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1. Einleitung

1.1. Akutes Lungenversagen (ARDS) und Beatmungsinduzierter Lungenschaden
Das akute Lungenversagen (Acute Respiratory Distress Syndrome; ARDS) ist definiert als eine akute,
schwere hypoxdme respiratorische Insuffizienz, die sich auf dem Boden diverser Atiologien entwickeln
kann. Dazu zahlen in abnehmender Haufigkeit Pneumonien, Septischer Schock, Aspirationsereignisse,
Thoraxtrauma oder die Verbrennungskrankheit. Die verschiedenen Atiologien haben im Detail
unterschiedliche Pathomechanismen, miinden aber alle in der Entstehung einer schweren
respiratorischen Insuffizienz. Meist ist dabei ein GroRteil des Lungengewebes betroffen, es kommt zu
einer entzlindlichen Aktivierung des Lungengewebes, dem Einstrom von Leukozyten und der
Freisetzung  von proentziindlichen Botenstoffen, sowie der  Entwicklung  eines
Hochpermeabilitdtslungenddems als Konsequenz einer gestorten endo-epithelialen Barrierefunktion.
Entsprechend versteht man das ARDS auch als ein Syndrom und nicht als eine spezifische Erkrankung
(1). Die aktuelle klinische Definition des ARDS, die ,Berlin Definition” formuliert folgende
Diagnosekriterien flir das ARDS: Akutes Auftreten der Erkrankung innerhalb von 7 Tagen, bilaterale
Verdichtungen im Réntgenthorax bzw. in der Computertomographie (CT) des Thorax und Ausschluss
einer kardialen Genese des Lungenddems. Anhand des Ausmales der Hypoxdmie werden die
Schweregrade mild (arterieller Sauerstoffpartialdruck (paO,) / inspiratorische Sauerstoffkonzentration
(FiOy); P/F Ratio) P/F 300-200, moderat P/F Ratio 200 bis 100, schwer P/F Ratio <100 bei invasiver bzw.
nicht invasiver Beatmung mit einem positiven endexspiratorischen Druck (PEEP) von mindestens 5

cmH;0 eingeteilt (2).

Die invasive Beatmung ist das Fundament der Therapie von ARDS Patient:innen. Durch die maschinelle
Beatmung kann in der Mehrheit der Falle die Oxygenierung sichergestellt werden und die Lunge kann
unter dieser lebenserhaltenden Malnahme heilen, bis ihre Funktion ausreichend wiederhergestellt

ist.

Obwohl auf der einen Seite lebenserhaltend kristallisierte sich in diversen experimentellen
Untersuchungen heraus, dass eine Uberdruckbeatmung selbst Lungenschaden auszulésen bzw. eine
bestehende Lungenschadigung aggravieren kann (3). Da vornehmlich Patientinnen und Patienten mit
respiratorischem Versagen beatmet werden, die schon eine relevante Lungenschadigung aufweisen,
war es nach Verbreitung der invasiven Uberdruckbeatmung auRerhalb der Operationssile auf den
entstehenden Intensivstationen lange nicht klar und weder histopathologisch noch klinisch
abzugrenzen, ob und mit welcher Konsequenz Uberdruckbeatmung Lungenschaden auslésen oder
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aggravieren kann. Erst in Tierversuchen wurde erkannt, dass Beatmung neben den offensichtlichen
Nebenwirkungen wie dem Pneumothorax bezeichnet als Barotrauma, Lungenschaden - VILI
verursachen kann (4). Es wurde die protektive Wirkung von positivem endexspiratorischen Druck
(PEEP) und der Reduktion von Tidalvolumen entdeckt (4,5). Diese, in vielen experimentellen Studien
reproduzierten Beobachtungen waren die Voraussetzung fiir die Durchfiihrung einer Reihe von
klinischen Studien bei ARDS Patienten, von denen letztendlich die Reduktion der Tidalvolumina auf die

besagten 6 ml/kg einen Uberlebensvorteil fiir ARDS Patienten brachte (6,7).

In der zentralen groBen ARDSNet Studie aus dem Jahr 2000 zeigte sich ein relevanter Uberlebensvorteil
fur Patient:innen mit ARDS, wenn diese mit Tidalvolumina bis maximal 6 ml/kg (bezogen auf das ideale
K6rpergewicht) beatmet wurden. Die Kontrollgruppe wurde mit 12 ml/kg beatmet (7). Dies belegt die
Relevanz von VILI fur das Outcome von ARDS Patient:innen und war die Geburtsstunde der sich

seitdem international weitldufig durchgesetzten lungenprotektiven Beatmung.

Die aktuellen Empfehlungen fiir die maschinelle Beatmung im ARDS beinhalten entsprechend das
Limitieren von Tidalvolumina auf maximal 6 ml/kg Korpergewicht (bezogen auf das ideale
Képergewicht), Anwenden eines positiven endexspiratorischen Drucks, der sich an der flr eine
addquate Oxygenierung benoétigten inspiratorischen Sauerstoffkonzentration bemisst und die

Beatmung mit inspiratorischen Plateaudriicken von unter 30 cmH,0 (8).

Trotzdem ist nicht auszuschliefen, dass insbesondere in entziindlich bereits vorgeschadigtem
Lungengewebe beim ARDS auch unter lungenprotektiver Beatmung noch VILI entsteht, der Einfluss auf
den Krankheitsverlauf von ARDS Patient:innen haben kann. Aus dem Verstdndnis der Pathophysiologie
von VILI kénnten sich somit potenzielle pharmakologische adjuvante Therapieansatze fiir das ARDS

ableiten lassen.

1.2. Pathophysiologische Grundlagen von VILI — Biotraumakonzept
Das klassische Barotrauma, also mechanisches ZerreiBen von Lungengewebe und Austreten von Luft
aus den originar luftleitenden Strukturen der Lunge, was nachfolgend z. B. zum Pneumothorax fiihrt,
ist fur VILI nicht relevant. Die ohnehin schon niedrige Inzidenz von Barotraumata wurde auch in den

klinischen Studien durch lungenprotektive Beatmung nicht beeinflusst (6,7).

Heute wird unter VILI das sogenannte Biotrauma verstanden. Biotrauma bedeutet, dass die Lunge den

physikalischen Dehnungsreiz der Beatmung detektiert und in ein biochemisches Signal Ubersetzt.
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Daraus resultiert eine potenziell gewebeschadigende Entziindungsreaktion. Es kommt sekundar oder
auch als direkte Reaktion auf die Dehnung zur Erhéhung mikrovaskularer Permeabilitdt, woraus ein
Permeabilitatslungenddem entsteht (9). Mit der lokalen und systemischen Hyperinflammation ist das
Auftreten von extrapulmonalem Organversagen assoziiert und es werden durch Beatmung auch
Umbauprozesse im Lungengewebe angestoRen, die eine Fibrosierung von Lungengewebe als
Folgeschaden bedingen konnen (10-13). Exemplarisch soll im Folgenden auf einzelne

Pathomechanismen des Biotraumas eingegangen werden.

1.2.1. Mechanotransduktion
Die extrazellulare Matrix ist Gber Ankerproteine wie Integrine an intrazelluldre Kinasen wie die focal
adhesion kinase (FAK) gekoppelt. Die in der Matrix aufgenommene Dehnung wird so gerichtet in die
Zelle ,Ubertragen”, wodurch z.B. die FAK aktiviert wird. Die Deformierung von Aktinfasern des
Zytoskeletts im Rahmen von Dehnung flihrt auch zu einer Aktivierung von Scr Kinasen (14). Diese
Kinasen stolRen Kaskaden von Signalen an, die z. B. die Aktivierung von Mitogen activated Kinasen wie
p38, ERK und JNK beinhalten (15-17). Es resultiert die Translokation von Transkriptionsfaktoren wie
z.B. Erg-1 und NFkB in den Zellkern, und in der Folge die Aktivierung von z. B. NFkB-abhangigen
Signalwegen, in deren Folge es u. a. zur Produktion von pro-inflammatorische Zytokinen wie IL-8 oder
IL-6 kommt (18,19). Weitere Mechanosensoren sind TRPV4 Kalziumkanale, die z. B. durch Dehnung
Makrophagen aktivieren und unmittelbar die endotheliale Barriere destabilisieren kdnnen, so dass es
zur Entwicklung eines Lungenédems kommt (20-22). Epithelzellen, Makrophagen, aber auch
Endothelzellen kénnen durch Mechanotransduktion auf diese Weise Dehnung in Inflammation
Ubersetzen. Es scheint dabei eine zeitliche Sequenz der Aktivierung einzelner Zellpopulationen in der
Lunge zu geben, in der bereits in der ersten Minute nach Beginn der Beatmung Endothel-, dann
Epithelzellen und schlielllich erst mit etwas Verzogerung Makrophagen inflammatorisch aktiviert
werden. Dies scheint vor dem Hintergrund der strukturellen Integration des Endothels und Epithels in
das Parenchym und somit der unmittelbaren Ubertragung der Lungendehnung auf diese Zellen
nachvollziehbar und suggeriert eine sekundare Aktivierung von Makrophagen z. B. durch parakrine
Signalwege zwischen Makrophagen und Endo- bzw. Epithelzellen (23). Dieser fein regulierte Prozess
der Mechanotransduktion suggeriert, dass tiber das Tidalvolumen hinaus auch andere Parameter der
maschinellen Beatmung wie Atemfrequenz oder die Justierung von Inspirationszeiten oder

Atemgasfliissen Einfluss auf VILI haben kénnten.



1.2.2. Zytokine und Danger associated molecular patterns (DAMPs)
Pro-inflammatorische Zytokine tragen zur Steuerung der lokalen und wahrscheinlich auch
systemischen Entziindungsreaktion bei VILI bei, indem sie z. B. Endothelzellen aktivieren und als
chemotaktische Stimuli fiir die Rekrutierung von Entziindungszellen wie neutrophile Granulozyten
wirken (9,24). Zytokine wie TNFa oder IL-1p kdnnen aber auch direkt Permeabilitdt am Endothel
auslosen (25,26). Die isolierte Antagonisierung oder Neutralisierung von einzelnen Zytokinen wie IL-

1B, TNFa oder CXCR2 Liganden konnte im Tiermodell die Entwicklung von VILI relevant vermindern

(26-30).

Unter DAMPs werden endogene Molekiile subsummiert, die von Geweben im Rahmen von Schadigung
oder Stress freigesetzt werden. Dazu gehoren z. B. High Mobility Group Box 1 (HMBG-1), oxidierte
Phospholipide oder Harnsdure (31,32). Diese Molekiile werden u. a. von Rezeptoren wie Toll-like
Receptor (TLR) 2 und TLR 4 erkannt. TLRs sind klassische pathogen recognition receptors, die
konservierte bakterielle Molekiile wie Lipopolysaccharide, Lipoteichonsdure oder virale Nukleinsduren
erkennen. Sie sind essentiell fiir die adaquate pro-inflammatorische Reaktion des Wirtes bei Invasion
durch Mikroorganismen (33). Auch nach Bindung von DAMPs wird eine entziindliche Reaktion analog
der Erkennung von exogenen Molekilen ausgelost, die zur inflammatorischen Schadigung des
Lungengewebes und auch direkter Entwicklung von endo-epithelialer Permeabilitat im VILI beitragt.
Die Neutralisation oder Antagonisierung von HMGB-1, Harnsdure oder oxydierten Phospholipiden

zeigte sich als protektiv bei VILI und ARDS im Tiermodell (34-36).

1.2.3. Leukozyten
Histopathologisch imponiert bei VILI die Infiltration des Lungengewebes mit Leukozyten, vornehmlich
neutrophilen Granulozyten. Neutropene Versuchstiere und Tiere, bei denen die Rekrutierung der
neutrophilen Granulozyten durch Neutralisieren von fiir die Rekrutierung essentiellen Ankerproteinen
wie Integrinen behindert wurde, scheinen vor VILI geschiitzt zu sein (26,37,38). Dies belegt in
ausgewahlten experimentellen Modellen eine funktionelle Rolle von neutrophilen in der Genese von
VILI. Allerdings haben auch andere, unter Beatmung in die Lunge rekrutierte Leukozytenpopulationen,
wie spezielle Monozytensubpopulationen Einfluss auf die Genese von VILI (39). Zentral scheint die
Funktion von Alveolarmakrophagen zu sein, die wie beschrieben als residente Zellen schon an der

initialen Mechanotransduktion und frilhen Inflammation bei VILI beteiligt sind (21,23). Depletion von
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Alveolarmakrophagen schiitzt Ratten vor der Entwicklung von VILI — es kommt zu einer geringeren
Sekretion pro-inflammatorischer Zytokine, geringeren Rekrutierung von neutrophilen Granulozyten
und geringerem Lungenddem (40,41). Epithelzellen, die ebenfalls mechanosensibel sind, kénnen die
pro-inflammatorische Funktion von Alveolarmakrophagen anscheinend nicht tibernehmen. Ob die
Aktivierung der Alveolarmakrophagen aber durch direkte Aufnahme von Dehnungsreizen oder
sekundar durch Aktivierung von gedehnten Epithelzellen erfolgt, ist experimentell bis dato noch nicht

abschlieRend geklart.

1.2.4. Pulmonalvaskuldre Permeabilitat
Letztendlich resultiert die pulmonale Entziindungsreaktion in einem Permeabilitatslungenédem.
Zentraler Mechanismus ist die Entwicklung von hoher pulmonalvaskularer Permeabilitdt, es kommt
zum Austreten von Blutplasma in das Interstitium und die Alveole und es resultiert eine
Diffusionsstérung. Durch in die Alveole austretende Plasmaproteine wie Albumin wird Surfactant
inaktiviert, der bei Beatmung dariber hinaus ohnehin verloren geht, die pulmonale Compliance sinkt
und es kommt Uber die bereits bestehende Diffusionsstorung hinaus zu vermehrter Bildung von
Atelektasen und somit Verlust von Gasaustauschflache (24). Durch das Austreten von Fibrin und
Gerinnungsfaktoren werden hyaline Membranen in den Alveolen gebildet, was die Diffusion
beeintrachtigt (42). Durch das entstehende Lungenédem und die Surfactantinaktivierung kommt es
zum Absinken der Compliance, und es steigen in der nun progredient inhomogen zu ventilierenden
Lunge die transpulmonalen Driicke, was wiederum zu mehr physikalischer Belastung des
Lungengewebes und somit Aggravierung von VILI filhren kann. Permeabilitat entsteht wie unter 1.2.1.
beschrieben z. B. direkt durch Aktivierung von mechanosensiblen Kalziumkanalen, aber auch im
Rahmen der inflammatorischen Antwort des Lungengewebes. Vaskuldre Permeabilitdt ist eine fein
regulierte Reaktion des Endothels (43). Das ultrastrukturelle Korrelat fir Permeabilitdt — interzellulare
Porenbildung — ist ein dynamischer Prozess und kann pharmakologisch beeinflusst werden. So konnte
durch exogen zugefiihrtes Adrenomedullin, Simvaststin, Sphingosin 1 Phosphat oder einen Sphingosin
1 Phosphatrezeptoragonisten FTY720 Permeabilitdt im VILI bzw. ARDS gesenkt und somit das

Lungenversagen eindrucksvoll minimiert werden (44-46).

Pulmonalvaskuldre Permeabilitdit und das resultierende Lungenddem mit seinen Folgen fir die
mechanische und Gasaustauschfunktion der Lunge ist somit ein zentraler Pathomechanismus von VILI

und ARDS. Wie beschrieben kann Permeabilitdt pharmakologisch beeinflusst werden und stellt damit



einen sehr interessanten und potenziell effektiven Angriffspunkt flir adjuvante Therapien fir VILI und

ARDS dar.

1.2.5. VILI in vorgeschadigtem Lungengewebe
Die Uberwiegende Mehrheit der pathophysiologischen Konzepte zur Genese von VILI beruhen auf
Erkenntnissen, die in naiven gesunden Lungen in Tierversuchen gewonnen wurden. Allerdings scheint
bereits entzlindlich aktiviertes bzw. vorgeschadigtes Lungengewebe relevant vulnerabler hinsichtlich

der Entwicklung von VILI zu sein.

So pradisponieren  hamorrhagischer Schock, vorausgegangene Exposition gegeniber
Lipopolysaccharid und Hyperoxie sowie eine bakterielle Pneumonie das Lungengewebe dazu, auf eine
maschinelle Beatmung, die sonst nur subtilen Schaden verursacht, mit der Entwicklung von

ausgepragtem Lungenschaden zu reagieren (17,47-50).

Inflammatorisch aktiviertes Lungengewebe ist sehr viel empfanglicher fiir die Entwicklung von VILI und
damit assoziierter extrapulmonaler Organdysfunktion. Folglich ist dies fiir die Ubertragung von

grundlagenwissenschaftlichen Erkenntnissen in die Klinik zu berticksichtigen.

1.2.6. VILI und extrapulmonales Organversagen
Beatmung resultiert nicht nur in der Lunge in einer Entziindungsreaktion, sondern es kommt auch zu
einem Anstieg von pro-inflammatorischen Zytokinen in der Zirkulation. Ranieri zeigte, dass bei
Patientinnen und Patienten mit ARDS die Reduktion der Tidalvolumina von 12 ml/kg auf 6 ml/kg
binnen Stunden zu einem Absinken der pro-inflammatorischen Zytokine in der Zirkulation fihrt (12).
Weitere Analysen ergaben, dass lungenprotektive Beatmung mit niedrigeren IL-6 Spiegeln und damit
assoziiert weniger extrapulmonalem Organversagen vor allem der Niere bei ARDS Patienten
einhergingen (13). Diese Beobachtungen stehen im Einklang mit Beobachtungen experimenteller
Arbeiten. So provoziert VILI in Kaninchen die Freisetzung des Zytokins Fas Ligand (FasL) in die
Zirkulation, was zu Nieren und Darmschadigung fuhrt. Bemerkenswerterweise konnte auch bei ARDS
Patientinnen und Patienten, die mit hohen Tidalvolumina beatmet wurden, im Vergleich zu
lungenprotektiv beatmeten Patientinnen und Patienten signifikant mehr FasL im Blut nachgewiesen
werden. Die gemessenen FasL Spiegel korrelierten wiederum positiv mit der Ho6he des
Serumkreatininspiegels (11). Bei Mad&usen mit Pneumonie aggravierte Beatmung nicht nur

Lungenschaden, sondern provozierte eine Exazerbation systemischer Zytokinspiegel und Leukopenie,



und flhrte zu extrapulmonaler Organschadigung in Leber, Nieren und Darm (47,48). VILI scheint somit
ein relevanter Trigger fir das Ausbilden von Sepsis und septischem Organversagen, insbesondere bei

Pneumonie zu sein.

1.2.7. VILI und Fibrose

In Lungenbiopsien von ARDS Betroffenen lie} sich in ca. 50% der Proben eine Fibrosierung des
Lungengewebes nachweisen und die Entwicklung von Lungenfibrose scheint mit einem schlechteren
Behandlungsresultat beim ARDS assoziiert zu sein (51). In experimentellen Arbeiten konnte
nachgewiesen werden, dass VILI ein Ausloser bzw. zusatzlicher Stimulus fir die Entwicklung von
Lungenfibrose ist. So kommt es bei Mausen, die nach Induktion eines Lungenschadens durch
Saureinstillation fur nur 2h beatmet wurden unter hohen Tidalvolumina im Gegensatz zu niedrigen
Tidalvolumina zu deutlich héheren TGF-3 Spiegeln in der Bronchoalveoldren Lavage und Ablagerung
von Kollagen im Lungengewebe. Ein zentraler Pathomechanismus scheint die Epithelial-
Mesenchymale Transformation (EMT) zu sein (52). Es kommt unter Beatmung zur Aktivierung des darin
integrierten WNT/B-Catenin Signalweges (53,54). Eine weitere Beobachtung ist die Aktivierung von
Mastzellen und Liberation von Tryptase ins Lungengewebe. Tryptase wiederum kann Fibrozyten zur
Produktion von Kollagen stimulieren und ist so mit der Entwicklung von Lungenfibrose assoziiert (55).
Neben der akuten Schadigung und den systemischen Auswirkungen ist somit auch die bereits friih
einsetzende Fibrosierung des Lungengewebes als ein Pathomechanismus von VILI zu betrachten. Die
Fibrosierung kann den akuten Verlauf wie beschrieben nachteilig beeinflussen und es liegt nahe, dass
es im Falle der Genesung zu langfristigen lungenfunktionellen EinbuRen bei Patienten nach ARDS
kommen kénnte. In der Tat finden sich 5 Jahre nach dem Uberleben eines ARDS in einem GroRteil von
Patientinnen und Patienten milde Lungengeriistveranderungen in der CT des Thorax im Sinne
leichtgradiger Fibrosierungen. Die Betroffenen haben teilweise auch entsprechende
Auskultationsbefunde und trockenen Husten. Bemerkenswert erscheint, dass die Veranderungen vor
allem in den nicht abhangigen Lungenpartien zu finden sind, was fiir einen kausalen Zusammenhang
mit VILI spricht (56). Diese Verdanderungen sind aber nicht mit lungenfunktionellen Einschrankungen
zu korrelieren, denn lungenfunktionell finden sich keine Einschrankungen mehr 5 Jahre nach
Uberstandenem ARDS. In einer gut charakterisierten groBen ARDS Kohorte der Canadian Critical Care
Trial Group war die Lungenfunktion normal, aber es wurden relevante funktionelle
Leistungsminderungen auch noch 5 Jahre nach ARDS beobachtet, die mit keinem lungenstrukturellen

Residuum zu erkldaren waren, sondern wahrscheinlich Spatfolgen der ,ICU acquired weakness”
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darstellten. (57). Somit kann die Interaktion von VILI und Fibrose bereits in der Akutphase des ARDS

relevant sein. Ob dies bei ARDS Uberlebenden langfristig von Relevanz ist, bleibt zu klaren.

1.3. Adjuvante Therapien bei VILI und ARDS

VILI ist integraler Bestandteil der Pathologie des ARDS. Aus dem zuvor beschriebenen Konzept des
Biotraumas bei VILI lasst sich ableiten, dass VILI iber lungenprotektive Beatmung hinaus auch
pharmakologisch adjuvant adressiert werden kénnte. Insbesondere vor dem Hintergrund, dass auch
gesundes Lungengewebe unter Beatmung mit niedrigen Tidalvolumina inflammatorisch reagiert, in
Tiermodellen auch unter niedrigen Tidalvolumina subtiler Lungenschaden nachzuweisen ist und vor
allem vorgeschadigtes Lungengewebe relevant vulnerabler fir die Entwicklung von VILI ist, scheint es
sinnvoll, solche Therapiekonzepte in Erwagung zu ziehen. Dazu kommt, dass mit zunehmendem
Schweregrad des ARDS das noch zu belliftende bzw. fir die Beatmung zu rekrutierende
Lungenvolumen sehr klein sein kann und man auch den empfohlenen Tidalvolumia unter 6 ml/kg das

tolerable AusmaR an verabreichter Dehnung des ventilierten Lungengewebes tiberschreiten kann(58).

