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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 (AIV) 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 AIV (LPAIV) and highly pathogenic AIV (HPAIV) (OIE, 2008). All AIV 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 H9N2 refers to the HA-H9 and NA-N2 subtypes. 
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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 µm 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).  

 

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 vRNP complexes and the viral envelope. Created with Biorender. 
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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 (RdRp) 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 vRNP 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). IAV 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).  
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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 vRNPs (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 vRdRp 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 (cRNA). 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 vRNA 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 mRNA. 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 mRNA 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 
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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 SUMOylation, 

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 IAV 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). 
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1.4.5 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). 

 

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. vRNAs and the viral core proteins meet at 

the “budozone” and the virus is released. Created with Biorender. 
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1.5 Evolution of influenza viruses 

The nature of the influenza segmented genome and error-prone activity of the heterotrimeric vRdRp 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). IAV can alter its genome by 

accumulation of point mutations (known as antigenic drift) or reassortment caused by exchanging gene 

segments between two IAV upon co-infection of one host cell (antigenic shift). Therefore, a high genetic 

diversity of IAV 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 vRdRp which results in a rate of integration of false nucleotides 

between 10-3 to 10-4 (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 IAV (Reperant et al., 2012). 
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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 IAV is called “reassortment”. Here, two or more 

different IAV 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. H1N1 in 1918/1919 and 2009) acquired 

gene segments from avian and/or swine influenza viruses. Similarly, H9N2 donated gene segments to a 

number of AIVs (e.g., H5N1, H6N1, H7N4, H7N7, H7N9, H9N2, 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). 
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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 H5N1 in 

chickens due to insertion of stop codon and subsequently deletion of the NA head domain (Kalthoff et 

al., 2013).  
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1.6 AIV infection in birds and mammals 

1.6.1 AIV infection in wild birds  

AIV 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 AIV 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 AIV-infection, partially due to the 

upregulation of the retinoic acid-inducible gene-I (RIG-I), an important inducer of type I 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 H5Nx (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 AIV-induced morbidity and mortality 

(Alexander, 2000; Alexander et al., 1986). It is believed that poultry gets infected by AIV 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 AIV from wild birds to poultry (Alexander, 2000). In chickens 

(and turkeys), AIV 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. H9N2) 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 AIV 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 AIV 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” H1N1 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 AIV 

(e.g. H5N1, H5N6, H6N2, H7N3, H7N7, H7N9, H9N2, 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 AIV H5N8 infections in humans were reported in Russia (WHO, 

2021b). AIV 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 AIV 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 HA0, and undergoes posttranslational 

modifications like proteolytic cleavage or glycosylation. For IAV to be infectious, the HA0 has to be 

cleaved at the HACS by host proteases into two polypeptides: HA1 and HA2 (Skehel and Wiley, 2000). 

The head domain of the IAV is formed exclusively by the HA1 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 HA0 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 AIV. Different host proteases can cleave HA0 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 (Li 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 AIV 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, H9N2, 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 H5Nx 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 AIV 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 IAV, 

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 mRNA 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 “226ESEV230” and for human influenza viruses is “226RKSV230” 

(Obenauer et al., 2006). 

 

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 mRNA 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 AIV due 

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

1.7.3.3 NS1 is a virulence determinant in poultry 

NS1 plays an important role in the inhibition of type I 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 IAV (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 mRNAs 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 H5N1 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. 

 

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 AIV, 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 AIV subtypes 

(Lycett et al., 2009; Mostafa et al., 2018; Zielecki et al., 2010). 

