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1 Introduction

1.1 General introduction

The family Orthomyxoviridae comprises seven genera: Influenza A, B, C, D, Infectious Salmon Anemia
(ISA) Virus, Quaranjavirus and Thogotovirus (ICTV, 2019). Influenza A viruses (IAV) can infect birds
and mammals including humans (Webster et al., 1992), whereas influenza B viruses have been isolated
from humans and seals (Osterhaus et al., 2000) and influenza C viruses have only been isolated from
humans (primary reservoir) and swine (Guo et al., 1983; Hause et al., 2013). For influenza D virus, cattle
are thought to be the main reservoir, but it was also isolated from swine, sheep and goats (Hause et al.,
2014; Kaplan et al., 2020).

Avian influenza viruses (AlV) belong to the genus IAV and can be divided into possible 144 HxNy
subtypes due to different antigenic properties of the two major surface glycoproteins hemagglutinin
(HA) and neuraminidase (NA). So far, there are 16 HA and 9 NA subtypes known to infect birds
(Fouchier et al., 2005; Tong et al., 2012). Recently, two subtypes, H17N10 and H18N11, have been
identified in bats (Tong et al., 2012; Tong et al., 2013). Furthermore, the HA and NA can be allocated
to two different phylogroups each. HA Group 1 contains H1, H2, H5, H6, H8, H9, H11, H12 (Air, 1981;
Tong et al., 2012), H13 (Nobusawa et al., 1991) and H16 (Fouchier et al., 2005), whereas HA Group 2
contains H3, H4, H7, H10, H14 and H15 (Tong et al., 2012). N1, N4, N5 and N8 are allocated to NA
Group 1, whereas NA Group 2 includes N2, N3, N6, N7 and N9 (Russell et al., 2006a; Tong et al.,
2012).

The natural reservoir of AIV are aquatic birds (e.g. gulls, ducks), but they can also infect e.g. poultry,
swine, seals and humans (Gao et al., 2013; Krog et al., 2015; Meseko et al., 2018). According to the
World Organization for Animal Health (OIE), AIV can be classified into two pathotypes: Low
pathogenic AlV (LPAIV) and highly pathogenic AlV (HPAIV) (OIE, 2008). All AlV subtypes are LP,
but H5 and H7 viruses can shift to HP phenotype. Therefore, AIV H5/H7 infections in birds are

notifiable animal diseases.

1.2 Nomenclature

The World Health Organization (WHO) established a standard nomenclature for influenza viruses in the
1980s. It has to contain an information about the influenza virus type, the host of origin (for viruses from
non-human origin), the geographical origin, as well as the strain number, the year of isolation and the
HA/NA subtypes (WHO, 1980). According to the WHO definition, A/turkey/Germany/R1685/2016
(H9N2) is an influenza A virus that was isolated from turkeys in Germany in 2016. The laboratory
number is R1685 and HON2 refers to the HA-H9 and NA-N2 subtypes.



1.3 Influenza A viruses

1.3.1 Virus particle

IAV are mostly pleomorphic in shape, but can also be spherical (diameter about 120 nm) or filamentous
(20 um in length) (Noda, 2011). They possess a host-derived lipid bilayer membrane. Influenza virions
are composed of surface and internal proteins. Surface proteins, which are embedded in the viral
membrane, are the HA, NA and matrix protein-2 (M2). The HA and NA are present in a ratio between
4:1 to 5:1 (Webster et al., 1968) (Figure 1), while the ion channel M2 protein is less abundant (1:10
compared to HA) (Chlanda and Zimmerberg, 2016; Lamb et al., 1985). The internal proteins are the
polymerase basic 2 (PB2) and polymerase basic 1 (PB1), polymerase acidic (PA), nucleoprotein (NP),
matrix protein-1 (M1) and the nuclear export protein (NEP). PB2, PB1, PA and NP bind to the viral
ribonucleic acid (VRNA) segments to form a viral ribonucleoprotein complex (VRNP) (Figure 1) (see
point 1.3.3). M1 is one of the most abundant proteins and resides underneath the viral envelope (Ruigrok
et al., 2000). NEP, also known as non-structural protein 2 (NS2) (Bouvier and Palese, 2008), is a low
abundant structural protein which probably interacts with M1 in the virion (Figure 1) (Hutchinson et al.,
2015).

Polymerase complex

VRNA

VRNP complex

HA

NS2/NEP

Figure 1: Influenza A virion and viral ribonucleoprotein (vRNP) complex. The two surface glycoproteins
hemagglutinin (HA, blue) and neuraminidase (NA, purple) as well as the matrix protein 2 (M2, light green) ion
channel are embedded in the viral envelope. Each viral ribonucleoprotein (vRNP) complex contains a viral RNA
segment which is encapsidated by many nucleoprotein monomers (NP, grey). The heterotrimeric viral polymerase
(PB2 (pink), PB1 (yellow) and PA (green)) is associated with the ends of each viral RNA segment. The matrix

protein M1 is associated with both the vVRNP complexes and the viral envelope. Created with Biorender.



1.3.2 Genome

The genome of IAV consists of eight single-stranded VRNA segments of negative polarity (~ 13.5 kb)
(designated segment 1 to segment 8 for PB2, PB1, PA, HA, NP, NA, M and NS, respectively) (Shaw et
al., 2008). Each of the eight segments contains 13 highly conserved nucleotides at the 5-end
(GGAACAAAGAUGA) and 12 highly conserved nucleotides at the 3"-end (AGCAAAAGCAGG). The
two termini are complementary and form a double stranded panhandle-like structure which is important
for binding the viral RNA-dependent RNA-polymerase (RARp) to initiate genome transcription and
replication (Desselberger et al., 1980; Robertson, 1979). Besides these conserved termini each viral gene
segment contains segment-specific nucleotides (non-coding region) and at least one internal coding
region (Goto et al., 2013). The segment specific nucleotides at the 5”- and 3"-termini of each VRNA are
important for packaging (see below point 1.4.5). The packaging region flanks the coding region in each
segment (Takizawa et al., 2019). Each gene segment encodes at least one structural protein, while
segment 7 encodes two structural proteins. Some segments encode strain-dependent non-structural

proteins (see point 1.3.4).

1.3.3 VRNP complex

Inside the virus particle, the eight VRNAs are found as individual vVRNP complexes (Chou et al., 2012;
McGeoch et al., 1976). These VRNP complexes are composed of the specific VRNA which is wrapped
around many copies of the viral NP and is bound by a single copy of the heterotrimeric VRNA
polymerase complex, consisting of PB2, PB1 and PA (Moeller et al., 2012). PB2, PB1 and PA are the
three components of the RdRp and act synergistically. PB1 binds the 5” and 3" terminal ends of the
VRNA and contains the catalytic domain, whereas PB2 and PA contain active sites for priming

transcription (Dias et al., 2009).

1.3.4 Non-structural proteins

Non-structural proteins are expressed in the host cell and are not packaged into the virus particle (Vasin
et al., 2014). 1AV is able to increase the coding capacity of its relatively small genome by encoding
more than one protein in each segment through different mechanisms, for instance, via splicing (e.g.
M3, M4, M42, NS3, PB2-S1), the use of alternative open reading frames (ORF) (e.g. PB1-F2, PB1-
N40, PA-N155, and PA-N182) as well as ribosomal frameshift (e.g. PA-X). All IAV express NS1, while
the majority of viruses possess PB1-F2 and other do not have, for example, PA-X or PB1-N40 (Chen et
al., 2001; Jagger et al., 2012; Muramoto et al., 2013; Selman et al., 2012; Wise et al., 2009; Wise et al.,
2012; Yamayoshi et al., 2016).



1.4 Replication cycle of influenza A virus
1.4.1 Attachment, internalization and uncoating

The replication of IAV takes place in the host cell nucleus (Figure 2), which is exceptional compared to
other RNA viruses. The initiation of the infection process starts by the attachment of HA to sialic acid
(SA) on the host cell surface. SA is therefore the main receptor for IAV (Connor et al., 1994). The virus
is taken up by receptor-mediated endocytosis, mainly by clathrin-dependent endocytosis or
macropinocytosis (Dou et al., 2018; Matlin et al., 1981; Yoshimura et al., 1982) into early endosomes
(EE). Acidification of the EE and the turnover into a late endosome (LE) is mediated by an adenosine
triphosphate (ATP)-dependant proton pump which is located in the endosomal membrane of the EE and
decreases the interior pH from 6.0 to 4.8 (Forgac, 2007; Gerlach et al., 2017). The low pH activates the
M2 ion channel to pump H* into the virus particle. Lowering the pH results in (i) conformational changes
in the HA to expose the fusion peptide which subsequently triggers the fusion of viral and endosomal
membranes and (ii) dissociation of M1 from the vVRNPs (Bui et al., 1996; Skehel and Wiley, 2000). The
latter enables the release or “uncoating” of VRNPs into the cytosol (Martin and Helenius, 1991). After
the release of the VRNPs into the cytosol, nuclear localization signals (NLS) in the NP (Neumann et al.,
1997) are used to translocate the VRNPs into the nucleus via the nuclear pore complex (NPC) (Martin
and Helenius, 1991; Wu et al., 2007).

1.4.2 vRNA replication and transcription

Arrival of the vRNPs in the nucleus is followed by replication as well as transcription of the viral
genome. The VRARp has access to the exposed VRNA on the surface of the VRNP (Dou et al., 2018) and
transcribes the negative-sense VRNA into complementary positive sense RNA (cCRNA). cRNA is used
for synthesis of new copies of VRNA for the progeny virus as well as for messenger RNA (mRNA)
which is used for translating viral proteins. In general, mRNA is the first to be synthesized, followed by
cRNA and vVRNA transcription. To produce viral mRNA which can be translated by host ribosomes, a
process called “cap-snatching” has to be completed. “Cap-snatching” is a prerequisite for synthesis of
viral mMRNA. PB2 binds the cap-binding domain of a host pre-mRNA at the 5’-cap, followed by PA,
which acts as an endonuclease and cleaves 10 - 13 nucleotides downstream from the 5’-cap (Dias et al.,
2009; Shi et al., 1995). The newly capped cellular pre-mRNA fragment subsequently acts as a primer
for initiating the transcription of viral mMRNA and PB1 elongates these primary strands. Each IAV gene
segment contains a conserved stretch of five to seven uracil bases at the 3’ end which acts as a signal
for polyadenylation (Poon et al., 1999; Robertson et al., 1981). Viral mRNA is capped and
polyadenylated like cellular mRNA and is transported back into the cytoplasm mainly by the
chromosomal region maintenance 1 (CRM1) export pathway (Eisfeld et al., 2015; Gales et al., 2020).

1.4.3 Translation of viral MRNA
Translation of viral MRNA takes place in the cytoplasm using the host translation machinery. Viral

envelope proteins HA, NA and M2 are translated at ribosomes which are fixed in the rough endoplasmic

4



reticulum (rER), whereas PB2, PB1, PA, NP, NS1, NS2 and M1 are translated at cytosolic ribosomes.
After translation, all viral proteins are present as monomers and have to be arranged, depending on their
final function, into either di-, tri- or tetramers in the ER. NA (Wrigley et al., 1973) and M2 are
homotetramers (Sugrue and Hay, 1991), whereas HA is a homotrimer (DuBois et al., 2011) and NS1 is
a homodimer (Marc, 2014). NP is the only protein which forms higher order oligomers (Hu et al., 2017).
The newly formed VRNA must be encapsidiated by the polymerase subunits and NP, therefore, after
translation, PB2, PB1, PA and NP will return to the nucleus exploiting their NLSs to form the vRNPs
(Ozawa et al., 2007; Wu et al., 2007). The RNA binding function of NP is achieved by the interaction
of the negatively charged phosphate backbone of the RNA with the positively charged amino acids of
NP (Portela and Digard, 2002; Turrell et al., 2013). Furthermore, the new VRNP complexes inside the
nucleus are further involved in viral mRNA transcription and VRNA replication. M1 (Cao et al., 2012)
and NS2/NEP (Huang et al., 2013; Yu et al., 2012) return to the nucleus as well to help export the VRNPs
into the cytoplasm (Neumann et al., 2000).

1.4.4 Post-translational modifications

Besides the arrangement, depending on their function, post-translational modifications have to be
accomplished (Dawson and Mehle, 2018; Dawson et al., 2020). These modifications occur in the ER
and Golgi apparatus. Different post-translational modifications for IAV proteins include SUMOQylation,
phosphorylation (e.g. M1, NP, NS1), ubiquitination (e.g. PB2, PB1, PA), glycosylation (e.g. HA, NA)
and palmitoylation (HA, M2) (Han et al., 2014; Kirui et al., 2016). SUMOylation, which is the
conjugation of the Small Ubiquitin-like Modifier (SUMO) to a target protein affects PB1, NP, NS1 and
M1. It is important for intracellular trafficking, nuclear export and virus replication (Gao et al., 2015;
Santos et al., 2013). Phosphorylation is the attachment of phosphoryl groups on conserved sites of
threonine (Thr, T), serine (Ser, S) or less frequently tyrosine (Nishi et al., 2014). Phosphorylation affects
the stability, activity, subcellular localization as well as protein-protein-interaction of all IAV structural
proteins and NS1 (Hutchinson et al., 2012). PB1, NP and M2 are ubiquitinated, which is the addition of
ubiquitin to viral proteins. It plays important roles in degradation via the proteasome, trafficking,
transcription/translation, nuclear transport, polymerase activity, protein-protein interaction, virus
packaging, production of apoptosis and immune response (Fu et al., 2015; Kirui et al., 2016; Liao et al.,
2010; Su et al., 2018). N-Glycosylation, i.e. the attachment of oligosaccharides to N-glycosidic linkages
(NGS) of asparagine (Asn, N) side chain, is the most prominent modification for the HA and NA (Tate
et al., 2014). Glycosylation takes place in the ER and trimmed in the Golgi apparatus. The number and
pattern of glycosylation of the HA and NA vary in HXNx 1AV subtypes (Altman et al., 2019; Tong et
al., 2012). Palmitoylation is the addition of palmitic acid by the attachment of fatty acids to highly
conserved cysteine (Cys, C) residues in the cytoplasmic tail of HA as well as M2 (Veit, 2012; Veit and
Schmidt, 1993), a mechanism which might be affected by NS1 protein (Gadalla et al., 2021).



1.45 Assembly and virus release

The last steps are virus assembly and virus release which take place at the apical plasma membrane
called “budozone”. All eight newly synthesized VRNPs as well as the structural proteins have to
assemble at this site, before a new infectious virus can be released from the plasma membrane
(Hutchinson et al., 2010). Some VRNPs, like HA, NA and M2 are membrane integrated proteins and
contain sorting signals which navigate them from the cytoplasm over the ER and the trans-Golgi-
network (TGN) to the budozone (Schmitt and Lamb, 2005). RNA segments contain specific packaging
signals at both terminal ends of each gene segment which are important for the correct packaging into
the new virion, otherwise false packaging occurs (Gerber et al., 2014; Muramoto et al., 2006). To release
the virus, NA is necessary to cleave the linkage between HA of the newly formed virions and the SA on

the cell membrane (Colman, 1994).
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Figure 2: Replication cycle of influenza A virus. After the attachment of HA to sialic acid, the virus enters the
cell by endocytosis. Acidification of the endosome leads to conformational changes in the HA which results in
membrane fusion and the uncoating of the VRNPs. Replication and transcription of viral genes take place in the
nucleus, whereas translation of viral proteins occurs in the cytoplasm. vVRNAs and the viral core proteins meet at

the “budozone” and the virus is released. Created with Biorender.



1.5 Evolution of influenza viruses

The nature of the influenza segmented genome and error-prone activity of the heterotrimeric vVRdRp are
two driving factors for continuous evolution and adaptation of influenza viruses in different hosts
(Drake, 1993; Holland et al., 1982). Moreover, the spontaneous mutation rate of RNA viruses compared
to DNA viruses is around 300-fold higher (Peck and Lauring, 2018). 1AV can alter its genome by
accumulation of point mutations (known as antigenic drift) or reassortment caused by exchanging gene
segments between two AV upon co-infection of one host cell (antigenic shift). Therefore, a high genetic
diversity of AV is present and infection of a wide range of hosts is possible. There are three mechanisms
known by which influenza virus can undergo evolutionary changes, resulting in a constant evolution

particularly of the surface glycoproteins HA and NA (Connor et al., 1994; Shao et al., 2017).

1.5.1 Antigenic drift

Antigenic drift is defined as the occurrence of single mutations in the virus genome, which lead to
changes in the amino acid sequence. These changes alter the protein structure and subsequently its
biological functions (e.g. HA and NA) (Figure 3). These mutations occur due to the lack of the
proofreading function of the influenza vVRdRp which results in a rate of integration of false nucleotides
between 10 to 10* (Drake, 1993; Shao et al., 2017). This can result in immune escape by changing or
masking immunogenic epitopes of circulating virus which will not be efficiently recognized by vaccine-
induced antibodies. The biggest impact in immune escape is mostly due to changes in the epitopes A
and B of HA, since neutralizing antibodies are directed against the HA protein and cannot recognize the
pattern of the antigen-antibody-interaction anymore (Gamblin et al., 2004). Antigenic drift is the main
reason for vaccination failure in humans and poultry which requires regular update of influenza virus
vaccines (e.g. annual or biennial) (Grund et al., 2011; Wen et al., 2021). The NA contains three
immunogenic epitopes (A-C) as well, but immune escape is far less frequent compared to the HA
(Munoz and Deem, 2005). Moreover, amino acid exchanges in the HA of H1-, H2-, H3-, H4-, H5- and
H9-subtypes have been also associated with changes in the receptor preferences or affinities which play

a role in animal-to-human transmission of 1AV (Reperant et al., 2012).



Virus A Virus A-Variant

Figure 3: Antigenic drift of influenza A virus. Occurrence of mutations in the virus genome (green star and
yellow triangle) which lead to changes in the structure of mainly HA and NA (green star and yellow triangle) is

defined as antigenic drift. Created with Biorender.

1.5.2 Reassortment

The second important mechanism for the evolution of TAV is called “reassortment”. Here, two or more
different 1AV can simultaneously infect one cell and swap their gene segments (Mostafa et al., 2018;
Reid and Taubenberger, 2003) (Figure 4). Reassortment between avian, swine and human influenza
viruses can result in “antigenic shift”. All pandemic IAV (e.g. HIN1 in 1918/1919 and 2009) acquired
gene segments from avian and/or swine influenza viruses. Similarly, HON2 donated gene segments to a
number of AIVs (e.g., H5N1, HEN1, H7N4, H7N7, H7N9, HON2, H10N8), which crossed the species
barrier to infect humans inducing asymptomatic to fatal infections (Chen et al., 2014; Lam et al., 2013;
Monne et al., 2013).



Virus C

Virus B

Figure 4: Reassortment of influenza A virus. A host cell can be infected by two different viruses (Virus A and B)
simultaneously, which results in swapping gene segments (reassortment) and emergence of new viruses. Created
with Biorender.

1.5.3 Recombination

The third mechanism is known as recombination. Here, parts of IAV gene segments (homologous
recombination) or host cellular RNA (non-homologous recombination) are integrated in other gene
segments. Recombination can abruptly affect virus properties. Recombination in the Hemagglutinin
cleavage site (HACS) resulted in the evolution of HPAIV from LPAIV in several occasions (Gultyaev
et al., 2021). Intersegmental recombination of HACS with 30 nucleotides from the NP segment or 21
nucleotides from the M segment resulted in the conversion of LPAIV to HPAIV H7N3 in Chile in 2002
and in Canada in 2004, respectively (Pasick et al., 2005; Suarez et al., 2004). Similarly, the evolution of
HPAIV H7N9 in China in 2017 and H7N3 in Mexico in 2012 was due to insertion nucleotides from 28S
ribosomal ribonucleic acid (rRNA) into the HACS (Gultyaev et al., 2021; Maurer-Stroh et al., 2013).
Conversely, shuffling of PA sequences in the NA resulted in the attenuation of an HPAIV H5NL1 in
chickens due to insertion of stop codon and subsequently deletion of the NA head domain (Kalthoff et
al., 2013).



1.6 AlV infection in birds and mammals
1.6.1 AIlV infection in wild birds

AlV has been isolated from more than 100 wild bird species (26 families). However, some species act
as the main reservoirs for AIV (e.g. wild aquatic birds) (Olsen et al., 2006; Webster et al., 1992). The
species are mainly from the order Anseriformes, like ducks (particularly Mallards), geese, and swans as
well as from the order Charadriiformes including gulls and shorebirds. It is worth mentioning that
susceptibility of wild birds to AlV differ according to virus strain, bird species and age (Spackman,
2009). Generally, the infection of waterfowl (e.g. ducks and geese) is mostly asymptomatic due to the
adaptation of the virus to these birds (Alexander, 2000; Pantin-Jackwood and Swayne, 2009; Spackman,
2009). Waterfowls like Mallard ducks exhibit no symptoms upon AlV-infection, partially due to the
upregulation of the retinoic acid-inducible gene-1 (R1G-1), an important inducer of type | interferons
(Barber et al., 2010; Evseev and Magor, 2019; Weber-Gerlach and Weber, 2016a). Nevertheless, few
reports have described high mortality in wild birds after infection with different HSNx (e.g. H5N3 in
South Africa in 1960s, H5N1 in 2002/2003, H5N8 in 2020 and H5N3 in 2021) (Becker, 1966; Capua
and Mutinelli, 2001; FLI, 2021b; Verhagen et al., 2021). Due to the replication of the virus in the
epithelial cells of the gastrointestinal tract (GIT), viruses are excreted at high levels and for a long time
in the feces (Olsen et al., 2006; Webster et al., 1978). Influenza viruses are stable and can remain
infectious in lake water at different temperatures for several weeks. Since many Anseriformes or
Charadriiformes are migratory birds and fly long distances, AIV can be translocated between countries
or continents (Bodewes and Kuiken, 2018; Global Consortium for and Related Influenza, 2016; Lycett
et al., 2020; van der Kolk, 2019).

1.6.2 AIV infection in domestic birds (i.e. poultry)

Chickens and turkeys (Gallinaceous birds) are known to be highly susceptible to AIV infections,
although turkeys are more vulnerable than chickens to AIlV-induced morbidity and mortality
(Alexander, 2000; Alexander et al., 1986). It is believed that poultry gets infected by AlV via direct or
indirect contact with wild birds. The shedding of infectious virus from wild birds into the environment
(e.g. water or feed) is the most common source for infection of poultry. Live poultry markets are also
an important source for transmission of AlIV from wild birds to poultry (Alexander, 2000). In chickens
(and turkeys), AlV exhibit two pathotypes: LP and HP. According to the OIE, HPAIV can be identified
by the polybasic HACS or degree of virulence after intravenous injection. HPAIV produce an
intravenous pathogenicity index (IVPI) greater than 1.2, while viruses with IVPI less than 1.2 are
considered as LPAIV (Alexander, 2000). LPAIV replicate in the epithelial cells of the respiratory and
digestive tracts and lead only to mild or subclinical infections in poultry (Pantin-Jackwood and Swayne,
2009). Few LPAIV (e.g. HON2) can cause moderate to severe clinical signs and even induce mortality
in chicken flocks (Bano et al., 2003) and the co-infection with bacteria, fungi or other viruses causes
severe symptoms and increased mortality rates (Belkasmi et al., 2020; Umar et al., 2018). Moreover,

clinical signs in chickens and turkeys are often non-specific but birds may show e.g. ruffled feathers,
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oedema, coughing and sneezing, depression, ocular and nasal discharge, weight loss, decreased activity
and decreased egg production as well as decreased uptake of food and water (Morales et al., 2009;
Spickler et al., 2008; Tumpey et al., 2004). Moreover, swelling of the sinuses, conjunctivitis and
diarrhoea have been reported (Mondal et al., 2013). Independent of the species, post-mortem lesions are
commonly found in the respiratory and gastrointestinal tracts (Alexander, 2000). Conversely, the
systemic replication of HPAIV causes severe clinical signs and up to 100% mortality in a short time.
Symptoms vary according to bird species. Congestion, cyanosis and haemorrhages (e.g. on the shanks,
legs, comb and wattle) in chickens are common, while turkeys exhibit mostly nervous signs including
paralysis, convulsions, tremors, paresis and paralysis (Alexander, 2000; Alexander et al., 1978; Narayan
et al., 1969; Scheibner et al., 2019b; Swayne and Slemons, 2008).

In contrast to chickens and turkeys, ducks infected with HPAIV exhibit no or mild symptoms since they
are more resistant to HPAIV infections (Fleming-Canepa et al., 2019; Scheibner et al., 2019a). Ducks
can spread AlV asymptomatically to poultry (e.g. chickens, turkeys), therefore, they have been described
as a “Trojan horse” (Kim et al., 2009). Nevertheless, morbidity and mortality may vary according to the
duck species (Pekin vs. Mallard vs. Muscovy duck), age and inoculation route (intranasal, intraocular,
intramuscular) and virus strain (Cagle et al., 2012; Pantin-Jackwood et al., 2013; Pantin-Jackwood et
al., 2012; Scheibner et al., 2019a; Scheibner et al., 2019b). Generally, Pekin and Mallard ducks are more
resistant to HPAIV infections compared to Muscovy ducks (Scheibner et al., 2019b).

1.6.3 AIlV infections in mammals including humans

Human influenza viruses belong to H1, H2, H3, N1 and N2 subtypes (Glezen, 1996; Kilbourne, 2006;
Taubenberger and Morens, 2006). Infection of humans with AIV or human influenza viruses carrying
gene segments from avian sources have been frequently reported. The latter was the reason for the
emergence of the “Spanish flu” HIN1 in 1918/1919 which killed more than 50 million people (Monto
and Fukuda, 2020), the “Asian flu” H2N2 in 1957 which killed 1.1 million people, H3N2 emerged in
Hong Kong in 1968 which killed 1 million people and last but not least the “swine flu” pandemic in
2009 (Garten et al., 2009; Schulman and Kilbourne, 1969). Direct bird to human transmission of AV
(e.g. H5N1, H5N6, H6N2, H7N3, H7N7, H7N9, HON2, H10N8) has also been reported. Symptoms
ranged from self-limiting flu-like illness to death (Abdelwhab et al., 2014; Kalthoff et al., 2010; Mostafa
et al., 2018). In 2021, the first cases of AV H5N8 infections in humans were reported in Russia (WHO,
2021b). AlV can also infect mammals including swine, horses or seals and the infection ranges from

subclinical signs to high mortality (e.g. in seals) (Dittrich et al., 2018; Reperant et al., 2012).

1.7 Genetic determinants for virulence of avian influenza viruses in poultry
Using reverse genetics, several studies have been conducted to elucidate the genetic determinants for

adaptation and virulence of AIV in poultry and mammals. However, these efforts are still insufficient to
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fully understand the molecular mechanism which underlies the shift in virulence or higher adaptation in
different animal species. In the next points, I will focus on the role of HA, NA and NS1 as main virulence
determinants in poultry. However, that does not exclude the role of other gene segments, alone or in
combinations, in virulence of some AlV in different poultry species (Tada et al., 2011), particularly in
ducks (Hu et al., 2013; Kajihara et al., 2013).

1.7.1 Hemagglutinin
1.7.1.1 Structure and function

The HA is essential for virus entry, spread throughout the organism, antigenicity and virulence. The HA
consists of three identical subunits building up a homotrimer spike-like structure with head and stalk
domains which is anchored with the carboxy-terminus in the viral membrane (Mair et al., 2014). The
HA is synthesized as a fusion-inactive molecule, known as HAO, and undergoes posttranslational
modifications like proteolytic cleavage or glycosylation. For IAV to be infectious, the HAO has to be
cleaved at the HACS by host proteases into two polypeptides: HAL and HA2 (Skehel and Wiley, 2000).
The head domain of the 1AV is formed exclusively by the HAL polypeptide, while the HA stalk domain
is formed by both HA1 and HA2. The receptor binding domain (RBD), proteolytic CS and most of the
immunogenic sites are located in the globular head domain. The latter harbours five antigenic sites
(known as epitopes A, B, C, D and E) (Gamblin and Skehel, 2010; Iba et al., 2014; Kaverin et al., 2007).
Epitopes A and B are the major epitopes and therefore changes in these epitopes are crucial for vaccine
efficiency and immune-escape. The HA2 has three important structures: the transmembrane domain
(TMD), the hydrophobic fusion peptide and conformational immunogenic epitopes. The fusion peptide
in the N-terminus of the HA2 mediates the fusion of the viral membrane with the endosomal membrane

during the replication cycle (Chen et al., 1998; Steinhauer, 1999).

1.7.1.2 Host proteases and hemagglutinin cleavage site

Proteolytic activation of HAO is essential for virus infectivity. Therefore, the distribution of HA-
activating proteases in the host cells and the sequence of HACS are main determinants for replication
and virulence of AlV. Different host proteases can cleave HAO into HA1 and HA2 depending on the
structure of the HACS. LPAIV contain a monobasic HACS motif RXR/K*G (R, arginine- x, any amino
acid- K, lysine * G, glycine). Cleavage occurs between R/K and G. These motifs are recognized by
trypsin and trypsin-like enzymes (e.g. human airway trypsin-like protease “HAT”, transmembrane
protease serine member 2 “TMPRSS2”), which are restricted to the respiratory and intestinal tracts.
Therefore, LPAIV infections may cause local respiratory and digestive tract disorders (Baron et al.,
2013; Bottcher et al., 2006; Laporte and Naesens, 2017). Human influenza viruses possess a monobasic
HACS as well (Schrauwen et al., 2011). Conversely, HPAIV of H5 and H7 subtypes may contain
polybasic HACS motifs (R-X-K/R-R/G), which are recognized and activated by ubiquitously expressed
furin-like proteases (Luczo et al., 2015; Stieneke-Grober et al., 1992). Since these proteases are located

at the plasma membrane as well as in the TGN in many cells and organs, systemic infections result in
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up to 100% mortality. It is known that HPAIV evolve from LPAIV progenitors. Changing the monobasic
HACS to a polybasic motif is the main virulence determinant of HPAIV in birds (Abdelwhab et al.,
2016b; Kobayashi et al., 1996; Scheibner et al., 2019b). However, glycosylation in the vicinity of the
HACS may sterically hinder the access of furin proteases and prevent the exhibition of high virulence
(Kawaoka, 1991; Kawaoka and Webster, 1989). Moreover, the high virulence in chickens of some H5
viruses require mutations in the NA (Stech et al., 2015) or NS1 (L. et al., 2006). Importantly, the impact
of the polybasic HACS on virulence of H5 and H7 viruses differs among poultry species and breeds.
For instance, insertion of a polybasic HACS into a LPAIV H7N7 increased the virulence in chickens
and to a lesser extent in turkeys, whereas in ducks (i.e. Mallards, Pekin and Muscovy) the virus remained
avirulent (Scheibner et al., 2019b). Muscovy ducks were more vulnerable than Pekin ducks to mortality
and morbidity to H5N1 and H5N8 (Cagle et al., 2011; Cagle et al., 2012). Furthermore, insertions of
several basic amino acids into the HACS of non-H5/non-H7 LPAIV subtypes resulted in increased
virulence of H6 and H9 in chickens (Munster et al., 2010; Soda et al., 2011), while other studies showed
that mutations in other gene segments are required to increase virulence of H2, H4, H8, H9 and H14
with polybasic HACS (Gischke et al., 2020; Gohrbandt et al., 2011; Veits et al., 2012). Together,
virulence of AIV in poultry is a multigenic trait. Although the HACS is the main virulence determinant
in poultry, mutations in other gene segments or host-factors play a role.

1.7.2 Neuraminidase
1.7.2.1 Structure and function

The NA protein comprises 454 amino acids (aa) and is a homotetramer of four identical subunits that
form a mushroom-like spike on the viral membrane. The NA monomer is formed of N-terminus, TMD,
stalk domain and head domain (Colman, 1994; Gamblin and Skehel, 2010; McAuley et al., 2019). The
stalk domain varies between different AlV due to natural deletions (Li et al., 2011). The head domain
harbours the sialidase enzyme pocket, which is formed of highly conserved functional and framework
residues. The NA is the second major surface glycoprotein of the virion and its main role is the removal
of SA from the surface of the infected host cells or mucoid decoys in the upper respiratory tract. The
balance between HA receptor-binding and NA receptor-destroying activities is important for an optimal
infection, transmission, viral replication, pathogenesis and host adaptation for the virus (Arai et al.,
2020; Chen et al., 2020; Mok et al., 2017; Stech et al., 2015; Wagner et al., 2002). Furthermore, the NA
has three immunogenic epitopes (A, B and C) and can provide partial protection against homologous

virus challenge in poultry (Sylte et al., 2007).

1.7.2.2 NA stalk deletions and glycosylation pattern

The NA stalk domain of some AIV has a deletion of 1 to 39 aa (Li et al., 2011). While these deletions
have been detected upon transmission of e.g. H5N1, H7N1, HIN2, H2N2 from wild aquatic birds to
domestic poultry (Banks et al., 2001; Hoffmann et al., 2012; Matsuoka et al., 2009; Sorrell et al., 2010;
Sun et al., 2013), they were very rare in N4, N8 and N9 NA-subtypes (Li et al., 2011). The mechanism
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underlying the evolution of a short NA stalk in some AIV but not in others, is not well-understood.
Furthermore, the impact of the NA stalk domain deletions on replication, virulence and transmission in
poultry species varies in different strains and different poultry species. For example, a deletion in the
NA stalk domain of an H7N1 virus resulted in increased replication and excretion in chickens but it was
detrimental for virus replication in ducks (Hoffmann et al., 2012). For H5NXx viruses, several studies
showed that shortening the NA of H5N1 (mostly of aquatic or wild bird origins) increased virus
adaptation in chickens and ducks (Li et al., 2014b; Stech et al., 2015). The reasons behind the efficient
replication of some AlIV with short NA stalk domain in chickens compared to viruses with full-length
is not fully clear. However, it has been speculated that reducing the NA activity is important to avoid
early cleavage of the SA during virus entry and thus promotes virus replication and subsequently
virulence in chickens (Li et al., 2011). Moreover, the NA stalk domain has three to four glycosylation
sites which are important for maturation, structure and stability of the NA (Wu et al., 2017). The deletion
in the NA stalk removes one to four glycosylation sites (Tong et al., 2012). H5N1 lacking these NA
glycosylation sites were more virulent in Mallard ducks (Chen et al., 2020).

1.7.3 Non-structural protein 1

The NS segment is the smallest gene segment of IAV (890 nucleotides) and encodes the NS1 protein as
well as the NS2/NEP protein, which results from an alternative splicing of NS mRNA. For some 1AV,
NS3 (174 aa) has been detected as well (Bouvier and Palese, 2008; Selman et al., 2012; Vasin et al.,
2014). NS1 is translated from the unspliced transcript of the eighth VRNA segment (NS) and is a small,
multifunctional protein with a typical size of 26 kilo Dalton (kDa). Phylogenetic analysis indicated that
NS1 has two distinct genetic alleles: allele A (mammalian and avian viruses) and allele B (mainly avian
viruses), where allele A is more common than allele B (Kawaoka et al., 1998; Marc, 2014; Suarez and
Perdue, 1998).

1.7.3.1 Structure of NS1

NS1 typically encompasses 230 aa, but the size can vary among different strains (Krug, 2015; Wacquiez
et al., 2020). NS1 which forms homodimers has two structural domains, which are connected through a
flexible linker (Figure 5). The N-terminal domain, the RNA binding domain (RBD; aa residue 1 to 73),
is made of three alpha-helices (Chien et al., 1997). The RBD is connected through a linker region (LR)
(aa 74 to 87) to the effector domain (ED). The ED (aa 88 to 230) is composed of three alpha helices and
seven beta-strands (Hale et al., 2008a). The RBD has the capacity to bind different types of cellular and
viral RNA including double-stranded RNA (e.g. the panhandle-like structure in each influenza gene
segment). This is important to prevent the stimulation of antiviral innate immunity triggered by sensing
viral RNA through e.g. RIG-I (Hale et al., 2008a; Marc, 2014). The RBD also interacts with the NP and
can affect the activity of the viral polymerase (Robb et al., 2011). The ED interacts with many cellular
proteins (Figure 5) particularly those involved in host-immune response (e.g. Myxoma resistance

protein 1; Mx1), host mMRNA maturation (e.g. cleavage and polyadenylation specificity factor 30;
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CPSF30) and mRNA export (e.g. nuclear export factor 1; NXF1) (Marc, 2014). Moreover, NS1 interacts
with PDZ-domain-containing proteins. These proteins function in cell signalling and cellular polarity.
The NS1 PDZ domain is located in the C-terminus (residues 226-230) and the consensus PDZ-binding
motif of AIV in the NS1 is mostly “??°ESEVZ” and for human influenza viruses is “?RKSV#0”

(Obenauer et al., 2006).

@ PABPII
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PKR Riplet ® MAGI-1to 3
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Figure 5: Structure of NS1 and binding to cellular proteins and factors. The RNA binding domain (RBD) and
effector domain (ED) are connected through with a linker region (LR). The RBD can bind different types of cellular
and viral RNA, while the ED interacts with many cellular proteins (the figure is modified with Biorender from
(Rosario-Ferreira et al., 2020)).

1.7.3.2 Nuclear/nucleolar localization and nuclear export signals of NS1

NS1 has two NLSs: NLS1 and NLS2. NLS1 is part of the RBD. It is highly conserved in all IAV and is
composed of aa 34 to 41. NLS2 is localized between aa 219 and 230 (Greenspan et al., 1988; Hale et
al., 2008b). Besides NLS1 and NLS2, a nucleolar localization signal (NoLS) was found to overlap the
sequence of NLS2 (Figure 5). In addition, NS1 has nuclear export signals (NES) in the ED (residues
138-147). These signals control the subcellular localization of NS1 in the nucleo-cytoplasm in host cells
(Melen et al., 2007; Volmer et al., 2010). Nevertheless, the localization depends on different factors e.g.
virus strain, cell type and time post-infection. Since NS1 contains two NLSs, it can accumulate in the
nuclei of infected cells independent of other viral proteins. During infection, NS1 accumulates at early
time points in the nucleus of infected cells and is present later on in the cytoplasm (Hale et al., 2008a;
Krug and Etkind, 1973). The presence of NS1 in the nucleus at early stages of infection is important to
shut-off host mMRNA synthesis including those encoding for immune system elements (e.g. Interferon)
(Mok et al., 2017). Furthermore, mutations in the NES compensate the lack of NLS2 in some AlV due

to natural truncation in the C-terminus of some AIV (Keiner et al., 2010).

1.7.3.3 NSl is a virulence determinant in poultry
NS1 plays an important role in the inhibition of type | IFN-mediated antiviral response and is involved
in evasion from the innate immune system (Garcia-Sastre et al., 1998). Therefore, NS1 contributes to
the efficient virus replication in infected cells and is a virulence factor for some 1AV (Noah and Krug,
2005). Due to the interaction with different proteins or other partners, NS1 can either inhibit (e.g. IFN
and antiviral response) or enhance (e.g. translation of viral mMRNAs in the cytoplasm; activity of the viral
polymerase in the nucleus) different viral or cellular mechanisms (Burgui et al., 2003) (Figure 6).
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Mutations in different regions of NS1 have been described to play diverse roles in virus pathogenicity
in birds. For example, a deletion of 5-aa in the flexible linker region (aa 80 to 84) along with the D92E
mutation in the ED in an HPAIV H5NL1 increased virulence in chickens (Long et al., 2008). Similarly,
V149A in the ED contributed to virulence of HPAIV in chickens (Li et al., 2006). The C-terminus (CTE)
of NS1 (aa 202 to 237) is disordered and prone to deletion or extension due to variable stop codons.
About 13 different forms of deletions or extensions in CTE are present so far in AIV (Abdelwhab et al.,
2016a; Marc, 2014; Suarez and Perdue, 1998). The impact of the variable NS1 CTE on virus virulence
and transmission in different poultry species is not fully understood and mostly controversial due to

variable study designs, the use of different strains and different cells or animal species.
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Figure 6: Interaction of NS1 with cellular factors. NS1 inhibits the interferon regulatory factor 3 (IRF3)

activation by blocking RIG-I resulting in the suppression of host innate immunity (type I IFN expression) as well
as it is also involved in host gene expression shutoff, apoptosis and viral replication (the figure is modified with
Biorender after (Hao et al., 2020)).

