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Omnibus muribus, quibus erat in studiorum eorum elaborando mortem obeundum.



ZUSAMMENFASSUNG

Saisonale Influenza-Erkrankungen sind jéhrlich weltweit fiir circa 300.000 Todesfille
verantwortlich. Die Influenza-A-Virusinfektion behandelt man derzeit prophylaktisch mittels
Impfungen oder therapeutisch mittels antiviralen Substanzen. Die Stammzusammensetzung
des Impfstoffes muss jedes Jahr neu angepasst und verabreicht werden. Dieses dauert vom
ersten Auftreten eines neuen saisonalen Influenzavirus-Stammes bis hin zum fertigen
Impfstoff ca. 4-6 Monate. Ein weiteres Problem ist zudem die zunehmende Resistenzbildung
zirkulierender Influenzaviren gegeniiber den sich auf dem Markt befindlichen antiviralen
Medikamenten. Diese Resistenzbildung macht es erforderlich, neue antiviral wirkende
Substanzen und Ansatzpunkte zu entwickeln, die diese Probleme 16sen.

Durch diese Dissertation konnten neue Einblicke in die zelluliren und immunologischen
Mechanismen wihrend einer Influenza-A-Virusinfektion erlangt werden. Einerseits wurde
gezeigt, dass die Inhibition des Proteasoms durch einen spezifischen Proteasominhibitor
(VLO1) zu einer verminderten Zytokin-/Chemokin-Ausschiittung, sowie zu einer Reduktion
der Viruslast fithrt. Andererseits konnte durch exogene Gabe niedriger IFN-a Dosen das
angeborene Immunsystem so aktiviert werden, dass ein antiviraler Status generiert wurde, der
es dem Immunsystem ermoglicht, schnell auf eine Influenzavirus-Infektion zu reagieren.
Weitere Untersuchungen zur Pathogenese von Influenza-A-Viren zeigten, dass die Viren in
der Lage sind, dendritische Zellen zu infizieren, die wiederum in den Thymus einwandern
und die T-Zellentwicklung storen. Dies fiihrt letztendlich zu einem der
Pathogenititsmechanismen, der Lymphopenie.

Durch Impfstudien in knock-out Miusen konnten immunologische Mechanismen identifiziert
werden, die fiir die Kreuzprotektion eine wichtige Rolle spielen. Hierbei liegt der CD4"-T-
Zellantwort eine wichtige Aufgabe zugrunde.

Wiéhrend einer Influenzavirus-Infektion kommt es hédufig zu Influenza-assoziierten
Sekundirinfektionen, wie z.B. bakteriellen Koinfektionen mit Pneumokokken oder
Staphylokokken. Ein in diesem Zusammenhang bislang noch nicht aufgeklartes Phanomen ist
das des Influenza-assoziierten Schlaganfalls. Unsere Untersuchungen deuten daraufhin, dass
die durch das Influenzavirus induzierte Hyperzytokindmie das Volumen des Schlaganfalls
signifikant vergrofert. Wird im Mausmodell die Hyperzytokindmie durch exogene
Substanzen reduziert, so verringert sich ferner das Infarktvolumen.

Zusammenfassend ist festzuhalten, dass die Ergebnisse aus dem Zellkultur- sowie Tiermodell
eine Basis darstellen, um weiterfithrende klinische Studien durchfithren zu kénnen, so dass

ein Transfer vom Tiermodell zum Menschen mdéglicht ist.



UNTERSUCHUNGEN ANTIVIRALER MECHANISMEN BEI
INFLUENZAVIRUS-INFEKTIONEN

Heutzutage sterben jahrlich weltweit ca. 300.000 Menschen an einer Influenzavirus-Infektion.
Allein in Deutschland sind es jéhrlich tiber 7000 Todesopfer (Zucs et al., 2005). Kommt es zu
einer Epidemie oder Pandemie, muss mit wesentlich hoheren Erkrankungs- und Todesraten
gerechnet werden.

Das Influenza-A-Virus gehort zu der Familie der Orthomyxoviridae. Sie verursachen akute
respiratorische Beschwerden sowohl in Menschen als auch in Tieren. Es sind umhiillte Viren
mit einem in acht Segmente unterteilten Einzelstrang-RNA-Genom in Negativ-Orientierung.
Dies kodiert fiir elf Proteine. Das Influenza-A-Virus ist in verschiedene Subtypen
klassifiziert, basierend auf ihrer Antigenitdt der Himaglutin- (HA) und Neuraminidase- (NA)
Gene. Zurzeit sind 16 HA- (H1-16) und 9 NA-Subtypen (N1-9) bekannt, was zu einer hohen
genetischen Diversitit fiihrt (Fouchier et al., 2005).

Die im Jahre 2009 aufgetretene pandemische Influenza (Schweinegrippe) wurde von der
Weltgesundheitsorganisation (WHO) auf die zweithochste Stufe (Stufe 5) der
Pandemierisikoskala eingestuft. Stufe 5 bedeutet, dass das Influenza-A-HINI1-Virus
Erkrankungen und Todesfille beim Menschen verursachte, wobei grofBtenteils keine
Immunabwehr in der Bevolkerung bestand. Weiterhin konnte das Virus leicht von Mensch zu
Mensch iibertragen werden.

Wihrend einer Influenza-A-Virusinfektion kommt es zu einer verstirkten Ausschiittung von
Zytokinen und Chemokinen, die primér in die Lunge und ins Blut sezerniert werden und dort
zu einer immunologischen Dysfunktion (Hyperzytokindmie) fiihren (Cheung et al., 2002;
Chotpitayasunondh et al., 2005; Droebner et al., 2008; Tumpey et al., 2000; Wong and Yuen,
2006). Wiéhrend dieser Hyperzytokinimie werden verschiedene Zytokine/Chemokine
vorrangig durch alveolare Epithelzellen sowie alveolare Makrophagen sezerniert, die wie z.B.
IL-1pB, IL-6, IL-8, TNF-a, MCP-1, MIP-1, MIP2 und RANTES (de Jong et al., 2006; Lam et
al., 2010; Szretter et al., 2007). Diese ziehen unter anderem neutrophile Granulozyten
(Neutrophile) an und 16sen eine Entziindungsreaktion in den Alveolen aus (Tate et al., 2008).
Solche Entziindungsreaktionen fiihren zu Gewebeschidden, die wiederum die Lungenfunktion
beeintrachtigen. .

Das Auftreten von pandemischen Influenza-A-Viren oder Reassortanten zwischen
pandemischen und saisonalen sowie avidren Influenza-A-HSNI1-Viren gibt Anlass zur

Besorgnis. Zwischen dem ersten Nachweis des neuen Virus und der Bereitstellung des



passenden Impfstoffes vergehen durchschnittlich ca. 4-6 Monate. In dieser Zeit ist es
unabdingbar, dass eine drztliche Versorgung der betroffenen Patienten gewihrleistet ist. Aus
diesem Grund ist es wichtig, antivirale Substanzen bereitzustellen, die diese zeitliche Liicke
bestmoglich schlieen. Die antiviralen Medikamente, die momentan gegen Influenzaviren
zugelassen sind, sind Tamiflu®/Relenza® (Neuraminidasehemmer) sowie Amantadin® (M2-
Membranprotein-hemmer). In den vergangenen Jahren nahm die Resistenzentwicklung der
zirkulierenden Influenzaviren gegentiber diesen Medikamenten zu (Hurt et al., 2009a; Hurt et
al., 2009b; Le et al., 2005; McKimm-Breschkin et al., 2007; Meijer et al., 2009; Rameix-
Welti et al., 2008; Sheu et al., 2010). Diese Resistenzbildungen spiegeln einen dringlichen
Bedarf an optimierten und effektiveren antiviralen Medikamenten wieder. Um diesem Bedarf
gerecht zu werden, miissen innovative Strategien entwickelt werden.

Aufgrund der hohen Mutationsrate des Influenzavirus und der daraus schnell entstehenden
Resistenzbildung, ist die Strategie, bei der Suche nach neuen antiviralen Substanzen auf
zelleigene Faktoren zu setzen, duBerst vielversprechend. Die Inhibierung von zelleigenen
Faktoren, welche das Virus bendtigt, um effektiv replizieren zu koénnen, 6ffnet einen
innovativen Ansatz zur Entwicklung von neuen antiviralen Substanzen.

Es wurde bereits gezeigt, dass Influenza-A-Viren zelleigene Faktoren fiir eine effiziente
Replikation bendtigen (Ludwig, 2011; Ludwig and Planz, 2008; Shaw, 2011). Folglich ist es
sinnvoll, einen solchen Ansatz zu verfolgen, um innovative, wirksame und kostengiinstige
antivirale Substanzen zu entwickeln.

Wiéhrend einer Influenzavirus-Infektion stehen dem angeborenen Immunsystem fiir die
Bekdampfung des Virus zwei wichtige Mechanismen zur Verfiigung. Einerseits ist dies die
RNA Helikase RIG-I, als Rezeptor fiir intrazelluldre virale doppelstringige RNA und
andererseits die Familie der Toll-like-Rezeptoren. Werden Toll-like-Rezeptoren induziert,
kommt es zur Aktivierung verschiedener Transkriptionsfaktoren wie z.B. NF-kB, IRF3 und
IRF7. Diese Transkriptionsfaktoren wiederum induzieren die Produktion von Interferonen
(IFN’s) (Seth et al., 2006). Interferone gehéren zu den effektivsten zelleigenen, antiviral
wirkenden Stoffen, die die Vermehrung und Ausbreitung von Viren verhindern konnen
(Goodbourn et al., 2000; Randall and Goodbourn, 2008). Das enorme antivirale Potential der
Interferone zeigt sich in der Tatsache, dass viele Virusarten z.B. Influenza-Viren, Newcastle
Disease Viren, Masern-Viren und die respiratorischen Synzytial-Viren, die die zelluldre
Produktion von Interferonen inhibieren oder mittels viruseigenen Proteinen blockieren. Im
Falle einer Influenza-A-Virusinfektion wirkt das Nichtstrukturprotein 1 (NS1) inhibierend auf
die Interferonantwort (Huang et al., 2003; Lo et al., 2005; Palosaari et al., 2003; Wang et al.,



2000). Typ I Interferone, Interferon- a und -, werden von Zellen als Antwort auf eine virale
Infektion ausgeschiittet. Thr Wirkmechanismus ist sowohl autokrin als auch parakrin und
bewirkt eine Expression von hunderten IFN-stimulierenden antiviral wirkenden Genen (ISG).
Dies ISG’s sind unter anderem involviert in die Hochregulierung der durch doppelstringige
RNA aktivierten Proteine. Hierzu zdhlt die Proteinkinase R (PKR), die zum Stopp der
Proteinbiosynthese fiihrt, die 2°,5"-oligoadenylat Synthetase (OAS), die RNaseL, die den
Abbau der mRNA induzieren, und das Mx Protein (Haller et al., 2009; Silverman, 2007). Die
Type I Interferone besitzen zusitzlich zu ihren direkten, antiviralen Eigenschaften noch die
Féhigkeit, die Expression verschiedenster Zytokine und Chemokine zu regulieren. Dies
bewirkt eine zusitzliche Rekrutierung von Monozyten/Makrophagen an den Ort der Infektion.
IFN-o/p erhoht ferner die Antigenprdsentation auf Makrophagen und dendritischen Zellen.
Zusétzlich wird die IL-12 Rezeptor-Expression und die Typ II Interferonantwort induziert
(Matikainen et al., 1999; Rogge et al., 1997; Stark et al., 1998). Folglich spielen die Typ I
Interferone eine wichtige Rolle in der angeborenen sowie in der adaptiven Immunantwort.

Neben den direkten Folgen einer Influenzavirus-Infektion wie z.B. hohes Fieber, starke
Kopfschmerzen oder starke Gelenk-, Muskelschmerzen spielen immer mehr die so genannten
Influenza-assoziierten Erkrankungen eine wichtige Rolle. Zu denen zéhlen unter anderem
bakterielle Koinfektionen mit Pneumokokken oder Staphylokokken sowie das akute
progressive Lungenversagen (Acute Respiratory Distress Syndrome, ARDS) (Lopez Cde et
al., 2009; Xu et al., 2006). Weiterhin gibt es Krankheiten, die durch vermeintlich unabhéngige
Erkrankungen verstirkt und/oder ausgeldst werden konnen. Ein solches Beispiel ist der
Schlaganfall. Der Schlaganfall ist eine lebensbedrohende Erkrankung des Gehirns, die
jahrlich Millionen Menschen das Leben kostet. Zu einem Schlaganfall kommt es, wenn die
Blutversorgung des Gehirns unterbrochen wird. Aufgrund des Mangels an Glukose und
Sauerstoff kann es zu permanenten neurologischen Schiden kommen. Es gibt viele
Risikofaktoren die einen Schlaganfall auslosen konnen, dazu zéhlt unter anderem auch eine
Influenza-A-Virusinfektion. Das Auftreten von Schlaganfillen ist nahe mit dem Auftreten
von Infektionen des Respirationstrakts gekoppelt. Die Zeit zwischen den ersten Symptomen
einer respiratorischen Infektion und einem Schlaganfall betrdgt zum Teil nur wenige Tage
(Grau et al., 1998; Grau et al., 1995; Smeeth et al., 2004). Studien konnten zeigen, dass eine
Impfung gegen Influenza-A-Viren das Risiko eines Schlaganfalls sowie die daraus
resultierende Todesrate reduziert (Grau et al., 2005; Nichol et al., 2003; Wang et al., 2007).

Ein Schlaganfall ereignet sich oft parallel zu Krankheiten, bei denen eine systemische



Inflammation vorliegt, z.B. Atherosklerose, Adipositas oder Infektionskrankheiten wie z.B.
Influenzavirus-Infektionen (Emsley and Hopkins, 2008).

Aus diesem Grund bestand ein Projekt meiner Dissertation darin, zu untersuchen, welchen
Einfluss eine Influenza-A-Virusinfektion auf die Ausbreitung des Schlaganfalls hat. Die
dadurch erhaltenen Hinweise kdnnten zu einem Ansatzpunkt flir eine geeignete Therapie im
Zusammenhang mit dieser Indikation fiihren. Ein weiteres Ziel war es, neue antivirale
Strategien zu untersuchen, die eine Influenzavirus-Infektion minimieren oder verhindern.

Des Weiteren war ein Ziel meiner Arbeit, neue Einblicke in die immunologischen und
pathologischen Prozesse wihrend einer Influenza-A-Virusinfektion zu erlangen. Hierzu zihlt
das Verstindnis zur Entstehung der Lymphopenie sowie die immunologischen Mechanismen,

die fiir die Kreuzprotektion nach einer Impfung wichtig sind.

Untersuchungen zur Wirksamkeit neuartiger antiviraler Substanzen gegen Influenza-A-
Viren

In meiner Dissertation habe ich zwei neue Ansdtze verfolgt, um antiviral wirkende
Substanzen zu identifizieren. In dem einen Ansatz war es das Ziel, durch die Hemmung des
Proteasoms, und somit eines zelleigenen Faktors, die Viruslast zu reduzieren. Der zweite
innovative Ansatz zielte auf die unterstiitzende Wirkung des Immunsystems durch die
Behandlung mittels niedriger Mengen exogenem IFN-a ab.

In vorangegangenen Arbeiten der Arbeitsgruppe wurde mittels des COX-1-Inhibitors
Acetylsalicylsdure  (ASS)  gezeigt, dass durch Inhibierung des zelleigenen
Transkriptionsfaktors NF-kB die Virusreplikation gehemmt werden kann. Ein Ziel meiner
Dissertation war es, weitere zelluldre Faktoren zu finden, deren Inhibierung einen antiviralen
Effekt zeigen. Aufgrund dieses Ziels sollte die Hemmung des Proteasoms und deren Folgen
auf die NF-kB-Aktivitit sowie die Virusreplikation untersucht werden. Ich verwendete fiir
meine Arbeiten den synthetisch hergestellten Proteasominhibitor VL-01 der Firma ViroLogik
GmbH, Erlangen. Diese Substanz inhibiert selektiv das 26S-Proteasom, welches die zentrale
proteolytische Komponente des Ubiquitin-Proteasom-System (UPS) darstellt. Die Féahigkeit
solcher Substanzen, das Proteasom und gleichzeitig die NF-kB-Aktivitdt zu inhibieren, ist
bekannt (Breccia and Alimena, 2010; Vink et al., 2006; Yu and Kem, 2010). Wihrend einer
Influenzavirus-Infektion agiert NF-«xB als ein Induktor fiir proapoptotische Faktoren wie zum
Beispiel TNF-related apoptosis-inducing ligand (TRAIL) oder FasL, gefolgt von Caspase-

Aktivitdten. Diese Caspase-Aktivitét fiihrt zu einem erhohten nuklearen Export von viralen



Ribonukleoproteinen (RNPs), welche essenziell fiir eine effiziente Virusreplikation sind.
Wird die Caspase- und/oder die NF-kB-Aktivitdt inhibiert, so werden die RNP’s im Zellkern
zuriickgehalten und die virale Replikation ist gestort (Mazur et al., 2007; Wurzer et al., 2003).
In meinen Versuchen mit dem Proteasominhibitor VL-01 konnte ich zeigen, dass eine
Behandlung von Influenzavirus-infizierten humanen Lungenkarziomzellen (A549) mit VL-01
ein Zuriickhalten der viralen RNP’s verursachte (Publikation # 1; Abb. 6). Einhergehend mit
der Retention der vRNP's konnte ich eine VL-01 Dosis-abhingige Reduktion des Virustiters
sowie die Inhibition des Proteasoms bei nicht toxischen Konzentrationen in verschiedenen
Zelltypen zeigen (Publikation #1; Abb. 1).

Neben Untersuchungen im Zellkultursystem wurden auch in vivo Experimente durchgefiihrt.
Um mogliche toxische Effekte in vivo bei einer systemischen Gabe ausschliefen zu konnen,
wurde VL-01 mittels eines Verneblungsgerites oral verabreicht. Diese lokale Applikation
ermoglicht es, die Substanz nur am Ort der Infektion zu applizieren. Im Mausmodell konnte
nach einer Influenza-A-Virusinfektion eine VL-01 Dosis-abhingige Reduktion des Virustiters
in der Lunge nachgewiesen werden. Eine effektive und in vivo nicht toxische Menge von 14,1
mg/kg wurde ermittelt. Bei dieser Menge konnte der Virustiter in der Lunge um mehr als 90%
(1,1 = 0,3 logio pfu) reduziert werden (Publikation #1; Abb. 2). Aufgrund der verringerten
Viruslast in den Lungen stellte sich die Frage, ob diese Reduktion ein Einfluss auf den
Krankheitsverlauf sowie auf die Uberlebensrate hatte. Zur Beantwortung dieser Frage wurden
Maiuse fiir vier Tage beginnend eine Stunde vor der Infektion und im weiteren Verlauf alle 12
Stunden mit VL-01 behandelt. Anhand der Uberlebenskurve sowie dem Gewichtsverlauf und
dem klinischen Index konnte festgestellt werden, dass 50% der mit VL-01 behandelten Mause
vor einer tddlichen Infektion geschiitzt waren, wohingegen Maduse, welchen nur das
Losungsmittel verabreicht wurde, alle verstorben sind (Publikation #1; Abb. 4). Um
Riickschliisse auf den Wirkmechanismus von VL-01 ziehen zu kénnen, wurde der Einfluss
der fiir die Influenza typische Hyperzytokinimie untersucht. Hierzu wurden Maiuse
systemisch mit Lipopolysaccharid (LPS) oder dem hochpathogenen avidren Influenza-A-
H5N1-Virus, A/Mallard/Bavaria/1/2006, infiziert und mit VL-01 behandelt. Die Menge an
proinflammatorischen Zytokinen und Chemokinen (IL-1o/p, IL-6, MIP-1B, RANTES and
TNF-0) waren nach 1,5 und 3 Stunden nach LPS Gabe sowie nach 12, 30 und 72 Stunden
nach Influenzavirus-Infektion zum Teil drastisch reduziert (Publikation #1; Abb. 5).

Durch meine Arbeit konnte gezeigt werden, dass eine lokale Aerosol-Behandlung mit einem
Proteasominhibitor sowohl die Proteasom- als auch die NF-kB-Aktivitit wihrend einer

Influenza-A-Virusinfektion inhibiert bzw. reduziert. Resultierend daraus kommt es zu einer



Reduktion der Zytokine und Chemokine sowie der Viruslast, was folglich zu einer erhohten
Uberlebensrate fiihrt.

Ein sich bereits auf dem Markt befindlicher Proteasominhibitor ist Valcade®. Er wird zur
Therapie des multiplen Myeloms (Plasmozytom) eingesetzt. Die intravendse Gabe erfolgt
zweimal wochentlich iiber einen Zeitraum von zwei Wochen mit bis zu acht
Behandlungszyklen. Aufgrund dieser Daten wire der kurzzeitige und lokale Einsatz von
Proteasominhibitoren (z.B. VL-01) bei schweren humanen Influenzafillen denkbar. Sie
konnten als antivirale Substanzen eingesetzt werden, da sie sowohl die Virusreplikation als

auch die Hyperzytokindmie hemmen.

Den zweiten innovativen Ansatz, den ich verfolgt habe, ist der, der unterstiitzenden Wirkung
des Immunsystems durch die Behandlung mit niedrigen Mengen exogenem IFN-a.
Interferone werden bereits zur Therapie verschiedenster Erkrankungen eingesetzt. Hierzu
zahlen z.B. chronische Hepatitis B-, sowie akute und chronische Hepatitis C-Infektionen
(IFN-a), Multiple Sklerose (IFN-B) und Osteopetrose (IFN-y). Die Behandlung mit
Interferonen birgt aufgrund der hohen Dosen (5.000.000 U/Tag) die Gefahr von starken
Nebenwirkungen.

Untersuchungen im Tiermodell sowie im Menschen zeigten, dass radioaktiv-markiertes IFN-a
nach oraler Gabe im kompletten Mund- und Rachenraum, im Serum sowie in der Niere, Leber
und im Herz nachgewiesen werden konnte (Diez et al., 1987; Schellekens et al., 2001). Die
orale Anwendung von IFN-a fithrt zur Aktivierung von natiirlichen Killerzellen,
zytotoxischen T-Zellen und B-Zellen sowie zur weiteren Produktion von Interferonen
(Cummins et al., 2005). Die intranasale Behandlung von Patienten in Osteuropa und Russland
mit IFN-a, die an viralen respiratorischen Erkrankungen litten, zeigte eine Reduktion der
Viruslast (Imanishi et al., 1980; Isomura et al., 1982; Saito et al., 1985).

Es stellt sich die Frage: Hat eine intranasale Behandlung mit einer niedrigen IFN-a Dosis
einen antiviralen Effekt, um sowohl in vitro als auch in vivo vor einer hochpathogenen sowie
einer saisonalen Influenza-A-Virusinfektion zu schiitzen?

Fiir die in vitro Studien habe ich Mausfibroblasten (MC57) und A549-Zellen mit Spezies-
spezifischem IFN-a in aufsteigender Konzentration behandelt und entweder mit dem avidren
hochpathogenen Influenza-A-H5N1-Virus A/mute swan/Germany/R1349/07 oder dem
humanen pandemischen Influenza-A-HIN1-Virus A/Hamburg/4/2009 infiziert. Nach 24, 48
und 72 Stunden konnte eine signifikante Reduktion der Virusmenge nachgewiesen werden

(Publikation # 2; Abb.l1). Um das Potential von IFN-a im Vergleich zu Tamiflu®
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(Oseltamivir) beurteilen zu konnen, habe ich die Konzentrationen der beiden Substanzen
bestimmt, bei denen der Virustiter zu 50% reduziert wird (ICsp). Die ICsp-Bestimmung
erfolgte mit drei unterschiedlichen Influenzavirus-Stimmen, A/mute
swan/Germany/R1349/07 (H5N1, SN1), A/goosander/Bavaria/20/2006 (H5N1, GSB1) und
A/Hamburg/4/2009 (HIN1, SH4). Tabelle 1 in der Publikation # 2 zeigt, dass nur zwei der
drei Stdmme sensitiv auf Tamiflu® reagieren (SN1 und SH4), wohingegen die Replikation
aller drei Stimme durch IFN-a gehemmt wird.

Um das antivirale Potential von IFN-a in vivo zu testen, wurden Méause 72, 48, 24 oder 8
Stunden vor der Infektion mit 1000 U IFN-a intranasal behandelt. 48 Stunden nach der
Infektion wurde der Virustiter in der Lunge bestimmt, sowie die Leber und Milz auf toxische
Veridnderungen untersucht (Publikation # 2; Abb. 3b, c). Es zeigte sich eine Korrelation
zwischen dem Behandlungszeitpunkt und dem ermittelten Virustiter in der Lunge. Je kiirzer
der Zeitraum zwischen der IFN-a Behandlung und der Infektion, desto niedriger war der
Virustiter (Publikation 2 #; Abb. 3a). Durch eine Einfachbehandlung konnte der Virustiter in
der Lunge um tber 90% (1,18 + 0,61 logy pfu/ml) reduziert werden. Nach einer
Dreifachbehandlung (56, 32 und 8 Stunden von Infektion) hingegen konnte der Virustiter bis
zu 99% (2,04 + 0,15 log;o pfu/ml) verringert werden (Publikation 2 #; Abb. 4). Die Versuche
zeigten bei einer dreimaligen intranasalen Gabe von 1000 U IFN-a vor einer normalerweise
letalen Influenza-A-H5N1-Virus-Infektion und einer zweimaligen Nachbehandlung eine
Uberlebensrate von 75%. Im Vergleich dazu verstarben alle Miuse, die mit Losungsmittel
behandelt wurden, nach der Infektion (Publikation 2 #; Abb. 5b). Anhand des
Gewichtsverlaufs und dem klinischen Index der beiden Mausgruppen war deutlich ein
unterschiedlicher Krankheitsverlauf zu erkennen. Die IFN-a behandelten Méuse zeigten nur
leichte Krankheitssymptome sowie kaum Anderungen im Gewicht (Publikation 2 #; Abb. 5c,
d). Das identische experimentelle Setup wurde verwendet, um den Effekt von einer exogenen
niedrigen IFN-a Dosis auf den endogenen IFN-a Level im Serum behandelter Méuse zu
untersuchen. Somit konnte festgestellt werden, ob die exogene IFN-a Gabe die zelleigene Typ
I Interferon Antwort verstirkt. Dazu wurde Méusen an unterschiedlichen Zeitpunkten pri-
und post-Infektion (-56, -44, -20, 16, 36, 60 und 84 Stunden) Serum entnommen und auf IFN-
a untersucht. Mit zunehmender Anzahl der Behandlungen pra-Infektion (-56, -32 und -8
Stunden) zeigte sich eine Erhéhung des IFN-a Spiegels im Serum. Nach der Infektion sank
der IFN-a Spiegel leicht (16 und 36 Stunden), stieg aber nach 60 bzw. 84 Stunden wieder an
(Publikation 2 #; Abb. 6a). Dies lédsst darauf schlieBen, dass durch die Translation des viralen

NSI1 Proteins die Typ I Interferon Antwort und somit die Sekretion des endogenen IFN-a’s
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und -B’s unterdriickt wird. Augenscheinlich ist die angeborene Immunantwort durch die
Vorbehandlung mit IFN-o soweit aktiviert, dass die ISG’s induziert werden. Durch die
Induktion der ISG’s kommt es zur Aktivierung von Transkriptionsfaktoren, die wiederum die
PKR und OAS hochregulieren, was letztendlich dazu fiihrt, dass die Viruslast reduziert wird.
Dies zeigen ebenfalls die relativen Quantifizierungen von IFN-a, OAS und RNaseL RNA
nach dreimaliger IFN-a Behandlung in der Mauslunge. Die jeweilige mRNA Expression
zeigte eine Erhohung in IFN-o behandelten Méusen im Vergleich zu unbehandelten
Kontrollméusen (Publikation 2 #; Abb. 6b). Basierend auf diesen Ergebnissen liegt die
Vermutung nahe, dass durch die intranasale Gabe von einer niedrigen IFN-a Dosis endogenes
IFN-a produziert wird, was wiederum die ISG’s am Ort der Infektion induziert und somit die
Viruslast reduziert.

Somit konnte ich in meiner Arbeit zeigen, dass in vivo eine intranasale Behandlung mit einer
Niedrigdosis von IFN-a einen antiviralen Status als Teil der ,,first line of defense induziert,

um vor einer schweren Influenza-A-Virusinfektion zu schiitzen.

