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1. Introduction 

Avian influenza virus (AIV) infection of poultry was first recognized in 1878 as a 

highly lethal, systemic disease (fowl plaque). Since then, severe outbreaks of the 

disease followed in several poultry species, and the AIV were classified as highly-

pathogenic AIV (HPAIV) in 1981. Milder AIV outbreaks in various domestic poultry 

species have been initially reported between 1949 and mid-1960s. These viruses, 

later termed low-pathogenic AIV (LPAIV), caused a range of symptoms from 

subclinical infection to mild respiratory disease and drops in egg production with low 

or moderate mortality depending on the affected bird species. Wild aquatic birds are 

considered as natural reservoir for all AIV, which may occasionally be transmitted to 

poultry. Until today, infection with AIV poses an important threat to domestic poultry 

species worldwide with huge economic losses to the poultry industry. In addition, 

susceptibility to AIV-infection differs between bird species. Since the emergence of 

H5N1 HPAIV in Asia in 1997, also humans and other mammalian species have been 

reported to be infected with HPAIV. Transmissions of HPAIV of subtypes H5 and H7, 

as well as of LPAIV subtype H9N2 to humans, have been described. AIV are 

genetically highly variable and by antigenic drift, they have the potential to adapt to 

different environmental conditions as well as to cross species barriers and extend 

their host range. In case of reassortment of AIV genome segments, the progeny virus 

may acquire new virus characteristics with impact on virus virulence and host range. 

The overall goal of this work was to understand more about the evolution and virus-

host interaction of AIVs of different subtype and virulence in different avian species. 

The objectives of the first part of the study were to compare LPAIV-susceptibility 

between different poultry species as well as to analyze the potential of LPAIV of 

different subtype and origin to adapt to avian species in vitro. Therefore, LPAIV of 

subtypes H9N2, H6N8 and H7N7 were serially passaged in tracheal organ cultures 

(TOC) and primary embryo fibroblasts (EF) from chicken, turkey, Pekin duck and 

homing pigeon. To investigate the effects of interspecies transmission and adaptation 
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on LPAIV genome stability, genome segments HA, PB2 and NS were sequenced 

and analyzed for mutations. TOC were used for the study, because they closely 

mimic the host’s respiratory tract, which is known to be a predominant target organ 

for LPAIV in poultry. 

The objective of the second part of the study was to investigate the impact of NS-

reassortment on HPAIV virus replication and the potential to counteract the host’s 

innate immune response in different poultry species. Therefore, in vitro virus 

replication of three different NS-reassortant viruses with NS-segments from two 

H5N1 HPAIV and one H7N3 LPAIV in the genetically background of a H7N1 wild-

type HPAIV was analyzed in TOC of chicken and turkey and compared to the wild-

type virus. To compare the antiviral host response to the different NS-reassortants in 

TOC of chicken and turkey, the induction of interferon and apoptosis were monitored. 

To analyze in vivo effects of NS-reassortment and to compare virus virulence 

between species and viruses, embryonated eggs from chicken and turkey were 

infected with wild-type and (based on previous in vitro results) a selected NS-

reassortant HPAIV. Virus replication efficiency, cell tropism, lesion development and 

IFN response in different embryonic organs was investigated. 

The results of both studies contribute to the understanding of the virus-host 

interactions in the process of interspecies transmission as well as allow for a better 

risk assessment of AIV with adaptive mutations or genome segment reassortment for 

avian and mammalian species including humans. 
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2. Literature review 

2.1. Influenza A virus (IAV) 

  2.1.1. Classification and taxonomy 

Influenza viruses belong to the family Orthomyxoviridae (orthos, Greek for 

"straight"; myxa, Greek for "mucus") (BEARE 1975). The family of Orthomyxoviridae 

is comprised by five different virus genera: Influenzavirus A, Influenzavirus B, 

Influenzavirus C, Thogotovirus, and Isavirus. Influenza A viruses (IAV) are classified 

into various subtypes, which is based on different antigenic properties of the two 

surface glycoproteins hemagglutinin (HA) and neuraminidase (NA) (PALESE u. 

SHAW 2006). Until now, 17 HA and 9 NA antigenic subtypes can be distinguished, 

which have been confirmed in numerous combinations in the field (FOUCHIER et al. 

2005). Subtype H17 has been recently isolated from little yellow-shouldered bats 

(Sturnira lilium) (TONG et al. 2012). The NA gene of the bat-specific H17-type IAV is 

phylogenetically extraordinarily divergent from all known influenza viruses and still 

needs to be classified (TONG et al. 2012). 

IAV strains are named according to a distinct pattern: the genus, the species from 

which the virus was isolated (omitted in case of a human isolate), the country or 

region of the isolation, the isolate number, and the year of isolation. This notation is 

followed by the antigenic description of the HA and NA subtypes in parenthesis, e.g. 

A/goose/Guangdong/1/1996 (H5N1) (XU et al. 1999). Furthermore, IAV isolates are 

classified according to their origin, e.g. avian, swine or human IAV isolated from 

birds, pigs or humans, respectively (WRIGHT et al. 2006).  

IAV have the potential to infect several mammalian and bird species. Nearly all HA 

(except H17) and NA IAV subtypes have been found in avian species, whereas only 

a limited number of IAV subtypes can infect certain mammalian species. In total 103 

of 144 possible antigenic HA and NA combinations have been detected in wild birds 

throughout the world, although some subtypes (e.g. H8, H14-16) are only isolated 
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rarely or are restricted to particular areas (KALETA et al. 2005; FOUCHIER u. 

MUNSTER 2009).Table 1 gives an overview of confirmed isolation of the different HA 

and NA subtypes in humans, pigs, horses, birds, and bats (WEBSTER et al. 1992; 

KARASIN et al. 2000; KARASIN et al. 2004; WRIGHT et al. 2006; TONG et al. 2012). 

Table 1. Influenza A virus subtypes detected in different host species.  
  H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 H12 H13 H14 H15 H16 H17
Human + + +  (+)  (+)  (+)          
Pig +  + (+) (+)    (+)          
Horse   +    +            
Bird + + + + + + + + + + + + + + + +   
Bat                 + 
  N1 N2 N3 N4 N5 N6 N7 N8 N9                 
Human + + +  (+)  (+)            
Pig + + (+)   (+)             
Horse       + +           
Bird + + + + + + + + +          
Bat                           
H hemagglutinin, N neuraminidase 
( ) transmission of avian influenza virus 

 

  2.1.2. Structure and genome 

Influenza A virions are typically spherical to pleomorphic particles with a diameter of 

80-120 nm (CHU et al. 1949). Also, they can have filamentous forms with lengths of 

several hundred nm. The IAV possesses a single-stranded, negative-sense, and 

segmented RNA genome. The genome consists of eight segments, which have a 

total length of about 13000 nucleotides (Fig. 1.). The eight genome segments encode 

for in total eleven viral proteins (Table 2) (CHEUNG u. POON 2007).  
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Fig. 1. Structure of the influenza A virion. 
Eight influenza A virus genome segments encode for the viral proteins of the polymerase complex, 

consisting of subunits polymerase basic 2 (PB2), polymerase basic 1 (PB1), and polymerase acidic 

(PA) proteins, as well as the hemagglutinin (HA), nucleoprotein (NP), neuraminidase (NA), matrix 

protein 1 (M1), ion channel protein (M2), non-structural 1 (NS1), and nuclear export protein (NEP). 

The HA, NA and M2 proteins are inserted into the host-derived lipid envelope. The NEP is 

associated with M1 proteins, which underlie the lipid membrane. The viral RNA segments are coated 

with NP and bound by the polymerase complex. 
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Virions are enveloped with a lipid membrane, which is obtained by cleaving during 

the budding process from the host cell plasma membrane. The lipid bilayer envelope 

contains the two surface glycoproteins hemagglutinin (HA) and neuraminidase (NA) 

as well as the ion channel protein M2 (Fig. 1.). The characteristic morphology of 

influenza A virions is formed by distinctive spikes (~ 10 to 14 nm) on the surface, 

which are comprised of the HA and NA in a ratio of approximately four HA to one NA 

(PALESE u. SHAW 2006). The matrix protein (M1) is located below the envelope and 

interacts with the NS2/NEP protein. Within the envelope, the three subunits PB2, 

PB1 and PA form the polymerase complex. Together with the nucleoprotein and the 

viral RNA segments, the polymerase complex composes the viral ribonucleoprotein 

(RNP) complexes. The non-coding 3´and 5´termini sequences of the viral RNA 

segments are highly conserved and partially complementary. 

Table 2. Influenza A virus proteins and functions. Adapted from (PALESE u. SHAW 2006) 
RNA 

segment 
Length 

(nt) Protein Length 
(aa) Function 

1 2341 PB2 759 subunit of RNA polymerase, cap recognition 

2 2341 PB1-
F2* 87 pro-apoptotic activity 

   PB1 757 subunit of RNA-polymerase, endonuclease, elongation 

3 2233 PA 716 subunit of RNA-polymerase, protease 

4 1778 HA 566 surface glycoprotein, receptor binding, fusion 

5 1565 NP 498 RNA binding, synthesis and nuclear import 

6 1413 NA 454 surface glycoprotein, neuraminidase, virus release 

7 1027 M1 252 matrix protein, nuclear export, budding 

   M2** 97 ion channel membrane protein, assembly 

8 890 NS1 230 multi-functional protein, IFN-antagonist 

    NS2** 121 nuclear export of vRNPs 

* Encoded by alternate open reading frame of the PB1 mRNA 

** Encoded by spliced mRNA   
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Through folding of the RNA strands into double-helical arrangements, they form 

panhandle-like or twisted rod structures (NODA et al. 2006). The 11th protein PB1-F2, 

which is co-localized with the PB1 protein, is not encoded by all influenza A viruses, 

since some strains lack the necessary open reading frame at the 5´ end of the PB1 

gene (CHEN et al. 2001). The NS1 is the only non-structural protein of IAV and is 

exclusively found in virus-infected cells. 

 

  2.1.3. Replication 

The consecutive stages of influenza A virus replication cycle are shown in Figure 2. 

The HA protein of the virus particle binds to host cell receptors containing sialic acid 

bound to glycoproteins, which initiates the receptor-mediated endocytosis (see 

chapter “Sialic acid receptors” for a detailed illustration). Proteolytic cleavage of the 

HA0 precursor protein into subunits HA1 and HA2 through host cell proteases is 

essential for fusion of the viral envelope with the endosome membrane (STEGMANN 

2000). The HA2 fusion peptide is inserted into the endosome membrane under low 

pH environment, which forces the fusion activity. The ion channel protein M2 enables 

proton influx into the virion which lowers the pH inside and is necessary for the 

dissociation of the vRNPs from the matrix protein (PINTO et al. 1992). With 

conformational change of the HA molecules, fusion of viral envelope and endosomal 

membrane takes place. With this, vRNPs get uncoated and are released through an 

opened pore of the endosome into the cytoplasm (STEGMANN et al. 1987). The 

vRNPs are actively imported into the nucleus, where transcription of mRNA is 

initiated by their associated polymerase complexes (MARTIN u. HELENIUS 1991). 

The PB2 cleaves an RNA fragment (10-13 nt) from the 5´ end of cellular mRNAs, 

also known as cap-snatching mechanism, which can be used as primer for 

transcription of vRNA (SHIH u. KRUG 1996). The cellular RNA-dependent RNA-

polymerase II is activated in the presence of vRNA and is also used for transcription 

of the virus genome.  
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The primary transcript mRNAs are used for translation of new virus proteins, of which 

M2 and NS2/NEP proteins are encoded by spliced mRNA. In the early stage of 

infection, NP and NS1 proteins (see chapter “Multifunctional NS1 protein”) are 

predominantly translated (VARICH u. KAVERIN 1987). NP regulates the shift of 

mRNA synthesis to the production of complementary RNA (cRNA), which serves for 

the synthesis of new viral RNA (vRNA) (MIKULASOVA et al. 2000). These vRNAs 

Fig. 2. Influenza A virus replication cycle. 
The virion binds to the cell surface receptors and is internalized by endocytosis. After fusion, vRNPs 

are released and transported into the nucleus. Viral proteins are translated from mRNA and 

processed. The viral genome is replicated through cRNA. New vRNPs are exported from the nucleus 

and assembled at the plasma membrane, where virus particles bud and are released. 

Adapted from (PALESE u. SHAW 2006)
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function as secondary templates for mRNA production and synthesis of other virus 

proteins. HA, NA and M2 proteins are processed and transported to the cell surface, 

where they integrate in the cell membrane (SCHMITT u. LAMB 2005). Other virus 

proteins are transported back into the nucleus after translation. In the late stage of 

replication, M1 binds to RNPs in the nucleus, which inhibits RNA synthesis (ELSTER 

et al. 1997). RNPs are exported from the nucleus by binding to NS2/NEP, which 

contains a nuclear export signal (O'NEILL et al. 1998). Progeny RNPs are released 

to the cytoplasm and packaged into new virus particles. New virions get enveloped 

with the plasma membrane with integrated virus proteins through budding (SCHMITT 

u. LAMB 2005). Progeny virions are released from the cell surface using NA, which 

cleaves the sialic acid residues from the cell surface (VARGHESE et al. 1992).  

 

  2.1.4. Receptor specificity 

   2.1.4.1. Sialic acid receptors 

IAV infection is initiated by binding of the virus to specific viral receptors of the host 

cell. The receptor binding site of IAV is located at the globular head of the HA and 

binds specifically to sialic acids (Sias) (MATROSOVICH et al. 2008). Sias are located 

on cell surfaces and are linked to N-glycans, O-glycans and glycosphingolipids at 

their outermost position (SUZUKI et al. 1986). More than 40 different Sias are known, 

of which the N-acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic acid 

(Neu5Gc) are most common in animals and serve as ligands for IAV (NICHOLLS et 

al. 2008). Sias are either linked to their underlying sugar chains by α2,3, α2,6 or α2,8 

configuration (SUZUKI 2005). IAV can recognize only α2,3 or α2,6 Sias linked to 

galactose (Neu5Acα2,3/6Gal), N-acetylgalactosamine (Neu5Ac α2,3/6GalNAc) or N-

acetylglucosamine (Neu5Ac α2,3/6GlcNAc) (MATROSOVICH et al. 2008). Different 

plant lectins specifically bind to Sias of either α2,3 or α2,6 linkage and have been 

widely used to determine the distribution of Sias on target cells of different host 

species (GAMBARYAN et al. 2003). 
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   2.1.4.2. IAV receptor specificity and distribution 

The specificity of the HA receptor binding site for sialic acid (Sia) receptors differs 

according to the host species (ITO 2000). The spectrum of Sia receptors varies 

between different avian and mammalian host species, as well as between target 

tissues and cell types of the same species (MATROSOVICH et al. 2008).  

Avian influenza viruses (AIV) preferentially bind to α2,3-linked Sias (ROGERS et al. 

1983). Whereas human and classical swine IAV specifically recognize α2,6-linked 

Sias (MATROSOVICH et al. 2004). But differences also exist in the fine receptor-

binding specificity of AIV circulating in different avian species. This has been 

demonstrated via sialylglycopolymer binding studies for AIV isolates from ducks, gulls 

and gallinaceous poultry species, which showed the highest affinity to their species-

specific receptors (MATROSOVICH et al. 2008).  

Lectin-binding studies showed that several tissues of different bird species have 

different Sia receptor profiles. In a comparative study, lectin staining of chicken, duck 

and turkey revealed the presence of both α2,3 Sias and α2,6 Sias in the respiratory 

epithelium of tracheae and bronchi with 90% and 20-90% positive cells respectively, 

depending on the age and avian species (KUCHIPUDI et al. 2009; PILLAI u. LEE 

2010). In contrast, mainly α2,6 Sias were found in pigeon tracheas, where only few 

cells were positive for α2,3 Sias (LIU et al. 2009). Whereas abundant α2,3 Sias were 

found in the rectum of pigeons, which was also seen in the intestines of turkeys 

(PILLAI u. LEE 2010). The intestines of chickens and ducks have been shown to 

possess Sias of either linkage (PILLAI u. LEE 2010). 