1.7.4  Genetic determinants for virulence of avian influenza viruses in mammals

Apart from the acquisition of seasonal or pandemic human influenza viruses to gene segments from AIV
via reassortment, some AlV, per se, are able to cross the species barrier and infect mammals including
humans (reviewed in detail in (Abdelwhab et al., 2014; Kalthoff et al., 2010; Mostafa et al., 2018)).
Genetic determinants for interspecies transmission and virulence in mammals have been extensively

studied in the last two decades. Mutations in almost all gene segments linked to the high adaptation of
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these AIV in mammalian cells in vitro, animal models in vivo and or infected patients have been
described (Fouchier, 2015; Fouchier et al., 2004; Imai et al., 2012; Watanabe et al., 2011). Most of the
studies revealed key mutations in the HA, polymerase complex and NS1 across different AlIV subtypes
(Lycett et al., 2009; Mostafa et al., 2018; Zielecki et al., 2010).

1.7.4.1 Hemagglutinin
17411 Receptor binding

The HA of 1AV is the main determinant of host range since it recognizes and binds SA on the surface
of the host cell (Mostafa et al., 2018). Influenza viruses have different receptor specificities and
recognise the N-acetylneuraminic SA linked to the sugar galactose with alpha(a)(2,3) or a(2,6) linkage.
Sialic acids are either nitrogen (N)- or oxygen (O)-substituted derivatives of neuraminic acid (Byrd-
Leotis et al., 2017; Webster et al., 1992). Avian influenza viruses and equine influenza viruses
preferentially bind to glycans harbouring sialic acids with a(2,3) linkage to galactose (02,3-SA), whereas
human influenza viruses preferably bind to a2,6-SA. The distribution of SA varies from one host to
another, since aquatic birds contain 02,3-SA in the respiratory and intestinal tract and humans contain
mostly a2,6-SA in the upper respiratory tract and to a lesser extent 02,3-SA in the lungs (Franca et al.,
2013; Kumlin et al., 2008; Pillai and Lee, 2010). It is important to mention that some AlV have dual
receptor specificity and can recognize the avian and mammalian receptors. Switching from avian 02,3-
SA to mammalian a2,6-SA is required for efficient transmission of AIV to mammals including humans
(Ito etal., 1998; Ito et al., 1997; Watanabe et al., 2011). Point mutations in the receptor binding site (e.g.
Q226L as well as G228H (H3 numbering)) of the HA enabled AIV (e.g. H5, H7, H9) as well as human
adapted influenza virus strains (e.g. HIN1, H3N2) to increase binding affinity of these viruses to 0.2,6-
SA receptors (Vines et al., 1998). Besides binding affinity, host range, replication efficiency and
pathogenicity can be affected as well. It is important to mention that swine and quails harbour ¢2,3-SA
and 02,6-SA and therefore they are considered as a “mixing vessels” for generation of reassortant viruses

with higher replication efficiency in humans (Russell et al., 2006b; Shelton et al., 2011).

1.7.4.2 The polymerase subunits

Mutations in the polymerase segments play a major role in AIV adaptation to mammalian hosts
(Subbarao et al., 1993). Several specific aa exchanges in the PB2 subunit (e.g. 271A, 627E, 253N, 591K,
526R, 590S, 591R, 627K) lead to an increased viral polymerase activity as well as in increased virus
replication and pathogenicity in mammals (e.g. mice, swine) (Liu et al., 2012; Mok et al., 2011; Song et
al., 2014). Most PB2 segments of AlV contain glutamic acid (E) at position 627 (PB2-627E), whereas
human IAV contain lysine at this position (PB2-627K). PB2-627K plays a key role in mammalian-
adapted viruses and therefore position 627 is an important determinant of host range (Yamada et al.,
2010). Besides position 627, position 701 in the PB2 segment plays a role in AlV adaptation in mammals
(Steel et al., 2009), since aa exchange D701N contributes to high pathogenicity in mice (e.g. H5N1)

(Czudai-Matwich et al., 2014). Nevertheless, not all isolated mammalian influenza viruses contain these
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amino acid exchanges and therefore other additional residues in different segments might play roles in

virus adaptation to mammals.

It has been described that internal-protein coding genes of HON2 are able to reassort with multiple
viruses (e.g. H7N9, H7N7, H5N6) and that certain reassortants (e.g. those carrying HON2-PB1) show
increased pathogenicity in mice (Lam et al., 2013; Shen et al., 2016; Su et al., 2015). Reassortment of
PB1 of HIN2 with H7N9 increased virulence in mice, but did not confer efficient transmission to guinea
pigs by airborne route (Su et al., 2015). Position 375 in PB1 varies between avian IAV and human IAV.
In AIV asparagine and to lesser extent serine or threonine are present at position 375, while human 1AV
contain a serine and it is suggested that it plays a critical role for adaptation and virulence (Taubenberger
etal., 2005). PB1-F2 is a small protein which is encoded by a +1 alternative ORF of PB1 and influences
the innate immune response and viral pathogenicity (Zamarin et al., 2006). However, the role of PB1-
F2 in adaptation to mammals is mostly strain- and host-dependent. For example, S at position 66 (66S)
contributed to high pathogenicity of the pandemic HLIN1/1918 and H5N1 in mammals (Conenello et al.,
2011; Varga et al., 2011). Conversely, complete deletion or truncations of PB1-F2 did not alter
pathogenicity of different HS5N1 and H1N1 viruses in mice (Chen et al., 2010; McAuley et al., 2010).

PA containing 971 increased virulence of an AlV in mice compared to chickens. Further specific PA
residues, e.g. 70V and/or 224S enhanced viral polymerase activity and increased replication in mammals
(Sun et al., 2014). Besides, R195K, K206R and P210L in PA-X of H1N1 increase the virulence and

transmission of IAV in mice and ferrets when present in a HON2 virus background (Sun et al., 2020).

1.7.4.3 NS1

The role of NS1 for adaptation of AIV in mammalian cells or animal models has been described.
Changing the amino acid serine to proline (P) at position 42 (P42S), as well as F103M and M1061 in the
NS1 protein increased the virulence of H5SN1 in mammals (e.g. mice) dramatically (Jiao et al., 2008).
Likewise, a deletion of amino acid 80-84 in the linker region along with the D92E mutation in the ED
in an HPAIV H5NL1 virus increased virulence in mice (Long et al., 2008). Conversely, some studies
showed no impact for the NS1 on virulence or interferon induction in mice and/or in ferrets (Hale et al.,
2010a; Hale et al., 2010b).

1.8 Innate immune system

Rapid response of the innate immune system depends on the recognition of certain molecular structures
of invading organisms that are detected as a foreign antigen (Campbell and Magor, 2020). These
molecular structures are pathogen associated molecular patterns (PAMPs) and are usually essential for
the survival of pathogens and include for example lipopolysaccharides (LPS), single-strand RNA
(ssSRNA) or double-strand RNA (dsRNA). The immune system of the host possesses various pattern

recognition receptors (PRRs) that recognize these PAMPs. Retinoic acid-inducible gene-I-like receptors
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(RLRSs), toll-like receptors (TLR) and nucleotide-binding oligomerization domain (NOD)-like receptors
(NLRs) are the three main PRR, which respond to influenza infections in mammals and birds. They are
mainly found in cytosolic compartments (e.g. RLR, NLR) or on the cell surface (e.g. TLR) (Campbell
and Magor, 2020; Chen et al., 2013). The resulting antiviral response include cytokines, chemokines
and the upregulation of antiviral effectors. Particularly the Interferon (IFN) system is able to prevent the
spread of intracellular pathogens through its rapid activation until adaptive immunity takes over (Evseev
and Magor, 2019).

1.8.1 RIG-I-like receptors

RLRs which recognize IAV include RIG-1, Melanoma differentiation-associated gene 5 (MDADS) as well
as laboratory of genetics and physiology 2 (LGP2) which are expressed in immune cells and somatic
cell types (Campbell and Magor, 2020; Chen et al., 2013). RIG-1 and MDADS are the main cytosolic PRR
for IAV in mammals and birds and detect nucleic acids of invading viruses to activate the interferon
system. Type | interferons (IFN-a and IFN-B) or pro-inflammatory cytokines (e.g. Interleukin (IL)-6,
Tumor necrosis factor (TNF)) are produced as soon as cytosolic sensors recognize viral RNA (Evseev
and Magor, 2019). Besides detection of viral replication in the cytoplasm, RIG-1 is also able to detect
viral replication in the nuclear compartment. RIG-1 recognizes short dsSRNA, which is produced during
IAV replication, and short 5’-ppp-dsRNA in infected cells (Brisse and Ly, 2019; Weber et al., 2015).
RIG-1 is ubiquitously expressed in human tissues, and the expression in birds is highly variable.
Chickens and turkeys lack RIG-I, which might explain their vulnerability to morbidity and mortality
after AIV infections. Ducks possess RIG-I but the expression levels vary among different duck species
(Barber et al., 2010; Campbell and Magor, 2020; Chen et al., 2013; Evseev and Magor, 2019). During
an influenza infection, IFN-B expression is dependent on RIG-1 and cannot be compensated by IFN-a
(Koerner et al., 2007). To compensate the absence of RIG-I, chickens express MDAS5 (Xu et al., 2016).
MDADS recognizes long dsRNA in chickens, while mammalian MDAGS recognizes long polyinosinic-
polycytidylic acid (poly(l:C)). In Muscovy ducks the MDAS expression is similar to RIG-I expression
(Brisse and Ly, 2019; Campbell and Magor, 2020; Lee et al., 2012). MDAS expression has been detected
during LPAIV and HPALIV infections in chickens as well as in Muscovy and Pekin ducks (Cornelissen
et al., 2012; Cornelissen et al., 2013; Fleming-Canepa et al., 2019; Wei et al., 2014).

1.8.2 Toll-like receptors

Triggering of TLRs by PAMPs induces innate immune responses and leads to the induction of signaling
pathways like NF-«B, type I IFN or mitogen-activated protein kinase. These activations lead to the
production of pro-inflammatory cytokines/chemokines and type | IFNs (IFN-a expression) (Kaiser,
2010). Extra- and intracellularly expression of TLR is possible, e.g. on plasmacytoid dendritic cells
(pDCs) (TLR7, 8, 9). The classification of TLR in birds differs from the classification in humans
(Temperley et al., 2008). For mice, 13 TLR have been described, so far (Chuang et al., 2020). Chickens

contain ten TLR, whereas only four TLR have been described in ducks. Interestingly, chickens contain
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two TLRs (TLR15 and TLR21) which are not found in mammals, but were found in lower vertebrates.
In mammals, TLR3, 7 and 8 recognize viral RNA and therefor are important in the defense against IAV.
Chickens do not contain TLR8, 9 and 10, but TLR3 and 7 can detect IAV during infection in birds (for
extensive review see (Chen et al., 2013; Diebold et al., 2004)). The tissue expression of TLR3, which
upregulates the expression of type I IFN, varies between chickens, different duck breeds and mammals
(Campbell and Magor, 2020; Pantin-Jackwood et al., 2013).

1.8.3 Typel, Il and Il Interferons

Interferons are inducible cytokines, which have antiviral activity and can be divided into three families
(types I, I and 11). Type I IFNs include IFN-alpha (o), -beta (B) as well as the less characterized IFN-
epsilon (g), -tau (t), -kappa (), -delta (8), -omega (®) and -zeta () (also known as limitin) (Lazear et
al., 2019; Oritani et al., 2000). So far, only IFN-a and IFN-f are well-characterized in birds and during
viral infection, airway epithelium, macrophages and pDC are the primary site where type | IFN are
produced (Campbell and Magor, 2020; Santhakumar et al., 2017). Type I IFNs act as immunomodulators
of the adaptive immune system by activating e.g. natural killer cells (NK), dendritic cells and
macrophages. Pekin ducks show a short but efficient type | IFN response during HPAIV H5N1 infection
at 1 and 2 days post inoculation (dpi) (Saito et al., 2018). Type | IFN expression is dependent on the
PRR localization. While TLR are responsible for IFN-a expression, RIG-I is in charge of IFN-B
expression (Opitz et al., 2007). Type Il IFN consist of IFN-gamma (y), which is secreted by NK cells,
CD8* lymphocytes and CD4* T helper cells and are present in birds as well (Schroder et al., 2004). Like
type I IFN, type I IFN is predominantly expressed by immune and tissue specific cells, but its function
and signaling is mainly restricted to mucosal epithelial cells. Chickens and ducks express only one type
1 IFN (IFN-lambda (X)), whereas other vertebrates (e.g. humans) can produce up to four type III IFNs
(IFN-A1-4) (Santhakumar et al., 2017; Stanifer et al., 2019).

1.8.4 Interferon-stimulated genes

IFN-o and TFN-f are able to attach to type | IFN-receptor (IFNARL/IFNAR?2) which is present on most
cells and induce a cascade (Janus kinases/signal transducer and activator of transcription proteins
(JAK/STAT) signaling pathway) resulting in the induction of many interferon-stimulated genes (1ISGs)
which can interact with the viral components to suppress replication (Evseev and Magor, 2019; Nan et
al., 2017; Weber-Gerlach and Weber, 2016b). IFN-A is able to bind to IFNLR 1/IL-10R2 receptor starting
a cascade as well. Ducks can upregulate many different ISGs during HPAIV infections (for extensive
review see (Campbell and Magor, 2020; Evseev and Magor, 2019; Stanifer et al., 2019)), while in
mammals, more than one hundred ISGs can be upregulated (e.g. Mx, OAS, PKR, Viperin). HPAIV
infections in humans, mice and birds can result in an overwhelming inflammatory immune response

called “cytokine storm” (Evseev and Magor, 2019).
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1.9 Infection of birds with HIN2 and H5N8 in Germany
1.9.1 Low pathogenic HIN2 avian influenza virus

HINZ2 is an LPAIV and was first isolated from turkeys in Wisconsin, United States of America (USA)
in 1966 (A/turkey/Wisconsin/1966) (Homme and Easterday, 1970; Peacock et al., 2019). After 1966,
HON2 was isolated from wild birds and domestic poultry in North America and has since been detected
in different avian species in Europe, Africa, Asia and the Middle East. It is nowadays the most prevalent
LPAIV worldwide and is endemic in poultry in many countries. To date, more than 60 human infections
have been reported (Peacock et al., 2020; Pusch and Suarez, 2018). HONZ viruses can donate internal
protein coding-gene segments to other AlIVs, e.g. H7N9 which infected over 1000 humans in China
since 2013 (Pu et al., 2018). In addition, several studies have shown that several HON2 isolates are able
to bind both human-and avian-type SA receptors without prior adaptation in mammals (Li et al., 2014a;
Peacock et al., 2020).

Little is known about HON2 in poultry in Europe, although the virus has been frequently isolated from
wild and domestic birds in the last 20 years (Peacock et al., 2019). HON2 outbreaks, particularly in
turkeys, have been reported in the United Kingdom (UK), the Netherlands, Romania, Russia, Poland,
Hungary, Italy, France, Belgium and Ireland (Peacock et al., 2019; Reid et al., 2016; Swieton et al.,
2018; Verhagen et al., 2017). Besides outbreaks in poultry, HON2 has been detected in wild birds in
Finland (Lindh et al., 2014) and Coman et al. (2013) reported serological evidence for HON2 infections
among agriculture workers in Romania. In Germany, HIN2 was isolated from chickens, turkeys and
ducks in 1994-1996, 1998, 2004, 2012 - 2013 and 2015-2017 (Alexander, 2000; Parvin et al., 2020;
Peacock et al., 2019). The isolates belonged to two genetic lineages designated Y439 and G1-W. To

date, so far there is no recorded human case due to HIN2 infection in Germany.

1.9.2 Highly pathogenic H5N8 avian influenza virus

In 1996, in Guangdong (GD) province, China, a new H5N1 virus was isolated from domestic geese
which established in a new lineage called goose/Guangdong (Gs/GD lineage). This virus acquired
internal gene segments from HON2 and H6N1 viruses after reassortment. It killed 6 out of 18 infected
humans in Hong Kong in 1997. The virus evolved rapidly and therefore a classification system was
adopted by the WHO/OIE/FAO H5N1 Evolution Working Group (Smith et al., 2015; World Health
Organization/World Organisation for Animal and Agriculture Organization, 2014). Based on the
sequence and phylogenetic analyses, the HA of H5N1 Gs/GD lineage is classified into clade O to clade
9, which are further divided into one, two, three and four order clades (e.g. clade 2.3.4.4) and sub-clades
(e.g. 2.3.4.4A and 2.3.4.4B). H5N1 Gs/GD has undergone several reassortment events which resulted
in H5N2, H5N3, H5N2, H5N5, H5N6, and H5N8 subtypes. These viruses caused unprecedented scale
of outbreaks worldwide. Therefore, they are considered panzootic viruses (Lee etal., 2017). The HPAIV
H5N1 (Gs/GD) was initially introduced into Europe in autumn and winter 2005/2006. H5N8 clade
2.3.4.4A reached Europe in autumn 2014 and the second wave of H5N8 clade 2.3.4.4B in 2016 (Globig
etal., 2017; Harder et al., 2015; King et al., 2020a; Pohlmann et al., 2017; Zhong et al., 2014).
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Figure 7: HPAIV H5 cases in European domestic (red dot), wild (blue triangle) and zoo birds (red square).
(https://www.fli.de/de/aktuelles/tierseuchengeschehen/aviaere-influenza-ai-gefluegelpest/karten-zur-klassischen-
gefluegelpest/; 23.03.2021, 10:20 Uhr).

In Germany, the outbreak of HSN8 clade 2.3.4.4A in 2014 was limited. It affected a 31,000 meat-turkey
flock in Heinrichswalde, Mecklenburg Western Pomerania (Harder et al., 2015). The farm was closely
located to Lake Galenbeck (1,3 km distance), which is a frequent home for wild birds. The first report
of HPAIV H5N8 clade 2.3.4.4B in Germany was on November 7" in 2016 in Tufted ducks (Aythya
fuligula) at Lake Constance in Baden-Wuerttemberg (southwest Germany), shortly after reports of an
increased mortality of tufted ducks in Hungary and Poland. On November 8", many Tufted ducks were
found dead at lake Ploen in Schleswig-Holstein (northern Germany) (Pohlmann et al., 2017). Thereafter,
HPAIV H5N8 clade 2.3.4.4B caused lethal infections in hundreds of wild and domestic birds in
Germany and Europe. More than 1150 cases of HPAIV H5NXx clade 2.3.4.4B were reported in Germany
from November 8™ 2016 until September 30 2017. A total of 107 outbreaks were reported in 15 zoos
or animal parks in Germany, where birds were kept in captivity. So far, this HPAIV epidemic was the
most severe epidemic recorded in Germany (Globig et al., 2017). In January and February 2020, a novel
HPAIV clade 2.3.4.4B H5N8 virus occurred in wild and domestic birds in Germany and other European
countries (King et al., 2020a; King et al., 2020b).

Since October 2020, about 1200 HPAIV H5 cases were reported in wild birds, poultry and captive birds
in all federal states of Germany except of Saarland (Figure 7) (FLI, 2021a, b). HSN8 was identified in
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all reported cases, while HPAIV H5N5 was detected in one case only. Epidemiological data indicated
that HPAIV H5 spread from northern Germany in Schleswig-Holstein and Mecklenburg Western
Pomerania to the southern states (FLI, 2020). Turkeys and chickens are the most affected poultry species
in Germany, in addition to captive birds like ducks and geese. A wide range of wild bird species were
affected including Barnacle goose (Branta leucopsis), Eurasian wigeon (Mareca Penelope), gulls, owls,
peregrine falcon (Falco peregrinus), white-tailed eagle (Haliaeetus albicilla) and the Eurasian eagle-
owl (Bubo bubo). Furthermore, more than 16000 dead or moribund waders and aquatic birds were found
in the area of the Wadden Sea coast in Schleswig-Holstein and more than 1.6 million birds are affected
since the beginning of the 2020/2021 epidemic. Besides Germany, more than 650 outbreaks were
reported in 25 European countries, especially along the coasts of the Netherlands, United Kingdom
(UK), Ireland, Denmark, Belgium, Sweden, Norway, Finland, Lithuania, Latvia and Estonia resulting
in losses of millions of animals. Since February 2021, the infection was mostly reported in swans and
geese and the virus spread to Czech Republic, Austria, Switzerland, Hungary, Bulgaria and Romania.
This epidemic is still ongoing and is more severe and widespread than the 2016/2017 epidemic (OIE,
2021). Importantly, UK reported HPAIV H5N8 in a fox (Vulpes Vulpes), four harbour seals (Phoca
vitulina) and one grey seal (Halichoerus grypus). Recently, seven asymptomatically-infected poultry
farm workers in Russia were identified during stamping-out of H5N8-infected chickens (EFSA, 2021;
OIE, 2021).
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2 Aim

Avian influenza viruses evolve rapidly through mutations, reassortment and/or recombination of the
virus genome. They infect a wide range of host species and the infection ranges from asymptomatic to
sudden death. Viral factors that contribute to the adaptation and virulence of AlV vary among bird
species as well as in mammals. Due to the tremendous economic losses in poultry and the continuous
threat to public health, it is highly important to study the genetic determinants for adaptation and
virulence of AIV in poultry and assess their zoonotic potential. In this dissertation we focused on two
widely spread zoonotic AlV, HON2 and H5NS.

HINZ2 infected humans and donated gene segments to other AlV (e.g. H5N1, H7N9), which caused fatal
infections in humans. It is the most widespread LPAIV in chickens and turkeys worldwide and has been
frequently reported in birds in Europe including Germany since 2012. Little is known about the genetic
signatures in the European HON2 compared to non-European viruses, particularly mutations in the
hemagglutinin cleavage site, a major virulence determinant of HPAIV in chickens. No data is available
on the impact of these signatures on virus fitness in vitro and in vivo in gallinaceous birds or replication

efficiency in mammalian cells.

Furthermore, the panzootic H5N8 clade 2.3.4.4 viruses caused severe losses in poultry in several
countries worldwide, including Germany. The clade B infection 2020/2021 was the largest known AIV
epidemic in birds in Germany and therefore there is a risk for reassortment with co-circulating with the
semi-endemic HON2. It is not known whether reassortment between German H9N2 and H5N8 can
change the virus fitness in birds and mammals, which is important for zoonotic risk assessment.
Moreover, while H5N8 clade A virus was avirulent in Pekin ducks, clade B virus was highly virulent.
Viral markers, particularly in NS1, which contribute to high virulence of clade B virus in ducks are

largely unknown. Therefore, work in this dissertation tried to answer the following questions:

M Do non-basic amino acids in the HACS of German HIN2 viruses have an effect on virulence
in chickens and turkeys or replication in mammalian cells in vitro?

() Is reassortment between German HIN2 and H5N8 clade 2.3.4.4 viruses possible and what
are the biological propensities of HSN8-HIN2 reassortants in poultry and mammals?

(1) Does the unique variation in the C-terminal domain of NS1 of H5N8 clade 2.3.4.4 viruses

affect virulence in chickens, ducks or mice?
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Non-basic amino acids

in the hemagglutinin proteolytic
cleavage site of a European HIN2
avian influenza virus modulate
virulence in turkeys

Claudia Blaurock?, David Scheibner, Maria Landmann?, Melina Vallbracht?, Reiner Ulrich?,
Eva Béttcher-Friebertshduser?, Thomas C. Mettenleiter® & Elsayed M. Abdelwhab'™

HINZ2 avian influenza virus (AlV) is the most widespread low pathogenic (LP) AlV in poultry and poses
a serious zoonotic risk. Vaccination is used extensively to mitigate the economic impact of the virus.
However, mutations were acquired after long-term circulation of HON2 virus in poultry, particularly in
the hemagglutinin (HA) proteolytic cleavage site (CS), a main virulence determinant of AIV. Compared
to chickens, little is known about the genetic determinants for adaptation of HIN2 AlV to turkeys.
Here, we describe 36 different CS motifs in Eurasian HIN2 viruses identified from 1966 to 2019. The
European HIN2 viruses specify unique HACS with particular polymorphism by insertion of non-basic
amino acids at position 319. Recombinant viruses carrying single HACS mutations resembling field
viruses were constructed (designated G319, A319, N319, 5319, D319 and K319). Several viruses
replicated to significantly highertiters in turkey cells than in chicken cells. Serine proteases were more
efficient than trypsin to support multicycle replication in mammalian cells. Mutations affected cell-
to-cell spread and pH-dependent HA fusion activity. In contrast to chickens, mutations in the HACS
modulated clinical signs in inoculated and co-housed turkeys. G319 exhibited the lowest virulence,
however, it replicated to significantly higher titers in contact-turkeys and in vitro. Interestingly, HON2
viruses, particularly G319, replicated in brain cells of turkeys and to a lesser extent in mammalian brain
cells independent of trypsin. Therefore, the silent circulation of potentially zoonotic HIN2 viruses in
poultry should be monitored carefully. These results are important for understanding the adaptation
of HON2 in poultry and replication in mammalian cells.

Avian influenza viruses (AIV) belong to genus Influenza A Virus (IAV) inthe family Orthomyxoviridae. AIV are
enveloped viruses with a segmented single-strand RNA genome of negative polarity. The genome is composed
of eight gene segments (PB2, PB1, PA, HA, NP, NA, M, and NS) which encode more than 11 viral proteins’,
According to the different antigenic properties of the two surface glycoproteins hemagglutinin (HA) and neu-
raminidase (NA), AIV are classified into 16 HA (HI—H16) and 9 NA (N1 - N9) subtypes. Each virus contains
one HA and one NA subtype with possible 144 HxNy combinations’. Wild birds are the natural reservoir for
all ATV subtypes and domestic birds acquire AIV infection after direct or indirect contact with wild birds. In
poultry, H1-H16 subtypes are low pathogenic (LP), while H5 and H7 subtypes can become highly pathogenic
(HP) to cause up to 100% mortality. Therefore, preventive culling of H5 and H7 infected poultry is recommended
by the World Organization for Animal Health (OIE). The HA plays an important role in virus virulence and
interspecies transmission®™S. Activation of HA by proteolytic cleavage into HA1 and HA2 subunits is important
for exposing the HA2-fusion peptide, which mediates pH-dependent merge of viral and host cell membranes
and subsequently the release of viral RNA into the host cell’*. The HA cleavage site motifs (CS) of HPAIV
specify a stretch of basic amino acids (aa) which comply with the minimum polybasic motif required for the

!Friedrich-Loeffler-Institut, Federal Research Institute for Animal Health, Sidufer 10, 17493 Greifswald-Insel Riems,
Germany. “Institute of Veterinary Pathology, Faculty of Veterinary Medicine, Leipzig University, An denTierkliniken
33, 04103 Leipzig, Germany. Institute of Virology, Philipps University Marburg, Hans-Meerwein-StraBe 2,
35043 Marburg, Germany. ®email: Sayed.abdel-whab@fli.de
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cleavage by ubiquitous furin-like enzymes (R-X-K/R-R)°. LPAIV possess monobasic HACS, which is activated
by trypsin-like enzymes (e.g. trypsin, airway-trypsin like enzymes, transmembrane serine proteases “TMPRSS”)
which are restricted to the respiratory and digestive tracts'”'". Therefore, replication of LPAIV is usually limited,
and morbidity and mortality are reduced compared to the HPAIV which cause systemic infections resulting in
multiple organ failure and up to 100% mortality.

H9N2 viruses are the most widespread AIV in poultry worldwide. They infect a wide range of birds and mam-
mals including humans'>!®. In birds, the virus is endemic in many countries and a number of genetic lineages
are established (e.g. G1, Y280, Korean lineages)'®. HON2 are classified as LPAIV and some HIN2 viruses are
poorly adapted to poultry, however, they may cause severe morbidity and considerable mortality in chickens even
without concomitant bacterial or viral co-infections!®-7. Although chickens and turkeys belong to Galliformes,
turkeys are generally more vulnerable to AIV-induced morbidity and mortality than chickens®. Compared to
mammals'®®, genetic determinants for adaptation of HON2 in both species are not well understood. In chickens,
mutations in the HA head domain of Asian-H9N2 contributed to efficient virus transmission® and insertion of
basic aa in the HACS increased pathogenicity of some strains?*#2, In turkeys, molecular markers for the adapta-
tion of HON2 are not known.

In Europe, HIN2 outbreaks, particularly in turkeys, have been reported from Poland, UK and the
Netherlands®*2%, In Germany, recurrent outbreaks caused by Korean-like HON2 lineage have been increasingly
observed since 2012 mainly in turkeys, and autogenous vaccines have been used in some regions®*?’. Inthis study,
polymorphism in the HACS was determined after analysis of the HA sequences of European and non-European
HON2 viruses. Recombinant viruses were constructed and the impact of these mutations on virus fitness in vivo
and in vitro in turkeys and chickens was studied.

Materials and methods

Sequenceanalysis. AllHA protein sequences of Furopean and non-European HON2 viruses were retrieved
from GenBank and GISAID until 21-01-2020. Sequences oflaboratory adapted viruses and those with ambigu-
ous amino acid sequences were deleted. The remaining sequences were aligned using Multiple Alignment using
Fast Fourier Transform (MAFFT)? and further analyzed using Geneious Prime. The polymorphism in position
4 (P4) to position 1 (P1) in the cleavage site (positions 317 - 320 H9 HA numbering after removal of the signal
peptide sequence) was determined.

Cells, viruses and plasmids. Human-embryonic kidney 293 T cells (HEK-293 T), Madin-Darby canine
kidney cells (MDCK), MDCK type II (MDCKII) cells, bat brain cells (FLG-R, CVCL_0I97) cat brain cells
(CEBI1-R), warthog brain cells (PHA-B-1-R) and mouse brain cells (MDIG-1-R) were obtained from the cell-
culture collection at the Veterinary Medicine of Friedrich-Loeffler-Institut (FLI), Germany. MDCK-HAT and
MDCK-TMPRSS2 cells have been previously described”. Primary chicken embryo kidney (CEK) cells were
prepared from 18-19 day-old chicken embryos and primary turkey embryo kidney (TEK) cells from 23 day-old
turkey embryos®. Turkey embryo brain (TEB) cells were prepared from 23 day-old turkey embryos according to
the standard protocols®. A/turkey/Germany/AR1685/2016 (HON2) (GISAID ID: 486,439) (designated hereafter
as K319) was obtained from the repository of FLI kindly provided by Timm C. Harder. All plasmids of K319
were cloned in a previous project (Mostafa et al. submitted) as previously published*". pCAGGS-expression
plasmid was kindly provided by Stefan Finke. Cloning of the HA gene into pCAGGS was done after amplifica-
tion of the HA genes from pHW-HA plasmids using specific primers containing Xhol and Clal restriction sites
(available upon request). Green fluorescence protein (GFP) pcDNA-expression plasmid was kindly provided by
Barbara Klupp.

Generation of recombinant viruses. The HA of K319 virus was modified using QuikChange II XL
Site-Directed Mutagenesis Kit (Agilent Technologies, USA). Primers used for mutagenesis are available upon
request. Mutagenesis reactions were treated with 10 U/ul Dpnl for one hour at 37 °C. Transformation of XL Gold
ultracompetent cells was performed according to the manufacturer’s instructions (Agilent Technologies, USA)
and 400 pl were plated on Luria-Bertani (LB)-agar (Invitrogen, USA) supplemented with ampicillin (Roth, Ger-
many) overnight at 37 °C. Colonies were inoculated in LB broth supplemented with ampicillin and incubated
overnight in a shaker at 37 °C/300 rpm. Plasmids were extracted by QIAprep Plasmid Kits (Qiagen, Germany)
and the concentration was adjusted to 1 yug/ul. Viruses were rescued in HEK293T and MDCKII co-culture
using Lipofectamine 2000 and OptiMEM (Gibco, USA) as previously described®. Supernatants of transfected
cells were inoculated into 9-11 day-old specific pathogen free (SPF) embryonated chicken eggs (ECEs) (VALO
BioMedia GmbH, Germany). Eggs were examined daily for embryo activity for 5 days post-inoculation (dpi)
and chilled at 4—8 °C for 1—2 days. Then, the allantoic fluid was collected under sterile conditions from each
inoculated egg and the hemagglutination titer was determined using hemagglutination (HA) test according to
the standard protocol . Sterile allantoic fluids (after plating on sheep blood agar) with HA titer> 16 were pooled
together and aliquots were stored at—70 °C until use. Virus titration of working stocks was determined by
plaque test as described below. Furthermore, unwanted mutations were excluded by sequencing of plasmids and
virus stocks. Sequences of all viruses in this study were generated after amplification of all gene segments using
One-Step RT-PCR kit (Qiagen, Germany) and universal primers® or internal primers (available upon request).
Amplicons were extracted in 1% (w/v) agarose (Biozym Scientific GmbH, Germany) gels using QIAquick Gel
Extraction Kit (Qiagen, Germany). Purified gene products were subjected for Sanger sequencing by an ABI
BigDye Terminator v.1.1 Cycle Sequencing Kit (Applied Biosystems, Germany). Nucleotide and deduced aa
sequences were analyzed using Geneious Prime.
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Replication kinetics in different cell lines.  The replication of recombinant viruses in primary CEK and
TEK cells as well as indicated cell lines was compared using a multiplicity of infection (MOI) of 0.001. Viruses
were incubated with the indicated cells in 12-well plates at 37 °C and 5% CO; for 1 h (h). The virus inocu-
lum was removed and cells were treated with citrate buffered (pH 3.0) saline (CBS) for 2 min (min) to inacti-
vate extracellular virions. Afterwards, cells were washed twice with phosphate buffer saline (PBS). Finally, cells
(except MDCK-HAT and MDCK-TMPRSS2) were covered with minimal essential medium (MEM) containing
2.8% bovine serum albumin (BSA) (MP Biomedicals, USA) and with or without 2 ug/mL TPCK-treated trypsin
(Sigma-Aldrich, USA) and incubated at 37 °C and 5% CO,. MDCK-HAT and MDCK-TMPRSS2 were covered
with MEM containing BSA and 0.2 pg/ml Doxycycline (Sigma-Aldrich, USA) as described®. Cells were har-
vested at the indicated time points and stored at —70 °C until use. The replication kinetics were conducted in
duplicates and repeated two times for each type of cells. Virus progeny was titrated by plaque test as described
below. The results are expressed as mean and standard deviation of all replicates as log,, plaque forming unit per
ml (Log,, pfu/ml).

Plaque test.  Virus titration was done in MDCKII cells in 12-well plates using standard plaque assay: Briefly,
viruses were ten-fold serial diluted in MEM. Confluent cells were infected for 1 h with virus dilutions at 37 °C
and 5% CO,;. The extracellular viruses were adsorbed and cells were washed twice with PBS. Cells were covered
by semi-solid agar (Bacto Agar; BD, France) containing MEM, 2 ug/ml TPCK-trypsin and 4% BSA (MP Bio-
medicals, USA). Plates were incubated at 37 °C and 5% CO, for 3 days, cells were fixed with 10% formaldehyde
containing 0.1% crystal violet and were incubated at room temperature (rt) for at least 24 h. Virus titration was
performed in duplicates. Virus titers were calculated after counting the number of plaques multiplied by the
reciprocal of virus dilution. The final titers were calculated and expressed as Log;, pfu/ml. Cell-to-cell spread was
determined by measuring the diameter of 100 plaques of each virus using Nikon NIS-Elements imaging software
(Nikon, Diisseldorf, Germany). Plaque diameter is shown as mean and standard deviation.

Western Blot. The impact of trypsin, HAT or TMPRSS2 on HA cleavability was investigated using standard
Western Blot procedures. CEK cells were transfected with 5 ug of the different HA-pCAGGS plasmids using
Lipofectamine 2000 and OptiMEM for 24 h. Moreover, CEK cells were cotransfected with 2 ug pCAGGS-HA-
plasmid and 500 ng TMPRSS2 plasmid, incubated for 24 h and harvested as described below. Furthermore,
MDCK-HAT cells were infected with the six different viruses usinga MOI of 0.1 for 24 h at 37 °C. At 24 h post
transfection or post-infection, cells and supernatant were harvested and subjected for two cycles of centrifuga-
tionat 13,000 rpm for 10 min and washing of the pellets with 1 x PBS. Finally, pellets were solved in PBS and Lae-
mmlibuffer (Serva, Germany). The samples were heated for 5 min at 95 °C, then stored at -20 °C or directly used
for detection of viral proteins in 12% Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE).
Briefly, 20 ul of each sample was transferred to a polyacrylamide gel to separate proteins with a molecular mass
between 10 and 100 kDa. An electrophoresis chamber (BioRad, Germany) was filled with 1 x SDS-PAGE-buifer
(10xPAGE Buffer: 0.25 M Tris, 2 M Glycin, 1% SDS), protein solutions containing SDS-sample buffer were
loaded onto the gel and separated at 200 V for 45—60 min. Size of the indicated proteins was assessed against
PageRuler protein ladder (Thermo Fisher, USA). Binding of viral proteins to a polyvinylidene fluoride mem-
brane (PVDF) (GE Healthcare Life science, Germany) was done after electrotransfer at 20 V for 90 min per blot.
After blocking the membrane with 5% skim milk in 1 x Tris-buffer-saline 2.5% containing 0.25% Tween20 (TBS-
T) (Applichem GmbH, Germany) for 1 h at rt on a rocking platform. Serum of an infected turkey (1:100) in the
current study was incubated with each membrane overnight at 4 °C. Membranes were washed by 1:x TBS-T and
incubated with TBS-T containing peroxidase-labelled secondary anti-turkey antibodies (1:20,000) for 60 min at
rt. Visualization of viral proteins was done by chemiluminescence using Clarity Western ECL Substrate (BioRad,
Germany) Kit. Images were captured by Bio-Rad Versadoc 4000 Molecular Imager (BioRad, Germany) and
Quantity One software (BioRad, Germany).

Syncytium formation assay.  Monolayers of CEK cells in a 24-well-plate were transiently transfected with
100 ng of GFP-pcDNA plasmid and 600 ng of the different pPCAGGS-HA-plasmids using Lipofectamine 2000
and OptiMEM as previously done®. After 210 min of incubation at 37 °C, OptiMEM was exchanged to 1 ml
MEM with 5% fetal calf serum (FCS) (Biowest, Germany). The transfected cells were incubated for 16 h at 37 °C.
Cells were treated with 0.05% trypsin for 10 min at rt and incubated for 15 min at 37 °C with 1 ml MEM con-
taining Earle’s balanced salts and 10% FCS. To induce membrane fusion, cells were incubated with 1 ml of PBS
which was adjusted to pH 4.0, 4.2, 4.4, 4.6, 4.8,5.0,5.2, 5.2, 5.4, 5.6, 5.8 or 6.0 with HCI, for 4 min at rt. Cells were
washed twice with 1xPBS and were then incubated with MEM containing 10% FCS for 4 h and finally fixed with
4% PFA. The number and the area of green-fluorescing syncytia with three or more nuclei within 10 fields of
view (5.5 mm? each) using an Eclipse Ti-S Fluorescence microscope and the NIS-Elements software (Nikon) as
described™. The area of syncytia was divided by the number of syncytia to determine the average syncytia area.
The larger the average area of syncytia, the higher the fusion activity.