Untersuchungen zum Infarktvolumen wihrend einer Influenza-A-Virusinfektion

Der Schlaganfall wird durch verschiedene Risikofaktoren gesteuert. Hierzu gehoren auch
Influenzavirus-Infektionen oder andere respiratorische Infektionen. Die Frage, die sich stellt
ist: Welchen Einfluss hat die Influenza-A-Virusinfektion auf den Krankheitsverlauf wihrend
eines Schlaganfalls und welcher Mechanismus liegt dem zugrunde? Wir konnten im
Mausmodell zeigen, dass nach einer Infektion mit dem humanen Influenza-A-Virus (A/Puerto
Rico/8/1934 (HIN1, PRS)) das Ausmal des induzierten Schlaganfalls im Vergleich zu nicht-
infizierten Méausen drastisch gestiegen ist. Mdusen, bei denen drei, vier oder fiinf Tage nach
Influenzavirus-Infektion ein Schlaganfall induziert wurde, zeigten signifikante Unterschiede
im Infarktvolumen (Publikation 3 #; Abb. 1). Bei immunhistologischen Untersuchungen des
Gehirns sowie beim Virusnachweis im Gehirn oder Blut infizierter Miuse konnte kein Virus
nachgewiesen werden. Lediglich in der Lunge konnte Virus detektiert werden (Publikation 3
#; Abb. 2a). Ein direkter Einfluss des Virus auf das Infarktvolumen ist somit vermutlich nicht
gegeben. Verdnderungen, die das Ausmal} weiterhin beeinflussen, sind physiologischer Natur
z.B. Sauerstoffsittigung, partieller Sauerstoffdruck sowie die Korpertemperatur.
Untersuchungen dieser Parameter bei infizierten und nicht-infizierten Mausen ergaben keine
Erklarung des verstirkten Infarktvolumens (Publikation 3 #; Abb. 2b-d). Aufgrund der

Hyperzytokindmie wihrend einer Influenzavirus-Infektion wurden Zytokine in der Lunge, im
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Plasma und im Gehirn infizierter und unter Schlaganfall leidender Mé&use sowie deren
jeweiligen Kontrollgruppen, untersucht. In der Lunge infizierter Miuse fanden wir erh6hte
Konzentrationen von MIP-1a, MIP2, IL-6, IL-1f, MCP-1 und RANTES im Vergleich zu
nicht-infizierten Mausen (Publikation 3 #; Abb. 3a, linke Spalte). Im Plasma fanden sich nur
erhohte Level an RANTES jeweils nach Infektion, unabhidngig davon, ob den Méusen ein
Schlaganfall induziert wurde oder nicht (Publikation 3 #; Abb. 3a, mittlere Spalte). Im Gehirn
kommt es nach einer Influenzavirus-Infektion allein zu keiner signifikanten Verénderung im
Zytokin/Chemokin-Niveau. Wihrend eines Schlaganfalls hingegen kommt es in infizierten
Maiusen zu einer signifikanten Hochregulierung von IL-1B, MCP-1 und MIP-2 (Publikation 3
#; Abb. 3a, rechte Spalte) sowie G-CSF, MIP1-3 und TNF-a (Publikation 3 #; Anlage 1a, c, d,
rechte Spalte). Aufgrund der erhohten Menge an RANTES und der Tatsache, dass kein
direkter Einfluss des Virus (kein Virus im Gehirn) zu erkennen war, stellte sich die Frage, ob
RANTES in der Lage ist, in einem Schlaganfall-relevanten Zellmodell die Expression von
Zytokinen/Chemokinen zu induzieren. Hierzu wurden primére Gliazellen und endotheliale
Gehirnzellen (bEnd.) unter Sauerstoff-Glukose Entzug (oxygen-glucose deprivation (OGD))
in einem in vitro Modell fiir Schlaganfall mit oder ohne RANTES inkubiert. RANTES und
OGD Behandlungen in Gliazellen alleine induzieren die Ausschiittung von MIP-2, wobei eine
Kombination der beiden keinen additiven Effekt zeigte. Im Gegensatz zu Gliazellen fiihrt eine
Einzelbehandlung endothelialer Gehirnzellen mit RANTES oder OGD zu keinem Effekt. Bei
einer Kombinationsbehandlung hingegen ldsst sich ein gesteigerter Effekt in Hinblick auf die
MIP-2 Expression erkennen (Publikation 3 #; Abb. 3b, c). Dieser Effekt konnte die verstirkte
Expression von MIP-2 im Gehirn erkldren. Die Zytokine MIP-2, IL-1p und MCP-1, welche
wihrend eines Schlaganfalls und einer Influenzavirus-Infektion im Gehirn hochreguliert
werden, sind bei der Rekrutierung von Neutrophilen involviert (Chen et al., 1994; Connolly et
al., 1996; McColl et al.,, 2007; Murikinati et al., 2010). Durch immunhistologische
Untersuchungen konnten wir zeigen, dass in diesem Bereich verstarkt Neutrophile zu finden
waren, die die Matrix-Metalloprotease 9 (MMP-9) exprimieren (Publikation 3 #; Abb. 4c).
Dies ldsst vermuten, dass die durch die Influenzavirus-Infektion ausgeschiitteten Zytokine,
z.B. MIP-2, Neutrophile rekrutieren, die wiederum die MMP-9 exprimieren. Die MMP-9 sind
an der Degradation der extrazelluliren Matrix (Kollagen 1V) im Bereich der Blut-Hirn-
Schranke beteiligt. Nach einer Influenzavirus-Infektion konnte im Bereich des Schlaganfalls
durch eine spezifische Férbung eine reduzierte Kollagen-IV-Menge gezeigt werden. Des
Weiteren trat bei infizierten Méiusen eine verstérkte IgG-Extravasation in diesen Bereich im

Vergleich zu nicht-infizierten Mausen auf (Publikation 3 #; Abb. 4d). Diese Ergebnisse
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weisen darauf hin, dass die durch die Influenzavirus-Infektion induzierten Zytokine und
Chemokine Neutrophile aktivieren, diese wiederum MMP’s ausschiitten, welche die Blut-
Hirn-Schranke permeabel machen, und es somit im Bereich des Schlaganfalls zu Schiden
kommt.

Wihrend einer Influenzavirus-Infektion produzieren epitheliale Lungenzellen sowie
Makrophagen den Grofiteil der induzierten Zytokine und Chemokine. Beide Zelltypen
exprimieren den a7 nicotinic acetylcholine receptor (GTS-21-R), welcher fiir die Zytokin-
und Chemokinfreisetzung verantwortlich ist. Durch den Antagonist GTS-21 kann diese
inhibiert werden (Paleari et al., 2009; Tracey, 2009). Aufgrund dieser Tatsachen sollte in den
anschlieenden Untersuchungen untersucht werden, inwieweit die gezielte Inhibierung von
Zytokinen das Infarktvolumen beeinflusst. Durch in vitro Untersuchungen konnten wir
zeigen, dass eine Dosis-abhdngige Behandlung von Influenzavirus-infizierten humanen
Lungenkarzinomzellen (A549) mit GTS-21 zu einem erhdhten Zelliiberleben fiihrt.
Gleichzeitig wurde die RANTES Freisetzung in infizierten Zellen GTS-21 dosis-abhéingig
minimiert (Publikation 3 #; Abb. 5a, b). Diese inhibitorischen Effekte konnten ebenfalls in
vivo gezeigt werden. Influenzavirus infizierte Méduse wurden an Tag drei nach Infektion,
direkt und sechs Stunden nach Induktion des Schlaganfalls intraperitoneal mit 10mg/kg GTS-
21 behandelt. Ahnlich wie in den Zellkulturexperimenten konnte eine Reduktion von
RANTES im Plasma von Influenzavirus-infizierten Mausen beobachtet werden. In Gehirnen
von Influenzavirus-infizierten und Schlaganfall-induzierten Méusen konnte eine Reduktion
von IL-1B3, MCP-1 und MIP-2 gemessen werden (Publikation 3 #; Abb. 5c). Bedeutsam ist die
Tatsache, dass durch die GTS-21 Behandlung das Infarktvolumen bei infizierten Mausen
signifikant reduziert werden konnte, wohingegen das Infarktvolumen in nicht-infizierten
Mausen nicht beeinflusst wurde (Publikation 3 #; Abb. 5d). Dies lasst darauf schlieBen, dass
die gezielte Inhibierung der Zytokine und Chemokine auf Transkriptionsebene durch GTS-21
spezifisch die Influenzavirus induzierte Freisetzung der Zytokine und Chemokine verhindert,
die Rekrutierung der MMP-9 exprimierenden Neutrophilen hemmt und somit das

Infarktvolumen minimiert.

Untersuchungen zur Beteiligung der CD4"-T-Zellantwort an der Kreuzprotektion
Impfungen sind zurzeit die effektivste Moglichkeit, einer Influenzavirus-Infektion
vorzubeugen. Jahrlich wird von der stdndigen Impfkommission (STIKO) eine Empfehlung fiir

die notwendige Influenzaimpfung abgegeben. Diese Empfehlung kann aber erst dann gegeben
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werden, wenn bekannt ist, welche Virusstimme in der kommenden Grippesaison fiir die
Infektion verantwortlich sind. Spontane Anderungen oder zusitzlich auftretende Virusstimme
(Schweinegrippe) konnen Probleme bei der Bereitstellung des passenden Impfvirus darstellen.
Mit Hilfe einer Impfung ist mdglich, iiber die sich in der Impfung befindlichen Viren hinaus,
ein Schutz gegen neue unbekannte Virusstimme zu generieren. Eine solche Eigenschaft wird
als Kreuzprotektion bezeichnet.

Aufgrund der zeitlich problematischen Bereitstellung des Impfvirus ist es wichtig, die
immunologischen Mechanismen, die der Impfung zugrunde liegen, besser zu verstehen. Wie
bereits aus der Literatur bekannt, spielt die durch die Impfung induzierte B-Zellantwort eine
wichtige Rolle (Dormitzer et al., 2011). Dariiber hinaus ist zu untersuchen, welche weiteren
Immunzellen, z.B. CD4"-T-Zellen, ebenfalls eine Rolle wihrend der Impfung spielen und ob
sie einen Einfluss auf die Kreuzprotektion haben.

Um dies zu untersuchen, wurden unterschiedliche Mausstimme (Wildtyp, Antikorper-
defiziente (uMT), CD4"- und CDS8"-T-Zell-defiziente), entweder mit dem niedrig pathogenen
Influenza-A-H5N2- oder dem avidren hochpathogenen Influenza-A-H5N1-Virus infiziert.
Wurden diese Mausstimme mit dem niedrig pathogenen H5N2 Virus infiziert, kam es weder
zum Tod noch zum Gewichtsverlust. Wurden die Mause hingegen mit dem hochpathogenen
H5N1 Virus infiziert, zeigten sich schwere Krankheitssymptome bis hin zum Tod
(Publikation # 4; Fig. 2 und Table 1-3). Aufgrund der apathogenen Eigenschaft des H5N2
Virus wurde dieses fiir die folgenden Untersuchungen als Lebend-Impfvirus verwendet. Alle
Mausstimme wurden mit dem H5N2 Impfvirus infiziert und fiir 80 Tage beobachtet. Nach
dieser Zeit wurden die Méuse mit der 100-fachen MLDs, (Maus-Letalen-Dosis 50%) des
hochpathogenen H5N1 Virus infiziert. Alle Antikorper-defizienten (uMT), sowie 50% der
CD4"-T-Zell-defizienten Miuse starben. Ein 100%iger Schutz konnte nur bei den CD8"-T-
Zell-defizienten und Wildtyp Miausen beobachtet werden (Publikation # 4; Fig. 3, 4). Um die
Kreuzprotektion zu untersuchen, wurde den Maiusen Serum entnommen und auf Virus-
spezifische Antikorper hin untersucht. Der Hidmagglutinin-Antikorpertiter in allen drei
Mausstdmmen zeigte eine humorale Antwort sowohl gegen das Impfvirus als auch gegen das
,»Challenge-Virus“ (Publikation # 4; Fig. 3, 5). Durch diese Arbeit konnte gezeigt werden,
dass fiir eine Kreuzprotektion nicht nur die virus-spezifischen Antikérper vorhanden sein
miissen, sondern vielmehr eine CD4'-T-Zellantwort induziert werden muss. Ist das
Immunsystem nicht in der Lage, Antikdrper zu generieren oder besitzt keine CD4'-T-
Zellantwort (WMT- oder CD4"-T-Zell-defiziente Miuse), liegt die Letalitdt im Mausmodell
bei 50 - 100%, wihrend bei Wildtyp oder CD8"-T-Zell-defizienten Miusen eine Letalitit von
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0% festzustellen war. Dies zeigt, dass die Antikorperbildung hilfe-abhingig ist und scheinbar
hilfe-unabhiingige neutralisierende Antikdrper eine untergeordnete Rolle spielen. Den CDS8’-
T-Zellen kommt bei der Kreuzprotektion eine eher untergeordnete Rolle zu. Andererseits sind
CDS8"-T-Zellen fiir das Immunsystem unabdingbar um das Virus zu eliminieren (Doherty et
al., 2000).

Diese Untersuchungen geben erste Hinweise zur Entwicklung zukiinftiger Impfstoffe, die die

CD4"-T-Zellantwort verstirkt induzieren, um somit eine Kreuzprotektion zu ermdglichen.

Untersuchungen zur T-Zellentwicklung wihrend einer Influenza-A-Virusinfektion

Im Verlaufe der saisonalen Influenza werden meist Menschen infiziert, deren Immunsystem
auf unterschiedlichste Art geschwidcht ist. So sind beispielsweise Kleinkinder, dltere
Menschen oder immunsupprimierte Personen verstirkt betroffen. Bei einer hochpathogenen
Influenzavirus-Infektion hingegen werden meist junge Menschen (13-15 Jahre) infiziert
(Kandun et al., 2008; Smallman-Raynor and Cliff, 2007). Die Ursachen hierfiir sind
weitestgehend noch nicht bekannt. Ein ebenfalls wichtiger und unaufgekldrter Mechanismus
wihrend einer Influenza-A-HS5N1-Infektionen im Menschen ist die drastische Reduktion der
Lymphozyten, bekannt als Lymphopenie. Aus diesem Grund haben wir den Ort der T-
Zellentwicklung, den Thymus, wihrend einer hoch pathogenen avidren Influenzavirus-
(HPAIV) Infektion ndher untersucht. Wéihrend einer HPAIV Infektion konnte eine
signifikante Reduktion der Leukozyten im Thymus festgestellt werden. Diese Abnahme
konnte ebenfalls anhand der Volumenidnderung der Thymi beobachtet werden, was bei niedrig
pathogenen Influenzavirus-Stimmen nicht beobachtet werden konnte (Publikation # 5; Fig.1
c-g). Die Expression von Chemokinen und Adhésionsmolekiilen, die fiir die T-
Zellentwicklung wichtig sind, waren ebenfalls nur nach HPAIV Infektion veréndert.
Weiterhin konnten Influenzavirus spezifische zytotoxische CD8'-T-Zellen sowie infektioses
Virus im Thymus nachgewiesen werden (Publikation # 5; Fig. 2 — 5 und Tab. 1).

Wir konnten zeigen, dass dendritische Zellen (DC) infiziert werden und somit als
,» Transportmittel fiir das Virus fungieren, um in den Thymus zu gelangen. Hierfiir wurden
C57Bl/6-GFP" Miuse mit einem HPAIV infiziert, dendritische Zellen aus der Lunge isoliert
und anschlieend in C57B1/6-GFP™ Miuse transferiert. Drei Tage spiter wurden DC’s aus der
Lunge und aus dem Thymus der Empfangermaus isoliert und mittels Fluoreszenzmikroskopie
nach GFP" DC’s untersucht. Interessanterweise konnten GPF™ DC's sowohl in der Lunge als

auch im Thymus nachgewiesen werden (Publikation # 5; Fig. 6, 7). Anhand der Daten lasst
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sich zeigen, dass hochpathogene avidre Influenzaviren in der Lage sind, den Thymus iiber den
,»Iransporter”, die dendritische Zelle, zu erreichen. Dort greifen sie in die dort stattfindende
T-Zellentwicklung ein, was zur Lymphopenie fiihrt, gefolgt von einer Atrophie des Thymus.

Sialinsdure-Rezeptoren auf der Zelloberflache dienen dem Influenza-Virus als Andockpunkt
fiir die Rezeptor-vermittelte Aufnahme in die Zelle. Diese, fiir die Influenzavirus-Infektion
ndtigen Sialinsdure-Rezeptoren, haben wir nicht nur auf murinem Thymusgewebe gefunden,
sondern auch auf humanem Thymusgewebe (Publikation # 5; Fig. 4b). Dies ldsst die
Schlussfolgerung zu, dass eine teilweise Ubertragung unseres Mausmodells auf den

Menschen moglich ist.

Schlussfolgerung

Untersuchungen zur Pathogenese sowie zur Immunantwort nach einer Impfung, durchgefiihrt
mit einem Lebend-Impfvirus, ergaben neue Erkenntnisse, welche ein weiterfithrendes
Verstindnis wihrend einer Influenzavirus-Infektion ermoglichen. Diese Erkenntnisse geben
Hinweise darauf, dass bei der Entwicklung zukiinftiger Impfstoffe gegen Influenzaviren
verstirkt auf die Aktivierung der CD4'-T-Zellantwort hingearbeitet werden sollte. Im
Mausmodell zeigte sich diese als notwendig, um eine Kreuzprotektion gegen andere
Influenza-A-Virusstimme zu generieren.

Weiterhin konnte ich zeigen, dass eine lokale Behandlung mit einer niedrigen IFN-a Dosis zu
einer signifikanten Reduktion der Viruslast sowie zur Erhdhung der Uberlabensrate fiihrt. Im
Vergleich zur Hochdosis-Interferontherapie im humanen Bereich, konnten im Mausmodel
keine Nebenwirkungen beobachtet werden. Eine solch lokale Behandlung wire in einer
moglichst frithen Phase der Infektion denkbar, sodass das Immunsystem durch die IFN-a
Gabe gestarkt wird und das Virus schneller eliminiert werden kann.

Wihrend einer Influenzavirus-Infektion kommt es zur Hyperzytokindmie, welche einen nicht
unerheblichen Teil zur Pathogenese beitrdgt. Hierbei sind vor allem die Sekundérinfektionen
wiahrend bzw. nach einer Influenza zu nennen. Ein Beispiel, welches ich in meiner
Dissertation bearbeitet habe, ist die lebensbedrohende Erkrankung des Gehirns, der
Schlaganfall. Tritt widhrend einer Influenzavirus-Infektion ein Schlaganfall auf, kommt es
aufgrund der Hyperzytokindmie zu einem signifikant vergroferten Infarktvolumen. Wird die
Zytokin-/Chemokinlast durch GTS-21 Gabe reduziert, kann das Infarktvolumen verringert
werden. GTS-21 wirkt hauptsdchlich hemmend auf die Zytokin/Chemokinfreisetzung und hat

keine signifikanten antiviralen Eigenschaften. Eine Mdglichkeit, um Sekundirinfektionen
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entgegen zu treten, wire die Behandlung mit Substanzen, die bivalente Eigenschaften
aufweisen. Sie sollten einerseits die Viruslast reduzieren und andererseits die
inflammatorischen Dysfunktionen regulieren.

Anhand meiner Untersuchungen konnte ich zeigen, dass der Proteasominhibitor VL-01 solch
bivalente Eigenschaften besitzt. VL-01 kann sowohl die Viruslast in Influenza-infizierten
Maiusen reduzieren, als auch die Freisetzung der Zytokine/Chemokine vermindern. Diese
Eigenschaften konnen innovative Einsatzmoglichkeiten in der Bekdmpfung von
Influenzavirus-Infektionen sowie deren Sekundérerkrankungen eréffnen.

Grundsitzlich ist festzuhalten, dass durch meine Dissertation neue Aspekte der Pathogenese
sowie der Bekdmpfung von Influenzaviren mittels neuartiger antiviraler Substanzen und
Strategien dargelegt worden sind. In Zukunft besteht die Mdglichkeit diese Ergebnisse aus
Zellkultur- und Tiermodell als Grundlage zu nutzen, um neue innovative
Behandlungsmethoden zu etablieren, die die Gefahr vor einer Influenzavirus-Infektion

minimieren.
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Abstract

The appearance of highly pathogenic avian influenza A viruses of the HSN1 subtype being
able to infect humans and the 2009 HINI pandemic reveals the urgent need for new and
efficient countermeasures against these viruses. The long-term efficacy of current antivirals is
often limited, because of the emergence of drug-resistant virus mutants. A growing
understanding of the virus-host interaction raises the possibility to explore alternative targets
involved in the viral replication. In the present study we show that the proteasome inhibitor
VL-01 leads to reduction of influenza virus replication in human lung adenocarcinoma
epithelial cells (A549) as demonstrated with three different influenza virus strains, A/Puerto
Rico/8/34 (HIN1) (ECso value of 1.7 uM), A/Regensburg/D6/09 (HIN1v) (ECs, value of 2.4
uM) and A/Mallard/Bavaria/1/2006 (H5N1) (ECsy value of 0.8 uM). In in vivo experiments
we could demonstrate that VL-01-aerosol-treatment of BALB/c mice with 14.1 mg/kg results
in no toxic side effects, reduced progeny virus titers in the lung (1.1 £ 0.3 log;o pfu) and
enhanced survival of mice after infection with a 5-fold MLDs, of the human influenza A virus
strain A/Puerto Rico/8/34 (HINI) up to 50%. Furthermore, treatment of mice with VL-01
reduced the cytokine release of IL-a/-, IL-6, MIP-1 3, RANTES and TNF- a induced by LPS
or highly pathogen avian H5N1 influenza A virus. The present data demonstrates an antiviral
effect of VL-01 in vitro and in vivo and the ability to reduce influenza virus induced cytokines

and chemokines.
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1. Introduction

HINI influenza viruses are a major topic of human health care, especially after the last HIN1
pandemic. Additionally, highly pathogenic avian influenza (HPAI) H5N1 virus infection
leads to high lethality in humans, as a result of extensive alveolar immune inflammatory
infiltrates, causing tissue damage that compromises lung function. The H5N1 virus infection
results in high levels of inflammatory cytokines and chemokines, due to an immune
dysregulation (hypercytokinemia) (Cheung et al., 2002; Chotpitayasunondh et al., 2005;
Droebner et al., 2008; Tumpey et al., 2000; Wong and Yuen, 2006). Elevated levels of
cytokines and chemokines, including IP10, MIG, MCP-1, IL-6, IL-8 and RANTES, have been
observed in human cell lines, mice and macaques infected with HSN1 influenza virus (Chan
et al., 2005; de Jong et al., 1997; Kobasa et al., 2007).

The pandemic situation of the last years clearly demonstrates that influenza A virus infection
is still a major risk for the public health. The possibility of a new emerging pandemic
influenza A virus strain or reassortment between the pandemic and seasonal or avian A/H5N1
influenza virus strain is indeed a frightening but not unlikely event. Since vaccines will not be
available in the first six months after a pandemic outbreak, there is a strong need for effective
antivirals. Today, neuraminidase-inhibitors such as oseltamivir represent the most common
clinically approved medication against influenza A viruses. In the recent past the number of
reports in which drug-resistant influenza A viruses were described increased. (Hurt et al.,
2009; Le et al., 2005; McKimm-Breschkin et al., 2007; Meijer et al., 2009; Rameix-Welti et
al., 2008; Sheu et al., 2008). Drug resistance to the known antivirals highlights the urgent
need to optimize the effectiveness of current and novel antiviral treatments through
development of new formulations, delivery routes or novel defense mechanisms. Due to the
high mutation rate of influenza A virus, the threat of fast resistance formation against these
compounds exists. In contrast, the human genome possesses a million fold lower mutation
rate. The inhibition of host cell factors, which the virus is depending on during its replication
cycle, offers an interesting alternative target for the development of new therapies. Here, the
virus cannot replace the missing cellular component by mutations. It is well known that
influenza A virus recruits host cell factors for efficient replication (Ehrhardt et al., 2010;
Konig et al., 2010; Watanabe et al., 2010). Therefore, it is well traceable that targeting such
host cell factors would be a promising approach for the development of new antiviral drugs.
We previously demonstrated that influenza virus replication is dependent on the NF-«xB

pathway and on the Raf/MEK/ERK mitogenic kinase cascade. Inhibition of the IKK/NF-xB
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by the use of acetylsalicylic acid (ASA), as well as inhibition of the Raf/MEK/ERK signaling
pathways with the MEK inhibitor U0126, leads to strong reduction of influenza A virus
infection (Ludwig and Planz, 2008; Ludwig et al., 2004; Mazur et al., 2007; Pleschka et al.,
2001).

The 26S-proteasome — the central protolytic component of the ubiquitin-proteasome system
(UPS) - can be selectively inhibited by proteasome inhibitors. The ability of such substances
to inhibit the proteasome and thereby to prevent NF-«xB activation is well known (Breccia and
Alimena, 2010; Vink et al., 2006; Yu and Kem, 2010). During influenza virus infection NF-
kB acts via induction of proapoptotic factors, such as TNF-related apoptosis-inducing ligand
(TRAIL) or FasL followed by activation of caspases. This caspase-activation resulted in an
enhanced nuclear export of viral RNPs, presumably by specific cleavage of nuclear pore
proteins, resulting in an enhanced diffusion limit through the pores (Ludwig, 2009). This
function appears to be relevant for viral replication since a nuclear retention of viral
ribonucleoprotein (RNP) complexes can be observed in the presence of both, caspase- and
NF-kB-inhibitors (Mazur et al., 2007; Wurzer et al., 2003).

An antiviral effect of proteasome inhibitors on different RNA viruses has previously been
shown (Ma et al., 2010; Ott et al., 2003; Schubert et al., 2000). Widjaja and colleagues
showed that inhibition of proteasome activity affects influenza A virus infection at a post-
fusion step (Widjaja et al., 2010). Furthermore, proteasome inhibitors such as PS-341
(Velcade) are currently in clinical trails against cancer e.g. against relapsed and refractory
multiple myeloma (Richardson et al., 2003; Richardson et al., 2005; San Miguel et al., 2008).
In the present study we wanted to investigate the antiviral effect of the proteasome inhibitor
VL-01 (ViroLogik GmbH, Germany) in cell culture and in the mouse model. Delivery of the
substance via the aerosol route led to reduction of progeny virus titer in lungs of mice after
human influenza A virus infection. Furthermore, we demonstrated that inhibiting the
proteasome activity leads to an increased survival after lethal influenza A virus infection. The
proteasome inhibitor VL-01 also reduced cytokine release induced by LPS stimulation or by
infection with highly pathogenic avian HSN1 influenza A virus. Aerosol application of VL-01
at the concentrations required for antiviral activity did not lead to any adverse effects. Thus,
we conclude that efficient influenza virus replication is dependent on proteasome activity and
that temporarily inhibition of proteasome activity might be effective for the development of

novel treatment strategies.
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2. Materials and Methods

2.1. Compound

The proteasome inhibitor VL-01 (ViroLogik GmbH, Germany) with a formula weight of
752.8 g/mol inhibits the 20S and 26S proteasome unit. The inhibitor was dissolved in 5%
DMSO, 15% Cremophor in PBS before use in different concentrations.

2.2. Mice

Inbred BALB/c mice at the age of 6—8 weeks were obtained from the animal breeding
facilities at the Friedrich-Loeffler-Institute, Federal Research Institute for Animal Health,

Tuebingen, Germany and were used throughout all the experiments.

2.3. Virus

The human influenza virus A/Puerto Rico/8/34 (HINI1, PR8) and the pandemic influenza
virus strain A/Regensburg/D6/09 (HINI1, RB1) were propagated in Madin-Darby canine
kidney (MDCK) cells. Additionally, we used the highly pathogenic avian H5N1 influenza A
virus strain A/Mallard/Bavaria/1/2006 (HSN1, MB1) grown in embryonated chicken eggs,
which was originally obtained from the Bavarian Health and Food Safety Authority,

Oberschleissheim, Germany.

2.4. Influenza virus titration (AVICEL® plaque assay)

To assess the number of infectious particles (plaque titers) in the samples, a plaque assay
using AVICEL® was performed in 96-well plates (Vogel et al., 2010). Virus-infected cells
were immunostained by incubating for 1h with a monoclonal antibody specific for the
influenza A virus nucleoprotein (Serotec, Duesseldorf, Germany), followed by 30 min
incubation with peroxidase-labeled anti-mouse antibody (DIANOVA, Hamburg, Germany)
and 10 min incubation with True Blue™ peroxidase substrate (KPL, Gaithersburg, USA).
Stained plates were scanned on a flat bed scanner and the data were acquired by Corel DRAW
9.0 software. To define the titer of progeny virus, the foci of infected cells for every sample in

each well of the 96-well plates were counted and multiplied with the dilution factor. The
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mean values were taken from the final number of foci in each well. The viral titers are shown

as the logarithm to the base 10 of the mean values.

2.5. Measurement of pharmacological parameters in vitro

To determine the inhibitory effect (ICsg) of VL-01 in vitro, we treated human lung
adenocarcinoma epithelial cells (A549) with different concentrations of VL-01 (0.1 — 50 uM)
and measured the proteasome activity via P20-assay, based on the method of Adams and
colloquies (Adams et al., 1999). For determination of the effective concentration 50% (ECs)
A549 cells were infected with PR8 (MOI of 0.001) and subsequently VL-01 treatment was
started by adding culture medium with different concentrations of VL-01 (0 - 64 uM).
Progeny virus in the supernatant of infected and treated cells was measured by plaque assay
as described in 2.4. For calculation, each experiment was repeated three times independently
with each comprising triplicates.

The cytotoxic concentration (CCsg) of VL-01 was determined in A549 and MDCK cells as
well in primary hepatocytes, tonsils and peripheral blood mononuclear cells. All cell types
were incubated with different VL-01 concentrations (0.1 — 50 uM) for 24h followed by a
washing step and further incubation with VL-01 for 24, 48 or 72h. After 48, 72 or 96h of
incubation with VL-01 in total, cytotoxic effects were measured. The effect in A549 cells and
primary hepatocytes were examined by a water-soluble tetrazolium salt (WST-1) assay
according to the manufactures protocol (Roche Diagnostics, Mannheim, Germany). MDCK
cells were stained with crystal-violet as described by Lison and colleagues (Lison et al.,
2008). For the evaluation of cytotoxic effects in tonsils and PBMCs over a time of 72h, cells
were measured as apoptotic and necrotic cells by FACS analysis via annexin V / propidium
iodide staining as described in the distributors protocol (Vybrant® Dead Cell Apoptosis Kit
Invitrogen, Darmstadt, Germany). All experiments were done as triplicates. Results evaluated
by GraphPad prism software showing a cytotoxic effect dependent on the VL-01

concentration (Nicole Studtrucker and Daniel Liiftenegger; unpublished data).

2.6. Virus inoculation of mice

Six to eight week-old BALB/c mice were obtained from the animal breeding facilities at the
FLI. Before intranasal inoculation with MB1 (H5N1) or PR8 (HINI), mice were

anaesthetized by intraperitoneal injection of 150 ul of a ketamine (Sanofi)-rompun (Bayer)-
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solution (equal amounts of a 2%-rompun-solution and a 10%-ketamin-solution were mixed at
the rate of 1:10 with phosphate buffered saline (PBS)). All animal studies were approved by

the Institutional Animal Care and Use Committee of Tuebingen.

2.7. VL-01-treatment of mice and virus infection

The aerosol-treatment of mice was performed in a self-made aerosol-application-device were
four mice can be treated. For fumigation of dissolved VL-01 or solvent the PARI LC
SPRINT® STAR nebulizer (PZN: 3870078 PARI GmbH, Starnberg, Germany) was used.
The solutions were nebulized at 3 bar air pressure for 15 or 30 min. Discharged air was
aspirated with 8 I/min via a vacuum-pump to ensure optimal air/aerosol flow. For
prophylactic studies mice were treated via the aerosol route one hour prior to viral
inoculation. For infection, mice were anaesthetized by intraperitoneal injection of
ketamine/rompun and infected intranasally with the 5-fold MLDs of different influenza A
virus strains. After infection mice were treated at different time points, every 12h, either with
VL-01 or solvent. According to the experimental setup, body weight and visual clinical
symptoms of mice were monitored for a 21-day observation period or lungs of VL-01-treated
and solvent-treated control mice were collected 24, 48, 72h after infection and viral titers

were determined by plaque assay.

2.8. Cytokine analysis

All cytokine assays were performed using a multi Bio-Plex Protein Array System from
BioRad (Bio-Rad Laboratories, Munich, Germany). To investigate the LPS induced cytokine
response and the ability of VL-01 to modulate this response, four mice were 2h prior to LPS
treatment (Lipopolysaccharides from Escherichia coli 055:B5, Sigma, Germany, 20 pg/mice)
intravenously treated with 25 mg/kg VL-01 and four with diluent. At 1.5 and 3h after LPS
treatment serum samples were taken and the cytokine profile was measured. In a second
experiment the avian H5N1 virus A/mallard/Bavaria/1/2006 (MB1) was used as a cytokine
inducer. A group of seven mice were 1.v. treated with 25 mg/kg VL-01 2h prior to virus
infection (MB1, 10-fold MLDs), compared to seven mock-treated mice. Serum samples were

collected at 0, 12, 30 and 72h after infection and cytokines were measured.

2.9. Immunofluorescence
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A549 or MDCK cells were infected with RB1 (HIN1), PR8 (HINI) or MB1 (H5N1) with a
MOI of 1 in the absence or presence of 2 uM VL-01. After 4, 6, 8 and 12h p.i., cells were
fixed for 30 min in 4% buffered paraformaldehyde at 4°C. The fixed cells were washed twice
with PBS and permeabilized. Cells were fluorescently labelled using primary mouse anti-
Influenza A nucleoprotein antibodies (AbD Serotec) and secondary Alexa Fluor® 555 F(ab’)2
fragment of goat anti-mouse IgG (H+L) antibodies (Invitrogen). Nuclei were stained using
DAPI (Fluka). Afterwards, cells were mounted with ProLong Gold Antifade Medium
(Invitrogen, Darmstadt, Germany), and analyzed by the Apotome Care Invert Microscope
Labovert FS (Leitz, Wetzlar, Germany) and the AxioVision Rel 4.5 (Carl Zeiss Imaging,
Oberkochen, Germany).

