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Phosphodiesterase (PDE) enzymes regulate levels of intracellular cyclic adenosine
monophosphate (cAMP) and cyclic guanosine monophosphate (¢cGMP) by hydrolysis to
inactive monophosphates. This regulation is important, because cAMP and cGMP are
involved in signalling cascades in all cells. When levels of cAMP, but not cGMP, are
elevated in tissues a net anti-inflammatory effect is observed, and inhibitors of cAMP
hydrolysing PDE enzymes types 4, 7 and 8 are, therefore, currently considered a therapeutic
strategy in asthma. This thesis examines the expression of PDE families in inflammatory
cells in patients with allergic asthma, compared with atopic non-asthmatic and normal
subjects. The functional effects of PDE inhibitors and cAMP elevating agents on the
production and release of tissue plasminogen activator (tPA) and plasminogen activator
inhibitor (PAI-1), key regulators of proteolytic cascades and fibrinolysis, were investigated
in primary human bronchial epithelial cells.

This thesis has investigated the mRNA expression of the PDE4, PDE7 and PDES isoforms
using RT-PCR, and their contribution to cAMP hydrolysing activity by the scintillation
proximity assay (SPA). Western blotting and immunohistochemistry were used to
investigate protein expression of PDE4 isoforms, and their specific localisation within cells.
PAI-1 and tPA levels in unstimulated normal bronchial epithelial cell culture supernatants
were measured by enzyme linked immunosorbent assay (ELISA).

The results showed mRNA for the PDE4 isoenzymes to be differently expressed between
the inflammatory cells, with individual cell types having differing profiles. The presence of
PDE7 mRNA in eosinophils and PDE8 mRNA in PBMC samples are novel findings.
Immunohistochemical analysis revealed PDE4A, PDE4B and PDE4D staining was
predominantly in the epithelium of bronchial biopsies from the airways, and these isoforms
were demonstrated to have unique intracellular distribution within primary bronchial
epithelial cells. The cAMP hydrolysing PDE activity, and its protein expression, were
uniquely distributed and expressed within different members of the inflammatory cells. This
suggests that different inflammatory cells regulate specific responses, by tailoring
expression and distribution of the PDE enzymes. A PDE4 inhibitor, rolipram, and a 3
agonist, salbutamol, significantly altered the molar ratio of tPA and PAI-1 produced by
primary epithelial cells, suggesting that therapeutic strategies that modify intracellular
cAMP may be important in containing the tissue remodelling response in asthma.
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Chapter 1

Introduction



1.1 Asthma

One in seven children and one in twenty five adults in Britain today are reported to suffer
from asthma. This disease affects 3.5 million of the British population (National Asthma
Campaign 2000). In spite of advances in treatment and increases in prescribing of various
therapies, a recent report has shown that the incidence of allergic asthma in an adult Scottish
population has doubled over the last two decades (Upton et al. 2000). It is likely that this

study is indicative of a general increase in allergic asthma in the population of Britain.

Asthma is characterised by a combination of the symptoms of chest tightness, wheezing,
and dyspnoea. These are the result of reversible airway narrowing and bronchial
hyperresponsiveness to an array of different and unrelated stimuli such as allergens, cold air
or sulphur dioxide (reviewed by Coward et al. 1998). Asthma is not considered a single
disease entity as many variants occur. These variants include atopic asthma, brittle asthma,
intrinsic asthma, aspirin intolerant asthma, occupational non-IgE dependent asthma and

cough variant asthma (reviewed by Holgate, 1999).

Asthma was initially thought to be due to bronchoconstriction solely; however, it is now
appreciated that a more insidious bronchial inflammation underlies this disease (reviewed
by Kay, 1991). The inflammatory process in asthmatics has devastating effects on the
airways,‘ and clearly contributes to asthma deaths. Post mortems reveal macroscopic
evidence of mucus plugs blocking the asthmatic airways and massive oedema of the airway
walls. Microscopically there is evidence of large areas of bronchial epithelial desquamation,
eosinophil and neutrophil infiltration of both the bronchial submucosa and mucosa, mucous
gland hyperplasia and thickening of the subepithelial lamina reticularis (reviewed by

Holgate, 1993). These observations, to a lesser extent, have all also been observed in



existing asthmatics by analysis of bronchial tissue obtained at broncoscopy (Djukanovic et

al. 1990).

A sub-group of patients with allergic asthma experience two distinct phases of airway
narrowing in their exacerbations following exposure to a specific allergen. An early
asthmatic response (EAR) is observed, which consists of smooth muscle contraction leading
to bronchoconstriction (Holgate, 1993). The release of histamine from activated mast cells
is responsible for this rapid narrowing of the airways, which occurs 5-10 minutes after
allergen exposure. The hypersensitivity observed in asthmatics is thought to relate to the
sensitivity of subepithelial nerve endings which are exposed as a result of bronchial
epithelial shedding (Torphy et al. 1994). This epithelial shedding, itself, is the result of
destructive mediator release from activated eosinophils. The late asthmatic response (LAR)
occurs 4-6 hours later and is characterised by airway oedema which until recently was
attributed to inflammatory mediator release from eosinophils and basophils. However,
recent studies (Leckie et al 2000) have questioned the dominance of the eosinophil in this
response, as discussed in section 1.2.1.3. Leukotriene C4 (LTCy), released from activated
eosinophils in the submucosa, is both a smooth muscle spasmogen and a stimulus for mucus
hypersecretion and plasma exudation (Holgate, 1993). All of these responses potentially

contribute to the narrowing of the airways observed in the LAR.

Whilst the airway narrowing observed in the EAR and LAR is largely reversible, many
asthmatics exhibit an underlying thickening of the airway wall. This thickening is the result
of subepithelial fibrosis with increased deposition of fibronectin and collagen types 3 and 5
in the lamina reticularis together with smooth muscle cells hyperplasia (reviewed by

Calhoun and Liu, 1995; Bousquet et al. 2000).



Current asthma therapy aims to relieve bronchoconstriction and inhibit the inflammatory
response. Bronchodilators include the 8, adrenoceptor agonists, such as salbutamol and
salmeterol, which are widely used in asthma treatment. The bronchodilatory activity of 3,
agonists is mediated through B, adrenoceptors on smooth muscle cells, which initiate the
cyclic adenosine monophosphate (cAMP) cascade and electrophysiological changes which
lead to smooth muscle relaxation (reviewed by Barnes, 1995a). B, agonists have little anti-
inflammatory efficacy and are often used in conjunction with corticosteroids, which have a
broad spectrum of anti-inflammatory actions. Increased cyclic adenosine monophosphate
(cAMP) levels within inflammatory cells have been demonstrated in vitro to inhibit T cell
chemotaxis, eosinophil degranulation and histamine release from basophils and mast cells
(Hidi et al. 2000; Momose et al. 1998; Weston et al. 1997). These anti inflammatory

actions of cAMP clearly make it a target for modulation in asthma therapy.

1.2 Role of inflammatory cells in asthma

1.2.1 Eosinophils

These cells were first described over 100 years ago by Erhlich who remarked upon their
ability to bind acidic dyes such as eosin. Eosinophils possess a strong negative charge as a
consequence of many of their proteins being composed largely of basic amino acids,
especially arginine. This therefore gives this cell a strong affinity for acidic dyes such as
eosin (reviewed by Wardlaw et al. 1997). In humans, eosinophils constitute between 2-10%
of the peripheral leukocytes and have a half life in the blood of around 18 hours (reviewed

by Giembycz and Lindsay, 1999).



1.2.1.1 Morphological features

The morphological characteristics of eosinophils are a bi-lobed nucleus filled with partially
condensed chromatin and many electron dense granules (Giembycz and Lindsay, 1999).
Eosinophils display heterogeneity and there are three distinct populations. The first is
normodense resting, unprimed eosinophils and these are normally the largest population.
Secondly, hypodense eosinophils which are of relatively light buoyant density, and their
numbers are increased in asthma (Fukada et al. 1995). The third category are referred to as
primed eosinophils that resporid to normally inactive or very weak stimuli (Giembycz and

Lindsay, 1999).

Within these eosinophils there are four different types of granules, which differ in their
number and composition. Specific granules have an obvious crystalloid core composed of
major basic protein (MBP). This core is surrounded by a matrix containing eosinophil
cationic protein (ECP), eosinophil derived neurotoxin (EDN), eosinophil peroxidase (EPO)
and cathepsin. Cytokines are also resident within this matrix and they include tumour
necrosis factor alpha (TNF-a.), interleukin 6 (IL-6) and RANTES (reviewed by Gleich and
Loegering, 1984; Giembycz and Lindsay, 1999). Small granules which contain
arylsulphase B, elastase, acid phosphatase and possibly catalase are found in tissue
eosinophils. Primary granules present in eosinophils house the Charcot-Leyden protein
which acts as a lysophospholipase (reviewed by Kroegel et al. 1994a). The fourth type of
eosinophil granule are lipid bodies that contain a core of arachidonic acid together with the
enzymes cyclooxygenase (COX) and leukotriene C4 synthase (Giembycz and Lindsay,
1999). The number of lipid bodies is low in unprimed eosinophils and increased numbers

have been recorded in eosinophils from asthmatics (Giembycz and Lindsay, 1999).



Eosinophils are known to possess a whole host of receptors upon their cell surface. These
include B, adrenoceptors, histamine H;, H, and Hs receptors, adenosine A,, bradykinin and
endothelin receptors. Receptors are also present for PAF, LTB,, formyl-methionyl-leucyl-
phenylalanine (FMLP), IL-8, RANTES, eotaxin, substance P and complement fragments

(reviewed by Kroegel et al. 1994a; Giembycz and Lindsay, 1999).

1.2.1.2 Biological properties

The properties of proteins found in eosinophil granules elucidate why these cells are such
potent destroyers of bacteria and helminths, which is their primary biological role. MBP is
a potent helminthotoxin that damages cells through charge interactions at their membranes,
thus increasing their permeability. This protein is also able to cause the degranulation of
basophils. ECP, like MBP, is also a helminthotoxin which exerts its effects by creating
pores in target cells. ECP promotes mast cell degranulation and is also a weak
ribonuclease. EPO in conjunction with peroxidase and halide ions can form the hugely
destructive hypohalous acids and highly reactive oxygen singlet. Finally, EDN is a potent

ribonuclease (Giembycz and Lindsay, 1999).