Animal experiment

Ethical statement. The animal experiments were carried out in the experimental animal facilities of the
FLI, Germany following the German Regulations for Animal Welfare. All experiments were approved by the
authorized ethics committee of the State Office of Agriculture, Food Safety, and Fishery in Mecklenburg - West-
ern Pomerania (LALLF M-V; permission number 7221.3-1.1-051-12) and the commissioner for animal welfare
at the FLI representing the Institutional Animal Care and Use Committee (IACUCs).
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Experimental design.  SPF ECE were incubated in the hatchery facilities at the FLI for 21 days and one-
day old turkeys were purchased from commertcial source. The turkey poults were tested to exclude bacterial (Le.
Salmonella, B.coli, ORT), viral (Le. ATV, NDV, TRT) and protozoal (Le. Coccidia) infections. All birds received
water and feed ad-libitum. Six week-old chickens or turkeys were allocated to different groups of 15 birds each in
separate animal rooms. Ten birds were inoculated with each recombinant virus oculonasally (ON) with 10%"pfu/
bird. At 1 day post inoculation (dpi), 5 sentinel chickens or turkeys were added to assess chicken-to-chicken
or turkey-to-turkey transmission. Furthermore, 10 chickens were intravenously (IV) inoculated with selected
viruses to determine the intravenous pathogenicity index (IVPI). A negative control group was left un-inocu-
lated. All birds were observed daily for 10 days. Oropharyngeal (OR) and cloacal (CL) swabs were collected at 4
dpi using serum-free MEM containing antibiotics (in 1 L: 5.6 ml BSA, 1% enrofloxacin (Bayer, Germany), 0.5%
lincomycin (WDT, Germany), 0.1% gentamycin (aniMedica GmbH, Germany). Swabs were frozen at —70 °C
until use. At 4 dpi, 3 birds per group were slaughtered and organ samples from nare, trachea, lung, airsac, pan-
creas, duodenum, kidney, thymus, bursa and brain were used for virus titration and/or histopathological exami-
nation. At the end of the experiment, all birds were humanely killed under deep anesthesia using Isoflurane
(CP-Pharma, Germany).

Detection of viral RNA. RNA was extracted from swabs and organ samples using NucleoMagVet 8/96
PCR Clean-up Core Kit (Macherey & Nagel GmbH, Germany) in KingFisher Flex Purification System (Thermo
Fisher Scientific, USA). The amount of viral RNA was determined in different samples using SuperScript III
Platinum One-Step qRT-PCR Kit (Invitrogen, Germany). A generic quantitative real-time polymerase chain
reaction (RT-qPCR) targeting partial AIV-M gene sequence®® was performed in AriaMx Real-time PCR System
(Agilent, Germany). Standard curves were run in each RT-qPCR plate using ten-fold serial dilutions of K319
virus (10" to 10° pfu/ml). The relative amount of viral RNA was quantified by plotting the Ct-values in the
standard curves and results are expressed as mean and standard deviation (equivalent Log, , pfu/ml). Moreover,
selected samples were inoculated in SPF ECE for virus isolation as recommended™. Furthermore, virus excreted
in oropharyngeal (OR) and cloacal (CL) swabs from inoculated and contact birds was subjected for Sanger
sequencing.

Seroconversion. Blood samples were collected at the end of the animal experiment from all chickens and
turkeys, and serum was separated after 24 h incubation in the fridge. Sera were tested for anti-AIV nucleopro-
tein (NP) using enzyme-linked immunosorbent assay (ELISA) by ID screen Influenza A Antibody Competition
Multispecies kit (IDvet, France) and plates were read using Tecan ELISA reader. According to the manufacture
guideline samples below 45% were considered negative.

Histopathology and immunchistochemistry. Histopathological lesions and distribution of AIV
matrixprotein (MP) antigen in different organs were studied by histopathological and immunchistochemical
(IHC) techniques. Samples were embedded in paraffin wax and sectioned at 2 - 4 um. For histopathological
examination, slides were stained with hematoxylin and eosin and the severity of lesions was determined usingan
ordinal scale: 0=no; 1 = mild; 2= moderate, and 3=severe necrosis and/or necrotizing inflammation. Further-
more, for immunohistochemical examination slides were stained using the avidin-biotin-peroxidase complex
method (Vectastain PK 6100, Vector Laboratories Burlingame, USA) with citric buffer pretreatment, a primary
monoclonal mouse anti-MP antibody (M1Hb-64, 1:100), and a secondary biotinylated anti-mouse IgG (BA
9200, Vector Laboratories Burlingame, USA) antibody (1:200) in IHC as described””. The distribution of paren-
chymal and endothelial MP antigen in different organs was semi-quantitatively scored, each on an ordinal scale:
0= negative; 1 = focal or oligofocal, 2 = multifocal, and 3 =coalescing to diffuse antigen.

Statistics. Data were analyzed using GraphPad Prism version 8.1.0 and differences were considered signifi-
cant at a p value of p <0.05. Plaque diameter was analyzed with Kruskal-Wallis with Dunn’s test. Replication
kinetics in different cell lines were analyzed using one-way ANOVA with post hoc Tukey tests and Kruskal - Wal-
lis with Dunn’s test. Viral shedding in oral swabs at 4 dpi were compared using Mann-Whitney Wilcoxon test.
Results were considered significant when p value in both tests were <0.05.

Results

European HIN2 viruses specify unique HACS motifs, mostly due to substitutions of non-basic
amino acids. Polymorphism in the cleavage sites (Fig. 1A,B) from position P4 to position P1 (residue 317
to 320 in H9 numbering) in European (n=82) and non-European (n=2926) HON2 viruses from 1966 to 2019
were analyzed (Fig. 1C,D; Table 1, Supplementary Table §1). Sequences of the European viruses represent 21
turkey, 15 chicken and 46 wild bird isolates. In total, 36 different HACS motifs were identified (P4-P1 only).
"The Buropean viruses had 12 different motifs and the non-European viruses exhibited 32 different HACS motifs
(Table 1). Four HACS motifs were observed only in the European and 24 only in the non-European viruses
(Table 1). While the majority of non-European HIN2 possessed RSSR/G (81.5%), KSSR/G (5.9%) or KSKR/G
(3.3%) in the HACS, the European viruses specified different motifs due to accumulation of non-basic aa includ-
ing ASDR/G (47.6%), ASNR/G (13.4%), ASAR/G (7.3%) or RSSR/G (11.0%). Only 4 out of 36 HACS motifs
(motifs #6, 7, 27 and 35) contain dibasic or multibasic HACS. Motif #6 (ASKR/G) was seen in 4 European
HIN2 sequences and motif#7 (RSKR/G) in 1 and 6 European and non-European HYN2 sequences, respectively.
Moreover, the non-European viruses have variations in all four positions. Conversely, serine (S) in P3 and argi-
nine (R) in P1 in the European viruses were highly conserved (100%), while P4 and P2 specified 5 (A, I, R, T, V)
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Figure 1. Polymorphism in the hemagglutinin cleavage site (ITACS) of Turopean and non-Furopean IT9N2
sequences. The 3D structure of HON2-K319 HA trimer showing P2 {residue 319} in blue, arginine in P1 (red)
and glycine in P1'(green) was generaled by SWISS-Model and [urther edited by Geneious (A). Alignment of the
cleavage site of representative European viruses showing polymorphism (K, G, A, N, S, D) in position P2 (B).
Prevalence of polymerphism in the HACS of Eurcpean HON2 (n =82} (C} and Non-European HIN2 (n—2926)
(D) in HIN2-IIA sequences retrieved from GISAID and GenBank on 20-01-2020. All sequences specifying S
contains R in position P4. Posilions P1 and P3 are highly conserved, while position P2 was more variable than
P4, particularly in the Furopean-119N2 sequences {C-D). Structure and size ol amino acids in position P2 are
shown (E).

and 6 (G, A, N, 8, D, K} different aa, respectively (Fig. 1B). Al P2, the Furopean viruses had G (6.1%), A (7.3%),
N (15.9%), S (11.0%), D (50.0%) or K (9.8%), while the prevalence rate of these aa in non-Furopean viruses
was 1.4, 0.0, 1.7, 89.7, 3.1 and 3.5%, respectively. These results indicate that the HACS sequences of European
I19N2 viruses differ from the non-European viruscs. While serine at P2 dominated the non-European 119N2,
the Buropean HIN2 viruses had relatively comparable prevalence of G, A, N, § and K (6.1 to 15.9%), while D
had a prevalence of 50.0%. G is the smallest and K is the largest aa (Tig. 1E). Since mutation (i.e. to tyrosine (Y))
at P2 affected cleavability of non-Furopean H9N2 viruses in cell culture® and replication of WSN/HINT in the
brain of mice®®, we decided to study the impact of non-basic aa in P2 (hereafler referred to 319) in the Furopean
HIN2 viruses in vitro and in vivo,
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European Non-European

HIN2 (total | HIN2 (total

91) 2926)

Motif (P1/P1") [No [% No %
1 ASGR/G 2 2.4 13 04
2 ASAR/G 6 7.3 0 0.0
3 ASNR/G 1 134 |3 01
4 RSSR/G 9 11.0 | 2384 |3L5
5 ASDR/G 39 476 |70 24
[ ASKR/G 4 4.9 0 0.0
7 RSKR/G 3 3.7 6 02
8 VSDR/G 1 12 20 0.7
9 TSNR/G 2 24 0 0.0
10 TSGR/G 3 3.7 16 0.5
11 ISGR/G 1 12 2 0.1
12 ISDR/G 1 12 0 0.0
13 RSGR/G 3 0.1
14 RSNR/G 35 12
15 ASDK/G 1 0.0
16 VSNR/G 7 02
17 VSGR/G 7 0.2
18 VSSR/G 9 03
19 ASYR/G 7 02
20 ISNR/G 3 0.1
21 KSSR/G 172 59
22 ISSR/G 1 0.0
23 KASR/G 2 01
24 RYSR/G 2 0.1
25 RASR/G 21 0.7
26 RLSR/G 13 0.4
27 RSRR/G 7 0.2
28 GSSRIG 3 0.1
29 RPSR/G 2 0.1
30 RFSR/G 9 0.3
31 RSTR/G 2 0.1
32 RSSK/G 4 0.1
33 RCSR/G 1 0.0
34 RSIR/G 1 0.0
35 KSKR/G 96 33
36 RSNK/G 1 0.0
Total 82 100.0 |2926* | 100.0

Table 1. Cleavage site motifs of European and Non-European HIN2 viruses from 1966 to 2019. A total of
2926 non-European viruses were retrieved from GISAID and GenBank on 21-01-2020. Three sequences from
chickens (2 from Iran in 2007 and 1 from Egypt in 2013) had RSNR/R, RSNK/R and KSSR/A motifs assuming
wrong or unusual sequences in the HA2 (ie. underlined R or A). Only motifs No. 6, 7, 27 and 35 (highlighted
in grey) encode dibasic or multibasic HACS. Using reverse genetics, we generated six recombinant viruses with
polymorphism at position P2 resembling the first 6 motifs (no. 1 to 6).

Generation of six recombinant viruses with variable HACS motifs. To get an insight into the
impact of non-basic aa variation at P2, six recombinant viruses were generated. In addition to the wild type
K319 virus, five mutants carrying G, A, N, S or D at position 319 (designated G319, A319,N319, 8319 and D319,
respectively), resembling the field viruses (Fig. 1C), were rescued. Viruses were propagated in SPF ECE and the
virus titers ranged from 1057 (G319) to 1052 (§319) pfu/ml (data not shown).

Variable replication of recombinant viruses in primary turkey and chicken cells in the presence
orabsence of trypsin.  Replication of the recombinant viruses was studied in TEK and CEK in the presence
and absence of trypsin for 1, 8, 24, 48 and 72 hpi, and virus titers were determined by plaque test in MDCKII
cells (Fig. 2A-D). In TEK cells, in the presence of trypsin, the peak of virus replication was reached 24 hpi, except
for K319 at 48 hpi. G319 replicated at significantly lower levels than §319 at 8 hpi (p <0.002), while G319 and
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Figure 2. Virus replication in cell culture in the presence or absence of trypsin. Shown are the replication
kinetics of the recombinant viruses 1, §, 24, 48 and 72 h post inoculation (hpi) at an MOI@ of 0.001 in turkey
embryo kidney (TTK) cells {A,B} and chicken embryo kidney (CEK) cells (C,D) with {+T) and without trypsin
(-T}. Titers are expressed as PFU/ml and are shown as the mean and the standard deviation. The kinetics were
done twice in duplicates for each cell Lypes and dala were analyzed using one-way ANOVA with post hoc Tukey
tests and Kruskal-Wallis with Dunn’s test. 'Lhe results were considered significant when p value in both tests
were< 0.05 as indicated by asterisk and explained in the main text.

$319 replicated at higher levels than K319 at 24 hpi (p <0.04). At 48 hpi, G319 replicated at higher levels than
N319 (p<0.04) and all viruses replicated at similar levels at 72 hpi (Fig. 2A). Without trypsin, all viruses repli-
cated at comparable levels at 8 and 48 hpi and reached the peak of replication at 48 hpi. G319 replicated at signifi-
cantly higher levels than A319 at 24 hpi and higher than K319 and $319 at 72 hpi (p <0.006) (Fig. 2B). Although
trypsin increased virus titers in TEK cells compared to cells without trypsin, only significant differences were
obtained for $319 at 8 and 24 hpi (p <0.04). In CEK cells, in the presence of trypsin, peak of virus replication was
reached 24 hpi. G319 replicated at significantly higher titers than K319 at 24 and 48 hpi (p <0.03) (Tig. 2C). D319
replicated at significantly higher titers than N319 at 8 hpi and higher than K319 at 24 hpi (p <0.02) (Fig. 2C).
Withoul trypsin, virus liters were comparably lower than in Lthe presence of Lrypsin, although il was nol statisti-
cally significant {p>0.052) and peak of virus replication was delayed to 72 hpi (Fig. 213). Comparing TEK and
CLK, in the presence of trypsin, N319 replicates significantly higher in TEK than in CEK cells at 8 hpi (p <0.003)
(Fig. 2A,C). Without trypsin, only K319, A319 and S319 replicated at 72 hpi to significantly higher levels in TEK
cells than in CFK cells (Fig. 2B,1D). Taken Logether, all recombinanl viruses replicaled o higher levels and reach
their maximum titer in primary turkey and chicken cells faster in the presence of trypsin, Non-basic amino
acids, particularly G319, supported rapid and higher replication of HIN2 in turkey cells. Regardless of their dif-
ferent physiochemical properties, mutations in the HACS enhanced virus replication in TEK than in CEK. These
resulls indicate thal mulations in P2 affect virus replicalion in avian cells.

TMPRS52 and to a lesser extent HAT can support multiple-cycle replication of viruses with
non-basic amino acids in the HACS.  Using Western blot, the HA of all viruses was shown Lo be cleaved
by trypsin, TMPRSS2 and HAT whereas no cleavability was observed in the absence of these proteases (Fig, 3A-
C). 'lhe proteolytic activation of HAT and TMPRSS2 to support multiple-cycle replication was studied in dif-
ferent MDCK cells for 24 hpi. In MDCK cells which do not produce endogenous 1TAT or TMPRSS2, virus
titers were generally lower than in MDCK-TMPRSS2 and MDCK-HAT cells (Fig. 3D). Without trypsin, G319
and $319 replicated Lo higher levels than K319, A319 and N319. §319 replicated at significantly higher liters
than D319 (p<0.02) (Fig. 3D). In the presence of trypsin, the titer of G319 was higher than A319 and K319.
In MDCK-TMPRSS2 cells, all viruses replicated at comparable levels (p> 0.2}, except G319 which replicated at
significantly higher titer than other viruses (p <0.015) (Tig. 3D). In MDCK-IIAT cells, all viruses replicated at
comparable levels (p>0.1) (Fig. 3D). Viruses replicated al higher liters in MDCK-TMPRSS2 than in MDCK-
HAT cells, but it was not statistically significant (p > 0.9). All viruses except §319 replicated at significantly higher
titers in MDCK-TMPRSS2 than in MDCK cells (p <0.001), while only K319 and D319 replicated at significantly
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Figure 3. HA proleolylic activalion and replication of recombinant viruses in diflerent MDCK cell lines.
Cleavage-activation of the HA of recombinant viruses carrying single mutations in the HACS in CEK cells with
(+) or without ( +) trypsin (A), in CEK after transfection with TMPRSS2 (+) or left untransfected (-) (B) or
MDCK cells expressing HAT (C). Western Blot figures were acquired by Quantity One Software Version 4.4
(Biorad, Germany) {(htips://www.bio-rad.com/webroot/web/pd(/lsr/lileralure/1000126-11A pdf). Multiple cycle
replication after infection of MDCK with or without trypsin, MDCK-TMPRSS2 or MDCK-HAT with different
recombinant viruses at MOI of 1 for 24 h, Titers were determined by plaque assay in MDCKII cells in the
presence of trypsin. Titers are expressed as PFU/ml and are shown as the mean and the standard deviation. The
kinetics were done twice in duplicates for each cell types (D). Data were analyzed using one-way ANOVA with
post hoc Tukey tests and Kruskal-Wallis with Dunn’s test. Asterisk indicates significant differences compared Lo
K319 (p <0.05).

higher titers in MDCK-HAT than in MDCK cells (p <0.05). Together, although mutations in P2 did not affect
HA-cleavability by trypsin, HAT and TMPRSS2, they modulated TT9N2 virus replication in a protease-depend-
ent manner with a remarkable impact of TMPRSS$2 and to a lesser extent HAT on virus replication.

Non-basic amino acids in the HACS increased cell-to-cell spread and influenced the optimal
pH-range for HA fusion activity. Cell-to-cell spread of the different virus variants was investigated by
plaque assays on MDCKII cells. While K319 produced significantly smaller plaques compared to other viruses
(p<0.0001}, largest plaque diameter was observed for G319 (p<0.01) (Fig. 4A). Binding of protons in the low
pH environment of the endosome serves as [usion trigger for HA. The pH-dependence and optimal pH of
fusion of the different HA variants was investigated in a transient-transfection based cell-cell fusion assay, For
this, CEK cells were transfected with the different pCAGGS-HA plasmids and GFP-pcDNA which was used asa
marker and fusion was triggered with PBS buffer at pI 4.0 to 6.0 in 0.2 intervals. 4 h after the pl1 shift, syncytia
were measured Lo delermine the pH for membrane [usion. All HA variants produced syncylia al pH 4.0 Lo 5.2.
Exposure to pIT 5.4 could trigger all TTA variants except D319. Only $319-TIA and G319-ITA produced syncytia
at pH 5.6. No syncytia formation was observed by any HA at pH > 5.8. The highest fusion activity was observed
after exposure to pH 4.2 for K319-HA, pH 5.0 for D319-HA, pH 5.2 for G319-HA and $319-HA and pH 54
for A319-HA and N319-HA (Fig. 4B). 'Lhese results indicate that mutations in P2 have an impact on cell-to-cell
spread and pIT fusion activation of TT9N2.

Mutations inthe HACS did not increase HON2 virulence ortransmission in chickens.  AllONor
IV challenged chickens remained healthy and PT values for all viruses were 0.0, however, all birds seroconverted
(Supplementary Table $2). Viral RNA of all viruses was only detected in OR swabs of inoculated chickens 4 dpi
and at low titers (Tig. 5A), where RNA of K319, G319, A319, N319, §319 and D319 was detected in 8/10, 7/10,
8/10, 5/10, 9/10 and 4/10 OR swabs, respectively (Supplementary Table $2). G319 and $319 had significantly
lower Liters than K319 and A319 (p<0.04) (Fig. 5A). Viral RNA was reporled in the nare of inoculated chick-
ens with N319 and to a lesser extent in A319- or K319-inoculated chickens (Fig. 5B). No infectious virus was
obtained after direct titration of any sample in plaque test. All contact chickens remained healthy and neither
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Figure 4. Cell-to-cell spread and pH fusion activity of recombinant viruses. Cell-to-cell spread was assessed
in MIDCKII cells in the presence of trypsin. Asterisk indicates that K319 induced the lowest plaque diameter
compared to all other viruses (p <0.05). Plaque diameter was measured by Nikon NIS Software {Nikon,
Germany) (https://www.microscope.healthcare.nikon.com/de EU/products/software/nis-elements) and
analyzed with Kruskal-Wallis with Dunn’s test (A). pH activation of membrane fusion was determined by
treating HA-transfected chicken embryo kidney cells with pH 4.0 to 6.0 at 0.2 pH-inlervals. The mean size
of measured syncytia (> 50) was calculated. Shown is the range of pH values at which HA fusion activity was
detectable. White arrows indicate the pH at which fusion activity was highest for each HA variant (B).

antibodies nor viral RNA were detectable (Supplementary Table $2). Collectively, HON2 used in this study is
poorly transmissible in chickens and mutations in P2 have no impact on virus transmission in chickens.

In turkeys, HIN2 exhibited higher adaptation than in chickens and some non-basic amino
acids in the HACS affected virulence, replication and transmission. Direct inoculated and co-
housed turkeys exhibited clinical signs including swelling of infraorbital sinus, facial edema, ruflled feather, rales
and/or diarrhea. These clinical signs were observed in inoculated turkeys with N319 (10/10; P1-0.6), K319 and
D319 (9/10; PI=0.4), $319 (3/10; P1-0.1}, A319 (2/10; P1-0.1) and G319 (1/10; P1-0.1) (Table 2) and in 2/5,
3/5, 4/5, 1/3, 1/5 and 1/5 co-housed turkeys, respectively (Table 2). At 4 dpi, cascous material was observed in
the swollen sinuses during autopsy. Viral RNA was detected in almost all OR swabs obtained 4 dpi in inoculated
turkeys and no significant differences were observed belween the groups (p>0.1) (Fig. 5C). In conlacl turkeys,
(G319 was shed in significantly higher amounts compared to K319, A319 and D319 (p <0.03) (Fig. 51). Cleacal
shedding was only detected in two K319- and one A319-inoculated turkeys, although at very low titers (data not
shown). In all inoculated groups, viral RNA was detectable only in the narc obtained 4 dpi and to a lesser extent
in the brain (excepl for A319) (Fig. 5E,F). Direct litration of samples was nol success(ul. Sequence ol the HA in
swab samples revealed no changes in the HACS and no additional mutations in the HA except G319 which an
additional G61D mutation (H9 numbering) in inoculated turkeys. All ON-inoculated and contact turkeys sero-
converted, except for one contact turkey inoculated with §319 (Table 2). Using IHC, MP antigen was detected
in the nare of all inoculated turkeys, mainly in the epithelial cells of nasal chambers, infraorbital sinus and nasal
glands. K319 and N319 were detected at slightly higher levels than others. MP antigen was neither detected in
other examined organs nor in the endethelial cells. Histopathological changes in the nare were mostly multifo-
cal, acute to sub-acule, lymphocytic and purulent, partially necrotizing sinusitis, rhinitis and inflammation of
the nasal glands with associated edema of surrounding tissue. 'Lhe inflammation caused by K319 and N319 was
slightly more severe than other viruses. In the brain, mild multifocal lymphocytic perivascular infiltration was
observed in turkeys inoculated with D319, A319 and §319. In the kidneys, focal interstitial lymphocytic infiltra-
tion was observed in one turkey inoculated with A319. Together, turkeys succumbed to HIN2 infection more
severely than chickens. Mutations in P2 in the HACS affected virulence in turkeys.

HACS mutations have an effect on virus replication in different brain cells in the presence or
absence of trypsin. Because low amounts of H9N2 RNA and mild lesions were observed in the brain
of turkeys, mulliple-cycle replication efliciency in brain cells obtained from diflerent species was studied. All
recombinant viruses replicated in TEB, PHA-B-1-R and CEBI-R cells independent of trypsin at an MOI o£0.001
for 24 h (Fig. 6A-C). In TEB, the addition of trypsin significantly increased virus replication and G319 revealed
the highest titers (p<0.01} (Fig. 6A). In PIIA-B-1-R and CEBI-R cells, viruses replicated at significantly lower
titers than in TEB without signilicant impact of trypsin in virus replication (Fig. 6B,C). Moreover, G319 was
able to replicate in bat and mouse brain cells independent of trypsin, although at lower titers when compared
to PHA-B-1-R and CEB1-R cells (data not shown). These data indicated that the HIN2 virus used in this study
can infect brain cells of turkeys and mammals independent of trypsin, and mutations in the IIACS can affect
multiple-cycle replication of the virus in turkey brain cells.
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Figure 5. Virus detection in oropharyngeal swabs and organ samples in chickens and turkeys. Detection

of viral RNA in inoculated chickens in oropharyngeal swabs (A) or organs (nasal cavity) (B) at 4 dpi was
determined by RT-qPCR targeting the M gene and are expressed as equivalent Log,, PFU/ml. Virus excretion
in oropharyngeal swabs (C,D) as well as in brain (E) and nasal cavity (F) at 4 dpi was determined by RT-qPCR
targeting the M gene and are expressed as equivalent Log,, PFU/ml. Asterisk indicates significant difference
compared to K319,
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Log, o PFU/mI

Inoculated Turkeys Contact Turkeys
PI | Morbidi Sheddi i Morbidi Shedding | Seroconversion
K319 04 | 910" 910 77 35 5/5 55
K319GC 01 | 110 10/10 77 1/5 5/5 5/5
K319A o1 | 2/10 /10 77 1/5 5/5 5/5
K319N 06 | 10/10 10/10 77 2/5 5/5 505
K319s 0.1 |3/10 9/10 77 1/5 445 445
K319 04 1910 10410 77 4/5 345 5/5

Table 2. Clinical examination of turkeys after oculonasal inoculation. * Number of positive birds/total
examined, Turkeys were challenged with 10°7 pfu/bird and 1 dpi 5 birds were added to asscss transmission,
At 4 dpi, 3 directly-inoculated turkeys were euthanized Lo assess virus distribution and lesions in different
organs. Seroconversion (number of positive birds / total examined) was tested at 10 dpi using ELISA. Clinical
scoring was conducted as recommended by the OIE on a scale 0 to 3: 0 =apparently healthy, 1= birds showed
1 clinical sign (ruffled feather, respiratory disorders, diarrhea), 2 = birds showed more than 1 clinical signs and
3—dead birds. lhe pathogenicity index (P1) is the mean of all clinical scores for all inoculated birds in 10 day-
observation period. Clinical examination was done blindly by two veterinarians. Shedding was determined by
RT-qPCR.

B PHA-B-1-R C CEBI-R

- K319

G319
. A3LO
= N319
. 8319
mm D319

Log,o PFU/mI
Log, PFU/mI

Trypsin Trypsin Trypsin

Figure 6. Replication of recombinant viruses in brain cells of turkeys, pigs and cats. Replication of indicated
viruses was tested in primary turkey embryo brain (TEB) cells (A), Warthog brain PTIA-B-1-R cell line (B)
and Cat brain CEB1-R cell line (C) after infection with recombinant viruses at an MOI of 0.001 for 24 h in
the presence ( 1) or absence (-) of trypsin. Virus Lilers are expressed as log10 PFU/ml and are shown as the
mean and standard deviation of three independent rounds, Asterisk indicate significant differences (p<0.05)
compared to wt-IT9N2 K319.

Discussion

The wide distribution of TI9N2 affects the poultry industry worldwide. The virus is endemic in chickens and
turkeys in several African and Asian countries, and recurrent outbreaks have been reported in Europe. European
HIN2 viruses analyzed in this study had HACS motils, which are different from the non-Furopean HON2 viruses.
Compared to the Asian HIN2 G1-like lineage, little is known about the virulence of European HIN2 in chickens
and turkeys'"". Several studies have shown that non-European H9N2 viruses can increase in virulence after the
insertion of basic aa in the IIACS with or without reassortment with IIPAIV IISN12M%, Our analysis showed
that the Furopean HON2 virus acquired several non-basic amino acids particularly in position P2 (residue 319
119 numbering). Some of these allerations have been previously reported in Polish IT9N2 viruses*”. While amino
acids at P3 and P1 are highly conserved, the variation in position 2 is remarkable. Six different amino acids were
observed in Buropean H9N2 viruses (G, A, N, 8, D, K) while three were seen in the non-Luropean viruses (Y,
T, 1). 'These results indicate a preferential selection for accumulation of non-basic amino acids in non-European
viruses al this position. The inserted non-basic amino acids al P2 have diflerenl physiochemical properties,
including size and polarity. These different characteristics may have an impact on the HACS conformation which
could result in increased accessibility for certain proteases and thus enhanced HA cleavability, and/or the degree
of exposure of the fusion peptide, resulting in the observed enhanced cell-to-cell spread (Fig. 4A) and altered
oplimal pH-range Lo trigger HA (usion (Fig. B).

Viruses used in this study replicated in different cultured cells without trypsin, although cells were infected
with low multiplicity and extracellular virions were removed by treatment of cells with citrate buffered saline and
washing with PBS. 'The efficient replication of some HIN2 viruses in primary chicken cells without exogenous
trypsin has been previously reported®. Our results showed that ITMPRSS2 and to a lesser extent HA'l can sup-
port multiple-cycle replication of different viruses, particularly G319, better than trypsin. Several studies have
also shown that S, R or K in P2 can affect cleavage activation of the R-S-X-R motifs in non-European HIN2
viruses by different proteases (i.e. matriptase, HAT, TMPRSS2 and furin)'™*, Similarly, a tyrosine at P2 affected
cleavability of non-European H9N2 viruses in cell culture™.

Cleavage of the fusion-inactive HHAO by host proteases into ITA1/TTA2 subunits results in irreversible confor-
mational changes, enabling ITA2 to mediate low-pIT dependent fusion of the viral and cellular membranes in
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the endosomal compartment and subsequently release of the viral RNA into the cytoplasm®. The pH value in the
early endosome is about 6 to 6.3, 5 to 6 in the late endosome, and 4 to 5% in the Iysosome*®. Thus, rapid fusion
may enhance early virus replication before triggering the host-immune response or lysis of the virus particles.
Nevertheless, pH stability is also important for persistence of AIV in the environment or in the acidic milieu of
the upper airways. Therefore, AIV optimal ranges for pH-fusion-activation vary from 4.4 to 6.4'**”. Mutations in
P2 atfected pH-fusion activation in the range of pH 4.0 to 5.6. Although the mechanism is not fully understood,
it is possible that the insertion of non-basic amino acids enhanced cleavability of the HA in the extracellular
environment by HAT or intracellularly by TMPRSS2. It has been also reported that mutations in the head domain
of the HA1 apart from the fusion peptide can trigger HA2 fusion activity of HON2 at different pH values*®*.

Although chickens and turkeys are both galliform birds, they vary in their susceptibility to AIV. Generally,
turkeys are more vulnerable to AIV-induced morbidity and mortality than chickens®. The virus used here is a
turkey-origin virus similar to the vast majority of European viruses analyzed in this study, thus it is conceivable
that adaptation to turkey-cells or turkeys was superior to chickens. Similarly, Turkey/Wisconsin/66(HIN2)
caused no clinical signs in chickens, although all chickens seroconverted, while inoculated-turkeys exhibited mild
depression, sinusitis and respiratory signs and almost all turkeys seroconverted®. Likewise, all chickens inocu-
lated with a recent polish HON2 virus of turkey origin from the 2013/2014 outbreak and 1 of 2 contact-chickens
seroconverted*. Poor replication of two Dutch wild-bird-origin HON2 viruses in chickens as indicated by lack
of clinical signs, low virus titers in swabs and respiratory organs and low seroconversion has been reported’.
Conversely, efficient replication and transmission of a chicken-adapted virus Ck/Hebel/LC/2008 HON2 in chick-
ens and turkeys have been reported, although cloacal excretion was not seen in turkeys®.

There is a gap in understanding the genetic determinants responsible for adaptation in chickens vs. turkeys.
Interestingly, N337K (corresponding to N319K in our study) in the HACS was detected in the 6% passage of a
turkey-origin HON2 isolated in Poland in 2013/2014 outbreak in chickens as low frequency variant and became
predominant in the 7th passage indicating a role of this particular amino acid for virus adaptation in chickens™.
However, in our study, neither N319 not K319 exhibited any increased virulence or transmissibility in chickens
or turkeys, and both viruses replicated in a trypsin-dependent manner at significantly higher levels in turkey cells
than in chicken cells. It seems that variation in P2 alone is not sufficient for adaptation in chickens and additional
mutations e.g. in HA, PA, NP and PB1* or in the NA** are probably required. Furthermore, sequence of swab
samples from inoculated and contact turkeys at 4 dpi indicated that mutations in the HACS were stable except
for G319 which acquired one additional mutation in the HA. Whether this mutation resulted in increased virus
titers in the nasal cavity in sentinel turkeys remained to be investigated. Studies showed that HON2 HACS was
stable after passaging in cell culture or in embryonated eggs™*". Conversely, passaging of HON2 in tracheal organ
cultures or different birds (Le. turkeys, quails and ducks) resulted in accumulation of mutations in the HACS,
among other segments*’*S, These different results may be explained by using different HON2 viruses or variable
host-specific selection pressure. Moreover, we detected RNA but not infectious virus in brain samples. Evidence
for the extra-pulmonary spread of HON2 in different organs in poultry has been described*®*7*%,

Human infections caused by HON2 have been reported®”. Importantly, several ATV with high fatality rate in
humans acquired non-HA/NA gene segments from HIN2 (e.g. H5N1, H7N9, H10N8). In addition to human
hosts, HON2 AIV has also infected mammals incduding pigs, dogs, cats, horses and bats'®. Without prior adap-
tation, AIV HIN2 in this study succeeded in multiple-cycle replication in brain cells of pigs, cats and mice
independent of trypsin, albeit to low levels. Mutation to tyrosine at P2 increased replication of WSN/HINI in
the brain of mice®. Virulence of these viruses remains to be studied in mammalian models, but zoonotic risk
of HON2 AIV (e.g. G319) should be monitored carefully. G319-like HIN2 viruses may infect and replicate at
higher levels in the upper respiratory tract of turkeys without causing severe disease. The threat of HON2 AIV as
a zoonotic agent is neglected®” and there is an urgent need to reassess containment of the HON2 ATV in poultry®..

In conclusion, our analysis indicated preferential substitutions of non-basic amino acids in the HACS of
European-HON2 viruses, which were different from non-European viruses. These mutations increased virus
replication in vitro and in vivo and contributed to virus fitness in turkeys, but not in chickens. HON2 viruses
in this study, particularly G319 replicated in mammalian cells without trypsin. The findings of this study are
important to better understand adaptation of H9N2 in turkeys and mammalian cells.
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20  Supplementary Figure S1: Cleavability of HON2 wviruses carrying single mutations in the

21 HACS by trypsin in chicken embryo kidney (CEK) cells.

22

23 The cleavability of HAO into HA1 and HA2 subunits was studied using Western Blot after the
24 transfection of CEK cells with 5pg pCAGGS-HA-plasmid in the presence (1) or absence (-) of
25  trypsin for 24 hours. Detection of the HA of all viruses was detected with serum of an infected
26 turkey (1:100) in the current study after separation in a 12 % polyacrylamide gel. Shown, from
27 left to right: the protein marker, G319 (1), A319 (+), N319 (+), $319 (+), D319 (+), K319 (1),
28 G319 (-), A319 (-), N319 (-), $319 (-), D319 (-), K319 (-) and the mock control (non-infected

29  CEK cells). For full annotation, please refer to Figure 3 panel A.
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Supplementary Figure S2: Cleavability of HON2 viruses carrying single mutations in the

HACS by TMPRSS2 in chicken embryo kidney (CEK) cells.

The cleavability of HAO into HA1 and HA2 subunits was studied using Western Blot after the
transfection of CEK cells with 2ng pCAGGS-HA-plasmid and with or without 500ng
TMPRSS2 plasmid for 24 hours. Detection of the HA of all viruses was detected with serum of
an infected turkey (1:100) in the current study after separation in a 12 % polyacrylamide gel.
Shown, from left to right: protein marker, mock control (non-infected CEK cells), G319
(+TMPRSS2), A319 (+TMPRSS2), N319 (+TMPRSS2), S319 (+TMPRSS2), D319
(+TMPRSS2), K319 (+TMPRSS2), mock control (non-infected CEK cells), G319
(-TMPRSS2), A319 (-TMPRSS2), N319 (-TMPRSS2), S319 (-TMPRSS2), D319 (-

TMPRSS2) and K319 (-TMPRSS2). For full annotation, please refer to Figure 3 panel B.
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Supplementary Figure 83: Cleavability of H9N2 viruses carrying single mutations in the

HACS by MDCEK cells expressing HAT.

The cleavability of HAO into HA1 and HA2 subunits was studied using Western Blot after the
infection of MDCK-HAT cells with an MOI of 0.1 for 24 hours {(+ 0.2 pg/ml Doxvycycline).
Detection of the HA of all viruses was done with serum of an infected turkey (1:100) generated
in the current study after separation in a 12 % polyvacrylamide gel. Shown, from left to right:
protein marker, G319 (MOI = 0.1), A319 (MOIL =0.1), N319 (MOI =0.1), 8319 (MOI = 0.1),
D319 (MOI=0.1), K319 (MOIL=0.1), mock control (non-infected MDCK-HAT cells). T G319
(1 ml virus), A319 (1 ml virus), N319 (1 ml virus), S319 (1 ml virus), D319 (1 ml virus) and
K319 (1 ml virus) and the mock control (non-infected MDCE-HAT cells). For full annotation,

please refer to Figure 3 panel C.
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11 Supplementary Table S1: Prevalence of cleavage site motifs of HIN2 in different species

Motif European HON2 Non-European HON2
(P1/P1") | Total [ Chicken | Turkey | Other* | Total | Chicken | Turkey | Other
No. No.

1 | ASGR/G (2 0 0 2 13 6 0 7
2 | ASAR/G |6 0 9 1 0 0 0 0
3 | ASNR/G |11 0 8 3 3 0 0 3
4 |RSSR/G |9 9 0 0 2384 | 1842 11 531
5 | ASDR/G |39 0 0 39 70 1 1 68
6 | ASKR/G |4 0 4 0 0 0 0 0
7 | RSKR/G |3 3 0 0 6 0 5 1
8 | VSDR/G |1 0 0 1 20 0 6 14
9 |TSNR/G |2 1 1 0 0 0 0 0
10 | TSGR/G |3 1 2 0 16 14 0 2
11 |ISGR/G |1 0 1 0 2 0 0 2
12 | ISDR/G |1 1 0 0 0 0 0 0
13 | RSGR/G 3 2 1 0
14 | RSNR/G 35 21 0 14
15 | ASDK/G 1 0 0 1
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16 | VSNR/G 7 0 7
17 | VSGR/G 7 0 6
18 | VSSR/G 9 2 1
19 | ASYR/G 7 6 1
20 | ISNR/G 3 0 3
21 | KSSR/G 172 135 37
22 | ISSR/G 1 1 0
23 | KASR/G 2 1 1
24 | RYSR/G 2 2 0
25 | RASR/G 21 4 17
26 | RLSR/G 13 11 2
27 | RSRR/G 7 4 3
28 | GSSR/G 3 3 0
29 | RPSR/G 2 1 1
30 | RFSR/G 9 8 1
31 | RSTR/G 2 2 0
32 | RSSK/G 4 3 1
33 | RCSR/G 1 0 1
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12
13

14
15
16

34 | RSIR/G 1 0 0 1

35 | KSKR/G 96 41 0 55

36 | RSNK/G 1 1 0 0
Total 82 15 21 46 2926§ | 2111 31 781

* “Other” refers to e.g. ducks, mallards, teals, wigeons, pheasants, ostriches, swans, pigeons or

environment.

