Lo

$ %% & (

( & #% %

% ) %
*
&
$ %% &' (
(

.1012




%% &' (
314( /012!

Frors
Prorr#



%

#

$ ! % &
) % &
I *
#
$ +, - +
+ % &
" #$
% 3 4 !
% *5)+ 6 &
1 7 & +
&!
(# X
x| |
9 7 % & +
* + /<
%7 + %=("
% 7 <
< + -> |
< -> |
? ,
1 ,
+1, 1
)@6. A

-. 10%1.2

(




2.2.2.3 RNS-Quantifizierung und Qualitatsbestimmung ........cccooveeeiiieeiciiieee e, 30
2.2.24 Reverse Transkription von RNS in CDNS ....ccovviiiiiiieie ettt e 30
2.2.3 Polymerase-Ketten-Reaktion (PCR) ...........ccceoviiieiiiiiecie ettt e 31
2231 QUATIEAEIVE PCR ...nieee ettt ettt st st st s s e e e e e e eanes 31
2.2.3.2 DNS-GeleleKtrophOreSe ......cocviiiiiieciie ettt ettt et e sanes 32
2.2.3.3 Quantitative Real-Time-PCR (GRT-PCR) ....c.ueecveeeieeeitieceeectie e steeereeete s sraesn e e 32
224 Enzyme-linked Immunosorbent Assay (ELISA) ...........cccooovieiiienie e 33
2.24.1 Kompetitiver Enzymimmunoassay zur Quantifizierung von AM aus
ZellKUITUrUDErstanden .......cocvie ettt r e e s 33
22411 Vorbereitung der EIA-Proben ...t 34
2.2.4.1.2 DUrchfihrung des AM-EIAS ........ccouiie et eteeee e ee e e eaar e e aeae e naeaeeas 34
2.2.4.2 Nichtkompetitive ELISAs zur Quantifizierung von IL-6 und IL-8 aus
ZellkUuItUrUDErstanden .........oouioiieie ettt st s s e eas 34
22421 Vorbereitung der ELISA-Proben ........ccviiiiiieiece ettt e 35
2.2.4.2.2 DUrchfihrung der ELISAS ....c..vveieiiieie ettt stte e stte e e ee s saar e s aaeae s naeeeean 35
2,243 Nichtkompetitiver ELISA zur Quantifizierung von sICAM-1 aus Zellkulturiiberstanden
UN ZEHIYSATEN e ettt be e e stee e e st ae e e saaeeas 35
22431 Vorbereitung der ELISA-Proben ...t rae e 35
22432 BCA-ProteINASSAY ...uvviiiiiiiiiiiiiieie ettt te e e et teeeee e sabatbeeeessssnnebeaeaees s anenes 36
22433 DUrchflhrung des ELISAS .....c..oeeiieieie ettt ste et te e s e sr e e sane e e 37
2.25 Bestimmung von STAT3 mittels Western Blot ..................cccoocvuviiiniiiiinniieeiiiieie e 37
2.2.5.1 Gewinnung von Zelllysaten nach IL-6-Stimulation ...........cccceeeiiiiiiiiie e 38
2.2.5.2 Wundsetzung und anschlieBende Probengewinnung .........ccccccceeeeeieeeeeiveeecccenennn. 38
2.2.5.3 FAYol=] do] o] -1 1 U] o= PSSR 39
2.2.54 BCA-PrOtEINASSAY .uuuuuuuuuuueitieiittttttrtttttasaaeasaeaabsbeserebeaeaeaeaebereeeseaeeereteseeeseaeaeaes 39
2.2.55 SDS-Polyacrylamid-Gelelektrophorese (SDS-PAGE) ......cccccccvveeviieeeireecieeesiieeceee e 39
2.2.5.6 SEIMU-DIY BlOt ....ueieeeeieeiieieiie ettt et sttt st sttt et sabe e st ae st e e sabe e baesaneeesanas 40
2.2.5.7 Detektion und DeNnSItOMELrIiE ....c..ecccueeriiiiiriie ettt ettt et 41
2.2.6 Auswertungen und Statistik ..............ccoiiiiiiiiiiii 43
3. ERGEBNISSE ... e ettt et e s e e st e et e st e e st e e b e e sbeesbaesbaesneesateen 44
3.1 Nachweis der Expression von Adrenomedullin und seinem Rezeptorsystem in HBE- und
ABA9-ZEIIEN ..t r e e eh e e r e e e sn e e reeeaneeeeneas 44
3.2 Veranderung der AM-Expression nach Zytokinstimulation .........ccccceeeeiieiiiiiee e, 44
33 Fehlender Einfluss von AM auf die Expression der proinflammatorischen Zytokine IL-6 und
[L-8 i ASA9-ZEIIEN ..ottt ettt et et ettt et et en e er e sraesaeesane e 47




