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ABSTRACT

Enhanced eosinophil extravasation into the tissue is a characteristic feature of bronchial
asthma and other allergic inflammatory diseases. The process of eosinophil
extravasation involves sequential interaction steps with the vessel wall forming
endothelial cells. The vascular endothelial cells assure the barrier between the
circulating blood cells and the surrounding tissue. However, during asthma, various
inflammatory mediators can induce a transient vascular leakage, which is prolonged by
the contribution of activated leukocytes at later stages of the inflammatory response and
eventually results in dramatic remodeling of the microvasculature and the tissue.
Prostaglandin I, (PGL, prostacyclin) is the major prostanoid released by endothelial
cells. Prostaglandin E, (PGE,) is the predominant cyclooxygenase (COX) product of
airway macrophages, epithelial cells and smooth muscle cells. Earlier studies showed
that COX-1 or COX-2 deficiency in mice significantly increased lung inflammation and
airway hyperresponsiveness in ovalbumin-induced asthma model. I-type-prostanoid
receptor (IP)-deficient mice showed the enhancement of allergic inflammation in the
airway and skin associated with the increases in vascular permeability and augmentation
of Th2 response. Conversely, PGE, was found to exert bronchoprotective effect in
patients with bronchial asthma. Thus, the aim of this thesis was to define the role of
PGI, and PGE; in the regulation of eosinophil trafficking across endothelial monolayers,
respectively the inflammatory functions of eosinophils and the barrier functions of

endothelial cells.

The first part of the thesis describes the findings on the regulatory role of PGI, in
endothelial-eosinophil interactions, starting with the inhibitory effect of PGIL on
eosinophil functions. The in vitro chemotaxis of human peripheral blood eosinophils
was markedly attenuated by exogenous PGI,. This effect was prevented by the IP
receptor antagonist Cay10441 and the adenylyl cyclase inhibitor SQ29548. Expression
of IP receptor on eosinophils was demonstrated by indirect flow cytometry and also by
Western blot. PGI, reduced eosinophil adhesion to fibronectin, inhibited the activation
and the up-regulation of the CD11b/CD18 adhesion molecule, and blocked podosome
formation in response to eotaxin. In terms of interaction with lung microvascular
endothelial cells, eosinophil adhesion to endothelial cells was enhanced upon blocking

the endogenous PGI, release of endothelial cells using a non-selective COX inhibitor,
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diclofenac. Transendothelial migration of eosinophils was similarly augmented by
diclofenac. Furthermore, abolished PGI, production itself decreased the electrical
resistance of endothelial monolayers and disrupted the intercellular junctions as

visualized by VE-cadherin and F-actin staining.

In the second part I focused on the endothelial barrier-protective role of PGE,. It was
found that the effects of PGE, on the endothelium were mainly mediated by the
activation of the EP4 receptor subtype. Correspondingly, I found that EP4 receptors are
expressed on human pulmonary microvascular cells. PGE, and the selective EP4
receptor agonist (ONO-AE1-329) prevented the barrier-disrupting effect of thrombin on
the endothelial monolayer, as visualized by VE-Cadherin staining. Selective blocking of
EP4 receptors by an EP4 antagonist (ONO-AE3-208) abolished the protective effect of
PGE: on endothelial monolayer. PGE, and the EP4 agonist accelerated the regeneration
of electrically wounded endothelial monolayers. Specificity of EP4 receptor
involvement was proved by using the EP4 receptor antagonist, which prevented the
protective effect of PGE,, and by selective agonists for EP2 and EP3 receptors.
butaprost and sulprostone, respectively, which lacked any effect on endothelial cells.
PGE, and the EP4 receptor agonist attenuated the TNFoa-induced up-regulation of E-
selectin. Surprisingly, this effect was not rescued by an adenylyl cyclase inhibitor,
however, inhibition of PKC activity reversed the effect of the EP4 receptor agonist and
PGE., at reducing E-selectin expression. Eosinophil transmigration across the thrombin-
stimulated endothelial cells was also effectively reduced by pre-treatment of the
endothelial monolayers with the EP4 agonist. In further experiments I could
demonstrate that eosinophils themselves express EP4 receptors. PGE, and the selective
stimulation of EP4 receptor attenuated eosinophil chemotaxis, prevented the activation
and cell surface clustering of CD11b/18 integrins on eosinphils. Morphological studies
revealed that formation of eosinophil adhesive structures was also significantly reduced

by PGE, and EP4 agonist treatment of eosinophils.

Based on these observations, PGIl, and the PGE, — EP4 signaling axis might be
important protective factors in keeping inappropriate eosinophil infiltration under
control and might modulate allergic responses by inhibiting eosinophil responsiveness
to chemoattractants in terms of adhesion and migration. Furthermore, IP and EP4

receptor activation strengthens the barrier function of the endothelium. Therefore, 1P



and EP4 agonists might be useful therapeutic options for otherwise inadequately

controlled inflammation in eosinophilic diseases.



ZUSAMMENFASSUNG

Ein charakteristisches Merkmal von Asthma bronchiale und anderen allergisch-
entzlindlichen Reaktionen ist eine verstirkte Einwanderung von Eosinophilen in das
Gewebe. Die Auswanderung der Zellen aus dem Blut bedingt eine Interaktion mit den
Endothelzellen der Blutgefdlle, die eine natiirliche Barriere zwischen zirkulierenden
Blutzellen und dem umgebenden Gewebe bilden. Bei Asthma bronchiale kénnen jedoch
verschiedene inflammatorische Mediatoren einen transienten vaskuldren “Leck”
bewirken, der durch Beteiligung aktivierter Leukozyten in spéteren Stadien der
Entziindungsreaktion verstarkt wird. SchlieSlich kommt es zu einer drastischen
Umgestaltung der Gefa3- und Gewebestrukturen. Ein hauptsachlicher Mediator, der von
Endothelzellen freigesetzt wird, ist Prostaglandin I, (PGI,, Prostacyclin). Prostaglandin
E, (PGE,) wird von Cyclooxygenasen (COX) in Makrophagen der Luftwege,
Epitethelzellen und glatten Muskelzellen gebildet. Frithere Studien zeigten, dass COX-
I- oder COX-2-defiziente Mduse mit Ovalbumin-induziertem Asthma eine signifikant
verstirkte Entziindung der Lunge sowie eine Uberempfindlichkeit der Luftwege
aufwiesen (20). IP-defiziente Méuse zeigten eine verstéirkte allergische Enziindung der
Luftwege und der Haut, begleitet von einer erhdhten vaskuldren Permeabilitdt und einer
gesteigerte Th2 Antwort. Im Gegensatz dazu wurde gezeigt, dass PGE, einen
bronchoprotektiven Effekt in Patienten mit bronchialem Asthma ausiibt. Demzufolge
war das Ziel dieser Arbeit, die Rolle von PGI, and PGE, in der Regulation der
Migration von Eosinophilen durch die Endothelschicht, bzw. die inflammatorische
Funktion von Eosinophilen sowie die Barriere Funktion von Endothelzellen zu

definieren.

Der erste Teil der Arbeit beschreibt die Befunde tiber die regulatorische Rolle von PGI,
in Endothel-Eosinophil Interaktionen, beginnend mit dem inhibitorischen Effekt von
PGL auf die Funktion von Eosinophilen. Chemotaxis von humanen Eosinophilen im
peripheren Blut in vitro wurde durch exogenes PGI, deutlich geschwécht. Dieser
hemmende Effekt wurde durch den IP Rezeptor-Antagonisten Cayl10441 und den
Adenylatcyclase Inhibitor SQ29548 aufgehoben. Die Expression des IP Rezeptors in
Eosinophilen wurde mittels indirekter Immunférbung in der Durchflusszytometrie und
Western Blot nachgewiesen. PGIL reduzierte die Adhidsion von Eosinophilen an

Fibronection, inhibierte die Aktivierung und Aufregulation des Adhésionsmolekiils



CDI11b/CD18 und blockte die FEotaxin-induzierte Formation von Podosomen.
Hinsichtlich der Interaktion mit mikrovaskuldren Lungenendothelzellen wurde die
Adhésion von Eosinophilen an das Endothel durch das Fehlen von PGI, verstirkt,
hervorgerufen durch Hemmung der endogenen PGI, Synthese in Endothelzellen mittels
des unselektiven COX Inhibitors Diclofenac. Transendotheliale Migration von
Eosinophilen wurde durch Diclofenac dhnlich verstirkt. Dariiber hinaus verminderte
eine gechemmte PGI, Synthese per se den elektrischen Widerstand der Endothelschicht
und zerstorte die interzelluliren Verbindungen, wie mit VE-Cadherin und F-Actin
Farbungen gezeigt werden konnte.

Im zweiten Teil fokussierte ich den protektiven Effekt von PGE, auf die
Barrierefunktion des Endothels. Es wurde gezeigt, dass die Effekte von PGE, auf das
Endothel hauptsdchlich durch Aktivierung des EP4 Rezeptor Subtyps vermittelt werden.
Dementsprechend konnte ich die Expression von EP4 Rezeptoren in humanen
pulmonalen mikrovaskuldren Zellen nachweisen. PGE, und der selektive EP4 Rezeptor-
Agonist (ONO-AE1-329) verhinderten den Barriere-zerstorenden Effekt von Thrombin
auf die Endothelschicht, wie mit VE-Cadherin Farbungen gezeigt werden konnte. Eine
selektive Hemmung des EP4 Rezeptors durch einen EP4 Antagonisten (ONO-AE3-208)
hob den protektiven Effekt von PGE, auf das Endothel auf. PGE, und der EP4 Agonist
beschleunigten die Regeneration einer mittels Elektroschock ge  storten
Endothelschichten. Die Spezifitit der EP4 Rezeptorbeteiligung wurde mit einem EP4
Rezeptor-Antagonisten bewiesen, der den protektiven Effekt von PGE, verhinderte,
sowie durch selektive Agonisten der EP2 and EP3 Rezeptoren, Butaprost und
Sulprostone, die keinerlei Effekt auf Endothelzellen zeigten. PGE, und der EP4
Rezeptor-Antagonist verminderten die TNFa-induzierte Aufregulation von E-Selectin.
Uberraschenderweise wurde dieser Effekt nicht durch einen Adenylatcyclase-Inhibitor
wiederhergestellt. Im Gegensatz kehrte die Inhibierung der PKC Aktivitit den
inhibitorischen Effekt des EP4 Rezeptor-Agonisten und PGE, auf die E-Selectin
Expression um. Transmigration von Eosinophilen durch Thrombin-stimulierte
Endothelzellen wurde auBerdem durch Vorbehandlung des Endothels mit dem EP4
Agonist reduziert. In weiteren Versuchen konnte ich die Expression des EP4 Rezeptors
in Eosinophilen und Endothelzellen nachweisen. PGE, und die selektive Stimulierung
des EP4 Rezeptors verhinderten die Aktivierung sowie das Clustering der CD11b/CD18
Integrine in Eosinophilen. Morphologische Studien belegten, dass die Bildung von



Adhasionsstrukturen in Eosinophilen durch PGE, und EP4 Agonisten signifikant

vermindert wurde.

Diese Befunde stiitzen die Annahme, dass PGI, und PGE, — EP4 Signalwege wichtige
protektive Faktoren sind, die die Infiltration von Eosinophilen in das Gewebe
kontrollieren und dadurch allergische Reaktionen modulieren. Dies geschieht indem sie
die Reaktivitdit von FEosinophilen gegeniiber chemotaktisch aktiven Substanzen
eingrenzen und somit Adhesion and Migration dieser Blutzellen inhibieren. Dariiber
hinaus stirkt die Aktivierung der IP und EP4 Rezeptoren die Barrierefunktion des
Endothels. Demzufolge konnten IP and EP4 Agonisten sinnvoll fiir die Therapie bisher
unzureichend kontrollierter Entziindungsreaktionen mit Beteiligung von Eosinophilen

eingesetzt werden.



I. INTRODUCTION

1. PROSTANOIDS

The large group of eicosanoids, including prostaglandins (PGs) and
thromboxanes (TXs), and leukotrienes (LTs), are derived from 20 carbon unsaturated
fatty acids, the most prominent of which is arachidonic acid (AA). AA is usually found
in phosphoglycerides of mammalian cell membranes and is released by phospholipases.
Prostanoid synthesis starts with the formation of cyclic peroxides named endoperoxides
from poly-unsaturated fatty acids. PGH, is the common endoperoxide intermediate
during biosynthesis of prostanoids derived from AA. Conversion of AA into PGH, is a
reaction catalyzed by COX (cyclooxygenase, also called PGH-synthase) in two steps.
First, AA is converted to the endoperoxide PGG, (cyclooxygenase reaction) wich is
then reduced to PGH, (peroxidase reaction). After synthesis of PGH,, it is converted
into the other prostanoids by specific synthases. In general, this process is cell specific
with different cells producing only one of the major prostanoids in abundance. PGE,
and PGD, are position isomers, which are formed by simple nonoxidative
rearrangements (isomerizations) of PGH,. These reactions may occur either
spontaneously, at least in vitro, or enzymatically catalyzed by specific synthases. PGF»,
is formed through a two-electron reduction of PGH, by PGF synthase The enzyme
catalyzing the conversion of PGH, into TXA, is TXA synthase (TXAS). PGI is formed
from PGH, by means of PGI, synthase (PGIS, prostacyclin synthase). Two types of
PGD synthase, hematopoietic and lipocalin-type PGD synthase, have been described
and can be found in high amounts in mast cells and macrophages, and the central
nervous system, respectively. Microsomal PGE synthase (mPGES) appears in most cell
types, but is particularly abundant in airway epithelial cells, and is responsible for PGE,
synthesis. PGF synthase is expressed mostly in the uterus, and thromboxane synthase is
present in platelets, endothelial cells and macrophages (Smith, 1992).

Two COX isozymes, called COX-1 and COX-2, are encoded by separate
genes located in human chromosome 9 and 1, respectively. In general COX-1 can be
viewed as a constitutive enzyme whose expression appears to be regulated
developmentally. Prostanoids formed through the action of COX-1 mediate so-called

“‘housekeeping’’ functions, such as regulation of renal function, and maintain integrity
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of gastric mucosa and hemostasis. In contrast, COX-2 is an inducible enzyme that is
normally absent from cells but is expressed transiently in response to different stimuli.
The best-studied inducers of COX-2 are bacterial LPS and proinflammatory cytokines,
such as TNF-a and IL-1B. Growth factors and some tumor promoters, such as PMA,

also stimulate COX-2 expression in various cell types .

1.1. Prostanoid receptors

Prostanoids normally act in an autocrine or a paracrine fashion, by binding to
specific receptors on the target cells. Most bind to and activate seven transmembrane G
protein-coupled receptors: TP for TXA,; EP1-4 for PGE,; IP for PGI,; DP, and CRTH,
for PGD,; and FP for PGF,. Some prostanoids or their metabolites also recognize
nuclear receptors of the PPAR family. Transmembrane prostanoid receptors have been
classically grouped into three classes, depending on the type of G protein they bind to:
the contractile receptors EP1, FP and TP are coupled to Gq and activate PLC, leading to
free intracellular Ca®" increases; the relaxant type, which includes IP, DP1, EP2 and
EP4, signal through Gs to induce adenylyl cyclase activity; and the inhibitory receptor
EP3 couples to Gi, leading to a decrease in intracellular cAMP content (Funk, 2001).
This preferential coupling of each prostanoid receptor to a specific G-protein, with the
subsequent activation of a definite signal transduction pathway, creates an additional
regulatory level for the biological activities of these molecules in any given
environment. This is particularly important for those prostanoids that can bind to
multiple receptors or receptor isoforms, and are therefore able to activate diverse G-
proteins and signal transduction pathways. The differential expression of these receptors
in several cell types, or the modulation of their expression in a particular cell, can give
rise to a wide array of complex biological responses to a single prostanoid.

Signals triggered by prostanoids are mostly terminated by agonist-induced
homologous desensitisation and internalisation of their receptors. Homologous
desensitisation is achieved through receptor phosphorylation by Ser/Thr kinases
activated by ligand binding, such as GRKs, PKC or PKA. This phosphorylation leads to
the uncoupling of G protein subunits from the receptor, and in some cases the
phosphorylated receptor binds to proteins of the arrestin family, and is then internalised

via chlathrin-coated pits . This process has been suggested to be a means by which
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receptors are dephosporylated and recycled to the membrane. In addition to homologous
desensitisation, some prostanoid receptors can induce heterologous desensitisation of
other receptors through the activation of second-messenger kinases such as PKA and
PKC.

Prostanoids are involved in a variety of clinically important areas such as inflammation,

fever, thrombosis, cancer and allergic responses.

Figure 1.
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Figure 1. Prostanoid biosynthesis, receptors and signaling pathways. Arachidonic
acid is liberated from membrane phospholipids by phospholipase A, enzyme.
Arachidonic acid as the substrate of cyclooxygenase 1 and 2 enzymes is converted to
the endoperoxide PGG, and reduced to PGH>. Finally, prostanoids are formed from
PGH, by specific terminal synthases and activate their corresponding receptors: I-type
prostanoid receptor (IP), TP, FP, DP, chemoattractant receptor homologous molecule
expressed on Th2 cells (CRTH2) and four isotypes of EP receptors. These receptors are
coupled to different G proteins, which lead to subsequent activation of a specific signal

transduction pathway.
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2. BRONCHIAL ASTHMA
2.1 Pathology of asthma

Asthma, an inflammatory disorder that was first described by Hippocrates in
the fourth century B.C. as "to breathe hard or pant", has now become a devastating
social and economic burden to most countries' health care systems, with millions of
asthma-afflicted individuals worldwide. Bronchial asthma is a disease which is both
polygenic and multi-factorial in nature. Various genetic factors, coupled with
environmental stimuli interact in susceptible individuals to produce the phenotype.
Asthma is a disease of chronic airway inflammation characterized by reversible airway
obstruction, airway hyperresponsiveness (AHR), infiltration of eosinophils and T-helper
type 2 (Th2) lymphocytes into the airway submucosa, mucus hypersecretion, and
airway remodelling (Broide, 2001). Allergic asthma is classified as a type 1
hypersensitivity reaction. Locally produced chemokines stimulate the recruitment of
eosinophils, macrophages, neutrophils, and T lymphocytes (Broide, 2001). Once
present, effector cells such as eosinophils release a collection of toxic granules that in
turn cause prolonged bronchoconstriction and damage epithelial layers. Cytokines such
as IL-4, IL-5, IL-6, and IL-13 ensure that this cycle of allergic inflammation persists.
Additionally, asthma can develop in the absence of allergic sensitization, following viral
or bacterial infections of the respiratory tract, smoking, air pollution, emotional disstress
or physical exercise. These forms of asthma have been referred to as “intrinsic” asthma,
as they share both pathophysiological and clinical features of allergic asthma, but

without being tied to allergen exposure.

2.2. Prostaglandins in allergic inflammation, asthma

In asthmatic airways, COX-2 gene expression is increased, which suggests
involvement of COX products in the pathogenesis of this disease . Interestingly, there is
an exaggeration of airway eosinophilia, IgE production, and airway
hyperresponsiveness in both COX-1- and COX-2-deficient mice . Moreover, inhibition
of COX with the nonselective COX inhibitor indomethacin augments ovalbumin
(OVA)-induced allergen airway eosinophilia, Th2 type cytokine production, and airway

hyperresponsiveness in a mouse model of allergic asthma ). All of these data suggest
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that endogenous PGs play a suppressive role in the regulation of asthmatic response by
COX-2 expression and production of key products. However, the involvement of COX
in the pathognesis of asthma is controversial, since some PGs have pro-allergic
inflammatory activity, whereas others have anti-allergic activities, and little is
understood about the relationship between pro- and anti-asthmatic prostanoids. Most
likely, there is a regulated balance between the bronchoconstriction and bronchodilation
action of various PG that contributes to bronchial tone, possibly mediated by a balance

between PGD, and PGE.,.