§ Three sequences from chickens (2 from Iran in 2007 and 1 from Egypt in 2013) had RSNR/R,

RSNK/R and KSSR/A motifs assuming wrong or unusual sequences in the HA2 (i.e. underlined

R or A).
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11

12

13
14
15
16
17
18
19
20

Supplementary Table S2: Clinical examination of chickens after oculonasal challenge

Inoculated chickens

Contact chickens

PI  Morbidity Shedding Seroconversion Morbidity Shedding Seroconversion
K319 0/10%* 8/10 7/7 0/5 0/5 0/5
K319G 0/10 7/10 7/7 0/5 0/5 0/5
K319A 0/10 8/10 77 0/5 0/5 0/5
K319N 0/10 5/10 717 0/5 0/5 0/5
K3198 0/10 9/10 7/7 0/5 0/5 0/5
K319D 0/10 4/10 7/7 0/5 0/5 0/5

* Number of positive birds/total examined

Chickens were challenged with 10%7 pfu/bird and 1 dpi 5 birds were added to assess transmission. At 4

dpi, 3 directly-inoculated chickens were euthanized to assess virus distribution and lesions in different

organs. Seroconversion (number of positive birds / total examined) was tested at 10 dpi using ELISA.

Clinical scoring was conducted as recommended by the OIE on a scale 0 to 3: 0= apparently healthy, 1=

birds showed 1 clinical sign (ruffled feather, respiratory disorders, diarrhea), 2 = birds showed more than 1

clinical signs and 3 = dead birds. The pathogenicity index (PI) is the mean of all clinical scores for all

inoculated birds in 10 day-observation period. All birds remained healthy. Clinical examination was done

blindly by two veterinarians. Shedding was determined by RT-qgPCR.
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Abstract

The unprecedented spread of HSN8- and HIN2 -subtype avian influenza virus {AIV} in birds acress Asia, Europe, Africa, and
North America poses aserious public health threat with a permanent risk of reassortment and the possible emergence of
novel virus variants with high virulence in marmmals. To gain Information on this risk, we studied the potential for reassort-
ment between two contemporary HIN2 and H5N8 viruses. While the replacerment of the PB2, PA, and NS genes of highly
pathogenic HSN8 by hernelogous segrments frorn HIN2 preduced infectious HSN8 progeny, PB1 and NP of HIN2 were not
able to replace the respective segrnents frorm H5N8 due to residues outside the packaging region. Furthermore, exchange of
the PB2Z, PA, and NS segments of H5N8 by those of HIN? increased replication, polymerase activity and interferon antago-
nism of the H5N8 reassortants in human cells. Notably, H5N8 reassortants carrying the HIN2-subtype PB2 segment and to
lesser extent the PA or NS segments showed remarkably increased virulence in mice as indicated by rapid onset of mortal-
ity, reduced rmean time to death and increased body weight loss. Sirnultanecusly, we observed that in chickens the H5NS
reassortants, particularly with the H3N2 NS segment, dernonstrated significantly reduced transmission to co-housed chick-
ens. Together, while the limited capacity for reassortrent between co-circulating HIN2 and H5N8 viruses and the reduced
bird-te-bird transtnission of possible HSN8 reassertants in chickens may limit the evolution of such reassortant viruses,
they show a higher replication potential in hurnan cells and increased virulence in rarmrnals.

©The Authar(s) 2020. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Gommercial License (httpi//creativecommons.org/
licenses/by-nc/4.0), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work i= properly cited.
For commercial re-use, please contact journals.permissions@oup.com
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Importance

The segmented nature of avian influenza viruses (AlY) genome enables the evolution of new virus variants by exchanging segments {reassortment) between
two viruses upon co-infection of the same host-cell. Reassortment resulted in the evolution of pandemic and highly virulent influenza viruses in humans.
Here, we studied the potential reassortment of two German AIV H5N8 and HIN2 and the impact on virus fitness in human cells, mice, and chickens. We
found that HOINZ PB1 and NP were not compatible to replace the respective segments from HSNS, interestingly, due to genetic differences outside the pack-
aging region. Importantly, H5N8 viruses carrying HOIN2 PB2, PA, and NS segments exhibited high adaptation in human cells and remarkably increased viru-
lence in mice. However, the reassortment between H5N8 and HIN2 negatively affected transmission in chickens. This study is important for zoonotic risk as-
sessment after reassortment of HSN8 and HINZ AIV similar to those used in this study.

Key words: avian influenza; H5N8, HIN2, clade 2344, interspecies transmission; zoonoses; pandemic; reassortment;

chicken; mice; interferon antagonism; polymerase activity.

1. Introduction

Avian influenza viruses ({AIV) are members of the genus influenza
A virus (IAV) in the family Orthomyxoviridae. The single-stranded
negative-sense RNA genome consists of eight segments, which
encode at least 10 viral proteins {Bouvier and Palese 2008) divided
into two categories: structural (ie. part of the virion) and
non-structural components. The virion consists of the internal ri-
bonuclecprotein (RNP) complex (encompassing polymerase basic
subunit 1 (PB1) and subunit 2 {PB2), polymerase acidic protein
(PA), nucleoprotein (NP), and viral RNA), the matrix protein 1
(M1), and the nuclear export protein (NEP). The virion envelope
contains the hemagglutinin (HA), neuraminidase (NA), and ma-
trix protein 2 (M2). Several non-structural proteins {e.g. NS1, PB1-
F2, and PA-x) are not packaged into the virus particles, but are
expressed in the host cell, and play important roles, for example,
in interferon-antagonism, inflammatory response, or apoptosis.
Some non-structural proteins are not necessarily present upon
infection with every influenza virus (e.g. PB1-F2) {(Bouvier and
Palese 2008). The HA and NA of IAV are classified into 18 and 11
distinct subtypes, respectively (Bouvier and Palese 2008). H17,
H18, N10, and N11 have not been found in avian species. The ma-
jority were identfied in AIV from wild birds but also frequently
isolated in poultry. While most of AIV exhibit low pathogenicity
(LP) in the wild bird reservoir, AIV specifying H5 and H7 can be-
come highly pathogenic (HP) after circulation of LP precursors in
poultry (Alexander 2000). Due to the segmented nature of the vi-
ral genome, these segments can be exchanged (i.e. reassortment)
between different viruses upon co-infection of the same host
leading to the evolution of new virus variants with altered char-
acteristics. Reassortment has resulted in strains that have caused
pandemic outbreaks with devastating impacts on the human
population (Mostafa etal. 2018).

H9N2 is the most widespread AIV subtype in poultry world-
wide. Several clades of AIV H9N2 (e.g. G1, Y280, Korean or
European lineages) are endemic in many countries in Asia,
Europe and the Middle East {Fusaro et al. 2011). In poultry, some
Asian H9N2 viruses exhibited mild-to-moderate virulence with
or without co-infections with other viruses or bacteria (Guo
et al. 2000; Kishida et al. 2004; Lee et al. 2011). Moreover, HIN2
viruses were isolated from humans in several countries (Freidl
et al. 2014; Nagy, Mettenleiter, and Abdelwhab 2017).
Importantly, HIN2 viruses donated internal segments to other
AlIV generating zoonotic reassortant viruses, like AIV A/Goose/
Guangdong/1/1996 H5N1 (GsGD96) (Guan et al. 1999), the 2013
H10N8 (Chen et al. 2014), and the continuously circulating 2013
H7NS (Puetal. 2015).
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GsGDY6-like viruses continue to pose a serious public health
threat. From 1996 to date, the virus evolved into 10 phylogenetic
clades (clade 0 to 9) and multiple subclades. While most of these
subclades disappeared, clade 2.3.4.4 viruses are still circulating
in wild and domestic birds. Since 2009, the reassortment of the
HS5 HA segment of clade 2.3.4 4 with other AIV subtypes resulted
in the evolution of HSN1-, H5N2-, H5N3-, H5N5-, H5N6- and
HSN8-subtypes in wild and domestic birds (Lee et al. 2017).
These viruses have spread from South Korea and China to
many Asian, European, and North American countries. This
panzootic spread of AIV H5 clade 2.34.4 was alarming for both
poultry and human health. Although the pathogenicity of clade
2.3.4.4 H5Nx viruses in mammals varied considerably, some vi-
ruses {e.g. HSN6, H5N2) were able to infect mammals including
humans causing mild to fatal infections (Kim et al. 2014; Pulit-
Penaloza et al. 2015; Kaplan et al. 2016; Pan et al. 2016; Wang
et al. 2016, 2017; Kwon et al. 2018; Lee et al. 2018). Interestingly,
unlike human-pathogenic H7N$ or H10N8 AIVs (Guan et al.
1999; Chen et al. 2014; Pu et al. 2015), sequence analysis of the
H5N8 clade 2.3.4.4 indicated no relationship to HIN2-derived
segments (Kwon et al. 2018). Since 2016, an unprecedented
number of HSN8 clade 2.3.4.4 outbreaks was reported in birds in
Eurcpe (Napp et al. 2018; Pohlmann et al. 2018), where H9N2 is
semi-endemic posing a continuous risk for reassortment (Reid
et al. 2016; Swietor et al. 2018). The reassortment of avian and
human transmission influenza viruses may result in the occur-
rence of influenza pandemics, since the human population is
naive for such viruses and high mortality rates are expected
(Mostafa et al. 2018). The relevance of a scenario is highlighted
by the fact that pandemic influenza viruses in 1957, 1968, and
2009 possessed segments, particularly PB2, PB1, and/or PA, from
avian origin viruses (Mostafa et al. 2018).

Here, we studied the impact of potential reassortment be-
tween two recent German H5N8 clade 2.34 .4 and H9N2 viruses
on replication in human cells and virulence in mice and
chickens.

2. Materials and methods

2.1 Viruses and cells

German HSN8, HIN2, and Tk14 were provided by Timm Harder
at FLI, Riems and H9N2-G1-like was obtained from the Center of
Scientific Excellence for Influenza Viruses, National Research
Centre, Egypt. MDCK-II and HEK293T were obtained from the
cell culture collection at FLI Insel Riems. Calu-3 and A549 were
obtained from the Institute of Medical Virology, Justus Liebig
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University Giessen, Germany. NHBE (Lonza) were prepared
according to manufacturer's instructions. CEK cells were pre-
pared from 18-day-old SPF embryonated chicken eggs (VALO
BioMedia) (Hennion and Hill 2015).

2.2 Generation of Recombinant Viruses

All genomic segments of HSN8 and HIN2 were amplified and
cloned in pHW vector and viruses were rescued in MDCK-II and
HEK293T cells (Stech et al. 2008; Mostafa et al. 2015). HSN2 was
rescued and propagated in cell culture in the presence of N-
tosyl-L-phenyalanine chloromethyl ketone (TPCK)-trypsin. All
viruses were propagated in 9- to 11-day-old SPF eggs and viruses
were maintained at —80°C until use.

2.3 Sequence Analysis

RNA of recombinant viruses was extracted using the QlAamp
Viral RNA Mini Kit and transcribed into c¢DNA using the
Omniscript Reverse Transcription Kit {Qiagen). All segments
were purified from gel slices after Phusion RT-PCR (Stech et al.
2008) using the Qiagen Gel Extraction Kit {Qiagen) and subjected
for Sanger sequencing using the ABI BigDye Terminator v.1.1
Cycle Sequencing Kit ({Applied Biosystems). Sequences of
German viruses in this study were submitted to GISAID and
assigned isolate identity numbers 486439, 436440, and 486441.
The Egyptian HO9N2 virus had NCBI accession numbers
MK130705 to MK130710 for the internal gene segments.
Comparison between HSN2 and H5N8 genomes was done by
Genelous v.11.1.5 (Biomatters). Tertiary structures of PB1 and NP
were generated using SWISS-Model (https:/swissmodel.expasy.
org) and PyMol software (https;//pymol.org).

2.4 Replication kineties in primary human and chicken
cells

NHBE cells were differentiated under air-liquid conditions as
described (Matrosovich et al. 2004). NHBE and CEK were infected
with recombinant viruses at an MOI of 0.01 for the indicated
time periods. TPCK-trypsin was added for the replication of
H9N2 in CEK, but not in NHBE cells. Cells were harvested and
the virus titer was determined using foci assay (FA) (Ma et al.
2010). TPCK-trypsin was used for the titration of HON2 only. The
test was performed in triplicates and in three independent bic-
logical replicates. Each sample was titrated in duplicates.

2.5 Replication kineties in human cells

Replication of recombinant HSN8/H9N2 viruses in human cells
was determined in A549 and Calu-3 cells infected at an MCI of
0.01 for 1h. The inoculum was removed and cells were treated
with citrate buffer saline pH 3 and washed using phosphate
buffer saline (PBS, MP Biomedicals). Minimal essential medium
(MEM) containing 0.2 per cent bovine serum albumin (BSA) was
added and cells were incubated fer the indicated time periods at
23°G, 37°C, and/or 39°C. TPCK-trypsin was added for the repli-
cation of HIN2 in A543 cells. Cell culture supematants were har-
vested and stored at —80°C until titration.

2.6 Virus titration

Virus titration in this study was determined by plaque assay in
MDCK-1I cells {Abdelwhab et al. 2016) except for replication in
human cell culture which was performed by FA as described
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(Ma et al. 2010). TPGK-trypsin was added for the titration of
HSN2 only.

2.7 Minigenome luciferase assay

The luciferase assay was performed using Dual-Luciferase
Reporter Assay System (Promega) (Petersen et al. 2018). Briefly,
confluent HEK293T cells were transfected with 1pg of PB2, PB1,
PA, and NP from H5N8 and/or HIN2 or empty pHW2000 plas-
mids mixed with 40ng Renilla luciferase expression plasmid
PRL-8V40 (Promega) and 200ng p125-Luc Firefly luciferase ex-
pression plasmid containing the luciferase reporter gene
(Yoneyama et al. 1998). Transfection was performed using
Trans-IT2020 (Mirus) for 8h at 33°C and 39°C (Mostafa et al.
2013). Relative luminometer units (RLU) of each reaction were
nommalized to Renilla luciferase and the results are expressed
as x-fold change compared to the negative control.

2.8 Detection of interferon-beta (IFN-g) response in cell
culture

Amplification of the IFN-p mRNA in A549 infected with the indi-
cated viruses at an MOI of 1 for 24 h was done as previously pub-
lished (Petersen et al. 2018). The relative expression in infected
and non-infected cells was calculated using the 2*-(AAct)
method (Livak and Schmittgen 2001).

2.9 Flow cytometry

A54% cells were infected at an MOT of 1 with H5N8, H5N8_NS,
and HSN8_PB2-PA-NS at 33°C or 39°C. At 24 hpi, cells and su-
pernatant were harvested and centrifuged at 1,100rpm for
5min and washed with PBS. Separated cells were stained with
live/dead dye Zombie Aqua™ TFixable {Biclegend) for 20min,
then washed with MEM media containing 10 per cent FCS and
fixed and permeabilized with True-Nuclear™ reagent
(Biolegend) for 30 min. Cells were stained with primary mouse-
anti-NP antibody (ATCC-HB65) for 30min followed by rat-anti-
mouse 1gG2a-PE (Dianova) as secendary antibedy for 30min.
Cells were washed with FACS-Buffer and analyzed via FACS.
Cells were analyzed by excluding doublets (FSG-A vs. FSG-H)
and dead cells (Zombie Aqua-+).

2.10 Ethic statement

Experiments were carried out in the biosafety level-3 animal fa-
cilities of the FLI according to the German Regulations for
Animal Welfare and after approval of the authorities (permis-
sion number: 7221.3-1-060/17) and the commissioner for animal
welfare at the FLI representing the Institutional Animal Care
and Use Committee (TACUC).

2.11 Infection of mice

Four-week-old female BALB/C mice (Charles River) were allo-
cated in closed ISOcage system (Tecniplast) and were left to
adapt for 5days before challenge. At the day of challenge (d0),
all mice were weighed and individually marked. For each virus,
mice received either 10° (n=11) or 10® {n==8) pfu in 501 MEM.
One control group (h=28) received 50yl sterile medium (sham
group). Inoculation was performed under mild anesthesia using
Isoflurane (CP-Pharma). Mice were cbserved daily for clinical
signs and the daily BW per gram was expressed relative to the
BW of each mouse at d0. All mice that had lost more than 25 per
cent of the d0-BW were humanely killed and scored dead. After
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3dpi, three mice per group were euthanized using isoflurane.
The whole brain, one lung, and half of the spleen were collected
and homogenized using Tissuelyzer® (Qiagen) at ratic 1g/1ml
PBS and stored at —80°C until further use. The second half of
the spleen was used for flow cytometry analysis. The expen-
ment ran for 11 dpi, all surviving mice were humanely killed us-
ing isoflurane and cervical dislocation. MTD was calculated.

2.12 Virus replication in mice

Brain, lungs, and spleen of mice were weighed (w/v) and ho-
mogenized and the virus titer was determined by plaque assay.
Viral RNA was extracted automatically by RNA Extraction Kit
{(Macherey Nagel). The amount of viral RNA in homogenized
samples was also detected by RT-qPCR (Hoffmann et al. 2016).

2.13 Detection of IFN-§ response in the lung of mice

Lungs were collected at 3 dpi, weighed (w/v), and homogenized.
The total RNA was extracted from homogenized lung tissues us-
ing Trizol and RNeasy Kit (Qiagen). The cDNA was synthesized
from 400ng RNA using the Prime Script 1st Strand c¢DNA
Synthesis Kit (TaKaRA) and Oligo dT Primer (TaKaRa).
Quantification of IFN-p transcripts was done using SYBR®
GreenER™ qPCR SuperMIX Universal Kit (Invitrogen) and ge-
neric primers (Kim etal. 2003; Li, Moltedo, and Mcran 2012). The
x-fold change of normalized samples to B-actin transcripts
(Petersen et al. 2018) compared to the control mice was calcu-
lated using the 24-(AAct) method.

2.14 Detection of cell-mediated immunity in the spleen
of mice

At 3dpi, the spleen was removed and single cell suspensions
were prepared for flow cytometry analysis. T-cell subsets and
activation status were identified with fluorescent dye-labeled
antibodies against the following murine surface antigens: GD3
{clone 17A2), APC-Cy?; CD4 (clone GK1.5), FITC; CD8 (clone 53-
6.7), APGC; CD69 (clone H1.2F3), PE-Cy7 (Biolegend). All incubation
steps were carried out for 15min at 4°G in the dark. The INKT
cell subtype was detected by PE-labeled, empty or PBS57-loaded,
CD1d Tetramer (NIH tetramer Core Facility). For iINKT staining,
tetramers were incubated for 30min, in the dark. Cells were
washed in fluorescence-activated cell sorting (FACS) buffer and
analyzed by Flow cytometer BD Fortessa and FAGS DIVA soft-
ware (BD Biosciences).

2.15 Infection of chickens

Six-week-old SPF chickens were randomly allocated into six
groups. Ten chickens were inoculated with 10*7 pfu/bird and
five naive birds were added at 1dpi to each group. Birds were
observed daily for morbidity and mortality. Clinical scoring was
given and the PI and MTD were calculated as previously done
(Abdelwhab el et al. 2016). Chickens were kept on the floor in
separate rooms (one group per room;) at the BSL3 facilities of the
FLI In each room, water was supplied with cup and bell drinkers
and feed was provided in wide grid metal troughs and flat con-
tainers. Temperature and light were regulated automatically
and all stables were cleaned daily by water. Each room con-
tained a video camera.
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2.16 Virus excretion and seroconversion

Swabs were collected from surviving or freshly dead birds and
virus titer was determined by plaque assay. Furthermore, detec-
tion of viral RNA was determined as previously described
(Hoffmann et al. 2016) after automatic extraction. Sera collected
at the end of experiments were examined using ‘ID screen
Influenza A Antibody Competition Multispecies Kit' enzyme-
linked immunosorbent assay (ELISA) (IDvet) in Infinite® 200 PRO
reader (TECAN).

2.17 Histopathology and immunochistochemistry

Tissues from chickens (n=3 per group) inoculated with H5NS,
HS5N8 NS, or HSN8 PB2-PA-NS were collected in 10 per cent
neutral phosphate buffer formalin. Sample processing, hema-
toxylin and eosin (HE) staining, and immunchistochemistry
was performed as published (Breithaupt et al. 2011), but with us-
ing a monoclonal antibody against the M protein of IAV (ATCC
clone HB-64, 1:200, at 4°C overnight). Necrosis was scored on a
scale 0 to 3+: 0=no lesion, 1+ = mild, 2+ = moderate, 3+ = se-
vere. Viral antigen was scored on a labeling scale 0 to 3+
0O=negative, 1+ = focal to oligofocal, 2+ = multifocal, 3+ = coa-
lescing foci or diffuse labelling (blinded study).

2.18 Statistics

Statistical analysis for swab and organ samples, replication ki-
netics, immune response, polymerase activity, and bodyweight
gain were done using non-parametric Kruskal-Wallis and
Mann-Whitney Wilcoxon tests with post-hoc Tukey tests.
Survival durations were analyzed using log-rank Mantel-Cox
test. Results were considered statistically significant at p value
< 0.05. All analysis was done by GraphPad Prism software.

3. Results

3.1 Compatibility of European HIN2 and clade 2.3.4.4
H5N8 segments in reassortment

To assess the ability of A/turkey/Germany/R1685/2016 (HSN2)
(designated H9N2) to reassort with HPAIV A/tufted duck/
Germany/8444/2016 (H5N8) clade 2.3.4.4 subclade B (designated
HS5N8) in human-embryonic kidney 293T (HEK293T) cells, ge-
nome segments of HSN8 were replaced by single segments of
HYN2 using reverse genetic systems in a 7+1 approach. All
HSN2 segments, except PB1 and NP, yielded H5N8 infectious vi-
ruses indicating an incompatibility for exchanging these two
segments (Fig. 1A). These results were confirmed in two differ-
ent laboratories and using different rescue strategies.
Conversely, HON2 virus carrying H5N8 PB1 and/or NP segments
were successfully rescued (data not shown). Reassortment of
H5N8 with HIN2 M segment, however, produced only low prog-
eny virus titers after propagation in eggs and, therefare, was not
used for further characterization.

To further determine whether H3N2 segments generally
show a restricted compatibility to reassort with HPAIV H5NS,
segments of HSN8 were replaced by segments of G1-like A/
chicken/Egypt/S12568C/2016 (HON2) (designated HON2-G1-like).
Only the PB2 and PA of H9N2-G1-like yielded infectious H5N8 vi-
ruses and the rescue of a reassortant HSN8 virus with NS from
HSN2-G1-like was not successful. Interestingly, NS1 proteins of
HSN8 and HSN2-G1-like beleng to allele A, while German HIN2
NS1 belongs to allele B {w). Morecver, swapping single segments
of the cument HS5N8 virus with another HPAIV A/turkey/
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Figure 1. Genetic compatibility of HSN8 and HIN2 viruses in this stady. Results of HSNS virus rescue after exchanging segments with European HIN2 virus showing
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while amine acid exchanges are shown in red tdangles and the positions are written in black. The length of PB1 and NP was 2341 and 1570 nucleotides, respectively.

Amino acdd sequences were deduced from ORFs of PB1 (positions 25 to 2296) and NP (positons 46 to 1540). Numbering of the amine acids starts from the start codon

(B). Terdary structures of the HSNS-PB1 (yellow vibbons) interacting with PA and PB2 (C) and homotrimers of NP (D) were predicted using SWISS-Model. RNAs interact-

ing with PB1 vesidues are shown inved, green, and cyan. Amine acid diffexences in the HSN8 PB1 and NP are shown as blue spheyes.
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Table 1. Genetic identity of different gene segments of H5N8 and H9N? used in this study.

Segment Number of nt differences (%} Number of aa differences (%} Positions (HON2-x-H5N8)

PB2 188 {91.8%) 5{99.3%) 1260V, R376K, D678F, V717A, N759K

PB1 119 {94.8%) 13 {98.3%) M57T, 8934, T1104, V111M, K168R, D331E, R353K, A374T,
E398D, AS28T, V5301, C622G, Q634H

PA 117 (94.6%) 16 (97.8%) LAF, ASST, V86M, D101E, K113R, E216D, A2775, L290E,
[311M, P325L, 1354V, G386D, V4071, K615R, D629E, [649L

NP 42 {97.2%) 7 (98.6%) R77K, G105V, V234A, N290D, V301, 343V, I353F

M1 40 {94.7%) 7 {97.2%) A33V, R134K, F144L, M1651, V166A, K230R, R242K

M2 10 {96.6%) 5 {94.9%}) D13N, V28I, R45H, I51V, E66G

Ns1 211 {69.6%) 76 {65.0%} Too many to count

N32 75 (79.5%) 24 (80.2%) I6M, T7L, Q14M, V19M, E22G, V26E, E36G, R375, R39K,

H40L, S48T, AB3G, T64K, N67E, E68Q, 570G, AS1E, C83V,
N85H, I86R, T88K, K891, L100M, 51110

nt, nucleotides; aa, armnino acids.

Germany-MV/AR2487/2014 (HSN8) clade 2.3.4.4 subclade A (des-
ignated tk14) yielded infectious viruses (data not shown). This
indicates that there are genetic incompatibilities for reassort-
ment between H5N8 and HSN2 viruses used in this study.

To determine possible constraints for reassortment of HIN2
PB1 and NP with H5N8, we compared sequences between H5N8
and HSN2 segments (Table 1). Fifteen and seven silent nuclec-
tide (nt) differences in the PB1 and NP, respectively, were ob-
served in the non-coding regions (NCR), but no differences in
the amino acid (aa) sequence {Fig. 1B and Table 1). Conversely,
thirteen and seven non-synonymous differences were found in
the respective open reading frame (ORF) (Fig. 1B). We therefore
generated four chimeric PB1 and NP segments camrying ex-
changed NCRs from either HSN8 or HSN2 (Chimera 1. PBlusns/
NCRSygns; Ghimera 2! PBlygns/NCRSysys; Chimera 3: NPysye/
NCRspong; Ghimera 4: NPuona/NCRsusng). Infectious H5N8 vi-
ruses were obtained only with PB1 or NP chimeras containing
the ORFs from H5N8 (Chimeras 1 and 3) indicating that the
NCRs of the different genomes do not affect functionality of the
respective H5N8 genes (Fig. 1A and B). These results suggest
that differences in the gene coding sequences and not in the
packaging signal regions are responsible for the genetic incom-
patibility between H5N8 and H3N2 segments.

To achieve a better understanding of the possible effects
caused by the aa differences between the H9N2 and H5Ng PB1
and NP proteins (Table 1), we superimposed the aa differences
in the two HIN2 proteins onto the tertiary structure of the re-
spective H5N8 proteins (Fig. 1C and D). The aa differences in the
H5N8 PB1 are positicned in ‘finger’ or ‘thumb’ domains (Lo,
Tang, and Shaw 2018). The aa differences in the H5N8 NP are
highly variable among IAVs (Kukol and Hughes 2014) and are es-
sential for NP-NP homo-oligomerization, PB2 binding and/or in-
teraction with the tail loop {Ng, Wang, and Shaw 2009).

To study the impact of HIN2 segments on H5N8 fitness, we
rescued six recombinant viruses: HSN8, H3N2, and HSN8 var-
iants carrying HON2 PB2 (HSN8_PB2), HIN2 PA (H5N8_PA), HSN2
NS (H5N8_NS), or H3N2 PB2, PA, and NS (H5N8_PB2-PA-NS). The
replication of these viruses in two primary cell cultures (chicken
embryo kidneys (CEK) and normal human bronchial epithelial
cells (NHBE)) and two human cell lines (A549 and Calu-3 cells)
was studied. Polymerase activity and interferon (IFN}-p re-
sponse in A549 cells were determined. Furthermore, the impact
of reassortment on HSNS virulence, replication, IFN-B response,
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and T-cell activation in mice and virulence, excretion, tissue
distribution, and transmission in chickens was studied.

3.2 Influence of HON2 segments on H5N8 replication in
CEK cells

CEK cells were infected at multiplicity of infection {MOI) of 0.01
for 1, 8, 12, 24, and 36h at 37 °C. AIV H5N8 replicated to signifi-
cantly higher levels than AIV HSN2 at each time point (P < 0.003)
(Fig. 2A-D). Exchange of the PA and NS segments significantly
increased replication of HSN8 at 8hour post-infection (hpi)
(P < 0.0006), while substitution of PB2 or all three segments had
no effect (P> 0.3). At 12 and 36 hpi, all HSN8 reassortants repli-
cated to similar levels as H5N8 virus (P>0.1). At 24 hpi,
HS5N8_PB2-PA-NS replicated to slightly higher titers than H5N8
virus (P=0.045) (Fig. 2A-D). Together, small differences in virus
titers in GEK were only observed at 8 hpi for HSN8 PA and
HSN8_NS and at 24 h for HSN8_PB2-PA-NS.

3.3 H9N2 NS segment alone or in combination with the
PB2 and PA segments increased replication of H5N8 in
NHBE cells

NHBE cells represent a good ex vive model for studying IAV-
infection of well-differentiated human primary airway cells
with characteristics such as geblet and ciliated cells (Davis et al.
2015). NHBE cells were infected at an MOI of 0.01 for 1, 6, 12, 24,
and 36 hpi at 37 °C. While H3N2 did not replicate on NHBE cells,
the HS5N8 replicated at moderate levels. Although H5N8 PB2
and HS5N8 PA replicated at comparable levels as HSNS,
HS5N8 NS, and HS5N8 PB2-PA-NS replicated to significantly
higher titers (P<0.001). Remarkably, replication of H5N8_PB2-
PA-NS was observed earlier than other viruses (Fig. 2E-H).
Taken together, HIN2 NS segment alone or in combination with
the PB2 and PA segments increased replication of H5N8 in pri-
mary human bronchial epithelial cells.

3.4 H5NS reassortants carrying either H9N2 NS or PB2,
PA and NS gain significantly increased replication
ability in human lung cells at lower respiratory tract
temperature

Virus replication in human cells at 33°C (e.g. upper respiratory
tract temperature), 37°C (e.g lower respiratory tract
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Figure 2. Replication of selected i viruses in cells of avian or human origin. Replication of indicated virises was analyzed in chicken embryo kidney cells

{A-D), differentated normal hurnan bronchial epithelial cells (E-H), Calu-3 (I-L), and A549 (M-X) infected with an MOI of 0.01 for indicated tirne polnts, Significant dif-
ferences compared to HENS and HIN2 viruses at P-value <0.05 are shown by letters ‘a’ and b, respectively. All cells were incubated after infection at 37°C and addi-
tionally A549 cells were incubated at 33 *C (Q-T) or 39°C (U-X). TPCK-trypsin was added for the replication of HN? in all cells, except NHEE cells. 0 values shown in the
y-axis indicate no plaques or foci were detected in 400l or 50ul per well, respectively. Dashed lines indicate the predicted low detection lirit (LOD) of plaque and focl
assays in this study (ie. < 1 pfu/ffu in 400l or 50, respectively).

temperature), and/or 39°C (e.g. fever) was studied. Replication H5N8 virus (Fig. 2¥). In summary, the combination of HON2 PB2,
kinetics of recombinant viruses were compared in Calu-3 cells PA, and NS segments significantly increased the replication of
at 37°C {Fig. 21-1) and in A549 cells at 33°C, 37°C and 35°C HS5NS in different human lung cells at different temperatures.
(Fig. 2M-X). At 37 °C, recombinant H5N8 replicated to only low

titer compared to other reassortant HSN8 viruses in Galu-3 cells 3.5 HON2 PA reduced the polymerase activity of HSNS at
and virus progeny was first detected at 12 hpi and reached a 33°C and 39°C, while PB2 only increased the

maximum titer at 36 hpi (Fig. 2I-1). The replication of H5N8 in- polymerase activity at39°C

creased significantly after reassortment with H9N2 PB2, PA,
and/or NS (Fig 21-1). In A549 cells at 37°G, the reassortment  The impact of PB2 and PA on polymerase activity was assessed
with PB2, PA, or NS segments independently did not affect the by a minigenome luciferase assay in HEK293T cells. The relative

replication of the reassortant HSN8 (Fig. 2M-P). However, luciferase activity of the different minigenome compositions
H5Ng&_PB2-PA-NS replicated earlier and exhibited significantly was compared to the wild-type H5N8 segments {Fig. 3A). At
higher titers than other viruses (Fig. 2P). 33°C, the activity of HON2 polymerase was similar to that of

n A549 cells, H5N8 virus replication was significantly higher at HS5NS, but greatly (75%) reduced at 39 °C. However, the H9N2 PB2
39°C than at 33°C (P < 0.05) {Fig. 2Q-X), while HIN2 replicated at or PA combined with NP and the remaining polymerase subu-
lower titers than H5N8 viruses particularly at 33°C (Fig. 2G-X). At nits of HSN8 reduced the polymerase activity at 33°C by 20 per
33°C, the H5N8 NS demonstrated significantly higher titers at 12 cent (P <0.001) (Fig. 3A). At 35°C, the HSN2 PA resulted in a
and 36 hpi (Fig. 25) and replication of H5N8_PB2-PA-NS was signif- stronger reduction of the polymerase activity leading to a 55 per
icantly higher than HSNg at all periods (Fig. 2T). At 3%°C, cent activity reduction compared to the wild-type H5N8
HSN8_PB2-PA-NS replicated to higher levels compared to the {P < 0.001). Conversely, HIN2 PB2 significantly increased (40%)
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Figure 3. The impact of HSN2 segrnents on polyrnerase activity, interferon response, and number of infected A549 cells. Polymerase activity in hurnan kidney embry-
onic cells (HEK293T) of indicated viruses normalized to the activity of HSN8 and expressed as x-fold change at 33 and 33 °C (A}. Fold change induction of interferon-#in
A549 cells of indicated viruses normalized to cells without infection inoculated with PBS at 33°C or 39°C (B). Representative results of flow cytometry after infection of
A549 at MOI of 1 with H5NS (red), HSN8_NS {dark blue), or HSN8_PB2-PA-NS (light blue} for 24 h at 33°C {upper panel) or 33°C (lower panel} (C). Infected, NP highly posi-
tive cells are given as percentages from total living cells based on uninfected control cells. The test was done in duplicates and repeated three times and results are
shown as average and standard deviations of all i {D). Signi dil compared to HSN8 and HIN2 viruses at P-value <0.05 are shown.

the polymerase activity in combination with the other HSN8 NP higher polymerase activity of HSN8 at human lower respiratory
and subunits at 39°C (P <0.001) (Fig. 3A). Generally, HSN2 PA tract temperature, PA significantly reduced the polymerase ac-
and PB2 affected the polymerase activity of HSN8 in a tivity, which may explain the low activity of H9N2 at human
temperature-dependent manner. While HON2 PB2 supported lower respiratory tract temperature.
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3.6 Compared to H5N8, the reassortant HSN8 carrying
the HON2 NS increased the IFN-$ response in human
A549 lung cells in a temperature-dependent manner

The amount of IFN-B gene expression was quantified via real-
time reverse-transcription PCR (RT-gPCR) by amplification of
mRNA of A545 cells 24 hpi with H5SN8_NS or HSN8_PB2-PA-NS at
either 33°C or 33°G. The results were normalized to the B-actin
mRNA and expressed as x-fold change. The IFN-p response in
HS5NB8 virus infected cells at 33 °C was 207-fold lower than the re-
sponse at 39°C (Fig. 3B). At 33°C, the level of IFN-f gene expres-
sion in cells infected with H5N8_NS or H5N8 PB2-PA-NS was
reduced compared to the H5N8 by 332- and 432-fold, respec-
tively (Fig. 3B). Conversely, at 39°C, H5SN8_NS increased the IFN-
B response by 441-fold compared to wild-type H5N8 infected
cells and by 1,040-fold compared to cells infected with the reas-
sortant HSN8_NS at 33°C {Fig. 3B). Collectively, HSN2 NS inhib-
ited IFN-p response of H5N8 at human upper respiratory tract
temperature and increased IFN-p response at lower respiratory
tract temperature.

3.7 Compared to H5N8, the reassortant HSN8 carrying
the H9N2 NS significantly infected higher number of
human A549 lung cells

To test whether the number of infected cells correlate with the
pattern for IFN-p response, A549 cells were infected at MOI of 1
for 24h with H5N8, H5N8 NS, or H5N8 PB2-PA-NS at either
33°Cor 39°C (Fig. 3G and D). The total number of cells as well as
the number of viable or dead cells infected with different vi-
ruses were calculated using flow cytometry and standard anti-
NP-antibodies (Fig. 3C and D). The results showed that the total
number of cells and the number of viable cells infected with
HS5N8 was slightly higher, although not statistically significant,
at 39°C than at 33°C (P> 0.4). Conversely, the total number and
number of viable cells infected with H5SN8_NS or HSN8_PB2-PA-
NS was higher at 33°C than at 33°C (P < 0.03). The total number
of cells infected with HS5N8_NS or H5N8_PB2-PA-NS was higher
than HS5N8 at 33°C and 3%°C although statistical differences
were only observed at 33°C (P<0.0003). The number of viable
cells infected with HSN8_NS or H5SN8_PB2-PA-NS was signifi-
cantly higher than HSN8 at 33°C and 39°C (P < 0.01). There were
no statistical differences between the number of cells infected
with HSN8 NS or HS5N8 PB2-PA-NS at both temperatures
(P >0.1). The number of dead cells was significantly higher after
the infection with H5N8 NS than HS5N8 at 3%°C (P<0.02).
Altogether, HON2 NS significantly increased the number of live
infected cells, which is partially correlated with the inhibition of
IFN-B response particularly at the human upper respiratory
tract temperature.

3.8 H5NB8 reassortants carrying the HON2 PB2, PA or NS
alone or in combination demonstrated increased
virulence in mice as indicated by rapid onset of
mortality

Mice inoculated intra-nasally with 10° plaque forming units
(pfu) (high dose) (Fig. 4A) or 10° pfu {low dose) of each virus
(Fig. 4B) were observed for 11 days and the mean time to death
(MTD) was calculated. Four days after high dose inoculation
only two mice infected with HIN2 had to be sacrificed because
of drastic (>25%) body weight (BW) reduction (Fig. 4A). Mice
infected with H5N8 virus died between 3 and 6 dpi with MTD of
4.1 days (Fig. 4A) similar to mice infected with reassortant HSN&
carrying segments from HON2 that died within 4dpi. Mice
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infected at high dose with HSN8 PB2 started to die at 1dpi with
MTD of 28days. In the groups infected with HSN3_PA,
H5N8 NS, and H5N8 _PB2-PA-NS mice started to die at day 3 and
the MTD values were estimated to be 3.2, 3.5, and 3.5days, re-
spectively (Fig. 4A). The survival durations of HSN8 PB2 and
H5N8_PA inoculated mice were significantly shorter than those
inoculated with HSN8 (P < 0.008). None of the mice in the sterile
medium-inoculated group (sham group) died. After low dose in-
oculation, all mice inoculated with HIN2? survived. Mice infected
with H5N8 virus died within 9 dpi with MTD of 7.2days (Fig. 4B).
Mortality started at day 5 in groups of mice inoculated with
HSN8_PB2 and H5N8_PB2-PA-NS and 6dpi in groups of mice in-
oculated with HSN8_NS or HSN8_PA with MTD values of 6.2, 7,
7.2, and 5.6days, respectively (Fig. 4B). Mice inoculated with
HS5N8_PB2-PA-NS exhibited significantly shorter survival dura-
tion than H5N8-inoculated mice (P<0.013). Taken together,
HYN2 segments increased virulence of H5N8 in mice as indi-
cated by rapid onset of mortality and short survival durations.