Eosinophils are capable of releasing many destructive free oxygen radicals, generated by
the actions of a reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase.
This enzyme catalyses the production of superoxide ions from oxygen, and these superoxide
ions can then be converted into hydrogen peroxide by superoxide dismutase. As discussed
above, EPO together with this hydrogen peroxide and bromide is able to form the highly
destructive hypobromous acid. Finally hydrogen peroxide in combination with superoxide
and ferrous ions is able to produce hydroxyl radicals. Numerous lipid mediators and

cytokines are also synthesised or released from eosinophils. These include PAF, LTC,,



PGE,, IL-1, IL-2, IL-4, IL-5, IL-6, IL-8, TNF-a, GM-CSF, RANTES, eotaxin and

transforming growth factor beta (TGF-B) (reviewed by Wardlaw et al. 1997).

1.2.1.3 Role in asthma

The granular proteins, MBP, EPO and ECP, are thought to be responsible for much of the
epithelial damage and shedding characteristic of asthma. In fact, the eosinophil is
hypothesised to have a fundamental role in the pathology of asthma, and asthmatic patients
exhibit increased numbers of eosinophils in their blood, sputum, bronchoalveolar lavage
(BAL) and bronchial biopsies (Djukanovic et al. 1992). There is also a strong correlation
between markers of eosinophil activation, for example ECP release, and asthma severity
(reviewed by Wardlaw and Kay, 1987). However there is some conflicting evidence to
question the importance of eosinophils in the asthmatic response. Leckie et al. (2000) found
that whilst a single dose of a monoclonal antibody against IL.-5 was able to suppress
circulating eosinophil numbers in allergic asthmatic patients. There was no corresponding
protection from an allergen induced late asthmatic response or bronchial
hyperresponsiveness (Leckie et al. 2000). These investigators suggested that the lack of
response may be due to the involvement of several cell types in the late asthmatic response

and a certain degree of redundancy within this.

Eosinopﬁils are recruited into the airways by mediators produced by the epithelium, T cells
and macrophages. For example, RANTES, eotaxin, C3a, LTB, and PAF may play a role in
eosinophil recruitment (Shahabuddin et al. 2000). Additionally eosinophil numbers in the
submucosa are increased by cytokines such as IL-3, IL-5 and GM-CSF, which inhibit
eosinophil apoptosis and prolong their survival (Wardlaw 1993). Activation of eosinophils

present in the airways by stimuli, such as IgA, C5a and PAF, induces release of the granule



associated basic proteins and also reactive oxygen metabolites such as superoxide anions,
with the subsequent formation of hypohalous acids. These are all highly toxic to the
epithelium and cause significant damage and epithelial shedding. Once the epithelium has
been shed, airway nerves are exposed to stimulation through agents such as bradykinin,
resulting in the characteristic bronchial hyperresponsiveness observed in asthmatics

(reviewed by Kroegel et al. 1994b; Gleich, 1990).

1.2.2 Neutrophils

Neutrophils constitute half of the circulating white cell population and have a half life in the

blood of only 4-6 hours (reviewed by Hellewell and Henson, 1993).

1.2.2.1 Morphological features

Neutrophils are characterised by their polymorphic nucleus and cytoplasmic granules
(Hellewell and Henson, 1993). They contain an armoury of proteases including elastase,
gelatinase, collagenase and cathepsin G, and the enzymes lysozyme, myeloperoxidase and 3
glucoronidase (reviewed by Haslett and Chilvers, 1997). Neutrophils are end stage cells
and, as a consequence, their ability to synthesise mediators is limited; however, the
mediators that they do generate are IL-1, TNF-a, IL-8, IL-6, IL-12, GM-CSF, LTB; and
PAF. Neutrophils are also able to produce a respiratory burst that leads to superoxide and
hydrogen peroxide generation. These in turn can produce hypohalous acids if combined
with halide ions in the presence of myeloperoxidase (reviewed by Church, 1999).
Receptors for potent neutrophil chemoattractants such as C5a, LTB4, PAF, FMLP and IL-8

are expressed on the cell surface of neutrophils (Hellewell and Henson, 1993).



1.2.2.2 Biological function

Neutrophils are the primary defence against invading bacteria and other pathogens, which
they phagocytose, and their impressive array of proteases detailed above allows them to
fulfil this role (reviewed by Wardlaw, 1993). Neutrophils must be able to rapidly gain
access to the site of infection and their range of receptors for chemoattractants allows them

to migrate easily through the endothelium and into various tissues.

1.2.2.3 Role in asthma

Although the role of neutrophils in asthma is a contentious subject, there is considerable
evidence to support a role for these cells in severe asthma (Fahy et al. 1995). Studies have
shown that neutrophils comprise a major proportion of the inflammatory cells observed in
sputum from asthmatics in acute exacerbation. This neutrophil accumulation may be
attributed to respiratory tract infections, which are often a precipitant of acute episodes of
asthma (Fahy et al. 1995). This study also proposed that mucus hypersecretion,
characteristic of acute asthma, may be due in part to increased levels of neutrophil derived
mediators. These cells are recruited in response to high levels of IL-8, and the subsequent
release of neutrophil elastase stimulates submucosal and goblet cell mucus secretion. There
are no reports of increased numbers of neutrophils in bronchial biopsies from asthmatic

patients in comparison to normals. Therefore the role they play in asthma is still unclear.

1.2.3 T Lymphocytes

T Iymphocytes are cells that directly recognise and respond to processed antigen. These
cells can be classified into two distinct groups, CD4+ and CD8+ cells. A simplistic
definition of these groups is that CD4+ (or helper cells) assist B cells in antibody production

and produce cytokines, whereas, CD8+ cells (or suppressor cells) are protective against



viral infections and suppress antibody production (reviewed by Wardlaw, 1993). CD4+ and
CD8+ can be further subdivided into Thl and Th2 clones. Whilst Thi cells produce IFN-y

and TNF-B and are thought to confer protection against intracellular parasites, Th2 cells
release IL-4, IL-5 and IL-10 and confer protection against extracellular parasites as well as
participating in inflammatory responses (reviewed by Essayan, 1997c). The division of T
cells into these two Thl and Th2 types is again somewhat simplistic in humans, as evidence
has shown that both Th1 and Th2 cells are capable of secreting IL-2, IL-3, IL-10, IL-13 and
GM-CSF (reviewed by Borish and Rosenwasser, 1997). However, cells do show Thl or

Th2 like responses so this definition continues.

T cells are thought to orchestrate many processes observed in the asthma phenotype. Firstly
the generation of the Th2 cytokine, IL-5, serves to promote terminal differentiation of
eosinophils. IL-5 also enhances eosinophil activation and survival time (reviewed by Kay,
1998). As mentioned in section 1.2.1 eosinophils, through the release of their mediators,
cause much of the tissue damage observed in the lungs. The release of IL-4 from T cells is
also able to promote class switching to the production of IgE by B cells (reviewed by
Wardlaw, 1993). High levels of IgE are characteristic of atopy and asthma and, when
bound to mast cells, allow degranulation upon an antigen trigger. Although there are no
reports of increased numbers of T cells in the airways of asthmatics, there are reports of
increased numbers of CD25+ (activated) T cells in the bronchial mucosa of asthmatics

(Azzawi et al. 1990).

1.2.4 Monocytes

Monocytes constitute between 1-6% of the white blood cell count and have a half life in the

circulation of 3 days. They circulate in the blood and migrate into tissues, where many
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undergo differentiation into macrophages. Monocytes function effectively as antigen
presenting cells. They are able to rapidly internalise particulate and soluble ligands and
express antigens of the major histocompatibility complex (MHC II). The cross linkage of
the low affinity receptor for IgE (FceRII) on their cell surface, by IgE immune complexes,
triggers the release of numerous cytokines, including PAF, leukotrienes, TNF-a, GM-CSF,
IL-2 and IL-8. Monocytes, like eosinophils and neutrophils, are also able to generate

superoxide ibns, hydrogen peroxide and hydroxyl radicals (reviewed by Church, 1999).

1.2.5 Bronchial epithelial cells

1.2.5.1 Morphological features

The bronchial epithelium provides an important barrier between the underlying bronchial
tissue and the external environment. This epithelium ;:onsists of columnar and basal cells
that rest upon an underlying ‘true’ basement membrane, which is composed of the lamina
rara and the lamina densa, (reviewed by Calhoun and Liu, 1995), composed of collagen
type 4, laminin, entactin and proteoglycans. Underlying this is the lamina reticularis and

lamina propria, which also contain collagens, type 3 and 4, elastin, fibronectin and many

proteoglycans.
Goblet cell .
[ cotmar | ppithelium
True ]
Lamina de
basement [I i v e Lamina

membrane

Nerves

Figure 1.1 Pictorial representation of bronchial epithelium.
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Interactions of the basement membrane and lamina reticularis with the epithelial cells
regulate numerous cellular processes. The basement membrane is able to influence the gene
expression, morphology, motility, cell cycle status and epithelial responses to external
stimuli such as growth factors. In turn, the epithelium is able to regulate the status of the
extracellular matrix (ECM) through secreting fibronectin and collagen or matrix
metalloproteinases (MMPs) that alter its synthesis or degradation respectively (reviewed by
Ashkenas et al. 1996). Interactions between the epithelial cells and ECM are thought to be
mediated largely through receptors on the basal surface of the epithelium that form contacts
with elements of the basement membrane. The most widely known of these receptors are
the integrins. These molecules are expressed on the basal surface of epithelial cells and
interact intracellularly with cytoskeletal structures. Integrins, for example a3, also
interact extracellularly with components of the ECM, for example laminin or collagen
(reviewed by Ashkenas et al. 1996). There is huge diversity in the integrin family and,
through this, the ECM is able to control specific epithelial processes such as motility. The
ECM can alter cell shape through integrins, such as asf3;and a,3;, that bind to intracellular
structural proteins, such as o actinin or talin. The extracellular matrix can also alter nuclear
events through the ability of integrins to assemble cytoskeletal frameworks, which allow the
components of the intracellular signalling machinery to interact (reviewed by Damsky and

Werb, 1992).

The interactions of epithelial cells with mediators are also controlled via the ECM. For
example, growth factors, such as fibroblast growth factor (FGF-2), can be sequestered in the
ECM, by binding to heparan sulphate side chains of proteoglycans where they are unable to
interact with receptors on the epithelial cells. Integral proteins of the ECM, such as

fibronectin, can also regulate functions of the epithelium. The size of fibronectin, whether
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intact or present in fragments, also alters its effects on epithelial functions. The
glycoproteins and proteoglycans that make up the ECM create a strong meshwork that
supports the epithelium, and also acts as a sieve for infiltrating inflammatory cells
(reviewed by Damsky and Werb, 1992). The structural state of the ECM, therefore, will
profoundly influence the epithelium through alterations in any of the above mentioned

mutual control mechanisms.