3.4 Fehlender Einfluss von AM auf die epitheliale SICAM-1-EXpression .........ccccceceveeecivveeecnneen. 48

3.5 Beschleunigung von Wundheilungsprozessen von HBE- und A549-Zellen in Gegenwart von
AV ettt et et et E e ea e e eh e e b e e b ee e e e e ehbeehbeenbeeabeenne e e ennes 50
35.1 Schnellerer Wundverschluss unter Einfluss vOn AM .........coceiiirvinninninninnie e 50
3.5.2 Zunahme der Migration von HBE- und A549-Zellen unter Einfluss von AM ................... 53
3.53 Vermehrte STAT3-Phosphorylierung wahrend der Wundheilung und Einfluss von AM . 54
3.5.3.1 Anstieg von pSTAT3 nach Stimulation Mit IL-6 ........cccceveiviiviiniiieiesie e, 55
3.5.3.2 Anstieg von pSTAT3 nach WUNASELZUNE .....ccevvvviieeiiiiieciiececeie e 55
3.5.33 Einfluss von AM auf die STAT3-Phosphorylierung nach Wundsetzung ................ 56
Q. DISKUSSION ... ettt et et e e e e st e e et e e st e e st e e sb e e st aesbeesseeseaesneesanenns 59
5. ZUSAMMENFASSUNG/SUMMARY ...........cocooomiiiiieieieretetetetetetetetesese s s sesesesesesesesssesessssssssassens 82
5.1 Deutsche ZusammenfasSUNG ..............ccooviiiciiii it s 82
5.2 SUMMANY .ottt et e e et e e et aeeae e e etae e e b aeetaeaeesbeeasseeeateaeasbeenneesaseaensaesnnseesnneann 84
6. ANHANG ...ttt sttt b et e bt et e be bt et e be s ste et e beebbe st e bt entene e neentes 87
6.1 Publikation und Prasentation ...........coueoieiie et 87
6.2 LIteraturverzEIiChNIs ......coueee ettt ettt ettt et st e s b be et e e sabe e s b beeanaesaneannes 97
6.3 ADKUIrZUNGSVEIZEICNNIS ooeeiiieieceeie e e re e s te e st ae e e st e e e saaeae e e saneaas 114
6.4 Abbildungs- und Tabellenverzeichnis ..........oovvuiiiiiiiiie e 118
6.4.1 Western Blots in vollstandiger Abbildung .......coocciiiiiiiiiiiiie e e 118
6.4.2 Index der Abbildungen und Tabellen .......ccooiiiiiiiiiin e 121
6.5 Y LT A= 1T o T OO UP P PPOPRR 123
6.5.1 Materialnamen und BezugSQUEIIEN .........vviiiiieee e 123
6.5.2 Rezepte zur Herstellung von LOSUNZEN .....cccccciiiieiiiiieeectieeecteeeeeeee e ste e ee e e s e e ean 127
6.6 Verzeichnis der akademischen Lehrer.........ooo i 129
6.7 DANKSAZUNE ..vveeeeeiiieeectie et ee ettt ee et te e e et te e e et e e e st aeaeesseaeaeesaseesanseeaeansaeeeensaeaeennsaeaensnrens 130
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1. EINLEITUNG
1.1 Asthma bronchiale
1.1.1 Definition und Epidemiologie

Das Asthma bronchiale ist eine chronisch-entziindliche Erkrankung, welche durch eine
Hyperreagibilitdit der Atemwege gegeniliber bestimmten Reizen mit Spasmen der glatten
Muskulatur und vermehrter Mukusproduktion gekennzeichnet ist. Dies fiihrt wechselhaft zur
Obstruktion der Bronchien, welche sich klinisch durch Husten und Atemnotanfalle duRSert.

Die Symptome sind spontan oder medikamentds reversibel.

In bis zu 80% lasst sich beim Asthma eine allergische Beteiligung nachweisen, wobei eine
Uberempfindlichkeit der Atemwege gegeniiber Allergenen, also normalerweise harmlosen
Stoffen aus Umwelt oder Arbeitswelt, besteht (Valovirta 2011). Hierbei kann ein Kontakt der
Atemwege mit bereits kleinsten Mengen eines Allergens, wie zum Beispiel Hausstaubmilben,
Schimmelpilzsporen oder Pflanzenpollen, eine UbermaRige, eventuell lebensgefdhrdende
Immunantwort initiieren. Asthmaanfalle werden jedoch auch haufig durch nicht-allergische
Faktoren ausgelost. Dazu zahlen respiratorische Infekte, inhalative Reizstoffe wie
Chemikalien, Rauch, Staubpartikel oder kalte Luft, asthmaauslosende Medikamente wie
Acetylsalicylsdure oder nichtsteroidale Antirheumatika (pseudoallergische Reaktion) sowie
physische oder psychische Belastung. Die meisten Asthmatiker haben eine Mischform
allergischen und nicht-allergischen Asthmas. Oft besteht beim Asthma eine Komorbiditat mit
weiteren allergischen Erkrankungen wie atopischer Dermatitis, Nahrungsmittelallergien und

Heuschnupfen (Braido et al. 2012, Kay 2001).

Asthma bronchiale manifestiert sich meistens bereits im Kindesalter und stellt eine der
haufigsten chronischen Erkrankungen in dieser Altersgruppe dar. Der Zeitpunkt der
Erstmanifestation kann auch im Erwachsenenalter liegen, wobei nicht-allergische und
beruflich bedingte Asthmaphinotypen eine gréRere Rolle spielen und die Uberschneidung
mit kardiovaskuldren Erkrankungen und chronisch obstruktiver Lungenerkrankung (COPD)
die Diagnose erschweren kann (Braman 2006). Wie im ,Global Asthma Report” von 2011
hervorgehoben wird, ist seit mehreren Jahrzehnten eine Haufigkeitszunahme des Asthma
bronchiale insgesamt zu verzeichnen, mit einer geschatzten Pravalenz von mittlerweile mehr
als 235 Millionen Menschen weltweit. In den reichen Industrielandern liegt die

Lebenszeitpravalenz von diagnostiziertem Asthma bei durchschnittlich 9,4% mit weiterer
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Diagnosezunahme im jungen Erwachsenenalter. Die hochsten Werte ergaben
Untersuchungen im Vereinigten Konigreich (>15%), Neuseeland (15,1%), Australien (14,7%),
Irland (14,6%), Kanada (14,1%) und den Vereinigten Staaten (10,9%) (ISAAC & The Union
2011). Durch Umfragen des Robert-Koch-Instituts wurde eine Lebenszeitpravalenz von 9,2%
in Deutschland ermittelt, welche damit entsprechend im Mittelfeld liegt (RKI 2009). Zuletzt
nahmen die Diagnosen allerdings in groftem AusmaR in Entwicklungslandern zu, mit

bedeutenden soziobkonomischen Auswirkungen (Eder et al. 2006).