3.9 The impact of reassortment of H5N8 with HON2 on
body weight of inoculated mice

After high dose inoculation, animals showed reduction in BW at
1dpi compared to the relative BW immediately before infection
and compared to the control group (Fig. 4C). HON2 inoculated
mice exhibited a transient reduction in BW at 2 and 3dpi and
the BW started to increase at4dpi to the end of the experiment,
although at significantly lower levels than the control group
P < 0.01) (Fig. 4C). Mice inoculated with H5N8 viruses showed
drastic reduction in BW until the day of death or killing and the
reduction in BW gain was statistically significant compared to
the sham and HON2-inoculated groups (P < 0.001). Compared to
H5NS8, significant reduction in BW was observed in HSN8 NS in-
oculated mice at 1-3dpi (P < 0.0002), in H5N8_PA and H5N8_PB2
inoculated mice at 1 and 3dpi (P <0.0001) and in HSN8_PB2-PA-
NS at 2dpi (P < 0.001) (Fig. 4C). After low dose incculation, HON2
had no effect on the BW, while H5N8 viruses caused significant
reduction in BW of inoculated mice. The reassortment with
H9N2 PA or NS did not significantly alter the impact of H5SN8 on
BW. However, HSN8 PB2 and H5N8_PB2-PA-NS viruses at 3-
5dpi and 2-5dpi, respectively caused significant increased re-
ducticn in the BW compared to the wild-type HSN8 virus
(P <0.001) (Fig. 4D). These results indicate a specific impact of
the H3N2 PB2, PA, and NS segments particularly when com-
bined in BW loss after infection with H5N8.

3.10 Reassortment of HSN8 with HON2 did notlead to
significant increase of viral titers in the lungs of infected
mice

The titer of viruses in the lungs, brain, and spleen homogenates
from humanely killed or deceased high-dose inoculated mice at
3dpi was determined by plaque test in MDCKII (Fig. 4E). Viruses
were recovered from the lungs of all incculated mice at compa-
rable titers (~10* PFU/g) and there was no significant difference
in viral titers between different groups (Fig. 4E). Infectious virus
was detected in the brain of H5N8-inoculated mice (~10** PFU/
2), HSN8_PB2 (~10*° PFU/g), and HSN8_PA (~10*° PFU/g) only
{data not shown). No infectious virus was detected in the spleen
of any mouse. Generally, HIN2 PB2, PA, or NS segments did not
significantly increase H5N8 load in the lungs of infected mice.
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Figure 4. The impact of HIN2 PB2, PA, and NS segments on viral fitness of reassortant HSN8 in mice. Mortality and BW loss after intra-nasally high dese inoculation
(10° pfu/mouse) (A, C) or with low dose 10° pfu/mouse (B, D). Mice that lost more than 25 per cent of BW at day 3 were humanely killed after deep anesthesia by
Isoflurane and cervical dislecation. Significant differences compared to mice ineculated with HSN8, HINZ, or sham group at P-value <0.05 are shown (C, D). Viral titers
in lung samples obtained from high-dose inoculated mice were determined by plaque assay in MDCKII and expressed as plaque forming unit per gram (PFU/gm). (E).
Results of IFN-# expression in the lungs of high-dese inoculated mice at 3dpd (n— 3). Feld change of IFN-§ mRNA was normalized to sham mice shown as individual
and average values (F). T-cell frequencies and activation in the spleen of high-dose inoculated mice (n—3) at 3 dpi. Frequency of INKT cells and CD4+ and CD8+ T-cells
among CD3+ cells (G, H) and frequency of CDE9+ INKT cells (T). Asterisks in panels Iand J refex to significant differences compared to HSN8. Results were normalized to
HSN8-inoculated mice with 10° pfu.
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3.11 H9N2 NS zlone or in combination with PB2 and PA
significantly increased IFN- g response in the lungs of
infected mice

IFN-Bp mRNA in the lungs of high-dose inoculated mice at 3dpi
was quantified and normalized to the B-actin mRNA for each
sample (Fig 4F) (Livak and Schmittgen 2001). HSN8_PB2-PA-NS
and H5N8_NS increased the expression of IFN-p by 59- and 22-
fold, respectively. HON2 infection increased the IFN-f response
by 13-fold, while the recombinant wild-type HSN8 and
HS5N8_PB2 mounted an IFN-B activation at similar levels, ~9-
fold. H5N8 PA was slightly less efficlent to induce IFN-f re-
sponse compared to other viruses, although H5N8 PA inocu-
lated mice expressed IFN-p at 5-fold higher than the control
group (Fig. 4F). These results indicate that H3N2 segments par-
ticularly NS affected IFN-p response in the lungs of H5NS8-
infected mice.

3.12 Reassortment with HON2 activated iNKT cells in the
spleen of inoculated mice in a dose-dependent manner

To get an insight into the impact of H5N8 reassortment with
HSN2 on T-cell response using flow cytometry analysis, spleen
samples were collected from mice at 3 dpi. Results were normal-
ized to the H5N8 response after subtraction of values from the
control group (Fig. 4G-J). High dose inoculation with HSN8_PB2-
PA-NS resulted in increased frequencies of INKT, CD4+, and
GCD8+ cells among CD3+ lymphocytes in the spleen compared
to the wild-type H5N8 infected mice. Interestingly, HSN8_NS
and HSN8_PB2-PA-NS significantly activated INKT cells, mea-
sured by CD69 expression, in the same amount as the HIN2
control and in contrast to wild-type H5N8. Activation of classi-
cal CD4+ and CD8+ T cells failed after infection with these vi-
ruses (Fig. 4G-]). Inoculation of mice with 10° pfu H9N2 did not
significantly affect the stimulation of INKT cells compared to
the control group (data not shown). Altogether, HSN2 NS in-
creased activation of early responding iNKT cells in the spleen
after infection with high dose of H5N8 virus.

3.13 In chickens, reassortment with H9N2 NS had a
negative impact on chicken-to-chicken transmission

Ten chickens were inoculated oculonasally and five contact
chickens were added 1dpi to each group. Birds were observed
for 10dpi. The pathogenicity index (PI) based on the daily clini-
cal scoring for each bird ranging from 0 (avirulent) to 3 (highly
virulent) and MTD were calculated. All HSN2-inoculated birds
survived without showing clinical signs. All H5N8 incculated
birds died within 2 days (HSN8 NS, HSN8_PB2-PA-NS, and HSN&
inoculated chickens) or 3days {H5N8_PB2 and H5N8_PA inocu-
lated chickens) with comparable PI values of 2.7 and MTD of 2.8
(H5N8_PB2), 2.2 (HSN8_PA), or 2.0 (HSN8_NS, H5N8_PB2-PA-NS,
and HSN8) (Fig. 5A). Contact birds to chickens inoculated with
H9N2, HSN8 NS or H5N8 PB2-PA-NS did not show any clinical
signs and remained healthy. All contact birds to chickens inocu-
lated with H5N& and H5N8_PB2 died with MTD of 4 and 7.6 dpi (3
and 6.6 days post contact). Only 3/5 contact chickens to chickens
inoculated with HSN8_PA died with MTD of 4.7 dpi (3.7 days post
contact) (Fig. 5B) and the two remaining birds did not exhibit
any clinical signs. The survival durations of contact chickens to
H5N8_PB2 and H5N8 PA-inoculated chickens were significantly
longer than that of chickens cochoused with H5N8-inoculated
chickens (P <0.002). These results indicate that the reassort-
ment with HIN2, particularly HON2 NS segment, reduced bird-
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to-bird transmission of H5N8 virus without significant impact
on virulence in inoculated chickens.

Virus excretion was determined in oropharyngeal (OP) and
cloacal (CL) swabs and different organs 2 dpi by plaque assay in
MDCKII cells. The results are expressed as plaque forming units
per ml (PFU/m) (Fig. 5C). The titers of all HSN8 viruses in inccu-
lated chickens were comparable (P> 0.1). HSN2 was not recov-
ered from any chicken although all inoculated chickens
seroconverted, while H5NS viruses were excreted at higher lev-
els from the cloaca than the oropharynx. All HSN8-inoculated
chickens died within 3dpi and, therefore, no swabs were taken
at 4dpi. No infectious vinis was obtained from contact chickens
after titration of samples using plaque test at any time point
and all surviving contact chickens were negative for anti-NP
antibodies. However, viral RNA was detected In 4/5 and 3/5
chickens co-housed with chickens inoculated with HSN8_PB2 or
HSN8_PA at 4dpi, respectively (data not shown). These results
indicate that the reassortment with HON2 NS segment reduced
the excretion of HSN8 viruses to undetectable limits in contact
chickens.

Replication and viral tissue tropism were compared at 2dpi
in chickens inoculated with HSN8, HSN8_NS, or HSN8_PB2-PA-
NS by plaque test (Fig. 6), histopathology, and immunohisto-
chemistry (Table 2 and Supplementary Fig. 51). Compared to
HSN8, the titer of infecticus viruses in organs of incculated
chickens was generally reduced after inoculation with HSN8 NS
and to lesser extent with HSN8_PB2-PA-NS (Fig. 6). HSNS yielded
the highest tissue necrosis score and most abundant viral anti-
gen distribution, followed by H5N8& NS and least HSN8_PB2-PA-
NS (Table 2 and Supplementary Fig. §1). Differences in necrosis
scores were most obvious in duodenum, liver, and thymus, and
for antigen distribution in liver, kidney, and thymus (Table 2). In
the lung and heart, antigen distribution and necrosis did not
differ significantly between groups. In particular, HSN8 was as-
sociated with a ubiquitous endotheliotropism that was mark-
edly restricted after HSN8 NS and even more after HSN8 PB2-
PA-NS infection, particularly in the liver, kidney, pancreas, and
gastrointestinal tract (Table 2 and Supplementary Fig. $1).
Together, the results from the chicken experiments indicate
that the reassortment of H5N8 virus particularly with HON2 NS
segment has a negative impact on transmission and virus ex-
cretion in contact chickens.

4. Discussion

Although AIV H9N2 was the donor of non-HA/NA segments for
AV, which were highly virulent in humans {Guan et al. 1999,
Fusaro et al. 2011; Pu et al. 2015), there are no published data for
natural reassortment of the internal genes of HIN2 with H5NS,
since 2016 so far. Here, we analyzed the compatibility of two re-
cent German HSN2 and H5N8 clade 2.3.44 viruses to reassort
and studied the impact of reassortment on H5N8 fitness in vitro
and in vivo. Only the HGN2 PB2, PA, and NS segments resulted in
infectious reassortant HSN8 viruses with high titers, while
H9N2 PB1 and NP were not compatible with productive replica-
tion of the other HI5N8 segments used in this study. It is worth
mentioning that the adaptation of AIV in specific hosts (wild vs.
domestic birds) may affect the range of reassortment between
HSN8 and HSN2 in this study (Lu, Lycett, and Leigh Brown 2014).
While HIN? viruses can circulate undetected in poultry, HPAIV-
infected poultry are usually culled {(Alexander 2000). Therefore,
some HIN2-AIV may adapt to domestic birds, while the unprec-
edented incursions of H5N8 into poultry worldwide was mostly
via separate direct or indirect contact at the wildlife-domestic
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Figure 6. The impact of HSN2 PB2, PA, and NS on H5NS virus replication in chicken organs. Viral titers in different organs of inoculated-chickens at 2 dpi were deter-
mined using plague test in MDCKII cells. Results are shown as average and standard deviation of positive samples.

animal interface with limited lateral spread in poultry holdings
(Mulatti et al. 2018; Poen et al. 2018; Pchlmann et al. 2018).
Furthermore, the reassortment of H5 clade 2.344 yielding di-
verse H5Nx viruses occurred mainly via exchange of the NA seg-
ment and it occurred mostly in wild birds (Lee et al. 2017).
Recently, the isolation of reassortant HSN2 viruses from poultry
in Egypt, where both H5N8- and H9N2-AIV are endemic, has
been described in farmed broilers and ducks after obtaining the
HSN2 NA or H5N8 HA segments (Hagag et al. 2019; Hassan et al.
2020). No evidence is available for reassortment of internal seg-
ments. Interestingly, H5N8 detected in wild birds in Germany in
2016/2017 were found to possess varying PB1 segments and the
evolution of HSNS was associated with acquisition of novel PB1
and NP segments (Pohlmann et al. 2018). Findings of this study
may explain this variation of PB1 and NP during the intreduc-
tion of H5N8 in Europe in 2016/2017.

Reassortment may be limited due to RNA-RNA, RNA-protein
or protein-protein interaction constrains (Lowen 2017). Along
this line, it has recently been reported that RNA packaging sig-
nal regions restrict reassortment of human H3N2 and avian
H5N8 and H7NS viruses {White et al. 201%). Another study
showed that the interaction of RNA with specific NP amino
acids govermed the successful reassortment of bat H17N10 and
seal H7N7 viruses in mammalian cells (Moreira et al. 2016; Bolte
et al. 2019). In the current study, HSN2 PB1 and NP were not
compatible with the other HS5N8 proteins although they were
more similar on the nucleotide level than the compatible PB2,
PA, and NS segments. Intriguingly, this incompatibility was due
te differences in the ORF and not in the packaging region and
was not associated with HA and/or NA genes as previously ob-
served (White et al. 2019). Therefore, it is tempting to assume
that incompatibility of HSN8 and HIN2 segments occurs possi-
bly on the protein-protein interaction level, which remains to
be investigated. No data are available so far on the biclogical
function of these peculiar HSN8 PB1 and NP differences, which
merit further investigation.
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The efficient influenza virus replication, including H9N2, in
mammalian cells via increased replication speed or decreased
sensitivity to antiviral effectors can be strain specific (Kurokawa
et al. 1999; Grimm et al. 2007; Dittmann et al. 2008). Compared
to some Asian H9N2 viruses (SJCEIRS-H$-Working-Group 2013),
H9YN2 virus in this study did not replicate efficiently in human
cells probably due to high adaptation to birds conferred by the
HA (e.g. receptor binding). Despite limitations for HSN&/HIN2
reassortment, findings in the current study provide strong evi-
dence that H9N2 internal segments can increase the replication
of H5N8 virus in mammalian cells as recently described for
some Egyptian H5N1/H9N2 reassortants (Arai et al. 2019).
Although HIN2 segments had minor effect on virus replication
in primary chicken cells, the synergism between H3N2 PB2, PA,
and NS resulted in significant high replication of HSN8 in all hu-
man cells used in this study independent of temperature.
Nevertheless, different replication levels of HSN8/H9N2 reassor-
tants were observed in NHBE, A549, and Galu-3, which is in line
with variable replication of some influenza viruses in these cells
in other studies (Gerlach et al. 2013; Kanrai et al. 2016).
Although it remains to be identified, this variation in replication
of HSN8/HIN2 reassortants in different cells may be attributed
to some cellular and viral factors. NHBE cells are a pseudostrati-
fied primary differentiated bronchial epithelial cell culture con-
taining ciliated and non-ciliated cells and are more closely
related to the in-vive situation. Calu-3 cells are a bronchial epi-
thelial adenocarcinoma cell line isolated from a 25-year-old
Caucasian male, while A543 cells are thought to be a type I al-
veolar epithelial cell line isolated from a human pulmenary ad-
enocarcinoma (Papazian, Wiintzen, and Hansen 2016). Calu-3
and NHBE cells are airway epithelial cells; however, in Galu-3
each HIN2 segment increased H5N8 replication, while in NHBE
cells only H9N2 NS segment had a significant impact on
multiple-cycle replication of H5N8.

An obvious shortcoming here is that we did not measure
IFN-B expression in different cell cultures after the infection
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Table 2. Histopathology and tissue tropism in chickens.

HS5N8_NS H5N8_PB2-PA-NS H5N8
Cell tropism Max score® Group score® Max score® Group score® Max score® Group score®
and necrosis
score
Lung Endothelivm +++ 6 +++ 8 +++ 9
Respiratory ++ 6 +++ 7 +++ 8
epithelium
Necrosis score +++ 7 +++ 9 +++ 9
Heart Endotheliuvm ++ 4 + 3 +++ 8
Myocardium ++ 6 ++ 6 ++ 6
Necrosis score ++ 4 ++ 5 ++ 4
Proventriculus Endotheliuvm ++ 4 -+ 7 +++ 9
Mucosal / ++ 5 ++ 6 +++ 7
glandular
epithelium
Necrosis score + 2 + 3 ++ 5
Gizzard Endothelivm 4+ 3 4+ n.c.t 4+ n.c.©
Mucosal + 2 + n.c. ++ n.c.©
epithelium
Necrosis score + 2 + n.c.t + n.c.*
Duodenum Endothelivm +++ 4 ++ 4 +++ 9
Mucosal Q Q + 1 ++ 5
epithelium
Necrosis score 0 0 0 0 + 2
Cecum Endothelivm ++ 3 ++ 4 +++ 9
Mucosal ++ 3 ++ 2 ++ 4
epithelium
Necrosis score + 1 ++ 2 ++ 3
Cecal tonsil Endotheliuvm + 2 + 3 +++ 9
Immune cells + 1 + 2 ++ 5
Necrosis score ++ 6 ++ 6 +++ 9
Pancreas Endothelium ++ 2 0 0 +++ 8
Parenchymal + 2 + 1 + 3
epithelium
Necrosis score 0 0 + 1 + 2
Liver Endotheliuvm + 1 + 1 +++ 9
Parenchymal + 1 ++ 4 ++ 6
epithelium
Necrosis score + 2 + 2 ++ 6
Kidney Endothelium + 2 + 1 +++ 9
Parenchymal + 2 + 1 ++ 4
epithelium
Necrosis score + 1 + 1 ++ 5
Spleen Endothelivm ++ n.c ++ 4 +++ nc.®
Immune cells ++ n.c ++ 6 ++ nc.®
Necrosis score ++ n.c. +++ 9 +++ n.c.®
Bursa Endotheliuvm ++ 4 ++ 6 +++ 9
Mucosal Q a 0 Q 0 o]
epithelium
Immune cells + 3 + 3 ++ 5
Necrosis score ++ 4 + 3 ++ 6
Thymus Endothelivm ++ 5 ++ 6 +4+ 9
Immune cells ++ 5 +++ 8 +++ 9
Necrosis score ++ 5 +++ 7 +++ 8
Brain Endotheliuvm ++ 3 +++ 6 +++ 9
Neurons, glia, ++ 5 ++ 3 ++ 6
epithelium
Necrosis score ++ 4 ++ 3 ++ 6

Necrosis scoring and detection of viral antigen in chickens infected with HSNE_NS, HSN8_PB2-PA-NS, or HI5NS, three animals per group. Necrosis scoring on a scale 0 to
3+: 0=no lesion, 1+ = mild, 2+ = moderate, 3+ = severe. Antigen detection on a labeling scale 0 to 3: 0= negative, 1+ = focal to cligofecal, 2+ = multifocal, 3+ = coa-
lescing foel or diffuse labeling.
*Max score: maximum of tissue score reached in this group.
Group score, sum of ‘+ in this group.
“n.c.: not caleulated, not all tissues present for evaluation.
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with different HSN8/HSN2 reassortants to elucidate the role of
PB2 and PA in the inhibition of IFN-response (Hayashi,
MacDonald, and Takimoto 2015a; Gao et al. 2019) or to quantify
IFN-B levels in different cells (Hsu et al. 2012). Nevertheless, our
results revealed that H5N8 viruses canrying HIN2 NS was more
efficient to inhibit IFN-p response, which was correlated with
the increased number of live infected cells. Therefore, it is likely
that after the infection of NHBE cells with HSN8_PB2 or
H5N8_PA H5Ng NS was not as efficient as HON2 NS to block the
IFN-B response or the number of infected cells was too low to
support high virus replication and thus increased IFN-B-inhibi-
tion. Conversely, in Galu-3 HSN2 PA and to lesser extent PB2 in-
creased the replication of H5SN8. The differentiated NHBE cells
differ physiologically from the monoculture cells (e.g. Galu-3 or
A549) in mucin secretion, receptor distribution, proteases, and
IFN-B response and the replicaticn of different influenza viruses
may vary in different cells of the human respiratory tract
(Matrosovich et al. 2004; Chan et al. 2010; Kreft et al. 2015;
Gerlach et al. 2017). Moreover, PB2 and PA play a role in the inhi-
bition of innate immune response (e.g. IFN-p) {Graef et al. 2010;
Zhao et al. 2014; Hayashi, MacDonald, and Takimoto 2015a; Gao
et al. 2019), and synergism with NS1 is required for efficient vi-
rus replication in vivo and in vitro (Varga et al. 2011; Nogales
et al. 2017). It is worth mentioning that N31 inhibit the innate
immune response mostly by shutoff-active host IFN-related
mRNAs and cytokine release, while PA-x preferentially degrades
genes assoclated with cellular protein metabolism and protein
repair {Chaimayo et al. 2018). Therefore, it is plausible that
HS9N2 PB2 or PA, through different cell-dependent pathways
than by N§1, may inhibit the innate immune responses in Calu-
3 cells. Furthermore, it is reasonable to suggest that higher rep-
lication of H5N8_PB2 in Galu-3 is also attributed to the higher
polymerase activity conferred by PB2 at high temperature as
previously described (Bradel-Tretheway et al. 2008). Although
HSN2 NS significantly reduced IFN-B response and increased
the number of H5N8-infected alveolar epithelial cells (i.e. A549)
at different temperature, it was astonishing that single H3N2
did not increase HSN8 replicaticn at high temperature.
Surprisingly, data on the underlying mechanism for variable
susceptibility of Calu-3 and A549 to influenza vinises are scarce,
although both cell lines are commonly used in influenza virus
research. Calu-3 and A549 are different cell lines and they vary
physiologically with different cell internalization and trafficking
pathways (Capel et al. 2016; Papazian, Wirtzen, and Hansen
2016; Lujan et al. 2019). Efficient replication of some influenza
viruses in Galu-3 than in A54% was attributed to such physiolog-
ical variations {e.g. to proteolytic enzymes {(B6ttcher et al. 2006;
Bottcher-Friebertshauser et al. 2011)). The impact of HSN2 PB2,
PA, and NS on different steps of virus replication in Calu-3 and
A549 and interaction with cellular factors should be further
investigated.

Another notion was that HSN8_PB2-PA-NS had higher IFN-p
response at 39°C, although not statistically significant, com-
pared to H5N8. It should not be totally excluded that some influ-
enza viruses can replicate at high levels despite the high
interferon response (Penski et al. 2011; Petersen et al. 2018).
Moreover, this relative inefficiency to block the IFN-p response
can be probably compensated by the higher and early replica-
tion (Kurckawa et al. 1999) and/or higher polymerase activity
conferred by PB2 at high temperature. Although at 33°C the ac-
tivity of HON2 was similar to that of HSN8, H3N2 PB2, and PA re-
duced the polymerase activity of H5N8. Conversely, at 33°C
compared to HSN8, HON2 exhibited significantly lower polymer-
ase activity, which is mostly driven by the H3N2 PA. Recently,
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lower polymerase activity conferred by PA has been shown to
drive the acquisition of mammal-adaptation markers in H7N9
PB2 (i.e. E627K) (Liang et al. 2019), known to increase polymerase
activity in mammeals. It has been recently shown that H5NS vi-
ruses from 2016 to 2017 outbreak had a lower polymerase com-
plex activity in human cells with minor impact on virus
replication in cell culture (Vigeveno et al. 2020). This low poly-
merase activity was markedly increased with either the PB2 or
PA of an H5N8 from 2014 to outbreak (Vigeveno et al. 2020).
Similarly, PA of the pandemic-HIN1/2003 enhanced polymerase
activity of chicken-origin H3N2 in mammalian cells at 37 °C, but
not at the lower temperature of 34°C (Bussey et al. 2011), which
was restored by reasscrtment with PB2 (Hayashi et al. 2015b).
Therefore, HSN2 PB2 and PA may balance the replication of the
virus in human cells at different temperatures (i.e. in upper vs.
lower respiratory tracts). It is worth mentioning that polymer-
ase activity does not always correlate with the level of replica-
tion of influenza viruses in cell culture (Chin et al. 2014).

Previous studies showed the high compatibility of HSN1 and
HSN?2 for reassortment and increased virulence of reassortant
H5N1 viruses in mammals after acquisition of HSN2 PB2, PA,
NP, and/or NS (Hao et al. 2016; Arai et al. 2019). In the current
study, H9N2 exhibited low virulence in mice. Gonversely, H5N8
killed all mice inoculated with low or high dose and reassort-
ment of HSN8 with H9N2 segments, particularly PB2, increased
virus virulence as indicated by rapid onset of mortality, shorter
MTD, and higher BW loss. PB2 was also associated with high vir-
ulence observed for some H5Nx in mice (Park et al. 2015; Wang
et al. 2017). The interplay of N531 with the immune system and
the impact on mortality is well known. Here, HSN2 NS alone or
in combination with PB2 and PA was not as efficient as the re-
spective H5N8 segments to inhibit IFN-p or T-cell immune
responses in lungs of infected mice. HSN8 NS in this study
belongs to allele A, while H9N2 NS belongs to allele B, which
blocked the IFN-p response less efficiently than allele A NS at
37°G (Zohari et al. 2010). However, the ability of HSN2 NS to in-
hibit innate immune response in the upper respiratory tract as
seen in A549 at 33°C may support virus replication at early
stage of infection. Conversely, HO9N2 NS was not efficient to in-
hibit the IFN-p response at 39°C (Szretter et al. 2009).
Furthermore, an elevated IFN-f expression was mostly accom-
panied by an increased activation of early responding iNKT
cells, which are able to improve the outcome of influenza virus
infections (Kok et al. 2012) by mediating efficient NK and CD&+
T cell activation (Ishikawa et al. 2010). However, the infecticn
exacerbated too fast to mount specific antiviral responses.

The reassortment between H5N8 and H3N2 segments did
not affect virulence or early excretion of H5N8 in incculated
chickens. Strikingly, the reassortment with H9N2, particularly
with the HYN2 NS segment, had a strong impact on chicken-to-
chicken transmission as indicated by extended MTD or lack of
morbidity, mortality, and virus excretion in contact birds. The
impact of the NS segment was also previously demonstrated by
our groups and others showing that the NS segment was impor-
tant for virus replication and endotheliotropism of H7N1T in
chickens (Abdelwhab el et al. 2016), virulence of H5N1 and
transmission in chickens and/or mice (Li et al. 2006; Jiao et al.
2008), and increased replication of AIV and swine influenza vi-
rnuses in mammalian cells {Kanrai et al. 2016, Petersen et al.
2018). Moreover, a recent study has shown that a Chinese H3N2
PB2 segment enhanced the fitness of HSN1 and H5N8 from ear-
lier 2.3 clades in chickens (Hao et al. 2018), even though they are
genetically different compared to the recent H5N8 clade 2.3.4.4b
viruses.
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In conclusion, findings of this study showed that the two re-
cent European H9N2 and H5N8-clade 2.3.4.4b viruses used in
this study had restricted compatibility for reassortment due to
mutations outside the packing region. Although reassortment
with HON2 increased replication of H5N8 in human cells, it had
a detrimental effect on transmission in chickens. This study is
important for zoonotic risk assessment after reassortment of
contemporary HSN8 and HSN2 AIV similar to those used in this
study. Nevertheless, findings in this study might indicate the
potential of reassortment in the evolution of HSN8 viruses with
higher replication ability in human cells and virulence in mam-
mals if reassortment occurred in other avian hosts {e.g. turkeys
or ducks).
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Abstract

Highly pathogenic avian influenza viruses HSNS clade 2.3.4.4 caused outbreaks in poultry at
an unprecedented global scale. The virus was spread by wild birds in Asia in two waves:
clade-2.3.4.4A in 2014/2015 and clade-2.3.4.4B since 2016 up to today. Both clades were
highly virulent in chickens, but only clade-B viruses exhibited high virulence in ducks. Viral
factors which contribute to virulence and transmission of these panzootic H5N8 2.3.4.4
viruses are largely unknown. The NS1 protein, typically composed of 230 amino acids (aa), is
a multifunctional protein which is also a pathogenicity factor. Here, we studied the
evolutionary trajectory of HSN8 NS1 proteins from 2013 to 2019 and their role in the fitness
of H5N8 viruses in chickens and ducks. Sequence analysis and in-vitro experiments indicated
that clade-2.3.4.4A and clade-2.3.4.4B viruses have a preference for NS1 of 237-aa and 217-
aa, respectively over NS1 of 230-aa. NS217 was exclusively seen in domestic and wild birds
in Europe. The extension of the NS1 C-terminus of clade-B virus reduced virus transmission
and replication in chickens and ducks and partially impaired the systemic tropism to the
endothelium in ducks. Conversely, lower impact on fitness of clade-A virus was observed.
Remarkably, the NS1 of clade-A and clade-B, regardless of length, was efficient to block
interferon induction in infected chickens and changes in the NS1 C-terminus reduced the
efficiency for interferon antagonism. Together, the NS1 C-terminus contributes to the

efficient transmission and high fitness of HSNS viruses in chickens and ducks.

Importance

The panzootic H5NS8 highly pathogenic avian influenza viruses of clade 2.3.4.4A and
2.3.4.4B devastated poultry industry globally. Clade 2.3.4.4A was predominant in 2014/2015
while clade 2.3.4.4B was widely spread in 2016/2017. Both clades exhibited different
pathotypes in ducks. Virus factors contributing to virulence and transmission are largely
unknown. The NS1 protein is typically composed of 230 amino-acids (aa) and is an essential
interferon (IFN) antagonist. Here, we found that the NS1 protein of clade 2.3.4.4A
preferentially evolved toward long NS1 with 237-aa, while clade 2.3.4.4B evolved toward
shorter NS1 with 217-aa (exclusively found in Europe) due stop-codons in the C-terminus
(CTE). We showed that the NS1 CTE of H5NR8 is required for efficient virus replication,

transmission and endotheliotropism in ducks. In chickens, HSN8 NS1 evolved toward higher
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efficiency to block IFN-response. These findings may explain the preferential pattern for

short NS1 and high fitness of the panzootic H5NS in birds.

Key words: Highly Pathogenic Avian Influenza Virus, HSNS, Clade 2.3.4.4, Evolution, NS1,

Virulence, Transmission, Ducks, Interferon-antagonism
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Introduction

Avian influenza viruses (AIV) infect a wide range of birds and mammals exhibiting high
pathogenic (HP) or low pathogenic (LP) phenotypes. AIV belongs to genus Influenza A Virus
(IAV) in the family Orthomyxoviridae with an RNA genome of eight gene segments
(segments 1 to 8) which encode more than ten structural and non-structural proteins (1). The
non-structural protein-1 (NS1), encoded by segment 8 encompassing 890 nucleotides, occurs
in two distinct alleles (phylogroups) in birds, where allele A is more common than allele B (2-
4). NS1 typically encompasses 230 amino acids (aa) arranged in two domains: the RNA
binding domain (RBD) from aa 1 to 73 and an effector domain (ED) from aa 88-230 which
are connected by a linker (residues 74-87) (3). It is present as a homodimer. Upon infection of
cells, the interactions of NS1 RBD with many viral and host RNA species prevents the
activation of host cellular sensors and suppresses cellular gene expression. Likewise, the ED
interacts with a plethora of host proteins to, among other functions, antagonize host immune

response (5, 6).

Although, NS1 has a typical length of 230 aa, several influenza viruses (e.g. H5Nx) have a
shorter NS1 due to a 5-aa deletion in the linker region (80-84 aa) (5) or a deletion in the C-
terminus (ACTE) of the ED. We and others showed that there are up to 13 different forms of
the ACTE in AIV (4, 7, 8). The most common ACTE form (88%) was NS with 217-aa lacking
aa 218-230, while the extension in CTE to 237 aa was rarely observed (n= 112/13026, 0.9%)
(8). Generally, in poultry the impact of NS1 CTE variations on virulence of AIV is
controversial and the contribution to virus transmission or tropism was rarely studied.
Species-specific variations in the PDZ domain (aa 227-230) of NS1 affected LPAIV H7N1
and HPAIV H5NI1 replication in duck cell cultures but not in chicken embryo fibroblasts (9,
10). In-vivo, no significant difference in virulence of HPAIV H5N1 in chickens was observed
due to variation of the PDZ domain (10) and it was dispensable for virus replication in
chickens and ducks (11). Conversely, a deletion of the PDZ domain in the HPAIV H7N1 NS1
was advantageous for virus replication in chicken embryo fibroblasts (8, 12) and in infected
chickens (8) but did not significantly affect the high virulence of the virus in infected
chickens (8). In another study, extension of 217-aa NS1 to 230 or 237 aa did not have a
significant impact on LPAIV HON2 replication in avian cells, but increased virus replication
and transmission in chickens without significant impact on virulence (13). No information is
available on the impact of CTE elongation on HPAIV fitness, particularly transmissibility, in
ducks.
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The HPAIV Goose/Guangdong (GsGd96) H5N1 first reported in Hong Kong in 1996/1997,
with full NS1 CTE, devastated poultry in more than 60 countries (14) and 455 out of 861
(53%) infected humans died (15). Since then, the virus evolved into tens of clades and
subclades and underwent several reassortment events. In recent years, HSN8 clade 2.3.4.4
spread globally in an unprecedented panzootic (14). In 2013-2015, H5NS clade 2.3.4.4A
(designated HSN8-A) was transported by wild birds from Asia to birds and poultry in Europe
and North America (16, 17). In 2016, the second wave of H5N8 caused by clade 2.3.4.4B
(designated HSN8-B) resulted in devastating outbreaks in poultry in several countries in Asia,
Europe, Africa and the Middle East (18-20). HSN8-A viruses were avirulent in Pekin ducks,
while HSNS8-B viruses were highly virulent (21). We have recently shown that NS1 is a major
virulence determinant of an H5N&-B virus in ducks (Scheibner et al. in preparation) and
swapping NS gene segment of H5N8-B and LPAIV HIN2 reduced virus transmission in
chickens (22). Little is known about the global evolution of NS1 gene of clade 2.3.4.4 viruses
overtime and the role of CTE on virus fitness in gallinaceous birds and waterfowls. In this
study, we analysed all sequence of NS1 of clade 2.3.4.4 H5Nx viruses and studied the impact
of NS1 CTE deletion and extension on replication, virulence and transmission of recent

HPAIV H5N8-A and H5N8-B in chickens and ducks.

Materials and Methods

Sequence analysis. A total of 8185 complete NS1 protein sequences were retrieved from
GISAID (n= 2872) and Influenza Virus Resources (n= 5313) available publicly from 1996 to
2019. Sequences were edited manually (e.g. to remove the laboratory-viruses and viruses with
ambiguous sequences or nomenclature, etc.), aligned using MAFFT and further edited using
Geneious version 2019.2.3. Furthermore, statistical programming language R (23) was used
to analyse the prevalence of sequences of H5NS viruses from 2013 to 2019 and the R package
geplot2 (24) to construct graphs. MrBayes was used to analyse the phylogenetic relatedness
after selection of bestfit Model in Topali v2 software (25) and further edited using

Dendroscope and Inkscape free software.

Viruses and cell lines. A/turkey/Germany-MV/AR2487/2014 (H5N8) carrying NS with 237-
aa (designated hereafter A NS237) and A/tufted duck/Germany/8444/2016 (H5NS) carrying
NS with 217-aa (designated hereafter B NS217) were kindly provided by Timm C. Harder,

the head of reference laboratory for avian influenza virus, Friedrich-Loeffler-Institut (FLI),
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Greifswald Insel-Riems, Germany. The HA of both viruses belonged to clade 2.3.4.4A and
2.3.4.4B, respectively. Madin-Darby canine kidney type II cells (MDCKII) and human
embryonic kidney cells (HEK293T) were provided by the Cell Culture Collection in
Veterinary Medicine of the FLI. Primary chicken embryo kidney (CEK) and duck embryo
kidney (DEK) cells were prepared according to the standard protocol and as described below

26).

Construction of recombinant wild and mutant viruses. All viruses were handled in
biosafety level 3 (BSL3) facilities at the FLI. Recombinant B NS217 virus was generated in a
previous study (22). To generate a recombinant A NS237 virus, viral RNA was extracted
from allantoic fluid using Trizol reagent (Thermo Fischer, Germany) and Qiagen RNeasy Kit
(Qiagen, Germany) following the manufacturers’ guidelines. cDNA was transcribed using
reverse primer targeting the conserved termini of influenza gene segments and the Omniscript
Reverse Transcription Kit (Qiagen, Germany). Each gene segment was amplified using
segment-specific primers and extracted from 1% gel slices using Qiagen Gel Extraction Kit
(Qiagen, Germany). Purified gene segments were cloned into the plasmid pHWSccdB as
previously done (27). Plasmids containing different gene segments were extracted from
transformed E. coli XL1-Blue™ or SURE2™ Supercompetent Cells (Agilent, Germany)
using QIAGEN Plasmid Mini and Midi Kit (Qiagen, Germany) and subjected for Sanger
sequencing (Eurofins, Germany). The NS gene segments of A NS237 and B NS217 were
modified using QuikChange II Site Directed Mutagenesis Kit according to the instruction

manual (Agilent, Germany). The sequence of mutagenesis primers is available upon request.

HEK293T/MDCKII co-culture were transfected with 1 pg plasmids of each gene segment
(27) in a mixture of Opti-MEM containing GlutaMAX and Lipofectamine 2000 (Fischer
Scientific, Germany). After 2 days, 9-11 day-old specific pathogen free (SPF) embryonated
chicken eggs (ECE) (VALO BioMedia GmbH, Germany) were inoculated via the allantoic
sac with the supernatant of transfected cells (28). Eggs were checked daily for embryo
mortality and the hemagglutination activity in the allantoic fluid was tested against 1%
chicken erythrocytes following the standard protocol. Allantoic fluids with titre higher than
16 hemagglutination units were tested for bacterial contamination using Columbia sheep
blood agar (Thermo Fisher, Germany). Virus stocks were dispensed in 2 mlL-cryotubes and

stored at -80°C until further use.
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Virus titration. Virus titration in this study was done using standard plaque assay. Briefly,
viruses were serially diluted in ten-fold dilutions in PBS and were added to MDCKII cells in
12-well plates for 1 h at 37°C/5% COs. Cells were washed with phosphate buffer saline (PBS,
pH=7.4). Semisolid agar (Bacto™ Agar, BD, France) and minimal essential medium (MEM)
containing 4% bovine serum albumin (BSA) (MP Biomedicals, USA) were mixed to equal
parts and was added to each well. After three days at 37°C, cells were fixed by 4%
formaldehyde containing 0.1% crystal violet for 24 h and plaques were counted. Viral titres

were expressed as plaque forming units per ml (PFU/ml).