Lectin binding studies of porcine tissues revealed an extensive distribution of either 

α2,3 and α2,6 Sias in all major organs of the pig, which supports the potential of the 

pig to be a “mixing vessel” for human, swine and avian IAV (SCHOLTISSEK 1995; 

NELLI et al. 2010).  
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Human tracheal epithelial cells show predominantly expression of α2,6 Sias on their 

apical surfaces. Whereas expression of α2,3 Sias was found to be located on 

intracellular mucin granules, which cover the respiratory epithelium forming a natural 

barrier for respiratory viruses (GUNNARSSON et al. 2012). An in vitro study using 

differentiated human tracheal epithelial cell culture showed that α2,6 Sias are mainly 

expressed on non-ciliated cells and that ciliated cells express α2,3 Sias in a sufficient 

density to allow entry and replication of avian viruses. (MATROSOVICH et al. 2004). 

This may partly explain the occasional human infections with viruses having avian-

like receptor specificity, such as HPAIV H5N1 Asia (MATROSOVICH et al. 2008). 

 

  2.1.5. Avian influenza virus (AIV) susceptibility 

Susceptibility to influenza virus infection, development of clinical disease and the 

potential to spread AIV by viral shedding is highly variable between bird species and 

may depend on the AIV HA subtype (BROWN et al. 2009). The presence and 

composition of Sia receptors for the recognition of IAV on target cells is a prerequisite 

for IAV susceptibility (see chapter “Receptor specificity”). 

Wild aquatic birds such as ducks and geese are considered the natural reservoir for 

AIV and are thus susceptible to all known AIV subtypes in the field. Whereas only a 

limited range of circulating AIV subtypes (mainly H1, H3, H5, H6, H7, H9 and H10-

type AIV) has been detected in domestic poultry species such as chicken and turkey 

(BROWN et al. 2006). Several in vivo studies suggest that turkeys are more 

susceptible to a variety of AIV subtypes compared to other bird species such as 

chickens (MUTINELLI et al. 2003; TUMPEY et al. 2004). Domestic turkeys are also 

considered to be susceptible to a wider range of AIV subtypes than chickens and 

quails, and furthermore develop severe clinical disease after in vivo infection 

(TUMPEY et al. 2004; LADMAN et al. 2008). Occasional transmission of swine IAV to 

turkeys highlights the susceptibility of domesticated turkeys also to mammalian 

derived influenza viruses (CHOI et al. 2004). 
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Pigeons are generally considered to have little susceptibility to AIV-infection, are 

restricted to a selected range of subtypes including H9-viruses and therefore seem to 

play only a minor epidemiological role in influenza virus transmission (PANIGRAHY 

et al. 1996; KALETA u. HONICKE 2004; GRONESOVA et al. 2009). Although 

surveillance studies showed several incidences of different LPAIV subtypes in 

pigeons in the field, in vivo influenza infection studies with different AIV subtypes 

mostly failed to induce successful virus replication and disease (GUAN et al. 2000; 

PERKINS u. SWAYNE 2002; LIU et al. 2003; FANG et al. 2006; KLOPFLEISCH et 

al. 2006; PERK et al. 2006; LIU et al. 2007; BROWN et al. 2009). HP AIV H5N1 

infected pigeons did not transmit the virus to sentinel chickens and shed the virus 

inconsistently and with low titers (WERNER et al. 2007; JIA et al. 2008). 

 

  2.1.6. Antigenic drift & shift 

IAV use two mechanisms to provide antigenic diversity within species populations: 1. 

antigenic drift and 2. antigenic shift (GETHING et al. 1980). The resulting antigenic 

variation is needed by the viruses to escape the host’s immune response to maintain 

infectivity and pathogenicity in different host populations (FERGUSON et al. 2003). 

The antigenic drift comprises the accumulation of genome mutations of the two 

surface spike glycoproteins HA and NA leading to gradual antigenic change. Due to 

the lack of proof-reading activity during viral RNA transcription, point mutations of the 

viral RNA genome occur frequently, resulting in about one point mutation per 1.5 x 

105 nucleotides (BUONAGURIO et al. 1986). By frequent mutations of the amino acid 

sequence in the regions of the antigenic epitopes of the HA and NA, IAV are able to 

escape the adaptive immune response of the host populations (WILEY et al. 1981; 

COLMAN u. WARD 1985). These IAV drift variants result from the positive selection 

of spontaneous mutants by neutralizing antibodies (WRIGHT et al. 2006). With this 

strategy, permanently new virus strain variants evolve, which vary in their amino acid 

sequences. Due to the high selective pressure of the host’s immune response on 

IAV, the HA and NA show the highest frequency of amino acid sequence point 
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mutations (approximately 1% per year) compared to other IAV proteins. But also 

other genome segments regularly mutate and show constant adaptation to the 

environment of the host population. Influenza antigenic drift variants can cause 

epidemics and are commonly seen in human virus populations, triggered by vaccine-

induced pressure, and to lesser extend also in AIV (SUAREZ 2008). 

The antigenic shift of IAV defines the genetic reassortment of complete HA and NA 

genome segments (GETHING et al. 1980). This mechanism leads to a complete shift 

in antigenicity of the virus, bearing the potential in change of virulence and host 

tropism of the virus progeny, which may result in a new pandemic strain 

(SCHOLTISSEK 1995). Reassortment also happens for all other IAV genome 

segments, which may result in the emergence of new virus variants with changed 

virus characteristics (HINSHAW et al. 1980). Inter-subtype reassortment of IAV has 

been frequently observed and was responsible for the evolution of new H5N1 HPAIV 

genotypes (LI et al. 2004; LEI u. SHI 2011). Antigenic shift requires double-infection 

of the host with different IAV strains. The pig has the potential to allow reassortment 

events due to its susceptibility for avian as well as mammalian IAV (“mixing vessel”) 

(SCHOLTISSEK 1995; ITO et al. 1998). Hence, transmission of avian or swine IAV to 

humans is possible assigning the pig a key role in the evolution of newly reassorted 

IAV strains (KLENK et al. 2011). In the history of IAV, such reassortment events with 

human IAV strains resulted in pandemic IAV strains, which caused millions of human 

fatalities (see chapter “Human influenza pandemics”) (WRIGHT et al. 2006).  

 

2.2 AIV pathogenesis 

  2.2.1. AIV pathotypes 

Avian influenza A viruses (AIV) have different pathotypes and are either declared as 

low-pathogenic AIV (LPAIV), or highly-pathogenic AIV (HPAIV; only H5 and H7 

subtypes), as determined by their intravenous pathogenicity index in chickens (OIE 

2009). Per definition, AIV strains are highly-pathogenic, if they are lethal for six to 
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eight of eight 4-8-week-old susceptible chickens within 10 days after intravenous 

inoculation, if they have an intravenous pathogenicity index of greater than 1.2, or if 

H5/H7 subtype viruses show low-pathogenicity in chickens but the amino-acid 

sequence of the connecting peptide of the hemagglutinin is similar to that of other 

HPAIV isolates (OIE 2009). Until today, only H5 or H7 subtype AIV have been found 

to be highly-pathogenic. All other AIV subtypes and the majority of H5 and H7 

subtype AIV are classified as low-pathogenic. Although AIV isolates of subtype H10 

from turkey and mandarin-duck have been shown to fulfil the definition of HPAIV by 

inducing an intravenous pathogenicity index of greater than 1.2, they failed to induce 

disease after intranasal inoculation of chickens (WOOD et al. 1996). 

The virulence of HPAIV is primarily mediated by the amino acid sequence at the 

cleavage site of the HA0 precursor protein. The presence of multiple basic amino 

acids at the HA0 cleavage site of H5/H7 subtype viruses is a major virulence factor. 

These HAs can be cleaved by the ubiquitous intracellular proteases furin or PC6, 

facilitating virus replication in a great variety of host cells, which results in a systemic 

infection (HORIMOTO et al. 1994). Whereas cleavage of the HA0 of LPAIV with a 

monobasic HA cleavage site is restricted to trypsin-like proteases (KLENK et al. 

1975). These proteases are found within epithelial cells or exocellular in respiratory 

secretions (KLENK u. GARTEN 1994). Therefore, replication of LPAIV is restricted to 

epithelial cells of the respiratory and gastrointestinal tract, resulting in only local 

infections (SWAYNE 2007). 

 

  2.2.2. AIV pathogenesis in poultry species 

The development of pathologic lesions and clinical disease are influenced by AIV 

virulence factors, but also host factors may contribute to the outcome of infection 

(BAIGENT u. MCCAULEY 2003). The distribution of IAV Sia receptors on cell 

surfaces as well as the local availability of proteases for HA-cleavage determine the 

host-range and cell tropism of AIV. Besides the innate immune response, cellular 

host factors are needed for successful virus replication and transcription (MOMOSE 
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et al. 1996). Viral factors comprise successful binding and entry into the host cell, as 

well as efficient replication and the ability to counteract the host’s immune response 

(MATROSOVICH et al. 2009). 

Wild birds usually show no clinical signs when infected with LPAIV (FOUCHIER u. 

MUNSTER 2009). Whereas gallinaceous poultry may show mild respiratory disease, 

drop in egg production, reduced weight gain, and increased mortality (SWAYNE u. 

HALVORSON 2008). Turkeys and chickens are the most susceptible species to 

clinical disease induced by AIV (CAPUA et al. 2003; MUTINELLI et al. 2003). 

Whereas aquatic poultry species, such as geese and ducks, mainly show inapparent 

LPAIV infections (STALLKNECHT u. SHANE 1988). 

In contrast, HPAIV infections induce severe clinical disease in gallinaceous poultry 

species with mortality up to 100% within 48 hours (SWAYNE 2007). Clinical 

symptoms may vary, individual birds may develop central nervous symptoms, 

cyanosis of the comb, wattles and legs, or show diarrhoea. HPAIV infection of 

chicken and turkey usually leads to a generalized systemic infection mainly affecting 

the vascular system. Hyper-induction of cytokines (cytokine storm) may be relevant 

to the pathogenesis of the infection (REBEL et al. 2011; TISONCIK et al. 2012). The 

pathological picture is dominated by haemorrhages distributed all over the body 

(KLENK 2005). Cell tropism differs between HPAIV strains, which have been shown 

to target endothelial cells, lymphocytes and cardiomyocytes during early infection 

(JONES u. SWAYNE 2004; KLENK et al. 2011). During viremia, the virus spreads to 

different organs, and may invade the central nervous system (CNS) after crossing the 

blood-brain barrier (CHAVES et al. 2011) 

Domestic ducks, geese and pigeons show lower mortality and moreover nervous 

symptoms upon HPAIV infection. Wild aquatic birds may also show high mortality 

when infected with HPAIV, as reported for HPAIV H5N1 infection of geese and 

swans (OLSEN et al. 2006; TEIFKE et al. 2007). But HPAIV may also be found in 

clinically healthy birds, as reported for a Common Pochards (Aythia ferina) 
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asymptomatically carrying HPAIV H5N1 in Switzerland in 2006 (MUMFORD et al. 

2007). 

2.2.3. Epidemiology 

   2.2.3.1. LPAIV epidemiology 

Wild aquatic birds are considered as natural reservoir for LPAIV, predominantly those 

of the order Anseriformes (e.g. ducks, geese and swans) and Charadriiformes (e.g. 

gulls, waders and terns) (STALLKNECHT u. SHANE 1988). Surveillance studies 

reported that the most frequent AIV isolated from Anseriformes have been of 

subtypes H3, H4, H6, N2, N6 and N8 and those from Charadriiformes have been of 

subtypes H3, H9, H11, H13, N2, N4, N8 and N9 (SWAYNE u. HALVORSON 2008). 

The mean prevalence of LPAIV in wild ducks is about 10 to 15% but may exceed up 

to 60% depending on duck species, age, geographic region and season 

(ALEXANDER 2000; OLSEN et al. 2006). 

Virus replication mainly takes place in the intestine of wild waterfowl species, which 

spread high amounts of LPAIV via faeces (FOUCHIER u. MUNSTER 2009). But 

viruses may also be passively transported between surface waters by adhering to the 

bird’s feathers (DELOGU et al. 2010; BEATO u. CAPUA 2011). Furthermore, the 

tenacity and persistence of AIV is high in aqueous environment, especially in cold 

seasons (ALEXANDER 2000). During migration, wild aquatic birds may act as carrier 

species for AIV (FOUCHIER u. MUNSTER 2009).  

LPAIV infections in poultry usually lead to epidemics with local outbreaks, but some 

viruses may become established and circulate in domestic poultry populations 

(REPERANT et al. 2012). During the last decade, AIV subtypes H5, H6, H7 and H9 

played the major role in influenza outbreaks in poultry in Eurasia (ALEXANDER 

2007; BROWN 2010). In 2001 to 2002, LPAIV H6N2 circulated in German turkey 

flocks accompanied by high mortality and economic losses (HAFEZ et al. 2003). 

Recent outbreaks of LPAIV subtype H7N7 in poultry flocks in Germany and the 

Netherlands in 2011 demonstrated the rapid spread of the virus accompanied by the 
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difficulties of controlling and eradication of the virus in the poultry population (DEFRA 

2011). LPAIV H9N2 has become endemic in several Eurasian countries and has 

established several co-circulating lineages in terrestrial poultry (see chapter “Human-

like H9N2 subtype LPAIV”) (AAMIR et al. 2007; XU et al. 2007; REPERANT et al. 

2012). 

 

   2.2.3.2. HPAIV epidemiology 

HPAIV infection of poultry usually cause an acute systemic disease with mortality 

rates up to 100% (SWAYNE 2007). H5N1 viruses have caused high mortality among 

various wild and domestic birds, but also H7 subtype HPAIV are known to cause 

great fatalities in poultry populations worldwide (CAPUA et al. 2003; ALEXANDER u. 

BROWN 2009; IGLESIAS et al. 2010).  

The first outbreak of an HPAIV in poultry was recognized in Italy in 1878 (fowl 

plague), which was characterized as IAV in 1955 (KALTHOFF et al. 2010). In the last 

decades, H5 and H7 subtype HPAIV outbreaks in poultry have been reported in 

various poultry species worldwide (SWAYNE u. HALVORSON 2008). Since the 

emergence of HPAIV H5N1 in China in 1997, severe outbreaks occurred frequently 

and spread over Asia, the Middle East, Europe and Africa (OLSEN et al. 2006). 

Other HPAIV subtypes caused outbreaks less frequently: H5N2 in Mexico (1994), 

Italy (1997) and Texas (2004); H7N1 in Italy (1999); H7N3 in Australia (1994), 

Pakistan (1994), Chile (2002), and Canada (2003); H7N4 in Australia (1997); and 

H7N7 in the Netherlands (2003) (OLSEN et al. 2006).  

HPAIV outbreaks were not only responsible for the death of millions of domestic birds 

worldwide, but also caused huge economic losses due to direct and indirect costs, 

such as eradication programs, export restrictions and a general decline of the market 

for poultry products in some countries (SWAYNE u. HALVORSON 2008). 
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  2.2.4. Transmission and adaptation 

Domestic poultry flocks represent relatively new man-made ecosystems, which play a 

great role in the evolution of AIV encountering new host species other than their 

natural reservoir. Five man-made ecosystems with impact on AIV evolution can be 

distinguished: 1) integrated indoor commercial poultry; 2) range-raised commercial 

poultry; 3) live poultry markets; 4) village, backyard and hobby flocks; and 5) bird 

collection and trading systems (SWAYNE u. HALVORSON 2008). 

Susceptibility of different avian and mammalian species to IAV infection is the key 

prerequisite for transmission events in virus evolution (PERKINS u. SWAYNE 2001; 

SPACKMAN et al. 2010). The role of different bird species such as turkey and quail 

to serve as intermediate hosts in IV evolution is not yet clearly defined (CILLONI et 

al. 2010; PILLAI et al. 2010). LPAIV may be transmitted directly or indirectly to other 

host species such as domestic birds, pigs, horses, mink, marine mammals and 

humans (Fig. 3.) (WEBSTER et al. 1992; FOUCHIER u. MUNSTER 2009). 