1.1.2  Atiologie und Pathogenese

Die Pravalenzzunahme des Asthma bronchiale lasst sich zum Teil durch eine erweiterte
Krankheitsdefinition, = vermehrte  oOffentliche  Aufmerksamkeit und  verbesserte
Diagnosemaoglichkeiten erklaren. Eine wichtige Rolle spielen jedoch auch verschiedene endo-
und exogene Faktoren, welche die Entstehung und Aufrechterhaltung der Erkrankung
begiinstigen. Eine genetische Grundlage ist unbestritten; ausschlaggebend scheinen eine
polygenetische Vorbelastung und epigenetische Regulierungsmechanismen bei im Verlauf
der letzten Jahrzehnte verdanderter Exposition gegenliber Umweltfaktoren wie
Mikroorganismen, Schadstoffen, Nahrungsmitteln und Allergenen zu sein (Braman 2006).
Aufgrund der Vielfalt moglicher Wechselbeziehungen sind beim Asthma sehr

unterschiedliche Formen und Auspragungen zu beobachten (Martinez 2007).

1.1.2.1 Einfluss duflerer Faktoren

In den letzten Jahrzehnten haben allergische Erkrankungen deutlich zugenommen. Eine
groBe Rolle spielt die mittlerweile durch zahlreiche Daten gestiitzte, 1989 durch David P.
Strachan aufgestellte Hygiene-Hypothese, welche einen immunprotektiven Einfluss
mikrobieller Faktoren wahrend der pranatalen und kindlichen Entwicklung postuliert. So
tragt der Kontakt zu apathogenen Mikroorganismen zur Entwicklung einer gesunden
Mikroflora des Korpers bei (Busse et al. 2010, Rauch & Lynch 2012). Zum Einfluss vieler
pathogener Keime liegen hingegen widerspriichliche Daten vor. Im Fall respiratorischer Viren
ist gesichert, dass diese sogar die Entstehung von Asthma beglnstigen und beinahe 80%
aller Asthmaexazerbationen zugrunde liegen (Fishbein & Fuleihan 2012). Auch der Einfluss
luftverschmutzender Schadstoffe (wie Feinstdube, Ozon, Stickoxide) wird zunehmend durch
epidemiologische und experimentelle Daten belegt. Wahrend manche Schadstoffe eine

eigene immunogene Wirkung aufweisen, ist auch die haufige Koexposition gegeniber
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Allergenen von Bedeutung. Sie werden zum Teil durch Feinstaube gebunden und kdénnen
somit leichter in die Atemwege gelangen, wodurch die Allergensensibilisierung gefordert
wird (Sydbom et al. 2001, Carlsten & Melén 2012). Einige weitere Studien untersuchen
potenziell protektive Erndhrungsbestandteile wie Antioxidantien, Vitamin D und bestimmte
ungesattigte Fettsdauren sowie das Zusammenspiel entziindlicher Prozesse, gestorter
Atemwegsmechanik und gemeinsamer Genpolymorphismen bei Adipositas und Asthma

(Beuther et al. 2006, Holgate et al. 2007, Juel et al. 2012, Lang 2012).

1.1.2.2 Immunologische Grundlagen

Lange wurde Asthma bronchiale als eine Erkrankung des Immunsystems klassifiziert, bei der
fehlregulierte T-Helferzellen vom Typ 2 (Th2-Zellen) zur Gbermaligen Antwort auf Allergene
fihren. Grundlage dieser allergischen Reaktion ist eine Atemwegssensibilisierung gegen ein
oder mehrere Allergene. Sie beginnt mit dessen Erkennung durch Rezeptoren der
Atemwegsepithelzellen. Diese sezernieren dann Immunbotenstoffe (Zytokine, Chemokine,
antimikrobielle Peptide), welche z. B. Leukozyten rekrutieren und aktivieren, wobei
benachbarte dendritische Zellen (DC) aufgrund besonderer Antigenprozessierung und
koordinativer Funktionen von besonderer Bedeutung sind (Lambrecht & Hammad 2009 und
2012, Sung et al. 2006). Nach deren Prasentation eines Allergenabschnitts in den lokalen
Lymphknoten werden antigenspezifische ,naive” T-Zellen aktiviert, wovon beim Asthma
Ubermalig viele zu Th2-Zellen differenzieren und in die Atemwege migrieren, wahrend
Toleranz-induzierende Zellen wie regulatorische T-Zellen in Anzahl und Funktion gemindert
sind. Th2-Zellen sind an der spateren Aufrechterhaltung der Atemwegsentziindung
malgeblich beteiligt. Durch Sekretion proinflammatorischer Zytokine wie Interleukin-4 (IL-
4), IL-5 und IL-13 orchestrieren sie Entziindungsvorgdnge und rekrutieren weitere
Leukozyten. Antigenspezifische B-Zellen werden zur Produktion spezifischer IgE-Antikorper
angeregt, welche in den Blutkreislauf eintreten und durch Immunzellen wie Mastzellen und
DC gebunden werden (Holgate 2008a, Kitamura et al. 2007, Langier et al. 2012, Smit &
Lukacs 2006). Nach allergischer Sensibilisierung kann ein erneuter Kontakt mit dem Allergen
Asthmasymptome hervorrufen. Dies wird nach zellularer Prozessierung durch Ige-Antikorper
eingefangen, was zur Quervernetzung und Degranulation von Mastzellen fiihrt. Nun
freigesetzte Mediatoren wie Histamine, Prostaglandine und Leukotriene und