Preferential selection of NS segment in vitro. To determine the preferential selection of the
authentic NS segment (NS237 in clade-A or NS217 in clade-B) over NS230, HEK293T cells
were co-transfected with 9 plasmids in 4 different settings. Cells were co-transfected with
plasmids containing all gene segments of clade-A A NS217 virus in addition to clade-A NS
segments with NS230 or NS237, each in two independent experiments. Similarly, cells were
co-transfected with plasmids containing all gene segments of clade-B B NS237 virus in
addition to clade-B NS segments with NS230 or NS217. Transfection was done as described
above using OptiMEM and Lipofectamine. Two days after transfection, 2 eggs per
transfection were inoculated with the transfected-cell supernatant and daily checked for
embryo mortality. The allantoic fluid was harvested and plaque assay was conducted. A total
of 70 plaques were randomly selected and RNA was extracted using NucleoSpin 96 Virus
Core Kit (Macherey & Nagel GmbH, Germany). ¢cDNA Synthesis was performed with
OneStep RT-PCR Kit (Qiagen, Germany) and NS specific primers. Purified gel products were
subjected for Sanger sequencing (Eurofins, Germany). Prevalence of different NS variants

was analysed using Geneious version 2019.2.3.

Replication kinetics in primary chicken embryo kidney (CEK) and duck embryo kidney
(DEK) cells. CEK cells were prepared from 18-day-old SPF ECE and DEK cells were
prepared from 23-day-old duck eggs. Briefly, embryos were decapitated using sterile scissors
and the kidney was removed in sterile petri dish. Cell suspensions were prepared by
trypsinization and mechanically by sterile scissors in presence of MEM containing 10% foetal
calf serum (FCS) (Biowest, Germany). Trypsinized cells were collected in a flask containing
MEM and subjected for stirring using magnetic bar at 200 rpm at room temperature (rt) for 25
minutes. The suspension was purified by decanting the whole amount in gauze pads in a
beaker followed by centrifugation for 5 min at 1200 rpm. The pellet was suspended in MEM
containing 10% FCS, penicillin- streptomycin (1:100) (Thermo Fisher Scientific, USA) and
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amphotericin B (1:1000) (Biowest, Germany). Finally, ~500,000 cells per well were
distributed in 12-well plates. After 24 h, semi-confluent cells were infected at a multiplicity of
infection (MOI) of 1 PFU per 1000 cells in MEM and left for 1 h at 37°C/5% CO,.
Thereafter, the inoculum was removed and extracellular virions were inactivated by citric acid
buffer (pH= 3) for two minutes and the cells were washed twice with PBS. MEM with 0.2%
BSA was added to each well. All plates were incubated at 37°C/5% CO,. At indicated hours
post infection (hpi), cells were collected and kept at -80°C until use. The assay was run in
duplicates for each virus and repeated twice. Virus titres were determined by plaque assay in
MDCKII as described above. The results were expressed as mean and standard deviation of

all replicates.

Protein expression in avian cells using Western Blot. To study the impact of CTE on
expression of NS1, CEK cells were infected at an MOI of 0.1 in duplicates for 1 h at 37°C
and 40 °C. Cells were treated with citrate buffer saline for 2 minutes then washed twice with
PBS before adding MEM containing 0.2 % BSA and further incubation for 2, 4, 8 and 24
hours. At the indicated time points, cells were collected and subjected for two rounds of
centrifugation for 10 min at 13,000 rpm and washing by PBS. Cell pellets were dissolved in
Laemmli buffer (SERVA, Germany) and PBS at ratio 1:1 and heated for 5 min at 95° C.
Proteins were separated in standard procedures using 12% polyacrylamide gel (SDS-PAGE)
and transferred to polyvinylidene fluoride (PVDF) membranes (GE Healthcare Life science,
Germany) using TransBlot semi dry transfer cell (Bio-Rad, Germany). After saturation of
non-specific protein binding using 5% low-fat milk diluted in TBS-T at rt for one hour, the
membranes were incubated overnight under constant shaking at 4°C with the primary
polyclonal rabbit anti-NS1 antibody. Furthermore, [-actin as well as NP were detected using
monoclonal anti-B-actin (Sigma-Aldrich, USA) as well as polyclonal-anti-NP rabbit
antibodies, respectively. After washing the membrane three times with 1xTBS-T (each step 5
min), secondary peroxidase-conjugated rabbit and mouse IgG at a dilution of 1:20000 in TBS-
T were added to the membrane for 1 h at rt. Thereafter, the membranes were washed 3 times
with 1 x TBS-T and antibody binding was detected in a BioRad Versa Doc System with the
Quantity One software (BioRad, Germany) by chemiluminescence using the Clarity Western

ECL Substrate (BioRad, Germany).

Animal experiments
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Ethic statement. All experiments in this study were carried out according to the German
Regulations for Animal Welfare after obtaining the necessary approval from the authorized
ethics committee of the State Office of Agriculture, Food Safety, and Fishery in Mecklenburg
— Western Pomerania (LALLF M-V) under permission number: 7221.3-1-060/17 and
approval of the commissioner for animal welfare at the FLI representing the Institutional
Animal Care and Use Committee (IACUC). All animal experiments were conducted in the

BSL3 animal facilities at the FLI.

Experimental design. The impact of CTE on virulence and transmission was assessed in
White Leghorn chickens and Pekin ducks. One-day-old SPF chicks hatched at the FLI, Celle,
Germany and one-day old Pekin ducklings (Duck-Tec Brueterei, Germany) were used for this
study. Ducks were tested to exclude bacterial (e.g. Salmonella spp.) and viral (i.e. influenza)
infections. Two days before challenge, 15 chickens (6-week old) and ducks (2-week old) were
allocated into six groups in separate experimental rooms. Ten birds were challenged with
indicated viruses by oculonasal (ON) inoculation and 1 day-post-inoculation (dpi), 5 naive
birds were added to each inoculated group to assess bird-to-bird transmission. All birds were
observed daily for morbidity and mortality for 10 days. Clinical scoring was adopted as
previously done (8): 0 for clinically healthy birds, 1 for moribund birds showing one clinical
sign including respiratory disorders, cyanosis, nervous signs or diarrhoea and 2 for moribund
birds showing two or more clinical signs and 3 for dead birds. Severely moribund birds which
were not able to eat or drink were humanely killed using isoflurane (CP Pharma, Germany)
and were given score 3 at the next day. Furthermore, the pathogenicity index (PI) for each
virus was calculated as the mean value for daily-scores of all birds in 10 days divided by 10.
The mean time to death (MTD) was calculated by multiplying the number of birds that died
per day as day of death divided by the total number of dead birds in each group.

Virus excretion. To determine the impact of CTE on virus excretion in inoculated and
sentinel chickens and ducks, oropharyngeal (OP) and cloacal (CL) swabs were obtained from
surviving or freshly dead birds at 2 and 4 dpi in MEM containing 0.2% BSA and antibiotics.
Extraction of viral RNA from swab media was done using Viral RNA/DNA Isolation Kit
(NucleoMagVET) (Macherey & Nagel GmbH, Germany) in a KingFisher Flex Purification
System (Thermo Fisher Scientific, USA). Partial amplification of AIV-M gene was done
using SuperScript III One-Step RT-PCR System with Platinum Taq DNA Polymerase
(Invitrogen, Germany) and generic real-time reverse-transcription PCR (RT-qPCR) as

previously published (29) in AriaMx real-time cycler (Agilent, Germany). Standard curves
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generated by serial dilutions of B NS217 (10 to 100000 pfu) were used in each plate. To
semi-quantify the viral RNA, plotting of the Ct-value and the corresponding dilution in the
standard curve was automatically done. Results are shown as mean and standard deviation of

positive birds.

Seroconversion. At the end of the experiment, blood samples were collected from the jugular
vein in all surviving birds after deep anaesthesia. Serum samples were collected after 24 h at 4
°C and centrifugation. Anti-AIV NP was detected using ID screen Influenza A Antibody
Competition Multispecies ELISA Kit (IDvet, France). Plates were read in Infinite 200 PRO
reader (Tecan Trading AG, Switzerland).

Histopathology and immunohistochemistry. To determine the impact of CTE on
microscopic lesions and distribution of AIV in different tissues, samples were collected from
freshly dead or slaughtered inoculated birds (n=3 per group) at 2 dpi. Samples from beak,
trachea, lungs, brain, heart, pancreas, liver, kidney, spleen, proventriculus, gizzard,
duodenum, cecum, cecal tonsils, bursa of Fabricius and thymus were collected in 4%
phosphate-buffered neutral formaldehyde. The tissues were embedded in paraffin, cut at 3 pm
thickness and stained with haematoxylin and eosin (HE) for light microscopical examination
(blinded study). Scoring of microscopic lesions was performed on a necrosis scale 0 to 3+: 0
= no lesion, 1+ = mild, 2+ = moderate, 3+ = severe. Furthermore, viral antigen detection was
performed using the avidin-biotin-complex (ABC) in immunohistochemistry (IHC) method
(30). The M1 protein of influenza A virus was detected by ATCC HB-64 monoclonal
antibody diluted 1:200 in Tris-buffered saline, pH 7.6 at 4°C overnight and goat anti-mouse
IgG (#BA 9200, Vector Laboratories, Burlingame, CA) diluted 1:200. Bright red signals were
generated with an ABC Kit (Vectastain Elite #PK6100, Vector Laboratories) and the AEC
substrate 3-amino-9-ethylcarbazole (Dako, Carpinteria, CA). Moreover, sections were
counterstained with Mayer’s haematoxylin. Positive control tissue samples and a nonrelated
control antibody were included in each run. Scoring was done on a scale 0 to 3+: 0 = negative,

1+ = focal to oligofocal, 2+ = multifocal, 3+ = coalescing foci or diffuse labeling.

Detection of cytokines in chickens and ducks. To get an insight into the impact of CTE on
immune response, interferons were measured by generic RT-qPCR (31, 32). Chickens and
ducks (n=3) were inoculated with different viruses in a separate experiment. Lungs and spleen
of chickens were collected at 2 dpi, weighed (w/v) and homogenized using TissueLyzer®

(Qiagen, Germany). The total RNA was extracted from homogenized tissues using Trizol and
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RNeasy Kit following the manufacturer’s instructions (Qiagen, Germany). The cDNA was
transcribed from 400 ng RNA by the Prime Script 1% Strand ¢cDNA Synthesis Kit (TaKaRa,
Germany) and Oligo dT Primer (TaKaRa) in a total 20 pl reaction as recommended by the
producers. Quantification of IFN-o, IFN-B and IFN-y transcripts was done using TaqMan
probes for chickens or SYBR GreenER qPCR SuperMIX Universal Kit (Invitrogen) for ducks
(31, 32). Normalization was done using 28S rRNA transcripts (33). Results were calculated
using the 2”°-(AAct) method and expressed as fold change of normalized samples compared to

samples obtained from non-infected birds (n=3).

Statistics. Data were analysed for statistics using GraphPad Prism software. Non-parametric
Kruskal-Wallis (Dunn’s multiple comparsions) test was used for statistical anaysis of
replication kinetics. One-way ANOVA with post hoc Tukey’s test was used for statistical
analysis of swab and organ samples as well as for the analysis of the fold-change induction of
interferon. Survival time was analysed by Log-rank (Mantel-Cox) test. Data were consideres

statistically significant at p-value<0.05.

Results

Temporal and spatial variations in the NS1 C-terminus of clade 2.3.4.4 HSNS viruses. To
understand the global evolution of NS1 CTE in HS viruses, we analysed 8185 NS1 protein
sequences from H5Nx viruses available in GenBank and GISAID. Our analysis revealed that
NS1 exhibits 15 size variants. The parental virus GsGD96 had a typical NS1 of 230-aa with
full CTE. From 1997, other NS1 with variable aa lengths including 202, 212, 215, 217, 220,
223, 224, 225, 227, 228, 230, 232, 236, 237 and 238 aa were found (data not shown). The
most predominant forms were NS217, NS225, NS230 and NS237. NS225 and NS230 have a
complete CTE, but vary due to a deletion of aa 80 to 84. Other variants have deletions or
insertions in the CTE. For instance, NS217 and NS237 have a 13-aa deletion or 7-aa insertion

in the CTE due to variable stop codons in the NS1 CTE, respectively.

To determine the origin and evolution of the NS segment in H5N8-A and H5N8-B, 1068
H5N8 sequences from 2013 (n=12), 2014/2015 (n= 465) and 2016/2019 (n=591) from Asia
and Europe were analysed. The NS1 of both viruses clustered in two phylogroups within the
Eurasian lineage along with other contemporary H5N8 viruses from Europe and Asia (Figure

1A). H5N8 sequences had either NS230, NS237 or NS217. In 2013, Asian H5NS viruses as
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well as the putative predecessors (H4N2, H11N9, H4N6 and H5N2 (34)) had NS1 with a
length of 230-aa (Figure 1B). In 2014/2015, 428/465 (~92%) sequences were of 237-aa
length, while NS230 was reported only in 37/465 (~8%) (35 from wild birds mainly
waterfowl and 2 from domestic chickens and ducks). In 2016/2019, 201/591 (~34%) and
390/591 (~66%) sequences had NS230 or NS237, respectively (Figure 1B). NS230 was
reported mainly in Asia in wild birds or environment (n= 155/201; ~77.1%) and domestic
birds (n= 44/201; ~21.9%). Only 2/201 (1%) viruses with NS230 were reported in turkeys in
Italy and Poland. NS217 was not reported in Asia (except one sequence from wild birds in
Iran), while in Europe NS217 was reported in 214/390 (~54.9%) from wild birds or
environmental samples and 176/390 (~45.1%) from domestic birds. No single sequence with
NS217 was reported in 2013/2015 and no NS237 was found in 2016/2019 in sequences
analysed in this study. These results indicate temporal and spatial patterns for NS1 CTE in
HS5NS viruses from 2013 to 2019. In Asia, HSN8 with NS230 and NS237 in 2014/2015 were
common in wild birds. Conversely, NS217 was reported in wild and domestic birds
exclusively in Europe in 2016/2019. These findings suggest a preferential selection for NS237
and NS217 over NS230 in H5N8-A in 2014/2015 and H5N8-B in 2016/2019, respectively.

Generation of recombinant HSN8-A and HSNS8-B viruses with NS217, NS230 and NS237
NS1 proteins. Two H5N8 clade A and clade B viruses were selected for this study. Both
viruses were closely related to the contemporary H5N8 viruses (Figure 1A). The NS1 of
A NS237 and B NS217 viruses share 92.6% nucleotides and 90.8% aa identity with 48
nucleotides and 20 aa differences, respectively. Seven aa differences were found in the RBD
(V6M, S7L, H17Y, S48N, D53G, L65V, G70E), 4 in the linker region (N80T, I81V, V84S,
T86S) and 9 in the ED (T127N, I129T, D139N, T143A, L166F, 1176N, T202A, S205N,
S216P). No deletion in aa positions 80-84 was found. Extension of NS1 CTE (clade-A) and
truncation (clade-B) was observed (Figure 1C). To study the impact of NS1 CTE on the
fitness of H5N8-A and HS5N8-B viruses in vitro and in vivo, recombinant viruses were
generated using A NS237 and B NS217. We constructed four more recombinant viruses:
A NS230 and A NS217 were generated from A NS237 and B NS230 and B NS237 were
generated from B NS217. These viruses carry NS1 with different length due to insertion or
removal of stop codons in the NS1 CTE (Figure 1C). Sequence of recombinant virus stocks
were confirmed by Sanger sequencing and compared to the sequences of the parent viruses.
All viruses were propagated in ECE and reached titres ranged from 3.6 x 10° to 2.3 x 10’
PFU/ml.
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Preferential selection of HSNS-A and HSNS-B viruses to NS1 with variable C-terminus
length. To test whether there is a preference of clade-A and clade-B viruses to certain NS1
variants, we co-transfected HEK293T cells with 8 segments from A NS237 and plasmids
containing A NS230 or A NS217. The same experiment was done with 8 segments from
B NS217 and plasmids containing B NS230 or B NS237. The experiment was conducted in
two independent replicates. After two days, supernatant from transfected cells was inoculated
in ECE for two days. Allantoic fluid was serially diluted and titrated in plaque test in
MDCKII cells (Figure 2A). Seventy plaques were randomly selected, 37 from clade-A sets
and 33 from clade-B sets. RNA was extracted and sequencing of NS segment was generated.
Results showed that A NS237 dominated other clade-A viruses with NS230 and NS217,
where 8/16 and 13/21 plaques had NS237 and 8/16 and 8/21 plaques were mixed with
A NS230-NS237 and NS217-NS237, respectively. No single plaque contained A NS217.
Likewise, the B NS217 dominated other longer NS variants, where 2/11 and 13/22 plaques
had NS217, 9/11 and 9/22 plaques were mixed with NS217-NS230 and NS217-NS237
plaques, respectively. No single plaque contained A_NS230 alone (Figure 2A). These results
indicate that H5SN8 clade-A and clade-B have strain-specific preference for NS1 proteins with

long and short C-terminus, respectively.

Changes in the CTE did not have a significant impact on NS1 expression in avian cells at
different temperatures. The expression of NS1 in CEK cells at 2, 4, 8 and 24 hpi at 37°C
and 40 °C was studied in duplicates in two independent rounds using Western Blot. At 2 hpi,
NS1 was neither detected at 37°C nor at 40 °C (data not shown). At 4, 8 and 24 hpi, the NS1
of all viruses according to the expected molecular weight were detected without significant
differences in the amount of NS1 at 37 and 40 °C (Figure 2B). Together, changes in the CTE

didn’t affect the NS1 expression in chicken cells at different temperatures.

Extension of NS1 CTE of HSNS-B reduced virus replication in duck cells, but not in
chicken cells. The impact of NS1 CTE on virus replication in primary CEK and DEK cells at
1, 8, 24, 48 and 72 h was studied (Figure 2C-F). No significant differences for the replication
of H5N8-A viruses in CEK and DEK and replication of HSN8-B in CEK cells were observed
(Figure 2C-E). In DEK cells, B NS217 replicated to significantly higher titres than B NS230
and/or B NS237 at &, 48 and 72 hpi (p < 0.05) (Figure 2F) and higher than A NS237 viruses
at 24 hpi (p < 0.01). Together, these results indicate that changes in the NS1 CTE did not
affect H5NS-A and H5NS8-B replication in chicken cells. Conversely, the elongation of the
NS1 reduced H5NS8-B virus replication in duck cells.
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Elongation of NS1 of HSNS8-B virus partially or fully compromised virus transmission to
naive chickens. Virulence of the 6 different viruses was assessed in ten ON-inoculated
chickens per group. All birds died within 3 dpi and with the same PI value of 2.7 (Table 1).
The MTD was also comparable ranging from 2 to 2.6 days in H5N8-A inoculated groups and
2 to 2.2 days in H5N8-B inoculated groups. All contact chickens in groups inoculated with
H5N8-A viruses died within 6 days (5 day-post-contact “dpc”), with MTD of 5.2, 4.8 and 5.4
days in groups co-housed with A NS237, A NS230 and A NS217 inoculated chickens,
respectively (Table 1). All chickens co-housed with B NS217 died within 4 dpi (3 dpc), while
4/5 chickens co-housed with B NS230 inoculated chickens died within 6 days. None of the
contact chickens co-housed with B NS237 died. Surviving contact chickens in the latter two
groups did not seroconvert at 10 dpi (9 dpc) (Table 1). Together, NS1 did not affect virus
virulence in chickens. The impact of CTE on chicken-to-chicken transmission is virus
dependent. While the elongation of the CTE of H5N8-B compromised virus transmission in

chickens, no significant impact on H5N8- A virus was observed.

Changes in the CTE reduced HSNS8-B virus oral and cloacal excretion in chickens. Virus
excretion at 2 dpi was determined in OP and CL swabs. Viral RNA was detected in all
inoculated chickens (Figure 3A, B). RNA levels were comparable in OP and CL swabs in
chickens inoculated with HSN8-A viruses. However, B NS230 was excreted at significantly
lower levels than B NS237 and B NS217 in the OP and CL swabs (p < 0.04) (Figure 3B).
Cloacal excretion of B NS217 and B NS237 was higher than in the OP swabs (p < 0.002)
(Figure 3B). RNA was not detected in contact chickens in any group. These results indicate
that short NS1 CTE is important for the excretion of H5N8-B virus in chickens, but not for
H5NS-A.

Changes in the CTE altered HSNS-A and HSNS-B distribution and severity of lesions in
different tissues of chickens. The histopathological changes and distribution of influenza
antigen in different organs of chickens which died at 2 dpi were evaluated. All H5N§-A and
H35N8-B viruses induced comparable levels of necrotic inflammation in different organs.
Using THC, virus antigen was detected in the endothelial cells and parenchyma of all organs at
comparable levels (Figure 3C, D). These results revealed the systemic distribution of HSN§-A
and HS5N8-B viruses in chickens without obvious impact of NS1 CTE on lesions or

distribution in vital organs.
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Elongation of NS1 of HSNS8-B virus reduced virulence in Pekin ducks. Previous studies
showed that H5N8- A virus was avirulent in Pekin ducks after ON inoculation, while HSN8-B
was highly virulent (21). Furthermore, we showed that NS from H5NS8-B virus increased
virulence of H5N8-A in ducks (Scheibner et al. in preparation). Here, we assessed the impact
of CTE on virus fitness in ducks. A NS237 and the short NS1-derivatives exhibited low
virulence in ducks and no mortality was observed (Figure 4A, B). All ducks seroconverted 10
dpi (data not shown). Conversely, all ducks inoculated with B NS217 died within 4 days with
MTD of 2.5 days (Figure 4C) and PI value of 2.7. Elongation of the NS1 CTE reduced H5N8-
B virulence as indicated by reduced mortality and increased survival periods. After
inoculation of ducks with B NS230 and B NS237, 9/10 and 7/10 ducks died with PI values
of 1.8 and 1.7, respectively. The survival period was significantly longer; 6.5 and 4.4 days in
ducks inoculated with B NS230 (p < 0.0001) and B NS237 (p < 0.001), respectively (Figure
4C). All co-housed ducks in groups inoculated with B NS217 died within 6 dpi (5 dpc) with
MTD of 4.6 dpi (3.6 dpc) (Figure 4D). Only 2/5 contact ducks died in either group inoculated
with B NS230 or B_ NS237. The contact ducks died at 10 or 8 dpi (9 and 7 dpc), respectively
which was significantly longer than contact ducks co-housed with B NS217 (p =0.003)
(Figure 4D). All surviving ducks seroconverted 10 dpi (data not shown). These data confirm
that HSN8-B is more virulent than HSN8-A in Pekin ducks. NS1 alone does not play a main
role in virulence or transmission of HSNS§-A, but elongation of NS1 CTE reduced virulence of

HS5NS8-B in inoculated and contact ducks.

Changes in the NS1 CTE reduced HSNS-B virus excretion in cloacal swabs in ducks.
Virus excretion was determined in OP and CL swabs obtained at 2 dpi in inoculated and 1 dpc
in contact ducks. Inoculated ducks excreted more virus orally than via the cloacae. B NS217
was excreted at significantly higher levels than A NS237 in inoculated ducks (Figure 4E, F).
No significant differences were observed in HSNS8-A inoculated groups (Figure 4E), but the
level of virus shedding in the OP swabs was significantly higher than in the CL swabs (p <
0.0001). Conversely, B NS217 was excreted at significantly higher levels than B NS230 and
B NS217 (p < 0.005) with about 15 and 1000 average folds, respectively (Figure 4F). In
contact ducks, all HSNS8-A viruses were excreted at similarly low levels in the OP swabs and
viral RNA was detected in 1/5 duck only in the cloacal swabs. B NS217 and B NS237 were
detected at similar levels in the OP swabs, and at ~10 times higher levels than B NS230 (data
not shown). Only 1/5 ducks cohoused with B_NS217 inoculated ducks excreted virus in the

CL swabs (10* pfu/ml), other contact ducks were negative (data not shown).
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Changes in the CTE altered HSN8-B distribution and lesions in different tissues of
ducks. H5N8-A viruses induced focal to multifocal necrosis and inflammation in the lungs,
brain, heart and nasal conchae, without impact of CTE on the distribution of the lesions.
H5N8-B viruses caused more consistent and more widespread (multifocal to diffuse) necrosis
and inflammation in these tissues and additionally in the spleen, thymus, bursa, pancreas and
kidney. Remarkably, hepatic necrosis was decreased or abolished by gradually shortening the
H5N8-A NS1 or extension of HSN8-B NS1. Viral antigen detection in the endothelium was
only seen in B NS217 with a broad spectrum of affected tissues (systemic
endotheliotropism). In accordance with the lesion profile, HSN8-A viruses were mainly found
in the lungs, heart, nasal conchae and liver but clearly less consistent and less abundant
compared to H5N8-B viruses (Figure 4G,H). Interestingly, only A NS237 showed viral
antigen in the parabronchial epithelium of air sac ostia. The tropism of H5N&-B viruses was
extended to the brain, thymus, spleen, intestine, pancreas and kidney but elongation of NS1
resulted in reduced M1 antigen detection in all organs. Neither B NS230 nor B NS237 was
detected in the gastrointestinal tract (Figure 5, detailed data not shown). Together, compared
to H5NS8-A virus, the high virulence of H5NS8-B virus in ducks was associated with more
widespread necrosis and inflammation as well as lymphocyte depletion in the lymphatic
organs and in case of B NS217 with systemic endotheliotropism. The NS1 CTE abolished the
diffuse endotheliotropism of HSNS8-B virus, but alone did not affect the lack of
endotheliotropism of H5NS8-A virus and gradually reduced the hepatic necrosis caused by
both H5N8-A and H5NS8-B and the antigen distribution of HSN8-B in all tissues.

Detection of cytokine response in the lungs and spleen of inoculated chickens and ducks.
The detection of IFN-a, IFN-f and IFN-y mRNA in the lungs and spleen of inoculated
chickens and ducks at 2 dpi was done using generic RT-PCR and expression levels were
normalized to 28S rRNA. The results are expressed as fold change compared to negative
controls (Figure 6). In the lungs of chickens, H5N8-A and H5NS8-B viruses induced
comparable expression levels for IFN-a and IFN-y, while IFN-B expression induced by
A NS237 (Figure 6B) was significantly lower than that induced by clade B NS217 (p < 0.05)
(Figure 6E). A NS237 was more efficient to block IFN-a induction than A NS230 and
A NS217 (Figure 6A) and was able to significantly block IFN-y induction compared to
A NS230 Figure 6C). B NS230 was significantly less efficient to inhibit IFN-a induction
than B NS217 and B NS237 (Figure 6D). In the spleen, A NS217 was less efficient than
A NS230 and A NS237 in inhibiting the IFN-a response. No significant differences were

observed in the spleen of chickens inoculated with H5N8-B viruses (data not shown). In
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ducks, the expression of IFN was limited compared to chickens. There were no significant
differences in the levels of expression of IFN in the lungs and spleen between different groups
(Figure 6G-L, data not shown). These results indicate that in chickens the original NS1 of
H5N8-A and H5N8-B viruses, regardless of the length of the CTE, evolved toward higher
efficiency to block IFN-a response in the lungs. Extension or shortening of the NS1 reduced
the efficiency of the virus to block IFN response. IFN response in ducks was limited

compared to chickens and NS1 CTE did not affect IFN expression in the lungs and spleen.

Discussion

The continuous circulation of the panzootic H5NS8 clade 2.3.4.4 is threatening the poultry
industry worldwide. It is important to understand the viral factors which contribute to the high
fitness of HPAIV H5NS in chickens and ducks. It has been previously suggested that HSN8
clade-A viruses acquired the NS segment from A/duck/Eastern China/1111/2011 (H5N2),
while clade-B  viruses acquired the NS segment by reassortment with
Alenvironment/Jiangxi/28/2009 (H11N9) or A/duck/Hunan/8-19/2009 (H4N2) (34). We
found that all putative ancestors for clades A or B possess NS1 with 230-aa. In contrast,
Eurasian H5NS8 in 2013/2014 (clade-A) or European 2015/2016 (clade-B) have NS1 with
237-aa or 217-aa, respectively. We did not find NS217 in 2013/2014 or NS237 in 2016/2018.
These results indicate that NS1 rapidly acquired longer (clade-A) or shorter (clade-B) NS1
and dominated their ancestors indicating selective advantages for virus replication in a clade-
specific pattern. Indeed, our competition experiments in cell culture confirmed this
assumption with preferential selection of the authentic NS over NS with a typical length of
230-aa. The latter was disadvantageous for virus fitness in vitro and/or in vivo. The negative
impact of NS230 on the fitness of clade-A virus was limited compared to clade-B virus. In
clade-A virus, the only significant difference due to shortening of the NS237 to 230-aa or
217-aa was the less ability to block IFN-a response in the lungs of chickens compared to the
wild type A NS237 virus. Conversely, the extension of NS1 CTE of clade-B virus to 230-aa
or 237-aa reduced virus replication in duck cells and virulence, transmission, excretion and/or
replication in different organs of inoculated chickens and ducks. These results may explain

the preferential selection of HSNS clade 2.3.4.4 for a certain length of the NS1 protein.

While chickens died after inoculation with HSN8-A and H5N8-B viruses, HSN8-B was more

virulent in Pekin ducks than H5N&-A virus which is in accordance with previous results (21).
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The virulence determinants of HPAIV vary in chickens and ducks. In chickens, the HA,
particularly the polybasic cleavage site (HACS), is the main determinant of virulence.
However, mutations in other gene segments (i.e. PB1, NP and NA) contributed to the high
virulence of an American HPAIV H5N2 clade 2.3.4.4A in chickens (35). Moreover, previous
studies have shown that NS1 V149A contributed to the virulence of an H5N1 virus in
chickens (36) and replacing the NS segment of the current HSN8-B with that of an HON2
reduced transmission and replication of H5N8-B in chickens (22). In ducks, several studies
found that the HA alone is not sufficient for high virulence (37-42) and we recently found that
H5N8-B NS segment, in addition to the HA and NP, increased virulence and transmission of
H5N8-A in Pekin ducks (Scheibner et al. in preparation) indicating a significant role for NS in
HS5N8-B virulence and bird-to-bird transmission efficiency. Here, we showed that the NS1
CTE is important for virus transmission in chickens and ducks in a virus-specific manner.
Although it remains to be studied, HSN8-A virus may have compensatory mutations in the
NS1 or other proteins and, thus, shortening the CTE have less impact on virus fitness
compared to H5N8-B. In fact, the synergism between NS1 CTE and mutations in the NS1
RBD (i.e. I38Y) (43) or mutations in the PB1-F2 (44) affected virulence of HPAIV H5N1 in
mice. Similarly, mutations in the nuclear export signal (e.g. D139N as seen in this study) can
compensate the absence of nuclear/nucleolus localisation signals due to a 6-aa-deletion in the

NS1 CTE of an H7TN7 virus (12).

Virulence in inoculated chickens and ducks was associated with systemic dissemination of
viral antigen, histopathological lesions and in particular with systemic endotheliotropism in
chickens and H5NS8-B virus in ducks. Interestingly, in contrast to the systemic replication of
HS5N8-A virus in chickens, replication of H5NS-A virus in ducks was limited to the
respiratory tract, heart and liver resembling some LPAIV and HPAIV (45). Viral or host
factors which contribute to the different endotheliotropism in chickens and ducks of some
AIV are not well understood (46). It has been shown that the polybasic HACS is important for
the endotheliotropism in chickens and/or ducks (47, 48). However, although both H5NS
viruses used in this study possess a polybasic HACS, they showed a striking difference in
endotheliotropism in ducks indicating that factors beyond the HACS are essential for the
tropism to endothelial cells. _Scheibner et al. (49) described diffuse endotheliotropism in

chickens but not in ducks after inoculation with an HPAIV H7N7. In this study, the NS1 CTE

did not significantly affect the endotheliotropism in chickens, however, it reduced H5N8-B
virus distribution in the endothelial cells as well as in vital organs including the brain, heart,

lung and spleen in ducks. The extension of CTE in HPAIV H7N1 NS1 decreased virus
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excretion and tropism to the endothelial cells and epithelium in the central nervous system
and respiratory tract without significant difference in virulence in chickens (8). The specific
impact of NS1 CTE on the endotheliotropism of H5NS8-B virus in ducks merits further

investigation.

Chickens mount robust IFN-responses, but fail to limit viral replication and succumb to a
“cytokine storm” (50). Compared to chickens, we found that the IFN response in the lungs
and spleen in Pekin ducks was limited as described before (51-55). Interestingly, NS1 is a
main antiviral antagonist for influenza viruses which is mediated by different NS1 domains
(6). Our results showed that CTE has no impact on IFN-B and IFN-y responses, while HSN§-
A and H5N8-B viruses with NS of 230-aa were less efficient to block IFN-a induction in
chickens which might also explain the disfavor to NS with 230-aa. A previous study has
shown that extension of NS1 of HON2 to 230-aa or 237-aa did not affect the levels of IFN-a
and IFN-f but increased the IFN-y in the lungs of chickens (13). Conversely, a deletion of 6-
aa in the NS1 CTE of an LPAIV H7N1 did not affect type I or type II IFN-response in
chickens or ducks (11). This discrepancy is probably due to the use of different virus strains or

subtypes.

In conclusion, there is a preferential selection for a certain NS1 CTE in 2.3.4.4 H5N8 clade-A
(with 237-aa) and clade-B (with 217-aa) viruses over NS1 with 230-aa, the common length of
NS1 in AIV. The latter had a negative impact on virus fitness iz vitro and in vivo. CTE can
affect the virulence in a species and clade-specific manners. In chickens, NS1 CTE of H5NS-
A and H5N8-B evolved toward higher efficiency to block IFN-a response. In ducks, NS1
CTE is essential for efficient transmission, replication and high virulence of H5N8-B which
correlated with (i) systemic endotheliotropism and (i) widespread tissue damage. These
results are important to understand the evolution of the panzootic HSNS clade 2.3.4.4 and the

role of NS1 in virus fitness in chickens and ducks.
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Table 1: Impact of NS1 CTE in chickens after challenge with recombinant HSNS viruses

Clade | Viruses Inoculated Chickens Contact Chickens
Mortality* | Scoring | MTD | Mortality* | MTD | Seroconversion

A A NS217 10/10 2.7 2.6 5/5 54 [na

A NS230 10/10 2.7 2.1 5/5 438 n.a

A NS237 10/10 2.7 2.0 5/5 5.2 n.a
B B NS217 10/10 2.7 2.0 5/5 4.0 n.a.

B NS230 10/10 2.7 2.2 4/5 5.5 0/1

B NS237 10/10 2.7 2.0 0/5 na. |0/5

Mortality = number of dead chickens to number of inoculated

MTD= mean time to death

n.a.= not applicable because all birds died
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Figure 1: Evolution of NS1 of clade 2.3.4.4A and 2.3.4.4B HSN8 viruses
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Figure 2: Preferential selection and impact of NS1 CTE on expression and replication of

HSNS viruses in cell culture
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Preferential selection of NS1 was studied by co-transfection of cells for 2 days and
propagation in ECE. Plaques were randomly selected and NS1 was subjected for Sanger
sequencing after RNA extraction and amplification of the NS1. The transfection was run in
two separate rounds (A). Expression of NS1 4 hours post infection of CEK cells with an MOI
of 0.1. NS1 was detected by rabbit polyclonal NS1 antibodies, NP was detected by polyclonal
NP rabbit-antibody and beta-actin with a commercial monoclonal antibody. Similar results
were obtained at 8 and 24 hpi (data not shown) (B). Replication of different viruses at MOI of
0.001 at indicated time points in primary embryo kidney cells obtained from chickens (CEK)
(C, D) or ducks (DEK) (E, F). Virus titres were determined by plaque assay in MDCKII cells.

Statistical significance * p < 0.05.
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616  Figure 3: The impact of NS1 on virus excretion and endotheliotropism in chickens
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617
618  Virus excretion determined in oropharyngeal and cloacal swabs in inoculated chickens 2 dpi

619  using quantitative RT-qPCR was expressed as logl10 pfu/ml (eq.) (A, B). Endotheliotropism
620  was determined by IHC. Scores indicate 0 = negative, 1 = focal to oligofocal, 2 = multifocal,
621 3 = coalescing foci or diffuse labelling, dots represent individual animals, bar = median with

622  interquartile range (C, D). Statistical significance * p < 0.05, ** p<0.01.
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623  Figure 4: The impact of NS1 on virulence, transmission, virus excretion and

624  endotheliotropism in ducks
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625

626  Survival curves were generated using Kaplan Meyers for clade-A inoculated (A) and contact
627  ducks (B) and clade-B inoculated (C) and contact ducks (D). Virus excretion determined in
628  oropharyngeal and cloacal swabs in inoculated ducks with clade-A (E) or clade-B viruses (F)
629  using quantitative RT-qPCR was expressed as log10 pfu/ml (eq.) in inoculated ducks. Viral
630  tropism in ducks was determined by IHC at 2 dpi of ducks with clade-A (G) or clade-B (H)
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viruses. Scores indicate 0 = negative, 1 = focal to oligofocal, 2 = multifocal, 3 = coalescing
foci or diffuse labelling, dots represent individual animals, bar = median with interquartile
range. Endothelium scores indicate the maximum score found in all tissue affected. Statistical

significance * p < 0.05, ** p<0.01, *** p <0.001, ¥**** p <0.0001.
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Figure 5: Immunohistopathological detection of Matrix antigen in selected organs in
ducks

Organs were obtained from inoculated-ducks, euthanized 2 dpi. Immunohistochemistry, ABC
Method using anti-Matrix-1 protein antibody, AEC chromogen (red-brown), Hematoxylin
(blue) counterstain. (A-H) bar 50 pm, (I-P) bar 100 pum.
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641  Figure 6: Interferon induction in lungs of chickens and ducks inoculated with clade A

642  and B H5INS8 viruses
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643

644  Shown are the fold changes in IFN-levels in the lungs of chickens and ducks inoculated with
645 clade A and B H5NS viruses 2 dpi. Tissues were collected, weighed (w/v) and homogenized.
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The mRNA of IFN-a, IFN-B or IFN-y were measured by generic RT-qPCR from 3 birds in
each group. Normalization was done using 28S rRNA transcripts. Results were calculated
using the 2”-(AAct) method and expressed as fold change of normalized samples compared to
samples obtained from non-infected birds (n=3). Statistical significance * p < 0.05, ** p<

0.01.
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Abstract:

avian influenza viruses (AIV) HSME clade 2.3.4.4 pose a public health
threat but viral factors for adaptation to rarmmals are largely unknown,
The non-structural protein 1 {NS1) of influenza viruses is an essential
interferon antagonist, It commonly consists of 230 amino adds, but
wariations in the disordered C-terminus resulted in truncation ar
extension of NS1 with possible impact on virus fitness in mammals.
Here, we analysed MS1 sequences fraom 1902 to 2020 representing
hurnan influenza viruses (hIaW) as well as AIY in birds, hurnans and
other mammals and with an emphasis on the panzootic AIY subtype
HSME clade 2.3.4 44 (HSNS-A) from 2013/2015 and clade 2.3.4 4B
{HEME-B) since 2016, We found a high prevalence of short NS1
sequences ammong hIAY, zoonotic AIY and HSMS-B, while AIY and HSNE-
A had longer NS1 sequences. We assessed the fitness of recombinant
HEMNE-A and HSME-B carrying WS1 with different lengths in human cells
and in mice, HSMNE-B with a short NS1, similar to hlay or AIV from
human and other mammal-ongins, was more efficient at blocking
apoptosis and interferon-induction without a significant impad on virus
replication in hurnan cells. In mice, shortening the NS1 of HSNE-A
inoreased viralence, while the extension of NS1 of HSHNE-B reduced wirus
wirulence and replication, Taken together, we have described the
biological impact of wariation in the NS1 C-terminus in hIaY and AIY and
shown that this affected virus fitness in vitro and in vivo,
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Abstract

Avian influenza viruses (AlV) HSN8 clade 2.3.4.4 pose a public health threat but viral
factors for potential adaptation to mammals are largely unknown. The non-structural
protein 1 (NS1) of influenza viruses is an essential interferon antagonist. It commonly
consists of 230 amino acids, but variations in the disordered C-terminus resulted in
truncation or extension of NS1 with possible impact on virus fithess in mammals. Here,
we analysed NS1 sequences from 1902 to 2020 representing human influenza viruses
(hlAV) as well as AlV in birds, humans and other mammals and with an emphasis on
the panzootic AlV subtype H5N8 clade 2.3.4.4A (H5N8-A) from 2013/2015 and clade
2.3.4.4B (H5N8-B) since 2016. We found a high prevalence of short NS1 sequences
among hlAV, zoonotic AlV and H5N8-B, while AlV and H5N8-A had longer NS1
sequences. We assessed the fithess of recombinant HSN8-A and HSN8-B carrying
NS1 with different lengths in human cells and in mice. HSN8-B with a short NS1, similar
to hIAV or AlV from human and other mammal-origins, was more efficient at blocking
apoptosis and interferon-induction without a significant impact on virus replication in
human cells. In mice, shortening the NS1 of HSN8-A increased virus virulence, while
the extension of NS1 of H5N8-B reduced virus virulence and replication. Taken
together, we have described the biological impact of variation in the NS1 C-terminus
in hlIAV and AlV and shown that this affected virus fitness in vitro and in vivo.