1.7.4.1 Hemagglutinin  

1.7.4.1.1 Receptor binding 

The HA of IAV 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(α)(2,3) or α(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 α(2,3) linkage to galactose (α2,3-SA), whereas 

human influenza viruses preferably bind to α2,6-SA. The distribution of SA varies from one host to 

another, since aquatic birds contain α2,3-SA in the respiratory and intestinal tract and humans contain 

mostly α2,6-SA in the upper respiratory tract and to a lesser extent α2,3-SA in the lungs (Franca et al., 

2013; Kumlin et al., 2008; Pillai and Lee, 2010). It is important to mention that some AIV have dual 

receptor specificity and can recognize the avian and mammalian receptors. Switching from avian α2,3-

SA to mammalian α2,6-SA is required for efficient transmission of AIV to mammals including humans 

(Ito et al., 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. H1N1, H3N2) to increase binding affinity of these viruses to α2,6-

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 α2,3-SA 

and α2,6-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 AIV 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 AIV 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 H9N2 are able to reassort with multiple 

viruses (e.g. H7N9, H7N7, H5N6) and that certain reassortants (e.g. those carrying H9N2-PB1) show 

increased pathogenicity in mice (Lam et al., 2013; Shen et al., 2016; Su et al., 2015). Reassortment of 

PB1 of H9N2 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 IAV 

contain a serine and it is suggested that it plays a critical role for adaptation and virulence (Taubenberger 

et al., 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 H1N1/1918 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 H5N1 and H1N1 viruses in mice (Chen et al., 2010; McAuley et al., 2010).  

PA containing 97I increased virulence of an AIV 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 H9N2 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 M106I in the 

NS1 protein increased the virulence of H5N1 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 H5N1 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 

(ssRNA) 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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(RLRs), 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-I, Melanoma differentiation-associated gene 5 (MDA5) 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-I and MDA5 are the main cytosolic PRR 

for IAV in mammals and birds and detect nucleic acids of invading viruses to activate the interferon 

system. Type I interferons (IFN-α and IFN-β) 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-I is also able to detect 

viral replication in the nuclear compartment. RIG-I recognizes short dsRNA, which is produced during 

IAV replication, and short 5’-ppp-dsRNA in infected cells (Brisse and Ly, 2019; Weber et al., 2015). 

RIG-I 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-β expression is dependent on RIG-I and cannot be compensated by IFN-α 

(Koerner et al., 2007). To compensate the absence of RIG-I, chickens express MDA5 (Xu et al., 2016). 

MDA5 recognizes long dsRNA in chickens, while mammalian MDA5 recognizes long polyinosinic-

polycytidylic acid (poly(I:C)). In Muscovy ducks the MDA5 expression is similar to RIG-I expression 

(Brisse and Ly, 2019; Campbell and Magor, 2020; Lee et al., 2012). MDA5 expression has been detected 

during LPAIV and HPAIV 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-κB, type I IFN or mitogen-activated protein kinase. These activations lead to the 

production of pro-inflammatory cytokines/chemokines and type I IFNs (IFN-α 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 Type I, II and III Interferons 

Interferons are inducible cytokines, which have antiviral activity and can be divided into three families 

(types I, II and III). Type I IFNs include IFN-alpha (α), -beta (β) as well as the less characterized IFN-

epsilon (ε), -tau (τ), -kappa (κ), -delta (δ), -omega (ω) and -zeta (ζ) (also known as limitin) (Lazear et 

al., 2019; Oritani et al., 2000). So far, only IFN-α and IFN-β are well-characterized in birds and during 

viral infection, airway epithelium, macrophages and pDC are the primary site where type I 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 I IFN response during HPAIV H5N1 infection 

at 1 and 2 days post inoculation (dpi) (Saito et al., 2018). Type I IFN expression is dependent on the 

PRR localization. While TLR are responsible for IFN-α expression, RIG-I is in charge of IFN-β 

expression (Opitz et al., 2007). Type II IFN consist of IFN-gamma (γ), 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 III 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 

III IFN (IFN-lambda (λ)), whereas other vertebrates (e.g. humans) can produce up to four type III IFNs 

(IFN-λ1-4) (Santhakumar et al., 2017; Stanifer et al., 2019). 