1.2.5.2 Biological properties

Epithelial cells form the primary barrier between the environment and the underlying
bronchial tissue (reviewed by Cohn et al. 1997). They have numerous functions, some of
which serve to protect against, and others contribute to, inflammation. The epithelium acts
as a defence for underlying cells in a number of ways. The ciliated apical surface of the
columnar cells, in combination with mucous produced by the goblet celis, form a protective
layer which is swept upwards removing potentially harmful substances, and preventing their
contact with underlying cells. The epithelium, by virtue of tight junctions, limits the
infiltration of viruses and bacteria and molecules from the environment to the underlying
tissues. The epithelium also metabolises arachidonic acid to produce prostaglandin E,
(PGE,), which is a potent bronchodilator (reviewed by Jacoby, 1997). Several enzymes
found in the epithelium have immunoprotective properties. These include neutral
endopeptidase and histamine-N-methyl transferase, both of which degrade potent
bronchoconstricting agents. Whilst endopeptidase can degrade tachykinins, bradykinin and
enkephalins, histamine-N-methyl! transferase can degrade histamine (Jacoby, 1997).
Protease inhibitors are also produced by the epithelium and these include elafin, cystatin C,

ol -antiprotease, ol-antichymotrypsin and secretory leukocyte protease inhibitors. These
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protease inhibitors can inhibit tissue damage associated with the actions of elastase,

cathepsin B and G and mast cell chymase (reviewed by Polito and Proud, 1998).

The epithelium can also contribute to and enhance inflammation within the bronchial tissue.
It can produce endothelin and PGF,,, both of which are bronchoconstrictors (Jacoby, 1997).
Epithelial cells convert arachidonic acid via the 15 lipoxygenase pathway to 15-
hydroxyeicosatetraenoic acid (15-HETE), which is a proinflammatory molecule acting on
mast cells (Polito and Proud, 1998). Potent chemoattractants IL-8, GROa (growth-related
oncogene), GROy, eotaxin, monocyte chemoattractant protein 1 and RANTES are also
produced by the epithelium and cause increased inflammatory cell infiltration.
Granulocyte-macrophage colony stimulating factor (GM-CSF) is produced by the
epithelium and enhances activation of eosinophils and neutrophils, as well as prolonging
their survival (Jacoby, 1997). Several proinflammatory cytokines, including IL-6, IL-11 and
IL-16, are produced by the epithelium (Jacoby, 1997; Cohn et al. 1997). Finally,
transforming growth factor 8 (TGF-p) is released from epithelial cells, which stimulates

mucin secretion, endothelin secretion and epithelial migration (Cohn et al. 1997).

Nitric oxide (NO), produced by the epithelium, can be argued to have proinflammatory and
anti-inflammatory actions. It potentiates inflammation, by increasing plasma leakage, and
interacts with superoxide anion to form peroxynitrite, a tissue damaging radical. However,
nitric oxide can act as a bronchodilator, causing bronchial smooth muscle relaxation via
c¢GMP. Nitric oxide is also speculated to have antiviral actions and it is able to nitrosylate
viral molecules, for example reverse transcriptase and nucleocapsid proteins, thus effecting

the virus lifecycle (Polito and Proud, 1998, Colasanti et al. 1999).
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1.2.5.3 Role in asthma

In bronchial biopsies from asthmatics there is evidence of thickening of the lamina
reticularis, resulting from excess fibronectin and collagen type 3 and 5 deposition in the
ECM. Subepithelial fibrosis is thought to be the result of a dysregulated repair system that
fails to respond normally to the chronic inflammation seen in asthmatics. Asthmatics exhibit
increased sensitivity to repeated insults to the epithelium from allergens and the
environment compared to normal subjects. The process of inflammation and excessive

repair is referred to as airway remodelling (reviewed by Kips and Pauwels, 1999).

Injury to the bronchial epithelium and underlying tissue in asthma is often manifested as
epithelial denudation (Jacoby, 1997). This initial injury is mediated by air pollutants,
viruses, allergen derived proteases or inflammatory cell derived mediators (Holgate et al.
1999). The injured epithelium 1s also capable of proinflammatory actions. It can produce
inflammatory cell chemokines, such as IL-8, eotaxin, IL-16 and RANTES, which attract T
cells, eosinophils and neutrophils (Holgate et al. 1999). Epithelial cells can also produce
1SHETE, which activates the lipoxygenase pathway in mast cells, PAF which increases
vascular permeability and endothelin which stimulates mucus secretion (Holgate et al.
1999). Initial tissue injury results in an inflammatory response, including increased
microvascular permeability and oedema, which aids in the migration of inflammatory cells
to the site of injury (Roman, 1996). The ECM has an important role in inflammatory cell
migration; it can act as a map guiding cells towards the site of injury. This is mediated by
the association of chemoattractants, for example the chemokines, with proteoglycans within
the ECM in an increasing concentration gradient (Kips and Pauwels, 1999). The controlled
proteolysis of components of the ECM by inflammatory cell proteases, such as MMP-9, is

believed to have a permissive role in passage of cells through the tissue. Molecules within
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the ECM can also aid in priming and activating these inflammatory cells as they migrate
into the tissue. For example GM-CSF, a non fibrogenic growth factor, is activated upon its
proteolytic release from the ECM, and can stimulate mediator release from eosinophils,
neutrophils and macrophages (Polito and Proud, 1998; Kips and Pauwels, 1999). Structural
elements of the ECM can also participate in cell activation, for example fibronectin is able
to initiate eosinophil degranulation and mediator release from basophils (Kips and Pauwels,
1999). The ECM, therefore, through numerous functions, has an important role in
inflammation. Inflammatory cells contain an armoury of proteases and tissue damaging
agents, which include tryptase and chymase from mast cells, elastase from neutrophils,
ECP, MBP, EPO and matrix metalloproteinase 9 (MMP 9) from eosinophils. The
generation of oxygen free radicals, including superoxide ions, hydrogen peroxide,
hypobromous acid and hypochlorous acid from activated eosinophils, neutrophils and

macrophages, all contribute to further tissue damage (Woessner, 1991; Holgate et al. 1999).

This tissue injury, and resulting inflammation, is swiftly followed by repair processes. The
first stage of this repair is the formation of an essential fibrin meshwork that allows cell
accumulation at the site of injury (Idell et al. 1994). Cells that infiltrate this fibrin
meshwork include fibroblasts, monocytes and epithelial cells. Once inside the meshwork,
fibroblasts and epithelial cells are stimulated to proliferate by agents, such as histamine,
tryptase and the growth factors, FGF-2, platelet derived growth factor (PDGF), insulin like
growth factor (IGF) and epidermal growth factor (EGF) (Holgate et al. 1999; Idell et al.
1994; Kips and Pauwels, 1999). A major function of these fibroblasts is their production of
the ECM components collagen and fibronectin, and this is stimulated by transforming
growth factor B (TGF ) histamine and tryptase (Holgate et al. 1999). Monocytes also

infiltrate the wound site where they differentiate to become activated macrophages, which
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produce TGF-f, tumour necrosis factor alpha (TNF-a) and the growth factors PDGF and
vascular endothelial growth factor (VEGF) (Singer and Clark, 1999). In the process of
repair, epithelial cells migrate towards the site of injury, where they are stimulated to
proliferate by histamine, tryptase, IGF and EGF (Holgate et al. 1999; Kips and Pauwels,
1999). Epithelial cells are stimulated by TGF-$ to produce ECM components; for example
fibronectin and collagens type 1 and 3 (Kips and Pauwels, 1999). The ECM proteins
tenascin and entactin, together with the growth factors EGF, TGF-f and basic fibroblast

| growth factor (bFGF) or FGF-2, are also produced by the epithelial cells (Polito and Proud,
1998; Holgate et al. 1999). The proliferation of fibroblasts and their secretion of ECM
components, serves to repair the tissue injury by the deposition of a new ECM and the

proliferation of epithelial cells completes the repair.

The initial fibrin meshwork necessary for the early stages of repair must be degraded, and
this is mediated by the protease plasmin. Plasmin is produced by the proteolytic cleavage of
its inactive precursor plasminogen, which is produced in the liver, and freely circulates in
the plasma, passing into the tissue due to increased microvascular permeability as a result of
injury. The cleavage of plasminogen to form active plasmin is mediated by tissue
plasminogen activator (tPA), that is produced in the endothelium and urokinase like
plasminogen activator (uPA), which is produced by fibroblasts and macrophages as well as
inflammatory cells (Elhasade et al. 1998). The provisional ECM formed at the injury site
also requires remodelling for normal tissue repair, and this is partly achieved by the ability
of plasmin to degrade fibronectin, laminin and thrombospondin, but largely by the actions
of the matrix metalloproteinases (MMPs) (Sitrin et al. 1992). The MMPs are a family of
substrate specific endopeptidases whose members can degrade most components of the

ECM (Kips and Pauwels, 1999). They are produced by macrophages, fibroblasts, epithelial

17



cells and endothelial cells as inactive precursors that often associate with components of the
ECM (Singer and Clark, 1999; Woessner, 1991). Activation of these MMPs, and their
release from the ECM is achieved by trypsin, plasmin or hypochlorous acid, produced by

neutrophils (Woessner, 1991).

Remodelling mediated by fibrinolysis and proteolysis must be held in tight check, as excess
lytic activity may result in further tissue damage or destruction. This is achieved by
numerous specific protease inhibitors. The plasmin forming enzymes tPA and uPA, are
regulated by the specific inhibitor plasminogen activator inhibitor 1 (PAI-1), which is also
produced by the endothelium (Elhasade et al. 1998). Plasmin is itself inhibited by a2
antiplasmin and o; macroglobulin both found in the plasma (Elhasade et al. 1998). Finally,
the MMP family is inhibited by tissue inhibitors of matrix metalloproteinases (TIMPs), a;-
antitrypsin and a, macroglobulin (Kips and Pauwels, 1999). These inhibitors bind MMPs

stoichiometrically in a non-covalent fashion (Woessner, 1991).