Key words

Avian Influenza Virus, HSN8 Clade 2.3.4.4, Interspecies Transmission, Mammals,

NS1, Virulence, Interferon Antagonism, Apoptosis
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Introduction

Avian influenza viruses (AlV) are members of the genus Influenza A Virus (IAV) in the
RNA virus family Orthomyxoviridae. AlV infect a wide range of birds and mammals
including humans. Wild birds are their natural reservoir, where the infection is usually
asymptomatic with very few exceptions, while in poultry, AIV exhibit two pathotypes:
low pathogenic (LP) and highly pathogenic (HP) [1, 2]. Interspecies transmission of
AlV to immunologically naive human populations can be devastating. As of 2019, there
were 1096 fatalities out of 2644 (about 41.5%) laboratory-confirmed human infections
with different AlIV subtypes [3]. Similarly, AlV infections and mortality in different

mammals have been frequently reported [4].

To date, 16 distinct hemagglutinin (HA) and 9 neuraminidase (NA) subtypes have been
described in AlV. Each AlV carries one HA and one NA subtype with 144 possible
HxNy combinations [S]. The genome of AlV is composed of eight gene segments,
which encode at least 11 viral proteins. Mutations in the HA receptor binding domain
and in the polymerase proteins are the major determinants for bird-to-human and bird-
to-mammal transmission [6, 7]. However, studies have also shown that the non-
structural protein 1 (NS1) plays an important role in the efficient replication and

transmission of AIV in mammalian models without prior adaptation [8, 9, 10, 11].

NS1 is not incorporated into the virions but is expressed upon infection of the host
cells. It consists of an RNA binding domain (RBD, residues 1 to 73) and an effector
domain (ED, residues 88 to 230), which are connected by a linker (residues 74 to 87).
NS1 is a multifunction protein. The best-described of its functions is the ability to
antagonise the interferon (IFN) response, either through binding of the RBD with RNA-
sensors or interaction of the ED domain with different cellular proteins [12, 13]. This
allows the replication of influenza viruses for almost 2 days after infection before
triggering a sudden burst of immune responses, including the production of IFN [14].
Although, NS1 has a typical length of 230 amino acids (aa), this is variable due to
deletions in the linker region or changes in the positions of stop codons in the
disordered C-terminal end (CTE) of the ED [15, 16, 17]. Sequence analysis showed
that human influenza viruses from 1940-1980 possessed an NS1 of 237 aa
(designated NS237), while viruses from the 1980s possessed an NS1 of 230 aa
(designated NS230) [12]. Conversely, the pandemic H1N1 in 2009 has swine-origin
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NS1 of 219 aa (NS219), due to an 11-aa deletion in the CTE (ACTE) [18]. Similarly,
AIV H5Nx exhibited 15 different NS1 lengths due to changes in the CTE [19]. The role
of the CTE in virulence of IAV, and particularly for AV infection in mammals is
controversial. In mice, variations in the PDZ-recognition motif (aa 227-230) of NS1
contributed to virulence of LPAIV H7N1 [20] but it did not significantly affect the
virulence of an HPAIV HSN1 [21]. Similarly, the elongation of LPAIV HON2 NS217 to
NS230 or NS237 did not significantly affect virus replication in mammalian cells, virus
replication or virulence in mice [22]. These paradoxical results might be explained by

the use of different viruses in these experiments.

Since 1996/1997, H5Nx viruses of the Goose/Guangdong (Gs/Gd) lineage have
continued to evolve in wild and domestic birds [23]. Recently, HSNx clade 2.3.4.4 has
spread in global waves to wild and domestic birds from Asia into Europe, Africa and
North America [24, 25]. Two 2.3.4.4 clades were identified: clade A in 2013/2015 and
clade B in 2016/2020. In contrast to clade A viruses, H5Nx viruses of clade B were
also isolated from mammals including humans, pigs, mink, cats, and seals, indicating
increasing risk for mammalian species [26, 27](GISAID data). As a result, there are
increasing calls for vigilance, including assessing the genetic changes that might
increase the zoonotic potential of clade B 2.3.4.4 viruses [28]. In our recent study [19],
we have shown that HSN8 clade A and B (designated hereafter as HSN8-A and HSN8-
B, respectively) have preferences for NS237 and NS217, respectively over the
common NS230. NS230 reduced virus virulence, replication, transmission and/or the
efficiency of HSN8 to block IFN induction in chickens and ducks; however, the impact
of the variable CTE of HSNS clade 2.3.4.4 viruses in mammals has not been studied.
In this study, we (i) analysed the evolution of the NS1 CTE by analysing ~51,000 NS1
sequences from 1902 to 2020, including human influenza viruses (hlAV), mammal-
origin AlV and bird-origin AlV with an emphasis on the recent HSNS viruses, (ii) studied
the impact of the NS1 CTE on the expression of type | interferon and induction of
apoptosis in human lung cells and (iii) assessed the biological impact of CTE variations
on the virulence of different recombinant viruses in mice.

Materials and Methods
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Sequence analysis of NS1 of influenza A virus of avian, human and mammalian
origin. Sequences of full-length NS1 proteins of AlV in birds, humans or mammals in
addition to human H1N1 viruses from 1902 to 2020 were retrieved from GISAID
(retrieval date: 28-03-2021). Ambiguous and duplicate sequences were excluded and
the remaining sequences were aligned using MAFFT [29] and analysed using
Geneious version 11.1. The length of the NS1 and variations in the CTE were
summarized (Figure 1, Supplementary Table 1).

Recombinant viruses and cells. Alturkey/Germany-MV/AR2487/2014 (H5NB8)
(hereafter designated A_NS237) and Aftufted duck/Germany/8444/2016 (H5NS8)
(hereafter designated B_NS217), belonging to clades 2.3.44A and 2.3.4.48B,
respectively, were kindly provided by Timm C. Harder (National Reference Laboratory
for Avian Influenza Virus, Friedrich-Loeffler-Institut (FLI). Recombinant A_NS237 and
B_NS217 viruses were previously generated [30]. The NS segments of these viruses
were modified using site-directed mutagenesis to generate A_NS230 and A_NS217
from the A_NS237 plasmid, and similarly B_NS230 and B_NS237 were generated
from B_NS217, by changing the stop codons in the CTE as described in a recent study
[19] (Figure 1). All viruses were grown in 10-day old specific pathogen free (SPF)
embryonated chicken eggs (ECE) according to standard protocols. Human
adenocarcinomic alveolar basal epithelial (A549) cells, human embryonic kidney 293T
(HEK293T) cells and Madin-Darby canine kidney type Il (MDCK-II) cells were provided
by the cell culture collection in veterinary medicine of the FLI. Primary turkey embryo
kidney (TEK) cells were prepared according to standard protocols, as previously
published [31].

Plaque assay. Standard plague assay was used in this study to titrate the virus and
assess cell-to-cell spread. Here, confluent MDCK-Il cells were used for virus titration
in 12-well plates. Ten-fold dilutions of the virus in phosphate-buffered saline (PBS)
were incubated with the cells for 1 h at 37°C/5%CO,. Cells were washed twice with
PBS after aspirating the virus dilutions and were overlaid with Semisolid Bacto-Agar
(BD, France) and minimal essential medium (MEM) containing 4% bovine serum
albumin (BSA) (MP Biomedicals, USA). Cells were fixed after 3 daysat 37°C, with 10%
formaldehyde containing 0.1% crystal violet and kept at room temperature. 24 - 72
hours later, the overlays were discarded and the diameter of 50 - 100 plaques were
measured per virus to assess cell-to-cell spread. The Nikon NIS-Elements imaging
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software (Nikon, Germany) was used and the plaque diameter is shown as the mean

and standard deviation.

NS1 expression in human cells. To study the impact of CTE on expression of NS1,
A549 cells were transfected with different plasmids. Cloning of the six different NS
genes (A_NS217, A_NS230, A _NS237, B_NS217, B_NS230, B_NS237) into
pCAGGS was done after amplification of the NS genes from pHW-NS plasmids using
specific primers containing Nhel and Sacl restriction sites (available upon request).
The pCAGGS-expression plasmid was kindly provided by Stefan Finke. Besides
Sanger sequencing (Eurofins, Germany) and evaluation of the sequences in Geneious
prime (2021.0.1), HEK293T cells were transfected with 1ug of each pCAGGS plasmid
using Lipofectamine 2000 (Fischer Scientific, Germany) according to manufactures
instructions. Transfected cells as well as the supernatant were harvested after 24 h at
37°C/15%CO,. Cells were centrifuged at 18000 xg for 5 minutes and were washed with
PBS twice. Finally, pellets were resuspended in PBS and Laemmli-buffer (Serva,
Germany) at a ratio of 1:1 and heated at 95°C for 5 minutes. Afterwards, standard
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and Western
blot procedures were performed with a 12% polyacrylamide gel, as previously
described [32]. Here, a primary polyclonal anti-NS1 antibody, which was kindly
provided by Daniel Marc (Infectiologie et Santé Publique, French National Institute for
Agricultural Research, France), was used at a dilution of 1:5000 in Tris-buffered saline
with 0.1% Tween 20 Detergent (TBST) overnight at 4°C, as well as a secondary
peroxidase-conjugated rabbit IgG (Sigma, Germany) that was used at a dilution of
1:20,000 for 30 min at room temperature. Detection was performed using Clarity
Western ECL Substrate (BioRad, Germany).

Replication kinetics in avian and human cells. Primary TEK cells and A549 cells
were inoculated with the different viruses using a multiplicity of infection (MOI) of 0.001
for one hour at 37°C/5%CO,. After incubation, only TEK cells were treated with citrate
buffer (pH 3.0) saline (CBS) for 2 minutes to inactivate extracellular virions. After
washing the cells twice with PBS (TEK cells after CBS treatment, A549 cells after 1 h
of infection), cells were covered with MEM containing 0.2% BSA. Infected cells were
incubated for 1, 8, 24, 48 and 72 hours at 37°C/5% CO,. At indicated time points, cells
and supernatant were harvested and were stored at - 70°C until virus titre at each time
point was determined using plaque assay.
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Detection of interferon response in human lung cells. The relative expression of
IFN-a and IFN-B mRNAs was measured in A549 cells. Briefly, A549 cells in 24-well
plates were adjusted to 4 x 10° cells per well. A549 cells were infected with the different
viruses using an MOI of 0.1 for 24 h at 37°C/5%CO; in triplicates. RNA extraction was
done using TRIzol Reagent (Thermo Fisher Scientific, USA) and RNeasy Kit (Qiagen,
Germany) according to the manufacturers. The cDNA was transcribed from 400 ng of
eluted RNA in a 20 pl reaction using Prime Script 15t Strand ¢cDNA Synthesis Kit
(TaKaRA, Germany) and Oligo dT Primers. Quantification of IFN-mRNA was done
after partial amplification of IFN-a and IFN-B mRNA using generic RT-qPCR and
SensiFAST SYBR Lo-ROX Kit (Bioline, USA) and the thermoprofile as previously
published [33]. Relative expression of the I[FN-mRNA in infected and non-infected cells
was calculated using the 2*-(AAct) method [34].

Detection of caspase-3 activity in human lung cells. A549 cells were infected with
an MOl of 0.1 for 8and 24 h at 37°C or treated with 20 pM (S)-(+)-Camptothecin (Sigma
Aldrich, Germany) as a control. Cells and supernatants were harvested 8 and 24 hour
post infection (hpi), washed once with ice-cold PBS and lysed for 45 min on ice in cell
extraction buffer (CEB, Invitrogen, Germany) that was supplemented with 1x cOmplete
Protease Inhibitor  Cocktail (Sigma-Aldrich, Germany) and 1 mM
Phenylmethylsulfonylfluoride (Sigma-Aldrich). This lysis step was followed by a 10 min
18,000 xg centrifugation step before mixing of the protein lysate with 4x SDS gel
loading buffer (10% SDS (w/v), 40% glycerol (v/v), 20% B-mercaptoethanol, 0.008%
Bromophenol Blue, 250 mM Tris-HCI pH 6.8). Samples were then heated at 95°C for
5 min and proteins were separated in a 12 % polyacrylamide gel by SDS-PAGE.
Proteins were transferred onto a nitrocellulose membrane using a constant voltage of
15 V for 75 min (Bio-Rad) followed by a blocking step for 1 h at RT in 10% skim milk
in TBST. Primary antibodies were incubated overnight at 4°C. Here, anti-NS1 (1:5000);
Vinculin (1:1000, Santa Cruz Biotechnology, Germany), NP (ATCC-HB65; 1:10000)
and caspase-3 (1:1000 or 1:250, Cell-Signaling Technology, USA) primary antibodies
were used, whereas secondary antibodies were incubated for 1 h at RT (anti-mouse
(1:20000) and anti-rabbit (1:20000 or 1:2000), Cell-Signaling Technology, USA)).
Detection was performed with ECL-substrate using X-ray film (Fujifilm: Fuji Super RX-
N 13x18 100 BI).
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Flow cytometry. A549 cells were infected at an MOI of 0.1 with B_NS217, B_NS230
and B_NS237. 24 hpi, supernatants and cells were transferred into a collection tube
and centrifuged at 3000 xg for 5 min. Supernatant was discarded and cells were fixed
with True-Nuclear-reagent (Biolegend, USA) for 30 min. Cells were washed with
permeabilization buffer (Biolegend, USA) and stained with primary mouse-anti-NP
antibody for 30 min followed by a secondary rat-anti-mouse IgG2a-Brilliant Violet 421
antibody (Biolegend) for 30 min. In a final staining step, the samples were incubated
with an anti-active caspase-3 PE labeled antibody (Biolegend) for 30 min. After a final
washing step with FACS-Buffer, cells were analyzed using the LSRFortessa Flow
Cytometer (BD). The percentage of active caspase positive cells was determined in
both NP-positive (infected) and NP-negative (bystander) cell populations using the
DIVA software package (BD).

Luciferase assay. To determine whether the IFN-I (IFN-a and IFN-8) and/or NF-kB-
induction pathway is inhibited by NS1, HEK293T cells in 6-well plates were transfected
with a plasmid DNA mix of 0.5 pg of FFL reporter plasmid (i.e. p125:IFN-B-Pro-FFL,
plFNa-Pro-FFL, or p55:pNF-kB-Pro-FFL), 0.005 pg pCMV-RL (normalization), 0.2 ug
(pIRF-7) or 0.5 ug (pPMDAS5-delta, pTrif or pMyD88) Trigger expression plasmid or 1 ug
of poly(l:C) (InvivoGen, France), and 0.5 pg pCAGGS plasmid containing one of the
NS1 coding sequences (or empty vector as a control) using Lipofectamine 2000
transfection reagent. IFN-B promoter induction was analyzed using p125 as reporter
and poly(I:C), Trif or MyD88 as trigger. IFN-a promoter induction was analyzed using
plFNa-Pro-FFL as reporter and IRF7 as trigger. NF-kB activation was analyzed using
pS5 as reporter and MyD88 or Trif as trigger. 20 h post transfection cell extracts were
prepared and Firefly and Renilla luciferase activities were measured using the Dual-
Luciferase Reporter Assay System (Promega, Germany) according to manufacturer’s
instructions. Luciferase activities were measured with a TriStar®? LB 942 Modular
Multimode Microplate Reader (Berthold, Germany). Firefly luciferase activity was
normalized to Renilla luciferase activity. Induction of the promotor by a trigger was
confirmed comparing values for transfection of empty vector pPCAGGS with and without
trigger plasmid. Promoter induction was set as 1 (100%) for the empty pCAGGS vector

control with the given stimulus.

Animal experiments
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Ethic statement. Animal experiments in this study were conducted following the
German Regulations for Animal Welfare after obtaining the necessary approval from
the authorized ethics committee of the State Office of Agriculture, Food Safety, and
Fishery in Mecklenburg — Western Pomerania (LALLF M-V: permission number
7221.3-1-060/17) and approval of the commissioner for animal welfare at the FLI
representing the Institutional Animal Care and Use Committee (IACUC). All animal
experiments were carried out in the BSL3 animal facilities at the FLI.

Experimental design. Five-week-old female BALB/C mice (Charles River, Sulzfeld,
Germany) were allocated into groups of 3-5 mice per cage in closed ISOcage systems
(Tecniplast, Buguggiate, Italy). Mice were left to acclimatize for 5 days before infection
and received food and water ad-libitum. The light and temperature were regulated
automatically. At the day of infection (d0), the bodyweight (BW) of mice was measured
using digital balance and numbered on the tail. Each mouse received either 10° (n =
8) or 105 (n = 5) pfu in 50 UL MEM containing antibiotics via the intranasal (IN) route.
Sham mice group (n = 8) were inoculated with 50 pL sterile MEM. All inoculation
experiments were occurred under mild anaesthesia using Isoflurane (CP-Pharma,
Germany). BW gain, morbidity and mortality were recorded daily for 11 days post-
inoculation (dpi). BW per gram relative to the BW at dO was calculated for each mouse.
Mice that lost more than 25% of the d0-BW value were humanely killed and scored
dead. At the end of the experiment, surviving mice were humanely killed using
isoflurane and cervical dislocation. Mean time to death (MTD) was calculated for each

group.

Replication of H5N8 viruses in mice. To detect the amounts of viral RNA in lung,
spleen and brain of mice, RT-qPCR targeting the M gene was performed as described
[35] using SuperScript™ [l One-Step RT-PCR System with Platinum® Tag DNA
Polymerase (Invitrogen, Germany) in AriaMx real-time cycler as described before [35].
Tissues were weighed and homogenized in 10% w/v 1xPBS. Homogenates were
centrifuged for 10 min at 15,000 xg (tabletop centrifuge). The viral RNA was extracted
using the Viral RNA/DNA Isolation Kit (NucleoMagVET) (Macherey & Nagel GmbH,
Germany). Standard curves were generated by testing serial dilutions of B_NS217 (10
to 100000 pfu) in each plate. To semi-quantify the viral RNA, plotting of the Ct-value
and corresponding dilution in the standard curve was automatically done. Results are
shown as mean and standard deviation of positive samples.
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Seroconversion. At the end of the experiment, blood samples were collected from the
surviving mice after deep euthanization and decapitation. Serum samples were
collected after 24 h at 4°C and centrifugation. Commercially available “ID screen
Influenza A Antibody Competition Multispecies kit” enzyme-linked immunosorbent
assay (ELISA) (IDvet, France) was used to detect anti-AlV nucleoprotein using
Infinite® 200 PRO reader (Life Sciences, Tecan). According to the manufacturer's
recommendation 55% inhibition was the cut-off-point, 45-55% were considered

questionable and samples below 45% were considered as negative.

Statistics. Statistical analysis was performed with GraphPad Prism, Version 9.0.0.
Plaque diameter as well as replication kinetics were analysed with non-parametric
Kruskal-Wallis (Dunn’s multiple comparison) test. Fold-change induction of interferons
as well as caspase activity and viral load in different mice organs were statistically
analysed with one-way ANOVA with post hoc Tukey’s test. Variation in the survival
period of the mice was statistically analysed with the Log-rank (Mantel-Cox) test. Data

were considered statistically significant at p value < 0.05.

Results

In contrast to AlV of bird-origin, human H1N1, mammal-origin AlV and recent
H5NB8-B viruses exhibit a high prevalence for short NS1. \We analysed NS1
sequences from 1902 to 2020 of human seasonal and pandemic H1N1 influenza
viruses (n= 30766) and compared them to AlV of bird-origin (n=17574), avian H1N1
(n= 661), recent HSN8 clade 2.3.4.4 (n= 1070) and mammal-origin AlV in humans
(zoonotic AlV) (n= 1626) and animals (n= 162) (Figure 1A-F, Supplementary Table
S1). The results showed that human H1N1 viruses had three major forms NS219,
NS230 and NS237 with a prevalence rate of 93.0%, 6.6% and 0.4%, respectively.
However, there is a striking variation since 2009. Before the emergence of pandemic
H1N1 in 2009, NS219 was less prevalent (1.9%) than NS230 (88.9%) and NS237
(9.2%). After 2009, NS219 was more prevalent (97.6%) than NS230 (2.4%) and NS237
(0.02%) (Supplementary Table S1). Conversely, we found that AlV of bird-origin have
high prevalence of NS230 (70.1%) followed by NS217 (28%) and NS237 (0.6%).
Similarly, avian H1N1 viruses have only two forms (NS219 and NS230) with a clear
preference to NS230 (97.5%) over NS219 (2.5%) (Figure 1D, Supplementary Table
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S1). These results indicate that recent hIAV prefer short NS1 (i.e. NS219) in contrast
to AIV which prefer the prototypic NS230.

Surprisingly, we found that HSN8-A in 2013/2015 had NS237 (89.3%) and NS230
(10.7%), while H5N8-B in 2016/2018 had NS217 (66.2%) and NS230 (33.8%) (Figure
1E and F, Supplementary Table S1), which indicate unique clade-specific preferences.
To get an insight into the association between the length of NS1 and bird-to-mammal
transmission, we analysed 1788 AIV NS1 sequences detected in humans (n= 1626)
and animals (n= 162) from 1956 to 2020 (Supplementary Table S1). Indeed, we found
that the prevalence of short NS1 (i.e. 217) was higher (75.7%) than NS225-NS230
(23.2%) or NS237 (0.3%) (Figure 1, Supplementary Table S1). Interestingly, human-
HSN8-B virus isolated in Russia in December 2020 has NS217 (accession humber
EPI1846965). These results indicated that transmission of AV from birds to mammals
is accompanied by high prevalence of short NS1. Recent HSN8 viruses have unique
clade-specific preferences towards long (HSN8-A) or short (HS5N8-B) NS1 with

unknown biological function in mammals.

Recombinant H5N8 clade 2.3.4.4 A and B viruses and expression of NS1. To
assess the impact of NS1 variation on increased replication efficiency of HSNS clade
2.3.4.4 in mammals, we used six recombinant H5N8 viruses expressing NS1 of
different sizes [19]: three H5N8 clade A (designated A_NS217, A_NS230 and
A_NS237) and three clade B (designated B_NS217, B_NS230 and B_NS237) carrying
NS1 with 217, 230 or 237 aa after changing stop codons in the CTE (Figure 1G).
Viruses were propagated in ECE and virus titres were determined by plaque assay.
Full genome sequences of these recombinant viruses excluded unwanted mutations.
Expression of NS1 was detected in HEK293T cells at 37°C after transfection with
pCAGGS-expression vector containing different NS1. As expected, the molecular
mass of NS1 correlated with the length of NS217, NS230 and NS237 (Figure 1H).

Changes in the CTE significantly reduced cell-to-cell spread without impact on
virus replication in human cells. Alterations of the NS1-length of HSN8-A and HSN 8-
B viruses reduced cell-to-cell spread as indicated by smaller plague size in MDCK-I|
cells (Figure 2A -B). The parent A_NS237 and B_NS217 produced significantly larger
plaques than their progeny expressing other NS1 variants (p < 0.0001). Viruses

carrying NS230 produced the smallest plaques (p < 0.0001). We further compared the
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replication of different viruses in primary TEK and human A549 lung cells. In TEK cells,
H5N8-A virus carrying NS217 replicated to significantly higher levels than other HSN8-
A viruses at 24 hpi (p < 0.03). The titre of B_NS237 at 72 hpi was significantly lower
than B_NS230 and B_NS217 (p < 0.03) (Figure 2C - D). In A549, no significant
differences were observed except that the titre of A_NS237 was marginally higher than
that of A_NS230 at 48 hpi (p < 0.049) (Figure 2E - F). The replication of all viruses on
human cells was significantly lower than in TEK cells. Together, NS230 significantly
reduced cell-to-cell spread of both HSN8-A and H5N8-B, and extension of HSN8-B was
disadvantageous for virus spread in mammalian cells with minimal impact on virus

replication in human cells.

Extension of NS1 modulated the efficiency of H5N8 viruses to block IFN-a and
IFN-B response in human lung celis. It has been previously reported that NS1 CTE
impairs IFN-induction [3€], while other reports did not find any impact [21, 22, 37]. To
test whether the HSN8 NS1 CTE can affect IFN-induction, we infected A543 cells with
HSN8-A and H5N8-B viruses carrying NS217, NS230 or NS237 and measured the
IFN-a and IFN-B mRNA levels using generic RT-gPCR (Figure 3A-D). The results
showed that viruses carrying NS217 (A_NS217 and B_NS217) had the highest
efficiency to block the IFN-B response. Extension to NS230 and NS237 gradually
reduced the efficiency to block IFN-response (Figure 3C-D). A_NS237 was
significantly more efficient than HSNS-A carrying shorter NS1 to block IFN-a response,
while B_NS217 was more efficient to block IFN-a response than H5N8-B viruses
carrying longer NS1. Together, extension of the NS1 CTE reduced the efficiency of
HSN8-B virus to block the induction of type | IFN response in human lung cells.
Shortening of NS1 of H5N8-A reduced virus efficiency to block IFN-a response but

enhanced the capacity to block IFN-B induction.

Shorter NS1 induced lower levels of active caspase-3 in human lung cells. It has
been shown that HSN1 NS1 induced caspase-dependent apoptosis [38] and the PDZ
domain in the CTE was associated with apoptosis induction [39]. To study the impact
of NS1 CTE to control apoptosis, we infected A549 cells at 8 and 24h with B_NS217,
B_NS230 or B_NS237 and detected caspase-3 using Western blot. No active (i.e.
cleaved) caspase-3 (aCas3) was detected 8 hpi but all viruses induced aCas3 at 24
hpi. B_NS217 showed a weaker signal of aCas3 than B_NS230 and B_NS237 (Figure
4A). To quantify the amount of aCas3, we infected A549 cells with different HSN8-B
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viruses and measured the aCas3 and influenza NP using flow cytometry in infected
and non-infected bystander cells (Figure 4B-E). The results confirmed the WB findings
that all viruses induced aCas3 and the shorter the NS1, the less amount of aCas3
induced regardless of the number of infected cells (Figure 4). These results indicated
that shorter NS1, are more efficient in blocking HSN8-B induced apoptosis in infected

cells and in uninfected bystander cells.

Changes in the NS1 CTE alone are not the main catse for the inhibition of type |
IFN-induction. Some studies suggested that NS1 is unable to act as a direct inhibitor
of apoptosis and IFN induction pathways which probably require the interplay or
interaction of NS1 with other viral proteins (e.g. encoded by polymerase genes) [40,
41, 42, 43]. To study whether the variable efficiency of HSN8 viruses to block IFN- or
apoptosis-induction was actually due to changes in the CTE, we transfected human
cells with pCAGGS-NS (Figure 5A-F). We measured IFN-a, IFN-Band NF-kB promotor
activity using luciferase reporter assay and different triggers for induction of IFN-8 (poly
IC, Trif and MDA-5delta), IFN-a (IRF-7) or activation of NF-kB (Trif and MyD88).
Surprisingly, no significant differences using different NS plasmids in inhibition of IFN
-induction and NF-kB activation were observed regardless of the trigger (Figure 5), the
concentration of NS1 plasmids and different cells (HEK293T and A549) (data not
shown). These results suggest that changes in the NS1 C-terminus are not the main
driver for the efficiency of HSN8 to block type | IFN or NF-kB responses and the
interaction of NS1 CTE with other gene segments is likely the reason for this variable

efficiency.

H5N8 viruses carrying short NST CTE caused higher mortality and shorter
survival period in mice. To assess the pathogenicity and impact of NS1 CTE on virus
virulence in mammals, mice were inoculated IN with low- and high-dose virus
preparations. Clinical examination, survival period and BW gain were assessed daily.
After challenge with low-dose, HSN8-A inoculated mice did not show clinical signs and
survived until the end of the experiment, except 1/5 mice inoculated with A_NS217
died suddenly at 7 dpi (Figure 6A). Conversely, all B_NS217 inoculated mice died 7
and 8 dpi with MTD of 7.5 days after showing ruffled fur and mild to moderate
depression (Figure 6B). Moreover, 2/5 and 4/5 mice inoculated with B_NS230 and
B_NS237 died or had to be euthanized after showing nervous signs with MTD of 8.7
and 8.8, respectively. The survival period of mice inoculated with B_NS217 was

URL: httpsi//mc.manuscriptcentral.com/temi E-mail:. TEMI-peerreview@journals.tandf.co.uk

119

Page 14 of 36



Page 15 of 36

O~ s W=

403
404
405
406
407
408
409
410
411
412
413
414

415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435

Emerging Microbes & Infections

14

significantly shorter than mice inoculated with B_NS230 (p < 0.003) or B_NS237 (p <
0.02). After high-dose challenge, 2/5, 4/5 and 4/5 mice died with MTD of 9, 4 and 4.5
days after inoculation with A_NS237, A_NS230 and A_NS217, respectively (Figure
6C). Mice in these groups did not show clinical signs but were humanely killed because
of >25% BW loss. Conversely, all mice inoculated with B_NS217, B_NS230, and
B_NS237 died with MTD of 6.4, 8.2 and 5.4 day, respectively. The survival period of
mice inoculated with B_NS217 or B_NS237 was significantly shorter than mice
inoculated with B_NS230 (p < 0.03) (Figure €D). Mice in these groups showed severe
depression and nervous signs. Taken together, HSN8-B was more virulent in mice than
HSN8-A. H5N8 viruses carrying short NS1 exhibited more severe clinical signs, higher
mortality rate and shorter survival periods. The only exception was that the virulence

of B_NS237 was comparable to that of B_NS217 after high-dose inoculation.

H5N8 viruses carrying short NS1 CTE caused higher bodyweight loss in mice in
a dose-dependent manner. To assess the impact of NS1 CTE variations on the BW
gain of mice inoculated with different viruses, mice were weighed daily. The relative
BW was calculated from day 0. Regardless of the infection dose, mice inoculated with
B_NS217 lost significantly more BW compared to A_NS237 and shortening the NS1
of the latter increased BV gain loss. After inoculation with low dose, HSN8-A inoculated
mice did not exhibit a significant reduction in BW compared to the sham group, except
A_NS217 inoculated mice which showed transient reduction in BW at 1-2 dpi.
Conversely, mice inoculated with B_NS217 showed the highest reduction in BW
followed by mice inoculated with B_NS237 then B_NS230 (Figure 6F). After challenge
with high dose, mice inoculated with A_NS217 and A_NS230 lost more BW compared
to A_NS237-inoculated mice, where the reduction in BW gain was statistically
significant at 3 to 5 dpi only (Figure 6G). Thereafter, surviving mice in these groups
gained BW and recovered at 6 dpi (A_NS217) or 11 dpi (A_NS230 and NS237) (Figure
6G). Conversely, mice inoculated with B_NS217, B_NS230 or B_NS237 exhibited
drastic reduction in BW starting 1 dpi until the day of death (Figure 6H). The highest
reduction in BW was reported in mice inoculated with B_NS237 followed by mice
inoculated with A_NS217 then A_NS230 (Figure 6H). Together, HSN8-B inoculated
mice exhibited a severe reduction in BW compared to HSN8-A inoculated mice after
low-dose challenge. HSN8-A viruses carrying short NS1 lost more BW compared to
HSN8 carrying NS237. Likewise, mice inoculated with H5N8-B carrying NS217 lost
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more BW compared to those inoculated with B_NS230. The impact of NS237 on BW

loss after HSN8-B inoculation was dose-dependent.

Clade B virus replicated at higher levels in mice than clade A and elongation in
the CTE reduced clade B virus replication. To determine the replication of different
viruses in lung, spleen and brain without prior adaptation, three mice per group were
euthanized 3 dpi with low-dose and the viral RNA was quantified using RT-gPCR
(Figure 7A-D). H5N8-A viruses were detected only in the lungs indicating limited
replication. B_NS217 replicated to 10000-fold higher titres than H5N8-A virus (p <
0.005) (Figure 7A-B). Extension of the NS1 of B_NS217 significantly reduced virus
replication in the lungs by 1000- and 500- fold, respectively (p < 0.005) and abolished
virus replication in the spleen (Figure 7C-D). In the brain, viral RNA was detected in
only 1/3 mice inoculated with B_NS217 (data not shown). Antibodies were detected in
all surviving mice, except in those inoculated with low-dose of A_NS237 (n=2/5),
A_NS230 (4/5), or A_NS217 (3/5) (data not shown). Anti-NP antibodies were not
detected in the sham group. Together, HSN8-B replicated at higher levels in the lungs
and spleen compared to HSN8-A. Shortening the NS1 CTE did not have a significant
impact on H5N8-A replication in mice, while extension of NS1 CTE reduced the

replication of HSN8-B significantly.

Discussion

AlV pose a serious public health threat either by direct bird-to-human transmission or
generation of pandemic influenza viruses after reassortment, exchanging gene
segments with hlAV. Because the human population is immunologically naive to AlV,
AlV infections may trigger high immune response and can result in severe respiratory
distress and death [44]. The continuous evolution of the panzootic HSNS clade 2.3.4.4
viruses warrants vigilance to assess their potential zoonotic and pandemic risk [28].
Our sequence analysis revealed that the NS1 of HSN8-B virus resembles human H1N1
and zoonotic AlV with preferences for shorter NS1 protein. Conversely, AlV of bird-
origin mostly possess prototypical NS1 with 230-aa. Interestingly, AlV HSN8-A and
HSN8-B evolved towards NS1 with longer and shorter CTE, respectively, compared to
the vast majority of AlV indicating biological advantages over NS230. We have recently
shown that viruses carrying NS230 |ost fitness in chickens and ducks [19]. The impact
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of these deletion (NS217) and extension (NS237) in CTE of AlV on virulence and
replication of HPAIV in mammals is not adequately studied. Here, we did not find a
significant impact on virus replication in human lung cells, but found that NS230
significantly reduced cell-to-cell spread in both H5N8-A and H5N8-B viruses. Similar
to our results, Hale et al. [18] found that increasing the length of the 2009 H1N1 NS1
protein to 230 aa did not increase virus replication in human cells and Jackson et al.
[37] found that increasing the NS1 length of a laboratory WSN H1N1 increased the

plaque size.

One of the well-described functions for NS1 is its ability to antagonize the interferon
response. The role of CTE in the inhibition of IFN-induction is controversial. Mutations,
deletions (6-aa or 10-aa) or extensions in the CTE of HPAIV H5N1, laboratory H1N1
or LPAIV HON2 did not alter the IFN-B response in AS549 cells [21, 22, 37]. Conversely,
extension of the CTE in the pandemic H1N1-2009 increased the efficiency to block the
IFN-B response in A549 cells [36]. Likewise, studies showed that NS1 of several AIV
has pro-apoptotic activity [37], while NS1 of other viruses mediate anti-
apoptotic signalling responses [45, 46]. Here, we found that NS1 with long CTE,
regardless of the virus backbone, exhibited significant reduction in the efficiency of
HSN8 viruses to block IFN-B induction in human lung cells. A similar pattern was
obtained for the efficiency to block apoptosis induction by HSN8-B viruses in infected
and non-infected bystander cells. These results suggest that apoptosis induction was
interferon-dependent or both IFN-B and apoptosis were induced through a common
pathway. |IFN-dependent anti-apoptotic activity of laboratory IAV (PR8/H1N1) after
deletion in the NS1 has been previously reported [45].

Interestingly, in contrast to the positive correlation of IFN-B induction and the length of
NS1, IFN-a induction was virus-dependent and not NS1 length-dependent. Hence,
increased IFN-a induction was obtained after infection with HSN8-A carrying NS217
and H5N8-B carrying NS237. These results indicate that IFN-a and IFN-$ are being
antagonised by different mechanisms that are influenced differently by changes in the
NS1 CTE, an observation that merits further investigation. The NS1 CTE contains
residues, which interact with several host proteins including poly(A)-binding protein |l
(PABII), PDZ domain-containing proteins, importin-a and nucleolin [13]. Changes in
the CTE could affect the interaction of NS1 with these proteins which might be
compensated by mutations in the NS1 or other viral proteins. Indeed, truncation of NS1

URL: httpsi//mc.manuscriptcentral.com/temi E-mail:. TEMI-peerreview@journals.tandf.co.uk

122



O~ s W=

501
502
503
504
505
506
507
508
509
510

511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532

Emerging Microbes & Infections

17

reduced the efficiency of H1N1-2009 to shut-off host mRNA transcription and
trafficking including IFN mRNA. The ability of NS1 to block IFN response was restored
by binding to PABII after extension of the CTE [36] or by increased binding to pre-
MRNA processing protein CPSF30 via mutations in the ED [47, 48]. Similarly, recent
studies have shown that interferon induction can be balanced or compensated by other
viral proteins (e.g. PB2, PB1-F2 or PA-X) after changes in the NS1 [43, 49]. This might
explain the discrepancy between infected and transfected cells to inhibit type | IFN or
NF-kB pathways under our current experimental settings. Moreover, independent of
NS1, the contribution of the polymerase genes of HS5N8 clade 2.3.4.4 in the induction
of IFN- has been recently reported [S0].