Inter- and intraspecies transmission may change the pathogenic and pandemic 

potential of AIV (SORRELL et al. 2007; YASSINE et al. 2010). Interspecies 

transmission of AIV between wild birds and domestic poultry species is an occasional 

event and has been documented for several AIV subtypes (SUAREZ 2000). During 

interspecies transmission, AIV need to adapt to the new host species in order to 

overcome existing host-range barriers. Per definition, adaptation comprises 

progressive genetic changes in a virus, resulting in increased efficiency of replication 

(SWAYNE u. HALVORSON 2008). Strong selection of adaptive mutations allow 

viruses to overcome exiting host-range barriers such as hemagglutinin receptor 

binding affinity, to increase efficiency of replication by polymerase genes and to gain 

ability to counteract the host’s innate immune response (SWAYNE u. HALVORSON 

2008; LAM et al. 2012). Viral proteins of the polymerase complex (mainly PB2), the 

HA and the NS1 play a major role in adaptation (KLENK et al. 2011). Once 

introduced into a poultry flock, LPAIV may spread via multiple bird passages, which 

is the prerequisite for the emerge and selection of such critical mutations during the 
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adaptation process (KALTHOFF et al. 2010). In case of transmission of H5 and H7 

subtype LPAIV to poultry, these strains may evolve into HPAIV and cause severe 

outbreaks in poultry (CAPUA et al. 2003; SUAREZ et al. 2004). 

 

 

Once introduced into poultry, LPAIV may evolve into endemic sublineages, as shown 

for H9N2 viruses. A phylogenetic study of Asian H9N2 LPAIV viruses revealed that 

two-way interspecies transmission occurred between different types of poultry (duck, 

chicken, quail and other minor poultry species) with multiple reassortment events 

Fig. 3 Interspecies transmission of influenza A viruses. 

Source and movement of influenza A viruses or their genes within avian and mammalian ecological 

and epidemiological situations. H = hemagglutinin subtype; () = subtype previously common but no 

longer circulating. Adapted from (SWAYNE 2008) 
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resulting in great genetic diversity among LPAIV H9N2 variants (XU et al. 2007). 

Multiple interspecies transmission between poultry species represent a dynamic 

ecosystem, which promotes the evolution of various AIV genotypes and increases 

the risk of H9N2 viruses to be introduced into the human population (see chapter 

Human-like H9N2 subtype LPAIV) (XU et al. 2007).  

Mutations of functional HA regions have been shown to be responsible for successful 

adaptation to new host species (SKEHEL u. WILEY 2000; MATROSOVICH et al. 

2009).  

Specific mutations of the HA’s receptor binding site have been shown to switch 

preferential binding for either α2,3-linked Sias or α2,6-linked Sias (MATROSOVICH 

et al. 2001; SAITO et al. 2001). Hence, AIV have the potential to extend their target 

cell spectrum and host range of avian and mammalian species. 

 

 2.3. Human infections 

  2.3.1. Human infections with AIV 

Infections of humans with AIV occur sporadically and have been detected only for a 

limited range of subtypes (CAPUA u. ALEXANDER 2002; IMAI u. KAWAOKA 2012). 

Until today, only AIV of subtypes H5N1 HPAIV, H7N3 HPAIV and LPAIV, H7N7 

HPAIV and LPAIV, H9N2 LPAIV, and H10N7 LPAIV have been directly transmitted 

from poultry to humans (KALTHOFF et al. 2010). AIV have reduced replication 

potential in humans, which can be explained by different IAV receptor profiles of 

avian and human target cells (see chapter IAV receptor specificity and distribution), 

which generate an effective host barrier (WEBSTER et al. 1992; MATROSOVICH et 

al. 2004).  

Therefore, a high uptake of virus may be a prerequisite for human infection with AIV, 

which has been shown for AIV-infected humans, who had very close contact to the 
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original avian host species (KOOPMANS et al. 2004). Clinical symptoms range from 

asymptomatic infection or conjunctivitis to severe pneumonia and death (only HPAIV 

H5N1 and HPAIV H7N7) (KALTHOFF et al. 2010). 

In 1997, HPAIV H5N1 Asia arose in Hong Kong and caused the first fatal human 

cases after direct transmission of a HPAIV from an avian source (KALTHOFF et al. 

2010). 18 people became ill with influenza-like symptoms, of which six patients died 

(KLENK et al. 2011). From 2003 on, HPAIV H5N1 spread across Asian countries and 

reached Europe, the Middle East and several African countries in 2006 (ROUSSAN 

et al. 2009; KALTHOFF et al. 2010). In total, HPAIV H5N1 Asia caused 607 

confirmed human infections since 1997 with more than 58% lethality (by July 2012). 

The highest numbers of human fatalities were reported in Indonesia (158), Vietnam 

(61), Egypt (60), China (28), Cambodia (19), and Thailand (17) (GAMBOTTO et al. 

2008; WHO 2012). Recent meta-analysis of H5N1 seroprevalence studies suggests 

a much higher number of human infections worldwide (WANG et al. 2012). In the last 

years, HPAIV H5N1 became endemic in most South-East Asian countries as well as 

in Egypt posing an ongoing threat for the human population (BROWN 2010). 

Until today, H7 subtype HPAIV have with one fatal exception caused only mild 

infections with conjunctivitis and influenza-like illness in humans (FOUCHIER et al. 

2004; KOOPMANS et al. 2004; ALEXANDER 2006). During an HPAIV H7N7 

outbreak in the Netherlands in 2003, 89 persons were infected and mainly showed 

conjunctivitis. One veterinarian, who had close contact to the HPAIV-infected poultry, 

died from acute respiratory distress syndrome (ARDS) (KOOPMANS et al. 2004). In 

2004, 57 people suffered from conjunctivitis and influenza-like illness caused by 

subtype H7N3 LPAIV and HPAIV infection in Canada (REPERANT et al. 2012). 

LPAIV H9N2 infections of humans occur in small numbers and are associated with 

mild respiratory disease (BUTT et al. 2005; KLENK et al. 2011).  
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   2.3.1.1. Human-like H9N2 subtype LPAIV 

Since the mid-1990`s, LPAIV of subtype H9N2 have become widespread in Eurasia 

and are predominantly found in chickens, ducks and other poultry species. Endemic 

H9N2 sublineages have been reported to occasionally transmit to humans and 

mammals (BUTT et al. 2005; YU et al. 2008; BI et al. 2010). It was shown that some 

of these avian viruses have acquired a human virus-like receptor specificity 

(MATROSOVICH et al. 2001). These H9N2 isolates contain Leucine at residue 226 

(L226) at the HA’s receptor binding site, which is typical for human H2 and H3 strains 

but not for LPAIV. The receptor binding specificity of the HA had changed from 

preferential binding to avian-like α2,3-linked sialic acid (Siaα2,3) receptors to 

preferential recognition of human-like α2,6-linked sialic acids (Siaα2,6) 

(MATROSOVICH et al. 2001; SAITO et al. 2001). These human-virus-like H9N2 

LPAIV gained the ability to bind and infect cells of the human respiratory tract, 

resulting in influenza-like clinical symptoms (BUTT et al. 2005; WAN u. PEREZ 

2007). Moreover, experimental studies have demonstrated that human-like H9N2 

strains can replicate in ferrets and mice without prior adaptation and may be directly 

transmitted between animals (WAN et al. 2008; BI et al. 2010; DENG et al. 2010). 

Several poultry species, such as quail, chicken, and turkey, have been considered to 

potentially act as intermediate host species for transmission of LPAIV, and hence to 

contribute to the evolution of human-virus-like H9N2 LPAIV (WAN u. PEREZ 2006; 

HOSSAIN et al. 2008; PILLAI et al. 2010).  

 

  2.3.2. Human influenza pandemics 

During the last century, several IV pandemics caused tremendous numbers of 

human fatalities. The introduction of a new HA subtype IV into the human population 

together with the lack of a protective immunity and the ability of pandemic viruses to 

spread among humans led to global outbreaks with high infection rates and mortality 

(KALTHOFF et al. 2010). It was demonstrated by phylogenetic studies of the HA that 
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all human pandemic viruses emerged from avian ancestors and that introduction of 

new pandemic viruses resulted from reassortment events with avian-like genes 

(WEBSTER et al. 1992). The first pandemic from 1918-20 (“Spanish Flu”) was 

caused by an IV H1N1 and was responsible for about 50 million deaths worldwide 

(JOHNSON u. MUELLER 2002). In 1957, the H1N1 strain was replaced by a subtype 

H2N2 (“Asian Flu”), followed by the “Hong Kong Flu” in 1968, which was caused by a 

subtype H3N2 IV (GUAN et al. 2010). The latter pandemics were less severe but still 

with several hundred thousand fatal human cases. In 1977, subtype H1N1 IV 

reappeared via accidental release of a frozen laboratory strain (“Russian Flu”) 

(WERTHEIM 2010). Together with the IV H3N2 subtype, IV H1N1 is present in the 

human population until today. All pandemic strains are thought to be reassortant 

viruses between human and avian IV strains (GUAN et al. 2010). Phylogenetic 

studies revealed that the precursor viruses of all human pandemic IV strains 

circulated in mammals with series of reassortment events for several years (SMITH 

et al. 2009). 

Recently in 2009, a new triple reassortant H1N1 strain (“Swine/Mexican Flu”), which 

originated in Mexico, spread rapidly around the world and caused a new pandemic 

with high morbidity but low mortality amongst humans. The 2009 H1N1 flu virus 

emerged from several reassortment events of North American H3N2 and H1N1 

classical swine viruses with Eurasian avian-like swine viruses (KLENK et al. 2011). 

Its PB2 and PA genes originate from North American avian viruses, the PB1 gene 

from a human H3N2 virus, the HA, NP and NS genes from classical swine viruses, 

and the NA and M genes from Eurasian avian-like swine viruses (KLENK et al. 

2011). 
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 2.4. Antiviral host response 

  2.4.1. Multifunctional NS1 protein 

The NS1 protein constitutes a non-essential virulence factor of IAV and has multiple 

accessory functions in the viral replication cycle (HALE et al. 2008). The NS1 is a 

small non-structural protein of 230-237 aa, which is encoded by vRNA segment eight 

and expressed at very high levels in IAV infected cells (PALESE u. SHAW 2006). It 

mainly accumulates in the nucleus of IAV-infected cells, but a significant portion can 

also be found in the cytoplasm (GREENSPAN et al. 1988; NEWBY et al. 2007). 

Phylogenetic studies demonstrated that NS1 proteins can be divided into two allele 

groups A and B (LUDWIG et al. 1991). Allele A comprises NS1 proteins from AIV, as 

well as from all human, swine and equine IAV (HALE et al. 2008). Whereas NS1 

proteins classified as allele B are found exclusively in AIV. It has been shown that 

allele A NS1 proteins have replication advantages in mammalian hosts and are 

furthermore the major allele type found in HPAIV isolated from humans (TREANOR 

et al. 1989; ZOHARI et al. 2008). 

The NS1 protein can be divided into two distinct functional domains with an N-

terminal RNA-binding domain (aa residues 1-73), which binds with low affinity to 

several RNA species, and a C-terminal effector domain (aa residues 74-230), which 

mediates interactions with host-cell proteins (HALE et al. 2008). Natural occurring 

NS1 proteins can have a C-terminal truncation of up to 30 aa as well as internal aa 

deletions (SUAREZ u. PERDUE 1998). 

The major function of the NS1 protein is the inhibition of type I IFN production and 

antiviral effects of IFN-induced proteins (HALE et al. 2008). However, NS1 is involved 

in multiple other functions in virus-host interaction, which may additionally contribute 

towards efficient virus replication and virulence during infection: (i) temporal 

regulation of viral RNA synthesis; (ii) control of viral mRNA splicing; (iii) enhancement 

of viral mRNA translation; (iv) regulation of virus particle morphogenesis; (v) 

suppression of host immune/apoptotic responses; (vi) activation of phosphoinositide 
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3-kinase (PI3K); and (vii) involvement in strain-dependent pathogenesis (HALE et al. 

2008). 

Several studies showed that NS-reassortment of IAV can change the virus virulence 

and antiviral host response (LI et al. 2006; SARMENTO et al. 2010). 

The nuclear export protein (NS2/NEP), which is translated from spliced NS-segment 

mRNA, mediates viral RNP export from the nucleus of IV infected cells via binding to 

the viral M1 protein . Furthermore, NS2/NEP protein has the ability to modify virus 

RNA levels by regulation of IV transcription and replication (ROBB et al. 2009). 

 

  2.4.2. NS1 and the host innate immune response 

   2.4.2.1. Type I Interferon system 

The host innate IFN response is a strong antiviral mechanism limiting viral replication 

and spread. (GOODBOURN et al. 2000). Type I IFNs, such as IFN-α and IFN-β, are 

secreted by cells in response to virus-infection and have been shown to upregulate 

the expression of more than 300 IFN-stimulated antiviral genes (RANDALL u. 

GOODBOURN 2008). The major function of the NS1 protein, is to antagonize the IFN 

response during virus-infection of the host cell. IAV with a truncated or deleted NS-

segment have been shown to induce large amounts of IFNs in infected cells, which is 

often correlated to attenuation and low virus replication (GARCIA-SASTRE et al. 

1998; KOCHS et al. 2007). Truncated NS1 proteins lack a poly(A)-binding protein II 

(PABII) binding region and the PDZ-binding motif (PBM) (SOUBIES et al. 2010). By 

targeting PABII and CPSF30, NS1 protein can inhibit 3’-end processing of cellular 

pre-mRNAs (CHEN et al. 1999). Since this also includes IFN pre-mRNA, the loss of 

PABII binding contributes to the inability to suppress IFN response by IAV with a 

truncated NS1. 
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The NS gene of two HPAIV H5N1 Asia human isolates from 1997 have been shown 

to induce much higher gene transcription of proinflammatory cytokines (particularly 

TNF alpha and interferon beta) compared to human H3N2 or H1N1 viruses, 

indicating the unusual severity of the H5N1 Asia disease in humans may be due to a 

“cytokine storm” (CHEUNG et al. 2002). 

The role of type I IFN in AIV infection of avian species is not clear. A previous study 

showed that AIV-infected primary chicken embryo cells produced a mixture of type I 

IFNs of usually more than 80% IFN-α and up to 20% IFN-β (SCHWARZ et al. 2004). 

AIV growth may be strongly inhibited in IFN-α pretreated chicken cell culture, but a 

recent study revealed that IFN-α pretreatment did not protect chickens in vivo against 

wild-type (R65) or mutant (R65-delNS1) HPAIV infection (PENSKI et al. 2011). 

 

   2.4.2.2 Apoptosis 

Apoptosis is the process of programmed cell death, which may occur upon IAV-

infection and is often considered to be a cellular antiviral mechanism that limits viral 

replication (BARBER 2001). The NS1 protein is reported to have both pro- and anti-

apoptotic functions (EHRHARDT et al. 2007). It can increase virus replication by 

activating the cellular phosphatidylinositol 3-kinase (PI3K), which has been shown to 

directly down-regulate apoptosis (LUDWIG et al. 2006; EHRHARDT et al. 2007). 

Anti-apoptotic functions of NS1 are linked via cell-signalling to its potential to limit IFN 

production (ZHIRNOV et al. 2002). NS1 can directly block the function of 2’-5’-

oligoadenylate synthetase and PKR by binding to dsRNA, which regulate induction of 

apoptosis and IFN production (TAKIZAWA et al. 1996; MIN u. KRUG 2006). 

Furthermore, the inhibition of pro-apoptotic pathway JNK/AP-1 may contribute to the 

anti-apoptotic functions of NS1 (LUDWIG et al. 2002). The class I PBM of AIV 

(ESEV) has been shown to reduce apoptosis during infection by directly binding to 

the proapoptotic PDZ-protein Scribble (LIU et al. 2010). 
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However, the role of apoptosis induced by IAV is controversial, since activation of 

caspase 3, a critical enzyme involved in apoptosis, has been found to be a crucial 

event for efficient influenza virus propagation (WURZER et al. 2003). 