akkumulierende Immunzellen rufen eine Kontraktion der glatten Atemwegsmuskulatur,
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Steigerung der Mukussekretion und Vasodilatation mit nachfolgender Atemwegsobstruktion

hervor (Smit & Lukacs 2006, Turner & Kinet 1999).

Viele Asthmaphanotypen konnen jedoch nicht allein durch die soeben beschriebene Kaskade
erklart werden. Mittlerweile wurden dementsprechend weitere dem Asthma zugrunde
liegenden Immunmechanismen entdeckt. Bei zunehmender Schwere, Chronifizierung und
Exazerbationen des Asthma gewinnen z. B. durch Th1-Zellen sowie durch fehlerhafte IL-17-
Produktion veranlasste gewebsschadigende Vorgange an Bedeutung (Hamzaoui et al. 2005,
Holgate 2008a, O’Sullivan 2005, Wang & Wills-Karp 2011). Weiterhin entdeckte man, dass
die Atemwege je nach Asthmaphanotyp eine charakteristische Zellzusammensetzung
aufweisen, weshalb auf zellularer Ebene mittlerweile in einen eosinophilen, neutrophilen,
gemischten und pauci-granulozytaren Typ unterteilt wird. Dies soll dem Patienten eine
individuell auf seine Asthmaform zugeschnittene Therapie ermdglichen. So konnten z. B.
durch den selektionierten Einsatz von IL-5-Antikorpern beim eosinophilen Asthma deutliche
klinische Erfolge erzielt werden (Haldar et al. 2009, Nair 2014). Auch die immunologischen
Vorgange nach Kontakt zu nicht-allergischen Ausldsern wie mikrobiologischen, chemischen,
physikalischen oder psychischen Stimuli sind noch unzureichend bekannt, obwohl sie haufig
Asthmasymptome hervorrufen. Aufgrund der Vielfalt nicht-allergischer Reize werden
individuell unterschiedliche pathogenetische Mechanismen postuliert. Teilweise wurden
ahnliche Sensibilisierungsvorgange wie gegen Allergene beobachtet (Holgate 2008a).
Uberdies wurden Mechanismen wie eine direkte B-Zell-Aktivierung (z. B. durch
Dieselabgaspartikel) oder die Bildung von Autoantikérpern gegen das Atemwegsepithel (z. B.
bei Kontakt zu Diisozyanaten, physischen oder psychischen Stimuli) nachgewiesen (Carlsten
& Melén 2012, Nahm et al. 2002, Ye et al. 2006). Gegenstand weiterer Untersuchungen sind
beispielsweise Neuronenkanale, welche durch verschiedene Chemikalien und physikalische
Stimuli aktiviert werden und Atemwegsentziindung sowie Atemwegshyperreagibilitat (AHR)

verstarken (Facchinetti & Patacchini 2010, Hox et al. 2013).

1.1.2.3 Lokale Fehlmechanismen der Atemwege

Wahrend man friher annahm, dass es sich beim Asthma bronchiale um eine rein allergische
Erkrankung handelt, zeigen mittlerweile zahlreiche Untersuchungen, dass dies nur ein
Aspekt eines viel komplexeren Prozesses ist. So entwickelt sich die

Atemwegshyperreagibilitait gegenliber allergischen und nicht-allergischen Faktoren
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Abstract

Background: The anti-in-ammatory peptide, adrenomedullin (AM), and its cog-
nate receptor are expressed in lung tissue, but its pathophysiological signi®cance
in airway in-ammation is unknown.

Objectives: This study investigated whether allergen-induced airway in"ammation
involves an impaired local AM response.

Methods: Airway AM expression was measured in acute and chronically sensitized
mice following allergen inhalation and in airway epithelial cells of asthmatic and
nonasthmatic patients. The effects of AM on experimental allergen-induced air-
way in ammation and of AM on lung epithelial repair in vitro were investigated.
Results: Adrenomedullin mRNA levels were signi®cantly P < 0.05) reduced in
acute ovalbumin (OVA)-sensitized mice after OVA challenge, by over 60% at
24 h and for up to 6 days. Similarly, reduced AM expression was observed in
two models of chronic allergen-induced in ammation, OVA- and house dust mite
+sensitized mice. The reduced AM expression was restricted to airway epithelial
and endothelial cells, while AM expression in alveolar macrophages was unal-
tered. Intranasal AM completely attenuated the OVA-induced airway hyperre-
sponsiveness and mucosal plasma leakage but had no effect on in ammatory cells
or cytokines. The effects of inhaled AM were reversed by pre-inhalation of the
putative AM receptor antagonist, AM 2.5,y AM MRNA levels were signi®cantly
(P < 0.05) lower in human asthmatic airway epithelial samples than in nonasth-
matic controls. In vitro, AM dose-dependently (10 **+10° ” M) accelerated experi-
mental wound healing in human and mouse lung epithelial cell monolayers and
stimulated epithelial cell migration.