Compared to the low virulence and limited replication of HSN8-A in murine lungs,
H5N8-B was more virulent in mice and viral RNA was detected in extrapulmonary
tissues including the spleen and brain indicating better replication in mammals without
prior adaptation. This is in accordance with findings of previous studies used the wild-
type H5N8-B virus [51] or H5N8-A like viruses [52]. We also showed that HSN8-A and
H5N8-B viruses with short NS1 CTE (NS217) exhibited increased virulence in mice as
indicated by high mortality rate, rapid onset of mortality and/or shorter survival periods.
Exceptionally, HSN8-B carrying NS237 was less virulent than H5NS8 carrying NS217
after low-dose inoculation and exhibited comparable pathogenicity after high-dose
inoculation. A possible explanation for that is the variation in the balance between
immune system and virus replication. As seen from the experiment in human lung cells,
HSN8-B carrying N3237 was less efficient to block induction of IFN and apoptosis.
Therefore, it is likely that mice were able to clear the virus after low-dose inoculation
as seen by reduced viral levels in the lungs, spleen and brain. However, high-dose
inoculation of mice with HSN8-B carrying NS237 probably triggered a “cytokine storm”
which caused the death of the mice similar to H5N8-B carrying NS217. This is
consistent with findings of other studies describing that deletion of 11-aa in the NS1
CTE increased pathogenicity of the pandemic H1N1-2009 virus in mice [36].
Conversely, in another study, a laboratory WSN strain with truncated NS1 C-terminus
(residues 227-230) showed reduced virulence and pathogenesis compared to viruses
with full NS1. Variation in pathogenicity was independent of the efficiency of IFN-
antagonism of NS1 [37].
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In summary, we found that HSN8-B clade 2.3.4.4 viruses have preferences for a short
NS1 similar to human influenza viruses and zoonotic AlV due to truncation in the C-
terminus. H5N8 viruses carrying short NS1 exhibited high cell-to-cell spread capacity,
were more efficient in blocking the IFN-B response and reduced the induction of
apoptosis with minimal impact on virus replication in human lung cells. The truncation
in the NS1 increased virulence of HSN8 in mice, regardless of the virus backbone, and
therefore it should be considered as a virulence marker for similar HSN8 viruses in

mammals.

Acknowledgments

Dajana Helke is highly acknowledged for expert laboratory technical assistance.
Christine Fast, Marcel Gischke, Charlotte Schroder, Bérbel Hammerschmidt, Frank
Klipp, Harald Manthei, Doreen Fielder, Barbel Berger and Thomas Moeritz supported
in the animal experiments. Daniel Marc provided the anti-NS1 antibodies and Stefan
Finke provided the pCAGGS expression vector. Jana Schulz is thanked for help in
statistical analysis. This work was partially supported by grants from Delta Flu Project,
Project ID: 727922 funded by the European Union under: H2020-EU and the Deutsche
Forschungsgemeinschaft (DFG; AB 567). The funders had no role in study design,

data collection and analysis, decision to publish, or preparation of the manuscript.

Conflict of interests

The authors declare no conflict of interest

URL: httpsi//mc.manuscriptcentral.com/temi E-mail:. TEMI-peerreview@journals.tandf.co.uk

124



O~ s W=

555

556
557

558
559
560
561
562
563
564
565

566
567

568
569
570
571
572
573
574
575
576

577
578

579
580
581
582
583

Emerging Microbes & Infections Page 20 of 36

19

Figure Legends

Figure 1: Sequence analysis and expression of H6N8 2.3.4.4 carrying different

NS1 in human cells

Sequences of full-length NS1 protein of human H1N1 compared to AlV in birds,
humans or mammals from 1902 to 2020 were retrieved from GISAID at 28-03-2021.
Sequences were cleaned from ambiguous residues and compared using Geneious
version 11.1. Shown is the prevalence of NS1 of variable length in human H1N1
viruses (A), zoonotic AlV (B), AIV (C), avian H1N1 (D) and H5NS8 clade 2.3.4.4A (E)
and 2.3.4.4B (F). Schematic illustration for the C-terminus of recombinant viruses used
in this study (G). NS1 expression in HEK293T cells transfected with 1 pg of indicated
pCAGGS-NS1 plasmids for 24 h (H).

Figure 2: The impact of NS1 C-terminus variations in cell-to-cell spread and

replication of recombinant H5N8 viruses in cell culture

Cell-to-cell spread was determined by measuring the diameter of 100 plaques after
infection of MDCK-II cells with HSN8-A (A) and HSN8-B (B). Results are expressed as
mean and standard deviation (um). Replication kinetics in turkey embryo kidney (TEK)
cells infected with HSN8-A (C) or HSN8-B (D) at MOl of 0.001 pfu at indicated time
points. Replication kinetics in human lung cells (A549) infected with HSN8-A (E) or
H5N8-B (F) at MOI of 0.001 pfu at indicated time points. Virus titre was determined
using plaque assay in MDCK-Il cells. The assay was done in duplicates and repeated
twice. Asterisks indicate statistical significance at p value * < 0.05, **< 0.01, *** < 0.005,
**** < 0.0005.

Figure 3: The impact of NS1 C-terminus variation on interferon-induction in
human cells infected with H5N8 clade 2.3.4.4

The relative expression of IFN-a (A, B) and IFN-B (C, D) mRNAs was measured in
A549 cells infected with the different viruses using an MOI of 0.1 for 24 h. Relative
expression of the IFN-mRNA in infected and non-infected cells was calculated using
the 2*-(AAct) method of three experiments. Asterisks indicate statistical significance
at p value * < 0.05, **< 0.01, *** < 0.005, **** < 0.0005.
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Figure 4: The impact of NS1 C-terminus variation on apoptosis-induction in
human cells infected with H5N8 clade 2.3.4.4

Active caspase-3 (i.e. cleaved caspase-3) was detected in A549 cells after the infection
with an MOI of 0.1 for 8 and 24 h at 37°C. Cells treated with 20 yM Camptothecin were
used as control. Detection was performed with ECL-substrate and X-ray film (A). The
amount of activated caspase-3 was quantified using flow cytometry after infection of
A549 cells at an MOI of 0.1 for 24 h (B-E). Cells were stained with a primary mouse-
anti-NP antibody (ATCC-HB65) and a caspase-3 PE labeled antibody. Signals were
analyzed via FACS with gating for either all cells (C), NP positive cells only (D), or NP
negative cells only (E). Asterisks indicate statistical significance at p value * < 0.05, **<
0.01, ** < 0.005, **** < 0.0005.

Figure 5: IFN-l and NF-kB induction pathways in human cells after transfection
with NS1 of H5N8 clade 2.3.4.4B

To determine which IFN-I (IFN-a and IFN-B) or NF-kB-induction pathway is inhibited
by NS1, HEK293T cells in 6-well plates were transfected with a plasmid DNA mix of a
FFL reporter plasmid (p125:IFN-B-Pro-FFL, plFNa-Pro-FFL or pNF-kB-Pro-FFL),
pCMV-RL, a Trigger expression plasmid or poly(l:C), and a pCAGGS plasmid
containing one of the NS1 coding sequences using Lipofectamine 2000 transfection
reagent. Trigger molecules used to activate the signaling cascade and analyzed
promoters (reporter construct) are given above the graphs (A-F). 20 h post transfection
cell extracts were prepared and luciferase activities were measured using the Dual-
Luciferase Reporter Assay System (Promega) according to manufacturer's
instructions. Firefly luciferase activity was normalized to Renilla luciferase activity.
Promoter induction was set as 1 (100%) for the empty vector control with the given
Trigger. Induction of the promotor by a trigger molecule was confirmed comparing
values for transfection of empty vector pCAGGS with and without trigger plasmid. FFL:

Firefly luciferase; RL: Renilla luciferase.

Figure 6: The impact of NS1 C-terminus variations on survival period and

bodyweight gain in mice inoculated with H5N8 viruses

Shown are estimated survival periods of BALB/C mice inoculated intranasal with low-
dose (103 pfu) (A, B) or high-dose (10° pfu) (C, D) of HSN8-A (A, C) or H5N8-B (B, D).
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The relative bodyweight gains of BALB/C mice inoculated intranasal with low-dose (E,
F) and high-dose (G, H) of HSN8-A (E, G) or HSN8-B (F, H) were calculated. Mock
mice group were inoculated with 50 pL sterile medium. All inoculation experiments
were occurred under mild anaesthesia using Isoflurane. Results are the relative mean
to the bodyweight immediately before infection (d0). Mice that lost more than 25% of
the dO-bodyweight value were humanely killed and scored dead. For optical reasons,
standard deviations are not shown.

Figure 7: The impact of NS1 on replication of H5N8 viruses in mice

Replication of indicated viruses in mice inoculated intranasally with low-dose was
assessed in 3 mice per group sacrificed 3 dpi under deep anaesthesia using isoflurane
and cervical dislocation (A-D). Viral RNA was extracted from the indicated organs and
was detected using RT-gPCR and standard curves of serial dilutions of B_NS217 (10
to 100000 pfu) in each plate. Results are shown as mean and standard deviation of

positive samples (A-D). Asterisks indicate statistical significance at p value *** < 0.001.
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Figure 1: Sequence analysis and expression of HSN8 2.3.4 .4 carrying different NS1 in human cells
Sequences of full-length NS1 protein of human H1N1 compared to AIV in birds, humans or mammals from
1902 to 2020 were retrieved from GISAID at 28-03-2021. Sequences were cleaned from ambiguous
residues and compared using Genelous version 11.1. Shown is the prevalence of NS1 of variable length in
human H1N1 viruses (A), zoonatic AIV (B), AIV (C), avian H1IN1 (D) and H5N8 clade 2.3.4.4A (E) and
2.3.4.4B (F). Schematic illustration for the C-terminus of recombinant viruses used in this study (G). NS1
expression in HEK293T cells transfected with 1 pg of indicated pCAGGS-NS1 plasmids for 24 h (H).
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37 Figure 2: The impact of NS1 C-terminus variations in cell-to-cell spread and replication of recombinant HSN8

38 viruses in cell culture

39 Cell-to-cell spread was determined by measuring the diameter of 100 plaques after infection of MDCK-II

40 cells with HSN8-A (A) and H5N8-B (B). Results are expressed as mean and standard deviation (pm).
Replication kinetics in turkey embryo kidney (TEK) cells infected with H5N8-A (C) or HSN8-B (D) at MOI of
0.001 pfu at indicated time points. Replication kinetics in human lung cells (A549) infected with HSN8-A (E)

or H5N8-B (F) at MOI of 0.001 pfu at indicated time points. Virus titre was determined using plaque assay in

43 MDCK-II cells. The assay was done in duplicates and repeated twice. Asterisks indicate statistical

44 significance at p value * < 0.05, **< 0,01, *** < 0,005, **** < (0,0005.
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Figure 3: The impact of NS1 C-terminus varlation on interferon-induction in human cells infected with H5N8
clade 2.3.4.4
The relative expression of IFN-a (A, B) and IFN-B (C, D) mRNAs was measured in A549 cells infected with
the different viruses using an MOI of 0.1 for 24 h. Relative expression of the IFN-mRNA in infected and non-
infected cells was calculated using the 2~-(AAct) method of three experiments. Asterisks indicate statistical
significance at p value * < 0,05, **< 0,01, *** < 0,005, **** < 00,0005,
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25 Figure 4: The impact of NS1 C-terminus variation on apoptosis-induction in human cells infected with H5N8

26 clade 2.3.4.4

27 Active caspase-3 (l.e. cleaved caspase-3) was detected In A549 cells after the infection with an MOI of 0.1
for 8 and 24 h at 37°C. Cells treated with 20 M Camptothecin were used as control. Detection was

performed with ECL-substrate and X-ray film (A). The amount of activated caspase-3 was quantified using

29 flow cytometry after infection of A549 cells at an MOI of 0.1 for 24 h (B-E). Cells were stained with a

30 primary mouse-anti-NP antibody (ATCC-HB65) and a caspase-3 PE labeled antibody. Signals were analyzed

31 via FACS with gating for either all cells (C), NP positive cells only (D), or NP negative cells only (E). Asterisks

32 indicate statistical significance at p value * < 0.05, **< 0.01, *** < 0.005, **** < 0,0005.

179x100mm (600 x 600 DPI)

60 URL: https://mc.manuscriptcentral.com/temi E-mail:TEMI-peerreview@journals.tandf.co.uk

136



0NV A WN =

Emerging Microbes & Infections

A polylC_IFN-p B Trif_IFN-p C MDA-5_delta_IFN-

. 157 15

- empty vector
. = = - B_NS217
-§ 1.04 EREE Z 104 . B NS230

2 2

E E Z = B NS237
= % %
- 0.5 7, 0.5 7 0.5
12 = 2] B
D IRF-7_IFN-a E Trif NF-xB F MyD88_NF-xB

157 157 159

empty vector

= g g Em B NS217
Z 1.0 S 1.0 Z 1.0 . B NS230
= & & -
2 g z BN B NS237
E ] 2 -
L] -] =
> - 3 = % -
E 0.5 l-'1 0.5 F-Ih 0.5
- 4 4

"-“"v—j—-—i u‘u-—,—-—i—i

[YREEE

Figure 5: IFN-I and NF-kB induction pathways in human cells after transfection with NS1 of HSN8 clade
2.3.4.4B
To determine which IFN-I (IFN-a and IFN-B) or NF-kB-induction pathway is inhibited by NS1, HEK293T cells
in 6-well plates were transfected with a plasmid DNA mix of a FFL reporter plasmid (p125:1FN-B-Pro-FFL,
pIFNa-Pro-FFL or pNF-kB-Pro-FFL), pCMV-RL, a Trigger expression plasmid or poly(1:C), and a pCAGGS
plasmid containing one of the NS1 coding sequences using Lipofectamine 2000 transfection reagent. Trigger
molecules used to activate the signaling cascade and analyzed promoters (reporter construct) are given
above the graphs (A-F). 20 h post transfection cell extracts were prepared and luciferase activities were
measured using the Dual-Luciferase Reporter Assay System (Promega) according to manufacturer's
instructions. Firefly luciferase activity was normalized to Renilla luciferase activity. Promoter induction was
set as 1 (100%) for the empty vector control with the given Trigger. Induction of the promotor by a trigger
molecule was confirmed comparing values for transfection of empty vector pCAGGS with and without trigger
plasmid. FFL: Firefly luciferase; RL: Renilla luciferase.
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Figure 7: The impact of NS1 on replication of HSN8 viruses in mice
Replication of indicated viruses in mice inoculated intranasally with low-dose was assessed in 3 mice per
group sacrificed 3 dpi under deep anaesthesia using isoflurane and cervical dislocation (A-D). Viral RNA was
extracted from the indicated organs and was detected using RT-gPCR and standard curves of serial dilutions
of B_NS217 (10 to 100000 pfu) in each plate. Results are shown as mean and standard deviation of positive
samples (A-D). Asterisks Indicate statistical significance at p value *** < 0.001.
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Host NS1 amino acid length Total
217 | 219 225 230 | 237 | Others
H1 2 299 301
H2 1 1 556 NS228 (1) 559
H3 4 24 5 2218 NS224 (1), NS228 (1) 2253
H4 2 4 1 2140 | 6 NS202 (1) 2154
H6 920 15 1227 | 1 NS202 (2), NS227 (1), NS228 (1) 2167
H7 818 1 5 1625 | 2 | NS214(1), NS216 (2), NS220 (24), NS224 2574
(63), NS228 (1)
H8 194 194
H9 3091 12 53 917 | 93 | NS202(1), NS212 (1), NS214(2), NS220 = 4178
i (4), NS228 (5), NS229 (2), NS234 (2)
H10 73 1226 NS207 (1) 1300
H11 1 5 1 763 770
H12 1 340 341
H13 466 2 468
H14 42 42
H15 18 18
H16 3 252 255
Total | 4910 | &1 82 12310 | 104 117 | 17574
% | 280 | 03 05 701 | 06 ~0.7 | 100%
o Zoanotic AV 1231 343 35 5 | NS202(2), NS212 (1), NS215 (8), NS224 = 1626
I 1)
£ § hH1N1 (1918-2008) 24 1145 [ 119 1288
£ E | hH1N1 (2009) 4264 295 1 4560
~ | hH1N1 (2010-2020) 24309 | 604 5 24918
2
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1

2

: Total [ 1231 | 28597 | 343 | 2079 | 130 12 | 32392
: bat 1 1
6 feline 2 16 6 NS223 (1) 25
7 dog 3 3
8 ; equine 1 17 18
n c ferret 8 4 10
n 2 meerkat 1 1
12 Q mink 9 1 8 4 1 23
13 2 rat 1 1
14 £ pika 1 5 6
:2 s stone martin | =1 1
7 seal 1 6 7
18 swine 29 22 13 NS220 (1), NS228 (1) 66
19 Total [ 43 2 62 51 1 3 162
20 H1N1 [ 16 645 661
21 ; H5N8-A 54 427 478
2 H5NS-B 392 200 592

3 - - - -
54 17 Sequences were retrieved from GISAID and analyzed using Geneious. They represent all sequences in the GISAID to 28-03-2021
25 18  NS225 and NS230 have a full CTE. Variation in length is due to deletion in the linker region

42 3
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5 Discussion

Avian influenza viruses (AlV), particularly HSN8 and HIN2 subtypes, are a significant threat for poultry
worldwide and pose a serious public health risk. AlV, including HSN8 and H9NZ2, disrupt the protein
supply particularly in developing countries. Since, AIV HIN2 is not a notifiable disease and therefore
infected birds are not culled, it is now endemic in poultry in many countries (Carnaccini and Perez,
2020; Pusch and Suarez, 2018). It causes severe losses in meat and egg production and the burden of
HINZ2 is high due to the costs for vaccination (Gu et al., 2017; Peacock et al., 2017). AIV HIN2 is a risk
for human health due to the widespread “silent” circulation in (vaccinated) poultry (Gu et al., 2017,
Peacock et al., 2017) coupled with the plasticity of the viral genome for mutations that enable efficient
replication in mammals (Arai et al., 2019b; Obadan et al., 2019) and the high rate of reassortment
yielding zoonotic influenza viruses associated with increased case fatality rates in humans (e.g. H5N1,
H7N9) (Guan et al., 1999; Liu et al., 2013; Pu et al., 2021). To date, about 50 laboratory-confirmed
HINZ2 infections in humans have been reported to the WHO (Carnaccini and Perez, 2020; Freidl et al.,
2014; WHO, 2021c) and thousands of subclinically individuals have been discovered worldwide
(Carnaccini and Perez, 2020; Khan et al., 2015; Li et al., 2017; Peacock et al., 2019) including poultry
workers in Europe (Coman et al., 2013). Therefore, vigilance is of utmost importance to study the impact
of genetic changes in HIN2 on virus adaptation and to assess their zoonotic potentials particularly after
a long-term circulation in poultry within a country where other avian or swine influenza viruses are also
co-circulating. The second most commonly spread AlIV in birds worldwide is the H5Nx Gs/Gd96
lineage, especially H5N8 clade 2.3.4.4. Since 2013, the infection with H5N8 virus resulted in the death
or culling of 100s of millions of wild and domestic birds worldwide (Swayne et al., 2017) and
vaccination failure in poultry has been reported due to the antigenic drift from vaccine-induced
antibodies (Li et al., 2020). A global concern on the zoonotic and pandemic potentials of HSN8 clade
2.3.4.4 has been raised (Yamaji et al., 2020). In December 2020, seven poultry farm workers in Russia
were infected with HSN8 clade 2.3.4.4 (WHO, 2021a). Therefore, in this dissertation we focused on the
recent German HON2 and H5N8 viruses to assess their virulence and transmission in birds and potential

adaptation to mammals using broad in vitro and in vivo experimental approaches.

In the first study in this dissertation (Paper 1), European and non-European sequences of HON2 AlV
from 1966 to 2020 were analysed and the polymorphism in positions P4 to P1 in the hemagglutinin
cleavage site (HACS) was described. Strikingly, polymorphism of non-basic amino acids (aa) (G, A, N,
S, D) was observed at P2 in European HIN2 viruses, particularly in turkeys, the second most common
poultry species in Europe and the US which is more vulnerable than chickens to AlIV infections
(FAOSTAT., 2019; Spackman et al., 2010; Swayne and Slemons, 2008; Tumpey et al., 2004). It is well
established that the insertion of basic aa into the HACS increased the virulence of H5 and H7
(Abdelwhab et al., 2016b; Scheibner et al., 2019b). However, not all H5 and H7 viruses with a polybasic

HACS were highly virulent in chickens (Lee et al., 2006; Londt et al., 2007). To date, in all outbreaks,
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the HPAIV acquired a unique polybasic HACS and several studies showed that specific composition
and the number of polybasic aa in the HACS affected the clinical outcomes of H5 and H7 HPAIV
infection in chickens (Abdelwhab et al., 2016b; Gischke et al., 2020; Kawaoka, 1991; Kawaoka and
Webster, 1989; Scheibner et al., 2019b). Similarly, the insertion of polybasic HACS in non-H5/H7
viruses including HON2 resulted in increased virulence of some strains in chickens (Gischke et al., 2020;
Gohrbandt et al., 2011; Stech et al., 2009; Veits et al., 2012). However, little is known about the impact
of non-basic aa in the HACS on virus fitness in poultry. Studies on mice using a laboratory HLN1 virus
showed that non-basic aa in P2 in the HACS are virulence determinants and caused neurotropism
conferred mainly by the HA cleavage-activation using plasmin (Sun et al., 2010). In Paper I, | was able
to show that the non-basic aa in the HACS affected replication in turkey cells in vitro and modulated
virulence in turkeys but not in chickens in vivo. Our sequence analysis indicated that most of HIN2
sequences in Europe are from turkeys, which may explain that these mutations are important for HON2-
adaptation in turkeys. The underlying mechanism behind this species variation merits further
investigation. However, | found that the optimal pH fusion-activation of G, A and S, which exhibited
the lowest virulence, was lower than the wild type virus with basic aa (K) at P2. The correlation between
pH-fusion activation and virulence of AlV in poultry has been described (Okamatsu et al., 2016). The
replication of HIN2 in turkeys and chickens was limited to the upper respiratory tract, which is in
accordance with the majority of studies on HON2 (Bonfante et al., 2013; Sun et al., 2019; Swieton et al.,
2020). However, | could find viral RNA in the brain of turkeys. In some studies, HIN2 virus could be
isolated from the brain of experimental infected chickens and/or finches (Lenny et al., 2015; Song et al.,
2019). Furthermore, one of the interesting results in Paper | is the ability of HIN2 to replicate in brain
cells of cats and pigs, although at lower levels compared to virus replication in primary turkey brain
cells. Polymorphism in P2 enabled the neurovirulence of HLIN1 in mice after intracranial inoculation
(Sun et al., 2010). The demonstration of virus replication in brain of mammals and replication in birds
without showing severe clinical signs prompted us to assess the replication of HIN2 in human cells and

to assess virus virulence in mice.

In the second paper in this thesis (Paper I1), | found that HON2 was able to infect human cell lines,
although at lower levels compared to H5N8 virus. In mice, HON2 caused bodyweight loss and mortality
after intranasal inoculation with high-dose and it replicated at comparable high levels to HPAIV H5N8
in the lungs. Previous studies showed that some HIN2 strains of avian origin are able to replicate in
mice and cause mortality without prior adaptation (Li et al., 2014a; Zhang et al., 2021). The avirulent
nature and high replication levels of HONZ2 in poultry and the wide spectrum of host species infected
with the virus warrant vigilance to protect both animal and human health which is an excellent example
for the one-health concept (Kim, 2018). Co-circulation of HIN2 with other AlV subtypes including
H5NXx viruses has been previously reported in several Asian and African countries and the emergence

of HON2/H5 clade 2.3.4 reassortants has been frequently documented under natural or experimental
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settings (EI-Shesheny et al., 2020; Hao et al., 2017; Hassan et al., 2020; Venkatesh et al., 2020). Some
of these reassortants exhibited higher virulence in mammals and were transmissible by air in mammalian
models, while others exhibited low or no virulence in mice and chickens (EI-Shesheny et al., 2020; Hao
etal., 2017). Since 2014, the intercontinental transmission and the swarm incursions of HSN8 in poultry
and wild birds in Germany was unprecedented. Notably, compared to previous Gs/GD96 lineages, clade
2.3.4.4 H5 viruses have an unusual ability to reassort with other AIV (Claes et al., 2016; King et al.,
2020a; Pohlmann et al., 2019; Pohlmann et al., 2018). Clade B H5N8 in Germany was highly virulent
in mice, although it did not transmit from ferret to ferret (Grund et al., 2018). Due to these facts,
collectively, we aimed in Paper Il to assess the virulence of H5N8 in mice and study the risk for

evolution and impact of recent German H5N8/HIN2 reassortants in birds and mammals.

I successfully generated H5N8 carrying single gene segments from HIN2. However, several attempts
to rescue infectious H5N8 carrying PB1 or NP from HIN2 failed. Little is known about the contributing
factors to the efficiency of reassortment in AV compared to human or bat influenza viruses (Ciminski
et al., 2017; Marshall et al., 2013). Generally, the segmentation of the influenza virus genome
complicates the selective packaging of eight unique VRNPs into one particle which necessitates
sophisticated compatibility of the protein and RNA interactions (Gerber et al., 2014; Lowen, 2017).
Previous studies showed that mutations in the packaging regions are major determinants for
reassortment of different influenza viruses (Essere et al., 2013). | found that mutations outside the
packaging region were the reason for the incompatibility between PB1 and NP segments of HON2 to
replace their HSN8 analogues. The compatibility between the polymerase subunits on protein-protein
interaction levels was essential for reassortment between different human influenza viruses (Hara et al.,
2013; Li et al., 2008). It remains to pin-point the mutations in the HOIN2 PB1 and NP proteins and the

underlying mechanism for this incompatibility.

Our experiments clearly showed that HON2 PB2, PA and NS gene segments (i) increased replication of
H5N8 in primary cells or cell lines obtained from the respiratory tract of humans, (ii) affected the
efficiency to block IFN-B response and (iii) increased virulence in mice. This is in accordance with
previous reports that HON2-PB2, PB1, PA, NS or NP are able to reassort with multiple viruses (e.g.
H7N9, H7N7, H5N6, H5N1) and can enhance the pathogenesis and lethality in mice (Arai et al., 2019a;
Lam et al., 2013; Shen et al., 2016; Su et al., 2015). Interestingly, the reassortment of HSN8 with HON2
PB2, PA and NS reduced virus fitness in chickens and NS clearly impaired virus transmission to contact
chickens. Firstly, these results further confirm previous findings that adaptation of some AIV in poultry
might decrease the replication in mammals (Long et al., 2015) and vice versa. Secondly, the lower
fitness, particularly of H5N8 carrying HIN2-NS, lowers the possibility for the emergence of these
reassortants in chickens, but does not exclude the possibility for reassortment in e.g. turkeys or ducks,
which remains to be determined. Thirdly, these results indicate that the NS segment of H5N8 plays a

role in the efficient transmission of H5N8 in chickens, which has been studied in Paper I11.
151



In Paper 11, we had a closer look on the NS1 protein of HSN8 clade 2.3.4.4 viruses. Typically, the NS1
protein is composed of 230 aa (NS230), which is also true for the parental Gs/Gd96 H5N1 and the
German HINZ2 used in this dissertation. However, the NS1 varies in length mostly due to truncations in
the carboxyl terminal end (ACTE) (Abdelwhab et al., 2016a). In this paper, we analysed 8185 H5Nx
NS1 protein sequences and found 15 different forms of NS1, ranging from 202 to 238 aa, with a majority
of 230 aa. We further analysed the sequence of NS1 in H5N8 viruses from 2013-2019 (n= 1068
sequences) which showed (i) a preferential selection for HSN8 clade A viruses to NS1 with 237 aa,
while clade B viruses prefer NS1 with 217 aa, (ii) a temporal pattern for distribution of NS1 where
NS217 was not observed in the first wave caused by clade A in 2014/2015 and NS237 was not observed
in the second wave caused by clade B in 2016/2017 and (iii) NS1 of clade B viruses with NS217 was
only observed in wild and domestic birds in Europe which is in line with previous reports describing the
local amplification of H5N8 in birds in Europe (Lycett et al., 2020; Poen et al., 2018). We further
confirmed our findings for the preferential selection of clade A and B viruses to NS237 or NS217,
respectively over the common NS1 length with 230 aa. Using co-transfection experiments, where NS1
with different length compete to be included in infectious viruses in cell culture and embryonated eggs,
we found no single plaque containing NS217 in clade A virus, and no single plaque with NS237 in clade
B virus. Furthermore, NS237 or NS217 were preferential selected in a clade-specific pattern over the
NS1 with 230 aa as seen in the sequence analysis. A previous study has shown that long-term circulation
of HIN2 in poultry in China from 1996 to 2014 resulted in the selection of NS1 with 217-aa over NS1
with 230-aa (Kong et al., 2015).

NS1 is a multifunction protein and a virulence factor for IAV, particularly in mammals (Ayllon and
Garcia-Sastre, 2015). It interacts with more than 560 cellular factors in a strain-dependent manner (de
Chassey et al., 2013; Nogales et al., 2018b). The interaction of NS1 with the cell host machinery is of
great benefit for virus replication by e.g. antagonizing the interferon response, controlling programmed
cell death (apoptosis), host protein shut-off and increasing viral RNA synthesis (Ayllon and Garcia-
Sastre, 2015; Hale et al., 2008b; Krug, 2015; Nogales et al., 2018b). Therefore, IAV lacking full NS1
or with severe truncated forms can grow only in IFN-deficient cells (e.g. Vero cells) (Garcia-Sastre et
al., 1998). The CTE of NS1 has important structures which play diverse roles in subcellular localization
(via NLS and NoLS), inhibition of interferon response and regulation of apoptosis (Ayllon and Garcia-
Sastre, 2015; Hale et al., 2008b; Krug, 2015; Nogales et al., 2018b). Most information on the role of
CTE on virus fitness is driven by research on human influenza viruses and little is known about AlV.
Therefore, in Paper 111 we focused on the NS1 CTE to understand this striking preferential NS1

selection in clade A and clade B viruses.

To elucidate the biological advantages of NS1 CTE, | generated three recombinant H5N8-A and three
H5N8-B viruses with NS217, NS230 or NS237. | compared the replication of these viruses in primary

chicken and duck cells in vitro and determined the impact on virus virulence, replication, IFN-response
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and transmission to contact chickens or ducks in vivo. Collectively, NS230 had negative impact on virus
fitness in vitro and/or in vivo which may explain the preferential selection of H5SN8 clade 2.3.4.4 for a
certain length of the NS1 protein. Shortening of NS237 of clade A to 230-aa or 217-aa reduced the
efficiency of NS1 to block IFN-a response in the lungs of chickens. Conversely, the elongation of NS217
of clade B virus to 230-aa or 237-aa reduced virus replication in duck cells and virulence, transmission,
excretion and replication in different organs of inoculated chickens and ducks. These results indicated
that the NS1 CTE is important for virus fitness in a strain-specific manner. This explains the
controversial results in other studies where mutations in the NS1 CTE of an HPAIV H5N1 had no impact
on virus virulence or replication in chickens and ducks (Soubies et al., 2013; Zielecki et al., 2010), while
others found that NS1 ACTE was advantageous for replication of HPAIV H7N1 NS1 in chickens
(Abdelwhab et al., 2016a) but reduced virus replication and transmission of HON2 in chickens (Kong et
al., 2015). Our findings also clearly showed that the NS1 of clade A and clade B viruses evolved toward
high fitness, regardless of the NS1 length. This can be achieved by the synergism (or biological
compensation) between the CTE and residues in other NS1 domains or may be other gene segments.
For example, NS1 has two NLS (NLS1 and NLS2) and one NES in the ED. These signals are important
to mediate (i) the early localization of NS1 in the nucleus (e.g. to block host mRNA synthesis) and (ii)
the export to cytoplasm (e.qg. to block the intracytoplasmic viral sensors like RIG-1). Some studies have
shown that there is a synergism between the NLS2, which is absent in many AlV including clade B
H5N8, and mutations in NS1 ED. Keiner et al. found that D139N mutation in the NES (similar to HSN8-
B virus in this study) can compensate the subcellular localization of an H7N1 virus lacking the NLS2
due to a 6-aa-deletion in the NS1 CTE (Keiner et al., 2010). Similarly, a functional interplay was
described between the mutations at residue 138 and CTE that results in a synergistic effect on AlV
H5N1 virulence in mice (Fan et al., 2013). Likewise, co-mutations in residue 127 in the ED and CTE
conferred high virulence of AIV H3N8 in mice when combined (Pu et al., 2010).

Furthermore, the results of animal experiments in Paper 111 indicated that NS1 modulates virulence and
transmission of H5N8 in chickens and ducks. Firstly, our results confirmed that HSN8-A and H5N8-B
are highly virulent in chickens, while in ducks only HSN8-B was highly virulent. This is in accordance
with the results of Grund et al. using wild type H5N8-viruses (Grund et al., 2018), which were used for
the generation of recombinant viruses in my study. The death of chickens and ducks was due to the
extensive systemic replication and multiple organ dysfunction, which is characteristic for HPAIV
infection in poultry (Pantin-Jackwood and Swayne, 2007; Perkins and Swayne, 2001; Swayne and
Suarez, 2000). Secondly, we confirmed our results in Paper 11 and the recent results of Scheibner et al.
(in preparation) that NS plays a role in the transmission of H5N8-B in chickens and ducks. Thirdly, we
found that mutations in the NS1 CTE can reduce H5N8-B tissue distribution and endotheliotropism, a

role for the NS1 which merits further investigation.
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In Paper IV, we explored the prevalence of NS1 CTE variations in all human influenza viruses (h1AV),
AIlV of human-, other mammal- and bird-origin compared to all AIV sequences from 1902 to 2020. We
found that H5N8-B viruses are similar to hIAV and zoonotic AIV in their preferences to short NS1,
which encouraged us to determine the replication efficiency in human cells and the virulence in mice
after infection with recombinant viruses generated in Paper I11. In human lung cells, the shorter the NS1
of H5N8-B, the higher efficiency to (i) block type | IFN induction and (ii) reduce interferon-dependent
apoptosis. These results are similar to findings obtained by Zhirnov et al. (2002) using laboratory strain
PR8/H1N1 containing a deletion in NS1. Interestingly, the efficiency of HSN8 viruses to block IFN or
apoptosis induction was not directly attributable to the NS1 CTE and most likely the interplay or
interaction with other residues in the NS1 (e.g. RBD or ED) or in other gene segments (e.g. PB1, PA)
were important (Clark et al., 2017; Hale et al., 2010b; Nogales et al., 2018a; Ozawa et al., 2011). In
mice, H5N8 viruses carrying short NS1 CTE, regardless of the virus background, caused higher
mortality, shorter survival period and higher bodyweight loss in a dose-dependent manner. In addition,
NS1 CTE affected virus replication in the lungs and extrapulmonary tissues including the spleen and
brain. Results of experiments in Paper IV confirmed my results in Paper 11 that NS segment modulates
virulence of H5N8 in mice. Also, these results confirmed that adaptation markers in birds and mammals
can be different, since changes in the NS1 did not affect virulence or transmission of H5N8-A in
chickens (Paper I1), however, shortening of HSN8-A NS1 increased virulence in mice. Nevertheless,
our results also confirmed that some influenza viruses, e.g. HSN8-B, can be highly virulent in chickens,
ducks and mice and the changes in the NS1 decreased virus fitness in the three species. Therefore, it is

important to understand virus-dependent properties and host-variation when studying influenza viruses.

The overall conclusion of this thesis is that European HIN2 viruses have preferences for non-basic
amino acids in the HACS and these residues affect virus fitness in turkeys. Since HON2 viruses
replicated in mammalian brain cells without showing clinical signs in poultry, the zoonotic risk of HON2
should not be neglected (Paper ). HON2 is able to reassort with HSN8 clade 2.3.4.4 B viruses, but there
is a genetic incompatibility for PB1 and NP. HSN8/HIN2 reassortants exhibited increased virulence in
mice, but conversely resulted in reduced transmission in chickens. This was mainly achieved by the NS
segment (Paper I1). There is a preferential selection for NS1 in H5N8 clade 2.3.4.4. A and B viruses
and the C-terminus of H5N8-B was important for virulence, transmission and replication in chickens
and in ducks. The NS1 of H5N8-A and H5N8-B viruses, regardless of the CTE length evolved toward
efficient inhibition to IFN-a induction (Paper I11). Conversely, shortening the NS1, regardless of virus
background, increased the efficiency to block IFN-induction in human cells and virus virulence in mice
after infection with H5SN8-A and H5N8-B viruses. The latter was highly virulent in mice as a model to
study the pathogenicity of influenza viruses in mammals (Paper 1V). Therefore, studies should continue

to understand the molecular basis for adaptation of AlV in poultry and assess the potential zoonotic risk.

154



6 Summary

LPAIV HIN2 and HPAIV H5N8 clade 2.3.4.4 viruses have been frequently isolated from domestic and
wild birds in Germany and they are endemic in poultry worldwide. HON2 is known to donate gene
segments to other AIV with high case fatality rate in humans (e.g. H5N1, H7N9). Similarly, HSN8
devastated poultry worldwide since 2014 and has been recently isolated from humans. Therefore, it is
important to understand the genetic predisposition for adaptation of HON2 and H5N8 AlV in poultry

and mammals.

In the first publication, we focused on the variable hemagglutinin cleavage site (HACS) of European
and Non-European HIN2 viruses, since the HACS is a main virulence determinant of AlV in birds. We
found a preferential substitution of non-basic amino acids (G, A, N, S, D, K) in the HACS at position
319 of European HIN2 viruses compared to non-European HIN2 viruses. Recombinant viruses carrying
different non-basic amino acids in the HACS modulated replication in vitro. While these non-basic
amino acids did not affect virulence or transmission in chickens, they modulated virulence and
replication in turkeys. Moreover, HIN2 viruses with non-basic amino acids in the HACS were able to

replicate in mammalian brain cells for multiple cycles even without trypsin.

In the second publication, we addressed the question whether reassortment between two recent German
HIN2 and H5N8 clade 2.3.4.4. B viruses is possible and analysed the impact on virus fitness in mammals
and birds. We found that HON2 PB1 and NP segments were not compatible to generate infectious HSN8
viruses and this incompatibility was due to mutations outside the packaging region. However, HON2 NS
alone or in combination with PB2 and PA significantly increased replication of H5SN8 in human cells.
Moreover, HOIN2 PB2, PA and/or NS segments increased virulence of H5N8 in mice. Interestingly, in
chickens, reassortment with HON2 gene segments, particularly NS, partially or fully impaired chicken-
to-chicken transmission. These results indicate that the evolution of HOIN2/H5N8 reassortants showing

high virulence for mammals is unlikely to occur in chickens.

In the third publication, we focused on the NS1 protein of different HPAIV H5N8 clade 2.3.4.4 viruses
from 2013 to 2019 and studied the impact of its C-terminus (CTE) variation on virus fitness in chickens
and ducks. Our findings revealed a preferential selection for a certain NS1 CTE length in 2.3.4.4. H5N8
clade A (237 aa) and B (217 aa) viruses over the common length of 230 aa. Indeed, the NS1 CTE can
affect virus virulence and pathogenesis in a species and virus clade dependent manner. In chickens,
although there was no impact on virulence, NS1 CTE of H5N8-A and H5N8-B, regardless of the length,
have evolved towards higher efficiency to block the IFN response. In ducks, NS1 CTE contributed to

efficient transmission, replication and high virulence of HSN8-B.

In the fourth publication, we assessed the impact of variable length of NS1 on H5N8 virus replication

in human cells and virulence in mice. We showed that NS1 of H5SN8-B virus unlike the vast majority of
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NS1 of AIV, shared preferences for short NS1 similar to human and zoonotic influenza viruses. This
virus (i) was able to efficiently block IFN and apoptosis induction which might be the first steps for
efficient adaptation to human cells and (ii) without prior adaptation replicated at higher levels and was
more virulent in mice than HSN8-A. The virulence of the latter virus increased after shortening the NS1
similar to H5N8-B virus. Therefore, it is conceivable that truncation in NS1 is a determinant for

adaptation of H5N8 in mammals irrespective of its impact on virus fitness in poultry.

Findings in this dissertation indicated that HA mutations in the European HON2 and NS1 variations in
H5NS8 viruses play a role in virus fitness in poultry and/or mammals. These results improve our current
understanding for AIV adaptation and are useful to assess the potential of these viruses to infect

mammals.
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