Thus, the role of NS1 in IAV-induced apoptosis is not completely clear. Yet it was 

hypothesized that NS1 may contribute temporally to early suppression of apoptosis, 

which could promote genome replication, and on the other hand induce late 

apoptosis, which may lead to increased release of progeny viruses (HALE et al. 

2008).  

 

2.4 Laboratory host systems of AIV 

  2.4.1 Tracheal organ culture (TOC) 

Since the 1970s, tracheal organ cultures (TOC) are used for isolation, propagation 

and the in vitro analysis of different respiratory pathogens and their interaction with 

the ciliated respiratory epithelium (HOORN u. TYRRELL 1969). TOC closely mimic 

the natural host’s respiratory tract with its physiological heterogeneous cell 

population. TOC are prepared from the embryonic tracheae of a variety of avian and 

mammalian species and allow comparable infection experiments under controlled 

cell culture conditions (HARA et al. 1974; SCHMIDT et al. 1974; KOCAN et al. 1978; 

DIAZ-RODRIGUEZ u. BOUDREAULT 1982; O'NIELL et al. 1984). Today’s standard 

method of culturing TOC in tubes with media incubated in rolled racks or overhead 

shakers was originally developed for the isolation of human respiratory viruses using 

embryonic human TOC (HARNETT u. HOOPER 1968). This method was soon 

adapted for chicken embryos by preparing 1mm transverse trachea ring sections 

from 19 to 20 day old chicken embryos (CHERRY u. TAYLOR-ROBINSON 1970). 

Chicken TOC were used in infection experiments with several avian respiratory 

pathogens, such as Mycoplasma sp., infectious bronchitis virus, or IAV (BLASKOVIC 

et al. 1972; ABDUL-WAHAB et al. 1996; WINTER et al. 2008). Besides, TOC may be 

used for virus isolation, propagation and titration of respiratory viruses such as avian 
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metapneumovirus or Newcastle Disease virus (WAMBURA 2006; JONES u. 

HENNION 2008; COSWIG et al. 2010). TOC allow to examine virus-infection at an 

intact respiratory tissue structure in situ. The monitoring of the functional activity of 

the ciliated epithelium allows to follow the course of infection until induction of 

ciliostasis. Histopathology as well as immunohistochemical staining of respiratory 

pathogens at the site of infections may be performed (KOCAN et al. 1978). Cilia 

activity can be assessed semiquantitatively under light microscope representing a 

valuable tool to analyze the virulence of the infecting strain. Nevertheless, TOC 

cannot totally simulate in vivo conditions, since there are no interfering reactions of 

the adaptive immune system and infiltrating immune cells (MCGEE u. WOODS 

1987). Also, wound healing responses of TOC after preparation need to be 

considered, which may possibly mask the early host immune responses upon viral 

infection at host transcriptional level (REEMERS et al. 2009). 

 

  2.4.2 Embryonated eggs 

Embryonated chicken eggs are a widely used host system for the isolation and 

propagation of AIV and other avian viruses (SENNE 1998). Usually, 9-11 day-old 

embryonated specific-pathogen free eggs from chicken are used, but also eggs from 

duck and turkey showed no difference in AIV propagation titers compared to chicken 

(MORESCO et al. 2010). The preferred route for AIV isolation and propagation is via 

inoculation in the chorioallantoic sac (CAS), but some AIV isolates have been shown 

to propagate only after inoculation into the yolk sac or onto the chorioallantoic 

membrane (SENNE 1998; WOOLCOCK et al. 2001; SWAYNE u. HALVORSON 

2008). AIV grow to high titers in the CAS of embryonated chicken eggs, but may 

acquire HA mutations after serial passages (ROBERTSON et al. 1993). Intravenous 

inoculation of embryonated chicken represents an additional method for successful 

infection of the embryo with avian viruses (BALUDA u. JAMIESON 1961; GOLDSMIT 

u. BARZILAI 1968). Experimental infections of chicken embryos via the 
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chorioallantoic route were used to study mortality and pathogenesis upon LPAIV or 

HPAIV infection and to characterize viruses (CAPUA et al. 2002; LEE et al. 2007).  
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3. Materials and methods 

3.2. Viruses 

  3.2.1. LPAIV 

A/chicken/Saudi Arabia/CP7/1998 (H9N2) (Ch/H9N2), a field isolate from a meat-

type chicken flock, was kindly provided by Hans-Christian Philipp from Lohmann 

Tierzucht (Cuxhaven, Germany). A/turkey/Canada/1963 (H6N8) (Tu/H6N8) was 

kindly provided by Klaus Peter Behr from AniCon Labor (Hoeltinghausen, Germany). 

Tu/H6N8 has a 23 amino-acid deletion in the neuraminidase stalk region (ABOLNIK 

et al. 2007), a genetic marker for influenza virus adaptation to poultry. 

A/duck/Potsdam/15/1980 (H7N7) (Du/H7N7) was obtained from the Friedrich-

Loeffler-Institute, Federal Research Institute for Animal Health (Greifswald-Insel 

Riems, Germany). The hemagglutinin cleavage site sequence of Du/H7N7 

(PEIPKGR*GLF) classifies the virus as low-pathogenic (LP). All viruses were 

propagated in 10-day-old embryonated, specific-pathogen-free chicken eggs (VALO-

SPF, Lohmann Tierzucht, Cuxhaven, Germany). Virus stocks were stored at -70 °C 

and titrated on MDCK cells using Avicel plaque assay. 

 

  3.2.2. Wild-type and recombinant reassortant HPAIV 

The following IV were used: wild-type A/FPV/Rostock/1934 (FPV wt; H7N1) HPAIV, 

NS-reassortant viruses with genetic background of FPV wt and NS-segments from 

A/Vietnam/1203/2004 (FPV NS VN; H5N1) HPAIV, A/goose/Guangdong/1/1996 

(FPV NS GD; H5N1) HPAIV, and A/mallard/NL/12/2000 (FPV NS Ma; H7N3) LPAIV. 

Reassorted viruses had been generated previously using reverse genetics (WANG et 

al. 2010). MDCK (Madin-Darby canine kidney) cells were used to amplify the progeny 

viruses. Rescued viruses had been plaque-purified three times, propagated and 

titrated on MDCK cells (WANG et al. 2010). Virus stocks were stored at -70 °C. 
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  3.2.2. Vesicular stomatitis virus (VSV) 

Vesicular stomatitis virus (VSV; kindly provided by Gert Zimmer, Institute for Virology, 

University of Veterinary Medicine Hannover, Germany) was propagated in chicken 

embryo fibroblasts (CEF), stored at -70 °C and titrated on CEF to determine the 

tissue culture infectious dose 50 (TCID50) by the method of Reed and Muench 

(REED u. MUENCH 1938). 

 

3.3. AIV titration 

  3.3.1. Avicel plaque assay 

Infectious virus titers of LPAIV were determined using plaque assay in Madin-Darby 

canine kidney (MDCK) cells under Avicel overlay medium as previously described 

(MATROSOVICH et al. 2006). Briefly, MDCK cells were seeded in 6-well plates 

(Sarstedt, Nuembrecht, Germany). Confluent MDCK monolayers were incubated in 

duplicate wells with 400 µl of serial 10-fold dilutions of viruses in PBS-BSA 

(phosphate buffered saline [PBS] containing 0.2% bovine serum albumin [BSA; PAA 

Laboratories, Pasching, Austria]) for 1h. After washing with PBS, the cells were 

covered with low-viscosity overlay medium consisting of DMEM (Biochrom, Berlin, 

Germany), 1.5% Avicel RC-581 (FMC Biopolymer, Ratingen, Germany), 0.2% BSA 

and 1 µg/ml acetylated trypsin (Sigma-Aldrich, Taufkirchen, Germany). After an 

incubation period of 48 h at 37.5 °C and 5% CO2, cells were fixed with 4% 

paraformaldehyde (Sigma-Aldrich) in PBS and stained with 1% crystal violet 

(Chroma, Münster, Germany). Plaques were counted, and infectious titers were 

calculated from the mean of duplicate wells as plaque-forming units (PFU) per ml 

using the formula: 

Plaques / D * V = PFU/ml; D = dilution factor, V = volume of diluted virus added to the 

well. 
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  3.3.2. Focus forming assay 

HPAIV virus titration was done using the focus forming assay (FFU/ml) as previously 

described. (MA et al. 2010; WANG et al. 2010).  

Briefly, virus dilutions were made in 96-well plates with U-form bottom to get 10-1 to 

10-8 dilution series. MDCK cells were seeded in 96-well plates and grown over night 

at 37°C and 5% CO2 to get 90% confluence on the day of infection. The cells were 

washed with PBS++ (PBS containing 1 mM MgCl2, 0.9 mM CaCl2) and infected with 

50 μl of diluted virus at room temperature (RT) for 1 h. The inoculum was replaced by 

150 μl of MC medium (1x DMEM, 1.5% methylcellulose) and incubated at 37°C with 

5% CO2 for 30 or 48 hours depending on the virus strain. Afterwards, cells were fixed 

and permeabilized with 4% paraformaldehyde (PFA)–1% Triton X-100 in PBS ++ 

overnight at 4°C or alternatively for 1 hour at RT. Cells were washed with PBS++ and 

0.05% Tween 20 and incubated with 50 μl of anti-NP antibody (mouse anti-IAV 

nucleoprotein; Biozol) diluted (1:5,000) in PBS++ and 3% bovine serum albumin 

(BSA) for 1 h at RT. After the cells had been washed, they were incubated with 50 μl 

of a second antibody (anti-mouse horseradish peroxidase [HRP] antibody; Santa 

Cruz) diluted (1:1,000) in PBS++ and 3% BSA for 45 min at room temperature. To 

detect foci, washed cells were incubated in 40 μl/well AEC staining solution (Sigma) 

for 30-60 min at RT. Red stained foci were observed under microscope. For analysis, 

the 96-well plates were scanned using the Canonscan 9900F (Canon) at 1600 dpi 

and analyzed using the Photoshop software package (Adobe). Infectious viral titers 

were determined as follows: 

Plaques / D * V = FFU/ml; D = dilution factor, V = volume of diluted virus added to the 

well. 

One focus was considered when more than 3-5 adjacent cells were stained in one 

particular area, as opposed to single cell staining which would probably mean, that 

the cell had not produced infectious virus. 
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3.4. Embryonated egg, organ and cell cultures 

  3.4.1. Embryonated eggs 

Embryonated eggs from chicken (VALO-SPF; Lohmann Tierzucht, Cuxhaven, 

Germany), turkey (Moorgut Kartzfehn, Boesel, Germany), Pekin duck (Duck-Tec, 

Belzig, Germany), and homing pigeon (local non-commercial breeder) were used for 

in vitro organ and cell culture preparation as well as in vivo embryo infection studies. 

They were incubated at 37.8 °C and 55% humidity. All parental flocks were tested 

negative for AIV-antibodies of subtypes H5, H7, H6 and H9 in the standard 

hemagglutination inhibition (HAI) test (OIE 2009). 

 

   3.4.1.1. Preparation of eggs for intravenous 

infection 

Embryonated eggs from chicken and turkey were prepared for intravenous (i.v.) 

infection as previously described (GOLDSMIT u. BARZILAI 1968) with modifications. 

Briefly, eggs were candled to mark the area around the largest vein embedded in the 

chorioallantoic membrane (preceding Vena umbilicalis) near to the air cell. A triangle 

of eggshell was excised using a diamond-coated cutting wheel mounted on a rotary 

tool (Ø 22.2 mm; Dremel Europe, Breda, Netherlands). The generated eggshell 

windows were sealed with adhesive tape until infection. 

 

  3.4.2. Tracheal organ culture (TOC) 

Tracheal organ cultures (TOC) were prepared from embryonated eggs of chicken at 

incubation day 20 (TOC-Ch), turkey at incubation day 26 (TOC-Tu), Pekin duck at 

incubation day 25 (TOC-Du), and homing pigeon at incubation day 17 (TOC-Pi) 

(BLASKOVIC et al. 1972; SCHMIDT et al. 1974).  
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Briefly, embryos were sacrificed, and the tracheae were removed under sterile 

conditions. Each trachea was cut manually into approximately 0.8 mm thick rings 

using a microtome blade. Individual rings were transferred to 5 ml tubes (Sarstedt, 

Nuembrecht, Germany) with 0.8 ml prewarmed Medium 199 with Hanks’ salts 

(Biochrom) including 1% penicillin/streptomycin (P/S; 10.000 U/ml, 10.000 µg/ml, 

Biochrom). TOC were cultured at 37.5 °C in a rotating shaker (Reax 2, Heidolph, 

Schwabach, Germany) at lowest rotation speed. 

After 24 h, the ciliary activity of the respiratory epithelium of each TOC was assessed 

using an inverted microscope. Only rings with 100% ciliary activity were used for the 

experiments. TOC were infected 5 days after preparation to avoid negative effects 

due to early inflammatory responses of the tissue (REEMERS et al. 2009). Overall, 

the viability of non-infected TOC was stable at least for four weeks without any loss 

of cilia activity. Histological investigations of selected TOC from different avian 

species confirmed the perpetuation of the cell structure of the respiratory epithelium 

and underlying tissue over the infection experiments. Preliminary studies also confirm 

the expression of Siaα2,3 and Siaα2,6 during infection experiments indicating the 

stability of the ex vivo cultures (WINTER et al. 2008). 

 

  3.4.3. Primary embryo fibroblast (EF) cultures 

Primary embryo fibroblast (EF) cultures were prepared according to standard 

protocols (SEKELLICK u. MARCUS 1986) from embryonated eggs of chicken (CEF), 

turkey (TEF), Pekin duck (DEF) and homing pigeon (PEF) at day 10, 13, 14 and 9 of 

incubation, respectively. EF of all four species were seeded in 24 well plates 

(Sarstedt, Nuembrecht, Germany) and maintained in 1:1 Mc Coy’s 5A modified 

Medium + L-15 Leibovitz Medium (Biochrom) with 10% fetal bovine serum (FBS) 

(Biochrom), 1% L-glutamine (200mM, Biochrom) and 1% P/S at 37.5 °C and 5% 

CO2. 
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  3.4.3. Permanent cell culture of MDCK cells 

Madin-Darby canine kidney (MDCK; obtained from the Institute for Medical Virology, 

Justus-Liebig-University Giessen, Germany) cells were cultured in Dulbecco’s MEM 

(Biochrom) with 10% FBS, 1% L-Glutamine and 1% P/S at 37.5 °C and 5% CO2. 

 

3.5. Virus infection experiments 

  3.5.1. LPAIV infection of TOC and EF 

Three consecutive passages of LPAIV Ch/H9N2, Tu/H6N8 and Du/H7N7 were made 

under identical conditions in TOC and EF cultures of chicken, turkey, Pekin duck and 

homing pigeon. Multicyclic replication kinetics was studied by inoculating EF cultures 

with 0.01 PFU of the virus per cell; TOC were inoculated with 104 PFU of the virus 

per individual culture using PBS-BSA as dilution medium. Virus-negative controls 

were incubated with PBS-BSA instead of the virus. After 1 h of incubation, TOC and 

EF were washed with PBS and subsequently cultured in 1 ml basal maintenance 

media used for cultivation of corresponding cultures including 0.2% BSA. 1 µg/ml 

acetylated trypsin was added to EF cultures. In the first passage, TOC and EF 

cultures were inoculated with virus stocks from embryonated chicken eggs. In the 

consecutive passages, cultures were inoculated with titrated culture supernatants, 

which had been collected in the previous passage 24 h postinfection (hpi). At eight, 

24 and 48 hpi, supernatants of triplicate EF cultures and four randomly selected TOC 

were collected and pooled for each virus. Each virus pool was titrated in a plaque 

assay as described above. Cytopathic effects (CPE) were assessed in EF 

monolayers (n = 3). TOC were analyzed under the microscope for ciliostasis at the 

indicated time points for percentage of remaining ciliary activity as described 

previously (BLASKOVIC et al. 1972). 
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  3.5.2. HPAIV infection of TOC 

TOC of chicken and turkey were infected 5 days after preparation to avoid negative 

effects due to early inflammatory responses of the tissue (REEMERS et al. 2009). 

