactions remain speculative.
Qualitatively, the additional application of motapizone confirmed the functional impact of

individual PDE4 subtypes on T cell cytokine release and proliferation.

The key findings of the present study in respect to the functional impact of distinct PDE4
subtypes in human primary CD4* T cells are summarized in Figure 41.

anti-cD28

IL-2 IFN-y, IL-5,
Proliferation

Figure 41. Proposed mechanisms of cAMP regulation by distinct PDE4 subtypes in anti-
CD3/CD28 activated human primary CD4" T cells. The cartoon depicts the basic pathways that
may be induced after TCR stimulation (signal ®) and CD28 costimulation (signal @) and that result in
the generation of cytokines and T cell proliferation. The inhibitory constraint of cAMP on T cell
function can be attenuated by anti-CD3 or anti-CD3/CD28 induced upregulation of distinct PDE4
subtypes. A, Anti-CD3/CD28 induced generation of IL-2 may be regulated by the PDE4 subtypes
PDE4B and PDE4D, which may have an overlapping role. B, Anti-CD3/CD28 induced generation of
IFN-y and IL-5 and proliferation is likely predominantly regulated by the PDE4D subtype. However,
also PDE4A and PDE4B may have functional relevance, indicating that PDE4 subtypes seem to have
overall nonredundant, but complementary roles. For IFN-y induction, no costimulatory signal is
necessary. Because PDE4 subtypes have different functional impact on T cell functions at different
time points (i.e., ‘early’ versus ‘late’ signals), PDE4 subtypes may also have time-dependent roles.
{ = Inhibitory effects; full arrow = induction of cytokine release/proliferation; dotted arrow = induction
of PDE4 subtypes.

In conclusion, because PDE4B- and PDE4D-siRNA both had pronounced effects on IL-2
release, the two subtypes may have overlapping roles in controlling the synthesis of this ‘early’
cytokine. Considering the regulation of ‘later’ cytokines and of the proliferation rate, the
functional impact of PDE subtypes changed: because PDE4D-siRNA had the predominant
effects, PDE4 subtypes may have nonredundant roles. However, the most pronounced effects
on cytokine release were observed when all siRNAs were applied in combination, negotiating
an exclusive role for PDE4D, but pointing to complementary functions of PDE4 subtypes. In
summary, these findings indicate that the regulation and function of individual PDE4 subtypes
might be a complex interplay leading to overall nonredundant, complementary, and time-

dependent roles.
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4.5.4 The role of PDE4 subtypes for T cell function: Comparison to other studies

The relevance of PDE4 subtypes for T cell function has not been extensively described either
in mice or in humans. However, in human primary T cells and T cell lines, two reports localize
PDE4B2 at the TCR and the immunological synapse (Baroja et al., 1999; Arp et al., 2003).
Interestingly, the latter study correlated overexpression of PDE4B2 in Jurkat cells with an
increase in IL-2 production. Another study reported that TCR and CD28 stimulation in human
peripheral T cells recruits PDE4A4, PDE4B2, PDE4D1, and PDE4D2 in complex with f3-
arrestin to lipid rafts, pointing to a potential role of PDE4 in counteracting C-terminal Src kinase
(Csk) mediated inhibition of Lck (Abrahamsen et al., 2004). Interestingly, the immunoblot
analyses performed in the present study showed that especially the short forms of PDE4B and
PDE4D are responsible for or contribute to the time-dependent upregulation of these subtypes
in CD4" T cells. Furthermore, one study revealed that PDE4 subtypes can interact with AKAPs
and PKA in T lymphocytes, indicating that PDE4 subtypes might be compartmentalized in T
cells (Asirvatham et al., 2004). In view of the general concept of compartmentalized PDE4
subtypes, this finding will be discussed in more detail in chapter 4.8.

The results of the present study seem to be in discrepancy to a study of Manning and
coworkers (Manning et al., 1999), who claimed that suppression of T cell proliferation with
‘PDE4 subtype-selective inhibitors’ correlated with the inhibition of PDE4A and PDE4B. This
contradiction might be explained by the low selectivity of the inhibitors used in that study
and/or by different stimulation conditions. In the Manning study, mononuclear cells from
allergic donors were stimulated by antigen. In the present study, the impact of stimulation
conditions (anti-CD3 * costimulation with anti-CD28 in different strengths, see chapter 3.3.3)
has been evaluated and no differences with respect to regulation of PDE4 subtypes were
found. For functional studies, a ‘medium’ costimulation protocol was used by applying 0.3 ug
anti-CD3/well and 0.3 pg anti-CD28/ml. One cannot exclude the possibility that - in contrast to
the mRNA expression profiles - the impact of various PDE4 subtypes/splice variants may
depend on the stimulation condition used. In addition, this argument might be supported by the
unexpected observation that, although PDE4B-siRNA was shown to significantly inhibit IL-2
release in the present study, no anti-proliferative effect of PDE4B-siRNA was observed. As
discussed above, this finding can be explained by potential IL-2 independent induction of
proliferation under the stimulation conditions applied. With regard to the anti-CD/CD28
costimulation in the present study, the small efficacy of RP73401 on proliferation might further
limit the analysis of functional relevance of PDE4 subtype-specific siRNAs, and possibly
underrepresent potential effects of other PDE4 subtypes than PDE4D. Finally, it may also be
that for different stimulation conditions small (undefined) subpopulations of CD4" T cells may
respond differently which cannot be resolved by the used protocol. In view of these
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circumstances, siRNA-mediated knockdown experiments with altered stimulation conditions
and/or with different subpopulations (which may be more difficult to obtain in sufficient
amounts) should allow further information concerning the involvement of PDE4 subtypes in
regulating T cell functions.