1.8.4 Interferon-stimulated genes 

IFN-α and IFN-β are able to attach to type I IFN-receptor (IFNAR1/IFNAR2) 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 (ISGs) 

which can interact with the viral components to suppress replication (Evseev and Magor, 2019; Nan et 

al., 2017; Weber-Gerlach and Weber, 2016b). IFN-λ is able to bind to IFNLR1/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 H9N2 and H5N8 in Germany  

1.9.1 Low pathogenic H9N2 avian influenza virus 

H9N2 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, 

H9N2 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). H9N2 viruses can donate internal 

protein coding-gene segments to other AIVs, e.g. H7N9 which infected over 1000 humans in China 

since 2013 (Pu et al., 2018). In addition, several studies have shown that several H9N2 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 H9N2 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). H9N2 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, H9N2 has been detected in wild birds in 

Finland (Lindh et al., 2014) and Coman et al. (2013) reported serological evidence for H9N2 infections 

among agriculture workers in Romania. In Germany, H9N2 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 H9N2 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 H9N2 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 0 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 et al., 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 

et al., 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 H5N8 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 7th 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 8th, 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 H5Nx clade 2.3.4.4B were reported in Germany 

from November 8th 2016 until September 30st 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). H5N8 was identified in 

https://www.fli.de/de/aktuelles/tierseuchengeschehen/aviaere-influenza-ai-gefluegelpest/karten-zur-klassischen-gefluegelpest/
https://www.fli.de/de/aktuelles/tierseuchengeschehen/aviaere-influenza-ai-gefluegelpest/karten-zur-klassischen-gefluegelpest/
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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 AIV 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 AIV, H9N2 and H5N8. 

H9N2 infected humans and donated gene segments to other AIV (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 H9N2 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 H9N2. 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: 

(I) Do non-basic amino acids in the HACS of German H9N2 viruses have an effect on virulence 

in chickens and turkeys or replication in mammalian cells in vitro? 

(II) Is reassortment between German H9N2 and H5N8 clade 2.3.4.4 viruses possible and what 

are the biological propensities of H5N8-H9N2 reassortants in poultry and mammals? 

(III) 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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5 Discussion 

Avian influenza viruses (AIV), particularly H5N8 and H9N2 subtypes, are a significant threat for poultry 

worldwide and pose a serious public health risk. AIV, including H5N8 and H9N2, disrupt the protein 

supply particularly in developing countries. Since, AIV H9N2 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 

H9N2 is high due to the costs for vaccination (Gu et al., 2017; Peacock et al., 2017). AIV H9N2 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 

H9N2 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 H9N2 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 AIV 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 H5N8 clade 

2.3.4.4 has been raised (Yamaji et al., 2020). In December 2020, seven poultry farm workers in Russia 

were infected with H5N8 clade 2.3.4.4 (WHO, 2021a). Therefore, in this dissertation we focused on the 

recent German H9N2 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 I), European and non-European sequences of H9N2 AIV 

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 H9N2 viruses, particularly in turkeys, the second most common 

poultry species in Europe and the US which is more vulnerable than chickens to AIV 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 H9N2 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 H1N1 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, 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 H9N2 

sequences in Europe are from turkeys, which may explain that these mutations are important for H9N2-

adaptation in turkeys. The underlying mechanism behind this species variation merits further 

investigation. However, I 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 AIV in poultry has been described (Okamatsu et al., 2016). The 

replication of H9N2 in turkeys and chickens was limited to the upper respiratory tract, which is in 

accordance with the majority of studies on H9N2 (Bonfante et al., 2013; Sun et al., 2019; Swieton et al., 

2020). However, I could find viral RNA in the brain of turkeys. In some studies, H9N2 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 I is the ability of H9N2 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 H1N1 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 H9N2 in human cells and 

to assess virus virulence in mice.  

In the second paper in this thesis (Paper II), I found that H9N2 was able to infect human cell lines, 

although at lower levels compared to H5N8 virus. In mice, H9N2 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 H9N2 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 H9N2 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 H9N2 with other AIV subtypes including 

H5Nx viruses has been previously reported in several Asian and African countries and the emergence 

of H9N2/H5 clade 2.3.4 reassortants has been frequently documented under natural or experimental 
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settings (El-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 (El-Shesheny et al., 2020; Hao 

et al., 2017). Since 2014, the intercontinental transmission and the swarm incursions of H5N8 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 II to assess the virulence of H5N8 in mice and study the risk for 

evolution and impact of recent German H5N8/H9N2 reassortants in birds and mammals.  