2.10. Statistical analysis

Error bars are given as the SEM. For the calculation of the significance of differences, the

paired t test (p < 0.05) or the logrank test was performed. All analyses were performed using

GraphPad Prism version 5.00 for Windows (GraphPad Software, San Diego California USA).
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3. Results

3.1. VL-01 inhibits proteasome activity and influenza virus replication in vitro

The pharmacological parameters, inhibition concentration 50% (ICsp), cytotoxic concentration
(CCsp) and effective concentration 50% (ECsp) are most important to develop an antiviral
drug. Therefore, we determined these parameters for the proteasome inhibitor VL-01. To
examine the concentration of VL-01 to inhibit the proteasome activity up to 50% (ICs),
human lung adenocarcinoma epithelial cells (A549) were treated with different concentrations
of VL-01 (0.1 — 50 uM). On different time points post infection (4, 8, 24 and 32h) the
proteasome activity was measured using the P20-assay (measurement of chymotrypsin-like
activity of the 20S subunit from the 26S proteasome). The proteasome inhibition by VL-01
showed a time-dependent effect. After 4 and 8h the ICsy values ranged between 2.7 and 1.8
uM, whereas after 24 and 32h the 1Csy was approximately 1 uM (Fig. 1A). The cytotoxic
effect (CCsp) of VL-01 treatment was assayed on A549 and MDCK cells with different
concentrations of VL-01 (0.1 — 50 uM). After incubation periods of 24, 48, 72 and 96h the
cell viability was measured by the WST-1 assay or crystal-violet staining. In terms of the 1Csg
value of proteasome inhibition of 1 uM after 24h, we could show that there was no cytotoxic
effect of VL-01 after this treatment period. The CCsy was found at approximately 4 pM after
24h in A549 cells and there was no toxic effect on MDCK cells neither after 24 nor 48h (Fig.
1B, C). A longer incubation of 48, 72 or 96h shows a CCsy in A549 cells between 2.8 — 3.6
uM (Fig. 1B, C). In addition to these cell lines, different primary human cell lines, e.g.
primary hepatocytes, tonsils and peripheral blood mononuclear cells reveals similar CCs
values (ViroLogik GmbH, unpublished data). Next, the effective concentration of 50%
(ECsp), which demonstrates the ability to reduce influenza A virus titer up to 50%, was
analyzed by measurement of progeny virus in presence of different VL-01 concentrations (0 —
64 uM) in infected A549 cells after 24h. VL-01 showed an ECs, value of approximately 1.7
UM in A/Puerto Rico/8/34 (HINI, PRS) infected cells (Fig. 1D). The ECsy, of
A/Regensburg/D6/09 (HIN1v, RB1) infected cells is about 2.4 uM (Fig. 1E) and for the
A/Mallard/Bavaria/1/2006 (H5N1, MB1) virus 0.82 uM (Fig. 1F). The ICsy and ECsy — 1.e.
the concentrations which are effective to inhibit the proteasome (1 uM) or virus replication
(1.7 uM), respectively, were found below the concentration where VL-01 showed cytotoxic
effects (4 uM). The window between antiviral activity and cytotoxic effects was not very

broad in these studies. However, this may not be surprising, as the A549 adenocarcinoma cell
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line represents highly proliferating tumor cells that are known to be inhibited by proteasome

inhibitors.

3.2. Reduction of lung virus titer in mice after VL-01 treatment

To further analyze the anti influenza A virus potential, in vivo experiments were performed in
the mouse model. In this context we wanted to investigate the VL-01 concentration that is
most effective in reducing influenza virus replication in vivo. Therefore, mice were aerosol-
treated one hour prior to human influenza A virus infection (PR8, HIN1, 5-fold MLDsg) with
different concentrations of VL-01 (0 — 227.4 mg/kg). After 24h mice were sacrificed and viral
titers in the lungs were measured by plaque assay. As shown in Figure 2A, an antiviral effect
of VL-01 on progeny virus titer in the lung was found which increased with increasing VL-01
doses up to 113.7 mg/kg. No adverse effects were seen, even at the highest doses of VL-01
used for single aerosol treatment (data not shown). The calculated in vivo ECsy was 31.9 £ 7.5
mg/kg. Since a concentration of 14.1 mg/kg VL-01 was also sufficient to reproducible reduce
progeny virus titer up to 1.1 £ 0.3 logo pfu, this concentration was used for most of the
further aerosol treatment experiments. It has to be noted that the aerosol device allows a drug
deposition of approximately 1% of the evaporated drug in the lungs. Thus, the maximum
amount of VL-01 that will reach the lung will be roughly 0.14 mg/kg (2.8pug per mouse).

After finding the optimal VL-01 concentration in vivo we addressed the question, whether this
concentration was able to induce adverse effects after multiple treatments. Therefore, we
treated mice either with 14.1 mg/kg VL-01 or solvent by daily aerosol-treatment over a period
of 10 days. The physical parameters and the body weight of the animals were monitored daily
(Fig. 2B). There were no evidences for toxic side effects during the whole observation period,
neither change in body weight nor in any physical parameters. In a second study to investigate
toxicity of VL-01 in mice, the animals were treated intraperitoneal (i.p.) for 14 days using two
different mouse strains. With this assay mouse toxic doses (MTD) of 25 mg/kg (DmVk-mice)
and 150 mg/kg (CD1 nu/nu mice) VL-01 were determined. Study of the acute toxicity in mice
of VL-01 revealed that LD;¢/ LDsy value following single intravenous administration equals
to 57.2 (LDjo) and 135.5 mg/kg (LDsp). Furthermore, effective doses were tolerated in animal
models with repeated i.p. doses of VL-01. A i.p. dose of 150 mg/kg appears to be the suitable

dose for the mice model (data not shown).
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3.3. Prolonged VL-01 aerosol-treatment leads to an increased antiviral effect

Optimization of frequency and duration of drug application is very important for efficient
antiviral treatment. Thus, we raised the question whether multiple daily treatment or
prolongation of drug-delivery time would improve antiviral activity. Therefore, we treated
mice once with 14.1 mg/kg VL-01 one hour prior to infection (PR8, HIN1, 5-fold MLDs) or
twice (one prior and eleven hours past infection). After 24h mice were sacrificed and viral
titers in the lungs were measured by plaque assay. A second treatment of mice with 14.1
mg/kg VL-01 resulted in an enhanced reduction of progeny virus titer in the lung (3.4 = 0.06
log;o pfu) compared to single treatment (3.6 £ 0.13 log;o pfu). In comparison, in mock treated
animals a viral titer of 4.6 + 0.15 log;o pfu was measured (Fig. 3A, B).

The impact of the duration of aerosol-treatment was investigated by single treatment of mice
for either 15 or 30 min resulting in a final VL-01 dose of 14.1 mg/kg or 28.2 mg/kg
respectively. Less virus was found in the lung after 24h and 30 min treatment (2.3 + 0.08 log;o
pfu) compared to only 15 min treatment (2.8 + 0.03 logjo pfu) (Fig. 3C, D). Mock treated
animals showed viral titers of 3.5 + 0.08 log;o pfu. Taken together, the deposition of increased

amounts of VL-01 was found to lead to an increased antiviral effect in mice.

3.4. Increased survival of human influenza A virus infected mice after VL-01 treatment

To examine the antiviral effect of VL-01 on survival, we used the optimized parameters, dose,
frequency and duration to perform a prophylactic survival experiment. Thus, we treated mice
with 14.1mg/kg VL-01 or solvent one hour prior to infection (PR8, HIN1, 5-fold MLDs) for
30 min. Mice were treated every 12 hours for four days. The physical parameters, body
weight, onset of disease and survival were monitored daily for 21 days. The body weight-
curve shows a nearly similar course for mock and VL-01 treated mice until day 6 (Fig. 4A).
All mice developed the first disease symptoms by day 3 post infection. Within a few days, the
symptoms in the mock-treated group became severe and resulted in high disease scores and
finally in death. In contrast, VL-01-treated mice showed a delayed development of severe
symptoms (Fig. 4B). At day 7, three out of four mock-treated mice died, whereas only one out
of four VL-01-treated mice died. The last mock-treated mouse died at day 8 past infection. At
day 9, a second VL-01-treated mouse died. The two remaining VL-01-treated mice raised
their body weight constantly until day 19 where they accomplished again their starting weight

(Fig. 4C). This experiment was performed several times with similar results (data not shown).
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In summary, VL-01 treatment of mice starting prior to infection with human HIN1 influenza
A virus leads to a survival rate of approximately 50% compared to 100% lethality found in

mock-treated mice.

3.5. VL-01 treatment reduces cytokine release induced by LPS stimulation or by infection with

highly pathogenic avian H5N1 influenza A virus

It is well known that highly pathogenic avian influenza A viruses induce release of a wide
pattern of cytokines and chemokines called hypercytokinemia or cytokine storm. To
investigate whether VL-01 treatment has an influence on the amount of cytokine and
chemokine release, we used LPS as a positive control; a well-known cytokine- and chemokine
inducer that acts as a common model to investigate anti-inflammatory effects (Carlsen et al.,
2004; Errea et al., 2010). To examine the influence of VL-01 on influenza A virus mediated
cytokine and chemokine release we used the highly pathogenic avian influenza A virus strain
A/Mallard/Bavaria/1/2006 (MB1, H5N1). First, we investigated the LPS induced cytokine
response and the ability of VL-01 to modulate this response. In order to test the effect of the
proteasome inhibitor VL-01 on induced cytokine release, mice were treated intravenously
(i.v.) 2h prior to LPS (20 pg/mice) application with 25 mg/kg VL-01. As mentioned in 3.2.
this concentration is not toxic for mice. At 1.5 and 3h after LPS challenge serum samples
were taken and the cytokine profile was measured. Mock-serum was taken 4h prior to any
treatment.

In a second experiment infection with the highly pathogenic avian influenza A virus, MB1
(H5N1) was used as a cytokine inducer. Mice were treated i.v. with 25 mg/kg VL-01 2h prior
to virus infection (MB1, 10-fold MLDsg). Serum samples were collected at 0, 12, 30 and 72h
after infection and cytokines were measured by using multiplex assay (BioRad). VL-01
treatment significantly reduced LPS induced cytokines IL-1 beta, IL-6, MIP-1 beta, RANTES
and TNF-alpha, either on both time points 1.5 and 3h (IL-1 beta, MIP-1 beta and RANTES)
after induction or at one of the time point (1.5h, IL-6; 3h, TNF-alpha) by (Fig. SA-E).
Similarly to LPS induction, the cytokines and chemokines induced by an avian H5NI1
influenza A virus infection could also significantly be reduced by VL-01 treatment (Fig. 5
right panel, F-J). The IL-1 alpha and TNF-alpha serum levels in VL-01 treated mice showed a
significant reduction at 12 and 30h after infection, compared to mock-treated mice. VL-01

treatment reduced the IL-6 serum level at 12 and 72h after infection. The level of MIP-1 beta
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was only reduced at 72h after infection, compared to untreated control group. In contrast, the
expression of RANTES was only marginally altered by VL-01 treatment.
In summary, this experiment demonstrated that VL-01 reduced the systemic cytokine and

chemokine release induced by avian H5SN1 influenza A virus infection in mice.

3.6. VL-01 treatment leads to a delayed nuclear export of viral RNPs in vitro

It is well known that NF-kB promotes influenza A virus production and enhances the nuclear
export of viral RNPs (VRNP) via activation of caspase-3 (Planz, 2006; Wurzer et al., 2003).
Next, we investigated whether the influenza virus vRNP-export is influenced by VL-01
treatment. Therefore, the nuclear export of the nucleoprotein (NP), the major part of the
VvRNP complexes, was analyzed by fluorescent microscopy in A549 and MDCK cells. Cells
were infected with human influenza virus PR8 (HINI1), pandemic influenza virus RBI
(HIN1v) and highly pathogenic avian influenza virus MB1 (H5N1) in the absence or
presence of 2 uM VL-01. After 6 hours, cells were fixed and stained against NP and
visualized by fluorescent microscopy. VL-01 treatment of either RB1, PR8 or MBI infected
A549 cells shows that 6h after infection NP is detectable in the cytoplasm (Fig. 6A-C, upper
panel) while in VL-01 treated cells NP is still located in the nucleus (Fig. 6A-C, lower panel).
Similar results were found on MDCK cells (Supplemental Fig. 1). That demonstrates that
VRNP export is efficiently impaired in the presence of VL-01 after influenza A virus

infection.
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4. Discussion

It is well known that influenza A virus recruits host cell factors for efficient replication
(Ehrhardt et al., 2010; Konig et al., 2010; Ludwig et al., 1999; Watanabe et al., 2010).
Therefore, it is traceable that targeting host cell factors could be a promising approach for
new antiviral drugs. We were able to demonstrate that influenza virus infection of host cells
leads to biphasic activation of the Raf/MEK/ERK signaling pathway and that inhibition of
this pathway on the level of MEK leads to reduction in progeny virus (Ludwig et al., 2004;
Pleschka et al., 2001). MEK inhibitors evaluated for cancer treatment in a phase I evaluation
revealed that repeated treatment for 21 consecutive days was well tolerated (Lorusso et al.,
2002). In another study we were able to demonstrate that acetylsalicylic acid (ASA) is highly
effective against influenza virus (Mazur et al., 2007). ASA functions as an IKK/NF-kB
inhibitor by interacting with IKK-beta to reduce ATP binding activity (Yin et al., 1998).
Under normal conditions, NF-kB is held in an inactive state in a cytoplasmic complex with its
inhibitory protein (IkB). Phosphorylation of IkBa targets IkB for ubiquitination and
subsequent proteasomal degradation. NF-kB is released for nuclear translocation and
transcriptional activation, which is also a prerequisite for efficient influenza virus replication.
Thus, targeting host cell factors with clinically established compounds might be a promising
strategy for the development of new antivirals against influenza viruses.

In this context, we wanted to investigate whether inhibition of the proteasome might be such a
strategy, since efficient degradation of IkB by the proteasome is needed to activate the NF-xB
pathway (Karin and Ben-Neriah, 2000). Inhibition of the proteasome-mediated degradation
leads to retention of NF-kB in the cytoplasm that should finally lead to reduced virus
replication. Because of the vital function of UPS, the usage of proteasome inhibitors in
humans is not trivial, in order to avoid adverse events. Nevertheless, proteasome inhibitors are
being used against cancer. The proteasome inhibitor PS-341 (Velcade) has got the market
approval by the FDA for relapsed and refractory multiple myeloma (Richardson et al., 2003;
Richardson et al., 2005; San Miguel et al., 2008).

The goal of this study was to determine whether a newly designed proteasome inhibitor - VL-
01 - would function as an antiviral agent against influenza A virus in mice. The ECsy value of
VL-01 against HIN1 influenza virus on A549 cells revealed activity in the low uM range. For
delivery of the substance in vivo, we decided to use an aerosol route for local delivery instead
of systemic application. An in vivo dose-response experiment (Fig. 2A) showed that highest

reduction of virus titer in the lung could be achieved when 14.1 mg/kg VL-01 or more were
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administered to the animals. Interestingly, an increase of the amount of VL-01 did not lead to
a significant further increase in reduction of viral titers in the lung. Therefore, a dose of 14.1
mg/kg VL-01 was used for further studies. This amount did not lead to any adverse side
effects in the mouse. In this light, Ma and colleagues investigated the antiviral effect of
proteasome inhibitors PS-341 and MG-132 in a murine model against SARS and described
also no adverse effects (Ma et al., 2010). In various experiments we were able to show that
delivery of VL-01 at a concentration of 14.1 mg/kg resulted in reduction of the viral titer in
the mouse lung by more than one order of magnitude and a prolonged survival rate of 50%.
Intriguingly, earlier studies have demonstrated that 1.2 uM of VL-01 is needed for inhibition
of 50% of the NF-kB activity (data not shown). In this context, the amount of
proinflammatory cytokines and chemokines were drastically reduced after i.v. VL-01
treatment of H5N1 infected mice or LPS treated mice (IL-1 alpha/beta, IL-6, MIP-1 beta,
RANTES and TNF-alpha). Since the cytokine/chemokine gene expression is largely mediated
and/or regulated by NF-kB (Homma et al., 2010; Lakshmanan and Porter, 2007; Pahl and
Bacuerle, 1995), our data demonstrate that NF-kB function is impaired even when low
concentrations of VL-01 were applied using i.v. application. However, fluorescent
microscopy of the viral NP visualized that vRNP export is reduced in the presence of VL-01.
This indicates a antiviral effect of VL-01 by inhibition of NF-xB via reduced proteasome-
activity. In the study by Ma and colleagues, the authors also demonstrated a reduction of
cytokine gene expression in mice after PS-341 treatment (Ma et al., 2010). This is in line with
our observations. In this context, it has to be noted that VL-01 treatment of H5N1 infected
mice led only to marginal reduction of virus titer in the lung and no differences regarding
survival and severity of diseases. Since cytokines and chemokines were drastically reduced,
this might be another example that the pathogenicity of HPAIV is more complex than
currently known (Salomon et al., 2007). Using another model, i.e. H7N7 (FPV) infected mice,
VL-01 induced a moderate reduction in viral titers in the lungs and a moderate increase in
survival (25% in VL-01 treated mice vs. 0% in mock treated mice).

Expression of cytokines and chemokines (hypercytokinemia or cytokine storm) is a hallmark
after influenza A virus infection, in particular with highly pathogenic avian influenza virus or
pandemic strains. This cytokine and chemokine deregulation of the immune system leads to
higher virus loads as well as higher lethality (Cheng et al., 2010; de Jong et al., 2006). Thus,
in addition to controlling the virus replication it is also necessary to control the expression of
proinflammatory cytokines, particularly in severe cases of influenza virus infection.

Glucocorticoid-mediated suppression of cytokine expression might be beneficial to treat for
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the development of influenza, but might also negatively influence the induction of the innate
and adaptive immune response mediated by various cytokines and chemokines. Therefore, the
use of glucocorticoids to treat severe influenza, accompanied with hypercytokinemia, is
controversially discussed. VL-01 applied locally - directly into the lung - might have an
advantage, since VL-01 has antiviral activity and anti inflammatory activity. Since the drug is
given locally, accordingly the local inflammatory status at the application site, i.e. the lungs,
rather than the systemic immune response will be affected.

In summary, this study presents evidence that proteasome inhibitors might be able to inhibit
influenza virus replication via impaired VRNP export and induction of inflammatory
cytokines. Nevertheless, the only marginal effect after HSN1 influenza A virus infection of
mice indicate that a modification of the VL-01 formulation and/or of the application scheme
may be required to assure a better up-take and deposition in the lung. Recently it was
published that the proteasome inhibitor MG132 shows anti influenza virus activity by
targeting a post-fusion step (Widjaja et al., 2010). In our study we demonstrate a new class of
proteasome inhibitors (VL-01), which also might be used in combination with other antivirals
in case of severe influenza A virus infection. In case of intensive care hospitalization due to
influenza A virus infection, it might be of great advantage to counteract the disease pattern
efficiency with antivirals having bivalent properties to fight against the virus and ameliorate
the cytokine storm induced by influenza virus infection. These results suggest that proteasome
inhibition by VL-01 is a novel therapeutic intervention that might be considered in case of

severe influenza virus infection.
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Figure legends

Fig. 1. Determination of the inhibition concentration 50% (ICs) (A), cytotoxic concentration
(CCsp) (B, C) and effective concentration 50% (ECsy) (D-F) of VL-01. A549 cells were
treated with different concentrations of VL-01 (0.1 — 50 uM) and at different time points (4,
8, 24 and 32h) the proteasome activity was measured by P20-assay (measurement of
chymotrypsinactivity of the 20S subunit from the 26S proteasome). Cytotoxic effects of VL-
01 treatment were assayed on A549 and MDCK cells with different concentrations of VL-01
(0.1 — 50 uM). After the incubation period of 24, 48, 72 and 96h the cell viability was
measured by WST-1 assay or crystal-violet staining. The ECsy was analyzed 24h past
infection by plaque assay. Therefore, A549 cells were infected with PR8 (D), RB1 (E) or
MBI1 (F) (MOI of 0.001) and subsequently VL-01 treatment was started by adding infection
medium with different concentrations of VL-01 (0 - 64 uM). For calculation, each experiment

was repeated three times independently with each comprising triplicates.

Fig. 2. Determination of the optimal VL-01 concentration for aerosol application in vivo. Four
BALB/c mice were aerosol-treated one hour prior to infection (PR8, HIN1, 5-fold MLDs)
with different concentrations of VL-01 (0 — 227.4 mg/kg). After 24h mice were sacrificed and
the viral lung titers were measured by plaque assay. (A) (n = 4, * p<0.05) Investigation of
toxic side effects after 10-day VL-01 treatment. Two groups of 4 BALB/c mice were treated
either with 14.1 mg/kg VL-01 or solvent alone. The aerosol-treatment was applied once a day
over a period of 10 days. The physical parameters and body weight of the animals were

monitored daily. (B) (n = 4)

Fig. 3. Optimal frequency and duration of VL-01 treatment. BALB/c mice were either treated
once with 14.1 mg/kg VL-01 for one hour prior to infection (PR8, HIN1, 5-fold MLDs) or
twice (one prior and eleven hours after infection). After 24h mice were sacrificed and viral
lung titers were measured by plaque assay. (A in pfu/ml, B in %, n = 4, * p<0.05) Mice were
treated once for 15 or 30 min with VL-01 resulting in a final dose of 14.1 mg/kg or 28.2
mg/kg, respectively. After 24h mice were sacrificed and viral lung titers were measured by

plaque assay. (C in pfu/ml, D in %, n =4, * p<0.05)

Fig. 4. BALB/c mice were treated with 14.1 mg/kg VL-01 or solvent one hour prior to
infection (PR8, HIN1, 5-fold MLDsg) for 30 min. The mice were treated every 12 hours for
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four days. The physical parameters, body weight (A), onset of disease (B) and survival of
animals (C) were monitored daily. Several experiments show similar results. (n = 4, * p<0.05,

Logrank-Test)

Fig. 5. Cytokine and chemokine expression after LPS treatment or avian H5N1 influenza A
virus infection. 2h prior to LPS treatment (20 pg/mice) mice were i.v. treated with 25 mg/kg
VL-01. Serum samples were taken 4h before (control serum) and 1.5 and 3h after LPS
application and cytokine profile was measured by multiplex assay (left panel, A-E). In a
second experiment, the avian H5N1 virus A/mallard/Bavaria/1/2006 (MB1) was used as a
cytokine inducer. Mice were i.v. treated with 25 mg/kg VL-01 2h prior to virus infection
(MB1, 10-fold MLDsg). Serum samples were collected at 0, 12, 30 and 72h after infection and
cytokines were measured by multiplex assay (right panel, F-J). (n = 4-7, * p<0.05) Note, IL-
la was not reduced after LPS induction, as well as no reduction for IL-1B by influenza

infection.

Fig. 6. VL-01 treatment of influenza A virus infected A549 cells results in nuclear retention
of viral NP in the nucleus. A549 cells were infected with RB1 (HIN1) (A), PR8 (HIN1) (B)
or MB1 (H5N1) (C) (MOI 1) in the absence or presence of 2 uM VL-01. Six hours p.i. cells
were subjected to immunofluorescence analyses using an anti-NP antibody to stain for viral

RNP complexes; cell nuclei were counterstained with DAPI.

Supplemental Fig. 1. VL-01 treatment of influenza A virus infected MDCK cells results in
nuclear retention of viral NP in the nucleus. MDCK cells were infected with RB1 (HIN1)
(A), PR (HIN1) (B) or MB1 (H5N1) (C) (MOI of 1) in the absence or presence of 2uM VL-
01. Six hours p.i. cells were subjected to immunofluorescence analyses using an anti-NP

antibody to stain for viral RNP complexes, cell nuclei were counterstained with DAPI.
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Supplementary figure 1
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Abstract

The recent emergence of pandemic swine-origin influenza virus (HIN1) and the severe
outbreaks of highly pathogenic avian influenza virus of the HSN1 subtype leading to death in
humans is a reminder that influenza remains a frightening foe throughout the world. Beside
vaccination, there is an urgent need for new antiviral strategies to protect against influenza.
The innate immune response to influenza viruses involves production of interferon alpha and
beta (IFN-a/B) which plays a crucial role in virus clearance during the initial stage of
infection. We examined the effect of IFN-a on the replication of HSN1 and HINT1 in vitro and
in vivo. A single pretreatment with low-dose IFN-a reduced lung virus titers up to 1.4 logjo
pfu. The antiviral effect increased after multiple pretreatments. Low-dose IFN-a protected
mice against lethal HSN1 viral infection. Furthermore, IFN-a was also effective against HIN1
in vitro and in the mouse model. These results indicate that low-dose IFN-a treatment leads to
the induction of antiviral cytokines that are involved in the reduction of influenza virus titers
in the lung. Moreover, it might be possible that a medical application during pandemic

outbreak could help contain fulminant infections.
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Introduction

Since 2003, highly pathogenic avian influenza virus (HPAIV) H5N1 has caused roughly 500
human cases in Asia, Africa and Europe with a case fatality rate of nearly 60% according to
WHO. The long endemic scenario and the high genetic diversity of HSN1 viruses indicate
that HSN1 virus strains remain a severe pandemic threat for humans. The pandemic situation
of the newly emerging A/HIN1 swine-origin influenza virus (SOIV) places a burden on
human health care and gives rise to fears that this virus could reassort with HSN1 to become a
highly contagious pathogenic pandemic virus. Human influenza A virus is highly
transmissible and replicates in the upper respiratory tract (Thompson and others 2006). The
most severe complication is primary viral pneumonia resulting in respiratory failure and
death. Patients suffering from chronic bronchitis, asthma or obstructive pulmonary disease
have a higher risk of developing influenza-associated secondary bacterial infections (Cox and
Subbarao 1999). Even though antiviral compounds are available against influenza virus
infection, their efficacy is often limited because of the emergence of drug-resistant virus
mutants (Gubareva and others 2001; Gubareva and others 1998; Le and others 2005).
Additionally, the long term usage of antiviral drugs sometimes causes adverse effects
(Jefferson and others 2009). Consequently, there is an urgent need for new antiviral strategies
for protection and treatment against influenza.

In the first stage of influenza infection, it is essential to protect the airway epithelium against
infection. There are two major pathways that activate the host innate immune response against
viral infection, namely the RNA helicase RIG-I as a receptor for intracellular viral double-
stranded RNA and the Toll-like receptor (TLR) family. TLRs induce interferons (IFNs) to
activate the transcription factors NF-kB, IRF3 and IRF7 (Ludwig and others 2006; Seth and
others 2006). These IFNs are one of the most potent known antiviral mechanisms of the host
response that can limit virus replication and spread (Goodbourn and others 2000; Randall and
Goodbourn 2008). The importance of this innate immune response against pathogens is
highlighted by the fact that several viruses such as influenza virus, measles virus, Newcastle
disease virus and respiratory syncytial virus inhibit the synthesis of IFNs by interacting with
the host IFN response (Huang and others 2003; Kochs and others 2007a; Lo and others 2005;
Palosaari and others 2003). Type I IFNs, namely IFN-a and IFN-B are synthesized and
secreted by cells in response to viral infection. They act in an autocrine as well as a paracrine
manner to up-regulate the expression of hundreds of IFN stimulated antiviral genes (ISG).

These ISG are involved in the up-regulation of the double-stranded RNA-activated protein
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kinase R (PKR), 2',5'-oligoadenylate synthetase and Mx proteins, which are all known to
mediate resistance to viral infections (Silverman 2007). The MxA protein has been shown to
directly interfere with influenza A virus replication (Haller and others 2009). In addition to
the direct antiviral properties, IFNs-o/f modify the host immune response in different ways.
IFNs-o/pB up-regulate MCP-1, MCP-3 and IP-10 gene expression which results in additive
recruitment of monocytes/macrophages to the site of infection. IFNs-o/p also enhance the
antigen presentation of macrophages and dendritic cells by up-regulating MHC gene
expression (Stark and others 1998). Moreover, IFNs-o/p are important cofactors in the
development of Thl-type immune response. IFNs-o/p are involved in T lymphocyte survival,
enhancement of IL-12 receptor and IFN-y gene expression in human natural killer cells (NK)
and T lymphocytes (Matikainen and others 1999; Rogge and others 1997). These data
underline an essential role of [IFNs-o/p in both innate and adaptive immunity against influenza
A and other viral infections. During influenza A virus infection the non-structural protein
(NS1) of the virus is one of the most important antagonist for this antiviral state (Haye and
others 2009). Influenza viruses that are unable to express NS1 (deINS1) induce large amounts
of IFN in infected cells. (Garcia-Sastre and others 1998; Kochs and others 2007b). These
findings demonstrate that type I IFNs play an important role in inducing the antiviral state in
the first line of defense and to help protect the tissue against a fatal infection.

Treatments of high-dose interferon (3x10° to 9x10° units) are actually applied in a wide
spectrum of diseases like hepatitis B and C, multiple sclerosis and autoimmune disorders
(Cooksley 2004; Pereira and Jacobson 2009; Sottini and others 2009). These long term high-
dose treatments are often accompanied by various severe adverse events such as depression,
fever, chills, muscle aches, headache, and a general feeling of discomfort. The short-term
intranasal administration of IFN-a treatment for human viral respiratory diseases has been
shown in Eastern Europe and Russia to have promising antiviral effects (Imanishi and others
1980; Isomura and others 1982; Saito and others 1985). The question arises whether low-dose
IFN-a is effective in vitro and in vivo to protect against highly pathogenic and seasonal
influenza A virus infections.

In the present study, we examined the antiviral effect of low-dose IFN-a treatment on
influenza A virus infection of cell cultures and in the mouse model. IFN treatment of human
and mouse cell lines resulted in a reduction of progeny viral titers. Decreased lung viral titers
of H5N1 and HIN1v were observed after intranasal IFN-a treatment of infected mice. The
decrease of virus in the lung apparently resulted in prolonged survival of mice that were

infected with an otherwise lethal dose of influenza H5N1 virus.
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Material and Methods

Virus strains

The highly pathogenic avian influenza A  HS5NI1 virus strains A/mute
swan/Germany/R1349/07 (SN1) and A/goosander/Bavaria/20/2006 (GSB1) were grown in
embryonated chicken eggs. This isolate was originally obtained from the Bavarian Health and
Food Safety Authority, Oberschleissheim, Germany. The HINI swine-origin influenza A
virus A/Hamburg/4/2009 (SH4) isolated from a patient in Hamburg was originally obtained
from Robert-Koch-Institute Berlin, Germany and further propagated on MDCK cells at the
Friedrich-Loeffler-Institut, Federal Research Institute for Animal Health, Tuebingen,

Germany (FLI).

Virus inoculation of mice

Six to eight week-old BALB/c mice were obtained from the animal breeding facilities at the
FLI. Before intranasal inoculation with H5N1 or HINI, mice were anaesthetized by
intraperitoneal injection of 150 pl of a ketamine (Sanofi)-rompun (Bayer)-solution (equal
amounts of a 2%-rompun-solution and a 10%-ketamin-solution were mixed at the rate of 1:10
with phosphate buffered saline (PBS)). All animal studies were approved by the Institutional

Animal Care and Use Committee of Tuebingen.