Conclusion: Adrenomedullin suppression in T, 2-related in-ammation is of patho-
physiological signi®cance and represents loss of a factor that maintains tissue
integrity during in-ammation.

Allergic asthma is a chronic in ammatory disease of the
airways characterized by eosinophilic in"ammation, T2
cell-associated cytokine production, and airway hyperrespon-
siveness (AHR). Dysregulation of interactions between the
airway epithelium and mucosal immune system is considered
to be a major promoter of the disease (1, 2).
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Adrenomedullin  (AM) is a 50/52 amino acid peptide
(mouse/human) (3) that is expressed in bronchio-alveolar epi-
thelial cells, alveolar macrophages, endothelium, and smooth
muscle cells (46). In other mucosal tissues, AM is induced
in response to bacterial exposure (7) and appears to act
locally to dampen inRammation and support tissue homeo-
stasis, by suppressing pro-inBammatory cytokine synthesis
and promoting wound healing (8, 9). AM may be a normal
part of the inBammatory response as it is induced in response
to inBammatory injury in the lung, heart, liver, and kidney
and during experimentally induced sepsis (10). Mice over-
expressing AM are resistant to septic shock (11).

Adrenomedullin exerts its biological actions through calci-
tonin generelated peptide-1 receptors (CGRP1Rs) and spe-
cibc AM receptors (AM; and AM, receptors), which are
pharmacologically unique, but share a common molecular
structure known as the calcitonin-like receptor (CLR). The
function and ligand specibcity of CLR depends on the coex-
pression of the so-called receptor-activity-modifying proteins
(12). Coexpression of CLR with RAMP-1 generates a CGRP
receptor, while coexpression with RAMP-2 generates an AM
receptor. AM activation of CLR-RAMP2 can be competi-
tively antagonized by AM .52,

Although the anti-inBammatory actions of AM are well
described and the peptide and its cognate receptor are known
to be expressed in lung tissue, little is known concerning the
possible role of AM in airway inBammation. This study
aimed to test the hypothesis that the pathophysiology of
allergic airway infBammation involves impaired AM response
within the airways.

Material and methods

Methods are described in detail in Data S1.

Patients and sampling procedure

See Data S1.

Animals

See Data S1.

Mouse models of allergic airway inBammation

Acute ovalbumin (OVA)-(13), chronic OVA-, and House
dust mite-induced allergic airway inBammation model were
performed as described and shown in Data S1 and Fig. S1.

Determination of AHR

Airway hyperresonsiveness was determined as described in
Data S1.

Bronchoalveolar lavage

Bronchoalveolar lavage (BAL) was performed, as previously
described (13).
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Measurement of immunoglobulins

Blood samples were taken from the axillary vessels, 48 h
after the last challenge, and serum levels of anti-OVA
IgE were measured by ELISA, as previously described
(13, 14).

Measurement of cytokines

Cell-free supernatants from BAL [uids were analyzed for IL-
5 and IL-13 as described previously (13, 15). The ELISA
detection limit of each ELISA was 10 pg/ml.

Measurement of albumin

Albumin was measured in cell-free supernatants from BAL
Ruids using an ELISA as described by the manufacturer (Bethyl
Laboratories delivered by Biomol, Hamburg, Germany).

Isolation of primary tracheal epithelial cells (MTECSs),
primary alveolar type Il epithelial cells (AECII), primary
alveolar macrophages, and lung endothelial cells

Isolation of primary cells is described in Data S1.

Gene expression analysis

Human primary cells, human bronchial epithelial (HBE)
cells, primary mouse cells, LA4-cells, and mouse lung tissues
were processed for gene expression analysis, as described in
the Data S1. For primer sequences, see Table S1 in this
articleOs Data S1.

Laser-assisted microdissection

See Data S1.

Cell culture

Human bronchial epithelial- and LA4- epithelial cells were
cultivated as described in Data S1.

Wound-healing assay andn vitro migration assay

Wound-healing assay andin vitro migration assay were per-
formed, as described in Online Repository.

Statistical analysis

Data analyses were performed using therism 4 Software
package (GraphPad Software, San Diego, CA, USA).
Where appropriate, a two-tailed StudentOs$-test was used
for the analysis. For multiple group comparisons, one-way
anova followed by TukeyOs post-test was applied. Each set
of data was expressed with the standard error of the mean
(SEM), and P values of  0.05 were regarded as statisti-
cally signibcant.

999



Down-regulation of adrenomedullin during asthma

Results

Adrenomedullin mMRNA and peptide levels were reduced in
allergen-induced airway inBammation

During acute airway inBammation in a well-established
adjuvant-free mouse model of OVA allergy-induced airway
inBammation, whole lung levels of AM mRNA were signib-
cantly (P < 0.05) reduced, 48 h after allergen challenge of
OVA-sensitized mice, when compared to sham-sensitized
mice (see Fig. 1A). There was a parallel signibcant decrease
in AM peptide content of BAL ( P < 0.001) (Fig. 1B) and of
systemic plasma P < 0.05) (Fig. 1C), suggesting a down-
regulation of AM biosynthesis. The kinetics of this apparent
reduced AM expression indicated a nadir for mRNA levels
at days 1 and 2 P < 0.001) after allergen challenge with a
slow return to baseline levels by day 6 (Fig. 1D).