2.3. Role of PGI; in the pathogenesis of asthma

PGI; is produced during the allergic reaction in human lung and in murine
airway after OVA inhalation . PGI2 inhibits allergic mediator release and eosinophil
recruitment in experimental animals (Burka and Garland, 1977). In OVA-induced
asthma model, selective inhibition of COX-2 specifically reduces PGI, synthesis and
results in a marked increase in Th2-mediated lung inflammation. The elevated Th2-
mediated inflammatory response elicited by selective COX-2 inhibitors is associated
with enhanced airway hyperreactivity and is coincident with a marked increase in the
levels of Th2 type of cytokine, including IL-4, IL-5, and IL-13 in the airways . In
contrast to the proinflammatory effects of prostacyclin, which are important for the
generation of edema and pain accompanying inflammation, these findings suggest that
PGI, may play a role in inhibiting Th2 inflammatory response. Interestingly, IP receptor
mRNA is up-regulated in CD4" Th2 cells , and IP-deficient mice showed the
augmentation of allergic inflammation in the airway and skin, associated with the
increases in vascular permeability and enhancement of Th2 response . Recently, 1P
receptor has been shown to be involved in airway remodeling in chronic allergen
challenge model. Additionally, IP-deficient mice have more goblet cell hyperplasia and

subepithelial fibrosis compared with wild-type mice .
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2.4. Role of PGE; in the pathogenesis of asthma

There is a controversy regarding the role of PGE, in asthma because of
contradicting outcomes of in vitro and in vivo studies. In in vitro studies, PGE, appears
to polarize cellular response toward a Th2 phenotype enhancing IL-4 and IL-5
production and inhibiting of macrophage IL-12 production. Despite of these in vitro
data, it has been suggested that PGE, has a bronchoprotective effect in patients with
bronchial asthma. PGE, has been shown to protect against exercise-induced , allergen-
induced , and aspirin-induced bronchoconstriction as well as bronchoconstrictor agents
such as methacholine and histamine . PGE, not only prevents allergen-induced
bronchoconstriction but also ameliorates allergen-induced airway inflammation,
including decreased airway eosinophilia in asthma patients and Th2 cytokine
production in the OVA-induced murine model . COX-1 deficient mice exhibited
significantly increased lung inflammation and airway hyperresponsiveness in OVA-
induced asthma model, which is correlated with abrogation of PGE, biosynthesis . More
specifically, PGE2 modulates the function of T cells and macrophages, which are
critical for the immune response. There is little known about interaction between anti-
inflammatory PGE, and pro-inflammatory PGD,. Both PGs seem to have an opposite
role in terms of allergic inflammation. It is suggested that PGE, overrides the pro-
asthmatic properties of PGD2. Nebulized PGE, administered before allergen challenge
attenuates the early asthmatic reaction, which may be via its action on down-regulation

of PGD; in bronchoalveolar lavage fluid (BAL-fluid) .
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3. ENDOTHELIUM BARRIER FUNCTION AND INFLAMMATION

The endothelium is the thin layer of cells that form the inner surface of blood
vessels, providing a barrier between the enclosed circulating blood in the lumen and the
surrounding tissue. Endothelial cells line the whole circulatory system, from the heart to
the smallest capillary. Endothelial tissue is a specialized type of epithelium tissue; more
specifically, it is a simple squamous epithelium with the increased presence of vimentin
rather than keratin filaments which are typical in epithelial cells. Endothelium is hence a
thin membranous tissue that consists almost exclusively of cells. It appears in its most
isolated form in the capillary blood vessels, the walls of which are simply tubes of
endothelium. The endothelium does not form a passive barrier but actively controls the
extravasation of blood components and blood cells to the surrounding tissues. Even
though endothelial cells from different vascular beds have many features in common
and originate from the same embryonic precursor cells, the hemangioblasts, variations
in permeability have been reported in experiments focusing on different regions of the
endothelium, where microvessels showed 10-fold less permeability in comparison to
macrovascular endothelial cells . Under pathological conditions, vascular permeability
can increase. Many diseases share the common feature of vascular leakage. Vascular
leakage is often a negative side effect of a disease worsening the patient’s condition.
Increased vascular leakage contributes to the pathogenesis of numerous, often life-
threatening disorders. Excessive plasma extravasation often contributes to acute
obstruction of respiratory airways during asthma and other pulmonary diseases

(Groeneveld, 2002).

3.1. Vascular leakage in inflammation

Depending on the severity and duration of an inflammatory reaction, three
major steps contribute to initial and prolonged vascular leakage. At an early stage of
inflammation, various inflammatory mediators induce a transient vascular leakage.
Intracellular actin—-myosin interaction and loss of junctional integrity are crucial
processes in enhancing endothelial permeability and cause the formation of small gaps
between the endothelial cells, in particular, in postcapillary venules. Subsequently,

activated leukocytes contribute to prolongation of vascular leakage. Both their
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interactions with the endothelium and their released products act further on the
endothelium. If the inflammatory stimuli persist, the microvasculature may become
subject to remodeling initiated by angiogenic factors. Angiogenic growth factors affect
the integrity of the cell junctions by induction of endothelial migration. Moreover, they
are capable of inducing a hyperpermeable status, increased permeability of the
endothelium by themselves. Vascular endothelial growth factor (VEGF) has been
suggested to particularly induce vascular hyperpermeability. Angiogenesis has been

described as a major factor in airway remodeling (Aceves and Broide, 2008).

3.2. Regulation of endothelial permeability via junctions and matrix interactions

The interendothelial junctional proteins and integrin receptors provide the
endothelial monolayer with adhesive strength to resist separation of cells from the
substrate and adjacent cells through their link with the actin cytoskeleton. Endothelial
cells are connected to each other by a complex set of junctional proteins that comprise
adherens junctions (AJs), tight junctions (TJs), and gap junctions (GJs). While GJs form
transmembrane channels between adjacent cells, TJs and AJs form pericellular zipper-
like structures along the cell border through their transmembrane homophilic

interaction.

3.2.1. Adherens junctions (AJs)

Endothelial adheres junction s (AJs) contain vascular endothelial (VE)-
cadherin as the major structural protein that mediates homophilic binding and adhesion
of adjacent cells in a Ca**-dependent manner. The extracellular domain of VE-cadherin
contains five cadherin-like repeats that oligomerize to form cis-oligomers (on the same
cell) and tranms-oligomers (homophilic interaction with the neighboring cell). The
cadherin cytoplasmic tail contains two functional domains: the juxtamembrane domain
(JMD) and the COOH-terminal domain (CTD). These domains interact with three
related proteins: B-catenin, plakoglobin (A-catenin), and pl120-catenin. JMD of VE-

cadherin binds p120-catenin, whereas CTD binds -catenin or plakoglobin in a mutually
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exclusive fashion. B-catenin or plakoglobin then binds a-catenin, which links the
cadherin-catenin complex to the actin cytoskeleton (Bazzoni and Dejana, 2004). VE-
cadherin is required for the proper assembly of AJs and development of normal
endothelial barrier function. Deletion of VE-cadherin in mice is embryonically lethal

due to immature vascular development .

3.2.2. Tight junctions

Endothelial cells of the central nervous system that form the blood-brain
barrier are connected by tight junctions (TJ). TJs were identified by electron microscopy
as points where the outer leaflets of lateral membranes between adjacent endothelial
cells were fused (Predescu and Palade, 1993). TJs are composed of occludin, claudins,
and junctional adhesion molecules (JAMs). Occludin through its interaction with the
zonula occludens 1 protein (ZO-1) and the actin cytoskeleton stabilizes TJs, and
presumably transduces information between AJs and TJs. Claudins bind to each other in
a homotypic and heterotypic manner to form TJs . The cytoplasmic end of claudin binds
Z0-1, which in turn links claudin with the actin cytoskeleton and ZO-1-associated
proteins. JAMs, belonging to the immunoglobulin superfamily, are single-pass
membrane proteins with a long extracellular “domain” . JAMs also play a similar role in
regulating the integrity of the endothelial barrier. ZO-1, -2 and -3 are known to interact
directly or indirectly via bridging proteins with claudins, JAMs, and occluding , thus

orchestrating intercellular adhesion and thereby controlling endothelial permeability.

3.2.3 Gap junctions

Gap junctions (GJs) provide electrotonic and metabolic pathways for direct cell-
to-cell transfer of signaling molecules (i.e. inositol triphosphate) and ions (i.e. Ca®™).
Each GJ is made up of two connexons (one on each of the two cells), where one
connexon is made up of six connexin subunits to form a hexamer. Endothelial cells
express connexins Cx37, Cx40, and Cx43 . The connexin composition of the connexons

determines the size and the charge of the molecules that are allowed to pass.
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3.2.4. Endothelial junction-associated proteins

A group of junction-associated proteins can also contribute to the regulation of
interendothelial permeability. The platelet-endothelial cell adhesion molecule (PECAM-
I; CD31), a member of the immunoglobulin superfamily of transmembrane proteins, is
concentrated in endothelial junctions . PECAM-1 is a ligand for a,f;-integrin , a4f;- and
B.-integrins. It is likely that the interaction of PECAM-1 with leukocyte integrins is
important in mediating transendothelial migration of leukocytes, rather than endothelial
permeability. Leukocyte migration requires the binding of endothelial PECAM-1,
mobilized from a surface-connected membranous “subjunctional reticulum” recycling
pool, to the B;-integrins expressed on leukocytes .

The actin-polymerizing proteins, vasodilator-stimulated phosphoprotein
(VASP) , formin, a-actinin and vinculin are also localized along the AJs where they
form links with B-catenin. Their propitious localization suggests that they could play a

role in stabilizing the endothelial junctions.

3.2.5. Barrier disruptive mediators

Permeability-increasing mediators induce the disintegration of endothelial
junctions and promote gap formation between contiguous endothelial cells. It has been
found that various mediators act via different signaling pathways to result in the same
end, junctional gaps between endothelial cells. Clinically, disruption of the endothelial
barrier results in tissue edema, plasma extravasation and enhanced leukocyte
infiltration, which subserve the inflammatory response. Pharmacological modulation of

endothelial barrier function hence represents an important anti-inflammatory strategy.

Thrombin, a pro-coagulant serine protease, is well known to increase endothelial
permeability (Lum and Malik, 1996). Thrombin mediates increased endothelial
permeability by binding to its receptors, PAR-1, protease activated receptor-1, on
endothelial cells (Coughlin, 2000). PAR-1 is activated by its ligation, which induces
thrombin-dependent proteolysis of the PAR-1 extracellular extension. Data from

endothelial cells show that thrombin increases transendothelial permeability within
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minutes in a reversible manner, where recovery occurs within 2 h . PAR-1 is coupled to
Gq protein and activation of the receptor leads to a rapid release of sequestered Ca*" into
the cytosol. Extracellular Ca®" entry makes an important contribution to the endothelial
permeability response to thrombin. Furthermore, endothelial myosin light chain kinase
(MLCK) is required because thrombin fails to increase lung microvessel permeability in

mice deficient in endothelial cell mick.

Histamine, another classical mediator of increased endothelial permeability is stored in
cytoplasmic granules of mast cells and basophil granulocytes. Histamine acts locally to
activate endothelial cells, fibroblasts, and smooth muscle cells following its release
from mast cells. Histamine mediates its effect by binding to one of four receptor
subtypes, H1, H2, H3 and H4 (Hill, 1990). Both H1 and H2 receptors are present in
large-vessel and microvessel endothelial cells (Hill, 1990); however, the histamine
effect on vascular permeability occurs through the activation of HI1 receptors .
Histamine likewise induced junctional gap formations by increasing intracellular Ca**
and myosin light chain phosphorylation in endothelial cells, but to a lesser extent than
that reported for thrombin , which may account for the short-lived histamine-induced
permeability responses. Histamine also disrupts endothelial junctions by activating the

phosphorylation and recruitment of AJ and TJ components . In addition, histamine

induced actin stress fiber formation in a RhoA- and Rac-dependent manner.

VEGF, Vascular endothelial growth factor induces angiogenesis by stimulating
endothelial cell migration and proliferation primarily through the VEGF type 2 receptor
(VEGFR2, KDR/FIk-1) which are phosphotyrosine-containing transmembrane receptors
(Matsumoto and Claesson-Welsh, 2001). VEGF binding initiates autophosphorylation
of VEGFR2, which is followed by activation of diverse key angiogenic enzymes such as
MAP kinases and Akt (Matsumoto and Claesson-Welsh, 2001). One of the initial
responses of quiescent endothelial cells to induce angiogenesis is the loosening of cell-
to-cell contacts, which is followed by migration of ECs to form capillary tube networks
that eventually become functional capillaries (Ausprunk and Folkman, 1977). VEGF

increases permeability in intact vessels (Bates, 1998) as well as cultured endothelial cell
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monolayers , implicating VEGF as an important mediator regulating endothelial

permeability.

TNF-a is a crucial mediator of increased endothelial permeability in vivo , isolated
lungs, and cultured endothelial cells . TNF-a is an inflammatory cytokine released from
activated monocytes and macrophages sequestered into the interstitial environment and
the microcirculation . TNF-a is believed to contribute to disruption of lung vascular
barrier function upon engaging TNF-a receptor-1, leading to increased permeability of
proteins (Lum and Malik, 1996). In addition, TNF-a results in the up-regulation of
endothelial adhesion molecules ICAM-1, VCAM-1 and E-selectin , thereby promoting
neutrophil and eosinophil adhesion to endothelium and ROS generation, which in turn
can increase endothelial permeability. Evidence indicated that PKC-a by inducing
RhoA activity mediates the TNF-a-induced increase in endothelial permeability . TNF-a
can affect endothelial permeability by multiple mechanisms, increasing permeability
under specific instances and also modulating it by transcriptionally regulating the
expression of receptors of proinflammatory agonist (e.g., PAR-1) and the Ca*" channel

TRPCI.

LPS (lipopolysacchrides), also known as bacterial endotoxin, is a structural component
of the outer membrane of Gram-negative bacteria that triggers a systemic inflammatory
response, which includes vasomotor dysfunction resulting in vasodilation and
hypotension, endothelial cell apoptosis, and coagulation activation with fibrin
deposition (Cohen, 2002). Administration of LPS in various models induced profound
vascular leakage in vivo (Penn and Chisolm, 1991) and increased permeability of
cultured endothelial cells in vitro . Studies showed that in cultured endothelial cells, an
LPS-induced increase in endothelial permeability occurred as the result of endothelial
contraction caused by RhoA-dependent increase in MLC phosphorylation,
reorganization of actin filaments, and protein tyrosine phosphorylation . LPS effects on
the endothelium can also occur secondary to LPS-induced release of inflammatory
mediators such as TNF-a, IL-1, and IL-8 (Cohen, 2002). LPS activates the release of
these cytokines by a transcriptional mechanism involving the activation of NFk-B

(Cohen, 2002). LPS binds to LPS binding protein (LBP) and this complex interacts
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with soluble opsonic receptor CD14 (sCD14). sCD14 is found in serum of healthy
individuals. LPS-LBP-sCD41 in turn associates with the Toll-like receptor 4 (TLR4),
which requires MD-2 (lymphocyte antigen 96) for inducing the activation of NF«k-B,
and the subsequent transcription/translation of cytokines (Cohen, 2002).

3.2.6. Barrier promoting mediators

The endothelial barrier stabilizing mediators may be released in response to
permeability-increasing mediators and could serve to restore endothelial barrier
function. Their role has the potential for providing novel therapeutic strategies in
inflammatory diseases that would reverse the defects in vessel wall permeability (van

Nieuw Amerongen and van Hinsbergh, 2002).

Sphingosine-1-phosphate (S1P) has been shown to have unique barrier-protective
properties in cultured endothelial cells and intact microvessels. Sphingosine kinase,
phosphatase, and lyase regulate SIP plasma levels . Sphingosine kinase by
phosphorylating sphingosine leads to the formation of S1P . Degradation of S1P is
mediated by either sphingosine phosphatase or sphingosine lyase that catalyzes the
phosphate-dependent lysis of S1P to phosphoethanolamine . Platelets lack sphingosine-
I-phosphate lyase and thus are the primary storage sites of S1P. S1P released from
platelets binds to serum albumin. Therefore, endothelial cells may be continuously
exposed to S1P from circulating platelets in vivo. S1P effects in the endothelium mainly
depend on the Gi-coupled receptor S1PR1, formerly known as endothelial
differentiation gene (edg)-1 (300). A key effector of this pathway is activated Rac,
which leads to endothelial cell cortical actin assembly and assembly of AJ . S1P induces
Al and assembly, which may contribute to its barrier promoting effect. Edg-/ knockout
mice die prenatally due to vascular leakage as a consequence of incomplete vascular
maturation . S1P also binds to four additional receptors termed S1PR2 to S1PRS, which

have a more specific distribution in tissues .
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Hepatocyte growth factor (HGF) was the first angiogenic that was found to enhance
endothelial barrier function, as observed by transendothelial electrical resistance . At
that time this was surprising, since all other known angiogenic factors, both under
physiological and pathological conditions, were characterized by increase in
microvascular permeability (Dvorak, 2002). HGF induces an increase in endothelial
cortical F-actin modulated by multiple and complex signaling pathways, which include
PI-3K, p38 MAP kinase and PKC activation, with linkage to barrier-regulation.
Interestingly, there is one potential and common target for each of these signaling
pathways, namely glycogen synthase kianse-B (GSK-3p). Phosphorylation of GSK-f
regulates cell-to-cell adhesion through the modulation of the association of B-catenin
with VE-Cadherin. However, the clinical use of HGF in the treatment of vascular

leakage is not considered feasible due to its angiogenic properties.

cAMP (cyclic adenosine monophosphate) is one of the few signaling molecules that
generally and ubiquitously improves endothelial barrier function in the circulation.
Elevation of endothelial cAMP appears effective in reducing the permeability of
endothelial cells in vitro and in reducing histamine-induced general edema in
experimental animals in vivo (Rippe and Grega, 1978). The effect is exerted quickly and
occurs both in endothelial cells under basal conditions and after exposure to vasoactive
agents. The efficacy of cAMP is independent whether it is increased by activation of
adenylyl cyclase or by the inhibition of cAMP-degrading phosphodiestareses. The
suggested underlying signaling mechanism involves Rac-1 small GTPase. It was shown
recently that cAMP can protect the endothelial barrier by preventing the inhibition of
Rac-1 in microvascular endothelial cell cultures in vitro as well as in intact vessels . It is
hypothesized that Rac-1 controls the endothelial barrier function by mechanisms
involving VE-cadherin-mediated cell-to-cell adhesion (J. Waschke, 2004). p2-
adrenergic agonists, serotonin and prostaglandins, such as PGI, and PGE, increase
cAMP levels in endothelial cells and were shown to improve endothelial barrier
function in vitro and in vivo (for the effects of prostaglandins on endothelial barrier

function please see below).
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Glucocorticoids, together with the mineralocorticoid aldosterone, belong to the group
of corticosteroids and play an essential role in the clinical treatment of brain diseases
with impaired blood brain barrier, e.g. brain tumors or brain edema. Corticosteroid
therapy was first introduced in the early 1960s (Kaal and Vecht, 2004). Corticosteroids
rapidly reduce edema formation, and capillary permeability is observed to be reduced
within a few hours after one single dose of a corticosteroid; however, the underlying
signaling mechanism is not elucidated in depth. Recently, corticosteroids were shown to
attenuate the expression of the edema-inducing factor VEGF, which is involved in the
regulation of endothelial dedifferentiation (Kaal & Vecht, 2004). Dexamethasone, the
clinically most widely used corticosteroid, is at least 30 times more potent than cortisol
(hydrocortisone), the endogenously active glucocorticoid in the bloodstream.
Corticosteroids can act by both suppressing inflammation and directly on the
endothelial junctions by regulating the structure, the phosphorylation and content of the

protein components of the tight junctions (Felinski and Antonetti, 2005).