Aus der Pathophysiologie, die hier in Grundzligen dargestellt wurde, lassen sich multiple Ansatzpunkte
flir eine adjuvante Pharmakotherapie ableiten. Da die Uberschiefende, in ihrer Konsequenz
letztendlich schadliche Entziindungsreaktion im Zentrum der Pathophysiologie von VILI steht, scheint
es auf den ersten Blick logisch, VILI antiinflammatorisch zu begegnen. In der Tat kann durch
immunsuppressive Therapie mit z. B. Steroiden VILI reduziert werden (59). Auch die Antagonisierung
oder Neutralisation einzelner pro-inflammatorischer Mediatoren wie TNFo oder IL-13, oder Depletion
z. B. von neutrophilen Granulozyten oder Alveolarmakrophagen sind im Tiermodell beeindruckend
protektiv gegen VILI (26,27,30,40,41). Allerdings waren bei diesen immunsuppressiven Strategien in
einem nicht akzeptabel erscheinenden Mall infektiologische Nebenwirkungen zu erwarten.
Insbesondere kritisch kranke Patienten sind durch ihre Grunderkrankungen wie z. B. Sepsis nicht
ausreichend immunkompetent und haben somit ohnehin schon ein erhdhtes Risiko, Infektionen zu
akquirieren (60,61). Inflammation im VILI fUhrt letztendlich zur Stoérung von endo-epithelialer
Barrierefunktion und in der Folge zur Entwicklung oder Progression eines Permeabilitdtslungenédem:s,
das mit seinen Konsequenzen wie oben beschrieben ganz im Zentrum der Pathophysiologie des
Lungenversagens steht (62,63). Die endotheliale Barrierefunktion lasst sich direkt modulieren, ohne
mit der angeborenen Immunantwort des Betroffenen zu interferieren. Beispiele dafiir sind z. B.

Sphingosin-1 Phosphat oder der Calcitonin receptor like receptor (CRLR) Ligand Adrenomedullin (ADM)

8



(44,64-66). Die Modulation der endothelialen Barrierefunktion stellt somit im Besonderen eine
rationale und vielversprechende Therapiestrategie zur adjuvanten pharmakologischen Behandlung
beim ARDS dar. Dariiber hinaus ist es fiir die Minimierung von VILI von Interesse welche
Beatmungsparameter neben Tidalvolumen und PEEP Einfluss auf das Biotrauma im VILI haben

koénnten, da auch auf diesem Wege VILI weiter minimiert werden kdnnte.



2. Eigene Arbeiten

2.1.FTY720 beeinflusst dosisabhangig pulmonalvaskuldre Permeabiliat bei VILI

The Sphingosine-1 Phosphate receptor agonist FTY720 dose dependently affected endothelial

integrity in vitro and aggravated ventilator-induced lung injury in mice

Holger Christian Miiller, Andreas Christian Hocke, Katharina Hellwig, Birgitt Gutbier, Harm Peters,
Stefanie Maria Schénrock, Thomas Tschernig, Andreas Schmied|, Stefan Hippenstiel, Philippe Dje

N'Guessan, Simone Rosseau, Norbert Suttorp, Martin Witzenrath

Pulm Pharmacol Ther. 2011 Aug;24(4):377-85. doi: 10.1016/j.pupt.2011.01.017. Epub 2011 Mar 23

Spingosin-1 Phosphat (S1P) kann in vitro und in vivo durch Bindung an die Sphingosin-1
Phosphatrezeptoren endotheliale Barrierefunktion stabilisieren und S1P und der S1P Rezeptor Agonist
Fingolimod (FTY720) schiitzen vor der Entwicklung endothelialer Perameabiltdt in verschiedenen
Tiermodellen. Hohe Konzentration von S1P kénnen aber gegenteilige Effekte am Endothel auslosen.
FTY720 wird als Immunmodulator in der Therapie der Multiplen Sklerose eingesetzt, hat ein sehr hohes
Verteilungsvolumen und ist in seiner Elimination abhangig von einem intakten Leberstoffwechsel. Bei
kritisch kranken Patienten bzw. anderweitig eingeschranktem Leberstoffwechsel besteht das Risiko
einer Akkumulation von FTY720. Es wurde untersucht welche Effekte hohe Konzentrationen von
FTY720 auf Endothelzellen, endotheliale Barrierefunktion in vitro, pulmonalvaskuédre Permeabilitat bei

Mausen und im speziellen bei beatmeten Mausen haben.

FTY720 in Konzentrationen von 0.01, 0.1 und 1 uM verbesserte die endotheliale Barrierefunktion
gemessen am transzellularen Widerstand von endothelialen Monolayern aus primaren humanen
umbelikalen venésen Endothelzellen (HUVEC), wahrend 10 und 100 uM FTY720 zu einem Abfall des
transzellularen Widerstandes fiihrten. Immunhisochemische Analysen und Messung der Degradation
von Pro-Caspase 3 ergaben, dass FTY720 in diesen hohen Konzentrationen das Auftreten von Apoptose
in HUVECs bedingte. Mause wurde mit einer niedrigen Dosis FTY720 0.1 mg/kgKG und einer hohen
Dosis 2 mg/kgKG behandelt. Es wurde pulmonalvaskulire Permeabilitit gemessen und das
Lungengewebe elektonenmikroskopisch untersucht. Verglichen mit Losungsmittelkontrollen war die
Permeabilitdt in beiden Gruppen normal aber in der 2mg/kgKG Gruppe zeigten sich vereinzelt
Apoptose von Endothelzellen. Mit 0.1 mg/kgKG, 2mg/kgKG oder Losungsmittel behandelte M&use

wurden mit hohen Tidalvolumina von 17ml/kgKG fiir 2 Stunden beatmet um VILI auszulésen. 0.1
10



mg/kgKG FTY720 reduzierte in diesem Modell pulmonale Permeabilitdt wihrend es bei M3usen mit
die mit 2mg/kg FTY720 behandelt wurden zu einem starken Anstieg der pulmonalen Permeabilitit
kam. In den mit 2mg/kg FTY720 behandelten Mausen ergaben elektronenmikroskopische
Untersuchungen ausgepragte endotheliale Apoptosen was in der 0.1 mg/kgKG FTY720 Gruppe und der

Kontrollgruppe nicht zu verzeichnen war.

Hohe Konzentrationen von FTY720 kdnnen das Endothel schadigen und zum Verlust der endothelialen
Barrierefunktion fiihren. FTY720 in hoher Dosierung kann VILI Aggravieren. Dies kdnnte fiir FTY720
behandelte Patienten unter Beatmung bei denen es ggf. unter Verschlechterung der hepatischen

Elimination zur Akkumulation von FTY720 kommt von Nachteil sein.
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The Sphingosine-1 Phosphate receptor agonist FTY720 dose dependently affected endothelial
integrity in vitro and aggravated ventilator-induced lung injury in mice

Pulm Pharmacol Ther. 2011 Aug;24(4):377-85

https://doi.org/10.1016/j.pupt.2011.01.017
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2.2. Intermedin stabilisiert endotheliale Barrierefunktion in vitro und bei VILI

Intermedin stabilized endothelial barrier function and attenuated ventilator-induced lung injury in

mice

Holger Christian Miiller-Redetzky, Wolfgang Kummer, Uwe Pfeil, Katharina Hellwig, Daniel Will,

Renate Paddenberg, Christoph Tabeling, Stefan Hippenstiel, Norbert Suttorp, Martin Witzenrath

PLoS One. 2012;7(5):e35832.doi: 10.1371/journal.pone.0035832. Epub 2012 May 1.

Das endogene Peptid Intermedin (IMD), alternativ auch Adrenomedullin (ADM) 2 genannt, weist eine
hohe strukturelle Ahnlichkeit mit ADM auf. IMD bindet an den gleichen Rezeptor CRLR wie ADM und
stabilisiert ebenfalls in vitro endotheliale Barrierefunktion. Vor dem Hintergrund der Ergebnisse der
Untersuchungen von ADM im VILI wurde die Wirkung von IMD auf endotheliale Barrierefunktion in
vitro, seine Expression in der Lunge und Regulation im VILI, den Einfluss auf VILI induzierte
Hyperpermeabilitdt und Entziindungsantwort sowie auf die hypoxische pulmonale Vasokonstriktion
untersucht. IMD stabilisierte dosisabhangig die endotheliale Barrierefunktion, gemessen am
transzellularen elektrischen Widerstand eines Endothelzellmonolayers. In der Lunge war IMD in
Alveolarmakrophagen und Endothelzellen exprimiert. Die Expression von IMD, gemessen auf RNA-und
Proteinebene, anderte sich durch Beatmung nicht. Bemerkenswert war aber die VILI induzierte
Reduktion der Expression des receptor activity modifying protein 2 (RAMP2) Proteins, ein Protein, das
fir eine suffiziente Wirkung von IMD nach der Bindung am CRLR Rezeptor, essenziell ist. Mause
wurden mit moderaten Tidalvolumina und einem PEEP von 2 cmH,O fir 6h beatmet und IDM Uber
diese Zeit kontinuierlich infundiert. Unter IMD Behandlung entwickelte sich eine geringere
pulmonalvaskuldre Permeabilitat. Beatmung flihrte zu einer Rekrutierung von Leukozyten in die Lunge,
und der Freisetzung von pro-inflammatorischen Zytokinen, worauf IMD keinen Einfluss hatte. Die
barrierestabilisierende Wirkung von IMD scheint somit ein direkter Effekt auf das Endothel gewesen
zu sein und nicht indirekt Gber Modulation von Inflammation vermittelt worden zu sein. Trotz
verminderter Permeabilitdt war die Oxygenierung unter IMD nur leicht verbessert. Experimente an
vitalem murinen Lungengewebe konnten nachweisen, dass die hypoxische Vasokonstriktion durch
IDM dosisabhangig reduziert wurde. In vivo wiirde ein solcher Effekt das Verhaltnis von Ventilation zu
Perfusion im Lungengewebe potenziell nachteilig beeinflussen, die Shuntperfusion der Lunge erhéhen,
was zu einer schlechteren Oxygenierung fiihren wiirde. Dies kdnnte eine Erklarung fiir den geringen
Effekt von IMD auf die gemessene Oxygenierung sein. Zusammengefasst zeigte IMD, dhnlich wie ADM,

barrierestabilisierende Effekte, die protektiv bei VILI wirkten.
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Abstract

Background: Even protective ventilation may aggravate or induce lung failure, particularly in preinjured lungs. Thus, new
adjuvant pharmacologic strategies are needed to minimize ventilator-induced lung injury (VILI). Intermedin/Adrenome-
dullin-2 (IMD) stabilized pulmonary endothelial barrier function in vitro. We hypothesized that IMD may attenuate VILI-
associated lung permeability in vivo.

Methodology/Principal Findings: Human pulmonary microvascular endothelial cell (HPMVEC) monolayers were incubated
with IMD, and transcellular electrical resistance was measured to quantify endothelial barrier function. Expression and
localization of endogenous pulmonary IMD, and its receptor complexes composed of calcitonin receptor-like receptor
(CRLR) and receptor activity-modifying proteins (RAMPs) 1-3 were analyzed by qRT-PCR and immunofluorescence in non
ventilated mouse lungs and in lungs ventilated for 6 h. In untreated and IMD treated mice, lung permeability, pulmonary
leukocyte recruitment and cytokine levels were assessed after mechanical ventilation. Further, the impact of IMD on
pulmonary vasoconstriction was investigated in precision cut lung slices (PCLS) and in isolated perfused and ventilated
mouse lungs. IMD stabilized endothelial barrier function in HPMVECs. Mechanical ventilation reduced the expression of
RAMP3, but not of IMD, CRLR, and RAMP1 and 2. Mechanical ventilation induced lung hyperpermeability, which was
ameliorated by IMD treatment. Oxygenation was not improved by IMD, which may be attributed to impaired hypoxic
vasoconstriction due to IMD treatment. IMD had minor impact on pulmonary leukocyte recruitment and did not reduce
cytokine levels in VILI.

Conclusions/Significance: IMD may possibly provide a new approach to attenuate VILI.
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Introduction guarantee sufficient gas exchange frequently limits a further
substantial reduction of tidal volumes and oxygen supply, new
adjuvant pharmacological therapies enhancing pulmonary vascu-
lar barrier function in VILI/acute respiratory distress syndrome
(ARDS) in addition to lung-protective ventilation are nceded to
prevent or ameliorate VILIL

We have previously shown that the potent barrier protective
properties of the calcitonin receptor-like receptor (CRLR) agonist

Mechanical ventilation (MV) is a life saving treatment without
alternatives in acute respiratory failure, and MV is also employed
following surgery or trauma. One third of all patients in intensive
care units are receiving MV [1]. Notably, even a minimum of
physical forces on lung tissue induced by MV may evoke
ventilator-induced lung injury (VILI), an important undesirable

effect of respirator therapy [2]. Minimization of MV-induced adrenomedullin reduced VILI in different murine VILI models
physical stress by reduction of tidal volumes to 6 ml/kg |7]. Intermedin (IMD), alternatively named adrenomedullin-2, is
significantly improved clinical outcome of mechanically ventilated an endogenous peptide also signaling via CRLR coupled to the
patients [3]. However, particularly preinjured lungs are sensitive receptor  activity-modifying proteins (RAMP) 2 or 3 [8,9].
for the development of VILI even in the setting of lung-protective Intermedin stabilized endothelial barrier function in vitro and in
ventilation [4,5]. VILL is characterized by pulmonary inflamma- an isolated mouse lung model of hydrostatic lung edema [10,11],
tion with liberation of cytokines, recruitment of leukocytes to the and reduced pulmonary leukocyte infiltration in pulmonary
lung and particularly increased lung permeability, resulting in lung ischemia/reperfusion injury [12]. Further, IMD had protective
edema, surfactant dysfunction, impaired lung compliance and effects in cardiac ischemia/reperfusion injury and lowered
deterioration of pulmonary gas exchange [6]. As the necessity to systemic blood pressurc [8,13,14].
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Pulmonary hyperpermeability and hyperinflammation are hall-
marks of VILI and ARDS, and pharmacologic attenuation of
vascular barrier breakdown in these conditions may be a promising
therapeutic approach to limit VILI in addition to lung protective
ventilation strategies. We hypothesized that the CRLR ligand
IMD has barrier protective effects in a murine model of VILI in
vivo.

In the current study we observed IMD-evoked barrier
stabilization on endothelial cell layers in vitro. In a clinically
relevant mouse model of VILI, continuously infused IMD reduced
VILI-induced pulmonary hyperpermeability without affecting
pulmonary and systemic inflammation. IMD revealed vasodilata-
tory effects on pulmonary vasculature in mouse lungs. Further, the
influence of MV on pulmonary IMD expression and distribution
as well as on expression of the IMD receptor components was
investigated.

Methods

Ethics Statement

Animal experiments were approved by the animal ethics
committee of the Charité-Universtitsmedizin Berlin and local
governmental authoritics (LAGeSo (Landesamt fiir Gesundheit
und Soziales Berlin), approval 1D: G 0100/10).

Transcellular Electrical Resistance (TER) of
Endothelial Cells

Human pulmonary microvascular endothclial cells (HPMVEC)
were purchased from PromoCell (Heidelberg, Germany) and
grown on cvaporated gold clectrodes, connected to an clectrical
cell-substrate impedance system (Applied Biophysics, T'roy, NY,
USA). Cells were exposed to 0.01 or 0.1 pM human IMD (1-47,
Phoenix, Burlingame, CA, USA) or solvent and 'TER values from
cach microclectrode were continuously monitored as described
previously [15].

VILI and IMD

Mice
Female C57B1/6 mice (8 to 10 wecks; 18 to 20 g; Charles River,
Sulzfeld, Germany) were used.

Mechanical Ventilation and IMD Treatment

As described previously [16] mice were anesthetized by
intraperitoncal injections of Fentanyl (75 pg/kg), Midazolam
(1.5 mg/kg) and Medetomedin (0.75 mg/kg). Repetitively, Fenta-
nyl (16 ug/kg), Midazolam (0.33 mg/kg) and Medetomedin
(0.16 mg/kg) was supplied via an intraperitoneal catheter when
required to guarantee adequate anacsthesia during the observation
period. Body temperature was maintained at 37°C by a temper-
aturc-controlled heating pad. After trachcotomy and intubation,
mice were ventilated (MiniVent, Hugo-Sachs-Electronics, March-
Hugstetten, Germany) with 70% oxygen; tidal volume (V-) 7 ml/
kg; respiratory rate (RR) 240 minute '; positive end-expiratory
pressure (PEEP) 6 emH,O. A carotid artery catheter was placed
for blood pressure monitoring and infusion of NaCl 0.9%
containing 100 mmol/1 HCO® (350 pl/h). There was no
additional fluid support in any conducted experiment. A urinary
catheter was inserted. Ve, RR, airway pressure, peripheral oxygen
saturation and urine output were monitored (Pulmodyn, Hugo-
Sachs-Electronics, March-Hugstetten, Germany;  MouscOx,
STARR Life-Sciences, Oakmont, PA, USA). After preparation,
a recruitment manocuvre was performed (airway pressure
35 emH,0O for 5 sec) before respirator settings were adjusted for
6 h to Vi 12 ml/kg, RR 120 min !, PEEP 2 emH,0. A second
recruitment manocuvre was performed 5 min before termination
of the experiment. All mice survived the protocol. At termination
of the experiments mice were sacrificed by exsanguination via the
carotid artery catheter. Blood samples were analyzed for p,O, and
lactate by blood gas analyzer (ABL-800, Radiometer, Copenha-
gen, Denmark). P/F ratio was calculated as p,Oo/FiO,. Non-
ventilated mice served as controls. Murine IMD (1-47, Phoenix,
Burlingame, CA, USA) (0.025 mg/kg/h) was continuously infused
via the carotid artery catheter starting with onset of ventilation.
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Figure 1. IMD improved endothelial barrier function in endothelial cells. HPMVECs grown to confluence on gold microelectrodes to
measure transcellular electrical resistance (TER) were stimulated with 0.01 or 0.1 pM IMD or with solvent. IMD dose dependently improved

endothelial barrier function as displayed by TER increase. (n=6).
doi:10.1371/journal.pone.0035832.9001
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Figure 2. Regulation of IMD and its receptor complexes in VILI. Mice were ventilated with a tidal volume of 12 ml/kg for 6 h (6 h vent.). Non
ventilated individuals (NV) served as controls. A) Regulation of IMD, CGRP and RAMP1-3 was quantified by qRT-PCR in the lungs of ventilated (6 h
vent.) and non ventilated mice (NV). (** p<<0.01, n=5). B) Immunofluorescence analysis of subpleural peripheral lung. IMD-immunolabelling was
slightly enhanced in ventilated (6 h vent.) compared to non-ventilated mice (NV) while CRLR-immunolabelling did not differ between groups. Tissue
sections depicting NV and 6 h vent groups were processed simultaneously and images were taken at the same exposure time (30 ms for IMD and

150 ms for CRLR).

doi:10.1371/journal.pone.0035832.g002
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VILI and IMD

NV

6h vent.

IMD

Figure 3. Pulmonary distribution of IMD and CRLR was not altered in VILI. In non ventilated mice (A) and individuals ventilated with a tidal
volume of 12 ml/kg for 6 h (6 h vent.) (B) IMD- and CRLR-immunolabelling colocalized with CD31-immunoreactivity (arrows), a marker for endothelial
cells. In addition, alveolar macrophages were IMD- and CRLR-positive (arrowheads). (n=5, representative images shown).
doi:10.1371/journal.pone.0035832.g003
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Figure 4 IMD reduced pulmonary vascular hyperpermeability
in VILI. Mice were ventilated with a tidal volume of 12 ml/kg for 6 h
and treated with IMD 0.025 mg/kg*h (6 h vent+IMD) or solvent (6 h
vent). NV = non ventilated mice. Human serum albumin (HSA) was
infused 90 min prior to termination of the experiment. HSA concen-
tration (cHSA) in plasma and BAL were determined. Increased HSA BAL/
plasma ratio indicated microvascular leakage. (*p<<0.05, ## p<0.01 vs.
NV, NV n=5,6 hvent. n=7, 6 h vent. + IMD n=8)
doi:10.1371/journal.pone.0035832.9g004

qRT-PCR

Lungs were flushed and snap frozen in liquid nitrogen. Total
RNA was isolated from the lungs using RNeasy mini kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions.
To remove genomic DNA contamination, isolated RNA samples
were treated with 1 U DNase/ug RNA (Invitrogen, Karlsruhe,
Germany) for 15 min at 37°C. One microgram of total RNA was
used in a 20 pl reaction to synthesize cDNA using Superscript H
reverse transcriptase (200 U/pg RNA, Invitrogen) and oligo dTs
as primers. Reverse transcription reaction was for 50 min at 42°C.
Real-time quantitative PCR was performed using the I-Cycler 10
detection system (Bio-Rad, Munich, Germany) in combination
with the IQ) SYBR Green Real-Time PCR Supermix (Bio-Rad).
The PCR conditions included initial denaturation in one cycle of
10 min at 95°C: followed by 40 cycles of 20 s at 95°C, 20 s at
60°C, and 20 s at 72°C.. The relative expressions were calculated
as: 274D % 1/mean control 24T, where ACT is calculated as:
ACT =CTgorClyke (GOL: gene of interest, HKG: house
keeping gene). Primer sequences are provided in Table S1.

Immunofluorescent Staining

Immunolabelling for IMD and CRLR immunolabelling was
performed by overnight incubation at room temperature with
previously characterized antibodies [11,17], including double-
labelling with biotinylated rat monoclonal anti-CD31 (1 pg/ml;
clone MEC 13.3, BD Biosciences, Heidelberg, Germany), an
endothelial marker [18], and biotinylated lycopersicon esculentum
(LEA) lectin (1:3200; Vector Laboratories, Burlingame, CA, USA),
a type I alveolar epithelial cell marker [19]. Secondary reagents,
cach applied for 1 h, were Cy3-conjugated goat ant-human IgG
F(ab)s (1:500; Dianova, Hamburg, Germany), Cy3-conjugated
donkey anti-rabbit IgG (1:2000; Dianova), and FITC-conjugated
streptavidin (1:500; Sigma, Deisenhofen, Germany). Optionally,
nuclei were counterstained by adding 0.4 pg/ml 4',6-diamidino-
2'-phenylindole-dihydrochloride (DAPI; Sigma) to the secondary
reagent solution.

Lung Permeability

At the end of the experiment BAL and plasma concentration of

previously injected human serum albumin (cHSA) was determined
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Figure 5. IMD had no impact on oxygenation in VILI. Mice were
ventilated with a tidal volume of 12 ml/kg for 6 h and treated with IMD
0.025 mg/kg*h (6 h vent+IMD) or solvent (6 h vent). A) Peripheral SpO,
was monitored. B) At the end of the 6 h ventilation period, SpO, was
not relevantly different between groups. C) After 6 h of MV, the P/F
ratio was not different between groups. (***p<0.001, n=15)
doi:10.1371/journal.pone.0035832.9005

and permeability was assessed by calculating the cHSA BAL/
Plasma ratio as described previously [16].