IFN-a treatment of cell cultures and experimental design of in vivo studies

Mouse fibroblast cells (MC57) or human lung adenocarcinoma epithelial cells (A549) were
grown in minimal-essential medium (MEM) supplemented with 10% heat-inactivated fetal
calf serum (FCS) and antibiotics (penicillin and streptomycin). Prior to infection, cells were
grown overnight in 24-well plates. Immediately before IFN treatment, the cells were washed
with PBS and subsequently incubated for 8h with 100, 1000 or 5000 units of IFN-o (mu-IFN-
a or hu-IFN-a, PBL, NJ, USA) in MEM containing 0.2% bovine albumin (BA) and
antibiotics. After incubation IFN-o was aspirated and cells were washed with PBS. Thereafter
cells were inoculated with the HSN1 virus strain or with the HIN1 strain at a multiplicity of
infection (MOI) of 0.001 diluted in PBS/BA (0.2 % BA), 1 mM MgCl,, 0.9 mM CaCl,,
penicillin and streptomycin for 30 min at 37°C. After the 30-min incubation time, the
inoculum was aspirated and cells were incubated with Iml MEM containing 0.2% BA and
antibiotics. Supernatants from MC57 and A549 cells were collected at 24, 48 or 72h post
inoculation (p.1.) and virus was titrated on MDCK cells by AVICEL® plaque assay.
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The in vivo studies were performed in 6-8 week old BALB/c mice. At 8, 32 and 56h prior to
viral inoculation, mice were anaesthetized by intraperitoneal injection of ketamine/rompun
and treated intranasally with 1000 units murine IFN-o (PBL, NJ, USA) in 50 pl PBS, 0.1%
BSA. Five BALB/c mice were treated with murine IFN-a and inoculated with H5SN1 virus. A
single intranasal treatment of mice was performed with 1000 units mouse IFN-a at 8, 24, 48
or 72h prior to H5N1 inoculation. The lungs of IFN-a treated and solvent-treated control mice
were collected 48h p.i. and viral titers were determined by plaque assay.

To examine the effect of an additive IFN-a treatment on the virus replication, experiments
were conducted using a multiple pre-treatment protocol. Eight mice per group were treated
with 1000 units IFN-a or solvent 56, 32 and 8h prior to H5N1 inoculation and one group of
mice was treated only once with 1000 units of IFN-a 8h prior to inoculation with H5SN1 virus.
After IFN-a administration, animals from both groups were inoculated with a 10-fold MLDs,
of the H5N1 influenza virus (2x10” pfu). Lungs were collected 48h p.i. and the virus titers
were determined by plaque assay. After mice were inoculated with 1x10° pfu of HINI, the
lung viral titers were analyzed 48h p.i. by plaque assay.

To determine survival after IFN treatment, 8 BALB/c mice per group were given 1000 units
IFN-a or solvent. [IFN-a was administrated 56, 32 and 8h prior inoculation of 10-fold mouse
lethal dose 50% (MLDsg) of H5N1. Treatment was extended to 24 and 48h post infection. In
addition, to determine the blood level of IFN-a in treated mice, sera of individual animals
were collected between treatments and the amounts of IFN-o were analyzed by ELISA. Four
mice out of each group were killed 84h p.i. The weights of livers and spleens after multiple
IFN-o treatment were compared to solvent-treated controls. The bodyweight and visual
clinical symptoms of the remaining four mice per group were monitored for a 14-day
observation period. Clinical symptoms were scored as described earlier (Droebner and others
2008). To determine whether IFN-a given intranasally caused adverse events, five mice were
treated once with 1000 units of IFN-a. After 48h, the spleens and livers of each mouse were

weighed and compared to weights of control mice.

Influenza virus titration (AVICEL® plaque assay)

To assess the number of infectious particles (plaque titers) in the samples, a plaque assay
using AVICEL® was performed in 96-well plates as described by Droebner et al. (Droebner
and others 2008). Virus-infected cells were immunostained by incubating for 1h with a
monoclonal antibody specific for the influenza A virus nucleoprotein (Serotec) followed by

30-min incubation with peroxidase-labeled anti-mouse antibody (DIANOVA) and 10-min
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incubation with True Blue™ peroxidase substrate (KPL). Stained plates were scanned on a
flat bed scanner and the data were acquired by Corel DRAW 9.0 software. To define the titer
of progeny virus, the foci of infected cells for every sample in each well of the 96-well plates
were counted and multiplied with the dilution factor. From the final number of foci in each
well, the mean values were taken. The viral titers are shown as the logarithm to the base 10 of

the mean values.

1C50 determination of IFN-a and Oseltamivir

Oseltamivir carboxylate was obtained from Toronto Research Chemicals Inc. (TCR, North
York, Canada) and dissolved in sterile PBS and IFN-a as previously described. For the
determination of the ICsy cells were infected and treated with different concentrations of
oseltamivir (0.01 nM to 1 mM) or IFN-a (0 to 5000 units). The viral titers of cell culture
supernatants were calculated in percent. The number of pfu of untreated virus-infected control
was set as 100% and the titers of IFN-a treated sample were calculated as follows:

Percent inhibition =100/(pfu virus-infected sample x IFN-a treated sample). The ICsy value
(i.e. the concentration of IFN-a required to reduce the virus titer to 50%) was determined with
the GraphPad Prism 5 Software by plotting the percent virus titer as a function of IFN-a

concentration.

Enzyme Kinetics and neuraminidase (NA) inhibition assay

For determination of Km and V.« for every virus a standardize enzyme activity (0.5 OD units
at A = 540 nM) was incubated with five different fetuin substrate concentration for different
time points. Both values were determined with the GraphPad Prism 5 Software by plotting the
enzyme velocity against substrate concentration. Kinetic assays were performed in triplicates.
NA activity was measured by a colorimetric assay (Aymard-Henry and others 1973) with
fetuin (Sigma-Aldrich, Germany) as a substrate. The inhibitory effect of oseltamivir on
neuraminidase activity was determined by assaying for enzyme activity in the presence of a

range of concentrations.

Measurement of type I Interferon with enzyme-linked immunosorbent assay (ELISA)

Sera of IFN-a treated mice were collected at 57, 44 and 20h prior to inoculation as well as 16,
36, 60 and 84h post inoculation. The sera were stored at -70°C until the analysis of IFN-a.
The IFN-a level in sera was measured using sandwich enzyme-linked immunosorbent assay

(ELISA) (IFN-o ELISA test kits were purchased from PBL, NJ, USA). IFN-a was quantified
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on the basis of a standard curve obtained with recombinant IFN-a. The protein concentrations
were given in x-fold secretion, compared to sera of untreated mice. ELISA was performed

according to the manufacturer’s instructions.

Quantitative real-time RT-PCR

Total RNA was isolated from the lungs of IFN-a or solvent treated mice using TRIzol reagent
(Invitrogen). Mice were treated 56, 32 and 8h prior RNA isolation either with 1000 units IFN-
a or solvent. The quantitative real-time RT-PCR (qRT-PCR) was performed as described
previously (Vogel and others 2010). Briefly, a total of 50 ng RNA was used for qRT-PCR to
determine the expression of [FN-a, OAS, RNasel. and GAPDH using the QuantiFast SYBR
Green RT-PCR Kit (Qiagen, Hilden, Germany), and the SmartCycler System and software
(Cepheid, Sunnyvale, CA). The following specific primers for qRT-PCR were used:
Mm Ifna2 1 SG, Mm Oasla 1 SG, Mm_Rnasel 2 SG and Mm_Gapdh 2 SG (Qiagen).
The relative expression values (ratio) were normalized to the expression value of the

housekeeping gene GAPDH.

Statistical analysis

Statistical analysis was performed using GraphPad Prism software v5.02. For the
investigation of significant differences between two groups Mann-Whitney-Test as well as
paired t test (p-value <0.05) was performed, for more groups ANOVA Newman-Keuls-Test

(p-value <0.01) was performed. Error bars are given as the standard error of the mean.
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Results

Interferon alpha treatment reduces progeny influenza virus titer in vitro

To investigate the antiviral potential of interferon alpha (IFN-a) against influenza A virus
infection in vitro, MC57 cells were treated 8h prior to infection with 100, 1000 or 5000 units
mouse IFN-a. After removal of IFN-a, cells were infected with H5N1 influenza virus at a
MOI of 0.001. The progeny virus titers were determined by plaque assay 24 or 48h past
infection (p.i.). HSN1 virus replicated 24h p.i. in mock-treated cells to 3.1 + 0.24 log;¢ pfu/ml
(Fig. 1A; white bar). Reduced virus titers were found in cell cultures treated with IFN-a.
Treatment with 100 or 1000 units of IFN lead to a virus titer reduction of 0.7 + 0.1 log;o pfu;
treatment with 5000 units of IFN resulted in viral titer reduction up to 1.0 £ 0.1 log;o pfu (Fig.
1A). An enhanced reduction of viral titer after IFN-a treatment was observed 48h post
infection depending on the dose of IFN-a used (Fig. 1B). The use of 5000 units of IFN-a
resulted in a 1.4 + 0.11 log;o pfu reduction, while treatment of infected cells with 1000 and
100 units IFN-a led to virus titer reductions of 1.2 + 0.08 and 1.0 £ 0.05 log;o pfu,
respectively, compared to control cells.

In addition to infection with the H5N1 influenza virus strain, experiments were performed
with the pandemic HINI virus. Human lung adenocarcinoma epithelial cells A549 and
human IFN-a was used for these experiments. Cells were treated 8h prior to HIN1 infection
with 100, 1000 or 5000 units human IFN-a. The progeny virus titer was determined 48 or 72h
past infection, because of the slow replication rate of the virus. In control cells HINI1
replicated 48h p.i. to a titer of 3.77 £+ 0.44 log;o pfu/ml and 4.10 + 0.22 logo pfu/ml after 72h.
After IFN-a treatment hardly any virus was detectable in the cell culture supernatants 48 and
72h p.i. (Fig. 1C, D). These results demonstrated the potent antiviral effect of hu-IFN-a
against the pandemic HIN1 influenza A virus strain. The IFN-o concentrations used in these
experiments showed on both cell lines no toxic effects assayed by crystal violet toxicity assay

(data not shown).

IFN-a is effective against oseltamivir-resistant H5SN1 influenza A virus

In order to investigate the antiviral potential of IFN-a in contrast to oseltamivir, ICsy values
based on reduction of either virus titer (IFN-a) or neuraminidase activity (oseltamivir) to 50%
were determined for three different influenza A virus strains. The ICso values for IFN-a
ranged from 1.49 £ 1.37 to 250.3 £ 1.26 units (Table 1). IFN-a demonstrated the highest
sensitivity against the HIN1 isolate with ICsy value of 1.49 £ 1.37 units. The 1Csy values
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evaluated for oseltamivir ranged from 0.23 + 0.15 to 346.20 + 1.89 nM indicating that the
influenza A H5N1 virus isolate, GSB1 (346.20 + 1.89 nM) can be considered resistant against
oseltamivir (Gubareva and others 2002). In contrast to the ineffective antiviral properties of
oseltamivir, the ICsy of IFN-a against this oseltamivir-resistant HSN1 isolate is 23.43 + 1.20
units. Because of the differences in the responsiveness to oseltamivir, we also determined
enzymatic parameters for the sialidase activities of the neuraminidases. The Michaelis-
Menten constant (Km), which reflects the affinity for the substrate, ranged from 146.64 +
11.87 to 603.58 = 102.06 uM of fetuin. Vmax values, reflecting the activity of the enzyme were
for the HIN1 and H5N1 (SN1) isolates similar ranging from 2.77 + 0.35 t0 2.75+ 0.11 x 107,
except for the oseltamivir-resistant HSN1 isolate GSB1 with an V. 0f 40.01 x 10° (Table 1).
The mean inhibition constant (Ki) values for oseltamivir ranged from 0.23 + 0.17 to 346.12 +
1.97 nM and were higher for less susceptible isolates. Taken together, the in vitro date
concerning the progeny virus titer after IFN-a treatment correlated well with the determined

I1Cs¢ values of IFN-a as well as the oseltamivir-resistance of one H5N1 isolate.

Swine-origin HINI influenza A virus is susceptible to low-dose IFN-o. treatment

Because of the strong antiviral effects of I[FN-a even at low concentrations against influenza
virus in vitro, we raised the question whether low-dose IFN-treatment was also effective in
vivo against the pandemic HIN1 strain. Therefore, 1000 units murine IFN-a were given three
times (8, 32 and 56h) prior to infection of five BALB/c mice. The animals were infected with
1x10° pfu of HINI. Lung virus titers were analyzed 48h p.i. by plaque assay. The
administration of IFN-a was able to reduce the virus titers in lungs of infected mice up 1 log
unit (mock 7.18 + 0.28 vs. IFN-a 6.19 £ 0.42 log;o pfu/ml) compared to solvent-treated
animals (Fig. 2A). In percent, there was a 77% reduction of viral lung titer after low-dose

[FN-treatment in pandemic HIN1 virus infected mice (Fig. 2B).

Single low-dose IFN-o. administration reduces progeny virus titer in the lungs of H5NI
infected mice

Next, we were interested in the antiviral activity of IFN-a against the HSN1 influenza virus.
Therefore, five BALB/c mice were treated with murine IFN-a and infected with the avian
HS5NT1 influenza A virus. A single intranasal treatment of mice was performed with 1000 units
mouse [FN-a at different time points prior HSN1 infection. The IFN-a application was carried
out either 8 or 24 or 48 or 72h prior to infection. The lungs of IFN-a treated and mock-treated

control mice were collected 48h p.i. and virus titers were determined by plaque assay. In the
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lungs of mock-treated mice a virus titer of 3.22 £ 0.17 log;o pfu/ml was noted (Fig. 3A, white
bar). Mice treated with IFN-a once 72h prior to infection showed a titer reduction of 0.8 +
0.38 logio pfu/ml in the lung to 2.41 + 0.23 log;o pfu/ml. An even higher reduction in virus
concentration resulted when IFN-a was applied 48h (reduction of 1.1 £ 0.3 log;o pfu), 24h
(1.3 = 0.36 logjp pfu) and 8h (1.4 + 0.04 log;o pfu) prior to inoculation (Fig. 3A). To
investigate whether 1000 unit IFN-a shows adverse events, five mice were once treated with
1000 units IFN-a. Spleens (Fig. 3B) and livers (Fig. 3C) of processed animals showed no
significant differences in weight or appearance when compared to organs of mock-treated
animals. Thus, the administration of a single dose of 1000 U IFN-a did not appear to be toxic

in mice.

Repeated low-dose IFN-a pre-treatment of HSN1 infected mice increased the antiviral effect
As demonstrated in Fig. 3, a single low-dose treatment of mice with 1000 units IFN-a resulted
in a reduction of virus in lungs after HSN1 influenza A virus infection. Next, we asked
whether a repeated IFN-a application would enhance the antiviral effect. Therefore, mice
were treated with 1000 units IFN-a or solvent 56, 32 and 8h prior to H5N1 infection. To
investigate whether multiple prophylactic treatment is beneficial compared to a single
treatment, one group of mice was treated only once 8h prior to infection with 1000 units IFN-
a. Additionally, the distribution of viral load in mice after multiple IFN-a or solvent treatment
was examined by titrating lung, heart, spleen, kidney, liver, brain and blood 2, 4 and 6 days
past infection.

In the lungs of mock-treated mice, progeny virus replicated to a titer of 4.04 £ 0.05 logo
pfu/ml (Fig. 4, white bars) 48h past infection. The viral titer was reduced to 2.86 + 0.35 log;o
pfu/ml in the lungs of mice that were treated only once with low-dose IFN-a (1000 U). In
contrast the viral titer in lungs of mice that were treated multiple times with 1000 U IFN-a
was reduced to 2.00 = 0.12 log;o pfu/ml (Fig. 4). Thus, the single low-dose IFN-a treatment
resulted in a viral titer reduction of 1.18 + 0.61 logy pfu/ml, while the multiple
administrations IFN-a led to a titer reduction of 2.04 log;o = 0.15 pfu/ml compared to mock-
treated animals (Fig. 4). Table 2 shows the distribution of viral load 2, 4 and 6 days after
multiple IFN-a or solvent treatment and H5N1 virus infection in mice. Progeny virus was
only measurable in the lung, heart and spleen. There was no virus detectable in kidney, liver,
brain or blood (data not shown). At every time point and in all tissues were progeny virus was

detectable IFN-a treated mice shows a reduced virus titer compared to control mice.
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Low-dose IFN-a treatment protected mice against a lethal HSN1 influenza A virus infection
From the reduction of progeny virus in IFN-o treated mammalian cell cultures and the
decreased viral loads in mouse lungs after intranasal low-dose (1000 U) IFN-a application we
concluded that the antiviral effect of IFN-a is sufficient to prolong the survival of mice
infected with influenza A virus. Mice were either treated with 1000 units IFN-a or solvent.
IFN-a was administered 56, 32 and 8h prior infection with 10-fold MLDs, of HSN1 influenza
A virus. Furthermore, treatment was performed 24 and 48h past infection. In addition, to
investigate the level of IFN-a in treated mice, sera of individual animals were collected
between treatments and ELISA analyzed the amounts of IFN-a. We also measured RNA level
of IFN-a, OAS and RNaseL after triple IFN-a treatment (-56, -32 and -8h) in lungs of
uninfected mice. To answer the question whether multiple treatments would lead to adverse
effects four mice out of each group were sacrificed 84h p.i. to define the weight of liver and
spleen after multiple IFN-a treatment compared to mock-treated controls. The bodyweight
and visual clinical symptoms of the other four mice per group were monitored for 14 days.

Six days after inoculation, the control mice started to lose weight (Fig. 5SA) and developed
first clinical symptoms like ruffled fur or the reduction of their normal activity rate. Within
the next three days all control mice died (Fig. 5B, black squares). Interestingly, only one out
of four mice of the IFN-a treated group showed clinical symptoms comparable to the control
group; this one mouse died at day eleven p.i. (Fig. 5C). The other three IFN-treated mice did
not lose weight (Fig. 5A, white squares), remained normal and survived the otherwise lethal
challenge infection (Fig. 5B, white squares).

No statistically significant differences in the weights of spleens and livers were found when
comparing treated animals to untreated controls. The multiple IFN-a treatments did not
provoke noticeable toxic side effects (Fig. 5D, E). When the IFN-a level in sera of treated
mice was compared to untreated mice, an additive effect of IFN-a induction was observed
(Fig. 6A). After the first two treatments at 56 and 32h prior to infection, an increased amount
of IFN-a (4.86 + 0.3 fold) was detected in treated mice compared to untreated controls. After
inoculation of H5N1 virus, the level of IFN-o was reduced until 24h post inoculation.
Nevertheless, the next two IFN-a treatments (24 and 48h p.i.) increased the level up to 1.6 +
0.01 fold (36h), 2.0 £ 0.01 fold (60h) and 2.7 + 0.14 fold (84h) post infection, compared to
IFN-a levels in untreated mice. The relative quantification of IFN-a, OAS and RNaseL RNA
after triple IFN-a treatment in the lung shows for all gens an enhanced amount in IFN-a
treated mice compared to untreated controls. IFN-a treatment leads to more then 1.5-fold

higher IFN-a, 3-fold OAS and 6.5-fold RNaseL RNA level in contrast to solvent treated mice.
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From these results one might speculate that the antiviral effect of intranasal administration of

low-dose IFN-a enhances endogenous IFN production in vivo.
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Discussion

Infections with human and avian influenza A viruses are a major burden in human health care
and the options for control and treatment of the disease are limited. Viral resistance against
the common influenza antivirals, amantadine and oseltamivir underlines the urgent need for
new antiviral drugs (Bai and others 2009; McKimm-Breschkin and others 2007; Sheu and
others 2008). The continuous circulation and reassortment of influenza viruses represents a
chronic public health threat. In this study, we demonstrated that treatment with low-dose IFN-
a reduced progeny virus replication in cell culture. Reduction of highly pathogenic influenza
H5NI1 and the pandemic HINI influenza virus was also observed in mice treated with
intranasal low-dose (1000 units) IFN-a. Increased survival from IFN treatment was observed
without any adverse effects. Moreover, we are able to induce interferon stimulated genes
(ISG) in the lung after low-dose IFN-a treatment.

After entry of a pathogen into the host, IFNs form the first line of defense and establish an
"antiviral state". This results in the induction of a large number of ISG. These genes are
involved in expression of cytokines/chemokines and enzymes that interact with cellular and
viral processes to avoid viral replication and spread (Goodbourn and others 2000; Randall and
Goodbourn 2008; Stark and others 1998). IFN-a mediated antiviral status in the innate
immune response involves three mechanisms. All three mechanisms are important for the
development of an efficient foreign pathogen clearance. First, activated double stranded RNA
(dsRNA)-dependent protein kinase R (PKR) which detects dSRNA, inhibits protein synthesis
by phosphorylating the eukaryotic initiation factor 2 (elF2a) (Garcia and others 2006).
Secondly, the 2',5'-oligoadenylate synthetase (OAS) triggered by dsRNA activates the cellular
endoribonuclease, RNaseL, which degrades cellular but also viral single-stranded RNA,
resulting in inhibition of protein synthesis (Silverman 2007). The third mechanism by which
IFN-o induces an antiviral state is the induction of the transcription of the Mx protein that
interacts in a direct way with viral components to trap and sort them to cellular compartments
where they become unavailable for the production of new virus particles (Haller and others
2007). In the present study wild-type mice were used that lack the Mx protein. Thus our
present results demonstrate that Mx protein is not a prerequisite to assure the antiviral effect
mediated by IFN-a treatment. Furthermore, the results give rise to the assumption that the
IFN-a mediated antiviral effect is even more pronounced when Mx protein is present.

The question then arises as to how intranasal delivery of IFN-a contributes to protection

against highly pathogenic influenza virus infection. The molecular basis of IFN-o mediated
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action after oral administration is not fully understood. It is well accepted that oral IFN-a
treatment leads to the induction of 2',5'-oligoadenylate synthetase (OAS) that functions as a
molecular marker for IFN-induced cellular activation (Cummins and others 2005). In this
concern, it is of interest that influenza A virus developed several ways to evade the host
immune response and virus clearance. One way is the interaction of viral NS1 protein with
several cellular factors. NS1 can directly block the function of 2',5'-oligoadenylate synthetase
(OAS) and the dsRNA- dependent protein kinase R (PKR) (Min and Krug 2006; Min and
others 2007; Wolff and Ludwig 2009). Besides OAS activation, orally administered IFN also
leads to a local increase of MHC class I expression which is a prerequisite for CD8" T-cell
effector function. Oropharyngeal delivery of IFN-a leads to activation of the interferon-
activated natural killer cells, B-cells and subpopulations of the cellular immune response
(Cummins and others 2005). Investigations in animals and humans using radiolabeled IFN-a
demonstrated a mucosal binding of IFN-a after oropharyngeal delivery in the salvia, oral
cavity, nose and in the paranasal sinuses (Diez and others 1987; Schellekens and others 2001).
Taken together, these data suggest that the Type I IFN detected in the blood of our mice
treated via the intranasally route was of endogenous origin since the low dose IFN would not
be detectable systemically in the amounts shown in Figure 6A. In addition, the enhanced
RNA levels of ISG (IFN-a, OAS and RNasel) after IFN-a treatment underline the
endogenous origin (Fig. 6B). IFN-a treatment did not provoke noticeable toxic side effects
since there were no significant differences in the weights of spleens and livers (Meng and
others 2008; Van Loveren and others 1994). Moreover, the data also demonstrate that orally
administered IFN-a leads to an induction of an “antiviral state” in the region of the body
where influenza virus replication takes place first.

Pre-treatment with low-dose IFN-a reduced influenza virus in the lung of mice and protected
these animals against a lethal infection. Beilharz et al already demonstrated the potential of
low-dose IFN-a prophylactic treatment of mice infected with mouse adapted human influenza
virus A/Puerto Rico/8/34 (Beilharz and others 2007). In addition, oromucosal administration
including low-dose IFN treatment was demonstrated to be protective against various virus
infections including vesicular stomatitis virus, encephalomyelitis virus, vaccinia virus and
cytomegalovirus (Bosio and others 1999; Lawson and Beilharz 1999; Sonnenfeld and others
2001; Tovey and Maury 1999).

Low-dose IFN-a treatment is a novel way to deal with potential pandemic outbreaks of new
emerging influenza A viruses. The importance for new antiviral drugs especially after

development of partial viral resistance to the available antiviral drugs against influenza virus
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is a prerequisite to assure human health. Related to develop resistance we could show that the
oseltamivir-resistant HSN1 virus strain A/goosander/Bavaria/20/2006 (GSB1) is susceptible
for low-dose IFN-a treatment. Therefore, low-dose IFN-a could maybe an effective antiviral
drug by oseltamivir or other resistance viruses. In contrast to hepatitis B and C long-term
therapy with high concentrations of IFN-a which leads to serious adverse effects, tissue
specific intranasal treatment with low-dose IFN does not cause adverse events. Thus, our
findings demonstrate that low-dose IFN-a is a potential antiviral drug to induce the antiviral

state as part of the first line of defense to protect against a fatal influenza virus infection.
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Figure legends

FIG. 1. The titer of H5SN1 and HIN1 virus was reduced by IFN-a treatment. Cells were
treated with 0, 100, 1000 or 5000 units of IFN-a for 8h prior to virus inoculation. (A, B) After
aspiration of IFN-a, cells were inoculated with highly pathogenic avian influenza A H5N1
virus A/mute swan/Germany/R1349/07 (SN1). After 24h (A) and 48h (B) progeny virus titers
in the supernatant were determined by plaque assay. *P < 0.01 (Newmann-Keuls-Test). (C,
D) After aspiration of IFN-a, cells were inoculated with the HIN1 swine-origin influenza A
virus A/Hamburg/4/2009 (SH4). After 48h (C) and 72h (D) progeny virus titers in the

supernatant were determined by plaque assay. *P < 0.01 (Newmann-Keuls-Test).

FIG. 2. Intranasal IFN-a treatment reduced viral titers in the lungs of HIN1 inoculated mice.
Five BALB/c mice were treated intranasally with 1000 units of mu-IFN-a 56, 32 and 8h prior
to inoculation with 1x10° pfu HIN1. After an incubation period of 48h, viral lung titers were
determined by plaque assay. Viral titer in logl0 pfu/ml (A) and in percent (B). *P < 0.05
(Mann-Whitney-Test).

FIG. 3. Reduction of viral titers in the lungs depended on the time point of IFN-o treatment.
(A) Five BALB/c mice per group were given 1000 units mu-IFN-a or solvent at 72, 48, 24
and 8h prior to 2x10° pfu H5N1 inoculation. At 48h p.i. spleens (B) and livers (C) were
weighted and viral titers in the lungs were determined by plaque assay. *P < 0.01 (Newmann-

Keuls-Test).

FIG. 4. IFN-a treatment reduced viral titers in the lungs. Mice were intranasally treated with
1000 units mu-IFN-a once (8h) or three times (8, 32 and 56h) prior to inoculation with 10-
fold MLDsy (2x10% pfu) of the H5N1 strain SN1. Progeny virus titers in the lungs were
determined 48h post infection. *P < 0.01 (Newmann-Keuls-Test).

FIG. 5. Multiple IFN-a treatment protected mice against lethal HSN1 influenza A virus
infection. Eight mice from each group were treated with 1000 units mu-IFN-a three times (56,
32 and 8h) prior to, and 24 and 48h, after inoculation with 2x10* pfu H5N1. (A) Average
body weights of solvent (black squares) and IFN-o treated (white squares) animals. (B)

Survival rates of solvent (black squares) and IFN-a treated (white squares) mice (*P < 0.01).
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(C) Clinical score of solvent (black squares) and IFN-a treated (white squares) mice. Four out

of eight mice were sacrificed to define the weight of spleen (D) and liver (E).

FIG. 6. IFN-a level in sera of mice treated with IFN-a was measured by ELISA and is given
as x-fold expression relative to solvent treated mice (*P < 0.01 (Newmann-Keuls-Test)) (A).
Quantitative real-time RT-PCR of interferon stimulated genes (IFN-a, OAS and RNaseL) (B).
Total RNA was isolated from the lungs of mice which were treated 56, 32 and 8h prior RNA
isolation either with 1000 units IFN-a or solvent. The relative expression values (ratio) were
normalized to the expression value of the housekeeping gene GAPDH. *P < 0.05 (paired t
test)
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Tables

Table 1: In vitro effect of IFN-a and oseltamivir on influenza A virus strains.

IFN-a Oseltamivir
isolate ICs (units)® ICs, (nM)® Vmax (x107)° Km (uM) of fetuin® Ki (nM)*
HIN1 1.49 +1.37 0.23+0.15 2.77+0.35 603.58 + 102.06 0.23+0.17
H5N1
(SN) 250.3 +1.26 1.60 +1.35 2.75+0.11 146.64 + 11.87 1.60 + 1.57
H5N1
(GSBI) 23.43+1.20 346.20 + 1.89 40.01 +3.45 563.50 + 65.04 346.12 +1.97

* determined by in vitro screening and represents the IFN-a units required to reduce the virus titer to 50%. ICs, values were determined for a 24h
infection period (MOI 0.001) for each virus with the GraphPad Prism 5 software by plotting the percent virus titer as a function of compound
concentration. The experiment was performed in triplicates.

® The ICs, value (i.e. the concentration of compound required to reduce the viral NA activity to 50%) was determined for each virus with the
GraphPad Prism 5 Software by plotting the percent NA activity as a function of compound concentration. The inhibition assays were performed in
triplicates. The ICs, values were determined for each virus with the GraphPad Prism 5 Software by plotting the percent neuraminidase activity as a
function of compound concentration.

° For the determination of Km and V. for every virus a standardize enzyme activity (0.5 OD units at L = 540 nM) was incubated with five
different fetuin substrate concentration for different time points. Both values were determined with the GraphPad Prism 5 Software by plotting the
enzyme velocity against substrate concentration.

4 Ki values were obtained using the fallowing equation: Ki = ICs¢/ 1+ (substrate concentration/Km)

Table 2: Distribution of viral load 2, 4 and 6 days after multiple IFN-a treatment and influenza virus
infection in BALB/c mice®.

Lung Heart Spleen
A A A
mock IFN-a virus mock IFN-a virus mock IFN-a virus
titer titer titer
day2 4.04+0.05 2.00+0.12 2.04 <1.7 <1.7 - 274+036 221+0.50 0.53
day4 4.63+023 4.09+0.50 0.54 1.96 £0.25 <17 0.26 2.73+0.32  2.15+043 0.58
day6 543+042 4.92+0.66 0.51 2.34+0.74 1.94+0.53 0.40 322+0.14 <1.7 1.52

* Virus titers are given as the logarithm in pfu per 1ml organ-homogenate.
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Figure 5
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Abstract

BACKGROUND AND PURPOSE: Stroke is triggered by several risk factors, including
influenza and other respiratory tract infections. However, it is unknown how and in which

way influenza infection affects stroke outcome.

METHODS: We infected mice intranasally with human influenza A (HINI1) virus and
occluded the middle cerebral artery to induce ischemic strokes. Infarct volume and
intracerebral hemorrhage were determined by histology. To evaluate the integrity of the
blood-brain barrier and inflammation, we measured various cytokines in vivo and in vitro and
performed immunohistochemistry of leukocyte markers, collagen IV, immunoglobulins, and

matrix metalloproteinase-9.

RESULTS: Influenza virus infection increased infarct size. Whereas changes in
cardiovascular parameters did not explain this effect, we found evidence for an inflammatory
mechanism. In influenza virus infection, the respiratory tract released cytokines into the
blood, such as RANTES that induced macrophage inflammatory protein-2 and other
inflammatory mediators in the ischemic brain. In infected mice, there was an increased
number of neutrophils expressing the matrix metalloproteinase-9 in the ischemic brain. This
was accompanied by severe disruption of the blood-brain barrier and an increased rate of
intracerebral hemorrhages after tissue plasminogen activator treatment. To investigate the role
of cytokines, we blocked cytokine release by using GTS-21, a selective agonist of the a7
nicotinic acetylcholine receptor. GTS-21 ameliorated ischemic brain damage and improved

survival.