Allergen-induced reduction in airway AM expression appears
restricted to epithelial and endothelial cells, with no change
in macrophage expression of AM

To identify the cellular location of the reduced AM
expression observed in the whole lung of allergen-challenged
OVA-sensitized mice, AM mRNA levels were quantibed in dif-
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ferent cell types (airway epithelial cells, type Il pneumocytes,
endothelial cells, and alveolar macrophages) isolated from
the lungs of mice. Compared to sham-sensitized control mice,
allergen-challenged OVA-sensitized mice had signibcantly
reduced levels of AM mRNA in structural cells of the air-
way, namely, epithelial P < 0.05) (see Fig. 2A,B) and endo-
thelial cells P < 0.001) (Fig. 2C), but unchanged levels in
alveolar macrophages (Fig. 2D). These bndings were con-
bPrmed in parallel analysis of cells isolated from bronchi and
septa using laser-assisted microdissection. A signibcant
(P <0.05) (Fig. 2E) reduced level of AM mRNA was
detected in microdissected airways. A lower level of AM
mMRNA was also observed in the microdissected septa of
allergen-challenged OVA-sensitized mice, but this did not
reach statistical signibcance (Fig. 2F).

Allergen-induced reduction in AM expression was also
demonstrated in two additional mouse models of
allergen-induced airway inBammation

To elucidate whether the reduced AM expression in the acute
OVA model of allergic airway inBammation represents only a
phenomenon during the acute phase, these studies were extended
to the chronic OVA model. Compared to sham-sensitized mice,
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Figure 1 Adrenomedullin (AM) airway expression after allergen
challenge of ovalbumin (OVA)-sensitized Balb/c mice. Mice were
subcutaneously sensitized with OVA followed by an OVA aerosol
challenge on three consecutive days. The control mice were sham-
sensitized with PBS and then challenged with OVA aerosol (Fig.
S1A). (A) AM mRNA levels were determined in whole lung homo-
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genates by real-time PCR. (B,C) AM protein levels in bronchoalveo-
lar lavage and plasma were determined by AM-EIA — 48 h after the
last challenge. (D) kinetic of AM expression in lung homogenates
by real-time PCR. Data are shown as mean+ SEM of values of
eight mice per group and represent one of three independently per-
formed experiments. *P < 0.05, ** P < 0.01, *** P < 0.001.
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Figure 2 Adrenomedullin (AM) expression in different cell types of
the lung after allergen challenge of ovalbumin (OVA)-sensitized
Balb/c mice. Quantitative real-time polymerase chain reaction analy-
sis for AM mRNA of (A) tracheal epithelial cells, (B) type Il pneumo-
cytes), (C) endothelial cells, (D) alveolar macrophages and (E,F)
laser microdissected bronchi and septa, of OVA-sensitized/

chronically challenged, OVA-sensitized mice had signipcantly
(P < 0.001) reduced whole lung AM mRNA levels after chronic
allergen challenge (48 h after last challenge). AM mRNA lev-
els had began to return to baseline after 4 weeks of no further
allergen challenge $resolution) and, after 8 weeks, had returned
to baseline levels (Fig. 3A). A similar signipcant B < 0.05)
reduction in AM mRNA levels was seen after chronic allergen
challenge of house dust mitesensitized mice (Fig. 3B), which
represents a clinically relevant inhaled allergen.

Intranasal administration of AM attenuates allergen-induced
AHR and plasma leakage without any effect on
pro-inBammatory cells and cytokines

Next, in pharmacological experiments, we tested whether
inhaled AM in allergen-challenged, OVA-sensitized mice may

Allergy 67 (2012) 998-1006© 2012 John Wiley & Sons A/S

challenged and control mice (treatment of the mice Fig. S1A). Cells
were isolated from OVA-sensitized/challenged mice and control
mice as described in material and methods. Data are shown as
mean + SEM of values of six animals per group and represent one
of two independently performed experiments. *P < 0.05,
** P <0.01, ** P < 0.001.

provide an anti-inBammatory effect that compensates for the
down-regulation of airway AM. The data indicate that the
signibcant @ < 0.001) increased responsiveness of airways
(AHR) of allergen-challenged, OVA-sensitized mice was sig-
nibcantly (P < 0.01) attenuated by inhaled AM (Fig. 4A).
This effect of inhaled AM was signibcantly P < 0.05)
blocked by pretreatment with the AM receptor antagonist
AM (2552, indicating that AM acted via the specibc AM
receptor.

Further investigations with this pharmacological model
investigated the effect of inhaled AM on systemic and local
inBammatory parameters. The allergen-challenged, OVA-
sensitized mice exhibited the characteristic increase in
OVA-specibc IgE levels, BAL cell content of primarily eo-
sinophils and lymphocytes, and Th2-cytokine (IL-5 and IL-
13) levels. These were not affected by inhaled AM (Fig. 4B
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Figure 3 Con rmation of reduced adrenomedullin (AM) expression
in chronic ovalbumin (OVA) and house dust mite (HDM) induced
model of allergic airway in ammation. Allergic airway in ammation