1.2.6 Mast cells and basophils

Mast cells are recognised by having a cytoplasm filled with large granules. These granules
contain heparin and chondroitin sulphate. Mast cells contain an array of mediators,
including histamine, tryptase, chymase, chondroitin sulphate, LTB,4, 5-HETE, PGD,, LTC,,
TNF-a, IL-4 and IL-5 (reviewed by Wardlaw, 1993). Mast cells can be divided into two
classes: MCrmast cells, that contain only tryptase aﬁd are localised to mucosal surfaces,
and MCqc cells that contain tryptase and chymase and are localised to the submucosa and
connective tissue (Irani et al. 1989). MCr mast cells are increased in numbers in allergic
disease, unlike MCrc cells. Mast cells play an important role in the early response observed

in asthma via release of histamine, PGD, and LTC4. These agents increase vascular

18



permeability, leading to mucosal oedema, and also elicit smooth muscle contraction and
increased mucus secretion (reviewed by Wassermann, 1985). Tryptase, the major mast cell
protease, is also implicated in the pathogenesis of asthma (Church et al. 1997). Reports
indicate that tryptase sensitises bronchial smooth muscle to contractile agents and also
cleaves matrix components for example fibronectin and gelatinase. Tryptase increases the
release of IL-8 from epithelium and is a mitogen for fibroblasts. All of the above actions of
tryptase are pro-inflammatory and contribute to the inflammation and subsequent airway
damage seen in asthma. Mast cell mediators for example histamine and tryptase, are
released when the cells degranulate. This degranulation is triggered by the cross linkage of

high affinity IgE receptors which occurs when antigens bind to them (reviewed by Church,

1999).

Basophils are mainly found in low numbers in the blood, and constitute less than 1% of
circulating leukocytes. They have many similar properties to mast cells, including stores of
histamine and proteoglycans. Basophils are distinguished from mast cells by the absence of
tryptase and their lack of the low affinity IgE receptor. These cells do, however, express the
high affinity IgE receptor, together with receptors for IL-3, IL-4 and GM-CSF. Basophils
also generate tryptase, leukotrienes, IL-4 and IL-13, but do not synthesise PGD,. Basophils
exert many of the same effects as mast cells in asthma, however they are associated
predominantly with the late allergic response and are responsible for the majority of

histamine release at this time (reviewed by Church, 1999).

1.2.7 Macrophages
These cells result from the differentiation of blood monocytes, and have many similar

properties. Macrophages are able to release several inflammatory mediators, including
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LTB,, TNF-a, C5a, platelet derived growth factor (PDGF) and PAF (reviewed by Lee and

Lane, 1992).

Macrophages have an important role in asthma, and have been reported to be present in
increased numbers in the bronchial mucosa from asthmatic subjects in comparison to
normals (Chanez et al. 1991). The role of macrophages in asthma is two fold; firstly they
act as antigen presenting cells, ingesting and then processing antigens that they then present
to T cells. The second role of macrophages in asthma is the generation of large quantities of
pro-inflammatory mediators, including PAF, TNF-a., leukotrienes, GM-CSF, IL-1, IL-6, IL-
8 and NO. These mediators allow recruitment, prolonged survival, or activation of

granulocytes and lymphocytes at the site of inflammation (Church, 1999)

1.2.8 Endothelial cells

Endothelial cells act as the barrier between blood and tissue and, as such, they are able to
control the passage of cells and fluids into the tissues. These cells, like epithelial cells, have
the capacity to generate both pro and anti-inflammatory mediators (Tonnel et al. 1997).
Endothelial cells can release nitric oxide, which has bronchodilatory actions, and
prostacyclin. However, they also have the capacity to generate proinflammatory mediators,
including PAF, IL-8, RANTES, LTC, and LTD,. Endothelial cells tightly control the
migration of inflammatory cells into the tissue, and this is regulated through the expression
of cellular adhesion molecules on their surface. These cell surface markers interact with
adhesion molecules expressed on circulating inflammatory cells. The integrins ICAM-1 and
2, VCAM-1 and selectins, E-selectin and P-selectin, are expressed on endothelial cells, and
bind to adhesion molecules expressed on inflammatory cells, to allow rolling, adhesion and

finally migration into the inflamed tissue (reviewed by Tonnel et al. 1997).
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Endothelial cells have an important role to play in asthma pathogenesis. Through increased
permeability of the endothelium, inflammatory cells migration into the submucosa is
increased. This increased permeability also enhances plasma leakage, which contributes to

oedema (reviewed by Raeburn et al. 1993).

1.3 Genetic linkage

Although susceptibility to asthma is not solely defined by a genetic trait, there is clear
evidence, through family and twin studies, to suggest a genetic component in this disease
(Sandford et al. 1996). Much research has gone into investigating possible links between

candidate genes that are known to code for traits or characteristics associated with asthma or

atopy.

Chromosome 5q

This chromosome houses the coding regions for the 3, adrenergic receptor and leukotriene
C, synthase, a key enzyme in regulation of leukotriene C4, D4 and E4 levels. Chromosome
5q also has coding regions for numerous of the proinflammatory cytokines linked with
asthma and allergy. These include IL-3, IL-4, IL-5, IL-9, IL-13 and GM-CSF which are
involved in processes such as immunoglobulin class switching in B cells, basophil,

eosinophil and mast cell maturation (reviewed by Bleecker et al. 1997)

Chromosome 6
Coding for tumour necrosis factor alpha (TNF-a), a potent proinflammatory cytokine, is
found on this chromosome, together with coding for the human leukocyte antigen region

(HLA) (reviewed in Bleecker et al. 1997)
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Chromosome 11q

Genes coding for the B subunit of the high affinity IgE receptor (FceRI), present on the cell
surface of basophils and mast cells, are found on this chromosome (Sandford et al. 1993).
This receptor is intimately involved in the allergen triggered release of histamine from these

cells.

Chromosome 12q

This chromosome houses coding regions for interferon gamma (IFNy), nitric oxide synthase

and leukotriene A4 hydrolase (reviewed by Bleecker et al. 1997).

Chromosome 14q
The T cell antigen receptor (TCR) and NFkB-1, an important signalling molecule, are found

on this chromosome (reviewed by Bleecker et al. 1997).

Several studies have found evidence for links between polymorphisms of the above genes
and the asthma/atopy phenotype. At present there is no evidence of a disease related gene
for asthma, and it is unlikely to be attributed to a single gene. Work is ongoing, screening

large patient populations, in an attempt to find further candidate loci.

Genetic location of the PDE4 genes.

The PDE4 family members (see below) are coded by genes found at distinct chromosomal
locations. PDE4A is found at 19p13.2, 4B is coded by a region at 1p31, 4C at 19p13.1 and
4D at 5q12 (Houslay and Milligan, 1997). At present these genetic locations have not been
implicated in any hypothesised linkage associated with the asthma phenotype (reviewed by

Holgate, 1999).
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1.4 Cyeclic nucleotides

Cyclic AMP and cyclic guanosine monophosphate (GMP) are important intracellular
second messengers that are involved in signalling cascades in nearly all cells of the body.
Cyclic AMP is formed by the action of adenylyl cyclase on adenosine tri-phosphate (ATP),

and is hydrolysed by the cAMP phosphodiesterases (PDE).

When levels of intracellular cAMP are elevated, there is thought to be a net anti-
inflammatory effect in many cells. For this reason, agents that control levels of cAMP in
cells and tissue are of interest when considering therapeutic strategies in asthma (Torphy,
1998; Houslay and Milligan, 1997). There is little evidence to suggest that cGMP 1s an
important mediator in control of inflammation, however it has peripheral roles such as
contributing to airway smooth muscle relaxation, mechanism of action described in section
1.9, (Diamond 1993). It is the cAMP modulating phosphodiesterases that are found
predominantly in inflammatory cells and are therefore examined in this thesis (Torphy,

1998; Berridge, 1985).

There are up to nine different mammalian forms of adenylyl cyclase, and their activity is
regulated by many G protein linked receptors for hormones, neurotransmitters and growth
factors (reviewed by Houslay and Milligan, 1997). For example, the activation of adenylyl
cyclase is mediated through the A, adenosine receptors, 31,82, B; adrenoceptors, EP; and
EP, prostanoid receptors and histamine H; receptors (Dent et al. 1994b). Once activated,
adenylyl cyclase converts ATP to cAMP, leading to an increase in intracellular cAMP. This
increase in cCAMP causes activation of protein kinase A (PKA), an enzyme which
phosphorylates a wide range of intracellular proteins, leading to a whole host of biological

responses (reviewed by Berridge, 1985). A schematic representation of this cascade is
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shown in figure 1.2. Through this cAMP signalling pathway, control is imposed on
gluconeogenesis, glycogenolysis, lipogenesis, muscle contraction, apoptosis and ion

channel conductance to name but a few cellular responses (Houslay and Milligan, 1997).

Protein kinase A is composed of four subunits, two catalytic (C) and two regulatory (R)
units. Following binding of cAMP to the R units these dissociate from the C units. The C
units subsequently become active and phosphorylate threonine or serine residues on target
proteins. There are two forms of PKA; PKA I, which is mainly cytosolic in cells, and PKA
IT which is mainly particulate. The subcellular localisation of these PKA forms requires
them to be present in the same subcellular location as newly generated cAMP, and may

serve to limit their ability to be activated by cAMP (Lewis et al. 1996).
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Figure 1.2 Schematic representation of the cAMP signalling cascade.

A hormone, e.g. adrenaline, or a drug, e.g. salbutamol, interacts with a specific f3,
adrenoreceptor, thus activating adenylyl cyclase. Activation of adenylyl cyclase initiates
cAMP production, which in turn activates protein kinase A (PKA). PKA can then
phosphorylate a host of proteins (adapted from Houslay and Milligan, 1997).
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1.5 The phosphodiesterase enzymes

Sutherland and Rall first reported the presence of cyclic nucleotide hydrolysing

enzymes in tissue extracts in the late 1950s (Sutherland and Rall, 1957). Phosphodiesterase
enzymes cleave cyclic nucleotides by hydrolysis of phosphodiester bonds (Torphy, 1998).
There are, at present, eleven known members of the phosphodiesterase family that have
differing affinities for their substrates, which are either adenosine 3',5' cyclic
monophosphate (cAMP) or guanosine 3',5' cyclic monophosphate (cGMP). The hydrolysis

of these substrates is illustrated in figure 1.3
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Figure 1.3 Hydrolysis of phosphodiester links in cAMP and cGMP by phosphodiesterases

The presence of at least one member of the phosphodiesterase family in most human cells
suggests that there is a fundamental biological role for these enzymes. That biological role
is the regulation of cyclic nucleotide levels, both intracellularly and on a larger scale, in
organs and systems of the body. All members of the phosphodiesterase family share
between 20-25% sequence homology with each other and have three common features,

illustrated in figure 1.4 below.

NH2 ={ Regulatory Catalytic Variable |=COOH

Figure 1.4 The common structure of the PDE enzymes.
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The regulatory domain contains regions responsible for enzyme modulation by calmodulin,
c¢GMP or phosphorylation. This region also houses targeting domains and inhibitory
domains. The catalytic region shows 50% homology in its amino acid sequence between
different family members, and this region houses sites for substrate and inhibitor binding.

The role of the variable region is less clear, but is thought to house a dimerisation domain

(reviewed by Torphy, 1998).