CONCLUSIONS: Influenza virus infection triggers a cytokine cascade that aggravates
ischemic brain damage and increases the risk of intracerebral hemorrhage after tissue
plasminogen activator treatment. Blockade of cytokine production by a7 nicotinic
acetylcholine receptor agonists is a novel therapeutic option to treat stroke in a

proinflammatory context.
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Non-standard Abbreviations and Acronyms:

a7nAchR, a7 nicotinic acetylcholine receptor; BBB, blood-brain barrier; G-CSF, granulocyte
colony stimulating factor; MCA, middle cerebral artery; MCP-1, monocyte chemoattractant
protein-1; MIP, macrophage inflammatory protein; MMP-9, matrix metalloproteinase-9;
OGD, oxygen glucose deprivation; pMCAO, permanent middle cerebral artery occlusion;
RANTES, regulated upon activation normal T cell expressed and secreted; tMCAO, transient

middle cerebral artery occlusion; tPA, tissue plasminogen activator
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Introduction

Seasonal influenza is a serious health problem. Estimates suggest that influenza virus
infection caused about 36,000 deaths per year in the USA between 1993 and 2003." During
pandemic influenza the mortality rate is even higher. The excess mortality from influenza is
only to a small extent due to viral pneumonia, the majority being attributed to secondary
respiratory infections or circulatory deaths.? Indeed, influenza virus infection triggers several
other diseases including myocardial infarction and stroke. In the case of stroke, the link to
influenza is supported by several lines of evidence. First, the seasonal variation in stroke
incidence closely resembles the occurrence of respiratory tract and influenza virus infections.’
It has been shown that stroke patients have an increased rate of preceding respiratory tract
infections,” and that respiratory tract infections are followed by an increased stroke risk.’
The interval between symptoms of respiratory tract infection and stroke is often about
3 days.6 Moreover, influenza vaccination has been shown to reduce stroke risk,7'8 and stroke
mortality.’

If influenza can trigger stroke, what is the effect of concomitant influenza on the pathogenic
cascade leading from cerebral ischemia to tissue demise? Though hard to answer from clinical
data this question is of great importance for the treatment of both influenza and stroke.
Experimental studies have shown that systemic inflammation due to lipopolysaccharides may
aggravate neuroinflammation in cerebral ischemia,'® but the effect of more naturalistic
infections is unknown. The interplay between systemic inflammation and stroke
pathophysiology is also highly relevant because stroke often occurs in a preexisting state of
inflammation due to atherosclerosis, obesity, or infection.'' Previous preclinical stroke
research has mostly neglected this fact by investigating healthy young animals. Here, we
show that a concomitant influenza virus infection increases ischemic brain damage and may
affect the safety and efficacy of stroke treatment. In influenza-infected mice the blood-brain
barrier (BBB) was severely disrupted after stroke and thrombolysis led to more hemorrhages.
Our data suggest that RANTES and possibly other cytokines mediate the effect of the
respiratory infection on ischemic brain damage. Activation of the cholinergic control of
immunity blocked cytokine release and reversed the effect of influenza virus infection on

ischemic brain damage.
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Methods

Influenza virus and infection

Human influenza virus A/Puerto Rico/8/34 (HIN1; PR8) was propagated on Madin-Darby
canine kidney (MDCK) cells as described earlier.”” Male C57BL/6 mice at an age of 3—4
months if not indicated otherwise were anesthetized by i.p. injection of xylazine (50 pl per
10 g body weight, 0.1%) and ketamine (50 pl per 10 g body weight, 0.5%) and kept in a
supine position. We administered the HIN1 virus (I x 10> PFU) or the control inoculum
(PBS) in a final volume of 50 ul (25 pl in each nasal opening) and monitored breathing to
assure complete inhalation of virus. Successful infection was controlled by virus titration of
lungs. To investigate survival we used C57BL/6 mice at an age of 7-9 weeks since the LDs
of PR8 (2 x 10° PFU) was evaluated in this age group of C57BL/6 mice. All animal

experiments were approved by the local animal welfare committee.

Permanent middle cerebral artery occlusion (pMCAOQ)

Male mice were anesthetized at the age of 3—4 months by i.p. injection of 2.5%
tribromoethanol (150 pl per 10 g body weight). A skin incision was made between the ear and
the orbit on the left side. The temporal muscle was removed by electrical coagulation. The
stem of the middle cerebral artery (MCA) was exposed through a burr hole and occluded by
microbipolar coagulation (Erbe, Tiibingen, Germany). Surgery was performed under a
microscope (Hund, Wetzlar, Germany). A body temperature of 37°C was maintained in the
mice by using a heating pad. For sham surgery, mice were anesthetized and the temporal
muscle was removed but the MCA was not occluded. In some groups, mice were treated with
GTS-21 (10 mg/kg i.p.) or saline injection before surgery, 6 h, 24 h, and 36 h after surgery. If
not indicated otherwise, mice were deeply reanesthetized with tribromoethanol 48 h after
pMCAO and perfused intracardially with 4% paraformaldehyde (PFA). The brains were kept
in 4% PFA for 3—4 h and then transferred to 30% sucrose solution for 24 h. Finally, the brains
were frozen on dry ice. Coronal cryosections of the brains (20 um in thickness) were cut
every 400 pm and stained with the Nissl technique. Infarct volumes were corrected for brain
edema as previously described.’ Surgery was performed and ischemic damage was measured
without knowledge of treatment. To evaluate the effects of hypoxemia, mice were exposed to

normobaric hypoxia at 16% oxygen during surgery and for a period of 48 h after surgery.'

Transient middle cerebral artery occlusion (tMCAOQO)
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Male mice were anesthetized at the age of 3—4 months by i.p. injection of xylazine (50 pul per
10g body weight, 0.1%) and ketamine (50 pl per 10 g body weight, 0.5%). For tMCAO, a
median neck incision was performed and the left common carotid artery was exposed. A
silicon rubber-coated 7-0 monofilament of 20-mm length (Doccol Corporation, Cat. No.
7019PK5Re) was inserted into the common carotid artery on the left side. The filament was
advanced into the internal carotid artery about 11 mm from the bifurcation until the coated
part of filament was no longer visible. The filament was reversibly fixed during the whole
time of ischemia. Surgery was performed under a microscope (Hund, Wetzlar, Germany) and
a body temperature of 37°C was maintained by using a heating pad during the time of
occlusion. After 45 min of occlusion, the filament was removed to establish reperfusion.
During the time of occlusion, the femoral vein was exposed and cannulated with a 20-cm long
catheter (Polyethylene [PE]-10). Human tissue plasminogen activator (tPA, 10 mg/kg in a
volume of 300 pl, Boehringer Ingelheim, Germany) was administered starting 30 min after
MCAO with a bolus (1 mg/kg). The remaining dose (9 mg/kg) was infused over 20 min with
a pump (PHD2000 Programmable, Harvard Apparatus). At 24 h after tMCAO the animals

were reanesthetized and perfused intracardially with 4% PFA.

Measurement of physiological parameters

To determine physiological parameters that could affect stroke pathophysiology, the femoral
artery was cannulated after anesthesia with Rompun and Ketamine (see above) in a separate
cohort of animals. Arterial blood gases and glucose were measured 10 min before and 10 min
into pMCAO in a blood sample of 100 pul. For laser Doppler measurements, the probe (P415-
205; Perimed, Jérfélla, Sweden) was placed 3 mm lateral and 6 mm posterior to the bregma.
Relative perfusion units were determined (Periflux 4001; Perimed). For the measurement of
body temperature after infection we used a telemetry monitoring system (VitalView®,
Minimiter, USA) as described previously.'” Oxygen saturation was measured in awake mice

using the MouseOx® (Starr Life Sciences Corp).

Influenza virus titration

To assess the number of infectious particles (plaque titers) in lung, blood, brain, and cell
culture supernatants a plaque assay using Avicel® was performed in 96-well plates as
described previously.?” Organs were homogenized in saline buffer. A 10% homogenate was
titrated and used for infection of MDCK target cells. After a 48-h incubation period the virus-

infected MDCK cells were immunostained by incubating for 1 h with a monoclonal antibody
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specific for the influenza A virus nucleoprotein (Serotec) followed by 30-min incubation with
peroxidase-labeled anti-mouse antibody (DIANOVA) and 10-min incubation with True
Blue™ peroxidase substrate (KPL). Stained plates were scanned on a flat bed scanner and the
data were acquired by Microsoft® Paint software. The virus titer is given as the logarithm to

the base 10 of the mean value. The detection limit for this test was <1.7 log 10 PFU/ml.

Immunohistochemistry

For fluorescent immunohistochemistry, cryosections of 20-um thickness were fixed in 4%
PFA for 30 min. Sections were then permeabilized with 0.25% Triton X-100 in PBS for 5 min
and blocked in 5% normal horse serum or 5% bovine serum albumin for 90 min except for
collagen staining, for which sections were permeabilized by 0.25% Triton X-100 for 2.5 h.
The following primary antibodies were used: rabbit anti-mouse collagen IV (1:500; Abcam,
Cambridge, UK; Cat. No. ab19808), rabbit anti-mouse polymorphonuclear leukocyte (1:100;
Accurate Chemical & Scientific, Westbury, NY, USA; Cat. No. AIAG31140), goat anti-
mouse MMP-9 (1:50; R&D-Systems, Wiesbaden-Nordenstadt, Germany; Cat. No. AF909),
and rat anti-mouse CD11b (1:100 AbD, Serotec, Diisseldorf, Germany Cat. No. MCA 711G).
The primary antibodies were applied overnight at room temperature with the exception of the
anti-PMN antibody, which was applied for 2 h. After washing, the following secondary
antibodies were added: Cy3-conjugated donkey anti-goat (1:200; Dianova, Hamburg,
Germany; Cat. No. 705-165-147), Cy3-conjugated donkey anti-rabbit (1:200; Dianova; Cat.
No. 711-165-152), Alexa-Fluor-488 donkey anti-goat (1:200; Invitrogen, Karlsruhe,
Germany; Cat. No. A11055), Alexa-Fluor-488 donkey anti-rabbit (1:100; Invitrogen; Cat. No.
A212065), Alexa-Fluor-488 donkey anti-rat (1:200; Invitrogen; Cat. No. A21208), and HRP-
conjugated goat anti-mouse IgG (1:100; Dianova; Cat. No. 115-035-003). Finally, sections
were mounted with Mowiol 4-88-mounting medium with DABCO (Roth, Karlsruhe,
Germany; Cat. No. 0713). To exclude unspecific staining we repeated the procedure without
the primary antibodies.

To stain the viral nucleoprotein and sialic acid-containing influenza receptors, cryosections
were used. The sections were fixed in 4% PFA for 30 min. Endogenous peroxidase activity
was then blocked by incubation in PBS containing 3.0% H,O, for 10 min. After incubation
with 2.5% normal horse serum or 3% bovine albumin serum for 20 min, goat anti-
nucleoprotein (AbD Serotec; 1:4000), biotinylated Sambucus nigra lectin (o0 2,6; Vector
Laboratories, Burlingame, CA;10 pg/ml), or biotinylated Maackia amurensis II lectin (o 2,3;

Vector laboratories; 10 pg/ml) were applied overnight. After adding InmPRESS REAGENT
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(anti-goat IgG; Vector Laboratories Cat. No. MP-7405) or ABC reagent for 30 min, sections
were stained with 3,3’-diaminobenzidine (Vector laboratories) according to the
manufacturer’s protocol. Finally, the sections were counterstained with hematoxylin,
dehydrated with ascending alcohol row and incubated in Roti Histoclear solution for 10 min.
The sections were covered in ENTELLAN (Merck) and dried for 30 min.

MMP-9 and collagen 1V staining were quantified in predefined areas (Figure 3C) on coronal
sections containing the anterior commissure without knowledge of treatment using Leica
DM4000B (Leica Microsystems) and PictureFrame Application 2.3 (Camera Type:
MICROFIRE C). Neutrophils were counted in the infarct area on a section containing the
anterior commissure. For quantification of integrated density we used Image J (Wayne
Rasband, National Institute of Mental Health, Maryland, USA). For confocal microscopy a
Nikon AIR 4 laser line confocal microscope with hybrid scanner and 32 channel spectral

detector was used.

Quantification of hemorrhagic transformations

To quantify hemorrhagic transformation, mice were perfused 24 h after tMCAO as described
above. We scored hemorrhages at 20-21 levels throughout the brain without knowledge of the
treatment as described previously.”” Briefly, microscopic hemorrhage (evident to the eye
aided by a 10 x magnifying glass) was scored 1 and macroscopic hemorrhage (evident to the
unaided eye) was scored 3, 4, or 5 according to its size. To visualize the hemorrhage (Fig 5D)
we stained the sections with hematoxylin and eosin and diaminobenzidine (DAB). DAB is
known to react with peroxidases in the red blood cells, facilitating precise identification of

intracranial hemorrhage.

Hemoglobin assay

To measure the hemoglobin content in the brain we performed a spectrophotometric assay
using Drabkin’s solution. Briefly, the animals were perfused transcardially 24 h after tMCAO
with PFA (4%, 20 ml with a perfusion speed of 1.5 ml/min). To prepare the standards, fresh
blood was injected into the cortex immediately before perfusion. The brains were
homogenized by sonication in 1 ml PBS per hemisphere. After centrifugation 120 ul of
Drabkin’s solution containing Drabkin’s reagent (Sigma, Cat. No.: D5941) and Brij 35
solution (0.015%, Sigma, Cat. No. B 4184) was added to 30 pl of supernatant and the
absorption was measured at 540 mm (Spectra MAX 250, Molecular Devices Corp).
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Measurement of cytokines

On day 3 after influenza virus infection male C57BL/6 mice were subjected to pMCAO as
described above. At 15h after occlusion mice were deeply reanesthetized with
tribromoethanol. Blood was drawn from the caval vein and plasma was stored at -20°C until

analysis by Bioplex.

Cell culture

Glial cells were prepared from the brains of neonatal (postnatal day 2) mice as has been
described.” Cells were cultured in DMEM (Invitrogen) containing glucose (4.5 g/l), L-
glutamine (0.5 mM), fetal calf serum (FCS, 10%, Invitrogen), penicillin (100 IU/ml), and
streptomycin (100 pg/ml). The mouse brain endothelial cell line bEnd.3 was obtained from
American Type Culture Collection (Manass, VA, USA) and grown in DMEM containing
glucose (4.5 g/l), FCS (10%), penicillin (100 IU/ml), streptomycin (100 pg/ml), and L-
glutamine (2 mM). Oxygen glucose deprivation (OGD) was used as an in vitro model of
ischemia. At 1h before oxygen deprivation, recombinant mouse RANTES (100 ng/ml,
Peprotech, Hamburg, Germany) and 2-deoxy-D-glucose (5 mM) were added to medium. Cells
were placed in an anaerobic chamber flushed with 5% CO, in 95% N, for 15 min before the
chamber was sealed and incubated for 3 h at 37°C. Control cells were kept under normoxic
conditions without 2-deoxy-D-glucsoe for 3 h. The medium was then replaced and the cells
were allowed to recover for 24 h under normal conditions. MIP-2 release in the medium was
measured using the mouse MIP-2 Quantikine ELISA (R&D).

The human lung epithelial cell line A549 was grown in minimal-essential medium (MEM)
supplemented with 10% heat-inactivated FCS, penicillin (100 U/ml), and streptomycin (100
png/ml). Cells were infected with PR8 (MOI = 1) and treated with GTS-21 for 48 h after
infection. RANTES was measured in the medium with the human RANTES direct ELISA kit
(Invitrogen).

For the cell viability assay, A549 cells were infected with PR8 virus at MOI of 1.°* At 48 h
after addition of GTS-21, cells were fixed and viable cells were stained with crystal violet
(Sigma-Aldrich, Steinheim, Germany). After extraction of crystal violet from viable cells with
100% methanol (Carl Roth, Karlsruhe, Germany), the extinction was measured by 450 nm

with a microplate absorbance reader (Sunrise, Tecan).

Statistics
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Student’s t-test was used to compare two groups and one-way ANOVA (analysis of variance)
to compare more than two groups, followed by the Newman-Keuls multiple comparison test.

Data are expressed as means + sem.
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Results

Influenza aggravates concomitant stroke

Mice were infected intranasally with the human HIN1 influenza A virus PRS8. To induce an
ischemic stroke we permanently occluded the middle cerebral artery (pMCAO) 3, 4, or 5 days
after infection. These time points were chosen because symptoms of respiratory tract
infections often precede stroke by 3—5 days.® Influenza virus infection increased the infarct
size at all three time points (Figure 1A). Infarcts were mostly limited to the cortex in the
pMCAO stroke model (Figure 1B). Influenza virus infection enlarged the infarct size in the
full rostro-caudal extension of the lesion (Figure 1C). However, the infection had no effect on
the mortality of mice after stroke (pMCAO) (Table 1).

The human influenza virus infects cells of the respiratory tract and has only rarely been
detected in the brain.'> However, there is a short-lasting influenza viremia in humans and
mice."*"* Furthermore, neural cells express the influenza receptors Siao2-3gal and Siaa2-6gal
(Figure 2A)."> Therefore, we investigated whether infection of ischemic brain tissue could
underlie the increased infarct size. At 5 days after infection we detected the viral
nucleoprotein (NP), a marker of ongoing viral replication, in lung tissue but not in ischemic
brain (Figure 2A). In addition, we could recover PR8 virus from lung tissue but not from
blood or brain (Figure 2B). These data argue against a role of direct brain infection in the
aggravation of stroke.

As influenza virus pneumonia may lead to hypoxemia, we considered the possibility that
hypoxemia is responsible for the enlarged infarct size during influenza. Oxygen saturation in
awake mice was not reduced 3, 4, and 5 days after influenza virus infection (Figure 2C).
However, the arterial pO, measured in anesthetized mice dropped after influenza virus
infection (Figure 2D). A significant decrease of pO, was observed 4 and 5 days after
infection. A similar drop of pO, levels was measured in uninfected mice if the O,
concentration of the air was reduced to 16% corresponding to an altitude of about 2,400 m
(Fig 2E, left panel). Exposure of mice to 16% O, during and after pMCAO had no effect on
the infarct size (Figure 2E, right panel). This indicates that the enlarged infarct size after
influenza virus infection cannot be explained by hypoxemia. Since it has been reported
previously that body temperature decreases in mice after influenza virus infection,'®!” we
measured body temperature after stroke. There was no difference between the sham and
stroke group (Figure 2F). As hypothermia is neuroprotective,'® the lower body temperature in

influenza virus infected mice would clearly not enlarge the infarct size. Other physiological
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parameters that are known to influence the infarct size were not altered after influenza

infection (Table 2).

Respiratory influenza virus infection augments neuroinflammation in stroke

Influenza virus infection leads to a profound inflammatory response in the lung that may have
distant effects on the ischemic brain. In accordance with previous reports, we found elevated
concentrations of MIPla, IL-6, IL-18, MCP-1, RANTES, and MIP-2 in lung tissue of
influenza virus infected mice (Figure 3A—F, left panel). In plasma, RANTES levels were
higher after influenza virus infection both in sham and stroke mice (Figure 3E). In contrast,
plasma levels of other cytokines were not affected by influenza infection in stroke mice
(Figure 3A-D, 3F, Suppl. Fig 1A-D, 2C). In the brain influenza virus infection alone had no
effect on cytokine expression. However, it significantly increased the expression of IL-1,
MCP-1, and MIP-2 in concomitant stroke (Figure 3C, D, F). Also, G-CSF, MIP-1p, and TNF
were increased (Suppl. Figure 1A, C, D). However, IL-17, GM-CSF, INFy were not affected
(Suppl. Figure 1B, 2A, B,).

Because RANTES plasma levels were elevated after influenza virus infection we wondered
whether RANTES would induce cytokine expression in neural cells. In primary glial cells
RANTES stimulated MIP-2 release into the medium (Figure 3G). Likewise, oxygen glucose
deprivation (OGD), an in vitro model of cerebral ischemia, raised MIP-2 release but the
combination of RANTES and OGD had no further effect on MIP-2 secretion (Figure 3G). In
brain endothelial bEnd.3 cells RANTES and OGD alone had no effect on MIP-2 release but
the combination increased MIP-2 release (Figure 3H). The stimulation of MIP-2 release by
the combination of OGD and RANTES may explain the synergistic effect of stroke and
influenza on MIP-2 levels in the brain (Figure 3F, right panel).

The cytokines MIP-2, IL-1p, and MCP-1, which were up-regulated in the ischemic brain after
influenza virus infection, are involved in the recruitment of neutrophils.19'20 Indeed, we found
an elevated number of neutrophils in the ischemic brain after influenza virus infection (Figure
4A), but no change in the number of CDI11b-positive macrophages and microglia (data not
shown). At the same time, levels of matrix metalloproteinase-9 (MMP-9), a neutrophilic
enzyme, increased in the ischemic brain of influenza virus infected mice as compared to
uninfected controls (Figure 4B). Double staining confirmed that MMP-9 was expressed by
neutrophils but also revealed a vascular staining pattern for MMP-9 (Figure 4C). This
supports the notion that MIP-2 attracted neutrophils expressing MMP-9 in the ischemic brain

after influenza virus infection.
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Disruption of the blood-brain barrier increases hemorrhagic risk in thrombolysis
MMP-9 is known to degrade the extracellular matrix of the BBB. Therefore, we investigated
protein levels of collagen IV, a component of the basal membrane, in the ischemic brain by
immunohistochemistry. After influenza virus infection we found reduced collagen IV staining
in the ischemic area (Figure 4D). The extravasation of IgG was increased in stroked mice
after influenza virus infection as compared to uninfected animals (Figure 4E), indicating that
a concomitant influenza virus infection aggravates the disruption of the BBB in cerebral
ischemia.

Disruption of the BBB is an important cause of hemorrhage in thrombolytic treatment, which
is the only effective therapeutic option in stroke. To evaluate the consequences of influenza
virus infection for thrombolysis we employed a stroke model (transient middle cerebral artery
occlusion, tMCAQ) that has been used previously to investigate complications of tPA
treatment.”’ We administered tPA already 30 min after occlusion to minimize intracerebral
hemorrhages in uninfected mice (Figure 5SA, B). However, after influenza virus infection tPA
treatment significantly increased the hemorrhage volume that was assessed by the hemoglobin
concentration in the brain (Figure 5A). A similar result was obtained when the number of
macroscopic and microscopic hemorrhages on the side of the lesion was scored (Figure 5B).
In this stroke model plasma levels of MMP-9 were elevated in influenza virus infected mice
suggesting a possible cause for the increased rate of hemorrhages (Suppl. Figure 3A).
However, the effect of MMP-9 may be dampened by a similar increase in the MMP-9
inhibitor TIMP-1 (Suppl. Figure 3B). Surprisingly, in the tMCAO stroke model the infarct
size was not larger in influenza virus infected mice (Figure 5C). Still, mortality increased
significantly after influenza virus infection in tMCAO (Table 1). As only surviving mice were
included in the analysis of infarct size, it is possible that death due to a large infarct concealed

an effect of influenza on infarct size.

Activation of a7 nicotinic acetylcholine receptor (a7nAchR) to combat
neuroinflammation in influenza-associated stroke

If inflammatory mediators are the link between influenza virus infection of the respiratory
tract and aggravated ischemic brain damage, anti-inflammatory treatment should be
beneficial. In influenza virus infection, lung epithelial cells and macrophages produce
cytokines.” Both cell types express the a7 nicotinic acetylcholine receptor (a7nAchR) that

23-24

limits cytokine release in the reflex control of immunity. Therefore, we investigated

whether the a7nAchR agonist GTS-21 interferes with the effects of influenza virus infection.

101



GTS-21 increased the viability of A549 lung epithelial cells infected by influenza virus
(Figure 6A), but had no effect on viral replication (Suppl. Figure 4). Interestingly, GTS-21
blocked the release of RANTES from A549 cells after influenza virus infection (Figure 6B).
To exploit this mechanism we administered GTS-21 to mice (10 mg/kg i.p., before and 6 h
after surgery). Also in vivo, GTS-21 lowered RANTES plasma concentrations in infected
mice (Figure 6C). In contrast, GTS-21 had no effect on plasma levels of MIP-1a and IL-6
(Suppl. Figure 5). In the brain, GTS-21 reduced levels of IL-1p, MCP-1, and MIP-2 that were
elevated by influenza virus infection in the ischemic brain (Figure 6D, 6E, 6F). In contrast,
GTS-21 had no effect on the expression of MIP-la and RANTES in the ischemic brain
(Suppl. Figure 5). Importantly, GTS-21 significantly reduced the infarct size of influenza-
infected mice but had no effect on the infarct size in non-infected animals (Figure 6G),
suggesting that GTS-21 specifically interferes with influenza-triggered aggravation of
ischemic brain death. These data are in line with the notion that GTS-21 is neuroprotective by
interrupting a cytokine cascade that is initiated in the infected lung and extends to the
ischemic brain. GTS-21 treatment did not affect viral titers in the lung 4 days after infection
(vehicle-treated group, 5.53 + 0.05 log;o PFU/ml; GTS-21-treated group, 5.61 = 0.12 log)o
PFU/ml, n=3). Furthermore, the effect of GTS-21 treatment on survival after influenza
infection and stroke was investigated. GTS-21 treatment prolonged survival for 1 day (Figure

6H). These data exclude an aggravation of the influenza infection due to GTS-21 treatment.
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Discussion

Influenza causes a major mortality burden worldwide. Death is not solely due to the
respiratory tract infection but often due to aggravation of cardiovascular and other diseases.
Therefore, a way to lessen the mortality burden of influenza could lie in a reduction of
secondary diseases. Epidemiological data establish influenza as a stroke trigger.” Here, we
show in a mouse model that influenza aggravates stroke pathophysiology. The detrimental
effect could not be explained by an infection of the brain, fever, or hypoxemia, but rather,
cytokines likely mediate the effect of influenza virus infection on stroke pathophysiology.

Hypercytokinemia has been linked to highly virulent forms of influenza viruses.”>’

However, elevated cytokine levels have also been observed with less virulent viral strains,28
and mediate key symptoms of influenza in the hypothalamus, such as changes in body
temperature, malaise, and anorexia.””>> Our data suggest a mechanism through which
cytokines could contribute to ischemic brain damage. Influenza virus infection of epithelial
cells and alveolar macrophages in the respiratory tract elicits the release of cytokines into the
blood, such as RANTES. Circulating RANTES induces the expression of MIP-2 and possibly
other cytokines in cells of the BBB. Consequently, MIP-2 recruits neutrophils to the ischemic
brain of influenza virus infected mice. As neutrophils mediate ischemic brain damage,'® **>*
this mechanism may contribute to the aggravation of stroke by influenza. In addition,
neutrophils release MMP-9, a protease that degrades collagen IV and other components of the
extracellular matrix of the BBB.*” In line with this notion, we found evidence that influenza
virus infection elevates MMP-9 levels in the brain and enhances the ischemia-induced
degradation of collagen IV and the disruption of the BBB, even though the brain is not a
direct target of the virus. Disruption of the BBB by MMP-9 has been implicated in tPA-

40-42 . . . . . .
42 Indeed, a concomitant influenza virus infection increased

induced brain hemorrhages.
brain hemorrhage after tPA treatment in our mouse model. Thus, standard stroke treatment
may be risky in the case of concomitant influenza. Our data suggest neutralization of
RANTES as a strategy to interfere with the pathogenic cascade that worsens ischemic brain
damage and disrupts the BBB. However, selective antagonism of RANTES has been reported
to weaken antiviral defense and to prolong infection of the lung.*® Furthermore, other
cytokines probably contribute to the interaction between influenza and stroke. In this
situation, activation of the cholinergic anti-inflammatory pathway seems to be a better choice.

The autonomic nervous system regulates immunity.”* In influenza or stroke, the sympathetic

nervous system influences immune response and outcome,”* but the role of the
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parasympathetic cholinergic nervous system has not been studied in detail. Cholinergic
control of immunity converges on the a7nAchR.** Interestingly, this receptor is expressed by
alveolar macrophages and epithelial cells in the respiratory tract, which are the main sources
of cytokine production in influenza. Our study demonstrates that activation of a7nAchR by
the selective agonist GTS-21 inhibited the release of RANTES from influenza virus infected
lung epithelial cells. Upon GTS-21 treatment lower levels of circulating RANTES were
associated with decreased levels of inflammatory mediators in the brain and smaller infarct

4647 o4

size. In addition, GTS-21 may activate a7nAchR in glial and endothelial cells,
thereby inhibit cytokine expression in the ischemic brain. However, it is noteworthy that
GTS-21 only reduced the infarct size in influenza virus infected mice suggesting that GTS-21
specifically targets the aggravation of ischemic brain damage by influenza. a7nAchR
activation is known to reduce cytokine release in sepsis models.*® Our data show that this
strategy may also be successful to dampen the hypercytokinemia in influenza without any
direct effect on viral replication. This effect may help to reduce influenza-associated
mortality, which is largely due to cardiovascular diseases in both the common seasonal form
of influenza and during pandemics.*

Systemic inflammation in influenza virus infection promotes vascular diseases in several
ways. First, influenza leads to inflammation, smooth muscle cell proliferation, and fibrin
deposition in atherosclerotic plaques.”’ Second, the systemic inflammation elicits a
prothrombotic state that is able to trigger myocardial infarction and stroke.’' In addition, we
provide evidence that influenza is able to enhance the inflammatory response to tissue
ischemia. Similar mechanisms are likely to occur in myocardial ischemia because systemic
inflammation is able to influence tissue damage after coronary artery ligation.” If systemic
inflammation also plays a role in human influenza, an anti-inflammatory strategy, such as
a7nAchR agonists, would have enormous potential to reduce complications and mortality in
influenza beyond anti-viral treatment. Notably, GTS-21 was still effective when administered
3 days after infection, suggesting a wider therapeutic window than for anti-viral treatment.

In stroke research, preclinical studies have had a notoriously low predictive value for the
clinical efficacy of compounds. An important reason for the disparity between preclinical and
clinical data is probably the fact that preclinical studies relied largely on healthy young
rodents, whereas clinical stroke often occurs in the context of preexisting diseases.”®> Many of
the disorders that predispose to stroke such as atherosclerosis, obesity, and infection are
associated with systemic inflammation.”® Our study demonstrates that concomitant

inflammatory disease has an important impact on the safety of thrombolysis, the only
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approved stroke treatment. An increased bleeding risk of thrombolysis in influenza virus
infected patients has been indirectly suggested by clinical data showing that MMP-9 blood
levels, which correlate with an increased risk of hemorrhage after tPA, rise in influenza.”>’ A
recent study reporting an increased rate of hemorrhagic transformation of infarcts in obese
mice suggests that the chronic low-grade inflammation of obesity also weakens the BBB.*®
However, the impact of this finding for thrombolysis is still unclear. Whereas the risk of
thrombolysis in influenza may be greater, an a7nAchR agonist is only efficacious in
association with an inflammatory condition. Thus, our study suggests that stroke treatment

should be stratified according to concomitant diseases.
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Figure legends

Figure 1. Influenza virus infection increases the infarct volume after stroke (pMCAO).

A, The infarct volume was increased when stroke was induced 3, 4, or 5 days after influenza
virus infection (Flu). *p<0.05 (t-test, n=8—14).