For infection, TOC were washed with phosphate-buffered saline (PBS) and incubated 

with 103 FFU of HPAIV FPV wt or reassortant FPV NS VN, FPV NS GD and FPV NS 

Ma per individual culture (n=5 per time point and virus) in PBS-BSA (PBS including 

0.2% bovine serum albumin [BSA; PAA Laboratories, Pasching, Austria]). Virus-

negative controls were incubated with PBS-BSA. After incubation for 1h at 37.5 °C, 

the supernatant was removed, TOC were washed with PBS and subsequently 

cultured in 1 ml Medium 199 with Hanks’ salts supplemented with 1% P/S and 0.2% 

BSA. For quantification of ciliostasis, TOC were analyzed under the inverted 

microscope for percentage of remaining ciliary activity as described earlier 

(BLASKOVIC et al. 1972). 

Infectious virus titers of TOC-supernatants were determined using the focus forming 

assay (focus forming units [FFU]/ml) as previously described (MA et al. 2010). 

Furthermore, TOC-supernatants were titrated for bioactive IFN using VSV CPE 

inhibition assay. TOC were fixed in 4% PFA, further processed for the preparation of 

paraffin sections and analyzed for histopathological lesions as well as for apoptotic 

cells using in situ TUNEL assay. 

 

  3.5.3. HPAIV infection of embryonated eggs 

Eggs from chicken and turkey were inoculated with FPV wt or FPV NS VN HPAIV at 

embryonation day 14 and 18, respectively. FPV NS VN was selected for the embryo 

infection study, since this NS-reassortant showed the most significant differences in 

growth characteristics in TOC compared to FPV wt in either avian species. Embryos 

were i.v. inoculated with 103 FFU of indicated viruses in 100 µl PBS-BSA using a 

sterile hypodermic needle (27G x ¾”; Braun, Melsungen, Germany). Eggs were 
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sealed with adhesive tape and incubated at 37.8 °C and 90% humidity in upright 

position. Analysis of embryo mortality and sampling was done at 8, 16 and 24 h post-

infection (hpi) for chicken embryos and at 8, 12 and 24 hpi for turkey embryos. Blood 

samples from the chorioallantoic vein were collected from turkey embryos at 8 and 12 

hpi for detection of circulating IV with the focus forming assay as well as for detection 

of bioactive IFN in the VSV CPE inhibition assay. Afterwards, embryos were 

immediately sacrificed by decapitation and amnio-allantoic fluids were collected and 

stored at -70 °C. Heart, liver, intestine, pectoral muscle and brains were collected 

individually with sterile forceps and scissors and stored in peqGOLD TriFastTM 

reagent at -20 °C  for quantification of virus load using qRT-PCR. Based on different 

degrees of lesion development, quantification of IFN-α m-RNA expression levels by 

qRT-PCR was done in the most and least affected organs (liver, brain; intestine). 

Furthermore, embryonic tissues from chicken and turkey were stored in 4% PFA at 4 

°C and processed for histopathologic evaluation for turkey and detection of Influenza 

A nucleoprotein (NP) antigen for chicken and turkey by immunohistochemical 

staining. 

 

3.6. Molecular biological methods 

3.6.1. Virus sequencing 

The viral genome segments encoding hemagglutinin (HA), polymerase basic protein 

2 (PB2) and nonstructural protein (NS) of all three tested LPAIV were analyzed for 

mutations after three consecutive passages in EF and TOC of all four bird species. 

Based on the obtained results, Ch/H9N2 was selected as the most adaptive virus 

and all other AIV genome segments, namely polymerase basic protein 1 (PB1), 

polymerase acidic protein (PA), nucleoprotein (NP), neuraminidase (NA) and matrix 

protein (M1/M2) were additionally sequenced after the third passage in TOC of either 

of the different species. Additionally, the PB1, PA and NA genome segments of 

Tu/H6N8 and Du/H7N7 were sequenced after three consecutive passages in TOC-
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Ch. The viral sequences obtained after the third passage were compared to those of 

the virus stocks to detect nucleotide and amino acid changes. The H3 numbering 

system (NOBUSAWA et al. 1991) was used for amino acid substitutions in the HA. 

 

   3.6.1.1. One-Step RT-PCR and AIV sequence evaluation 

Total RNA was extracted from EF and TOC culture supernatants and allantoic fluids 

of the virus stocks by QIAamp Viral RNA Mini Kit (Qiagen, Hilden, Germany) 

according to manufacturer’s instructions. RT-PCR amplification of all AIV genome 

segments was carried out with universal primers (Table 1) for IAV segments PB2, 

PB1, PA (each two fragments), as well as HA, NP, NA, M and NS (HOFFMANN et al. 

2001; LI et al. 2007) using the SuperScript One-Step RT-PCR System with Platinum 

Taq High Fidelity polymerase kit (Invitrogen, Carlsbad, CA) according to the 

manufacturer’s instructions. Two µl of diluted total RNA was used per 25 µl reaction 

with final primer concentrations of 800nM and RT-PCR was performed using the 

SensoQuest Labcycler thermocycler (SensoQuest, Goettingen, Germany) with the 

following cycle profile: one cycle at 50 °C for 30 min and 94 °C for 2 min, and 40 

cycles of 94 °C for 30 s, 52 °C (PB2, PB1, PA, HA, NA, NS) or 58 °C (NP, M) for 30 s 

and 68 °C for 90 sec followed by a final cycle of 68 °C for 5 min. Following gel 

electrophoresis, specific DNA-bands were selected and purified with the Silica Bead 

DNA Gel Extraction Kit (Fermentas, St. Leon-Rot, Germany) according to 

manufacturer’s instructions. Direct sequencing of the purified products was done by 

Eurofins MWG Operon (Ebersberg, Germany). Aligning of sequences and detection 

of nucleotide and amino-acid mutations was done by GeneDoc software (version 

2.7.0) (NICHOLAS et al. 1997) or BioEdit software (version 7.0.5.3) (HALL 1999). 

 

 

 



 39

Table 1. Primers used for PCR amplification of influenza A virus genes 
Gene Primera Sequence (5´ - 3´) 

PB2-fragment 1 Ba-PB2-1b TAT TGG TCT CAG GGA GCG AAA GCA GGT C 

 PB2-1250Rc TCY TCY TGT GAR AAY ACC AT 

PB2-fragment 2 PB2-1105Fc TAY GAR GAR TTC ACA ATG GT 

 Ba-PB2-2341Rb ATA TGG TCT CGT ATT AGT AGA AAC AAG GTC GTT T 

PB1-fragment 1 Bm-PB1-1b TAT TCG TCT CAG GGA GCG AAA GCA GGC A 

 PB1-1262Rc TTR AAC ATG CCC ATC ATC AT 

PB1-fragment 2 PB1-1124Fc ARA TAC CNG CAG ARA TGC T 

 Bm-PB1-2341Rb ATA TCG TCT CGT ATT AGT AGA AAC AAG GCA TTT 

PA-fragment 1 Bm-PA-1b TAT TCG TCT CAG GGA GCG AAA GCA GGT AC 

 PA-1498Rc TNG TYC TRC AYT TGC TTA TCA T 

PA-fragment 2 PA-747Fc CAT TGA GGG CAA GCT TTC 

 Bm-PA-2233Rb ATA TCG TCT CGT ATT AGT AGA AAC AAG GTA CTT 

HA Bm-HA-1b TAT TCG TCT CAG GGA GCA AAA GCA GGG G 

 Bm-NS-890Rb ATA TCG TCT CGT ATT AGT AGA AAC AAG GGT GTT TT 

NP Bm-NP-1b TAT TCG TCT CAG GGA GCA AAA GCA GGG TA 

 Bm-NP-1565Rb ATA TCG TCT CGT ATT AGT AGA AAC AAG GGT ATT TTT 

NA (1, 2, 4, 5, 8)d Ba-Na-1b TAT TGG TCT CAG GGA GCA AAA GCA GGA GT 

 Ba-NA-1413Rb ATA TGG TCT CGT ATT AGT AGA AAC AAG GAG TTT TTT 

NA (7)d Bm-N7-1b TAT TCG TCT CAG GGA GCA AAA GCA GGG TGA TTG AGA ATG 

 Ba-NA-1413Rb ATA TGG TCT CGT ATT AGT AGA AAC AAG GAG TTT TTT 

M Bm-M-1b TAT TCG TCT CAG GGA GCA AAA GCA GGT AG 

 Bm-M-1027Rb ATA TCG TCT CGT ATT AGT AGA AAC AAG GTA GTT TTT 

NS Bm-NS-1b TAT TCG TCT CAG GGA GCA AAA GCA GGG TG 

  Bm-NS-890Rb ATA TCG TCT CGT ATT AGT AGA AAC AAG GGT GTT TT 
a Number indicates the nucleotide position of the first base in the target sequence. 
b Primer sequence adapted from Hoffmann et al. (2001). 
c Primer sequence adapted from Li et al. (2007). 
d Primers are specific for designated NA subtype. 
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   3.6.1.2. LPAIV plaque purification 

Mutations observed in the HA and PB2 of Ch/H9N2 were confirmed also in plaque 

purified virus preparations of the supernatant of the third passage in TOC-Tu. Briefly, 

after incubation of MDCK cells with 50 PFU virus for 1h, cells were overlayed with 

DMEM (Biochrom) supplemented with 0.9% Biozym Plaque Agarose (Biozym 

Scientific, Hessisch Oldendorf, Germany), 0.2% BSA and 1 µg/ml acetylated trypsin. 

Cells were incubated at 37.5 °C and 5% CO2 for 72 h. Ten individual plaques were 

picked, each propagated in MDCK cell monolayers for 24h, and subsequently 

investigated for mutations in the HA and PB2. 

 

  3.6.2 Quantitative real-time RT-PCR (qRT-PCR) 

Quantification of influenza A virus matrix (M) gene (SPACKMAN et al. 2002) as well 

as interferon-α (IFN-α) mRNA levels was done by qRT-PCR as previously described. 

Briefly, embryonic tissue samples were homogenized in peqGOLD TriFastTM (Peqlab, 

Erlangen, Germany) reagent with ceramic beads (CK14; Peqlab) in a tissue 

homogenizer (Precellys©24; Peqlab). Total cellular RNA extraction was done 

according to manufacturer’s instructions. RNA was eluted in 30µl RNase free water 

and stored at -70 °C. RNA-purity and concentration were determined (NanoDrop® 

ND-1000; Peqlab) and samples subsequently diluted 10-3 in RNase free water for 

optimal RNA concentration. 

IFN-α-specific primers and probes were designed based on partial genomic DNA 

sequences of chicken and turkey (SEKELLICK et al. 1994; SURESH et al. 1995) and 

are described in Table 2. M-gene and 28S rRNA-specific primers and probes have 

been described previously (KAISER et al. 2000; SPACKMAN et al. 2002). RT-PCR 

was performed using the Ambion® AgPath-ID™ One-Step RT-PCR (Life 

Technologies, Carlsbad, CA) kit according to the manufacturer’s instructions with 

final concentrations of primers (200nM: Ch/TkIFN-α, M-gene; 400nM: 28S) and 

probes (50nM: Ch/TkIFN-α; 100nM: M-gene; 400nM: 28S). Five µl of diluted total 
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RNA was used per 25 µl reaction and RT-PCR was performed using the Stratagene 

MX 3005P qRT-PCR detection system (Stratagene, La Jolla, CA) with the following 

cycle profile: one cycle at 45 °C for 10 min and 95 °C for 10 min, and 40 cycles of 95 

°C for 15 s and 57 °C for 45 s. Each sample was tested in duplicates. For 

quantification, cycle threshold (Ct) values of Ch/TkIFN-α and M-gene were 

normalized against the Ct values of constantly expressed housekeeping gene 28S 

rRNA of the same sample ( Ct) as described by Powell et al. (2009) (POWELL et al. 

2009). The data are presented as mean 35- Ct, or as mRNA fold change in relation 

to Ct values from non-infected groups. 

 

Table 2. QRT-PCR primers and probes  

RNA target Primer/ probe1 Sequence2 (5´ - 3´) Accession-no.3

Chicken IFN-α ChIFNα F GAC AGC CAA CGC CAA AGC U07868 

 ChIFNα R GTC GCT GCT GTC CAA GCA TT  

 ChIFNα P (FAM)-CTC AAC CGG ATC CAC CGC TAC ACC-(TAMRA)  

Turkey IFN-α TkIFNα F GAC AGC CAA CGC CAA AGC U28140 

 TkIFNα R GTG GCT GTC CGC CAA GCA TT  

 TkIFNα P (FAM)-CTC AAC CAG ATC CAG CGG TAC GCC-(TAMRA)  
Influenza A  
M-gene M24   F4 AGA TGA GTC TTC TAA CCG AGG TCG  

 M124 R4 TGC AAA AAC ATC TTC AAG TCT CTG  

 M64   P4 (FAM)-TCA GGC CCC CTC AAA GCC GA-(BHQ1)  

28S 28S F5 GGC GAA GCC AGA GGA AAC T X59733 

 28S R5 GAC GAC CGA TTT GCA CGT C  

  28S P5 (HEX)-AGG ACC GCT ACG GAC CTC CAC CA-(TAMRA)   
1 F, forward primer; R, reverse primer; P, probe   
2 FAM, 6-carboxyfluorescein; HEX, hexachlorofluorescein; TAMRA, carboxytetramethylrhodamine;  
  BHQ1, Black Hole Quencher 1 
3 refers to genomic DNA sequence   
4 (SPACKMAN et al. 2002)    
5 (KAISER et al. 2000)   
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 3.7. Interferon bioassay 

Bioactive total interferon (type I and type II) was detected in TOC-supernatants and 

turkey embryo serum using a cytopathic effect (CPE) inhibition assay as previously 

described (KARACA et al. 1996). To inactivate viruses, supernatants or sera were 

dialyzed in glycin buffer (100mM, pH 2.0) by using dialysis tubes (Visking [Size 2: 

cut-off 12-14 kDa], Medicell, London, UK) for 5 h and after buffer change for 

additional 16 h at 4 °C. Subsequently, virus-inactivated samples were dialyzed in 

PBS (pH 7.4) for 5 h and after buffer change overnight at 4 °C. For IFN bioassay, 

CEF were seeded overnight on 96 well plates. CEF were incubated with serially 

diluted samples for 24 h at 37.5 °C and 5% CO2. Recombinant chicken IFN-α (kindly 

provided by Bernd Kaspers, LMU Muenchen, Germany) was used as positive control. 

The test culture fluids were replaced with medium containing VSV (4x104 TCID50/ 

well) and incubated for 48 h. Virus-induced CPE was determined microscopically. 

The IFN activity of the test samples is expressed in units/ml (U/ml). One U is defined 

as the highest dilution of the sample that caused 100% protection against VSV-

induced CPE. 

 

 3.8. Histological methods 

  3.8.1. Histopathology 

   3.8.1.1. Histopathology of TOC 

TOC were fixed in 4% PFA, further processed for the preparation of paraffin sections 

(2 µm) and stained with hematoxylin and eosin (HE). TOC were microscopically 

analyzed for histopathological lesions. 
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   3.8.1.2. Histopathology of embryonic tissues 

Chicken and turkey embryonic tissues were processed following standard 

procedures, and 2 µm paraffin sections were made from each sample in duplicates. 

For histopathology, tissue sections were stained with HE. The severity of 

histopathologic lesions of each organ was evaluated as previously described 

(LAUDERT et al. 1993a) using a modified lesion score of 0-3: 0 = no lesions, 1 = mild 

lesions with focal inflammation (edema, bleeding), 2 = moderate lesions with focal to 

multifocal inflammation, scarce lymphocytic infiltration, 3 = severe lesions with 

disseminated inflammation, tissue degeneration and massive lymphocytic infiltration. 