1.6. PDE family members

1.6.1 PDE1

PDE1 enzymes are characterised by their ability to be activated by a calmodulin/calcium
complex. Members of this PDE family are encoded by three distinct genes, all of which can
give rise to separate splice variants. The calmodulin/calcium complex binds to a sequence
on PDE1 near the amino (NH;) terminus, and increases the activity of the enzyme several
fold. This increase in activity is thought to result from the displacement of an inhibitory
domain that holds the enzyme in an inactive state (Reviewed by Sonnenburg et al. 1998).
The three members of this PDE1 family differ in their substrate preference. PDEIA and 1B
have much greater affinity for cGMP, whilst PDE1C hydrolyses cAMP and ¢cGMP equally.
PDE1A and 1B are reported to be phosphorylated by PKA or calmodulin kinase II
respectively. However, there is no evidence of any phosphorylation of the 1C isoform.
This phosphorylation is thought to decrease the sensitivity of these enzymes to
calmodulin/calcium activation (reviewed by Juilfs et al. 1999). In-situ hybridization has
localised PDE]1 to distinct regions of the brain (Sonnenburg et al. 1998), and expression has
also been reported in alveolar macrophages (Tenor et al. 1995a) and epithelial cells

(Rousseau et al. 1994). KS505a is the only reported specific PDE1 inhibitor to date.
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1.6.2 PDE2

Members of this family are characterised by their ability to be stimulated by cGMP. There
are at present three documented PDE?2 isoforms, all of which have equal substrate affinity
for cAMP and cGMP (reviewed by Giembycz et al. 1997). PDE2 enzymes possess a non
catalytic binding site for cGMP that, when occupied, is thought to change the catalytic
domain of the enzyme, from a low affinity form to a high affinity form, that hydrolyses
cAMP. High concentrations of cGMP, however, inhibit catalysis of cAMP by PDE2,
probably through competitive inhibition at the catalytic site. The ability of PDE2 to be
stimulated by cGMP has implicated this enzyme in playing a role in mediating the cross talk
between cAMP and cGMP regulated pathways. The three individual PDE2 forms are also
expressed in different cell locations. PDE2A1 has been termed ‘soluble’, as it was isolated
in the supernatant fractions of bovine heart extracts, and PDE2A?2 and 2A3 are termed
‘particulate” as this was their location in bovine brain extracts (reviewed by Juilfs et al.
1999). Members of the PDE2 family have been largely reported to be present in distinct
areas of the brain with low levels in the lungs, airway smooth muscle, platelets, epithelial
and endothelial cells (Giembycz et al. 1997). Erythro-9-[2-hydroxyl-3-nonyl]-adenine

(EHNA) is a selective inhibitor of PDE2 enzymes.

1.6.3 PDE3

These enzymes are characterised by their ability to be inhibited by cGMP. The substrate
specificity of PDE3 enzymes is the same for both cGMP and cAMP, demonstrated in
similar Km values (see table 1.1). Cyclic GMP acts as a competitive inhibitor of cAMP
hydrolysis, and is thought to inhibit hydrolysis of cAMP by competition at the catalytic site
(Juilfs et al. 1999). This inhibition may allow cGMP to potentiate the effect of cCAMP in

cells by decreasing its hydrolysis. There are two forms of PDE3; 3A and 3B, which show
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distinct cellular expression. Whilst PDE3A is expressed in platelets and cardiac tissue,
PDE3B is expressed largely in adipocytes (reviewed by Conti and Jin, 2000). Both forms
of these PDE3 enzymes can be phosphorylated by PKA, and this is reported to inhibit
activity. Expression of PDE3 has also been reported in T cells (Sheth et al. 1997), basophils
(Peachell et al. 1992) and epithelial cells (Rousseau et al 1994). Inhibitors for PDE3 were
developed for treatment of congestive heart failure, and they include milrinone, siguazodan,

motapizone and vesnarinone.

1.6.4 PDE4
This family hydrolyses cAMP almost exclusively, and members are present in all
inflammatory cells with the exception of platelets. This thesis will therefore focus on

investigating the PDE4 family, expression, localisation and activity in cells and tissue in

asthma.

1.6.5 PDES

PDES5 enzymes are cGMP specific. They are composed of two identical subunits, each of
which contains a non catalytic binding domain for cGMP. Two isoforms of PDES have
been identified so far, and both are susceptible to phosphorylation by protein kinase G
(PKG) and PKA. The effect of this phosphorylation is still unclear, as it does not appear to
change tﬁeir activity (reviewed by Juilfs et al. 1999). Zinc binding domains are also present
on PDES5 enzymes and it is thought that association with this ion is necessary for catalytic
activity (reviewed by Beavo et al. 1994). Expression of PDES has been noted in epithelial
cells (Rousseau et al. 1994), and traces in alveolar macrophages (Tenor et al. 1995a).
Specific PDES inhibitors, however, do not suppress functional responses in these cells

(reviewed by Giembycz et al. 1997). More recently a specific PDES inhibitor, Sildenafil,
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has proved very effective in treatment of penile erectile dysfunction (Glossmann et al.

1999).

1.6.6 PDEG6

This group, like PDES, is also cGMP specific, and these enzymes are present in the rods
and cones of the eye. PDES is activated by the retinal G protein transducin on light
stimulation and this PDE activation leads to a decrease in cGMP and, therefore, closure of
the cGMP gated cationic channels of the photoreceptor plasma membrane (Beavo et al.

1994).

1.6.7 PDE7

Enzymes of this subgroup are most like those of PDE4, in that they have a high affinity for
cAMP. However, they are unaffected by PDE4 inhibitors such as rolipram (Giembycz et
al. 1997). It is of particular interest that the mRNA for PDE7 appears to be relatively
abundantly expressed in tissues, but there appears to be tight control over protein
expression, with very little protein detected in cells (Li et al. 1999). At present there are
two documented isoforms of PDE7; 7A, which has splice variants 7A1 and 7A2, and the
recently cloned 7B (Gardner et al. 2000). The expression of PDE7 mRNA has been
reported in T cells (Giembycz et al. 1996) and epithelial cells (Fuhrmann et al. 1999). PDE
activity possibly attributable to PDE7 has been noted in T cells (Tenor et al 1995b) and B
cells (Gantner et al. 1998), however, the absence of any commercially available PDE7

specific inhibitor has made identification of PDE?7 difficult.
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1.6.8 PDES

Members of this group hydrolyse, almost exclusively, cAMP with an affinity forty times
higher than PDE4 enzymes. For this reason it is speculated that PDE8 may be involved in
the regulation of cAMP at low basal levels of this second messenger, whereas PDE4
enzymes may hydrolyse peaks of cAMP occurring during signal transduction. There are two
isoforms of this enzyme, PDESA and PDE8B. Messenger RNA for PDESA is reported to
be present in the human colon, small intestine, ovary and testis (Fisher et al. 1998a), and
mRNA for PDE8B was present in the thyroid (Hayashi et al. 1998). Whilst this enzyme is
unaffected by many PDE inhibitors, such as IBMX and rolipram, it can be inhibited by

dipyridimole (Fisher et al. 1998a).

1.6.9 PDES

PDESY is highly cGMP specific, with one of the highest affinities for its substrate of all the
PDEs. It is most similar to PDES, and its high affinity for cGMP may suggest it is active in
cells with lower cGMP concentrations than other PDEs (Soderling et al. 1998). High levels
of the mRNA for this enzyme have been found in the kidney, spleen and small intestine
(Fisher et al. 1998b; Soderling et al. 1998). PDES9 is inhibited only by the PDE1/5 inhibitor

SCHS51866.

1.6.10 PDEIO

This enzyme has dual specificity for its substrates cAMP and cGMP. PDE10 has a sequence
that codes for a possible cGMP allosteric binding site (Soderling et al. 1999). Messenger

RNA expression of PDE10 has been detected in testis and brain, but was not present in
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lungs or peripheral leukocytes (Fujishige et al. 1999). Dipyridamole and SCH51866 are

capable of inhibiting this enzyme.

1.6.11 PDEIl1

PDE11, like PDE10, can hydrolyse cAMP and cGMP and also has the sequence for a

potential cGMP allosteric binding site. There may be three isoforms of this enzyme, as

demonstrated by three separate molecular weight bands evident through Western blotting.

Skeletal muscle, liver, kidney, salivary gland and testis all have mRNA for this PDE.

PDE11 can be inhibited by IBMX, zaprinast or dipyridamole (Fawcett et al. 2000).

Table 1.1 summarises the characteristics of the PDE isoenzyme family and catalogues the

number of isoforms within these subtypes

Sub family|Characteristic feature Km (uM) cAMP |Km (uM) cGMP |Isoforms
1 calcium/calmodulin dependent 1-30 3 3
2 cGMP stimulated 50 50 3
3 c¢GMP inhibited 0.2 0.3 2
4 cAMP specific 4 >3.000 4
5 cGMP specific 150 1 2
6 retinal cGMP specific 2000 60 4
7 high affinity for cAMP 0.2 >1,000 2
8 high affinity for cAMP 0.055 124 2
9 high affinity for cGMP 230 0.17 1
10 |dual specificity for cAMP and cGMP 0.26 7.2 1
11 dual specificity for ;CAMP and cGMP 1.04 0.52 3?

Table 1.1 Characteristics of the multi-gene family of phosphodiesterase isoenzymes
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1.7 Sub-families and splice variants of PDE4

Members of the PDE4 family are encoded by four distinct genes, and their transcription
results in four isoforms 4A, 4B, 4C and 4D. Within these isoforms further diversity is
introduced through alternative splicing, resulting in unique splice variants. Whilst these
PDE4 isoforms are unique, in certain areas of their sequence they show large homology
with each other. For example, all isoforms have greater than 80% homology in amino acid
sequence within their catalytic domain, however, sequences coding for their amino (NH,)
and carboxyl (COOH) terminals show more variability (McLaughlin et al. 1993). All PDE4
isoforms also contain two upstream conserved regions (UCR), UCR1 and UCR2. These
regions are distinct from each other, but show individual conservation between PDE4
isoforms suggesting they participate in a fundamental function of these enzymes (Beard et

al. 2000). Figures 1.5-1.8 illustrate the four individual PDE4 isoforms, and show where in

their sequence splicing occurs.

catalytic demain

Figure 1.5 Schematic representation of PDE4A.
Length of isoform in terms of amino acids is represented in numerals shown at the NH, end

of the sequence (Jacobitz et al. 1996).

catahlytic domain

Figure 1.6 Schematic representation of PDE4B
Splice variants are illustrated and labelled in red, whilst their amino acid length is shown in

numerals at their NH, terminals (Huston et al. 1997).
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catalytic domain

Figure 1.7 Schematic representation of PDE4C
Length of isoform is represented in numerals at the NH, terminal (Engels et al. 1995).