3.3. Prostaglandin I, (PGI;) and endotelial barrier function

PGIL, is overtly known to inhibit platelet aggregation and to induce
vasodilatation by relaxing vascular smooth muscle cells. Its receptor, IP, is found
mainly in megakariocytes and smooth muscle cells, but is also expressed in endothelial
cells . IP is preferentially coupled to Gs subunits, and PGI, binding activates adenylyl
cyclase to increase cAMP levels. The subsequent activation of PKA impedes ERK
signaling, and thus interferes with signaling by TXA2 . In endothelial cells, the
activation of PKA by PGI, is also involved in Rac activation and an IP selective agonist
was found to enhance endothelial barrier formation by Rac mediated signaling . In
addition to binding IP, PGI, is a natural ligand of the nuclear receptor peroxisome
proliferator—activated receptor, PPAR /3, and also binds PPAR y with similar affinity .
Endothelial progenitor cells, (EPCs) also express IP receptors, and PGIL, was shown to
play pro-angiogenic and vasodilator effects via activation of PPAR vy . Cellular
functions, like adhesion, migration and proliferation on fibronectin were significantly
attenuated in IP-deficient EPCs compared with wild-type EPCs, which suggests the
involvement of cell surface IP receptor . In human lung fibroblasts, PGI, analogs

induced VEGF production . PGI, analogs induced angiogensis in an in vivo murine
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corneal model of angiogenesis, where the effect was mediated by PPAR v activation and

VEGF production .

3.4. Prostaglandin E, and endothelial function

PGE, exerts its cellular effects by binding to four different E-prostanoid
receptors (EP1 to EP4) which belong to the family of seven transmembrane G protein-
coupled receptors, and each of these receptors has a distinct pharmacological signature
based on its pharmacophore and intracellular signal transduction. EP2 and EP4
expression has been found in large vessel endothelial cells in culture , and EP1, EP3 and
EP4 can be detected in brain microvascular ECs in vitro and in vivo . EP1 receptor
binding triggers an increase in free intracellular Ca** and PKC activity, probably arising
from its coupling to Gq and the subsequent activation of PLC. However, this idea has
been seriously challenged, since the weak increase in inositol triphosphate (IP3)
mediated by EP1 cannot account for the strong increase in intracellular Ca®*
concentrations observed . EP2 and EP4 are both functionally coupled to Gs, which
activates adenylyl cyclase to generate cAMP. Despite this similarity, these receptors
display remarkable structural and functional differences in terms of ligand binding
affinity and internalization and desensitization rates. The generation of cAMP leads to
the activation of PKA, which is central to the downstream events triggered by both
receptors. In some cell types PKA phosphorylates and activates the transcription factor
cAMP response element binding protein (CREB) , and PKA activity also impairs ERK
1, 2 signalling, which seems to be responsible for the decrease in matrix metalloprotease
(MMP)-1 release in synoviocytes . In endothelial cells, PKA activity is implicated in the
activation of the small GTPase Rac by PGE. . PKA can also phosphorylate and inhibit
glycogen synthase kinase (GSK) 3a, thereby promoting transcription of COX-2.
Interestingly, PGE, stimulation of EP4-expressing HEK cells can negatively regulate
the activity of PKA through the activation of PI3K signaling . EP4 also specifically
activates the PI3K/Akt pathway, which leads to phosphorylation and inhibition of
GSK3a in HEK cells that were stably transfected with human EP4 receptors . In some
cell types the activated PI3K augments ERK activity, which mediates expression of the
transcription factor early growth response protein (EGR) 1 and subsequent transcription

of genes such as mPGES-1 . Mouse EP4 receptor plays a critical role in PGE,-
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dependent in vitro migration/tubulogenesis which is mediated by activation of the ERK
pathway . EP3 receptors are more complex, in that several EP3 isoforms can be
generated by mRNA splicing—four bovine isoforms, three mouse isoforms, and eight
human variants have been reported so far. The diversity of EP3 receptors has interesting
functional implications, as human EP3 isoforms show discrepancies in constitutive
activities . Human EP3 mainly couples to Gi proteins, and its activation generally
inhibits cAMP synthesis. A result of this is an increase in ERK activity, which has been
reported in some cell types (Burkey and Regan, 1995). In contrast, the EP3C isoform
has been shown to activate Gs proteins in Chinese hamster ovary cells . Similarly, as a
consequence of its coupling to G13, EP3 activates the Rho pathway in PC12 and
MDCK cells . PGE, can regulate the JNK and p38 MAP kinase pathways in a number
of cell types, such as synovial fibroblasts (where it induces COX-2 mRNA
stabilization), and endothelial cells . Transactivation of tyrosine kinase receptors by
PGE; provides a further level of complexity to the signaling events triggered by this
prostanoid. PGE, transactivates the EGF receptor via activation of c-Src, which either
activates EGFR directly or indirectly, by inducing a matrix metalloproteinase activity
that releases membrane-bound TGFa . Recently a distinct transactivation mechanism
has been identified, in which PGE, modulates PPARy nuclear receptor activity through
the PI3K/Akt pathway .

The possible co-expression of several EP variants raises the question of how a
particular cell can process the mixed and conflicting set of signals generated by
simultaneous binding of PGE, to different EP receptors. This interesting issue has not
been extensively investigated, but the final biological outcome will probably depend on
many factors. Among these, ligand affinity for the receptor is likely to be important: in
the case of PGE,; its affinity is tenfold higher for EP3 and EP4 than for EP1; and
fivefold higher for EP4 than for EP2 . Other potential factors are crosstalk among the
different signal transduction pathways triggered by the stimulus, and the internalization
and desensitization rate of each variant. EP4 and EP2 are a clear example of this last
factor: EP4 is more rapidly internalized and desensitized, resulting in comparatively

lower cAMP production .

25



4. THE ROLE OF EOSINOPHILS IN ASTHMA

It is generally accepted that the numbers of activated eosinophils in the
asthmatic lung broadly correlate with diseases severity (Corrigan and Kay, 1992).
Recently it was shown that asthmatic patients that received treatment based on
eosinophil counts in sputum had significantly fewer severe asthma exacerbations than
patients treated according to standard management therapy Eosinophils are considered
as pro-inflammatory cells with a substantial potential for tissue destruction. The
biological activities exerted by the eosinophils are related to the products released from
their granules. Mucosal damage in chronic asthma is associated with cytotoxic and pro-
inflammatory mediators release from activated eosinophils. These products include
reactive oxygen species and cytotoxic granule and vesicular and cytotoxic granule and
vesicular proteins: major basic protein (MBP), eosinophil cationic protein (ECP),
eosinophil peroxidise (EPO), eosinophil-derived neurotoxin (EDN), as well as
phospholipid-derived mediators, LTB, and cysLTs. In addition to their toxins and lipid-
derived mediators, eosinophils themselves may also produce and release pro-
inflammatory cytokines and growth factors, as evidenced by their gene expression for
IL-4, IL-5, IL-6, IL-8, IL-13, TNF-0 and GM-CSF .

Eosinophils are capable of generating eicisanoid derivatives of arachidonis
acid by means of cyclooxygenase and the 5- and 15-lipoxygenase pathways. Moreover,
due to the expression of LTC4 synthase, eosinophils are a major source of 5-
lipoxygenase-derived cysLTs, which are potent paracrine mediators of bronchial
obstruction and inflammation pertinent to asthma (Drazen and Austen, 1987). The local
generation of eicosanoids at distinct sites within eosinophils may be important for the
roles of these eicosanoids, both as paracrine mediators pertinent to inflammation and as
intracrine signal-transducing mediators that help regulate cellular responses of
eosinophils (Bandeira-Melo and Weller, 2005).

The local generation of eicosanoids at distinct sites within eosinophils may be
important for the roles of these eicosanoids, both as paracrine mediators pertinent to
inflammation and as intracrine signal-transducing mediators that help regulate cellular
responses of eosinophils (Bandeira-Melo and Weller, 2005). The accumulation and
activation of eosinophils in the lungs are governed by the up-regulation of adhesion
molecules on lung endothelial cells and the production of various cytokines and

chemotactic molecules by mast cells, T cells, epithelial cells and endothelial cells
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themselves. Cytokines released from Th2-type cells, particularly IL-3, IL-5 and GM-

SCF, are thought to regulate eosinophil priming, activation and survival

4.1. Eosinophil recruitment in allergic inflammation

During inflammation, leukocytes typically accumulate in response to certain
mediators produced within the tissue itself. The passage of leukocytes through the
vascular lumen into tissues occurs in several phases of the adhesion cascade, including
in several phases, including rolling, activation, firm adhesion, transendothelial
migration, and subendothelial migration. Although infiltration of eosinophil leukocytes
is one of the most important aspects of allergic inflammatory reactions, eosinophils also
participate in non-allergic inflammation. Eosinophil accumulation is regulated not only
by endothelial adhesion molecules, but also by interactions between eosinophil adhesion
molecules and extracellular matrix elements. This interaction probably occurs within
capillary vessels that have small diameters. Adhesion molecules are grouped into three

subfamilies: selectins, integrins, and the immunoglobulin supergene family.

Figure 2.
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Figure 2. Adhesion cascade. Eosinophils circulating in the blood can become captured
by selectin molecules to the endothelium by inflammatory stimuli. The selectin-mediated
weak adhesion allows the eosinophils to roll on the surface of endothelial cells to the
site of inflammation. The preferred site is identified by chemotaxis towards the specific
chemokines released by inflammatory cells or activated endothelial cells. At the
preferred spot the eosinophils are arrested by firm adhesion through the activation of
integrins and endothelial cell adhesion molecules; subsequently activated eosinophils

crawl to the rearranged endothelial junctions and transmigrate into the tissue.

4.1.1. Endothelial — eosinophil interactions

Eosinophil rolling and adhesion. The first step in the extravasation of eosinophils is
their tethering to the vascular endothelium. Adhesion molecules are up-regulated by,
e.g. IL-1, IL-4, TNF-a and IFN-y and the same cytokines may also increase the avidity
of adhesion molecules both on eosinophils and endothelial cells . Rolling, the initial
contact of circulating eosinophils with the blood vessel wall prior to extravasation is
mediated by selectins. Selectins are Ca*-dependent type-I transmembrane
glycoproteins. E- and P-selectins are specific for endothelial cells, but P-selectin is also
expressed on platelets, while L-selectin is specific for leukocytes. Each of these
molecules has a lectin-like domain at the NH2-terminus, which is crucial for the binding
properties of the protein. Counterligands for the selectins are sialylated fucosylated
mucin-like ligands, and molecules such as the tetrasaccharide sialyl Lewis x, which
contains o-2,3-linked terminal sialic acid residues, or a-1,3-linked fucose that can bind
to all three selectins . An in vivo inflammatory model has shown that eosinophil rolling
is dependent upon prior tethering by endothelial selectins . Although eosinophils can
use all of the selectins to form attachments under shear conditions, P-selectin is much
better than E-selectin at mediating eosinophil recruitment in vivo (Sriramarao and
Broide, 1996) and in vitro (Reinhardt and Kubes, 1998). P-selectin (CD62P) is an
integral membrane protein stored in Weibel-Palade bodies of endothelial cells and
alpha granules of platelets and the cell surface expression is up-regulated when
endothelial cells are stimulated with IL-4, IL-13 or histamin . P-selectin glycoprotein

ligand 1 (PSGL-1), the primary ligand for P-selectin, is constitutively expressed on the
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surface of circulating leukocytes. As many as ten-fold more eosinophils than neutrophils
exhibit adhesion to airway endothelium (nasal polyps), suggesting that there is an
eosinophil-specific adhesion pathway, which is explained with the higher aviditiy of
eosinophils in binding to low concentrations of P-selectin under flow conditions .

The revesible adhesion between the selectins and their ligands makes the eosinophils
move slowly along the vascular endothelium. This helps the eosinophils to sense the
activation signals (chemoattractants) oming from tissue resident cells and/or the

endothelium, and to adhere firmly by interaction of integrins and their ligands

Eosinophil specific chemoattractants. Selective eosinophil chemotaxis under the
influence of potent eosinophil chemoattractants is a crucial factor for the characteristic
increase of the number of eosinophils in the asthmatic lung. Until the last decade, the
most effective eosinophil chemoattractants, which had been identified, such as platelet-
activating factor (PAF) , complement 5a (C5a) and leukotriene B, (Czarnetzki and
Rosenbach, 1986) were also active on neutrophils. In 1992, the chemokine RANTES
(regulation upon activation, normal T-cell expressed and secreted) was shown to be an
effective eosinophil chemoattractant, which was not active on neutrophils . Several
other chemokines, in particular those of the CC-chemokine family which are acting
through the chemokine receptor CCR3, have also been described as potent eosinophil
chemoattractants. They include the eotaxin family comprising eotaxin (CCLI1)
(Rothenberg, 1999), eotaxin-2 (CCL24) and eotaxin-3 (CCL26) , and the monocyte
chemoattractant proteins MCP-3 and MCP-4 . Increasing interest is also being paid to
the chemotactic properties of cytokines and growth factors. IL-3, GM-CSF (Resnick
and Weller, 1993), IL-5 (Hom and Estridge, 1994), IL-8 and IL-13 have been
recognized as activators of eosinophil function, including migration. Furthermore, the
lipid-derived mediator prostaglandin (PG) D, plays a key role in asthma as it potently

stimulates eosinophil chemotaxis .
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Integrin mediated eosinophil rolling. Additionally to selectins, integrins can also
contribute to the rolling of eosinophils, via the a4 B1 integrin (very late antigen-4, VLA-
4, CD29/CD49d), and the o4 P7 integrin which are specific eosinophil integrins.
VCAM-1 is thought to be the primary ligand for a4-integrin-dependent leukocyte
recruitment, as the o4 integrin binds to purified VCAM-1 protein or to VCAM-1-
transfected cell lines under static or laminar flow conditions in vitro . The principal
ligand of a4 B7 integrin is MAdCAM-1, a molecule that has been shown to support
eosinophil rolling and firm adhesion under conditions of flow . VCAM-1 is more likely
than MAdCAM-1 to play a significant role in eosinophil recruitment to the lung,
because VCAM-1 is expressed in lung, whereas MAJCAM-1 is predominantly
expressed in the gastrointestinal tract . Eosinophils express additional integrins, like
aMpB2 (Mac-1, CD11b/CD18) and the aLP2 (lymphocyte function associated antigen,
LFA-1, CD11aCD18). B2 integrins also support rolling. ICAM-1, intracellular adhesion
molecule-1, is the main ligand of B2 integrins, but aMp2 can also recognize and bind to

VCAM-I.

Eosinophil arrest. Integrins are receptors which need to be activated, to greatly
increase their ligand-binding capability, i.e. avidity. Increased integrin-affinity
corresponds to conformational changes of the adhesion molecule subunits that leads to
increased ligand-binding energy and decreased rate of ligand dissociation. Valency
describes the receptor density per area of plasma membrane involved in cell adhesion,
which is dependent of lateral mobility or, in other words, the clustering of integrin
complexes and the cell surface expression levels of integrins. Modulation in the affinity
of an integrin for its ligand is the crucial step in the chemokine induced arrest .
Chemokine-stimulated signaling induces conformational changes only in a fraction of
integrins at the site of adhesion to endothelial cells; however, the average avidity of the
entire integrin population in a cell is increased. Chemoattractant receptors are generally
GPCRs; the intarcellular signaling cascade started from GPCRs to integrin activation
occurs in three different stages, which comprise phospholipase C (PLC) signaling,
activation of small GTPases, and induction of transitional integrin conformational
changes via the association with actin-binding proteins, like talin-1 . In addition to
mediating adhesion, integrins regulate various cellular functions, including cell motility,

proliferation, respiratory burst, degranulation and apoptosis (Shattil, 2005).
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Eosinophil transendothelial migration

Crawling. Transmigration through the vascular walls is the final step of leukocyte
emigration into the inflamed tissue and can occur with minimal disruption in the
integrity of the vessel wall. Before crossing the wall of capillaries, leukocytes crawl
inside the blood vessel along the endothelium in a Mac-1-ICAM-1 dependent manner ,
seeking preferred sites of transmigration. Leukocyte migration across the endothelial
cell barrier can occur rather fast, within 2-5 minutes, but crossing the endothelial cell
basement membrane can take considerably longer (5-15 minutes). Transendothelial cell
migration can be triggered by luminal chemoattractants and different levels of shear
stress . The interaction of leukocyte integrins with their endothelial cell-specific ligands
(ICAM-1, VCAM-1) may also stimulate endothelial cells in a manner that they further
induce leukocyte transmigration. Adherent leukocytes can promote docking structure or
transmigratory cup formation on the apical site of endothelial cells in the form of
cellular projection that are rich in ICAM-1 and VCAM-1 and cytoskeletal components
(vinculin, a-actinin) . These projections can further induce and support paracellular or

transcelullar migration pathway.

Paracellular migration pathway. Ligation of endothelial cell adhesion molecules can
lead to reduced interendothelial contacts and facilitate the migration of leukocytes via
the endothelial junctions. The event is connected to and dependent on increased levels
of endothelial free intracellular Ca*', a cellular response that can further promote
junction opening, via activation of myosin light-chain kinase and subsequent endothelial
contraction . In the inflamed tissue, endothelial junctions are subject to rearrangement of
junctional molecules; the ones supporting leukocyte transmigration (ICAM-1, VCAM-
1, platelet-endothelial cell adehesion molecule, PECAM-1, endothelial cell-selective
adhesion molecule, ESAM and junctional adhesion molecule, JAM-A, B) are increased
(Muller, 2003; Vestweber, 2002), while those that might act as obstacles in leukocyte
transmigration (VE-Cadherin) are distributed away from the junctions . Thus, numerous
molecular interactions must occur in sequence for paracellular transmigration to be

successful.
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Although eosinophils can spontaneously migrate through endothelial cell
monolayers , the migration of eosinophils from the blood into tissues has been shown to
be dependent on P2 integrins . Transmigration of adherent leukocytes, including
eosinophils, across cultured endothelial cells is dependent upon the interaction of LFA-1
and Mac-1 integrins with their endothelial counterreceptors, ICAM-1 and ICAM-2 .
CSa-mediated eosinophil transmigration across HUVEC monolayers is primarily
dependent on LFA-1 integrin . Eosinophil-priming cytokines, such as IL-3, IL-5, and
GM-CSF, promote chemoattractant-dependent migration of eosinophils through
endothelial cell monolayers (Bochner and Schleimer, 2001). Eosinophils require shear
stress to reach maximal levels of transmigration. However, shear stress alone is not

capable of promoting eosinophil transmigration (Cuvelier and Patel, 2001).