Hypoxic Vasoconstriction in Precision Cut Lung
Slices (PCLS)

PCLS were prepared as described previously [20,21]. Briefly,
mice were killed by cervical dislocation and the airways were filled
with 1.5% low melting point agarose. After solidification of the
agarosc, the lungs were cut into 200 um thick slices. The agarose
was removed by incubation of the PCLS in phenolred-free
minimal essential medium (MEM) continuously gassed with 21%
Oy, 5% CO,, 74% N, for at least 2 h at 37°C. To analyze
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Figure 6. IMD mediated pulmonary vasodilation and reversed
hypoxic pulmonary vasoconstriction. A) In precision cut lung slices
(PCLS) hypoxic pulmonary vasoconstriction (HPV) was induced, and the
luminal areas of single intra-acinar pulmonary arteries were continu-
ously analyzed by planimetry. HPV was markedly reduced by 500 nM
IMD (**p<<0.001; n=10). B) In isolated ventilated and perfused mouse
lungs the thromboxane agonist U46619 induced a marked elevation of
pulmonary artery pressure (PAP) during constant perfusion flow. PAP
was lowered dose dependently by IMD bolus injection (* p<0.05,
** p<0.01, n=5)

doi:10.1371/journal.pone.0035832.9g006

vasoreactivity of individual cross-sectioned intra-acinar arteries
(minimal inner diameter up to 40 um), PCLS were transferred
into a flow-through superfusion chamber (Hugo Sachs Elektronik,
March, Germany). At the beginning of ecach experiment the
capability of the vessel to contract in response to the thromboxane
analogue U46619 and to dilate after application of the NO donor
sodium nitroprusside was checked. After washing out these drugs
with normoxic gassed in phenolred-free MEM (21%Oy, 5% CO,,
74% Ny) PCLS were incubated with hypoxic ga

(1%0Oy, 5% COy, 94% Ny; 0.7 ml/min). After 15 min 500 nM of

murine IMD was added to the hypoxic medium. Pictures of the
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Figure 7. VILI induced pulmonary leukocyte recruitment and
blood leukocytosis were unaffected by IMD treatment. Mice
were ventilated with a tidal volume of 12 ml/kg for 6 h and treated with
IMD 0.025 mg/kg*h (6 h vent+IMD) or solvent (6 h vent). NV = non
ventilated mice. Leukocytes isolated from bronchoalveolar lavage fluid
(BALF), lung homogenate and blood, respectively, were quantified and
differentiated by flow cytometry (*p<<0.05 vs. NV, **p<<0.01 vs. NV, NV
n=5,6 hvent. n=7,6 h vent. + IMD n=8)
doi:10.1371/journal.pone.0035832.g007

artery were taken every 2 min using an inverted microscope
mounted on the superfusion chamber. Changes of the luminal
arca of the vessels were evaluated by lining the inner boundaries
by hand. The luminal area at the beginning of the experiment was
defined as 100% and vasoreactivity was expressed as relative
decrease or increase of this area. In the graph shown only the
values obtained for the hypoxic incubation followed by the
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Figure 8. VILI-induced cytokine production was not altered by IMD. Mice were ventilated with a tidal volume of 12 ml/kg for 6 h and treated
with IMD 0.025 mg/kg*h (6 h vent+IMD) or solvent (6 h vent). NV =non-ventilated mice. A) IL-1, IL-18, IL-6, KC, MIP-15, MIP-2, MCP-1, IL12p40 were
detemined in lung homogenate by multiplex assay technique. (*p<<0.05 vs. NV, **p<<0.01 vs. NV n=8) B) IL-1B, IL-18, IL-6, KC, MIP-12, MIP-2, MCP-1,
IL12p40 were determined in plasma by multiplex assay technique. (*p<<0.05 vs. NV, **p<<0.01 vs. NV n=8).

doi:10.1371/journal.pone.0035832.g008

E). PLOS ONE | www.plosone.org 7 May 2012 | Volume 7 | Issue 5 | 35832



incubation in hypoxic medium +/- IMD are given. For a clear
graphic presentation the values obtained at the beginning of
hypoxia were defined as 100%.

Isolated Perfused and Ventilated Mouse Lungs

Lungs were prepared as described [22,23]. Briefly, anesthetized
mice were trachcotomised and ventilated. After sternotomy and
cannulation of left atrium and pulmonary artery, lungs were
perfused with 37°C sterile Krebs-Henseleit hydroxyethylamylo-
pectine buffer (I mL/min) and ventilated by negative pressure
(Pexp —4.5, Ping =9.0 em Hy0O) in a humidified chamber. After
a steady state period of 30 min, the thromboxane receptor agonist
U46619 (3 x 10 ® M) was administered to the perfusate, evoking
an increase in pulmonary arterial pressure. Murine IMD was
administered to the perfusate for 30 seconds in 12-min intervals
with IMD concentrations being increased. Maximum pressure
response after IMD administration was determined.

Leukocytes in Lung Tissue, BAL Fluid and Blood

Lungs were flushed. The left lung was digested in RPMI
containing collagenase and DNAse for 1 h. Leukocytes were
extracted by meshing the lung tissuc through a cell strainer
(100 um). BAL cells were isolated by centrifugation of BAL fluid
gained as described above. Lung and BAL leukocytes were
counted by hacmocytometer and blood leukocytes were quantified
using ‘IruCount-Tubes. Leukocytes were differentiated by flow
cytometry according to their sidescatter/forward-scatter properties
and CD45, Gr-1 and F4-80 expression (FACSCalibur, BD,
Heidelberg, Germany).

Quantification of Cytokines

Cytokines were quantified from total protein of flushed
homogenized left lungs and from plasma samples (BioRad,
Hercules, CA, USA).

Data Analyses

Data are expressed as mean = SEM. For comparison between
groups, Mann-Whitey U-test was used. For the comparison of
continuously measured data between groups, 2-way ANOVA was
applied. P values <0.05 were considered statistically significant.

Results

IMD Stabilized Endothelial Barrier Function in HPMVECs

Confluent monolayers of HPMVECs stimulated with 0.01 or
0.1 uM IMD showed a dose dependent increase in TER
displaying improved endothelial barrier integrity. This effect
lasted for the whole observation period of 120 min (Fig. 1).
Comparable improvement of barrier function was observed in
primary human umbilical vein endothelial cell monolayers (data
not shown in detail).

Pulmonary RAMP3 mRNA Levels were Down Regulated
in VILI

The impact of mechanical ventilation on endogenous IMD and
its receptors was determined prior to exogenous IMD application.
The influence of mechanical ventilation on the mRNA expression
of IMD and its receptor compounds CRLR, RAMPI-3 as well as
on the CRLR/RAMPI agonist calcitonin gene-related peptide
(CGRP) was assessed by qRT-PCR. VILI caused down regulation
of pulmonary RAMP3 mRNA levels while the mRNA levels of
IMD, CRLR, CGRP and RAMPI-2 were not affected by MV
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(Fig. 2A). IMD and CRLR protein expression and distribution in
lung tissue was not altered by MV.

To investigate the effect of VILI on pulmonary IMD and
CRLR protein expression and distribution in the lungs, immuno-
fluorescence analysis was performed. The IMD specificity of the
cmployed antibody was validated in preabsorption experiments
(Fig. S1). A trend towards increased pulmonary IMD expression in
VILI was observed (Fig. 2B). CRLR expression was not altered by
MV (Fig. 2B). IMD and CRLR protein were located mainly,
although not exclusively, in alveolar macrophages and in the
pulmonary endothclium, which was confirmed by double staining
of IMD or CRLR and the endothelial marker CD31 (Fig. 3A).
These expression patterns were not altered by MV (Fig. 3B). Co-
labelling with LEA, a marker for type I alveolar epithelial cells,
demonstrated  limited  colocalization. Instead, large epithelial
stretches without IMD- or CRLR-immunolabelling were evident
(Fig S2).

Exogenous IMD Reduced Pulmonary Hyperpermeability
in VILI

As we had been observing a robust barrier stabilizing effect of
IMD in vitro, and after having characterized the impact of MV on
the endogenous IMD system we aimed to investigate whether
continuously infused IMD protects against VILI induced pulmo-
nary hyperpermeability in mechanically ventilated mice. Trans-
location of human serum albumin (HSA) from the vascular into
the alveolar compartment was quantified after 6 h of MV and
served as a marker for lung permeability. MV provoked a marked
increase of lung vascular permeability, thereby indicating VILI
Treatment with exogenous IMD significantly reduced VILI-
evoked pulmonary hyperpermeability (Iig. 4). As increased
permeability is the crucial mechanism for the development of
high permeability lung edema in ALI/VILI, pharmacologic
targeting of this major pathomechanism by IMD is promising.

IMD Infusion Lowered Systemic Arterial Blood Pressure

IMD is a vasoactive peptide causing vasodilation in rodents.
Arterial hypotension and consecutive disturbance of the microcir-
culation thus had to be excluded to avoid interference of shock
with VILI and IMD treatment. Mean systemic arterial blood
pressure (MAP) was measured continuously by means of a catheter
in the carotid artery of cach ventilated individual. Blood lactate
was chosen as an indicator for disturbance of the microcirculation
and urinc output during the last two hours of the experiment
served as an indicator for parenchymal perfusion pressure and
renal function. IMD treatment resulted in a significant reduction
of MAP. Notably, this decrease in blood pressure did not impact
blood lactate levels and urinary output, suggesting that systemic
microcirculation and renal perfusion were not relevantly compro-
mised (Fig S3). In additional experiments, an increased IMD dose
(0.075 mg/kg/h) resulted in blood lactate levels of 56 +/- 13 mg/
dl (n=4) indicating a significant deterioration of the microcircu-
lation despite a constant mean arterial blood pressure between 60—
65 mmHg throughout the experiment (data not shown). Blood
lactate levels in the control group were 37 +/- 5 mg/dl
respectively. Thus, the dose of 0.025 mg/kg/h IMD was chosen,
which reduced hyperpermeability while severe side effects due to
haemodynamic alterations were not evident.

Peripheral Oxygen Saturation in VILI was Slightly
Improved by IMD Treatment

Improvement of oxygenation is not necessarily associated with
improved survival in ARDS. However, loss of oxygenation
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capacity is a key marker of lung injury, and improvement of
oxygenation would provide evidence for the efficacy of IMD
associated reduction of VILL Therefore, peripheral oxygen
saturation was measured continuously throughout the experiments
by pulse oxymetry, and pO2 was determined in arterial blood by
a routine blood gas analyzer.

IMD treated individuals showed significantly (p<<0.001) but
only slightly improved peripheral oxygen saturation as compared
to untreated ventilated mice throughout the observation period
(Fig. 5A). However, following a final recruitment manocuvre there
was no detectable difference between groups regarding SpO, and
P/F ratio (Fig. 5B; Fig. 5C).

IMD Reduced Pulmonary Vasoconstriction

With regard to the missing improvement in oxygenation despite
barrier-stabilizing propertics of IMD, we hypothesized that
vasodilatory propertics known for IMD might counteract re-
duction of lung injury by an increase of ventilation/perfusion
mismatch. Indeed, hypoxic pulmonary vasoconstriction (HPV)
was reduced by IMD in murine precision cut lung slices of mice
(Fig. 6A). Further, IMD dose dependently reduced pulmonary
vasoconstriction evoked by the thromboxane receptor agonist
U46619 in isolated ventilated and perfused mouse lungs (kig. 6B).
Thus, an IMD related increase of the ventilation/perfusion
mismatch possibly overrode improvement of barrier function
due to IMD treatment.

IMD did not Reduce Inflammation in VILI

Activation of the innate immune system plays a key role in the
pathophysiology of VILI, and dampening this response can
ameliorate VILL However, interference with pathways of the
innate immune system may render ARDS patients even more
susceptible towards infections and cause unfavorable outcomes.
Thus, we aimed to determine the impact of IMD on crucial innate
immune responses in VILL. We analyzed leukocyte counts in the
BAL fluid, lung homogenate and blood and quantified cytokines in
lungs and blood. VILI evoked recruitment of neutrophils and Gr-
lhigh monocytes as detected in BAL fluid and in lung
homogenates. IMD did not impact pulmonary recruitment of
necutrophils or Gr-lhigh monocytes in VILI (Fig. 7). VILI
provoked blood leukocytosis with elevated numbers of monocytes
and neutrophils, which was not modified by IMD treatment
(Fig. 7). VILI increased pulmonary levels of IL-1p, IL-18, IL-6,
KC, MIP-lo, MIP-2, MCP-1 and IL12p40, while IL-10 levels
remained at baseline. IMD treatment did not alter pulmonary
cytokine profiles (Fig. 8A). Also, plasma levels of 1L-18, IL-6, KC,
MIP-2, MCP-1, IL-12p40 and IL-10 were increased in mice
ventilated for 6 h. IL-1P levels remained at baseline. IMD did not
alter levels of measured plasma cytokines (Fig. 8B). Notably, in
additional experiments with a higher dosage of IMD (0.075 mg/
kg/h) we observed a trend towards reduced neutrophil counts in
the BAL fluid (p=0.0571, n=4) and reduced monocyte counts in
blood (p=0.0286 n=4) due to IMD treatment. As outlined
above, 0.075 mg/kg/h IMD probably tended to cause deteriora-
tion of microcirculation and was therefore not used for further
investigations.

Discussion

In the current study, IMD enhanced endothelial barrier
function in vitro and diminished lung hyperpermeability, but not
pulmonary and systemic inflammation in a clinically relevant
mouse model of VILL
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Impairment of endothelial barrier function is a hallmark of
VILI and ARDS, leading to development of lung edema,
surfactant dysfunction and deterioration of pulmonary gas
exchange [6]. Particularly preinjured lungs are susceptible to
VILI, and VILI may contribute to lung injury in ARDS patients
despite lung protective ventilation strategies [4,5]. A pharmaco-
logic approach to reduce pulmonary permeability in addition to
lung protective ventilation strategies thus may be a promising
adjuvant therapeutic strategy to minimize VILI in ARDS patients.

IMD is an endogenous CRLR ligand that mediated endothelial
barrier stabilizing effects in vitro and in an isolated lung model of
hydrostatic lung edema [10,11]. In mechanically ventilated mice,
we investigated the regulation of IMD and its receptor complex
composed of CRLR and one of the auxiliary proteins RAMP1, 2
and 3, which are mandatory for cfficient CRLR signalling [8,9].
Expression of IMD, CRLR and RAMP1 and 2 were not affected
by MV, whereas RAMP3 expression was significantly reduced.
Previous  studies suggested that IMD  predominantly signals
through receptor complexes composed of CRLR and RAMP2
or 3 [8,9]. Thus, the observed down regulation of RAMP3 may
indicate reduced efficacy of endogenous IMD signalling in VILI,
and treatment with exogenous IMD may restore or further amplify
endogenous barrier stabilizing IMD effects in VILL

Indeed, in the currently employed mouse model, continuously
infused IMD markedly reduced lung permeability in VILL To the
best knowledge of the authors this study is the first providing
cvidence for pulmonary permeability reduction due to exogenous
IMD in VILI. Mechanisms suggested to be responsible for the
barrier stabilizing properties of CRLR signalling include increase
of intracellular cAMP, lecading to a protein kinase A dependent
inhibition of myosin light chain phosphorylation and stabilization
of intercellular junctions, finally leading to reduced endothelial
intercellular gap formation [10,11,24,25]. "This mechanism,
originally studied by CRLR stimulation with AM has been
confirmed in a murine VILI model, in models of ALI and in
isolated rat intestine exposed to bacterial toxin [7,24,26,27].

Despite marked reduction of VILI-induced pulmonary perme-
ability in IMD treated individuals, oxygenation was not improved.
"I'his contradictory finding may be partly explained by vasodilatory
effects displayed by IMD. Specifically in the current study,
increased pulmonary vascular resistance due to thromboxane
receptor stimulation was reduced by IMD in isolated perfused and
ventilated mouse lungs, and HPV in murine lung tissuc slices was
diminished by IMD. Although direct evidence is not provided by
the current study, it is tempting to speculate that reduction of
pulmonary vascular resistance by IMD resulted in ventilation/
perfusion (V/Q) mismatch and increment of pulmonary shunt
pertusion, probably masking improved oxygenation capacity due
to reduced oedema formation in IMD treated individuals.

Pulmonary hyperinflammation is a central feature of VILI and
contributes to lung permeability [6]. Previously, the CRLR ligand
adrenomedullin ameliorated inflammatory responses in polymi-
crobial scpsis suggesting that CRLR signalling may mediate
immunomodulating effects [28,29]. In hyperoxic VILI, we
observed amcliorated leukocyte infiltration into the alveolar space
due to AM treatment [7], which was not evident in the current
study using 0.025 mg/kg/h IMD. Also, cytokine production was
unaltered by IMD. Notably in preliminary experiments, IMD in
a higher dosage (0.075 mg/kg/h) reduced neutrophil counts in the
BAL fluid of IMD treated mice subjected to VILI as compared to
solvent treated controls by trend (p =0.057; n = 4; data not shown
in detail). Concurrently, necutrophil counts were significantly
reduced in the blood and increased in lung tissue (p<<0.05;
n=4; data not shown in detail), probably as a result of leukocyte
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sequestration due to deterioration of microcirculation, as lactate
levels were elevated in these mice. In line, IMD has been reported
to lower systemic blood pressure in rodents [8,13,30]. In
preliminary experiments (n=4), 0.075 mg/kg/h IMD lowered
mean arterial blood pressure and compromised systemic micro-
circulation. However, treatment with 0.025 mg/kg/h IMD
reduced MAP only moderately and did not result in compromised
systemic microcirculation or relevant reduction of end organ
perfusion pressure as indicated by comparable blood lactate levels
and urine output in both groups. Thus, IMD most likely reduced
endothelial gap formation in VILI by inflammation-independent
mechanisms in the current study, which may hold relevant clinical
benefits. First, in ventilated ARDS patients with sepsis or severe
pneumonia, hyperinflammation may override anti-inflammatory
properties of pharmacologic therapies. Second, limiting central
mechanisms of the innate immune response may compromise host
defence against invading pathogens and thereby pave the way for
sccondary bacterial infections.

In conclusion, the endogenous CRLR ligand peptide IMD
reduced pulmonary vascular leakage in a clinically relevant mouse
model of VILL Reduction of lung permeability was not
accompanicd by reduced pulmonary or systemic inflammation.
However, regarding oxygenation capacity IMD may counteract
reduction of lung edema by increasing V/(Q) mismatch.

Supporting Information

Figure S1 Preabsorption of the IMD antibody with
mouse IMD (1-47) resulted in almost complete absence
of labelling, suggesting high specificity of the primary
antibody. Both tissue sections were cut from the same specimen
and processed simultancously. Images were taken at the same
exposure time (190 ms).
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Figure S2 Double labelling with LEA to depict the
epithelial lining of the alveolus in non ventilated lungs.
The merged image also includes DNA labelling with DAPI to
highlight cellular nuclei. ‘There is little overlap of LEA binding to
alveolar type I cells with IMD- or CRLR-immunorcactivity. Arows
in the merged image point to LEA-binding cpithclial stretches
without IMD- or CRLR-immunorcactivity.
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Figure S3 Mice were ventilated with a tidal volume of
12 ml/kg for 6 h and treated with IMD 0.025 mg/kg*h
(6 h vent.+IMD) or solvent (6 h vent). A) Mecan arterial
blood pressure (MAP) was monitored. MAP was lower in IMD
treated individuals B) Lactate levels quantified at the end of the
experiment and C) urine output were not different between groups
(***p<<0.001; n=15).
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2.3. Exazerbation des Lungenschadens in der schweren Pneumonie durch

Beatmung — protektive Wirkung von Adrenomedullin

Mechanical ventilation drives pneumococcal pneumonia into lung injury and sepsis in mice:

protection by adrenomedullin

Holger C Miiller-Redetzky, Daniel Will, Katharina Hellwig, Wolfgang Kummer, Thomas Tschernig, Uwe
Pfeil, Renate Paddenberg, Michael D Menger, Olivia Kershaw, Achim D Gruber, Norbert Weissmann,

Stefan Hippenstiel, Norbert Suttorp, Martin Witzenrath

Crit Care. 2014 Apr 14;18(2):R73.doi: 10.1186/cc13830.

Insbesondere entziindlich vorgeschadigtes Lungengewebe reagiert deutlich sensibler auf Beatmung
und VILI ist wahrscheinlich vornehmlich im ARDS, also einer schweren entziindlichen
Lungenschadigung relevant. Die haufigste Ursache eines ARDS ist die Pneumonie. Die haufigste
ambulant erworbene Pneumonie ist die Pneumokokkenpneumonie. Vor diesem Hintergrund wurde im
Tiermodell die Interaktion von Beatmung und schwerer Pneumokokkenpneumonie untersucht und
geprift, ob die in nicht vorgeschadigten Lungen nachgewiesenen protektiven Effekte von ADM bei VILI

auch in diesem klinisch relevanten Szenario zum Tragen kommen.

Mause wurden mit Streptococcus pneumoniae infiziert, entwickelten nach 24h eine schwere
Pneumonie und wurden in diesem Zustand fiir weitere 6h invasiv beatmet. Im Vergleich zu Mausen
mit Pneumonie, die nicht beatmet wurden resultierte aus der Beatmung eine dramatisch hdhere
pulmonale Permeabilitat, eine deutlich verschlechterte Oxygenierung und eine Exazerbation der
pulmonalen und systemischen Entziindungsantwort, gemessen an Konzentrationen typischer pro-
inflammatorischer Zytokinspiegel im Lungengewebe und Blut. In beatmeten Mausen mit Pneumonie
entwickelten sich Leber- und Darmschadigungen, die in Mausen mit schwerer Pneumonie ohne
Beatmung nicht nachweisbar waren. Die Beatmung hatte weder einen Einfluss auf die bereits
ausgepragte Infiltration des Lungengewebes durch neutrophile Granulozyten und inflammatorische
Monozyten, noch auf die Erregerlast in der Lunge oder das AusmaR der Bakteridamie bei Pneumonie.
Das AusmaR an pulmonaler und extrapulmonaler Schiadigung war nicht durch reine Uberlagerung von
VILI und Pneumonie zu erklaren. Zusammengefasst wurde nachgewiesen, dass Beatmung pulmonales

und extrapulmonales Organversagen bei Pneumonie deutlich aggravieren kann.

Mause, die mit ADM behandelt wurden, entwickelten eine deutlich geringere pulmonale

Permeabilitat, die Lungenfunktion der Mause war besser und es trat deutlich weniger Leber- und
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Darmschadigung auf. Bemerkenswerterweise geschah das unabhidngig von der ausgepragten
pulmonalen und systemischen Entziindungsreaktion. Der ADM Effekt scheint damit auf einer direkten
Wirkung wahrscheinlich am Endothel zu basieren und nicht indirekt Gber die Modulation von
Inflammation vermittelt worden zu sein, was fiir eine potenziell adjuvante Therapie im ARDS glinstig

wadre.

ADM wies somit auch in diesem sehr komplexen und klinisch relevanten Tiermodell des ARDS und der

schweren Sepsis protektive Wirkungen auf.
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Abstract

Introduction: Ventilator-induced lung injury (VILI) contributes to morbidity and mortality in acute respiratory
distress syndrome (ARDS). Particularly pre-injured lungs are susceptible to VILI despite protective ventilation. In a
previous study, the endogenous peptide adrenomedullin (AM) protected murine lungs from VILI. We hypothesized
that mechanical ventilation (MV) contributes to lung injury and sepsis in pneumonia, and that AM may reduce lung
injury and multiple organ failure in ventilated mice with pneumococcal pneumonia.

