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Abstract (German and English)

1.1 Zusammenfassung

Saisonale Influenza-Epidemien verursachen bis 2u(® Todesfalle jahrlich und belasten
die offentliche Gesundheit erheblich. Zusatzlichsaisonalen Epidemien kann Influenza A
Virus (IAV) weltweite Pandemien verursachen, wielezt 2009 die sogenannte
~Schweinegrippe”. Im Jahr 2012 wurde zum ersten &llalhochpathogenes Vogelgrippevirus
des Subtyps H5 im Labor hergestellt, welches zveisdfrettchen, dem gangigen Tiermodell
fur menschliche Ansteckung, Ubertragen werden k&mm.Vogelgrippestamm des Subtyps
H7N9 entstand 2013 in China und infizierte in dres@ahr Uber 130 Menschen. Diese
Beispiele zeigen die Notwendigkeit effektiver unohfassender Vorbereitungsmal3hahmen
gegen IAV, bestehend unter anderem aus der Ubeunmgchaktueller Virusstamme,
Pravention, Risikomanagementstrategien und der iBexkung ausreichender
medikamentdser Behandlungsmaoglichkeiten.

Eine effektive Vorbereitungsmallnahme gegen IAVeiste grindliche Charakterisierung
friherer und aktueller Virusstamme, da hierdurale eschnelle und korrekte Reaktion auf
neue Stdmme erleichtert wird. Im ersten Teil datiegenden Dissertation wurden NS Gen-
Reassortanten des pandemischen H1IN1 Stammes (pHiéirs-genetisch konstruiert und
charakterisiert. pH1N1 entstand 2009 als panderessalirus. Es zirkuliert heutzutage als
saisonaler humaner Stamm, wurde aber auch in Seaweider Vogeln nachgewiesen. Dies
birgt das Risiko, dass pH1N1 Reassortanten mitedlktu aviaren, porzinen oder humanen
Stammen bildet. Das Nicht-Strukturprotein NS1 igt eiraler Virulenzfaktor mit der
Hauptfunktion, die antivirale Immunantwort des Wirtu hemmen. Acht Reassortanten,
welche NS Gene humaner, aviarer oder porziner S&imrKombination mit den restlichen
Genen von pHI1NL1 tragen, wurden revers genetisoebtFllt. pH1N1 erwies sich als sehr
empfanglich fur NS Gene verschiedener WirtsspeZieson 8 Reassortanten waren nur
minimal in ihrer Replikation in A549 Zellen beeiathtigt. Interessanterweise waren jedoch
pHIN1 Reassortanten mit NS Genen hochpathogenéreaviAV-Stamme des Subtyps
H5N1 in A549 und DF-1 Zellen sowie vivo stark replikationsinhibiert. Sequenzvergleiche
des NS1 Proteins von stark und schwach in A549zieptnden Reassortanten zeigten eine
Deletion von funf Aminoséuren auf Position 80-84ed2 Deletion kommt bei den meisten
aktuellen H5N1 Stdmmen vor, im Gegensatz zu nicht$tammen. Die Deletion der

Aminosauren 80-84 im NS1 Protein von pH1N1 beedfitigte die virale Replikationn
2



Abstract (German and English)

vitro, was die Abwesenheit dieser Deletion bei fastafaturlich vorkommenden nicht-H5

Stammen erklaren kénnte. Mechanistisch zeigte bmhNS1 Proteinen aus pH1N1 eine
hohere generelle Expression von Wirtsgenen alsN&l1 Proteinen aus hochpathogenen
H5N1 Stammen. Auch der Deletion der Aminosaurer88®onnte eine (zuvor unbekannte)
Rolle in der Regulierung der generellen Expression Wirtsgenen zugewiesen werden.

Diese Regulierung findet méglicherweise auf demesivder pra&-mRNA Reifung statt.

Die hohe Replikationsfahigkeit der meisten in Teikonstruierten NS Reassortanten, sowie
die Vielzahl an natirlich vorkommenden Reassortsanid Punktmutationen verdeutlichen
die hohe Variabilitat von IAV. Diese Variabilitasti die Grundlage fur Resistenzen gegen
antivirale Substanzen. Daher werden neue, effeknivirale Wirkstoffe benétigt.

Aus diesem Grund wurde im zweiten Teil dieser Swn tanninreicher Pflanzenextrakt aus
Pelargonium sidoidedDC, EPs® 7630 (Umckaloabo®), welcher bereits zehdhdlung

akuter Bronchitis zugelassen ist, auf seine amatieiWirksamkeit untersucht. EPs® 7630
zeigte eine dosisabhangige Aktivitat gegen mehtAké Stamme. Es hemmte eine friihe
Etappe im viralen Lebenszyklus, beispielsweise Bizeptorinteraktion, aber auch die
Neuraminidaseaktivitat. EPs® 7630 war nicht viryddnn eine Prainkubation des Virus (im
Gegensatz zur Prainkubation der Wirtszelle) hemuiee Infektivitat nicht. Weiterhin

verursachte EPs® 7630 keine Resistenzen Uber vresspassagen. Kondensierte Tannine
und Pseudotannine wurden als antiviral aktive lsisebdffe identifiziert. Die molekulare

Kettenlange beeinflusste die antivirale Aktivitdenn Mono- und Dimere waren weniger
wirksam als Oligo- und Polymere. Allerdings warercla die Monomere Gallocatechin und
Epigallocatechin antiviral wirksam. Inhalativ apgpdirtes EPs® 7630 verbesserte signifikant
Uberleben und Krankheitsverlauf von IAV-infiziertdausen, was erstmals Anhaltspunkte

zum Nutzen von EPs® 7630 zur Behandlung von IA\éktibnenin vivo liefert.

Diese Daten bestéatigen und detaillieren die amii@irAktivitat von Tanninen gegen IAV.
Allerdings kommen verschiedene Tanninklassen undruktsiren oft zusammen in
Pflanzenextrakten vor, obwohl sie sich in ihreriardglen Wirksamkeit unterscheiden
konnen. Trotzdem gibt es nur wenige systematisabiglgichsuntersuchungen der Struktur-
Wirkungs-Beziehungen gegen IAV. Ein besseres Vedst& der antiviralen Wirksamkeit
verschiedener Tanninstrukturen gegen IAV ist wightm pflanzliche antivirale Arzneimittel

erfolgreich zu entwickeln und zu verbessern.



Abstract (German and English)

Im dritten Teil dieser Studie wurdéamamelis virginiand.. als Modellpflanze gewahlt, da
sie reich an verschiedenen gutcharakterisiertemihan und Pseudotanninen ist. Hamamelis
Rindenextrakt, Fraktionen angereichert mit Tannimerschiedener Molekulargewichte oder
einzelne Tannine/Pseudotannine mit definierterkBiruwurden auf ihre Wirksamkeit gegen
IAV getestet. Der Rindenextrakt war gegen versamed IAV Stdmme wirksam, unter
anderem gegen den 2013 erstmals aufgetretenenemvida7N9 Stamm. Fraktionen mit
Tanninen bestimmter Molekulargewichte wurden vonll&mrationspartnern durch die
einfache und reproduzierbare Methode der Ultrafin hergestellt. Eine mit
hochmolekularen kondensierten Tanninen angereghdftaktion zeigte die beste
Wirksamkeit. Dieses Ultrafiltrations-Konzentrat urter Rindenextrakt inhibierten frihe
Etappen des viralen Lebenszyklus am starksten, nthessten aber auch die
Neuraminidaseaktivitat. Interessante UnterschiedéAiirkmechanismus konnten zwischen
verschiedenen (Pseudo)tanninstrukturen gezeigt emerchochmolekulare kondensierte
Tannine und die ebenfalls hochmolekulare Gerbsharemten sowohl die Interaktion mit
dem viralen Rezeptor als auch die Neuraminidasatiti Hingegen inhibierten die
getesteten niedermolekularen Stoffe (< 500 g/moit)die Neuraminidaseaktivitat aber nicht
die Rezeptorinteraktion. Generell schien die Hengnwer Neuraminidase wenig zur
antiviralen Wirksamkeit beizutragen. Interessanees® waren die hochmolekulare Fraktion

sowie der unfraktionierte Rindenextrakt effektiads alle isolierten Einzelstoffe.

Zusammenfassend leistet diese Dissertation eineinaBezu verschiedenen Aspekten der
Vorsorge gegen IAV, namlich zur Charakterisierungn vaktuellen und moglicherweise
zukUnftig auftretenden Stammen, sowie zur Entwicglantiviraler Arzneien. Es wurde eine
zuvor unbekannte Funktion einer natirlich auftrééemDeletion von finf Aminosduren im
NS1 Protein identifiziert, namlich die Regulatiorerdantiviralen Immunantwort der
Wirtszelle. Die Erkenntnis, dass pH1N1 die meisg@tiesteten humanen, aviaren und
porzinen NS Gensegmente ohne nennenswerten Réemtikatrlust aufnahm, zeigt die
Notwendigkeit zur Uberwachung von pH1N1 NS Reassoen. SchlieRlich wurde die
antivirale Wirksamkeit von EPs® 7630, einem tangiciien Pflanzenextrakt mit Zulassung
zur Behandlung von akuter Bronchitis, vitro undin vivo gezeigt. Die erstellten Struktur-
Wirkungs-Beziehungen von Tanninen und Pseudotannaes Pelargonium sidoidesind
Hamamelis virginianasind von Interesse zur Entwicklung und Verbessgrantiviraler

pflanzlicher Arzneien.
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1.2 Abstract

Seasonal influenza virus epidemics causing up 1 @00 deaths each year represent a
substantial public health burden. In addition tassmal epidemics, influenza A virus (I1AV)
can cause global pandemics, as evidenced by theeswigin influenza virus in 2009. The
recent creation of a highly pathogenic avian infzee H5 subtype virus that efficiently
transmits between ferrets in the laboratory in@eaoncerns about the acquisition of human-
to-human transmission of highly pathogenic strafgan H7N9 recently emerged in China
and infected more than 130 people in 2013. Sucimpbes highlight the need for effective
IAV preparedness, including IAV surveillance, pretien, risk management strategies and

sufficient treatment options.

A prerequisite for effective 1AV preparedness igharough characterization of past and
circulating IAV strains, since it facilitates a pnpt reaction to newly emerging strains. In the
first part of the present study, pandemic H1N1 (NH)J NS gene reassortants were
constructed by reverse genetics and charactergtiN1 emerged as a pandemic IAV in
2009 and continues to circulate nowadays as a sehstrain. Besides infecting humans,
pHIN1 has also been detected in swine or birds.s,Tkuere is a considerable risk of
developing new reassortants with other co-circagpsivian, swine or human strains. The viral
non-structural protein 1 (NS1) is a key playerrihibiting the antiviral immune response and
a known virulence factor. By reverse genetics, teighssortants carrying NS genes of human,
avian or swine strains in the genetic backgroungtéiN1 were constructed. pH1IN1 was
highly permissive to NS genes from various hostigse showing only minor fitness losses in
6 out of 8 reassortants on A549 cells. Howeverpahiction of NS from highly pathogenic
avian influenza virus (HPAIV) H5N1 attenuated theus on A549 and DF-1 cellandin
vivo. NS1 sequence comparisons revealed a five amindlodabetion in position 80-84 that is
also found in most contemporary H5N1 strains, lautlly ever in non-H5 subtypes. Deletion
of positions 80-84 in pH1IN1 NS1 attenuated virglicationin vitro, possibly explaining the
absence of this deletion in virtually all naturabigcurring non-H5 strains. Mechanistically,
NS1 from pH1N1 allowed higher general host geneesgion than NS1 from HPAIV H5N1.
Importantly, a previously unknown role in the regjidn of the general host gene expression
was attributed to the deletion of amino acids 80-Bdis regulation occurs possibly at the
level of pre-mRNA maturation.
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The high viral fitness of several pH1N1 NS reassud created in Part 1 of the study, as well
as naturally occurring reassortments and point nauns show the high variability of 1AV
strains and therefore their propensity to antiviedistance. Thus, new safe and effective
antiviral drugs are needed. Two classes of drugscarrently licensed for the treatment of
IAV infections, namely neuraminidase and matrixtpno inhibitors, preventing release of
new virions from the infected host cell or viral amating, respectively. Development of
antivirals targeting a different step of the viitd cycle would be especially advantageous.

Therefore in the second part of this study, a tamich extract fromPelargonium sidoides
DC, EPs® 7630 (Umckaloabo®), which is licensedréat acute bronchitis, was investigated
for its antiviral effects. EPs® 7630 showed dospemielent activity against several 1AV
strains. It inhibited an early step of influenzéttion and impaired viral hemagglutination as
well as neuraminidase activitEPs® 7630 was not virucidal, as virus preincubatiomike
cell preincubation) did not influence infectivitymportantly, EPs® 7630 showed no
propensity to resistance developmantvitro. Condensed tannins and pseudotannins were
identified as the active principle and structurévéty relations were investigated. Chain
length influenced antiviral activity, as monomerslalimers were less effective than oligo-
and polymers. Importantly, gallocatechin and itsesdisomer epigallocatechin exert antiviral
activity also in their monomeric form. In additioBPs® 7630 administered by inhalation
significantly improved survival and illness of inéinza-infected mice, demonstrating the

benefit of EPs® 7630 in treatment of influenza.

These data have confirmed and specified the aatiaativity of tannin-rich plant extracts and
selected tannins. However, different classes anéaular weights of tannins are often found
together in plant extracts, and may differ in treaitiviral activities. Nevertheless, there are
only few systematic comparisons of their anti-lIAYWusture-activity relations. A better

understanding of the antiviral activity of diffetelannin structures against IAV is warranted

to optimize plant-based antivirals.

In the third part of this studyjamamelis virginiand.. was chosen as a model plant, since it
is rich in different tannins that have been preslguvell characterized. We compared the
anti-lIAV effect of Hamamelis virginianabark extract, fractions enriched in tannins of
different molecular weights and individual tannirted defined structures, including

pseudotannins. The bark extract was active agaliffgrent IAV strains, including the

6
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recently emerged avian H7N9 strain. Fractions @edcin tannins of different molecular
weights were produced by a collaborator using fillii@ion, a simple, reproducible and
easily upscalable method. A highly potent fractienriched in high molecular weight
condensed tannins was identified as the best peifgr antiviral candidate. This
ultrafiltration concentrate and the bark extradtiliited early and, to a minor extent, later
steps in the IAV life cycle. Interesting mechartstifferences between tannin structures were
observed: high molecular weight tannin containixgyaets and tannic acid (1702 g/mol)
inhibited both IAV receptor binding and neuramirsdaactivity. In contrast, the tested low
molecular weight compounds (< 500 g/mol) inhibitedeuraminidase but not
hemagglutination. Average molecular weight of tboempounds seemed to positively correlate
with receptor binding (but not neuraminidase) intioin. In general, neuraminidase inhibition
seemed to contribute little to the antiviral adivi Importantly, antiviral use of the
ultrafiltration fraction enriched in high molecularight condensed tannins and, to a lesser

extent, the unfractionated bark extract was préferaver individual isolated compounds.

In summary, this study contributes to differentexdp of IAV preparedness, namely to the
characterization of current and possibly emergidy ktrains and to the development and
optimization of antivirals. Briefly, a previouslynknown role of a naturally occurring NS1
five amino acid deletion in the regulation of theigral host response was identified. Also,
the finding that pH1N1 reassorted with most of tésted human, avian and swine NS gene
segments without a major loss in fitness highligtims need for IAV surveillance of NS
reassortants. Finally, antiviral activity of EPs®@3D, a tannin-rich plant extract already
licensed for acute bronchitis treatment, was demnateslin vitro andin vivo. The established
antiviral structure-activity relations of tanninsdapseudotannins frofelargonium sidoides

andHamamelis virginianare of interest for developing and improving plbased antivirals.



Introduction

2 Introduction




Introduction

2.1 Influenza A Virus

2.1.1 Classification and nomenclature

Influenzavirus A, B, C, Thogotovirus Isavirus and Quaranjavirus are genera of the
Orthomyxoviridadamily (International Committee on Taxonomy of ¥8es 2012). Influenza
A virus strains are classified into different syieyg by their surface proteins hemagglutinin
and neuraminidase (HxNx). To date, 18 HA subtyped &1 NA subtypes have been
identified (Tong et al. 2013). Influenza strainge aramed by the following systematic:
influenza type/host species (except if human)/agumtr city of isolation/identification
number/year of isolation (HxNXx), for example A/Lumbourg/43/2009 (H1N1) for a human
strain or A/swan/Germany/R65/2006 (H5N1) for a iman strain.

2.1.2 Genomic organization and encoded proteins

Influenza A viruses (IAVs) are enveloped, negaseesed, single-stranded RNA viruses
(Fig. 1). Both filamentous and spherical forms, tdiger with a diameter of roughly 100 nm,
have been described (Mosley & Wyckoff 1946, Fujhjost al. 1994, Rossman & Lamb
2011). IAVs carry eight RNA gene segments, namélg polymerase basic 2 (PB2),
polymerase basic 1 (PB1), polymerase acidic (P@mdgglutinin (HA), nucleoprotein (NP),
neuraminidase (NA), matrix (M) and non-structufds) segment. The first 13 nucleotides on
the 5' and the first 12 nucleotides on the 3' emidthe viral RNAs (VRNAS) are highly
conserved between IAV genes and strains and cotestite IAV promoter (Skehel & Hay
1978, Lamb & Horvath 1991).

The eight gene segments can code for up to 15ipsptdepending on the IAV strain. HA,
NA and the ion channel M2 are located on or inuinal membrane, which is derived from
the host cell membrane. The nucleoprotein NP aagthymerase proteins PB2, PB1 and PA
are located inside of the virus. They associatallt@iral RNAs and thereby form the viral
ribonucleoprotein complexes (VRNPs). M1 underlies viral envelope. While NS2 (also

called nuclear export protein, NEP) has been dateatthe virus particle and in infected host
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cells (Richardson & Akkina 1991), NS1 is exclusywedxpressed in infected host cells
(Lazarowitz et al. 1971, Hale et al. 2008).

Some viral gene segments code for more than orteiprovl codes for M1 and M2, due to
different splice variants. NS codes for NS1, a glyer in the inhibition of the antiviral host
response (see Section 2.2.2, (Garcia-Sastre #9@8)), and NS2, involved in nuclear export
of viral genes (O’Neill et al. 1998). NS1 mRNA isuolh more abundant than NS2 mRNA
(Lamb et al. 1980). Recently, NS3 was discoverea a&lird splice variant (Selman et al.
2012), but its function is unknown so far. PB1 bagn shown to encode, in addition to the
PB1 protein, up to two accessory proteins by uamg@lternative open-reading frame or start
codon: PB1-F2 (Chen et al. 2001) and PB1-N40 (Wisal. 2009). While data on PB1-N40
are still scarce, it is known that PB1-F2 is nopressed by every IAV strain (Zell et al.
2007), but constitutes a virulence factor (Zamainal. 2006). Very recently, two more
proteins have been identified to be encoded by#er M gene, namely PA-X (Jagger et al.
2012) and M42 (Wise et al. 2012).

Figure 1: Structure of an IAV virus particle. NS2, NS3, PB1-F2, PB1-N40, PA-X and M42 are noishdue

to unclear localization in the virus particle orast-dependent existence. Reprinted by permissiom f
Macmillan Publishers Ltd: Nature Reviews Microbigyo (Horimoto & Kawaoka 2005), copyright 2005.
http://www.nature.com/nrmicro/journal/v3/n8/fullmicro1208.html
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2.1.3 Viral life cycle

The IAV life cycle, which takes about eight houis schematically represented in Figure 2.
After cleavage of the full length precursor protélAO into its subunits HA1 and HA2 by
trypsin- or subtilisin-like proteases (Klenk et 2875, Bertram et al. 2010), IAV can bind to
its host cell receptor, sialic acid (Weis et al.889 Ge & Wang 2011), by its surface
glycoprotein HA1l. This binding triggers endocytos$ the virus particle. Endosomal
acidification by the vacuolar-dependent ATPase atedi a conformational change of HA,
which allows fusion of HA2 with the endosomal mear® and release of VRNPs into the
cytosol (Maeda & Ohnishi 1980, Maeda et al. 198amidton et al. 2012). Import of H+ ions
into the virus particle by the ion channel M2 isamheeded for viral uncoating, as it disrupts
interactions between M1 and vRNPs (Bui et al. 1998hbound vVRNPs can then be
transported into the nucleus via an active mechatiisough nuclear pore complexes (Martin
& Helenius 1991). Viral uncoating from the endosooeeurs with a half time of roughly 25
min after attachment, nuclear import of these aliosyRNPs was detected within 10 min
(Martin & Helenius 1991).

In the nucleus, negative-sense VRNA is transcrimgdhe viral polymerase complex (PB2,
PB1 and PA) into both (+)mMRNA and (+)complementadyR (CRNA). Viral mRNA
synthesis starts with the so-called 'cap-snatchiR§2 binds capped cellular pre-mRNA
(Guilligay et al. 2008) and PA cleaves its cap @tHmylguanosin-triphosphate) (Dias et al.
2009). Subsequently, the cap is used as a primianscribe the nascent viral mMRNA from
the VRNA template (Krug 1981, Plotch et al. 19&)d a polyA tail is added to the 3'end by
stuttering of the polymerase complex at a strefchH uridines (Luo et al. 1991, Zheng et al.
1999). Cap and polyA tail are essential for nucleaport, protection of mRNA against
degradation and translation initiation (Wahle & Bsegger 1999, Decroly et al. 2012). Since
IAV snatches the cap from cellular mRNAs, their leac export is inhibited. mMRNA of viral
gene segments such as M or NS is partly splicetgubie cellular splicing machinery (Lamb
& Choppin 1979, Inglis & Brown 1981, Engelhardt &dor 2006). In addition to the viral
(+)mMRNA which serves as a template for proteindlation, (+)cRNA is generated to form

the transcription template for synthesis of newRNA.

The different VRNASs in helical hairpin structuresasiate with viral NP and the polymerase

complex to form vRNPs and are exported from thdeus; mediated by M1 and NS2 (Boulo

11
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et al. 2007). M1, able to associate with both vVRN#P&l lipid membranes, mediates
recruitment of viral components to the cell membrand is the driving force for the
subsequent budding of new virions (Gomez-Puertas. @000, Nayak et al. 2004). Budding
occurs by membrane bending at lipid raft domainthefapical membrane of polarized cells
(Nayak et al. 2004). The virions are at first bouadhe host cell membrane by interaction of
HA and sialic acid (Seto & Rott 1966, Wagner et28l02). They are released by NA which
cleaves sialic acids from the host cell (GottsclH#&l&7). This also prevents re-infection of the
same cell, as well as self-aggregation of viratiplas, since sialic acids are also cleaved from
glycoproteins on the virus surface (Palese et 4] Palese & Compans 1976). The
involvement of NS1 in the viral life cycle will beéescribed in more detail in the following
Section 2.2.

binding to host cell receptors

endocytosis

Y

\Gplication

A

transch
r—AAAA,

o

uncoating

»

viral proteins

et |I|||I"
budding m

Figure 2: The IAV life cycle. After binding of viral hemagglutinin to its hostlceeceptor, endocytosis of the

translation

viral particle is triggered and leads to viral uating. Viral RNA is imported into the nucleus, wadboth
replication of VRNA and transcription of mRNA takgéace. After nuclear export, viral mMRNA is transkdtn to
proteins, which are assembled with viral RNPs mgav virus particles. Progeny virions bud from thesthcell
membrane and are released by neuraminidase-media@eage. (Engelhardt & Fodor 2006), copyright 00
John Wiley & Sons, Ltd.
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2.2 The IAV NS1 protein

2.2.1 Structure and localization of NS1

NS1 is encoded by the unspliced IAV gene segmehtg&nerally has a length of 230 amino
acids (aa) and a molecular mass of 26 kDa, but ssimaes have C-terminal deletions or
insertions yielding a protein of 202-237 aa (Haleak 2008, Dundon & Capua 2009). It
occurs as a dimer (Nemeroff et al. 1995, Bornh&ldrasad 2006) and is divided into an N-
terminal RNA-binding domain (aa 1-73) (Qian etE95) and a C-terminal effector domain

(aa 74-237) (Bornholdt & Prasad 2006) mainly inealvn protein-protein interactions.

NS1 is a non-structural protein, meaning that iha expressed in the virus particle itself
(Lazarowitz et al. 1971). However, NS1 is expressady after infection (Shapiro et al.

1987), as it is needed to inhibit the antiviral thassponse and allow viral replication early
after infection (Hale et al. 2008, Moltedo et aD09). NS1 has at least one nuclear
localization signal (Greenspan et al. 1988) andraraear export signal (Li, Yamakita, et al.

1998). It can be found both in the nucleus andhm ¢ytoplasm of the host cell (Krug &

Etkind 1973, Greenspan et al. 1988).

2.2.2 Functions of NS1

NS1 is a multifunctional protein and mainly works a key player in blocking the host's
innate immune response (Hale et al. 2008, Ehrlardt 2010). Upon infection, 1AV triggers

the innate immune response, such as the releasgakines attracting immune cells. Among
these, type | interferons (especially Ifel3) are the most important antiviral mediators,
regulating the expression of several hundred gébe¥eer et al. 2001). Type | interferons
are inhibited by NS1, which was discovered wherMN&1-deficient IAV induced high IFN

expression in infected host cells (Garcia-Sastra.et1998). While this virus was attenuated
in IFN competent systems, it replicated well in IBEKficient systems such as Vero cells or
STAT1-/- mice. Meanwhile, several ways how NS1 fagoviral gene expression over host
cell gene expression have been described. Impbytaad described in the next Sections
(2.2.2.1-2.2.2.4), NS1 inhibits both pre-trans¢opal and post-transcriptional host gene

expression and induces preferential translatioriraf mMRNAs.
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2.2.2.1Inhibition of type | IFN induction by NS1

IAV infection of a host cell is detected by patteetognition receptors such as the Toll-like
receptor 3/7 (Lund et al. 2004, Guillot et al. 2)GBe NOD-like receptor NLRP3 (Thomas et
al. 2009, Ichinohe 2010) or the retinoic acid intle gene | (RIG-I), which subsequently
triggersignalling cascades and lead to the induction t¥isal host factors. While no direct
effect of NS1 has been shown on Toll-like receptorsNLRP3 so far, NS1 is well
characterized in limiting the activation of RIGHig§. 3).

The RIG-I signalling cascade is triggered by RI®Hding to 5'-triphosphorylated short
RNAs (Hornung et al. 2006, Pichlmair et al. 2006uB et al. 2010). Instead of the initial
proposition that NS1 sequesters dsRNA away from-R(TGalon et al. 2000), NS1 forms a
complex with RIG-I (Pichlmair et al. 2006, Mibayasét al. 2007) and inhibits RIG-I
activation by Tripartite motif-containing proteird 2r, strain-specifically, Riplet ubiquitin-
ligases (Gack et al. 2009, Rajsbaum et al. 2018hs€quently, downstream transcription
factors of the RIG-I cascade like IRF-3/7, ®8-or ATF2/c-Jun cannot induce expression of
IFN-B and other host factors any longer (Dixit & Kag#&i3).

4

viral RNA

v

- — D
-4
(e

IFN-B
transcription

Figure 3: Inhibition of type | IFN induction by NS1. NS1 inhibits activation of RIG-I by viral RNA and
thereby the downstream IRF3/7 signalling cascaderaduction of IFNB transcription.
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2.2.2.2Inhibition of downstream type | IFN signalling bySd

Additionally to decreasing type | IFN induction, N&lso inhibits downstream IFN signalling
(Fig. 4). Upon binding of its receptor, IFN actieatthe Jak-STAT signalling pathway
(Platanias 2005) which leads to induction of amaicellular antiviral state. NS1 inhibits at
least two of the induced interferon-stimulated gemeamely protein kinase RNA activated
(PKR) and 2’5’-oligoadenylate synthase (2'5’-OAS).