Transcellular migration pathway. In the central nervous system and in some
inflammatory scenarios leukocyte transmigration can occur via the transcellular route .
Although this pathway allows the leukocyte to pass the endothelium faster than via the
paracellular route (<1 minute), only a minority (~5-20%) of leukocytes migrate
transcellularly. Vesiculo-vacuolar organelles (VVOs) are small continous membrane-
associated passageways that can act as a gateway for leukocytes through the body of
endothelial cells (Dvorak and Feng, 2001). Leukocyte migration starts with the
extension of membrane protrusions into endothelial cells . Ligated ICAM-1 becomes
translocated from the apical side of endothelial cells to caveolae and F-actin reach
regions, and then by caveolin-1 transport to the basal membrane . The process leads to
formation of intraendothelial channels through which the leukocytes can migrate. The
same molecules that mediate paracellular leukocyte migration can be involved in the

transcellular pathway.

4.1.2. Eosinophil degranulation

Upon reaching the inflamed tissue, eosinophils become activated by interactions with
cytokines, lipid mediators, immune globulins, complement fragments and integrin
ligands, and start to degranulate. They release toxic mediators (e.g. granule proteins,

lipid mediators, oxygen metabolites, proteases, and cytokines) and cause tissue damage,

32



including the epithelium, smooth muscle cells and neurons, worsening the symptoms of

allergic diseases.

5. PHARMACOTHERAPY OF ASTHMA

The pathogenic basis of atopy and related disorders is still only partially
understood and no casual therapy, except for specific immunotherapy in selected cases,
is available to-date. Symptomatic treatment of asthma includes P2-adrenoceptor
agonists which are the most effective bronchodilators and were developed from
catecholamines from the adrenal medulla, whereas coricosteroids (Norn and
Clementsen, 1988), from the adrenal cortwx, are by far the most effective controllers of
the underlying inflammatory processes in the airways. In detail, corticosteroids can
inhibit the biosynthesis of cytokines and prostaglandins, the expression of their
receptors and of adhesion molecules. Moreover, corticosteroids facilitate the
biosynthesis of ani-inflammatory mediators, such as lipocortin and IL-10 . Thus, the
gold standard of asthma therapy is a combination of on-demand delivery of B,-agoinst
with regular (i.e. basal) inhaled corticosteroid medication. Alternatives for asthma
medication include inhaled cromoglycate (Edwards and Norris, 1994) to ameliorate
inflammation, and inhaled muscarinic receptor antagonists or oral thephylline
(Weinberger and Hendeles, 1996), abronchodilators. Antagonists of cysLT receptors
combine bronchodilation with an anti-inflammatory effect, but are not efficacious in
many patients.Overall, these symptomatic regimens are effective and most patients are
sufficiently managed. However, a portion of asthmatic patients is resistant to any
pharmacological treatment, including corticosteroids. In addition, therapy is often
accompanied by serious side effects when applied at high doses (e.g. corticosteroids).
Therefore, there is growing demand for additional treatments of allergic disease,
particularly for those who need to avoid corticosteroids (e.g. children), and those who
are insufficiently treated with standard therapeutic regimens. In the case of bronchial
asthma, these patients rely mainly on bronchodilator therapy and are at risk of suffering
both from side-effects of these drugs and uncontrolled pulmonary inflammation leading
to airway remodeling .

In addition to allergic diseases , eosinophils are currently considered a major

therapeutic target in several other diseases, such as eosinophilic esophagitis (Straumann
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and Simon, 2005), colitis ulcerosa (Wedemeyer and Vosskuhl, 2008), or renal disease
falsh: type 2 Diabetes . Controlling eosinophil trafficking and endothelial barrier

function might open novel therapeutic avenues for these diseases as well.

6. AIMS OF THE THESIS

As described above, eosinophils are important effector cells in allergic
inflammation and other eosinophilic diseases leading to airway hyperreactivity and
tissue damage. Therefore, considerable effort has been invested in the development of
drugs that can effectively control the trafficking and activation of eosinophils in order to
ameliorate the inflammatory response. Unfortunately, currently available regimens such
as anti-IL-5 antibodies or LTC,4 receptor antagonists have proven little effective in
clinical practice. The disappointing performance of these drugs might be explained by
their selectivity, as they do not alter the responsiveness of eosinophils to other potent
eosinophil activators, such as the CCR3 ligands, PGD, or PAF. A promising alternative
approach could be the use of drugs that directly initiate inhibitory pathways in
eosinophils, thereby rendering them unresponsive to any stimulus.

Available literature suggests that PGE, is capable of impeding eosinophil
trafficking, but the usefulness of PGE, as a therapeutic agent is certainly limited because
of its known clinical side effects such as acute bronchoconstriction, retrosternal
soreness, transient cough anf flu-like symptoms . These adverse effects pf PGE, are
thought to arise from EP1 or EP3 receptor stimulation, whereas selective IP or EP4

agonists might have more favourable pharmacological profiles.

Therefore, this thesis was based on the hypothesis that stimulation of EP4 and/or
IP receptors can effectively abrogate the trafficking of eosinophils and thereby
control eosinophilic inflammation, tissue damage and organ impairment. The

following specific questions were addressed in detail:

e Are EP4 and IP receptors expressed by eosinophils?
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e Does the selective stimulation of EP4 and IP receptors attenuate eosinophil
chemotaxis in vitro?

e How are major intracellular pathways (e.g. cAMP, PKA, PKC) coupled to the
inhibitory effects of EP4 and/or IP agonists?

e Are EP4 and IP receptors modulators of the cellular interaction of eosinophils
with the endothelium as a crucial step in eosinophil extravasation?

e Does the selective stimulation of EP4 and IP receptors modulate the barrier

function of endothelial cells against invading eosinophils?

The answers to these questions will show whether selective prostaglandin IP or
EP4 receptor agonists might be of potential therapeutic value in allergic disease by

controlling eosinophilic inflammation.
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II. MATERIALS AND METHODS

REAGENTS

Laboratory reagents were purchased mainly from Sigma-Aldrich (Vienna,
Austria), unless specified. Human Eotaxin/CCL11 and TNF-a were from Peprotech
(London, United Kingdom). PGI,, PGE,, PGD,, EP2 receptor agonist butaprost, the EP3
receptor agonist sulprostone and the polyclonal anti-EP4and anti-IP antibodies were
obtained from Cayman (Ann Arbor, Mich). The EP4 agonist ONO AE1-329 and the
EP4 antagonist ONO AE3-208 were gifts from ONO Pharmaceutical (Osaka, Japan).
Anti-rabbit and anti-mouse IgG secondary antibody conjugated with Alexa fluor-488
was from Invitrogen. Monoclonal antibody 24 (activation sensitive CD11/18 Ab) was
from Hycult Biotechnology (Uden, The Netherlands). Monoclonal anti-VE-Cadherin
antibody was obtained from Santa Cruz Biotechnology. Phalloidin—Texas Red was from
Molecular Probes (Eugene, Ore). Anti-VCAM-1/CD106-FITC, anti-ICAM-1/CD54-PE,
anti-CD11b-FITC, anti-CD16-PE and anti-E-selectin/CD62E-PE  were from BD
Pharmingen (Vienna, Austria). Vectashield/ DAPI was purchased from Vector
Laboratories (Burlingame, Calif). Ultra V Blocking solution was purchased from Lab
Vision Corp. (Fermont, CA, USA), Antibody diluent was purchased from Dako
(Carpinteria, CA, USA). The adenylyl cyclase inhibitor SQ22536 was supplied by
Biomol (Hamburg, Germany). CellFix and FACS-Flow were from Becton Dickinson
(Vienna, Austria). Assay buffer was made from Dulbecco modified PBS (with 0.9
mmol/L Ca** and 0.5 mmol/L Mg*"; Invitrogen, Vienna, Austria), 0.1% BSA, 10
mmol/L HEPES, and 10 mmol/L glucose, pH 7.4. Fixative solution was prepared by
adding 9 mL of distilled water and 30 mL of FACS-Flow to 1 mL of CellFix. Drugs
were dissolved in ethanol, distilled water or dimethyl sulfoxide and further diluted in

assay buffer to produce a final concentration of the solvents of less than 0.1%.
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METHODS

CELL MODELS

Culture of endothelial cells

Human lung microvascular endothelial cells (HMVEC-L) cryopreserved as
tertiary cultures were purchased from Lonza (Verviers, Belgium) and were maintained
in EGM-2 MV Bullet kit medium (Lonza) with 5% FCS. All culture surfaces were pre-
coated with 1% gelatin for 1 hour at 37°C to promote endothelial cell attachment and
growth. The medium was changed every 2 days and cells were passaged when they
reached 90% confluency (5-6 days); the cultures were used between 5 and 10 passages

(Weinberger and Hendeles, 1996) .

Preparation of human peripheral blood eosinophils and neutrophils

Blood was sampled from healthy nonatopic volunteers, who were not taking any
medication, after informed consent was provided according to a protocol approved by
the Ethics Committee of the Medical University of Graz. Polymorphonuclear leukocytes
(PMNL, containing eosinophils and neutrophils) were prepared by means of dextran
sedimentation of erythrocytes followed by centrifugation on Histopaque gradients as
previously described . In some cases PMNL were further purified to gain eosinophils by
using negative magnetic selection with an antibody cocktail (CD2, CD14, CD16, CD19,
CD56, and glycophorin A) and colloidal magnetic particles from StemCell
Technologies (Vancouver, Canada). All separation steps were performed at room
temperature. The resulting purity and viability of eosinophil and neutrophil preparations

was typically greater than 95%.
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ASSAYS

Migration assays

Chemotaxis assay

Chemotaxis of purified eosinophils or neutrophils (10° per well) was determined
by using a 48-well micro-Boyden chamber with a 5-um pore-size PVP-free
polycarbonate filter (NeuroProbe, Inc, Gaithersburg, Md) at 37°C in a humidified CO»
incubator for 1 h. Cells that had migrated into the bottom wells of the chamber were
counted with a FACSCalibur flow cytometer (Becton Dickinson, Mountain View, CA),
and eosinophils or neutrophils were distinguished from contaminating cells by means of

forward-scatter/side-scatter gating and autofluorescence, as previously described

Leukocvte transendothelial migration assay

Endothelial cells were grown to confluence in 5-pm filters in 6.5-mm Transwell
inserts (Corning, NY) to study neutrophil or eosinophil transmigration across
endothelial monolayers. Confluence of the monolayers was confirmed by measuring
transendothelial electrical resistance with an Endohm device (WPI, Sarasota, Fla).19.
The monolayers grown in the inserts were treated differentially; further on they were
placed into 24-well plates containing medium or eotaxin (3 nM) or IL-8 (3 nM) in the
bottom wells and 2x10° neutrophils or eosinophils were added into the top wells.

The plates were incubated at 37°C in a humidified incubator for 2 or 4 h, and the
non-migrated and transmigrated neutrophils or eosinophils were enumerated by means

of flow cytometry .
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Adhesion assays

Eosinophil adhesion to fibronectin

Adhesion of purified eosinophils to fibronectin was determined by incubating
the eosinophils (6x10* per well) for 30 min at 37°C in flat-bottom 96-well plates that
had been pre-coated with 5 pg/mL fibronectin for 2 hours . After incubation, non-
adherent cells were collected first, and adherent eosinophils were harvested with an
EDTA (3 mmol/L) buffer. Both non-adherent and adherent cells were enumerated by
means of flow cytometry. Eosinophil adhesion was calculated as the percentage of

adherent eosinophil on the basis of the total cells added.

Eosinophil adhesion to endothelial cells

Adhesion of eosinophils or neutrophils to endothelial monolayers, which had
been grown to confluence in 48-well plates, was investigated by allowing purified
eosinophils or neutrophils (6x10%/well) to become adherent for 30 min at 37°C
(Yamamoto and Nagata, 1999). Thereafter, non-adherent cells were first removed, then
adherent eosinophils or neutrophils together with the endothelial cells were removed by
trypsinizing. The cells were enumerated from the two fractions by means of flow
cytometry. Adhesion was calculated as the percentage of adherent neutrophils on the

basis of the total cells added.

Immunofluorescence staining of eosinophil adhesion

For the staining of F-actin in eosinophils, chamber slides were pre-coated with 5
ug/mL fibronectin for 2 h, and purified eosinophils (3x10°/chamber) were then allowed
to adhere for 30 min at 37°C. After removal of nonadherent cells, adherent eosinophils
were fixed with 3.7% formaldehyde, permeabilized with 0.1% Triton X-100, blocked
with 1% BSA, stained with phalloidin—Texas Red (5 U/ mL) for 20 minutes at room

temperature in the dark, and mounted with Vectashield/DAPI . Immunofluorescent
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microscopic analysis was performed with an Olympus UPlanApo—60x/1.20 lens using
an Olympus IX70 fluorescence microscope, an Olympus DP50-CU digital camera and

Olympus Cell*P software (Olympus, Lake Success, NY).

Upregulation, activation and clustering of eosinophil adhesion molecules

Polymorphonuclear leukocyte preparations were incubated with agonists for 15
minutes at 37°C and then stained with anti-CD11b (fluorescein isothiocyanate, 1:30)
and anti-CD16 (phycoerythrin, 1:50) antibodies. CDI11b expression on CDI16™*
eosinophils was quantified by means of flow cytometry and expressed as the fold
increase over baseline expression .

Eotaxin-induced activation of f2-integrins was determined by means of indirect
immunofluorescence flow cytometry with mAb 24, which recognizes only the activated
conformation of CD11b/CD18 . Purified eosinophils were incubated with vehicle or
eotaxin (3 nM) for 15 min at 37°C and in the presence of mAb 24 (1:50) or isotype
control followed by staining with Alexa fluor 488—labeled secondary antibody (1:500)
for 30 min at 4°C. The stained samples were either directly measured with flow
cytometry or were cytospinned to microscope slides to visually analyse the clustering of
activated CD11b/CD18 integrins. Microscope slides were observed with an Olympus
UPlanApo—60x/1.20 lens wusing an Olympus IX70 fluorescence microscope, an
Olympus DP50-CU digital camera and Olympus Cell*P software (Olympus, Lake
Success, NY).

Eosinophil apoptosis assay

Eosinophil viability was determined with the means of the Annexin V-FITC
apoptosis detection kit, where apoptotic cells were quantified by flow cytometry.
Purified eosinophils were placed into 96-well plates, the cells were harvested at Oh-1h-
3h time points and stained with FITC-labeled annexin V and propidium iodide for x min

in the dark and then analysed by flow cytometry. Annexin V™ cells were counted as
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apoptotic cells (FL-1 fluorescence channel) while propidium iodide™ cells were

regarded as necrotic (FL-2) .

Flow cytometric detection of IP and EP4 receptors

[P and EP4 receptor expression on purified human eosinophils, neutophils or
endothelial cells was determined by using indirect immunofluorescence flow cytometry
with polyclonal IP and EP4 antibodies directed against the C-terminus of the receptors.
Therefore, cells were first permeabilized with Fix&Perm (ADG, Kaumberg, Austria) for
15 min fixation and 15 min permeabilization of the cells at room temperature. The
nonspecific binding sites were blocked with 1% BSA for 30 min at 4°C. Samples were
then incubated with the following antibodies, each for 30 min at 4°C: 20 pg/mL
polyclonal rabbit IP antibody or IP antibody, the binding sites of which had been
blocked with 5-fold amount of the corresponding immunogenic sequence of the IP
receptor (blocking peptide) as control. The same concentrations were used in case of
EP4 receptor staining, however as control, an isotype specific rabbit polyclonal
antibody was used. Finally, 4 pg/mL goat anti-rabbit IgG secondary antibody,

conjugated with Alexa fluor-488 was added and cells were fixed and analyzed with flow

cytometry .

Western blotting of IP receptors

For Western blot detection of IP receptor purified eosinophils were lysed in a
buffer containing 50 mM Tris-HCI, 25 mM KCI, 5 mM MgCl2, and 0.2% Nonidet P-40
supplemented with protease inhibitors, as previously described . Protein samples (40
ng) were resolved on 10% Tris-HCl polyacrylamide gels for 1h at 150V and
subsequently transferred to a nitrocellulose membrane. Membranes were probed with
rabbit polyclonal IP antibodies (20 pg/mL), followed by horseradish peroxidase—
conjugated anti-rabbit secondary antibodies (4 pg/mL) and Amersham ECL Plus (GE

Healthcare, Vienna, Austria) detection reagents.
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Transendothelial electrical resistance measurement

Confluence of the monolayers was confirmed by measuring transendothelial
electrical resistance (TEER) with an Endohm device (WPI, Sarasota, Fla) . Endothelial
cells were grown to confluence in 5-um filters in 6.5-mm Transwell inserts; confluent
monolayers were treated differentially and changes in monolayer resistance were
recorded. Further on, they were subjected to leukocyte transendothelial migration assays
(as described above). After eosinophil or neutrophil transendothelial migration the

TEER was recorded again.

Electrical wound healing assay

To study the regenerative properties of endothelial monolayers, the cells were
grown on small gold electrodes and monitored by using electric cell-substrate
impedance sensing (ECIS, Applied Biophysics, Troy, New York). After the endothelial
cells formed a confluent layer i.e. the resistance reached a maximal plateau phase, the
cells were subjected to high current (wounding protocol: 5 sec, 900 pA, 48 kHz),
resulting in severe electroporation and subsequent cell death as indicated by a dramatic
drop in the resistance. After the electrical wounding, the electrode’s resistance was

again monitored to screen the repopulation and ultimately healing of the wound .

Immunofluorescence stainings of endothelial cells

VE-Cadherin staining

Differentially treated endothelial monolayers grown in Permanox chamber slides
were fixed (3.7% formaldehyde in PBS) for 10 min, followed by permeabilization with
0.1% Triton X-100 in PBS for 15 minutes at room temperature. The nonspecific binding
sites were blocked with Ultra V Blocking solution for 30 min. Incubation with the

mouse monoclonal VE-cadherin antibody (1 pg/mL) or isotype-matched control
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antibody was performed in the antibody diluent solution for 1 h at room temperature,
followed by 30 minutes staining with Alexa fluor 488—conjugated secondary antibody
(4 pg/mL) . After being mounted with Vectashield/DAPI medium, the samples were
analyzed on an Olympus IX70 fluorescence microscope and an Olympus UPlanApo—
60x/1.20 lens using an Olympus DP50-CU digital camera and Olympus Cell"P software
(Olympus, Lake Success, NY).

IP receptor staining

For microscopic immunofluorescence staining, endothelial cells were seeded on
chamber slides, then the cells were fixed and blocked for 30 min with Ultra V Blocking
solution. Incubation with the primary rabbit anti-IP antibody lasted for 30 min at room
temperature; AF-488-labeled goat anti-rabbit secondary antibody was incubated with
the cells for further 30 min in dark at 4°C. After being mounted with Vectashield/DAPI
medium, the samples were analyzed with an Olympus UPlanApo—60x/1.20 lens using
an Olympus IX70 fluorescence microscope, an Olympus DP50-CU digital camera and

Olympus Cell"P software (Olympus, Lake Success, NY).

Endothelial adhesion molecule expression

Endothelial cells were grown into monolayer in 48-well plates. After differential
treatments the cells were detached by using a detachment buffer (25 mM HEPES, 10
mM EDTA in PBS). The endothelial cells were then stained with directly labelled
VCAM-1/ICAM-1/E-selectin antibodies for 30 min at 4°C in dark . The expression of
endothelial adhesion molecules was quantified by means of flow cytometry and

expressed as percentage of the maximal staining intensity (TNFa 10pM).
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Enzyme Immunoassay

PGE, and the stable PGIL, metabolite 6-keto-PGF,, released by -cultured
endothelial cells was measured from the conditioned media by using an in house
radioimmunoassay and and an enzyme immunoassay (Cayman), respectively. The

detection limit was 5 pg/mL .