4.6 Beyond CD4" T cells: Functional impact of PDE4 subtypes

Although PDE4 subtype-specific knockdown experiments were exclusively performed in CD4*
T cells in the present study, the revealed mRNA expression profiles in CD8" T cells,
monocytes, macrophages, and dendritic cells may help in addition to data reported by others
to evaluate the functional relevance of PDE4 subtypes in other immune cells than CD4" T
cells. Considering the experiments performed in CD8" T cells, the present study demonstrates
that the mRNA expression of PDE4 subtypes is very similar in CD8" and CD4* T cells.
Although the functional relevance of PDE4 subtypes has to be unravelled in CD8" T cells, the
findings presented in the present study may indicate that the functional roles of PDE4 subtypes
are likely to be similar in CD8* and CD4* T cells. This assumption is supported by the
observation that CD8* and CD4" T cells are equally sensitive to PDE4 inhibition (Tenor et al.,
1995b).

In monocytes, monocyte-derived macrophages, and monocyte-derived dendritic cells, the
PDE4 subtype mRNA expression profile determined in the present study along with former
reports (Ma et al., 1999; Wang et al.,, 1999) may suggest that PDE4B likely plays a
predominant role, because it is the only largely regulated subtype and exclusively responds to
LPS in these cells. Indeed, a genetical approach using mice deficient in either PDE4A, PDE4B,
or PDE4D showed that only PDE4B ablation effectively suppressed LPS-induced TNF-a
release (Jin and Conti, 2002; Jin et al., 2005). Ablation of PDE4A or PDE4D did not affect
TNF-a synthesis in murine monocytes, macrophages, and dendritic cells. Remarkably,
complementary, but nonredundant roles of PDE4 subtypes have been described in mice
deficient in PDE4B and PDEA4D, in which neutrophil recruitment to the inflamed lung is
impaired (Ariga et al., 2004). In the latter study, although ablation of PDE4B substantially
effected neutrophil function, ablation of PDE4D had the predominant effects.

However, data derived from knockout experiments cannot intuitively be assigned to the human
situation. Although the PDE4 subtype mRNA expression data in the present study and data
from former reports may assign a predominant role for PDE4B in human primary monocytes,
monocyte-derived macrophages, and monocyte-derived dendritic cells, one study
demonstrated that PDE4A4 mRNA transcripts were found to be significantly upregulated in
lung macrophages of smokers with COPD when compared to control smokers (Barber et al.,
2004). Besides, in this latter study, PDE4B2 and PDE4A4 mRNA levels were upregulated in



DISCUSSION 104

monocytes of smokers when compared to nonsmokers. In atopic subjects, PDE4 subtypes
were found to be induced in leukocytes (Grewe et al., 1982; Holden et al., 1986), but whether
an atopic disease status correlates with higher PDE4 activity is still controversially discussed
and the functional relevance of individual PDE4 subtypes is unclear (Gantner et al., 1997b;
Landells et al., 2000; Landells et al., 2001). Treatment of human primary monocytes with
cAMP elevating agents induced a long PDE4A splice variant and a short PDE4B splice variant
(Manning et al., 1996). Similarly, in the human monocytic cell line Mono Mac 6, treatment with
dibytyryl-cAMP induced a long PDE4A splice variant and short PDE4B and PDE4D splice
variants within 24 h (Verghese et al., 1995). Comparable desensitization mechanisms upon
increased cAMP levels have been proposed in the monocytic cell line U937 (Torphy et al.,
1995). However, cell line models may not reflect the physiological situation in human primary
monocytes, since the PDE4 subtype expression profile during monocyte-macrophage
differentiation of human U937 cells (Shepherd et al., 2004) differed from the expression profile
of human monocyte-derived macrophages reported in the present study. Moreover, because
LPS stimulation, as performed in the present report, may not be representive for other
stimulation conditions, further studies with different stimulation conditions might reveal further
information about PDE4 subtype expression patterns in human primary monocytes,
macrophages, and dendritic cells. Knockdown studies in these cells might help to test whether
PDE4B is exclusively involved in cell signaling or whether other subtypes also play a role for

cell function.