in Balb/c was induced as described in the material and methods
section (A) chronic OVA model and (B) HDM model. Forty-eight
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hour after the last allergen challenge, animals were killed and AM
mRNA levels were determined in lung homogenates by real-time
PCR. Data are shown as mean+ SEM of values of eight mice per
group and represent one of two independently performed experi-
ments. *P < 0.05, **P < 0.01, *** P < 0.001.
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Figure 4 Effect of intranasal application of adrenomedullin (AM) on
asthmatic phenotype. (A) Administration of intranasally applied AM led
to improvement of airway hyperresponsiveness. This effect was antag-
onized by a 15-min prior treatment with antagonist AM (»,.5,, Lung func-
tion was analyzed by head-out body plethysmography. Treatment with
AM did not in uence (B) ovalbumin (OVA)-speci ¢ IgE levels in serum;
(C) numbers of leukocytes in bronchoalveolar lavage (BAL); (D) IL-5 con-
centrations in BAL; (E) kinetic of plasma leakage, revealed by increasing
albumin concentrations in BAL of OVA-sensitized and challenged mice
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in comparison with control mice, (F) reduction in BAL albumin levels in
AM-treated OVA-sensitized and challenged mice. Group |, PBS-sensi-
tized mice challenged with OVA; Group Il, OVA-sensitized mice chal-
lenged with OVA — both treated intranasally with PBS; OVA-sensitized
and challenged mice treated intranasally with AM (group IIl) or AM and
AM (25.50) antagonist (group V) as described in material and methods.
Data are shown as mean + SEM of values of eight mice per group and
represent one of two independently performed experiments.
*P < 0.05,**P < 0.01, *** P < 0.001.
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-D) (data for eosinophils, lymphocytes, and IL-13 are not
shown).

We next investigated the effect of inhaled AM on the
plasma extravasation of the airway mucosa that accompanies
allergen-induced airway infammation. Increased BAL albu-
min levels were taken as a measure of mucosal plasma
extravasation (16) and there was a signibcantP(< 0.01)
increase at 72 h after allergen challenge in OVA-sensitized
mice (Fig. 4E). Inhaled AM signibcantly attenuated
(P < 0.001) the allergen-induced elevation (at 48 h) of BAL
albumin by about 60%. This effect of inhaled AM was, in
turn, signibcantly (P < 0.001) inhibited by pretreatment with
AM (22.52) (Fig. 4F).

Reduced airway AM expression was observed in human
asthmatic airway epithelial samples

Using human airway tissue, we made a preliminary step to
ascertain whether our pndings in murine allergy models are
of relevance to human asthma. We investigated whether
expression of AM is reduced in the human asthmatic airway.
Levels of AM mRNA were quantiped in samples of total
RNA, obtained from airway epithelial cells isolated from
nonatopic healthy (n =21) and atopic asthmatic children
(n = 14). The clinical and demographic characteristics of the
children and procedure for extracting total mMRNA have been
previously published (17) and are summarized, along with
the method for quantifying AM mRNA in these samples, in
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Figure 5 Adrenomedullin (AM) gene and protein expression in
healthy and asthmatic epithelium. (A)Total RNA extracted from
healthy nonatopic airway epithelial cells (Healthy) and atopic asth-
matic airway epithelial cells (Asthma) was assessed for AM gene
expression using quantitative polymerase chain reaction. In asth-
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the Data S1. As shown in Fig. 5A, epithelial cells of asth-

matic children had signibcantly P < 0.05) reduced AM gene

expression, as compared to nonatopic healthy children.
Lower AM gene expression in airway epithelial cells of asth-

matics children was corroborated by lower protein expression
observed. Results showed a marked reduction in the intensity
of AM-specibc staining, from epithelial cells derived from the

same asthma patients, as compared with their healthy control
group counterparts (Fig. 5B).

AM enhanced human and murine epithelial wound repair
in vitro

Because of our bnding of reduced AM expression in experi-
mental and clinical allergen-induced airway inBammation, we
next investigated the possible role of AM in the airway epi-
thelium. AM was applied to an in vitro model of epithelial
wound healing. In separate experiments with monolayers of
different airway epithelial cells (HBE and LA4 cells), we ini-
tially conbrmed the expression of the AM receptor system
(CLR/RAMP2) as well as AM itself within these cell lines
(Fig. 6A,B). The rate of closure of a OwoundO in the cell
monolayer, by a single incision, was measured in the presence
and absence of AM after 24-, 48-, and 72-h incubation (after
72 h the monolayer was confBuent). This effect of AM was
reversed in the presence of the AM receptor antagonist
AM (22.52) Which indicated that the observed AM -stimulated
wound closure was a specibPc receptor-mediated effect

Asthma

matic, expression of AM was approximately 20-fold lower than that
in healthy airway epithelial cells. *P < 0.05. (B) Immunocytochemi-
cal staining for AM protein expression results with a marked reduc-
tion in AM-speci ¢ staining intensity in asthmatic epithelial cells
compared to their healthy counterparts. Note: magni cation 600 9.
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Figure 6 Adrenomedullin (AM) promotes airway epithelial wound

repair and cell migration in vitro Evidence of expression of AM and
its receptor system (CLR/RAMP2/RAMP3) in (A) human bronchial
epithelial (HBE) and (B) LA4 cells. Con uent monolayers of (C) HBE
and (D) LA4 cells were scratched, and the kinetics of wound clo-
sure was monitored in monolayers grown in medium only (basal) or
in medium with 10 & M adrenomedullin (AM), or with 10 & M AM

(Fig. 6C,D). A potent and dose-dependent (10*-10 7 M)
increase in the rate of wound closure was observed with AM
(Fig. 6E). (Similar results were observed for A549 cells, data
not shown). As wound repair involves movement or spread-
ing of epithelial cells and/or cell proliferation, we investigated
whether AM might affect these processes. As shown in
Fig. 6F, AM at a concentration of 10 M signibcantly
increased the degree of cell migration. However, different
concentrations of AM (10 “ M—10 * M) had no effect on
the proliferation of the tested epithelial cell lines (data not
shown).