B, Nissl-stained coronal sections showing the increased infarct area when stroke (pMCAO)
was induced 3 days after influenza virus infection.

C, Infarct distribution on coronal sections in mice that were subjected to stroke 4 days after

influenza virus infection; n=9.

Figure 2. Infection of the brain and altered physiological parameters do not explain the
increased infarct volumes after influenza virus infection.

A, Immunohistochemistry showed that influenza receptors Siaa2-3gal and Sian2-6gal were
expressed in lung and brain tissue. However, the viral nucleoprotein (NP) was only detected
in lungs of infected mice but not in the ischemic brain area. Scale bar, 50 pm.

B, Virus titration showed that influenza viruses could be detected in the lung of infected mice
but not in blood or brain; n=5.

C, The oxygen saturation in awake mice was normal on day 3, 4, and 5 after influenza virus
infection (n=3-4).

D, The arterial pO, dropped in anesthetized mice on days 4 and 5 after influenza virus
infection. ANOVA, F(3/28)=10.546, p<0.001. *p<0.005 (Newman-Keuls post-hoc test).

E, An O, concentration of 16% in the air decreased the arterial pO, to the level that was
observed 5 days after influenza virus infection but had no effect on the infarct volume (n=8-
9). *p<0.05 (t-test, n=4).

F, Telemetric measurement showed a slight drop in body temperature after influenza virus

infection in mice with or without stroke (pMCAOQO). Mean temperatures are shown (n=5-7).

Figure 3. Influenza virus infection leads to an induction of cytokines in the ischemic brain.

A-F, Cytokine levels in lung, plasma, and brain after influenza virus infection and stroke. At
3 days after influenza virus infection pMCAO or sham surgery were performed and cytokine
levels were determined 15 h later. *p<0.05 (Newman-Keuls post-hoc test, if ANOVA showed
a significant difference between groups). We have only indicated significant differences

between influenza virus infected and uninfected mice.
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G, In primary mouse astrocytes OGD and RANTES (100 ng/ml) stimulated the release of
MIP-2. ANOVA, F(3/20)=5.960, p<0.005. *p<0.05 (Newman-Keuls post-hoc test).

H, In brain endothelial bEnd.3 cells oxygen glucose deprivation (OGD) and RANTES (100
ng/ml) stimulated the release of MIP-2. ANOVA, F(3/44)=5.513, p<0.005. *p<0.05

(Newman-Keuls post-hoc test).

Figure 4. Influenza virus infection increases the infiltration of neutrophils, MMP-9
expression and the disruption of the blood-brain barrier in the ischemic area.

A, Immunohistochemistry showing increased neutrophil count in the ischemic area after
influenza virus infection. *p<0.05 (t-test, n=4-5). Scale bar, 20 pm.

B, Increased MMP-9 expression in the ischemic area after influenza virus infection. *p<0.05
(t-test, n=5-6). Scale bar, 20 pm.

C, MMP-9 staining (red) is localized in neutrophils (green) and in vessel-like structures in the
ischemic area after influenza virus infection. Right panel, scheme illustrating the localization
of areas in which collagen IV and MMP-9 staining was quantified. Scale bar, 50 pm.

D, Reduced staining of collagen IV in the ischemic area after influenza virus infection.
*p<0.05 (t-test, n=8-9). Scale bar, 20 pm.

E, Increased IgG extravasation in the ischemic area after influenza virus infection. *p<0.05 (t-

test, n=8-12).

Figure 5. In influenza virus infected mice tPA treatment of stroke is afflicted with more
hemorrhages. At 3 days after influenza virus infection stroke was induced with the tMCAO
model.

A, The hemorrhage volume in the ischemic brain was elevated by tPA treatment in influenza
virus infected mice. Hemoglobin content of the brain was measured by a spectrophotometric
assay. ANOVA, F(3/28)=5.797, p=0.003. *p<0.01 (Newman-Keuls post-hoc test).

B, In influenza virus infected mice tPA treatment increased the size of hemorrhages into the
ischemic brain. Upper panel, DAB-stained cryosections of intracerebral hemorrhages. Scale
bar, 50 pm. Lower panel, hemorrhagic score. ANOVA, F(3/28)=5.710, p=0.004. *p<0.05
(Newman-Keuls post-hoc test).

C, Infarct volume in tPA-treated mice. ANOVA, F(3/27)=6.890, p=0.001. *p<0.05 (Newman-
Keuls post-hoc test).
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Figure 6. The a7nAchR agonist GTS-21 reduced cytokine expression and stroke volume after
influenza virus infection.

A, GTS-21 improved cell viability in AS549 cells after influenza infection. ANOVA,
F(3/44)=35.15, p<0.0001. *p<0.0001 (Newman-Keuls post-hoc test).

B, GTS-21 blocked the RANTES release from influenza virus infected lung epithelial A549
cells. ANOVA, F(3/16)=1354, p<0.0001. *p<0.0001 compared to other influenza virus
infected groups (Newman-Keuls post-hoc test).

C-F, Cytokine levels in plasma and brain after GTS-21 treatment (10 mg/kg i.p., immediately
before and 6 h after surgery). At 3 days after influenza virus infection stroke was induced
(pMCAO). Cytokine levels were measured 15 h after pMCAOQO. Cytokine levels are expressed
relative to the value measured in vehicle-treated groups with the same infection and stroke
status. *p<0.05 (t-test with Bonferroni correction for multiple testing).

G, Infarct volume in GTS-21 treated mice. GTS-21 (10 mg/kg) was administered before
surgery and 6 h, 24 h, and 36 h after surgery. The infarct size was determined 48 h after
pMCAO. ANOVA, F(3/30)=19.18, p<0.0001. *p<0.0001 (Newman-Keuls post-hoc test).

H, Survival in mice subjected to influenza virus infection and stroke was improved by GTS-
21 treatment. GTS-21 (10 mg/kg) was administered before surgery and 6 h, 24 h, and 36 h
after surgery. Chi square 15.18, p<0.0001 (log-rank test, 10 mice per group).

Supplementary Methods

Measurement of MMP-9 and TIMP-1

For the quantification of MMP-9 and TIMP-1 plasma levels, blood samples were obtained
24 h after tMCAO. ELISA was performed according to the manufacturers’ instructions
(MMP-9, Uscn Life Science Inc., Wuhan, Cat. No.: E0553Mu; TIMP-1, RayBiotech, Inc.;
Cat. No.: ELM-TIMP1-001). To quantify TIMP-1 in the plasma, the samples were diluted
1:50.

Figure 1. Levels of G-CSF, IL-17, MIP-1pB, and TNF in plasma, and brain after influenza
virus infection and stroke. At 3 days after influenza virus infection pMCAO or sham surgery
were performed and cytokine levels were determined 15 h later. *p<0.05 (Newman-Keuls
post-hoc test, if ANOVA showed a significant difference between groups). Only significant

differences between influenza virus infected and uninfected mice were indicated.
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Figure 2. Levels of GM-CSF and INFy in brain and HMGBI1 in plasma after influenza virus
infection and stroke. At 3 days after influenza virus infection pMCAO or sham surgery were

performed and cytokine levels were determined 15 h later.

Figure 3. Plasma concentrations of MMP-9 and TIMP-1 in tPA-treated mice. At 3 days after
influenza virus infection mice were subjected to tMCAO or sham surgery and were treated
with tPA or vehicle. Plasma was sampled 24 h after tMCAO.

A, Plasma MMP-9 concentrations after tMCAO and tPA treatment were elevated in
influenza-infected mice. ANOVA, F(3/26)=15.082, p<0.001, *p<0.001. (Newman-Keuls
post-hoc test).

B, Plasma TIMP-1 concentrations after tMCAO and tPA treatment were elevated in
influenza-infected mice. ANOVA, F(3/26)=6.071, p=0.003. *p<0.01 (Newman-Keuls post-
hoc test).

Figure 4. Effect of GTS-21 on virus titer in A549 cells after influenza virus infection. Virus

titers were not significantly affected by GTS-21. ANOVA, F(3/16)=3.061, p=0.06.

Figure 5. Cytokine levels in plasma and brain after GTS-21 treatment (10 mg/kg i.p.,
immediately before and 6 h after surgery). At 3 days after influenza virus infection stroke was
induced (pMCAO). Cytokine levels were measured 15 h after pMCAO. Cytokine levels are
expressed relative to the value measured in vehicle-treated groups with the same infection and

stroke status.
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Table

Table 1. Survival of mice after permanent MCAO (pMCAO) and transient MCAO (tMCAO).

*p<0.005 in comparison to uninfected mice (Fisher’s exact test).

Survival after pMCAOQO (48 h)

Number of mice

Groups (] Surviving mice [% (n)]

Uninfected - pMCAO 40 87.5% (35)

Infected — pMCAO 50 78.0% (39)

Uninfected — GTS-21 — o

pMCAO 90.0% (9)

Infected — GTS-21 —

pMCAO 10 90.0% (9)

Survival after pMCAOQO (15 h)

Groups Number of mice Surviving mice [% (n)]
[n]

Uninfected - Sham 23 100.0% (23)

Infected - Sham 23 95.6% (22)

Uninfected - pMCAO 25 100.0% (25)

Infected - pMCAO 25 100.0% (25)

Uninfected — GTS-21 - Sham 6 100.0% (6)

Infected — GTS-21 - Sham 6 100.0% (6)

Uninfected — GTS-21 - 6 100.0% (6)

pMCAO

Infected — GTS-21 - pMCAO 6 100.0% (6)
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Survival after tMCAO (24 h)

Number of mice

Groups (] Surviving mice [% (n)]
Uninfected - tMCAO 20 80.0% (16)

- Vehicle - 10 - 80% (8)

- tPA - 10 - 80% (8)
Infected - tMCAO 41 39.0%* (16)

- Vehicle - 18 - 44.4% (8)

- tPA - 23 - 34.8% (8)
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Table 2. Physiological parameters in influenza-infected mice and controls. There were no statistically significant differences between infected and

control mice (n=7-8).

Control mice

Influenza infected mice

Influenza infected mice (day 4

Influenza infected mice (day 5

Parameter (day 3 post infection) post infection) post infection)
Before After Before After MCAO Before MCAO After MCAO Before After MCAO
MCAO MCAO MCAO MCAO

MABP (mm Hg) 759+2.2 65.1+£2.6 76.5+1.7 63.1 +2.1 76.1 £ 1.5 67.6+23 749+1.9 66.7+3.6

pCO; (mm Hg) 58.1+£2.7 59.1+2.5 57.9+£2.6 64.5+2.2 58.0+2.8 59.3+£4.2 55.8+3.9 60.9+3.2

pH 720+0.00 7.16+0.01 7.25+0.02 7.19 +£0.02 7.24 £0.01 7.18 +0.03 7.30 +0.01 7.22+0.02

Drop in Doppler 729+ 1.7 74.4+£2.8 72.8+4.8 74.1+34

signal (%)
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Figure 2
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Figure 3

Lung Plasma Brain
A 20 — 2.0 2.5
.15 .15 ]
g 10 Z 1.0
= =
5 0.5
0 0.0
B 60 — 20
15 T
40
i 210
20
5
0! 0
C 25 a 2.0
1
2.0 15
% T 1.0
= 1.0 = .
0.5 0.5 -
0.0 00l -
D 40 " 25
2.0
L) T 15
o o
20
2 €10
0.5
0 L —— — 00
E 5 — 5 ——
*
4 4
3 i [ i
5> 5> £
I2 Z2 <
o 1d o
1 1
0 0
F 80 —* 1.5
60 I
o ol o 40
o 40 o o
= =24 = 54
20
0 . 0!
Flu - - - + + - - + +
Stroke - S R -+ -+
G H
20 60
E 15 E 50
210 840 f
o ol
d 5 g 30 l
= =
0 07— ———
OGD - - + + i = + +
RANTES - + - + -+ - 4

121



Figure 4
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Figure 5
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Figure 6
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Supplementary figure 1
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Supplementary figure 2
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Supplementary figure 3
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Supplementary figure 4
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Abstract

A H5N2 low pathogenic avian influenza virus (LPAIV) was isolated from a natural reservoir
in Bavaria during a routine screen and was used as a vaccine strain to scrutinize the immune
response involved in cross-protection after challenge infection with a HS5NI1 highly
pathogenic avian influenza virus (HPAIV). The challenge virus was also isolated from a
natural reservoir in Bavaria. Wild type, antibody deficient (uMT), CD4”" and CD8”" mice
were infected with the apathogenic HSN2 vaccine strain and challenge infection with a 100-
fold MLDsg of the H5N1 strain was performed 80 days later. While 100% of the wild type
and 100% of the CD8”" mice stayed healthy, only 50% of the CD4”~ and none of the antibody

deficient mice were protected. These results support the view that the humoral immune
response and to certain extends the CD4' T helper cells are a prerequisite for cross-protective

immunity against H5 influenza virus.
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1. Introduction

Unlike the common seasonal influenza A viruses, infection with H5N1 influenza viruses
cause severe pathology with high lethality. A sporadic human-to-human transmission of
HS5NI viruses is suspected, but not finally proven. Nevertheless, HSN1 continually mutates.
Through multiple mutations, which might lead to effective transmission between humans, the
virus could acquire the ability to cause a new pandemic [1,2].

Vaccination is the most efficient method for preventing influenza and its severe
complications. However, antigenic drift has a major impact on the vaccine effectiveness.
Therefore, there is an urgent need for new vaccines that protect against seasonal and in
addition potentially pandemic influenza virus strains. Various vaccine approaches are
currently under investigation [3]. The ultimate goal is developing a universal influenza
vaccine that can also protect against possible pandemic strains like the lethal avian influenza
virus A/H5N1. The viral surface proteins hemagglutinin (HA) and neuraminidase (NA) are
highly antigenic but also undergo antigenic drift. In order to create a universal vaccine the use
of genetically conserved influenza virus antigens as immunogens like M2 and NP is
investigated [4-6].

However, at present the development of a universal influenza vaccine remains at a preclinical
or clinical phase. Therefore conventional vaccines with a strong focus on cross-protective
immunity are the first choice for prophylactic intervention. Different approaches using either
inactivated influenza vaccines (IIV) or live-attenuated vaccines (LAIV) were successful in
inducing cross-protective immunity in various animal models [7-9]. Furthermore, LAIV’s are
able to induce cross-protective immunity in healthy adults and children against mutated
influenza virus strains [10]. It is under discussion whether broad protection that has been
observed using LAIV is due to antibodies against the M2 protein. Moreover, it has also been
suggested that the cellular immune response and the mucosal immune response may be
involved in protection. Although innate immune reactions play a decisive role, recovery from
primary influenza virus infection requires adaptive immunity, but the relative importance of
the humoral and the cellular immune mechanisms is controversial [11,12]. Beside reports
indicating that the influenza virus specific IgG response is CD4" T-cell dependent there are
also investigations describing CD4" T-cell independent antibody responses [13]. The
cytotoxic T-cell (CTL) response is mainly directed against the M and NP proteins [14]. There
are some reports indicating that CTL does not seem to contribute significantly in preventing

infection [15,16]. In contrast other investigations point out that a CTL response in addition to
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strong antibody formation will be more effective in preventing disease when hetero-subtype
cross-protection is demanded [17-19]. Taken together, the puzzle of immunological
mechanisms that can lead to robust heterosubtype specific immunity after influenza
vaccination is not completely understood.

In the present study, we wanted to scrutinize the role of the humoral and cellular immunity in
cross-protection after vaccination with a non-pathogenic HSN2 virus from a naturally infected
wild bird. Challenge infection was performed with a lethal dose of a H5N1 highly pathogenic
avian influenza virus. Vaccination of wild type and CD8" T-cell deficient mice was protective
against HSN1 lethal infection, whereas vaccination of antibody deficient mice and CD4" T-

cell deficient mice failed to protect against HSN1 infection.
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2. Material and Methods

2.1. Mice

Inbred female C57BI1/6, uMT and CD8 knockout mice on a C57Bl1/6 background, sv129 and
CD4 knockout mice on a sv129 background at the age of 6-8 weeks were obtained from the
animal breeding facilities at the Friedrich-Loeffler-Institut, Federal Research Institute for

Animal Health, Tiibingen, Germany and were used throughout all the experiments.

2.2. Virus

Avian influenza A/mallard/Bavaria/1/2005 (H5N2) (DB1, gene bank acc. No. see table 1)
virus grown on Madin-Darby canine kidney (MDCK) cells and A/mallard/Bavaria/1/2006
(H5N1) (MBI, gene bank acc. No. see table 1) virus, grown in embryonated chicken eggs
were used throughout this study. Both isolates of the avian influenza A virus were originally
obtained from the Bavarian Health and Food Safety Authority, Oberschleissheim, Germany
and further propagated at the Friedrich-Loeffler-Institut, Federal Research Institute for
Animal Health, Tiibingen, Germany.

2.3. In vitro infection

MDCK cells were grown in minimal-essential medium (MEM) supplemented with 10% heat-
inactivated fetal calf serum (FCS) and antibiotics (100U/ml penicillin and 0.1mg/ml
streptomycin). For infection cells were grown overnight in 24 well plates (8x10* cells/well).
Immediately before infection the cells were washed with PBS and subsequently incubated
with either MB1 or DBI1 virus at a multiplicity of infection (MOI) of 0.001 diluted in PBS/BA
(0.2% BA) supplemented with ImM MgCl,, 0.9mM CaCl,, penicillin and streptomycin for 30
min at 37°C. After 30 min incubation period the inoculum was aspirated and cells were
incubated with 1ml MEM containing 0.2% BA, 200U/ml penicillin and 0.2mg/ml
streptomycin. For the infection with DB1 1.2ul/ml trypsin was added to the medium. At the

given time points (8, 24, 32 and 48 hr past infection) supernatants were collected.

2.4. Infection of mice

For infection of mice, the animals were anaesthetized by intraperitoneal injection of 150ul of
a ketamine (Sanofi)/rompun (Bayer) solution (equal amounts of a 2%-rompun-solution and a
10%-ketamin-solution were mixed at the rate of 1:10 with PBS) and infected i.n. with 2x10’

fu/50ul DB1 (H5N2) or 2x10° pfu/50ul MBI (H5N1). Virus challenge experiments were
p n p n g€ eXp
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performed with 2x10? pfu/50ul DB1 and 2x10° pfu/50ul MB1 (100-fold MLDsp). According
to the German animal-protection law, the mice were sacrificed as soon as they lost 25-30% of

their weight. All animals were monitored for 14 days after infection.

2.5. Influenza virus titration (AVICEL® plaque assay)

To assess the number of infectious particles (plaque titers) in organs and cell culture
supernatants a plaque assay using Avicel® was performed in 96-well plates as described by
Mastrosovich and colleagues [20]. Virus-infected cells were immunostained by incubating for
1 hr with a monoclonal antibody specific for the influenza A virus nucleoprotein (Serotec)
followed by 30 min incubation with peroxidase-labeled anti-mouse antibody (DIANOVA)
and 10 min incubation True Blue™ peroxidase substrate (KPL). Stained plates were scanned
on a flat bed scanner and the data were acquired by Microsoft®Paint software. The virus titer
is given as the logarithm to the basis 10 of the mean value. The detection limit for this test

was < 1.7 log10 pfu/ml.

2.6. Hemagglutination inhibition assay

Hemagglutination inhibition assays were carried out in V-bottomed microtiter plates using
50ul of 2.5% suspensions of chicken red blood cells in PBS. Fresh chicken blood was
supplemented with 1.6% sodium citrate in sterile H,O and was centrifuged at 800x g for 10
min at room temperature to separate red blood cells. Thereafter, the cells were washed three
times with PBS. Hundred microliter of serum from infected mice was added and serially
diluted in PBS, then 50ul of a 1:64 virus dilution (5x10° pfu/well) was added to the serum.
The plate was incubated for 1 hr at 37°C and 5% CO,. After the incubation period 50ul of
chicken erythrocytes were added to the wells. Assays were analysed following 1 hr incubation
on ice.

An inhibition of the hemagglutination was indicated, when red blood cells precipitated to the
bottom of the plate, while red blood cells incubated with influenza virus or non reactive serum
showed a diffuse distribution on the microtiter plates. The results were given as reciprocal of

the highest dilution causing detectable inhibition of hemagglutination.
2.7. Statistical analysis

For investigation of the significance of the data, statistical analysis was performed by using

the Kaplan-Meier survival analysis and the Cox regression test from WinStat®.
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2.7. Neutralisation assay

Fifty pl of influenza virus (DB1 or MB1) were pre-incubated for 30 min at room temperature
with 50pul of a serum pool of three mice. Sera from uninfected, DB1 infected (14 days p.i.)
and challenged mice (14 days past MB1 infection), were used for this test. For control virus
was incubated with PBS. The numbers of infectious particles (plaque titers) were assessed

using the Avicel® plaque assay described above.

2.8. Flow Cytometry.

Naive C57B1/6, pMT and CD4”" mice or DB1 (H5N2) pre-challenged C57Bl/6, pMT and
CD4”" mice (80 days p.i.), were infected with 2x10° pfu of MB1 (H5N1) virus. Mice were
sacrificed at the indicated times after infection, and tissues were removed and mechanically
disrupted by passage through a 70pum cell strainer (BD Falcon). Cells (1x10° cells per sample)
were stained with monoclonal antibody to CD8a (clone 53-6.7, BD Bioscience) and MHC
class I tetramers (H-2Db). The MHC class I tetramers containing nucleoprotein (NP) 366—374
peptide predicted for MB1 (ASNENMEAM) or DB1 (ASNENMETM) were used to identify
influenza-specific T-cells. Before FACS analysis, erythrocytes were lysed and cells were
fixed with FACS lysing solution (BD Bioscience). Flow cytometry was performed on a dual
laser FACSCalibur and analysed with Cell Quest software (BD Biosciences).
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3. Results

3.1. DB1 (H5N2) and MB1 (H5N1) showed similar virus growth properties in vitro

Vaccines based on live attenuated low pathogenic avian influenza viruses (LPAIV) might be
promising candidates for effective protection against HSN1 influenza A virus infections. In
order to estimate, whether the LPAIV A/mallard/Bavaria/1/2005 (DB1; H5N2) and highly
pathogenic avian influenza virus (HPAIV) A/mallard/Bavaria/1/2006 (MB1; H5N1), both
isolated from naturally infected wild birds replicate in mammalian cell culture without
adaptation in vitro, infectivity studies were performed to analyse the amount of progeny virus.
MDCK cells that are highly permissive for influenza virus infection were used for infection
with DB1 or MBI viruses at a MOI of 0.001. To determine the amount of progeny virus cell
culture supernatants from either DB1 or MBI infected MDCK cells were collected 8, 24, 36
and 48 hours after infection. Already eight hours p.i., DB1 (3.2x10? pfu/ml) but not MB1 was
detectable in the cell culture supernatant (Fig. 1A). At the later time points both viruses
showed similar growth curves whereas MB1 replicated to higher titer. Both viruses reached
the maximum titer at 32 hours p.i. (MB1 9.3x10 pfu/ml; DB1 4.3x10° pfu/ml). Thereafter, the
amount of progeny virus declined in the cell culture supernatant (Fig. 1A). However, infection
with DB1 only resulted in progeny virus production, when trypsin was present in the culture
medium. In contrast, infection of MDCK cells with MBI led to virus production in absence of
trypsin and yielded similar titers in five consecutive passages. The sequence analyses of both
hemagglutinins (HA) revealed a monobasic cleavage site for DB1 HA, while a multibasic

cleavage site was found in the HA of MB1 (Fig. 1B).

3.2. Immunocompetent and immunodeficient mice were susceptible to DB1 or MB1
infection

In vitro infection with DB1 and MBI led to progeny virus production in MDCK cells. We
next questioned whether infection of mice with DB1 or MB1 would result in productive virus
infection and in manifestation of disease. For in vivo studies in mice with either DB1 or MB1
the mouse lethal dose 50% (MLDsg) for both influenza virus subtypes was determined. The
MLDsy for the highly pathogenic H5N1 isolate MB1 in C57B1/6 mice was 2x10° pfu (Table
1). Using this dose for intranasal infection (i.n.) all mice lost weight and developed clinical
symptoms like ruffled fur. A general reduction of their normal activity rate starting 6 days
after infection was found (Fig. 2A, open triangle). Lethality in this group was 40%, 2 out of 5
animals died (Fig. 2B, open triangles). Interestingly, mice infected with the low pathogenic

H5N2 isolate DB1 neither lost weight (Fig. 2A, black squares) nor developed any apparent
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symptoms even at an infectious dose of 5x10° pfu (Table 1). Furthermore, none of the DBI
infected mice died (Fig. 2B, black squares).

Since immunocompetent C57B1/6 wild type mice showed no symptoms of disease after
infection with DB1, we raised the question whether mice that lack an antibody response
(uMT) or CD8" T-cell deficient mice, would also be able to control DB1 infection without
clinical symptoms such as immunocompetent mice. Five female wild type, pMT and CD8”"
mice were either infected i.n. with 2x10° pfu DB1 or MBI virus. The animals were weighted
daily and the health status was monitored twice a day.

Infection of uMT mice with DB1 did not result in reduction of the body weight. All of the
DBI1 infected uMT mice gained weight during the 14 days observation period (Fig. 2C, black
squares). None of the infected animals developed signs of disease or even died spontaneously
(Fig. 2D, black squares). Infection of uMT mice with the highly pathogenic MB1 virus was
accompanied by weight loss and appearance of disease symptoms starting by day 5 p.i. (Fig.
2C, open triangles). The severity of disease symptoms increased until day 8 after infection.
By day 10 p.i., 4 out of 5 (80%) of the infected pMT mice died, demonstrating an increased
susceptibility to the infection (Fig. 2D, open triangles).

Infection of CD8" T-cell deficient mice with DB1 did not result in weight loss and the
occurrence of clinical symptoms during the infection period (Fig. 2E, black squares) and none
of the animals died after the infection (Fig. 2F, black squares). In contrast, after infection with
MBI all CD8" mice lost weight and developed disease symptoms (Fig. 2E, open triangles).
The first clinical symptoms like ruffled fur, an unnatural posture and a general reduction of
the normal activity rates were observed 6 days past infection in this group of animals. Ten
days p.i. 3 out of 5 mice died (60%) while the other mice survived infection, recovered from
clinical symptoms and regained weight (Fig. 2F, open triangles).

Taken together, the infection experiments revealed an increased susceptibility to the influenza
A virus infection with the highly pathogenic MBI in antibody deficient mice (uMT) and in
mice lacking CD8" T-cells, whereas infection with DB1 showed no pathogenic effects nor

changes in behaviour of these mice in direct comparison to infection of wild type mice.

3.3. DB1 infection was restricted to the respiratory tract

Because DB1 infected animals did not develop disease symptoms, the question raised whether
DBI1 infection is productive in mice and whether infectious virus would be found in various
organs. To determine whether productive virus was detectable after infection with low

pathogenic DB1, we decided to examine the organs of infected animals to assess the virus
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dissemination and the viral tropism in wild type, uMT and CD8” mice. Five female mice
from each strain were either infected with 2x10° pfu DB1 or MBI1. Six days after infection all
mice were sacrificed and virus titration from suspensions of different organs was performed
as described in material and methods. High viral titers were detected in the lungs of C57Bl/6,
uMT and CD8”" mice six days after DBI infection, indicating efficient replication without
causing any clinical symptoms. C57Bl/6 and uMT mice showed almost the same viral titers in
the lungs with 4.9 + 0.5 log10 pfu/ml or 4.8 + 0.4 logl0 pfu/ml, respectively. In CD8"" mice
DBI1 virus titer was slightly increased in the lungs (5.2 + 0.5 logl0 pfu/ml, Table 2). This
experiment clearly demonstrated that DB1 efficiently replicated in the lungs of mice, without
causing any apparent clinical symptoms.

MBI virus was detected in the lungs of C57B1/6 mice showing high titers (4.9 + 0.3 log10
pfu/ml). A high viral titer was also found in the blood (4.0 £ 0.3 log10 pfu/ml) of infected
animals. Interestingly, in addition to its presence in the lungs and blood, MB1 virus was also
found to lower extends in livers (2.7 = 0.3 log10 pfu/ml) and spleens (2.6 + 0.3 log10 pfu/ml)
of wild type mice (Table 3). In contrast, infectious virus was detected only in the lung (5.1 £
0.2 1og10 pfu/ml) and in the blood (3.4 + 0.3 log10 pfu/ml) of MB1 infected CD8”~ mice. The
amount of infectious virus in those animals was not significantly higher when compared to the
amount of MBI detected in the lungs and blood of wild type mice. While the viral load in the
lungs of uMT mice (4.9 + 0.2 logl0 pfu/ml) was identical to wild type mice, no virus was
detected in the livers, blood or spleens of antibody deficient mice. Interestingly, MB1 virus
was detected in the brain of pMT mice (3.3 = 0.2 log10 pfu/ml) (Table 3). Until now we can
not explain the absent viral tropism in spleen and liver of uMT mice. To confirm this
observation, this experiment was performed three times with an overall amount of 22 mice

per strain. All experiments showed similar results.

3.4. Vaccination of wild type C57Bl/6 mice with DB1

Intranasal infection with DB1 did not lead to any apparent clinical symptoms but virus
replicated in the lungs of infected mice. Therefore, we questioned whether infection of mice
with a LPAIV from a natural reservoir would lead to solid immunity against a challenge
infection with a highly pathogenic H5N1 influenza A virus. Thus, six wild type mice were
infected with 2x10” pfu DB1. As demonstrated before, neither clinical symptoms nor weight
loss were found after this primary infection. Eighty days later, mice were challenged with
2x10° pfu (100-fold MLDsy) of MB1 virus. As a control, a group of naive, age-matched mice

received the same lethal dose of MB1 virus. The animals were weighted daily and the health
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status was monitored twice a day for 14 days. As expected, wild type mice receiving only
MBI lost 20% of their initial body weight within 7 days after infection (Fig. 3A, open
triangles) and died within day 8 and 12 past infection (Fig. 3B, open triangles). Mice that
were vaccinated with DB1 and challenged with MB1 showed a moderate weight loss during
the first 7 days of the infection (Fig. 3A, black squares), but showed no outward signs of
illness. All animals survived the infection with the lethal HSN1 virus (Fig. 3B, black squares);
thus, vaccination with DBI significantly (p = 0.000653) protected C57Bl/6 mice against a
lethal infection with MB1.

3.5. Vaccination and challenge infection of immunodeficient mice

To gain more information about the role of the immunological mechanisms that were
involved in protection against HSN1 virus infection pMT, CD8" and in addition CD4™ mice
were also immunized with DB1.

When antibody deficient uMT mice were used for H5N1 challenge infection both the
vaccinated (Fig. 4A, black squares) and the naive animals (Fig. 4A, open triangles) started
losing weight immediately after challenge infection. Five days past MB1 infection mice of
both groups lost already 20% of their body weight. Severe signs of clinical symptoms
accompanied the decrease in body weight. Within 11 days past infection vaccinated (Fig. 4B
black squares) and unvaccinated (Fig. 4B, open triangles) uMT mice succumbed to infection.
In contrast, when CD8" T-cell deficient mice were used for challenge infection the vaccinated
mice showed a milder reduction of their body weight (10-12%) until day 5 past infection (Fig.
4C, black squares) and 2 out of 6 mice developed mild clinical symptoms (ruffled fur).
Nevertheless, all vaccinated CD8”" mice survived the 100-fold MLDsy, H5N1 challenge
infection (Fig. 4D, black squares). Naive CD8”" mice lost body weight (Fig. 4C, open
triangles) developed disease symptoms and all mice died (Fig. 4D, open triangles).
Vaccination with DBI significantly (p = 0.001155) protected CD8"~ mice from lethal H5N1
infection.