Beyond human primary immune cells, functional relevance of individual PDE4 subtypes has
been found for haplotypes of the human PDE4D gene, which were shown to confer increased
risk of ischemic stroke (Gretarsdottir et al., 2003). Moreover, the PDE4D gene was implicated
in bone density and osteoporosis (Reneland et al., 2005). On the other hand, only PDE4B has
been found to be involved in schizophrenia (Millar et al., 2005).

In knockout mice, an exclusive role for PDE4D has been described for airway smooth muscle
contraction (Hansen et al., 2000; Mehats et al., 2003), for B.-adrenergic signaling in cardiac
myocytes (Xiang et al., 2005), and for lowered progression of heart failure (Lehnart et al.,
2005). However, although PDE4 subtype structure and expression are considerably conserved
within different species (see chapter 1.3), PDE4 subtype functions may differ between different
species. Thus, to obtain conclusive information about the functional impact of PDE4 subtypes
in human primary inflammatory and immunocompetent cells, further studies including PDE4
subtype-specific knockdown experiments will be necessary.

In conclusion, data generated in several cellular systems indicate that distinct subtypes and
splice variants may have different functional roles, underpinning the complexity of the PDE4
family.
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4.7 Future options for the development of PDE4 inhibitors

Although the development of PDE4 inhibitors has a long history, the medicinal use of PDE4
inhibitors has been hampered by adverse gastrointestinal and emetic side effects or due to the
lack of clinical efficacy (Torphy, 1998; Souness et al., 2000). Thus, the synthesis of PDE4
inhibitors with an improved therapeutic ratio is essential for the development of novel low-
molecular-weight compounds targeting PDEA4.

As early studies with rolipram were initiated, the existence of a high- and a low-affinity binding
site for rolipram was suggested (Schneider et al., 1986; Muller et al., 1996). It is now
established that the catalytical unit of PDE4 splice variants has only one rolipram binding site,
but can adopt at least two conformational states, termed high-affinity rolipram-binding state
(HARBS) and low-affinity rolipram-binding state (LARBS) (Souness and Rao, 1997; Houslay
and Adams, 2003; Conti et al., 2003). Both HARBS and LARBS can be identified by their
distinct affinities for rolipram, characterised by an 1Csy of ~1 - 50 nM for HARBS and an ICs, of
~0.1 - 10 uM for LARBS (Houslay and Adams, 2003). The HARBS conformational state likely
corresponds to the active site of the holoenzyme (i.e., the enzyme bound to cofactors such as
Mg**), whereas the LARBS conformational state has been linked to the active site of the
apoenzyme (i.e., the free enzyme) (Laliberte et al., 2000). Several molecular mechanisms
have been suggested to explain the existence of these multiple conformers, including the
possible involvement of bivalent-metal-ion centers (Laliberte et al., 2000; Xu et al., 2000; Liu et
al., 2001b), of phosphorylation events (Sette and Conti, 1996; Laliberte et al., 2002), and/or of
the amino termini of PDE4 isoforms (Houslay and Adams, 2003; Conti et al., 2003). The
therapeutic relevance of multiple conformations of PDE4 is reflected by the observation that
LARBS may be predominantly present in immune cells (mediating desired anti-inflammatory
therapeutic effects) (Barnette et al., 1995b; Barnette et al., 1996), whereas HARBS was
assigned to parietal glands and the CNS (mediating undesired effects such as gastric acid
secretion and emesis) (Barnette et al., 1995a; Souness and Rao, 1997; Torphy, 1998).
However, also HARBS inhibiton has been linked to therapeutic effects, mediating
bronchodilation (Harris et al., 1989), decreased neutrophil degranulation (Barnette et al.,
1996), or cAMP accumulation in macrophages (Kelly et al., 1996). Post-rolipram PDE4
inhibitors like piclamilast have been designed to exhibit a different HARBS/LARBS ratio
(Souness et al., 1995; Souness and Rao, 1997).

Besides, other studies suggested that side effects of PDE4 inhibitors might be attributed to
individual PDE4 subtypes. Robichaud and colleagues linked emesis in mice to the deletion of
PDE4D (Robichaud et al., 2002), supporting the hypothesis that PDE4D might mediate
adverse effects rather than other PDE4 subtypes. This observation in line with reports
proposing an improved therapeutic ratio of PDE4 subtype-selective inhibitors led to the
suggestion to develop PDE4B-selective low-molecular-weight compounds (Manning et al.,
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1999; Jin et al., 2005). Yet, this approach is challenging because of the highly conserved
catalytical site of PDE4 subtypes (Bender and Beavo, 2006). Although catachol-based
PDE4A/PDE4B-, naphtyridine-based PDE4D-, or nicotinamide-based PDE4D-preferred
inhibitors have been reported (Manning et al., 1999; Hersperger et al., 2000; Chambers et al.,
2006), no highly PDE4 subtype-selective inhibitors have been developed to date. Therefore,
the hypothesis of improved therapeutic efficacy of such PDE4 inhibitors remains to be tested in
vivo. The successful development of novel PDE4 subtype-selective compounds certainly
depends on the better understanding of the catalytic pocket of PDE4 subtypes (Zhang et al.,
2004; Conti, 2004), but prospects arise that specificity could also be achieved by blocking
interactions of PDE4 subtypes with other proteins (Richter et al., 2001; MacKenzie, 2004).