Methods: We analyzed in mice the impact of MV in established pneumonia on lung injury, inflammation, bacterial
burden, hemodynamics and extrapulmonary organ injury, and assessed the therapeutic potential of AM by starting
treatment at intubation.

Results: In pneumococcal pneumonia, MV increased lung permeability, and worsened lung mechanics and oxygenation
failure. MV dramatically increased lung and blood cytokines but not lung leukocyte counts in pneumonia. MV induced
systemic leukocytopenia and liver, gut and kidney injury in mice with pneumonia. Lung and blood bacterial burden was
not affected by MV pneumonia and MV increased lung AM expression, whereas receptor activity modifying protein (RAMP)
1-3 expression was increased in pneumonia and reduced by MV. Infusion of AM protected against MV-induced lung injury
(66% reduction of pulmonary permeability p < 0.01; prevention of pulmonary restriction) and against VIL-induced liver and
gut injury in pneumonia (91% reduction of AST levels p < 0.05, 96% reduction of alanine aminotransaminase (ALT) levels
p < 0.05, abrogation of histopathological changes and parenchymal apoptosis in liver and gut).

Conclusions: MV paved the way for the progression of pneumonia towards ARDS and sepsis by aggravating
lung injury and systemic hyperinflammation leading to liver, kidney and gut injury. AM may be a promising
therapeutic option to protect against development of lung injury, sepsis and extrapulmonary organ injury in
mechanically ventilated individuals with severe pneumonia.

Introduction in clinical practice. However, clinical and experimental

In acute respiratory failure, mechanical ventilation (MV)
is a life-saving intervention without alternatives, but MV
may cause ventilator-induced lung injury (VILI). Since
clinical trials have been highlighting the impact of VILI on
acute respiratory distress syndrome (ARDS) mortality [1],
lung-protective ventilation has been widely implemented
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studies provide evidence that VILI occurs despite low tidal
volume ventilation and that particularly preinjured lungs
are susceptible for the development of VILI [2,3].

Lung injury worsened in ventilated mice upon infec-
tion with Staphylococcus aureus even under protective
ventilation strategies [4], which is intriguing as pneu-
monia is the leading cause of ARDS and sepsis [1,5].
However a major limitation of this and other studies
was that mice were infected after initiation of MV
[4,6,7]. Experimental studies investigating the impact

© 2014 Miller-Redetzky et al; licensee BioMed Central Ltd. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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of VILI in established pneumonia — that is, when the
immune system is already activated and lung mechan-
ics are changed due to pneumonic infiltrates — would
be of particular clinical relevance.

VILI has been linked to multiple organ failure [8,9]. Im-
proved understanding of the impact of VILI on the pro-
gression of pneumonia towards sepsis with its detrimental
complications is desirable. Thus, we implemented a new
second-hit model of established pneumococcal pneumo-
nia and MV.

While the risk of ARDS development may be reduced
by lowering tidal volumes, MV with low tidal volumes
still seems to aggravate lung injury and further tidal vol-
ume reduction is limited by hypercapnia, which aggra-
vates acidosis. Adjuvant pharmacotherapies in addition
to protective ventilation are thus needed to further limit
VILL. Adrenomedullin (AM), an endogenous 52-amino-
acid peptide belonging to the calcitonin gene-related pep-
tide family, is crucial for regulation of endothelial barrier
integrity [10]. AM binds to the calcitonin receptor-like re-
ceptor (CRLR) assembled with receptor activity modifying
protein (RAMP)-1 to RAMP3, thereby raising intracellular
cAMRP levels in endothelial cells and reducing myosin light
chain phosphorylation. Consequently, interendothelial gap
formation is prevented [10-12]. Exogenous AM reduced
pulmonary hyperpermeability in experimental acute lung
injury and sepsis [13,14], and we identified AM as being
protective against VILI and associated kidney injury in
previously healthy mice by stabilizing endothelial barrier
function and microcirculation [13]. These and other stud-
ies gave rise to a recent positive opinion from the Com-
mittee for Orphan Medicinal Products of the European
Medicines Agency (EMA), recommending the granting of
the development of AM as an orphan drug for the treat-
ment of acute lung injury/ARDS (EMA/COMP/104704/
2010 to SH). However, although AM proved to be benefi-
cial in healthy lungs subjected to VILI, evidence is lacking
for a protective effect of AM during MV of individuals
with severe pneumonia. Clinical trials with AM are cur-
rently being planned, so additional preclinical evidence is
desirable.

We therefore conducted the current study to decipher
the contribution of VILI and underlying mechanisms to
the progression of ARDS, sepsis and multiple organ dys-
function syndrome in pneumonia, to test the therapeutic
impact of AM in the treatment of VILI-driven lung in-
jury in pneumonia, and to investigate potential protect-
ive effects of AM on VILI-driven extrapulmonary organ
dysfunction.

Methods

Ethics statement

Animal experiments were approved by the animal ethics
committee of Charité-Universititsmedizin Berlin and local
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governmental authorities (Landesamt fiir Gesundheit und
Soziales Berlin).

Mice
Female C57BI/6 mice (8 to 10 weeks; 18 to 20 g; Charles
River, Sulzfeld, Germany) were used.

Pneumococcal pneumonia

Streptococcus pneumoniae (serotype 3, strain NCTC7978)
was grown to mid log phase. Mice were anesthetized by
intraperitoneal ketamine (1.6 mg) and xylazine (0.5 mg)
and were transnasally inoculated with 5x 10° colony-
forming units of S. pneumoniae diluted in 20 ul sterile
phosphate-buffered saline (10 pl into each nostril) as
described previously [15]. Noninfected mice were anesthe-
tized and transnasally inoculated with 20 pl phosphate-
buffered saline.

Mechanical ventilation and adrenomedullin treatment
Twenty-four hours after infection when severe pneumo-
nia had devolved, mice were subjected to MV as de-
scribed previously [16,17]. Mice were anesthetized by
intraperitoneal injections of fentanyl (75 pg/kg), midazo-
lam (1.5 mg/kg) and medetomedin (0.75 mg/kg). Repeti-
tively, fentanyl (16 pg/kg), midazolam (0.33 mg/kg) and
medetomedin (0.16 mg/kg) were supplied via an intra-
peritoneal catheter when required to guarantee adequate
anesthesia during the observation period. Body temperature
was maintained at 37°C by a body temperature-controlled
heating pad. Tracheotomy and intubation was performed,
and a carotid artery catheter was placed for blood
pressure monitoring and infusion of NaCl 0.9% con-
taining 100 mmol/l HCO3 (350 pl/hour). No additional
fluid support was provided in any experiment. A urin-
ary catheter was inserted. The tidal volume, respiratory
rate, airway pressure, and urine output were monitored
(Pulmodyn; Hugo-Sachs-Electronics, March-Hugstetten,
Germany).

After preparation, a recruitment maneuver was per-
formed (airway pressure 35 cmH,O for 5 seconds) and
mice were ventilated for 6 hours with a tidal volume of
12 ml/kg, a respiratory rate of 120 breaths/minute, and a
positive end-expiratory pressure of 2 cmH,O (MiniVent;
Hugo-Sachs-Electronics). A second recruitment maneu-
ver was performed 5 minutes before termination of the
experiment. All mice survived the protocol. At termin-
ation of the experiments, mice were sacrificed by exsan-
guination via the carotid artery catheter. Blood samples
were analyzed for partial arterial pressure of oxygen by
blood gas analyzer (ABL-800; Radiometer, Copenhagen,
Denmark). The P/F ratio was calculated as partial ar-
terial pressure of oxygen/fraction of inspired oxygen.
Nonventilated mice served as controls. Murine AM
(0.05 mg/kg/hour; Phoenix, Burlingame, CA, USA) was
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continuously infused via the carotid artery catheter, start-
ing with onset of ventilation. The dosage was proven to be
effective without causing relevant hemodynamic changes
in mice [13].

Quantitative real-time polymerase chain reaction

Lungs were flushed and snap-frozen in liquid nitrogen.
Total RNA was isolated from the lungs using the RNeasy
mini kit (Qiagen, Hilden, Germany) according to the man-
ufacturer’s instructions. To remove genomic DNA con-
tamination, isolated RNA samples were treated with 1 U
DNase/ug RNA (Invitrogen, Karlsruhe, Germany) for 15
minutes at 37°C. One microgram of total RNA was used
in a 20 pl reaction to synthesize cDNA using Superscript
H™ reverse transcriptase (200 U/ug RNA; Invitrogen) and
oligo dTs as primers. Reverse transcription reaction was
carried out for 50 minutes at 42°C. Quantitative real-time
polymerase chain reaction (qRT-PCR) was performed
using the I-Cycler IQ detection system (Bio-Rad, Munich,
Germany) in combination with the IQ SYBR Green
Real-Time PCR Supermix (Bio-Rad). The polymerase
chain reaction conditions included initial denaturation
in one cycle of 10 minutes at 95°C followed by 40 cy-
cles of 20 seconds at 95°C, 20 seconds at 60°C, and
20 seconds at 72°C. The relative expressions were cal-
culated as:

27(aCT) (1 /mean control 2’(ACT))

where ACT (CT; Threshold Cycle) is calculated as:

ACT = CTgene of interest_CThousekeeping gene

Primer sequences are provided in Additional file 1.
Regulation of CRLR and RAMP 1, 2 and 3 mRNA in un-
infected, spontaneously breathing mice and uninfected,
mechanically ventilated mice has been published previ-
ously [16].

Lung permeability

Human serum albumin (HSA) was injected intraven-
ously 90 min prior to the end of the experiment. After
ligation of the left stem bronchus bronchoalveolar lavage
(BAL) was performed twice with 400 pl PBS each. From
each BAL portion, 250 pl were pooled and BAL and
plasma HSA concentration was determined by enzyme-
linked immunosorbent assay. Permeability was assessed
by calculating the HSA BAL/plasma ratio as described
[17].

Hypoxic vasoconstriction in precision-cut lung slices

Precision-cut lung slices (PCLS) were prepared as de-
scribed previously [18]. Briefly, mice were killed by cer-
vical dislocation and the airways were filled with 1.5%
low melting point agarose. After solidification of the
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agarose, the lungs were cut into 200 um thick slices. The
agarose was removed by incubation of the PCLS in phe-
nol red-free minimal essential medium continuously
gassed with 21% oxygen, 5% carbon dioxide (CO,), 74%
nitrogen for at least 2 hours at 37°C.

To analyze the vasoreactivity of individual cross-sectioned
intra-acinar arteries (minimal inner diameter up to 40 pm),
the PCLS were transferred into a flow-through superfusion
chamber (Hugo-Sachs-Elektronik). At the beginning of
each experiment the capability of the vessel to contract
in response to the thromboxane analogue U46619 and
to dilate after application of the nitric oxide donor so-
dium nitroprusside was checked. After washing out
these drugs with normoxic gassed phenol red-free
minimal essential medium (21% oxygen, 5% CO,, 74%
nitrogen), the PCLS were incubated with hypoxic
gassed medium (1% oxygen, 5% CO,, 94% nitrogen; 0.7
ml/minute). After 15 minutes, 500 nM murine AM
was added to the hypoxic medium. After a second
washout, the PCLS were again challenged with U46619
in the presence of 500 nM AM when the hypoxic incu-
bation was performed in the presence of AM or solv-
ent, respectively.

Pictures of the artery were taken every 2 minutes using
an inverted microscope mounted on the superfusion
chamber. Changes in the luminal area of the vessels
were evaluated by manually lining the inner boundaries.
The luminal area at the beginning of hypoxia was de-
fined as 100% and vasoreactivity was expressed as a
relative decrease or increase of this area. Only the
values (mean * standard error of the mean) obtained
for the hypoxic incubation followed by the incubation
in hypoxic medium + AM, the second washout phase
and the final challenge with U44619 + AM are given
below.

Leukocytes in lung tissue, bronchoalveolar lavage fluid
and blood

The lungs were flushed. The left lung was digested in
RPMI containing collagenase and DNAse for 1 hour.
Leukocytes were extracted by meshing the lung tissue
through a cell strainer (100 pum) and differentiated by
flow cytometry according to their side-scatter/forward-
scatter properties and CD45, Gr-1 and F4-80 expression
(FACSCalibur, BD, Heidelberg, Germany). Blood leuko-
cytes were quantified and differentiated by flow cytometry
using TruCount-Tubes (BD, Heidelberg, Germany) accord-
ing to cellular side-scatter/forward-scatter properties and
CD45, Gr-1 and CD3 expression.

Quantification of cytokines
Cytokines were quantified from total protein of flushed
homogenized left lungs and from plasma samples by the
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multiplex cytokine assay technique (BioRad, Hercules,
CA, USA).

Bacterial burden

Serial dilutions of BALF, spleen homogenate and blood
were plated on blood agar and incubated at 37°C under
5% CO, for 24 hours to count colony-forming units.

Creatinine, aspartate transaminase, alanine transaminase
and neutrophil gelatinase-associated lipocalin

Creatinine, aspartate transaminase and alanine transamin-
ase plasma levels were quantified by routine laboratory
tests. Neutrophil gelatinase-associated lipocalin levels in
urine samples collected over the last 2 hours of the MV
period were measured by enzyme-linked immunosorbent
assay (BioPorto, Gentofte, Denmark).

Histology
Immunolabeling for AM was performed by overnight incu-
bation at room temperature with previously characterized
antibodies, including double-labeling with biotinylated rat
monoclonal anti-CD31 (1 pg/ml, clone MEC 13.3; BD
Biosciences, Heidelberg, Germany), an endothelial marker
[19]. Secondary reagents, each applied for 1 hour, were Cy3-
conjugated goat anti-human IgG F(ab)2 (1:500; Dianova,
Hamburg, Germany), Cy3-conjugated donkey anti-rabbit [gG
(1:2,000; Dianova), and fluorescein isothiocyanate-conjugated
streptavidin (1:500; Sigma, Deisenhofen, Germany). Tis-
sue sections depicting all groups were processed simul-
taneously and images were taken at the same exposure
time.

For analysis of apoptosis, staining against cleaved caspase-
3 (CC3) was used as an indicator of apoptotic cell death as
described previously [20]. In brief, paraffin sections were in-
cubated overnight with a polyclonal anti-cleaved caspase-3
antibody (Asp175, 1:50; Cell Signaling Technology, Frankfurt,
Germany). A secondary antibody was added and 3,3'-
diaminobenzidine served as chromogen. Apoptotic cells
appeared with a brown color. The sections were counter-
stained with hemalaun. In each procedure, sections of thy-
mus tissue served as positive control because apoptosis is
a constant event in this organ.

Data analyses

Data are expressed as mean + standard error of the mean.
For comparison between groups, the Mann—Whitney U test
was used. P<0.05 was considered statistically significant.
For the comparison of experiments using PCLS, the area
under the curve of each phase of every single experiment
was calculated. Comparison between groups for each
phase was performed again by Mann—Whitney U test,
and P < 0.05 was considered statistically significant.
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Results
Pulmonary expression of adrenomedullin and its receptor
complexes
Pneumonia and MV each increased pulmonary AM mRNA
expression (Figure 1A). Immunofluorescent staining of AM
in pulmonary tissue revealed that in naive lungs AM pro-
tein was located mainly, although not exclusively, in
macrophages and in pulmonary endothelium, which
was confirmed by double staining of AM and the
endothelial marker CD31 (see Additional file 2). In line
with increased AM mRNA expression after MV, we
observed a MV-induced increase of parenchymal AM
protein. Furthermore, pneumonic infiltrates were posi-
tive for AM immunostaining, with recruited leukocytes
displaying marked immunoreactivity (Figure 1B). AM
specificity of the employed antibody was validated in
pre-absorption experiments (see Additional file 3). Regula-
tion of the AM receptor components CRLR and RAMP1
to RAMP3 was investigated by qRT-PCR analyses. As re-
ported previously [16], MV alone had no impact on CRLR
or RAMP1 and RAMP2 expression while RAMP3 was
downregulated. Pneumonia resulted in an increase of
RAMP1 to RAMP3 expression, while MV markedly re-
duced mRNA levels of RAMP1 to RAMP3 in pneumo-
nia (Figure 1C). Notably, treatment with AM did not
alter expression of AM, CRLR or RAMP1 to RAMP3
in pneumonia and subsequent MV (see Additional file 4).
Regulation of the AM receptor components CRLR and
RAMP1 to RAMP3 was investigated by qRT-PCR ana-
lyses. As reported previously [21], MV alone had no im-
pact on CRLR or RAMP1 and RAMP2 expression
while RAMP3 was downregulated. Pneumonia resulted
in an increase of RAMP1 to RAMP3 expression, while
MV markedly reduced mRNA levels of RAMP1 to RAMP3
in pneumonia (Figure 1C). Notably, treatment with AM did
not alter expression of AM, CRLR or RAMP1 to RAMP3 in
pneumonia and subsequent MV (see Additional file 4).

Mechanical ventilation exacerbated lung injury in
pneumonia: protection by adrenomedullin

Pneumonia as well as MV each increased pulmonary vascu-
lar permeability. AM reduced MV-evoked lung permeability.
Notably, when mice with pneumonia were subjected to MV
a further dramatic increase in lung permeability was ob-
served, which was almost completely avoided by AM treat-
ment starting with onset of MV (Figure 2A).

Under volume-controlled MV, an increase in the peak
inspiratory pressure reflects a decrease of lung compli-
ance, which is mostly due to lung edema in the current
model. While pneumonia and MV alone had no impact
on peak inspiratory pressure as compared with healthy
mice, MV in infected mice led to a significant increase of
peak inspiratory pressure after 6 hours of MV, which was
almost completely impeded by AM treatment (Figure 2B).
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Figure 1 Regulation of adrenomedullin and its receptor complexes due to pneumonia and mechanical ventilation. Pneumococcal
pneumonia (S.p.) was induced 24 hours before mechanical ventilation (MV) was performed for 6 hours. Nonventilated (NV) mice were sacrificed
30 hours after infection. Regulation of (A) adrenomedullin (AM) and (C) its receptor components calcitonin receptor-like receptor (CRLR) and
receptor activating modifying protein (RAMP)- 1, 2 and 3 were quantified by quantitative real-time polymerase chain reaction in lung homogenate
(*P < 0.05; **P <001, n="5). Note that the receptor expression data for the NV and MV groups without infection have been published previously
[21]. (B) Immunofluorescence analysis of lung tissue. AM-immunolabeling was enhanced in MV mice compared with NV mice. In pneumonic

infiltrates, leukocytes showed intense AM-immunolabeling. Representative images from five animals per group are shown.

While oxygenation capacity was not impaired due to
pneumonia or MV alone, the combination of pneumonia
and MV led towards severe deterioration of oxygenation.
Although AM reduced lung injury in mechanically venti-
lated mice, AM did not ameliorate the deterioration of
oxygenation (Figure 2C). Histology performed 24 hours
post infection confirmed severe necrotizing broncho-
pneumonia affecting 40 to 60% of the lung tissue. Changes
due to MV could not be dissected from the already preva-
lent severe alteration in the lungs due to pneumonia (see
Additional file 5). With regard to the missing improvement
lin oxygenation despite barrier-stabilizing properties of
AM and preserved lung mechanics in the pneumonia +
MYV group, we hypothesized that vasodilatory properties in
the lung of AM might have been counteracting the reduc-
tion of lung injury by increasing ventilation/perfusion mis-
match. Indeed, vasoconstriction due to hypoxia or the
thromboxane agonist U46619 was significantly reduced by
AM in murine PCLS (Figure 2D).

Mechanical ventilation aggravated pulmonary
inflammation in pneumonia

The concentrations of the cytokines interleukin (IL)-1p,
1L-6, keratinocyte-derived cytokine (KC) and IL-10 in lung
homogenate were increased by pneumonia and, to a lesser
extent, by MV. In pneumonia, MV led to a further dramatic

increase of IL-1B, IL-6 and KC, while IL-10 levels remained
unaffected. AM treatment had no impact on pulmonary
cytokine levels (Figure 3A).

In pneumonia and in MV, pulmonary polymorpho-
nuclear neutrophils (PMN) and Gr-1"¢" monocytes were
increased. A combination of MV and pneumonia did not
further increase PMN and Gr-1"¢" monocytes. Notably,
AM decreased pulmonary Gr-1"€" monocyte recruit-
ment in uninfected mice subjected to MV, but not in
mice with pneumonia subjected to MV (Figure 3B).

Mechanical ventilation had no impact on pulmonary
bacterial outgrowth and development of bacteremia in
pneumonia

Blood and spleen homogenate bacterial counts were
assessed in BALF. MV and AM each had no impact
on pulmonary bacterial burden, bacteremia or dissem-
ination to the spleen in pneumonia (Figure 4).

Mechanical ventilation aggravated systemic
hyperinflammation in pneumonia

Pneumonia and MV each increased plasma IL-6, KC and
IL-10 levels. In pneumonia, MV caused a further in-
crease of systemic cytokine levels. AM treatment had no
impact on cytokine levels (Figure 5A).
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Figure 2 Adrenomedullin protected mice with pneumonia against mechanical ventilation-induced lung injury. Pneumococcal
pneumonia (Sp.) was induced 24 hours before mechanical ventilation (MV) was performed for 6 hours. Continuous adrenomedullin (AM) infusion
(0.05 mg/kg/hour) started with the onset of MV. Nonventilated (NV) mice were sacrificed 30 hours after infection. (A) Human serum albumin
(HSA) was injected 90 minutes prior to termination of the experiment and the HSA concentration (cHSA) in plasma and in bronchoalveolar
lavage (BAL) was determined. An increased HSA BAL/plasma ratio indicated enhanced lung permeability (*P < 0.05, **P < 0.01; NV, n=5;NV+Sp,
n=4;, MV, n=5MV+AM, n=4; MV +Sp, n=7; MV+Sp. + AM, n=5). (B) Peak inspiratory pressure (PIP) was analyzed after 6 hours of MV
following a final recruitment maneuver (**P < 0.01; NV and NV + S.p,, n=5; all other groups, n =8 each). (C) Arterial oxygen partial pressure was
determined at the end of the experiment and the P/F ratio was calculated (**P < 0.01; NV and NV +Sp, n=5 MV, n=6; MV + AM, n=7, MV +
Sp. n=5 MV+Sp. + AM, n=38). (D) In precision cut lung slices, vasoconstriction was induced by hypoxia (hypoxic pulmonary vasoconstriction)
and by the thromboxane receptor agonist U46619 in the presence or absence of AM (0.5 pM). The luminal areas of single intra-acinar pulmonary
arteries were continuously analyzed by planimetry and the area under the curve (AUC) was calculated for each experiment. Significant AUC
differences between the two groups were evident under hypoxia, during the wash out phase and after U46619 challenge (ns, not significant;

**P <001, **P<0.001; n=10 each).

Mechanical ventilation induced leukopenia in pneumonia
Pneumonia increased circulating neutrophils and mono-
cytes while lymphocyte counts remained unaffected. MV
reduced lymphocytes but had no effect on other leukocyte
populations. In infected mice subjected to MYV, blood
leukocyte counts were significantly reduced compared
with nonventilated mice with pneumonia, and lympho-
cyte counts dropped significantly below those observed
in naive mice. Besides almost restoring lymphocyte
levels in uninfected mice subjected to MV, AM treat-
ment had no significant impact on blood leukocyte counts
(Figure 5B).