Upon sensing of dsRNA or partially complementarsaViRNA, PKR phosphorylates the
eukaryotic translation initiation factoraelF2x), which leads to a generalized translation
shutoff in the infected host cell (Roberts et 878, Gale & Katze 1998, Hatada et al. 1999).
NS1 prevents PKR activation by direct PKR bindifigr{ & Katze 1998, Li et al. 2006).
Finally, NS1 also sequesters dsRNA away from 2'BSO(Min & Krug 2006). Thereby, the
2'5-OAS-mediated activation of latent RNase (RN3gs#hich would cleave viral RNA
(Hovanessian 1991), is inhibited.

NS1
/?QOOU RNaselL
l OAS
PKR =3 olF2a

Figure 4: Inhibition of downstream type | IFN signalling by NS1. Secreted IFN3 induces an antiviral state
via Jak-STAT signalling. The effect of the resultiantiviral factors 2'5’-OAS and PKR is inhibiteg BIS1.
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2.2.2.3Inhibition of general host cell gene expressioMIiBi

NS1 can confer a general block of host gene expredsy inhibiting cellular pre-mRNA
maturation (Fig. 5) and nuclear export. NS1 inkilpre-mRNA maturation by binding to
cleavage and polyadenylation specificity factor (BIPSF30) (Nemeroff et al. 1998) and
polyA binding protein 1l (PABPII) (Chen et al. 1999CPSF30 is required for cleavage of
cellular pre-mRNAs, allowing addition of short (appimately 10 nucleotides) polyA tails by
the cellular polyA polymerase, which can then bengated in the presence of PABPII
(Wahle & Kihn 1997). Thus, NS1 blocks polyadenglatof cellular pre-mRNA, an essential
step required for nuclear export (Nemeroff et 898, Zhao et al. 1999). NS1 also interacts
with proteins of the mRNA nuclear export machingBatterly et al. 2007). Thus, NS1
induces retention of cellular pre-mRNA and mRNAtie nucleus, which results in rapid
RNA degradation (Katze & Krug 1984). InterestinghS1 does not inhibit viral mRNA
polyadenylation because this process is indepenaénthe cellular polyadenylation

machinery. The polyA tail is added to viral mMRNA e viral polymerase (Luo et al. 1991).

Nucleus
Pol Il

+—
Cellular/ONA %\/
Pre-mRNA

Polyadenylation 1

Cytoplasm

& capping
Mature mRNA
AAAAAAA— __~cap S
CPSF3TI PABPII Translation
NS1 AAAAAAA’&CEID

Figure 5: Inhibition of general host cell gene expmssion by NS1NS1 inhibits polyadenylation of cellular pre-
mRNA by binding to CPSF30 and/or PABPII, resultimgnuclear retention of immature pre-mRNAs. Viral
RNA polyadenylation is independent of the cellulaachinery and exported into the cytoplasm, where

translation to viral proteins takes place.
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2.2.2.4Enhancement of viral mMRNA translation by NS1

NS1 stimulates translation of viral proteins rathean cellular proteins. This mechanism is
mediated by the IAV 5' untranslated region, whishbound by NS1 to enhance translation
initiation (Garfinkel & Katze 1993, dela Luna et 4P95). NS1 also interacts with proteins
involved in translation, such as the human Stapfetein (Falcon et al. 1999), the eukaryotic
translation initiation factor 4 subunit GI (Arag@t al. 2000) and polyA binding protein |

(Burgui 2003). Thereby, NS1 is believed to mediateraction of viral mMRNA 5' untranslated

regions with the cellular translation machinerngdimg to selective translation enhancement

of viral mMRNASs over cellular mRNAs.

2.2.2.5Strain-dependency of the NS1 functions

The effect of NS1 on the antiviral host responsstiain specific since the strength of the
distinct antiviral mechanisms described above grearies between strains. To hame only a
few examples, NS1 proteins of HIN1 A/Puerto Ric®#48/H5N1 A/Hong Kong/483/97 or
pandemic H1IN1 IAVs inefficiently bind CPSF30 (Twuad. 2007, Kochs et al. 2007, Hale et
al. 2010). NS1 from the H3N2 A/Udorn/72 strain mdPSF30 but is unable to prevent the
induction of IFN$ transcription (Kuo et al. 2010). The combinatidrsoch effects leads to
differential induction of antiviral responses anffedential viral fithess. Therefore, NS1 is
considered a virulence factor (Tscherne & Garcisti®a2011), while its contribution to

virulence varies between different 1AV strains.
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2.3 AV strain variability

2.3.1 The basis of strain variability: point mutations and reassortments

IAV mutates frequently due to its viral polymerasehich lacks proof-reading activity.
During transcription, point mutations arise and cantribute to differential viral fithess or
changed antigenic properties (“antigenic drift")lsé, due to the segmented nature of the
genome, co-infection of the same host cell withfedént 1AV viruses can result in an

exchange of gene segments and lead to a novel liVdiiferent properties (reassortment, or
“antigenic shift” if HA or NA are involved, Fig. 6)

Point mutation

- —
3
P I
Virus 1 Mutant
Reassortment
PB2 NP
& —— | PB1 NA
@
o | PA M
:'c:> HA NS
Virus 1 Virus 2 Reassortant

Figure 6: The basis of IAV strain variability: point mutation s and reassortmentsThe red dot indicates a
point mutation.
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2.3.2 Host species and host range restriction

With the exception of H17N10 and H18N11l (Tong et 2012, 2013), all HA and NA
subtypes have been detected in wild birds (Solarztral. 2007) and phylogenetic analysis
showed that viral NP from a large variety of hastslved from an avian ancestor (Gorman et
al. 1990). Thus, wild aquatic birds are consideatedmain reservoir of IAV (Slemons et al.
1974, Webster et al. 1992). However, IAV infectwide range of host species and has been
detected e.g. in humans, domestic poultry, swingsdcats, horses, whales, seals or bats
(Hinshaw et al. 1986, Shinya et al. 2010, Anthongl€2012, Tong et al. 2012) (Fig. 7). IAVs
can cross the species barrier and either caussidgraninfections or establish new stable
lineages, as it has happened in humans (curremtylating strains: HIN1, H3N2), swine
(HIN1, HIN2, H3N2; (Kuntz-Simon & Madec 2009)) avrBes (H3N8, (Daly et al. 2011)).

In general, establishment of stable lineages iava Imost species is a rather rare event subject

to extensive host adaptation.

2,
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Figure 7: The IAV host range. While all H1 to H16 hemagglutinin subtypes have rbeletected in wild

waterfowl, the IAV main animal reservoir, severdgher species can be infected from the main resexwoi
another host. Infection can lead to transient #ner establishment of new stable lineages. IAVsubtype H17
and H18 have recently been detected in bats, leut thlationship to IAVs from other host speciesat clear

yet. From (Manz, Schwemmle, et al. 2013), reprintitt permission from ASM.
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2.3.2.1Viral proteins involved in host range restriction

In general, all IAV proteins can impact on the regive ability in a certain host species, but
for some, their importance has been widely desdriBe important determinant of the host
range is the viral HA protein, which mediates bigdiof the virus to its host cell receptor,
sialic acid. HA from avian strains preferably bindssialic acid linked to the neighbouring
galactose by am2,3-bond, while HA from human strains prefer,6-linked sialic acid
(Rogers & Paulson 1983, Matrosovich et al. 1982)6-linked sialic acid is more prevalent in
the human upper respiratory tract artj3-linked sialic acid prevails in birds. The diffity

to reach the human lower airways harbouring a2@-linked sialic acid may explain that
avian lAVs sporadically infect humans after closmtact to infected birds, but do not
transmit naturally from human to human (Shinyal e2@06).

Interestingly, swine carry both2,3- anda2,6-linked sialic acids in their respiratory tract,
making them susceptible to avian and human IAVirsdrglto et al. 1998). They were
proposed to function as a “mixing vessel” for avaarm human strains (Ito et al. 1998), since
reassortment easily occurs upon parallel infectwith two 1AV strains. In addition, it was
shown that upon replication in swine, avian-likeVBAcan acquire the ability to recognize
human receptors (Ito et al. 1998), emphasizingrdte of swine for the generation of novel

human-pathogenic IAV strains.

The “mixing vessel” theory is also supported bydsta on another viral protein, NP. A

temperature sensitive NP mutant could only be ed@u an avian but not in a human genetic
IAV background, while in a swine background, botlcsessful and unsuccessful rescues
occurred (Scholtissek et al. 1985, Scholtissek 1980addition, NP from all analysed species
can be phylogenetically classified into exclusivitg avian or human branch, but pig NPs

were the only ones to belong to either the avianuonan branch (Gammelin et al. 1990).

The different components of the polymerase have hten shown to play a role in host
adaptation (Mé&nz, Schwemmle, et al. 2013). Espgcile involvement of PB2 residue 627
is widely established. Here, lysine (found in cathe circulating human strains and some
H5N1 strains isolated from humans) instead of ghitaacid (found in avian isolates) confers
a replicative advantage in mammalian cells (Sulabatal. 1993).

20



Introduction

Different studies have shown a role of NS1 in lam&ptation. For example, when an allele A
NS was exchanged with a strictly avian allele B MSa human IAV background, the
reassortant was attenuated in squirrel monkeysa(ibreet al. 1989). Also, carrying NS of the
human 1918 pandemic H1N1 in the background of ase@dapted HIN1 (A/WSN/33), the
reassortant lost its ability to kill mice (Basldrad. 2001). In addition, NS1 strain-specifically
inhibits the antiviral innate immune response, \lhgan impact on its replicative ability.

2.3.3 |AV strains circulating in humans, birds and swine

2.3.3.1Human IAV strains: Past pandemics and currentlgutating strains

Pandemics can be distinguished from epidemics tegtaiig a large geographical area (often
worldwide) and a high percentage of the populatiDmere are several prerequisites for an
AV strain to become pandemic (World Health Orgatin 2009a): A new IAV strain must

be able to (1) infect humans, (2) cause seriousades (3) spread efficiently from human to
human and (4) encounter an immunologically naivpugagion. While human pandemics

have been described already in the Middle Agey, tbeld be attributed to influenza since at
least the 18 century (Beveridge 1991). In the last 100 yedrste have been five pandemics

due to IAV strains whose origins are depicted iguFés 8 and 9.

In 1918-1919, the most devastating IAV pandemicvkmdo date, the “Spanish influenza”,
killed about 50 million worldwide (Johnson & Muall2002). The corresponding HIN1 strain
was completely sequenced and reconstructed in 2665s believed to be of entirely avian
origin (Taubenberger et al. 2005, Tumpey et al.5206H1N1 from 1918 continued to
circulate in humans until its replacement by thet pandemic strain.

In 1957, an H2N2 strain known as “Asian influenzatherged by reassortment of the
circulating 1918-derived HIN1 with HA (H2), NA (N2nd PB1 genes of avian origin
(Scholtissek et al. 1978, Kawaoka et al. 1989, @k&000). The pandemic killed more than
one million people (Potter 2001), evolved into assmal virus and completely disappeared in
1968.

In 1968, a reassortment of H2N2 with avian HA (l48y PB1 led to emergence of an H3N2
strain (Webster & Laver 1972, Kawaoka et al. 1988 “Hong Kong influenza”. This
pandemic was milder than the previous two, whichs vedtributed to the presence of
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antibodies against N2, from the previous 1957 H2Kain (Schulman & Kilbourne 1969).

“Hong Kong influenza”-derived strains still circtdein humans today as seasonal H3N2.

In 1977, the H1N1 that disappeared in 1957 re-eaeteend caused the “Russian influenza”
pandemic. As sequence comparison revealed velg liifference to the HIN1 strains
circulating in 1950, the pandemic was possibly ttuan accidental release of a virus frozen
for many years (Nakajima et al. 1978). Strainswatifrom this virus circulated up to 2009.

H3N2
Hong Kong

H1N1
Russian

Figure 8: The genetic origin of the pandemic and sesonal IAV strains from 1918-2009While the 1918
pandemic IAV was of avian origin, in 1957 genesfroirculating 1918-derived H1N1 reassorted withaavi
HA, NA and PB1 genes. This H2N2 strain then redsdowith avian HA and PB1 genes in 1968 to an H3N2

strain, whose derivatives still circulate todaysaasonal 1AVs. 1918-strain derived HIN1 circulatimghe 50s

was “reactivated” by an unknown mechanism in 197d gave rise to the seasonal H1N1 that circulateitl it
was replaced by “swine influenza” pH1N1 in 2009 pReted by permission from Macmillan Publishers :Ltd
Nature, (Neumann et al. 2009) copyright 2009.
http://www.nature.com/nature/journal/v459/n7249/fdture08157.html
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In March/April 2009, the first human cases of tleecalled “swine influenza” (or pandemic
influenza/2009, pH1N1) emerged in Mexico and théAWSinsberg et al. 2009, Perez-Padilla
et al. 2009), followed by a rapid global spreadtlé virus. The strain originated by a
reassortment of NA and M gene segments from Eurasiene 1AV and the remaining genes
from American triple reassortant HIN2. Precisely, HNP and NS genes were ultimately
derived from classical swine 1AV, PB2 and PA fromaa strains and PB1 from human
H3N2 (Garten et al. 2009, Smith et al. 2009) (Bigsee Section 2.3.3.4. for description of the
different swine influenza lineages). So far, ituigknown in which species the reassortment
occurred, although a reassortment in swine sedwmly I{Smith et al. 2009). The disease was
milder than initially expected and the mortality sMastimated to be around 280 000 people
within the first twelve months of the pandemic (s et al. 2012). The strain became
established in humans and still co-circulates WitBN2 and influenza B. Importantly, it
replaced the previously seasonal HIN1 in 2010, iplysBecause it elicits antibodies against

the highly conserved HA stalk region (Pica et all2).

Gene Segments, Hosts,
and Years of Introduction

~1998 \ PB2,PA
PB2, PA 14
Triple
1968 PB1 1998 PB1 Reassortant PB2
~ ~ PB1
PB1 —} _’ PA
HA
NP
Classical NA
~1918 y HA/NP,NS ; M
HA, NP, NS 14 Swine NS
~1979 \ NAM Eurasian 2009 A(H1N1)
NA, M 14 Swine

Figure 9: The genetic origin of the pandemic H1IN12009).All gene segments were ultimately derived from
avian IAV strains. PB1 passed from birds to humae$ore forming a triple reassortant with PB2, IP¥, NP
and NS in swine. NA and M were derived from Eunagwine strains. From (Garten et al. 2009), repdmwith

permission from AAAS.
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2.3.3.2Avian IAV strains

Avian influenza widely circulates in birds: 16 dfet 18 known HA subtypes and 9 of the 11
NA subtypes have been detected (Solorzano et @IZ,ZDong et al. 2012, 2013). They are
divided into highly and low pathogenic subtypesdaasn their pathogenicity in chickens,
which is determined by the amino acid sequence hair themagglutinin cleavage site.
Cleavage of HAO into HA1 and HA2 is required forMAnfectivity (Klenk et al. 1975).
LPAIVs have a monobasic HA cleavage site|XIR and can be cleaved by trypsin-like
proteases (Lazarowitz et al. 1973, Klenk & Garte994). Those are confined to the
respiratory and gastrointestinal tract, which aotsufor local infections. HPAIVs are
characterized by a polybasic HA cleavage site,yoagrseveral arginine or lysine residues.
Thereby, a cleavage motif (R-X-R/K{R) (Vey et al. 1992) for furin, a ubiquitous member
of the subtilisin-like protease family, is crea{&tieneke-Grober et al. 1992), and HA can be
cleaved throughout the complete host organism,dimgusystemic infection (Mo et al. 1997,
Garten & Klenk 1999).

It has been shown that LPAIV can evolve into HPAGArcia et al. 1996, Ito et al. 2001). So
far, only subtypes H5 and H7 naturally occur ashlyigpathogenic phenotype. However, a
polybasic cleavage site has been artificially iteskralso into LPAIV H2, H4, H6, H8 and

H14 rendering it highly pathogenic in chicken (Mterset al. 2010, Veits et al. 2012).
Inversely, insertion of a polybasic cleavage sita is not always sufficient to create a
highly pathogenic phenotype (Stech et al. 2009,rGaidt et al. 2011).

The past or present circulation of roughly all I1Aubtypes in birds highlights the enormous
avian IAV gene pool. This diversity is caused by tfiequent gene reassortments and
mutations that occur in birds during asymptomattca- and interspecies infection. Moreover,
dissemination is facilitated by short distance Feral transmission in wetlands (Ito et al.

1995) and long distance transport of viruses byratagy birds (Olsen et al. 2006). The highly
diverse IAV strains from the avian reservoir pogshraat for human IAV infection.
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2.3.3.3Human infections with avian influenza

Outbreaks of HPAIV frequently occur in domestic fpiguand humans can be infected,
mostly upon close contact with sick animals (vamkKeve et al. 2011). Since HPAIV H5N1
so far showed a mortality rate of about 60% in hosn@Vorld Health Organization 2013a)
the risk of human infections is of particular comcdn 1997 occurred the first major human
HPAIV H5N1 outbreak in Hong Kong, involving 18 irctgons and 6 deaths (Subbarao 1998,
Tam 2002). The virus had an HA closely related noasian H5N1 isolated in 1996 on a
Chinese goose farm (Xu et al. 1999), while therimakgenes were derived from avian HON2
(Guan et al. 1999). After massive poultry cullimg more human outbreaks were observed
for years, but the virus continued to circulatetle avian reservoir (Li et al. 2004) and
distinctive mutations emerged. A deletion of 20 moniacids in the neuraminidase stalk
domain was linked to viral adaptation to chickem#@ et al. 2002) and mutation of positions
103 (L to F) and 106 (I to M) in NS1 induced tighbending to CPSF30 (Twu et al. 2007),
linked to a stronger repression of the antivirabthesponse. The biological function of a
deletion of amino acid 80-84 in NS1 is unknown aolfut has been linked to higher virulence
of HS5N1 HPAIV (Long et al. 2008).

In 2003, the first two human cases were observathag China (Peiris et al. 2004). Between
2004 and 2012, 610 human cases were observed,ynimsilghout Southeast Asia, China
and Egypt (World Health Organization 2013a). It hasn shown experimentally that HPAIV
H5N1 can acquire airborne transmission from femetferret, the IAV animal model
considered closest to human. This was achievedtgeted mutagenesis of 3 amino acids
involved in mammalian adaptation along with segatsaging in ferret lungs (Herfst et al.
2012) or by selection of randomly introduced mutagi fora-2,6-linked sialic acid affinity
along with reassortment of HPAIV HA with internatrges from pandemic HIN1 from 2009
(Imai et al. 2012). Although sustained human-to-hontransmission has not occurred
naturally so far, HPAIV H5N1 is regarded as a pamdedhreat.

In addition to H5, there have also been human fidies with HPAIV H7 strains, such as
H7N3 (Tweed et al. 2004) and H7N7 (Fouchier et2804). In general, H7 strains induce
milder symptoms in humans, including conjunctivits influenza-like illness, although

fatalities have occurred (Fouchier et al. 2004).
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For LPAIV, generally mild human infections with nilygsH9N2 or H7 subtypes have been
reported (Peiris et al. 1999, Butt et al. 2005,@ssky et al. 2012). However, from February
to May 2013, there have been over 130 cases of inumfection with a novel low pathogenic
avian H7N9 strain in China, showing a mortality eradf about 30% (World Health
Organization 2013b). Only sporadic new cases weperted from May to September 2013,
this decrease being possibly linked to the closiirevet markets (Wang et al. 2014). From
October 2013, the second important wave of newschsas started over the winter season,
counting 74 new cases until January 21, 2014 (Wetihlth Organization 2014). This
highlights the need for ongoing vigilance. Howeveontrol of H7N9 is difficult, since
contrarily to HPAIV H5N1, H7N9 does generally n@use clinical signs in poultry. Not all
patients had contact with birds and limited, butsustained human-to-human transmission
was observed so far (Qi et al. 2013, Li et al. 30H¥N9 was created by reassortment of H7
and N9 of avian strains with internal genes fromaawH9N2 (Kageyama et al. 2013, Gao,
Cao, et al. 2013, Chen et al. 2013).

2.3.3.4Swine |AV strains

The subtypes H1IN1, HIN2 and H3N2 currently cireilas stable lineages in swine. In
general, swine IAV strains are distinguished intmeXican and European lineages, which
differ in their origin. American H1N1 (also callethssical HIN1) is a descendant of the 1918
pandemic H1N1 and was first described in 1931 (8H§81). European (or Eurasian) HIN1
appeared in 1979 and is completely derived of aanastrain (Pensaert et al. 1981), while
European H3N2 and H1N2 have appeared through deeassortments and carry genes of
both avian and human origin (Kuntz-Simon & Made®20 American H3N2 emerged in

1997 mostly as triple reassortants, carrying huragian and swine genes (Zhou et al. 1999),
followed by HIN2 in 1998, a reassortant of Amerisanne H3N2 and classical HIN1 (Olsen

2002). Since the emergence of pandemic H1IN1 ineswir2009, the virus has been detected
in pigs worldwide and led to several reassortméviimykrishna et al. 2010, Ducatez et al.

2011). In particular, since 2011, there have beenenthan 300 human cases of generally
mild illness caused by a reassortant of US H3N2yoay the M gene segment of pandemic
H1N1 from 2009 (Centers for Disease Control andséhvBon 2013a). These cases mostly
occurred upon contact with swine at agriculturaisfabut some cases of limited human-to-
human transmission have been reported (CenterBifmase Control and Prevention 2011,
2012a). Also previously there have been occasiorettions of humans with swine IAVS,

mostly after contact with infected animals (van Rez007).
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2.3.4 Reverse genetics: a tool to generaten vitro mutants and

reassortants

In contrast to “conventional” genetics, where tlenetic base of a particular phenotype is
investigated, reverse genetics allows investigatbbra phenotype arising from a defined

genetic constellation. Since their first use in A9Buytjes et al. 1989), reverse genetics have
evolved to the technique of choice to investigatecise IAV mutations or reassortments

(Neumann & Kawaoka 2002).

Transfection of negative-sense IAV RNA does notlleainfectious virus, because it cannot
be translated into viral proteins in the absencevitdl polymerase. The first attempts to
generate 1AV from cloned cDNA relied on transfentiof thein vitro transcribed VRNA of
interest mixed with purified PB2, PB1, PA and NPtpms to create functional VRNPs
(Luytjes et al. 1989, Enami et al. 1990, Seong &wvBrlee 1992). For expression of the
remaining genes, co-infection with a helper IAVugrwas needed. This, however, required
subsequent selection of the virus of choice ovetilper virus. The system has gone through
several improvements, e.g. the use of plasmidsagung the gene of interest in negative
orientation under control of a polymerase | prom@&eumann et al. 1994). RNA polymerase
| usually transcribes ribosomal RNA, devoid of fiGnd 3’ polyA, and is therefore suitable
to produce VRNA. This system makiesvitro transcription and polymerase/NP purification

unnecessary.

Nowadays, the reverse genetics approach allowgéheration of an IAV virus of choice
entirely from cloned cDNA, without the need for elgrer virus. This was first achieved by
transfecting eight VRNA expressing plasmids untier ¢ontrol of a polymerase | promoter
and four protein expressing plasmids (PB2, PB1, ®R) (Fodor et al. 1999, Neumann et al.
1999). In order to reduce the number of transfegiasmids from twelve to eight,
bidirectional plasmids encoding both vVRNA from dypeerase | promoter in negative sense
and mRNA from a polymerase Il promoter in positbemnse were developed (Hoffmann et al.
2000) (Fig. 10). In a mixed culture of HEK293T eellvhich are easily transfectible, and
MDCK cells, which support high-titer growth of 1AMhe virus of choice is efficiently

rescued.
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Expression plasmids

pHW241-PE2 —IEHI PB2 ~ —-—-——

PaCMY 4 Pu 8y DGH

pHW242-PE1 —{EHL PE1

-
pHW243-PA —E PA | B
pHW244-HA —Hl HA i
g
-_

pHW245-NP —H NP
pHW246-NA —EH NA |
pHW247-M
pHW248-NS

ﬁsfeﬂbn

Infectious influenza A virus
AlTealHKWI12/9T (HEN1)

Figure 10: IAV rescue by reverse genetics using thenethod of Hoffmann et al. Eight bidirectional
expression plasmids encoding both (-)vRNA and (HNARSf each 1AV gene segment are co-transfected anto
mixed culture of easily transfectible HEK293T cedisd MDCK cells which support growth of the resgti
virus to high titers. From (Hoffmann et al. 200€)pyright The National Academy of Sciences.

We use the system of Hoffmann et al., (Hoffmanale2000) with improvements developed

by Stech (Stech et al. 2008). The improved systees chot depend on restriction sites to
insert 1AV segments into the plasmids. It uses aiffed QuikChange PCR based on a
megaprimer containing the 1AV segment of interestwgen regions complementary to the
plasmid (Fig. 11). This megaprimer anneals to thmmementary plasmid sequences and is
then elongated from its 3'-end by a proof-readinotymperase. Therefore, this method allows
even cloning of viral segments of unknown sequeitcalso contains the selection marker

ccdB, which is toxic for bacteria due to inhibitiohthe bacterial topoisomerase II.
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5’-gaagttggggggg agcgaaagcag ccttgtttctact aataacccggeggghel
cttcaaccccccc tegetttcgtce oodB ggaacaaagatga ttattgggccgeq

VRNA 5" end

Annealing site
to 3’ end of megaprimer

pHW2000

Figure 11: Reverse genetics system by Stech et abked in this study. Annealing of the megaprimer
containing the 1AV segment (green) and plasmid-demgntary regions (in italics) to the plasmid pHW@p
containing a negative selection marker (ccdB, yélland sequences complementary to the 1AV conserved

regions (normal type). Adapted from (Stech et @08), copyright 2008, Oxford University Press.
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2.4  Antiviral prevention, treatment and resistance

Worldwide, 1AV causes around three to five milliocases of severe illness and up to 500 000
deaths each year (World Health Organization 200db¥pitalizations are often required for
the elderly and people with underlying medical dtads, which underlines the need for
effective vaccines and drugs. Due to the largengxdeantigenic drift and sporadic events of
antigenic shift, a single vaccination does not eomihmunity over decades such as for other

viruses that are less prone to mutations, andtaesis to antivirals may rapidly develop.

2.4.1 Vaccination

So far, the yearly seasonal influenza vaccine requannual reformulation due to variability
of the circulating strains. It is composed of tA&/IH1N1, H3N2 and influenza B strain that

are estimated to be the most prevalent during Hrgeted season. Yearly influenza
vaccination is recommended for the elderly, peapith underlying medical conditions,

healthcare personnel and lately also for childrgada6-59 months and pregnant women
(World Health Organization 2013c). Traditionallyfravalent inactivated vaccine is used by
intramuscular injection. However, since 2003 (Flst®, USA) or 2011 (Fluenz®, Europe)

intranasally administered live attenuated influemaacines are available for healthy people
between 2 and 49 (Flumist®) or 2 and 18 (Fluenz@jrg of age (Carter & Curran 2011,
European Medicines Agency 2012). Also quadrivalaxcines have been approved. They
contain an HIN1, H3N2 and two instead of only arfeuenza B strain, corresponding to the

two circulating influenza B lineages.

Lately, serious effort is put into the developmeha so-called “universal influenza vaccine”,

which targets epitopes conserved between diffeirdihienza strains and should therefore
make annual reformulation and vaccination unnecgsBaomising candidate antigens are the
stem region of hemagglutinin (Steel et al. 2010nWat al. 2010), the M2 ectodomain (Fiers
et al. 2009) or NP (Altstein et al. 2006) eithemaistered alone or in combination with each
other or other antigens (Adar et al. 2009; Gad. (4 .3).
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2.4.2 Currently marketed antiviral drugs and antiviral re sistance

While vaccination remains the method of choicegmvention of IAV infection, there is a
need for antivirals for the treatment of IAV infexts, especially if they require
hospitalization or if the patient has underlying dical conditions (Centers for Disease
Control and Prevention 2013b). Also, upon emerg@i@novel IAV strain, development of
an effective vaccine can take months. For thernreat of influenza, two classes of antivirals
are currently marketed, namely the neuraminidaskibitors (oseltamivir/Tamiflu®,
zanamivir/Relenza®) and the M2  channel inhibitors r o0 adamantanes
(amantadine/Symmetrel®, rimantadine/Flumadine®).