D4 810

D5 746 catahytic domain

D3 673 ="D1 586

D2 508

Figure 1.8 Schematic representation of PDE4D

Splice variants are illustrated and labelled in red, and their amino acid length is shown in
numerals at their NH, terminals (Bolger et al. 1997).

Variations in the NH, terminal of PDE4 proteins brought about by alternative splicing are
thought to serve several purposes. Firstly, they can target individual isoforms to specific
cellular locations. For example engineered RD1, a rat PDE4A version, when stably
transfected into human follicular thyroid carcinoma cells, shows distinct localisation with
the Golgi complex (Pooley et al. 1997). The role of the NH, terminal in intracellular
localisation of PDE4s was demonstrated by the expression of another engineered PDE4A,
RPDES®, in monkey derived COS 7 cells. Whilst this RPDE6 protein was found to associate
with SH3 domains of SRC or SRC related kinases, RPDE39, a version of RPDES6 lacking in
a proline rich N terminal region had no association with these SH3 sequences (O'Connell et
al. 1996). Splice variants of the PDE4B and 4D isoforms when expressed in transfected
cells, not only show differing localisations, but also differ in their affinity of attachment to
various structures. This variability in attachment between splice variants is evident through
the different conditions needed to break these attachments and solubilise them (Jin et al.

1998; Bolger et al. 1997; Huston et al. 1997). More recently, reports have emerged that this
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specific localisation may also target these splice variants to signalling complexes, as is the
case with PDE4DS5, which binds the protein receptor for activated C kinase (RACK1) in
several cell lines (Yarwood et al. 1999). Targeting of splice variants to different
intracellular locations may also serve to regulate their activity. Huston et al. (1997),
demonstrated that 4B1 and 4B2 splice variants of PDE4B have 40% less catalytic activity,
when located in the particulate fraction of COS 7 cells, than when found in the soluble
fraction (Huston et al. 1997). Studies of splice variant localisation in non transfected
human cells are still limited, but a report by Baroja et al. (1999) in human T cells has
demonstrated that the B2 splice variant of PDE4, which lacks a UCRI1 region, is associated

with the CD3e chain of the T cell receptor. This association is not observed for the longer

B1 version of this isoform (Baroja et al. 1999).

Individual sequences, held within the NH; terminals of the PDE4 splice variants, are also
known to alter the catalytic activity of these enzymes. The UCR2 region, of both PDE4D1
and PDE4A, is hypothesised to contain an inhibitory region which, if removed by deletion,
increases the catalytic activity of these enzymes (Jacobitz et al. 1996; Kovala et al. 1997).
Phosphorylation of a sequence within the UCR1 region of the long variant, 4D3, can also
significantly increase catalytic activity (Lim et al. 1999; Alvarez et al. 1995). Recently it
has been hypothesised that UCR1 and UCR2 regions in long splice variants are held
together by electrostatic interactions. This interaction holds the enzyme in a conformation
with low catalytic activity. Phosphorylation by PKA of a site within the UCR1 releases its
interaction with UCR2, thus transforming the enzyme into a more active catalytic
conformation (Beard et al. 2000). Differences in the presence of this UCR1 region between
long and short splice variants of PDE4 are exploited by cells to change activity of individual

splice variants. Whilst ERK2 phosphorylation of 4D long variants amplifies the inhibitory
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effect of UCR1 and UCR?2 on the catalytic domain, ERK2 phosphorylation of short 4D
variants, which have only a UCR2 region, causes activation of the enzyme (MacKenzie et
al. 2000). The ability of cells to increase catalytic activity by changes in conformational
states induced by phosphorylation is observed in many cells. This increase in activity by
phosphorylation can occur in a short time, allowing cells to quickly regulate stimulated
increases in cAMP by rapid induction of a long form PDE4 that can degrade it. Cells
regulate cAMP levels in the long term by induction of protein synthesis for PDE4s. This
temporal regulation of cAMP levels by cells was illustrated in the FRTL-5 thyroid cell line.
Thyroid stimulating hormone (TSH) causes a quick increase in PDE4 activity within 15
minutes by the phosphorylation of 4D3. Long term incubation with TSH results in
increased 4D2 expression through cAMP dependent activation of its promoter (Jin et al.

1998).

Finally, differences between the individual PDE4 splice variants lead to variability in their
inhibition by PDE4 inhibitors. This was illustrated for recombinant 4A, whilst the long
version has a high affinity for rolipram with an ICsy of 204nm, truncated versions of this
isoform show low affinity with an ICs, of 1022nm (Owens et al. 1997). The intracellular
localisation of the splice variants also affects their ICs for rolipram. 4B2 shows a ten fold
increase in sensitivity to rolipram inhibition when located in the particulate fraction of
COs7 ceils (Huston et al. 1997). RACK1 association with 4D5, however, decreases its
sensitivity for rolipram inhibition (Yarwood et al. 2000). Phosphorylation also changes
affinity for inhibitors. For example the phosphorylated version of 4D3, when expressed in
U937 cells, shows a 100 fold increase in sensitivity to RS25344 (a PDE4 inhibitor) (Alvarez

et al. 1995).
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The amazing diversity of PDE4 expression through different isoforms and splice variants
gives cells the ability to finely control cAMP levels. The further range of properties related
to these individual splice variants, including regulation by phosphorylation, sensitivity to

inhibition and intracellular targeting, further refines this control.

1.8 Therapeutic agents that increase cAMP
The levels of intracellular cAMP can be increased pharmacologically by one of two
mechanisms: either by activation of receptors linked to Gs proteins that stimulate adenylyl

cyclase and cAMP production, or by the use of phosphodiesterase inhibitors which prevent

its degradation.

1.8.1 P, adrenoceptor agonists

B3, agonists are bronchodilators and one of the main stays of asthma treatment that exert
their effects through [, adrenoreceptors whose endogenous ligand is adrenaline. 3,
receptors are present in many cells within the lungs, including bronchial smooth muscle
cells, epithelial cells, presynaptic nerve terminals and many of the inflammatory cells,
including eosinophils and mast cells (reviewed by Lipworth, 1998). Unfortunately 3,
agonists have no appreciable anti inflammatory actions, and thus are mainly used in
conjunction with glucocorticosteroids for the effective management of asthma patients.
The action of 3, agonist is mediated through a chain of events, which are illustrated in
figure 1.9. B, agonists, for example salbutamol of formoterol, bind to a pocket formed by
the seven hydrophobic transmembrane spanning domains of the 3, adrenoceptors. The
intracellular loops of this receptor are bound to a stimulatory G protein (Gs). The Gs protein
is composed of three subunits, termed the a, 3 and y subunits. It is to the a subunit that the

intracellular loops of the 3, receptor bind and, on agonist occupation of the receptor, the a
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subunit becomes activated (reviewed by Barnes, 1995a). The o subunit is activated by the
dissociation of guanosine diphosphate (GDP), to which it was bound in its inactive state,
and the subsequent re-association with a GTP molecule. The activated o subunit activates
adenylyl cyclase, leading to the production of cAMP. As described in Section 1.4, cAMP
can then bind to PKA, which results in its activation. Activated PKA in bronchial smooth
muscle can phosphorylate large potassium conductance channels (maxi K channels),
causing a decrease in intracellular calcium levels by promoting Ca®"/Na" exchange. This
decrease in intracellular calcium causes smooth muscle cell relaxation, which is observed as
bronchodilation. PKA can also inhibit phosphoinositide hydrolysis and myosin light chain

phosphorylation within these smooth muscle cells.

Activated PKA can also translocate in the nucleus, where it can alter gene regulation. PKA
phosphorylates a cAMP response element binding protein (CREB) in the nucleus. This
phosphorylated CREB then binds a creb binding protein (CBP), which is bound to a cAMP
response element (CRE). CRE is located within the promoter region of a number of target
genes, and its association with CREB and CBP results in increased transcription of the
target gene. This target gene can include the 3, adrenoreceptor or phosphodiesterase
enzymes (reviewed in Barnes, 1995b). It should also be noted that the promoter region of
genes that contain a CRE sequence can also be negatively regulated if the CRE sequence is

bound by a CRE modulator (CREM).
The bronchodilation caused by agonist induced activation of 3, receptors may not, entirely

be due to increased cAMP levels. It is hypothesised that activation of the maxi K channels

may also result from direct association with the o subunit of Gs. This would explain why
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higher levels of agonist are needed to increase cAMP levels than those required to elicit

bronchodilation (reviewed in Barnes, 1995a).

B2 agonist

Adenylyl

cyclase

ATP .\ B,AR
cAMP

l protein
PKA ==p phosphorylation

mRNA

/ fl—‘ N
o Yy

CRE

Figure 1.9 Schematic representation of the actions of 3, agonists

A stimulus interacts with a 3, adrenoreceptor (B,AR) thus stimulating the dissociation and
activation of heterotrimeric G proteins. This leads to adenylyl cyclase activation and the
generation of cAMP which phosphorylates PKA. PKA, in turn, can then phosphorylate
proteins or mediate effects within the nucleus.

Long term 3, agonist use is observed to lead to a desensitisation of 3, receptors, resulting in
reduced agonist effectiveness (Lipworth 1998). This desensitisation of 3, receptors can be
the result of numerous mechanisms. These include functional uncoupling of the receptors

by G protein receptor kinases, PKA or PKC, receptor sequestration, changes in receptor

turnover or receptor down regulation through degradation. Desensitisation can also occur
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through changes in receptor gene expression. These changes can be mediated through

regulation of; the gene promoter, gene transcription, mRNA stability or gene translation.

1.8.2 Phosphodiesterase type 4 Inhibitors
Henry Hyde Salter first prescribed strong coffee for the alleviation of asthma symptoms as
early as 1860. Caffeine was the active component responsible for alleviation of these

symptoms through its action as a bronchodilator (reviewed by Spina et al. 1998).