The results of the present study in line with several other findings (as discussed in chapters 4.5
and 4.6) suggest that several PDE4 subtypes might mediate the broad anti-inflammatory
effects of PDE4 inhibitors in immune and immunocompetent cells. In this view, the concept to
develop PDE4 subtype-selective inhibitors may result in increased selectivity and in improved
tolerability, but at the same time in lowered anti-inflammatory and immunomodulatory efficacy.
However, as demonstrated in the present study and in accordance to previous studies (see
chapters 4.5 and 4.6), distinct PDE4 splice variants are regulated differentially in human
primary immune cells. Thus, although not primarily addressed in the present study, PDE4 short
forms of different PDE4 subtypes may be functionally even more relevant as therapeutic
targets than the affilitation to a subtype alone. The confirmation of this correlation in various
immune cells would help to define the rationale to develop PDE4 short form-selective inhibitors
instead of PDE4 subtype-selective inhibitors. Whether this concept holds true and whether the

synthesis of such compounds is a feasible approach has to be awaited.

4.8 Compartmentalization of PDE4 subtypes

Although the intracellular localization of PDE4 subtypes was not addressed in the present
study, several reports indicate that PDE4 splice variants may be compartmentalized in human
T cells, both temporally and spatially (Conti et al., 2003; Asirvatham et al., 2004; Abrahamsen
et al., 2004; Baillie et al., 2005; Tasken and Stokka, 2006). These findings support the
observation that in immune cells of PDE4 knockout mice no changes in overall cAMP levels
were measured, but that only subtle cAMP pools might be affected by PDE4 subtype ablation
(Jin et al., 2005). In conclusion, these findings would suggest that PDE4 subtypes are highly
compartmentalized in immune cells — a concept, that is well established in many cellular
settings (Houslay and Adams, 2003; Baillie et al., 2005; Lynch et al., 2006).

Several reports showed that various A kinase anchoring proteins (AKAPs) can bind regulatory
subunits of PKA isoenzymes and control their intracellular targeting, thus affecting the
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selective activation of these PKA isoforms at discrete subcellular locations (Michel and Scott,
2002; Tasken and Aandahl, 2004; Wong and Scott, 2004). Much evidence arises that also
PDE4 splice variants can be found associated to AKAP-PKA complexes, thus forming spatially
constrained signaling modules which enable a local negative feedback loop to terminate cAMP
action (Jurevicius and Fischmeister, 1996; Tasken et al., 2001; Kapiloff et al., 2001; Dodge et
al., 2001; Carlisle Michel et al., 2004; Barnes et al., 2005; Bajpai et al., 2006; Willoughby et al.,
2006; McSorley et al., 2006). In immune cells, such multi-component signaling complexes of
AKAP, PKA, and PDE4 might be an effective system to decrease the negative constraint of
cAMP on immune functions (Baillie et al., 2005).

Another example of intracellular targeting of PDE4 subtypes and thus compartmentalized
PDE4 action is the interaction of PDE4 splice variants with B,-adrenergic receptor (B.-AR)
associated scaffold proteins, called B-arrestins (Perry et al., 2002). B,-ARs transduce
fundamental signals, but are tightly regulated by various receptor attenuation/desensitization
mechanisms to limit the magnitude of B,-adrenergic signaling (Freedman and Lefkowitz, 1996;
Perry et al., 2002; Lefkowitz and Shenoy, 2005). In general, all PDE4 isoforms can associate
with B-arrestins through a common motif located within their conserved catalytic domain, but
due to its unique N-terminal end, PDE4D5 is the preferred isoform (Bolger et al., 2003a). PKA-
phosphorylated B,-AR not only uncouples the signaling to Gg, but was shown to enhance the
coupling to G;, thus activating Gi-linked pathways involving ERK1/2 or Akt (Baillie et al., 2003;
Baillie and Houslay, 2005). As indicated previsouly, Abrahamsen and coworkers (Abrahamsen
et al., 2004) found B-arrestin and PDE4 splice variants preassembled in human primary T
cells. These B-arrestin/PDE4 signaling complexes were shown to be recruited to lipid rafts
after anti-CD3/CD28 stimulation and can thus potentiate T cell immune responses by
abrogating the negative impact of cAMP (Tasken and Stokka, 2006).