The latter have been approved by the Food and Bwministration in 1966 or 1994,
respectively, block the M2 ion channel of influenka(but not influenza B) viruses, and
thereby inhibit viral uncoating (Pinto & Lamb 2007lowever, widespread resistances
emerged, which have been attributed mainly to abtNS3utation of the M2 protein, but also
other mutations have been described (Gu et al.)2®i8ce the 2005/2006 season, H3N2
strains have demonstrated to be nearly completdistant to adamantanes (Bright et al.
2006, Centers for Disease Control and Preventioh3@0 just as the other currently
circulating influenza A strain, the formerly panderil1N1 which emerged in 2009 (Centers
for Disease Control and Prevention 2013c). Theegfitre use of adamantanes against IAV is
no longer recommended. Recently, there has begmnga®in early development of inhibitors
of the mutated M2 channel (Balgi et al. 2013, Wahgl. 2013). However, their potential as

clinically used antivirals remains to be determined

Neuraminidase inhibitors block the cleavage ofisiatid bound to viral hemagglutinin and
thereby the release of newly formed virions fromittihost cell. Zanamivir was discovered by
rational design based on the neuraminidase's trystacture (von ltzstein et al. 1993) and
has been approved by the Food and Drug Administrati 1999. While zanamivir must be
administered by inhalation due to low oral bioaaaility (Cass et al. 1999), oseltamivir can
be administered perorally. Indeed, oseltamivir oaytate was discovered in 1997 (Kim et al.

1997), but its use as an ethylester prodrug madeaglepplication possible (Li et al. 1998).

Oseltamivir resistance is mostly mediated by a H27doint mutation in the viral
neuraminidase, which disrupts binding of the diug@g binding pocket (Moscona 2009). This

mutation does not abolish binding to zanamivir. Doea low resistance rate in currently
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circulating influenza strains (> 98% of the H1Nfiasis were sensitive in 2012) (Centers for
Disease Control and Prevention 2012b), oseltanaind zanamivir are the primary antiviral
agents recommended to date. Nevertheless, spochgbters resistant to neuraminidase
inhibitors have emerged (Baz et al. 2009, van d&svet al. 2010) and even showed limited
transmission (Hurt et al. 2011, Lackenby et al.1d0The example of seasonal H1N1, which
disappeared in 2009 with the emergence of pandelhil, shows how rapidly oseltamivir
resistance can develop. While before 2007, the eurob oseltamivir resistant strains was
minimal (Monto et al. 2006, Lackenby et al. 2004),to 99% of seasonal HLN1 strains were
resistant to oseltamivir in the 2008/2009 seasan{€&s for Disease Control and Prevention
2009, Sheu et al. 2011). These examples of emesgestance highlight the need for new,
effective antiviral drugs.

2.4.3 Antiviral drugs in development and novel strategies

Due to their high mutational rate, influenza virsisge likely to develop resistances against
virtually any antiviral agent over time. Thereforejs important to develop several parallel
antiviral strategies, targeting different viral bost cell proteins. Some approaches have
advanced into clinical phase Il or Ill.

New developments in neuraminidase inhibitors camdssth intravenous applications and
long-acting drugs. With intravenous zanamivir, taelvir and peramivir, three candidates of
intravenous neuraminidase inhibitors are in clihidavelopment, with the goal to achieve
rapid and high plasma concentrations. Laninamigtanoate is the long-acting prodrug form
of laninamivir, which is structurally related toraamivir, and is administered by inhalation
(Yamashita et al. 2009).

Antivirals targeting other viral proteins are atdmically developed. T-705 (favipiravir), after
addition of a ribofuranosyl triphosphate by the thasll machinery, inhibits the viral
polymerase (Furuta et al. 2009). Nitrazoxanidelisagly in use against protozoa such as
cryptosporidium (Rossignol et al. 2006). More rebenits anti-influenza efficacy was
discovered, as it posttranscriptionally blocks heggtatinin maturation (Rossignol et al.
2009).

Rather than targeting viral proteins, it can bedberal to target host cell proteins needed for
viral replication. Indeed, host cell proteins aed prone to mutations, making appearance of
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resistances less likely. DAS181 is a sialidase thatoves both2,6- anda2,3-linked sialic
acids from the host cells, in a way that viral ettaent is abolished (Malakhov et al. 2006). It
was recently evaluated in a phase Il clinical tf@l inhalative administration (Moss et al.
2012).

In addition, there are numerous attempts to blaxst bell proteins that are in a less advanced
stage, such as inhibition of the MEK/ERK pathwaye¢ehka et al. 2001), the vacuolar
ATPase (Muller et al. 2011) or the NI pathway (Wurzer et al. 2004) to name only a few.
Other approaches involve the use of antibodiesNA&R or immunomodulators. Also
combinations of established antivirals have shoemelficial synergistic effecia vitro andin
vivo (Nguyen et al. 2010, Smee et al. 2010).

2.4.4 NSl-based vaccine and antiviral approaches

Since NS1 deficient or truncated IAVs are usualhahie to suppress antiviral immune
responses, they are often attenuated. This makes timteresting candidates for the
development of live attenuated influenza vaccindge or ferrets could be successfully

protected from viral challenge by intranasal vaation with 1AVs expressing no NS1 or C-

terminally truncated NS1 (Talon et al. 2000, Falefal. 2005, Romanova et al. 2009). Safety
and immunogenicity of an NS1 deletion mutant weeendnstrated in clinical phase I/l

studies (Wacheck et al. 2010, Mgssler et al. 2013).

NS1 has also shown potential as an antiviral darget. Inhibition of NS1 using DNA
aptamers (Woo et al. 2013) or human single chatib@ay fragments (Yodsheewan et al.
2013) impaired viral replication and upregulatee #@mtiviral immune response. Different
drug screenings have identified compounds thabihthe effect of NS1 on innate immunity
(Basu et al. 2009) or its binding to RNA (Marotoaét2008, Cho et al. 2012). The screen of
Basu et al., led to identification of two compoundd3297 (Walkiewicz et al. 2011) and
NSC125044 or derivatives (Jablonski et al. 2012)ctwhnhibited 1AV replication. Also
administration of the CPSF30 domains F2F3 whiclcaupetes NS1 binding to CPSF30
attenuated IAV (Twu et al. 2006).

Interestingly, one study identified epigallocatecigallate (EGCG) as an inhibitor of NS1
binding to RNA (Cho et al. 2012), suggesting a wafl¢éhis pseudotannin with known antiviral
activity in counteracting NS1.
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2.4.5 Tannin- and pseudotannin-based antiviral approaches

Antimicrobial activity has been demonstrated for njmaplant extracts, while active
compounds mostly belong to the phenolics (Cowan9L9%n important group of
antimicrobial phenolics are the tannins. Tannires secondary plant metabolites defined by

their ability to precipitate protein, which is deygent on the tannin's molecular weight.

Tannins are subdivided into three classes: hydablgs tannins, non-hydrolysable or
condensed tannins (also known as proanthocyanigiiaslam 2007)) and phlorotannins,
which are only found in brown algae (Hagerman 198®)drolysable tannins are based on
gallic or ellagic acid moieties (gallic acid moietyghlighted in blue on Fig. 12), while

condensed tannins are based on flavan structuigbliginted in red on Fig. 12), and

phlorotannins on phloroglucinol. Figure 12 showsraples of hydrolysable and condensed
tannins as well as their low molecular weight (€ %fJImol) non-precipitating moieties such

as gallic acid or catechins, which are also retetoeas pseudotannins.
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Figure 12: Examples of tannin and pseudotannin stretures from Hamamelisvirginiana. (D) tannic acid
represented with 1@alloylation units (E) monomeric pseudotannins with highlighté/an unit,(F) polymeric
condensed tannins as described by (Dauer et aB)28&eudotannins having low or no protein preafjig

activity (and molecular weights < 500 g/mol) arewh in italics.
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As a rule of thumb, tannins with molecular weighitsm 500-3000 g/mol usually precipitate
proteins (Wagner 1999). Their binding affinity aaldility to precipitate proteins depends, in
addition to the tannin's molecular weight, alsopoatein size and structure, as well as on
reaction conditions (pH, temperature, solvent, Jifitagerman 1992, Sarni-Manchado et al.
1999, Frazier et al. 2010). Soluble or insolublenptexes can be reversibly formed
(Hagerman 1992, Li & Hagerman 2013). Tannins ar#idantate ligands, binding to proteins
mainly by hydrophobic interactions and hydrogen dsifHagerman 1992, Haslam 1996,
Jobstl et al. 2006). In addition to this ratherpewsfic binding, also highly specific binding,
for example of EGCG to the human immunodeficienicys/(HIV) glycoprotein 120 binding
pocket of the CD4 T-cell receptor has been dematestr(Williamson et al. 2006).

Tannin- and pseudotannin-rich extracts have redeigeme attention as antibacterial
compounds. For example, cranberry extract inhibédtesion of P-fimbriate&scherichia
coli to uroepithelial cells (Howell et al. 1998), appleel extract impaired the attachment of
Helicobacter pyloriin vitro and in vivo (Pastene et al. 2010) and a root extract from
Pelargonium sidoide€EPs® 7630, prevented attachment of group A sioggii to epithelial
cells (Janecki et al. 2011). In addition, the eftig of (pseudo)tannin-rich extracts has been
shown against various viruses, including 1AV (Droeb et al. 2007, Haidari et al. 2009),
herpes simplex virus (Erdelmeier et al. 1996, Seleri et al. 2008) or HIV (Notka et al.
2004).

More specifically, anti-infective properties of iated condensed and hydrolysable tannins
have been demonstrated. For example, EGCG has shotinty againstStreptococcus
pyogeneqHull Vance et al. 2011) and staphylococci (lkigaial. 1993) and also inhibited
hepatitis C virus (Ciesek et al. 2011), HIV (DeBmayet al. 1999, Nance & Shearer 2003) or
IAV (Song et al. 2005). Gallic and tannic acid inited IAV growth in embryonated eggs
(Carson & Frisch 1953) and pentagalloylglucoseumficed 1AV infectivity and budding (Liu
et al. 2011).

These examples show the established antimicrobddivity of (pseudo)tannins and
(pseudo)tannin rich extracts. However, more insigtd structure-activity relations is needed
in order to develop new and improve existing anaigi against influenza. This can be

obtained by direct systematic comparison of a laggeety of (pseudo)tannin structures.
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2.5 Objectives of the study

A thorough characterization of past and circulatiAy strains is indispensable for effective
IAV risk management, because it can help rapidregion of a new virus' fitness and
potential danger. InPart 1 of the study, pandemic HIN1 NS gene reassortamse w
characterized. pH1N1 nowadays circulates globaly @&easonal strain, together with H3N2
and influenza B strains. In addition to infectingnians, pH1N1 has also been found in other
host species, such as swine or birds providing ammpportunities for gene reassortment. NS1
contributes to virulence, since its main role ip@amment of the antiviral immune response.
Using reverse genetics, a diverse panel of pH1Ns@tants carrying NS genes from

human, swine or bird strains was constructed, thighaim to:

(1) characterize the viral fitness of the NS reasstsiarvitro andin vivo;

(i) identify amino acids involved in viral fithess fose as pathogenicity markers;

(i)  introduce the identified mutations into the pH1Ndckbone and characterize
the viral fithess of the NS mutantsvitro andin vivg;

(iv)  characterize the potential differential effectdN& reassortants and mutants on

the antiviral host response.

Reassortments and mutations occurring in naturecegated in the laboratory (see Part 1 of
this study) highlight that IAV strains are highlgnable and thus prone to antiviral resistance.
Therefore, the development of new safe and effecntivirals is of importance for public
health.

In Part 2 of the study, the antiviral efficacy of a tanniokr plant extract fronPelargonium
sidoides(EPs® 7630), having already a full marketing auttairon for treatment of acute
bronchitis, was tested with the aim to
(1) demonstrate efficacy against IAV at non toxic conaionsin vitro andin
Vivo,
(i) elucidate the antiviral mechanism;
(i)  test the propensity to induce viral resistance;

(iv)  determine the active compounds.
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While selected tannins have shown anti-IAV efficatlye corresponding plants mostly
contain a multitude of different (pseudo)tannina &éime. It is important to better characterize
and compare the anti-IAV activity of different tanrcategories and structures, in order to

select and extract the optimal antiviral tannic@mposition of tannins.

In Part 3 of the study, we usetHamamelis virginiana a plant rich in different well
characterized tannins, in order to:

(1) compare the antiviral efficacies of Hamamelis bexkract, fractions enriched
in tannins of different molecular weights and indual tannins and
pseudotannins;

(i) define antiviral structure-activity relationships(pseudo)tannins;

(i)  investigate differences between distinct (pseuda)jtes regarding the antiviral

mechanism.
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3 Materials
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In addition to those mentioned, also other prodaisti company names may be trademarks ™ or registered

trademarks ®.

3.1 Animals

Pathogen-free female 7 week old BALB/c mice (HarlHme Netherlands) were used for all

experiments.

3.2 Cells

3.2.1 Celllines

Cell line Cell type Source
HEK293T  Transformed human embryonic kidney celM. Lenk, Friedrich-Loeffler-
Institut (D)
A549 Human adenocarcinomic alveolar epitheliaAmerican Type Culture
cells Collection
A549Luc A549 cells expressing an IFfNuciferase  W. Barclay, Imperial College
reporter gene London (UK) (Hayman et al.
2006)
A549Slam  A549 cells expressing the Slam receptor Yanagi, Kyushu University
(J) (Takeda et al. 2005)
DF-1 Chicken embryo fibroblasts M. Lenk, Friedrich-Loeffler-
Institut (D)
MDCK Madin-Darby Canine kidney cells American Ty@alture
Collection
ST Swine fetal testis cells M. Lenk, Friedrich-Loeffler-
Institut (D)
VeroSlam  African green monkey kidney cells Y. Yanagi, Kyushu University

expressing the Slam receptor

(J) (Ono et al. 2001)
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3.2.2 Cell culture media

Cell line Medium Composition

MDCK, ST EMEM, 10% FBS, 25mM HEPES, 1% Pen/Strep

Vero/A549(Slam), DF-1 DMEM, 10% FBS, 1% Ultraglutiawe, 1% Pen/Strep

A549Luc DMEM, 10% FBS, 1% Ultraglutamine, 1% Pené$t 2
mg/ml Geneticin® (G418)

HEK293T DMEM, 10% FBS, 1% Ultraglutamine

3.3  Viruses

3.3.1 Wild type viruses

Virus/Subtype Description Source

IAV/HIN1 A/Puerto Rico/8/34 X. Saelens, VIB/Ghenmiversity (B)
IAV/HIN1 A/Luxembourg/46/2009 M. Opp, Laboratoiratibnal de Santé (L)
IAV/HIN1 A/Luxembourg/43/2009 M. Opp, Laboratoirafibnal de Santé (L)

IAV/HIN1 A/Luxembourg/572/2008 M. Opp, Laboratoi¥ational de Santé (L)
IAV/HIN1 A/Luxembourg/663/2008 M. Opp, Laboratoi¥ational de Santé (L)
IAV/HIN1 A/swine/lowa/H04Y52/2004 K. van Reeth, GhiéJniversity (B)
IAV/HIN1 A/Swine/DE-NI/R819/2010 T. Harder, Friedrich-Loeffler-Institut (D)
IAV/H3N2 A/Swine/DE-NI/R494/2010 T. Harder, Friedrich-Loeffler-Institut (D)

IAV/H3N2 A/Luxembourg/01/2005 M. Opp, Laboratoiratibnal de Santé (L)
IAV/H7N9 A/Anhui/01/2013 WHO Influenza Centre, Naial Institute

for Medical Research, London (UK)
Adenovirus/V.  ATCC reference strain A. Heim, HannoMedical School (D)
Measles Schwarz strain/Rimevax GlaxoSmithKline (B)
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3.3.2 Recombinant influenza viruses

3.3.2.1NS reassortants and aa 80-84 mutants

All the following recombinant viruses have sevecokgaound genes (PB2, PB1, PA, HA, NP,
NA, M) from pH1N1 A/Luxembourg/43/2009:

Reassortant/mutant NS gene from NS1 mutations
pHIN1 wt A/Luxembourg/43/2009 (H1N1) none

H5-av A/swan/Germany/R65/2006 (HPAIV H5N1) none

H5-hum A/Thailand/1(KAN-1)/2004 (HPAIV H5N1) none

H5-LP AlTeal/Germany/Wv632/2005 (LPAIV H5N1) none

H9 A/Chicken/Emirates/R66/2002 (HIN2) none
HIN1-swEU A/Swine/DE-NI/R819/2010 (H1N1) none
H3N2-swEU A/Swine/DE-NI/R494/2010 (H3N2) none
H1IN1-swUS A/Swine/lowa/H04Y52/2004 (H1N1) none

H3N2-seas A/Luxembourg/01/2005 (H3N2) none

PRS8 A/Puerto Rico/8/34 (H1N1) none

pHIN1 wt-del A/Luxembourg/43/2009 (H1N1) Deletiom 80-84
PR8-del A/Puerto Rico/8/34 (H1N1) Deletion aa 80-84
H1IN1-swEU-del A/Swine/DE-NI/R819/2010 (H1N1) Detwtiaa 80-84
H5-av-ins A/swan/Germany/R65/2006 Insertion aa 80-8
H5-hume-ins A/Thailand/1(KAN-1)/2004 Insertion aa-80

3.3.2.2NS splice mutants

All NS splice mutants are recombinant viruses sgkien background genes (PB2, PB1, PA,
HA, NP, NA, M) from pH1N1 A/Luxembourg/43/2009 aad NS gene from a strain of
interest carrying an A to C nucleotide mutatiobase pair 501. This mutation is silent on the
amino acid level but results in a block of NS gplic Thus, only the unspliced NS1 protein,

but not the spliced NS2/NEP protein is expresseah fihe NS gene segment.
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3.3.2.3GFP reporter virus

Reporter virus Description Source

A/Puerto Rico/8/34- A/Puerto Rico/8/34 carrying a GFP open C. Kittel, AVIR

NS116-GFP reading frame starting at amino acid 116 Green Hills
Biotechnology
AG (A) (Kittel
et al. 2004)

3.3.3 Virus growth media

Cell line Virus growth medium composition

MDCK, ST EMEM, 25 mM HEPES, 2 mg/ml BSA, 1% Penépir 2
pg/ml TPCK

A549, A549Luc DMEM, 1% Ultraglutamine, 1% Pen/Stre@ pg/ml TPCK

DF-1 DMEM, 1% Ultraglutamine, 1% Pen/Strep, 0.5migrPCK

34 Bacteria

3.4.1 Bacteria strains

Bacterial strain (chemically competent) Source
OneShot® TOP1&. coli Life Technologies
XL1-Blue E. coli Agilent

3.4.2 Bacteria growth media

LB medium
25g Luria Broth Base in 1L sterile water was awdwet at 121°C for 15 min. If needed, the
medium was supplemented with 1,0§'ml of ampicillin or 50ug/ml of kanamycin before

use.
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LB agar
32g of LB agar in 1L sterile water was autoclavedi21°C for 15 min. After 15-30min of
cooling, 10@ig/ml of ampicillin or 50ug/ml of kanamycin were added and the agar was

poured into 10cm petri dishes and kept at 4°C.

3.5 Antiviral drugs and plant extracts

Drugs provided by Dr. Willmar Schwabe GmbH Drugs purchased at Sigma-Aldrich

Gallocatechin Gallic acid monohydrate
Epigallocatechin Pentagalloylglucose
Epigallocatechin-(8 - 8)—gallocatechin Hamamelitannin
Epigallocatechin-(é - 8)—epigallocatechin Tannic acid

Gallocatechin-(8 — 8)—gallocatechin
Gallocatechin-(d - 8)—epigallocatechin
EPs® 7630

EPs® 7630 oligo-/polymeric fraction
Hamamelis bark extract

Hamamelis leaf extract

Hamamelis bark UF-concentrate

Hamamelis bark UF-filtrate

3.6 Solutions, chemicals, reagents

Compound Company

0.05% Trypsin-Versene (EDTA) Lonza

0.5% Trypsin-EDTA Life Technologies
2-(N-morpholino)ethanesulfonic acid (MES) Sigma-Aldrich
2-[4-(2-hydroxyethyl)piperazin-1-yl]lethanesulforacid Lonza

(HEPES)

2’-(4-methylumbelliferyl)e-D-N-acetylneuraminic acid Sigma-Aldrich
(MUNANA)
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3-[(3-cholamidopropyl)dimethylammonio]-1-propandsunbkte

(CHAPS)

Agar, extra pure, fine powder PhEur, BP
Ampicillin

Bovine Serum Albumin (BSA)

BSA Fraction V Solution (7.5%)

Calcium Chloride (CaG)
Dimethylsulfoxide (DMSO)

DMEM 4,5¢/L Glucose, 25mM HEPES, without L-Glutamin

Dulbecco's Phosphate Buffered Saline (PBS)
ECL PleX™ Fluorescent Rainbow Marker
EMEM with L-Glutamine

Ethanol 96-100%
Ethylenediaminetetraacetic Acid (EDTA)
Fetal Bovine Serum (FBS)
Folin-Ciocalteu's Phenol Reagent
Forene ® (isoflurane)

GeneRuler 1kb plus DNA ladder
Geneticin® (G418)

Glycerol

Glycine

Halt™ Protease Inhibitor Cocktail

Hide powder

Highly deionised formamide

Human erythrocytes, type 0

Hybond™ ECL blotting membrane

IGEPAL® CA-630

Isopropanol

Kanamycin

L-1-tosylamido-2-phenylethyl chloromethylketone-(JIR)
trypsin

LB Agar (Lennox L Agar)

Lipofectaminé™ 2000 Reagent

Sigma-Aldrich

Merck
Sigma-Aldrich
Sigma-Aldrich
Lonza
Sigma-Aldrich
Sigma-Aldrich
Lonza
Lonza
GE Healthcare
Lonza
Merck
Sigma-Aldiric
Lonza
Sigma-Aldrich
Abbott
Fermentas
Life Technologies
Sigma-Aldrich
Sigma-Aldrich
Thermo Scientific
FILK Freiberg
Applied Biosystems
Laboratoire National de
Santé, Luxembourg
GE Healthcare
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Life Technologies

Life Technologies
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Lipofectaminé™ LTX with PLUS™ Reagent
Luria Broth Base (LB)

Magnesium Chloride (MgG)

Methanol

Nuclease Mix

Nucleotides (ANTPS)

NuPAGE® 4-12% Bis-Tris gel
NuPAGE® LDS sample buffer
Opti-MEM® | Reduced Serum Medium with GLUTAMAX
Penicillin/Streptomycin (Pen/Strep)
Polyinosinic:polycytidylic acid (polyl:C)
Pyrogallol

Recombinant human TNé-

SeaKem ® LE Agarose

Sodium Carbonate (N@GQs)

Sodium Dodecyl Sulfate (SDS)
Sodium Hydroxide (NaOH)
Staurosporine

SYBR®Green nucleic acid stain
SYBR®Safe DNA Gel Stain

Thiourea

Tris-Base

Tris-HCI

Trypan Blue

TWEEN® 20

Ultraglutamine

Universal type | interferon

Urea

B-mercaptoethanol

Life Technologies
Life Technologies
Life Technologies
Sigma-Aldrich
GE Healthcare
Life Technologies

Life Technologies

Life Technologies
Life Technologies
Lonza

Sigma-Atith
Sigma-Aldrich
R&D Systems
Lonza
Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Enzo Life Sciences
Molecular Probes

Life Technologies
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Lonza

PBL Interferon Source
Sigma-Aldrich
Sigma-Aldrich
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3.7 Enzymes

Enzyme Source

Dpnl Takara

Phusion® High Fidelity DNA Polymerase Bioke
Platinum®Taq DNA polymerase Life Technologies
RNaseOUT" Recombinant Ribonuclease Inhibitor Life Technobsgi
SuperScript® Il Reverse Transcriptase Life Tecbgas
3.8  Antibodies

Antibody Source

ECL PleX™ Goate-mouse 1gG-Cy3
ECL PleX™ Goate-rabbit IgG-Cy5

GE Healthcare
GE Healthcare

Mouse antig-actin Santa Cruz
Rabbit anti-kB-ao (C-21) Santa Cruz

3.9 Commercial Kits

Kit Source

Big Dye®Terminator v3.1 Cycle Sequencing Kit Life Technoésg
Caspase-Glo® 3/7 Assay Promega

Cell Proliferation Kit Il (XTT, 2,3-Bis(2-methoxy-#itro-5-

sulfophenyl)-H-tetrazolium-5-carboxanilige
Human Antiviral Response PCR Array
Jetquick PCR Product Purification Spin Kit
Luciferase Assay System

QIAamp® Viral RNA Mini Kit

QIAprep® Spin Midiprep Kit

QIAprep® Spin Miniprep Kit

QIAquick® Gel Extraction Kit

Renilla Luciferase Assay System

RNA 6000 Nano Total RNA Assay Kit
RNase-Free DNase Set

Roche Diagnostics

Qiagen
Genomed
Promega
Qiagen
Qiagen
Qiagen
Qiagen
Promega
Agilent
Qiagen
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RNeasy® Mini Kit Qiagen
RT? First Strand Kit Qiagen

3.10 Buffers

Agarose gel electrophoresis buffers

1x TAE buffer

40mM Tris

0.5mM Sodium Acetate
10mM EDTA

pH 7.8

Neuraminidase inhibition assay buffers
1x Assay buffer

32.5mM MES

4mM CaCj

pH 6.5

Stop solution
0.14M NaOH in 83% ethanol

Western blot buffers

CHAPS buffer

30mM TrisCl
2M Thiourea
™ Urea
4% CHAPS
1x Protease inhibitor
1x Nuclease mix
12% Isopropanol
H.O
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pH 8.5

Transfer buffer

292¢g Glycine
5.80¢g Tris-Base
200 ml Methanol
1.88 ml 10% SDS
Ad 1L H20

1x Tris Buffered Saline (TBS)

0.05M Tris-Base

0.9% NacCl
H20

pH 7.6

Blocking buffer

3% BSA
0.3% TWEEN® 20
1x TBS

3.11 DNA: Plasmids and primers

3.11.1 Plasmids

Material Source

oHWScedB J. Stech, Friedrich Loeffler
Institut (D)

NS from A/swan/Germany/R65/2006 in pHWS J. Stech

NS from A/Thailand/1(KAN-1)/2004 in pHWS J. Stech

NS from A/Teal/Germany/Wv632/2005 in pHWS J. Stech

NS from A/Chicken/Emirates/R66/2002 in pHWS J. Btec

pGL4.73 Promega

pIRES2-AcGFP1 Clontech
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Primers

Random hexamers

Eurogentec

Life Technologies

3.11.2 Primers

3.11.2.1 Primer used to reverse transcribe extracted vikARRT PCR)
Primer Sequence '-3'
Uni 12 AGCAAAAGCAGG

The primer is complementary to the conserved 36regf IAV.

3.11.2.2 Primers used to insert viral gene segments into SetiB
Primer Sequence '-3'

pHW-PB2-F gaagttgggggggagcgaaagcaggTC
pHW-PB2-R ccgccgggttattagtagaaacaaggTCGTTT
pHW-PB1-F gaagttgggggggagcgaaagcaggCAAAC
pHW-PB1-R ccgccgggttattagtagaaacaaggCATTT
pHW-PA-F gaagttgggggggagcgaaagcaggTAC
pHW-PA-R ccgccgggttattagtagaaacaaggTACTT
pHW-HA-F gaagttgggggggagcaaaagcaggGG
pHW-HA-R Identical to pHW-NS-R

pHW-M-F gaagttgggggggagcaaaagcaggqgTAG
pHW-M-R ccgccggottattagtagaaacaaggTAG
pHW-NP-F gaagttgggggggagcaaaagcagqGTA
pHW-NP-R ccgccgggttattagtagaaacaaggGTATTTTT
pHW-NA-F gaagttgggggggagcaaaagcaggAGT
pHW-NA-F ccgccggottattagtagaaacaaggAGT
pHW-M-F gaagttgggggggagcaaaagcagqgTAG
pHW-M-R ccgccgggttattagtagaaacaaggTAG
pHW-NS-F gaagttgggggggagcaaaagcaggGTG
pHW-NS-R ccgccgggttattagtagaaacaaggGTG

Small letters designate nucleotides complementanyHWSccdB. Underlined nucleotides designate camser

IAV promoter sequences. Capital letters design&tédegment specific complementary nucleotides (Stal.