Statistical analyses

All data are shown as means £ SEMs for n observations. Comparisons of groups
were performed by using 1-way ANOVA or 2-way ANOVA for repeated

measurements, and P values of less than 0.05 were considered statistically significant.
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III. RESULTS

Part I - Endogenous prostaglandin I, limits the eosinophil —

endothelial interaction*®

* published data :

Viktoria Konya, Eva Maria Sturm, Petra Schratl, Eckhardt Beubler, Gunther
Marsche, Rufina Schuligoi, Irmgard Th. Lippe, Bernhard A. Peskar, Akos

Heinemann. Endothelium-derived prostaglandin I, controls the migration of

eosinophils.

J Allergy Clin Immunol 125, 5: 1105-1113 (May 2010)
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Background

Enhanced eosinophil recruitment from the blood into the tissue is a characteristic
feature of allergic diseases, such as bronchial asthma. Prostaglandin (PG) I, is the major
prostanoid released by endothelial cells, but its role in allergic inflammation has not
been elucidated in depth. The effects of PGI, are mediated by a single G protein—
coupled receptor, IP, which is coupled to Gs proteins and stimulates adenylyl cyclase.
Mice deficient for PGI, receptors (IPs) show exaggerated eosinophilic inflammation in
response to allergen in lung and skin and enhanced airway remodeling . Recent studies
also demonstrated that PGI, attenuates the migration of murine TH2 cells and inhibits
cytokine production and T-cell stimulatory function of murine bone marrow—derived
dendritic cells , and treatment of endothelial cells with PGI, reduces subsequent

adhesion of neutrophils .

Aims

The aim of the first part of my work was to test the hypothesis that PGI, is
involved in eosinophil - endothelial interaction. Therefore functional assays were
carried out on human eosinophils and on eosinophils in interaction with human
pulmonary microvascular endothelial cells.
Pharmacological inhibitors, selective agonists and antagonists were used to specify the

observed effects.

Aim 1: To asses the role of PG, in eosinophil functions

Aim 2: To evaluate the role of PGI;in eosinophil — endothelial interaction
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Aim 1: To asses the role of PGI; in eosinophil functions

PGI, inhibits eosinophil chemotaxis

The inhibitory effect of Prostaglandin I, on human eosinophil functions was first
investigated in an in vitro chemotaxis assay model. Chemotaxis, the directed migration
of cells towards a chemoattractant is a basic function of leukocytes. Purified human
eosinophil leukocytes were pre-incubated with vehicle or serial dilutions of PGI, for 5
min at room temperature and allowed to migrate for 60 min in a micro-Boyden
chemotaxis chamber toward eotaxin or complement factor 5a (C5a; 1 nM each) placed
in the bottom wells.

Figure 34 shows that PGL, markedly inhibited the migration of human
eosinophils toward eotaxin and C5a achieving 50% inhibition at concentrations of 3 to
10 nM. On average, migration of 10% of input cells was stimulated by 1 nM eotaxin. As
control cells, human neutrophil leukocytes were used; neutrophil chemotaxis was
induced by IL-8 or C5a placed in the bottom wells. C5a behaves as chemoattractants
both for neutrophils and eosinophils. In comparison with eosinophils, the same
concentrations of PGI, did not affect the migration of neutrophils toward IL-8 (1 nM) or
C5a (1 nM; Figure 3B). Pharmacological inhibitors were used to test the specific
involvement of IP receptors and the anticipated underlying signaling pathway
(activation of adenylyl cyclase and intracellular cAMP increase). Pretreatment of
eosinophils for 15 min with an IP antagonist, CAY 10441 (300 nM), or an inhibitor of
adenylyl cyclase, SQ22536 (10 mM), prevented specifically the PGI, inhibition of

eosinophil chemotaxis (Figure 3C) in comparison to the vehicle-pretreated eosinophils.
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Figure 3.
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Figure 3. PGI; selectively inhibits the chemotaxis of eosinophils via activation of IP
receptor and adenylyl cyclase pathway. Human purified eosinophils (A) and
neutrophils (B) were incubated with increasing concentrations of PGI, and were then
allowed to migrate towards eotaxin, C5a or IL-8 (1 nM each) for 1 h in a micro-Boyden
chamber. In C, eosinophils were pretreated with vehicle, an IP receptor antagonist,
CAY10441 (300 nM) or an inhibitor of adenylyl cyclase, SQ22536 (10uM). Cells were
then incubated with increasing concentrations of PG, which was followed by migration
towards eotaxin (I nM) for 1 h. Cells in the bottom wells were enumerated by flow
cytometry and responses were expressed as percent of the control response in the
absence of PGIL,. n=4-8; * P<0.05 versus vehicle. (These experiments were performed

by Eva Sturm.)
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IP, the PGI, receptor is expressed on human eosinophils

Prompted by the observation of the inhibitory PGI, effects on eosinophils, I
investigated whether eosinophils expressed the cognate PGI, receptor, IP. In fact, flow
cytometric and Western blot data revealed the presence of IP receptors on eosinophils.
Specificity of the polyclonal rabbit IP antibody was demonstrated by preabsorption of
the specific binding sites of the antibody with the immunogenic blocking peptide of the
IP receptor, which markedly reduced the binding of the antibody to the cells. Figure 44
shows the histograms of unstained eosinophils or neutrophils, and cells stained with 2™
antibody only. Specific staining of IP receptors is demonstrated in the red-colored
histogram, while the pink histogram shows reduced staining with the preabsorped IP
antibody. In contrast, neutrophils did not express IP receptors (Figure 44, right panel).
The presence of IP receptors on eosinophils was also confirmed by means of Western
blotting with the same anti-IP antibody, yielding a band with the predicted molecular
size of 67 kDa (Figure 4B). Platelets were used (PL) as positive control.

Figure 4.
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Figure 4. Expression of IP receptors on purified eosinophils was detected by means
of flow cytometry and Western blotting. In A, a flow cytometric staining is shown on

eosinophils and neutrophils; as controls, unstained and only 2" antibody-stained
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samples were used. The specificity of the IP antibody was proved by pre-absorbing the
IP receptor antibody with its specific blocking peptide sequence (blocked IP Ab). B,
shows a representative Western Blot of the IP receptor expression. Eol-3, Eosinophils
from 3 donors; PL, platelets were used as positive control. n = 4-8. *P <0 .05 versus

vehicle.

PGI, inhibits eosinophil adhesion to fibronectin

Since adhesion is a crucial step in leukocyte extravasation and also modulates
effector functions such as respiratory burst and degranulation, I investigated the effect
of PGL on eosinophil adhesion. First, eosinophil adhesion assay was assessed in
fibronectin (5 pg/ml) pre-coated multiwell plates, where the adhesion of eosinophils
was induced by increasing concentrations of eotaxin (0.3-3 nM). The effect of PGI, on
the eosinophil adhesion to fibronectin was determined by pre-incubating purified
eosinophils with vehicle or PGI, (100 nM) for 5 min at room temperature. Eosinophils
were then placed onto fibronectin-coated 96-well plates containing increasing
concentrations of eotaxin (0.3-3 nM) and allowed to become adherent while incubating
for 30 min at 37°C in a humidified incubator. Figure 54 demonstrates that PGI, reduced
the eotaxin-induced adhesion of eosinophils to fibronectin by 40% to 60%, as
determined by flow cytometric enumeration of adherent cells.

Next, eosinophil adhesion stimulated by eotaxin was visualized by staining the
actin filaments with the highly photostable dye phalloidin-Texas Red. Eosinophils were
allowed to adhere to the ‘chamber slide’ bottom surface which was pre-coated with
fibronectin (5 pg/ml). Eosinophils were pretreated with vehicle or PGI, (100 nM) for 5
min at room temperature. After the pre-treatment, eosinophils were stimulated with
3nM eotaxin to become adherent on the fibronectin coated slides for 30 min at 37°C in a
humidified incubator. In the next step, non-adhered eosinophils were aspirated, the
adherent cells were fixed, permeabilized, blocked and finally stained with phalloidin-
Texas Red. The slides were mounted, and analysed by fluorescence microscopy. F-actin
staining in adherent eosinophils revealed distinct morphologic alterations. Figure 5B
shows that unstimulated eosinophils were round shaped and small sized, but upon
activation with eotaxin (3 nM) they acquired a polarized, elongated shape and formed

discrete protrusions containing dense F-actin network, consistent with podosomes.
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Pretreatment of eosinophils with 100 nM PGI, did not prevent the eotaxin-induced
polarization of the cells but abrogated their ability to form podosome-like structures
(Figure 5B). Quantitatively, eotaxin-stimulated eosinophils expressed an average of
19.9 £ 1.9 of these structures (300 eosinophils were analyzed from 3 different blood
donors), whereas PGI, reduced their number to 6.6 = 1.7 (P <.01). These data suggested
that PGI, reduces the adhesion of eotaxin-activated eosinophils to fibronectin-coated
plastic surfaces, and furthermore prevents the morphologic changes, i.e. the formation
of adhesive structures in eosinophils that are required for effective adhesion, crawling

and migration.

Figure 5.
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Figure 5. PGI; inhibits eosinophil adhesion to fibronectin and reduces eosinophil

podosome formation.

In A, eosinophil preparations were pre-incubated with PGI, (100 nM) or its vehicle for
5 min and were then allowed to adhere to fibronectin-coated 96 well plates in the
absence or presence of increasing concentrations of eotaxin (0.3-3 nM) for 30 min. The

portion of adherent eosinophils was determined via enumeration of adhered and non-
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adhered eosinophils by flow cytometry. In B, eosinophil adhesion to fibronectin-coated
chamber slides and the adhesive structure formation were visualized by phalloidin-
Texas Red and the nuclear dye DAPI (blue) staining. Eosinophils were pre-incubated
with PGIL, (100 nM) or its vehicle for 5 min, eosinophil adhesion was induced by
eotaxin (3 nM) for 15 min, non-adhered eosinophils were discarded. n=6-8; *P<0.05

PGI; versus vehicle.

PGI, does not affect the viability of eosinophils

As it was shown above, PGI, inhibits various functions of eosinophils; in order
to prove that the inhibitory effect is not due to influencing the cell viability, i.e. inducing
apoptosis of eosinophils, we used propidium iodide/Annexin V-FITC staining, where
apoptotic cells are recognised by Annexin V binding to phosphatydyl serine on the outer
leaflet of the cell membrane, while staining with propidium iodide discriminates
necrotic cells. Eosinophils were incubated with vehicle, 30 nM or 100 nM of PGI, or
iloprost, a stable PGI, analogue for Oh, 1h and 3h. Samples were then stained with
propidium iodide/Annexin V-FITC and analyzed by flow cytometry. In these assays,
neither PGI, nor iloprost affected the viability of the cells as indicated by unaltered
numbers of apoptotic cells (Figure 64 and B). Similarly, the portion of necrotic cells
(generally below 5% after 3h) was not altered by IP receptor stimulation (not shown).
These data showed that the IP receptor mediated inhibition of eosinophil chemotaxis,

adhesion and podosome formation is not due to affecting the viability of eosinophils.
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Figure 6.
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Figure 6. PGI; does not affect the viability of eosinophils. Purified eosinophils were
incubated with vehicle or PGI, (30-100 nM) or a stable PGI, analogue, iloprost (30-
100 nM) in non-tissue culture treated 96 well plates for 0-3 h. The harvested cells were
double stained with Annexin V conjugated with FITC and propidium iodide dyes and
the samples were analyzed by flow cytometry. In A, a flow cytometric dot plot is shown,
where acquired eosinophils are divided by a quadrant based on their emitted
fluorescence in FL-1 (Annexin V-FITC) and in FL-2 (propidium iodide). Annexin-V7""/
propidium iodide™* eosinophils were identified as apoptotic cells. In B, apoptotic
eosinophils are displayed as the percentage of total cells acquired after Oh, 1h and 3h

of vehicle, PG or iloprost treatment. n = 4.

PGI; inhibits the up-regulation and activation of CD11b/CD18 integrin on eosinophils

Since increased podosome formation and adhesiveness of eosinophils after
allergen challenge is strongly related to the adhesion molecule CD11b/CDI8 , we
investigated whether PGI, was also able to block the rapid up-regulation of CD11b
integrin subunits on the cell surface of eosinophils, a process that is important in
mediating firm adhesion and activation of leukocytes. The flow cytometric
determination of changes in eosinophil CD11b surface expression was performed using
polymorphonuclear leukocyte (PMNL) preparations. Therefore, cell suspensions were
stained with anti-CD11b-FITC in combination with anti-CD16-PE and incubated with
serial dilutions of eotaxin (0.01-10 nM) for 15 min at 37 °C to stimulate CD11b
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expression. CD11b expression on CD16™* eosinophils was quantified and presented as
percent of maximal CD11b expression. Before eotaxin stimulation, isolated PMNL were
first pretreated with vehicle, PGI, (100 nM) or forskolin (20 uM), an adenylyl cylcase
activator, for 5 min at room temperature. As illustrated in Figure 7A the eotaxin
concentration-response curves were shifted to the right by treatment with PGIL, (100
nM), displaying a concentration-dependent attenuation of CD11b up-regulation on the
surface of eosinophil. The effect of PGI, was mimicked by the adenylyl cyclase
activator forskolin (20 uM), which likewise blunted the eotaxin-stimulated CD11b up-

regulation.
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Figure 7. PGI, attenuates the cell surface up-regulation of the CDI11b integrin
subunit and prevents the activation of the CD11b/CD18 adhesion molecule complex.
In A, purified eosinophils were pre-incubated with PGI, (100 nM), forskolin (20 uM) or
its vehicle for 5 min and were then stimulated with increasing concentrations of eotaxin
(0.01-10nM) for 15 min. The cell surface up-regulation of CDI11b on eosinophils was
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determined by flow cytometry and was expressed as percent of the maximal control
response. In B, flow cytometric stainings are shown for isotype control antibody or mAb
24, an antibody specific for activated CDI11b/CDI18 integrin complex on eosinophils.
Cells were incubated in the absence or presence of eotaxin (3 nM), PGI, (100 nM), or
both. As controls, unstained and only 2™ antibody stained eosinophils were used. n = 4-

8. *P <0.05, PGI; versus vehicle.

In addition to upregulating the surface expression of CD11b, chemoattractants
are capable of inducing the activation of CD11b/CD18 complexes which relies on
conformational change of the integrin complex from a low ligand binding avidity status
to a high ligand binding avidity status . The conformational change can be detected by
specific antibodies that bind in a conformation-sensitive manner, like mAb 24 which
recognizes only the activated CD11b/CD18 complexes. Here, purified eosinophils were
pre-treated with either vehicle or PGIL, (100 nM) for 5 min at room temperature.
Activation of CD11b/CD18 was induced by stimulating eosinophils with eotaxin (3 nM)
for 15 min at 37 °C, which was followed by incubating stimulated cells with mAb 24 or
an isotype control antibody, and cells were stained with the Alexa fluor 488-labeled 2™
antibody. Samples were analyzed by flow cytometry and showed that eotaxin enhanced
the binding of mAb 24 to eosinophils, while binding of the isotype-control antibody was
not changed. The eotaxin-induced binding of mAb 24 was completely prevented by
PGl, (Figure 7B). These data demonstrated that PGI, blocks the mobilization of
intracellular pools of CDI11b integrin subunit and the activation of CD11b/18
complexes, expressed on the cell surface that can further explain the effect of PGI,

causing reduced adhesion of eosinophils.

Summary — Aim 1

The experiments presented in this first part of the thesis suggest that PGI, is an
important negative determinant of eosinophil functions. I have shown by flow
cytometry and western blot that IP, the sole receptor for PGI, is expressed on
eosinophils; furthermore, activation of IP receptor leads to attenuation of agonist-

induced eosinophil chemotaxis. The IP specific downstream signaling pathway was

55



identified as key mediator of the inhibitory effect of PGI,, as selective antagonism of IP
receptors and inhibition of adenylyl cyclase enzyme could rescue the inhibitory effect of
PGI,. Concomitantly, PGI, decreased the eosinophil adhesion to fibronectin.
Morphological studies of eosinophil adhesion revealed that PGI, treatment does not only
reduce the number of adhering eosinophils, but prevents the morphological changes
needed for effective locomotion, i.e. the formation of eosinophil adhesive structures and
podosomes. Furthermore, PGI, abrogated the mobilization of intracellular pools of
CDI11b integrin subunits and the activation of CD11b/CD18 complexes expressed on
the cell surface, a finding that can further explain how PGI, reduces the adhesion of
eosinophils. Importantly, the inhibitory effects of PGI, are carried out without affecting

the viability of eosinophils.

Aim 2: To evaluate the role of PGI; in eosinophil — endothelial interaction

Human lung microvascular endothelial cells release PGI,

PGI, is the major prostanoid released in abundance by endothelial cells, but its
role in allergic inflammation has not been investigated in details. In fact, human lung
microvascular endothelial cells produced significant amounts of PGI,, as estimated by
its stable metabolite 6-keto-PGF, in the supernatants (11.7 = 2.8 pg/ml in 30 min, n =
4) but not PGE, (not shown). Treatment of endothelial cells with 10 uM of the COX
inhibitor diclofenac, a concentration that corresponds to plasma levels in patients
(Giagoudakis and Markantonis, 2005), attenuated the PGI, biosynthesis by 90% (1.3 *
1.5 pg/ml, n = 4; Figure 9B).
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Endothelial-derived PGI, attenuates eosinophil adhesion to endothelial monolayers

The role of endogenous PGI, production in eosinophil adhesion and
transmigration was studied. Endothelial monolayers were grown in multiwell plates and
PGL release was inhibited with diclofenac (10 uM) treatment for 30 min. Purified
eosinophils were then added to the confluent endothelial monolayers in the presence or
absence of diclofenac, and in the absence or presence of various concentrations of
eotaxin (0.3-3 nM) or PGD, (10-100 nM). The portion of adherent eosinophils relative
to the total numbers of input eosinophils was determined after 30 min incubation at
37°C. Eotaxin and PGD, concentration-dependently enhanced eosinophil adhesion to
endothelial cells (Figure 84 and B). Diclofenac not only enhanced basal adhesion of
eosinophils to endothelial cells, but also enhanced the eotaxin- and PGD,-stimulated
adhesion. To further substantiate the role for endothelial PGI,, a more specific approach
was taken, by pretreating eosinophils with the IP receptor antagonist CAY 10441 (300
nM) for 10 min. Figure 84 demonstrates that, like diclofenac treatment, blocking IP
receptors markedly enhanced the adhesiveness of eosinophils to the endothelial
monolayers, both under basal conditions and after stimulation of eosinophils with
eotaxin or PGD,. The effect of diclofenac on eosinophil adhesion to endothelial cells
appeared to be a dual one: first, baseline adhesion increased, and second, the

responsiveness of eosinophils to stimulation was enhanced.
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Figure 8. Endothelial derived PGl attenuates the adhesion of eosinophils to human
pulmonary microvascular endothelial cells. Confluent endothelial monolayers were
treated with vehicle or a cyclooxygenase inhibitor, diclofenac (10 uM) for 30 min in 48
well-plates. Alternatively, eosinophils were pretreated with vehicle or an IP receptor
antagonist, CAY10441 (300 nM) for 10 min, prior to addition to the endothelial cell
monolayers. Eosinophils were allowed to adhere in the presence or absence of
increasing concentrations of eotaxin (0.3-3 nM) (A), or PGD; (10-30 nM) (B). The
portion of adherent eosinophils relative to input eosinophils was determined 30 min
later by flow cytometric enumeration of the cells. n=6-8; *P<0.05 diclofenac versus

vehicle and CAY10441 versus vehicle.