Regarding the unigue N-terminal regions of PDE4 isoforms, it can be expected that PDE4
splice variants also interact with other proteins as well. Indeed, some PDE4 long isoforms
(PDE4A4/5, PDE4D4) contain a polyproline motif that can interact with SH3 (Src homology 3)
domains of Fyn/Lyn/Src kinases (Houslay and Adams, 2003). Besides, binding of Lyn and Src
to human PDE4A4 was shown to alter the sensitivity to inhibition by rolipram (McPhee et al.,
1999). Moreover, rat PDE4A5 can associate with immunophilins, such as XAP2, which
attenuates the activity status of the enzyme (Bolger et al., 2003b). PDE4D5 has been found to
interact with RACK1, a scaffold protein involved in binding of protein kinase C and other
proteins (Yarwood et al., 1999; Bolger et al., 2006). The unique amino terminus of PDE4A1
has been shown to include a microdomain, termed TAPAS-1, mediating membrane
association and binding of phosphatidic acid (Baillie et al., 2002).

Taken together, the regulation of the activation status of PDE4 subtypes and their intracellular
targeting to different signaling modules is highly complex, allowing a precise control of
compartmentalized cAMP pools for the orchestration of a multitude of signals. However, the
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functional relevance of such protein-protein interactions in human primary immune cells has to
be further evaluated.

4.9 Conclusions

The combination of several mechanisms, including the upregulation of the amount of different
PDE4 subtypes, the regulation of PDE4 activity by e.g. phosphorylation, and the intracellular
targeting of distinct PDE4 splice variants to specific microdomains may be involved in the
subtle and complex regulation necessary for opposing the inhibitory tonus of cAMP in immune
cells. The present study indicates that PDE4 subtypes are differently expressed and
differentially regulated in human primary immune cells such as CD4" and CD8" T cells,
monocytes, monocyte-derived macrophages, and monocyte-derived dendritic cells. In human
primary CD4"* T cells, the PDE4B and PDE4D short forms were found to be mainly responsible
for the time-dependent upregulation of PDE4 subtypes. To study the functional impact of PDE4
subtypes in these cells, a siRNA-mediated knockdown strategy using PDE4 subtype-specific
siRNAs was validated and proved to be a reliable tool for knockdown experiments. Using this
strategy, it was demonstrated that individual PDE4 subtypes have overall nonredundant, but
complementary, time-dependent roles in propagating various T cell functions. Both PDE4B and
PDE4D were shown to be involved in anti-CD3/CD28 induced IL-2 synthesis, whereas PDE4D
is the form that likely plays a predominant role in other T cell functions such as IFN-y release,
IL-5 release, and proliferation. Thus, the present study extends the complexity of individual
PDE4 subtypes and multiple splice variants for the control of CAMP levels.
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5 SUMMARY

As a second messenger, adenosine 3’-5’ cyclic monophosphate (cCAMP) plays a crucial role for
intracellular signaling and determines various cellular functions by activating several effector
systems. In immune cells, such as T cells, monocytes, macrophages, or dendritic cells, cCAMP
has mainly inhibitory properties on cellular responses. Thus, type 4 phosphodiesterases
(PDE4), which are capable to hydrolyze cAMP, are critical regulators of inflammatory cell
signals by attenuating the negative constraint of cAMP. The PDE4 isoenzyme family consists
of four distinct subtypes, each encoded by one gene. Because PDE4 subtypes are widely
expressed in inflammatory cells, the PDE4 family became an attractive drug target for the
treatment of chronic inflammatory diseases, such as asthma or COPD. In fact, PDE4 inhibitors
have been shown to have anti-inflammatory and immunomodulatory effects on a broad range
of inflammatory and immunocompetent cells and have proved efficacy in clinical trials.
However, it is largely unknown which PDE4 subtype(s) mediate(s) the inhibitory effects in a
defined immune cell. Whilst data obtained from knockout mice indicate that PDE4 subtypes
have indeed different functional impact in different immune cells, the functional significance of
PDE4 subtypes in T cells and generally in immune cells of human origin is largely elusive.

The objectives of the present study were i) to ascertain the expression patterns of PDE4
subtypes in different human primary immune cells via quantitative PCR, PDE activity assays,
and immunodetection experiments; ii) to validate an antisense- and a siRNA-mediated, PDE4
subtype-specific knockdown technique in the cell line A549 and to transfer the superior
knockdown strategy to human primary CD4* T cells; and iii) to elucidate the functional impact
of PDE4 subtypes in human primary CD4" T cells.