In order to investigate the role of CD4" T-cells in protection against HSN1 influenza virus
CD4”" mice were used for vaccination with 2x10? pfu DB1 (H5N2). After a 50 days recover
period the mice were challenged with 100-fold MLDs, (2x10° pfu) of MBI virus. As a
control, naive littermates were infected with the same lethal dose of MBI1 virus. The
vaccinated and unvaccinated group of CD4”" mice lost a significant but similar amount of
body weight during the first 7 days of the lethal infection (Fig. 4E). While all unvaccinated
animals infected only with MB1 died by day 9 after lethal HSN1 inoculation (Fig. 4F, open
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triangles), 50% of the DBI1 vaccinated mice recovered from the H5NI1 infection, gained
weight and survived (Fig. 4F, black squares). Since the CD4"" mice belong to the sv129
genetic background wild type sv129 mice were used for vaccination experiments, showing
similar susceptibility as C57Bl/6 mice to both influenza virus strains (data not shown). These
data demonstrated that B-cells and to a lower extend CD4" T-cells but not CD8" T-cells are
crucial for cross-protective primary immunity against H5 influenza virus.

To examine, whether vaccination with DB1 would lead to induction of cross-reactive
antibodies against the hemagglutinin surface protein, serum from DB1 vaccinated mice was
collected at different time points after infection. A hemagglutination inhibition assay was
performed with the collected sera. Immunization with DB1 resulted in the production of
hemagglutinin (HA) -specific antibodies directed against DB1. First anti-HA antibodies were
present in the sera already three days after the infection. The serum titers increased until day
14 past infection. Thereafter, the titer decreased, but anti-HA antibodies were detectable until
challenge infection 80 days p.i. Similar pattern of anti HA-antibodies were found after
infection of CD8”" and CD4™ mice (Fig. 3 C, black bars). Six days past challenge infection
vaccinated wild type, CD8” and CD4”" mice showed a rapid increase in serum titers compared
to unvaccinated controls against DB1 (Fig. 3C, white bars). The highest anti HA titers were
reached by day 14 past infection in the vaccinated wild type, CD8” and CD4”" mice, a time
point where all control animals already had succumbed to infection (Fig. 3C, asterisk). These
results demonstrated that an increased antibody response was induced in vaccinated mice. In
addition to the presence of HA-specific antibodies, a virus neutralization assay revealed the
presence of neutralizing antibodies. The antibody specificity after MB1 challenge infection
was directed against DB1 and MBI virus indicating specificity against DB1 and MBI1
influenza virus (Fig. 5A, B). To quantify the cross-reactive antibodies elicited in immunized
mice the HI titers in the sera of challenged wild type, CD8”" and CD4"~ mice were compared
towards DB1 (Fig. 5C, white bars) and MB1 (Fig. 5C, black bars). The antibodies were

specific for both viruses in a nearly analogous manner.

3.6. Detection of influenza virus specific CD8" T-cells after challenge infection.

In order to analyse the role of cellular immune response after challenge infection, tetramer
staining was performed to investigate the CD8  T-cell response against the challenge
influenza virus infection using the immunodominant epitope ASNENEAM from the viral
nucleoprotein (NP). Interestingly, this epitope was found in the NP of MBI, while one amino

acid change was detected in DBl (ASNENETM). Nevertheless, both epitopes were
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recognized in similar intensity by virus specific T-cells generated either after DB1 or MB1
infection (data not shown).

Six days after MBI infection an increase of the amount of CD8" T-cells was found in uMT
and CD4”" mice compared to wild type mice, whereas no difference in the amount of CD8" T-
cells was found in the spleen six days after challenge infection (Fig. 5D). In contrast, no
difference in the amount of CD8" T-cells in wild type, uMT and CD4 "~ mice was found in the
lung either after primary MB1 infection or challenge infection (Fig. 5D).

Interestingly, most ASNENEAM specific CD8" T-cells were detected in uMT mice, either in
spleen or lung after primary or challenge infection, while the amount of ASNENEAM
specific T-cells in wild type and CD4” mice was similar in spleen or lung after primary or

challenge infection (Fig 5E).
4. Discussion

The emerging of highly pathogenic avian influenza viruses from the H5N1 subtype and its
ability of crossing species barriers and infecting humans raised the strong need for new
influenza vaccine approaches, in particular since HS5N1 shows a broad antigenic
heterogenicity. The development of a vaccine against potentially pandemic influenza will
require a substantially different procedure than current strategies that are based on influenza
vaccines made from a reassortant seed strain containing the viral hemagglutinin and
neuraminidase of the circulating viruses [3]. Safe live-attenuated vaccine strains that provide
broader cross-protective immunity against antigenic distinct HS5N1 viruses are good
candidates for protection covering also avian influenza viruses with pandemic potential [21].
Nevertheless, there are several questions to be answered on the way to design a successful
live-attenuated vaccine with broad cross-protective properties. First, the live-attenuated
vaccine strain needs to be save, genetically stable and highly immunogenic. In addition, the
vaccine should be designed in a way to allow an optimal induction of cross-protective
immune responses.

To bring a new light into this discussion, we wanted to scrutinize the immune cell populations
involved in cross-protection by the use of immunodeficient mice for vaccination and
challenge infection. The mouse model of influenza A virus infection is the best developed
experimental system to investigate the immune response after infection, even though
experimental influenza virus infection of mice does not resemble the natural infection found

in humans and susceptible animal species. Nevertheless, there is increasing support that the
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findings in the mouse model are pertinent to the immune mediated mechanisms found in
humans during influenza [22,23]. In the present work, the primary vaccinations and the
challenge infections were performed with field isolates from birds without prior adaptation to
the mammalian host. The avian influenza virus strain DB1 (A/mallard/Bavaria/1/2005;
H5N2) was isolated from a healthy duck during a routine monitoring screen. The strategy of
using H5N2 subtype viruses as inactivated vaccines is practised worldwide [24]. Here,
infection with apathogenic H5SN2 led to solid protection and to reduced virus shedding of
MBI, a highly pathogenic HSN1 virus (A/mallard/Bavaria/1/2006) which was isolated from a
dead mallard [25]. Interestingly, both viruses replicated in cell culture and in the lung of
infected mice to similar titers. However, sufficient progeny virus after DB1 infection of
MDCK cells was only found in the presence of trypsin after the first culture passage. This
might be due to the monobasic cleavage site of the DBI1 hemagglutinin. Thus, it was
surprising that in the mouse model DB1 and MBI replicated to similar titers in the lungs.
While MBI infection resulted in severe clinical symptoms and death, no signs of disease were
found after DBI infection. This was a prerequisite for DB1 to be used as a live-attenuated
vaccine in the present study.

The challenge infection of DB1 infected/vaccinated wild type mice with 100-fold MLDs of
MBI resulted in protection, while control littermates without vaccination developed disease
or even died. This demonstrates that infection with the HSN2 virus acts like modified live
vaccination and confers solid cross-protection against HSN1. Nevertheless, the H5 protein of
both viruses is highly conserved and share B-cells epitopes (Table 1: accession no.) In
contrast, when DB1 vaccinated pMT mice were challenged with MB1 (2x10° pfu; 100-fold
MLDs) all animals developed disease and died. This experiment reveals the important role of
the humoral immune response for cross-protective vaccination. It is generally believed that
isotype-switched antibodies are neutralizing and protective in challenge infections with
influenza A virus and that B-cells are not able to produce neutralizing isotype-switched,
influenza-specific antibodies in the absence of CD4" T-cell help [26-29]. However, other
reports demonstrate that B-cells can produce protective isotype-switched antibodies in
response to different bacterial and viral infections including influenza A without CD4" T-cell
collaboration. [13,30-32]. Thus, we questioned whether DB1-vaccination would protect mice
deficient in CD4" T-cells against lethal HSN1 infection. Our results demonstrate that only
50% of the CD4" T-cell deficient mice were protected against HSN1 challenge, indicating a
particular role for CD4" T-cells either by T-cell help for antibody production or by other

effector functions. Nevertheless, the fact that similar amounts of HA-specific antibodies could
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be detected after challenge infection in CD4” mice supports the view for CD4" T-cell
independent antibody response. There are data available that reveal a complex response for
influenza virus specific CD4" T-cells, which results in multiple effector phenotypes. These
data imply that the CD4" T-cells and the memory cells derived from them can display a broad
spectrum of functional potentials [33]. Thus, further research is mandatory to understand the
role and function of CD4" helper T-cells during influenza virus infection and in cross-
protective immunity in more detail.

After intranasal influenza A virus infection of mice the expansion of naive CD8" T-cells is
tightly depended on antigen localization. Initial activation of CD8" T-cells occurs during the
first 3 days after infection exclusively within the draining mediastinal lymph nodes [34].
Thereafter, the division of the influenza virus primed CD8" T-cells within the draining lymph
nodes occurs between days 3 and 4 after infection and they migrate to the lung and to other
regions of the respiratory tract where antigen is present [35]. At the site of virus infection the
CDS8" T-cells lyse the infected host cells and exert other effector functions like production of
antiviral cytokines [36]. Influenza A virus specific CD8" T-cells recognize multiple viral
epitopes on infected target cells, whereas an epitope from the viral nucleoprotein (NP*%*37%)
resembles an immunodominat epitope in C57B16 mice (H2-D") [37]. A lot of our knowledge
was gained in the experimental mouse model but also broad information on common and
immunodominant HLA restricted epitopes of circulating non-avian strains is available. Since
influenza A virus activates dendritic cells that support the development of CD8" T-cells via
innate immune mechanisms; T helper cells are not necessarily essential for a primary CDS8" T-
cell response [38]. These findings suggest that CD4" T-cell help is not required at the site of
the pathological changes if the infection induces a sufficient amount of other immune stimuli.
So the question raises, whether CD8" T-cells are mandatory for cross-protective immunity
after vaccination with live-attenuated vaccine candidates. When DB1 vaccinated CD8" T-cell
deficient mice were challenged with MB1 (2x10° pfu), all mice were protected. While it is of
common knowledge that antibodies are required for protective immunity after vaccination, we
were surprised by the result that CD8" T-cells seem not to be necessary for protection against
H5N1 challenge infection. It was reported that in uMT mice, the total number of virus-
specific CTL’s in the alveolar lavage after influenza virus infection is almost comparable to

366374 epitope specific CD8" T-

wild type mice [39]. Our results show that the amount of NP
cells in lung and spleen was even increased compared to wild type mice after primary and
challenge infection. Thus, CD8" T-cells are unable to counterbalance a missing humoral

Immune response.
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From the present data one might question whether CD8" T-cells are dispensable for the
control of an influenza virus infection? Despite evidence that live-attenuated influenza
vaccines and inactivated influenza vaccines induce a cross-reactive cellular immune response
in mice and humans, re-infection with homologous or heterotypic influenza viruses can be
demonstrated [40,41]. Cell-mediated immunity in particular mediated by CD8" T-cells can
promote viral clearance but in general it will not prevent infection. Already more than 25
years ago it could be shown that the amount of anti-influenza CTL’s correlates with viral
clearance but not with altered susceptibility to infection or re-infection [41]. Nevertheless,
Ulmer and colleagues were able to induce influenza virus nucleoprotein specific CD8" T-cells
by DNA vaccination that were able to protect against hetero-subtype lethal virus challenge in
mice [42]. Moreover, vaccines based on immune stimulating complexes (ISCOM’s) are able
to induce CTL responses in addition to a strong antibody response in humans, but the
contribution of CD8" T-cells for protection in primary infection was not investigated [43].

Taken together, our results support the mandatory role of humoral immune response in
protection against influenza virus infection. Consequently, vaccine strategies including live-
attenuated vaccines should focus on the induction of an effective antibody mediated immune
response accompanied by the helper function of CD4" T-cells. From our results one might
speculate a minor role for CD8" T-cells in cross-protective primary immunity to influenza
virus after vaccination, but their essential contribution for controlling the infection at the place

where pathological changes occur, namely in the lung, is indisputable.
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Figure legends

Figure 1: A: Progeny virus titer of high pathogenic MB1 (H5N1) (open triangles) and low
pathogenic DB1 (H5N2) (black squares) influenza viruses after infection on MDCK cells with
MOI 0.001. Detection limit was <1.7 logl0 pfu/ml. This experiment was performed three
times. B: Nucleic acid sequence analyses. The MBI isolate contains a cleavage site with
multiple basic amino acids. This polybasic cleavage site is an attribute for HPAI viruses. DB1

revealed a monobasic cleavage site, characteristic for LPAI viruses.

Figure 2: Susceptibility of immunocompetent and immunodeficient mice to DB1 or MB1
infection. Five mice from each group were infected i.n. with 2x10° pfu of the low pathogenic
H5N2 strain DB1 or with 2x10° pfu of the highly pathogenic H5N1 strain MB1. Course of
average body weight of wild type (A), uMT (C) and CD8” (E) animals after infection with
DBI1 (black squares) or MB1 (open triangles). Survival rates of wild type (B), uMT (D) and
CD8” (F) mice. The graph represents one experiment with five mice. The experiment was

performed twice with similar results.

Figure 3: Immunization of C57B1/6 mice. Groups of six C57B1/6 mice were infected i.n. with
2x10” pfu DBI1. Eighty days past DB1 infection, the animals were challenged with 100-fold
MLDs, of the highly pathogenic MB1 virus (black squares). Controls (littermates) were only
infected with MB1 (open squares). A: Weight progress. B: Survival rates. C: Production of
anti HA-specific antibodies directed against DB1 in C57Bl/6, CD4”~ and CD8”" mice. Serum
samples were collected at different time points past infection from immunized (black bars)
and control (white bars) animals. * = at this time point all animals succumbed to infection.
The results are given as the reciprocal of the highest dilution causing detectable inhibition of

hemagglutination. This experiment was performed twice with similar results

Figure 4: Immunization of immunodeficient mice. Six animals of each group were
immunized i.n. with 2x10° pfu DB1. Eighty days past DB1 infection (CD4™ 50 days p.i. since
neither DB1 virus nor antibody titer was detectable), the animals were challenged with 100-
fold MLDs, of the highly pathogenic MBI virus. Controls (littermates) were infected with
MBI1. Weight progress from pMT (A), CD8™ (C) and CD4™ (E) mice infected with DB1
(black squares) or MBI (open triangles). Survival curves from puMT (B), CD8” (D) and

CD4" (F) mice. For statistical analysis the Cox-regression test was used.
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Figure 5: In vitro neutralisation assay. To test the ability of different sera to inhibit DB1 (A)
or MB1 (B) virus an in vitro neutralisation assay was performed with sera from C57Bl/6
mice. Virus was incubated for 30 min at room temperatur with serum from uninfected mice
(white bars), DB1 infected mice 14 days past infection (pale gray bars) and challenged mice
14 days past infection (dark gray bars). For control virus was incubated with PBS (black
bars). The numbers of infectious particles were assessed by plaque titration. The bars
represent the mean values of three different experiments. (C) Comparison of the HI titers in
the serum-pool (n = 5) of immunized C57B1/6, CD8"~ and CD4 " mice 14 days past challenge
infection towards DB1 (white bars) and MBI (black bars). The results are given as the
reciprocal of the highest dilution causing detectable inhibition of hemagglutination. Flow
cytometry for CD8" T-cells and NP-specific CD8" T-cells in the lungs and spleens of MBI
infected (n=4) C57B1/6, uMT and CD4”" mice 6 days past MBI infection and challenged
C57Bl/6, uMT and CD4™" (n=3) also 6 days past MBI infection. Cells were obtained from
spleens and lungs of infected mice and assayed for the presence of CD8" T-cells (C) and

NP366'374-speciﬁc H2D" restricted CD8" T-cells determined by tetramer staining (D).
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Tables

Table 1: Overview of the used avian influenza A virus strains.

Species Subtype Abbreviation Accession-No.* MLDs,
(pfu)

A/mallard/Bavaria/1/2006 H5N1 MB1 DQ458992 2x10°

A/mallard/Bavaria/1/2005 H5N2 DBI DQ387854 > 5x10°

* Accession number based on hemagglutinin.

Table 2: Distribution of DB1 virus after infection of mice.

Day 6 p.i. Lung Brain Kidney Liver Spleen Blood Heart

C57Bl/6 49+0.5 <1.7 <1.7 <1.7 <1.7 <1.7 <1.7

uMT 48 +0.5 <1.7 <1.7 <1.7 <1.7 <1.7 <1.7

CD8™" 52405 <17 <17 <17 <1.7 <17 <1.7

Virus titer is given as pfu per 1ml 10% organ-homogenate.

Table 3: Distribution of MB1 virus after infection of mice.

Day 6 p.i. Lung Brain Kidney Liver Spleen Blood Heart

C57Bl/6 49+0.3 <1.7 <1.7 2.7+0.3 2.6+0.3 4.0+0.3 <1.7

puMT 49+0.2 33+£0.2 <1.7 <1.7 <1.7 <1.7 <1.7

CDS§™ 5.1+£0.2 <1.7 <1.7 <1.7 <1.7 34+0.3 <1.7

Virus titer is given as pfu per 1ml 10% organ-homogenate.
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Abstract

Highly pathogenic avian influenza A viruses (HPAIV) cause severe disease in humans. Still
the basis for their increased pathogenesis particularly with regards to the younger population
remains unclear. Additionally, the recent pandemic HIN1v outbreak in 2009 demonstrated
the urgent need for a better understanding about influenza virus infection. In the present study
we demonstrated that HPAIV infection of mice led not only to lung destruction but also to
functional damage of the thymus. Moreover, respiratory dendritic cells (RDCs) in the lung
functioned as targets for HPAIV infection being able to transport infectious virus from the
lung into the thymus. In addition the pandemic HINI1v influenza virus was able to infect
RDCs without a proper transport to the thymus. Especially the strong interference of HPAIV
with the immune system is devastating for the host and can lead to severe lymphopenia. In
summary, from our data we conclude that highly pathogenic influenza viruses are able to
reach the thymus via dendritic cells and to interfere with T lymphocyte development.
Moreover, this exceptional mechanism might not only be found in influenza virus infection
but also might be the reason of the increased immune evasion of some new emerging

pathogens.
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Introduction

Influenza A virus infection causes severe disease in humans and is a major topic in clinical
health. While epidemic outbreaks of human influenza viruses cause over < 300.000 death
worldwide per year (Maines et al., 2008), the recent swine origin influenza virus (SOIV)
HINI1v pandemic outbreak demonstrates the full threat of influenza virus infection. So far
SOIV infection in humans worldwide causes rather mild clinical symptoms though over
18.000 deaths in humans have been reported (WHO). In contrast, infection with the highly
pathogenic avian influenza virus (HPAIV) H5N1 is more fatal to humans. Till today, 499
confirmed cases have been reported while 295 of them were lethal mainly in South East Asia
(WHO). This fatality rate of roughly 59 percent demonstrates the urgent need to get a closer
inside into the pathogenesis of HPAIV infections in humans, since HSN1 influenza virus is
still considered as a potential pandemic strain. Moreover, a reassortant between H5N1 and
pandemic HIN1v influenza virus might be a candidate for a serious pandemic influenza virus
strain with high morbidity and more devastating high fatality rate.

While annual epidemic outbreaks typically affect people with an impaired immune system
(e.g. elderly, infants and immunosuppressed people), severe influenza after HPAIV infection
is mostly found in young and middle-aged people (Smallman-Raynor and Cliff, 2007), (bdel-
Ghafar et al., 2008). Human infection cluster of HSN1 outbreaks with an average age of 13.7
and 15.4 years have been reported (Tran et al., 2004), (Kandun et al., 2006). The same
phenomenon was found for the “Spanish Flu” pandemic (Taubenberger et al., 2001) and the
2009 pandemic HIN1v strain (CDC, 2009. The reason for this altered host specificity remains
unclear. One hallmark of H5N1 infection in humans is a strong reduction of lymphocytes,
also known as lymphopenia. Lymphopenia is a common feature of some infectious diseases,
in particular with new emerging pathogens (Chuang et al., 2008), (Baize et al., 2009). The
mechanism of lymphopenia induced after HSN1 influenza virus infection is largely unknown.
Remarkably, HSN1 influenza virus seems to reduce the effector function of CD8" T cells by
an insufficient perforin expression (Hsieh and Chang, 2006). Moreover, it was reported that
HS5NI1 viruses are able to infect cells of the immune system, leading to an impaired adaptive
immune response (Korteweg and Gu, 2008. As a consequence the unbalance between innate
and adaptive immune response might lead to a second hallmark of H5N1 infection, namely
hypercytokinemia which is an increase of proinflammatory cytokines and chemokines in the

lung (Maines et al., 2008).
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The thymus, where T cell development takes place, presents an organ that is highly active
during childhood, but stays functionally in young adults. The human thymus has its highest
activity phase in an age group from 0 to 10 years and shows a major activity drop in the
population older than 39 years. Nevertheless the thymus remains still active in the elderly
population (Geenen et al., 2003), (Hale et al., 2006).

Bone marrow originated common lymphoid progenitor cells reach the cortical area of the
thymus and become TCR'CD4'CDS8" thymocytes. At this stage, the positive selection takes
place. During this process thymocytes with a TCR that does not recognize self major
histocompartibility complex (MHC get lost. Surviving thymocytes migrate into the medulla of
the thymus were self-peptides are presented. Thymocytes that recognize presented antigen
undergo apoptotic processes and will be eliminated. Only thymocytes which do not recognize
MHC class I or II presented self-peptide become naive T lymphocytes and migrate to the
periphery. During the highly active life phase, the T lymphocyte production rate of the
thymus ranges from 2 x 10® to 1.8 x 10" cells per day in humans (Hollander and Peterson,
2009. Macrophages and dendritic cells in the thymus are also involved in the process of
negative selection. It was a given fact for a long time that both cell types have their origin in
the bone marrow and migration out of the thymus is an one way event. However, recent
reports demonstrated that dendritic cells with extrathymic origin migrate also from the
periphery into the thymus (Li et al., 2009). The uptake of foreign antigens by DCs and the
transport of these antigens into the thymus results in a development of a T cell tolerance
against foreign antigens (Bonasio et al., 20006).

Fatal H5N1 influenza virus infection in mice results in massive lung damage originated by
infiltrating immune cells namely macrophages and neutrophiles (Perrone et al., 2008). T
lymphocytes only play a secondary role for this damage. Moreover, CD8" T lymphocytes
have a poor cytotoxic profile after influenza virus infection (Harari et al., 2009) and
lymphopenia can be observed (Maines et al., 2008). We hypothesize that the influenza virus
itself plays an active role in these findings. A conceivable mechanism could be the direct
interference with the thymus as the primary lymphoid organ for T lymphocyte development.
In the present study we were able to demonstrate that highly pathogenic influenza viruses
abuse the homing process of DCs into the thymus after infecting respiratory DCs (RDCs) in
the lung. RDCs migrated into the thymus after activation by the infection with HPAIV and
thereby interfere with the T lymphocyte selection processes. That way a reduced cellular
immune response against the invading pathogen and the predominantly increased disease

symptoms in younger people might be explained. Moreover, the atrophic process of the
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thymus observed during HPAIV infection, is a common feature of severe diseases like AIDS,
Rabies and Chagas disease (Savino et al., 2007). Our results give rise to the assumption that
this mechanism of increased pathogenesis is not only due to influenza viruses with pandemic
potential, but also to infections with other new or reemerging pathogens like FMDV,
Chikungunya, SARS and West Nile Virus (Borgherini et al., 2007), (Salguero et al., 2005),
(Panesar, 2008), (Law et al., 2005), (Cunha, 2004).
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Materials and Methodes

Mice. Inbred C57BL/6 and C57BL/6-Tg(ACTB-EGFP)10sb/J (C57BL/6-GFP") mice at the
age of 8 to 10 weeks were obtained from the animal breeding facilities at the Friedrich-
Loeffler-Institute, Federal Research Institute for Animal Health, Tuebingen, Germany and
were used throughout all the experiments. The C57BL/6-Tg(ACTB-EGFP)10sb/J mouse

strain was originally obtained from Charles River Germany (Wiga).

Virus and infection. Two different highly pathogenic avian influenza virus strains were used
throughout this study. The mouse-adapted avian influenza A/FPV/Bratislava/79 (H7N7) virus
was grown on Madin-Darby canine kidney (MDCK) cells. The Bratislava strain of the H7N7
avian influenza A virus was originally obtained from the Institute of Virology, Justus-Liebig
University, Giessen, Germany. The avian influenza A H5N1 virus A/mallard/Bavaria/1/2006
grown in embryonated chicken eggs was originally obtained from the Bavarian Health and
Food Safety Authority, Oberschleissheim, Germany. Like the HS5NI1 strain, the low
pathogenic avian influenza virus (LPAIV) strain A/mallard/Bavaria/1/2005 (H5N2) was also
obtained from the Bavarian Health and Food Safety Authority, Oberschleissheim, Germany
and propagated on MDCK cells (Droebner et al., 2008). The SOIV strain
A/Regensburg/D6/09 (HIN1v) was obtained from the Friedrich-Loeffler-Institut, Federal
Research Institute for Animal Health, Riems, Germany was grown on MDCK cells.

All animal studies were approved by the Institutional Animal Care and Use Committee of
Tuebingen. For infection of mice, the animals were anaesthetized by intraperitoneal injection
of 200 pl of a ketamine (Sanofi) -rompun (Bayer)-solution (equal amounts of a 2%-rompun-
solution and a 10%-ketamin-solution were mixed at the rate of 1:10 with PBS) and infected
intranasal (i.n.) with a 10-fold MLDs, specific for each HPAI virus strain (2x10° pfu for
H7N7, 2x10* pfu for H5N1). For both, the low pathogen H5N2 and the HIN1v strain, 1x10*
pfu (< MLDsg) was used for infection.

Antibodies and flow cytometry analysis. The following fluorochrome conjugated antibodies
were purchased from BD Bioscience: mAbs to mouse CD4 (L3T4), CD8a (Ly-2), CDI11C
(Integrin ox chain), CD3 (CD3g¢ chain), Siglec-F and CD103. Additionally, goat anti-
influenza A antibody (AbD Serotec) and donkey anti-goat Alexa Fluor 647 (Invitrogen) were
used. For flow cytometry analysis, a single-cell suspension was stained in FACS-buffer (PBS,

2% FCS, EDTA, pH 7.5) with required fluorochrome conjugated antibodies for 30 min at
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4°C. After the incubation time, cells were washed and analyzed by the FACSCalibur (BD

Bioscience).

Quantitative real-time PCR (qRT-PCR). Total RNA was isolated from the cell homogenate
of organs using TRIZOL reagent (Invitrogen). 1 ug RNA was used for qRT-PCR to determine
the expression of Gapdh, CXCL12, CCL25, ICAM-1, and V-CAM using the QuantiFast
SYBR Green RT-PCR Kit (Qiagen) according to the manufacturer’s protocol and the
SmartCycler™ System and software (Cepheid, Sunnyvale, CA). The following specific
primer for qRT-PCR were used: Mm_Gapdh 2 SG, Mm_ Cxcl12 1 _SG, Mm_Ccl25 1 SG,
Mm Icaml 1 SG and Mm Vcaml 1 SG (Qiagen). The protocol for qRT-PCR was an
initial incubation at 50°C for 10 min after that 95°C for 3 min, followed by 40 cycles of 95°C
for 10s, 60°C for 30 sec. Afterwards, melt curve data were collected from 40°C to 90°C at a
ramping rate of 0.2°C per second and finally cooling to 40°C was performed. The relative
expression values were normalized to the expression value of the housekeeping gene Gapdh.
Detection of viral M-protein RNA was performed as previously described (Spackman et al.,
2002) using the following oligonucleotides: 5-AGA TGA GTC TTC TAA CCG AGG TCG-
3’ (forward), 5°-TGC AAA AAC ATC TTC AAG TYT CTG-3’ (reverse) and 5’-Tet-TCA
CCC CTC AAA GCC GA-BHQ-1-3’ (sonde; Metabion, Germany).

In vitro cytotoxicity assay. Effector cytotoxic CD8" lymphocyte activity was measured by in
vitro cytotoxicity assay. Therefore, five mice were infected with a 10-fold MLDsy of H7N7 or
HS5NT1 virus. 6 days p.i., mice were sacrificed and leukocytes from the lung and thymus were
isolated. Meanwhile, H2b> MC57 target cells were loaded with the immunodominant peptide
NP366.374 in a concentration of 10 pg/ml and labeled with 0.2 mCi of *'Cr at 37°C for 1 h. For
all avian influenza virus strain the peptide ASENMEAM was used, for pandemic HIN1v the
peptide ASNENVEIM was utilized. Target cells were co incubated with the isolated
leukocytes at various effector-to-target ratios in a final volume of 200 pl/well. After 5 h,
supernatant was collected and measured for the presence of released °'Cr using the micro-beta
counter (Wallace). The percentage of °'Cr release was calculated according to the formula

previously described (Planz et al., 1993).

Influenza virus titration AVICEL® plaque assay). The titration in 96 well plates was
performed as described previously (Droebner et al., 2008). Briefly, organs from sacrificed
mice were homogenized in a ten percent homogenate in saline buffer and target cells were

incubated with the homogenate. For H5SN2 and HINlv, trypsin was added during the
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incubation period (Gibco). Thereafter, cells were immunostained by incubating for one hour
with a monoclonal antibody specific for the influenza A virus nucleoprotein (AbD Serotec)
followed by 30 min incubation with peroxidase-labeled anti-mouse antibody (DIANOVA).
Labelling was visualized by 10 min incubation with True BlueTM peroxidase substrate
(KPL). Stained plates were scanned on a flat bed scanner and the data were acquired by
PhotoStudio5.5 (ArcSoft) software. Stained foci were counted. The virus titer is given as the
logarithm to the base 10 of the mean value. The detection limit for this test was <1.7 log 10

ffu/ml.

In situ histology. For in situ hybridization various organs including lung, thymus, brain, heart
and kidney were removed, fixed over night in 4% buffered paraformaldehyde and embedded

in paraffin. 5 pm thick tissues sections were used for in situ stainings.

In situ hybridization. Influenza RNA in tissues was detected using single-stranded *°S-
labeled RNA probes which were synthesized from a bluescript KS+ vector containing a
fragment of the NP gene (nt.1077 to nt.1442) of A/FPV/Rostock/34 (H7N1) as previously
described (Gabriel et al., 2009). Control RNA probes were obtained from a transcription
vector containing the plasmid of coxsackievirus B3 (pCVB3-R1; (Klingel et al., 1992).
Pretreatment, hybridization, and washing conditions of dewaxed paraffin tissue sections were
performed as described previously (Klingel et al., 1992). Slide preparations were subjected to

autoradiography, exposed for three weeks at 4°C and counterstained with hematoxylin/eosin.

Preparation of single cell suspension for DC isolation. Isolation of DCs was performed as
described previously (Hao et al., 2008). Mice were sacrificed and lungs were perfused with 10
ml phosphate-buffered saline (PBS). Afterwards lungs or thymi were minced and digested in
RPMI 1640 medium (Gibco) together with 0.125% collagenase II (Roche) for 30 min at 37°C
in 5% CO,. Thereafter, the minced and digested fractions were passed through a 70 pum BD
cell strainer (BD Bioscience) and washed three times. The cell pellets were resuspended in
PSA containing 2 mM EDTA and 0.5% bovine serum albumin for the following DC

purification steps.