2008).
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3.11.2.3 M13-tagged primers used to amplify cDNA for sequegc
Primer Sequence '-3'

M13-21-PB2-F tgtaaaacgacggccagtTCATCTCGAGAGCAAAAGEATC
M13-PB2-R caggaaacagctatgaccCATCTGTCACAGTGGAAACAAGET
M13-21-PB1-F tgtaaaacgacggccagtTCATCTCGAGAGCAAAAGEBCA
M13-PB1-R caggaaacagctatgaccATCTGTCACAGTGGAAACAAGKSC
M13-21-PA-F tgtaaaacgacggccagtTCATCTCGAGAGCAAAAGCATAC
M13-PA-R caggaaacagctatgaccCATCTGTCACAGTGGAAACAAGGTA
M13-21-HA-F tgtaaaacgacggccagtTCATCTCGAGAGCAAAAGCAGG
M13-HA-R Identical to M13-21-NS-R

M13-21-NP-F tgtaaaacgacggccagtTCATCTCGAGAGCAAAAGCAGTA
M13-NP-R caggaaacagctatgacCATCTGTCACAGTAGAAACAAGGST
M13-21-NA-F tgtaaaacgacggccagtTCATCTCGAGAGCAAAAGCBAGT
M13-NA-R caggaaacagctatgaccCATCTGTCACAGTAGAAACAAGGAG
M13-21-M-F tgtaaaacgacggccagtTCATCTCGAGAGCAAAAGCATGAG
M13-M-R caggaaacagctatgaccCATCTGTCACAGTAGAAACAAGGTAG
M13-21-NS-F tgtaaaacgacggccagtTCATCTCGAGAGCAAAAGOBGTG
M13-NS-R caggaaacagctatgaccCATCTGTCACAGTAGAAACAAGGCGT

Small letters designate the M13-21-F or the M13eBugnce, respectively. Capital letters contain euatades

complementary tthe conserved IAV promoter, followed b4V segment specific complementary nucleotides

3.11.2.4 Untagged sequencing primers

Primer Sequence '-3'

M13-21-F TGTAAAACGACGGCCAGT
M13-R CAGGAAACAGCTATGACC
pHW-F CTCACTATAGGGAGACCC
pHW-R GAGGTATATCTTTCGCTCC
HA-736-F AGRATGRACTATTACTGGAC
HA-1124-F TGGATGGTAYGGTTAYCAYCA
HA-943-R GAAAKGGGAGRCTGGTGTTTA
HA-1340-R TTCTKCATTRTAWGTCCAAA
NA-536-F GGTCAGCAAGCGCATGYCATGA
NA-941-F TAGGATACATCTGCAGTGG
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NA-501-R

NA-740R
NA-1346-R
NP-513-F

NP-925-F
NP-757-R
NP-1177-R
NS-semicons-319-F
NS-semicons-637-F
NS-semicons-329-R
NS-semicons-550-R
PA-702-F
PA-1219-F
PA-1787-F
PA-756-R
PA-1292-R
PA-1849-R
PB1-711-F
PB1-1177-F
PB1-1532-F
PB1-1830-F
PB1-566-R
PB1-843-R
PB1-1278-R
PB1-1694-R
PB2-548-F
PB2-713-F
PB2-1140-F
PB2-1447-F
PB2-1712-F
PB2-816-R
PB2-1129R
PB2-1509-R
PB2-2186-R

ATCTTGAGTTGTATGGAGAGG

GGRCCATCGGTCATTATG
GCTGCTYCCRCTAGTCCAGAT
TGGCATTCHAATTTRAATGAT
CCTGCYTGTGYGTAWGGAC
TTTGTGCAGCTGTTTGAAATTTYCCTTT
AAGCRATTTGTACYCCTCTAGT
AGACTGGTTCATGCTCATGC
ATACAGAGATTCGCTTGGAG
TAGGCATGAGCATGAACCAG
TGTTATCATTCCATTCAAGTCC
TGCMTTGARAATTTTAGRACCTA
TGATGACTGCAAAGATGTTGG
ATGAARTGGGGAATGGAGATGAG
TGAGAAAGCTTGCCCTCAATG
TCRCAKGCCTTGTTGAACTCATT
TCTCTTTGACAGAAGACTCG
TGAACACRATGACCAARGA
AATACCAGCAGAAATGCTAGC
GCYAATTTYAGCATGGAGCT
TCTTCACATTCCTGAAGTCTGC
TCATGTTGTCTCTTACTCTCC
GTTCAAGCTTTTCRCAWATG
TTGAACATGCCCATCATCATYCCAGG
TTTGATGAACAATTGAAGAGCC
ACTGACAGCAGAGTCACAGC
CAAGCAGTRTRTACATTGAAGT
ATTGATCCAGTTGATAGTAAGC
CCAAGYACMGAGATGTCAATGAGA
ACACTTATCAATGGATAATCAGG
GCTTTGRTCAAYATCRTCATT
TGGATCAATCTCCTGGTTGC
GGAGTATTCATCYACACCCAT
TTRCTCARTTCATTGATGCT
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3.11.2.5 Mutagenesis primers

Mutagenesis primers for deletion or insertion of Zamino acids on position 80-84 of NS1

Primer Sequence -3

pH1IN1 wt-del F AGACACTTAGAATG|CCTACTTCGCG

pH1N1 wt-del R CGCGAAGTAGG|CATTCTAAGTGTCT

H5-av-ins F GCACTTAAAATGACAATTGCATCTGTACCAGCTTCACG
H5-av-ins R CGTGAAGCTGGTACAGATGCAATTGTCATTTTAAGTGC
H5-hum-ins F GCACTTAAAATGACAATTGCATCTGTACCGGCTTCACG
H5-hum-ins R CGTGAAGCCGGTACAGATGCAATTGTCATTTTAAGTGC
H1N1-PR8-del F AGGCACTTAAAATG|CCTGCGTCGCGTTAC
HIN1-PR8-del R GTAACGCGACGCAGGI|CATTTTAAGTGC
HIN1-swEU-del F AGGCATTTAAACTA|CCTACCTCACGCTATC
HIN1l-swEU-del R GATAGCGTGAGGTAGG|TAGTTTAAATGCCT

|.designates the position of deletion of five armakals at position 80-84 of NS1. Underlined lettdsignate
the five amino acids (TIASV) inserted at positidh&4 of NS1.

Mutagenesis primers for generation of NS splice mants

Primer Sequence '-3'

pHIN1 wt-A501C F TTACCTTCTCTTCCCGGACATACTTATGAG
pHIN1 wt-A501C R CTCATAAGTATGTCCGGGAAGAGAAGGTAA
H5-av. and H1N1- TTACCTTCTCTTCCCGGACATACTAATGAG
SwEU-A501C F

H5-av. and H1N1- CTCATTAGTATGTCCGGGAAGAGAAGGTAA
SWEU-A501C R

H5-hum-A501C F TTACCTTCTCTTCCCGGACATACTGGTGAG
H5-hum-A501C R CTCACCAGTATGTCCGGGAAGAGAAGGTAA
H5-LP-A501C F TTACCTTCCCTTCCCGGACATACTGATGAG
H5-LP-A501C R CTCATCAGTATGTCCGGGAAGGGAAGGTAA

H9 and H1IN1-swkEU- TTACCTTCTCTTCCCGGACATACTGATGAG
A501C F
H9 and HIN1l-swEU- CTCATCAGTATGTCCGGGAAGAGAAGGTAA
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A501CR

H3N2-seas-A501C F TTGCCTTCTTTTCCCGGACATACTATTGAG
H3N2-seas-A501C R CTCAATAGTATGTCCGGGAAAAGAAGGCAA
H3N2-swEU-A501C F  TTACCTTTTCTTCCCGGACATACTGATGAG
H3N2-swEU-A501C R CTCATCAGTATGTCCGGGAAGAAAAGGTAA
H1N1-PR8 A501C F TTGCCTTCTCTTCCCGGACATACTGCTGAG
H1IN1-PR8 A501C R CTCAGCAGTATGTCCGGGAAGAGAAGGCAA

The underlined letter designates the mutation sitipo 501. The same primers were used to introdueesplice

mutation into 80-84 deletion or insertion mutants.

3.11.2.6 Real-time PCR primers and conditions for cytokirleRNv\ and pre-
MRNA quantification

Cytokine Primer sequence (5’-3) Primers MgCl, Tg*
(M) (mM)  (°C)

GAPDH F  GAAGGTGAAGGTCGGAGTC 0.5 2.0 60
R GAAGATGGTGATGGGATTTC

IFN-B F  GACGCCGCATTGACCATCTA 1.2 1.8 55.4
R CCTTAGGATTTCCACTCTGACT

TNF-a F  CTATCTGGGAGGGGTCTTCC 0.5 2.0 61
R GGTTGAGGGTGTCTGAAGGA

RANTES F  CGCTGTCATCCTCATTGCTA 0.5 1.8 61
R CTGGTCTCGAACTCCTGACC

IP-10 F  GCATTCAAGGAGTACCTCT 1.0 1.8 56.5
R CCTTGCTAACTGCTTTCAG

IL-1B F  GACACATGGGATAACGAGGC 1.0 2.5 61
R ACGCAGGACAGGTACAGATT

IL-6 F  GGCTTCTGAACCAGCTTGAC 0.2 3.8 62
R TCCTCTTTGTTGGGGATGTC

GAPDH F CTGGAAGGGCTTCGTATGAC 1 2 57

(pre-mRNA) R GTTAAAAGCAGCCCTGGTGA

TNF-a F CCCCAGGGACCTCTCTCTAA 1 2 57

(pre-mRNA) R AAAGCTGAGACCCTTAAACTTCC
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RANTES F GCCAATGCTTGGTTGCTATT 1 2 57
(pre-mRNA) R ACAGTCATTGGGATGGGGTA

IP-10 F CTGTACGCTGTACCTGCATCA 1 2 57
(pre-mRNA) R TGGCATACGCAGTTCTGAAG

IL-6 F TGGCTAGCATGTGGAGGAG 1 2 57
(pre-mRNA) R ACCACTGATCCGGTGGTGTA

*T 5 annealing temperature

3.12 Instruments

Instrument Source

ABI PRISM® 3130xI Genetic Analyzer
Bioanalyzer 2100

Biofuge™ Strato$™ Centrifuge

CFX 96™ real time PCR Cycler

Ecotron Incubator Shaker

Electrophoresis Power Supply EV231
Frescd 21 Centrifuge

Gel tank, combs and casting form
GENios Plus Fluorescence Reader
HERAcell®150 Incubator

IKA RCT Basic Magnetic Stirrer

Infinite® M200 Microplate reader
InGenius Gel Bioimaging

Mastercycler® Gradient PCR Cycler
NanoDrop® ND-1000 Spectrophotometer
PARI Boy® SX

Pellicon 2 Ultrafiltration Cassettes, C Screen
Pico™ 17 Centrifuge

Pro Flux M12 Tangential Flow Filtration System
Precision Balance

SL40R Centrifuge

SpectraMax Plus Microplate Reader
TH-5 Thermalert Monitoring Thermometer

Applied Biosystems
Agilent
Heraeus
Bio-Rad
Analis
Consort
Thermo Scientific
Bioplastics
Tecan
Heraeus
IKA Labortechnik
Tecan
Syngene
Eppendorf
Isogen
PARI
Mddle
Heraeus
Nibre
Sartorius AG
Thermo Scientific
Molecular Devices
Phymep
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Thermomixer® Comfort Heating Block Eppendorf
TissueLyser I Qiagen

Trans-Blof SD Semi-Dry Electrophoretic Transfer Cell Bio-Rad
Transsonic TI-H-15 Ultrasonic Bath Elma

Typhoor™ TRIO+ Scanner GE Healthcare
UNO96 Thermal Cycler VWR
Vortex-Genie 2 Scientific Industries
XCell SureLock™ Mini-Cell Electrophoresis System ifeLTechnologies
3.13 Software

Software Source

BioEdit V7.2.3 http://www.mbio.ncsu.edu/bioedit/batit. ntml (Hall 1999)
Bio-Rad CFX Manager V3.0 Bio-Rad

FastPCR V5.2.28 PrimerDigital

Geneious V5.5.6 Biomatters

GeneSnap Image Acquisition Syngene

ID-50 5.0 Spouge JL,
http://www.ncbi.nlm.nih.gov/CBBresearch/Spouge/html
cbi/html/index/software.html#1

RT?Profiler PCR Array Data Qiagen

Analysis Package V4

SigmaPlot V12.3 Systat Software

If the software was updated during the course ®RhD studies, the newest version is indicated.
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4 Methods

57



Methods

4.1 Construction of IAV pH1N1, NS reassortants and NS mtants by

reverse genetics

4.1.1 Reverse genetics plasmid construction and isolation

The NS plasmids for A/Swan/Germany/R65/06 (HSNI) hailand/1(KAN-1)/2004 (H5N1),
AlTeal/Germany/Wv632/05 (H5N1) and A/Chicken/EmastR66/2002 (HON2) were kindly
provided by Dr. Jirgen Stech, Friedrich-Loefflestitut, Greifswald, Germany. All other
plasmids were constructed from virus culture sugamt by the methods described in
Sections 4.1.1.1-4.1.1.9.

4.1.1.1Viral RNA extraction

Using the QIAamp® Viral RNA Mini Kit, viral RNA waxtracted from 280 ul of culture

supernatant according to the manufacturer's instnsand stored at -80°C.

4.1.1.2Reverse transcription of viral RNA

The extracted viral RNA was reverse transcribed clDNA using a universal primer (Uni

12) complementary to the 3' region conserved batw#tienza strains.

55ul  HO

1 pl dNTPs (10 mM)

1l Uni 12 primer (40 mM)
5l RNA

This mix was incubated for 5 min at 65°C to destRIWA secondary structures, then kept on
ice for at least 1min to allow primer annealingtekivards, the following mix was added:

2 ul DTT (0.1 M)

4 ul 5x First Strand Buffer

0.5ul  RNaseOU™ RNase Inhibitor (40 U/ pl)

1l SuperScript® Il Reverse Transcriptase (2001J/
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The reaction was incubated at 55°C for 60-80 mircfoNA synthesis and then inactivated at
70°C for 15 min.

4.1.1.3Specific amplification of viral gene segments watdition of vector-

complementary regions

During this step, the different viral gene segmemesamplified and at the same time, regions
complementary to the pHWSccdB plasmid are addedcadj to the viral gene sequences.
This allows subsequent insertion of the viral segimieto pHWSccdB by a QuikChange-like
PCR and is done by primers complementary on oreetsithe viral gene sequence flanked by
the vector region directly next to the insertiomes{Figure 11, for primers see Section
3.11.2.2).

71 H,O

20 pl 5x HF buffer

2l dNTPs (10 mM)

25ul  Primer F (20uM)

2.5ul  Primer R (20uM)

1l Phusion® High Fidelity DNA Polymerase (2\Uy
1l cDNA

Temperature protocol:

98°C 30s

98°C 10s

55°C 30s 35 cycles
72°C 4min

72°C 5min

10°C 5min

The above volumes were used 2 to 4 times in oam@raduce sufficient quantities of each
segment for subsequent agarose gel purificationplfied segments were cut and purified
from a 1 % agarose gel using the QIAquick® Gel &ofion Kit according to the

manufacturer's instructions.
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4.1.1.4Gel electrophoresis

For a medium size gel (14x12 cm), 1 g of agarose heated in 100 ml TAE buffer in the
microwave for 90 s. After a short cool down, 10gilSYBR®Safe DNA Gel Stain were
added and the gel was cast. After transfer of tieliBed gel into the running chamber
containing TAE buffer, 5 pl of GeneRuler 1kb plusi®ladder or 1 pl of loading dye with 5
pnl of DNA sample were loaded and run at 130 V aff A for 30-40 min. DNA was

visualized by exposure to UV light and analysidhey Syngene gel documentation system.

4.1.1.5Insertion of the IAV gene segment into pHWSccdB

During this step, the IAV gene segment is integtateo the pHWSccdB vector using the
method of Stech (Stech et al. 2008). It annealsH@/SccdB by its plasmid-complementary
regions. The free 3' end is then used as a megeprim synthesize the sequence
complementary to the rest of the plasmid.

Ad 50ul HO

10 pl 5x HF buffer

1l dNTPs (10 mM)

2 ul Phusion® High Fidelity DNA Polymerase (2 Uy
xx ul cDNA (200-300 ng)

xx ul pHWSccdB (50-100 ng)

Temperature protocol:

98°C 30s

98°C 10s

48°C 1min 35 cycles

72°C 5min 30s

10°C 5min

Selection of IAV segment-carrying plasmids over p88dB is ensured by two mechanisms.
First, the PCR product is digested with 20 U of Dain37°C for 3 h. Dpnl specifically digests
bacterial methylated DNA (such as pHWSccdB, preslipgrown inE. coli), and therefore
leads to selection of the unmethylated PCR produather, negative selection of remaining
pHWSccdB is ensured in the following cloning stdps toxicity of ccdB to bacteria by
inhibition of their topoisomerase II.
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4.1.1.6Plasmid mutagenesis

Mutations were introduced into the plasmids by-ditected mutagenesis according to the
QuikChange method (Stratagene). This method usegplementary forward and reverse
primers carrying the mutation of interest in theirddle region and 11 to 16 nucleotides
complementary to the plasmid on both extremitieatdgenesis primers described in Section

3.11.2.5 were used as follows:

35ul H,O

10l 5x HF buffer

1l dNTPs (10 mM)

1 Primer F (125 ng/l)

1l Primer R (125 ngf)

1l Phusion® High Fidelity DNA Polymerase (2 Uy
1l Plasmid (100 ngd)

Temperature protocol:

98°C 30s

98°C 10s

60°C 1min 20 cycles
72°C 5min 30s

10°C 5min

Before transformation (Section 4.1.1.7), the PCBdpct is digested with 20 U of Dpnl at
37°C for 3 h for selection of unmethylated PCR picicbver methylated original plasmid.

4.1.1.7Transformation of chemically competent bacteria

Chemically competer. coli XL1-Blue (100 ul in presence of 1.7 pdmercaptoethanol) or
TOP10 (25-50 pl) were incubated for 30 min on icghw2-20 pl of the Dpnl digested
plasmids. A heat shock for 30-45 s at 42°C wasova#id by an immediate 2 minute
incubation on ice. 200 pul SOC medium were addedtla@dbacteria were incubated for 1 h at
37°C with orbital shaking. After a 1 min centrifige at 1000 rpm, bacteria were
resuspended in 50 ul SOC and plated LB agar platasampicillin or kanamycin.
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4.1.1.8Plasmid preparations

After overnight incubation at 37°C, single clonesre picked, expanded in 2.5 ml LB with
antibiotics and used for minipreparation with thEA@rep® Spin Miniprep Kit according to
the manufacturer's instructions. The QIAprep® didiprep Kit was used according to the
manufacturer's instructions for isolation of lagdasmid quantities from bacteria expanded in
50-100 ml LB with antibiotics. Plasmid concentragso were determined using the
NanoDrop® ND-1000 spectrophotometer by measuring dbsorption at 260 nm. The

plasmid sequences were verified by Sanger sequgncin

4.1.1.9Sequencing

Sanger sequencing was performed using the Big Dye@®inator v3.1 Cycle Sequencing Kit
on an ABI PRISM 3130x| Genetic Analyzer according to the manufeets instructions.
For sequencing of plasmids, 40-50 ng of DNA (midparation) or 3 ul of minipreparation

were used per reaction.

Max. 5ul DNA template

1l Primer F or R (5uM)
1l Reaction mix BigDye 3.1
1.5 pl 5x buffer

ad 10 ul  HO

Temperature protocol:

96°C 1min

96°C 10s

50°C 5s 30 cycles
60°C 2min

10°C 5min

The PCR product was purified according to the mactufer's instructions by ethanol/EDTA
precipitation. After heating for 5 min at 95°C, teamples were boiled again for 5 min at
95°C in 10 ul of highly deionized formamide andded on the sequencer. Sequences were
analysed using Geneious Pro.
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4.1.2 Virus rescue from plasmids

Recombinant virus rescues can be performed in HBK2@ells cultivated alone in
suspension culture or in adherent mixed culturettogr with MDCK cells. Transfection of
suspension cells is more efficient due to a highmressible surface of the cells, while in
adherent mixed cultures, MDCK cells can be direatliected by the virus released from
HEK?293T cells. Cells were overlaid with 4 ml virgsowth medium devoid of trypsin and
antibiotics. 1 pg of each of 8 or 7 (negative cofttAV plasmids was transfected using 20 pl
of Lipofectaminé" 2000 in 480 pl Opti-MEM®. After 6 (suspension cué) or 6-16 h
(adherent culture) of incubation, the medium wadaeed by virus growth medium with 2
pg/ml of TPCK-treated trypsin and antibiotics amtubated for 24-48 h. 0.5-2 ml of
supernatant were then used to infect new MDCK @els ml virus growth medium. After 72
h, the success of the rescue was monitored bysmees of the cytopathogenic effect and
hemagglutinating activity of the supernatant. lignf the rescued virus was controlled by
RNA extraction (Section 4.1.1.1), reverse transmip (Section 4.1.1.2), amplification with
selected primers from Sections 3.11.2.3/3.11.2d1 Senger sequencing (Section 4.1.1.9, 10
ng DNA) of at least the full NS gene. Rescued \@susere stored at -80°C.

4.2  Virus culture and quantification of rescued and wil type viruses

4.2.1 Cultivation of cell lines

The cell lines (see Section 3.2.1) were maintaimed75 cnf cell culture flasks in their
respective culture media (see Section 3.2.2) &€ 3#fd 5% CQin a humidified atmosphere.
When approximately 90% confluence was reacheds vadte washed with PBS and detached
with 0.05% trypsin (or 0.5% for MDCK). Detached lselvere taken up in growth medium,
centrifuged at 1500 rpm for 3 minutes, resuspemaéash growth medium and splitted at an
appropriate ratio into a new cell culture flask.

4.2.2 Expansion of influenza virus stocks

MDCK cells were washed with PBS, overlaid with @rgrowth medium containing 2 pg/mi

TPCK-trypsin and infected with different amounts wfal stocks. The cultures were
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monitored daily and when > 70% cytopathogenic ¢figas observed, supernatants were

harvested, centrifuged for 10 min at 1500 rpm,usdtgd and stored at -80°C.

4.2.3 TCID50 determination

The half maximal tissue culture infectious dose I0%D) of IAV was determined on MDCK
cells, adenovirus on A549 cells, measles virus ero8lam cells. Cells were incubated for 3
days at 37°C and 5% G@vith 3-fold serial dilutions of virus-containing gernatant. The
cytopathogenic effect was scored and TCID50 wasuted by the ID-50 5.0 program.

4.2.4 Viral growth kinetics

A549, DF-1 or ST cells were incubated in at leaptitates for 1h in presence of 0.01 MOI
of IAV and washed three times with PBS before addibf virus growth medium. TCID50
was determined in samples taken at 0, 8, 24, 4&3hgost infection.

4.3 Investigation of the antiviral host response to dierent NS1 proteins

4.3.1 Determination of cytokine mRNA and pre-mRNA levelsby real-
time PCR

Using the RNeasy® Mini Kit according to the manufaser's instructions, total RNA was
extracted from A549 cells 24 h after infection wghi1N1 wt, the H5-av or the H5-hum
reassortants or their aa 80-84 deletion/insertiotants at a MOI of 1. Reverse transcription
of mMRNA was performed on 500 ng of total RNA ustig, primers. Pre-mRNA was reverse
transcribed similarly but using random hexamers Bhhse treated total RNA. Real time
PCR was performed in biological triplicates andhtécal duplicates using SYBRGreen
nucleic acid stain and the primers and conditioescdbed in Section 3.11.2.6. Primers for
pre-mRNA quantification were designed such thatpmaer (F or R) targets an exon and the
other one an intron. Changes in gene expressioe waiculated using the“2“' method
(Livak & Schmittgen 2001).
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4.3.2 PCR array

A549 cells were infected in triplicate with pH1NX,khe H5-hum reassortant or their aa 80-
84 deletion/insertion mutants at a MOI of 1. Afgzh, total RNA was extracted using the
RNeasy® Mini Kit according to the manufacturer'stinctions and DNA was removed by
on-column DNase digestion. RNA integrity (RNA Intiég Number > 7) was verified using
an RNA 6000 Nano Total RNA Assay on a Bioanalyze#d@ cDNA was synthesized from
400 ng of RNA using the RTFirst Strand Kit. Human Antiviral Response PCRaA® were
performed according to the manufacturer’'s instangj followed by data analysis using the
RT? Profiler PCR Array Data Analysis Package V4: change gene expression were
calculated using the “?“' method and significant differences using the Sitldet-test
(significance if p< 0.05). Genes with both aver@gealues > 35 and genes with both average

Ct values > 30 and p< 0.05 were excluded as recaeckby the manufacturer.

4.3.3 Luciferase reporter assays

To monitor IFN expression after 1AV infection, A549 cells staldypressing a firefly
luciferase reporter plasmid under the control offas-p promoter (IFNBLuc, (Hayman et al.
2006)) were infected with a MOI of 3 of either N8assortants or aa 80-84 mutants or
transfected with 50 ng of polyl:C as a positivetcoln To monitor IFNB expression after NS
transfection, HEK293T cells were transfected witB50ug of the IFN3 reporter plasmid
IFN-BLuc (Hayman et al. 2006) and 0.75 pg of NS plasmidempty vector using
Lipofectaminé™ LTX and PLUSM reagent. After 48h, IFI$-expression was stimulated by
transfection with 0.2 pug of polyl:C. Six hours affmlyl:C transfection in the transfection
experiments (or 8/24h after infection for the IA¥faction experiments), the cells were
washed with PBS and luminescence was read usinguititerase Assay System according to
the manufacturer's instructions on a Tecan Inf@ik200 plate reader.

To monitor the influence of NS on the general hgshe expression, 0.75 pg of NS-
containing pHWS or pIRES2-AcGFP1 plasmid or theresponding empty vector was co-
transfected into HEK293T cells with 12.5 ng of pGI3l a plasmid encoding Renilla
luciferase under control of a constitutively acti8¥40 promoter. Luminescence was read
after 48h using the Renilla Luciferase Assay Systatcording to the manufacturer's

instructions.
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4.3.4 IFN resistance assay

A549 cells were preincubated for 6h with 0 or 50nUof universal type | interferon. The
cells were infected (MOI 0.1) with pH1N1 wt, H5 M&ssortants or their respective aa 80-84
deletion/insertion mutants. After 1h, cells werestvad and overlaid with fresh virus growth
medium containing 0 or 500 U/ml of IFN. TCID50 wdstermined in the supernatant 48h
post infection.