Endothelial-derived PGI, attenuates eosinophil transendothelial migration

In further experiments we assessed the effect of endogenous PGI, on eosinophils
undergoing transendothelial migration. Diclofenac (10 uM) or its solvent were
supplemented to the cell medium for 2 and 5 h before purified eosinophils were added
to the top wells of the Transwell inserts. Eosinophils were allowed to migrate toward
vehicle or eotaxin (1 nM) in the bottom wells for 4 h. Eotaxin enhanced the portion of
eosinophils that had migrated through the endothelial monolayer into the bottom wells
by 3- to 4-fold compared with vehicle, and pretreatment of the monolayers with
diclofenac further enhanced the chemotactic response to eotaxin (Figure 9A).
Interestingly, the duration of COX inhibition in endothelial cells was correlated with the
enhancement of eosinophil transendothelial migration, with 5 h of diclofenac treatment
being more effective than 2 h of treatment. Under these conditions, approximately 6%

of input eosinophils could be recovered from the bottom wells.
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Figure 9.
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Figure 9. Inhibition of PGI; release impairs the barrier function of endothelial
monolayers and leads to enhanced eosinophil transendothelial migration. Endothelial
monolayers were grown until confluence in Transwell plates and were treated with
vehicle or the cyclooxygenase inhibitor, diclofenac (10 uM) for 2 or 5 h. In A, purified
eosinophils were added to the top wells and were allowed to transmigrate into the
bottom wells containing vehicle or eotaxin (1 nM). 4 h later, transmigrated eosinophils
were enumerated from the bottom wells by flow cytometry and data were expressed as
percent of cells that migrated towards eotaxin (1 nM) across blank filters. In B, PGI,
release from endothelial cells that had been incubated with vehicle or diclofenac (10
uM) for 30 min, 2 and 5 h, was estimated by measuring the stable metabolite 6-keto-
PGF,, by enzyme immunoassay. In C, transendothelial electrical resistance (TEER) of
the endothelial monolayers grown in Transwell plates was measured before and after
eosinophil transmigration and was expressed as percent of baseline, i.e. before
diclofenac or vehicle was added. n=3-6;, *P<0.05 diclofenac versus vehicle of

diclofenac. In D, immunofluorescence staining of endothelial IP receptor expression is

59



shown. The insert depicts the staining with isotype control antibody and the nuclei

stained with DAPI. The staining shown is representative of 3 independent experiments.

Endothelial-derived PGI, sustains the integrity of endothelial junctions

Loss of endogenous PG, leads to decrease of transendothelial electrical resistance

The endothelial cells were grown to confluent monolayers in Transwell inserts.
Confluence of the monolayers was confirmed by measuring transendothelial electrical
resistance daily until the assay was performed. Mean electrical resistance of confluent
endothelial monolayers increased to values of 75 to 106 Q and remained constant
thereafter. Diclofenac (10 uM) or its solvent were supplemented to the cell medium.
Treatment of endothelial cells with the COX inhibitor diclofenac (10 uM) for 2 and 5 h
reduced the PGI, biosynthesis by 90% (Figure 9B). Unexpectedly, transendothelial
electrical resistance of the endothelial monolayers was reduced after diclofenac
treatment (Figure 9C), suggesting that endogenous PGI, release is an important
autocrine factor in supporting endothelial barrier function. Moreover, transendothelial
electrical resistance of the endothelial monolayers was further decreased after
eosinophil transmigration (Figure 9C). These observations suggested that the loss of
endogenous PGI, not only augments eosinophil transmigration but also compromises
the barrier function of the endothelial monolayer.

IP receptor is expressed on pulmonary microvascular endothelial cells

PGI, seemed to act in an autocrine fashion on endothelial cells. Therefore, 1
assessed the expression of IP receptors in the human lung microvascular endothelial
cells using a polyclonal IP receptor antibody and corresponding isotype-matched control
antibody. In fact, indirect immunofluorescence staining confirmed the presence of IP

receptors on endothelial cells (Figure 9C).

Visualizing endothelial junctions - immunofluorescence staining of VE-cadherin

In order to investigate in more detail whether inhibition of COX altered the
barrier function of the endothelial layer, cells were grown on glass cover slips and
treated with diclofenac for 2 and 5 h. Fluorescence staining of VE-cadherin, a major
component of the endothelial barrier by forming adherens junctions, and of F-actin was

carried out. The vehicle-treated endothelial monolayers presented with tight, closed cell
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junctions and subtle F-actin staining mainly distributed to the subcortical actin rim
(Figure 10). Diclofenac treatment disrupted the endothelial cell junctions, and after 5 h
of diclofenac treatment, even pore formation between endothelial cells was detected. As
a result of blocked PGI, biosynthesis, more intense actin polymerization was observed,
with formation of F-actin stress fibers after 2 h and redistribution of dense actin
filaments to the subcortical region after 5 h. Co-incubation of endothelial cells with
diclofenac plus the stable PGI, analogue iloprost (300 nM) prevented the loss of tight
adherent junctions and gap formation, and also delayed the reorganization of the actin

cytoskeleton (Figure 10).
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Figure 10.
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Figure 10. Immunofluorescence staining of VE-cadherin and F-actin shows that
inhibition of PGI; release leads to morphological changes of endothelial monolayers.
Confluent endothelial monolayers grown on chamber slides were incubated with
vehicle or the cyclooxygenase inhibitor diclofenac (10 uM) or diclofenac plus the IP
receptor agonist, iloprost (100 nM) for 2 or 5 h and were then stained with anti-VE-
cadherin antibody (green) or phalloidin-Texas Red conjugate (red). The stainings
shown are representative of 3 independent experiments. The insert shows staining with

an isotype-control antibody.
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Summary — Aim 2

In this part I have shown that human pulmonary microvascular endothelial cells
release PGI, (as it was demonstrated by measuring its stable metabolite, 6-keto-PGF, in
the conditioned supernatant). The endothelial release of PG, was reduced by
diclofenac, a non-selective COX-inhibitor. In interaction assays with diclofenac-
pretreated endothelial cells, adhesion and transendothelial migration of eosinophils were
enhanced significantly, suggesting that the endogenously produced PGI, is an important
factor in limiting interactions of endothelium with the inflammatory effector cells, e.g.
eosinophils. Furthermore, PGIL, in an autocrine manner seems to be involved in
promoting the integrity of endothelial junctional network, as it was observed that the
loss of endogenous PGIL led to decrease of transendothelial electrical resistance of the
endothelial monolayer. Additionally, I demonstrated the expression of PGI, receptors,
IP, by immunofluorescence microscopy. In order to further investigate the permeability
changes of endothelial monolayers caused by the loss of endogenous PGI,, the junctional
alterations were visualized by staining of VE-cadherin, the major component of
adherens junctions. Collectively, these data suggest a dual role for endogenous PGI, in
the interaction of endothelial cells and eosinophils. Firstly, endothelial PGI, attenuates
the adhesion and transendothelial migration of eosinophils in a paracrine fashion;

secondly, PGI; shields the endothelial junctional connections in an autocrine manner.
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Part II : The role of PGE, — EP4 signaling in endothelial barrier
function and transendothelial trafficking of

eosinophils

Background

PGE; is the predominant cyclooxygenase (COX) product of epithelial cells,
airway macrophages and smooth muscle cells, and is regarded as a potent inflammatory
mediator due to its effects on vasodilation, vascular permeability and nociception;
however, the role of PGE, in allergic inflammation is less clear. COX-1 and COX-2
deficient mice exhibited significantly increased lung inflammation and airway
hyperresponsiveness in OVA induced asthma model, which is correlated with
abrogation of PGE. biosynthesis . Furthermore, PGE, besides preventing allergen-
induced bronchoconstriction , it is observed to inhibit allergen-induced airway
inflammation, including decreased airway eosinophilia in asthma patients and Th2
cytokine production in the OVA-induced murine model . Endothelial cells express all

four EP receptors (EP1-4) .

Aims:

In the second part of my work I focused on one PGE, receptor, the EP4 receptor. I
hypothesized that the selective activation of EP4 receptor might promote the barrier
function of endothelium. Therefore different resistance measurements were carried out,
endothelial adhesion molecule expression assays were performed, and trafficking of
inflammatory eosinophils was studied in order to understand the role of EP4 activation

in this cellular interaction under allergic inflammatory conditions.

Aim 1: To assess the role of PGE,-EP4 signaling in the regulation of endothelial
barrier function

Aim 2: To obtain evidence for the importance of PGE,-EP4 signaling in the
trafficking of eosinophils
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Aim 1: To assess the role of PGE,-EP4 signaling in the regulation of endothelial

barrier function

Prostaglandin E, and and EP4 receptor agonist prevent thrombin-induced endothelial

barrier disruption

In order to investigate how PGE, and the specific EP4 agonist (ONO-AE1-329)
affect the barrier function of the endothelial monolayer, cells were grown on chamber
slides until they formed tight monolayers. After pretreatment with vehicle, PGE, or EP4
agonist (30 nM) for 15 min at 37 °C, endothelial cells were incubated with 0.5 U/mL
thrombin or vehicle for 20 min at 37°C. Fluorescence staining of VE-cadherin, the
major component of endothelial adherens junctions was carried out. The vehicle-treated
endothelial monolayers showed tight, closed junctions and relaxed cells (Figure 11).
Thrombin treatment disrupted the cell junctions, and small pores appeared between the
retracted endothelial cells. PGE, and EP4 agonist (30 nM each) prevented the thrombin-
induced barrier disruption and cell retraction. In the absence of thrombin stimulation of
the endothelial monolayer (control treatment), PGE,, EP4 agonist or EP4 antagonist
pretreatments did not alter markedly the junctional network. However, a selective EP4
antagonist (ONO-AE3-208 at 300 nM) prevented the protective effect of PGE, on the
endothelial monolayer, thus enabling thrombin-induced interendothelial gap formation
(Figure 11). These data suggested that PGE; is protective in maintaining the integrity of
enodothelial cell layer when it is exposed to a barrier disruptive agent like thrombin.
Moreover, PGE, exerts its effect via activating EP4 receptor which was shown by using
a selective EP4 receptor agonist. Importantly, an EP4-selective agonist fully mimicked

the protective effect of PGE, on the endothelial monolayers.
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Figure 11.
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Figure 11. Immunofluorescence staining of VE-Cadherin reveals that EP4 receptor

activation protects against thrombin-induced disintegration of the endothelial layer.

Confluent endothelial monolayers grown on chamber slides were preincubated with

vehicle, PGE, or EP4 agonist (30 nM each) for 15 min or ONO-AE3-208 (EP4 selective

antagonist, 300 nM, 20 min prior to PGE). The monolayers were exposed to thrombin

(0.5 U/ml) or vehicle for 20 min and were then stained with anti-VE-cadherin antibody

(green), the nuclei are stained with DAPI (blue). The micrographs are representative of

3 independent experiments.
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Prostaglandin E, and a selective EP4 receptor agonist promote wound healing of

endothelial monolavers

To study the effect of PGE. and the role of EP4 receptors in the regenerative
potential of endothelial layers, the cells were grown on small gold electrodes and
monitored by using electric cell-substrate impedance sensing (ECIS, Applied
Biophysics, Troy, New York). After the endothelial cells formed a confluent layer and
the resistance reached a maximal plateau phase (6000 Q at 48 kHz), the monolayers
were electrically wounded (standard protocol: 900 pA, 5 sec, 48 kHz). Repopulation of
the electrodes, i.e. healing of the wound was recorded online. Pretreatment of the
monolayers with PGE, and EP4 agonist (30 nM each) for 15 min before the wounding,
promoted markedly the regeneration of the cell layers (Figure 12). Already 4 h after the
wounding it became evident that the PGE, or EP4 agonist-treated endothelial cells
showed faster recovery, i.e. the increase of resistance was higher than in vehicle-treated
cells. Between 8 and 10 h after wounding, the PGE, and EP4 agonist-pretreated
endothelial cells showed statistically significant differences versus the vehicle
treatment. Complete recovery of the monolayers was observed 11 h after the wounding
in the vehicle-treated endothelial cells, but already after 8 h in PGE, or EP4 agonist-
treated endothelial cells. Vascular endothelial growth factor (VEGF), a known barrier
promoting agent was used as a positive control which resulted in regeneration of the

endothelial layer in a very similar manner, like PGE, or the EP4 agonist.
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Figure 12.
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Figure 12. Wound healing of endothelial monolayers is promoted by EP4 agonist and
PGE; treatment. Endothelial cells were grown on small gold electrodes and monitored
for changes in resistance by using electric cell-substrate impedance sensing (ECIS).
After recording the baseline resistance, the monolayers were pretreated with EP4
agonist (30 nM) and PGE; (30 nM) for 15 min and they were subjected to high field
pulse according to a standard wounding protocol. The resistance changes were
followed until total recovery of the monolayers. Vascular endothelial growth factor
(VEGF) was used as positive control. n=4-6; *P<0.05 EP4, PGE, and VEGF versus

vehicle.

The specific involvement of EP4 receptors in the endothelial barrier regulation
in response to PGE, was assessed by using a selective EP4 antagonist (ONO-AE3-208).
Blockade of EP4 receptors for 20 min before administration of PGE, reversed the
barrier-promoting effect of PGE, and resulted in slower wound healing, similar to
untreated cells (Figure 13A4). In contrast, the selective EP2 receptor agonist, butaprost,
and the selective EP3 receptor agonist, sulprostone failed to promote the healing of the
wound (Figure 13B). These data show that PGE, via activating EP4 receptors does not
only help to maintain the tightly connected network of endothelial cells but even

promotes the regeneration of injured monolayers.
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Figure 13.
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Figure 13. Selective activation of EP4 receptors mediates the PGE:>-induced
enhancement of wound healing of endothelial monolayers. In A, endothelial cells
grown on small gold electrodes were pretreated with the EP4-selective antagonist,
ONO-AE3-208 (300 nM) for 20 min, and then treated with PGE, (30 nM) for 15 min
prior to electrical wounding of the monolayers. In B, endothelial cells were pretreated
with either PGE, (30 nM) or butaprost (EP2 receptor-selective agonist, 30 nM) or
sulprostone (EP3-selective agonist, 30 nM) for 15 min prior to electrical wounding.

n=4-6, *P<0.05 PGE; versus vehicle. *P>(0.05 butaprost or sulprostone versus vehicle.
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Stimulation of EP4 receptors blocks the transendothelial migration of eosinophils

To study the barrier function of endothelial cells against transmigrating
eosinophils, I performed transendothelial migration assays where endothelial cells were
grown into confluent monolayers in Transwell inserts with 5 pm pore size.

In order to trigger eosinophil transendothelial migration, endothelial
permeability was induced by the addition of 0.5 U/mL thrombin for 20 min. Eosinophils
were allowed to transmigrate for 4 h towards vehicle or 3 nM eotaxin. The basal
transmigration towards vehicle was approximately 6% of the cells added to the top
inserts (Figure 14). The presence of 3 nM eotaxin in the bottom wells triggered 13%
eosinophil transmigration, and EP4 agonist pretreatment of the endothelial layer
diminished the migratory response to 7%. After endothelial monolayers had been
disintegrated with 0.5 U/mL thrombin, 3 nM eotaxin caused the migration of 35% of
eosinophils across the endothelial layer. The thrombin-enhanced eosinophil
transmigration was reduced to 11.26% by EP4 agonist pretreatment of the endothelial
layer, to similar values observed in the absence of thrombin. Thrombin evolves its
barrier-disrupting effect in a reversible manner, but it also leads to endothelial release of
different cytokines; therefore, thrombin was added just 20 min prior to the addition of

eosinophils, to open up the endothelial junctions for the eosinophil transmigration.
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Figure 14. EP4 receptor activation attenuates the thrombin induced eosinophil
transendothelial migration. Endothelial monolayers grown in Transwell plates were
pretreated with the EP4-selective agonist ONO AE1-329 (30 nM) or vehicle for 15 min
prior to exposing the monolayers to thrombin (0.5 U/ml) for 15 min. The monolayers

were then subjected to eotaxin (3 nM) triggered eosinophil transmigration. Four h
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later, the non-migrated cells from the top wells and the transmigrated cells from the
bottom wells were collected and enumerated by flow cytometry. n=6, *P<0.05 EP4
agonist/vehicle  versus  vehicle/vehicle —and EP4  agonist/thrombin  versus

vehicle/thrombin.

EP4 agonist prevents the thrombin-induced endothelial hyperpermeability

Confluence of the monolayers before conducting eosinophil transmigration
assays, was confirmed indirectly by measuring transendothelial electrical resistance
(TEER) using an Endohm device. Endothelial layers were used for experiments when
the electrical resistance had increased to 75-105 Q, as described . TEER changes were
recorded prior to endothelial treatment, following the treatment and after the
transmigration assay. As measured before transmigration, thrombin reduced the TEER
of the monolayer by 70% with respect to the basal resistance (Figure 15). The EP4
receptor agonist slightly, but significantly increased the electrical resistance of the
monolayers by 11% in the absence of thrombin and prevented the thrombin-induced
drop in resistance by approximately 50%. After eosinophil transmigration, the TEER of

the monolayers was further decreased.
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Figure 15. Activation of EP4 receptors shields the endothelial monolayer resistance
upon thrombin induced endothelial hyperpermeability. Transendothelial electrical
resistance (TEER) of the endothelial monolayers grown in Transwell plates was

measured before and after EP4 agonist (ONO AE1-329, 30 nM) or vehicle pretreatment
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for 15 min and after eosinophil transmigration triggered by eotaxin (3 nM) and was
expressed as percent of baseline, i.e. before treatment. n=6; *P<0.05 EP4
agonist/vehicle  versus  vehicle/vehicle —and EP4  agonist/thrombin  versus

vehicle/thrombin.