Adrenomedullin protected mice with pneumonia against
MV-related organ failure

Aspartate aminotransferase and alanine aminotransami-
nase levels were not altered by pneumonia or MV, whereas
MV in pneumonia dramatically increased transaminase

40

levels, which was almost completely avoided by AM
(Figure 6A). We observed extended liver injury dis-
played by necrotic areas and induction of hepatic apop-
tosis exclusively in the pneumonia + MV group, which was
undetectable under AM treatment. More specifically,
periportal rings of CC3" cells were highly prominent
(Figure 6B) in four out of six livers from the pneumo-
nia+ MV group and showed weaker prominence in
two livers. In the liver sections of the pneumonia +
MYV + AM group only small, single islets of CC3" cells
were found. In all other groups, CC3" cells were rare
(0 to 5 per section). In ileum sections, an enhanced
number of CC3" cells was almost exclusively observed
in the pneumonia + MV group, indicating tissue injury
that was abolished by AM treatment (Figure 6C).

In the pneumonia + MV group increased urine neutro-
phil gelatinase-associated lipocalin levels were measured
(see Figure S5A in Additional file 6). Pneumonia and
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Figure 3 Mechanical ventilation induced exacerbation of pulmonary inflammation in pneumonia independently of leukocyte counts.
Pneumococcal pneumonia (S.p) was induced 24 hours before mechanical ventilation (MV) was performed for 6 hours. Continuous adrenomedullin
(AM) infusion (0.05 mg/kg/hour) started with the onset of MV. Nonventilated mice were sacrificed 30 hours after infection. (A) Cytokine levels
of interleukin (I)-18, IL-6, keratinocyte-derived cytokine (KC) and IL-10 were measured in lung homogenate. **P < 0.01; n=6 each. (B) Leukocytes were
isolated from lung homogenate and differentiated by flow cytometry. **P < 0.01; n =5 each. PMN, polymorphonuclear neutrophils.
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Figure 4 Mechanical ventilation has no impact on lung bacterial outgrowth and systemic bacterial dissemination. Pneumococcal
pneumonia (S.p.) was induced 24 hours before mechanical ventilation (MV) was performed for 6 hours. Continuous adrenomedullin (AM) infusion
(0.05 mg/kg/hour) started with the onset of MV. Nonventilated mice were sacrificed 30 hours after infection. Serial dilutions of bronchoalveolar
lavage (BAL) fluid, spleen homogenate and blood were plated on agar, and colony-forming units (CFU) were counted after 24 hours of incubation

(n=5to 7).
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Figure 5 Mechanical ventilation induced systemic hyperinflammation in pneumonia. Pneumococcal pneumonia (S.p.) was induced 24
hours before mechanical ventilation (MV) was performed for 6 hours. Continuous adrenomedullin (AM) infusion (0.05 mg/kg/hour) started with
the onset of MV. Nonventilated mice were sacrificed 30 hours after infection. (A) Cytokine levels of IL-6, keratinocyte-derived cytokine (KC) and
IL-10 were measured in blood plasma **P <0.01; n=5 or 6 each). (B) Whole blood leukocytes were quantified and differentiated by flow cytometry
(*P < 0.05, **P < 0.01; n =5 each). PMN, polymorphonuclear neutrophils.

MV each increased blood creatinine levels in compari-
son with naive mice and a trend towards further in-
creased creatinine levels in the pneumonia + MV group
was observed (see Figure S5B in Additional file 6). Urine
output was not altered (see Figure S5C in Additional file
6). These findings suggest early tubular injury due to
MYV in pneumonia unaffected by AM.

Notably, hematocrit in the pneumonia+ MV + AM
group was lower compared with the pneumonia+ MV
group, suggesting intravasal plasma conservation due to
systemic stabilization of vascular barrier function by AM
(Figure 6D).

Discussion

In the current experimental study, MV induced lung in-
jury in pneumonia and promoted sepsis and multiple
organ injury. AM infusion protected against lung edema
and liver and gut injury without interfering with inflam-
matory host responses.

For this study, we launched a novel experimental
model to display the relevant interaction of VILI and
pre-established pneumonia regarding lung injury, sys-
temic inflammation and multiple organ dysfunction.
VILI was induced by ventilating mice for 6 hours with
moderately injurious tidal volumes of 12 ml/kg. Al-
though 6 ml/kg is recommended for lung-protective
ventilation in humans, the currently applied settings
meet the requirements for protective ventilation in mice.
The tidal volume of 12 ml/kg with a respiratory rate of
120 breaths/minute induced only a minor increase in
lung permeability and inflammation, while having no im-
pact on hepatic or renal injury in healthy mice [17].
Lower tidal volumes would require higher respiratory
rates to ensure CO, removal, which independently con-
tributed to VILI [21] and was therefore avoided.

We first investigated the expression of AM and its re-
ceptor complexes and observed pulmonary upregulation
of AM in each of both MV and pneumonia. MV
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Figure 6 Adrenomedullin protected against mechanical ventilation-induced liver and gut injury in mice with pneumonia. Pneumococcal
pneumonia (S.p.) was induced 24 hours before mechanical ventilation (MV) was performed for 6 hours. Continuous adrenomedullin (AM) infusion
(0.05 mg/kg/hour) started with the onset of MV. Nonventilated (NV) mice were sacrificed 30 hours after infection. (A) Liver transaminases (alanine
aminotransaminase (ALT), aspartate aminotransferase (AST)) were quantified in blood plasma (*P < 0.05, ***P < 0.001; n =6 to 8 each). Liver and
ileum sections were stained for cleaved caspase 3 (CC3) and counterstained with hemalaun. (B) In the MV + S,p. group, liver lobular necrosis
(white arrow) surrounded by rings of CC3* apoptotic cells (black arrow) developed, which was absent under AM treatment (MV + S.p. + AM).
(C) Apoptotic CC3™ cells were observed in ileum sections of the MV + S.p. group, and to a lesser extent in the MV + S.p. + AM group.
Representative images from six animals per group are shown. (D) Hematocrit (Hct) was reduced following AM treatment in ventilated mice
with pneumonia (MV + S.p. + AM) as compared with sham-treated mice (MV +S.p.) (P < 0.05; n=5 or 6 each).

increased AM expression mainly in endothelial cells and ~CRLR assembled with RAMPs, mainly RAMP2 and
macrophages, while AM expression in pneumonia could ~RAMP3 [10]. Expression of all three RAMPs was up-
mainly be attributed to invading leukocytes forming pul-  regulated in pneumonia, and reduced by additional
monary infiltrates. However, MV tended to downregu- MV. In summary, reduced expression of RAMP1 to
late overall AM expression in pneumonia. AM binds to RAMP3 under MV in pneumonia was observed,
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suggesting weakened protection of endothelial integrity
due to reduced endogenous AM function. Notably,
AM therapy had no influence on the expression of
AM, CRLR or RAMP1 to RAMP3.

We reported previously that exogenous AM protected
mice against VILI even in the context of hyperoxia and
delayed onset of treatment [13]. However, the applied
models did not reproduce the clinically relevant situation
when patients with respiratory failure due to pneumonia
need MV. In the current study, pneumonia-induced lung in-
jury was exacerbated by MV as displayed by increased per-
meability and edema and decreased oxygenation capacity.
These changes could not be attributed to further pulmonary
leukocyte recruitment due to MV, but were paralleled by a
dramatic increase of pulmonary inflammatory cytokines.
Some studies reported immunomodulating effects of AM
offering protection against lipopolysaccharide-induced sys-
temic hyperinflammation and lung injury or against polymi-
crobial sepsis in mice [22,23]. In line with these studies,
pulmonary Gr-1"8" monocytes, which have specifically been
linked to VILI [24], were reduced by AM in mechanically
ventilated mice without pneumonia. However, AM did not
alter cytokine levels, overall leukocyte counts or Gr-1"¢"
monocytes in the lungs of mechanically ventilated mice
with pneumonia, suggesting that protection by AM
was not primarily mediated by immunomodulation in
this study but targets a central mechanism downstream of
harmful hyperinflammation.

Taking the current and previous findings into account,
stabilization of endothelial integrity was most probably
the main mechanism of the observed protective AM ef-
fect [11,12,14,25,26]. From the clinical point of view it is
preferable to stabilize lung barrier function independ-
ently from the inflammatory state because hyperinflamma-
tion is frequently established when it comes to intubation
in pneumonia and sepsis, because hyperinflammation may
override anti-inflammatory properties of pharmacologic
therapies, and because pharmacologic immunosuppression
may pave the way for secondary infections [27]. Further,
while disturbance of microcirculation is a hallmark of
organ failure during septic shock, AM stabilized microcir-
culation in inflammation [26,28]. Although not directly evi-
denced by the current study, this protective function of
AM possibly contributed to the observed effects.

Oxygenation was not improved in AM-treated mice
despite marked reduction of permeability and edema.
This contradictory finding may be explained by vasodila-
tory AM effects. More specifically, vasoconstriction caused
by the thromboxane agonist U44619 or hypoxia were di-
minished by AM in lung tissue slices. Although direct evi-
dence is not provided, it is tempting to speculate that
reduction of pulmonary vascular resistance by AM resulted
in increased shunt perfusion, probably masking improve-
ment of oxygenation capacity following reduction of edema
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formation in AM-treated mice. Importantly, AM treatment
did not result in deterioration of mean systemic arterial
blood pressure or microcirculatory impairment as assessed
by blood lactate.

Cyclic stretch of alveolar epithelial cells in MV has been
observed to enhance bacterial growth and bacteremia,
thereby augmenting the development of sepsis and organ
failure [6,23,29,30]. However, this mainly holds true for
Gram-negative bacteria, while bacterial growth and trans-
location of Gram-positive bacteria such as S. aureus was
not influenced by cyclic stretch in vitro or by MV in vivo
[4,30]. Further, Gram-positive S. pneumoniae actively in-
vades lung tissue, so that MV-associated bacterial trans-
location may be of inferior relevance particularly in
pneumococcal pneumonia [31]. In the current study,
all infected mice were bacteriemic and MV did not im-
pact pulmonary S. pneumoniae outgrowth or bacteremia.
Nevertheless, infected mice subjected to MV developed
severe sepsis, whereas spontaneously breathing mice did
not. Severe sepsis was displayed by dramatically increased
blood cytokines, leukopenia and hepatic, renal and intes-
tinal injury, which, most notably, could not be attributed
to hemodynamic deterioration.

AM protected against hepatic and intestinal injury in
VILI-driven sepsis. These findings support previous stud-
ies in which AM protected from liver or gut injury in
staphylococcal «-toxin induced shock, in polymicrobial
sepsis or in gut ischemia and reperfusion [14,22,32].
Again, in the majority of studies, tissue-protective ef-
fects of AM have been attributed to anti-inflammatory
properties, whereas anti-inflammatory effects of AM
were not detected in the current study. Apoptosis may
be crucial for the development of organ failure in sep-
sis, and AM holds anti-apoptotic properties [33]. How-
ever, whether protection from apoptosis observed here
and elsewhere is the mechanism of or a consequence
of other yet unknown underlying AM functions remains
unclear. The lower hematocrit in AM-treated mice cur-
rently observed indicated intravascular plasma conserva-
tion due to systemic vascular barrier protection by AM,
confirming previous studies demonstrating barrier protec-
tion in the liver, ileum and kidney as a central beneficial
mechanism of AM in shock [14]. Taken together, AM pro-
tected against hepatic and intestinal injury accompanied
by anti-apoptotic and barrier protective effects without
modulating hyperinflammation in pneumonia-associated
VILI-driven sepsis. Further characterization of this potent
protective AM function downstream of injurious hyperin-
flammation warrants further investigation.

One limitation of this study was that AM treatment
could not be investigated in nonventilated mice be-
cause this requires vascular catheterization for con-
tinuous infusion due to the very short half-life of AM.
This catheterization is not feasible in awake mice, and
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Pneumonia

by AM. ARDS, acute respiratory distress syndrome.

' Multiple Organ Failure

Figure 7 Mechanical ventilation drives pneumococcal pneumonia into lung injury and sepsis: protection by adrenomedullin.
Ventilator-induced lung injury (VILI) led to substantial aggravation of previously established severe pneumonia resulting in acute respiratory failure,
which was accompanied by elevation of pulmonary cytokine levels independent from leukocyte recruitment or bacterial replication in the lung.
Adrenomedullin (AM) protected against development of lung injury without having anti-inflammatory or antimicrobial functions, probably by mediating
vascular barrier protection and stabilization of microcirculation. VILI induced the development of sepsis and related multiple organ failure, which was avoided

anesthesia in spontaneously breathing mice placed in a
supine position for instrumentation probably results in
hypoventilation, thereby provoking major bias to the
sensitive readout performed here.

Conclusion

This study provides evidence that MV with moderate
tidal volumes aggravates lung injury and promotes pro-
gression of sepsis and multiple organ failure in pneumo-
coccal pneumonia. Exogenous AM, which has gained
orphan drug status from the EMA for treatment of
ARDS recently, protected against MV-induced lung in-
jury and sepsis-related organ failure without suppres-
sion of the host immune response (Figure 7). These
data further encourage current efforts to evaluate AM
as adjuvant therapy for VILI in addition to protective
ventilation strategies and for sepsis-related organ fail-
ure in clinical trials.

Key messages

e In mice with pneumococcal pneumonia, MV evoked
lung injury and led to the development of sepsis
with multiple organ injury independent of bacterial
translocation.

e AM infusion protected against lung injury and
extrapulmonary organ failure in this condition.
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e Being acknowledged as an orphan drug for ARDS
treatment by the EMA, AM therapy may be a
potential future adjuvant pharmacotherapy in
patients with severe pneumonia subjected to MV.
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Additional file 1: Table S1. Presenting the used primer sequences for
qRT-PCR

Additional file 2: Figure S1. Showing the pulmonary distribution of AM.
Additional file 3: Figure S2. Showing the specificity of the used AM
antibody.

Additional file 4: Figure S3. Showing gene expression of AM, CRLR
and RAMP1 to RAMP3 under treatment with AM during MV in
pneumonia.

Additional file 5: Figure S4. Showing histologic lung pathology of
pneumonia before induction of MV and after the ventilation period.
Additional file 6: Figure S5. Showing that MV induced tubular injury
in pneumonia (neutrophil gelatinase-associated lipocalin levels in urine,
creatinine levels in blood, urine output).
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2.4. Neutralisation des Komplementfaktors C5a schiitzt vor Lungenschaden und

extrapulmonaler Organschadigung bei schwerer Pneumonie und Beatmung

Neutralizing Complement C5a Protects Mice with Pneumococcal Pulmonary Sepsis

Holger Miiller-Redetzky, Ute Kellermann, Sandra-Maria Wienhold, Birgitt Gutbier, Jasmin Lienau,
Katharina Hellwig, Katrin Reppe, Eleftheria Letsiou, Thomas Tschernig, Markus Scholz, Peter Ahnert,
Christian Maasch, Kai Hoehlig, Sven Klussmann, Axel Vater, Theresa C Firsching, Judith Hoppe, Norbert

Suttorp, Martin Witzenrath

Anesthesiology. 2020 Apr;132(4):795-807.

Der Komplementfaktor C5 wird nach Aktivierung des Komplementsystems in C5a and C5b gespalten.
Wahrend C5b Teil des Membrane Attack Complex ist, der Zielzellen bzw. Erreger lysiert, ist C5a ein
potenter pro-inflammatorischer Botenstoff, der auch als Anaphylatoxin bezeichnet wird. C5a aktiviert
neutrophile Granulozyten, induziert deren Rekrutierung in entziindete Gewebe und kann indirekt
durch Inflammation und durch unmittelbare Wirkung am Endothel die vaskuldre Barrierefunktion
storen. Exogen in die Lunge appliziertes C5a l6st in Versuchstieren Lungenschaden aus. C5a konnte
somit ein relevanter, potenziell auch therapeutisch zu adressierender Mediator bei ARDS sein. Vor
diesem Hintergrund wurden die C5a Konzentrationen bei Patientinnen und Patienten mit schwerer
ambulant erworbener Pneumonie gemessen und C5a mittels eines L-RNA Aptamers D19 in der
murinen Pneumokokkenpneumonie neutralisiert. Auf diesem Wege wurde der Einfluss der C5a
Neutralisation auf die Entziindungsreaktion und den pulmonalen und extrapulmonalen Organschaden
in der Pneumonie untersucht. Individuen mit ambulant erworbener Pneumonie wiesen erhdhte
Konzentrationen von C5a in der Zirkulation auf. Die Hohe der Konzentration korrelierte dabei nicht mit
dem Schweregrad der Erkrankung, C5a stellt folglich vor dem Hintergrund der aktuellen Daten keinen
potenziellen Biomarker fiir die CAP dar. Mause wurden mit Streptococcus pneumoniae infiziert, und
entwickelten im Verlauf eine schwere pneumogene Sepsis. Es kam zu einem schweren Lungenschaden,
gemessen an einer sehr hohen pulmonalen Permeabilitdit und einer Sepsis assoziierten
Leberschadigung, die mit Storung der lokalen Gerinnung im Sinne einer Hyperkoagulation einherging,
was aus einer ausgepragten Ablagerung von Fibrin in der Leber abzuleiten war. Auch in Mausen mit
Pneumonie war C5a erhoht und die Neutralisation von C5a mit D19 filihrte zu einem geringeren
Lungenschaden und Schutz vor Leberschadigung in der pneumogenen Sepsis. In einem zweiten Modell
wurden M3use, die bereits eine schwere Pneumonie entwickelt hatten, fir 6h beatmet. Dies stellt ein

komplexes Tiermodell der Kombination von Pneumonie und VILI dar. D19 wurde in diesem Modell erst
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24h nach Infektion, also in einem therapeutischen Ansatz verabreicht. Im Anschluss erfolgte die 6-
stiindige Beatmung. Die Beatmung aggravierte den Lungenschaden und die pulmonale sowie
systemische Entziindungsreaktion bei der Pneumonie analog zur unter Punkt 2.4. beschriebenen
Arbeit. Die Neutralisation von C5a mittels D19 reduzierte auch in diesem Modell die Ausbildung von

pulmonaler Permeabilitat.

Die Neutralisation von C5a schiitzte in diesen komplexen Tiermodellen der schweren Pneumonie und
der Kombination von schwerer Pneumonie und VILI vor Lungen- und Leberschadigung. Diese
protektiven Eigenschaften waren unabhangig von einer Modulation der lokalen oder systemischen

Entziindungsreaktion nachweisbar.
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2.5.Die Verlangerung der Inspirationszeit bei maschineller Beatmung aggraviert
VILI

Increasing the inspiratory time and I:E ratio during mechanical ventilation aggravates ventilator-

induced lung injury in mice.

Holger Christian Miiller-Redetzky, Matthias Felten, Katharina Hellwig, Sahra Maia Wienhold, Jan

Naujoks, Bastian Opitz, Olivia Kershaw, Achim D Gruber, Norbert Suttorp, Martin Witzenrath

Crit Care. 2015 Jan 28;19(1):23. doi: 10.1186/513054-015-0759-2.

Lungenprotektive Beatmung mit niedrigen Tidalvolumina und einem adaquaten PEEP unter
Vermeidung hoher inspiratorischer Plateaudriicke ist die zentrale Malnahme in der Behandlung von
ARDS Patient:innen durch die Minimierung von VILI. Aufgrund der feinen Regulation der dem
Biotrauma unterliegenden Mechanotransduktion kdénnten weiter zu justierende Parameter der
Beatmung Einfluss auf das AusmaR von VILI haben. Hier wurde der Einfluss der Inspirationszeit und
dem damit einhergehenden Verhaltnis von Inspirationszeit zu Exspirationszeit (I:E Verhaltnis) auf VILI
untersucht. VILI wurde in M&usen durch Beatmung mit hohen Tidalvolumina von 34 ml/kgKG (HVT)
Uber 4 Stunden ausgelost. Kontrollgruppen wurden mit niedrigen Tidalvolumina von 9 ml/kgKG (LVT)
beatmet. Eine HVT Gruppe wurde mit einem I:E Verhaltnis von 1:2 und eine HVT Gruppe mit einem
I:E Verhaltnis von 1:1 beatmet. Analog wurden zwei LVT Gruppen mit einem I:E von 1 bzw. 1:2
untersucht. Es wurden Mortalitat, Parameter der Lungenfunktion am Beatmungsgerat, pulmonale
Permeabilitdt, Oxygenierung, Marker pulmonaler und systemischer Entziindungsreaktion und
histologische Analysen durchgefiihrt. 4 Stunden Beatmung mit hohen Tidalvolumina und einem I:E
Verhaltnis 16sen im Vergleich zu niedrigen Tidalvolumina einen relevanten beatmungsassoziierten
Lungenschaden aus. Die Erhéhung des I:E Verhaltnis in HVT beatmeten Ma&usen aggravierte die
Lungenschadigung gemessen an pulmonaler Permeabilitat, Oxygenierung,

Lungenfunktionsparametern und histologischen Befunden signifikant.

Die Verlangerung der Inspirationszeit und die damit verbundene Erhéhung des I:E Verhaltnisses konnte

VILI aggravieren und sich nachteilig bei ARDS Patient:innen auswirken.
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Increasing the inspiratory time and L:E ratio
during mechanical ventilation aggravates
ventilator-induced lung injury in mice
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Bastian Opitz', Olivia Kershaw?, Achim D Gruber?, Norbert Suttorp' and Martin Witzenrath'

Abstract

Introduction: Lung-protective ventilation reduced acute respiratory distress syndrome (ARDS) mortality. To
minimize ventilator-induced lung injury (VILI), tidal volume is limited, high plateau pressures are avoided, and
positive end-expiratory pressure (PEEP) is applied. However, the impact of specific ventilatory patterns on VILI is
not well defined. Increasing inspiratory time and thereby the inspiratory/expiratory ratio (1:E ratio) may improve
oxygenation, but may also be harmful as the absolute stress and strain over time increase. We thus hypothesized
that increasing inspiratory time and IE ratio aggravates VILI.

Methods: VILI was induced in mice by high tidal-volume ventilation (HVr 34 mi/kg). Low tidal-volume ventilation
(LVr 9 mi/kg) was used in control groups. PEEP was set to 2 cm H,0, FiO, was 0.5 in all groups. HVy and LVy mice
were ventilated with either I:E of 1:2 (LV 1:2, HV; 1:2) or 1:1 (LV+ 1:1, HV¢ 1:1) for 4 hours or until an alternative

end point, defined as mean arterial blood pressure below 40 mm Hg. Dynamic hyperinflation due to the

increased [:E ratio was excluded in a separate group of animals. Survival, lung compliance, oxygenation, pulmonary
permeability, markers of pulmonary and systemic inflammation (leukocyte differentiation in lung and blood,
analyses of pulmonary interleukin-6, interleukin-13, keratinocyte-derived chemokine, monocyte chemoattractant
protein-1), and histopathologic pulmonary changes were analyzed.

Results: LV 1:2 or LVy 1:1 did not result in VILI, and all individuals survived the ventilation period. HVy 1:2
decreased lung compliance, increased pulmonary neutrophils and cytokine expression, and evoked marked
histologic signs of lung injury. All animals survived. HV; 1:1 caused further significant worsening of oxygenation,
compliance and increased pulmonary proinflammatory cytokine expression, and pulmonary and blood
neutrophils. In the HVy 1:1 group, significant mortality during mechanical ventilation was observed.