 

  3.8.2. Detection of viral antigen by immunohistochemistry 

   3.8.2.1. Viral antigen staining in TOC 

Immunohistochemistry was performed to detect influenza virus nucleoprotein (NP) 

antigen in TOC. Briefly, TOC cryosections (5 µm) were fixed in ice-cold acetone and 

blocked against endogenous peroxidase with 0.3% hydrogen peroxide in methanol. 

Normal horse serum and the Avidin/Biotin Blocking kit (Vector Laboratories, 

Burlingame, CA) were used to block nonspecific staining. Sections were incubated 

with mouse anti influenza A nucleoprotein antibody (AbD Serotec, Duesseldorf, 

Germany) diluted 1:1000 in PBS followed by the Vectastain Elite ABC kit (Mouse 

IgG; Vector Laboratories) according to the manufacturer’s instructions. Peroxidase 

activity was developed using the DAB Peroxidase Substrate kit (Vector Laboratories). 

Sections were counterstained with hematoxylin and mounted with Aquatex (Merck, 

Darmstadt, Germany). 
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   3.8.2.2. Viral antigen staining in embryonic tissues 

Immunohistochemistry was performed to detect influenza virus NP in embryonic 

tissues. Tissue sections were blocked against endogenous peroxidase with 3% 

hydrogen peroxide in methanol, and antigen retrieval was achieved by microwave 

treatment in citrate buffer (10 mM, pH 6.0). Normal horse serum and the Avidin/Biotin 

Blocking kit (Vector Laboratories) were used to block nonspecific staining. Sections 

were incubated with anti-NP antibody (mouse anti-influenza A nucleoprotein; 

Southern Biotech, Birmingham, AL) diluted 1:250 in PBS. After a washing step in 

PBS, sections were processed using the Vectastain Elite ABC kit (Mouse IgG; Vector 

Laboratories). Tissue sections were subsequently treated with reagents of the DAB 

Peroxidase Substrate kit following manufacturer’s instructions, counterstained with 

Hematoxylin QS and mounted with Aquatex. 

 

  3.8.3. Detection of apoptotic cells in TOC 

Detection of apoptotic cells in TOC was performed with the TUNEL (terminal 

transferase-mediated d-UTP nick-end labelling) assay using the in situ cell death 

detection kit POD (Roche Applied Sciences, Mannheim, Germany) according to 

manufacturer’s instructions. Briefly, infected TOC were fixed with 4% PFA in PBS, 

routinely processed, and embedded in paraffin. Tissue sections were made at 2 µm. 

After dewaxing and rehydration according to standard protocols, endogenous 

peroxidase was blocked with 3% hydrogen peroxide in methanol for 10 min, tissue 

sections were permeabilized with 0.2% Triton X-100 and 0.1% sodium citrate in PBS 

for 8 min, and washed with PBS. Tissue sections were either labeled with 50 µl 

TUNEL reaction mixture or the no-enzyme control in 50 µl label solution under a 

cover slip for 1 h at 37 °C in humidified atmosphere in the dark. After three washing 

steps with PBS, tissue sections were blocked against nonspecific staining with 3% 

BSA in PBS for 20 min and subsequently covered with 50 µl converter solution under 

a cover slip for 30 min at 37 °C in humidified atmosphere in the dark. After three 
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washing steps with PBS, reactions were developed using the DAB Peroxidase 

Substrate Kit (Vector Laboratories, Burlingame, CA) according to manufacturer’s 

instructions. TOC sections were counterstained with hematoxylin for 5 min and 

mounted with Aquatex (Merck, Darmstadt, Germany). The number of apoptotic cells 

was counted microscopically for HPAIV-infected groups in the respiratory epithelium 

of each individual TOC and is presented as mean total apoptotic cells per complete 

TOC ring (n=5). Apoptotic cells of LPAIV-infected TOC-Ch were scored 

semiquantitatively (1=0-5 pos. cells; 2=6-50 pos. cells; 3= >50 pos. cells). 

 

3.9. Statistical analysis 

Statistically significant differences between virus titers (PFU/ml, FFU/ml) were 

evaluated with the Randomized Complete Block Analysis of Variance (ANOVA) and 

Tukey HSD for multiple group comparison using Statistix 9.0 (Analytical Software, 

Tallahassee, FL). Randomized Complete Block ANOVA allows the comparison of 

different growth curves using the data of multiple timepoints. Other data were 

analyzed with the Kruskal-Wallis One-Way AOV with all-pairwise comparisons, or 

with the Wilcoxon Rank Sum Test (Statistix 9.0). Differences were considered 

significant if p < 0.05. 
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4. Goals and objectives 

The overall goal of this work was to understand more about the evolution and virus-

host interaction of AIVs of different subtype and pathogenicity in different avian 

species. 

The objectives of the first part of the study were to investigate the potential of LPAIV 

of different subtypes to transmit to new avian host species and to characterize virus 

growth kinetics and LPAIV genome stability during adaptation in vitro. Furthermore, 

species-specific differences in susceptibility to LPAIV-infection as well as lesion 

development were detected between avian species. Therefore, LPAIV of subtypes 

H9N2, H6N8 and H7N7 were serially passaged in tracheal organ cultures (TOC) and 

primary embryo fibroblasts (EF) from chicken, turkey, Pekin duck and homing pigeon. 

To investigate the effects of interspecies transmission and adaptation on LPAIV 

genome stability, genome segments HA, PB2 and NS were sequenced to identify 

mutations that may allow LPAIV to overcome existing host-range barriers.  

The objective of the second part of the study was to investigate the impact of NS-

reassortment on HPAIV virus replication and the potential to counteract the host’s 

innate immune response in different poultry species. Both in vitro and in vivo systems 

were applied to better predict the replication potential and virulence of such NS-

reassorted HPAIV either locally in the respiratory tract by using TOC or systemically 

in the infected embryos, respectively. 

We wanted to characterize the virus-host interactions of FPV NS-reassortants 

carrying NS-segments of A/Vietnam/1203/2004 (FPV NS VN, H5N1) HPAIV, 

A/goose/Guangdong/1/1996 (FPV NS GD, H5N1) HPAIV and A/mallard/NL/12/2000 

(FPV NS Ma, H7N3) LPAIV compared to the wild-type A/FPV/Rostock/1934 (FPV wt, 

H7N1) HPAIV in TOC in vitro as well as in an embryonated egg infection model of 

chicken and turkey. To compare the antiviral host answer to the different NS-

reassortants in TOC of chicken and turkey, the induction of interferon and apoptosis 

were monitored. To analyze in vivo effects of NS-reassortment and to compare virus 



 47

virulence between species and viruses, embryonated eggs from chicken and turkey 

were infected with wild-type and (based on previous in vitro results) a selected NS-

reassortant HPAIV and investigated for virus replication efficiency, cell tropism, lesion 

development and type I IFN response in different embryonic organs.  
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5. Replication and adaptive mutations of low pathogenic 
avian influenza viruses in tracheal organ cultures of 
different avian species 

 

PETERSEN, H., M. MATROSOVICH, S. PLESCHKA u. S. RAUTENSCHLEIN 
(2012): 
Replication and adaptive mutations of low pathogenic avian influenza viruses in 

tracheal organ cultures of different avian species. 

PLoS ONE 7(8): e42260. doi:10.1371/journal.pone.0042260 

http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0042260 

 

Abstract 

Transmission of avian influenza viruses (AIV) between different avian species may 

require genome mutations that allow efficient virus replication in a new species and 

could increase virulence. To study the role of domestic poultry in the evolution of AIV 

we compared replication of low pathogenic (LP) AIV of subtypes H9N2, H7N7 and 

H6N8 in tracheal organ cultures (TOC) and primary embryo fibroblast cultures of 

chicken, turkey, Pekin duck and homing pigeon. Virus strain-dependent and avian 

species-related differences between LPAIV were observed in growth kinetics and 

induction of ciliostasis in TOC. In particular, our data demonstrate high susceptibility 

to LPAIV of turkey TOC contrasted with low susceptibility of homing pigeon TOC. 

Serial virus passages in the cells of heterologous host species resulted in adaptive 

mutations in the AIV genome, especially in the receptor-binding site and protease 

cleavage site of the hemagglutinin. Our data highlight differences in susceptibility of 

different birds to AIV viruses and emphasizes potential role of poultry in the 

emergence of new virus variants. 
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6. Reassortment of NS-segments modifies highly-
pathogenic avian influenza virus interaction with avian 
hosts and host cells 
 

PETERSEN, H., Z. WANG, E. LENZ, S. PLESCHKA u. S. RAUTENSCHLEIN 
(2013): 
Reassortment of NS Segments Modifies Highly Pathogenic Avian Influenza Virus 

Interaction with Avian Hosts and Host Cells. 

J Virol 87, 5362-5371 

http://jvi.asm.org/content/87/10/5362.long 

 

Abstract 

Highly pathogenic avian influenza viruses (HPAIV) of subtypes H5 and H7 have 

caused numerous outbreaks in diverse poultry species and rising numbers of human 

infections. Both HPAIV subtypes support a growing concern of a pandemic outbreak, 

specifically via the avian-human link. Natural reassortment of both HPAIV subtypes is 

a possible event with unpredictable outcome for virulence and host specificity of the 

progeny virus for avian and mammalian species. NS reassortment of H5N1 HPAIV 

viruses in the background of A/FPV/Rostock/1934 (H7N1) HPAIV has been shown to 

change virus replication kinetics and host cell responses in mammalian cells. 

However, not much is known about the virus-host interaction of such viruses in avian 

species. In the present study, we show that the NS segment of A/Vietnam/1203/2004 

(FPV NS VN, H5N1) HPAIV significantly altered the characteristics of the H7 

prototype HPAIV in tracheal organ cultures (TOC) of chicken and turkey in vitro, with 

decreased replication efficiency accompanied by increased induction of type I 

interferon (IFN) and apoptosis. Furthermore, species-specific differences between 

chicken and turkey were demonstrated. Interestingly, NS-reassortant FPV NS VN 

showed an overall highly pathogenic phenotype, with increased virulence and 

replication potential compared to the wild-type virus after systemic infection of 
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chicken and turkey embryos. Our data demonstrate that single reassortment of an 

H5-type NS into an H7-type HPAIV significantly changed virus replication abilities 

and influenced the avian host cell response without prior adaptation. 
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7. Discussion and conclusions 

We need to better understand the potential and possible mechanisms of AIV to cross 

species barriers and adapt to new host species. In addition to viral factors, host 

factors may contribute significantly to the outcome of AIV infection. More knowledge 

about virus-host interactions in different species will help to improve risk assessment 

of AIV and to develop better preventive strategies to control future outbreaks.  

The main goal of the first part of the present work was to gain knowledge about the 

potential of different LPAIV to infect and transmit to different bird species. The 

objectives were to characterize virus growth kinetics with regard to differences in 

susceptibility between avian species (chicken, turkey, Pekin duck and homing 

pigeon), as well as to identify genome mutations possibly involved in the adaptation 

process that may help LPAIV to overcome existing host-range barriers. 

In the second part, the impact of NS-segment reassortment of a H7-type HPAIV was 

investigated for its contribution to changes in virus replication efficiency, virulence 

and the ability to counteract the antiviral host response of the poultry species chicken 

and turkey. 

 

7.1. LPAIV interspecies transmission 

Complex interactions between several virus and host factors need to be in place for 

successful AIV transmission and adaptation to new hosts (YASSINE et al. 2010). 

Interspecies transmission of AIV has been reported for a variety of species including 

humans, swine, horses, seals, whales, canines, minks and others (WRIGHT et al. 

2006). Single or a combination of multiple mutations in the virus genome may allow 

viruses to cross species barriers and adapt to new hosts, which may lead to an 

increase in virus virulence (NEUMANN u. KAWAOKA 2006). 
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We analyzed interspecies transmission of LPAIV of different subtypes by comparing 

LPAIV-infection of tracheal organ cultures (TOC) and primary embryo fibroblasts (EF) 

of chicken, turkey, Pekin duck and homing pigeon in vitro. Thereby, the possible role 

of different avian species in the process of LPAIV evolution, as well as the potential 

of LPAIV of different subtypes to adapt to new hosts and potentially increase 

virulence, was investigated. We compared LPAIV isolates A/chicken/Saudi 

Arabia/CP7/1998 (H9N2) (Ch/H9N2), A/turkey/Canada/1963 (H6N8) (Tu/H6N8) and 

A/duck/Potsdam/15/1980 (H7N7) (Du/H7N7), since these subtypes play a great 

epidemiological role in poultry and were furthermore isolated from different avian 

species. 

 

  7.1.1.  LPAIV-susceptibility of different avian species 

The ability of AIV to cause disease and the ability of the host to respond to the virus 

varies greatly between avian species (SUAREZ u. SCHULTZ-CHERRY 2000). Virus- 

as well as avian species-specific differences in LPAIV replication efficiency and 

induction of lesions were shown in EF and TOC cultures in this study.  

Turkeys are considered to be susceptible to a wider range of influenza subtypes than 

chickens, and furthermore develop more severe clinical disease after in vivo LPAIV 

and HPAIV infection (TUMPEY et al. 2004; LADMAN et al. 2008). Swine IAV of 

subtype H1N1 have been isolated only from turkeys since the early 1980s (FICKEN 

et al. 1989; YASSINE et al. 2010). In an infection study of two H13N2 LPAIV isolates, 

the viruses were asymptomatic in chickens and ducks, but caused disease with 25% 

mortality in turkeys (LAUDERT et al. 1993b). LPAIV of subtype H7N2 was 

transmitted more easily amongst turkeys, with lower infectious doses compared to 

chickens (YASSINE et al. 2010). In this study, TOC of turkey showed significantly 

higher ciliostasis rates after infection with LPAIV Du/H7N7 and Tu/H6N8 compared to 

other species. During adaptation over three consecutive passages, all tested LPAIV 

replicated rapidly with mostly higher titers in TOC and EF of turkey compared to the 

other investigated species. 
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Pigeons are generally considered to be relatively resistant to influenza virus infection 

and to play only a minor epidemiological role in influenza virus transmission 

(PANIGRAHY et al. 1996; KALETA u. HONICKE 2004; GRONESOVA et al. 2009). 

Although surveillance studies showed several incidences of different LPAIV subtypes 

in pigeons in the field, in vivo influenza infection studies with different AIV subtypes 

mostly failed to induce successful virus replication and disease (GUAN et al. 2000; 

PERKINS u. SWAYNE 2002; LIU et al. 2003; FANG et al. 2006; KLOPFLEISCH et 

al. 2006; PERK et al. 2006; LIU et al. 2007; BROWN et al. 2009). In our study we 

found the lowest replication rates of all tested LPAIV and hardly any development of 

cytopathic effects in pigeons compared to the other investigated species in vitro. The 

respiratory epithelium of pigeons may not allow efficient AIV binding or may 

counteract AIV infection more efficiently by innate immune mechanisms than other 

avian species. 

Susceptibility to LPAIV is influenced by receptor binding specificities of the virus and 

also by the ability of the host to elicit or counteract virus replication in different target 

cell populations. It is well known that avian and mammalian IAV have different 

receptor binding specificities to either α2,3-linked Sias or α2,6-linked Sias, 

respectively, which form a natural host barrier for either viruses (WEBSTER et al. 

1992). Species barriers for LPAIV not only exist between avian and mammalian 

species, but also between different avian species. LPAIV have been shown to differ 

in their fine receptor binding specificity, where LPAIV isolates from ducks, gulls and 

gallinaceous poultry species showed the highest affinity to their own species-specific 

Sia receptors (MATROSOVICH et al. 2008). 