PGE, and the EP4 agonist attenuate the TNFoa-induced upregulation of endothelial

adhesion molecule expression

Under inflammatory conditions the expression of endothelial adhesion
molecules, like E-selectin, VCAM-1 and ICAM-1 is upregulated. The impact of PGE»
and stimulation of EP4 receptors on the TNFa-induced upregulation of the expression
of VCAM-1, ICAM-1 and E-selectin was investigated. Endothelial cells, grown in 48-
well plates, were activated with 1 pM and 10 pM TNFa for 4 h at 37°C. Upregulation of
the adhesion molecules was determined by using fluorochrome-labeled antibodies.
Endothelial cells were pretreated with 30nM of PGE,, the EP4 agonist ONO AE1-329
or vehicle for 15 min at 37°C before TNFa was added. TNFo markedly upregulated all
three adhesion molecules on the surface of endothelial cells. ICAM-1 and VCAM-1
upregulation could not be significantly reduced by PGE, or the EP4 agonist (Figure
164 and B). In contrast, PGE, and the EP4 agonist significantly reduced the TNFa-
induced upregulation of E-selectin expression on the endothelial cells by approximately
50% (Fig 14, B). In order to investigate the signaling mechanism behind the inhibitory
effect of EP4 receptor activation, the adenylyl cyclase inhibitor SQ22536 (10 pM) and
the protein kinase C (PKC) inhibitor chelerythrine (1uM) were employed. Inhibition of
adenylyl cyclase could not prevent the inhibitory effect of the EP4 receptor agonist or
PGE: on the TNFa-induced endothelial E-selectin expression. In contrast, chelerythrine
almost completely reversed the effect of EP4 receptor agonist (96.33% of control) and
PGE, (88.76% of control) at attenuateing the E-selectin expression. These data
suggested that PKC, but not the adenylyl cyclase/cAMP pathway, is involved in the

signaling of the EP4 mediated attenuation of E-selectin expression.
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Figure 16.
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Figure 16. PGE; or stimulation of EP4 receptors reduced the TNFa-induced E-
selectin expression in endothelial cells. Prior to inducing endothelial cell adhesion
molecule expression with TNFa (1 - 10 pM), endothelial cells grown in 48-well plates
were pretreated with vehicle, the EP4 agonist ONO AE1-329 or PGE; (30 nM each) for
15 min. Adhesion molecule expression was detected by using fluorophore-labeled
antibodies against ICAM-1, VCAM-1 and E-selectin. In A, ICAM-1, in B, VCAM-1
expression changes are displayed as raw data (fluorescence intensity). In C, E-selectin
expression changes are shown as % of E-selectin expression, where 100% is the
maximal E-selectin expression observed upon 10 pM TNFa stimulation of vehicle
pretreated endothelial cells. SQ22536 (adenylyl cyclase inhibitor, 10 uM) or
chelerythrine (PKC inhibitor, 1 uM) were added to the endothelial cells 15 min before
further treatments were given. n=6, *P<0.05 EP4 agonist versus vehicle and PGE,

versus vehicle.
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EP4 receptor expression on endothelial cells and eosinophils

The presence of EP4 receptors on endothelial cells and eosinophils was
investigated by indirect immunofluorescence flow cytometry. Histograms show human
lung microvascular endothelial cell (HMVEC-L) and eosinophil EP4 receptor staining
(Figure 17). Isotype-matched irrelevant antibodies or the second antibody alone were

used as negative controls.
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Figure 17. EP4 receptor is expressed on endothelial cells and eosinophils. Flow
cytometric histograms are shown for human lung microvascular endothelial cell
(HMVEC-L) and eosinophils. As controls, unstained cells, only 2" antibody or isotype
control IgG, plus the 2" antibody were used. The stainings shown are representative of

three different experiments.

Summary — Aim 1

These data showed that stimulation of EP4 receptors promotes the barrier
function of endothelial monolayers. Selective activation of EP4 receptors can prevent
the hypermeability induced by barrier disrupting agents, such as thrombin, as shown by
visualizing the junctional network of endothelial monolayers and performing TEER
measurements on endothelial cells grown in Transwell plates. The recovery of
electrically wounded endothelial layers was also stimulated by PGE, and EP4 agonist
pretreatment of the endothelial cells. Selective EP4 receptor blockade and other PGE,
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analogs specific for distinct PGE, receptors (EP2, EP3) were applied for proving the
specificity of the involvement of EP4 receptors. Furthermore, EP4 receptor activation
attenuated eosinophil trafficking towards eotaxin through the endothelium, as an
indirect measure of the endothelial barrier properties. The endothelial adhesion
molecule, E-selectin, when induced by TNFa was also negatively modulated by PGE,
and an EP4 agonist, and the data showed that PKC, but not the adenylyl cyclase/cAMP
pathway, is involved in the signaling of the EP4-mediated attenuation of E-selectin
expression. Finally, I showed the EP4 receptor expression on endothelial cells by
indirect immune flow cytometric staining. Importantly, eosinophils were also found to

express EP4 receptors.

Aim 2: To obtain evidence for the importance of PGE,-EP4 signaling in the

trafficking of eosinophils

EP4 agonist blocked the upregulation and activation of CD11b/CD18 integrins

One of the most important determinants of eosinophil-endothelial interaction is
the group of integrins that mediate eosinophil firm adhesion to endothelial cells.
Activation of CD11b/CD18 integrin was assessed by the specific binding of the
activation-sensitive antibody mAb 24. Purified eosinophils were pre-treated with
vehicle or the EP4 agonist (30 nM), then incubated with 3nM eotaxin or 30 nM PGD,
together with mAb 24, or an IgG, control antibody for 15 min at 37°C. After the
primary antibodies, samples were incubated with the secondary antibody. Flow
cytometric measurements showed that the eotaxin or PGDs-induced activation of
CDI11b/CD18 integrin complexes was prevented by the EP4 receptor agonist (Figure
184).

Next, I examined whether the EP4 agonist and PGE, were able to inhibit the
quick up-regulation of CDI11b integrin subunits on the cell surface of eosinophils.
Changes of CDI1b surface expression on eosinophils was determined by flow
cytometry using polymorphonuclear leukocyte (PMNL) preparations. PMNL were
stained with anti-CD11b-FITC in combination with anti-CD16-PE and stimulated with
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increasing concentrations of eotaxin (0.01-10 nM) for 15 min at 37 °C to increase
CDI11b expression. CD11b expression on CD16™* eosinophils was quantified and
presented as percent of maximal CD11b expression. Before eotaxin stimulation, PMNL
preparations were first pretreated with vehicle, PGE, (30 nM) or an EP4 agonist (30
nM) for 5 min at room temperature. As shown in Figure 18B the eotaxin-induced
CD11b upregulation was reduced by treatment with PGE, and EP4 agonist (30 nM
each), showing a concentration-dependent inhibition of CD11b up-regulation eosinophil

cell surface.

Figure 18.
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Figure 18. EP4 agonist attenuates the cell surface up-regulation of the CDI11b
integrin subunit and prevents the activation of CD11b/CDI18 adhesion molecule
complex. In A, purified eosinophils were pre-incubated with the EP4 agonist ONO
AEI 329 (30 nM) or its vehicle for 10 min and were then stimulated with vehicle,
eotaxin (3 nM) or PGD, (30 nM) for 15 min in the presence of the mAb 24 or the
control IgG, antibody. Flow cytometric staining is depicted with isotype control

antibody or mAb 24, an antibody, specific for activated CD11b/CD18 integrin complex
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on eosinophils. As controls, unstained and only 2" antibody-stained eosinophils are
shown. n = 6. In B, purified eosinophils were pre-incubated with EP4 agonist (30 nM),
PGE, (30 nM) or its vehicle for 5 min and were then stimulated with increasing
concentrations of eotaxin (0.01-10nM) for 15 min. The cell surface up-regulation of
CD11b on eosinophils was determined by flow cytometry and was expressed as percent
of the maximal control response. n = 4-8. *P <0.05, EP4 agonist or PGE, versus

vehicle.

PGE, and EP4 agonist inhibit the clustering of activated CD11b/CD18 integrins

Following integrin activation, the clustering of activated integrins on leukocytes
has been suggested to play an important role in successful and efficient adhesion to
endothelial cells. Clustered integrins determine preferred sites of adhesion and enable
the eosinophils at these sites to strongly bind to endothelial adhesion molecules.
Following the staining procedure for detecting the activated CD11b/18 integrins (see
above), stimulated and stained cells were cytospinned to microscope slides.
Immunofluorescent images of cytospinned eosinophils revealed that stimulation of
eosinophils with eotaxin led to the clustering of CD11b/CD18 which can be seen as
distinct dots on the eosinophil cell surface (Figure 19). However, PGE, and EP4 agonist
pretreatment of eosinophils prevented the eotaxin-triggered clustering of CD11b/CD18:
staining in the presence of PGE, or the EP4 agonist was homogenous on eosinophils,

similar to unstimulated cells.
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Figure 19.
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Figure 19. EP4 agonist and PGE, inhibit the cell surface clustering of activated
CD11b/CD18 integrins. Purified eosinophils were pre-incubated with the EP4 agonist
ONO AEI1-329 or PGE; (30 nM each) or with vehicle for 10 min and were then
incubated with vehicle, eotaxin (3 nM) for 15 min together with the mAb 24 or the
control IgG, antibody. Immunofluorescent images are magnifications of the original
images captured with 60x oil immersion objectives. The stainings shown are

representative of 3 independent experiments.

Podosome formation of adherent eosinophils is attenuated by PGE, and EP4 an agonist

Eosinophil adhesion and adhesive structure formation was demonstrated with
Phalloidin-Texas Red staining of F-actin in eosinophils that adhered to fibronectin-
coated chamber slides. Purified eosinophils were pretreated with vehicle, PGE, or EP4
agonist (30 nM each) for 10 min at room temperature. After the pre-treatment,
eosinophils were stimulated with 3nM eotaxin to become adherent on the fibronectin
coated slides for 30 min at 37°C in a humidified incubator. As the next step, non-
adherent eosinophils were aspirated, the adhered cells were fixed, permeabilized,

blocked and finally stained with phalloidin-Texas Red. The slides were mounted and
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analyzed with fluorescence microscopy. F-actin staining in adherent eosinophils
revealed distinct morphologic alterations (Figure 20). The micrographs of vehicle-
treated eosinophils showed round shaped small cells. This morphology was remarkably
altered upon activation of the eosinophils; eotaxin induced the polarization and
elongation of the cell shape, and caused the formation of adhesive structures,
reminiscent of podosomes, which are dynamic adhesive structures considered to be
important for directed cell motility. Podosome formation was quantified from the
micrographs and compared in all treatment groups (300 cells / treatment). Eotaxin
induced extensive podosome formation, while PGE, and the EP4 agonist markedly

reduced the podosome numbers of adherent eosinophils (Figure 20B).
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Figure 20.
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Figure 20. Podosome formation in activated eosinophils is prevented by PGE; and
EP4 agonist treatment. In A, adhesion of eosinophils to fibronectin- coated chamber
slides and the adhesive structure formation were visualized by phalloidin-Texas Red
staining of the F-actin. Eosinophils were pre-incubated with vehicle, the EP4 agonist
ONO AE1-329 or PGE, (30 nM each) for 10 min and were then incubated with vehicle
or eotaxin (3 nM) for 30 min to induce eosinophil adhesion. Non-adhered eosinophils
were then discarded. Representative images are magnifications of the original
micrographs recorded with 60x oil immersion objective. In B, quantification of
podosome  formation/cell is shown. n=300; *P<0.05 PGE,/eotaxin versus

vehicle/eotaxin and EP4/eotaxin versus vehicle/eotaxin.
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EP4 receptor activation on eosinophils abrogates their chemotactic responsiveness

Finally we tested the hypothesis that negative modulation of eosinophil
expression/activation of adhesion molecules by EP4 receptors translates to reduced
chemotaxis in response to chemoattractants. For that purpose we pretreated purified
human eosinophils with the EP4 receptor antagonists GW627368X (1 uM) or ONO
AE3-208 (100 nM) or their vehicle for 15 minutes at 37°C, and then mixed them with
various concentrations of PGE, (3-100 nM). Migration towards eotaxin (1 nM) was
determined thereafter. PGE, led to a decrease of eosinophil migration in a
concentration-dependent manner; at the highest concentration of PGE, (100 nM)
migration was reduced by more than 70%. The inhibitory effect of PGE, was markedly
attenuated by the EP4 receptor antagonists GW627368X (Figure 21) or ONO AE3-208
(n=4, data not shown). In agreement with these findings we also observed that the EP4-
selective agonist ONO AE1-329 (3-100 nM) mimicked the effect of PGE, at inhibiting
eosinophil migration towards eotaxin (1 nM, Figure 21) and PGD, (30 nM, data not

shown) with the same efficacy and potency as PGE..
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Figure 21. EP4 receptors mediate the inhibitory effect of PGE. on eosinophil

migration. Purified eosinophils were pretreated with the EP4 receptor antagonist
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GW627368X (1 uM) or vehicle for 15 min at 37 °C, mixed with various concentrations
of PGE; or the EP4 agonist ONO AE1-329 and then loaded into the top wells of a
microBoyden chamber. Cells were allowed to migrate towards eotaxin (I nM) in the
bottom wells for 1 h. Responses were expressed as percent of the control response, i.e.
to eotaxin only. n = 5-8. *P < 0.05 vs vehicle. (This experiment was performed by Petra

Luschnig.)

Summary — Aim 2

In the final part of my thesis, I focused on the involvement of EP4 receptor in
the regulation of eosinophil functions and endothelial-eosinophil interaction. This set of
data suggests that PGE, and selective stimulation of EP4 receptors can prevent the
activation of CD11b/CD18 integrins as induced by eotaxin or PGD,. Furthermore, I
observed that PGE, and an EP4 agonist can affect the cell surface clustering of activated
CDI11b/18 integrins in chemoattractant-stimulated eosinophils. Correspondingly,
eosinophil adhesion and podosome formation were also significantly reduced by PGE,
and EP4 treatment of eosinophils. Finally, both PGE, and an EP4 agonist attenuated the
chemotaxis of eosinophils. These data demonstrate that EP4 receptors might modulate
the recruitment of eosinophils to tissue by a dual action, first by activating eosinophil
EP4 receptors and thereby attenuating eosinophil function; and second, by binding to
endothelial EP4 receptors, strengthening endothelial barrier function and preventing the

activation of endothelial cells by inflammatory mediators.
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IV. DISCUSSION

Asthma is one of the most common respiratory disorders in the world, still there is no
single comprehensive therapy available for adequate management of the asthmatic
patient’s condition. Asthma is a disease characterized by bronchial hyperresponsiveness
and ongoing airway inflammation and airway remodeling. The prevalence of asthma has
been steadily increasing in the past 2 decades. Airway inflammation and associated
bronchial hyperresponsiveness can be initiated acutely by exposure to allergens to
which the person is sensitized or viral infection, and result in at least reversible airway
obstruction. However, asthma can be a persistent disease as well with chronic airway
inflammation and airway remodeling. The symptoms of asthma are highly variable;
therefore, defining asthma with the expression of multiple phenotypes is very complex.
At the cellular level, in particular, eosinophils, mast cells, macrophages and T helper 2
cells appear to be the most pivotal effectors of the disease. An essential feauture of
asthma exacerbation is the infiltration of eosinophils from the blood circulation to the
site of inflammation. Eosinophils are key cells in chronic inflammation, promoting the
release of proinflammatory mediators and cytokines that result in damage and

remodeling of the airways and the surrounding tissue.

During the present study, I have shown that PGI, and PGE, are effective modulators of
eosinophil — endothelial interactions. It was observed that receptors for PGI, and PGE,
are expressed both on eosinophils and endothelial cells and that these prostanoids
directly regulate the biological functions of eosinophils and endothelial cells. Therefore,
the negative regulatory role of PGI, and PGE, appeared to be two-sided. On the one
hand, PGI, and PGE, attenuated specific functions of eosinophils, such as chemotaxis,
adhesion to substratum, or adhesion to and transmigration across endothelial
monolayers. On the other hand, these prostaglandins turned out to promote the barrier
function of endothelial cells by strengthening the endothelial junctional network,
thereby protecting the monolayer from permeability increase upon exposure to
permeability increasing agonists or extravasating eosinophils. The mechanisms how
PGL and PGE; exert their biological effects are characteristically different. From the the
cellular sources that produce them, through their receptor specificities to the activated

signaling pathway, PGI, and PGE, show distinct patterns. Still, the phenotypic outcome
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in the context of eosinophil-endothelial interaction under allergic inflammatory

conditions might be very similar.

In the first part of the thesis, I described the regulatory role of PGI. in eosinophil
locomotion. As it is well recognized, the major source of PGIL is the endothelium. Since
under normal, physiological conditions PGI, is abundantly released by the endothelium,
the first experiments were performed to elucidate the effects of exogenously applied
PGI; on human eosinophils. In fact, we were able to show that human peripheral blood
eosinophils express the PGI, receptor IP and that exogenously added PGI, markedly
inhibits the migration of eosinophils through polycarbonate filters toward the
chemoattractants eotaxin and C5a. The inhibitory potency of PGI, was remarkable, with
a concentration achieving 50% of it maximal inhibitory effect (IC50) of 1-3 nM and a
maximal inhibitory effect of more than 70%. The involvement of IP receptors in this
inhibition of eosinophil migration was confirmed by a selective IP antagonist,
CAY 10441, which completely prevented the inhibitory effect of PGI, on eosinophil
migration. The inhibitory effect of PGI, appeared to be selective for eosinophils because
neutrophil migration toward IL-8 was not attenuated by PGI,. The current data have also
shown that the inhibitory effect of PGI, is largely mediated by cAMP increase because
the adenylyl cyclase inhibitor SQ22536 largely reversed the PGI,-induced attenuation of
eosinophil chemotaxis. This observation was in line with the known signaling partner of
IP receptors being Gas proteins coupled to adenylyl cyclase.

In contrast, PGE, is the predominant cyclooxygenase (COX) product of airway
macrophages, epithelial cells and smooth muscle cells. The effect of PGE, can be
mediated via four distinct receptors (EP1-4); accordingly, the cellular response is a fine-
tuned balance of receptor expression, avidity of the receptors to PGE, and the
interactions of these receptors with respect to intracellular signaling pathways. It was
recently observed by our group that LPS-induced PGE, release of monocytes attenuated
the locomotion of eosinophils, and that this effect was mimicked by the selective EP2
and EP4 agonists, butaprost and ONO AE1-329, respectively . The inhibitory efficacy
and potency of the PGE, and the EP4 agonist was similar to that of PGIL,. Although
activation of both EP2 and EP4 receptors has been previously shown to stimulate cAMP
production, the inhibitory effect of PGE, was not reversed by the adenylyl cyclase
inhibitor SQ22536 or the protein kinase (PK) A inhibitor H-89. In contrast, inhibitors of
phosphatidylinositol 3-kinase (PI-3K) and PKC largely prevented the inhibitory effect
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of PGE, . Similarly, the adenylyl cyclase inhibitor had no effect on the negative
modulation by the EP4 agonist of eosinophil chemotaxis towards eotaxin (data not
shown), which was in sharp contrast to the PGIl,-induced abrogation of eosinophil
migration. Collectively, although the functional consequences of IP and EP4 receptor
activation are similar, IP-mediated eosinophil inhibition is signaled for by the adenylyl
cyclase/cAMP pathway, while EP4-induced eosinophil inhibition is independent from
cAMP but essentially involves PI-3K and PKC. Similarly, I found that PGE, or the EP4
agonist attenuated the TNFa-induced E-selectin expression in endothelial cells and this
effect was left unaltered by the adenylyl cyclase inhibitor, but was abrogated by the
PKC inhibitor. Further discrepancies between IP and EP4 signaling in eosinophils were
revealed by assays of flow cytometric shape change, respiratory burst and intracellular
Ca* mobilization. While EP4 receptor stimulation potently curbed all of these
responses, PGI, had no effect (data not shown).

Since these data implicated PKC as a negative regulator of eosinophil migration
we investigated the effect of the PKC activator PMA on eosinophil migration. As
expected, PMA very potently mimicked the inhibitory effect of the EP4 receptor agonist
on eosinophil migration (data not shown). The inhibitory effect of PMA, however,
could not be prevented by the PI-3K inhibitor. Therefore, our data indicate that both PI-
3K and PKC are involved in the attenuation of eosinophil migration upon EP4 receptor
activation and confirm previous data that PI-3K is acting up-stream of PKC (Hirai and
Chida, 2003). Stimulation of EP4 has been shown to cause phosphorylation of
extracellular signal-regulated kinases (ERKs) through a PI3K-dependent mechanism .
Additionally, the existence of an alternative EP2/EP4 signaling pathway, linked to PKC
activation has been postulated (Reno and Cannas, 2005). In agreement with our
observation it has also been suggested that modulation of PI3K mediates the inhibitory

effect of PGE, in neutrophils .