Conclusion: According to the “baby lung” concept, mechanical ventilation-associated stress and strain in overinflated
regions of ARDS lungs was simulated by using high tidal-volume ventilation. Increase of inspiratory time and LE ratio
significantly aggravated VILI in mice, suggesting an impact of a “stress/strain X time product” for the pathogenesis of
VILI. Thus increasing the inspiratory time and LE ratio should be critically considered.
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Introduction

Mechanical ventilation is a life-saving intervention for
patients with acute respiratory failure without alterna-
tive. However, mechanical ventilation itself can aggravate
or even initiate lung injury, termed ventilator-induced
lung injury (VILI) [1]. The impact of VILI on mortality
and morbidity in acute respiratory distress syndrome
(ARDS) patients is evident. Lung-protective ventilation
strategies have been implemented to minimize VILI,
consisting of limitation of tidal volumes (V1) to 6 ml/kg
body weight, use of positive end-expiratory pressure
(PEEP), and avoidance of plateau pressures above 30
cmH,0O [2,3]. Further, even previously healthy lungs
seem to benefit from lung-protective mechanical venti-
lation, and low tidal-volume ventilation causes an inflam-
matory response in healthy lungs [4]. Moreover, functional
residual capacity is considerably reduced in ARDS (“baby
lung concept”), and therefore, ventilated areas of the
ARDS lung encounter dramatically increased transpar-
enchymal forces, even under low tidal-volume ventilation.
Thus, a certain safety threshold for VILI does not seem
to exist, and any effort to minimize VILI further might be
of relevance, particularly for the most severely ill ARDS
patients [5].

Of note, little is known regarding the impact of venti-
lator adjustments on VILI. The absolute inspiratory lung
strain, which is defined as the end-inspiratory transpul-
monary pressure, and the absolute lung strain, defined
as V1/FRC, are central drivers of VILI [5]. We hypothe-
sized that, in addition, the duration of lung stress and
strain is relevant, proposing a Time x Stress/strain prod-
uct that affects VILL

Increasing the inspiration-to- expiration ratio (I:E)
and thereby the inspiratory time (t;) of the respiratory
cycle can improve oxygenation. The two main under-
lying mechanisms are probably prolonged gas ex-
change during inspiration in lung areas that do not
take part in gas exchange during expiration, and re-
cruitment of lung tissue due to increased intrinsic
PEEP generated by dynamic hyperinflation [6,7]. It is
tempting to use this intervention to improve oxygen-
ation at bedside as, despite all efforts made to stabilize
an appropriate residual volume by titrating PEEP,
almost always, recruitable lung regions remain. Con-
versely, increasing LE will result in an increased Time x
Stress/strain product that might aggravate VILL. A previ-
ous experimental study [8] and a recently published re-
view of numerous animal models of VILI underscore
this hypothesis [9].

In this study, we therefore investigated the impact of I:
E on VILI in an experimental VILI mouse model and
found that an increased LE ratio significantly aggravates
VILI in mice, suggesting the relevance of a role of a
Stress/strain x Time in the pathogenesis of VILL
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Material and methods

Ethics statement

All animal experiments were approved by institutional
(Charité-Universititsmedizin Berlin) and governmental
(Landesamt fiir Gesundheit und Soziales Berlin; G 0130/
12) authorities.

Mice
Female C57BL/6 mice (8 to 10 weeks; 18 to 20 g; Charles
River, Sulzfeld, Germany) were used.

Mechanical ventilation

Mice were anesthetized with intraperitoneal injections of
fentanyl (75 pg/kg), midazolam (1.5 mg/kg), and medeto-
medin (0.75 mg/kg). Repetitively, fentanyl (16 pg/kg), mid-
azolam (0.33 mg/kg), and medetomedin (0.16 mg/kg) were
supplied via an intraperitoneal catheter, when required, to
guarantee adequate anesthesia during the experiment.
Body temperature was maintained at 37°C by a body
temperature-controlled heating pad. Mice were tracheoto-
mized, intubated, and ventilated with low tidal-volume
(LV) respirator settings (tidal volume of 9 ml/kg, respira-
tory rate of 160 per min**, LE ratio of 1:2, FiO, of 0.5). A
carotid artery catheter was placed for blood pressure moni-
toring and infusion of a balanced electrolyte solution
(Jonosteril; Fresenius Kabi, Bad Homburg Germany) con-
taining 150 M trometamolhydrochloride (350 pl/h).

A urinary catheter was inserted. Mean arterial blood
pressure, heart rate, peripheral oxygen saturation (Mou-
seOx; Starr Life Science Corp., Pittsburgh, PA, USA) and
urine output were measured. Mice were ventilated by
using a special rodent ventilation system, which continu-
ously recorded airway pressure, respiratory rate, and
tidal volume (flexiVent; Scireq, Montreal, QC, Canada).
After preparation, a recruitment maneuver was per-
formed (increasing of the airway pressure to 30 cmH,0),
and mice were ventilated for 4 hours with the following
ventilator settings:

Low tidal-volume (LVy) groups

Mice were ventilated with a tidal volume of 9 ml/kg, re-
spiratory rate of 160 per minute, and L:E ratio of either
1:2 or 1:1 (LVy 1:2; LVy 1:1). A deep inspiration (30
c¢cmH,O for 1 second), was performed every 10 minutes,
in addition to the applied positive end-expiratory pres-
sure (PEEP) to avoid atelectasis. Notably, this protocol
does not cause measurable lung injury in mice [10].

High tidal-volume (HV7) groups
Mice were ventilated with a tidal volume of 34 ml/kg,
respiratory rate of 70 per minute, and LE ratio of 1:2 or
1:1, respectively (HVr 1:2; HVr 1:1).

In all LE 1:1 groups, the inspiratory time was prolonged
by adding an inspiratory hold after completion of lung
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inflation, thereby leaving pressure and flow acceleration
during inspiration identical between the corresponding
LVr and HVr 1:2 groups, as schematically illustrated
in Figure 1.

To generate baseline values at the beginning of mechan-
ical ventilation, a group of mice referred to as nonventi-
lated control (ctr) was anesthetized and operated as
outlined earlier. After an identical recruitment maneuver,
ctr mice were ventilated for 5 minutes with adjustments
identical to those of the LV 1:2 mice. After measurement
of baseline lung functions and hemodynamics, the experi-
ment was terminated.

PEEP of 2 cmH,0O and an FiO, of 0.5 were applied
throughout the experiments in all LVt and HVt groups.
After 235 minutes of mechanical ventilation (MV), the I:
E ratio was switched to 1:2 in all ventilated groups, and
the inspired oxygen fraction was increased to an FiO, of
1.0. After 240 minutes of MV, mice were killed by rapid
exsanguination via the carotid artery catheter.

An alternative end point was defined as decrease of
mean arterial blood pressure below 40 mm Hg, as this
safely predicts death in this model. The L:E ratio was
then switched to 1:2, and the inspired oxygen fraction
was increased to an FiO, of 1.0. After a further 5 mi-
nutes of MV, mice were killed by exsanguination via the
carotid artery catheter.

To exclude dynamic hyperinflation in the HVy 1:1
group, an additional set of animals was ventilated ac-
cording to the HVr 1:2 ventilation pattern for 30 mi-
nutes, and then the LE ratio was increased to 1:1 for 30
minutes. This procedure was repeated. Mean airway
pressure and dynamic compliance were recorded.

inspiration expiration 1:2

Volume

inspiration expiration 1:1

time
Figure 1 Schematic graphic of the respiratory cycle during I:E
ratio of 1:2 and 1:1. In all I:E 1:1 groups, the inspiratory time was
prolonged by adding an inspiratory hold after completion of lung
inflation, thereby leaving pressure and flow acceleration during
inspiration identical between the corresponding LVy and HVy
1:2 groups.
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Lung function

After the initial recruitment maneuver, dynamic elas-
tance, resistance, and compliance were measured by
using a forced oscillation technique. Measurements were
repeated every 10 minutes throughout the experiment.
In addition, static-compliance values were determined
after exsanguination.

Blood gas analyses

Blood samples were analyzed for p,0, with a blood-gas
analyzer (ABL-800; Radiometer, Copenhagen, Denmark).
The P/F ratio was calculated as P/F = p,0,/FiO,. Oxy-
genation Index was calculated as OI = mean airway pres-
sure x FiO,/p,0,.

Lung permeability

After exsanguination, the left-stem bronchus was ligated,
and bronchoalveolar lavage (BAL) of the right lung was
performed twice with 400 ul PBS each. From each BAL
fluid (BALF) portion, 250 pl was pooled, and BALF albu-
min concentration, as well as plasma albumin concentra-
tion, were determined with ELISA (Bethyl Laboratories
Inc., Montgomery, AL, USA). Permeability was assessed
by calculating the albumin BALF/plasma ratio.

qRT-PCR
Lungs were flushed. RNA was extracted with TRIzol
(Ambion; Life Technologies, Darmstadt, Germany) treat-
ment of lung homogenates and reverse-transcribed by
using a high-capacity reverse transcription kit (Applied
Biosystems, Life Technologies, Darmstadt, Germany).
Quantitative PCR (qRT-PCR) was performed on ABI
7300 by using TagMan gene-expression assays (Applied
Biosystems). The PCR conditions included initial de-
naturation in one cycle of 2 minutes at 50°C and 10 mi-
nutes at 95°C, followed by 40 cycles of 15 seconds at
95°C, 20 seconds at 60°C, and 1 minute at 72°C. The in-
put was normalized to the average expression of
GAPDH. Primer and probe sequences are provided in
Table S1 in Additional file 1.

Leukocytes in BAL fluid and blood

Leukocytes in BALF were differentiated with flow cy-
tometry, according to their side-scatter/forward-scatter
characteristics, and CD45, Gr-1, and F4-80 expression
(FACSCalibur; BD, Heidelberg, Germany). Blood leuko-
cytes were quantified and differentiated with flow cy-
tometry by using TruCount-Tubes according to cellular
side-scatter/forward-scatter characteristics and CD45,
Gr-1, and CD3 expression.

Quantification of cytokines
Cytokines were quantified from total protein of flushed
and homogenized left lungs and from plasma samples by
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using the multiplex cytokine assay technique (BioRad,
Hercules, CA, USA).

Histopathology

Lung samples were fixed in 4% formaldehyde solution
and routinely embedded in paraffin. The 5-pm-thick sec-
tions were cut, dewaxed, and stained with hematoxylin
and eosin (H&E) or periodic acid-Schiff (PAS). Histo-
pathology was performed by two European College of
Veterinary Pathologists (ECVP) board-certified patholo-
gists, who were blinded to the study groups.

Data analyses

Data are expressed as box-and-whisker plots, or col-
umns (mean + SEM). For comparison between groups, a
Mann-Whitney U test was performed. P values <0.05
were considered statistically significant. For survival ana-
lyses, a log rank test was applied.

Results

Increasing inspiratory time and L:E ratio did not result in
dynamic hyperinflation

To rule out relevant dynamic hyperinflation, HV animals
were ventilated with an alternating LE ratio (1:2 versus
1:1) in 30-minute intervals for 120 minutes, and mean air-
way pressure and dynamic compliance (Cqyn) Were mea-
sured. Mean airway pressure remained stable during the
specific interval of MV (see Figure SIA in Additional
file 2). The higher but stable mean airway pressure dur-
ing HVt 1:1 is explained by the increased inspiratory
time during HVt 1:1 (see Figure SI1A in Additional file
2). Cqyn remained stable during MV, irrespective of the
adjusted LE ratio (see Figure S1B in Additional file 2).
Thus, HVt 1:1 ventilation did not lead to relevant dy-
namic hyperinflation.

Increasing the inspiratory time and I:E ratio during MV
increased mortality in VILI

All mice of the low tidal-volume groups ventilated with
an LE ratio of either 1:2 or 1:1 (LV 1:2; LVt 1:1) and of
the high tidal-volume group ventilated with an LE ratio
of 1:2 survived the procedures. Increasing the LE ratio in
the HVt group to 1:1 resulted in premature termination
of the experiment in 13 of 14 mice because of dropping
of mean arterial blood pressure below 40 mm Hg (alter-
native end point), corresponding to a 92.1% mortality in
the HVt 1:1 group (Figure 2).

Increasing the inspiratory time und L:E ratio increased
lung injury

Lungs from ctr, LVt 1:2, and LVt 1:1 showed no macro-
scopic or histologic signs of lung injury. HVy 1:2 venti-
lated mice exhibited significant histopathologic signs of
lung injury, whereas only distinct signs of injury were
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Figure 2 Increasing the inspiratory time and I:E ratio during MV
increased mortality in VILI. Mice were mechanically ventilated for 4
hours with either low tidal volume (LVr 9 ml/kg) or high tidal volume
(HVr 34 ml/kg) and an inspiratory/expiratory ratio of 1:2 or 1:1,
respectively. If the mean arterial pressure decreased below 40 mm Hg,
the experiment was prematurely terminated, as this predicts death
with certainty in this model. n = 13-14 each group; **P < 0.001.

seen macroscopically. HVr 1:1 led to dramatic macro-
scopic and histopathologic lesions. In both HVt groups
but not in the controls, the lung architecture was com-
promised by severe alveolar collapse and emphysema.
Histopathology revealed severe perivascular edema,
damage of the alveolar walls with desquamation of al-
veolar epithelial cells type I and formation of hyaline
membranes, increasing numbers of intraalveolar cells
(neutrophils and macrophages) and occasional necrosis
of bronchiolar epithelium. Severe lung lesions were ob-
served histologically on HE-stained tissues, with no dif-
ferences seen between both groups (Figure 3 and Figure
S2 in Additional file 3).

Periodic acid-Schiff (PAS) reaction clearly visualized
hyaline membranes diffusely distributed throughout the
lung parenchyma, indicative of marked damage of the al-
veolar membrane. However, in HVt 1:2 lungs, hyaline
membranes appeared only occasionally as continuous
thin layers on the alveolar surface, while lungs of the
HVr 1:1 group had thicker hyaline membranes, which
commonly completely covered the surface of dilated al-
veoli (Figure 4). Because pulmonary vascular leakage is a
hallmark of ARDS and VILI, we quantified lung perme-
ability by measuring the albumin concentration in bron-
choalveolar lavage fluid (BALF) and plasma and by
calculating the BALF/plasma albumin ratio. Compared
with ctr mice, LV 1:2 and LV 1:1 did not result in in-
creased permeability. In contrast, HVy 1:2 mice showed
a trend toward increased permeability compared with
ctr and LVt groups, whereas HVr 1:1 evoked a dramatic
increase in pulmonary vascular permeability (Figure 5).

Increasing the inspiratory time and I:E ratio reduced
oxygenation capacity in VILI

Peripheral oxygen saturation was measured continuously
throughout the experiment. Partial pressure of oxygen in

67



Miuiller-Redetzky et al. Critical Care (2015) 19:23

Page 5 of 11

Figure 3 Increasing the inspiratory time and I:E ratio during MV increased VILI. Mice were mechanically ventilated for 4 hours with either
low tidal volume (LVr 9 ml/kg) or high tidal volume (HVy 34 ml/kg) and an inspiratory/expiratory ratio of 1:2 or 1:1, respectively. An alternative
end point was defined as decreasing of mean arterial blood pressure below 40 mm Hg, as this predicts death with certainty in this model.
Controls (ctr) were subjected to LVy 1:2 ventilation only during operation and were killed before the 4-hour ventilation protocol started. Ctr and
LV groups showed no signs of lung injury macroscopically. HV; 1:2 revealed only subtle macroscopic signs of injury, whereas the HV; 1:1 group
showed massive edema formation. Representative images from 13 to 14 animals per group are shown.

arterial blood and mean airway pressure were measured
at the end of the experiment, and P/F ratio as well as
oxygenation index (OI) were calculated. Whereas LVt
1:2, LVt 1:1, and HVt 1:2 groups showed stable oxygen-
ation regarding SpO, and P/F throughout the experi-
ment (Figure 6A,B), the oxygenation index implied a
reduced oxygenation capacity in HVy 1:2 mice com-
pared to ctr and LVt groups (Figure 6C). HVp 1:1

resulted in severe impairment of oxygenation compared
with ctr, LV, and HVr 1:2 groups (Figure 6A to C).

Increasing the inspiratory time and I:E ratio deteriorated
lung function in VILI

Dynamic elastance was quantified every 10 minutes.
While both LVt groups showed stable elastance during
the experiment, a slight increase over time in the HV
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Figure 4 Increasing the inspiratory time and I:E ratio during MV increased histopathologic signs of lung injury. Mice were mechanically
ventilated for 4 hours with either low tidal volume (LVr 9 ml/kg) or high tidal volume (HVy 34 mi/kg) and an inspiratory/expiratory ratio of 1:2 or
1:1, respectively. An alternative end point was defined as decreasing of mean arterial blood pressure below 40 mm Hg, which predicts death with
certainty in this model. Controls (ctr) were subjected to LV; 1:2 ventilation only during operation and were killed before the 4-hour ventilation
protocol started. Histopathology of lungs from ctr, HVy 1:2, and HV; 1:1 groups, stained with the periodic acid-Schiff (PAS) reaction, are shown: In
contrast to the ctr group, both ventilated groups had damage of the alveolar walls with septal thickening, necrosis, and desquamation of alveolar
epithelial cells type I, formation of hyaline membranes (red arrows), and increased numbers of intraalveolar cells (predominantly neutrophils and
macrophages, black arrows). PAS reaction highlighted the more severe and more continuous as well as thicker hyaline membranes along the
alveolar surfaces of lungs from the HVy 1:1 group. Top panel: magnification x 200; Bottom panel: magnification x 400. Representative images from
each group (n =4 each) are shown.
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1:2 group, and a strong increase in the HV 1:1 group
125+ —x* were observed (Figure 7A). Dynamic and static compli-

b“g ance at the respective end points of the experiment

3 § 100+ showed impaired compliance in the HV 1:2 compared

é € g with LV 1:2 mice. HVt 1:1 led to a dramatic decrease

3 2 754 in lung compliance (Figure 7B,C).
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< 1 B —s (1:2 versus 1:1) in 30-minute intervals for 120 minutes, and

0 < q ~ 9 ~ mean arterial blood pressure was measured. Changing of
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,\\" the LE ratio had no impact on mean arterial blood pressure
(see Figure S3A in Additional file 4). In animals ventilated
for 4 hours (LVy 1:2, LV 1:1, HVy 1:2, and HVy 1:1), cu-
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Figure 5 Increasing the inspiratory time and I:E ratio during

MV increased pulmonary permeability in VILI. Mice were mulative urine output and blood lactate levels at the re-
mechanically ventilated for 4 hours with either low tidal volume spective experimental end points were quantiﬁed. No
(LVr 9 mi/kg) or high tidal volume (HVy 34 ml/kg) and an inspiratory/ difference in urine output between the groups was evident
expiratory ratio of 1:2 or 1:1, respectively. An alternative end point was X X 7
defined as decreasing of mean arterial blood pressure below 40 mm whereas HV 1:1 revealed slightly higher lactate levels than
Hg, which predicts death with certainty in this model. Controls (ctr) the HV 1:2 group (see Figure S3 B, C in Additional file 4).
were subjected to LV 1:2 ventilation only during operation and
were killed before the 4-hour ventilation protocol started. Albumin Increasing the inspiratory time and LE ratio exacerbated
concentrations in bronchoalveolar lavage fluid (BALF) and plasma . .

the inflammatory response in VILI

were determined. An increased albumin BALF/plasma ratio indicated

enhanced lung permeability. n =5 to 6 each group; ** < 0.01. We measured transcription of the proinflammatory cyto-

kines IL-1p, IL-6, KC, and MCP-1 (Figure 8A) and protein
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Figure 6 Increasing the inspiratory time and I:E ratio reduced oxygenation capacity in VILI. Mice were mechanically ventilated for 4 hours
with either low tidal volume (LVy 9 ml/kg) or high tidal volume (HVy 34 mi/kg) and an inspiratory/expiratory ratio of 1:2 or 1:1, respectively. An
alternative end point was defined as decreasing of mean arterial blood pressure below 40 mm Hg, which predicts death with certainty in this
model. Controls (ctr) were subjected to LVy 1:2 ventilation only during operation and were killed before the 4-hour ventilation protocol started.
(A) Pulse oximetry revealed stable oxygen saturation in LV 1:2, LVr 1:1, and HVy 1:2 groups, whereas the HVy 1:1 ventilated mice developed a
decrease of oxygen saturation during the 4-hour ventilation period. End-point measurements of arterial partial pressure of oxygen were
performed, and the P/F ratio (B), and the oxygenation index were calculated (C). n=13 to 14 in each group; ***P < 0.001.
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Figure 7 Increasing the inspiratory time and LE ratio deteriorated lung function in VILI. Mice were mechanically ventilated for 4 hours
with either low tidal volume (LVy 9 ml/kg) or high tidal volume (HVy 34 mi/kg) and an inspiratory/expiratory ratio of 1:2 or 1:1, respectively. An
alternative end point was defined as decreasing of mean arterial blood pressure below 40 mm Hg, which predicts death with certainty in this
model. Controls (ctr) were subjected to LVy 1:2 ventilation only during operation and were killed before the 4-hour ventilation protocol started.
(A) Dynamic elastance (E) was measured every 10 minutes during the experiment. Results of end-point measurements of dynamic compliance
(B) and static compliance (C) are shown. n=13 to 14 in each group; ***P < 0.001.

concentrations of IL-1f, IL-6, KC, and MCP-1 in lung ho-
mogenates (Figure 8B). HVy 1:2 increased IL-1f, IL-6,
KC, and MCP-1 mRNA expression compared with ctr and
LVt mice. Expression of most of these proinflammatory
mediators was further increased in the HV 1 1:1.

LVt 1:2 and LVt 1:1 resulted in a certain increment of
BALF neutrophils compared with ctr mice. In line with
the elevation of proinflammatory cytokines in the lung,
HVr 1:2 led to a further increase of neutrophils, whereas
HVr 1:1 was associated with a significant neutrophil in-
filtration of the alveolar space (Figure 9A).

Furthermore, HVt 1:1 exclusively resulted in an in-
creased number of blood neutrophils, indicating a sys-
temic inflammatory response (Figure 9B).

Discussion

We provide strong evidence that increasing the L:E ratio
during mechanical ventilation can aggravate VILI, indi-
cating that not only the absolute lung stress and strain
but also the time in which the lung is exposed to stress
and strain (the Time x Stress and strain product) may
affect the harm of mechanical ventilation.

VILI impairs survival of ARDS patients [2,3]. Besides
cyclic opening and closing of lung during tidal ventila-
tion, high airway pressures and high tidal volumes have
been identified as main drivers of VILL. More precisely,

not absolute airway pressure but the transpulmonary pres-
sure termed lung stress, and not the absolute tidal volume,
but its relation to the FRC, termed lung strain, are mech-
anical determinants of VILI [5]. Besides the amount of
lung opening and closing that is correlated with ARDS
mortality [11], the concept of intraparenchymal stress
raisers during mechanical ventilation may have significant
impact on the development of lung injury due to mechan-
ical ventilation in the ARDS patient [5,12].

Recent clinical trials revealed that VILI is particularly
relevant in patients with severe ARDS, and therefore,
optimizing our ventilation strategies especially for those
patients is desirable [13,14].