The study revealed that whilst PDE4C mRNA expression was never detected in human
primary CD4" T cells, CD8" T cells, monocytes, monocyte-derived macrophages, and
monocyte-derived dendritic cells, the mRNAs of the subtypes PDE4A, PDE4B, and PDE4D
were differently expressed and differentially regulated after stimulation. In resting human
primary CD4" T cells, low levels of PDE4A were detected, whereas PDE4B and PDE4D mRNA
expression and protein activity were substantially higher, with PDE4D being the predominant
subtype. After anti-CD3/CD28 stimulation of human primary CD4" T cells, the expression of
PDE4A, PDE4B, and PDE4D was induced in a specific time-dependent manner: PDE4A and
PDE4D mRNA as well as protein activity were upregulated within five days, whereas PDE4B
mRNA and activity showed a transient upregulation with highest levels 24 h after stimulation.
The induction of PDE4 subtypes was shown to be independent of costimulation and the anti-
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CD3/CD28 ratio and was similar in naive (CD45RA*") and memory (CD45RO") T cell
subpopulations. Remarkably, the PDE4B and PDE4D short forms were found to contribute
largely to the time-dependent upregulation of PDE4 subtypes in human primary CD4" T cells.
These data underline the complexity of the composition and regulation of individual PDE4
subtypes and multiple splice variants in these cells. In resting human primary CD8" T cells,
PDE4B and PDE4D mRNA were predominantly expressed, whereas PDE4A mRNA had low
expression levels. After anti-CD3/CD28 stimulation, the induction of PDE4 subtypes in CD8* T
cells resembled, also not equal in a quantitative manner, the induction of PDE4 subtypes in
CD4" T cells. In contrast to T cells, PDE4B mRNA was the predominantly expressed PDE4
subtype in freshly isolated human primary monocytes, followed by PDE4A and very low levels
of PDE4D. During differentiation of monocytes to macrophages or to dendritic cells, PDE4B
MRNA expression dramatically decreased, whereas PDE4A and PDE4D mRNA levels were
less regulated. LPS stimulation of macrophages or dendritic cells strongly induced PDE4B, but
not PDE4A and PDE4D mRNA. Taken together, these experiments revealed that PDE4
subtypes have distinct expression patterns in human primary immune cells and that the
expressed subtypes are transcriptionally differentially regulated after stimulation.

With the intention to elucidate the impact of individual PDE4 subtypes on cell function and
because of the lack of PDE4 subtype-specific inhibitors, two strategies were evaluated to
specifically knock down PDE4 subtypes. Initially, several second generation antisense (AS*"™)
constructs or pools of short interfering RNAs (siRNAs) targeting PDE4A, PDE4B, or PDE4D
mRNA were transfected into the human lung adenocarcinoma epithelial cell line A549 and
were tested for efficacy, specificity, and tolerability. AS?™ constructs as well as siRNAs were
shown to induce substantial, PDE4 subtype-specific knockdown of mRNA and protein 24 h and
72 h after transfection. Because siRNAs were effective in lower concentrations, were well
tolerated, and showed less variability in between experiments, the siRNA-mediated knockdown
strategy was transferred to human primary CD4" T cells. The transfection of individual siRNAs
into CD4" T cells with the nucleofector electroporation technique resulted in significant,
specific, and well-tolerated knockdown of PDE4 subtypes on mRNA and protein level. In
conclusion, the siRNA-mediated knockdown technique was a reliable tool specifically knock
down PDE4 subtypes in human T cells.

Finally, the validated siRNA-mediated knockdown technique was used to ascertain the
functional relevance of PDE4 subtypes in human primary CD4" T cells. SiRNA-mediated
knockdown of either PDE4B or PDE4D inhibited anti-CD3/CD28 induced IL-2 release 24 h
after stimulation to an extent overall similar to that observed with the panPDE4 inhibitor
RP73401 (piclamilast), pointing to an overlapping function of PDE4B and PDE4D for IL-2
synthesis. At 48 h after stimulation, efficacies of PDE4B- and PDE4D-siRNAs to suppress IL-2
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release were slightly diminished. Because substantial levels of IFN-y and IL-5 were only
measured at later time points, the effects of PDE4 subtype-specific sSiRNAs on these cytokines
were determined at 48 h and 72 h. Considering the anti-CD3/CD28 induced generation of IFN-
y and IL-5, PDE4D-siRNA showed a predominant inhibitory effect, suggesting nonredundant
roles of PDE4 subtypes for T cell cytokine production. However, the inhibition of cytokines was
most effective when PDE4 subtype-specific siRNAs were applied in combination, indicating
complementary functions of PDE4 subtypes. Although the effect of PDE4 inhibition on T cell
proliferation was small, the PDE4D-targeting siRNA alone had similar anti-proliferative effects
than RP73401, whereas PDE4A- or PDE4B-siRNAs were hardly effective. In all experiments,
the additional application of the panPDES inhibitor motapizone had qualitatively no effect on
the functional roles of individual PDE4 subtypes.