4.4  Antiviral drug testing

4.4.1 Antiviral drug testing in vitro

4.4.1.1Preparation of plant extracts, fractions and taifirga extracts

All tannin-containing extracts and fractions wenegared and provided by Dr. Willmar
Schwabe GmbH & Co. KG, Karlsruhe as dry powdersraftjueous-ethanolic extraction and,
if applicable, fractionation. Concentrations indezh designate dry extract weight per volume
of solvent. The oligo-/polymeric fraction from EPS®30 was obtained by acetonic elution
from a SephadexLH20 chromatographic column (Veenhat. 1992). To prepare Hamamelis
ultrafiltration fractions, a Pro Flux M12 Tangertiow Filtration System with Pellicon 2
ultrafiltration cassettes was used. EPs® 7630 ginaet was dissolved in PBS at 2 mg/mml (
vitro experiments), in 10% ethanol at 20 mg/ml (CC50 BG&0 determination) or in sterile
water at 5 mg/mliQ vivo experiments). Hamamelis bark and leaf full extrastwell as
ultrafiltration fractions and the EPs® 7630-derivadyo-/polymeric fraction were dissolved
in DMSO. If needed for solubilization, 1h sonicatiat 25 kHz was applied. Tannin-free
extracts were prepared at CRP Santé by depletmgns from extract or single compound
solutions in PBS under continuous stirring withr@g/ml (antiviral efficacy experiments) or
50 mg/ml (hemagglutination/neuraminidase assay) hafe powder for 1h at room
temperature. In this process, tannins bind to ttle proteins, precipitate and can be removed

by filtration over Whatman cellulose filters gratle
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4.4.1.2Quantification of phenols and condensed tannins

Phenolics, the main constituting moieties of bogdrblysable and condensed tannins, were
qguantified before and after hide powder treatmgrEdlin-Ciocalteu’s phenol reagent. This is
the standard method of the European Pharmacopbigisworth & Gillespie 2007, European
Directorate for the Quality of Medicines & Healthea2008) for quantification of total
phenolics based on their reducing capacities. Bri&f volumes of pyrogallol standard or
sample, 1 volume Folin-Ciocalteu reagent, 10 vosimiewater were mixed and 12 volumes
NaCOs; (290 g¢/L) were added. After 30 minutes of incubvatiat room temperature,
absorbance was read at 760 nm on a SpectraMax pRites reader. Phenol content was
determined using a pyrogallol standard curve, esqa@ as pyrogallol equivalents (PGE) and
PGE of hide powder treated samples was normalizedP®E of untreated samples,
corresponding to 100%. To estimate reproducibiitythe Hamamelis bark extract and UF-
fraction preparation, the amount of only condentsathins was determined at Dr. Willmar
Schwabe GmbH & Co KG, using the acid-butanol met{®ate-Smith 1975) as used in a
previous publication with Hamamelis UF-fractiongd&meier et al. 1996). Therefore, the
drugs were heated for 2h at 95°C with 5% concesdrétydrochloric acid in n-butanol and

absorbance was measured at 550 nm.

4.4.1.3Cytotoxicity assay

Cytotoxicity was assessed in 96-well plates with@xA549 cells per well incubated for 24h
with 2-fold serial drug dilutions using the CelldRferation Kit Il. The kit is based on the
conversion of XTT to an orange formazan salt byainelically active cells. XTT reagent was
added after 24h, the plate was incubated for 28V&C and absorbance was read at 450 nm

and 650 nm (subtracted background) on a SpectrgiWlexplate reader.

4.4.1.4Antiviral efficacy determination against a GFP-ragpovirus

A549 cells grown in black clear bottom plates wiaefected with a GFP-reporter virus (H1N1
A/Puerto Rico/8/34-NS116-GFP) at a MOI of 0.01 (BP8630), 0.04 (oligo-/polymeric

fraction and isolated catechins) or 0.4 (Hamameh$racts, fractions and hydrolysable
tannins). These MOIs were selected since they geavoptimal fluorescent readout of the
respective used virus batches. Serial drug dilstisrere added immediately after virus
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inoculation. After 24h, GFP fluorescence was readi(ation 485 nm, emission 535 nm) on a

Tecan Genios plus Reader and the background (cratgt uninfected cells) was subtracted.

4.4.1.5Selectivity index determination

The half maximal cytotoxic concentration (CC50) aride half maximal antiviral
concentration EC50 were determined using SigmaRlw; selectivity index (SI) was
calculated as SI = CC50/EC50.

4.4.1.6Antiviral efficacy determination against wild typeuses

A549 (0.1 MOI IAV except if mentioned otherwise08. MOI adenovirus) or A549Slam
(0.01 MOI measles virus) cells were infected ifeaist triplicates and the drugs were added
immediately after the virus unless stated otherwisiger 24, 48 or 72h of incubation as
indicated in the respective Result Sections, swgtants were titered on MDCK (IAV), A549
(adenovirus) or VeroSlam (measles virus) cells. & whaddition studies as well as virus and
cell preincubation experiments were performed sirtyi] with the modifications described in

the corresponding Result Section.

4.4.1.7Hemagglutination inhibition assay

IAV has the capacity to agglutinate erythrocytesifitgraction of viral hemagglutinin with
cellular sialic acid. Such hemagglutination is bigiby a diffuse distribution of erythrocytes
in a round-bottom plate, while non-agglutinatedtemycytes settle to the bottom of the plate
and appear as a red dot. Blood group 0 human epyttes were diluted to 0.75% in PBS. 30
pl of the lowest agglutinating concentration of H1M/Puerto Rico/8/34 (EPs® 7630,
1.2x16¢ TCID50), HIN1 A/Luxembourg/46/2009 (Hamamelis, 218 TCID50) or PBS
were mixed with 20 pl drug serial dilutions or PB&d 50 ul erythrocyte solution in round-
bottom wells and scored after 60 min. If needed half maximal hemagglutination inhibiting

concentration (HIC50) was calculated using ID-50 5.

4.4.1.8Neuraminidase inhibition assay

50 pl of virus-free assay buffer, HLN1 A/Puerto &8¢34 (EPs® 7630, 2.6x10CID50) or
HIN1 A/Luxembourg/46/2009 virus (Hamamelis, 2.4%10CID50) in assay buffer

supplemented with 0.1 % IGEPAL® non-ionic surfattarere mixed in a 96-well black
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clear-bottom plate with 50 ul of drug serial ditnis or assay buffer and incubated for 45
minutes at room temperature. 50 pul 0.3mM  2'-(4-rgletmbelliferyl)-o-D-N-
acetylneuraminic acid were added and incubatedlforat 37°C. After addition of stop
solution, fluorescence was read at 488 nm (exoitadt 360 nm) on an Infinite® M200 plate
reader and background fluorescence (no virus) walstracted. The half maximal

neuraminidase inhibiting concentration (NIC50) wakulated using SigmaPlot.

4.4.1.9Resistance development assay

To monitor the development of resistance againstREF630 after repeated treatment, a multi
passage protocol comparable to previously publigitetbcols was used (Ludwig et al. 2004,
Ehrhardt et al. 2007, Pleschka et al. 2009). Tagtés of A549 cells in 6-well plates were
infected with HLIN1 A/Puerto Rico/8/34 (0.2 MOI) amtubated with 0 or 10 pg/ml EPs®

7630 for 24 h. Then, fresh A549 cells were ino@datvith 100 pl of supernatant and left
untreated for 24 h to allow virus to re-expand,obef0 or 10 pg/ml EPs® 7630 were added
again for 24 h. Four passages were performed, safaens being titered after each passage.

4.4.1.10 Apoptosis induction and unspecific effects on loaedtreceptors

Metabolic activity of A549 cells was determinedtiiplicates using the Cell proliferation kit

Il 24 h after adding the compounds. Caspase 3/iitgcof A549 cells after 24 h of
incubation with the drugs, with 24/M staurosporine or with DMSO was measured using
Caspase-Glo® 3/7 Assay according to the manufatdurestructions. The assay is based on
cleavage of a substrate by caspase 3 or 7 to lyamo aminoluciferin.

Interference of the drugs with cellular TNFsignalling was investigated as previously
described (Ehrhardt et al. 2007). Briefly, 30 ng/IF-o. were added to A549 cells 30
minutes before or at the same time than drug tresttmTotal proteins were extracted 15
minutes later using CHAPS buffer, boiled for 5 rmnLDS sample buffer with DTT, loaded
on a 4-12% Bis-Tris gel and run in a protein elgaoresis chamber (15 min — 90 V — 125
mA — 200 W, then 60 min — 180 V — 250 mA — 200 Wipteins were blotted on an activated

d™ ECL membrane in transfer buffer in transfer chandiet5 mA for 90 min. After

Hybon
blocking, kB-o was detected by using a primary rabbit akB-b. antibody. As a loading
control, B-actin was detected using a mouse #rdctin antibody. Cy-5 and Cy-3 labelled
appropriate secondary antibodies were used andefiuence was detected on a TypH&on

TRIO+ scanner. All washing steps were made with BB$BS with 0.3% TWEEN® 20.
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4.4.2 Antiviral drug testing in vivo

4.4.2 1Ethical statement

CRP-Santé is authorized by the Luxembourg MinistiAgriculture, Viticulture and Rural
Development to conduct animal experiments for difienreasons (Authorization dated
January T 2012, according to Article 12 of the Animal WeHaand Protection Law dated
March 1%' 1983 and the Réglement Grand-Ducal dated Augfisti@09). All animal
experiments were performed in accordance with threciive 2010/63/EU of the European
Parliament and of the Council of 22/09/2010 on ghatection of animals used for scientific

purposes.

4.4.2.2Mouse infections with AV

Pathogen-fredemale 7 week old BALB/c mice were used for all esments. Infections
were performed on day 1 by intranasal instillataéri or 4 half maximal mouse lethal doses
(MLD50) of A/Puerto Rico/8/34 (Results Part 2) @tleen 18 and 16 TCID50 of pH1N1
NS reassortants (Results Part 1) in 50 pl PBS ¢e mmder light isoflurane anesthesia.

4.4.2.3Antiviral drug treatment by peroral gavage

5 mg/kg of EPs® 7630 suspension in 0.2 % agar @¥Cagar only) were administered by
peroral gavage three times a day over 10 days ¢te mfected with 4 MLD50 of A/Puerto
Rico/8/34. A pretreatment was done 6 h before trdac

4.4.2.4Antiviral drug treatment by inhalation

Inhalation was performed using two PARI Boy® SXasel nebulizers on opposite sides of a
3.9 L inhalation chamber. Excess aerosol couldpeséam narrow gaps evenly distributed
around the cage, allowing exposition of the whagec volume to freshly nebulized drug
under steady state conditions. The nebulizers eda particle average mass median
aerodynamic diameter 2.2 um at a total output 4&@ mg/min. Inhalation chambers with
PARI nebulizers have been used previously (Droelehed. 2007). On day 1, 10 mice per
group were pretreated by inhalation with EPs® 7§30mg/ml) or water and infected
intranasally with 1 or 4 MLD50 of A/Puerto Rico/&/3Then, mice were treated three times a
day for 10 minutes by inhalation with EPs® 763@vater during 10 days.
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4.4.2.5Mouse monitoring and tissue handling

Rectal body temperature and body weight were mgedtalaily for 14 days for drug testing
experiments and MLD50 determinations. Mice weraiSeed when their body weight loss
exceeded 25 % or on day 14. Lungs were explantedhammogenized in virus growth
medium on a TissuelLyserll for 12 min at 25 Hz,daled by a 10 minutes centrifugation at

11000 rpm and supernatant titration.
4.5 Statistical methods

Results are represented as means + standard desiaBigmaPlot was used for CC50 and
EC50 determination for the cytotoxicity assay, #mgiviral assay using GFP reporter virus
and the neuraminidase assay. Statistical analyassdwne in SigmaPlot using Student's t-test
(Results Part 1), Mann-Whitney Rank Sum test (Rededut 2 and 3) or Pearson correlation.
Survival analysis was performed using Gehan-Brestest. p<0.05 was considered as

significant.
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5 Results and Discussion
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Part 1

51 Characterization of pandemic H1IN1/2009 IAV reassodnts
carrying heterologous NS genes reveals a role ohaturally occurring

NS1 five amino acid deletion in host gene regulatio

A manuscript to this study is in preparation forbjeation as: Linda L. Theisen, Sandra
Gohrbandt, Sophie A. Kirschner, Aurélie Sausy, Raddrunnhdofer, Jirgen Stech, Claude P.
Muller; Characterization of pandemic H1N1/2009 ueihza A virus reassortants carrying
heterologous NS genes reveals a role of a natuvattyrring NS1 five amino acid deletion in

host gene regulation.

L. Theisen contributed the major part to conceptiond design of the study, experimental work, datalyesis

and interpretation and writing of the manuscript.

Pandemic H1IN1 (pH1N1) virus emerged in 2009 bysedsent between a North American
triple reassortant and Eurasian swine 1AVs (Gadeal. 2009, Smith et al. 2009). After its
global spread it continues to circulate nowadaysessonal HIN1. In addition to infecting
humans, pH1N1 has also been detected in pigs (Puedtal. 2011, Yan et al. 2012), poultry
(Mathieu et al. 2010, Reid et al. 2012) and otlust Ispecies (Fiorentini et al. 2011, Goldstein
et al. 2013), probably by spill-overs from humaits. broad host range is a risk for co-
infections of pH1N1 virus with other circulating fnan, avian or swine strains and thereby
the development of new reassortants. Several napHaN1 reassortments have been
detected (Vijaykrishna et al. 2010, Nelson et 8ll2), including the prominent reassortment
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of the matrix gene from pH1N1 with a swine origilBW2 in North American swine. This
reassortant virus seems to have an increased htnopasm. Moreover, reassortments were at
the origin of the IAV pandemics of 1957, 1968 af@2 (Taubenberger & Kash 2010). Thus,
pPH1N1 co-circulates with IAV strains from severalsh species and has the propensity to
generate reassortants with new properties in t@fngsowth, pathogenicity, infectivity, host
range or pandemic potential.

Reassortment of IAV genes in a pH1N1 backgroundimdince to differences in viral fitness:
insertion of polymerase genes from different IA¥asts could lead to an increase or decrease
in viral replication (Song et al. 2011). The pH1bHckground seems compatible with several
genes from other subtypes. A reassortant of pH11 avian H9 HA remained transmissible
in ferrets (Kimble et al. 2011). Reassortants betwelPAIV H5N1 and pH1N1 could be
obtained by co-infectiom vitro (Octaviani et al. 2010) or by reverse geneticsngCet al.
2011). Similar to hemagglutinin or the viral polyrage genes, NS1 is a virulence determinant
(Tscherne & Garcia-Sastre 2011) that influenceal Vitnessin vitro andin vivo (Seo et al.
2002, Zhu et al. 2008, Ma et al. 2010). It is theme essential to investigate with which NS
genes of human, avian and swine strains pH1N1 eassort and how this influences viral

fithess.

Here, eight different pH1N1 reassortants carryir dénes of human, avian or swine strains
were constructed by reverse genetics to charaettdrer viral fithessn vitro and for the most
interesting candidates alsn vivo. Such characterization enables a first evaluatibthe
probability to naturally emerge as well as of theeait posed by such NS reassortants. By NS1
sequence comparison of reassortants with diffeakfithess, amino acids involved in fitness
were indentified and their function was investigatBy this strategy, a naturally occurring
deletion of five amino acids in NS1 was shown tarwlved in viral fitness at leagt vitro

and to regulate general host gene expression.
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5.1.1 Results

5.1.1.1Characterization of reassortant pH1N1 strains cagr\NS genes of

human, avian and swine origimvitro

During and after the 2009 pandemic, pH1N1 was dé&fected in birds and swine, providing
ample opportunities to reassort with 1AV straingnirthese species. By reverse genetics, we
constructed eight reassortants consisting of adraakd of seven genes from pH1N1 and NS
genes from human seasonal H3N2, four avian sti@PAIV H5N1 isolated from a bird,
HPAIV H5NL1 isolated from a human, LPAIV H5N1, LPAIMON2) and three swine strains
(European H1N1, European H3N2, American H1N1).rAdssortants could be successfully
rescued and propagated on MDCK cells with only stiffierences in viral titer (< 18-fold,
data not shown), demonstrating compatibility of geme segments. Since NS is a virulence
factor and involved in host adaptation, we companedviral fitness of the NS reassortants to
wildtype (wt) pHLIN1 by their growth kinetics on ham A549, avian DF-1 and swine ST
cells. All reassortants grew to similar titers im &ells (< 8-fold difference at 48h p.i., Fig.
13A), and 6 of 8 reassortants showed a growth magginally lower than pH1N1 wt in A549
cells (< 13-fold difference at 48h p.i., Fig. 13Bjowever, pronounced differences in titer
were observed in A549 and DF-1 cells between pHiMNANd the reassortants carrying NS
genes from HPAIV strains. The H5-av or H5-hum redssits' titers were > 1700 or > 700-
fold lower in A549 cells (Fig. 13BC) and > 60- or1¥0-fold lower on DF-1 (Fig. 13D) as
compared to wt at 48h p.i. (p < 0.05). In view lné¢de fitness differences in human and avian
cells, pHIN1 reassortants carrying NS from HPAIV NA5were selected for further

characterization.
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Figure 13: Fitness of NS reassortantm vitro. Growth kinetics of pH1IN1 wt and the different N&seortants
on swine testis (ST) cell®), human lung epithelial cells (A549B, C) and chicken embryo fibroblasts (DF-1)
(D) after cell infection with an MOI of 0.01, as mes=ti by TCID50 determination. * indicates a sigrafit
difference (p < 0.05) to pH1IN1 wt at the indicatede point. Statistical analysis and error bargA)fand (B)

were omitted in order not to overload the Figure.

5.1.1.2Characterization of reassortant pH1N1 strains Wi8hgenes of HPAIV
H5N1in vivo

Groups of> 4 mice were infected with dilution series of pH1Wtand H5 NS reassortants to
determine their MLD50s. While at a viral dose of T€ID50, all mice infected with pH1IN1
wt were dead within 6 days, 25% or 75% of the midected with H5-hum or H5-av
reassortants survived the complete 14 days of bisereation period (data not shown). All
mice infected with 1DTCID50 of pH1N1 wt died on day 6, while the micéeicted with the
reassortants showed signs of sickness (ruffledlfss of body weight up to 15%, loss of
body temperature up to 6%) but all survived (FIgALC). In line with our results in A549
cells, a reduced virulence of H5-av (MLD50 =*4#@CID50) and H5-hum (MLD50 = £J
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TCID50) reassortants was also observed in micesa8@ or > 25-fold increase in MLD50 in
comparison to pH1N1 wt (£8TCID50).
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Figure 14: Pathogenicity of NS reassortantin vivo. Four mice per group were infected with®IOCID50 of
pH1IN1 wt @), H5-av () and H5-hum ¥) reassortants on day 1 and monitored daily folybeeight(A), body
temperaturéB) and survivalC). Mice were sacrificed when their body weight lesseeded 25% of the initial

weight.(C) pH1NL1 wt is represented by a solid line, H5-av Bisdhum reassortants by broken lines (both 100%
survival).
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5.1.1.3Characterization of the role of amino acids 80-8#l81 in viral fithess

in vitro andin vivo

By sequence comparison (Fig. 15) of the NS1 preteihree loci of aa differences were

identified between strains reaching high titers A9 cells and the attenuated HPAIV
reassortants: R118K, P212L and a deletion of 5 @@sition 80-84.
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Figure 15: NS1 sequence analysig: NS reassortants with high titer growth kinetics on A549 cells; |: NS

reassortants attenuated on A549 cells; boxes skmiwoaacid differences between high and low repiizat

strains; solid box: chosen for characterization.
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Deletion of aa 80-84 was selected for further itigasion, since it naturally accumulated in
HPAIV H5N1 between 2000 and 2004. It is found tod3911-2013) in roughly 95% of
H5N1 strains, but rarely in IAV strains that do hefong to the H5 subtype. In this study, the
five aa “TIASV” in position 80-84 were deleted inSM of pHIN1 (pH1N1 wt-del) and
inserted into NS1 of the two HPAIV strains (H5-hims; H5-av-ins Fig. 16A). Growth
kinetics on A549 cells showed that deletion sigaifitly attenuated pH1N1 growth (up to
264-fold, Fig. 16B), while the insertion of TIASWhto H5-hum NS1 led to small but

significant titer increase (up to 7.7-fold, Fig.()6 No titer increase was observed for H5-av
after insertion (Fig. 16D).
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Figure 16: Fitness of NS aa 80-84 deletion/insertiomutants in vitro. (A) NS1 sequences around amino acid
80-84 in pH1IN1, H5-av and H5-hum and deletion (détsertion (ins) mutants created in this study
(underlined).(B-D) Growth kinetics of pH1N1 wte) versus pH1N1 wt-delo) (B), H5-hum @) versus H5-
hum-ins ¢) (C) and H5-av ¢) versus H5-av-insd) (D) on human lung epithelial cells at different timaims
after cell infection with an MOI of 0.01, as measirby TCID50 determination. * indicates a signifita

difference (p < 0.05) to the unmodified virus & thdicated time point.
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When the same strains were testedivo, mice infected with 10or 16 TCID50 of pH1N1
wt, H5-av-ins or H5-hum-ins died a bit earlier asoimewhat more frequently than mice
infected with pHIN1 wt-del, H5-av or H5-hum, sugies that TIASV in position 80-84
slightly increased virulence (data not shown). Heevethese differences were too small to be
reflected by an important change in the MLD50svBxn an IAV strain carrying TIASV in
position 80-84 and the corresponding strain withDI&SV, the maximal change in MLD50

was < 3.5-fold.

5.1.1.4Effect of NS reassortment and aa 80-84 on cyto&xpression

NS1 is a key player in the downregulation of thetheells’ antiviral immune response and
different NS gene segments in the same viral backgt can differentially induce the IFN
response (Geiss et al. 2002, Twu et al. 2007, Kwd. £2010). A549 cells stably transfected
with a reporter plasmid containing a luciferaseegander the control of an IFBlpromoter
(Hayman et al. 2006) were infected with the différel5 NS reassortants with and without
TIASV in position 80-84 for 8 or 24h. Uninfected polyl:C transfected cells served as a
negative or positive control, respectively. Whil# seassortants showed lower |HN-
expression than the polyl:C positive control, IBNexpression was highest in pHIN1 wt
infected cells. IFN levels in cells infected withbHNS reassortants were similar to the
uninfected negative control (Fig. 17AB). Interegtin the deletion of aa 80-84 in pHIN1 wt
significantly decreased IFR-expression. Nevertheless, insertion of aa 80-84dt result in
IFN-B upregulation in the H5 reassortants (Fig. 17ABjraMtiters at 8h post infection
showed only minimal differences (< 3-fold, Fig.17@gmonstrating that differences in viral
growth were not the reason for the differentialokyte expression. The differential IHN-
expression can be clearly attributed to NS, sirexestection of NS expression plasmids had a
similar effect on IFNB than infection with the corresponding NS reassustéFig. 17D).
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Figure 17: Effect of NS reassortment and aa 80-84etktion/insertion on IFN- expression. (A, B)IFN-B
expression after 1AV infection. A549 cells stablypeessing a firefly luciferase reporter plasmid ¢8kuc)
under the control of an IFR-promoter were infected with NS reassortants or8@#®4 deletion/insertion
mutants (MOI 3) or transfected with 50 ng of palyl:Luminescence was read after Z&) or 8h(B). (C)
TCID50 of A549Luc cell supernatants were determit@dd after infection with an MOI of 3(D) IFN-B
expression after NS transfection. HEK293T cellsemeansfected with 0.25 pg of the IFNreporter plasmid
IFN-BLuc and 0.75 pg of NS plasmid or empty vector f8h.4Then, IFNB expression was stimulated by
transfection of 0.2 pg of polyl:C and 6h later lnescence was read. * indicates a significant diffee (p <
0.05) to pH1N1 wt.

A similar expression profile of IFf§-was maintained on the mRNA level, as detectecehif r
time PCR (Fig. 18A). This observation was also edésl to other cytokines. For four of the
six cytokines analysed (IFRI- TNF-o, IP-10, IL-6), mMRNA expression in A549 cells 24l p
was highest for pH1N1 wt and significantly lower fmth H5 NS reassortants. Also, deletion
of aa 80-84 in pH1N1 wt decreased mMRNA expressiofiife of six cytokines, three of them
showing a statistically significant difference (IFNTNF-u, IL-6, Fig. 18A-D, F).
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Figure 18: Effect of NS reassortment and aa 80-84etktion/insertion on cytokine mRNA expressionTotal
RNA extracted from A549 cells 24 h after infectifiOl 1) was reverse transcribed using,glfprimers and
MRNA levels of IFNB (A), TNF- (B), RANTES(C), IP-10(D), IL-18 (E) and IL-6 (F) were quantified by
real-time PCR. Changes in gene expression werelagéd using the 2*“* method and expressed as fold over
uninfected. * indicates a significant difference<(j9.05) to pH1N1 wt.

Moreover, the differential expression of 84 antViresponse genes after infection with
pH1N1 wt, the H5-hum reassortant or their respecti@ 80-84 deletion/insertion mutants was
investigated using a PCR array. Nine genes wereguiamted > 5-fold (CCL5/RANTES,
CXCL10/IP-10, CCL11/IP-9, FOS, IL12A, ISG15, JUNX¥, OAS2) and 8 genes were
upregulated 3- to 5-fold (CASP1, DDX58/RIG-I, DHX8&P-2, IFIH1/MDA-5, IFNB1,
IL8, IRF7, TLR3) after pH1N1 wt infection at 24 hi.pof A549 cells as compared to H5-hum
reassortants (Fig. 19A, Table 1). Three genes wgmegulated >5-fold (CD80, FOS,
PYDC1) and 5 genes 3- to 5-fold (CCL3/MIR;1ICXCL9/MIG, IL6, TLR8, TNF) after
pH1N1 wt infection as compared to pH1N1 wt-del (Fi§B, Table 1). In comparison to both
H5 reassortants and pH1N1 wt-del, pH1IN1 showed dnigixpression of genes encoding
cytokines and chemokines, but also members of rpattecognition receptor signalling
cascades (RIG-I, MDA5, LGP2, TLR3, IRF7 for H5-huml.R8 for wt-del), interferon
stimulated genes (MX1, OAS2, ISG15 for H5-hum), poments of the AP-1 transcription
factor (FOS, JUN for H5-hum, FOS for wt-del) or tindlammasome (CASP1 for H5-hum,
PYDCL1 for wt-del). No differences > 3-fold were eeted between the H5-hum and the H5-
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hum-ins reassortants (Fig. 19C, Table 1). These datfirm that pH1N1 wt infection induces
a higher expression of antiviral host genes thamhttd reassortants and pH1N1 wt-del

infection, while insertion of TIASV into H5-hum NSias no effect.