In addition to directed migration, a further important function of eosinophils is
adhesion. Adhesion is mediated by integrin heterodimers which are composed of two
subunits; a and B chain. The extracellular domains have specific binding sites for
endothelial adhesion molecules, like VCAMs and ICAMs. However, integrins can
recognize and attach to determined sequences in proteins of the extracellular matrix,

such fibronectin via Arg-Gly-Asp (RGD) repeats. The capacity of leukocytes to adhere
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is not only crucial for locomotion but also an important determinant of further effector
functions, such as respiratory burst, mediator release, degranulation or apoptosis .
Therefore, 1 investigated the effect of PGI, on eosinophil adhesion to fibronectin. I
observed that the adhesion of eosinophils was concentration-dependently stimulated by
eotaxin and that exogenously added PGI, inhibited this response. Morphologic studies
suggested that PGIL, did not affect the eotaxin-induced flattening and polarization of
eosinophils. Similarly, eotaxin-induced actin-dependent rearrangement of the
cytoskeleton, as investigated with the flow cytometric shape-change assay, was not
altered by PGI, (data not shown). In contrast, F-actin staining of adherent eosinophils
revealed that the eotaxin-stimulated formation of F-actin—dense protrusions, most likely
podosomes, was specifically inhibited by PGI,. Podosomes are transient assemblies of
cytoskeletal and membrane proteins that are believed to be important for cell movement
and invading of eosinophils, via lysing VCAM-1 and matrix proteins (Linder and
Aepfelbacher, 2003) . Interestingly, airway eosinophils purified from antigen-
challenged subjects demonstrated enhanced podosome formation and upregulation of
the adhesion molecule Mac-1 (CD11b/CD18) and were more adhesive and migratory
than unchallenged eosinophils .

In a PGI:-similar manner, PGE, and selective activation of EP4 receptor by the
EP4 selective agonist ONO-AE1-329 reduced the adhesion of eosinophils to
fibronectin. Eosinophil podosome formation was significantly reduced by PGE, or the
EP4 selective agonist, as it was quantified from immunofluorescence images. Although
podosome formation has been investigated in some detail, not much is known about the
signaling mechanism that leads to podosome disassembly. Small GTPases, members of
the Rho family, such as RhoA, Racl and Cdc42 are key regulators of adhesion
dynamics that control the formation and polymerization of filamentous actin as well as
microtubules, and modulate contractility . Activation of RhoA is often accompanied by
the loss of Racl activity, while active forms of these two Rho GTPases can produce
opposing effects on the cytoskeleton . Podosome assembly is essentially important for
the highly migratory and invasive cells, like dendritic cells. Concerning PGE,-mediated
signaling, it was shown that PGE, is able to induce activation of RhoA which is
followed by a decrease of both Racl and Cdc42 activity in mature dendritic cells . In
dendritic cells, the implication of Racl and Cdc42 in podosome formation was

demonstrated previously .
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In eosinophil attachment to the extracellular matrix or to endothelial cells, the roles of
CD11b/CD18 (Mac-1) and CD49d/CD29 (VLA-4) are the most prominent ones.
Integrin activation is carried out in three very effective and rapid ways, firstly by cell
surface upregulation of integrin subunits, secondly, by conformation change of the
heterodimer into a status with higher avidity for its ligand, and finally by lateral shifting
of heterodimers in the cell membrane in order to form preferred sites for adhesion to the
endothelial cells. In my studies, I focused mainly on the modulation of CD11b/CD18
integrin. I found that the rapid eotaxin-induced upregulation of the adhesion molecule
subunit CD11b was attenuated by PGI,, and this effect was mimicked by the adenylyl
cyclase activator forskolin. Moreover, activation of the CDI11b/CDI18 complex was
likewise prevented by PGI, as detected by the active conformation-specific antibody
mAb24.

PGE, and the EP4 receptor agonist were likewise observed to augment the
eotaxin-induced cell surface upregulation of CD11b integrin subunit and activation of
EP4 receptor prevented the eotaxin or PGD,-induced CD11b/CD18 integrin activation.
Furthermore, visual examination provided evidence that clustering of activated
CD11b/CD18 integrins on eotaxin-activated eosinophils was inhibited by PGE, or the
EP4-selective agonist. Similarly, PGE, significantly attenuated the upregulation and
activation of B, integrins in human peripheral blood monocytes and macrophages, where
the highest inhibition was found by selective activation of EP4 receptor . Apart from
adhesion, CD11b/CD18 is an important modulator of leukocyte responses, including
migration , phagocytosis , mediator release , and apoptosis . Therefore it is conceivable
that the PGI, and PGE;-induced reduction of CD11b expression and activation might
have profound effects on eosinophil accumulation and function at sites of inflammation.
There is evidence for modulated mediator release in mouse neutrophils, where the
selective activation of EP4 receptors inhibited the LPS-induced TNFa release
In the interaction assays, it appeared that the effects of PGI, and PGE, are brought about
by a dual action, (i) by directly targeting eosinophils through IP and EP4 receptors,
respectively; and (ii) by strengthening endothelial barrier function. To investigate the
role of endogenous PGI,, we used human pulmonary microvascular endothelial cells as
a physiologic source of PGI, and studied the interaction of eosinophils and the
endothelium. In fact, inhibition of PGI, biosynthesis in endothelial cells by using a COX
inhibitor, which almost completely abrogated PGI, biosynthesis, or an IP antagonist

markedly enhanced eosinophil adhesion to the endothelium on the one hand, and
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augmented the transendothelial migration of eosinophils on the other hand. These
observations demonstrated that endothelium-derived PGIL, was able to control the
migratory capacity of eosinophils. PGI, did not attenuate eosinophil migration by
reducing eosinophil viability because a 3-hour incubation of eosinophils with PGI, or
the IP agonist iloprost (30-100 nM) did not alter the binding of Annexin V as a measure
of apoptosis, or the uptake of propidium iodide, which is indicative of necrosis. Because
endothelial cells also express IP receptors (Turner and Kinsella, 2009) and an IP agonist
was found to enhance endothelial barrier formation , I tested the hypothesis that
inhibition of endogenous PGI, biosynthesis might enhance eosinophil transmigration
also by compromising the barrier function of the endothelium. Incubation of endothelial
monolayers with the COX inhibitor in fact reduced the transendothelial electrical
resistance of the monolayers. This effect corresponded with disruption of endothelial
adherent junctions after COX inhibition, as revealed by immunostaining of VE-
cadherin, which was accompanied by actin rearrangement and formation of stress fibers.
These morphologic alterations could be largely prevented by treatment of the
monolayers with the IP agonist iloprost, which unequivocally showed that the lack of
PGI, leads to enhanced permeability of the endothelial monolayer.

PGE.,, on the contrary to PGI,, is not released by endothelial cells under normal
conditions; however under inflammatory conditions COX-2 is induced which results in
equal PGE, and PGI, release from HUVEC and the pulmonary microvascular
endothelium (data not shown). Endothelial cells are known to express all four EP
receptors, but my experiments suggested that selective stimulation of EP4 receptors was
the most efficacious in promoting the barrier function of human microvascular
endothelial layers. In fact, EP4 receptor stimulation accounted almost completely for the
barrier-promoting effect of PGE,. Increase in endothelial permeability was induced by
thrombin stimulation of endothelial monolayers, which developed within 15 minutes, as
it was visualized by immunofluorescent staining of VE-cadherin. Stimulation of EP4
receptors on endothelial cells shielded the tightly connected endothelial cells from
permeability increase upon thrombin stimulation which was detected by measuring the
transendothelial  electrical resistance (TEER) changes of the monolayer.
Immunofluorescent staining of the endothelial adherens junctions revealed that PGE,
via specifically activating EP4 receptors prevented the disintegration of the endothelial
adherens junctions. The specific involvement of EP4 receptor was further proved by

using an EP4 selective antagonist, ONO-AE3-208, which completely prevented the
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barrier-protective effect of PGE, on thrombin-stimulated endothelial monolayers. When
endothelial cells preincubated in the above mentioned manner were subjected to
eosinophil transendothelial migration, EP4 receptor activation prevented the eosinophil
invasion across the thrombin-activated monolayer. These observations suggested that
PGE, via activating EP4 receptors on endothelial cells protects against agonist-induced
eosinophil transendothelial migration. In the process of eosinophil adhesion to, and
transmigration across, the endothelial monolayer, endothelial adhesion molecules are
essential for molecular interactions with eosinophil integrins. The expression of ICAM-
1 and VCAM-1 induced by TNFa was unaffected by PGE, or EP4 agonist treatment of
the endothelial cells. However, TNFa-induced E-selectin expression was reduced by
PGE; and the EP4 agonist and these data showed that protein kinase C, but not the
adenylyl cyclase/cAMP pathway, is involved in the signaling of the EP4 mediated
attenuation of E-selectin expression. These results can contribute to and further explain
the reduced eosinophil trafficking across the EP4 receptor agonist-treated endothelial
monolayer.

For further investigation of the barrier-promoting effect of the PGE,-EP4
signaling, wound healing assays were performed. The recovery of electrically wounded
endothelial monolayers was accelerated by PGE, and EP4 agonist pretreatment of the
endothelial cells. A selective EP4 antagonist (ONO AE3-208), and EP2 and EP3
receptor agonists (butaprost and sulprostone, respectively) were applied for further
substantiation of the specificity of EP4 receptor involvement. Supporting these data, it
was shown very recently that upregulation of COX-2 by H,O; is crucial in the repair of
mechanically wounded HUVEC monolayers, where the COX-2 downstream products,
PGE: and PGI, were implicated in the observed effect . Elsewhere, selective activation
of EP4 receptor played a critical role in PGE,-dependent in vitro tubulogenesis of
mouse embryonal endothelial cells and the specific effect of EP4 receptor activation

was coupled to the activation of ERK signaling pathway .

In this study I could demonstrate that endothelium-derived PGI, is an important
modulator of eosinophil-endothelial interaction and might have a bearing on eosinophil
accumulation at sites of allergic reaction. Our data might hence explain previous
findings that deletion of IP receptors in mice augments the eosinophilic infiltrate in
allergic responses of the lung and skin and enhances airway remodeling . Moreover,

eosinophil influx has been shown to be exaggerated in COX-1 or COX-2 knockout mice
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and also in mice treated with selective COX-1 or COX-2 inhibitors , which might be
consistent with the loss of the inhibitory action of PGI, on transendothelial migration of
eosinophils. Endothelial dysfunction has been described in patients with bronchial
asthma , and plasma levels of 6-keto-PGF,, the stable metabolite of PGI,, are
significantly lower during symptomatic periods in asthmatic patients than in healthy
subjects (Wen, 1990). Interestingly, the plasma levels of 6-keto-PGF,, after allergen
challenge were inversely correlated with the frequency of asthmatic late-phase
responses , which are usually accompanied by increased eosinophil infiltration of the
bronchi. Therefore, clinical data suggest that attenuated release of PGI, caused by
endothelial dysfunction or, alternatively, treatment with COX inhibitors might favor
allergic late-phase responses. In fact, COX inhibitors precipitate asthma attacks in
certain asthmatic patients.

The prevalence of aspirin intolerance in the normal population is estimated as
being 5-6% and up to 10% among asthmatic patients . It can display a wide range of
clinical pictures, such as acute asthma attacks, urticaria, angioedema, chronic rhinitis,
and anaphylactic shock . The combination of rhinitis, nasal polyposis and aspirin-
induced asthma is referred to as Samter’s triad. Within 3 hours of ingestion of aspirin or
other NSAIDs, individuals with aspirin-intolerant asthma develop bronchoconstriction,
often accompanied by rhinorrhea, conjunctival irritation, and scarlet flush. In severe
cases, a single therapeutic dose of aspirin/NSAID can provoke violent bronchospasm,
loss of consciousness, and respiratory arrest . Although several hypotheses have been
developed over time to explain how inhibition of prostaglandin biosynthesis can trigger
an allergy-like cascade of symptoms in these predisposed patients, the pathogenesis of
aspirin intolerance has not yet been unequivocally elucidated: modifications of
eicosanoid metabolism leading to overproduction of cysteinyl leukotrienes, associations
with distinct HLA alleles, and single nucleotide polymorphisms in 5-lipoxygenase or
FceRIa promoter genes have been shown .

The initial event in aspirin-intolerant asthma appears to be the interruption of the
synthesis of PGE,, since exogenous PGE, prevents aspirin-precipitated
bronchoconstriction . PGE, has profound regulatory effects on other inflammatory
systems. It reduces leukotriene synthesis by inhibiting 5-lipoxygenase, inhibits
cholinergic transmission, and prevents mediator release from mast cells (Stevenson and
Szczeklik, 2006). Interestingly, single nucleotide polymorphisms (SNPs) in the

promoter region of the gene encoding the EP2 receptor were associated with aspirin-
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intolerant asthma . Therefore, even if PGE, is synthesized in normal amounts, the
inhibitory effects of PGE, may be impaired due to reduced expression of EP2 receptors.
Chronic, persistent inflammation is the hallmark of patients with aspirin-induced
asthma (Nasser, Pfister, 1996). Eosinophils are consistently found in blood, nasal and
bronchial secretions as well as in bronchial biopsy specimens of patients afflicted with
aspirin-induced asthma . The airway expression of IL-5 is also markedly increased in
patients with aspirin intolerance . IL-5 is a key regulator of eosinophil lineage and is
involved in eosinophilopoeisis, eosinophil recruitment, activation, and survival.
Bronchial biopsy studies also have revealed that eosinophils are the predominant cells
containing LTC, synthase. Therefore, increased numbers of eosinophils and the
presence of an increased amount of LTC, synthase activity may be responsible for the
pathophysiology of aspirin-induced asthma. The loss of the anti-inflammatory effect of
PGL or PGE, after intake of COX inhibitors might be counterbalanced in patients with
aspirin-tolerant asthma by means of concomitant abrogation of proinflammatory
prostaglandins, such as PGD, or PGH,, which are potent chemoattractants for

eosinophils .

Conclusions

The results of my work have shown that endothelial release of PGI, might be an
important defense mechanism against inappropriate eosinophil infiltration and might
limit allergic responses by means of a dual action: (i) inhibition of eosinophil
responsiveness to chemoattractants in terms of adhesion and migration and (ii)
strengthening of the barrier function of the endothelium against infiltrating leukocytes.
The latter effect became evident after inhibition of PGI, biosynthesis with a COX
inhibitor, which disrupted the texture of endothelial monolayers and markedly
augmented eosinophil transmigration through the endothelium. These observations
suggested that the endothelium plays a key role through PGI, as a gatekeeper by
limiting the extravasation of eosinophils from the circulation into the tissue and that
endothelial dysfunction, where PGI, biosynthesis is compromised, might contribute to
eosinophilic inflammation in patients with allergic disease.

Similarly, PGE, released at sites of allergic inflammation by macrophages,
epithelial cells or smooth muscle cells might be important for counter-balancing the

plethora of proinflammatory mediators that are released during the allergic response.
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Like PGI,, activation of EP4 receptors can down-modulate allergic inflammation with
respect to (i) activation of endothelial cells and (ii) locomotion of eosinophils. On the
endothelial side, PGI, and PGE, strengthen the junctional network, prevent endothelial
cell retraction, down-regulate the cytokine-induced expression of adhesion molecules
and promote endothelial regeneration. On the side of the eosinophil, these prostanoids
can attenuate the chemotactic responsiveness, the adhesion and chemokine-induced up-
regulation and activation of adhesion molecules. Most importantly, this study was the
first to demonstrate eosinophil expression of the corresponding prostaglandin receptors,
IP and EP4.

While the cellular effectors that mediate the inhibitory effects of PGIL, and PGE,
are similar, the intracellular signaling pathways show clear disparities: while PGI,
activation of IP receptors stimulates adenylyl cyclase and the inhibitory effect of PGI,
integrally depends on cAMP, activation of EP4 receptors inhibits endothelial and
eosinophil functions independently from cAMP but relies on PI3K and PKC.
Collectively, these data suggest that selective IP or EP4 receptor agonists might be
useful therapeutic options for otherwise inadequately controlled inflammation in
patients with asthma and allergic diseases. Moreover, patients suffering from other
diseases that likewise implicate inadequate eosinophilic infiltration and tissue damage,
such as eosinophilic esophagitis, colitis ulcerosa, hypereosinophilic syndrome or renal
disease might also benefit from such prostaglandin-based therapies.

The present data could predict that generally, PGI, and PGE, can be amongst
the crucial factors mediating the major function of endothelium, forming the vessel wall
barrier between the circulating blood and the surrounding tissue. In addition to the
special scenario of asthma bronchiale and eosinophil tissue recruitment, PGI, and PGE,
might prevent the extravasation of other inflammatory cells, such as neutrophils,
monocytes or T lymphocytes that are involved in chronic obstructive pulmonary

disease, neurologic dysfunction, atherosclerosis and leukaemia, respectively.
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ABBREVIATIONS

Abbreviation Definition

AA arachidonic acid

Al adherent junction

BAL-fluid bronchoalveolar lavage

Ca** calcium ion

cAMP cyclic adenosine monophosphate
CSa complement Sa

COX-1,2 cyclooxygenase-1, 2

CREB cAMP response element-binding
CTD C-terminal domain

ECP eosinophil cationic protein

edg-1 endothelial differentiation gene-1, S1IPR1
EDN eosinophil-derived neurotoxin

EGF epidermal growth factor

EP E-type prostanoid receptor

ERK extracellular signal regulated kinase
EPC endothelial progenitor cell

EPO eosinophil peroxidise

E-selectin endothelial-selectin

DP D-type prostanoid receptor

F-actin filamentous actin

FP F-type prostanoid receptor

GJ gap junction

GM-CSF granulocyte-monocyte-colony stimulating factor
GRK G protein-coupled receptor kinase
GSK glycogen synthase kinase

H1-4 histamine receptor 1-4

HGF hepatocyte growth factor

HMVEC-L human microvascular endothelial cells from lung
ICAM-1 intercellular cell adhesion molecule-1
IgE Immunoglobulin E
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1L Interleukin

1P I-type prostanoid receptor

IP3 inositol triphosphate

JIMD juxtamembrane domain

JAMs junctional adhesion molecules

LBP LPS binding protein

LFA-1 lymphocyte function associated antigen-1
LPS lipopolysaccharide

LTs leukotrienes

MAC-1 macrophage-1 antigen, CD11b/CD18
MAPK mitogen-activated protein kinase

MBP major basic protein

MCP monocyte chemoattractant protein

MMP matrix metalloprotease

MLCK myosin light chain kianse

mPGES microsomal PGE2 synthase

NF-«B nuclear factor-kappa B

PAF platelet-activating factor

PAR-1 protease activated receptor-1

PECAM-1 platelet-endothelial cell adhesion molecule-1
PGI, prostaglandin I,, prostacyclin

PGE, prostaglandin E,

PGD, prostaglandin D,

PI3K phosphoinositide 3-kinase

PKA protein kinase A

PKC protein kinase C

PLC phospholipase C

PMA phorbol myristyl acetate

PPARYy peroxisome proliferator-activated receptor gamma
Rac-1 Ras-related C3 botulinum toxin substrate 1
RANTES regulated upon activation, normal T-cell expressed,

and secreted
S1P sphingosine-1-phosphate
SI1PR1-5 sphingosin-1-phosphate receptor 1-5
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Th2

TJ

TLR4
TRPC1
TNF-a
TXs
VASP
VCAM-1
VE-Cadherin
VEGF
VEGFR2
VLA-4
VVO
70-1

T-helper cell type 2

tight junction

toll-like receptor-4

transient receptor potential cation channel 1
tumor necrosis factor alpha

thromboxanes

vasodilator-stimulated phosphoprotein
vascular cell adhesion molecule-1

vascular endothelial cadherin

vascular endothelial growth factor

vascular endothelial growth factor receptor 2
very late antigen-4

vesiculo-vacuolar organelle

zonula occludens-1
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