While for mammalian species the respiratory tract is the target for IAV, in avian 

species AIV also replicate in the gut, which plays a significant role in the distribution 

of the virus, since high amounts of virus particles are shed with the bird’s feces (KIDA 

et al. 1980). It is not known if AIV replication and the mutation rate in gut-associated 

cells are comparable to respiratory cells. Virus evolution in different avian species 

may differ due to different distribution of Sia receptors not only in the respiratory 

epithelium but also in the intestine (KIM et al. 2005; GAMBARYAN et al. 2008).  
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Lectin staining of tissues from chicken, duck and turkey revealed the presence of 

both α2,3 Sias and α2,6 Sias in the respiratory epithelium of tracheae and bronchi 

with 90% and 20-90% positive cells, respectively, depending on the age and avian 

species (KUCHIPUDI et al. 2009; PILLAI u. LEE 2010). In contrast to other avian 

species, the receptor profile of the respiratory tract of pigeons is dominated by 

abundant α2,6 Sias and only a few cells are positive for α2,3 Sias, which is 

suggested to contribute to the partial resistance of pigeons to AIV (LIU et al. 2009). 

On the other hand, abundant α2,3 Sias were found in the rectum of pigeons and 

turkeys (PILLAI u. LEE 2010). The intestines of chickens and ducks have been 

shown to possess Sias of either linkage (PILLAI u. LEE 2010).  

Innate immune reactions may furthermore contribute to the difference in species 

related AIV-susceptibility. As initial response to viral infection, cytotoxic cells, such as 

natural killer cells, are activated to kill the infected cell (BARBER 2001). However, 

this mechanism was not evaluated in this study. The most important antiviral host 

mechanism upon AIV infection is the induction of the type I IFN system, which limits 

viral replication (GOODBOURN et al. 2000). In chickens, the type I IFN induction 

upon AIV infection has been shown to be a mixture of usually more than 80% IFN-α 

and up to 20% IFN-β, which are essential for initiating and coordinating a successful 

antiviral response (SCHWARZ et al. 2004). IFNs function by stimulating the adaptive 

arm of immunity involving cytotoxic T-cells, and by upregulating the expression of 

more than 300 IFN-stimulated antiviral genes that directly prevent virus 

replication/cytolysis or that may facilitate apoptosis (BARBER 2001; RANDALL u. 

GOODBOURN 2008). 

Recently it was demonstrated that the retinoic acid-inducible gene I (RIG-I), which 

triggers the antiviral IFN response, is present in ducks but not in chickens, which may 

contribute to the relatively high AIV-resistance in this species (BARBER et al. 2010). 
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  7.1.2.  LPAIV adaptive mutations 

Single mutations or a combination of only few amino acid substitutions in different 

viral proteins have been shown to improve virus replication in new hosts and display 

an important prerequisite for interspecies transmission (HOSSAIN et al. 2008). In a 

recent study, the adaptation and transmission patterns of a wild duck-origin LPAIV of 

subtype H11N9 was investigated in chickens and Pekin ducks (LI et al. 2010). Amino 

acid substitutions in HA or deletions in NA stalk regions were identified in chicken 

isolates, but only substitutions in HA were identified in duck isolates, which have 

been shown to improve virus replication efficiency (LI et al. 2010). In a different 

study, a wild duck-origin LPAIV of subtype H9N2 was adapted to quail and chickens 

through serial lung passages resulting in amino acid changes within the HA, NA and 

internal proteins (HOSSAIN et al. 2008). HA mutations were found partly at the base 

of globular head (V236I, H3 numbering) and cleavage recognition sequence (N327T, 

H3 numbering), after serial passages of the virus in quail followed by serial passages 

in chicken. 

The HA plays a significant role in the AIV host range and transmission between avian 

species. Major functions of the HA are binding of virus particles to Sia receptors on 

the target cell surface and fusion of the viral and cellular membranes (PALESE u. 

SHAW 2006). Successful cleavage of the HA0 precursor protein into HA1 and HA2 

subunits is necessary for membrane fusion, which plays a central role in the initiation 

of infection (GARTEN u. KLENK 2008). The amino-acid sequence at the HA0 

cleavage site determines pathogenicity and cell tropism of AIV. While the HA of 

HPAIV is activated by ubiquitous protease furin, which elicits systemical infection, the 

HA of LPAIV is activated at the monobasic cleavage site by proteases secreted only 

from respiratory or intestinal epithelial cells (HORIMOTO et al. 1994; GARTEN u. 

KLENK 2008). The ability to cleave the HA and the distribution of host-cell receptors 

and proteases determine the LPAIV’s host range, cell tropism and the outcome of 

clinical disease. 
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Mutations of functional HA regions have been shown to be responsible for successful 

adaptation to new host species (SKEHEL u. WILEY 2000; MATROSOVICH et al. 

2009). Furthermore, suboptimal receptor binding can cause selective pressure that 

favor virus mutants with corresponding selective advantages (KALTHOFF et al. 

2010). 

We observed increased viral replication rates and ciliostasis in TOC over three 

passages. We speculate that this effect may result from adaptive mutations which 

allowed more efficient virus replication in the host tissue. It may be speculated that 

the change in replication efficacy may not only lead to a more vigorous virus 

replication in vitro but also in vivo followed by more severe clinical disease. 

Predominantly, we detected mutations in the HA receptor binding site and cleavage 

site after passage of AIV in new avian hosts. HA cleavage site mutations were 

observed for Ch/H9N2 (A325V) in TEF and TOC-Pi as well as for Tu/H6N8 (E327V) 

in TEF. LPAIV strain A/chicken/Saudi Arabia/CP7/1998 (H9N2) (Ch/H9N2) showed 

the overall highest mutation rates in avian species within only a low number of serial 

passages. Some of the observed mutations were well characterized in other studies 

and may affect receptor binding. In particular, position 226 is known to play an 

important role in the virus binding preference for either Siaα2,3 or Siaα2,6 (SKEHEL 

u. WILEY 2000; MATROSOVICH et al. 2009). Specifically H9N2 LPAIV with HA 

mutation Q226L have been shown to display a human influenza-like virus phenotype 

preferentially infecting non-ciliated cells in human airway epithelial cells (HAE), as 

well as to increase replication efficiency compared to H9N2 virus with HA Q226 

(WAN u. PEREZ 2007). In this study, Ch/H9N2 adapted to TOC of turkey developed 

mutations, which occur naturally in the field and may be relevant for the evolution of 

human-like H9N2 viruses (REPERANT et al. 2012). Glycan-binding arrays are used 

to determine the fine receptor-binding specificities of AIV for different Sia receptors 

(PUNYADARSANIYA et al. 2011). This array may proof if specific mutations of the 

TOC-Tu adapted H9N2 LPAIV may change the viruses Sia receptor binding 

specificity. The generation of recombinant LPAIV with single or combinations of site-

specific HA genome mutations in a reverse genetics system would allow to study the 
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importance of each single HA mutation for receptor binding and virus replication 

potential in different species (PLESCHKA et al. 1996). 

The impact of other previously unknown LPAIV genome mutations of the HA, PB2 

and NS1, which were detected after serial passaging of the viruses in TOC and EF 

are unclear and need to be further elucidated. Mutations of the PB2 protein may 

affect the efficiency of virus replication in a new host (MATROSOVICH et al. 2009). 

The observed mutation of the NS1 of Ch/H9N2 is located in the RNA binding domain, 

which may affect binding of different RNA target structures by the NS1 with potential 

effects on the antiviral host answer (HALE et al. 2008). 

Since we passaged LPAIV only three times in the different species in vitro, it is not 

clear, if mutation rates of the tested genome segments would be higher when the 

number of consecutive passages is increased. This might have resulted in higher 

mutation rates of the tested genome segments and would eventually affect other viral 

proteins, such as PB1 and PA from the polymerase complex. 

In addition, we observed significant increase in LPAIV replication without any 

detectable mutation within the complete virus genome. We cannot rule out that 

defective interfering (DI) particles may have contributed to the relatively low virus 

propagation of LPAIV in early passages. DI particles can accumulate within serial 

passaging of AIV in embryonated chicken eggs. They can potentially infect host cells 

but without successful propagation and release of progeny virus (PALESE u. SHAW 

2006). 

Experimental infection of mice showed that the chicken and quail adapted LPAIV 

were able to readily infect mice, showed faster replication kinetics in tissue culture, 

and resulted in the quick selection of the K627 amino acid mammalian-associated 

signature in PB2 in contrast to the wild-type virus (HOSSAIN et al. 2008). The amino 

acid substitution E627K of the PB2 viral polymerase has been shown to mediate 

adaptation from avian to mammalian cells (GABRIEL et al. 2005). Own preliminary 

data demonstrate that the PB2 of LPAIV Ch/H9N2 developed the same mutation 

E627K after serial passaging in the permanent mammalian MDCK cell line, showing 
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the high potential of this virus to adapt to avian and mammalian species (data not 

shown). 

Recent data furthermore indicate that quail can serve as intermediate hosts for 

aquatic-bird AIV to be transmitted to humans (YAMADA et al. 2012). A quail-

passaged but not the original duck LPAIV of subtype H3N2 was able to replicate in 

human bronchial epithelial cells. It had developed HA mutations near the receptor 

binding site and at the HA cleavage site as well as a NA stalk deletion (YAMADA et 

al. 2012). Also domestic turkeys have been shown to possess a high potential to alter 

and transmit AIV to new host species (PILLAI et al. 2010). Our data suggests that the 

turkey may play a role as intermediate species in the evolution of human-like H9N2 

viruses.  

Influenza viruses have been shown to affect more than 90 domestic and wild bird 

species in all areas of the world with highest isolation rates in birds of the order 

Anseriformes, Charadriiformes and Passeriformes (ALEXANDER 2000). Besides 

frequent AIV isolations from turkeys, chickens and ducks, also other poultry species 

have been shown to harbour AIV, such as pheasants, Japanese quail, chukars, 

guinea fowl, and various types of goose (ALEXANDER 2000). We may speculate 

that the transmission of LPAIV to other than the four tested poultry species or in 

various wild bird species, such as swans or raptors may have resulted in different 

LPAIV growth kinetics and genome mutations after adaptation, which needs to be 

tested in the future. 

Altogether, data of this study revealed significant differences in LPAIV susceptibility 

between the tested bird species, which was furthermore dependant on the virus 

strain. Although investigations on LPAIV adaptation were limited the to the 

respiratory tract by using TOC in vitro system, adaptive mutations showed the 

potential of LPAIV of different subtypes to adapt rapidly to different avian species. 

Thereby, mutations of the HA seem to play an important role for AIV host range and 

transmission between avian species. Together with previous studies, our results 

suggest that the turkey plays an important role in AIV virus evolution and spread. 
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Turkeys have been shown to be highly susceptible to LPAIV infection and disease 

and furthermore may play a role to act as intermediate species in the evolution of 

viruses with human receptor-like specificity. 

 

 7.2. Impact of NS-reassortment on HPAIV virus-host 

interaction 

Current H5N1 strains have evolved from an ancestor by intensive genetic 

reassortment with other avian influenza viruses and have acquired increased 

virulence in mammals and birds (LI et al. 2004). Both HPAIV subtypes H5 and H7 

cocirculate in poultry. Double-infection between those subtypes may occur and can 

lead to the exchange of viral genome segments resulting in virus strains with 

unpredictable host range and virulence. 

Single reassortment of the NS segment in the genetic background of 

A/FPV/Rostock/1934 (H7N1) HPAIV with other NS segments of two different H5-type 

HPAIV and one H7-type LPAIV changed the growth kinetics and host cell answer of 

the wild-type virus in avian TOC and also in embryos of chicken and turkey without 

the need of previous adaptation. 

 

  7.2.1. NS1 counteracting host’s innate immune response 

The NS1 protein interferes with cellular signalling proteins, which affects virus 

replication and the potential to counteract the host’s antiviral response (HALE et al. 

2008). Intracellular signaling pathways convert the signal induced by IAV into an 

antiviral defense program but at the same time may be exploited by the virus to 

support its replication. Upon infection of the host, the cellular defense reaction is 

raised, leading to the secretion of pro-inflammatory and antiviral cytokines. NS1 

interferes with several signaling cascades such as p38, JNK, RAF/MEK/ERK, and 
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NF-kB (WURZER et al. 2004; CHAN et al. 2005; LEE et al. 2005). Activation and 

function of the Raf/MEK/ERK signaling pathway has been shown to play an 

exceptional important role for an efficient replication process (PLESCHKA et al. 

2001; LUDWIG et al. 2004). Activation of the Ras/Raf/MEK pathway down-regulates 

IFN-induced antiviral response (BATTCOCK et al. 2006). These cell signaling 

cascades are activated in mammalian species, but not much is known about their 

impact in birds. Alterations of pro- and antiviral responses induced by NS1 may 

strongly influence virulence of a virus, as seen by the uncontrolled release of 

cytokines (“cytokine storm”) upon H5N1-infection in humans. Nevertheless, such 

cytokine dysregulation could yet not be reproduced in chickens in vivo (REBEL et al. 

2011). 

Infection of TOC of either species with FPV NS VN resulted in lowest virus replication 

accompanied with highest induction of type I IFN and apoptosis. IFN triggers the 

antiviral defence and by that possess a role in controlling influenza virus infection in 

vitro (HALE et al. 2008). Sequence comparison of the different NS-segments 

indicated that NS1 protein of A/Vietnam/1203/2004 contains a 5 amino-acid (aa) 

internal deletion as well as a 10 aa C-terminal truncation (WANG et al. 2010). Due to 

the truncation it lacks a poly (A)-binding protein II (PABII) binding region and the 

PDZ-binding motif (PBM). By targeting PABII and CPSF30, NS1 protein can inhibit 

3’-end processing of cellular pre-mRNAs (CHEN et al. 1999). Since this also includes 

IFN pre-mRNA, the loss of PABII binding may have contributed to the failure of IFN 

suppression by FPV NS VN resulting in increased virus titers. 

Since reassortment of other genome segments is a crucial event, the generation of 

reassortants containing one or a combination of more segments (PB2, PB1, PA, NA, 

NP, M) of A/Vietnam/1203/2004 (H5N1) in the background of FPV H7N1 HPAIV may 

furthermore clarify the interplay of NS1 with the host cell in a different genetic 

background. 

AIV growth has been shown to be strongly inhibited in IFN-α pretreated chicken cell 

culture, but a recent study revealed that IFN-α pretreatment did not protect chickens 
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in vivo against wild-type (R65) or mutant (R65-delNS1) HPAIV infection (PENSKI et 

al. 2011). Interestingly, in our study in vivo infection of chicken and turkey embryos 

demonstrated increased virulence for FPV NS VN compared to the wild-type virus, as 

demonstrated by faster replication and more severe lesion development. The IFN-α 

expression slightly increased upon HPAIV infection but did not seem to have antiviral 

effects during systemic infection of either virus. This data highlights the need of in 

vivo test systems for the risk evaluation of newly reassorted viruses in addition to in 

vitro studies. However, in vivo embryo infection studies are limited. The 

developmental stage of the embryonic organs and cell interactions may differ from 

those of hatched birds. Nevertheless, data from the embryo infection model seem to 

correlate with in vivo studies in birds and therefore demonstrate an interesting 

alternative to classical in vivo experiments of post-hatch birds, since they can be 

easily performed with larger numbers of embryonated eggs from a variety of avian 

species under controlled conditions. 

 

 7.3. Alternative AIV infection models 

Experimental infections of chicken embryos via the chorioallantoic route were used to 

study mortality and pathogenesis upon LPAIV or HPAIV infection and to characterize 

viruses (CAPUA et al. 2002; LEE et al. 2007). Intravenous inoculation of 

embryonated chicken embryos displays a highly sensitive method for the isolation 

and direct systemically infection with avian viruses (BALUDA u. JAMIESON 1961; 

GOLDSMIT u. BARZILAI 1968). In this study, embryonated eggs from chicken and 

turkey were intravenously infected with either FPV wt H7N1 or its NS-reassortant 

FPV NS VN HPAIV to characterize viral replication and antiviral host answer in vivo. 