A Antiviral gene expression after B Antiviral gene expression after
pH1N1 wt or H5-hum infection pH1N1 wt or pH1N1 wt-del infection
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Figure 19: Effect of NS reassortment and aa 80-84etktion/insertion on expression of 84 genes involyén

the human antiviral host response, investigated b?CR array. (A-C) DNA-free total RNA was extracted
from A549 cells 24h after infection (MOl 1) and eese transcribed using the RFirst Strand Kit. Human
Antiviral Response PCR Arrays were performed angihges in gene expression between the gene of shtere
and housekeeping genes(t) were plotted as™®". The main diagonal indicates gene expressiondblhges
(2" of 1. The top and bottom lines indicate fold-chas of 3. Differences in gene expression betweetNdH

wt and its H5-hum NS reassortgit), pH1N1 wt and its amino acid 80-84 deletion mut@vttdel, (B)) and
H5-hum and its amino acid 80-84 TIASV insertion enit(H5-hum-ins(C)) are shown.
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Table 1: Human antiviral host response PCR array d&a
Human antiviral host gene expression after infectwith NS reassortants or aa 80-84

deletion/insertion mutants

fold up- or downregulation gene gene full name

pHINL Wt/  pHINIwt/  H5-hum/

H5-hum wt-del H5-hum-
ins
1,88 AIM2 Absent in melanoma 2
-1,17 -1,06 1,18 ATG5 ATGS5 autophagy related 5 himigno
1,28 -1,28 -1,08 AZI2 5-azacytidine induced 2
1,49 CARD9  Caspase recruitment domain family, fem®
3,87 1,63 CASP1 Caspase 1, apoptosis-related cysteptedpse
(interleukin 1, beta, convertase)
-1,68 1,17 1,51 CASP10 Caspase 10, apoptosis-daigiteine peptidase
1,08 1,46 1,28 CASP8 Caspase 8, apoptosis-relgstelice peptidase
4,12 CCL3 MIP-10, Chemokine (C-C motif) ligand 3
5,73 1,42 -1,26 CCL5 RANTES, Chemokine (C-C motif) ligah
7,27 1,92 CD80 CD80 molecule
1,06 1,19 -1,05 CHUK Conserved helix-loop-helixgibtous kinase
-1,37 -1,31 -1,02 CTSB Cathepsin B
1,39 -1,43 -1,20 CTSL1 Cathepsin L1
1,19 1,36 -1,12 CTSS Cathepsin S
7,35 CXCL10 IP-10, Chemokine (C-X-C motif) ligand 10
11,09 2,24 CXCL11 IP-9, Chemokine (C-X-C motif) ligand 1
3,11 CXCL9 MIG, Chemokine (C-X-C motif) ligand 9
-1,36 1,08 1,16 CYLD Cylindromatosis (turban tursgndrome)
-1,09 1,31 -1,06 DAK Dihydroxyacetone kinase 2 htogdsS. cerevisiae)
1,39 -1,20 1,21 DDX3X  DEAD (Asp-Glu-Ala-Asp) box Iypeptide 3, X-
linked
3,89 1,77 1,28 DDX58 RIG-I, DEAD (Asp-Glu-Ala-Asp) boxlypeptide
58
4,46 1,27 1,35 DHX58 LGP-2, DEXH (Asp-Glu-X-His) box ppeptide 58
1,13 1,49 1,09 FADD Fas (TNFRSF6)-associated vadhddomain
9,39 13,11 -1,41 FOS FBJ murine osteosarcoma viral oncogenelug
1,24 1,06 1,01 HSP90A Heat shock protein 90kDa alpha (cytosolic), class A
Al member 1
4,79 1,33 1,04 IFIH1 MDA-5, Interferon induced with heslse C domain
1
-1,62 IFNA1 Interferon, alpha 1
1,80 IFNA2 Interferon, alpha 2
-1,32 1,44 1,09 IFNAR1 Interferon (alpha, beta antkga) receptor 1
3,52 IFNB1 Interferon, beta 1, fibroblast
-1,44 -1,03 1,08 IKBKB Inhibitor of kappa light pgeptide gene enhancer
in B-cells, kinase beta
7,43 2,38 IL12A Interleukin 12A (natural killer cellistulatory factor
1, cytotoxic lymphocyte maturation factor 1, p35)
2,25 IL12B Interleukin 12B (natural killer celimulatory factor
2, cytotoxic lymphocyte maturation factor 2, p40)
-1,47 1,30 1,06 IL15 Interleukin 15
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-1,12

3,93
-1,06
-1,30
-1,38
3,62
6,84
5,35
1,89
1,18

1,06
-1,56
-1,22
-1,33
-1,23
-1,87

1,13
6,41

2,16
-1,07

2,35

7,66
-1,14

-1,26
1,71
1,06

1,47
1,94

-1,00

-1,14
1,19
4,08

2,16
-1,34

-1,18
1,62

1,04
3,22
2,96

1,17

1,07
-1,14
1,98
1,29
1,63

1,17

1,04
-1,46
-1,11
-1,09
1,22
1,07
-1,01
111

1,18

1,10
1,00

2,43

1,36
1,23

1,18
5,69
1,08

-1,31

-1,29
1,22

1,10

1,19
1,05

2,90
3,40
3,07
1,23
-1,13
1,24

1,11
2,01
1,15
-1,08
-1,09

1,11

1,06
-1,01
-1,03
-1,15
1,42
-1,35
1,00
1,14
-1,01
1,00
1,07

1,33

1,10
-1,08

-1,04

1,09

-1,00

1,08

1,08
1,00

-1,26

1,14
1,01

1,72
1,13
1,26
-1,11

IL18 Interleukin 18 (interferon-gaarinducing factor)
IL6 Interleukin 6 (interferon, beta 2)
IL8 Interleukin 8
IRAK1 Interleukin-1 receptor-asated kinase 1
IRF3 Interferon regulatory fac®or
IRF5 Interferon regulatory fadior
IRF7 Interferon regulatory factor 7
ISG15 ISG15 ubiquitin-like modifier
JUN Jun proto-oncogene

MAP2K1 MEK1, Mitogen-activated miotkinase kinase 1
MAP2K3 Mitogen-activated proteindse kinase 3
MAP3K1 Mitogen-activated protein kink#sase kinase 1
MAP3K7 Mitogen-activated proteindse kinase kinase 7
MAPK1  Mitogen-activated proteindse 1

MAPK14 Mitogen-activated proteindse 14

MAPK3  Mitogen-activated proteindse 3

MAPK8  Mitogen-activated proteindse 8

MAVS Mitochondrial antiviral sigimad protein

MEFV Mediterranean fever

MX1 Myxovirus (influenza virus) resistant, interferon-
inducible protein p78 (mouse)
MYD88  Myeloid differentiation prinyaresponse gene (88)

NFKB1 Nuclear factor of kappa tigblypeptide gene
enhancer in B-cells 1
NFKBIA Nuclear factor of kappa ligholypeptide gene
enhancer in B-cells inhibitor, alpha
OAS2 2'-5'-oligoadenylate synthetase 2, 6ayal

PIN1 Peptidylprolyl cis/trans isoase, NIMA-
interacting 1
PYCARD PYD and CARD domain contan

PYDC1 PYD (pyrin domain) containing 1

RELA V-rel reticuloendotheliosisalioncogene homolog
A (avian)

RIPK1 Receptor (TNFRSF)-interacting setimezonine
kinase 1

SPP1 Secreted phosphoprotein 1

STAT1 Signal transducer and activattéranscription 1,
91kDa

SUGT1 SGT1, suppressor of G2eatleSKP1 (S.
cerevisiae)

TBK1 TANK-binding kinase 1
TICAM1 Toll-like receptor adaptorlemule 1
TLR3 Toll-like receptor 3
TLR7 Toll-like receptor 7
TLR8 Toll-like receptor 8
TNF Tumor necrosis factor
TRAF3 TNF receptor-associated fagto
TRAF6 TNF receptor-associatefat
TRIM25  Tripartite motif containi@g

> 5-fold upregulations are indicatedlnld red, between 3 and 5-fold upregulations are indicatéwbld green
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5.1.1.5Effect of NS reassortment and amino acids 80-84emeral host gene

expression

The above results showed that the expression ofda wariety of cytokines and genes
involved in the antiviral host response was highéier pH1N1 wt infection than after
infection with the H5-av or H5-hum reassortant aslilvas pH1N1 wt-del. Thus, we
investigated if this was due to differential redida of general host gene expression, rather
than to differential expression regulation of specgenes (e.g. cytokines). Therefore, a
Renilla luciferase reporter gene under the cordfah constitutively active SV40 promoter
was co-transfected with plasmids expressing NS fobfferent IAV strains. Again, gene
expression was highest in cells transfected withffd8 pH1N1 wt and significantly lower
after transfection of NS from H5 and wt-del (Fi@®A3, similar to the predominant gene
expression pattern observed above (Fig. 17-19% $uggests that differential regulation of
general host gene expression causes the aboveeddts in antiviral gene expression.
Interestingly, NS from avian and seasonal H3N2iorghowed low reporter gene expression
compared to swine origin and HIN1-PR8 NS (Fig. 20K mutated the splice acceptor site
of NS, leading to inhibition of NS splicing and thby to inhibition of NS2/NEP expression,
while the unspliced NS1 mRNA was still expresseldisTresulted in essentially the same
gene expression profiles (Fig. 20B as comparedgo20A), showing that NS1 but not NS2
is involved in this regulation. Importantly, detati of aa 80-84 in NS1 wt led to a significant
decrease in general host gene expression. Thicardgmed for two other strains, HIN1-
swEU and H1N1-PRS, regardless of NS2 expressian @dC), suggesting a role of NS1 aa
80-84 in the regulation of general host gene exgiwes Finally, to rule out an influence of the
pHWS plasmid used, we repeated the experiment usirdgjfferent plasmid backbone,
PIRES2-AcGFP1. This plasmid expresses GFP (prelioused to optimize transfections)
and NS wt or wt-del. Also in a different plasmidckbone, transfection of NS wt-del induced

significantly lower gene expression than NS wt (R@D).

86



Results and Discussion
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Figure 20: Effect of NS reassortment and aa 80-84etktion/insertion on general host gene expressioffA-

D) 0.75 pg of NS containing pHW@&\-C) or pIRES(D) plasmid or empty vector and 12.5 ng of a plasmid
encoding Renilla luciferase under control of a tdusvely active SV40 promoter were co-transfeciatb
HEK293T cells and luminescence was read after @8bsed bars: transfection of NS plasmids expressath
NS1 and NS2 proteins (normal splicing); open baensfection of NS plasmids expressing only NS1 rimit
NS2 proteins, due to mutation of the splice acaepite and thereby inhibition of splicing. RLU, aéle
luminescence units. * indicates a significant diéfece (p < 0.05) to pH1N1 wt.

5.1.1.6Effect of NS reassortment and amino acids 80-84 poermRNA

maturation

Since luciferase expression under a constitutisetive promoter was differentially regulated

by NS1 proteins from different viral strains (FRRAB), and by deletion of the NS1 aa 80-84

(Fig. 20C), it was investigated which posttransaoipal step is involved in this regulation.

Since both proteins (e.g. Fig. 17A, B, D) and mRNA&g&. 18 A-D, F) showed similar

expression patterns (wt > H5-hum or H5-av, wt >def}, we examined pre-mRNA levels by

real time PCR 24h after infection with an MOI ofol the corresponding reassortants. To
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guantify pre-mRNA only, primer pairs where one pm{F or R) targets an exon and the
other an intron were used on DNase-treated tota Biter reverse transcription with random
hexamers. Indeed, on the pre-mRNA level, the espaspattern we found for proteins
(luciferase, Fig. 17&20) and mRNA (Fig. 18A-D, Kt > H5-hum or H5-av, wt > wt-del,
was disrupted: pre-mRNA expression after pH1N1nfegdtion was not significantly different
or even significantly lower than pre-mRNA expressafter H5-hum or H5-av reassortant
infection (Fig. 21), suggesting that regulation H$1 occurs at the level of pre-mRNA
maturation. The regulation of gene expression leydhletion of aa 80-84 in pH1IN1 NS1
seemed to also occur between the pre-mRNA and tR&Anlevel, since the major
expression pattern found on the protein and mRNalJevt > wt-del, was only found in one
of four cytokines tested on the pre-mRNA level ().
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100 1 100 ~
- k-]
]
5 751 * £ 754
£ £
3 501 S 50 *ox *
g g
° * °
B 251 T 25
L L
* *
0
R R R R R N ’ N IR N I
S F O N & SR A P
N NSARNIR SO S R AR PP IR
3 ARG & SRR
Q 3 N
N
C IP-10 pre-mRNA D IL-6 pre-mRNA
400 1 20 1
e * el
] | ]
5 300 8 15
2 i
£ £
c
3200- § 10
% 100 A S 5
L ) *
0 *
0_
& ',bA Q& > & & 06 & Ky > © © S
SRR \&"b » & & e@\ o° "\0& &
& T E T T T
QQ(\ N ] QQ\\ N N

Figure 21: Effect of NS reassortment and aa 80-84etktion/insertion on pre-mRNA expression.Total
DNase-treated RNA extracted from A549 cells 24 tferainfection (MOl 1) was reverse transcribed using
random hexamers and pre-mRNA levels of TiN&), RANTES(B), IP-10(C) and IL-6 (D) were quantified by
real-time PCR using one primer complementary toetten and 1 primer complementary to the intron.rgjes
in gene expression were calculated using #f&'anethod and expressed as fold of uninfected.
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5.1.2 Discussion

pH1N1 circulates globally since 2009 and has bestaatied in several host species, providing
multiple possibilities to reassort with other coediating IAV strains. As a result, multiple
pH1N1 reassortants have already naturally emeegakcially in swine (Nelson et al., 2012;
Vijaykrishna et al., 2010). Our experiments dem@tset a high genetic compatibility of the
pH1N1 background with NS genes of all strains testeespective of their human, swine or
avian origin: all reassortants productively repiéchat least in MDCK and ST cells. Genetic
compatibility of pHIN1 and NS from H9N2 or seasoH&8N2 has been previously observed
(Sun et al. 2011, Shelton et al. 2012). Thus, ahtNB6 reassortment with circulating pH1N1
seems to be a likely scenario and requires mongoin particular since NS is an important
pathogenicity factor. Despite the high genetic catifqiity of NS from different species with
the pH1N1 background, pH1IN1 wt was one of theditigruses in swine, avian and human
cell cultures. Thus, viral fitness of pH1NL1 is welly to increase after reassortment with NS
genes of other IAV strains. It also suggests a lheglel of adaptation of pH1N1 NS to the
pH1N1 background genes and perhaps even a rol& af fthe development of this pandemic
virus.

Distinct NS reassortments between well prolifegtiwild type IAV strains strongly
decreased fitness of the reassortant. For instavitttype strains of pH1N1 and the HPAIV
H5N1 strains grew to high titers on A549 cells amdhice (Fig. 13BC and (Bogs et al. 2011,
Matthaei et al. 2013, Manz, Dornfeld, et al. 2013jpwever, the introduction of HPAIV
H5N1 NS into the pH1N1 background severely attezdigirowth in A549 or DF-1 cells and
in mice. Thus, the higher pathogenicity of HPAIMuttb not be transferred to pH1N1 by NS
reassortment. Interestingly, the attenuation was olwserved in MDCK and ST cells,
suggesting that the loss of fitness was due teewdifftial interactions of NS with host cell
proteins, rather than to a general reduction inefis due to gene incompatibility or the

production of non-infective viral particles.

Despite the stronger antiviral host response indilogepH1N1 wt, this virus was considerably
fitter on A549 cells than the H5-av and H5-hum N&ssortants or pH1N1 wt-del. Since all
strains showed a titer reduction upon type | IFdatment (data not shown), this was not due
to type | interferon resistance. While several msidound that IAVs inducing high antiviral
host responses were attenuated (Garcia-Sastre 398, Donelan et al. 2003, Solérzano et

al. 2005), more recent studies also reported exesrgifl the opposite. In general, pHIN1 NS1
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binds CPSF30 only weakly (Hale et al. 2010). HoweaegH1N1 strain that more efficiently
suppressed the antiviral host response due to thueations increasing CPSF30 binding was
attenuated in mice and ferrets (Hale et al. 20IB§ direct interaction of NS1 with the viral
polymerase (Marion et al. 1997) and CPSF30 (Nerheabfl. 1998) could be a possible
explanation. In line with this, temperature semgiti of IAV strains by NS mutations was
suppressed by exchanging polymerase genes (Sské&l8sSpring 1982) and it was proposed
that strong interactions between NS1 and CPSF30d dowpair the activity of the viral
polymerase and thereby viral replication (Sheltoale2012). Although the exact mechanism
causing the reduced viral fitness of H5 NS reaaststor pH1N1 wt-del in our study has not
been determined, the above observations suggestc le of NS1 in the regulation of the

viral polymerase, possibly depending on its binditrgngth to CPSF30.

Sequence comparison of the well-proliferating Nassertants and pHIN1 wt to the
attenuated NS reassortants on A549 (Fig. 15) itlethitthe NS1 deletion of aa 80-84 to
decrease viral fitness in a pH1N1 background on9é&ells (Fig. 16). Conversely, a small but
significant fithess improvement was observed whéaSV was inserted in position 80-84
into the H5-hum NS1, suggesting that aa 80-84 dmrie to viral fitness in the pHIN1
background. The viral fithess of H5-av was not ioyad by this insertion. This differential
effect could be due to one of 12 aa differenceg {5), possibly corresponding to accessory
mutations acquired by NS from the human H5N1 isothiring its replication in the human
host. The significance of these aa for viral figyes host adaptation requires further attention.
The obtained results showed that, in general, idgleta 80-84 in pHIN1 NS1 resulted in
larger differences both in viral growth and regaatof host gene expression than inserting
these aa into H5 NS1. One explanation could beNi&dt positions 80-84 act in concert with
other amino acids. For instance, at least six araawds have been described to influence NS1
binding to CPSF30 (Li et al. 2001, Twu et al. 2086¢hs et al. 2007, Hale et al. 2010). In
this case, the effect of additional NS1 mutationsGPSF30 binding would depend on the

constellation of these six amino acids.

The identified 5 aa deletion of position 80-84 vedsent in all IAV strains before 2000 and
emerged in HPAIV H5N1 in China in 2000 (Guan et28102). By 2004, already most of the
H5N1 strains had this deletion (Zhou et al. 200é)d. et al. 2008). Between 2011 and 2013,
it was found in 95 % of 207 H5N1 NS1 sequenceswvasg rarely detected in non-H5 IAV
subtypes: only 8 out of > 20 000 non-H5 NS1 prateiad this deletion (NIAID Influenza
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Research Database, http://www.fludb.org, (Squiteal.e2012) accessed on November 10,
2013). Five HION2 strains carrying the deletion rafte NS reassortment with HPAIV H5N1
in Pakistan (2005-2007) showed no difference im@geénicity in chicken (Igbal et al. 2009).
Here, we demonstrated that in a pH1N1 backgrouettidn of aa 80-84 in NS1 impairs
viral growth in A549 cells, but does not affect tM&D50. In a HLIN1 PR8 background, NS
reassortants from HS5N1 naturally carrying the detetof aa 80-84 were attenuated as
compared to reassortants carrying NS from anottudlHstrain without deletion (Lipatov et
al. 2005)). In contrast, in a background of HPAIBNH, the deletion increased virulence in
mice and chicken (Long et al. 2008). Although ieg# studies, the contribution of other
mutations cannot be totally excluded, the effecaaf80-84 seems to depend on the viral
background. The reduced fithess associated withdhletion in a human IAV background

may explain its absence in NS1 of naturally cirtoahuman IAV strains.

Throughout the study, we consistently observed &keddy lower host gene and protein
expression mediated by H5 NS and pHIN1 wt-del N&paoed to pHIN1 wt NS.
Importantly, this allowed us to assign a previoustknown role in host gene regulation to aa
80-84 in pH1N1. However, from the present experitsen is difficult to conclude whether
this was due to a differential upregulation or Hedential downregulation of the host gene
expression. We observed a downregulation of luasfer expression relative to polyl:C
stimulation in the infection experiments (Fig. 17ABlowever, the level of IFN induced by
polyl:C is not comparable to IFN levels after IANfection. The ideal positive control, a NS
deficient pH1N1, does not replicate in IFN-compétgystems such as the A549Luc reporter
cells. The low Renilla luciferase expression aféenpty vector transfection (Fig. 20) is
indicative of differential upregulation by distindiS's or a general upregulation followed by a
differential downregulation by distinct NS's. Filyalirrespective of whether this is caused by
a host gene expression up- or downregulation, wesistently observed lower host gene
expression in presence of H5 NS or pH1IN1 wt-dek@&l&tive to pH1IN1 wt NS.

The regulation of the antiviral host response dife between NS from distinct species.
Interestingly, in addition to the well-establishe&8 NS1 (Kochs et al. 2007), pH1N1- and
swine-origin NS1 allowed considerably higher gehéi@st gene expression than avian and
human seasonal NS1, as reflected by higher lusieexpression from an SV40-promoter
driven plasmid (Fig. 20AB). It has been proposeevimusly that NS1 proteins from both

classical swine 1AV and HIN1 PRS8 bind inefficientty CPSF30 (Kochs et al. 2007, Hale et
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al. 2010), thereby allowing a high antiviral hossponse. We showed that also NS1 proteins
from European swine 1AV H1N1 and H3N2 strains allbigh levels of general host gene
expression (Fig. 20AB). Since the NS gene of pHidNdiltimately derived from classical
swine IAV, this property seems inherent to NS1 @rat of swine origin. Notably, it seems
only possible to observe the effect of the aa 8@&étion on general host gene expression in
an NS1 protein allowing high enough host gene esgioa in the first place. This possibly
explains why this function of the aa 80-84 deletias not been previously detected for avian
NS1.

Finally, we investigated at which step the NS redssents and aa 80-84 deletions regulated
general host gene expression. While on the pr¢keg 17ABD) and mRNA level (Fig. 18A-
D, F), infection with H5 NS reassortants as wellp&sLN1 wt-del consistently led to lower
cytokine expression as compared to pH1N1 wt, tlds not the case on the pre-mRNA level
for H5 NS reassortants and only in one of four kiyte pre-mRNAs for pH1IN1 wt del (Fig.
21). This may indicate that regulation of genermsthgene expression occurs at the level of
pre-mRNA maturation. Mechanisms of pre-mRNA maiorainclude splicing, capping and
polyadenylation, followed by nuclear export of theature mRNA (Hocine et al. 2010).
Differential regulation of splicing by NS1 is nasponsible for modulating gene expression
(Fig. 18A, Fig. 20), since neither the IHNRor the Renilla luciferase gene are spliced during
pre-mRNA maturation. Also, differential inhibitiomf nuclear export does not seem
implicated, since RNA for real time PCR quantifioat of cytokines was extracted
independently of its intracellular location. WhidS1 has not been shown previously to
influence capping, its inhibition of polyadenylatidy binding to CPSF30 and PABPII is
widely accepted (Nemeroff et al. 1998, Chen efl@89, Twu et al. 2006, Hale et al. 2010).
Whether binding to these proteins plays a roleN8d from European swine IAV strains or

pH1N1 wt-del remains to be determined.

In conclusion, we showed by introducing NS genesnfrvarious IAV host species and
subtypes into the pH1N1 background that (i) pH1&tgely tolerates different NS genes with
only minor fitness losses in 6 out of 8 reassosta(if) reassortment with NS from HPAIV
H5N1 led to attenuation on A549 and DF-1 cellsd in mice, (iii) a naturally occurring
deletion of amino acid positions 80-84 in NS1 aitged the reassortaint vitro and (iv) this

deletion plays a previously unknown role in the ulagon of the general host gene

expression, possibly at the level of pre-mRNA meation.
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Part 2:

5.2 EPs® 7630 (Umckaloabo®), an extract fronfPelargonium sidoides

roots, exerts anti-influenza virus activityin vitro andin vivo

This study has been published as: Linda L. TheiS#ayde P. Muller (2012), EPs® 7630
(Umckaloabo®), an extract frorRelargonium sidoidesoots, exerts anti-influenza virus

activity in vitro andin vivo, Antiviral Research 94: 147-56, and was adaptec:tiwen.

L. Theisen contributed the major part to conceptiond design of the study, experimental work, datalyesis
and interpretation and wrote the manuscript. Plamtracts, fractions and single compounds used i study

were produced and provided by Dr. Willmar Schwalpeb® & Co. KG, Karlsruhe.

Pelargonium sidoide®C (Geraniaceae) has widely been used as a tmaditindigenous
medicine in South Africa against dysentery, feved aespiratory diseases (Brendler & van
Wyk 2008). In 2005, an ethanolic root extract (dmagextraction solvent ratio 1:8-10),
referred to as EPs® 7630 (Umckaloabo®), receivdd marketing authorization by the
German drug regulatory agency (Conrad et al. 200@)date, the extract is mainly used to
treat acute bronchitis and has shown good tolétalml multiple clinical trials in both adults
and children (Matthys et al. 2003, Matthys & HeBe07, Agbabiaka et al. 2008, Kamin et al.
2010). Utilization of this already licensed and lweharacterized drug to treat a new
indication therefore has advantages over the dpuwetat of a drug with scarce previous

characterization and an unknown safety profile.
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EPs® 7630 mainly consists of polyphenolic compouf@thotz & Noldner 2007, Schoetz et
al. 2008). Oligo- and polymeric condensed tanningsed on gallocatechin and
epigallocatechin moieties account for about 40%hef dry extract. These compounds are
present in an enormous structural variety (from amers to at least 16-mers, A- and B-type

bonding and different stereocisomers) (Schoetz. &048).

Here the antiviral efficacy of EPs® 7630 and itegittuents against a variety of IAV strains,
the step of the virus life cycle affected and thepensity of EPs® 7630 to induce resistance
were investigated. Importantly, active compoundseweharacterized and an antiviral effect

of EPs® 7630n vivowas demonstrated.

5.2.1 Results

5.2.1.1Anti-1AV activity of EPs® 7630 is exerted at nornkto concentrations

in vitro

Cytotoxicity was tested by adding serial dilutiasfSEPs® 7630 to A549 cells. After 24h of
incubation, cell viability was measured by XTT testhe half maximal cytotoxic
concentration of EPs® 7630 (CC50) was 557 pg/ng.(E2A).

To assess its antiviral activity, serial dilutionf EPs® 7630 were added to A549 cells
infected with 0.01 MOI (giving an optimal fluoresteeadout) of a reporter virus containing
a NS1-GFP fusion protein (A/Puerto Rico/8/34-NSQEP) (Kittel et al. 2004). After 24h,
the half maximal antiviral concentration of EPs@BBGEC50) was determined as 6.6 pug/mi
(Fig. 22A), corresponding to a selectivity index5GC50/EC50) of 84.4.

The anti-influenza activity of EPs® 7630 was furtllemonstrated for five wild type 1AV
strains, which all showed a dose-dependent titduateon. TCID50 determination of wild
type pandemic HIN1 (A/Luxembourg/46/2009) confirm#te fluorescent readout and
resulted in an EC50 of 5.4 pg/ml (Fig. 22B), copawling to an Sl of 103.1. The H1IN1
strain A/Puerto Rico/8/34 showed complete viruswghoinhibition at 50 pg/ml, similarly
after 8, 24 and 48h post infection (Fig. 22C). Tbacentrations required for complete virus
clearance varied from 16 pg/ml (pandemic HIN1 Akmbourg/46/2009, Fig. 22B) up to
300 pg/ml for seasonal Oseltamivir resistant HINLukembourg/572/2008 (Fig. 22F).
Intermediate values were found for A/Puerto Ric®8(50 pg/ml, Fig. 22C), seasonal H3N2
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A/Luxembourg/01/2005 (50 upg/ml, Fig. 22D) and seasoOseltamivir-sensitive H1N1
A/Luxembourg/663/2008 (100 pg/ml, Fig. 22E). In tast, EPs® 7630 had no antiviral
activity against the unenveloped adenovirus typ@ABCC reference strain, Fig. 22G) or
against the enveloped measles virus (Rimevax vacsirain) at non toxic concentrations
(Fig. 22H).
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Figure 22: Cytotoxicity and antiviral efficacy of EPs® 7630in vitro. (A) A/Puerto Rico/8/34-NS116-GFP
reporter virus-associated fluorescence expressedFas (relative fluorescence unite) measured 24h after
infection of A549 cells with GFP-virus (MOI 0.01) presence of serial dilutions of EPs® 7688) pH1N1
A/Luxembourg/46/2009 titer measured 24h after itiéec of A549 cells (0.1 MOle). (A-B) A: A549 cell
viability determined by XTT assay 24h after EPs@3@6addition. Background absorbance (650 nm) was
subtracted from reagent absorbance (450 (@) EPs® 7630 activity against different virus strain§49
cells were infected with 0.1 MOI dfC) A/Puerto Rico/8/34titered after 8h «), 24h ©) or 48h (¥)), (D)
seasonal H3N2  A/Luxembourg/01/2005,(E) Oseltamivir (OST) sensitive seasonal HIN1
AlLuxembourg/663/2008(F) Oseltamivir resistant seasonal HIN1 A/Luxemboufg/3008,(G) adenovirus
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type 5 (ATCC reference strain, MOI 0.05) @) A549Slam infected with measles virus (Schwarz iweecc
strain, MOI 0.01) in presence of EPs® 7630, titetdtl or 48h(E, F, H) post infection by TCID50
determination.

5.2.1.2EPs® 7630 affects an early step in the influenmas\iife cycle

Next, we investigated at which step of the virds kycle EPs® 7630 exerts its antiviral
activity. A549 cells were infected with A/PuertocBi8/34 (MOI 0.1) and 50 pg/ml of EPs®
7630 was added at different time points (-2, 0,+&,+6 h) before or after infection. TCID50
in the supernatant was determined 8h or 24h péettion (corresponding to approximately 1
or 3 virus life cycles).