In conclusion, the present study demonstrates that individual PDE4 subtypes have overall
nonredundant, but complementary, time-dependent roles in propagating various T cell
functions, such as IL-2, IFN-y, and IL-5 release and proliferation, and that PDE4D is the form

that likely plays a predominant role in T cell function.
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6 ZUSAMMENFASSUNG

Als sekundarer Botenstoff spielt zyklisches Adenosinmonophosphat (cAMP) eine
entscheidende Rolle firr die intrazelluléare Signalweiterleitung und steuert durch die Aktivierung
von nachgeschalteten Systemen verschiedene Zellfunktionen. In Immunzellen wie T-Zellen,
Monozyten, Makrophagen oder Dendritische Zellen hat cAMP hauptsédchlich hemmende
Eigenschaften auf zellulare Funktionen. Da Typ 4 Phosphodiesterasen (PDE4) cAMP
hydrolisieren und dadurch den hemmenden Einfluss von cAMP abschwachen kénnen, sind sie
kritische Regler von Entziindungssignalen. Die PDE4-Familie besteht aus vier Subtypen, die
von jeweils einem Gen kodiert werden. Da PDE4-Subtypen in einer Vielzahl von entziindlichen
Zellen exprimiert werden, wurde die PDE4-Familie ein attraktives Ziel fir die
Arzneimittelforschung fir die Behandlung von chronisch entziindlichen Krankheiten wie
Asthma oder chronische Bronchitis (COPD). In der Tat haben PDE4-Inhibitoren
entzindungshemmende und immunmodulatorische Effekte in einer Reihe von entziindlichen
und immunkompetenten Zellen und bewiesen Wirksamkeit in klinischen Studien. Allerdings ist
groBtenteils unbekannt, welche PDE4-Subtypen in einer bestimmten Immunzelle die
inhibitorischen Effekte vermitteln. Wahrend Befunde aus Knockout-M&ausen darauf hinweisen,
dass PDEA4-Subtypen tatsachlich verschiedene funktionelle Bedeutung in verschiedenen
Immunzellen haben, ist die funktionelle Signifikanz von PDE4-Subtypen in T-Zellen und

generell in Immunzellen menschlichen Ursprungs bisher schwer nachvollziehbar.

Die Ziele der vorliegenden Arbeit waren a) durch die Anwendung von quantitativen PCR-
Experimenten, von PDE Aktivitdtstests und von Immundetektionsanalysen das
Expressionsmuster von PDE4-Subtypen in verschiedenen humanen primaren Immunzellen
herauszufinden; b) eine Antisense- und siRNA-vermittelte Technik zur spezifischen
Herunterregulation (,Knockdown’) von PDE4-Subtypen in der Zelllinie A549 zu validieren und
die besser geeignete Knockdownstrategie auf humane primare CD4* T-Zellen zu (berfiihren;
und c) die funktionelle Bedeutung von PDE4-Subtypen in humanen primaren CD4* T-Zellen

herauszufinden.

Die vorliegende Arbeit zeigte, dass die mRNA der Subtypen PDE4A, PDE4B und PDE4D in
humanen primaren CD4" T-Zellen, CD8" T-Zellen, Monozyten, aus Monozyten differenzierten
Makrophagen und aus Monozyten differenzierten Dendritischen Zellen unterschiedlich
exprimiert war und differentiell reguliert wurde nach Stimulation, wahrend die Expression von
PDE4C mRNA nie detektierbar war. In ruhenden humanen primaren CD4" T-Zellen wurde die
geringste Expression und Enzymaktivitat fir PDE4A gemessen, wahrend die PDE4B- und
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PDE4D-Expression und Proteinaktivitdt gréBer waren und PDE4D als der vorherrschende
Subtyp vorlag. Nach Stimulation der Zellen mit anti-CD3/CD28 wurde die Expression der
PDE4-Subtypen zeitabhangig induziert. Sowohl Expression als auch Enzymaktivitat von
PDE4A und PDE4D wurden innerhalb von finf Tagen hochreguliert, wahrend PDE4B nur
voribergehend hochreguliert und 24 Stunden nach Stimulation am héchsten war. Die
Induktion von PDE4-Subtypen war unabhangig von der Kostimulation und von den
eingesetzten Mengen von anti-CD3/CD28 und &hnlich ausgepragt in naiven (CD45RA") T-
Zellen und T-Ged&chtniszellen (CD45R0O"). Bemerkenswerterweise waren es hauptsachlich
die kurzen Isoformen von PDE4B und PDE4D, die fiir die beobachtete zeitabhangige
Hochregulation von PDE4-Subtypen in humanen priméren CD4" T-Zellen beitrugen. Diese
Befunde unterstreichen die Komplexitdt in Zusammensetzung und Regulation der PDE4-
Subtypen und der vielfaltigen Splice-Varianten in diesen Zellen. In ruhenden humanen
primaren CD8" T-Zellen wurde die geringste mRNA-Expression fiir PDE4A gemessen,
wahrend sie fur PDE4B und PDE4D etwa gleich groB3 war. Nach Stimulation der Zellen mit
anti-CD3/CD28 wurde die Expression der PDE4-Subtypen nach ahnlichem Muster wie in den
CD4" T-Zellen zeitabhangig induziert, wenn auch nicht qualitativ im gleichen Ausmaf. Im
Gegensatz zu T-Zellen war PDE4B der vorherrschend exprimierte Subtyp in frisch isolierten
humanen primdren Monozyten, gefolgt von PDE4A wund einem sehr geringen
Expressionsniveau von PDE4D. Wahrend der Differenzierung von Monozyten zu
Makrophagen oder Dendritischen Zellen nahm die PDE4B-Expression drastisch ab, wahrend
die PDE4A- und PDE4B-Expression weniger reguliert wurde. Stimulation mit LPS induzierte in
diesen Makrophagen oder Dendritischen Zellen stark PDE4B mRNA, aber nicht PDE4A und
PDE4D mRNA. Zusammengefasst zeigten diese Experimente, dass PDE4-Subtypen
verschiedene Expressionsmuster in humanen primaren Immunzellen haben und dass die

PDE4-Subtypen transkriptionell unterschiedlich reguliert werden nach Stimulation.