In contrast to the poor replication of FPV NS VN in TOC of chicken and turkey, it 

replicated highly effective in embryonated eggs. FPV NS VN infected TOC of either 

species showed induction of high type I IFN titers, which was not seen in FPV NS VN 

infected embryos. Here, FPV wt and FPV NS VN showed a highly pathogenic 

phenotype. Preliminary data of a small in vivo infection study in chickens showed 
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increased virulence of FPV NS VN in 15 day old chickens, which was evident by 

earlier and increased mortality and lesion development in combination with increased 

expression of the pro-inflammatory cytokine IL-1β compared to the wild-type FPV 

(VERGARA-ALERT et al. 2010). Our data suggest that the different results after in 

vivo HPAIV infection and the in vitro TOC infection data may depend on different cell 

tropism in vivo and a potential override of the innate immune response by rapid and 

efficient virus replication (PENSKI et al. 2011). Data from the embryo infection model 

seem to correlate with in vivo studies in birds and demonstrate an interesting 

alternative to animal studies. 

Several in vitro methods are commonly used to study IAV infection and virus-host 

interaction on a cellular level. Primary and permanent cell cultures (predominantly 

epithelia cells from different avian or mammalian organs) allow studying virus 

infection of specific cell types under controlled conditions. Primary embryo fibroblast 

cultures have been used for decades to study AIV infection (SEKELLICK u. 

MARCUS 1986). Also immune cells such as macrophages are a potential target cell 

for IAV and have been frequently used to study IAV infection and the induction of 

cytokines also for the chicken (LYON u. HINSHAW 1991; CHEUNG et al. 2002). 

These methods effectively reduce the need of animal studies, which is demanded by 

animal welfare regulations. However, not all questions can be solved by investigating 

only a single cell type and there is permanent need of developing new possibilities to 

study complex problems without the need of animals in vivo. Different organ cultures 

derived from embryonated eggs have the advantage of an intact structure of several 

cell types and can be obtained in large numbers from a broad range of avian and 

mammalian species. 

In vitro studies in tracheal organ cultures (TOC) are an excellent system to provide 

necessary data on possible adaptive mechanisms under controlled conditions. TOC 

mimic the natural local AIV-infection site in the respiratory tract of avian hosts and 

allow investigations under controlled conditions (BLASKOVIC et al. 1972; SCHMIDT 

et al. 1974). The assessment of ciliostasis of avian TOC is a widely used tool to 

analyze the growth behavior and pathogenesis of influenza A viruses as well as other 
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avian viruses, which target cells of the respiratory tract, such as the infectious 

bronchitis virus (IBV) (WINTER et al. 2008; PENSKI et al. 2011). TOC-studies are 

useful to analyze local influenza virus growth characteristics in the presence of innate 

immune mechanisms, but the influence of specific mechanisms and systemic 

reactions on the infection cannot be studied in an organ-culture. Yet in this study, 

TOC allowed the comparison of three LPAIV in the respiratory epithelium of four 

different avian species at the same time under controlled conditions over three 

passages. So, TOC display a valuable alternative to in vivo experiments, when 

studying local virus-host interactions of the upper respiratory tract, which is one of the 

primary replication sites of AIV in birds besides the gut. 

It has been shown that Sia receptor profiles differ between epithelial cells of the lung 

and trachea (NELLI et al. 2010). Hence, it may be possible that AIV replication and 

adaptation strategies differ between the upper and lower respiratory tract. 

Experimental infections of precision cut lung slices (PCLS) and air liquid interface 

(ALI) cultures derived from avian species would help to answer this question. PCLS 

allow studying infection of the lower respiratory tract in its original structure. Recently, 

the susceptibility of different cell types of porcine PCLS has been evaluated for 

LPAIV showing increased replication of subtype H9N2 LPAIV compared to H7N7 

LPAIV (PUNYADARSANIYA et al. 2011). ALI cultures allow characterization of IAV 

infection in differentiated primary airway epithelial cells from several species 

(MATROSOVICH et al. 2004; GLORIEUX et al. 2007). 
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 7.4. Conclusions and future perspectives 

Based on the data of this project and other previous studies, new questions arise 

concerning the specific roles of the virus and the host for the observed effects of 

LPAIV interspecies transmission and HPAIV NS-reassortment in the avian system. 

Further studies are needed to define and characterize the molecular mechanisms, 

cellular determinants and viral virulence factors that have impact on transmission 

across species barriers and help to evade the host’s antiviral response. 

Based on the results from the in vitro LPAIV interspecies transmission in different 

avian species, the following aspects should be considered for future work: 

• Specific LPAIV genome mutations induced by site-directed mutagenesis may 

be analyzed for their effect on receptor binding and replication efficiency in 

different species using reverse genetics (PLESCHKA et al. 1996).  

• In vitro and in vivo studies may be conducted to analyze the host range of 

wild-type and adapted LPAIV (e.g. H9N2 adapted to turkey or pigeon) for 

other avian species, such as quail, geese, raptors and passerines as well as 

to define their susceptibility to different LPAIV subtypes (ALEXANDER 2000). 

• Experimental infection of mammalian cells may help to determine the potential 

of LPAIV to infect and to replicate in target cells of different mammalian 

species, which would help to do a better risk assessment of the adapted 

LPAIV. 
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The impact of NS-reassortment of different HPAIV subtypes in the background of 

FPV wild-type H7N1 HPAIV has been demonstrated in chicken and turkey in vitro as 

well in the embryo-infection model. The following aspects should be considered for 

future studies:  

• A reverse genetics system may be used to investigate virus constructs with 

site-specific mutations or deletions of functional regions of the NS-segments 

(PLESCHKA et al. 1996). This would clarify the potential of different NS1 

proteins to counteract the host’s innate immune response in the background of 

FPV H7N1 HPAIV. 

• Experimental in vivo infection of chicken and turkey may be performed to 

confirm results from the embryo-infection experiments and display avian 

species-specific differences. Also, transgenic chicken lines created by the 

RCAS (replication-competent ASLV long terminal repeat with a Splice 

acceptor) retroviral gene transfer method may gain insight in specific function 

of different genes involved in the anti-viral host response after virus infection 

(KOTHLOW et al. 2010). Transgene expression has been successfully applied 

to investigate signal transduction molecules, cell surface receptors and 

secreted proteins in the developing embryo using the RCAS system 

(KOTHLOW et al. 2010). Recent post-hatch studies with transgenic birds have 

been successfully performed and show the potential of this method for the in 

vivo analysis of specific proteins involved during virus infection (KOTHLOW et 

al. 2010). 
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8. Summary 

Henning Petersen 

 

Comparative investigations on interspecies adaptation of low-pathogenic 

avian influenza viruses (AIV) and the impact of NS-reassortment of 

highly-pathogenic AIV on virus-host interactions in different poultry 

species 

 

Highly pathogenic avian influenza viruses (HPAIV) of subtypes H5 and H7 have 

caused numerous outbreaks in diverse poultry species. Rising numbers of human 

infections with both HPAIV subtypes support a growing concern of a pandemic 

outbreak specifically via the avian-human link. Natural reassortment of both HPAIV 

subtypes is a possible event with unpredictable outcome for virulence and host 

specificity of the progeny virus for avian and mammalian species.  

Interspecies transmission of low-pathogenic avian influenza viruses (LPAIV) between 

different avian species is a frequent event. In the adaptation process to a new 

species, LPAIV acquire genome mutations that allow efficient infection of new host 

target cells, which may be accompanied by a change in virus virulence. Not much is 

known about susceptibility of different avian species to different LPAIV subtypes and 

their role in the process of LPAIV evolution. 

The objectives of the first part of the study were to analyze interspecies transmission 

of LPAIV of different subtypes between different poultry species using in vitro 

methods and to detect genome mutations during the adaptation process. The 

replication and adaptation of LPAIV of subtypes H9N2, H7N7 and H6N8 was 

compared in tracheal organ cultures (TOC) and primary embryo fibroblast (EF) 

cultures of chicken, turkey, Pekin duck and homing pigeon.  
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Virus strain-dependent and avian species-related differences between LPAIV were 

observed in growth kinetics and induction of ciliostasis in TOC. Susceptibility to AIV 

varied significantly between cell cultures of different bird species tested, with 

respiratory cells of turkey being highly susceptible and those of pigeon showing the 

lowest LPAIV replication rates. Three consecutive virus passages in the cells of 

heterologous host species resulted in adaptive mutations in the AIV genome, 

especially in the receptor-binding site and protease cleavage site of the 

hemagglutinin. This data highlights the potential of some LPAIV subtypes to rapidly 

adapt to new host species. 

In the second part of the study, the impact of NS-reassortment on HPAIV replication 

and the potential to counteract the host’s innate immune response was analyzed in 

TOC in vitro as well as in an embryonated egg model of chicken and turkey in vivo. 

Therefore, FPV NS-reassortants carrying NS-segments of A/Vietnam/1203/2004 

(FPV NS VN, H5N1) HPAIV, A/goose/Guangdong/1/1996 (FPV NS GD, H5N1) 

HPAIV and A/mallard/NL/12/2000 (FPV NS Ma, H7N3) LPAIV were compared with 

the wild-type A/FPV/Rostock/1934 (FPV wt, H7N1) HPAIV. 

Single NS-reassortment of an H7-type HPAIV with NS-segments of different 

subtypes significantly changed the virus replication characteristics and host cell 

answer in the avian system without prior adaptation. Depending on the NS-segment, 

the NS-reassortant HPAIV varied in their growth characteristics and virulence in the 

in vitro TOC system. NS-reassortment of wild-type FPV H7N1 HPAIV with 

A/Vietnam/1203/2004 (FPV NS VN) changed the virus growth characteristics in TOC 

of chicken and turkey with increased induction of type I IFN and apoptosis rates 

accompanied by low replication efficiency. Hence, FPV NS VN failed to suppress the 

antiviral host answer in vitro with negative implications for virus replication. 

Interestingly, in vivo infection of chicken and turkey embryos demonstrated increased 

virulence for FPV NS VN compared to the wild-type virus, as demonstrated by faster 

replication and more severe lesion development. Data from the embryo infection 

model seem to correlate with in vivo studies in birds and demonstrate an interesting 

alternative to animal studies. 
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Overall, this study demonstrates the differences between avian species in their 

potential role to support the emergence of new LPAIV variants during in vitro 

adaptation as well as the impact of NS reassortment on HPAIV replication and 

antiviral host response of chicken and turkey in vitro and in vivo. 
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9. Zusammenfassung 

Henning Petersen 

 

Vergleichende Untersuchungen zur Adaptation niedrig pathogener 

Aviärer Influenzaviren (AIV) an unterschiedliche Vogelspezies und dem 

Einfluss von NS-Reassortierung hochpathogener AIV auf die Virus-Wirt-

Interaktion in Huhn und Pute 

 

Hoch-pathogene aviäre Influenzaviren (HPAIV) vom Subtyp H5 und H7 sind für 

zahlreiche Ausbrüche der klassischen Geflügelpest in Beständen mit 

unterschiedlichen Geflügelspezies verantwortlich. Die steigende Zahl von Infektionen 

des Menschen mit beiden HPAIV Subtypen über das Geflügel zeigt die Bedeutung 

dieses Übertragungsweges. Die natürliche Reassortierung von HPAIV 

Genomsegmenten zwischen Subtyp H5 und H7 ist möglich und stellt ein hohes 

Pandemierisiko für Geflügel und den Menschen dar. Das Wissen über die Virulenz 

und Wirtsspezifität solch neu reassortierter HPAIV für verschiedene Spezies ist sehr 

begrenzt. 

Niedrig pathogene Aviäre Influenzaviren (LPAIV) werden häufig zwischen 

verschiedenen Vogelspezies übertragen. Bei der Transmission und Adaptation von 

LPAIV an Zielzellen neuer Spezies kommt es zu Mutationen des Virusgenoms, 

welche Grundvoraussetzung für eine effizientere Replikation des Virus darstellen, 

und somit auch die Virulenz des Erregers beeinflussen können. Über die 

Empfänglichkeit verschiedener aviärer Spezies für LPAIV unterschiedlichen Subtyps, 

als auch deren Rolle in der Evolution neuer LPAIV-Varianten, ist wenig bekannt. 

Ziel der Studie war die Untersuchung unterschiedlicher LPAIV Subtypen auf ihr 

Potential, sich an verschiedene Vogelspezies anzupassen und mögliche adaptive 
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Mutationen im Virusgenom zu beschreiben. Die Replikation und Adaptation von 

LPAIV der Subtypen H9N2, H7N7 und H6N8 wurden in Trachealringkulturen (TOC) 

und primären Embryofibroblasten (EF) von Huhn, Pute, Pekingente und Brieftaube in 

vitro vergleichend untersucht. 

Untersucht wurden mögliche Virus- und Vogelspezies-spezifische Unterschiede 

zwischen den genannten LPAIV in der Wachstumskinetik und Induktion von 

Ziliostase in TOC. Hierbei zeigte sich, dass die LPAIV-Empfänglichkeit in primären 

Zellen unterschiedlicher Vogelspezies variierte. Dabei zeigten TOC und EF der Pute 

die höchste Empfänglichkeit für die untersuchten LPAIV, während diese in den Zellen 

der Brieftaube am schlechtesten replizierten. Adaptive Mutationen wurden nach drei 

aufeinanderfolgenden Viruspassagen in Zellen von heterologen Wirtsspezies 

detektiert. Diese befanden sich hauptsächlich in den funktionellen Regionen der 

Rezeptorbindungsstelle sowie Spaltstelle des Influenza Hämagglutinins. Diese 

Ergebnisse zeigen, dass sich bestimmte LPAIV-Subtypen sehr schnell an neue 

Wirtsspezies anpassen können. 

Weiterhin wurde der Einfluss von NS-Reassortierung auf die HPAIV-Replikation als 

auch auf die angeborene Immunantwort in TOC und auch in Embryos von Huhn und 

Pute untersucht. Dazu wurden NS-reassortierte HPAIV mit ausgetauschtem NS-

Segment von A/Vietnam/1203/2004 (FPV NS VN, H5N1) HPAIV, 

A/goose/Guangdong/1/1996 (FPV NS GD, H5N1) HPAIV oder A/mallard/NL/12/2000 

(FPV NS Ma, H7N3) LPAIV mit dem wild-Typ Stamm A/FPV/Rostock/1934 (FPV wt, 

H7N1) HPAIV verglichen. 

NS-Reassortierung eines H7-Typ HPAIV mit NS-Segmenten unterschiedlichen 

Subtyps führte ohne vorherige Adaptation zu veränderter Virus-Replikation und 

Immunantwort des Wirtes im aviären System. Die NS-Reassortierung vom wild-Typ 

FPV H7N1 HPAIV mit A/Vietnam/1203/2004 (FPV NS VN) führte in infizierten TOC 

von Huhn und Pute zu verminderter Replikationseffizienz in Verbindung mit erhöhter 

Induktion von Typ I IFN sowie apoptotischen Zellen. FPV NS VN konnte also die 
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antivirale Zellantwort in vitro nicht unterdrücken, mit negativen Auswirkungen auf die 

Virus-Replikation. 

Interessanterweise zeigte FPV NS VN nach in vivo Infektion von Hühner- und 

Putenembryos eine erhöhte Virulenz im Vergleich zum wild-Typ FPV HPAIV, welches 

durch eine schnellere Replikation und schwerere Läsionen gekennzeichnet war. Die 

Ergebnisse der Embryoinfektionsstudie scheinen positiv mit in vivo Ergebnissen in 

Geflügelspezies zu korrelieren und können damit eine interessante Alternative zu 

Tierversuchen bilden. 

Zusammenfassend konnte diese Studie zeigen, dass verschiedene aviäre Spezies 

unterschiedliche Potentiale besitzen, zur Entstehung neuer LPAIV Varianten durch 

Adaptation in vitro beizutragen. Weiterhin konnte gezeigt werde, dass NS-

Reassortierung einen Einfluss auf die Replikation und antivirale Wirtsantwort von 

HPAIV in Huhn und Pute sowohl in vitro als auch in vivo hat. 
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