In the one life cycle experiment, the EPs® 7630taioimg medium was replaced by EPs®
7630-free medium at 8h post infection to allow geoation of intracellular virus for another
24h before titration. No virus was detectable ia Hupernatant when treatment with EPs®
7630 was started before or at the time of inoocmhafiFig. 23A). However, when the plant
extract was added 2, 4 or 6h post infection, neatfbn virus proliferation was observed (Fig.
23A), suggesting that the extract inhibited anyeatép of viral infection, presumably viral
entry into the host cell.

When EPs® 7630 was allowed for 24h (instead of@®hjhe culture, no virus was detectable
in the supernatant, irrespective of the start &f tleatment (-2, 0, +2, +4, +6 hours post
infection) (Fig 23B). Thus, EPs® 7630 efficientlyepented virus released from host cells
after the first life cycle (i.e. 8h post infectioto) re-enter new host cells and complete its next

life cycles.

5.2.1.3EPs® 7630 inhibits hemagglutination and neuramsedactivity of

influenza virus

The effect of EPs® 7630 on HLIN1 A/Puerto Rico/8/84s binding to its receptor was tested
by hemagglutination inhibition assay. EPs® 763&@n¢ed virus-mediated hemagglutination
from 100 pg/ml (data not shown). In absence of syirEPs® 7630 had no effect on
hemagglutination. In a standard fluorescence baseaaminidase inhibition assay, 121.7
png/ml EPs® 7630 reduced neuraminidase activity /ffulrto Rico/8/34 by 50% (Fig. 23C).
Thus, EPs® 7630 interferes with virus binding ®host cell receptors (attachment) as well

as neuraminidase activity.
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Figure 23: Anti-IAV mechanism of EPs® 7630(A-B) PBS (c, control) or 50 pg/ml of EPs® 7630 was adde
to A549 cells 2h before infection or 0, 2, 4, or &lter infection with A/Puerto Rico/8/34 (MOI 0.104)
Supernatant replacement 8h post infection (1 viifes cycle) by EPs® 7630-free supernatant. TCID50
determination 24h after medium chan@#) TCID50 determination after 24h of incubation (8usi life cycles).
(C) Effect of EPs® 7630 dilutions (duplicates) on raeminidase activity of A/Puerto Rico/8/34 expresssd
relative fluorescence units (RFU) of a fluorogesubstrate of the neuraminidase, 2-(4-methylumigeilij-a-D-
N-acetylneuraminic acid(D) Preincubation (pre) of A549 cells with EPs® 7680af 50 pg/ml) 2h before
infection, with and without washing step beforeeittfon with A/Puerto Rico/8/34. TCID50 determinatiafter
24h.(E) Preincubation of A/Puerto Rico/8/34 for 2h with€&”7630 (0, 50, 100 or 250 pg/ml) before infection
of A549 cells (MOI 0.1). TCID50 determination 24ftea infection. (F) Resistance assay: infection of A549

cells with 0.2 MOI H1N1 A/Puerto Rico/8/34 cells imesence of 0 (open bars) or 10 pg/ml (closed) tudrs
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EPs® 7630. After 24h, fresh A549 cells were inotedawith 100 pl of supernatant and left untreatmd24h,
before that 0 or 10 pg/ml EPs® 7630 were addednafyai 24h. Four passages (P1-P4) were performed.
Supernatants were titered on MDCK cells and titgesexpressed in % of titer of untreated cellsctvhias set

to 100%. All experiments done in triplicates unletiserwise indicated. n.d., not detectable.

5.2.1.4Effect of preincubation of cells or virus with EPF®30

A549 cells were preincubated for 2h with 50 pg/inéxtract or PBS and then infected with
0.1 MOI of A/Puerto Rico/8/34. As already shownHig. 23A, continuous treatment with
EPs® 7630 prevented virus growth. When EPs® 7630 weshed out before infection, the
virus was inhibited by more than 2 log to an averéiter of 6x102 TCID50 compared to
3.7x10 TCID50 in EPs® 7630-free cultures (Fig. 23D). Thie effect of EPs® 7630 on the
host cells impairs viral infection. Washing out BP8630 from the cells prior to infection

allowed only partial virus growth, suggesting ttieg extract’s effect is partially irreversible.

To assess a direct virucidal effect of EPs® 763@isvstock was preincubated with up to 250
png/ml of EPs® 7630 for 2h before infection. At indattion, virus was diluted 1:200 fold,
corresponding to 0.1 MOI and a negligible final centration of EPs® 7630 of < 1.25 pug/ml.
24h post infection, supernatants were titered andiffierence in virus growth was observed
between cultures infected with EPs® 7630 treated @amtreated virus (Fig. 23E). A direct
virucidal activity of EPs® 7630, at least up to centrations of 250 pg/ml, can therefore be
excluded.

5.2.1.5EPs® 7630 shows no propensity to generate resistaises

H1N1 A/Puerto Rico/8/34 was passaged four timgz@sence of 0 or 10 pg/ml EPs® 7630,
a concentration reducing virus growth without coetgly inhibiting it (see Fig. 22C). In
every passage, 10 ug/ml of EPs® 7630 constantlyceztithe viral titer well below 1% of the
untreated controls (P1 0.04%, P2 0.40%, P3 0.0224).P5%, Fig. 23F), showing that, at
least over 4 passages, the susceptibility of theswio EPs® 7630 did essentially not change.

Thus, EPs® 7630 did not show propensity to indeséstant viruses.
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5.2.1.6Anti-influenza activity of EPs® 7630 is mediatedtaynins

Since tannins in EPs® 7630 have been shown to mapliesion of streptococci to epithelial
cells (Janecki et al. 2011), we examined whethey thvere also involved in its antiviral
activity. Therefore, tannins were removed from EP8@30 by precipitation with hide
powder, a standardized procedure from the Europdemmacopoeia (European Directorate
for the Quality of Medicines & Healthcare 2008). Nghfull EPs® 7630 extract abolished
growth of 0.05 MOI of HIN1 A/Puerto Rico/8/34 aboaeconcentration of 10 pg/ml, the
tannin-free extract did not show any antiviral effat least up to 100 pug/ml (Fig. 24),

indicating that tannins represent the active pplecof EPs® 7630 against IAV.

virus titer (log,, TCID50)

n.d| n.d. n.d.

0 10 50 100
extract (ug/ml)

Figure 24: Anti-IAV activity of tannins from EPs® 7630. Effect of tannins on HIN1 A/Puerto Rico/8/34
(0.05 MOI). Infection of A549 cells in triplicatesnd incubation with dilutions of full extract (cks bars),
tannin-free extract (grey bars) or PBS (no treatiagpen bar) for 24h. n.d., not detected.

5.2.1.7Chain length of (pseudo)tannins influences antinacdivity

Gallocatechin and its stereoisomer epigallocatecrs the main moieties of condensed
tannins, the predominating constituents of EPs®07choetz et al. 2008). To assess the
minimal chain length requirement for antiviral ady, we studied monomers (see Fig. 25 for
structure), dimers of these two main compounds. (Bt and an oligo-/polymeric fraction
(containing trimeric up to high molecular weightndensed tannins) isolated from EPs®
7630 full extract by fractionation over a Sephatet20 column (Vennat et al. 1992).
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Figure 25: Structures of EPs® 7630 constituents witanti-IAV activity. Structures of the main moieties of
condensed tannins, gallocatechin and epigallocateels well as isolated dimers tested for antiveticacy.
R1: 4OH, gallocatechin, «s«OH, epigallocatechin; R2golinerization site.

Interestingly, both monomers had similar efficaggiast HLIN1 A/Puerto Rico/8/34-NS116-
GFP (1.5 fold difference, Table 2). The antiviratiaty of the four homo- and heterodimers
(epigallocatechin-(@- 8)—gallocatechin, epigallocatechine(4- 8)—epigallocatechin,

gallocatechin-(B - 8)—gallocatechin, gallocateching4- 8)—epigallocatechin) was 2 to 7-
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fold higher than that of the monomers, as shownth®ir EC50 values and the oligo-
/polymeric fraction was over 10-fold or 2-5-fold reocactive than the monomers or dimers,
respectively, on a weight basis (Table 2, colum&58, pg/ml”). Calculated on a molar
basis, dimers were 4 to 13-fold more active thamoneers (Table 2, column “EC50, uM”).
Under the identical conditions than in the antiviessay (24h incubation), the oligo-
/polymeric fraction had a CC50 of 116.1 pg/ml. TThenomers and dimers did not exhibit
any cytotoxic effects on A549 cells up to > 160rlg/in a way that it was not possible to
determine the exact CC50 (Table 2). Thus, anti-léfficacy depends on the polyphenolic
chain length: gallocatechin and its sterecisomeel@mparable efficacy and exert antiviral
activity in their monomeric form, but dimeric antigo-/polymeric (epi-)gallocatechins are

more effective.

Table 2: Cytotoxic and anti-IAV activities of catediin monomers, dimers and oligo-

/polymers present in EPs® 7630

CC50 EC50 SI PG
uM ug/ml uM ug/mi

Epigallocatechin >522.4 >160 138.8 42.5 >37 1
Gallocatechin >522.4 >160 92.7 28.4 >56 1
Epigallocatechin- >261.2 >160 10.3 6.3 >254 2
(4p - 8)-gallocatechin
Epigallocatechin- ND ND 23.2 14.2 2
(40— 8)-
epigallocatechin
Gallocatechin-(4 -8)- ND ND 11.9 7.3 2
gallocatechin
Gallocatechin-(4n.—8)- > 261.2 >160 21.2 13.0 >123 2
epigallocatechin
Oligo-/polymeric Not 116.1  Not 2.8 41.5 3->9
fraction applicable applicable

CC50, half maximal cytotoxic concentration; EC58lf imaximal antiviral concentration; Sl, selectyihdex;
PG, polymerization grade; ND, not determined.
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5.2.1.8EPs® 7630 exerts anti-influenza activity in miceityalation

When mice were infected with 4 MLD50 of HIN1 A/PieeRico/8/34 and were treated by
oral gavage with vehicle only or EPs® 7630 (5 mghkge times a day, corresponding to the
human recommended dose recalculated for mice) @e8baw et al. 2008), no difference in
survival, body weight or temperature was obserdada not shown). The absence of antiviral
effect after oral administration was in contrasatolear anti-influenza effect observed in the
following inhalation experiments. For the inhalatigprotocol, groups of 10 mice were
infected with 1 or 4 MLD50 of HIN1 A/Puerto Rico3®d/ and treated with EPs® 7630 or
water by inhalation three times a day. For bothwnlosesEPs® 7630 significantly increased
survival of virus-infected mice (p<0.003). All 10ock treated animals infected with 4
MLD50 were euthanized between day 6 and 8 becduse 5% loss in body weight, while
the first mouse of the EPs® 7630 treated group &w#hanized only on day 8. 3 of the
4MLD50 infected and 9 of the 1IMLD50 infected EPs88@ treated animals did not show
any sign of disease after day 10 and survived timtilend of the monitoring period (day 14),
while none (4 MLD50) or only 2 (1 MLD50) untreatedce survived (Fig. 26AB).

Body weights (Fig. 26C) of EPs® 7630 treated miegensignificantly higher as compared to
the untreated group as of day 5, and body temperasiof day 6 (Fig. 26D). Surviving mice
completely cleared the virus, while euthanized mivelted mice had an average lung titer of
5.9x10 TCID50 (4 MLD50) or 3x18 TCID50 (1 MLD50) (Fig. 26E, F). Sacrificed EPs®
7630 treated mice showed a lower average lung(dtetG TCID50 in the 4 MLD50 group,
7.41 TCID50 in the 1 MLD50 group) as compared t® timtreated group, but the difference
was not significant (Fig. 26E, F). The only sacefi treated mouse in the 1 MLD50 group
may have recovered, as its lung titer was remaykkdw. Thus, inhalative treatment with
EPs® 7630 induced a robust improvement of survilabier lung titers and less signs of
disease, demonstrating a clear benefit of thenreat of influenza with EPs® 7630 in the

mouse model.
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Figure 26: Anti-IAV activity of EPs® 7630in vivo. (A-F) Infection of 10 mice per group with 4 MLD5@,
C, D, E) or 1 MLD50 (B, F) of A/Puerto Rico/8/34, treatment with EPs® 7630water by inhalation three
times a day for 10 daygA-B) Survival analysis of EPs® 7630 (solid line) or gratbroken line) treated

animals.(C, D) Evolution of body weigh{C) or body temperaturéD) of EPs® 7630«) or water () treated

animals. Numbers represent surviving animals frognaup of 10. * indicates a significant differerlcetween

the EPs® 7630- and mock-treated gro(fp-F) Influence of EPs® 7630 treatment on virus lungr&itLungs

were removed on the day when less than 75% bod¥veigs reached or on day 14 for surviving mice;

homogenization and titration on MDCK cells. MLD3®&If maximal mouse lethal dose.
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5.2.1.9EPs® 7630 has no apparent toxic effect in mice

Groups of five mice were treated by the same regiatethen vivo inhalative efficacy study.
Daily monitoring of body weight (Fig. 27A) and bodgmperature (Fig. 27B) showed no
significant toxicity of EPs® 7630 between both greuThus, EPs® 7630 did not produce

obvious toxic effects in mice and had a good sgfedfile when used by inhalation.
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Figure 27: Toxicity of EPs® 7630n vivo. (A, B) Five mice per group were mock infected withfd®PBS and
treated with EPs® 7630 or water by inhalation thtieges a day for 10 days with daily monitoring aidy
weight and temperature. Evolution of body wei@ht and body temperatu(8) for EPs® 7630x) or water ()

treated animals® indicates a significant difference between this® 7630- and mock-treated group.
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5.2.2 Discussion

Our study confirmed the antiviral activity of tanriich plant extracts against several 1AV
strains, in contrast to non-enveloped adenovirsisyas reported before (Gescher, Kuhn, et al.
2011, Michaelis et al. 2011). However, EPs® 763@sdoot exclusively inhibit enveloped
viruses, as it was also effective against the noeleped coxsackie virus (Michaelis et al.
2011). Also, the extract seemed to inhibit sevgaamyxoviridae (respiratory syncytial
virus, parainfluenza) (Michaelis et al. 2011), bubur hands failed to inhibit measles virus
proliferation. Also, some IAV strains were inhildtat an up to 30-fold lower concentration
than others. Differential sensitivity of 1AV strano tannin-rich plant extracts has also been
previously observed (Ehrhardt et al. 2007, Sundgaaret al. 2010). While it was believed for
a long time that tannin-protein interactions adargely unspecific process, our observations
are in line with some selectivity of the tanninswhs previously shown that binding affinity
correlates with protein size, structure and amiom aomposition, and is pH-dependent
(Hagerman & Butler 1981). Especially, the spediiaf the binding of a series of tannins and
pseudotannins was demonstrated, as epigallocateasirshown to bind to the 5HT1-receptor
while it had no affinity for the 5SHT2 or adenosiheeceptor (Zhu et al. 1997). Therefore, we
suggest a differential anti-IAV effect depending ke content or composition of (viral or

cellular) surface proteins.

EPs® 7630 had no direct virucidal effect on theuwibut inhibited hemagglutination and
neuraminidase activity. This is in line with a resible effect of EPs® 7630 activity on
hemagglutination and neuraminidase inhibition, gstjgg that EPs® 7630 inhibits host cell
infection by interfering with the action of theseot surface glycoproteins. The concentrations
at which EPs® 7630 interfered with receptor bindargl neuraminidase activity of HIN1
A/Puerto Rico/8/34 (complete inhibition at 100 &@D pug/ml, respectively) were 2- to 10-
fold higher than those required for complete growahibition. This shows that, beyond its
effect on viral hemagglutination and neuraminidasgvity, the effect of EPs® 7630 on the
host cell plays an important role, as demonstraieithe cell preincubation experiments. In
addition to an effect on the host cell surface girst, EPs® 7630 has been reported to activate
the innate immune response, inducing macrophagdsotirer cells to release interferons
(Kolodziej et al. 2003, Kolodziej & Kiderlen 200@nhd intracellular nitric oxide (Thale et al.
2008), which impairs influenza virus proliferatiRimmelzwaan et al. 1999). EPs® 7630 did
not increase the induction of interferon- in IAMacted A549 cells by ELISA (data not
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shown). This may be due to the interferon inhilgitproperties of the IAV NS1 protein (Hale
et al. 2008). It also does not exclude an effectE®fs® 7630 on other cytokines or

components of the immune system.

This study showed that virus released from hods @dter one life cycle is also efficiently
prevented from entering new host cells to initisgenext life cycle. This suggests that in
addition to a preventive effect, EPs® 7630 may haveerapeutic effect, limiting the spread
of infection. Also, it was demonstrated that ovepaksages in presence of EPs® 7630 no
resistant virus mutants emerged, while resistarae develop already after 2-4 passages
against oseltamivir or amantadine (Ludwig et alD&20Ehrhardt et al. 2007, Pleschka et al.
2009). As the extract inhibits IAV at an early stagf its life cycle and acts on both the virus
and host cell, the development of resistances nealeds likely, as has been shown also for

other polyphenol-rich plant extracts (Ehrhardtle2@07, Pleschka et al. 2009).

EPs® 7630 consists of about 40% condensed tanmim® precisely of oligo- and polymeric
prodelphinidins, which are composed of gallocatedd epigallocatechin (Schoetz et al.
2008). When EPs® 7630 was depleted of tannins égiptating them with hide powder, the
antiviral effect was abolished (Fig. 24), showirngtt tannins represent the active antiviral
principle. This study showed the anti-IAV activibf selected tannins and pseudotannins,
such as gallocatechin and epigallocatechin in thminomeric, dimeric or oligo-/polymeric

form.

Lately, it has been shown that condensed tannidgpaaudotannins from EPs® 7630 inhibit
adhesion of group A streptococci to human epithekls (Janecki & Kolodziej 2010). For
this activity, a minimal structure of a trihydroayed B-ring was required (see Fig. 25 for
chemical nomenclature), as is present in epigakoten and gallocatechin. The antiviral
activity of tannins fromRumex acetosd. against herpes simplex has also been shown
(Gescher, Hensel, et al. 2011), as condensed twgailloylated in position 3 blocked viral
attachment to the host cell. Epigallocatechin gallavhich is galloylated in position 3, is
effective against a broad range of viruses (revielwe Steinmann (Steinmann et al. 2013))
Against IAV, compounds carrying only trihnydroxylai at the B-ring, but no galloylation in
position 3, showed a weaker antiviral effect agaiA8/ than their galloylated homologs
(Song et al. 2005). Nevertheless, since we denatestran antiviral effect of ungalloylated
monomers and dimers, our study shows that galioylah position 3 is not required for anti-
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IAV efficacy, although it is likely to potentiatéé antiviral effect. Also, our results showed
that on a molar and on a weight basis, monomerdesie active than dimers and oligo-

/polymers, which is in line to previous data ongesr simplex virus (Takechi et al. 1985).

EPs® 7630 has shown good antiviral efficasyivo when administered as an aerosol of
particle size 2.2 um by inhalation. Under theseddns, the predicted deposition will be
about 5% in the tracheobronchial system and 8-1b%e lungs (Raabe et al. 1988, Oldham
& Robinson 2007), but it is difficult to provide astimate of the EPs® 7630 dose delivered.
Mice treated by oral administration of 5 mg/kg thtgmes a day had no advantage when
compared to mock treated controls. After oral uptaiolyphenols are cleaved into their
mono- or dimeric moieties (Spencer et al. 2000fpreebeing absorbed through the gut
(Deprez et al. 2001). As monomers and dimers regaitiviral activity (although less
pronounced than oligo-/polymers), an antiviral efffafter oral application would be possible,
but could not be demonstrated in mice at the catedlhuman equivalent dose of EPs® 7630.
Uptake of at least low molecular weight catechimerdhe mucosa of the oral cavity (Yang et
al. 1999) is possible when EPs® 7630 is takenygralit not when the drug is delivered by
gavage as in the present experiments. Applicatigninbalation delivers the complete
spectrum of EPs® 7630 polyphenols directly to tie of the respiratory infection and may
therefore be more effective than peroral applicatibhus, testing of EPs® 7630 in humans

by inhalation would be of interest.
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Part 3:

5.3 Tannins from Hamamelis virginiana bark extract: Characterization

and improvement of the antiviral efficacy againstmfluenza A virus

This study has been published as: Linda L. Theisdemens A. J. Erdelmeier, Gilles A.
Spoden, Fatima Boukhallouk, Aurélie Sausy, LuisaiR|] Claude P. Muller (2014), Tannins
from Hamamelis virginianabark extract: Characterization and improvementhef antiviral
efficacy against influenza A virus and human papilavirus, PLOS ONE 9: e88062, and was

adapted therefrom.

L. Theisen contributed the major part to conceptiod design of the study, experimental work, datysis
and interpretation and wrote the manuscript. Thanplextracts and fractions used in this study weoeluced
and provided by Dr. Willmar Schwabe GmbH & Co. K@rlsruhe.

Antiviral activity has been demonstrated for seddctannins. However, different classes and
molecular weights of tannins are often found togeth plant extracts, and may differ in their
antiviral activities. Nevertheless, there are dely systematic comparisons of their anti-IAV
structure-activity relations. For condensed tannwes have previously shown that the anti-
IAV effect increases with their polymeric chain ¢gin (Part 2 of this study and (Theisen &
Muller 2012)), and the importance of the 3-gallggdup was shown for monomeric catechins
(Song et al. 2005). A better understanding of théveal activity of different tannin
categories and structures against IAV is warrateoptimize plant-based antivirals in view

of higher selectivity indices.
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To investigate differential antiviral activities ofannins, Hamamelis virginiana L.
(Hamamelidaceae) extracts were chosen as modelcextrThis shrub-like deciduous tree
originates from the Eastern part of North Ameriedarmaceutical extracts or distillates are
primarily obtained from the bark or leaves. Due their antiphlogistic and astringent
properties, these extracts are widely used in gsiane, to treat small wounds, local
inflammations (Laux & Oschmann 1993, Deters et2401, Wolff & Kieser 2007), or
hemorrhoids (MacKay 2001). In addition, antimutageas well as antioxidant properties
have been described (Dauer et al. 1998, Pereigaldaet al. 2000, Tourifio et al. 2008).

Hamamelis bark extract is an ideal candidate t@shygate differential antiviral activities
because it is rich in tannins, which account fornasch as 8-12% of the bark weight
(European Medicines Agency 2009), and its tannim @seudotannins are diverse and well
characterized (see Figure 12 in the Introductianaio overview of Hamamelis tannins and
pseudotannins). Ethanolic bark extract containaiaB&% of condensed tannins (Erdelmeier
et al. 1996), which are mainly composed of (ep@chin and (epi)gallocatechin moieties,
linked preferably by #8 interflavan bonds (Dauer et al. 2003). Up to 2&snhave been
detected in the extract and while the terminal ctate units are not galloylated, chain
extender units are completely galloylated at posit8 (Dauer et al. 2003). In addition to
condensed tannins, Hamamelis bark contains vahgdolysable tannins and pseudotannins.
Besides the major compound hamamelitannin, gatiid as well as carbohydrates with up to
10 galloyl moieties, such as pentagalloylglucosegéoylations) or tannic acid<(10
galloylations), have been identified (Vennat et1#8188, Wang et al. 2003, Gonzalez et al.
2010, Sanchez-Tena et al. 2012).

Antiviral activity of Hamamelis extracts has so faen demonstrated only against herpes
simplex virus (Erdelmeier et al. 1996). This is thist report on the efficacy of Hamamelis
extracts against IAV. We compared the antivirakefffagainst IAV of bark and leaf extracts,
fractions enriched in tannins of different moleculgeights and individual tannins of defined
structures, including pseudotannins. The anti-IAWucure-activity relations, cytotoxic
effects and antiviral mechanisms of (pseudo)tannimsre investigated, highlighting
differences between tannins from different classed molecular weights. A highly potent
fraction inhibiting early virus life cycle steps svaéentified and characterized. This fraction
was obtained by enrichment of high molecular weggittdensed tannins using ultrafiltration,

a simple, reproducible and easily upscalable method
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5.3.1 Results

5.3.1.1Antiviral activity of Hamamelis bark and leaf extta

Hamamelis bark and leaf full extracts were testedHeir antiviral activity against IAV using
a GFP reporter virus and their cytotoxic effect ¥yT assay on A549 cells. Both had
approximately the same antiviral efficacy agains¢ H1N1 strain A/Puerto Rico/8/34-
NS116-GFP (EC50=5.2 or 3,8g/ml respectively), but the bark extract showedoaelr
cytotoxicity. Therefore, the bark extract had a0594.7 compared to 57.1 for the leaf extract
(Fig. 28AB, Table 3) and was chosen for furtheestigation.

Table 3: Cytotoxic and anti-IAV activities of Hamamelis extracts

CC50, pg/ml EC50,ug/ml S| (CC50/EC50)

Bark extract 495.1 52 94.7
Leaf extract 223.6 3.9 57.1

CC50, Half maximal cytotoxic concentration; EC58alflmaximal antiviral concentration, Sl, selectwvihdex.

The bark extract showed a dose-dependent reductitters on all IAV strains tested. Viral
growth was completely abolished at 24h post infectt> 50 ug/ml for the HIN1 laboratory
strain A/Puerto Rico/8/34 (Fig. 28C), the currentlyculating pandemic H1IN1 (Fig. 28D)
and seasonal H3N2 strains (Fig. 28E) and was redecé00-fold for the recently emerged
avian H7N9 IAV (Fig. 28F). The antiviral effect gested at 48 and 72h post infection (Fig.
28C). At the same concentrations, the bark extnact no substantial effect on measles
(Schwarz strain, Fig. 28G) or type 5 adenovirusC&Treference strain, Fig. 28H).
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Figure 28: Antiviral activity of Hamamelis bark extract. (A-B) Selectivity index determination. Fluorescence
of an H1N1 reporter virus A/Puerto Rico/8/34-NS13BP (MOI 0.4 on A549 cells) after 24h of treatmeith
Hamamelis barKA) or leaf(B) extract, expressed in relative fluorescent uriRBlY, @). Cytotoxicity of bark
(A) or leaf(B) extract on A549 cells after 24h as determined By Jassay 4). Background absorbance at 650
nm has been subtracted from XTT absorbance at 4B0 A representative of at least two independent
experiments is showr(C-H) Antiviral activity of the bark extract against diltype strains. A549 cells (or
A549Slam for measles) were infected with an MODdff for HIN1 A/Puerto Rico/8/34C), pandemic H1IN1
A/Lux/46/2009(D), seasonal H3N2 A/Lux/01/20Q&), H7N9 A/Anhui/01/2013F), a MOI of 0.01 for measles
Schwarz strain/RimevafG) or a MOI of 0.05 for adenovirus type 5 ATCC refage strain(H) in presence of
Hamamelis bark extract serial dilutions. TCID50 vdtermined after 241C¢F, H, o), 48h(C, o; G), or 72h
(C, V).
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5.3.1.2Antiviral structure-activity relations of hydrolysie tannins and

pseudotannins

Tannins are major constituents of Hamamelis bark the antiviral potential of tannin-rich
extracts or single tannins has been described @ftaet al. 1999, Liu et al. 2011, Lin et al.
2013, Ueda et al. 2013). However, a direct systeencaimparison of the anti-lIAV effects of
hydrolysable tannins and pseudotannins is of iatew&fter 24h of incubation with HIN1
A/Puerto Rico/8/34-NS116-GFP, the EC50s of gallicida pentagalloylglucose (5
galloylations) and tannic aci& L0 galloylations, see Fig. 12 for structures) weegermined
as 50.8uM, 19.5uM and 4.3uM respectively. Thus, the anti-IAV effect increasedh the
number of galloylations for these compounds on &antmasis (Table 4). Hamamelitannin did
not show any anti-IAV activity up to 10 mM (Tablg. AVith CC50s of 770.mM for gallic
acid, 779.4M for pentagalloylglucose and 1321 for tannic acid, Sls of 15.2, 40.0 and 30.7
were determined (Table 4). EGCG, a monomeric cosetbmannin carrying one galloylation
was chosen for comparison to hydrolysable tannimsslhowed a higher Sl (85.0) than any
other single (pseudo)tannin (Table 4). Comparigoa polymeric condensed tannin was not
possible due to the unavailability of an isolateekll defined high molecular weight
compound. Interestingly, the bark extract showdugaer S| (94.7, Table 3) than any of the

single compounds (Table 4).