Lung stress and strain are not equally distributed
throughout the respiratory cycle under MV, obviously
being higher during inspiration than during expiration.
The current study now provides evidence that not only
absolute lung stress and strain but also increasing lung
stress and strain in relation to the cycle time by prolong-
ing the inspiratory time (t;) and increasing the L:E ratio ag-
gravate VILL This is in line with the theory of weighted
lung strain during MV by Carioni and colleagues [9].

Physical forces during mechanical ventilation are sensed
by the lung and induce a biochemical response character-
ized by inflammation and endoepithelial permeability,
referred to as biotrauma [1,15,16]. Therefore we assessed

70



Mdller-Redetzky et al. Critical Care (2015) 19:23

Page 8 of 11

A B Protein
10.04 MRNA 1.3x10% P
5 IL-1B o] 1B —
2 759 o
8 I
g 3 7.5x10°
@ 5.0 =
2 £ 5.0x10°-
2 =
ERN=T= ol
0.0 0
*
600 1.5x10% —
< IL-6 o6 —
S 5004 1.0x10%
7}
8 —. 5.0x10°-
% 400+ i-
© 300 2 3007
= * @
2 200 L = 200+
k]
% o] é w_ L
=
0
3504 4.0x10%
§ 400 MCP-1 L MCP-1 —*
2
—  3.0x10%
::-). 250 :’1 3.0x10* p=0.0593
© 200 2
a = 2.0x10%
% 1504 o E'_)
2 1004 = 1.0x104 é
% ] é
0 0
*
200- . 4.0x10% —
5 KC — KC -
g 150-] 3.0x10%
S =
x
& 1007 e 2 20104
4 [S)
® X
g 50-| 1.0x10%-
[}
0____=_ﬁ— 0 =1 = @
SN N LA SN N A
é& \é’\ Q\A’\ &‘K é& \é& Q\A’\ Q\Q&
Figure 8 Increasing the inspiratory time and LE ratio increased the production of proinflammatory cytokines in VILI. Mice were
mechanically ventilated for 4 hours with either low tidal volume (LVy 9 mi/kg) or high tidal volume (HV+ 34 mi/kg) and an inspiratory/expiratory
ratio of 1:2 or 1:1, respectively. An alternative end point was defined as decreasing of mean arterial blood pressure below 40 mm Hg, which
predicts death with certainty in this model. Controls (ctr) were subjected to LVr 1:2 ventilation only during operation and were killed before the
4-hour ventilation protocol started. (A) mRNA levels of interleukin (IL)-16, IL-6, macrophage chemotactic protein (MCP)-1, and keratinocyte-derived
cytokine (KC) were measured with quantitative reverse transcription polymerase chain reaction in lung homogenates and normalized to GAPDH
levels. (B) Protein levels of IL-1 3, IL-6, MCP-1, and KC were determined in lung homogenates by multiplex ELISA technique. n =6 to 8 each
group; *P < 0.05, **P < 0.01, ***P < 0.001.

lung permeability, detailed lung histology and markers of
pulmonary inflammation. Even after the short observa-
tional time of 4 hours, we detected a significant impact of
the increased t; and L:E ratio on pulmonary cytokine levels,
pulmonary neutrophil influx, systemic neutrophil counts,
lung permeability, and histological signs of lung injury. KC
and MCP-1 are chemotactic signals for neutrophils, which
contribute to the development of VILI [17,18]. IL-1p was
shown to induce endothelial permeability and aggravate

VILI [19]. IL-6 is upregulated under mechanical ventila-
tion and, although its exact role in VILI remains contro-
versial, IL-6 levels are correlated with organ failure and
outcome in ARDS [20-23]. Considering our findings, it is
tempting to speculate that not only the absolute physical
force or stretch but also its duration is sensed and
responded to by the ventilated lung. This implies that
mechanotransduction is increased, although the absolute
amount of energy added to the system is kept constant, as
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Figure 9 Increasing the inspiratory time and I:E ratio increased number of pulmonary and blood neutrophils in VILI. Mice were
mechanically ventilated for 4 hours with either low tidal volume (LVr 9 mi/kg) or high tidal volume (HVr 34 ml/kg) and an inspiratory : expiratory
ratio of 1:2 or 1:1, respectively. An alternative end point was defined as decreasing of mean arterial blood pressure below 40 mm Hg, which
predicts death with certainty in this model. Controls (ctr) were subjected to LVy 1:2 ventilation only during operation and were illed before the
4-hour ventilation protocol started. The fractions of neutrophils among leukocytes in the BALF (A) and in the blood (B) at the end point of the
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experiment are shown. n=5 to 6 each group; *P < 0.05, **P < 0.01, ##P < 0.01 versus all.

pressure and volume remain unchanged throughout the
inspiratory hold in the HVt 1:1 group.

To test the hypothesis of this study, we implemented
severely injurious ventilation in mice. The tidal volume
of 34 ml/kg was extraordinarily high compared with the
standard of lung-protective ventilation with 6 ml/kg in
humans with ARDS. At first view, this might outrange
the stress and strain applied during MV in ARDS pa-
tients. However, residual capacity in ARDS lungs is se-
verely reduced, which is referred to as the “baby lung” of
ARDS patients [24]. Notably, the sicker the patient and
the lower the oxygenation capacity becomes, the greater
is the reduction of the residual capacity and the
intention to increase the relative portion of inspiratory
time to improve oxygenation. As intensivists do not rou-
tinely quantify residual capacity at the bedside, we do
not know how much lung strain is generated during
MYV, despite limiting the tidal volume to 6 ml/kg, espe-
cially in very severe ARDS. Further, ARDS is character-
ized by a high grade of tissue inhomogeneity, in which
open, atelectatic, and collapsed but recruitable lung
areas coexist, which locally results in lung stress exceed-
ing the measured airway pressure by far [5].

Loss and inactivation of surfactant, a hallmark in
ARDS, further aggravate local trauma [1]. Thus, applying
high tidal volumes in healthy mouse lungs constitutes a
reasonable experimental approach. Further, the currently
used model of VILI meets the ATS criteria on lung in-
jury in animals, including the evidence of inflammation,
microscopic tissue injury, alteration of alveolar barrier
function, and impaired oxygenation [25]. Vice versa, the
observation that prolonging t; in the LV groups did not
increase detectable lung injury in healthy mice does not
argue for the safety of an LE ratio increase in lung-
protective ventilation of ARDS patients.

In this study, it was highly important to control prop-
erly factors that might significantly bias the results. (a)
Dynamic hyperinflation would increase intrinsic PEEP,
which consecutively enhances residual volume and shifts
tidal volume upward on the pressure/volume curve,
eventually above the upper inflection point, resulting in
augmented absolute lung stress and strain. Thus, we ad-
justed respiratory rates in both HVr groups to 70 per
minute to exclude dynamic hyperinflation in the HVy I:
E 1:1 group. (b) To keep dynamics of lung inflation iden-
tical between 1:1 and 1:2 groups, we prolonged t; by
adding an inspiratory hold. This excluded that a differ-
ence in pressure acceleration during inspiration or a dif-
ference of the total inflation time biased the results of
the study. (c) Expiration was most probably similar in
the HVy 1:1 and HVy 1:2, and in the LV 1:1 and LVt
1:2 groups, respectively. Expiration is a passive process
starting after the opening of the expiratory valve with
end-inspiratory pressure being the driving force, which
was similar in the respective groups. As dynamic hyper-
inflation could be excluded, exhalation was complete. (d)
Respiratory rate, PEEP and FiO, were identical in the
HVt and the LVt groups, respectively and anesthesia
and operation procedures were identical in all groups.

Intrathoracic pressure directly affects cardiac function
(for an excellent review, see [26,27]), and increased
intrathoracic pressure due to increased L:E ratio may
decrease cardiac output [28,29]. Reduction of venous re-
turn seems to be the central mechanism reducing car-
diac output by high intrathoracic pressure, which can be
ameliorated by sufficient fluid support. In our study,
mice received liberal fluid support to minimize reduc-
tion of cardiac output. Blood pressure and urine output
were not affected by increased LE ratio. Nevertheless,
lactate levels were slightly elevated in HVt 1:1 compared
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with HVt 1:2 mice. Thus a certain reduction of cardiac
output cannot be excluded. However, circulatory failure
and resultant shock as cause of the premature death of
the HVr 1:1 animals would have resulted in significantly
higher lactate levels, lower blood pressure, and particu-
larly in reduction of urine output.

Thus the data provided here exclude profound hemo-
dynamic deterioration as the underlying mechanism for the
devastating outcome of the HVt 1:1 group.

Although the data are conclusive and the results are
clear, one can only speculate whether the findings can be
translated to patients with ARDS. However, the study
clearly emphasizes that for further improvement of lung-
protective ventilation strategies, a deeper understanding of
central factors for VILI is mandatory. In this regard, ex-
perimental studies like the present one are essential.

Conclusion

The study design applied aimed to provide a proof of con-
cept. The data show that beyond stress and strain, the
time in which the lung is exposed to stress and strain (the
Time x Stress and strain product) has dramatic impact on
VILL. Therefore, it seems reasonable to minimize the
Time x Strain product during MV. Particularly, increasing
the LE ratio should be critically revised in patients with
ARDS.

Key messages

e Increasing inspiratory time und thereby the LE ratio
aggravates VILL

e Beyond stress and strain, the time during which the
lung is exposed to stress and strain (the Time x Stress
and strain product) has dramatic impact on VILL
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3. Diskussion

3.1.Verknipfung von ARDS und VILI — Relevanz fiir experimentelle Studien
VILI tragt wahrscheinlich relevant zur Mortalitdt und Morbiditdt im ARDS bei. Dies ldsst sich aus dem
positiven Effekt des Einsatzes von lungenprotektiven Beatmungskonzepten - vornehmlich der
Reduktion der Tidalvolumina unter invasiver Beatmung - auf die Sterblichkeit im ARDS ableiten (7).
Dariber hinaus konnten Arbeiten von Ranieri et al. eindrucksvoll belegen, dass VILI auch
extrapulmonale Organdysfunktion beeinflusst (12,13). Ein hoheres Ausmal} an Organdysfunktion ist
mit einer erhdhten Sterblichkeit bei kritisch Kranken assoziiert (67). Seit der Beschreibung des ARDS
als eigenstandiges Syndrom durch Ashbough 1967 konnte die Sterblichkeit des ARDS einzig durch
Interventionen, die die Durchfiihrung der Beatmungstherapie beinhalteten, positiv beeinflusst werden
(68). Dazu zahlen neben dem erwdhnten Effekt der Reduktion von Tidalvolumina, die konsequente
Bauchlagerungstherapie und der Einsatz eines hohen positiv endexspiratorischen Drucks (PEEP) beim
schweren ARDS (7,69,70). Explorative Analysen legen darliber hinaus auch einen Einfluss eines hohen
Driving pressures, des Druckes, der zusatzlich zum PEEP durch das Beatmungsgerat zur Insufflation
eines ausreichend hohen Tidalvolumens aufgebaut werden muss, auf die Sterblichkeit des ARDS nahe

(71).

Zusammenfassend belegt dies eindriicklich, dass die Pathologie des ARDS somit nur zu einem Teil von
der auslosenden Grunderkrankung wie einer Pneumonie, einer Sepsis, einer Aspiration oder eines
schweren Traumas abhdngt. Zu einem relevanten Teil trigt auch die Uberdruckbeatmung zur

Pathologie des ARDS bei.

Dies mag unter anderem eine Erklarung dafir sein, warum bis dato alle Interventionen, wie z. B. die
Beeinflussung der Entziindungsreaktion, die aus vielversprechenden tierexperimentellen Studien
abgeleitet wurden, in denen der Effekt der Beatmung ignoriert wurde, in klinischen Studien letztlich

erfolglos geblieben sind.

VILI ist wie einleitend beschrieben ebenfalls gut in Tiermodellen charakterisiert. In der liberwiegenden
Mehrheit der Studien erfolgten jedoch Untersuchungen in naivem gesunden Lungengewebe. Die hier
unter Punkt 2.3. vorgestellte Arbeit, in der die Interaktion von Pneumokokkenpneumonie und VILI
untersucht wurde, belegt aber eindriicklich, dass Beatmung einen deutlich starkeren Effekt hinsichtlich
des Auslosens bzw. Aggravierens einer Lungenschadigung hat, wenn es sich um vorgeschadigtes bzw.

entzlindlich aktiviertes Lungengewebe handelt. Dies steht im Einklang mit Arbeiten anderer Autoren,
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die dies flr entzindlich, infektids oder durch einen hamorrhagischen Schock vorgeschadigtes

Lungengewebe zeigen konnten (47-49).

In den eingangs genannten Arbeiten von Ranieri et al. wurde belegt, dass VILI Einfluss auf
extrapulmonale Organdysfunktion hat, welche per se Einfluss auf das Outcome von kritisch kranken
Patienten hat (13,67). Bestenfalls sollte dieser Effekt folglich ebenfalls in praklinischen Modellen
simuliert sein, so dass potenzielle adjuvante Therapien auch hinsichtlich dieses wahrscheinlich
prognoserelevanten Aspekts evaluiert werden kdnnen. In der unter Punkt 2.3. vorgestellten Arbeit
wird eindricklich der Effekt der Beatmung auf die Progression des septischen Organversagens bei

Pneumokokkenpneumonie belegt.

Das hier diskutierte Modell qualifiziert sich somit in vielerlei Hinsicht zur praklinischen Evaluation von
adjuvanten pharmakologischen Interventionen fir Patienten mit akutem Lungenversagen: i) Die
Pneumonie ist der haufigste Ausloser von ARDS und schwerer Sepsis und die Pneumokokkeninfektion
der haufigste Ausloser einer schweren ambulant erworbenen bakteriellen Pneumonie. ii) Die Sequenz,
die in dem Modell simuliert wird, namlich der Beginn der Beatmung erst bei bereits vollstandig
etablierter schwerer Pneumonie (im Modell 24 Stunden nach der Infektion) entspricht grundsatzlich
der Situation von Patientinnen und Patienten, die auch erst im fortgeschrittenen Stadium der
Pneumonie beatmungspflichtig werden. iii) Es wird die Pneumonie als wichtigster Ausloser des ARDS
mit Beatmung kombiniert und Uber den resultierenden Lungenschaden hinaus auch die Progression

des septischen Organversagens durch Beatmung simuliert.

Vor dem Hintergrund der bereits sehr gut charakterisierten Pathophysiologie des ARDS sowie des VILI
ist es weiterhin als realistisch anzunehmen, dass adjuvante pharmakologische Interventionen auch fir
Patienten mit ARDS Vorteile beinhalten kénnten. Praklinische Modelle sollten aber bericksichtigen,
dass beim ARDS grundsatzlich vorgeschadigtes bzw. entzlindlich aktiviertes Lungengewebe beatmet
wird und dass VILI auch Einfluss auf extrapulmonales Organversagen hat. Unter der Verwendung
solcher komplexen experimentellen Modelle kdnnte die praklinische Evaluation der Effizienz von
moglichen Interventionen zielgerichteter erfolgen und die Wahrscheinlichkeit einer erfolgreichen

Translation in klinischen Studien erhoht werden.

3.2. Adjuvante Therapien fur VILI und ARDS

Aus dem einleitend dargelegten Biotraumakonzept von VILI, also dem Auslésen potenziell
schadigender pro-inflammatorischer Signale im Lungengewebe durch die Dehnung des
Lungengewebes unter Uberdruckbeatmung, leitet sich ab, dass VILI durch pharmakologische
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Intervention minimiert werden kann (3,9). Dies konnte insbesondere im sehr schwerem
Lungenversagen von Relevanz sein, da in diesen Fallen das noch beliiftete Lungenvolumen sehr klein
ist, also auch niedrige Tidalvolumina in Relation zum ventilierbaren Lungenvolumen sehr grof8 und
damit Uberproportional schadlich sein kdnnen (58). Man spricht hier von dem baby lung concept des
ARDS. Vor diesem Hintergrund wurden in den hier zusammengefassten Arbeiten verschiedene solcher

adjuvanten Therapien untersucht.

3.2.1. Der Sphingosin 1P Signalweg
Sphingosin 1 Phosphat (S1P) entsteht durch Phosphorylierung durch Sphongosinkinasen aus
Sphingosin welches Uber katalytische Prozesse intrazellular synthetisiert wird. S1P bindet an
Sphingosin 1 Phosphat Rezeptoren, von den aktuell 5 Subtypen bekannt sind (S1PR1-5). Die
Konzentration von S1P ist iber die Aktivitat der Sphingosinkinasen und der abbauenden Enzyme wie
der S1P Phosphatase und S1P Lyase fein reguliert. S1P reguliert die endotheliale Barrierefunktion, was
S1P Signalwege fiir das Verstandnis der Pathophysiologie von endothelialer Barrierestérung und fir
potentielle adjuvante pharmakologische Interventionen beim akuten Lungenversagen interessant
machen (72). Fir die protektive Wirkung von S1P auf endotheliale Barrierefunktion scheint die Bindung
von S1P an S1PR1 verantwortlich zu sein wahrend Interaktion mit S1IPR3 zu einem Anstieg der
endothelialen Permeabilitét flihren kann was noch einmal unterstreicht wie komplex die Wirkung von
S1P ist, und dass auch die Regulation der Expression seiner Rezeptoren die biologische Wirkung von

S1P maRgeblich beeinflussen kann (72,73).

Exogenes S1P schiitzt vor Storung der vaskularen Barrierefunktion in Zellmodellen wie auch in Klein-

und GroRtiermodellen des akuten Lungenversagens (44,74,75).

FTY720 ist ein synthetisches Analogon von S1P. FTY720 bindet primar an S1PR1,4,5 und wie auch S1P
hat es imunmodulatorische Wirkung indem der Austritt von Lymphozyten aus den sekundaren
Lymphatischen Organen gehemmt wird (76). Aufgrund dieser Eigenschaften wurde FTY720 als
immunmodulierendes Medikament entwickelt und ist in der Therapie der multiplen Sklerose etabliert

(77,78). Wie S1P stabilisiert FTY720 auch sehr potent endotheliale Barrierefunktion in vitro und in vivo.

Obwohl S1P protektiv auf das Endothel wirkt, ist nachgewiesen, das hohe Spiegel von S1P auch
gegenteilige Effekte haben konnen und zu einer Destabilisierung von endothelialer Barrierefunktion
fihren kénnen, was soweit bekannt durch die Bindung an S1PR2 und S1PR3 vermittelt wird (73,79). In
der murinen Pneumokokkenpneumonie sind die in der Entziindung stark erhdéhten S1P Spiegel
ebenfalls ursachlich fiir die Entwicklung von pulmonalvaskularer Peremabilitat (80).
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In der unter 2.1. zusammengefasten Arbeit wurde untersucht ob FTY720 analog zur S1P protektive
Wirkung im VILI hat (81). FTY720 hat eine lange Halbwertszeit und sehr hohes Verteilungsvolumen und
wird hepatisch metabolisiert (82—85). Einschrankung der Metabolisierung z.B. im Rahmen einer
kritischen Erkrankung oder Medikamenteninteraktionen kénnten so zu ungewollt hohen Spiegeln von
FTY720 fiihren. Vor diesem Hintergrund wurde auch untersucht welche Wirkung hohe Spiegel von

FTY720 auf die endotheliale Barrierefunktion haben.

In der hier unter 2.1. aufgefiihrten Arbeit konnte dokumentiert werden, dass FTY720 in niedrigen
Konzentrationen von 0.1 bis 1 uM in primdren humanen Endothelzellen Barrierefunktion wie
vorbeschrieben stabilisiert, und dass eine niedrige Dosis von 0.1 mg/KgKG in einem Mausmodel des
VILI vor der Entwicklung von Permeabilitdt schiitzt (86). Es konnte erstmalig gezeigt werden, dass im
Gegensatz zu den untersuchten niedrigen Konzentrationen hohe Konzentrationen von 10 und 100 uM
FTY720 in Endothelzellen zu einem starken Anstieg von Permeabilitat fiihrten, was mit einem
irreversiblen Zellschaden einherging, vermittelt durch die Initiierung von Apoptose. Auch in Mausen
die mit einer hohen Dosierung von FTY720 (2mg/kgKG) behandelt worden waren, konnte im
Lungengewebe vereinzelt das Auftreten von Apoptosen im pulmonalvaskuldaren Endothel
nachgewiesen werden, was bei den mit niedrigen Dosierungen behandelten Versuchstieren nicht zu
dokumentieren war. Dies bleib ohne einen funktionellen Lungenschaden, gemessen an pulmonaler
Permeabilitat. Bemerkenswert war, dass Mause, die mit einer hohen Dosis FTY720 behandelt und
beatmet worden waren deutlich ausgepragter VILI entwickelten als unbehandelte oder mit niedriger
Dosis behandelte Mause, was sich durch eine stark erhéhte pulmonale Permeabilitdt auszeichnete.
Dies ging einher mit ausgepragtem Untergang von Endothelzellen in der Lunge dieser Versuchstiere

einher.

Zusammengefasst konnte somit eine protektive Wirkung von niedrigen Dosierungen von FTY720 auch
im VILI nachgewiesen werden. Steigen die Spiegel von FTY720 in den Versuchstieren allerdings an, so

kommt es unter Beatmung zu einer schwerwiegenden Exazerbation von Lungenschadigung.

Der unterliegende Mechanismus ist letztendlich noch nicht bis ins Detail aufgeklart. Die
Untersuchungen legen nahe, dass es liber Apoptoseinduktion zu einem Verlust von Barierefunktion
kommt. Denkbar ist aber auch, dass FTY720 in hohen Konzentrationen iber Bindung an S1PR2 und 3

Destabilisierung der Endothelien Barrierefunktion vermittelt.

Diese Ergebnisse aus Zellkultur und Tiermodell rechtfertigen die Ubertragung auf den Menschen noch

nicht. Sicher ist allerdings, dass die Wirkung von FTY720 dosisabhangig verschieden sein kann. Daraus
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konnte man ableiten, dass bei Patient:innen, die mit FYT720 behandelt werden, eine Akkumulation
der Substanz z.B. durch eingeschrankten Leberstoffwechsel oder Medikamenteninteraktionen

insbesondere wenn Patient:innen beatmet werden miissen vermieden werden sollten.

Trotz der isoliert als sehr potent einzuschatzenden barrierestabilisierenden Effekte von S1P scheint das
S1P System aufgrund seiner pleiotropen komplexen Wirkungen vor dem Hintergrund des aktuellen
Kenntnisstandes kein optimaler Angriffspunkt fiir pharmakologische Interventionen bei VILI und ARDS

zu sein. Weitergehende klinische Studien bei ARDS Patient:innen laufen zum jetzigen Zeitpunkt nicht.

3.2.2. Adrenomedullin und Intermedin
Adrenomedullin und Intermedin (auch als Adrenomedullin-2 bezeichnet) sind strukturell sehr eng
verwandte endogene Peptide, die eine Rolle in der Regulation der vaskuldren Integritat spielen.
Genetisch verdanderte Mause, die kein Adrenomedullin bilden kdnnen, sterben bereits intrauterin an
einem Hydrops fetalis als Resultat einer generalisierten GefaBhyperpermeabilitdt. Auch die Deletion
des gemeinsamen Rezeptors Calcitonin receptor like receptor (CLR) fiihrt zu diesem letalen Phanotyp.
Beide Peptide haben in diversen experimentellen Untersuchungen potente stabilisierende Effekte auf

die endotheliale Barrierefunktion bewiesen (87,88).