1.8.2.1 Theophylline (1,3-dimethylxanthine) J "

N
Theophylline has a similar chemical structure to Mj\ l >
caffeine, and was named in 1888 by Alfred Kossel O e

who isolated a compound from tea which he called theophylline, meaning the divine leaf
(Kjellin and Persson, 1985). Theophylline was first used in asthma treatment in the 1920s,
primarily for its role as a bronchodilator. Its exact mode of action is still unclear, however;
it is known to be a weak non specific phosphodiesterase inhibitor (Montana et al. 1998).
The bronchodilatory actions of theophylline are thought to arise from inhibition of PDEs
within the airway smooth muscle (reviewed by Giembycz, 2000). Whilst not fully
understood, theophylline may also mediate its in vivo effects through mechanisms other
than PDE inhibition. These include adenosine receptor antagonism, release of
catecholamines or effects at calcium channels inhibiting calcium influx into cells
(Giembycz, 2000). Theophylline is still one of the most used asthma drugs world wide
(reviewed by Schmidt, 1999) and, although theophylline has been shown to have many
therapeutic benefits, its use is also linked to severe side effects. These side effects are also

generally linked to non specific PDE inhibition, and range from nausea, vomiting,

gastrointestinal disorders, arrhythmias, seizures and, in extreme cases, strokes or even death
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(reviewed by Makino, 1996). These side effects occur at concentrations less than twice the
therapeutic dose of theophylline needed for bronchodilation, thus giving it a very narrow
therapeutic index. More recently, the role of theophylline as an anti inflammatory agent has
been described. It has been shown to be effective at reducing the late phase response after
allergen exposure in allergic asthmatics at much lower concentrations than those known to

cause bronchodilation (Giembycz, 2000).

1.8.2.2 IBMX (3-isobutyl-1-methyl xanthine)

H
CHz |
IBMX, like theophylline, has a similar structure to caffeine ~ l N>
and is also a broad-spectrum phosphodiesterase inhibitor. & N/

, : : CH3—~—— CH—CH3
It is a potent bronchodilator, but is only used as a

pharmacological tool in animal models.

1.8.2.3 Pentoxyfylline Me
This, like denbufylline, is based on substitutions made 0%
onto the basic structure of theophylline, the natural

0 e

N
xanthine. 4 )I >
oirl; N/

Me

1.8.2.4 Second generation PDE inhibitors

Theophylline exhibited a range of side effects due to its non specific inhibition of
phosphodiesterases. Therefore, specific inhibitors of PDE family members were
investigated with the hope of reducing the side effects. Phosphodiesterase 4 became the
target isoform, as it was expressed most abundantly in inflammatory cells and also in

smooth muscle,
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1.8.2.4i Rolipram

Rolipram, a specific phosphodiesterase 4 inhibitor, was \

first described by Sheppard, Wiggan and Tsien in 1971 &0

for its ability to preferentially inhibit cAMP degradation in brain preparation in vitro. From
this initial observation, work progressed investigating the potential role of rolipram as an
antidepressive agent. Wachtel reported in 1983 that rolipram had displayed antidepressive
properties in preliminary human trials, and the hypothesis was proposed that rolipram
exerted this effect by inhibiting phosphodiesterase enzymes (Wachtel, 1983). The
antidepressive effects of rolipram are thought to be due to an increase in noradrenaline
turnover and also an increased level of cAMP, due to inhibition of PDEs that break it down.
These two actions lead to an enhanced central noradrenergic transmission. Rolipram is used
widely as an in vitro tool to investigate the effects of PDE4 inhibition in inflammatory cells.
These investigations found that rolipram bound PDE4 in rat brains with a high affinity that
was not correlated to inhibition of the catalytic domain of the enzyme. Rolipram did
however show binding to PDE4 with a lower affinity in other tissues that corresponded to
rolipram had two distinct binding affinities for PDE4 led to the naming of a high affinity

and low affinity site for this inhibitor on PDE4.

1.8.2.4ii Denbufylline (BRL30892)

Along with rolipram, this was one of the second generation

PDE4 selective drugs. Denbufylline exhibited cognition /UI
enhancing abilities by augmenting the excitability of the >
hippocampal neurones through increased cAMP levels that

Me
enhanced responses to glutamate (Nicholson et al. 1991).
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Although these second generation inhibitors were an improvement upon theophylline, their
use was limited as they produced side effects including increased gastric acid secretion,

nausea and vomiting (Barnette et al. 1998).

1.8.2.5 Third generation PDE inhibitors

Research in the PDE4 field has indicated that rolipram binds PDE4 with two differing
affinities. From this observation it was hypothesised that two distinct conformers of PDE4
existed. These two conformers were termed the high affinity rolipram binding site (HARBS
or HPDE4) and the second lower affinity-binding site (LPDE4). The observation of these
two distinct conformers caused speculation that binding at the HPDE4 site led to many of
the neurological derived side effects. This was based on evidence that the HPDE4
conformer was most abundant in the CNS, where many side effects originated. Recent
developments in inhibitor design have tried to target the LPDE4 conformer, in the hope of
reducing the side effects seen with the second generation drugs. Drug development has also
been targeted at the specific isoforms of PDE4, as they display differential tissue
expression. It was reasoned that by targeting a specific PDE4 isoform, predominant in cells
involved in the disease process of interest, might reduce side effects associated with

inhibition of all PDE isoforms.

1.8.2.5i Piclamilast (RP 73401)

MeO c
Piclamilast shows less potency as an inhibitor of j@(m 7N
o .

PDE4C in comparison to the other PDE4 isoforms @ ) ol
(Muller et al. 1996), and has also been shown to be
between 3-14 times more potent than rolipram at increasing cAMP levels in vitro and

inhibiting the guinea pig eosinophil generation of superoxide, MBP and ECP (Souness et al.
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1995). However, piclamilast showed disappointing results in clinical trials. After a six week
trial it showed no significant improvements to FEV, airway responsiveness to
methacholine or level of exhaled nitric oxide in asthmatic subjects (reviewed by Giembycz,

2000).

1.8.2.5ii Ariflo (SB 207499) /Q

Ariflo combines the two directions for development of 0
MeC

third-generation inhibitors. It has a lower affinity for the

HPDE4 conformer than rolipram, and is also 10 times o
N COOH

more selective for the PDE4D isoform (Barnette et al.

1998). However, ariflo, like piclamilast, has not lived up to expectations in clinical trials.

Over a six week trial, in asthmatic subjects, ariflo was only able to significantly improve

their lung function, relative to placebo, at week two. In this trial ariflo was reported to be

well tolerated at the dosage used, but affected less than 15% of patients (reviewed by

Giembycz, 2000).

1.8.2.5iii CDP840
CDP840 shows less affinity for the HSPDE4 /D

0

MeO
conformer than rolipram and, like piclamilast, is less

potent in inhibition of the PDE4C isoform (Muller et =
al. 1996). This compound was extremely promising @

in early development, showing efficacy in clinical trials in asthmatics without the usual
associated side effects. In these early clinical trials CDP840 reduced the late asthmatic

response to allergen challenge by 30% (Harbinson et al. 1997). However, this only
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occurred after 9.5 days of treatment, and CDP840 was ineffective when given in single
doses. The failure of CDP840 to produce large beneficial responses may be due, in part, to
its poor bioavailability and short half life, resulting from extensive first pass metabolism

(reviewed by Giembycz, 2000).

1.8.2.6 Future drug development

The results of clinical trials for these third generation PDE4 inhibitors have proved
disappointing in light of their initial promise in early ir vitro and animal trials. Further drug
developments incorporating reduced affinity for the HSPDE4 conformer and targeting of
specific isoforms are still underway, with drugs such as D22888 (Dent et al. 1998b) and
NCS 613 (Boichot et al. 2000). Other directions for PDE inhibitor development are also
being considered. Further drug development of mixed PDE inhibitors, after theophylline
and IBMX, was undertaken. Joint PDE3 and 4 inhibitors were developed, for example
zardaverine, since PDE3 inhibition leads to relaxation of airway smooth muscle and PDE4
inhibition suppresses many responses of inflammatory cells. Therefore a compound capable
of both would, theoretically, be a promising asthma treatment. A combination of these two
inhibitory profiles may also reduce the cardiac and emetic side effects associated with
PDE3 or PDE4 inhibition respectively, as they could be used a lower concentrations.

Clinical trials of these joint PDE3/4 inhibitors are so far inconclusive (Giembycz, 2000).

The use of low doses of theophylline combined with a low dose of the steroid budesonide
has proved as effective as high dose budesonide, thus giving a steroid sparing effect (Evans
et al. 1997). It is therefore possible that specific PDE4 inhibitors may also have a similar

steroid sparing effect in asthmatics, if combined in low doses with steroids.
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Recent work investigating the two conformers of PDE4 with differing affinities for rolipram
binding has further elucidated their structure. Laliberté et al. recently reported that the two
conformational states of PDE4 may be associated with metal cofactor binding. The HPDE4
conformer has been hypothesised to be a holoenzyme version of PDE4 that is bound to a
metal ion, for example Mg”*. This interaction with a metal cofactor allows rolipram to bind
with high affinity. The LPDE4 conformer represents the apoenzyme, which is not bound to
Mg*", and thus has a lower affinity for rolipram (Laliberté et al. 2000). PDE4 enzymes are

known to be magnesium dependent and, therefore, this lends credence to this hypothesis.

1.9 Disease states in which phosphodiesterase inhibitors may be therapeutic
Rolipram, one of the second generation phosphodiesterase inhibitors, was originally used in
the treatment of depression. A combination of PDE3 and PDE4 inhibitors has given
promising results in initial animal experiments in glomerulonephritis by preventing
proteinuria, halting the proliferation of mesangial cells and decreasing the infiltration of
macrophages (Dousa et al. 1997). Joint PDE3 and 4 inhibitors may also be therapeutic in
preventing allograft rejection. Initial studies have indicated that a combination of
cilostamide (a PDE3 inhibitor) and rolipram can significantly suppress the proliferative
response of a mixed lymphocyte culture in response to contact with HLA-DR alloantigens
from unrelated donors (Dousa et al. 1997). PDE3 specific inhibitors have been used in
studies investigating the chloride permeability of the epithelial cystic fibrosis
transmembrane conductance regulator (CFTR). Milrinone, a PDE3 selective inhibitor, was
effective at increasing the chloride efflux irn vitro in epithelial cells. This was somewhat
surprising given that PDE3 is not the predominant PDE in these cells. The effects of

milrinone are thought to be mediated through PKA and this increase in chloride efflux may
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be relevant in the treatment of cystic fibrosis, which is characterised by defective chloride

efflux in epithelial cells (Kelley et al. 1995).

Studies undertaken by Hanifin and colleagues have indicated that CP80,633, a specific
PDE4 inhibitor, reduced PGE,, IL-10 and IL-4 production in mononuclear cells in vitro, and
demonstrated reductions in inflammatory parameters when tested on patients with atopic
dermatitis (Hanifin et al. 1996). PDE4 inhibitors have also been suggested as a possible
treatment for multiple sclerosis (MS) in order to prevent the central nervous system (CNS)
inflammation widely associated with this disease. Initial experiments carried out in allergic
encephalomyelitis, the animal model for MS, have shown that rolipram has proved very
effective in its treatment and prevention (reviewed by Dinter et al. 1997). The potential
benefits of rolipram for treatment of MS may stem from inhibition of TNF-a production.
Monocytes are one of the most potent producers of TNF-a and one of the main effects of
increasing cAMP, as rolipram does, is to reduce TNF-a production. Not only has TNF-a
over production been implicated in MS, but over production may also be linked to disease

states ranging from arthritis and AIDS to septic shock. (Souness et al. 1996).