Table 4: Cytotoxic and anti-IAV activities of hydrolysable tannins and pseudotannins

CC50 EC50 Sl Gall. Mmol
uM ug/mi uM ug/ml g/mol
Hamamelitannin >10mM
Gallic acid 770.5 1449 50.8 9.6 15.2 1 188.1
Pentagalloylglucose 779.4 733.1 195 18.3 40.0 S 940.7
Tannic acid 132.0 2244 4.3 7.3 30.7 <10 1701.2
EGCG 1029.1 4718 121 5.6 85.0 1 458.4

CC50, half maximal cytotoxic concentration; EC5@lfhmaximal antiviral concentration, Sl, selectwihdex;
Gall., number of galloylations; Mmol, molecular wbt. Molar mass of tannic acid calculated as cagyiO

galloylations.
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5.3.1.3Antiviral activity of Hamamelis bark extract enragh in high molecular

weight tannins by ultrafiltration

In order to remove the antivirally inactive hamaitaginin (Table 4, (Erdelmeier et al. 1996))
and because it has been shown that the effectrmfettsed tannins increases with molecular
weight (Part 2 of this study), the bark extract Wastionated by ultrafiltration (UF) through
a 3 kDa membrane. In a previous publication (Eréegmet al. 1996), the acid butanol
method (Bate-Smith 1975) was used for condensedinaguantification in similar UF-
fractions. Using the same method, Dr Willmar Schev&@dmbH & Co KG determined the
overall condensed tannin content as 33.2% (baraetyt 66.2% (UF-concentrate) and 17.1%
(UF-filtrate). The comparison with the previouslyhtished contents (30.9%, 62.3%, 14.6%,
respectively, (Erdelmeier et al. 1996) shows goedraducibility of the extraction and
fractionation procedure. The UF-filtrate (< 3 kDrégs shown to be enriched in low molecular
weight tannins (monomers, dimers, trimers) andUReconcentratex( 3 kDa) in tetrameric
and longer condensed tannins (Erdelmeier et alb)19portantly, UF-concentration nearly
doubled the condensed tannin content and increhge81 from 94.7 for the bark extract to
325.5 for the UF-concentrate (Table 5), which csponded to the highest SI of all
compounds tested. In contrast, the S| of the UFafe (fraction < 3kDa) decreased by more
than three-fold to 26.7 (Table 5).

Table 5: Cytotoxic and anti-lIAV activities of Hamamelis extracts and UF-fractions

CC50, pg/ml EC50,pg/ml  SI Enriched in
(CC50/EC50)
Bark extract 495.1 5.2 94.7 /
UF-concentrate  349.3 1.1 325.5 > tetrameric CT
UF-filtrate 968.9 36.2 26.7 HT, < tetrameric CT

CC50, half maximal cytotoxic concentration; EC58Ifmaximal antiviral concentration; Sl, selectyvihdex;

CT, condensed tannins, HT, hydrolysable tannins.

The high anti-IAV activity of the UF-concentrate svaonfirmed on wild type IAV strains:
after 24h of treatment, 10y/ml of UF-concentrate reduced viral titers of paméc HIN1 as
well as of HIN1 A/Puerto Rico/8/34 strains by >13>05 logs, respectively, on A549 cells
(Fig. 29AB, closed circles), while 5@g/ml of bark extract were needed to achieve
comparable titer reductions (Fig. 28CD). While sradlel to a 4.7-fold increase in anti-IAV
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efficacy, also a 1.4-fold increase in cytotoxiciyas observed on A549 cells for the UF-
concentrate as compared to the bark full extraabl@ 5, Fig. 28A, Fig. 29A, open triangles),
there was no cytotoxicity detectable by XTT asdagrdiviral concentrations (Fig. 29A, open
triangles). Thus, for Hamamelis bark extract, coti@ion of high molecular weight tannins

by ultrafiltration is a convenient and reproducibiethod to increase the antiviral Sl.
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Figure 29: Anti-IAV activity of UF-concentrate. A549 cells were infected in triplicates at a M@I001 with
pandemic HIN1 A/Lux/46/2009A) or HLIN1 A/Puerto Rico/8/34B) and serial dilutions of UF-concentrate
were added at the same time. TCID50 was detern@h@dh(A, B, @), 48h(B, o) or 72h(B, V) post infection.

(A) Cytotoxicity of UF-concentrate on A547) was determined after 24h by XTT assay. Background

absorbance at 650 nm has been subtracted from K3drlaance at 450 nm. OD, optical density.

5.3.1.4Determination of the active antiviral principleifamamelis extracts

The results from Part 2 of this study and the campa of the Hamamelis extracts and UF-
fractions have shown that the anti-lIAV effect irases in parallel to the molecular weight of
their condensed tannins. Similarly, the bindingogghcy of tannins to proteins increases with
their molecular size (Haslam 1996). To see if @nrtins are the antiviral principle of the
Hamamelis extracts and (ii) tanning (protein pregatmg) activity is needed for antiviral

efficacy, we removed tannins from the bark exttehg hide powder (European Directorate
for the Quality of Medicines & Healthcare 2008). Bigubation of a drug solution with hide

powder, compounds with tanning activity bind to dadlagen in the hide powder, precipitate,
and can be removed by filtration. In general, taanvith molecular weight from 500-3000

g/mol precipitate proteins (Wagner 1999). Therefonenomeric catechins or gallic acid (<
500 g/mol) can normally not or only incompletely tmmoved from plant extracts by hide

powder. Phenols, the main constituting moietiebaih hydrolysable and condensed tannins,
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were quantified before and after hide powder treatniy Folin-Ciocalteu’s phenol reagent
(Ainsworth & Gillespie 2007, European Directorater fthe Quality of Medicines &
Healthcare 2008). Tannins were efficiently remoyesimaining phenol content < 1% or <
10% of untreated) from the long molecular weightnia containing UF-concentrate and
tannic acid, but not from gallic acid or the UR#hlte rich in low molecular weight
constituents (89% or 60% remained, Fig. 30A). Pleemobark extract, containing both high
and low molecular weight tannins, and EGCG shovmerinediate reduction (Fig. 30A). In
the anti-IAV assayz 10 ug/ml of the bark extract completely abolished gtowt pandemic
H1N1 (MOI 0.05) after 24h of incubation, but eved fg/ml of tannin-depleted extract did
not have a similar effect (Fig. 30B). Also for tbé&-fractions and the single compounds, the
antiviral effect was abolished after successfuhtamemoval, but not if large amounts of low
molecular weight polyphenols remained in solutigallic acid, EGCG, Fig. 30C). Thus,
tannins do mediate the antiviral effect, while thaning activityper seis not absolutely
required, as can be seen by the remaining anteifett of tannin-free gallic acid and EGCG.
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Figure 30: Anti-IAV activity of Hamamelis tannins. (A) Extent of tannin depletion by precipitation witldé
powder. Tannins were depleted from drug solutiopsstirring with hide powder for 1h at room temperat
followed by filtration. Phenolics, the main constihng moieties of tannins, were photometrically wfifeed
before (black bars) and after (grey bars) hide mvickatment by Folin-Ciocalteu’s phenol reagegtogallol
equivalents (PGE) of hide powder treated sample® wetermined using a standard curve and normatized
PGE of untreated samples, set to 100B6C) Antiviral effect of tannins. A549 cells were infed in triplicates
with pandemic HIN1 A/Lux/46/2009 (MOI 0.05) and wdeft untreated or treated for 24h with bark eottra
(B), UF-fractions or isolated (pseudo)tann{@d which had been (grey bars) or had not been (lack) treated
with hide powder. Titers were determined at 24h pdection by TCID50. n.d., not detectable or TGID< 1.
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5.3.1.5Determination of the affected step of the vira ldycle

To determine the step of the IAV life cycle affettby the bark extract and the UF-

concentrate, A549 cells were infected with an MO0d. of pandemic H1IN1, accompanied
by treatment with 5@g/ml of bark extract or 1Qg/ml of UF-concentrate 2h before infection,
at the time of infection or 2, 4 and 6h after itil@s. The medium was replaced with drug-free
medium 8h post infection, which approximately cep@ends to one IAV life cycle, to allow

proliferation of intracellular virus to sufficieriters for another 24h before titration. When
drug treatment was started before or at the timafettion, no virus was detectable, while
treatment starting at 2h, 4h or 6h post infectimthuced slightly reduced but detectable virus
titers as compared to the untreated control (FIAB. Therefore, an early step in the viral
life cycle such as viral attachment or entry isilitled. Treatment up to 6h post infection also
induced a decreased titer, suggesting that intaenedr late steps might be inhibited to a

minor extent.
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Figure 31: Effect of bark extract and UF-concentrae on different IAV life cycle steps.A549 cells were
infected with pandemic HIN1 (MOI 0.1), and treatgith 50 pg/ml of bark extrac(A) or 10 pg/ml of UF-
concentraté€B) starting 2h before infection or 0, 2, 4 or 6 reafnfection. TCID50s were determined 24h post

infection (p.i.).
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5.3.1.6Effect of tannins and pseudotannins on viral s@fatein interactions

Since at least an early and a later step of the lif8/cycle seem to be inhibited and tannins
are known to interact with proteins, we investigatee effect of the extracts and single
compounds on the activity of the 1AV surface protehemagglutinin and neuraminidase,
involved in viral attachment and entry (Hamiltonagt 2012) or cleavage of nascent virions
from the host cell (Seto & Rott 1966). In a hemagghtion inhibition assay, the UF-
concentrate and the bark extract were the mosweactvhile gallic acid, EGCG and
hamamelitannin did not inhibit hemagglutinationcahcentrations up to > 400 pg/ml (Table
6). Of note, the drugs also induced hemagglutinataf virus-free erythrocytes at
concentrations of at least > 3.5-fold above HIC&&§ not shown), suggesting that they also
interfere with cell surface proteins. After hidewzter treatment of the active compounds, the
hemagglutination inhibition disappeared at theeigstoncentrations, showing involvement of
protein precipitating tannins in receptor bindimdpibition. Interestingly, all tested extracts
and compounds inhibited neuraminidase activity ([@af), even in absence of tanning
activity (gallic acid) or antiviral effect (hamantahnin).

Table 6: Hemagglutination and neuraminidase inhibiton of Hamamelis extracts, UF-

fractions and individual compounds

HIC50 (ng/ml) NIC50 (ug/ml) NIC50/HIC50
Bark extract 4.4 136.5 31.0
UF-concentrate 2.2 138.9 63.1
UF-filtrate 89.1 202.2 2.3
Tannic acid 14 125.3 9.0
Gallic acid >400 106.6 <1
EGCG >400 97.1 <1
Hamamelitannin >400 147.8 <1

HIC50, half maximal hemagglutination inhibiting a@mtration; NIC50, half maximal neuraminidase iritimilg
concentration.
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5.3.1.7Effect of preincubation of virus or cells with Hamelis extracts or

single compounds

After 2h of preincubation at room temperature ohgemic HIN1 with Hamamelis bark
extract, the UF-fractions or single compounds, ABéBs were infected with an MOI of 0.1
(1/100 dilution resulting in negligible drug contextions). Virus preincubation with 50
ug/ml of UF-concentrate or EGCG resulted in a rougP0- or 7-fold lower viral titer,

indicating an irreversible effect on IAV virus pales. The other extracts or single

compounds did not notably influence 1AV growth (F&2AB).
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Figure 32: IAV preincubation with Hamamelis extracts or individual compounds. Preincubation of
pandemic HIN1 A/Lux/46/2009 for 2h with virus grémredium (“no treatment”) or bark extract / UF-tians
(A) or individual compound&) before infection of A549 cells (MOI 0.1) and tificn 24 h post infection.

Titers were significantly decreased (36- or 20-foldspectively) when A549 cells were
preincubated for 2h with 50g/ml of bark extract or UF-concentrate, washedehimmes with
PBS and infected with an MOI of 0.1 of pandemic H1fdr 24h (Fig. 33AB), indicating an

irreversible effect of these compounds on the belss.
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Figure 33: Cell preincubation with Hamamelis extrad¢s or individual compounds. Preincubation of A549
cells for 2h with virus growth medium (“no treatnt§ror bark extract / UF-fractionfA) or single compounds
(B) before three washes with PBS, infection with pamdeH1N1 (MOI 0.1) and titration 24h p.i..*, sigiwént

difference (p<0.05) as compared to “no treatment”.

5.3.1.8Determination of cytotoxicity or unspecific hostlageceptor inhibition

Antiviral drugs can mediate adverse effects by atidm of cytotoxicity at antivirally active
concentrations. In order to investigate this pabibwe determined CC50s using serial drug
dilutions as described above (Fig. 28AB, Fig. 29Ables 3-5) and compared cell metabolic
capacity of all extracts and compounds used instively at 50ug/ml or 10 ug/ml (UF-
concentrate) by XTT assay. No important downregubaivas found after 24h of incubation,
except for 2.5uM staurosporine, a known apoptosis inducer used asitive control (Fig.
34A). Apoptosis induction was monitored by lumiresee quantification of a caspase 3/7
cleavage product. No significant caspase 3/7 upmégn was detected up to H@/ml or 10
ug/ml (UF-concentrate) after 24h of treatment, exdepthe positive control (Fig. 34B). In
addition, A549 cells were infected by adenovirysetyp (MOI 0.05) and incubated for 24h in
presence of different bark extract or UF-conceatditutions. The extracts did not affect
adenoviral growth (Fig. 28H, Fig. 34C), showingtttiee cellular machinery (at least the part
needed for adenoviral replication) was still fuontl. Thus, the extracts did not seem to exert

cytotoxic or unspecific effects on the cell thatulbinhibit viral growth in general.

Since bark extract and UF-concentrate were shownhibit hemagglutinin interaction with
its cellular receptor, we tested whether hostsaiface proteins such as TNkwere blocked

120



Results and Discussion

unspecifically (Ehrhardt et al. 2007). When TMMBinds to its receptor, it induces the -
cascade and degradation of thexdSHnhibitor kB-a. Treatment with bark extract or UF-
concentrate starting 30 minutes before or at tme tof A549 cell treatment with 30 ng/ml
TNF-o did not influence ¥B-o degradation (Fig. 34D). Thus, the bark extract &t

concentrate do not inhibit activation of the TMFeceptor as a model of an unrelated cellular

receptor.
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Figure 34: Cytotoxicity or unspecific host cell reeptor inhibition of Hamamelis extracts or individual
compounds.(A) Cell metabolic activity after 24h of incubation 4549 cells with DMSO (no treatment), 2.5
uM of staurosporine, 1Qug/ml of UF-concentrate or 5Qg/ml of the remaining drugs was determined in
triplicates using XTT assay. Optical density (ODaswvdetermined at 450 nm after background (650 nm)
subtraction and expressed as % of the untreateghlesan(B) Caspase 3/7 activity after 24h of A549 cell
incubation with DMSO (no treatment), 248 of staurosporine, 1Qg/ml of UF-concentrate or 50g/ml of the
remaining drugs was assayed in at least triplicatgag detection of a luminogenic caspase 3/7 elgav
product.(C) A549 cells were infected in triplicates with adeinos type 5 (MOI of 0.05) and simultaneously
treated with UF-concentrate. TCID50 was determiae@4h post infectionD) Interference of the drugs with
cellular TNFe signaling. A549 cells were preincubated for 3@aninutes (“Preinc.” + or -, respectively) with

50 pg/ml of bark extract (“Bark”) or UF-concentrate (FeL”). Then, 0 or 30 ng/ml TNE-were and 15 minutes
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later, total proteins were extractedBla and the loading contr@-actin were detected on a Western blot using
specific primary and Cy-5 and Cy-3 labeled secopdantibodies. * significantly elevated caspase egpion

(p<0.05) as compared to “No treatment”.

5.3.2 Discussion

The study demonstrates the antiviral activity ohtdanelis bark extract against different IAV
subtypes, systematically compares the activityitbemdnt tannin classes and structures and is
the first report showing that a tannin-rich extraohibits H7N9 subtype infection.
Importantly, the antiviral efficacy was considesabhcreased in the UF-concentrate, an
extract where high molecular weight condensed temnvere enriched by ultrafiltration.
Interestingly, the results showed an increased fliesfethe bark extract and especially the
UF-concentrate, (SI of 94.7 and 325.5, respectjvebmpared to any of the individual
hydrolysable (pseudo)tannins (Sls ranging from d&Por monomeric EGCG (Sl 85). Since
plant extracts normally contain different typedaninins, these observations are important for
the development and improvement of plant-basedieals.

The increased S| of the UF-concentrate above tludsesolated compounds suggests a
pronounced effect of the high molecular weight earsd tannins. For the bark extract, a
synergistic effect of the different tannins in #dract could play a role. A similar effect has
been demonstrated against some multiresistant aosakcbacteria oStreptococcus mutans
(Sasaki et al. 2004, Betts et al. 2011). Alterredyivthe antiviral efficacy of the bark extract
could be partially mediated by EGCG. However, ihrmat be solely mediated by EGCG,
since the bark extract and EGCG have approximdbelysame EC50, but the bark extract
contains only 31% condensed tannins (Erdelmeieal.ef996). Also, the strong antiviral
effect (SI 325.5) of the UF-concentrate is indemetdof EGCG, as it mainly contains
tetrameric and longer condensed tannins. Of no@C& showed a roughly 2- to 6-fold
higher Sl than other single pseudotannins or taaoid. The UF-concentrate showed by far
the highest SI, although the 4.7-fold increasent-lAV efficacy was concomitant with a
1.4-fold increase in cytotoxicity, as compared ke tark extract (Table 5). Since UF-
concentration of &elargonium sidoidegxtract induced essentially no Sl increase (84.4 t

86.3, data not shown) due to a concomitant increfssmntiviral and cytotoxic effects, the
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benefit of fractionation by ultrafiltration (as Wweds the cut-off size of the ultrafiltration

membrane) should be evaluated individually for gy#ant extract.

When single hydrolysable tannins were tested, thsti-IAV activity (on a molar basis)
increased with the number of galloylations and Kty increased from
pentagalloylglucose to highly galloylated tanniadacesulting in the highest SlI (SI = 40) for
pentagalloylglucose. This effect of galloylation antiviral efficacy has also been observed
for herpes simplex virus (Takechi et al. 1985, GescHensel, et al. 2011). However, while
tannic acid is nearly 12-fold more active than igadicid on a molar basis, EC50s of both
compounds are similar when expressed in pg/ml fdd-difference, Table 4, in italics).
Thus, the total number of galloyl residues detegwithe antiviral effect of hydrolysable

tannins, irrespective of whether they are on timeesar on different molecules.

We have shown that tannins are the active antipmakiple of Hamamelis-based extracts, as
their depletion by hide powder abolishes antivaetivity (Fig. 30BC). Interestingly, tanning
activity in sensus strictdi.e. the ability to precipitate protein) is nasential for the anti-IAV
activity as gallic acid does not precipitate hidetpin but has antiviral activity (Fig. 30AC).
Also, catechin monomers usually have only weak ganoprecipitating activity (Wagner
1999) but are well known for their antiviral effa(Nakayama et al. 1993, Song et al. 2005,
Theisen & Muller 2012, Steinmann et al. 2013).

The bark extract and the UF-concentrate were shownhibit both an early and, to a lesser
extent, a late step of the IAV life cycle (Fig. 3)A and lost their anti-IAV activity when
depleted of tannins (Fig. 30). While an effect afirtin-rich extracts on viral neuraminidase
and hemagglutination has been observed before @Hlirlet al. 2007, Haidari et al. 2009,
Theisen & Muller 2012), the role of different (psiejtannins was not clear. Interestingly, the
extracts and compounds rich in high molecular weighnins and with a strong tanning
activity upon incubation with hide powder (bark raxt, UF-concentrate, tannic acid)
inhibited hemagglutination at HIC50s as low as 2.2,or 14 pug/ml, respectively. Their 9- to
63-fold higher NIC50s (Table 6) together with thiesg inhibition of early steps in the 1AV
life cycle (Fig. 31AB) suggest that their effect attachment contributes more to the antiviral
activity than their effect on neuraminidase. Ireliwith this, a significant correlation between
EC50 and HIC50 (R0.997), but not NIC50 values, was observed forgsirinhibiting

hemagglutination/neuraminidase activity in our gsd&e have shown that gallic acid and
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EGCG, which do not inhibit hemagglutination, inegd with neuraminidase activity (Table
6). However, this inhibition is unlikely to playrale in the antiviral activity of gallic acid and

EGCG, since also the antivirally inactive hamanaelitin inhibits neuraminidase at similar
concentrations. Thus, it seems like the high mdégcweight tannins tested in this study
inhibit viral attachment by their tanning effectghile the antiviral activity of EGCG and

gallic acid relies on different mechanisms. Presipuproposed antiviral mechanisms for
EGCG include inhibition of viral attachment (Steianm et al. 2013), inhibition of endosomal
acidification (Imanishi et al. 2002), membrane dgengHashimoto et al. 1999) or virus
aggregation (Nakayama et al. 1993). The anti-lIA\chamism of gallic acid remains to be
determined. For herpes simplex virus, its virucidativity was shown at concentrations
below those that interfered with attachment ancepration (Kratz et al. 2008).

In the preincubation experiments (Fig. 32A, Fig.AB3an irreversible effect of high
molecular weight tannins of the UF-concentrate lo qtirus particle as well as on the host
cell at 50 pg/ml was observed. In contrast, thefiliiate (rich in low molecular weight
tannins) and single hydrolysable tannins seem e leither no or only a reversible effect in
this assay. In line with this observation, the enmotbinding efficiency of tannins increases
with molecular size (Haslam 1996) and the numbegailoyl residues (Minoda et al. 2010,
Ishii et al. 2011), suggesting a tighter bindinghagh molecular weight tannins to target
proteins. In addition to interfering with surfaceofeins, a virucidal activity (e.g. by
membrane damage) has been proposed for EGCG (kdigdi 1993, Hashimoto et al. 1999)
and could explain the 7-fold decrease in titer rafteus preincubation with EGCG. Our
preincubation experiment did not allow discrimingtibetween a virucidal activity and an
irreversible inhibition of viral proteins. Inter@sgly, cell but not virus preincubation with the
bark extract led to reduced viral titers (Fig. 3ZAg. 33A), which may be due to a higher
affinity of bark extract tannins to cellular ovarat surface proteins.

Titers > 16 TCID50 of pandemic H1N1 virus were still detec(€iy. 32A, Fig. 33A) upon
preincubation of either the virus or the cell wBfA pg/ml of UF-concentrate, while viral
growth was minimal when only 10 pg/ml of UF-concate were added at the time of
infection (Fig. 29A). This suggests that in additim irreversible effects, reversible effects
play a role, e.g. reversible inhibition of surfgm®teins or surface-independent effects. For
instance, tannins stimulated innate immunity ireatdéd PBMCs in the case of dengue virus
(Kimmel et al. 2011).
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While inhibiting different IAV strains, the effedf the bark extract and UF-concentrate was
nevertheless not unspecific, since for example @adams was not inhibited up to > 5@/ml.
Also, the hemagglutination assay showed that thke &stract and UF-concentrate inhibited
IAV binding to the host cell receptor (Table 6),t mot the TNFe receptor activity (Fig.

34D), demonstrating some level of specificity.

This study describes for the first time the antitienza activity ofHamamelis virginianal..
Importantly, we directly compared the anti-IAV efte of full extracts, fractions enriched in
tannins of different molecular weights and singédirted tannins or pseudotannins. Further
insight into the structural basis of the anti-lA¥gtiaity of tannins and into the affected steps
of the viral life cycle was provided. We also showeteresting structure-related differences
in receptor binding inhibition capacities and peahtout the probably low contribution of
neuraminidase inhibition to the antiviral activifinally, a highly potent fraction against IAV
that was enriched in high molecular weight tanropsimple and reproducible ultrafiltration

was identified.
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6 Conclusions and perspectives

In the present study, different aspects of IAV arepiness were investigated. Due to global
travel and trade of animals, new IAV strains careagd extremely fast, as exemplified by
pHIN1 in 2009. In the event of an emerging potdgtipandemic IAV strain, a fast and
accurate assessment of the virus' characteristiessential to develop prompt and adequate
response measures and reduce the impact of thetrew on society. Pandemic preparedness
can be greatly facilitated by a thorough knowleddepreviously characterized virulence

markers or experimental reassortants.

The co-circulation of pH1N1 and other human, awarswine IAV strains highlights the risk
of IAV gene reassortment to form viruses with npatentially dangerous characteristics. By
investigating a panel of gene reassortants carMii@drom human, avian and swine strains in
the pH1N1 genetic background, the high propenditgHilN1 to undergo NS reassortment
was demonstrated. These findings highlight the needcontinuous surveillance. In cell
culture, most reassortants grew similarly to pHIXIr were only minorly attenuated. Thus,
also naturally occurring NS reassortment seemsate Hittle probability to increase the
fitness of pH1N1. Although it will be impossible poedict the behaviour of a new 1AV strain
with 100% certitude, effective 1AV surveillance tombination with characterization of

reassortments or mutations are of great importéoragiobal public health.

Investigation of differential viral fithess can te& identification of involved relevant amino
acids and give important insights into their biotagd function. In this study, reassortants
carrying NS from highly pathogenic HSN1 were selyeattenuated botin vitro andin vivo.
NS1 sequence comparison led to the identificatiba oaturally occurring deletion of NS1
amino acids at position 80-84 that contributed kos tattenuation at leasin vitro.
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Mechanistically, a previously unknown role of tfise amino acid deletion in regulation of

the general host gene expression was identified.

In addition to a reliable risk assessment and prgwe of IAV infections, public health is
dependent on safe and effective antiviral drugsnsitering the high variability of 1AV
strains by reassortments and point mutations, dpueknt of drug resistance on the long run
is very likely. Widespread resistance has alreadgnbdetected against matrix protein
inhibitors, in a way that neuraminidase inhibitoesain the only class of recommended fully
licensed IAV antivirals. Therefore, development rdw classes of antivirals is urgently

needed.

This study contributed to a better understandingaohins and pseudotannins as antiviral
agents. The antiviral activity of tannin-rich pla@ttracts fromPelargonium sidoidesand
Hamamelis virginianavas demonstrated against several IAV stramngitro, most strongly
affecting an early step of the viral life cycle. & 7630, which is licensed for acute
bronchitis treatment, showed gowdvivo efficacy and did not induce antiviral resistante a
least over four passages. Importantly, the estadisantiviral structure-activity relations of
tannins and pseudotannins froRelargonium sidoidesand Hamamelis virginianaare of

interest for developing and improving plant-basetivaals.

There are several advantages of (pseudo)tannirexithcts as antivirals:

(i) Due to the complexity of tannin-rich extracteey target different steps of the 1AV life
cycle at a time which makes them more effectivelass likely to induce resistance.

(i) Among others, they target viral entry, a targgep distinct from those of currently
licensed IAV drugs. Therefore, they could possibé/ used in combination with matrix or
neuraminidase inhibitors to minimize drug doses adderse effects, or they could be
effective against M/NA inhibitor-resistant IAV sins.

(i) The presence of (pseudo)tannins in a largeewa of plants and their relatively easy
extraction makes them an accessible drug.

(iv) Tannin-rich plant extracts that are alreadgetised and therefore well characterized

concerning their safety profile (e.g. EPs® 7630)Idde adapted to be used as antivirals.
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However, disadvantages such as the natural vatyabfl the tannin content of the plants as
well as the complex characterization of the extrasted to be taken into account when

developing (pseudo)tannin-rich extracts as aniira

In conclusion, this dissertation contributed to tissues of IAV preparedness, specifically to
the characterization of currently circulating anosgbly emerging 1AV strains and to the
development and optimization of plant-based argigir Considering the recent creation of
ferret-to-ferret transmissible HPAIVs, the emergen€avian H7N9 which has infected more
than 130 people in 2013 and not less seasonal Igitfemics, 1AV surveillance and drug

development should remain a public health priority.
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