So schitzt Adrenomedullin vor einer Stérung der endothelialen Barrierefunktion, ausgelost durch
Staphylococcus aureus a-Toxin in humanen primaren Endothelzellen, am isoliert perfundierten
Rattendarm und in einem Ganztiermodell a-Toxin vermittelten schweren Schocks, in dem es neben
der protektiven Wirkung an der LungengefaBstrombahn auch Permeabilitdt in Leber, Niere und Darm
reduzierte (64,65,65,87,89). Auch in einem VILI Modell schiitzt ADM vor der Entwicklung von
pulmonaler Permeabilitdit (45). Intermedin zeigt protektive Eigenschaften auf die vaskuldre
Barrierefunktion in vitro, in der Ischdmie/Reperfusionschadigung der Lunge im
Lungentransplantationsmodell der Ratte und Ischdmie/Reperfusionsmodellen am Myokard der Ratte
(90-92). Wie ausgeflihrt ist die Integritdtsstorung der vaskuldren und epithelialen Barrierefunktion der
zentrale Mechanismus, der zur Entstehung des Lungenddems im ARDS fiihrt. Die Verhinderung bzw.
Verringerung des Ausmalles des Lungenédems ist somit ein rationaler Angriffspunkt flr adjuvante
pharmakologische Interventionen in der akuten Lungenschadigung. Vor diesem Hintergrund wurden

Adrenomedullin und Intermedin in verschiedenen VILI Modellen untersucht (93,94).

In einer Vorarbeit zu der der hier unter 2.3. zusammengefasten Studie schiitzte Adrenomedullin vor
der Entwicklung pumonalvaskuldrer Permeabilitdt in verschiedenen Modellen des VILI (45).
Bemerkenswert war, dass auch eine verzogerte Gabe von Adrenomedullin noch effektiv die
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Schrankenstorung reduzierte. In der unter Punkt 2.2. zusammengefassten Arbeit zeigte sich, dass auch
Intermedin der Entstehung von pulmonaler Permeabilitat im VILI vorbeugte. Im Vergleich beider
Substanzen war Adrenomedullin aber potenter hinsichtlich der protektiven Wirkung vor
pulmonalvaskuldrer Hyperpermeabilitdt. Darliber hinaus liel sich in einer vorangehenden Studie
nachweisen, dass Adrenomedullin auch vor renaler Dysfunktion und durch VILI ausgel6ster
Mikrozirkulationsstorung schiitze (45). Da Adrenomedullin in diesem Kontext Intermedin {iberlegen
schien, wurde Adrenomedullin weiter in der unter Punkt 2.3. zusammengefassten Studie in dem
bereits oben diskutierten komplexen Mausmodell der Kombination von schwerer
Pneumokokkenpneumonie und Beatmungsschaden untersucht. Wie zuvor beschrieben kommt es
durch die Beatmung zu einer dramatischen Exazerbation des Pneumonie-induzierten Lungenschadens,
assoziiert mit einer schweren pulmonalen Schrankenstérung. Adrenomedullin schiitzte auch in diesem
Kontext vor der Entwicklung der beatmungsassoziierten Aggravierung der pulmonalvaskuldren
Hyperpermeabilitat. In dem Modell kam es auch in den Tieren mit Pneumonie nach der Beatmung zu
einer relevanten extrapulmonalen Organschadigung, explizit von Leber, Darm und Niere. In den mit
Adrenomedullin behandelten Tieren trat die Schadigung von Leber und Darm nicht bzw. in einem

deutlich reduzierten AusmaR auf.

Diesen beeindruckenden Effekten unterliegen mutmaRlich mehrere sich liberlagernde Mechanismen.
Die Stabilisierung der endothelialen Barrierefunktion ist sehr wahrscheinlich auf die Bindung von
Adrenomedullin an seinen G Protein gekoppelten Rezeptor CRLR, der Erh6hung intrazelluldarer cAMP
Spiegel, was letztendlich zur Reduktion der Myosin Leichtkettenphosphorylierung fiihrt,
zurtickzufihren (87,88,95). Die Hemmung der endothelialen Zellkontraktion bedingt die Verhinderung
der interzelluldren Porenbildung, dem ultrastrukturellen Korrelat der endothelialen Permeabilitat.
Auch die Zunahme von interzellularen Adhdsionsproteinen durch Adrenomedullinexposition ist
beschrieben und kdénnte zur Reduktion der Permeabilitat beigetragen haben (65). Permeabilitat
ausgelost durch Injektion des Staphylococcus aureus a-Toxin in einem Schockmodell in Ratten wird
auch in anderen Organen wie Leber, Niere und Darm durch Adrenomedullin reduziert, was auch in der
aktuellen Untersuchung zum Schutz vor Organdysfunktion bei Pneumonie und Beatmung unter
Adrenomedullintherapie beigetragen haben kénnte (96). Ein weiterer diesbeziiglich interessanter
Effekt von Adrenomedullin ist der Einfluss von Adrenomedullin auf die Mikrozirkulation. Die Stérung
der Mikrozirkulation, aus der parenchymale Hypoperfusion resultiert, ist die Endstrecke der
Organschadigung im Schock. Adrenomedullin stabilisiert die Mikrozirkulation im isolierten Rattendarm

unter Stimulation mit Staphylococcus aureus a-Toxin(66). Analog dazu wurde bei den Versuchstieren
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der Studie aus Punkt 2.3., die unter Adrenomedullin deutlich weniger Schadigung des Leber- und
Darmparenchyms aufwiesen, in weiterfihrenden Analysen eine signifikant reduzierte Ablagerung von
Fibrin im GefalRsystem der Leber im Vergleich zu nicht behandelten Tieren mit Pneumonie und
Beatmung nachgewiesen, was ebenfalls auf einen Effekt von Adrenomedullin auf die Stabilisierung der

Mirkozirkulation hinweist.

Es ist zu erwahnen, dass in der hier vorgestellten Untersuchung die protektiven Eigenschaften von
Adrenomedullin nicht auf die Modulation der pulmonalen oder systemischen zelluldren oder
humoralen Entziindungsantwort zuriickzufiihren waren. Dies kdnnte fir die Weiterentwicklung von
Adrenomedullin fir klinische Studien ein relevanter Vorteil sein, denn Patientinnen und Patienten, die
im Rahmen eines Lungenversagens auf die Intensivstation aufgenommen werden, haben zu diesem
Zeitpunkt ein meist seit Tagen durch verschiedene Erreger und die Dauer der Erkrankung sehr
unterschiedlich ausgepragt und spezifisch aktiviertes Immunsystem. Diese Entziindungsreaktion fir
die Mehrheit der Betroffenen durch eine adjuvante Therapie relevant schitzend modulieren zu

koénnen, ist zum aktuellen Zeitpunkt zumindest fragwiirdig.

Vor dem Hintergrund der konsistenten praklinischen Studien zur protektiven Wirkung von
Adrenomedullin im Lungenversagen und septischem Schock werden mittlerweile klinische Studien in
diesem Indikationsgebiet durchgefiihrt. Zum einen wird in der Phase Il die Sicherheit des nicht
neutralisierenden Anti-Adrenomedullinantikérpers Adrezicumab bei Patienten im septischen Schock
geprift (NCT03085758). Durch die Bindung an die nicht neutralisierenden Antikorper soll der Abbau
von endogenem Adrenomedullin gehemmt und die Adrenomedullinspiegel in der akuten Erkrankung
stabilisiert werden (97). Dadurch steigt die Wirkung des Adrenomedullins auf das Endothel, wahrend
die Extravasation und potenzielle relaxierende Wirkung auf die GefaBmuskulatur verhindert wird. Die
Studie ist abgeschlossen, die Daten aber noch nicht publiziert. Die praklinischen Daten zu Adrezicumab
zeigen dhnlich wie die exogene Zufuhr von Adrenomedullin einen protektiven Effekt auf die vaskulare

Barrierefunktion (96,98).

In einer Phase 2 Studie (NCT04417036) wird aktuell der Effekt von inhalativem pegyliertem
Adrenomedullin bei moderatem bis schwerem ARDS gepriift. Die Studie ist aktuell noch aktiv

rekrutierend und Ergebnisse somit noch nicht verfiigbar.

Zusammengefasst scheint Adrenomedullin ein vielversprechendes Peptid fiir die adjuvante Therapie

des ARDS und septischen Schocks zu sein.
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3.2.3. Neutralisation von C5a

C5a ist ein Spaltprodukt des Komplementfaktors C5. Wahrend das Spaltprodukt C5b an der Bildung
des Membrane Attack Complex (MAC) beteiligt ist, durch den das Komplementsystem Erreger bzw.
Zielzellen lysieren kann, stellt C5a einen potenten pro-inflammatorischen Mediator dar. C5a ist
chemotaktisch wirksam und induziert die Rekrutierung von neutrophilen Granulozyten in entziindlich
aktivierte Gewebe. Exposition von C5a gegeniliber Immunzellen fiihrt zur Freisetzung proentziindlicher
Mediatoren. C5a kann auch direkt die endotheliale Barrierefunktion schadigen, und aktiviert das
Gerinnungssystem (99-102). Durch die Instillation von C5a in die Lunge kann in Versuchstieren das
Vollbild eines akuten Lungenversagens ausgelost werden (103). In der Sepsis hat C5a neben wie zuvor
beschrieben frihen entziindlichen Wirkungen im weiteren Verlauf bei prolongierter Exposition
Effekte, die zu einer Anergie von zirkulierenden Granulozyten fiilhren und somit im weitesten Sinne zur
Immunparalyse des kritisch kranken Patienten beitragen kénnen (102). Die Antagonisierung von C5a
durch Antikorper oder Unterbinden der C5a Bindung an die Rezeptoren C5aR1 und C5aR2 zeigte
protektive Wirkung in diversen Tiermodellen des akuten Lungenversagens und der Sepsis (104-107).
Diese Daten weisen auf eine potenzielle zentrale Rolle von C5a in der Genese des Lungenversagens
und der septischen Organschadigung hin. Die Rolle von C5a bei schwerer Pneumokokkenpneumonie
und VILI hinsichtlich Lungenschadigung und extrapulmonaler Organschadigung war bis dato nicht

untersucht worden.

Die Neutralisation von C5a kann prinzipiell durch Antikérper erfolgen. Der bereits klinisch zugelassene
Antikorper Eculizumab, der C5 bindet, wird eingesetzt zur Therapie der paroxysmalen nachtlichen
Hamoglobinurie und des atypischen hamolytisch-uramischen Syndroms. Allerdings wird durch die
Neutralisation von C5 auch die Bildung des antibakteriell wirksamen MAC inhibiert, so dass eine
Therapie mit Eculizumab mit einem erhéhtem Risiko fiir die Infektion mit bekapselten Erregern wie

Meningokokken einhergeht (108).

Daraus lasst sich ableiten, dass eine spezifische C5a Neutralisation, die nicht mit der Funktion des MAC
interferiert, zu bevorzugen widre. Um dies zu eruieren, wurde in der unter Punkt 2.4.
zusammengefassten Arbeit ein neu entwickelter L-RNA Aptamer (Spiegelmer), der C5a potent
neutralisiert, angewandt. L-RNA Aptamere sind aufgrund ihrer Chiralitat biologisch sehr gut tolerabel
und man vermeidet das Risiko anaphylaktischer Reaktionen, die bei der Infusion von Antikdrpern, die

letztendlich immer immunogene Fremdprotein darstellen, auftreten kénnen (109,110).
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Mittels dieses L-RNA Aptamers wurde die Rolle von C5a im Pneumonieassoziierten Lungenversagen,

auch unter Einbeziehung von VILI untersucht.

In der unter Punkt 2.4. zusammengefassten Studie wurde nachgewiesen, dass C5a sowohl bei

Menschen als auch in den Versuchstieren mit schwerer ambulant erworbener Pneumonie erhoht ist.

Die Neutralisation von C5a in Mausmodellen der schweren Pneumokokkenpneumonie und auch in
dem oben diskutierten Kombinationsmodell von schwerer Pneumokokkenpneumonie und Beatmung

schitzte eindricklich vor endothelialer Barrieredysfunktion und septischer Leberschadigung (111).

Trotz der beschriebenen pro-inflammatorischen Eigenschaften von C5a hatte dessen Neutralisierung
keinen Effekt auf die lokale und systemische Entziindungsreaktion. Daraus lasst sich folgern, dass die
Neutralisation von C5a direkt schadigende Wirkungen von C5a z. B. am Endothel unterbunden haben
kénnte, und somit zur Stabilisierung der endothelialen Barrierefunktion beigetragen hat. Allerdings
war die hier unter Punkt 2.4. zusammengefasste Studie explizit nicht darauf ausgelegt, die exakten
Mechanismen der protektiven Effekte zu eruieren, so dass dies im Detail erst in weiterfihrenden

Untersuchungen zu klaren ist.

In der Arbeit wurde dariiber hinaus geprift, ob C5a eine Rolle als Biomarker zur Risikostratifizierung
und Prognose von Patienten mit schwerer ambulant erworbener Pneumonie haben kdnnte. Dafir
wurden aus einer longitudinalen Registerstudie klinische Daten von Patientinnen und Patienten mit
Pneumonie mit deren Plasma C5a Spiegeln korreliert. Es ergab sich zwar eine positive Korrelation
zwischen C5a Spiegeln und CRP sowie IL-6 Spiegeln bei Hospitalisierung der Betroffenen, dies erlaubte
jedoch keine Diskrimination zwischen Schweregraden der Pneumonie oder Markern fir
Organdysfunktion. Somit muss vor dem Hintergrund der aktuell vorliegenden Daten und Studien
geschlossen werden, dass C5a keinen praktischen Wert als Biomarker bei der ambulant erworbenen

Pneumonie hat.

Aktuell wird der spezifische, C5a neutralisierende Antikorper Vilobelimab in einer klinischen Phase 3
Studie auf seine Wirksamkeit beim COVID-19 assoziierten Lungenversagen untersucht. Praklinische
Daten und Ergebnisse der Phase 2 Studie sind vielversprechend. So zeigt sich ein Trend zur Reduktion
der Mortalitdt im COVID-19 assoziierten Lungenversagen unter Therapie mit Vilobelimab und
Vilobelimab zeigte protektive Wirkung in Primaten mit Influenza assoziierter sowie toxischer

Lungenschadigung (106,112-114).
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Vor dem Hintergrund der aktuell vorliegenden praklinischen und klinischen Daten aus der hier
zusammengefassten Studie und anderen Untersuchungen kénnte die Neutralisation von C5a ein

interessantes neues adjuvantes Therapiekonzept des ARDS und ggf. auch der schweren Sepsis sein.

3.2.4. Einfluss des |:E Verhaltnisses bei maschineller Beatmung auf die

Entwicklung von VILI
Wie bereits ausgefiihrt ist die lungenprotektive Beatmung das Fundament der Therapie von ARDS
Patient:innen. Die Eckpfeiler lungenprotektiver Beatmung stellen die Limitation von Tidalvolumina auf
maximal 6 ml/kg Kérpergewicht, die Vermeidung von inspiratorischen Plateaudricken > 30 cmH20
und bei schwerem Lungenversagen die Anwendung hoher positiver endexspiratorischer Driicke (PEEP)

dar.

Experimentelle Studien legen nahe, dass nicht die absoluten Beatmungsdriicke, sondern die dabei
entstehenden transpulmonalen Driicke und die Verformung des Organs relevant sind (5). Der
transpulmonale Druck wird in der Literatur auch als Lung Stress bezeichnet. Auch das Tidalvolumen
scheint in seinem Verhéltnis zur aktuellen funktionellen Residualkapazitat besser beurteilt zu sein als
das absolute Tidalvolumen. Das Verhaltnis von Tidalvolumen zur funktionellen Residualkapazitat wird

abgeleitet aus der Materialforschung als Verformung - Lung Strain bezeichnet (115).

Beim ARDS kommt es zu einem Abfall der funktionellen Residualkapazitat durch Konsolidierungen und
Atelektasen, die sich aufgrund hoher Oberflaichenspannungen in den Alevolen unter Beatmung
teilweise nicht eréffnen lassen. Mit zunehmender Schwere des ARDS sinkt die FRC ab. Es verbleibt also
nur ein im Verhaltnis zum Gesunden kleiner Anteil ventilierbaren Lungenvolumens. Man spricht auch
von der Baby Lung des ARDS. Folglich kann also auch bei der Beatmung mit einem niedrigen
Tidalvolumen von 6 ml/kg der Lung Strain bei abfallender FRC in einen kritischen Bereich ansteigen —

auch niedrige Tidalvolumina das ARDS durch VILI aggravieren (58).

Vor diesem Hintergrund ist es von Interesse, ob Uber die bekannten Parameter Tidalvolumen,
Plateaudruck und PEEP hinaus weitere Parameter der Beatmung Einfluss auf VILI haben kdnnten. Diese

kénnten aufgrund nach dem Baby Lung Konzepts insbesondere im schweren ARDS Relevanz haben.

In der hier unter 2.5. zusammengefassten Arbeit wurde der Einfluss der Inspirationszeit und damit
verbunden des I:E Verhaltnis und VILI untersucht. In einem ausgesprochen gut standardisierten
Mausmodell des VILI wurde in Mausen durch die Beatmung mit hohen Tidalvolumina VILI in

moderatem AusmaR ausgeldst. Mause wurden dabei mit einem I:E Verhaltnis von 1:2 beatmet. In einer
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Vergleichsgruppe wurde das I:E Verhaltnis auf 1:1 eingestellt, woraus eine langere inspiratorische
Plateauzeit bei identischem inspiratorischem Atemgasfluss und Atemfrequenz resultierte. In der
Gruppe mit einem I:E Verhaltnis von 1:2 kam es zu einem signifikant schwereren Lungenschaden im
Vergleich zu den Tieren die mit einem I:E von 1:2 beatmet wurden. Tiere der 1:1 Gruppe wiesen eine
signifikant schlechtere Oxygenierungsfahigkeit, eine verschlechterte Lungenmechanik, sehr viel
hohere pulmonale Permeabilitdt, mehr pulmonale und systemische Entzlindungsreaktion und

histologisch ausgepragteren diffusen alveoldren Schaden auf.

Diese Ergebnisse belegen einen potentiellen Einfluss des I:E Verhaltnis auf die Entwicklung von VILI.
Bemerkenswert ist, dass in diesem Experiment das Tidalvolumen und der maximale Beatmungsdruck
in beiden Gruppen identisch war. Somit sind auch Lung Stress und Strain in den Gruppen als identisch
anzunehmen. Unterschiedlich war aber die Zeit, in der die Lunge dem maximalen Lung Stress/Strain
ausgesetzt war. Daraus lieRe sich ableiten, dass neben absoluten Werten auch das Produkt von Stress

bzw. Strain und der Zeit in der diese wirken Relevanz fiir die Genese von VILI haben.

Diese Hypothese gilt es in weitergehenden Untersuchungen zu priifen. Andere Autoren postulieren
das mechanischen Energie durch Beatmung in die ebenfalls das I:E Verhaltnis eingeht als zentrale
Determinate fir VILI. Auch dies ist aktuell noch eine Hypothese, die aber ebenfalls weiter untersucht

wird (116).

Zu aktuellem Zeitpunkt kann aber festgehalten werden, dass tber Tidalvolmen und Beatmungsdruck
hinaus weitere Beatmungsparameter wie die Inspirationszeit Einfluss auf VILI und somit auf das
Outcome von ARDS Patient:innen haben kdnnten. Insbesondere relevant ist dies beim schweren ARDS

zu erwarten und stellt eine Moglichkeit dar die Therapie von ARDS Patient:innen zu verbessern.

4. Zusammenfassung

Die Mortalitdat des akuten Lungenversagens ist auch nach vielen Dekaden experimenteller und
klinischer Forschung weiterhin hoch. Auch in der aktuellen COVID-19 Pandemie wird deutlich, dass
derzeit keine potenten adjuvanten Therapien neben der protektiven Beatmungstherapie verfligbar
sind, die den Behandlungserfolg bei Patienten mit Akutem Respiratorischem Distress Syndrom (ARDS)
verbessern. Die Beatmungsassoziierte Lungenschadigung (VILI; ventilator-induced lung injury) ist ein
intergraler Bestandteil des ARDS mit relevanten Einfluss auf Morbiditdt und Mortalitat. Sowohl die
Mechanismen des ARDS als auch des VILI sind mittlerweile sehr gut charakterisiert und die bekannten

molekularen Mechanismen legen nahe, dass pharmakologische adjuvante Therapien im ARDS/VILI
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wirksam sein kénnen. In der Entwicklung potenzieller pharmakologischer adjuvanter Therapien sollte
aber die komplexe Pathophysiologie des ARDS, einschlieRlich seiner Komponente VILI beriicksichtigt
werden. Explizit wiirde dies bedeuten, dass potenzielle pharmakologische Strategien in komplexen und
moglichst realitdtsnahen praklinischen Modellen getestet werden miissen. Diese Modelle sollten einen
realistischen Ausloser fur ein ARDS beinhalten, wie z. B. schwere Infektionen, und zum anderen auch
den Einfluss von Beatmung auf die Lungenschadigung integrieren. Therapiestrategien, die in solchen
Modellen noch protektive Effekte zeigen, haben mutmallich eine hohere Wahrscheinlichkeit, auch in
weiterfiihrenden klinischen Studien Effekte zu zeigen. In hier diskutierten Arbeiten wurde ein solches
Modell exemplarisch vorgestellt, das bei allen Limitationen eines Kleintiermodells der komplexen
Situation des ARDS nahekommt, indem eine etablierte schwere Pneumokokkenpneumonie mit einer
Beatmungstherapie kombiniert wird. In dieser Arbeit wurden exemplarisch drei pharmakologische
Therapiestrategien flr das akute Lungenversagen vorgestellt von denen zwei im Tiermodell effektiv
waren: Adrenomedullin und die Neutralisation von C5a. Adrenomedullin und die Neutralisation von
C5a wurden auch in diesem Modell der durch Pneumonie und nachfolgendes VILI induzierten

Lungenschadigung mit guter Effektivitat getestet.

Sowohl Adrenomedaullin, als auch die C5a Neutralisation werden derzeit in klinischen Studien bei ARDS

und Sepsis untersucht.

Neben adjuvanten pharmakologischen Interventionen kdnnten vor dem Hintergrund der
Mechanismen der Mechanotransduktion auch subtile Verdnderungen von Beatmungsparametern
Einfluss auf den Krankheitsverlauf von ARDS Patient:innen haben. Hier wurde diesbezliglich eine Arbeit
diskutiert, in der die Verldangerung der Inspirationszeit bei gleicher Atemfrequenz, Plateaudriicken,
PEEP und Tidalvolumen zur Aggravierung von VILI fiihrt. Dies legt nahe, dass nicht nur die absolute
Hohe der Beatmungsdriicke im VILI und der damit verbundene Lung Stress und Lung Strain sondern
auch die zeitliche Dauer der Exposition des Organs demgegeniiber relevant sein konnte. Obwohl
daraus noch keine definitiven Schlisse auf die Auswirkung bei Patienten gezogen werden kdnnen,

rechtfertigen die Ergebnisse weitergehende Untersuchungen.
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