Probably the most publicised PDE inhibitor, for its treatment of impotence, is Viagra®
(Sildenafil). Sildenafil acts as a PDES inhibitor, increasing the intracellular levels of
cGMP. Cyclic GMP levels are normally elevated in the penis by nitric oxide stimulation of
guanylyl cyclase. These elevated cGMP levels then activate cGMP dependent protein
kinases (PKG) which, in turn, reduce intracellular calcium levels by interaction with ion
channels. Reductions in intracellular calcium leads to relaxation of the trabecular smooth
muscles. This increases blood flow and expands the corporal volume. Subsequent exposure

to systemic arterial blood pressures during sexual excitation leads to the sub tunical venules
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of the penis being stretched and compressed, resulting in penile erection. Viagra® can only
enhance this process by inhibition of the breakdown of cGMP, thus potentiating its actions.

It does not function independently of initial sexual excitation (Moreland et al. 1998).

1.10 PDE profile and effects of PDE inhibitors in inflammatory cells

1.10.1 Eosinophils

It has been demonstrated that human eosinophils exhibit predominantly PDE4 cAMP
hydrolysing activity (Hatzelmann et al. 1995), and mRNA has been detected in eosinophils
for the splice variants PDE4A, B and D, but not C (Engels et al. 1994; Gantner et al.

1997a).

Non specific phosphodiesterase inhibitors, such as theophylline and IBMX, have
demonstrated many anti inflammatory actions in eosinophils. /n vivo studies in guinea pigs
have shown that a 1 hour pretreatment with theophylline is able to decrease the eosinophil
count in BAL at a 48 hour time point after IL.-5 induced eosinophil recruitment (Lagente et
al. 1995). In vitro studies have also shown anti-inflammatory properties of these drugs. In
guinea pig eosinophils, IBMX was able to inhibit the opsonised zymosan stimulated
respiratory burst (Dent et al. 1991). Also, high concentrations of theophylline were able to
inhibit opsonised zymosan stimulated superoxide anion release in these cells. It is
interesting to note that lower concentrations of theophylline, in fact, potentiated this release,
probably due to the ability of theophyliine to act as an antagonist at adenosine A; receptors
(Yukawa et al. 1989). Studies of human eosinophils in vitro have also shown positive
effects with these broad spectrum PDE inhibitors. Theophylline was able to suppress C5a
or PAF induced eosinophil LTC, synthesis, as well as C5a or PAF induced eosinophil

chemotaxis (Tenor et al. 1996). Release of GM-CSF and IL-8 stimulated by secretory IgA
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coated beads was also inhibited by theophylline (Shute et al. 1998). Additionally,
theophylline was also able to inhibit C5a, GM-CSF or PAF induced eosinophil
degranulation, together with inhibiting eosinophil survival in the presence of IL-5 and
eosinophil formation of reactive oxygen species (Hatzelmann et al. 1995; Momose et al.

1998).

There are many reports of isoform specific PDE inhibitors exerting anti inflammatory
actions in eosinophils. In in vivo studies of guinea pigs, Banner et al. (1995), showed that in
ovalbumin sensitised animals, rolipram and benzafentrine (a PDE3 and 4 inhibitor) failed to
decrease eosinophil numbers in BAL, but did decrease EPO levels (Banner et al. 1995b).
The same group have also shown, in the same model, that only chronic low dose pre
treatment with RO-201724 (a PDE4 inhibitor) or zardaverine (a PDE3 and 4 inhibitor) is
able to significantly reduce the eosinophil accumulation in BAL (Banner et al. 1995a).
Eosinophil accumulation, in response to IL.-5 treatment, was, however, inhibited by a 1 hour
pretreatment with rolipram or RO-201724 (a PDE4 inhibitor) (Lagente et al. 1995). In vitro
studies of isolated eosinophils from rats showed rolipram was able to suppress PAF or C5a
induced chemotaxis (Alves et al. 1996). Several studies have also shown various PDE4
inhibitors such as rolipram, BRL-61063, RP73401 and denbufylline are able to inhibit
guinea pig eosinophil superoxide production or respiratory burst in response to stimuli such
as LTB4, FMLP and opsonised zymosan (Barnette et al. 1995; Souness et al. 1995; Dent et
al. 1991). In human eosinophils rolipram and RS-25344 (a PDE4 inhibitor) were able to
inhibit C5a or PAF stimulated LTC, synthesis or eosinophil chemotaxis (Tenor et al. 1996;
Kaneko et al. 1995). Opsonised zymosan stimulated superoxide generation by eosinophils

was inhibited by rolipram, zardaverine and the PDE4 inhibitor D22888 (Dent et al. 1994b
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and 1998b). IL-5 mediated eosinophil survival and GM-CSF or PAF induced degranulation

was also inhibited by the PDE4 inhibitor KF 19514 (Momose et al. 1998).

The ability of specific and non specific PDE inhibitors to produce the above regulation on
the proinflammatory actions of eosinophils demonstrates the potential these inhibitors have

as anti-inflammatory drugs.

1.10.2 Neutrophils
Human neutrophils are reported to express predominantly PDE4 (Muller et al. 1996). They

weakly express mRNA for PDE4A and 4D, but show strong expression for the PDE4B

isoform (reviewed by Giembycz et al. 1997).

Non specific PDE inhibitors have been reported to inhibit proinflammatory activities of
neutrophils. In human neutrophils, IBMX inhibited the FMLP or C5a stimulated respiratory
burst and theophylline was able to inhibit neutrophil superoxide generation, resulting from
stimulation by FMLP, opsonised zymosan or calcium ionophore (Wright et al. 1990;

Mahomed et al. 1998).

PDE isoform specific inhibitors were able to suppress several of the proinflammatory
actions of neutrophils. In rat neutrophils, rolipram inhibited the FMLP stimulated release of
arachidonic acid and activation of phospholipase A, and D (Nakashima et al. 1995). In
human neutrophils, rolipram was able to inhibit the FMLP stimulated superoxide release
and FMLP/thiomerosal elicited leukotriene biosynthesis (Schudt et al. 1991). FMLP
stimulated LTB, release was also inhibited by a host of PDE4 inhibitors, including RC-

14203, KF18280, RS-25344, RP73401, CDP840 and rolipram (Denis and Riendeau, 1999).
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RP73401 and SB207499 were also able to inhibit zymosan induced IL-8 release from
human neutrophils (Au et al. 1998). A very interesting report described how rolipram and
RO-20-1724, both PDE4 inhibitors, were able to inhibit the FMLP stimulated adhesion of
neutrophils to human endothelial cells. The same study also reported that rolipram was able
to inhibit the FMLP induced neutrophil shape change and (3, integrin expression (Derian et
al. 1995). This report is particularly interesting as it implies that PDE4 inhibitors can
suppress the functions that allow neutrophils to attach and migrate through the endothelium,

the initial barrier to cell recruitment.

1.10.3 T cells

Messenger RNA for PDE3A, PDE4A, 4B, 4D and PDE7 has been detected in human T
cells, and there is no apparent difference in expression Between CD4+ and CD8+ cells
(Sheth et al. 1997, Giembycz et al. 1996). Reports have shown that CD4+ and CD8+ T cells
express PDE3, which is membrane bound, and PDE4, found in the soluble fraction. These
cells also have a residual cAMP hydrolysing activity, which is speculated to be PDE7
(Giembycz et al. 1996). Work by Li et al. (1999) has shown that inhibition of PDE7, by
PDEY antisense oligonucleotides, in anti-CD3 and anti-CD28 stimulated peripheral T cells
inhibits proliferation by 80%. Further inhibition of proliferation could reversed with a PKA
inhibitor, suggesting that PDE7 regulates T cell proliferation via cAMP dependent PKA (Li
et al. 1999). T cells have also been reported to express low levels of PDE1, 2 and 5 (Tenor

et al. 1995b).

Phosphodiesterase inhibitors have been demonstrated to inhibit several proinflammatory
actions of these cells. The non specific PDE inhibitor, theophylline, was able to inhibit T

cells chemotaxis triggered by PAF and IL-8 (Hidi et al. 2000). Isoform specific PDE
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inhibitors were also able to modulate some properties of clonal T cells. Rolipram was able
to downregulate clonal T cells proliferation, and also synthesis of IL-13, IL-4 and INF-y. It
1s interesting that, in the same experiment, a PDE3 inhibitor, siguazodan, was unable to
downregulate these responses but increased the effects of rolipram when in combination
(Essayan et al. 1997c and 1997b). In human peripheral T cells rolipram was able to inhibit
T cell chemotaxis stimulated by PAF or IL-8 (Hidi et al. 2000). Rolipram was also able to
inhibit the PHA or anti CD3 induced proliferation and IL-2 synthesis of both CD4+ and
CD8+ cells. SK&F95654, a PDE3 inhibitor, had no effects on these responses, but was able
to potentiate the effects of inhibition by rolipram (Giembycz et al. 1996). In another study
investigating T cell proliferation by anti CD3 stimulation, rolipram inhibited 40% of this
proliferative response. Motapizone, a PDE3 inhibitor, managed to inhibit this response by
30%. However, zardaverine, a mixed PDE3 and 4 inhibitor, inhibited virtually all of the
response (Schudt et al. 1995). This finding implies that anti CD3 mediated proliferation

involves both PDE3 and PDE4.

1.10.4 Monocytes

Human monocytes express mRNA for the PDE4 isoforms 4A, 4B and 4D (Souness et al.
1996). At the protein level, human peripheral monocytes contain predominantly PDE4
which 1s found in the soluble fraction, and PDE3 which is particulate (Gantner et al. 1997b).
Groups iﬁvestigating purified human monocytes have observed inhibition of
proinflammatory activities by PDE inhibitors. Rolipram, RP 73401 and RS 25334 were all
able to inhibit the LPS induced TNF-a production by these cells (Souness et al. 1996;
Gantner et al. 1997b). Using a group of PDE4 inhibitors, which had differing potencies in
their inhibition of PDE4A and 4B over 4D. Manning et al. were able to show that

compounds with greater affinity for inhibition of the 4A and 4B isoforms were more potent
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at inhibiting the LPS induced TNF-a production in human monocytes (M