Mit dem Ziel, die Bedeutung von individuellen PDE4-Subtypen auf die Zellfunktion aufzuklaren,
und durch das Fehlen von PDE4-Subtyp-spezifischen Inhibitoren wurden zwei Strategien
evauliert, um spezifisch PDE4-Subtypen herunterzuregulieren. Zunachst wurden mehrere
Antisense-Konstrukte oder Kombinationen von kurzen doppelstrangigen RNAs (siRNAs), die
gegen PDE4-Subtypen gerichtet waren, in die humane epitheliale Lungenadenokarzinom-
zelllinie A549 transfiziert und auf Effizienz, Spezifitdt und Vertraglichkeit geprift. Es wurde
gezeigt, dass sowohl Antisense-Konstrukte als auch siRNAs betrachtliche, spezifische
Herunterregulationen von PDE4-Subtypen auf mRNA- und Proteinebene 24 und 72 Stunden
nach Transfektion bewirken konnten. Da siRNAs in geringeren Konzentrationen wirksam und
gut vertraglich waren und geringere Variabilititen in den Experimenten zeigten, wurde die
siRNA-vermittelte Knockdownstrategie auf humane primadre CD4" T-Zellen Ubertragen. Die
Transfektion von einzelnen siRNAs in CD4" T-Zellen resultierte in signifikanten, spezifischen,
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und gut vertrdglichen Herunterregulationen von mRNA und Protein der PDE4-Subtypen.
Insgesamt wurde gezeigt, dass die Knockdown-Technik eine zuverlassige Methode war, um
spezifisch PDE4-Subtypen in humanen T-Zellen herunterzuregulieren.

Letztendlich wurde die validierte siRNA-vermittelte Knockdowntechnik benutzt, um die
funktionelle Relevanz von PDE4-Subtypen in humanen primaren CD4" T-Zellen zu ermitteln.
Sowohl die siRNA-vermittelte Herunterregulation von PDE4B als auch von PDE4D hemmten
die anti-CD3/CD28 induzierte IL-2 Freisetzung 24 Stunden nach Stimulation in &hnlichem
AusmaB wie der panPDE4-Inhibitor RP73401 (Piclamilast). Dieser Befund deutet auf eine
Uberlappende Rolle von PDE4B und PDE4D fir die IL-2 Synthese hin. Nach 48-stiindiger
Stimulation waren die hemmenden Effekte von PDE4B- und PDE4D-siRNAs auf die IL-2
Synthese etwas schwacher. Da wesentliche Mengen von IFN-y und IL-5 nur zu spéateren
Zeitpunkten messbar waren, wurden die Effekte von PDE4-Subtyp-spezifischen siRNAs auf
diese Zytokine nach 48 und 72 Stunden bestimmt. Betrachtet man die anti-CD3/CD28
induzierte Bildung von IFN-y und IL-5, so zeigte die gegen PDE4D gerichtete siRNA einen
vorwiegenden inhibitorischen Effekt auf diese Zytokine. Dies lasst vermuten, dass die PDE4-
Subtypen keine redundanten Rollen fur die Zytokinproduktion innehaben. Allerdings war die
Hemmung der Zytokine dann am gréBten, wenn alle PDE4-Subtyp-spezifischen siRNAs
zusammen angewendet wurden, was auf komplementare Funktionen der PDE4-Subtypen
hindeutet. Obwohl die Effekte der PDE4-Hemmung auf die T-Zellproliferation gering waren,
hatte nur die gegen PDE4D gerichtete siRNA eine &hnliche anti-proliferative Wirkung wie
RP73401, wahrend PDE4A- oder PDE4B-siRNAs kaum effektiv waren. In allen Experimenten
hatte die zusatzliche Anwendung des panPDE3-Inhibitors Motapizone keinen qualitativen
Einfluss auf die funktionellen Rollen der individuellen PDE4-Subtypen.

Schlussfolgernd legt die vorliegende Arbeit dar, dass individuelle PDE4-Subtypen insgesamt
nicht redundante, aber komplementare, zeitabh&ngige Rollen spielen bezuglich der
Weiterleitung von zahlreichen T-Zellfunktionen, wie die IL-2, IFN-y und IL-5 Freisetzung und
der T-Zellproliferation, und dass PDE4D der Subtyp ist, der wahrscheinlich eine Gbergeordnete
Rolle fiir die T-Zellfunktion spielt.
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