Purification of RDCs and DCs. RDCs were isolated as previously described (Hao et al.,
2008). Briefly, alveolar macrophages were removed by incubating the counted cells with a

PE-labeled anti-SiglecF antibody. Thereafter, magnetic microbeads were used for cell
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separation according to the manufacturer’s protocol (Miltenyi Biotec GmbH). Cells were
labeled with a magnetic anti-PE-microbead and separated by negative selection using an
Auto-MACS Separator (Miltenyi Biotec GmbH). In the next step, the SiglecF™ fraction was
incubated with anti-CD11c¢ magnetic microbeads and CD11c¢" SiglecF cells were obtained by
positive selection according to the manufacturer’s protocol (Miltenyi Biotec GmbH). Isolation
of thymus DCs was accomplished similar to the isolation steps of RDCs. In contrast to the

RDC purification protocol, SiglecF" macrophages were not depleted in the thymus.

Adoptive transfer. Donor C57BL/6-GFP" mice were infected with the H7N7 influenza virus
and scarified 3 days after infection. 4.5x10° CD11c¢"SiglecF cells were isolated from the lung
of C57BL/6-GFP" mice and were injected i.n. into C57BL/6 wildtype recipient mice. Two
days later, C57BL/6 recipient mice were also scarified and both lung and thymus were
harvested. Single cell suspensions were generated and CD11c" cells were isolated using
magnetic microbeads according to the manufacturer’s protocol (Miltenyi Biotec GmbH).
Purification was analyzed with a FACSCalibur (BD Bioscience). Cells were surveyed by

immunofluorescence.

Immunofluorescence. Isolated CD1lc" cells were fixed for 30 min in 4% buffered
paraformaldehyde at 4°C. The fixed cells were washed twice with PBS and incubated with
DAPI. Afterwards, cells were washed again, mounted with ProLong Gold Antifade Medium
(Invitrogen) and were analyzed by the Apotome Care Invert Microscope Labovert FS (Leitz)
and the AxioVision Rel 4.5 (Carl Zeiss Imaging).

Immunohistology. 2 pm thin slides were obtained from paraffin embedded organs. Sialic
acid staining was performed as previously described (Droebner et al., 2007). Briefly, the
staining of sialic acid a-2.6 linked to galactose was performed with Sambucus nigra
agglutinin, while for sialic acid a-2.3 linked to galactose Maackia amurensis agglutinin was
utilized (Vector Laboratories). Signal detection was visualized by ABC- and DAB kit
according to the manufacturer’s protocol (Vector Laboratories). For viral detection, slides
were incubated with the goat a-influenza A antibody (AbD Serotec) and the InmPRESS™
REAGENT Anti-Goat Ig Kit (Vector Laboratory) was used for secondary staining. Substrate
reaction was accomplished with DAB kit (Vector Laboratory) and counterstaining was
performed with hematoxylin Gill II (Carl Roth GmbH). The staining was evaluated by
microscope (Leitz) and photographed with the DC 300 (Leica).
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Statistical analysis. Error bars are given as the standard error of the mean. For the

investigation of significant differences (p-value <0.05), paired ¢-test was performed.
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Results

HS5N1 influenza virus interferes with T lymphocyte development

To investigate the mechanism of influenza virus mediated lymphopenia, mice were infected
for 6 days with either H7N7 or H5N1, two highly pathogenic avian influenza virus strains, the
pandemic HINIv human influenza strain or with a low pathogenic H5N2 virus of avian
origin. Thereafter, the animals were sacrificed and the morphology of the thymus was
analyzed. During infection with either H7N7 or H5N1 virus the thymus underwent a strong
atrophic process that led to a drastically reduced size already 6 days after virus infection (Fig.
1A,B lower panel) which was not found after HIN1v or HSN2 influenza virus infection (Fig.
1C,D lower panel). H7N7 infection led to an 84% reduction of the total leucocyte count (Fig.
1E white bar). After HSN1 infection the total leucocyte amount was even more drastically
reduced to less than 5% compared to total leucocytes of the thymus of uninfected mice (Fig.
1E vertical line bar). No significant leucocyte depletion could be observed after HSN2 or
HIN1v infection (Fig. 1E, grey and horizontal line bar). Analysis of cells within the thymus
revealed that especially the CD4'CD8" thymocytes population was nearly absent after HPATV
infection. While CD4'CDS8" thymocytes of control, HSN2 and HINIv infected mice
presented about 80% to 85% of the cells in the thymus and extinguished about 1 x 10 cells.
This population was reduced to 5% dropped to around 1 x 10° thymocytes after H7N7 but
also H5NI infection (Fig. 1F; Supplementary Fig. 1). These results suggested that HPAIV
infection of mice interferes with T lymphocyte development or thymocyte progenitor cells.
Since the bone marrow is the source for thymocytes progenitor cells, we next investigated
whether highly pathogenic avian influenza virus is present in the bone marrow using
quantitative real-time PCR to detect viral RNA. However, no viral nucleic acid could be
found in the bone marrow in mice 3 and 6 days after infection with either H7N7 or HSN1
(data not shown). These results indicated that the bone marrow itself is not targeted by
HPAIV influenza virus infection. To further investigate the influence of influenza virus
infection of the thymus, expression of chemokines (CXCL12, CCL25) and cell adhesion
molecules (ICAM-1, VCAM-1) that are involved in T lymphocyte development were
analyzed. Infection of mice with H7N7 led to a strong down regulation of mRNA encoding
for CXCL12 and CCL25 which are produced by thymic epithelial cells in the cortex and the
medulla (Fig. 2A). The mRNA encoding for either CXCL12 or CCL25 was less reduced after
HS5NT infection. In contrast ICAM-1 mRNA expression at day 6 was even slightly increased

(Fig. 2B). No strong alterations of the thymus or thymocyte development were found after
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H5N2 or HINI1v influenza virus infection (Fig. 2C and D). These results indicate that the
thymus T lymphocyte development is altered during an HPAIV infection and give rise to the
assumption that the function of thymic epithelial cells is impaired. Thus HPAIV infection

affects the thymus and could interfere with the thymic homeostasis.

Presence of influenza virus specific CD8" T cells in the thymus after HPAIV infection

The previous results allowed the idea that the altered function of the thymic epithelial cells
might have an influence on the impaired T lymphocyte development in the thymus after
HPAIV infection including the dramatic loss of CD4 CD8" thymocytes. Therefore, we next
questioned whether the activation status of the immune lymphocytes in the thymus was
altered after influenza virus infection. While in the thymus of uninfected mice the amount of
activated thymocytes is less than 5% within this population, the number increased up to about
50% after HSN1 or H7N7 infection. No significant change of the thymocyte activation was
observed after HSN1 or HIN1v influenza virus infection. However, HPAIV infection also
changed the activation status based on CD69 expression of the single positive lymphocyte
populations in the thymus. While there was no strong increase of the activated CD4"™ T
lymphocyte population, the activated CDS" T lymphocyte fraction rose from 23% of
uninfected mice up to 47% of H5N1 infected mice (Supplementary Fig 2). To determine
whether activated CD8" T lymphocytes in the thymus were specific for influenza virus, an in
vitro cytotoxicity assay was performed using target cells labeled with the immunodominant
peptide NP346.377 derived from the viral nucleoproteins (Fig. 3). As a control, influenza virus
specific CD8" T lymphocytes could be detected in the lung of mice after either HSN1, H7N7,
HIN1v or H5N2 influenza virus infection (Fig. 3 A-D, black solid line). Most surprisingly
after H7N7 and H5N1 infection of mice nucleoprotein specific CD8" T lymphocytes were
also found in the thymus (Fig. 3A,B grey solid line). In contrast, no NP346.377 specific CD8'T
cells were notable in the thymus after HSN2 or HIN1v infection (Fig. 3C,D grey solid line).
These results demonstrated that after infection with both HPAIV strains functional influenza
virus specific cytotoxic CD8" T lymphocytes were present in the thymus to recognize infected

target cells in an MHC class I restricted manner.

Infectious HSN1 and H7N7 influenza viruses are present in the thymus
The above results indicate a direct interaction of HSN1 and H7N7 influenza virus with the
thymus. Avian influenza viruses require Siao2-3gal as a receptor. Siaa2-6gal is a prerequisite

for infection with human influenza viruses. To determine whether the thymus of mice and
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humans are sensible for avian or human influenza virus infection, immunohistology was
performed to scrutinize the distribution of Sian2-3gal and Siaa2-6gal. In addition to lung and
mediastinal lymph nodes, Siaa2-3gal and Siaa2-6gal expression was found in the thymus of
both species, whereas especially the medulla region showed positive signals for Siaa2-3gal
and Siaa2-6gal (Fig. 4A, B). To analyze whether infectious influenza virus is present in the
thymus of mice, virus infectivity assays were performed. H7N7 and H5N1 influenza virus
was found to high titers in the lung and to moderate titers in the med. LN’s and in the thymus.
In addition virus was present in the spleen after H7N7 but not after HSN1 infection. In the
lung of HIN1v infected mice, comparable titers to HSN1 and H7N7 infected mice were found
in the lung. In contrast only low amounts of infectious virus were present in the med. LN’s. In
only one out of four thymi few infectious virus particles could be detected. After HSN2
influenza virus infection low amounts of virus were found in the lung and only one out of four
mice revealed some infectious particles in the med. LN’s. No virus was found in the thymus.
(Table I). Quantitative real-time PCR (qRT-PCR) was used to confirm the data achieved by
virus infectivity assay after HPAIV infection and to observe the progression of viral load in
the lymphoid organs (Fig. 5A). The results demonstrate viral nucleic acid in the thymus of
mice after infection with the HPAIV virus strains. In addition, viral RNA was imaged by in
situ hybridization in the lung and thymus (Fig. 5B). The in situ hybridization experiments
confirm the existence of viral footprints in both organs after HSN1 and H7N7 influenza virus
infection and localized the infectivity in the thymus to the cortico-medullary junctions. By
imaging the regions of the thymus which are virus positive, the question appears which route

of infection the virus uses to reach these specific thymus cells.

Infection of lung dendritic cells by HSN1, H7N7 and human pandemic HIN1v influenza
virus

Circulating DCs in addition to mature peripheral T lymphocytes can re-enter the thymus after
the uptake of antigenic material in the periphery (Bonasio et al., 2006). Next to this DC
attribute, it was demonstrated that DCs are a target for influenza virus infection (Hao et al.,
2008). To investigate whether DCs harbor influenza virus, mice were sacrificed and
respiratory DCs were isolated 3 days after infection. DCs were identified by CD11c" and
SiglecF™ staining. CD11c is found on DCs and macrophages. SiglecF, a sialic acid binding
immunoglobulin-like lectin, is expressed by macrophages but not by dendritic cells. Flow
cytometry analysis demonstrated a high infection rate of DCs either after HSN1 or H7N7

influenza virus and to a lower extends also after pandemic HIN1v infection (Fig. 6A,B).
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H5N1 virus infected about 19.0% of DCs in the lung, while 13.5% of DCs were infected with
H7N7 influenza virus. Only 9.2% DCs were infected with the HIN1v virus strain. In contrast,
after HSN2 influenza virus infection of mice no CD11c" cells harbored viral footprints. To
define the DC subpopulation being the target for influenza virus in more detail, DCs were
stained against CD103 which is a marker for mucosal DCs (Fig. 6A; middle row). The flow
cytometry analysis demonstrated that the CD11c'/CD103"/SiglecF” DC population is a
preferred target for influenza virus. Nevertheless CD11¢’/CD103"/SiglecF” DC’s present
roughly only 13% a of the dendritic cell population (data not shown). Our results indicate that
macrophages are not the obvious main target for influenza virus infection. These findings
suggest a potential role of migrating DCs in the viral spread to the thymus.

To investigate whether lung DCs migrate to the thymus after infection with HPAIV, DCs
from H7N7 infected C57BL/6-GFP" mice were isolated and transferred into the lungs of GFP
mice (Fig. 7A). Three days after the transfer, recipient mice were sacrificed and GFP" DCs
were isolated from the lung and thymus. Isolated DCs were characterized by
immunofluorescence. The analysis clearly demonstrated that GFP'CDIlc’ cells were
detectable in lung and most interesting in the thymus of recipient wildtype mice, providing
evidence that respiratory DCs migrate to the thymus after infection with HPAIV (Fig. 7B).
These results strongly propose a model by which HPAIV hitchhike DCs in the lung for
trafficking into the thymus, leading to alterations of the antigen presentation for developing

thymocytes.
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Discussion

A common feature of human infection with pandemic avian influenza virus is a strong
reduction of T lymphocytes. This feature, called lymphopenia, is also found in some other
infectious diseases, in particular with new emerging pathogens (Chuang et al., 2008),(Baize et
al., 2009). Nevertheless, the reason and mechanism for the declining number of lymphocytes
remains unclear (Coskun et al., 2010). To investigate a possible mechanism for lymphopenia
after influenza virus infection we focused on the thymus as a primary lymphoid organ. We
hypothesized that highly pathogenic influenza A virus infection of mice interferes with T
lymphocyte development and selection processes in the thymus which consequently leads to
an impaired cellular immune response. The hypothesis was developed, since the morphology
of the thymus revealed massive destruction after HSN1 and H7N7 influenza virus infection of
mice but not after pandemic HIN1v and low pathogenic H5SN2 influenza virus infection. As a
consequence reduced or even missing naive T lymphocytes outflow could lead to the
observed lymphopenia. We speculate a direct involvement of the highly pathogenic avian
influenza A virus. Two reasons for such a dysregulation followed by the destruction of the T
lymphocyte producing site might be possible. First, the virus stops the influx of T lymphocyte
progenitor cells directly by infecting the bone marrow which is the source of T cell
progenitors. Second, influenza virus infection interferes with T lymphocyte development
directly in the thymus. Since quantitative real-time RT-PCR experiments revealed no traces of
viral RNA in the bone marrow, we can exclude that the observed phenomenon is due to
infection of the bone marrow. The hypothesis that HPAIV interferes with T lymphocyte
development was supported by the findings that the expression of chemokines (CXCL12,
CCL25) and cell adhesion molecules (ICAM-1, VCAM-1) involved in T cell development
was drastically reduced after HPAIV but only slightly after HIN1v or HSN2 influenza virus
infection. CXCL12, which is recognized by the CXCR4 receptor, is an essential prerequisite
for functional thymocytes migration (Savino et al., 2002). CXCL12 is produced by both
cortical and medullar epithelial cells and recent studies underline the urgent need for
CXCL12/CXCR4 pathway in T lymphocyte development in vivo (Ara et al., 2003). In single
positive CD4'CD8" or CD4'CD8™ T lymphocytes the expression rate of CXCR4 is reduced
which supports the outflow of naive T lymphocytes into the periphery (Suzuki et al., 1999).
The importance of this signal pathway becomes apparent in studies with Trypanosoma cruzi
which is the causative agent of Chagas disease and also infects the thymus. Here, the up

regulation of CXCL12 in the thymus seems to lead to an outflow of immature T lymphocytes

173



into the periphery (Mendes-da-Cruz et al., 2006). The surprising finding that highly
pathogenic avian influenza A virus infection interferes with this important signal gave reason
to believe that the virus affects the thymus structure and function directly. Therefore, the
question was raised whether HPAIV is able to infect the thymus. Using
immunohistochemistry, we clearly demonstrated that especially the thymus medulla is
positive for both Siaa2-3gal and Siaa2-6gal, a prerequisite for influenza virus infection.
Moreover, we were able to demonstrate infectious virus and viral RNA in the thymus,
particularly in the cortico-medullary junction and medulla, the place where negative selection
occurs. After HIN1v infection virus was found in the thymus of one mouse to a low amount.
This result gives rise to the assumption that this new emerging human pandemic influenza
virus strain has the ability to infect the thymus. Nevertheless, from our data we speculate that
a so far unknown “viral-piece” is still absent in this recent pandemic HIN1v strain to induce
fatal disease. This observation could underline the fact, that pandemic HIN1v has a high
morbidity coming with a mild illness while fatale cases are fairly rare (Cao et al., 2009).

The amount of activated T cells after HPAIV infection was increased in the thymus after
influenza virus infection including influenza virus NP-specific CD8" T cells. The existence of
activated, influenza virus specific CD8" T lymphocytes in the thymus is crucial and might
lead to organ destruction via an immunopathological mechanism. Whether these cells were
primed in the thymus or moved into the thymus as active virus-specific T cells remains
unclear. The fact that the expression of chemokines and chemoattractants involved in T
lymphocyte development was altered might argue in favor for the possibility that already
activated T cells might move back from the periphery into the thymus. The re-entry of mature
and even activated T lymphocytes has been described elsewhere (Hale and Fink, 2009),
(Hardy et al., 2001). Still, the question how the virus is being transported into the thymus is
unanswered at this point. The former paradigm of the thymus as a “one-way street” is
important for a functional development of T lymphocytes. By that way the organism assures
that only self-peptides are presented on the MHC-complexes during thymocytes selection
processes. However, recent studies revealed that selected lymphoid populations can migrate
into the thymus within the cortico-medullary junction allowing foreign antigens to reach the
thymus (Mori et al., 2007). This could be important for oral tolerance against nutrition
antigens (Song et al., 2006). Also, the evidences rise that an organism is able to develop a
tolerance against an intravenous, intrathymic but also intranasal injected high dose antigen by
deletion of antigen-specific thymocytes and induction of apoptosis of T lymphocytes in

secondary lymphoid organs (Liblau et al., 1996), (Marodon et al., 2006). By reaching the
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thymus, non-self antigens can generate a suppressive Treg population, which could also have
an suppressive effect on the previously generated existing peripheral T cell precursor
population (Cabarrocas et al., 2006). It also might be possible that highly pathogenic avian
influenza viruses assemble a suppressive Treg population by migrating into the thymus.
Because of the implausibility that the virus can pass the barrier between periphery and thymus
by itself without causing a systemic infection, a carrier cell is more likely. In a recent
publication Gabriel and colleagues demonstrated that a murine T cell line can be infected by
influenza viruses in vitro (Gabriel et al., 2009). Moreover, the virus used in this study was
also able to infect macrophages in vitro and in vivo (Gabriel et al., 2009). In our in vivo study,
macrophages were not the major target for infection. More interestingly, it’s been reported
that dendritic cells can be infected by influenza viruses in vitro (Hao et al., 2008). Because of
the DC function to migrate continuously into the LN but also in the thymus (Li et al., 2009)
with or without having contact and being activated by an antigen, thymic dendritic cells play a
major role in establishing tolerance by negative selection of thymocytes and induction of
Tregs (Proietto et al., 2008). We hypothesized that DCs are the carrier cell type for influenza
viruses. We first tested whether different influenza viruses were able to infect DCs in the
lung. Flow cytometry analysis was used to demonstrate a high rate of infection of DCs by the
H5NI1 and H7N7 strains and to lower extends by HIN1v infection. Low pathogenic H5N2
virus infection of DCs could not be detected. Our results demonstrate that the infection of
DC’s with HPAIV also includes the CD103" DC subpopulation for which an induction of
peripheral Tregs has already been described (Coombes et al., 2007). Since CD103" mucosal
DC’s only present 13% (data not shown) of the total DC population we cannot exclude that
the virus strains used in this study are specialized on CD11¢"/CD103" subpopulations.

The adoptive transfer experiment using GFP" lung DCs further strengthen our hypothesis that
DCs can migrate from the lung into the thymus. Flow cytometry and immunofluresence
revealed the presence of GFP' cells in the thymus of HPAIV infected wild type mice.
Nevertheless from our immunofluoresence data, we cannot exclude that these respiratory
dendritic cells in the thymus undergo apoptotic processes either due to influenza virus
infection or CD8" T cell response. From these results we hypothesize that activated, HPAIV
infected DCs move from the lung into local, mediastinal lymph nodes where viral replication
can take place. In a second step, DCs move further on into the thymus, where influenza virus
infected DCs first reach the cortico-medullary junction and the medulla the place of negative
selection processes. Thymic antigen presenting cells in the thymus, namely DCs but also

thymic epithelial cells are responsible for the selection processes (Proietto et al., 2009). We

175



conclude that CD45" epithelial cells in the medulla are the first target for infection since viral
footprints in the CD45" thymocyte population were absent (data not shown). Epithelial cells
are critical for the development of T lymphocytes. These stroma cells give the structure for a
working positive and negative selection of outgoing naive T lymphocytes. An interference
with CD45 cells can lead to a dysregulation of T lymphocytes development especially in the
younger population when the thymus is still highly active. One result could be a reduced or
even missing immune response against new antigens that break through the mechanical
barriers of our immune system. The pandemic HINIlv strain doesn’t reach the thymus
consistently which could be due to a missing pathogenesis factor, since virus titer is even
higher in the lung of HIN1v infected mice compared to viral titers in the lung after HSN1 and
H7N7 infection.

We propose a mechanism, where highly pathogenic avian influenza virus has the ability to
infect dendritic cells in the lung. This migrating cell type can now transport the virus to
secondary lymphoid organs like lymph nodes, but more important to the primary lymphoid
organ: the thymus. In both cases, the infected cell can not only support the virus to spread to
selected targets but also present viral antigens as pseudo self peptides. That way, an additional
clonal deletion of influenza specific T lymphocytes can take place in the thymus. The collapse
of the thymocytes developing signal network could be due to the fact that stromal cells in the
thymus are a target for the virus (Fig. 8). Additionally, influenza specific Tregs could be
generated that suppress already existing T lymphocyte activity against viral epitopes. The
existence of Tregs needs to be analyzed in further studies to assure this assumption.

Taken together, the infection of dendritic cells demonstrates a very effective way to evade the
immune system and could be the reason for fatal influenza virus infection that leads to
lymphopenia and the strong influx of innate immune cells (Perrone et al., 2008). The fact that
the Sian2-3gal and Siao2-6gal lectins that function as the receptor for influenza virus
infection are also expressed in human thymus (Fig. 4), makes the transfer of the described
mouse model to the pathogenic situation in humans likely. The resent pandemic HINI1v
outbreak which also causes lymphopenia in severe clinical cases demonstrates that this
described mechanism might not only be restricted to highly pathogenic avian influenza

viruses but might be a general feature of severe influenza (Perez-Padilla et al., 2009).
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Figure legends

Figure 1. Morphology of the thymus after influenza virus infection in mice. Visual atrophy of
the thymus after infection with high pathogenic H7N7 (4), HSN1 (B), virus strains but not by
low pathogenic HSN2 (C) or pandemic HINI1v (D) influenza virus. All mice were sacrified 6
days post infection. Images show uninfected control C57BL/6 thymus (upper panel) in
comparison to thymus of infected mice (lower panel) E. Total number of counted leucocytes
in the thymus after influenza virus infection. Number of animals; control: n=8; H7N7: n = 9;
H5N1: n = 9; H5SN2 n = 4, HINlv n = 4. * Paired t-test revealed significant reduction
compared to control (p < 0.025). F. Changes of the thymocyte populations and single positive
T lymphocytes 6 days after HPAIV influenza virus infection analyzed by flow cytometry.
Thymus population after HSN2 and HINIlv are not listed here, but show comparable
distribution to controls. Four mice per group were used in the experiments. The experiment

was performed three-times.

Figure 2. Decreased mRNA levels of chemokines involved in T lymphocyte development
after (4) H7N7 or (B) H5N1 but not after HSN2 (C) or HINIlv (D) infection using
quantitative real-time RT-PCR. Analysis was performed 3 or 6 days post infection and AAct-
values compared to uninfected controls were evaluated (n = 3 to 4). *Paired t-test revealed

significant difference to uninfected controls (p < 0.05).

Figure 3. In vitro cytotoxicity assay of influenza virus specific CD8" lymphocytes. >'Chrom
labeled MC57 targets cells were loaded with the immunodominant influenza peptide NPs¢6.
374. NP specificity of CD8" T lymphocytes isolated from lung and thymus 6 days after
infection with (4) H7N7, (B) H5N1, (C) HSN2 or (D) HINlv were determined by the

>1Chrom release of lysed target cells.

Figure 4. Immunohistological detection of sialic acids in the lung, mediastinal lymph node
and thymus of C57BL/6 mice (4) and the mesenterial lymph node and thymus of humans (B).
Avian influenza viruses recognize Siaa2-3gal while human influenza viruses use Siaa2-6gal

as a receptor for infection. Magnification: 20x.

Figure 5. Detection of viral mRNA. (4) Expression levels of viral matrix protein mRNA after

H7N7 (left) or H5N1 (right) infection in the lung and lymphatic organs. Analysis was
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performed from day O till day 6 post infection. Ct-values for every day are relative to the
control ct-value of each organ. (B) In situ hybridization for the localization of viral RNA in
lung and thymus. Numerous alveolar and bronchial epithelial cells are positive in mice
infected with H7N7 and H5N1. In the thymus, H7N7 and H5N1 infected cells are located in
the cortico-medullary junction (Abbreviation used in this figure: M = medulla;, C = cortex; J

= cortico-medullary junction).

Figure 6. Detection of influenza virus infected dendritic cells in the lung. (4) Samples were
collected 3 days post infection and determined by flow cytometry. After depletion of SiglecF"
cells, CD11c" cells were isolated and additionally stained for the mucosal CD103" DC
subpopulation (middle row). Infection was confirmed by intracellular staining against
influenza A antigens using a polyclonal antibody. (B) Percentage of cell populations analyzed

by flow cytometry.

Figure 7. Adoptive transfer of GFP" dendritic cells into H7N7 (10-fold MLDsg) influenza
virus infected wildtype mice. (4) Experimental design: DCs from infected C57BL/6-GFP
expressing mice were isolated 3 days after infection and transferred in lungs of wildtyp
CS57BL/6 mice. Recipient mice were sacrificed 2 days after transfer and GFP" dendritic cells

found in the lung and thymus (less than 1%) were visualized by immunofluorescence (B).

Figure 8. Proposed mechanism how HPAIV and possibly pandemic HIN1v could reach the
thymus without causing a systemic infection. Influenza virus is able to infect DC’s in the
lung. Activated and infected DCs migrate into the lymph node where the antigen presentation
and a first viral replication phase take place. Additionally, DCs migrate into the thymus where
they support the viral spread and the depletion of influenza peptide specific thymocytes by

antigen presentation. As a result, the amount of T lymphocytes is reduced.

Supplementary Figure 1. Calculated number of (4) CD4+ or (B) CD8+ T lymphocytes and
(C) DP thymocytes 3 or 6 days after influenza virus infection. The quantity was evaluated by
the total number of leukocytes divided by the gated quotient of the flow cytometry analysis as
shown in Fig. 1. Paired t-test revealed significant difference compared to control (*p < 0.05;

**p < 0.01). Five independent experiments yielded consistent results.
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Supplementary Figure 2. Investigation of CD69+ activated (4) CD4+ or (B) CD8+ T
lymphocytes and (C) DP thymocytes in the thymus. The analysis shows an increase of
activated CD8+ lymphocyte after HSN1 infection and a strong boost of activated DP
thymocytes after HPAIV infection on day 6 p.i. Paired t-test revealed significant differences
compared to control (*p < 0.05; **» < 0.01). 3 mice were tested in three different

experiments.

ABBREVIATIONS

DC = dendritic cell

DP = double positive

HIN1v = A/Regensburg/D6/09

H5N1 = A/Mallard/Bavaria/1/2006

H5N2 = A/mallard/Bavaria/1/2005

H7N7 = A/FPV/Bratislava/79

HPAIV = highly pathogenic avian influenza virus
LN = lymph node

LPAIV = low pathogenic avian influenza virus

Treg = Regulatory T cell

Table

Table I: Distribution of the viral load 6 d post infection of C57BL/6 mice

Lung Mediastinal LN Thymus Spleen Brain
H7N7 5.24 +£0.19 3.71+0.24 3.85+£0.23 3.61 +£0.22 <17
H5N1 5.29 +0.06 3.80 £ 0.35 2.84 +£0.21 <17 <17
H5N2 2.91+0.52 2.05+0.31* <17 <1.7 <17
HIN1 5.65 + 0.49 222 +0.77 1.82 £ 0.10% 3.27+0.28 <17

Virus titers are given as the logarithm in focus forming units per 1ml organ
homogenate.

“Low amounts of virus were detected in one out of four organs

(H5N2 med LN: 3.12 ffu/ml; HIN1 thymus: 2.01 ffu/ml).
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Figure 6
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Figure 7

Figure 8
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Supplementary figure 2
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	Enzyme Kinetics and neuraminidase (NA) inhibition assay
	BACKGROUND AND PURPOSE: Stroke is triggered by several risk factors, including influenza and other respiratory tract infections. However, it is unknown how and in which way influenza infection affects stroke outcome.
	METHODS: We infected mice intranasally with human influenza A (H1N1) virus and occluded the middle cerebral artery to induce ischemic strokes. Infarct volume and intracerebral hemorrhage were determined by histology. To evaluate the integrity of the blood-brain barrier and inflammation, we measured various cytokines in vivo and in vitro and performed immunohistochemistry of leukocyte markers, collagen IV, immunoglobulins, and matrix metalloproteinase-9.
	RESULTS: Influenza virus infection increased infarct size. Whereas changes in cardiovascular parameters did not explain this effect, we found evidence for an inflammatory mechanism. In influenza virus infection, the respiratory tract released cytokines into the blood, such as RANTES that induced macrophage inflammatory protein-2 and other inflammatory mediators in the ischemic brain. In infected mice, there was an increased number of neutrophils expressing the matrix metalloproteinase-9 in the ischemic brain. This was accompanied by severe disruption of the blood-brain barrier and an increased rate of intracerebral hemorrhages after tissue plasminogen activator treatment. To investigate the role of cytokines, we blocked cytokine release by using GTS-21, a selective agonist of the α7 nicotinic acetylcholine receptor. GTS-21 ameliorated ischemic brain damage and improved survival.
	 CONCLUSIONS: Influenza virus infection triggers a cytokine cascade that aggravates ischemic brain damage and increases the risk of intracerebral hemorrhage after tissue plasminogen activator treatment. Blockade of cytokine production by α7 nicotinic acetylcholine receptor agonists is a novel therapeutic option to treat stroke in a proinflammatory context.

	 Abstract
	A H5N2 low pathogenic avian influenza virus (LPAIV) was isolated from a natural reservoir in Bavaria during a routine screen and was used as a vaccine strain to scrutinize the immune response involved in cross-protection after challenge infection with a H5N1 highly pathogenic avian influenza virus (HPAIV). The challenge virus was also isolated from a natural reservoir in Bavaria. Wild type, antibody deficient (µMT), CD4-/- and CD8-/- mice were infected with the apathogenic H5N2 vaccine strain and challenge infection with a 100-fold MLD50 of the H5N1 strain was performed 80 days later. While 100% of the wild type and 100% of the CD8-/- mice stayed healthy, only 50% of the CD4-/- and none of the antibody deficient mice were protected. These results support the view that the humoral immune response and to certain extends the CD4+ T helper cells are a prerequisite for cross-protective immunity against H5 influenza virus.
	 1. Introduction
	 2. Material and Methods

	2.1. Mice
	Inbred female C57Bl/6, µMT and CD8 knockout mice on a C57Bl/6 background, sv129 and CD4 knockout mice on a sv129 background at the age of 6-8 weeks were obtained from the animal breeding facilities at the Friedrich-Loeffler-Institut, Federal Research Institute for Animal Health, Tübingen, Germany and were used throughout all the experiments. 
	 3. Results
	3.1. DB1 (H5N2) and MB1 (H5N1) showed similar virus growth properties in vitro
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