I successfully generated H5N8 carrying single gene segments from H9N2. However, several attempts 

to rescue infectious H5N8 carrying PB1 or NP from H9N2 failed. Little is known about the contributing 

factors to the efficiency of reassortment in AIV 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). I found that mutations outside the 

packaging region were the reason for the incompatibility between PB1 and NP segments of H9N2 to 

replace their H5N8 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 H9N2 PB1 and NP proteins and the 

underlying mechanism for this incompatibility.  

Our experiments clearly showed that H9N2 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-β response and (iii) increased virulence in mice. This is in accordance with 

previous reports that H9N2-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 H5N8 with H9N2 

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 H9N2-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 III.  
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In Paper III, we had a closer look on the NS1 protein of H5N8 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 H9N2 used in this dissertation. However, the NS1 varies in length mostly due to truncations in 

the carboxyl terminal end (∆CTE) (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 H5N8 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 H9N2 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 AIV. 

Therefore, in Paper III 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, I generated three recombinant H5N8-A and three 

H5N8-B viruses with NS217, NS230 or NS237. I 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 H5N8 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-α 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 ∆CTE was advantageous for replication of HPAIV H7N1 NS1 in chickens 

(Abdelwhab et al., 2016a) but reduced virus replication and transmission of H9N2 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.g. to block the intracytoplasmic viral sensors like RIG-I). Some studies have 

shown that there is a synergism between the NLS2, which is absent in many AIV including clade B 

H5N8, and mutations in NS1 ED. Keiner et al. found that D139N mutation in the NES (similar to H5N8-

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 AIV 

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 III indicated that NS1 modulates virulence and 

transmission of H5N8 in chickens and ducks. Firstly, our results confirmed that H5N8-A and H5N8-B 

are highly virulent in chickens, while in ducks only H5N8-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 II 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 (hIAV), 

AIV 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 III. In human lung cells, the shorter the NS1 

of H5N8-B, the higher efficiency to (i) block type I 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 H5N8 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 II 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 II), however, shortening of H5N8-A NS1 increased virulence in mice. Nevertheless, 

our results also confirmed that some influenza viruses, e.g. H5N8-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 H9N2 viruses have preferences for non-basic 

amino acids in the HACS and these residues affect virus fitness in turkeys. Since H9N2 viruses 

replicated in mammalian brain cells without showing clinical signs in poultry, the zoonotic risk of H9N2 

should not be neglected (Paper I). H9N2 is able to reassort with H5N8 clade 2.3.4.4 B viruses, but there 

is a genetic incompatibility for PB1 and NP. H5N8/H9N2 reassortants exhibited increased virulence in 

mice, but conversely resulted in reduced transmission in chickens. This was mainly achieved by the NS 

segment (Paper II). 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-α induction (Paper III). 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 H5N8-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 IV). Therefore, studies should continue 

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

LPAIV H9N2 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. H9N2 is known to donate gene 

segments to other AIV with high case fatality rate in humans (e.g. H5N1, H7N9). Similarly, H5N8 

devastated poultry worldwide since 2014 and has been recently isolated from humans. Therefore, it is 

important to understand the genetic predisposition for adaptation of H9N2 and H5N8 AIV in poultry 

and mammals. 

In the first publication, we focused on the variable hemagglutinin cleavage site (HACS) of European 

and Non-European H9N2 viruses, since the HACS is a main virulence determinant of AIV 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 H9N2 viruses compared to non-European H9N2 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, H9N2 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 

H9N2 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 H9N2 PB1 and NP segments were not compatible to generate infectious H5N8 

viruses and this incompatibility was due to mutations outside the packaging region. However, H9N2 NS 

alone or in combination with PB2 and PA significantly increased replication of H5N8 in human cells. 

Moreover, H9N2 PB2, PA and/or NS segments increased virulence of H5N8 in mice. Interestingly, in 

chickens, reassortment with H9N2 gene segments, particularly NS, partially or fully impaired chicken-

to-chicken transmission. These results indicate that the evolution of H9N2/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 H5N8-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 H5N8-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 H5N8-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 H9N2 and NS1 variations in 

H5N8 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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