Discussion

Although AM is known to have potent anti-inBammatory
pharmacological effects and to be present in the lung, its role
in airway infammatory disease, such as asthma, has not been
investigated in detail. As AM is considered to act as a local
autocrine/paracrine regulator of tissue homeostasis (8), we
hypothesized that impairment of airway expression of AM
may contribute to dysregulation of epithelial and mucosal
function in allergen-induced airway inRBammatory diseases
such as asthma.
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and AM 22.s2) (inhibitor) at 24 h. Cells were pre-incubated for 30 min
with the inhibitor before applying AM;(E) Dose-dependent effect of

AM on epithelial regeneration (wound healing) in HBE cells; (F)
Effect of AM on HBE cell migration in a Transwell migration assay
in comparison with cells incubated with medium alone (basal). Data
are shown as mean + SEM of three independently performed

experiments. *P < 0.05, ** P < 0.01, *** P < 0.001.

One major novel Pnding of this study is the decreased
expression of lung AM during allergen-induced airway
inBammation. This is notable, especially as it contrasts with
increased AM expression that is reported in typical T1-
related inBammation such as sepsis (18, 19). Our consistent
bndings, in different mouse models of allergic airway inRam-
mation, suggest that down-regulation of the anti-inBamma-
tory AM represents a pathophysiological characteristic of allergic
inBammation. That AM down-regulation is a key pathophys-
iological process in the development of allergen-induced
airway infammation is suggested by (i) the rapidity of AM
down-regulation in response to exposure to allergen; and (ii)
the sustained AM down-regulation in response to persistent
allergen exposure. Interestingly, Fujikura and Okubo recently
reported that nasal AM levels are reduced in rhinitis
patients (20).

Furthermore, we provide evidence that, in allergic airway
inBammation in the mouse, AM expression is specibcally
down-regulated within the airway epithelium and mucosal
vascular endothelium, which are sites of pathophysiological
changes in the asthmatic airway (16, 21).

On the basis of these pndings, we applied exogenous AM,
via inhalation, directly to the airway to test whether AM
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replacement may attenuate the phenotype of allergic airway
inBammation. We conbrmed in mice the earlier bnding in
guinea pig (22), that inhaled AM inhibits allergen-induced
AHR and airway mucosal extravasation, while additionally
showing that this is a specibc AM receptor-mediated effect.
We also showed that inhaled AM had no simultaneous
effect on the allergen-induced increase in BAL content of
leukocytes and T42/Tyl cytokines. These results suggest
that AM exerts vascular effects without directly affecting
the immunological components of airway inRBammation.
However, this requires further investigation including the
application of higher doses of AM. Consistent with our
Pndings, OVA-sensitized and challenged AM heterozygous
mice (23) did not inBuence airway allergen inBammatory
responses but enhanced AHR to allergen. The therapeutic
potential of AM as a targeted treatment of AHR is under-
scored by the recent bnding that AHR, and not airway
infBammation, may be the primary factor of asthma-induced
airway remodeling (24).

The inhibition by AM of allergen-induced mucosal
plasma extravasation is consistent with the known vascular
stabilizing effects of AM (11, 25, 26) and may be of possi-
ble clinical signibcance. It is well established that AM inhib-
its plasma extravasation (27) with the postcapillary
endothelium being a particular AM target (28). AM also
reduced lung permeability in an acute lung injury model of
rats (29). Although plasma leakage in the asthmatic airway
mucosa has long been considered (30) a hallmark of the dis-
ease, its pathophysiological signibcance has remained
unclear. Recently, Khor et al. (16) demonstrated a clear
association between the occurrence of plasma protein
extravasation in bronchial tissues and a worsening of clini-
cal asthma.

Epithelial dysfunction is now recognized as an important
feature of airway inBammatory disease with disruption of
epithelial tight junctions and increased permeability,
impaired innate immunity, reduced local antioxidant protec-
tion, and defective epithelial repair processes (1, 21, 31, 32).
In contrast to the well-known vascular effects of AM, the
role of AM in the epithelium is unclear and was investi-
gated here in regard to airway inBammation. Revealing the
suppression of AM expression in the mouse airway epithe-
lium, in a model of allergic airway inBammation, we were
also able to demonstrate this in atopic pediatric asthmatic
patients, underscoring the relevance of our Pndings to
humans. AM has been shown previously to promote lung
growth and repair in neonatal mice, effects that were con-
sidered to be due to the vascular stabilizing effects of AM
(33). We have shown before that human asthmatic airway
epithelial cells have a slower than normal proliferation rate
and a considerably impaired wound-healing property (33).
Here, we provide evidence that,n vitro, AM may directly
promote human and mouse airway epithelial repair, by
stimulating cell migration but without affecting cell prolifer-
ation. Thesein vitro bPndings are the brst evidence that AM
may act to support and restore airway epithelial barrier
function, as has been demonstrated in experimental intesti-
nal inBammation (34).
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Taken together, our Pndings strongly suggest that
decreased AM expression in airway f;2-related inRammation
may be a pathophysiological factor in airway inBammatory
diseases, such as asthma, as it represents the loss of a factor
that acts to maintain tissue integrity in the presence of
inBammation. Of note, our data indicate that, in the airway
mucosa, AM may act primarily to promote tissue repair and
maintain microvascular function without any direct effect on
the processes that initiate and drive infammation. Further
studies are required (i) to determine whether direct effects of
AM on the airway epithelium and mucosal microvasculature
underlie the attenuation of AHR observed after AM inhala-
tion; and (ii) to assess AM and its cognate receptor as poten-
tial therapeutic targets for asthma therapy.
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